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Abstract
Using the Time Of Group Arrival (TOGA) of sferics about 3700 cloud-to-ground (CG)
flashes were recorded in one year (2003) in the largest island, Viti Levu in Fiji. A maximum
CG flash density of 0.49 flashes/km2per year was recorded in two locations in the island.
The seasonal variation showed enhanced lightning incidences during November–April and
the diurnal variation showed peak activity from 14:00–16:00 h local time. Five-year data
of the Lightning Imaging Sensor (LIS) aboard the NASA Tropical Rainfall Measuring
Mission (TRMM) satellite are also presented, which show good correlation of seasonal and
diurnal variations with those obtained from TOGA measurements. Copyright  2005 Royal
Meteorological Society
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1. Introduction

Lightning emits a wide spectrum of electromagnetic
radiation during its breakdown. In cloud-to-ground
(CG) lightning stroke, the stepped leader descend-
ing from the base of a thundercloud triggers the first
return stroke. This stroke is responsible for most of
the charge transfer within few tens of microseconds
causing a current of tens of kA. The radio impulses
emitted by the CG strokes, commonly referred as
sferics, have the highest spectral density in the VLF
band (3–30 kHz) with the peak at ∼10 kHz, whereas
the intra-cloud (IC) emissions occur primarily in the
VHF band (30–300 MHz). At 10 kHz, there may be
a small, but not well known, fraction of contribution
from IC flashes. The sferic radiation propagates with
little attenuation in the Earth–Ionosphere waveguide
(EIWG) to large distances (Mm) by multiple reflec-
tions. The EIWG disperses the sharp sferic impulse
to a wave train lasting a millisecond or more and the
amplitude of the received signal rises slowly from the
noise floor with no sharp edge indicating the precise
arrival time. In this article, we present the analysis of
the data obtained from a lightning location network,
which uses the Time Of Group Arrival (TOGA) of the
sferics, produced by CG strokes occurring throughout
the globe (Roger et al., 2004). There are many aspects
of lightning parameters that can be investigated. The
scope of this article is limited to the analysis of spatial
and temporal variations of CG flashes. This is the first
ever published record of lightning incidence in small
island countries in the South Pacific region.

The spatial distribution analysis can be broadly
subdivided into local, regional and global studies,
depending on the measurement equipment and their
resolution. Jayaratne and Ramachandran (1998) have

reported the findings of a 5-year study of IC, pos-
itive (PGF) and negative (NGF) CG flashes, in
Botswana, using a CGR3 counter whose detection
limit was ∼600 km2. The latitudinal variation of IC:
CG ratio (Z) was investigated using the CGR3 coun-
ters and were reported by Mackerras et al. (1998).
Ground flash densities all over Colombia have been
measured using CIGRE and CGR3 counters (Tor-
res, 1998). A combination of four Lightning Posi-
tion And Tracking Systems (LPATS) were used in
Brazil, covering 420 000 km2, to analyze PGF and
NGF (Pinto et al., 1999a,b). The US National Light-
ning Detection Network (NLDN) uses Improved Per-
formance from Combined Technology (IMPACT) sen-
sors together with LPATS sensors and operates in
real time on a continental scale (Cummins et al.,
1998). The system uses more than 100 sensors located
over the continental United States. A 7-station sferic
observational network operating on VLF-band has
been operated by the UK Met Office (Lee, 1986).
This measures the Arrival Time Difference (ATD)
between sferics received at different stations and
uses atomic clocks to time stamp the waveform. The
detection range is about 8000 to 10 000 km cover-
ing much of Europe. The more recent experimen-
tal networks relied on GPS technology (Metoffice,
2005). On the global scale, Optical Transient Detector
(OTD) aboard an earth-orbit satellite provided light-
ning occurrence data (the mission ended in March
2000). At present, Lightning Imaging Sensor (LIS)
on board the Tropical Rainfall Measuring Mission
(TRMM) satellite provides data for studying global
lightning patterns (NASA, 2003). Ground-based VLF
lightning location by measurement of TOGA of sfer-
ics has been established by the World Wide Lightning
Location (WWLL) network for global monitoring of
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lightning (Dowden and Rodger, 2001; Dowden et al.,
2002).

2. System description

2.1. An overview
At the time of writing this article, the University
of the South Pacific was one of the 14 Universi-
ties/Institutions (Brisbane, Budapest, Darwin,
Dunedin, Durban, MIT, Perth, Osaka, SaoPaul, Seat-
tle, Singapore, Suva, Tainan, Tel Aviv) that were par-
ticipating in the global lightning detection programme
under the WWLL network. At present, 21 institu-
tions are participating in the network programme. The
WWLL network uses the TOGA of the VLF radi-
ation from the sferics of the return stroke to locate
the position of the lightning strike. Long-range (Mm)
detection requires the use of EIWG for the propaga-
tion of the ELF/VLF band of the sferics. When the
frequency is above the cut-off frequency of the waveg-
uide, the waves suffer little attenuation. As the wave
period at such low frequencies is of the order of tens
of microseconds, no sharp edge appears for precise
arrival timing. The entire sferic waveform is used to
determine the TOGA relative to GPS at the site. The
receiving system consists of a whip antenna (VLF) and
a GPS antenna. The VLF antenna is approximately
5 m of 1 mm stranded wire folded inside a PVC pipe
about 2 m long. The PVC pipe was fixed to a metal
pipe ∼2 m long with an overlap of ∼30 cm and the
whole arrangement was fixed on top of the roof of
a two-storey building. The GPS antenna is also fitted
on the roof about 10 m from the VLF antenna. The
VLF output of the antenna is first amplified and fed
into a ‘service unit’, which contains the VLF sensor
and the GPS ‘engine’. The GPS antenna is connected
to the ‘engine’ of the service unit. The output of the
service unit feeds the sound card of a computer. The
sound card continuously samples the output voltage
of the VLF receiver at a sampling rate of 48 kHz and
the WWLL software, which is installed in the PC at
the site, then processes the signals and the TOGA is
determined relative to GPS at the site. The accuracy
of the estimate of the TOGA is <10 µs. Real time
data are transmitted via Internet to the WWLL cen-
tre in Otago, New Zealand, where they are processed
for worldwide lightning detection. For most of the
observations, more than four stations respond to a par-
ticular sferic. If a minimum of four stations recorded
the event, then lightning occurrence is confirmed. The
location is identified from the difference in TOGA at
pairs of stations. Provided that the TOGA accuracy is
in the range of a few microseconds and that path and
velocity parameters are sufficiently well known, final
location accuracy may be as low as 2 km.

2.2. Site description
Fiji islands comprises of many small island groups
of which Viti Levu and Vanua Levu, the two

larger islands, occupy landmasses of 10 388 km2 and
5536 km2 respectively, and the other smaller islands
occupy 2406 km2. On global scale, the total area
of the Fiji islands is very small. In this article, we
analyze the lightning incidence in Viti Levu (Lat.:
17.25 ◦S–18.25 ◦S, Long.: 177.25 ◦E–178.75 ◦E).
Since the landmass is small and engulfed in the cool
oceanic wind, the formation of convective updraft is
inhibited, hence the frequency of lightning is reduced.
The coastline of the island is flat and a few meters
in altitude. Small patches of mountainous terrain are
present around 17.65 ◦S, 178.05 ◦E, with the highest
point at an altitude of 1300 m. The altitude varies in
the range 150–600 m for the rest of the island.

3. Results and discussion

3.1. WWLL data analysis

In a recent article on lightning locations by analysis
measurements from 11-WWLL stations of the net-
work Roger et al., 2004, it was reported that when the
triggering thresholds were set high, to avoid network
saturation, the detection efficiency falls sharply. Com-
parative study of coincident strokes by WWLL net-
work and other ground-based regional networks show
that the peak current average WWLL network detected
was about 70 kA opposed to near 20 kA detected by
other networks.

Data showed that an average of 5 stations recorded
the sferics. The total number of CG flashes recorded
within the geographic coordinates stated earlier is
3695. To find the spatial distribution, increments
of 0.2◦ were considered for both the latitude and
longitude. This corresponds to a land area of (∼20 km
×20 km). The number of CG strokes in each of these
grid areas was grouped.

Figure 1 shows the contour of the spatial distri-
bution of CG strokes in Viti Levu during 2003. It
is apparent that the CG flash incidence in the west
of Viti Levu is significantly high and there are two
pockets with a total greater than 190 strokes in each.
This is equivalent to a CG flash density of 0.49
flashes/km2 per year. The topography of these loca-
tions did not reveal anything unusual. The altitudes
at 17.75 ◦S,177.75 ◦E and 18 ◦S,177.5 ◦E are ∼900 m
and ∼380 m respectively with a mountainous forma-
tion along the line joining these points. The low flash
density in the island may be attributed to the present
detection efficiency of the system. Another contribut-
ing factor may be the presence of the vast pacific ocean
surrounding the small land mass.

Figure 2 shows the seasonal variation of the CG
flashes in 2003. It is interesting to note that the CG
flashes in January are unusually low. The figure indi-
cates high lightning activity from November to April.
The correlation between lightning flashes and rain-
fall has been widely studied during the past 15 years.
Tapia et al. (1998) and Fehr and Dotzek (2003) have
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Figure 1. Spatial variation of CG strokes in Viti Levu (WWLL
data)

reported striking similarities in the spatial distribution
of rainfall estimates from weather satellite radar obser-
vations and lightning observations. Even though the
seasonal variation of CG in Figure 2 is for the entire
island, to find the correlation between rainfall and CG
flashes, the rainfall in Suva is considered. In Viti Levu,
Suva receives the highest rainfall. Using the rainfall
data for Suva, the rainfall patterns for 2003 and for
five years (1999–2003) were studied, and the seasonal
variations are shown in Figure 3. From the variation
for 2003, the rainfall in January was high; however, the
CG activity was low. November to April is referred
to as the ‘wet season’ in Fiji, while from March to
October is the ‘dry season’. In the wet season, there is
high rainfall because of the seasonal southward move-
ment of the inter-tropical zone of converging winds.
When it lies across Fiji, rainfall is predominantly con-
vectional and, as it moves off the group from time to
time, periodic invasions by northerly monsoon winds
are accompanied by heavy rain. During the dry sea-
son, the south-east winds blow over Fiji. The air mass
moving over the group comes from the subtropical or
temperate latitude, which is cooler and has less mois-
ture.

The average diurnal variation of the CG strokes
during 2003 is shown in Figure 4. It is evident
that lightning activity is more pronounced between
13:00–18:00 h local time. This may be due to the
formation of convective updraft after the ground
surface is warmed by solar radiation.

3.2. LIS data analysis

The LIS never observes a given location for more than
a few minutes each day as the satellite passes over
and the data may be unsuitable for studying local-
ized weather. Further, LIS data does not differentiate
between IC and CG flashes. Generally, when the CG
strokes are high, it is expected that the total lightning
activity, i.e. CG + IC, also to be high (Jayaratne and
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Figure 2. Seasonal variation of CG strokes (WWLL data)

0

50

100

150

200

250

300

350

400

450

500

Ja
n

F
eb

M
ar

A
pr

M
ay Ju
n

Ju
l

A
ug

S
ep O
ct

N
ov

D
ec

Month

R
ai

nf
al

l (
m

m
/h

r)

2003
Average (99-03)

Figure 3. Seasonal variation of rainfall in Suva

Ramachandran, 1998; Mackerras et al., 1998). Know-
ing Z at a geographical location, the approximate num-
bers for IC and CG can be estimated. Pinto and Pinto
(2003) reported common features in the ground-based
observation and three-year LIS data. Mushtak et al.
(2003) have analyzed the LIS data for 11 months to
study the latitudinal variation of the number of total
flashes (IC + CG) and the flash rate. The data obtained
by LIS for five years (1999–2003) are presented in
this analysis. Eighty-one passes of the TRMM satel-
lite over Viti Levu recorded lightning events during the
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Figure 4. Diurnal variation of CG strokes (WWLL data)

above period. Although LIS does not provide continu-
ous data for a given location, the five-year observations
can be considered to give an approximate estimate of
the large-scale pattern of the total flashes.

Figure 5 shows the seasonal variation of the total
flashes. The figure reveals enhanced lightning activity
between November to April. This is very similar to
the one-year pattern of the CG flashes in Figure 2.
The passes of TRMM satellite over Viti Levu during
the months July and August 1999–2003 did not record
any lightning incidence. From the cumulative rainfall
shown in Figure 3, the average rainfall was relatively
high in November–April, low in May–October and
the lowest was recorded in July.

The diurnal variation computed from the LIS data
is shown in Figure 6. The TRMM satellite did not
record any lightning activity between local times
07:00–11:00 h during its pass over Viti Levu during
the five years. Comparison of Figures 6 and 4 shows
good correlation. Comparisons of Figures 5 & 2, 6 &
4 show that the large-scale pattern of CG flashes can
be inferred from the LIS data or vice versa.

A detailed analysis of the LIS data for 2003
and the data we obtained from the WWLL net-
work revealed that none of the lightning events
recorded were coincidental. The pass of TRMM satel-
lite on 20 January recorded four flashes between
00:40:56.42–00:41:57.00 h (UT) within latitude and
longitude ranges (17.88 ◦S–17.93 ◦S) and (177.33 ◦E–
177.48 ◦E) respectively. The WWLL data showed 10
CGs between (00:00:00–01:00:00) h (UT) within lat-
itude and longitude ranges (17.73 ◦S–18.08 ◦S) and
(177.33 ◦E–177.61 ◦E) respectively. The pass on 22
April recorded nine flashes between 02:21:09–02:21:
57 within latitude and longitude ranges (17.88 ◦S–
18.14 ◦S) and (177.49 ◦E-1–77.62 ◦E) respectively.
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Figure 5. Seasonal variation of total flashes (LIS data)
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Figure 6. Diurnal variation of total flashes (LIS data)

The WWLL data showed 16 CGs between (02:22:00–
02:58:00) h (UT) within latitude and longitude ranges
(17.85 ◦S–18.31 ◦S) and (177.29 ◦E–177.51 ◦E). The
maximum flashes recorded in the other passes of the
satellite, during 2003, were ≤2. The geographic loca-
tion and the time of occurrence of lightning as seen
by LIS had good correlation with that obtained from
WWLL data, indicating the presence of active clouds.
Light and Jacobson (2002) reported that satellites do
not see lower-altitude events, as the optical scattering
losses are more severe. Hence, a plausible explanation
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for the discrepancy of the LIS and WWLL data is that
the LIS recorded the IC flashes happening at high alti-
tudes, while the WWLL recorded, as intended, the CG
flashes happening at low altitudes.
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