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Abstract. Lightning generated signals recorded at a low-
latitude station, Suva (18.2◦ S, 178.3◦ E) Fiji, in the South
Pacific region, during September 2003–July 2004, are used
to study the propagation features and the reflection heights of
tweek atmospherics in the waveguide formed by the Earth’s
surface and the lower ionosphere. Tweeks are observed
only during the local night and the maximum harmonic (n)
recorded is six. The occurrence of tweeks with highern pro-
gressively decreases asn increases. The dispersed part of
tweeks decreases asn increases. The attenuation factor has
been calculated for tweeks withn=1–3. The ionospheric re-
flection heights obtained assuming the transverse magnetic
mode of propagation for tweek signals vary from 83–92 km.
A higher harmonic of the same tweek is reflected from about
2.0 km higher than the lower harmonic. For 90% of tweeks,
propagation distances are estimated to be between 1000–
5000 km. Tweeks with lowern propagate longer distances
than the tweeks with highern.

Keywords. Electromagnetics (Guided waves) – Meteorol-
ogy and atmospheric dynamics (Middle atmosphere dynam-
ics) – Radio science (Atmospheric propagation)

1 Introduction

The return strokes of lightning discharges are natural power-
ful transmitters of electromagnetic energy over a wide elec-
tromagnetic spectrum extending from few Hz to beyond the
visible region (Prasad and Singh, 1982). Most of the light-
ning energy is radiated in the Extremely Low Frequency
(ELF, 3–3000 Hz) and the Very Low Frequency (VLF, 3–
30 kHz), with the peak spectral density of these atmospherics
(or sferics) being in the frequency below 15 kHz (Volland et
al., 1987; Ramachandran et al., 2007). ELF and VLF energy
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generated by the lightning discharge propagates by multiple
reflections in the waveguide bounded by the Earth (ground
or sea) and the lower region of the ionosphere (Barr et al.,
2000). This guided propagation occurs with a low attenua-
tion rate (a few dB/1000 km), allowing ELF radio sferics to
be observed around the world from a single lightning dis-
charge. The conductivity of the boundaries of the waveguide
and the total path traveled in it result in appreciable disper-
sion of the sferics at the lower frequency end, with a lower
cut-off at around 1.8 kHz. Such long-delayed sferics are re-
ferred to as “tweeks” in the literature (Yamashita, 1978), due
to the distinct chirping sound they make when heard on a
loudspeaker or earphone.

The properties of tweeks have been investigated and ex-
plained by a number of authors (e.g. Ohtsu, 1960; Yano et
al., 1989, 1991; Hayakawa et al., 1994, 1995; Sukhorukov,
1996; Ferencz, 2004; Ferencz et al., 2007). Tweeks have
been reported to be left-hand polarized (L) waves (Reznikov
et al., 1993). The strong gyrotropy of the lower ionosphere
provides total internal reflection for L-waves and transmis-
sion of right-hand polarized (R) waves into the outer iono-
sphere as whistler mode waves which can be recorded by
satellites or at ground-based stations in the opposite hemi-
sphere. Tweeks generated by strong lightning can leak out
of the Earth-ionosphere waveguide (EIWG) and excite the
“Spiky Whistlers” (SpW) even after several thousand of km
of subionospheric propagation. SpW whistlers have been re-
cently observed by the DEMETER satellite (Ferencz et al.,
2007).

Tweeks have been utilized by researchers to estimate the
ionospheric reflection height (h), equivalent electron den-
sities (ne) at reflection heights, propagation distance (d),
and the geographic locations of the source discharge (e.g.
Reeve and Rycroft, 1972; Kumar et al., 1994; Shvets and
Hayakawa, 1998; Ohya et al., 2003, 2006). From the anal-
ysis of tweeks observed during February–March 1991 at
Bhopal, a low-latitude ground station in India, Kumar et
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Figure 1 

 

 

 

Fig.1 (a – e): Spectrograms of 1s duration showing multimode tweek sferics observed at 
night labeled by the time of observation; E.g. WB200312091302 stands for year 2003, 
month 12, day 09, hour 13:02 UT. 
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Fig. 1. Spectrograms of 1-s duration showing multimode tweek
sferics observed at night labeled by the time of observation;
e.g. WB200312091302 stands for year 2003, month 12, day 09,
hour 13:02 UT.

al. (1994) foundh andd to vary in the range of 83–89 km
and 1500–2500 km, respectively. By analyzing the tweeks
up to the 8th harmonics observed during January–April 1991,
Shvets and Hayakawa (1998) estimated an increase in thene

values from 28–224 el cm−3 at h=81–83 km. From the first-
order mode cut-off frequency of tweeks, at low-mid latitudes
in Japan, Ohya et al. (2003), estimatedh andne to vary in
the range of 80–85 km and 20–28 el cm−3, respectively.

In this work, initial findings on tweeks observed dur-
ing September 2003–July 2004, at a low-latitude station
Suva (geog. lat. 18.2◦ S, geog. long. 178.3◦ E), Fiji, in the
South Pacific region, are presented. The geographic loca-
tion of the recording station, on an island in the vast ocean,
may provide an excellent opportunity to record tweeks with
higher harmonics with good dispersion. The sferics data are
recorded using the World Wide Lightning Location Network
(WWLLN) VLF setup at the University of the South Pa-
cific. There are 28 universities and national institutes all over
the world participating in WWLLN (R. L. Dowden, personal
communication).

2 Experimental data and analysis

The transverse magnetic (TM) mode has a vertical electric
field component (EZ) (Wait, 1957; Budden, 1962). The ex-
perimental set-up consists of a short (1.5 m) whip antenna to
receiveEZ of sferics. The pre-amplifier fixed at the bottom
of the whip antenna is coupled to the ELF-VLF receiving unit
(SU). A Global Position System (GPS) antenna is connected
to GPS receiver built into the SU unit. The GPS receiver
generates a pulse per second with an accuracy of 100 ns, and
is used to measure the arrival time of the sferics. The out-
put of the SU unit is fed to the sound card in a PC which
records the data in files of 11 MB per minute using the light-
ning software. The details of the system have been described
by Dowden et al. (2002).

During September 2003–January 2004, sferics data were
recorded for a total of 30 min at different hours in the night
and the day as well. From February 2004–July 2004, sferics
data were recorded for 2 min at every hour only in the night.
The ELF-VLF data files are analyzed using a MATLAB code
which produces dynamic spectrograms of one-second dura-
tion. Tweeks sferics are visually identified from the spec-
trograms (see Fig. 1) and then analyzed in two steps. In the
first step, for the first harmonic tweek, the cut-off frequency
(fc1) and two other close frequencies (f1 andf2) near the
cut-off frequency and their times of appearance (t1 andt2) in
the spectrograms are estimated. The spectrograms produced
by MATLAB codes are changed into bmp format files and
are then uploaded into Microsoft Paint. The Paint software
displays spectrograms on an identical coordinate system with
arbitrary values from which coordinates corresponding tof

andt are noted. In the second step, these coordinates are cal-
ibrated to produce the frequency and time using a Microsoft
Excel spreadsheet. A program has been developed in Excel
to convert these coordinates to the actual frequency and time.
The accurate cut-off frequency of higher harmonics (fcn) is
obtained using the above steps and extrapolating up to the
time of arrival (ta) of the cut-off frequency of the first har-
monic (see Fig. 1b). From this graphical analysis the resolu-
tions in frequency and time components are 35 Hz and 1 ms,
respectively.

3 Theoretical considerations

The ELF-VLF radio waves propagate by multiple reflections
in the EIWG. The electromagnetic field in the waveguide can
be decomposed into a sequence of independent field struc-
tures (modes) which propagate with different group veloci-
ties. Each of the modes is defined by its cut-off frequency
(fcn). For a waveguide having perfectly conducting bound-
aries,fcn of the nth mode is given by (Budden, 1961; Ya-
mashita, 1978):

fcn =
nc

2h
, (1)
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wherec is the velocity of light in free space andh is the
height of the waveguide.

If f >fcn and close tofcn, the mode propagates with a
group velocityvgn given by (Ohtsu, 1960):

vgn = c
(
1 − f 2

cn/f
2
)1/2

. (2)

Thevgn approaches zero asf approachesfcn. No propaga-
tion occurs iff <fcn, as the wave is strongly attenuated.

Using the Eq. (2), total distanced, propagated by the
tweek of thenth mode with a perfect conducting, the EIWG
can be obtained as (Prasad, 1981):

d =
δt (vgf1 × vgf2)

vgf1 − vgf2

, (3)

whereδt=t2−t1 is the difference in arrival times of the two
frequencies,f2 and f1, close tofcn of the tweeks of any
mode;vgf 1 andvgf 2 are the corresponding group velocities
of the waves centered at frequenciesf1 andf2.

The main propagation characteristics of the modes emitted
by a vertical dipole in the waveguide with spherical walls of
finite conductivities are described by a factorei k Sn d (Wait,
1957), wherek is the wave number andSn is the “sin” of the
complex angle between the wave vector and the normal at the
points of incidences in the EIWG (Wait, 1970, pp. 147–153)
which is given by:

Sn =

[
1 −

(nπ

kh

)2
− i

21

kh

]1/2

, (4)

The value of1 is governed by the electrical conductivities
of the Earth’s surface and the lower ionosphere.1 for the
ground (1gi)/sea (1gi)-ionosphere paths is given by:

1gi = N

(
1

Ni

−
1

Ng

)
(5)

1si = N

(
1

Ni

−
1

Ns

)
,

whereN is the refractive index of the medium inside the
waveguide andNi , Ng andNs are the complex refractive in-
dices of the lower layer of the ionosphere, ground, and sea
given by:

N2
i =

εi

εo

− i
σi

ωεo

(6)

N2
g =

εg

εo

− i
σg

ωεo

N2
s =

εs

εo

− i
σs

ωεo

,

whereω is the angular frequency of tweeks.εi , εg, εs, andεo

are the permittivity of the lower ionosphere, ground, sea, and
the free space, respectively.σ i , σg, andσs are conductivities
of the lower ionosphere, ground, and sea, respectively.

The conductivity and permittivity of the ground and sea
are well known. The major problem lies in the assignment of
the parameters describing the ionospheric conductivity. The
distribution of plasma in the ionosphere depends in a com-
plicated way on latitude, solar zenith angle, season, and so-
lar activity, etc. One of the simplest ionospheric profiles is
an exponential variation of conductivity with height. The
height dependent conductivity parameterωr (h), for the D-
region ionosphere, is given by Wait and Spies (1964):

ωr (h) =
ω2

o(h)

ν(h)
= 2.5 × 105 exp[β

(
h − H ′

)
], rad/s, (7)

whereωo(h) is the electron plasma frequency andν (h) is
the effective electron-neutral collision frequency, both being
functions of heighth. Theωr(h) varies exponentially with
h, at a rate determined byH ′, the reference height, andβ the
sharpness factor measured in km−1. The frequency depen-
dent conductivity of the lower ionosphere is given by

σi = εo

ω2
o(h)

[ν(h) − iω]
. (8)

If the wave frequencyω is less thanν (h) (∼106 Hz at
83 km), which is the present case, the conductivity can be
written as:

σi = εo

ω2
o(h)

ν(h)
= 2.5 × 105 εo exp

[
β

(
h − H ′

)]
. (9)

The numerical value of the attenuation rates (αn) defined
in dB per 1000 km path length, is given by (Wait, 1957;
Hayakawa et al., 1995):

αn = −
8.86× 106

× ω × (ImSn)

c
. (10)

The imaginary part ofSn is −(1/kh)/Re(Sn), so that

αn =
8.86× 106

× ω × (1/kh)

cRe(Sn)
(11)

whereRe(Sn) is real part ofSn.

4 Results and discussion

4.1 Morphological characteristics of tweeks

The tweeks were recorded during September 2003 to Jan-
uary 2004 both in the local day and the night for durations
of 30 min at the beginning of different hours. Analysis of the
data showed that tweeks occur only in the nighttime (18:00–
06:00 LT). Therefore, from February–July 2004, data were
recorded in the nighttime only. The occurrence pattern of
tweeks has been determined from the measurements made
during September to December 2003 in the nighttime. A total
of 2428 tweeks were observed from the recordings in this pe-
riod in the night. The occurrence of tweeks has been classi-
fied into two categories- pre-midnight (18:00–00:00 LT) and
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Table 1. Occurrence of tweeks in the period September to December 2003.

Harmonics
1 2 3 4 5 6

Pre-midnight Occurrence 485 194 17 1 0 0
% Count 69.58 27.83 2.45 0.14 0 0

Post-midnight Occurrence 1104 526 87 18 4 2
% Count 63.41 30.21 5.00 1.03 0.23 0.11

post-midnight (00:00–06:00 LT). Table 1 shows the occur-
rence pattern of tweeks. Tweek sferics occur throughout the
night, but there are more in the post-midnight period. Further
higher harmonic tweeks (n≥3) occur more often in the post-
midnight period than in the pre-midnight period. Figure 1a–e
presents typical spectrograms showing the higher harmonic
tweeks. Tweeks with second and third harmonics, as shown
in panels (a) and (b), have stronger dispersion and longer
duration than the tweeks with higher harmonics (panels c–
e). Most (>90%) of the tweeks are associated with a quasi-
transverse electromagnetic (QTEM) mode, as shown in the
panels (b) and (c). The duration of the tweeks presented here
is estimated to be in the range of 15–60 ms. Reznikov et
al. (1993) observed the duration of typical tweeks to be in
the range 40–50 ms, but may reach to about 100 ms. The
distance of propagation, in general, is also larger for lower
harmonic tweeks (not shown). It can also be noted that the
duration of the dispersed part of any tweek decreases with an
increase in harmonic number.

Wave propagation in the VLF range is analyzed in terms of
waveguide modes, characterized as quasi-transverse electric
(QTE) and quasi-transverse magnetic (QTM) modes (Bud-
den, 1962), with a cut-off frequency (fc) of about 1.8 kHz.
The single mode which has no cut-off frequency and propa-
gates in the EIWG below 1.8 kHz is called the QTEM mode.
The attenuation of the QTEM mode increases exponentially
with frequency, and most of the QTEM frequency compo-
nents are strongly attenuated above∼1 kHz and hence do
not overlap the QTE and QTM mode frequency components
(Sukhorukov and Stubbe, 1997). The QTM mode is simi-
lar to the TM mode except that it has a small longitudinal
(in the direction of wave propagation) magnetic field compo-
nent that cannot exist significantly over long distances. For
frequencies less than 15 kHz the lower order QTM modes ap-
proximate pure TM modes more than the higher order modes
(Wood, 2004). We therefore treat the modes in the EIWG as
pure TM modes abovefc of the first order mode (∼1.8 kHz)
and below that a single QTEM mode which has nofc. Thus
the propagation of energy below the cut-off frequency of the
first order TM mode, as shown in the spectrograms (Fig. 1),
must have occurred as QTEM mode waves.

The tweek sferics, as shown in Fig. 1, having ELF
(<1.5 kHz) frequency components, suggest that these might
be produced by strong lightning discharges, possibly posi-
tive cloud-ground (+CG) lightning discharges which make
up roughly 10% of all lightning strokes (Uman, 2001). About
50% of ELF sferics with slow tail are associated with sprites
(Rodger, 1999). Strong +CG discharges with large return
stroke peak currents can be associated with ELF radio at-
mospherics observed at large distances (∼1500 km) from the
discharge (Sukhorukov and Stubbe, 1997; Cummer and Inan,
1997; Pasko et al., 1998; Ohkubo et al., 2005).

4.2 Attenuation of sferics propagating in a partially con-
ducting waveguide

To explain the occurrence of tweeks at this station, the attenu-
ation rate (αn) is calculated for modesn=1–3 using Eq. (11).
In this equation, Re(Sn) is a function of the mode number,
frequency, and the refractive index of the reflecting bound-
aries of the waveguide. Equations (5) and (6) clearly show
that for a perfectly conducting EIWG,1 will be zero and
αn for each mode would then vanish and higher harmonic
tweeks should be observed at all times. In practice, tweeks
are not observed always and tweeks with higher harmon-
ics occur less often (Kumar et al., 1994; Singh and Singh,
1996). The ground, sea, and ionospheric boundaries are good
conductors at VLF but not perfect conductors. The propa-
gation path of the tweeks to this station is mostly over sea
and its larger conductivity than ground offers less attenu-
ation, allowing higher harmonic tweeks to occur more of-
ten. In the analysis of attenuation, the values of the parame-
ters are taken from (Prasad, 1981; Westerlund, 1974): iono-
spheric dielectric constantεi

/
εo=0.5, ground dielectric con-

stantεg

/
εo=20, sea dielectric constantεs

/
εo=81, ground

conductivityσg=10−4 S/m, and sea conductivityσs=5 S/m.
Daytime VLF reflection heights are reported to be around
70–75 km (Glukhov et al., 1992) and our observations show
the nighttime tweek reflection heights mostly in the range of
85–90 km. Hence, for calculation purposes, the ionospheric
reflection heightsh, for daytime, were chosen as 71 km and
74 km and for nighttime as 86 km and 90 km.

Ann. Geophys., 26, 1451–1459, 2008 www.ann-geophys.net/26/1451/2008/
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Fig. 2.  Attenuation per 1000 km of tweek sferics propagating in the waveguide formed by 
(a) ground and the lower ionosphere, and (b) sea surface and the lower ionosphere. 
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Fig. 2. Attenuation of tweek sferics propagating in a waveguide
formed by(a) ground and the lower ionosphere,(b) sea surface and
the lower ionosphere.

The lower ionosphere can be characterized as the “Wait
ionosphere”, defined by a reference height,H ′ in km, and
the exponential sharpness factor,β in km−1. The iono-
spheric conductivity,σi , has been calculated using the height
dependent conductivity parameterωr (h) given in Eq. (7).
For the day and the nighttime conditionsH ′ and β are
taken to be 70 km, 0.3 km−1 and 80 km, 0.5 km−1, respec-
tively. The magnitude ofωr(h) calculated using the Eq. (7) is
3.4×105 s−1 for the daytime and 3.7×107 s−1 for the night-
time. Figure 2a shows a plot ofαn versusf calculated us-
ing Eq. (11) for the EIWG with ground as the lower surface.
It can be seen from Fig. 2a that the attenuation increases
sharply as the frequency approaches the cut-off frequency.
The attenuation for all the modes also increases when the re-
flecting layer height is lowered. Figure 2b shows a plot of
αn versusf for the waveguide formed by the sea surface
and the lower ionosphere. Figure 2 (a and b) shows that
for the waveguide considered here the attenuation is larger
in the daytime (h=71 km and 74 km) than that in the night-
time (h=86 km and 90 km) and increases sharply as the fre-
quency approaches the cut-off frequency. The geographical
location of our station on a small island, Fiji, in the South Pa-
cific region, is such that the tweek sferics propagate a signifi-
cant portion in the waveguide formed by sea and the lower
ionosphere. It can be confirmed from panels (a) and (b)
of Fig. 2 that ground-ionosphere path offers larger attenua-
tion by about 3–5 dB/1000 km than the sea-ionosphere path
for all modes. This could be the main reason for the more
probable occurrence of tweeks with higher harmonics at this
station compared to those reported where ground dominates
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Fig.3. Variation of mean cut-off frequency, fcm, (solid line) and mean fundamental 
frequency, fcm/n, (dashed line) with mode number, n. The error bars indicate standard error 
in the estimated frequency. The numbers in parentheses indicate the total number of tweeks 
analyzed. 
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Fig.4. Variation of mean tweek reflection height, hm, with mode number, n. The error bars 
indicate standard error in the estimated height. The numbers in parentheses indicate the 
total number of tweeks analyzed. 
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Fig. 3. Variation of mean cut-off frequency,fcm, (solid line) and
mean fundamental frequency,fcm/n, (dashed line) with mode num-
ber,n. The error bars indicate a standard error in the estimated fre-
quency. The numbers in parentheses indicate the total number of
tweeks analyzed.

as the lower wall of the waveguide in the total propagation
path. The attenuation is larger for higher harmonics tweeks,
therefore, a higher harmonic of tweeks are not observed fre-
quently.

4.3 Tweek reflection heights

Using Eq. (1), the ionospheric reflection heightsh are calcu-
lated for the tweeks shown in Fig. l (a–e) and are presented in
Table 2. The value ofh varies in the range 83–92 km. Based
on the clarity of dispersion seen in the spectrogram, the anal-
ysis forh was made using 503 selected tweeks observed dur-
ing September 2003–July 2004. This selection included a
total of 320 tweeks during September–December 2003 and
183 tweeks from January–July 2004. The mean cut-off fre-
quencyfcm for the different modes are first calculated us-
ing the cut-off frequencies estimated from the spectrograms
and the number of sferics considered for each mode. The
variation offcm with mode numbern is shown by the solid
line (left hand scale) in Fig. 3. The frequency obtained by
dividing fcm by n, is defined as the “mean fundamental fre-
quency”. The variation offcm/n with mode numbern is
also plotted in Fig. 3 and is shown by the dashed line (right
hand scale). The numbers on the top of the figure in paren-
theses indicate the number of tweeks utilized. The bars indi-
cate the standard error. The values of the correlation coeffi-
cients (r) for the different plots are also indicated in the fig-
ure. Thefcm/n vary between 1.80 kHz–1.68 kHz forn=1–6.
This indicates that the cut-off frequencies of higher harmon-
ics (n>1) are not exact multiples of the cut-off frequency
for the first harmonic (fc1) and n. They are slightly less
thanfc1×n, as shown by the trend line. The negative gra-
dient of fcm/n indicates an increase in the electron density
with height in the lower ionosphere. It also indicates that the
higher order tweeks penetrate slightly deeper into the lower
ionosphere. This result supports that the ionosphere is not
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Table 2. Ionospheric reflection heighth and propagation distanced estimated from tweek sferics shown in spectrograms (a–e) of Fig. 1.

Spectrogram Time Mode Nighttime VLF Total Propagation
(LST) number reflection height Distance

(n) h* (km) D** (km)

a 01:02 a.m. 1 85.6 4512
2 88.0 4569

b 01:04 a.m. 1 83.3 3185
2 87.6 3100
3 88.5 3432

c 09:00 p.m. 1 83.3 1118
2 85.0 1390
3 84.3 1175

d 12:00 a.m. 1 89.6 3393
2 90.1 3494
3 88.6 3241
4 91.6 3330

e 01:08 a.m. 1 83.6 2252
2 87.3 2008
3 87.6 2240
4 89.3 2338
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Fig.4. Variation of mean tweek reflection height, hm, with mode number, n. The error bars 
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Fig. 4. Variation of average tweek reflection height,hm, with mode
number,n. The error bars indicate a standard error in the estimated
height.

sharply bounded and homogeneous. The cut-off frequency
depends on the reflection height, which, in turn, depends on
the electron density. The mean cut-off frequency of the dif-
ferent modes can be used to determine the reflection heights
of different harmonics. The calculated mean reflection height
hm of modesn=1–6 is shown in Fig. 4;hm increases with
increase inn and varies in the range 83.4–85.6 km forn=1–
3. The number of tweeks withn=4–6 are not significant to

consider the variation ofhm with n in this range. Shvets
and Hayakawa (1998) estimated the steepness of the electron
density profile from the fundamental cut-off frequencies of
multimode tweek sferics. Their results showed a negative
gradient infcm/n, indicating an increase in the electron den-
sity from 28–224 cm−3 in the altitude range of 2 km at the
reflection height of about 81 km. Thus,fcm is also a useful
parameter for investigating electron density variations in the
nighttime D-region ionosphere (e.g. Ohya et al., 2003, 2006).

4.4 Ionospheric reflection height variation with time, loca-
tion, and solar cycle

The analysis shows that the mean cut-off frequencies of
the different harmonics vary with the time of observation.
The temporal variations offcm andhm at Suva are shown
in Fig. 5. The plots have been made only forn=1–3 har-
monic tweek sferics due to the small number of tweeks ob-
served with higher harmonics. For the first harmonic,hm ob-
tained fromfcm increases up to 23:00 LT and then decreases
with a minimum at around 01:00 LT and then gradually in-
creases up to 05:00 LT. Thehm obtained from second and
third harmonics shows similar variation with maximum at
around 04:00 LT. Using a small number of tweeks, Kumar
et al. (1994) estimated theh to vary in the range of 83–
89 km from the tweek observations taken at a low-latitude
station (23.1◦ N) in India during the period January–March
1992. The average sun spot number (Rz) for the period
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Fig. 5. Temporal variation of mean cut-off frequency, fcm, (solid line, left hand scale) and 
reflection height, hm, (dashed line, right hand side) determined using 1-3 harmonics of 
tweeks. 
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Fig. 5. Temporal variation of mean cut-off frequency,fcm, (di-
amonds, left hand scale) and reflection height,hm, (circles, right
hand side) determined using 1–3 harmonics of tweeks.

January–March 1992 was about 110. From the tweeks ob-
servations carried out in the Southern Hemisphere in the In-
dian and Atlantic Ocean onboard the research vessel “Aca-
demician Vernadsky” during the period January–April 1991
Shvets and Hayakawa (1998) estimated thehm to vary from
81.5–83.3 km forn=1–8. TheRz for the period of January–
April 1991 was about 140. The ionospheric reflection heights
in this work during the period September 2003–July 2004,
which fall in the lower (moderate) solar activity period
(Rz∼45), are higher by 1–1.5 km than those estimated by
Shvets and Hayakawa (1998), indicating the spatial and solar
activity dependence of reflection heights. McRae and Thom-
son (2004), using long wave propagation capability (LWPC)
codes to interpret the VLF amplitude and phase of naviga-
tional transmitter signals, showed that the ionospheric VLF
reflection height is somewhat lower (by about≤1 km) dur-
ing solar maximum than during solar minimum. Higherhm

values estimated in the present study as compared to those
reported by Kumar et al. (1994) and Shvets and Hayakawa
(1998) also indicate a decrease in the electron density in the
nighttime D-region ionosphere during low solar activity. The
dependence of the D-region electron concentration on solar
activity is not very clear, in spite of the fact that during re-
cent decades this problem has been attempted by many re-
searchers (see Danilov, 1998, and references therein). Some
authors reported an increase in the D-region electron con-
centration while others found a decrease in the concentration
with an increase in solar activity. It is also widely known that
the D-region electron concentration measurement meets se-
rious technical difficulties; however, the ELF/VLF method
seems to be more reliable at least for nighttime D-region
studies. Bremer and Singer (1977) studied the variation of D-
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Figure 6 
 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Percentage occurrence rate of tweeks as a function of propagation distance 
determined from the observations made in the period from September 2003 – July 2004. 
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Fig. 6. Percentage occurrence rate of tweeks as a function of prop-
agation distance determined from the observations made in the pe-
riod from September 2003–July 2004.

region electron density with solar activity using radio wave
propagation in a broad range (10–2500 kHz) of frequencies.
They found that the solar activity effect on D-region elec-
tron density to be small but positive at all the altitudes, which
seems to support our results. Detailed discussion on solar ac-
tivity effects in the ionospheric D-region is beyond the scope
of this paper; the interested reader is advised to see the paper
by Danilov (1998).

4.5 Tweek propagation distances

Using Eq. (3), the propagation distancesd are calculated for
the tweeks shown in Fig. 1a–e and are given in Table 2,
which vary from 1000–4500 km. Figure 6 shows the range
of d traveled by the different tweeks from the overall analy-
sis of 503 tweeks. The maximum propagation distance cal-
culated from a tweek was about 12 000 km. About 90% of
tweeks propagated distances in the range of 1000–5000 km,
with maximum in the range of 2000–3000 km. Using a
similar method, Kumar et al. (1994) foundd to vary from
1500 km to 2500 km. This may be because of the differ-
ent path conditions in the EIWG where the lower bound-
ary of the waveguide is ground for the Indian observations
but largely sea for the observations made here. Christian et
al. (2003) found about 78% of lightning on the Earth to oc-
cur between the±30◦ around the geographic equator, with a
highest rate at the west coast of Australia. It can be said here
that most of the tweeks observed at Suva (18.2◦ S) probably
came from over the sea at the low latitudes (±30◦ around
the geographic equator) and a small number from other loca-
tions, most likely from west coast of Australia. However, a
direction finding method can determine the locations of the
lightnings associated with tweeks, which is an area of further
experimental and theoretical research interest to us.
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5 Summary and conclusions

The lightning generated ELF-VLF tweek sferics observed
with the WWLLN VLF system during the period from
September 2003 to July 2004, have been analyses and the re-
sults are presented. The VLF recording and analysis system
employed in this work is relatively new and advanced, which
provides precise timing measurements using GPS and high-
resolution spectrograms using MATLAB code. The ELF-
VLF radio wave technique has demonstrated the potential to
monitor changes in the bottom part of the lower ionosphere.
Tweek sferics have been utilized to determine: 1) the night-
time variation of ionospheric reflection heights, and 2) their
propagation distance in the EIWG. The main findings of this
study are concluded as follows:

– Tweek sferics occur during the local night between
18:00–06:00 LT. The higher harmonics occur more of-
ten in the post-midnight period than in the pre-midnight
period. Tweeks up to the 6th harmonic were observed.
The occurrence of tweeks with higher harmonic de-
creases as the harmonic number increases. The dis-
persed portion of the tweeks reduces as harmonic num-
ber increases. Higher harmonic of the same tweek is
reflected from about 2.0 km higher than the lower har-
monic.

– The waveguide formed by the ground and the lower
ionosphere offers more attenuation than that formed by
the sea and the lower ionosphere. The attenuation is
less at night, which may be the main reason why tweek
sferics occur only at night.

– Most of the tweeks are found to have ELF frequency
components. The propagation of ELF waves (below
cutoff frequency of first order) must occur by the QTEM
mode.

– The ionospheric reflection heights calculated from
tweeks observed during lower solar activity period of
present study are found to vary in the range 83–92 km,
which are higher by about 1–1.5 km than those esti-
mated during the high solar activity period.

– About 90% of the tweeks propagated distances between
1000 and 5000 km in the waveguide to the receiving sta-
tion.
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