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Higher harmonic tweek sferics observed at low latitude: estimation
of VLF reflection heights and tweek propagation distance
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Abstract. Lightning generated signals recorded at a low- generated by the lightning discharge propagates by multiple
latitude station, Suva (1835, 178.3 E) Fiji, in the South  reflections in the waveguide bounded by the Earth (ground
Pacific region, during September 2003-July 2004, are usedr sea) and the lower region of the ionosphere (Barr et al.,
to study the propagation features and the reflection heights 02000). This guided propagation occurs with a low attenua-
tweek atmospherics in the waveguide formed by the Earth’dion rate (a few dB/1000 km), allowing ELF radio sferics to
surface and the lower ionosphere. Tweeks are observelle observed around the world from a single lightning dis-
only during the local night and the maximum harmoni¢ ( charge. The conductivity of the boundaries of the waveguide
recorded is six. The occurrence of tweeks with highero- and the total path traveled in it result in appreciable disper-
gressively decreases asincreases. The dispersed part of sion of the sferics at the lower frequency end, with a lower
tweeks decreases adncreases. The attenuation factor has cut-off at around 1.8 kHz. Such long-delayed sferics are re-
been calculated for tweeks with=1-3. The ionospheric re- ferred to as “tweeks” in the literature (Yamashita, 1978), due
flection heights obtained assuming the transverse magnetim the distinct chirping sound they make when heard on a
mode of propagation for tweek signals vary from 83-92 km. loudspeaker or earphone.

A higher harmonic of the same tweek is reflected from about The properties of tweeks have been investigated and ex-
2.0 km higher than the lower harmonic. For 90% of tweeks, plained by a number of authors (e.g. Ohtsu, 1960; Yano et
propagation distances are estimated to be between 100Gat., 1989, 1991; Hayakawa et al., 1994, 1995; Sukhorukoyv,
5000 km. Tweeks with lowen propagate longer distances 1996; Ferencz, 2004; Ferencz et al., 2007). Tweeks have
than the tweeks with higher. been reported to be left-hand polarized (L) waves (Reznikov

Keywords. Electromagnetics (Guided waves) — Meteorol- et al., 1993). The strong gyrotropy of the lower ionosphere

ogy and atmospheric dynamics (Middle atmosphere dynamprovides total internal reflection for L-waves and transmis-
ics) — Radio science (Atmospheric propagation) 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
The return strokes of lightning discharges are natural power ?Etgigngtlﬁ;ic(sgwg e;/t?gnageW%’ﬁ{;llé?:ﬂzsgdbg;ﬁr?e_
ful transmitters of electromagnetic energy over a wide elec-Centl obsefved bpthz SEME;I'EpR satellite (Ferencz et al
tromagnetic spectrum extending from few Hz to beyond the2007))/ y B
visible region (Prasad and Singh, 1982). Most of the light- i . .

ning energy is radiated in the Extremely Low Frequency Tweeks have been utilized by researchers to estimate the
(ELF, 3-3000 Hz) and the Very Low Frequency (VLF, 3— ionospheric reflection height:), equivalent electron den-

30 kHz), with the peak spectral density of these atmosphericg't'gsthm) at refliqtmln h?'ghts’ fplLopagatlon E'Stan&)’ (

(or sferics) being in the frequency below 15 kHz (Volland et an e geographic |ocations of the source discharge (e.g.

) eeve and Rycroft, 1972; Kumar et al., 1994; Shvets and
al., 1987; Ramachandran et al., 2007). ELF and VLF energ)}ljayakawa, 1998: Ohya et al., 2003, 2006). From the anal-

Correspondence tdS. Kumar ysis of tweeks observed during February—March 1991 at
(kumarsu@usp.ac.fj) Bhopal, a low-latitude ground station in India, Kumar et
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2 Experimental data and analysis

(@ 2 —— I —
g j: ETEEAEE| | WB20031208130, . ) .
< " R i nl=2 -ii 'I_'he transverse magneth (TM) mode has a vertical electric
g . ,l | ‘ ! i & ik e b field component£z) (Wait, 1957; Budden, 1962). The ex-
§ . N\ perimental set-up consists of a short (1.5 m) whip antenna to
* T . receiveEy of sferics. The pre-amplifier fixed at the bottom
o = ﬁl“ : = of the whip antenna is coupled to the ELF-VLF receiving unit
o meladiilal il i e (SU). A Global Position System (GPS) antenna is connected
g 10 —H'I | I" PG T 7[ ' /[ If | to GPS receiver built into the SU unit. The GPS receiver
g s | f S Eg/t; generates a pulse per second with an accuracy of 100 ns, and
I b is used to measure the arrival time of the sferics. The out-
© 2 - - oy I put of the SU unit is fed to the sound card in a PC which
e R : ; T onsooasanasbon records the data in files of 11 MB per minute using the light-
P | T o i | . |'i} S e S ning software. The details of the system have been described
g . (b 8 R QTEM | lj { Ir i H by Dowden et al. (2002).
g o Beiakiiisiiaati sl e et M b F R AL bl During September 2003-January 2004, sferics data were
i recorded for a total of 30 min at different hours in the night

@ 22;‘ e 2 e and the day as well. From February 2004—July 2004, sferics
T . BE t/ i f | W 200404040008 3 data were recorded for 2 min at every hour only in the night.
3 10 1l i i E i _ The ELF-VLF data files are analyzed using a MATLAB code
g 5 | bl E L It o 1E o 2 e which produces dynamic spectrograms of one-second dura-
g o Eeteetmbol ke Gt Slichian; tion. Tweeks sferics are visually identified from the spec-

‘ trograms (see Fig. 1) and then analyzed in two steps. In the
@ z s = first step, for the first harmonic tweek, the cut-off frequency
ﬁ 15 BLAL R | i (f-1) and two other close frequencieg; (and f2) near the
g ¢ T ' cut-off frequency and their times of appearangeaqdr,) in
% 5 0 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
Fig. 1. Spectrograms of 1-s duration showing multimode tweek arbitrary values from which coordinates corresponding to
sferics observed at night labeled by the time of observation:5q; gre noted. In the second step, these coordinates are cal-
Ef&rvl\lsgg%%rlzogmoz stands for year 2003, month 12, day 09, ~eq 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.

al. (1994) foundr andd to vary in the range of 83-89km  The accurate cut-off frequency of higher harmonigs, ) is
and 1500-2500km, respectively. By analyzing the tweeksobtained using the above steps and extrapolating up to the
up to the 8th harmonics observed during January—April 1991time of arrival ¢,) of the cut-off frequency of the first har-
Shvets and Hayakawa (1998) estimated an increase m.the monic (see Fig. 1b). From this graphical analysis the resolu-
values from 28-224 el cn? at 7=81-83 km. From the first-  tions in frequency and time components are 35 Hz and 1 ms,
order mode cut-off frequency of tweeks, at low-mid latitudes respectively.
in Japan, Ohya et al. (2003), estimate@ndn, to vary in
the range of 80-85 km and 20—28 eltinrespectively.

In this work, initial findings on tweeks observed dur- 3 Theoretical considerations
ing September 2003—July 2004, at a low-latitude station
Suva (geog. lat. 18°5, geog. long. 178°F), Fiji, in the ~ The ELF-VLF radio waves propagate by multiple reflections
South Pacific region, are presented_ The geographic |Ocd'n the EIWG. The E|ectr0magnetic field in the Waveguide can
tion of the recording station, on an island in the vast oceanPe decomposed into a sequence of independent field struc-
may provide an excellent opportunity to record tweeks with tures (modes) which propagate with different group veloci-
higher harmonics with good dispersion. The sferics data ardies. Each of the modes is defined by its cut-off frequency
recorded using the World Wide Lightning Location Network (fer)- For a waveguide having perfectly conducting bound-
(WWLLN) VLF setup at the University of the South Pa- aries, fe, of thenth mode is given by (Budden, 1961; Ya-
cific. There are 28 universities and national institutes all overMashita, 1978):
the world participating in WWLLN (R. L. Dowden, personal ne
communication). Jen = o (1)
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wherec is the velocity of light in free space aridis the The conductivity and permittivity of the ground and sea
height of the waveguide. are well known. The major problem lies in the assignment of
If f>f., and close tof.,, the mode propagates with a the parameters describing the ionospheric conductivity. The
group velocityvg, given by (Ohtsu, 1960): distribution of plasma in the ionosphere depends in a com-
12 plicated way on latitude, solar zenith angle, season, and so-

Vgn = C (1 — faIf 2) - (2) lar activity, etc. One of the simplest ionospheric profiles is

an exponential variation of conductivity with height. The
Thewv,, approaches zero géapproacheg,,. No propaga- height dependent conductivity parameigi(’z), for the D-
tion occurs if f < f.,,, as the wave is strongly attenuated. region ionosphere, is given by Wait and Spies (1964):
Using the Eq. (2), total distancé, propagated by the 5
tweek of thenth mode with a perfect conducting, the EIWG , (5) = @, ()
can be obtained as (Prasad, 1981): v(h)

8t (Vgfy X Vgfr) wherew, (h) is the electron plasma frequency andh) is
d= Toor —von 3) the effective electron-neutral collision frequency, both being
8/1 ™ Vsf2 functions of height:. Thew, (h) varies exponentially with
wheredr=t,—11 is the difference in arrival times of the two £, at a rate determined by’, the reference height, anithe
frequencies,f> and f1, close to f., of the tweeks of any sharpness factor measured in km The frequency depen-
mode;v, 1 andug s, are the corresponding group velocities dent conductivity of the lower ionosphere is given by
of the waves centered at frequencjgsand f>. 2
The main propagation characteristics of the modes emittegs, — gowo—(h).
by a vertical dipole in the waveguide with spherical walls of [v(h) —iw]

finite conductivities are described by a factdf S+ ¢ (Wait, If the wave frequencyy is less thanv (i) (~10PHz at

1957), wherd is the wave number anf}, is the "sin” of the g3y \hich is the present case, the conductivity can be
complex angle between the wave vector and the normal at thﬁ/ritten as:

points of incidences in the EIWG (Wait, 1970, pp. 147-153)

=25x 10°exdp (h — H')1, rad/s, (7)

®)

. . . . 2 h
which is given by: S wo((h)) — 25x 10°¢, exp[B (h — H')]. )
nm\2  2A7Y? 0
S, = |:1 - (E) — iﬁ} , 4) The numerical value of the attenuation rateg)(defined

in dB per 1000km path length, is given by (Wait, 1957;
The value ofA is governed by the electrical conductivities Hayakawa et al., 1995):
of the Earth’s surface and the lower ionosphere for the
8.86 x 1(f x w x (ImS,)

ground A, )/sea (\g;)-ionosphere paths is given by: P ) (10)
C

Agi=N (i — i) (5) The imaginary part of,, is —(A /kh)/Re(S,), So that

N; N

¢ 8.86 x 10° x w x (A /kh)

1 1 Up = R (11)
Ai=N(= -] cRe(Sn)

Ni Nv

whereRe(S,) is real part ofs,,.
where N is the refractive index of the medium inside the
waveguide an@v;, N, andN, are the complex refractive in- . .

. . 4 Results and discussion
dices of the lower layer of the ionosphere, ground, and sea

given by: 4.1 Morphological characteristics of tweeks
& .0
Ni2 = P lwgo (6) The tweeks were recorded during September 2003 to Jan-
uary 2004 both in the local day and the night for durations
N2 = &g ; 28 of 30 min at the beginning of different hours. Analysis of the
& e we, data showed that tweeks occur only in the nighttime (18:00—
, & . oy 06:00LT). Therefore, from February—July 2004, data were
Ny = = ltos recorded in the nighttime only. The occurrence pattern of
o o

tweeks has been determined from the measurements made
wherew is the angular frequency of tweeks, ¢, &5, ande, during September to December 2003 in the nighttime. A total
are the permittivity of the lower ionosphere, ground, sea, andf 2428 tweeks were observed from the recordings in this pe-
the free space, respectively;, o,, ando, are conductivities  riod in the night. The occurrence of tweeks has been classi-
of the lower ionosphere, ground, and sea, respectively. fied into two categories- pre-midnight (18:00-00:00LT) 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 2783 245 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 (00:00-06:00LT). Table 1 shows the occur- The tweek sferics, as shown in Fig. 1, having ELF
rence pattern of tweeks. Tweek sferics occur throughout th€<1.5 kHz) frequency components, suggest that these might
night, but there are more in the post-midnight period. Furtherbe produced by strong lightning discharges, possibly posi-
higher harmonic tweeks: &3) occur more often in the post- tive cloud-ground (+CG) lightning discharges which make
midnight period than in the pre-midnight period. Figure 1la—eup roughly 10% of all lightning strokes (Uman, 2001). About
presents typical spectrograms showing the higher harmoni&0% of ELF sferics with slow tail are associated with sprites
tweeks. Tweeks with second and third harmonics, as showiiRodger, 1999). Strong +CG discharges with large return
in panels (a) and (b), have stronger dispersion and longestroke peak currents can be associated with ELF radio at-
duration than the tweeks with higher harmonics (panels c-mospherics observed at large distanee$500 km) from the

e). Most &90%) of the tweeks are associated with a quasi-discharge (Sukhorukov and Stubbe, 1997; Cummer and Inan,
transverse electromagnetic (QTEM) mode, as shown in tha997; Pasko et al., 1998; Ohkubo et al., 2005).

panels (b) and (c). The duration of the tweeks presented here

is estimated to be in the range of 15-60ms. Reznikov et}.2 Attenuation of sferics propagating in a partially con-
al. (1993) observed the duration of typical tweeks to be in ducting waveguide

the range 40-50 ms, but may reach to about 100ms. The

distance of propagation, in general, is also larger for lower 10 €xplain the occurrence of tweeks at this station, the attenu-
) is calculated for modes=1-3 using Eq. (11).

harmonic tweeks (not shown). It can also be noted that thetion rate &,

duration of the dispersed part of any tweek decreases with alf! this equation, Re%,) is a function of the mode number,
increase in harmonic number. frequency, and the refractive index of the reflecting bound-

Wave propagation in the VLF range is analyzed in terms of2/1€s of the waveguide. Equations (5) and (6) clearly show

waveguide modes, characterized as quasi-transverse electffadt for a perfectly conducting EIWG) will be zero and

(QTE) and quasi-transverse magnetic (QTM) modes (Bud» for each mode would then vanish and higher' harmonic
den, 1962), with a cut-off frequencyf,() of about 1.8 kHz. tweeks should be observed at all times. In practice, tweeks

The single mode which has no cut-off frequency and propa-2€ not observed always and tweeks with higher harmon-

gates in the EIWG below 1.8 kHz is called the QTEM mode. ics occur less often (Kumar et al., 1994; Singh ?”d Singh,
The attenuation of the QTEM mode increases exponentially!996)- The ground, sea, and ionospheric boundaries are good
with frequency, and most of the QTEM frequency compo- conductors at VLF but not perfect conductors. The propa-
nents are strongly attenuated abové kHz and hence do gation path of the tweeks to this station is mostly over sea
not overlap the QTE and QTM mode frequency components’?‘nd its larger conductivity than ground offers less attenu-

(Sukhorukov and Stubbe, 1997). The QTM mode is simi- ation, allowing higher harmonic tweeks to occur more of-
lar to the TM mode except that it has a small longitudinal ten. In the analysis of attenuation, the values of the parame-

(in the direction of wave propagation) magnetic field compo- ters are taken from (Prasad, 1981; Westerlund, 1974): iono-

nent that cannot exist significantly over long distances. ForSPheric dielectric const'aa;/ef,zo.S, ground dielectric con-
frequencies less than 15 kHz the lower order QTM modes apStantez /e0=20, sea dielectric constan /¢,=81, ground
proximate pure TM modes more than the higher order mode§onductivityo,=10~% S/m, and sea conductivity, =5 S/m.
(Wood, 2004). We therefore treat the modes in the EIWG adPaytime VLF reflection heights are reported to be around
pure TM modes above. of the first order mode+1.8 kHz) 70-75km (Glukhov et al., 1992) and our observations show
and below that a single QTEM mode which hasfioThus  the nighttime tweek reflection heights mostly in the range of
the propagation of energy below the cut-off frequency of the85-90 km. Hence, for calculation purposes, the ionospheric
first order TM mode, as shown in the spectrograms (Fig. 1) eflection heightd:, for daytime, were chosen as 71km and
must have occurred as QTEM mode waves. 74 km and for nighttime as 86 km and 90 km.

Ann. Geophys., 26, 1451459 2008 www.ann-geophys.net/26/1451/2008/
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Fig. 2. Attenuation of tweek sferics propagating in a waveguide as the lower wall Qf th? waveguide .in the total p"_OPagation

formed by(a) ground and the lower ionosphe(b) sea surface and ~ path. The attenuation is larger for higher harmonics tweeks,

the lower ionosphere. therefore, a higher harmonic of tweeks are not observed fre-
quently.

4.3 Tweek reflection heights
The lower ionosphere can be characterized as the “Wait

ionosphere”, defined by a reference height, in km, and  Using Eq. (1), the ionospheric reflection heightare calcu-

the exponential sharpness factgr,in km~1. The iono- lated for the tweeks shown in Fig. | (a—e) and are presented in
spheric conductivityg;, has been calculated using the height Table 2. The value of varies in the range 83-92 km. Based
dependent conductivity parametey (k) given in Eq. (7).  on the clarity of dispersion seen in the spectrogram, the anal-
For the day and the nighttime conditiof$’ and 8 are  ysis fork was made using 503 selected tweeks observed dur-
taken to be 70km, 0.3kt and 80km, 0.5km?, respec- ing September 2003-July 2004. This selection included a
tively. The magnitude ab, (k) calculated using the Eq. (7) is total of 320 tweeks during September-December 2003 and
3.4x10° s 1 for the daytime and .3x10’ s~1 for the night- 183 tweeks from January—July 2004. The mean cut-off fre-
time. Figure 2a shows a plot of, versusf calculated us- quency f.,, for the different modes are first calculated us-
ing Eq. (11) for the EIWG with ground as the lower surface. ing the cut-off frequencies estimated from the spectrograms
It can be seen from Fig. 2a that the attenuation increaseand the number of sferics considered for each mode. The
sharply as the frequency approaches the cut-off frequencyariation of f.,, with mode number: is shown by the solid
The attenuation for all the modes also increases when the rdine (left hand scale) in Fig. 3. The frequency obtained by
flecting layer height is lowered. Figure 2b shows a plot of dividing f.,, by n, is defined as the “mean fundamental fre-
a, versusf for the waveguide formed by the sea surface quency”. The variation off,,,/n with mode numben is

and the lower ionosphere. Figure 2 (a and b) shows thaalso plotted in Fig. 3 and is shown by the dashed line (right
for the waveguide considered here the attenuation is largehand scale). The numbers on the top of the figure in paren-
in the daytime =71 km and 74 km) than that in the night- theses indicate the number of tweeks utilized. The bars indi-
time (:=86 km and 90 km) and increases sharply as the frecate the standard error. The values of the correlation coeffi-
quency approaches the cut-off frequency. The geographicatients ¢) for the different plots are also indicated in the fig-
location of our station on a small island, Fiji, in the South Pa-ure. Thef,,, /n vary between 1.80 kHz—1.68 kHz far1-6.

cific region, is such that the tweek sferics propagate a signifi-This indicates that the cut-off frequencies of higher harmon-
cant portion in the waveguide formed by sea and the lowelics (z>1) are not exact multiples of the cut-off frequency
ionosphere. It can be confirmed from panels (a) and (b)or the first harmonic f.1) andn. They are slightly less

of Fig. 2 that ground-ionosphere path offers larger attenuathan f.1xn, as shown by the trend line. The negative gra-
tion by about 3—5dB/1000 km than the sea-ionosphere patldient of f.,,/n indicates an increase in the electron density
for all modes. This could be the main reason for the morewith height in the lower ionosphere. It also indicates that the
probable occurrence of tweeks with higher harmonics at thishigher order tweeks penetrate slightly deeper into the lower
station compared to those reported where ground dominateisnosphere. This result supports that the ionosphere is not

www.ann-geophys.net/26/1451/2008/ Ann. Geophys., 26, 114433-2008
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Table 2. lonospheric reflection heightand propagation distaneeestimated 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

100 consider the variation ok, 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 inf.,,/n, indicating an increase in the electron den-

90 - sity from 28—224 cm? in the altitude range of 2km at the
reflection height of about 81 km. Thusg,,, is also a useful
parameter for investigating electron density variations in the

95 4

Mean reflection height, hm (km)
0

85 1 nighttime D-region ionosphere (e.g. Ohya et al., 2003, 2006).
4.4 lonospheric reflection height variation with time, loca-
8 ; ; ; ' ; ; tion, and solar cycle
0 1 2 3 4 5 6 7
Mode number (n) The analysis shows that the mean cut-off frequencies of

the different harmonics vary with the time of observation.
Fig. 4. Variation of average tvyeek reflection heig,h;lh,.with mogle The temporal variations of.,, and#,, at Suva are shown
number,n. The error bars indicate a standard error in the estlmatec:kn Fig. 5. The plots have been made only for1-3 har-
height. monic tweek sferics due to the small number of tweeks ob-

served with higher harmonics. For the first harmohijg 0b-

tained fromf,,, increases up to 23:00 LT and then decreases
sharply bounded and homogeneous. The cut-off frequencyith a minimum at around 01:00 LT and then gradually in-
depends on the reflection height, which, in turn, depends orcreases up to 05:00LT. The, obtained from second and
the electron density. The mean cut-off frequency of the dif-third harmonics shows similar variation with maximum at
ferent modes can be used to determine the reflection heightaround 04:00 LT. Using a small number of tweeks, Kumar
of different harmonics. The calculated mean reflection heightet al. (1994) estimated the to vary in the range of 83—
h,, of modesn=1-6 is shown in Fig. 4%, increases with 89 km from the tweek observations taken at a low-latitude
increase im and varies in the range 83.4—85.6 km forl— station (23.1N) in India during the period January—March
3. The number of tweeks with=4—6 are not significantto 1992. The average sun spot numb&)(for the period

Ann. Geophys., 26, 1451459 2008 www.ann-geophys.net/26/1451/2008/



S. Kumar et al.: Higher harmonic tweek sferics observed at low latitude 1457

58 ——fc n=3 T% 40 33.6
54 —>-h 1o S S
I 30 - § 503 tweeks
50 , o 1es £ § 21.8
04 19.3 \
4.6 s 180 §20' § § 15.1
3.8 r 95 g § § § %
s ° E 510-5.926
x 3.6 - 90 X .

3.2 - 80

P & S e
S T F P ETSETSTSSTSS
SR S S S R A S S

Propagation Distance (km)

2.0 T 95

18 + 90

Fig. 6. Percentage occurrence rate of tweeks as a function of prop-
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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
January—March 1992 was about 110. From the tweeks obef this paper; the interested reader is advised to see the paper
servations carried out in the Southern Hemisphere in the Inby Danilov (1998).

dian and Atlantic Ocean onboard the research vessel “Aca-

demician Vernadsky” during the period January—April 1991 4.5 Tweek propagation distances

Shvets and Hayakawa (1998) estimated/itheo vary from . ) .
81.5-83.3km fon=1-8. TheRr, for the period of January— Using Eq. (3), the propagation distanekare calculated for

April 1991 was about 140. The ionospheric reflection heightsth® tweeks shown in Fig. la—e and are given in Table 2,

in this work during the period September 2003—July 2004, Which vary from 1000-4500 km. Figure 6 shows the range
which fall in the lower (moderate) solar activity period of d traveled by the different tweeks from the overall analy-

(R,~45), are higher by 1-1.5km than those estimated bysis of 503 tweeks. The maximum propagation distance cal-
Shvets and Hayakawa (1998), indicating the spatial and solafulated from a tweek was about 12000 km. About 90% of
activity dependence of reflection heights. McRae and Thom{WEeks propagated distances in the range of 1000-5000km,
son (2004), using long wave propagation capability (LWPC)With maximum in the range of 2000-3000km. Using a
codes to interpret the VLF amplitude and phase of naviga—SImIIar method, Kumar et al. (1994) fourtito vary from
tional transmitter signals, showed that the ionospheric VLF1200km to 2500km. This may be because of the differ-
reflection height is somewhat lower (by abogt km) dur- ent path conditions in the EIWG where the lower bound-
ing solar maximum than during solar minimum. Highet ary of the waveguide is ground for the Indian observations
values estimated in the present study as compared to tho&lt largely sea for the observat?ons made here. Christian et
reported by Kumar et al. (1994) and Shvets and Hayakawd- (2003) found about 78% of lightning on the Earth to oc-
(1998) also indicate a decrease in the electron density in th&4f between the-30° around the geographlc equator, W'th a
nighttime D-region ionosphere during low solar activity. The highest rate at the west coast of Australia. It can be said here
dependence of the D-region electron concentration on solaj’at Most of the tweeks observed at Suva (18 probably
activity is not very clear, in spite of the fact that during re- C&M€ from over the sea at the low latitudes3(> around
cent decades this problem has been attempted by many réhe geographic equator) and a small number from other loca-

searchers (see Danilov, 1998, and references therein). Sontions, most likely from west coast of Australia. However, a

authors reported an increase in the D-region electron Condirection finding method can determine the locations of the

centration while others found a decrease in the concentratiofi9Ntnings associated with tweeks, which is an area of further
with an increase in solar activity. Itis also widely known that experimental and theoretical research interest to us.

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-

Fig. 5. Temporal variation of mean cut-off frequencg,, (di-
amonds, left hand scale) and reflection heidht, (circles, right
hand side) determined using 1-3 harmonics of tweeks.
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