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Abstract: Many fire management agencies aim to detect and suppress all ignitions within their
jurisdiction and may benefit from understanding the causes of year-to-year variation. Ignition
variation is likely to be associated with climatically driven changes in fuel quantity or moisture in
landscapes where ignition sources vary little over similar temporal scales. We assessed how monthly
ignitions varied in south-eastern Australia in response to climate anomalies over approximately
nine years. Once accounting for seasonal effects, ignitions increased with temperature and vapour
pressure deficit anomalies and decreased with precipitation anomalies. These findings indicate that
climatic conditions play a role in limiting ignition frequency via effects on fuel moisture. Our models
predicted that warmer and drier conditions during our study caused considerable increases in ignition
frequency compared to the long-term average reference period (1961-1990). Like many fire-prone
landscapes around the world, our study area is projected to become hotter and drier because of
climate change. Fire management agencies will need to improve fire detection and suppression
capabilities under a future climate.
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1. Introduction

Climatic variation has the potential to alter fuel conditions and the resultant frequency
of unplanned fire ignitions. For example, exceptionally dry conditions across south-eastern
Australia promoted higher than usual ignition success, despite no apparent change in the
availability of ignition sources during the 2019-2020 fire season [1]. Many fire management
agencies aim to detect and suppress all unplanned fire ignitions. Understanding how, and
the extent to which, interannual climatic variation affects ignition frequency can assist fire
managers in allocating resources efficiently. Higher than expected ignitions may overload
fire management resources in jurisdictions that aim to suppress all fires [1]. Although the
drivers of ignition occurrence have been well studied globally [2—4], most research focuses
on ignition probability, rather than the absolute number of ignitions.

The occurrence of a successful unplanned fire ignition requires an ignition source and
the availability of a sufficient quantity of fuel that is sufficiently dry [5-7]. Variation in
exposure to ignition sources across the landscape may cause spatial variation in ignition
frequency [2,8]. For example, lightning is the primary source of natural ignitions in most
landscapes [8], but may be more likely in certain parts of the landscape [2,9,10]. Anthro-
pogenic ignitions are typically the greatest contributor to the total number of ignitions in
parts of the landscape frequented by people [8,10,11]. Ignition sources may not be a primary
limitation on ignition occurrence in landscapes with a strong human presence [12], and
may, therefore, contribute less to interannual variation in ignition frequency than climatic
conditions do.

Climatic conditions vary from year to year at regional scales and may influence fuel
quantity and moisture content [12-14]. That is, climate may influence ignition frequency
more than ignition sources where ignition sources are abundant, such as landscapes with a
strong human presence. In arid climates, climatic variation may affect plant productivity
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and the resultant quantity of fuel [12,15] and consequently ignition frequency. For example,
relatively wet periods may promote more fuel production, resulting in a higher probability
of a successful ignition [16]. Conversely, ignitions may become more frequent during drier
periods in wetter climates where there is typically abundant fuel that is often too moist
to ignite.

Climatic variability has been linked to annual fluctuations in the number of fires in
fire-prone landscapes globally [16-19]. For example, warmer and drier conditions increased
ignitions in Chile [16] and increased lighting ignitions in Alaska [20]. However, many
studies focus on fires that burn more than a certain area (for example >0.5 hectares in Turco
et al. (2013)) and may not include many ignitions that result in smaller fires. This assumes
that ignitions that result in smaller fires did not have the potential to burn a greater area.
Further, ignition analyses that exclude smaller fires may not describe conditions associated
with the majority of ignitions attended by fire agencies.

This study aims to understand the importance that interannual climatic variation has
on ignition frequency in a fire-prone landscape dominated by anthropogenic ignitions. We
analysed the effects of climatic anomalies on the number of ignitions per month across the
Australian Capital Territory, in south-eastern Australia between 2012 and 2021 to determine
if and how interannual climatic variation affects ignition frequency. Monthly precipitation,
temperature, and VPD (vapour pressure deficit) anomalies were used to predict the number
of monthly ignitions. Predictions were made while accounting for the time of year (month)
as we expected more ignitions during the austral summer (October to March). Once we
had accounted for this seasonality, we expected ignitions to increase with temperature and
VPD anomalies and decrease with precipitation anomalies.

2. Materials and Methods
2.1. Study Area

We assessed variation in ignition frequency within the Australian Capital Territory
(ACT), in south-eastern Australia. Much of the ACT consists of forested mountains
(~600-1900 m altitude), however, there is a large urban centre (Canberra, population
~400,000) in the lower elevation (~600 m altitude) north. Mean annual rainfall varies
from 618 to 1383 mm and mean annual temperatures from 12.3 to 19.9 °C (1961 to 1990
average derived from SILO (Scientific Information for Land Owners)). Rainfall is relatively
consistent throughout the year, but winters are cool with frosts (and snow at high eleva-
tions) and summers can be hot, regularly exceeding 30 °C at lower elevations. Climatic
influences such as El Nifio-Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), and
the Southern Annular Mode (SAM) are associated with interannual variation in temper-
ature, rainfall, and fire weather [21]. Tall (>30 m) forests are common in the wetter parts
of the ACT, and woodland and dry forests in the drier parts [22]. Grasslands are common
throughout the valley floors, particularly in the north. Across the various landcover types
in the ACT, fires typically occur during the austral summer (December to February) at an
interval of 20 years or more [23]. Mean annual evapotranspiration is less than 1.9 times the
mean annual precipitation across most of the ACT, indicating that fire activity is moisture
limited within our study area [15]. Although this effect may be less pronounced in the drier
and more populated Canberra region.

2.2. Ignition and Climate Data

Unplanned ignition data were provided by the ACT Emergency Services Agency (ESA)
and included all ignitions that the ESA was notified of between December 2012 to August
2021 inclusive (Figure 1). Earlier ignition records were omitted due to suspected missing
data. We constrained our analysis to Bushfire Prone Areas, which cover areas of the ACT
where unplanned fires present a high risk to lives and property (Figure 1). Any incident
that caused a fire within Bushfire Prone Areas was considered an ignition. This includes
fires associated with car accidents and escaped planned fires, but not planned fires that
remained within containment lines. It is likely that some ignitions in Bushfire Prone Areas
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are not included in the data because they were not reported, or self-extinguished before
detection. Over the study period, there were 667 known ignitions of which approximately
70% were from anthropogenic sources, 23% from undetermined sources, and 7% were from
natural causes (mostly lightning). There were 57 to 88 ignitions (mean = 70.8 ignitions)
per fire season (12 months from July to June encompassing a single austral summer) over
the eight full fire seasons captured in the data. Monthly ignitions ranged from zero to 39
(mean = 6.4) (Figure 2). We did not distinguish between ignition sources due to the low
number of non-anthropogenic ignitions.

35.2°S A

35.4°S 4 Bushfire Prone Areas

35.6°S 4 Ignitions

35.8°S 1

10 km ICHH
148.8°E 149.1°E 149.4°E

Figure 1. Map of the study area (right) and its location in south-eastern Australia, including state
and territory boundaries (right). The map contains the location of unplanned fire ignitions (black
dots) in Bushfire Prone Areas (grey fill) of the Australian Capital Territory between December 2012
and August 2021.

Climate data were obtained from SILO gridded daily weather observation data. Grid-
ded weather data better represent the conditions across the entire study area than using
weather station data, which only represent local conditions. SILO data is produced by
extrapolating daily weather station observations into 5 x 5 km grid cells [24]. We used
these data to calculate long-term (1961-1990) average monthly precipitation (monthly total),
temperature (mean daily maximum), and vapour pressure deficit (mean daily vapour
pressure deficit at the time of the maximum daily temperature) for each grid cell. Precipita-
tion and temperature were chosen because of their relevance to fire risk [25] and they are
two of the main climate variables forecasted ahead of fire seasons and in climate change
projections. Vapour pressure deficit was chosen because of its relationship with live [26]
and dead [27] fuel moisture content. We produced climate anomalies for each month of the
study period (December 2012 and August 2021 (inclusive)). Monthly climate anomalies
were represented as a percentage of the long-term average (1961-1990) for a given month
and then averaged over the entire study area. We used percent anomalies because the scale
of absolute anomalies was expected to vary across the study area, making mean anomalies
uninformative.

The monthly anomaly for the entire study area (Bushfire Prone Areas in the ACT) was
produced from the weighted mean anomaly of all grid cells in the study area for a given
month. Grid cells were weighted by the proportion of the cell within Bushfire Prone Areas
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in the ACT. By weighting each grid cell, we avoided bias associated with grid cells that
extended beyond the Bushfire Prone Areas mapping, where ignitions were not counted.
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Figure 2. Number of ignitions reported on Bushfire Prone Land in the Australian Capital Territory
each month from November 2012 to August 2021 (grey bars), and the monthly precipitation ((a),
blue), maximum daily temperature ((b), red), and vapour pressure deficit (VPD) at the time of the
maximum daily temperature ((c), orange).

The climatic conditions varied over the duration of the study, including several particu-
larly wet and particularly hot, dry years (Figure 2). Monthly climate anomalies varied from
—94.6 to 321.5% (mean = —7.9%) for precipitation, —8 to 33.1% (mean = 9.1%) for maximum
temperature, and —22.7 to 75.1% (mean = 12.5%) for VPD. The anomalies indicate that the
study period was generally hotter and drier than the long-term average.

2.3. Analysis

We used Poisson Bayesian Generalised Additive Models (GAMs) to predict the number
of ignitions per month in response to precipitation, temperature, and VPD anomalies. We
used Bayesian regression because the posterior distribution is a better representation of the
variance than frequentist approaches, and enables the ability to calculate the probability
of certain outcomes. The use of GAMs allowed for the detection of non-linear responses
to the month. We chose to assess monthly ignitions because most ignitions within this
timeframe are likely to be responding to the same climatic conditions. Assessment of
shorter timeframes would likely produce stronger predictions. However, our objective
was to provide analysis that could be linked to medium-term forecasts that can be used
to inform planning decisions, rather than specific weather conditions. Assessing monthly
ignitions also enables an assessment of seasonal effects on ignition frequency. We separately
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predicted monthly ignitions in response to the one-, three-, six-, and twelve-month climate
anomalies (e.g., the three-month anomaly for December 2012 would be calculated using the
anomalies from October, November, and December 2012) to account for the compounding
effects of successive anomalous months.

All analyses were conducted using the BRMS (Bayesian Regression Models using
‘Stan’) package [28] in R version 4.0.0 [29]. Separate models were fitted for each of the three
climate variables due to the strong correlation between variables. For each climate variable,
separate models were fitted for each of the anomaly periods (one, three, six, and twelve
months). Climate variables were initially fitted as smooth terms to determine if there were
non-linear effects, but none were identified and each was fitted as a linear predictor in
the final models. The month was fitted as a cyclic cubic regression spline of the month to
ensure a continuous effect from the start to the end of the year. An autoregressive term was
specified to address the likely temporal correlation between ignitions. Each model was
fitted with 4000 iterations (including 2000 warm-up iterations) on each of the four Markov
chains (8000 posterior samples in total). We assessed convergence by checking that the
Gelman Rubin R statistic [30] was less than 1.1. We calculated the Bayes R2 for the 5th, 50th,
and 95th percentile of the posterior distribution to compare the predictive accuracy of the
four climate anomaly periods. Figures showing the predicted number of monthly ignitions
are only presented for the model using the one-month climate anomaly (marginal effects
plots for all models are presented in supplementary material).

We used our models to determine if and how each of the climate variables affected
ignition frequency over time. For each of the climate anomaly variables, we produced a
posterior distribution (8000 samples) for each month of the year under two climate scenarios:
the long-term average (0% anomaly) and the mean anomaly for each calendar month over
the study period. Monthly predictions were summed to produce a distribution of annual
ignitions under the long-term (1961-1990) and study period (November 2012-August 2021)
climate scenarios. For simplicity, predictions were only made with the models using the
one-month climate anomaly. We chose to assess the effects of the two climate scenarios on
annual ignitions as this time scale aligns with the time scale that fire management agencies
plan for. It also avoids the need to interpret the particular seasonal effects associated with
ignitions in our study area.

3. Results

The predictive accuracy of each model was reasonable, with Bayes R2 values of the
median posterior prediction ranging from 0.57 to 0.7 (Figure S1 in supplementary material).
The Bayes R2 values of each model generally decreased with the increasing length of time
over which the climate anomaly was calculated (Figure S1 in supplementary material).
An exception to this trend is the three-month precipitation anomaly model, which had
slightly higher Bayes R2 values than the one-month precipitation anomaly model. Models
using the precipitation anomaly as the climate predictor generally had the highest Bayes
R2 values, followed by models using the VPD anomaly. All models tended to slightly
overpredict the number of ignitions when the observed number of ignitions was low, and
underpredict when the observed number of ignitions was high (Figure S2 in supplementary
material). This trend is particularly pronounced for the models that used the twelve-month
temperature and VPD pressure deficit anomalies (Figure S2 in supplementary material).

Monthly ignitions were strongly influenced by the month and the climate anomaly
in each model (Figure 3, Figures S3-S5 in supplementary material). The highest rate of
ignitions occurred from December to February, with the lowest rate from June to July. The
predicted number of ignitions increased from positive to negative precipitation anomalies,
and from negative to positive temperature and VPD anomalies (Figure 3, Figures S3-55
in supplementary material). The effects of climate anomalies generally resulted in greater
variation in the predicted number of ignitions during the months when ignitions were
higher (the austral summer) than months when ignitions were lower (the austral winter).
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These trends were consistent across models, regardless of the duration of the climate
anomaly.
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Figure 3. Predicted number of monthly ignitions in response to the month of the year for the models
using precipitation (top), temperature (middle), and vapour pressure deficit (VPD, bottom) as climate
predictors. Predictions were made using the models with a one-month climate average. Predictions
are fitted by three levels of one-month climate anomaly; the long-term average (0% anomaly), and
the 5th and 95th percentile (approximately) of the long-term (1961-1990) period. Marginal effects for
all models are available in the supplementary material.

Each one-month climate anomaly model produced similar posterior distributions for
annual ignitions under the long-term average and study period climate scenarios (Figure 4).
The one-month precipitation model produced values that were slightly lower than the
study period average when predictions were made using the long-term average climate
anomalies (Figure 4). By contrast, the one-month temperature and VPD models generally
predicted lower numbers of annual ignitions under the long-term climate scenario than in
the study period scenario (Figure 4).
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Figure 4. Posterior distribution for one-month precipitation, temperature, and vapour pressure deficit
(VPD) anomaly models under climate scenarios representing the long-term mean monthly climate
anomaly (1961-1990, blue) and the mean monthly study period climate anomaly (2012-2021, red).

4. Discussion

Our analyses supported our hypothesis that interannual variation in ignition frequency
would be influenced by climatic variation. Specifically, ignitions were more frequent during
climatic anomalies that result in drier fuel (lower precipitation and higher temperatures and
VPD) (Figure 3), indicating that ignitions may be, at least partially, limited by fuel moisture
in our study area. These findings are consistent with research showing that ignitions
become more frequent under drier conditions in other temperate landscapes [16,17]. As in
other temperate fire-prone regions [31,32], ignitions were more frequent during the warmer
months (October to March in our study area) than in the cooler months (Figure 3). The
seasonal nature of ignitions is presumably a consequence of variation in fuel moisture
caused by intra-annual climatic variation [33,34]. That is, climatic conditions associated
with ignition potential vary enough to influence monthly ignitions across the year and
between years for a given month (as expressed by the influence of climate anomalies in
our study).

4.1. Links between Climatic Variation and Ignitions

The climatic variables assessed in our study (precipitation, temperature, and VPD)
are involved in the process of fuel moisture depletion and replenishment. The potential
for the atmosphere to absorb moisture from dead and live fuel increases with increasing
temperature and VPD [26,27,35]. Consequently, VPD is used as a reliable predictor of
dead and live fuel moisture content [26,36]. Precipitation influences soil moisture, which
can replenish live and dead fuel moisture, thus reducing the rate of drying [37-39]. Simi-
larly strong Bayes R2 values for the models using the one and three-month precipitation
anomalies (Figure S1 in supplementary material) support findings that soil moisture affects
fuel moisture over long timescales [39]. By contrast, atmospheric drivers of fuel moisture
(temperature and VPD) exert their effects over relatively short periods (days to weeks) [14].
Temperature and VPD are, therefore, less likely to influence fuel conditions over longer
time frames, as reflected by the relatively faster decline in Bayes R2 values with increasing
climate anomaly averaging periods (Figure S1 in supplementary material).

The comparison of total annual ignitions under long-term and study period climate
scenarios (Figure 4) indicates that climate change may be affecting ignition frequency in the
ACT. Our analysis showed that, assuming no change in ignition availability, the minimum
number of annual ignitions observed during our study period (57 ignitions recorded
between July 2020 and June 2021) was six times more likely under the temperature and VPD
anomalies observed during the study than under the long-term average conditions. While
these estimates do not account for changes in the availability of ignition sources between the
two scenarios, they serve to demonstrate the extent to which climatic variation, and climate
change, can affect ignition occurrence. Maximum daily temperatures have increased in
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the ACT over the past century, and are expected to continue increasing [40,41]. Increasing
temperatures can increase the VPD if relative humidity does not increase sufficiently.
Precipitation, which may influence relative humidity, has not changed substantially in the
ACT over the past century, nor is it projected to change because of climate change [40,41].
Flannigan, et al. [42] suggest precipitation may need to increase by up to 15% for every
degree of warming to offset the increased atmospheric absorption of moisture from fuel in
North America. Precipitation was marginally lower during our study period compared
to the long-term average. This may explain the negligible difference in predicted annual
ignitions between long-term average precipitation and the study period anomaly. Many
other fire-prone landscapes in Australia and around the world are projected to become
hotter and drier [43], and, therefore, may also experience an increase in the number of
ignitions. Our findings complement other studies that suggest climate change may increase
ignitions in south-eastern Australia [2,9] and in other fire-prone parts of the world [20,44].

4.2. Implications for Fire Management

Most of the ignitions in our data were associated with anthropogenic causes, which
have the potential to be reduced through public policy decisions. For example, restricting
unnecessary activities that can cause ignitions could reduce ignition frequency. Of course,
completely removing anthropogenic ignition sources from the landscape is not a practical
solution and some level of risk will remain. Our analyses show ignition frequency changes
with climatic anomalies over 1-to-12-month periods. Hence, medium-term climate forecasts
may be of benefit in planning ignition prevention campaigns, as well as detection resource
allocations ahead of fire seasons.

It is difficult to determine if the increased number of ignitions associated with warmer
and drier conditions will cause an increase in the area burnt, as the area burnt is also
associated with hotter and drier conditions [45]. However, our findings suggest that
more detection and containment resources will be required during anomalously hot and
dry periods, which may become more common as the climate warms. These increased
resource requirements are independent of those associated with the greater likelihood of
larger fires occurring during these periods [21]. Therefore, fire management agencies may
need to detect and contain more ignitions during hotter and drier years in addition to
managing larger fires. Our models predict that the climate has already changed enough
in the ACT to see increased ignitions and that this trend is likely to continue, due to a
warming climate [40,41]. Improved fire detection capabilities will likely be required to meet
the increasing resource demands associated with a warming climate [46].

4.3. Further Considerations

While our analysis provides clear links between ignition frequency and climatic
conditions, this does not preclude other limitations on ignition frequency. The availability
of ignition sources is still likely to limit ignitions, particularly in remote areas that are not as
frequently visited by people [2]. There may be more people in the landscape during warm
and dry days, and consequently a greater risk of anthropogenic ignitions. This may be
partly captured by more ignitions during the seasonally warmer months (i.e., summer) and
anomalously warmer and drier months. However, activity in some fire-prone areas of our
study area is restricted on days when dangerous fire weather is forecast, which may counter
the increased anthropogenic presence during warm and dry periods. Importantly, we are
not aware of any changes in management or land use that would have caused obvious
changes in the year-to-year availability of anthropogenic ignition sources during our study.
Lightning activity is greater during the austral summer, which may contribute to the higher
number of ignitions during this time [31,47]. However, we expect this effect to be relatively
small, as lightning is unlikely to account for a large proportion of ignitions [2,11,31].

Although fire is likely limited by fuel moisture in our study area, some areas may also
be limited by fuel quantity, particularly after a recent fire [9]. A fire in early 2020 burnt a
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large part of our study area, which may partially explain the decline in ignitions after early
2020 (Figure 2).

We also suggest that ignition detection and reporting may be more reliable during
summer and anomalously warm and dry weather than in cooler and drier periods because
of greater concern for the outbreak of unplanned fires. Vilar, et al. [48] suggest changes in
land use may be a more important driver of fire occurrence than climate change in some
landscapes. The ACT has a growing population and associated urban expansion, which
may interact with ignition risk across the region.

We collected data over a range of conditions that broadly overlapped with conditions
observed over the long-term average period (1961-1990). This enabled us to predict
ignitions under long-term average and present climatic conditions. Caution must be taken
in inferring our results beyond the range of climatic variance observed in our data, such
as in a future climate. Climatic conditions outside of those assessed in our study may
exert complex effects on landscape flammability outside of the short-term climatic effects
explored in our study [49].

5. Conclusions

We predicted monthly ignitions in the ACT in response to climate anomalies while
accounting for the effects of seasonal climatic variation. Monthly ignitions varied pre-
dictably throughout the year, with more ignitions during the summer months and fewer
during winter. While accounting for seasonal variation, we detected variation in ignition
frequency associated with monthly climatic anomalies. Ignitions were more frequent dur-
ing anomalously warm and dry months than anomalously cool and wet months. These
findings suggest that fuel moisture is a limitation on ignition frequency in our study area.
Our models predicted more ignitions during the study period than under a long-term
average climatic scenario due to higher temperatures and VPD, and moderate declines
in precipitation. The contrast in climatic conditions between the two scenarios is consis-
tent with observed and projected climate change patterns for the study area, other parts
of south-eastern Australia, and many fire-prone areas around the world. This suggests
that increased ignition frequency may become a global issue. The increasing demand for
resources associated with the increasing frequency of ignitions caused by climate change
may be best addressed by improved fire detection capabilities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fire6050195/s1, Figure S1 The Bayes R2 of the median (dot) and
5th-95th percentile (whisker) of the posterior distribution for the models using precipitation (circles),
temperature (triangles) and vapour pressure deficit (VPD, squares) anomalies over one, three six
and 12 month periods; Figure S2 The observed number of monthly ignitions plotted against the
median (vertical line) and the 90th percentil of the posterior distribution (horizontal line) for the
12 models using precipitation, temperature and vapour pressure deficit (VPD) anomalies over one,
three, six and 12 months; Figure S3 Marginal effects plots for models predicting ignitions in response
to the month and precipitation anomaly over one (a and b), three (c and d), six (e and f) and 12 (g
and h) months. Figures depict the median (solid blue line) and 90th percentile (grey band) of the
posterior predictions; Figure S4 Marginal effects plots for models predicting ignitions in response
to the month and temperature anomaly over one (a and b), three (c and d), six (e and f) and 12 (g
and h) months. Figures depict the median (solid blue line) and 90th percentile (grey band) of the
posterior predictions; Figure S5 Marginal effects plots for models predicting ignitions in response to
the month and vapour pressure deficit anomaly over one (a and b), three (c and d), six (e and f) and
12 (g and h) months. Figures depict the median (solid blue line) and 90th percentile (grey band) of
the posterior predictions.
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