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[1] First observations of early Very Low Frequency (VLF) perturbations on signals from
NWC (19.8 kHz) and NPM (21.4 kHz) monitored at Suva, in the month of November
2006, are presented. The early/fast, early/slow, early/short (RORD), and step-like early
VLF perturbations are observed on signals from both the transmitters. The early/fast
VLF events are found to occur more often in the nighttime than in the daytime whereas
step-like early events predominantly occur in the daytime. Most of the early VLF
events are associated with amplitude changes between 0.2–0.8 dB with only a few cases
> 0.8 dB. In general, the recovery time of daytime early/fast VLF events is less when
compared to the nighttime early/fast VLF events. The lightning location data provided by
the World-Wide Lightning Location Network and broadband VLF data recorded at
Suva have been analyzed to identify the location of causative lighting discharges along the
great circle paths between transmitter and receiver, and the sferics associated with
causative lightning of early VLF events. This research is the first to report both daytime
early/fast VLF perturbations with faster recovery and also step-like early VLF
perturbations initiated and ended by the lightnings which are most likely associated with
red sprites and/or elves occurring in the daytime.
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1. Introduction

[2] The Very Low Frequency (VLF) radio signals gener-
ated by navigational transmitters and lightning discharges
propagate by multiple reflections in the waveguide bounded
by the Earth’s surface and the lower region of the iono-
sphere. The measurements of amplitude and phase of the
VLF transmission provide information on the long and short
timescale variations of VLF signal strength and hence on the
D-region of the ionosphere. The short time-scale (�100 s)
VLF amplitude and/or phase perturbations, so-called Trimpi,
were first recognized by M. L. Trimpi in the VLF data
recorded in Antarctica and have been discussed by Helliwell
et al. [1973]. Helliwell et al. [1973] related such Trimpis
(now termed ‘‘classic or WEP Trimpi’’) to the precipitation
of energetic electrons into the lower ionosphere near the
nighttime VLF reflection heights (�80–90 km) from radi-
ation belts due to whistler-electron interactions. The onset
time delay of classic Trimpi (�1s) was related to the time of
whistler sferic propagation, interaction with electrons in the
radiation belt, and electron precipitation, while their slow
decay (�100s) was related to the slower charge density
relaxation in the ionosphere. Armstrong [1983] discovered a
new type of VLF perturbation whose onset was too soon

(early) after the causative lightning in comparison to classic
Trimpi and had comparatively faster decay time. This class
of Trimpi is now referred as ‘‘early’’ Trimpi [Inan et al.,
1988] or early VLF perturbation. The early VLF perturba-
tions caused by direct lightning effects on the ionosphere are
very common perturbations in active thunderstorm regions,
and are caused by scattering from localized regions of the
ionization enhancements in the lower region of the iono-
sphere due to the strong lightnings producing transient
luminous events (TLEs) particularly associated with sprites
and elves. The scattering in some cases shows a narrow-
angle due to ionization enhancements by lightning dis-
charges occurring at distances of about ± 50 km off the
transmitter receiver great circle path (TRGCP) [Inan et al.,
1993, 1995, 1996a, 1996b], or in other cases show wide-
angle including backscatter due to ionization enhancements
by lightning discharges occurring at distances of less than
500 km off the TRCGP and around the receiver [Dowden et
al., 1996; Hardman et al., 1998; Rodger, 2003]. The
discovery of transient luminous events (TLEs) including
optical emissions of red sprites established the mechanisms
of direct lighting ionization enhancements in the lower
ionosphere [Sentman et al., 1995; Wescott et al., 1995].
The early VLF perturbations associated with sprites were
first reported by Inan et al. [1988] from the Trimpi measure-
ments made over United States. It is now believed that
sprites in the lower ionosphere have nearly one-to-one
correlation with early/fast VLF perturbations [Dowden et
al., 1996; Inan et al., 1996a, 1996b; Mika et al., 2005].
Rodger [2003] presented a detailed review on the VLF
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perturbations associated with lightning discharges. Recently,
Mika et al. [2006] from the observations taken during
EuroSprite2003 have reported the early VLF perturbations
associated with elves.
[3] In this paper, we present initial observations of early

VLF perturbations on the 19.8 kHz signal from NWC
(21.8�S, 114.1�E, 1 MW, L = 1.44) and the 21. 4 kHz
signal from NPM (21.5�N, 158.1�W, 0.5 MW, L = 1.17)
communication transmitters observed in Suva (18.1�S,
178.5�E, L = 1.16), Fiji, in the month of November 2006.
We have used 0.1 s resolution data of amplitude and phase
throughout 1–30 November 2006 to study different types of
early VLF perturbations both during night and day.

2. Experimental Set-Up and Data

[4] We use World-Wide Lightning Location Network
(WWLLN) VLF system originally set-up for global light-
ning detection at The University of the South Pacific, Suva,
Fiji, to receive radio signals from VLF transmitters. The
WWLLN system consists of a short (1.5 m) whip antenna,
pre-amplifier fixed at the bottom of the whip antenna, and
VLF service unit (SU) coupled with pre-amplifier. Dowden
et al. [2002] have described the details of WWLLN instru-
mentation and measurement technique of Time of Group
Arrival (TOGA) of sferics at multiple sites. SU unit has two
parallel outputs and one of the SU outputs is used to record
the amplitude and the phase of the VLF signals using
Software based Phase and Amplitude Logger (termed a
‘‘SoftPAL’’). SoftPAL can log phase and amplitude of seven
MSK transmitters continuously with time resolutions rang-

ing from 10 ms to 10 s using GPS based timing. The
continuous recording of phase and amplitude variations
provides the diurnal and short time-scale changes of ioni-
zation properties in the lower ionosphere along the signal
paths. The NWC and NPM signals are recorded at 0.1s and
are run continuously using Chart for Windows software.
The continuous operation is chosen to monitor the diurnal
variation in the signal strength and to study night and day-
time VLF perturbations. The locations of the transmitters,
receiver, and TRGCPs to Fiji are shown in Figure 1. The
TRGCP propagation distance is 7.4 Mm for NWC and
5.4 Mm for NPM. A typical example of the diurnal
variation of the 1 minute averaged amplitude and phase
values for the NWC and NPM signals in decibels and
degrees respectively is shown in Figures 2a and 2b on 21
November 2006. It was geomagnetically a quiet day with
maximum three hourly Kp value of 1_. It can be seen from
Figure 2 that the rapid changes in phase took place at the
time of the amplitude minima and change in phase was in
the direction of decreasing phase delay during sunrise and
increasing phase delay during sunset. During the time of
sunrise and sunset transitions along the transmission path
three amplitude minima during sunrise and sunset labeled as
SR1, SR2, SR3 and SS1, SS2, SS3 respectively on NWC
signal and one minima each during sunrise and sunset on
NPM signal, are observed. The NWC signal strength is
larger in the nighttime as compared to the daytime whereas
NPM signal strength is larger in the daytime. There was
power dropout for NPM transmitter around 8 and 11 h UT
which is not a regular occurrence. The local time of Fiji is
LT = UT + 12 h. Signal minima during the sunrise and

Figure 1. The locations of NWC and NPM transmitters, receiver, and great circle paths to Suva. A
contour for L = 1.5 is also plotted. The numbers mark the WWLLN-determined locations of the
lightnings associated with early VLF perturbations.
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