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Abstract: Studies using remote sensing data for fire danger prediction have primarily relied on
fire ignitions data to develop fire danger indices (FDIs). However, these data may only represent
conditions suitable for ignition but may not represent fire danger conditions causing escalating fire
size. The fire-related response variable’s scalability is a key factor that forms a basis for an FDI to
include a broader range of fire danger conditions. Remote sensing derived fire size is a scalable
fire characteristic encapsulating all possible fire sizes that previously occurred in the landscape,
including extreme fire events. Consequently, we propose a new FDI that uses remote sensing derived
fire size as a response variable. We computed fire sizes from the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite instrument burned area. We applied random forest (RF) and
logistic regression (LR) to develop the FDI for Australia. RF models performed better than LR, and
the higher predicted probabilities demonstrated higher chances for ignited fires to be escalated to
larger fire sizes at a regional scale across Australia. However, the predicted probabilities cannot be
related to the specific range of fire sizes due to data limitations. Further research with higher temporal
and spatial resolution data of both the response and predictor variables can help establish a better
relationship between a specific range of fire sizes and the predicted probabilities.

Keywords: remote sensing; burned area; fire danger index; fire danger modeling; random forest;

fire sizes

1. Introduction

Bushfires can cause substantial economic, environmental, and human losses [1]. In
recent decades, the extreme bushfires at the urban interfaces of the major cities in Australia
have burnt millions of hectares of land [2]. The bushfires of 2019-2020 burned an unprece-
dented 5.67 Mn Ha of forested area across Australia and destroyed around 2500 houses [3,4].
These losses could be minimized or avoided with an accurate forewarning like other natural
disasters. Bushfire danger prediction models are vital in timely forewarning about fire
events, especially extreme ones [1]. Australia’s current operational fire danger prediction
system relies on McArthur fire danger indices (FDIs). It has shown many limitations, such
as non-verification and under-prediction of fire danger highlighted by various studies,
including missing extreme fire events [5-7]. With the forecasted increase in the frequency
of extreme bushfires in the future [1,8], there is a strong focus on the trial and development
of new FDIs for Australia using more contemporary science, including the development of
the new Australian Fire Danger Rating System which is under trial and will be deployed in
near future [7,9,10].

Fire danger modeling is developed for different fire-related characteristics [11,12]. For
example, the spread component in operational fire models is quantified using the rate of fire
spread and the energy release (fire intensity component), with the fire-line intensity or heat
available to the fire per square foot [12,13]. Operational fire danger models then calibrate
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these components with the difficulty of suppression or fire containment efforts [11,13].
Thus, the fire danger modeling relies on the response variable characteristics (rate of spread
or fireline intensity) to predict fire danger [7,9]. Two essential characteristics for a response
variable to be valid for an FDI are: (1) its scalability to present bushfire danger conditions
from low to extreme and beyond and; (2) its feasibility to be easily verifiable [6,7]. The
USA. National Fire Danger Rating System, the Canadian Fire Weather Index (FWI), and
the Australian McArthur Fire Danger Ratings System achieved scalability by relating all
possible ranges of the rate of fire spread and fire-line intensity (response variables) to
predictors through empirical and quasi-empirical fire behavior processes [11,12,14,15].
The ratings were scaled from Low to Extreme fire danger classes based on the observed
ranges of the response variable [12,16]. The second quality of verifiability depends on
how easily FDIs can be measured. This quality helps post-event verification, contributing
to further improvement of FDI [7]. The McArthur FDIs currently used for operational
fire management in Australia are constrained because measurement of fire spread rate
is challenging, limiting the further improvement of the McArthur FDIs [5,7]. Although
using newer technologies such as line scans during wildfire events can help overcome these
limitations, these airborne missions are costly [17].

Remote sensing derived information on fire characteristics offers opportunities to
fulfill these two essential characteristics of an FDI. The physical fire characteristics such as
fire sizes, fire radiative power (FRP), and brightness temperature are available at various
temporal and spatial scales, which offers a key advantage over the experimentally derived
variables such as the rate of spread or the fire-line intensity [18-20]. These fire characteristics
are scalable from low to maximum possible values and easily verifiable because of their
continuous temporal and spatial availability. Thus, these remote sensing fire characteristics
provide a basis to develop robust FDIs with convenient post-event verification and the
opportunity to improve FDIs further.

Recently, several FDI models have incorporated various remote sensing derived fire
characteristics, including fire ignitions [21,22], fire density [23], remote sensing brightness
temperature [8], and burned area [24]. The fire ignitions were primarily used as a response
variable for presenting a maximum fire danger [25,26]. However, fire ignition or ignition
density may only represent conditions affecting the likelihood of fires starting and may not
necessarily represent the predictor conditions responsible for escalating small fires to larger
events. For example, an ignited fire area would be higher under elevated wind speed than
lower wind speed, given all other predictors are held constant. On the other hand, studies
using the burned area as a response variable considered fire sizes with a specific threshold
to separate small and large fires. For example, Preisler, Burgan, Eidenshink, Klaver and
Klaver [24] predicted large fires on federal land, in the USA, and used a threshold of
40.47 Ha to differentiate between small and large fires. Similarly, Cortez and Morais [27]
predicted burned areas for small fires (most fires less than 50 Ha) in Montesinho Natural
Park, Portugal. Bradstock, et al. [28] predicted large fires in the greater Sydney region,
South-East Australia, using a threshold of 1000 Ha for large fires. Whereas in Australia, fires
much larger than 1000 Ha frequently occur with a median and 75th quartile fire size of 2500
and 12,500 Ha, respectively [29]. Thus, a full range of fire sizes previously occurred in the
Australian landscape could be a suitable response variable presenting the full range of fire
danger conditions driving varying fire sizes across the Australian landscape. Furthermore,
extreme fire weather conditions are the main drivers of large fires, suggesting fire size as a
suitable response variable [6,30-32].

Machine learning algorithms are powerful predictive tools and have been frequently
used to predict fire danger probabilities, including being trained and evaluated with fire
ignition (location only) [33,34] and fires per area (fire density) [23,25]. The performance
of the algorithms is considered good if most fires, from the evaluation data, fall in higher
predicted probabilities [22,26]. However, these methods could be made more meaningful if
trained on a full range of fire sizes instead of fire ignition or density. For example, algorithms
trained with a full range of fire sizes could predict probabilities of the fire sizes in addition
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to ignitions and density. Consequently, the fire sizes would be a more meaningful metric
for the machine learning algorithms to learn from the variability of a broader range of fire
danger conditions across the Australian landscape. Thus, the algorithms trained with a fire
size variable could better predict the fires and their chances of growing to larger fire sizes.

We used remote sensing derived fire sizes to develop a novel FDI for continental
Australia using random forest and logistic regression models. The study hypothesized
that machine learning algorithms, trained with a full range of fire sizes, could predict the
probabilities for fires that have the potential to spread to large fire sizes with reasonable
accuracy.

2. Materials and Methods
2.1. Data

We computed fire sizes (response variable) from the MODIS burned area product
MCD64A1 on a weekly scale. We used a weekly time scale so that all burned pixels in
a patch adjacent to at least one other pixel from any side, could be joined, creating a
continuous patch of burned pixels. MCD64A1 (burned area) is computed by applying
dynamic thresholds to the burn-sensitive vegetation index generated from the 500-m Terra
(“MOD09GH”) and Aqua ("MYD09GH") surface reflectance products [35]. The MODIS
active fire products guide the accuracy of the burned pixels, and MODIS landcover products
refine the accuracy of the burned pixels by accounting for differences in the pre and post-
burn surface reflectance across different vegetation types [20,36,37]. MCD64Al is released
monthly with a spatial resolution of 500 m x 500 m and labels each burned pixel with the
ordinal day of the year on which that pixel was burned [36]. It is available from the Land
Processes Distributed Active Archive Centre (LPDAAC).

We used ten predictors based on their known role in fire danger modeling. The
predictors included: temperature (°C), vapor pressure (hpa), rainfall (mm), wind speed
(kmh™1), relative humidity (%), drought factor (DF) (dimensionless), soil moisture deficit
(mm) (SMD), forest fire danger index (dimensionless) (FFDI), live fuel moisture content
(LFMCQ) (%), and soil moisture content (%) derived from the Australian Water Resource
Assessment—Landscape Model (AWRA-L). We sourced temperature, vapor pressure, and
rainfall data from the Terrestrial Ecosystem Research Network Discovery portal. This
data was developed by Jones, et al. [37], as one of the components of the Australian
Water Availability Project (AWAP), by applying topography resolving analysis to in-situ
observations [38]. It has a spatial resolution of 0.05° and is available at monthly and
daily temporal resolutions. We used 24-h daily maximum temperature and total rainfall
from 09:00 am to 09:00 am the next day, and the 03:00 pm vapor pressure data represents
afternoon drier conditions. We computed the daily wind speed data by averaging the
10 m Eastward (u-component) and 10 m Northward (v-component) hourly components
of the ERA- 5 wind speed data [39]. ERA-5 is a reanalysis data project by the European
Center for Medium-Range Weather Forecasts (ECMWF). ERA-5 data can be accessed
from Copernicus Climate Change Service (C3S), providing hourly estimates of various
meteorological factors [39].

We computed relative humidity from the AWAP temperature and vapor pressure data
following Nolan, et al. [40]. Drought factor (DF) and soil moisture deficit (SMD) represent
the dryness of the fuel layers on the forest floor and soil moisture deficit, respectively [41].
We calculated the DF and SMD using the AWAP rainfall and temperature data following
Finkele, et al. [42] and using Keetch and Byram drought Index (KBDI) approach [43]. FFDI
is commonly used in Australia for fire danger prediction and computed following Noble,
et al. [44] and Dowdy [45]. We included FFDI as a predictor because FFDI is directly related
to the rate of fire spread across Australia [46]. This relationship means that the highest FFDI
values would be expected to result in larger fire sizes, and vice versa. Thus, we expected that
the FFDI values would help the model to better learn the relationship between predictors
and fire sizes. Thus, better performing in predicting fire size probabilities. Moreover,
the predictor’s importance property of RF allowed exploring its importance relative to
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other predictors used in the model. Soil moisture has an established role in fire danger
prediction [47]. AWRA-L root zone soil moisture represents the percentage of soil moisture
in the top one-metre layer of the soil and consists of upper (0-0.1 m, AWRA-L (s0)) and
lower (0.1-0.9 m, AWRA-L (ss)) soil moisture layers [48]. AWRA-L is a water balance
model that estimates soil moisture, precipitation, evapotranspiration, run-off, and deep
drainage at 0.05° degree grids across Australia [49]. The LFMC represented the percentage
water content relative to the dry vegetation mass and was sourced from a semi-operational
product available at the Australian Flammability Monitoring System via the National
Computational Infrastructure (NCI)’s Thredds server. The product is generated using the
MODIS reflectance data and radiative transfer model inversion techniques [50]. LEMC has
shown a reasonable relationship with fire risk across Australia and is available at 0.005°
degree grids [50].

We used the K&ppen-Geiger classification system to develop regional FDI models for
each climate zone (Figure 1a). Képpen-Geiger classification system considers temperature
and precipitation as primary drivers of vegetation types and classifies Australia into
six climate zones [51]. The classification uses broadscale vegetation types to different
region types [51]. Thus, a suitable re-classification is proposed to develop models for each
zone based on its primary vegetation type while also considering regional differences in
climatic variables.

koppen-Geiger classification Fire Seasons

e

Regions

Il Temperate
[ ] Grassland
I Dessert

E Sub-Tropical
Tropical
] Equatorial

Winter and Spring | | \
Spring [ summer |

Spring and Summer summer and Autumn [ b4 ' »

Figure 1. Stratification of Australia into (a) vegetation types based on temperature and rainfall using
the Koppen-Geiger regional classification (b) fire seasons.

Fire season represents conditions suitable for ignitions and fire spread [52]. In Aus-
tralia, the fire season occurs at different times for different regions, from winter and spring
in the north to summer and autumn in the south (Figure 1b) [53]. We only used the response
and predictor variables from the fire seasons for FDI modeling. Fire seasons data avoids
large-scale agricultural and hazard reduction burns conducted outside the fire seasons.
Thus, including data from outside the fire seasons could result in large fire size samples
under relatively milder conditions, causing mixed messaging and potentially degrading the
model’s accuracy. We sampled/processed all the other data by coding scripts in Python 3.6.

2.2. Methods

Our method consists of three distinct phases (Figure 2). Firstly, we prepared the
predictors and response variables data. Secondly, we split the data into training (2001-2016)
and validation sets (2017-2020). We then refined the data and generated three curated
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data sets, each using a different process for noise handling. Finally, in the third phase, we
developed the RF and LR models for each data type and climate zone.

Predictors Fite Sizeg
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Figure 2. Methodology flowchart. RF: Random Forest, LR: Logistic Regresion, CV: Cross Validation.

The predictors and response variables data were at different spatial resolutions. We
resampled all data to 0.05° spatial resolution for this study because most of the predictors,
including AWAP and AWRA-L datasets, were available at this resolution. Moreover, this
spatial resolution allowed reasonable computational efficiency and thus convenient re-
peatability in fine-tuning models at a regional scale across Australia. However, spatial and
temporal resolutions play an essential role in such analysis because the coarse resolution
could cause averaging in some of the predictors and the response variables, thereby mask-
ing significant predictor effects on the response variable. We calculated weekly averages
for the entire time series. The weekly scale avoids the locational inaccuracies associated
with characterizing burned pixels at a daily scale [20]. Fire sizes (response variable) were
computed from the weekly 500 m x 500 m grids and then resampled to 5 km x 5 km grids
using the maximum resampling parameter. We assigned each pixel, within a fire size patch,
the value equal to the total area of that particular fire patch but retained each pixel within
that patch as a different data point. We used each pixel predictor data within a particular
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fire size. This sampling method (1) presented reasonable variability to machine learning
algorithms which typically learn from variation in the predictor’s data, and (2) allowed
a sufficiently large number of samples required to increase the reliability of classification
accuracy for fire sizes class. The distribution of the fire size samples for each climate zone
is shown in Figure 3. We used fire size (Class 1) data samples as class 1 samples and
randomly sampled an equal number of no-fire (Class 0) data samples. Following previous
studies, the fire and no-fire classes reflect machine learning algorithms learning from two
balanced classes, 0 and 1 [22,26]. A notable difference in this study from the earlier studies
is that we used 1 for varying fire size samples compared to previous studies, which mainly
used 1 for density and fire presence only [23,26,54]. The algorithms learn the relationship
between class 0 (no fire) and class 1 (fire sizes). The predicted class 1 (fire sizes) probabilities,
between 0 to 1, then represents the chances (probabilities) of fire size for each pixel in the
predicted fire size output map. This is because we wanted the algorithms to learn from
the predictor’s conditions causing varying fire sizes. The machine learning algorithms can
then scale probabilities for predictor conditions that drive varying fire sizes.
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Figure 3. Fire size samples shown on log10 scale for six climate zones across Australia, extracted
from fire seasons: (a) 2000-2016 (model development); (b) 2017-2020 (model evaluation). The lower
and upper boundary of boxes represent 25th and 75th percentiles, respectively. Whiskers extended to
1.5 times interquartile ranges. The blue line in boxes represent median, red diamonds represent mean
fire size and black circular dots represent outliers.

RF and LR are robust algorithms previously applied in diverse disciplines. RF is a
supervised ensemble classifier, initially proposed by Breiman [55], that uses majority vote
count from uncorrelated decision trees to output classification results for a class. It has
been widely used in fire modeling due to its computational speed and high classification
accuracy [22,56]. LR is another powerful statistical tool, mainly because of its more straight-
forward implementation and faster processing than other machine learning models. Many
studies have used it for predictive fire risk modeling [57,58].

Noisy data can affect the learning of machine learning alogrithms resulting in signifi-
cantly lower classification accuracy due to natural processes and systematic and recording
errors [59,60]. Therefore, identifying the potential causes of errors and filtering noisy data is
essential to improve classification results [61]. Machine learning problems typically identify
data noise as either class or attribute noise. Class noise occurs when one or more samples
are misclassified as 0 or 1, whereas attribute noise occurs due to wrong or erroneous values
for one or more predictors [59]. For our research, class noise can occur due to two main
reasons which could affect the learning of the algorithms between the two classes. Firstly,
training the algorithms can result in confusing class 0 (no-fire) samples with class 1 (fire
sizes) because although the conditions for a potentially large fire size (burned area) exist,
there is no fire because of the absence of ignitions in the landscape. Thus, such class 0
samples could mislead the algorithms and reduce classification accuracy. Secondly, class
1 (fire size) can be confused with class 0 (no-fire) because of the uncontrolled existing
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fires in the landscape that continue to burn for longer durations under milder conditions,
especially in the inhabited inland regions of mainland Australia. Thus, class 1 samples
could also badly affect the classification accuracy. The attribute noise in our data could
occur due to outliers in predictors of class 0 (no fire) samples again because of no ignitions
under elevated fire weather conditions. For example, high temperature values or very
low humidity values in higher fire danger conditions could be sampled in class 0 (no fire)
samples due to no fire occurrence in a landscape.

Machine learning models use different methods to deal with class and attribute
noise [59]. We dealt with class noise by filtering out the misclassified class samples and
attribute noise by data refinement which involves data relabeling and removing erroneous
or redundant attribute values and outliers [59,60,62]. After applying the noise refining
methods, we generated two types of curated datasets. We developed RF and LR models
for each of these curated datasets. In addition, we also developed RF and LR for all data.
We used all the data to present natural variation to the algorithms, compare the evaluation
results of models trained with all data to those trained with curated data, and analyze
the effects of noise handling methods. A detailed description of the class filter method is
included in the supplementary methods.

In the attribute refinement method, we handled attribute noise (hereafter referred to
as the attribute refinement method) by removing outliers in class 0 (no-fire) only from the
temperature and relative humidity data. No refinement was performed with class 1 (fire
size) data. This refinement was intended to help algorithms separate the two classes better
and increase classification accuracy [63]. We chose temperature, relative humidity, and
wind speed because fires potentially occur at low relative humidity and higher temperature
values, and escalate to large fires under high wind speed [14,46,53]. However, we only
removed outliers from temperature and relative humidity because these two predictors
demonstrated a clear scatter pattern with the fire sizes (Figure S1). At the same time,
wind speed did not show a clear scatter pattern with fire sizes, so we did not remove
outliers from the wind speed data. Furthermore, removing outliers from the wind speed
slightly degraded accuracy. We kept the fine-tuning of the predictors to a minimum because
refining other predictors could have removed many samples from other variables, making
the data refinement process complex. Moreover, it complicates tracing the effect of fine-
tuned predictors on the model results. We did not remove outliers from the predictors in
class 1 (fire size samples) because the complex interaction of the predictors driving fire size
(burned area) makes it challenging to perform data refinement on the predictors [64].

We checked predictors for multicollinearity using correlation analysis and the predic-
tor’s importance property of the RF We used GridSearchCv to find the best parameters for
each model. GridSearchCv tests all possible combinations of the model parameters in n
dimensional space and outputs the best model parameters [65]. The cross validation part
of this function ensures that all the data is tested to find the best parameters by splitting the
data into training and validation sets and rotating the training and validation sets for each
model being tested. In the model development phase, the classification accuracy of the FDI
models was assessed and evaluated by multiple metrics, including sensitivity, specificity,
receiver operating characteristics (ROC), and area under the curve (AUC) [66]. Sensitivity
measures true predictions out of all the cases in a class and gives information about classes
where the model missed the actual cases. On the other hand, specificity measures the
fraction of true predictions out of all the positively predicted cases and gives information
about classes where the false positive rate is higher. In this study, we emphasized sensi-
tivity for the predictive performance of the models because the false-negative results in
fire danger prediction are more operationally problematic than the FP results. In addition,
we used ROC-AUC to measure the class-wise separability of FDI models [67]. The AUC
values between 0.9-1 are considered excellent, 0.8-0.9: good, 0.7-0.8: fair, and below 0.7 are
poor [22].

The models predicted probabilities from 0 to 1, with 0 indicating the lowest likelihood
of a fire and 1 indicating the highest chance of fire with a large fire size. Thus, we expected
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Predictor Importance
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lower model probabilities to correspond to either no fire or very few fires with the smallest
fire sizes. In contrast, the highest model probabilities would correspond to many fires with
the largest fire sizes. To evaluate the efficiency of models, we divided predicted model
probabilities into four probability categories, including 0-0.25, 0.26-0.5, 0.51-0.75, and
0.76-1. We calculated and plotted the total percentage of fires and the mean fire size, from
the evaluation data, for each predicted probability category. The higher percentages of fires
and higher mean fire size in higher probability categories indicated the model’s efficiency
in characterizing larger fire sizes towards the higher end of the probability scale [34,68].
Furthermore, we tested the performance of the best model against the fire sizes data from
four Black Summer fires (2019-2020) across Australia.

3. Results
3.1. Predictor Importance

Correlation analysis revealed a moderate (0.44) to strong (0.84) correlation between
temperature and FFDI, DF and SMD, AWRA-L(s0), and AWRA-L(ss) for all climate zones
(Tables S4-59). The other predictors (relative humidity, rainfall, wind speed, LFMC)
displayed a lower correlation with other predictor variables. The predictor importance
property of RF did not reveal any specific higher importance for any predictor other
than wind speed which showed a slightly better importance score for Temperate and
Sub-Tropical climate zones (Figure 4). Furthermore, DF displayed the lowest importance
across all climate zones, except for Temperate (Figure 4). We investigated the impact of
strongly correlated predictors by leaving out correlated predictors one by one in the model
development phase [69]. However, model accuracy did not change. Thus, we retained all
the predictors for all climate zones.

Temperate Grassland Dessert
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Figure 4. Predictor importance for predicting fire sizes, computed with feature (predictor) importance
property of RF for all climate zones. T: Temperature, RH: Relative humidity, WS: Wind speed,
DF: Drought factor, SMD: Soil moisture deficit, FFDI: Forest fire danger index, LFMC: Live fuel
moisture content.
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3.2. Model Development
Accuracy of Trained Models

The accuracy of the models trained with all data and class filter methods is explained in
the supplementary materials. The models trained with the refined attribute data displayed
improved accuracy and higher separability than all data methods but lower than the
class filter method. RF models demonstrated high accuracy for the Temperate (0.74) and
Dessert (0.76) climate zones, moderate accuracy in the Grasslands (0.69), Sub-Tropical
(0.70), and Equatorial (0.71) climate zones, and low accuracy for the Tropical (0.63) climate
zone (Table 1). RF displayed a high AUC score for Temperate, Grassland, Dessert, Sub-
Tropical, Equatorial, and moderate AUC for Tropical climate zones (Figure 5). The LR
models displayed poor accuracy for Tropical (0.58) and low to moderate accuracy for other
climate zones (Table 1). In summary, RF showed better results than LR in four climate
zones (Dessert, Sub-Tropical, Tropical, and Equatorial).

Table 1. Sensitivity (Sens), specificity (Spec) and classification accuracy of RF and LR models with
attribute refinement method (outliers removed from temperature and relative humidity predictors
in class 0 (no-fire class)) across all climate zones in Australia. Class 0 is no-fire and class 1 is fire

size class.
RF LR
Climate Zone Class 0 Class 1 Class 0 Class 1
Accuracy Accuracy
Sens Spec Sens Spec Sens Spec Sens Spec
Temperate 0.71 0.76 0.77 0.72 0.74 0.73 0.75 0.75 0.73 0.74
Grasslands 0.72 0.67 0.66 0.72 0.69 0.67 0.68 0.71 0.70 0.69
Dessert 0.85 0.71 0.66 0.82 0.76 0.70 0.71 0.72 0.71 0.71
Sub-Tropical 0.64 0.72 0.76 0.68 0.70 0.62 0.66 0.69 0.65 0.66
Tropical 0.56 0.66 0.71 0.62 0.63 0.59 0.49 0.67 0.57 0.58
Equatorial 0.70 0.71 0.71 0.70 0.71 0.62 0.71 0.74 0.66 0.68
RF LR
Attribute Refinement Attribute Refinement
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Figure 5. ROC and the respective AUC of class 1 (fire sizes) for RF and LR models trained with
attribute refined data.

Overall, the class filter method achieved the best classification accuracy in the devel-
opment phase (Supplementary materials). Models with refined attribute data (outliers
removed) demonstrated reasonable accuracy, and models with all data displayed the lowest
classification accuracy. RF demonstrated better classification accuracy than LR in both class
filter and attribute refinement methods.
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3.3. Evaluation of the Random Forest and Logistic Regression Models (Attribute-Refinement Method)

We expected the models to predict a higher probability as the fire size and number
of fires increased. This means as the model probability increases, the chances of starting a
fire and that fire growing into a large fire should also increase correspondingly. The three
noise-handling methods displayed few dissimilarities in predicting probabilities of fire sizes
and fires corresponding to the same probability categories across different climate zones.

RF displayed the best performance with attribute refined data and demonstrated
larger mean fire sizes for higher probability categories in three out of six climate zones
(Temperate, Grassland, and Sub-Tropical climate zones). However, this trend was not clear
for other climate zones, and an approximate pattern of larger mean fire sizes with higher
probabilities was observed (Figure 6). Moreover, RF demonstrated excellent characterizing
fires, with most fires predicted in the 0.75-1 probability category across all climate zones.
LR also demonstrated improved performance with attribute-refined data; however, they
showed the majority of fires in the third (0.5-0.75) probability category for most climate
zones. Overall, RF displayed better results than LR.
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Figure 6. Evaluation of the RF and LR models developed with attribute-refined data (Outlier removed
from Temperature and relative humidity predictors in class 0 (no-fire class)). The model predicted
probabilities in four categories are shown with the total number of fire ignitions and mean fire sizes.
The figures on top of each bar denotes the percentage of a number of fires in each probability category

out of the overall total number of fires.
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In summary, RF displayed the best results in characterizing most fires and growing
these into larger fire sizes with higher probabilities. While the RF method with class filter
data performed worst (supplementary materials). The evaluation results revealed that,
although the best performing RF (attribute refinement method) models predicted large fire
sizes in corresponding high probability categories, the predicted probability categories did
not reveal a clear separation between the fire sizes. For example, the highest probability
(0.75-1) did not contain only large fire sizes but also a large number of small fire sizes
which could be deduced from Figure 6.

Figure 7 demonstrates the predicted probabilities from RF trained with attribute-
refined data against four fires of various sizes during the Black Summer fires of 2019-2020
Fox, et al. [70]. The RF model accurately predicted all fires in the highest probability
category (>0.75).
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Figure 7. Predicted fire size probability categories vs. the fire sizes (shown in black outline polygons)
for the Black Summer fires (2019-2020, Australia). The first four images also include fire sizes reported
by Fox, et al. [70] (shown in white outline and indicated by the arrow): (a) Badja Forest Road, (NSW)
fire burnt an area of approximately 231,000 Ha in the first week of January (1-8) 2019; (b) Orroral
Valley fire, (ACT) burnt an area of around 50,000 Ha from 25 January-01 February 2020; (c) Yancep
fire (WA) burnt an area of approximately 13,700 Ha from 11-18 December 2019; (d) Corryong fire
(VIC) burnt an area of around 55,000 (Ha) in the last week of December (27-31) 2019. The predicted
probability categories vs. the fire sizes shown here are on weekly scale. Thus the total fire area in
these fire events may vary in total quantity and duration as compared to those mentioned in [70],
because of the difference in duration of the time the fires kept burning. Note that the majority
of the model predictions in the first four images fall in the highest probability category (0.75-1)
because of the extreme fire danger conditions in the 20192020 fire season. The last two images show
randomly selected images with lower predicted fire size probabilities and corresponding fire sizes:
(e) 1-8 January 2020; (f) 10-17 February 2020.
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4. Discussion

The RF models trained with the fire sizes demonstrated a very good skill in predicting
fire size probabilities and the number of fires showing an additional advantage compared
to the models trained with fire density or ignitions only in previous studies [23,26,33]. RF
models trained with attribute-refined data demonstrated the best skill in predicting fire
size probabilities. They predicted larger mean fire sizes with proportionally increasing
probability categories in four out of six climate zones (Temperate, Grassland, and Sub-
Tropical climate zones). Furthermore, RF characterized the majority of fires in the highest
probability category (0.75-1) across all climate zones. The FDI modeling using remote
sensing fire sizes and RF presents several advantages over the current fire danger prediction
models and recently developed machine learning models. Firstly, using a maximum
possible range of fire sizes allowed the models to be trained with the predictor’s data
that caused the maximum possible fire sizes in a specific climate zone. This allows the
machine learning models to scale and predict probabilities for extreme fire events without
extrapolating model results [55]. Although such scaling for machine learning algorithms
occurs under the hood, it is still beneficial compared to the deterministic fire danger models
such as the McArthur FDIs or the Canadian FWIL. Such models rely on extrapolating
predictions to predict extreme events because they are calibrated with observations from
controlled field experiments [11,71]. Secondly, several recent studies that use machine
learning models to build FDIs, have mostly used the fire presence-only [26,33,56], fire
density [23], or smaller fire size [27]. These machine learning models gauge the performance
of the models by demonstrating that most fires or fire density occurred within the highest
predicted probabilities. This study demonstrated that the models trained with a full range
of fire sizes provide additional information on the fire size, i.e., fire spread potential, as
demonstrated by the increasing mean fire size for high probability categories. Furthermore,
since the remote sensing burned area data is continuously being produced, it provides
convenient and readily available information that could be used for continuous verification
and further improvement of the FDI models such as those developed in this study [7].

The pixelated and modular nature of the fire size probabilities provides the opportunity
to be integrated with other probabilistic fire danger aspects. For example, previous studies
have shown that fire radiative power (FRP) is linearly related to biomass, surface fuel
consumption, and community loss across the southern states of Australia [72-74]. Since
FRP is continuously available through remote sensing data, it represents another remote
sensing variable that could be used to model fuel consumption or fire intensity aspect of
fire danger. A probabilistic model could be derived using FRP data from MODIS active fire
product (MCD14ML), with similar methods followed in this study with the burned sizes.
The probabilistic fire size and FRP can be integrated to create a composite fire risk index,
following integration methods from previous studies [75-78].

Although the machine learning models here predicted fire size probabilities, unlike the
deterministic models, the predicted probability categories cannot be directly related to the
specific ranges of fire sizes [71]. This lack of relationship could be noted as the RF models
predicted a wide range of fire sizes at the higher end of the probability scale. For example,
the best RF model’s highest probability category (0.75-1) contained all sizes, from small to
the largest possible ones (Figure 6). This demonstrated that the model probabilities could
not separate the specific fire size ranges. However, such relationships are essential because,
compared to the physical fire characteristic, it is challenging to relate probabilistic outputs to
the fire suppression or similar measures required for the operational application of the FDIs.
Going forward, the specific range of fire sizes can be related to the predicted probabilistic
categories through further research using fine-scale data with various approaches. Such
approaches could include: (1) a regression model linking various probability categories
to the specific range of fire sizes; (2) an ensemble multiclass supervised machine learning
model linking various ranges of fire sizes to classes instead of the probabilities [79]. This
latter method is complex and challenging because of the imbalance in classes due to varying
fire sizes in the multiple classes [80].
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The models trained with all data displayed the lowest performance in the model
development and evaluation phases. This is because the lowest accuracy could result when
a classifier is trained and evaluated with noisy data, as shown in previous studies [61,81].
The low performance of algorithms was due to both the class and attribute noises in the
data, making data overly noisy [62]. Previous studies have highlighted that such noises are
challenging to separate due to natural processes [62]. In our case, refining the data noise
with both methods demonstrated that informed attribute refinement of the data helped
improve the model’s performance much better than the auto removal of misclassified class
samples through class filtering [62,82].

The models trained in the class-filter method displayed poor performance in the
evaluation phase because they could not predict fire sizes in the intermediate ranges. The
models predicted the most fires in the lowest and highest probability categories and placed
many fires in the lower probability category. These results do not agree with some previous
studies, which demonstrated an increased classification performance with refined data
through noise filters [61,81,83,84]. The reason for poor performance is because, along with
noisy samples, IPF also removed the correct misclassified data samples carrying important
predictors information for fire sizes in the middle ranges, which is one of the drawbacks
of filtering class noise [59,81]. Thus, the models trained with class-filter data displayed an
inability to predict fires in the intermediate probability categories and placed many fires in
the lowest or highest probability categories from the evaluation data.

The models trained with attribute-refined data performed better than other methods.
The outliers’ removal helped improve class boundaries, conserved all the fire class (class
1—fire sizes) data, and presented a whole variation of fire sizes to the models contrary to
the class-filter method. The naturally occurring outliers in class 0 (no-fire) samples, such as
higher temperature and low relative humidity values, typically occur for class 1 (fire sizes)
or greater fire danger [14,46]. These outliers complicate the class boundaries and make it
difficult for classifiers to distinguish between classes 0 and 1 [63]. Thus, the removal of the
outliers from class 0 allowed us to retain all data from class 1 (fire sizes) (Table 1), which
helped models perform better by learning from all the variations in the fire sizes, including
fires with intermediate fire sizes [85].

The results presented in this study are dependent and representative of the spatial and
temporal resolution of the data used to train the models. We used relatively coarse data to
train the models; however, the coarse spatial and temporal data averages out the important
local variations and their subsequent effects on fire size in some critical factors. For example,
the increase in fire size due to blowout potential caused by a sudden change in wind speeds
would not be well represented using a coarse spatial and temporal resolution database [46].
The coarse nature of the data also explains why the machine learning algorithms did not
give high importance to wind speeds because the wind speed is a highly variant spatial and
temporal predictor [30,86]. Fire sizes depend on factors other than those considered in this
study, such as fuel connectivity, fuel patchiness, vegetation structure, fuel loads, presence
of natural and artificial barriers, variation in wind speeds, and variability in suppression
resources employed to control the fires [30,87,88]. However, such datasets are difficult to
obtain. LiDAR and line scans may help model and or measure some of these variables
at higher spatial and temporal resolutions [89]. The high spatial and temporal resolution
could help improve the results by incorporating the refined effects of dynamic variables
such as wind speeds and fuel load on fire sizes. Furthermore, the high-resolution data
could help establish a relationship between a specific range of fire sizes and the probabilistic
model categories discussed above.

5. Conclusions

This study demonstrated that RF models trained with a full range of remote sensing
fire sizes could effectively predict fire size probabilities at a regional scale across Australia.
The continuous production and convenient availability of remote sensing burned area
data provide an easy verification and thus facilitate the continuous improvements of
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such models. Moreover, the fire size probabilistic predictions could be further integrated
with other fire danger aspects such as the FRP probabilities to develop a composite fire
danger prediction model. Although the RF models showed great skill in predicting fire
size probabilities, these probabilities cannot be directly related to the fire sizes, unlike
deterministic fire danger models. However, such a relationship is essential because the
probabilities linked to specific fire size ranges could then be related to fire suppression
measures and potential damages caused by varying fire sizes, which is necessary for the
operational application of such models. The coarse nature of the predictors and response
datasets did not help to incorporate the actual effect of some crucial predictors on fire size,
such as wind speed. Further research with higher spatial and temporal resolutions would
help incorporate the actual effect of the critical predictors into the models. Moreover, a finer
resolution of the predictors and response data could help establish a relationship between
the predicted probabilities and the specific range of fire sizes.

Supplementary Materials: The Supplementary Materials can be downloaded at https://www.
mdpi.com/article/10.3390/fire5050152 /s1, Supplementary Methods: S1. Noise handling methods;
Supplementary Results: S2. Accuracy of trained models using all data and class filter methods; S3.
Evaluation of the random forest and logistic regression models (All data and class-filter methods);
Supplementary Tables and Figures: Table S1: Total number of fire size Samples for the three methods
used to develop FDIs for respective climate zones; Table S2: Sensitivity (Sens), specificity (Spec)
and classification accuracy of RF and LR models with all data method for each climate zones in
Australia. Class 0 is no-fire and class 1 is fire class; Table S3: Sensitivity (Sens), specificity (Spec) and
classification accuracy of RF and LR models with class filter method (noisy class samples filtered with
IPF) across all climate zones in Australia. Class 0 is no-fire and class 1 is fire class; Table S4: Correlation
matrix of predictors and response variable for Temperate climate zone; Table S5: Correlation matrix
of predictors and response variable for Grassland climate zone; Table S6: Correlation matrix of
predictors and response variable for Dessert climate zone; Table S7: Correlation matrix of predictors
and response variable for Sub-Tropical climate zone; Table S8: Correlation matrix of predictors and
response variable for Tropical climate zone; Table S9: Correlation matrix of predictors and response
variable for Equatorial climate zone; Figure S1: Scatter plots of temperature, relative humidity and
wind speed against fire sizes for all climate zones; Figure 52: ROC and the respective AUC of class 1
(fire sizes) for RF (top) and LR (bottom) models trained with all data and class filtered data; Figure S3:
Evaluation of the RF and LR models developed with all-data. Model predicted probabilities in four
categories are shown with the total number of fire ignitions and mean fire sizes; Figure S4: Evaluation
of the RF and LR models developed with class filter data (data filtered with IPF). Model predicted
probabilities in four categories are shown with the total number of fire ignitions and mean fire sizes.
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