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Abstract: Lightning strikes are pervasive, however, their distributions vary both spatially and in time,
resulting in a complex pattern of lightning-ignited wildfires. Over the last decades, lightning-ignited
wildfires have become an increasing threat in south-east Australia. Lightning in combination with
drought conditions preceding the fire season can increase probability of sustained ignitions. In this
study, we investigate spatial and seasonal patterns in cloud-to-ground lightning strikes in the island
state of Tasmania using data from the Global Position and Tracking System (GPATS) for the period
January 2011 to June 2019. The annual number of lightning strikes and the ratio of negative to
positive lightning (78:22 overall) were considerably different from one year to the next. There was
an average of 80 lightning days per year, however, 50% of lightning strikes were concentrated over
just four days. Most lightning strikes were observed in the west and north of the state consistent
with topography and wind patterns. We searched the whole population of lightning strikes for those
most likely to cause wildfires up to 72 h before fire detection and within 10 km of the ignition point
derived from in situ fire ignition records. Only 70% of lightning ignitions were matched up with
lightning records. The lightning ignition efficiency per stroke/flash was also estimated, showing an
annual average efficiency of 0.24% ignition per lightning stroke with a seasonal maximum during
summer. The lightning ignition efficiency as a function of different fuel types also highlighted the
role of buttongrass moorland (0.39%) in wildfire incidents across Tasmania. Understanding lightning
climatology provides vital information about lightning characteristics that influence the probability
that an individual stroke causes ignition over a particular landscape. This research provides fire
agencies with valuable information to minimize the potential impacts of lightning-induced wildfires
through early detection and effective response.
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1. Introduction

Lightning is a weather phenomenon that is episodic and highly variable in space and
time [1]. It is also a significant contributor to “wildfires” (interchangeable with “bushfire”)
in temperate and high latitude areas during summer months [2–5]. Lightning-ignited fires
typically burn larger areas on average than human-caused ignitions because they often
occur at upper elevations and in remote locations as well as in large spatial and temporal
clusters [6–9]. Moreover, lightning-induced fires have the potential to smolder undetected
over a long period and burst into flames when weather conditions are suitable [10]. Wild-
fires have already caused extensive damage and concern, and an increase in fire danger
or changes in the frequency, intensity, or timing of fires, will have substantial effects on
natural systems [11] and human communities [12].
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Although individual weather elements directly influence ignition potential, large-
scale atmospheric features and processes are also associated with lightning occurrence [13].
Lightning activity is formed due to development of atmospheric instability and to thermo-
dynamic processes which influence its frequency and intensity [14,15]. Lightning activity
is projected to increase with higher temperature and continuing climate change [16–20].
It has been predicted, for example, that lightning activity might increase by 10% for every
1 ◦C temperature rise [21]. Increased CO2 levels have in turn been associated with greater
convection and increased lightning strikes [19]. Topography in conjunction with favorable
synoptic weather systems may also trigger convection [22] resulting in thunderstorms [23]
and lightning [24].

In addition to the lightning characteristics, the probability of a sustained ignition
requires other factors to coincide, including fuel availability and fuel moisture content at the
time of the strike as determined by vegetation type, antecedent and current rainfall, as well
as weather condition [25,26]. Fire weather variables including temperature, lightning,
precipitation and wind play significant roles in fuel drying, ignition, spread and extinction
of fires [26–28]. In the last decades, a wide range of studies over southeast Australia have
suggested a potential increase in severe fire weather conditions [29–35] and this is expected
to intensify and extend over greater area with continued global warming [36,37].

However, knowledge concerning the characteristics of a single lightning stroke that
might ignite a fire is also important, providing vital information for understanding lightning-
ignited wildfires in different spatial and temporal extents. The determination of a likelihood
of ignition per lightning stroke would be of great value for fire management by government
and fire-fighting agencies.

Lightning-ignited wildfires could be easily described using a reliable lightning–wildfire
association, for instance by clarifying ignition source [38], investigating the characteris-
tics of lightning-ignited fires [39], estimating the holdover duration [40], and modelling
lightning fire occurrence [6]. Unfortunately, none of the available datasets explicitly link
lightning strikes to the corresponding ignition. Identifying with absolute certainty the
lightning stroke-ignited fire by simply searching within the lightning dataset thus remains
a challenge. However, continuous improvements to Lightning Location Systems (LLSs) in
association with fire-history datasets could produce valuable information and assist in the
identification of ignition candidates that resulted in an active ignition [41–43]. Over the
past decades, this technology has inspired numerous scientists from broad geoscience and
atmospheric disciplines to investigate lightning characteristics and/or their relationship
with natural fires in the United States [44–48], Canada [41,49–51], Europe [42,52–60] and
the eastern Mediterranean [61–65]. Despite the interest in long-term characteristics of
lightning strikes that ignite bushfires in Australia, there have only been a few studies in
the Northern Territory [66] and Victoria [8].

The chance of ignition per lightning flash, referred to as “lightning ignition efficiency”
(LIE) [67], has also been studied in different parts of the world, such as the USA [68,69],
Canada [6,41,67], Europe [39,42] and Australia [8]. According to Fuquay [70] from 1% to
less than 0.1% of all cloud-to-ground (CG) lightning strikes start a fire that ends up being
detected and requires suppression. LIE values found in the literature range, for instance,
between 1% and 4% in much of North America [71], 0.07% in Alberta and 2% in British
Columbia, Canada [41], 0.07% in Catalonia, Spain [39] and 0.015% per stroke in Finland [42].
In Australia, LIE per stroke was estimated as 0.42% in Victoria [8]. However, the different
regional probabilities should be compared with caution, because each data source has
different detection efficiencies.

The probability of lightning ignitions could potentially be influenced by frequency [72],
polarity (positive or negative), multiplicity (the number of strokes per lightning flash) and
the existence of a long continuing current (LCC) in the CG lightning stroke [73,74]. It is
generally accepted that lightning with LCC is an important factor as it generates sufficient
heat to ignite a fire [39,74–77]. Given consistent results in the literature finding that positive
flashes are typically associated with longer LCC, there is speculation that positive flashes
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may more often ignite wildfires compared to negative flashes due to increased temperature
generated [71,78–80]. The number of return strokes (multiplicity) is another factor that
may increase the likelihood of ignition due to persistent contact of lightning strokes with
fuel [74]. An LLS has been operated in Australia by Global Position and Tracking System
Pty. Ltd. (GPATS, manufactured by TOA Systems, Inc, Melbourne, Florida, USA) covering
the whole continent [81] for several decades, and through time the number of sensors and
data processing methods has been increased and upgraded. However, note the LCC for a
specific strike cannot be detected by GPATS, as it would require video observation.

This study aims to identify whether there is a specific geographical and temporal
pattern in CG lightning strikes characteristics that can impact wildfire in Tasmania. We ad-
dress this question using data obtained from 1 January 2011 to 30 June 2019 spanning the
state of Tasmania. In addition to characterizing the spatial and temporal characteristics
of CG lightning, a set of 315 lightning-ignited bushfires is analyzed to set a probability of
ignition to each stroke. The outcome of this research provides useful insights into the role
of lightning activity in Tasmania and aids in the prediction of lightning-ignited wildfire,
important for early detection and rapid attack to minimize fire spread and damage.

2. Data and Methods
2.1. Study Area

Tasmania is separated from the Australian mainland by Bass Strait, approximately
250 km wide. It is bounded by the Southern Ocean to the south and west and by the Tasman
Sea on the east [82–84]. Western Tasmania is dominated by a rugged mountain range that
extends from the southwest coast inland and northward. The Tasmanian Wilderness World
Heritage Area (TWWHA) is in the south-west of the state in a topographically complex
landscape containing several extremely fire-sensitive endemic vegetation communities of
high conservation value [85,86]. The east of the state is generally lower in altitude and
has lower relief, although there are several notable mountain ranges. In general, much of
eastern Tasmania is dominated by dry eucalypt forest, whereas in parts of the west, north
and far south, wet eucalypt forest is common. Agricultural grasslands are common in the
inland east [2]. In the west, buttongrass moorlands are extensive, occupying ~10% of the
island’s land area [87] (Figure 1).

Tasmania shares with continental southeastern Australia a history of frequent fire
weather and fire events, including occasional fire disasters [82,83]. Tasmania experiences
fewer thunderstorms compared to the rest of southeastern Australia [88], however, recent
large lightning-ignited bushfires demonstrate that there is no less a concern in Tasmania
than on mainland Australia [89]. The frequency of lightning-ignited wildfires in fire
agency records has significantly increased since the year 2000 as reported in a study for
Tasmania [90]. Large areas in western Tasmania including World Heritage areas with high
conservation value were burnt as a result of lightning strikes in 2008, 2010, 2013, 2016 and
2019. In 2016 and 2019, lightning-ignited wildfires burnt over 120,000 and 210,000 hectares
respectively, including nearly 20,000 and 100,000 hectares in the World Heritage area [91].
Most of these ignitions occurred in remote and rugged areas with fire-sensitive vegetation
communities, which significantly impacted fire-suppression activities.

2.2. Data

To investigate spatial and temporal patterns in lightning activity across Tasmania,
we calculated a lightning proximity index from recent fire history and the location of light-
ning strikes associated with the ignition. Elevation, topographic position index (TPI) and
aspect were used to correlate the spatial distribution of lightning strikes and topographical
features. The relationship between ignition efficiency and vegetation type was also tested.
In the following sections, we will explain details of the data including fire history, lightning
strikes, topographical features and vegetation types.
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2.2.1. Lightning-Ignited Fire History

Lightning-caused fire data were sourced from Tasmania Fire Service (TFS), and Parks
and Wildlife Service (PWS), and contains details on the cause, date, time, and location
of the estimated point of ignition. Ignition causes were classified into five categories:
accidental (25%), deliberate (11%), planned burn (22%), undetermined (36%), and lightning
induced (7%) (Figure 1). Although lightning was least common compared to the other
ignition sources, 53% of total burnt area across the state during the study period was
ignited by lightning. In this study, bushfires identified as being lightning-caused were
chosen, resulting in 315 ignitions for the period between January 2011 and June 2019.

Figure 1. Topographic map of Tasmania (400-m contour lines) showing ignition types (accidental,
deliberate, planned burn, undetermined and lightning-induced) and locations between 2011 and
2019. The major vegetation groups distributed over the study area are shown.
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2.2.2. Lightning Data

Lightning observations in the GPATS data were recorded based on the time of arrival
of the electromagnetic disturbance propagating away from the lightning discharge at a
network of ground-based radio receivers [92]. Total lightning records for the period of
study were collected by the LLS operated by GPATS. The measurements of lightning
impulses at each sensor’s location were transferred to a central processing system to
produce estimates for the type, location (latitude and longitude with accuracy < 250 m),
time (to milliseconds as close as 0.5 apart), peak current (kA), and polarity (negative or
positive) of each stroke [81]. The detection efficiency of the GPATS system varies temporally
(e.g., due to ongoing changes in the hardware and software used by the commercial
provider of these data), spatially (e.g., due to proximity to receivers), and between different
types of lightning (e.g., for cloud-to-ground strikes or cloud-to-cloud strikes) [81,93].

Kuleshov et al. [81] suggested that the polarity of GPATS stroke data before January
2007 was not accurate, due to factors such as (i) changes in the processing of raw GPATS
sensor data, implemented in January 2007, (ii) upgrades to sensor firmware, and (iii)
the installation of more GPATS sensors. The number of sensors has remained stable in
Tasmania since 2011, thus this study used GPATS data between 2011 and 2019.

Lightning flash consists of either one or multiple return strokes, referred to as a single
or multiple stroke flash, respectively. In other words, a flash represents the entire discharge,
and a stroke represents an individual discharge within the flash [94]. The multiplicity of
lightning data and the percentage of single-stroke flashes was determined by grouping
strokes together for consideration as a single flash if they occurred within 0.5 s in time and
7 km in both latitude and longitude of the earliest stroke in a potential grouping [95,96].

2.2.3. Topographical Characteristics

Thunderstorm development and lightning discharge are significantly influenced
by topographic features [97]. Recent research on global lightning hotspots found that
lightning maxima are located near major mountain ranges, revealing the importance
of local topography resulting in an increase in instability and convection due to oro-
graphic lifting [98]. An approximately 25 m digital elevation model (DEM) product was
used to identify the relationship of lightning strikes location related to topographic relief
(http://listdata.thelist.tas.gov.au/opendata/index.html, accessed on 31 December 2013).
In this study, elevation, topographic position index (TPI) and aspect were used to reveal
the correlation between spatial distribution of lightning strikes and topographical features.

The “raster” package in R was used to calculate and classify elevation and aspect.
TPI was also computed by comparing the elevation of each central cell against the average
elevation of its neighbors following the approach in [99]. TPI determines whether a cell
is more likely to be located along a ridge (positive TPI values) or in a valley (negative
TPI values), and values near zero represent flat areas or areas of constant slope. In this
study after a preliminary comparison of explanatory power across systematically varying
neighborhood sizes, we calculated TPI using a 3 × 3 moving window as much of the study
area consists of topography which is highly variable over short spatial scales.

The correlation between each topographic factor and lightning strikes was computed
based on the ratio between lightning strikes in the class as a percentage of total lightning
strikes and the area of each topographical factor’s range as a percentage of the entire
area. The calculation process follows the principle of conditional probability [100] where
the greater the ratio is, the stronger the association between lightning activity and each
topographical factor and vice versa.

2.2.4. Vegetation

Tasmanian Vegetation Map (TASVEG) dataset version 3.0, published in 2013, was used
to provide information about the existing vegetation groups across Tasmania [101]. TASVEG
3.0 revealed that approximately 24% of lands in Tasmania are agricultural, urban and exotic
vegetation, followed by dry and wet eucalypt with 23% and 16% of total area. The re-

http://listdata.thelist.tas.gov.au/opendata/index.html
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mainder consists of approximately 10% rainforest, 9% buttongrass moorland and 18%
scrubland, together with non-eucalypt forest, native grassland, wetland and other natural
environments (Figure 1).

2.3. Spatial and Temporal Variation of Lightning Strikes

In order to visualize the seasonal variation of lightning activity from the beginning
of January 2011 to end of June 2019, lightning data were transferred to a grid of about
5 km × 5 km (0.05◦ × 0.05◦ in latitude and longitude) raster format by counting the strokes
within one spatial cell and per day. This procedure yielded 8740 cells with 133,742 strokes
over 723 individual days. Two temporal characteristics of cloud-to-ground (CG) lightning
strikes were presented as the square root of the strokes’ rate per square kilometer as well
as the logarithmic form of the ratio of positive strokes (+CG) of the total number of strokes
over the period 2011–2019 for the whole of the state (following Hernandez-Magallanes and
Genton [102]).

The average lightning ignition efficiency (LIE) per stroke was calculated to assess
temporal and spatial variability for the time period and region used for this study. The av-
erage annual chance of ignition per stroke was calculated by dividing the total number of
lightning-induced fires (per month) in the dataset by the number of lightning strikes (per
month). Spatially, the ignition and lightning data were aggregated into 20 km × 20 km
grid cells and LIE computed per grid cell. LIE as a function of fuel type was also estimated
by dividing the total number of ignitions and lightning strikes within each vegetation type.

2.4. Lightning Proximity Index Analysis

Following Pineda et al. [39], the “proximity index (A)” was applied to identify the
lightning strikes that are ignition candidates. This method considers the “time delay (T)”
between the ignition (time of the lightning strikes recorded by the LLS) and the bushfire
notification (time recorded by TFS), as well as the “spatial distance (S)” between the two
observations. The proximity index (A) for each stroke can be estimated as follows:

A = (1− T/Tmax) × (1− S/Smax) (1)

where Tmax and Smax define the maximum holdover time and maximum buffer radius
around the ignition point, respectively. To obtain a positive value for A, the delay should
be below Tmax and the distance should be lesser than Smax, as well. The closer in time
and space the two observations are, the closer the proximity index is to 1. The maximum
holdover and buffer radius differ between study areas depending on the accuracy of
the available data and environmental conditions. In this study, we considered 10 km for
maximum buffer distance and 72 h for maximum holdover time in order to ensure sufficient
inclusivity of ignition candidates where there is uncertainty in ignition and lightning
data [103]. We tested the sensitivity of the analysis using 24-, 48-, and 120-h maximum
holdover times and found that 72 h was a suitable choice for a consistent analysis over the
diverse Tasmanian landscape. For each reported lightning ignited fire, all of the lightning
strikes within the maximum holdover and buffer radius were considered to be “potential
ignition candidates” (PIC, “potential candidate lightning” in [103]). We then selected the
potential ignition candidate with the maximum value of A as the most likely ignition
source, referred to hereafter as “actual ignition candidate” (AIC, “candidate lightning”
in [103]).

3. Results

The specific spatial and temporal distribution of cloud-to-ground (CG) lightning
strikes as well as their characteristics may have specific effects on ignition. In the next
sections, the spatial and temporal variations of CG lightning strikes characteristics and
their association with topographical conditions are presented, concluding with our deter-
mination of ignition efficiency as a function of time, space and vegetation.
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3.1. Spatial Distribution

The northern half of Tasmania experiences a larger number of CG lightning strikes
compared to the southern part (Figure 2). Lightning occurred across all of Tasmania during
summer (December–February), although the south/south-eastern region had less frequent
strikes overall (Figure 2a). During winter fewer strokes were detected in comparison with
other seasons, mostly occurring along the west and north coasts, with very few or no
strokes at all in the eastern and southern regions (Figure 2c). There is a similar spatial
pattern of CG strokes during autumn (March–May) and spring (September–November),
respectively (Figure 2b,d). Figure 2b also shows a line of strikes extending from the north-
west to south-east which is due to a single intense storm in March 2016. Across Tasmania,
on average there are 7, 4, 3 and 1 strokes per 5 km × 5 km grid cell in summer, autumn,
spring and winter, respectively.

Figure 2. Seasonal count of cloud-to-ground (CG) lightning strikes (January 2011–June 2019),
visualized by 5 km × 5 km rectangular binning: (a) summer, (b) autumn, (c) winter, (d) spring.
The most critical fire season in Tasmania aligns with the summer months (December, January, February),
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although different vegetation types are subject to different seasonality in fire danger. Counts of
lightning strikes per month are presented in the Supplementary Materials (Figure S1).

3.2. Temporal Distribution

The number of lightning strikes over time was seasonally variable (Figure 3a), with warmer
months (November, December, January and February) having the highest rate of lightning
strikes and winter experiencing the least. The outliers (black dots) are associated with
storms resulting from infrequent weather phenomena experienced in those months. For ex-
ample, the highest rate was an atypical storm event in January 2016 which caused fires
that burnt a large area of the TWWHA. The ratio of positive strikes also varies seasonally
and is lower during the period when the rate of lightning strikes is higher (Figure 3c).
Figure 3d shows monthly statistics as a boxplot which highlights the significant seasonality,
with the ratio of +CG reaching its lowest level during summer and its highest towards the
end of winter. The antiphase relationship is also evident in plots (b) and (d), showing a
decrease in the number of positive strokes during warmer months with the highest rate of
CG lightning.

Figure 3. Plots (a) monthly time series and (b) monthly boxplot show square root of the rate of cloud-to-ground (CG)
lightning strikes per square kilometer. Plots (c) monthly time series and (d) monthly boxplot show logarithmic function of
the ratio of positive strokes from the total number of lightning strikes. Each plot also includes a smoother loess (blue line)
and the respective confidence intervals (grey area). A three-month moving average (red line) in plots (a) and (c) compares
the periodic seasonal component. The outliers (black dots) are associated with storms resulting from infrequent weather
phenomena. The mean value (red points) of each boxplot shown.
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Among the total population of lightning strikes the mean annual frequency was
14,860 per year (Table 1). There is considerable year-to-year variation in the number
of lightning strikes, with the number of strikes being an order of magnitude lower in
2011 compared to 2016. The year 2016 was atypical having almost 3 times the mean number
of strikes. Of the total population of lightning strikes, 78% had negative polarity, with the
lowest of 70% in 2015 and the highest of 87% in 2011. There was also an average of 80 days
with lightning activity per year, with minimum and maximum values of 73 and 93 days in
2015 and 2013, respectively. On average, each year 50% of the total population of lightning
strikes are distributed over just 4 days, 75% over 9 days, and 90% over 18 days between
2011 and 2019 (Figure 4a).

Figure 4. (a) Cumulative fraction of total annual cloud-to-ground (CG) lightning strikes for the days
with the highest number of lightning strikes for 2011 to 2019. The dashed line displays the mean,
and the solid lines display the nine individual years. (b) Comparison of mean seasonal variability
between frequency of lightning days and lightning strikes.

The mean seasonal variability of lighting days appeared to be equally distributed
during spring (28%) and summer (28%), followed by the winter (24%) and autumn (22%).
In contrast to the low variability of seasonal lightning days, the mean seasonal lightning
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strikes revealed summer as the most favorable season for lightning activity, as more than
42% of annual lightning strikes were recorded within that period followed by autumn (27%)
and spring (23%). Winter showed the lowest percentage of approximately 8% (Figure 4b).

Table 1. Annual total population and potential ignition candidate population of negative and positive of cloud-to-ground
(CG) lightning strikes and lightning days for the study period across Tasmania.

Total Population Potential Ignition Candidate Population

Lightning Days Lightning Strikes Lightning Days Lightning Strikes

Year − + Total − + Total (−:+) − + Total − + Total (−:+)

2011 82 60 89 4160 649 4809 87:13 2 1 2 17 8 25 68:32
2012 82 66 89 7534 1384 8918 84:16 4 3 4 95 6 101 94:6
2013 88 75 93 14,271 4026 18,297 78:22 6 4 6 1102 375 1477 75:25
2014 74 66 78 14,369 3298 17,667 81:19 11 7 11 732 152 884 83:17
2015 70 55 73 4676 1880 6556 71:29 1 2 3 19 9 28 68:32
2016 78 75 89 31,190 8881 40,071 78:22 6 6 6 2176 387 2563 85:15
2017 66 60 74 7868 3314 11,182 70:30 4 3 4 467 360 827 56:44
2018 83 78 91 10,295 3504 13,799 75:25 7 6 8 187 21 208 90:10
2019 40 40 47 9741 2702 12,443 78:22 7 5 6 1839 76 1915 96:4

Sum 663 575 723 104,104 29,638 133,742 48 37 49 6634 1394 8028
Avg 74 64 80 11,567 3293 14,860 78:22 5 4 5 737 155 892 83:17
STD 14 11 14 7728 2231 9894 3 2 3 763 161 868

Trends in the diurnal cycle of lightning activity were found within each season (Figure 5).
Lightning strikes are normally distributed in summer, with the highest number occurring
during the three hours after solar noon (from 1200 to 1500 local time (LT)). In contrast,
the distribution of total lightning strikes during autumn showed an inverse distribution,
with a notable decrease between 0600 to 1500 LT. The daily pattern of lightning strikes
during spring was similar to autumn but with fewer strokes. The lowest lightning activity
occurred during winter, with little diurnal variation, suggesting that lightning occurrence
is largely driven by the passage of synoptic systems rather than diurnal cycles.

Figure 5. Diurnal distribution of total population of lightning strikes (%) (black histograms, right axis) compared to ignition
candidate strikes (%) (red lines, left axis) across different seasons. Potential ignition candidates were selected by proximity
index analysis as explained in Section 2.4.
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3.3. Lightning Flash Polarity and Multiplicity

The characteristics of total and PIC flashes for both negative and positive flashes are
presented in Table 2. Of all CG flashes, 73% had negative polarity. The average multiplicity
of total negative flashes was 1.58, with 44% of them single-stroke. The median (average)
peak current of the first stroke of negative flashes was 21 (27.3) kA. The average multiplicity
of total positive CG flashes (27%) was 1.22. Sixty-seven percent of the positive flashes
had only one return stroke. The median (average) peak current of positive flashes was
16.4 (24) kA.

Table 2. Details of estimated lightning flash polarity and multiplicity in Tasmania detected by GPATS
(January 2011–June 2019). Multiplicity is the average number of strokes per cloud-to-ground (CG)
flash. The polarity and median peak current (kA) refer to the first stroke in each multiple stroke flash.

Population (%) Single Stroke (%) Polarity kA Median
(Average)

Average
Multiplicity

Total (−) 44 73 21 (27.3) 1.58
Total (+) 67 27 16.4 (24) 1.22
PIC (−) 32 76 19.75 (23.8) 1.85
PIC (+) 63 24 8.5 (12.15) 1.25
AIC (−) 46 85 27.85 (33.5) 1.5
AIC (+) 70 15 33 (37) 1.2

3.4. Lightning Ignition Candidates

The population of PIC extracted by proximity index analysis successfully matched
217 ignitions (~70%) reported as “lightning-induced”. Among the PIC population, years
2016 and 2019 had higher number of PIC (Table 1). The annual polarity ratio (negative:
positive) of PIC varied annually. Of the PIC population, an average of 83% had negative
polarity, with the maximum of 96% occurring in 2019 and the minimum of 56% in 2017.
The number of days with at least one positive stroke was lower on average than the number
of days with at least one negative stroke.

The diurnal distribution of the PIC population did not follow the same diurnal pattern
as the total population (Figure 5, red line). During summer, autumn and spring, the greatest
number of PIC strokes (approximately 58%) were observed between 1500–2100 LT. There
was a secondary peak (13.5%) between 0600–0900 LT in summer. 2100–0600 LT had the
lowest number of PIC.

The average negative and positive multiplicity of PIC was 1.85 and 1.25, respectively
(Table 2). Results also showed that 76% of PIC were negative flashes and 32% of them
were single-stroke flashes. The median (average) peak current of negative PIC flashes was
19.75 (23.8) kA. The polarity of 24% of PIC were positive, with 63% single-stroke flashes,
a similar percentage to that of total positive flashes. The median (average) peak current of
the first stroke of the positive flashes was 8.5 (12.15) kA.

Finally, the diurnal distribution of AIC (217 ignitions) illustrated that 1800–2100 LT was
the time of the day that lightning flashes caused the most ignitions (Figure 6). The negative
to positive polarity ratio of AIC was 85:15 (%) with average multiplicity of 1.5 and 1.2,
respectively. The median peak current of AIC (−) was 27.85 (33.5) kA, which was greater
than other negative population groups. Similarly, the median (average) peak current of
AIC (+) was considerably greater than from positive climatological and PIC population
33 (37) kA. The percentage of negative and positive single-stroke flashes was 46 and 70,
respectively (Table 2).
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Figure 6. Diurnal pattern of actual ignition candidates classified with negative and positive polarity.

3.5. Lightning Strikes and Land Surface

Sixty-four percent of Tasmania lies at elevations less than 400 m, and the relative
frequency of strikes in these areas was 58%. The density of lightning strikes was positively
associated with elevation. Below a threshold elevation of 900 m, the density of strokes
was consistently low, then the density increased almost linearly with elevation. However,
a seasonal influence was evident. There was a positive correlation between elevation and
lightning density during summer and to a lesser extent autumn (Figure 7a). In contrast,
the relationship was not significant during winter, the time of year when the lowest
lightning activity was observed over lower elevations. (Figure 7a). The histogram of
land–surface aspect and lightning strikes at each slope direction (Figure 7b) showed an
approximately equal distribution with respect to the land area within each classification.
Most strikes occurred on easterly and westerly facing slopes (22% and 17% of strikes,
respectively), matching the underlying bias towards these aspects. The density of strikes
was slightly higher on north-facing slopes in every season, but lower on south-facing
slopes (Figure 7b). TPI values ranged from approximately −100 to 100 with the standard
deviation value of 1.85. The highest frequency of lightning strikes was in a range of −2 to
2, corresponding to the largest total land area. A strong association is evident between
lightning strike density and TPI with positive values (Figure 7c).
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Figure 7. Cont.
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Figure 7. Density of total and seasonal cloud-to-ground (CG) lightning strikes as colored lines (right
axis) divided into (a) elevation, (b) aspect, and (c) TPI. Relative frequency (%) of lightning strikes
(left axis) and land–surface as a function of elevation, aspect and TPI (horizontal axis). Black bars
indicate the proportion of the total land area that falls within each classification. Grey bars indicate
the relative frequency of lightning strikes within each classification.

3.6. Lightning Ignition Efficiency

The average chance of fire per lightning stroke was estimated at 0.24%. There were
on average 1.48 strokes per lightning flash. Therefore, LIE per lightning flash is 0.35%
(i.e., 0.24% × 1.48). A strong annual variation in the chance of fire per lightning stroke is
apparent, with the maximum likelihood during January (0.48%) (Figure 8a). The ignition
efficiency was highest in the southern parts of the state (LIE > 5% compared to most of the
remainder of the state LIE < 2.5%). Some areas in the southeast and southwest during the
study period experienced more than four ignitions, as well as isolated parts of northwest
with LIE values > 2.5% (Figure 8b). Buttongrass moorland and native grassland had
the highest chance of being ignited by lightning flashes, followed by rainforest and wet
eucalypt forest (Table 3).

Table 3. Ignition efficiency by cloud-to-ground (CG) lightning strikes as a function of different vegetation types across
Tasmania [101].

Vegetation Type Area (km2) Lightning Strikes Ignitions LIE (%)

Moorland, sedgeland, rushland and peatland 1365 9539 37 0.39
Native grassland 2145 2495 7 0.28

Rainforest and related scrub 5993 14,549 39 0.27
Wet eucalypt forest and woodland 1084 18,107 47 0.26
Non-eucalypt forest and woodland 7158 4304 11 0.26
Dry eucalypt forest and woodland 5133 32,739 80 0.24

Agricultural, urban and exotic vegetation 10,934 34,300 71 0.21
Scrub, heathland and coastal complexes 15,894 10,509 20 0.19

Highland and treeless vegetation 16,240 2983 2 0.07
Other natural environments 2447 3715 1 0.03

Saltmarsh and wetland 237 461 0 0.00
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Figure 8. (a) Lightning Ignition Efficiency (LIE) per lightning stroke and per lightning flash categorized by month. (b) Spatial
variability of LIE (per stroke); Pixels with more than 4 lightning-induced fires over the study period are highlighted with
a black square around the grid cells. The boundaries show the Natural Resource Management (NRM) regions North,
North-West, and South Tasmania.
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4. Discussion

Lightning is the main cause of damaging fires in remote parts of south-east Aus-
tralia, including Tasmania, where early detection is difficult and access for suppression is
limited [104]. Understanding the characteristics of lightning strikes such as spatial and
temporal variability, polarity, multiplicity and ignition efficiency, as well as their association
with topography and vegetation, is critical to improve fire response strategies.

Geographical and seasonal variability of lightning activity over Tasmania is dominated
by activity over the Western and Northern areas where the typical north-westerly to south-
westerly airflow, combined with topographic influences [23] resulted in a clear seasonal
signal reaching a maximum in the summer months (Figure 2). This is closely related to the
synoptic weather characteristics of each season and, particularly, the orography. Weather
patterns associated with lightning include strengthened frontal systems over western
Tasmania that deploy moist monsoon-like air masses and promote ascent, especially over
mountain features. Conversely, air descends on the lee side of mountain ranges and
convection is suppressed, leading to very few storms occurring in the east and south.
Increasingly in the warmer months, however, occasional unstable frontal systems, local
airmass instability and an increase in the probability of broadly unstable easterly troughs
can support thunderstorm development in the east.

Annual variation in the frequency of lightning strikes from 2011 through 2019 was
pronounced, with an order of magnitude difference between the years with maximum
(40,071 in 2016) and minimum number (4089 in 2011) of strikes (Table 1). There is also
a distinct seasonal pattern of lightning strikes, with warmer months receiving the most
lightning (82% of lightning strikes were recorded from November through April) and
winter months the least. This was broadly consistent with previous studies investigating
seasonality and temporal variations in lightning activity in the Australian region and
globally [102,105–107]. The occurrence of lightning strikes is dominated by a large number
of strikes occurring during a small number of intense events (50% of the total number
of strikes occurred over just four days). This is further illustrated with 90% of strikes in
2016 occurring over only 11 days.

The seasonal variation of lightning activity is affected by the summertime occurrence
of higher surface temperatures and greater potential near-surface atmospheric moisture
content leading to enhanced instability [108]. The seasonal variability of lightning strikes
was also evident in the polarity ratio, with a tendency for positive lightning to occur during
the colder season (Figure 3d), consistent with previous studies [52,55,109]. Possible reasons
for the winter maximum may be increased vertical wind shear and lower cloud tops in this
season [110,111].

Lightning activity was greatest during the afternoon (1200–1500 LT) in summer, con-
sistent with the greater amount of atmospheric instability at that time of day. However,
storms do occur at other times, indicating that the passage of synoptic systems and their
interaction with the orography is still an important driver for lightning generated in sum-
mer. The weak diurnal maximum in winter occurs during the late evening and early
morning when solar heating is negligible or absent. The diurnal cycle is likely to be highly
influenced by both local and synoptically forced convections, each of which are linked to
strong topographic modulation.

Only 70% of reported “lightning-induced” ignitions matched with lightning records,
which could be due to limitations in the spatial accuracy of the fire-reporting system,
unreported or misreported ignitions or limitation in GPATS detection efficiency (noted to
be around 90% for Australia and surrounding waters [112]). In some cases, the holdover
time set in our research may be insufficient to capture some events where lightning fires
smoulder for more than 72 h. The PIC showed a tendency to occur late in the afternoon
in summer, differing from the diurnal variation expressed in the lightning climatology
over the study area (Figure 5) and possibly relating to the time of minimum vegetation
moisture content. The AIC followed a similar pattern with the most likely occurrence
between 1800–2100 LT (Figure 6). The ratio of negative to positive flashes was similar
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across PIC and total lightning strikes (Table 2). Negative PIC did not differ substantially
from the climatological occurrence, as also reported in other studies [39,103,113]. However,
the median peak current of positive PIC was 50% lower compared to the climatological
median (Table 2).

Lightning activity occurs through a trigger mechanism associated with convection
processes [114]. Orographic lifting caused by topography can intensify the instability of
an area’s airmass with stronger updraft in a thunderstorm causing lightning discharges.
A positive relationship was found to exist between lightning density and elevation, as has
been found in other studies [66,97,115]. The minimum lightning density occurred at the
lowest elevations below 100 m, which is also the largest land area (Figure 7a). Other
terrain features such as aspect (slope direction) and TPI were found to influence lightning
density. Lightning density was slightly higher on north facing slopes (Figure 7b), potentially
associated with greater surface heating and greater thermal instability [116], but also
generally warmer incident airmasses. Previous studies have only investigated the effects of
meso-scale elevation (here referred as TPI) on lightning ignition density in Australia, due to
the lack of access to lightning location data [117,118]. The lightning ignition probability
was positively associated with the mesoscale elevation, primarily reflecting the orographic
effects of mountain ranges on storm occurrence. These findings, which are in conflict with
the findings of McRae [104], are consistent with the positive relationship between lightning
activity and higher TPI in our study (Figure 7c).

Due to instability of GPATS prior to 2011, the data used in this study were limited to
the 2011–2019 period to ensure a temporally consistent dataset. The spatial and temporal
distribution of lightning activity highlighted in this study is therefore representative only
for the study period. The conclusions drawn are unlikely to be affected by the sensor
accuracy. The geographic and temporal patterns we identify across Tasmania are consistent
with known physical and meteorological processes (e.g., seasonality and summer afternoon
peaks of lightning activity) with other studies in other parts of the world. As more data
become available in the future, a longer period will improve the robustness of average
climatological characteristics and enable trends in lightning occurrence and LIE to be
assessed.

In this study, lightning ignition efficiency was estimated in space and time. During
the period of study, GPATS recorded exceeding 130,000 CG strikes. Assuming that every
lightning-ignited bushfire has been recorded by the TFS during these years (315 ignitions),
the LIE was 0.24% per CG stroke per stroke (0.3% per flash). As expected, LIE during the
warmer season, in particular January, was the greatest. The spatial variability in LIE (%)
highlighted regional differences in the chance of ignition. Despite fewer lightning strikes in
the southern half of Tasmania, the LIE geographically was higher (LIE > 5%) compared to
the other areas over the state. LIE also differed across vegetation types. Unsurprisingly, ig-
nition efficiency associated with highly flammable buttongrass moorlands was the highest.
However, contrary to expectations, ignition efficiency in wet eucalyptus and rainforests
was slightly higher than dry eucalypt forests. It is quite likely that this is a consequence
of the period for which data are available. For example, the six months ending February
2016 was the driest such period in the available rainfall record (stretching back to 1900)
for the western third of Tasmania, preconditioning typically wet vegetation types in that
region, and the associated organic soils, to burn with the intense period of lightning activity
that occurred through January 2016.

In this study, we have presented an exploratory analysis that spans lightning climatol-
ogy, PIC and AIC. Ignition candidates did not follow the same diurnal pattern as the total
population, increasing towards the evening. The median peak current of AIC (+) was also
much greater than average lightning climatology and PIC. The PIC in some other cases such
as polarity and multiplicity did not present any characteristics differentiating them from
the total lightning strikes; however, there is still scope for further work. In particular, other
factors involved with the potential for ignition, such as fuel moisture and fuel availability,
are important to be assessed in relation to lightning climatology.
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5. Conclusions

This study presented the spatial and temporal characteristics of lightning activity in
Tasmania during 2011–2019. This region, as with south-east Australia generally, is prone
to wildfires. This research contributes to better understanding of the diurnal, seasonal
and spatial distribution of lightning activity associated with ignitions, which will improve
the ability of local fire managers to deploy scarce resources and prepare the operational
response to fire threat. Identifying the igniting strokes is necessary for understanding
lightning-induced fires, particularly for predicting the probability of lightning-induced fire
and assessing daily fire danger.

Geographical distribution of lightning strikes showed higher lightning activity in the
north and west of Tasmania. It also confirmed strong seasonality, which was evident in
the data with maxima during summer and decreasing in colder months. Diurnal variation
during summer indicated peak lightning activity occurring between 1200 and 1500 LT,
decreasing towards the evening.

Ignition candidates selected by proximity index did not present any feature that
differentiates them from the total population, other than the diurnal distribution. Polarity
percentages, multiplicity, peak current, and single-stroke percentage in the fire-initiating
lightning occurrences were similar to climatological values. However, the median peak
current of positive AIC was much greater than lightning climatology and PIC. We also
found a high chance of ignition in buttongrass moorland and LIE exceeded 5% in parts of
southern Tasmania. Results derived from this study will be useful for further investigation
into the relationships between lightning activity and fire weather variables.

Supplementary Materials: The following is available online at https://www.mdpi.com/2571-6255/
4/1/10/s1, Figure S1: Monthly count of cloud-to-ground (CG) lightning strikes (January 2011–June
2019), visualized by 5 km × 5 km rectangular binning.
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