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Since last four decades and more generation and 
propagation mechanism of very low latitude (L < 1.4) 
whistlers has been studied by many workers in low-
latitude regions and especially in India. The key ques-
tions that remain unanswered include: (1) Where are 
the lightning discharges, the source of whistlers lo-
cated? (2) Do the whistler waves at low latitudes 
propagate along the magnetic field lines in low lati-
tude ionosphere? We reported that the lightning dis-
charges that have generated whistlers are located in 
the conjugate region in the Indian Ocean and sug-
gested the whistlers at these stations propagate along 
the magnetic field lines in the low latitude ionosphere. 
In this communication, we present the arrival azimuth 
determination technique adopted to confirm the loca-
tion of the lightning discharges which generated the 
observed whistlers and the technique is validated with 
real-time lightning data. The technique adopted to de-
termine the arrival azimuths of low latitude whistler 
causative lightning discharges is of significance and 
will help in resolving the unanswered questions of low 
latitude whistler phenomena. 
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WHISTLERS are very low frequency (VLF: 3–30 kHz) 
waves of the electromagnetic spectrum that are generated 
from lightning flashes. The whistler waves travel along 
the magnetic field lines and can be received in the oppo-
site hemisphere as a descending tone due to the properties 
of the dispersive medium1. The whistler waves essentially 
carry information about the medium through which they 
propagate2. This unique property of whistlers has been 
utilized by many workers to probe the magnetosphere or 
plasmasphere3–7. The propagation of these waves is well 
understood at mid (1.4 > L < 2.4) and high (L > 2.4) lati-
tudes, but propagation at low latitudes (L < 1.4) is still 
not well studied. There has been perplexity between 
ducted8–14 and non-ducted propagation15,16 of whistlers in 
low latitude. The pro-longitudinal mode of propagation 
has also been proposed for low latitude whistler propaga-
tion6,17. To resolve this ambiguity, Singh et al.18 sug-
gested identifying the source region of causative 
lightning flashes of low latitude whistlers. They have by 
far reported the highest whistler activity during a single 

night observed on a geomagnetically quiet day of 26 
January 2011 at Indian low latitude station, Allahabad 
(L = 1.08). The simultaneous whistler recording from  
Nainital (L = 1.16) was also analysed. Utilizing GLD360 
lightning data, Singh et al.18 found the source region of 
causative lightning discharges of the whistler to lie at a 
distance of ~200–450 km around the conjugate point in 
the Indian Ocean. By studying the one-to-one relation  
between whistlers observed at Allahabad during April 
2011, Srivastava et al.19 confirmed the source region to 
be located around the conjugate point of Allahabad with a  
radius of ~700 km. Gokani et al.20 conducted a study of 
correlation of whistlers observed at Allahabad for a  
period of one year and lightning activity in the conjugate 
region. They found that majority of the lightning dis-
charges which produced whistlers are generated in the  
region 200–800 km from the conjugate point.  
 Since it is also reported that source lightning dis-
charges of whistlers are located away from the conjugate 
point21, and that it is possible to have many lightning  
discharges at the same time in different areas all over the 
globe, the direction finding of the source lightning  
discharges becomes important to confirm the source. 
Here we present a technique to determine the arrival  
azimuths of low latitude whistler causative sferics or 
 
 

 
 
Figure 1. Map showing VLF station, Allahabad and its conjugate 
point along with L-value. 
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Figure 2. Example of whistlers recorded on the nights of 24 January 2011 at 20:24:58.8 UT and 27 February 2011 at 20:13:53.2 UT. 
 
 
lightning discharges. The arrival azimuth technique is 
demonstrated with whistler observations made at Allaha-
bad (25.40N; 81.93E; L = 1.08) station on two nights:  
24 January 2011 and 27 February 2011. The results ob-
tained are validated with World Wide Lightning Location 
Network (WWLLN) real-time lightning data22. Figure 1 
shows the location of Allahabad and its conjugate point 
(9.87S; 83.59E) with L-shell values.  
 A total of 129 and 356 whistlers were observed on the 
night of 24 January 2011 and 27 February 2011 respec-
tively. Figure 2 shows example of whistler traces for the 
two event days. The whistlers are indicated by W1, W2, 
W3, etc. and the causative sferics are indicated by S1, S2, 
S3, etc. according to the method suggested by Srivastava 
et al.19. The whistlers were recorded at Allahabad using 
AWESOME VLF receiver. Details about the experimen-
tal set-up can be found in Singh et al.23. An automatic 
whistler detector (AWD) was used to identify whistlers 
from a continuous stream of broadband data24. WWLLN 
data were used to validate results of the arrival azimuth 
technique.  
 The arrival azimuth methodology adopted is twofold: 
(1) arrival azimuth determination of the causative sferics 
of whistlers and (2) arrival time determination of the 
causative sferics of whistlers. The techniques described 
by Wood25 and Said26 have been implemented to find the 
arrival azimuth of source lightning discharges of the ob-
served whistlers. This technique utilizes the direction 
finding of the detected sferic in the Fourier domain. The 
method assumes transverse magnetic (TM) waveguide 
mode for the sferics and the arrival azimuths can be  
accurately determined by measuring horizontal magnetic 
field component of the incoming wave. The azimuth is 
then calculated by using  
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where f is the frequency resolution, BEW[nf ] and 
BNS[nf ] are the Fast Fourier Transforms (FFT’s) of the 
E/W antenna and N/S antenna discrete time signals res-
pectively, and  
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The azimuth determined using this technique introduces 
an ambiguity of 180, as the Poynting vector cannot be 
determined uniquely with only magnetic field measure-
ments. After taking account of site error corrections, the 
azimuth can be determined accurately by using 
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where  is the ratio of gain in the N/S channel to gain in 
the E/W channel (GNS/GEW),  the offset in antenna 
alignment with respect to exact geographic north, and  is 
the angle by which the two antennas are skewed from  
orthogonality. The arrival azimuth calculated is desig-
nated as Az throughout the text. Figure 3 shows the arrival 
azimuth directions (blue lines) for the causative sferics of 
129 whistlers observed on 24 January 2011 (left panel) 
and 356 whistlers observed on 27 February 2011 (right 
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panel). The magenta lines are the arrival azimuth paths 
for the whistler causative sferics marked as S1, S2, S3, 
etc. in Figure 2. Around ~72% and ~78% causative sfer-
ics of whistlers observed on the two days are found to 
have their arrival azimuth direction towards conjugate 
point of Allahabad in the Indian Ocean. The average arri-
val azimuth for the whistler causative sferics of 24 Janu-
ary 2011 is found to be ~171 and that of 27 February 
2011 ~175. The standard azimuth for Allahabad conju-
gate point (9.87S; 83.59E) is 175.5. The arrival azi-
muths obtained are in good agreement with this standard 
azimuth.  
 To validate the calculated arrival azimuths of observed 
causative lightning discharge of whistlers obtained using 
arrival azimuth determination technique, we determined 
the location of source lightning discharge or observed 
sferics by matching its arrival time with that of causative 
sferics observed in the spectrogram. Unlike mid and high 
latitude whistlers, the propagation delay for whistler 
causative sferics is much less as the distance between the 
receiving station and its conjugate point is less19, around 
~4000 km. Hence one can precisely identify the whistler 
causative sferics in the spectrogram. To determine the 
time and location of source lightning discharge from real-
time lightning data, we first determined the tentative time 
(tH) of the whistler causative sferic using the method of 
Helliwell2. Next, the spectrogram containing the whistler 
was scanned and the sferic whose time (ts) matched  
with tH was identified. The WWLLN data were checked 
carefully for the lightning discharge whose time matched 
with ts within a window19 of 17 ms and designated as 
twwlln.  
 
 

 
 
Figure 3. Directions of arrival azimuth of whistler causative sferics 
recorded on the night of 24 January 2011 and 27 February 2011. Ma-
genta lines present the arrival azimuth paths for the whistlers shown in 
Figure 2.  

 Figure 4 shows the total lightning activity (Lt, cyan 
spheres) on the nights of whistler activity days consid-
ered in this study. Magenta circles represent the locations 
of all the source lightning discharges of whistlers deter-
mined from time-matching method (Lw). Blue stars are 
locations of the source lightning discharges (Lwe) of the 
whistlers presented in Figure 2. The circle is drawn with 
1000 km radius. Around 75.5% and 82.8% source light-
ning discharges of whistlers observed on 24 January 2011 
and 27 February 2011 respectively, are found to be lo-
cated around the conjugate point. We have also calculated 
the azimuths of these lightning discharge locations and 
designated them as Azw. The average arrival azimuth (Az) 
of the causative sferics for whistlers W1 and W2 of 24 
January 2011 (Figure 2) is 176.7, whereas the average 
azimuth of the WWLLN-detected source lightning dis-
charges (Azw) is 178.2. Similarly, Az for the whistlers 
W1–W6 of 27 February 2011 (Figure 2) is 172.6, 
whereas Azw is 167.1°. The average azimuth (Azw) for all 
the source lightning discharges of the whistlers observed 
on the night of 24 January 2011 is ~174.4 and that for 
the whistlers observed on the night of 27 February 2011 
is ~172. The difference (|Az – Azw|) in the azimuth values 
is only ~3, which is well within the error limits.  
 The arrival azimuths determined for whistler causative 
sferics are in agreement with the locations of WWLLN-
detected parent lightning discharges of whistlers. Hence 
this confirms the source location of causative sferic of 
whistlers observed at Allahabad in the neighbourhood of 
its magnetically conjugate point. Thus, the arrival azi-
muth technique confirms that source lightning discharges  
 

 
 

Figure 4. WWLLN-detected lightning activity (Lt – cyan spheres) on 
the nights of 24 January 2011 and 27 February 2011. Magenta circles 
(Lw) are the source lightning discharges for the whistlers observed on 
these two days. Blue stars (Lwe) are the source lightning discharges for 
the whistlers shown in Figure 2.  
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of very low latitude whistlers are located around the con-
jugate point in the Indian Ocean. Recent results suggest 
that the path of propagation, i.e. geomagnetic field lines 
connecting the conjugate points should lie in the iono-
sphere, and ducted or pro-longitudinal mode of propaga-
tion is more likely to occur18–20. Studies are pursued and 
the results obtained will enhance the existing knowledge 
on the intricacies involved with low latitude whistlers.  
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The South Indian city of Chennai experienced three 
phases of heavy rainfall that resulted in devastating 
flood during November and early December of 2015. 
We find that propagating convective systems from the 
west Pacific Ocean intensified further over the warm 
Indian Ocean before moving north towards Indian 
land region. This northward propagation was guided 
by two highs of mid-troposphere to the east and west 


