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Abstract

:

Wildfires are not only a natural part of many ecosystems, but they can also have disastrous consequences for humans, including in Australia. Rugged terrain adds to the difficulty of predicting fire behavior and fire spread, as fires often propagate contrary to expectations. Even though fire models generally incorporate weather, fuels, and topography, which are important factors affecting fire behavior, they usually only consider the surface wind; however, the more elevated winds should also be accounted for, in addition to surface winds, when predicting fire spread in rugged terrain because valley winds are often dynamically altered by the interaction of a layered atmosphere and the topography. Here, fire spread in rugged terrain was examined in a case study of the Riveaux Road Fire, which was ignited by multiple lightning strikes in January 2019 in southern Tasmania, Australia and burnt approximately 637.19 km2. Firstly, the number of conducive wind structures, which are defined as the combination of wind and temperature layers likely to result in enhanced surface wind, were counted by examining the vertical wind structure of the atmosphere, and the potential for above-surface winds to affect fire propagation was identified. Then, the multiple fire propagations were simulated using a new fire simulator (Prototype 2) motivated by the draft specification of the forthcoming new fire danger rating system, the Australian Fire Danger Rating System (AFDRS). Simulations were performed with one experiment group utilizing wind fields that included upper-air interactions, and two control groups that utilized downscaled wind from a model that only incorporated surface winds, to identify the impact of upper air interactions. Consequently, a detailed analysis showed that more conducive structures were commonly observed in the rugged terrain than in the other topography. In addition, the simulation of the experiment group performed better in predicting fire spread than those of the control groups in rugged terrain. In contrast, the control groups based on the downscaled surface wind model performed well in less rugged terrain. These results suggest that not only surface winds but also the higher altitude winds above the surface are required to be considered, especially in rugged terrain.
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1. Introduction


Recent fire events in Australia have highlighted the urgent necessity to develop better predictive models of fire behavior. Fires are important natural processes in many ecosystems. For instance, fires promote growth by introducing nutrients into the soil derived from the ashes produced, they can act as a successional disturbance, by removing competition and opening the canopies in forests, which encourages the establishment of seedlings, and they can trigger seed germination. On the other hand, fires cause the destruction of human lives and property. For example, the Black Saturday Fires in 2009 killed 173 people and destroyed more than 2000 houses in Victoria, Australia, the Ash Wednesday Fires in 1983 resulted in 75 fatalities and the loss of 1900 houses in South Australia and Victoria, and the Black Tuesday Fires in 1967 cost 62 lives and destroyed 1300 houses in Tasmania [1,2,3]. In recent fires, the death toll from wildfires rose to 33 in the Black Summer fires between 2019 and 2020 in eastern Australia [4,5].



These fires propagated in not only flat or mild terrain but also mountainous areas [6,7,8]; yet, fires behave differently on slopes compared to flat or less topographically diverse regions. For instance, fires generally propagate more rapidly uphill than downhill [9] and it is often difficult to predict the fire spread and behavior in rugged terrain because the weather interacts with the more complex topography. For instance, such topography is favorable for thermally induced winds which often lead to unexpected fire behaviors [10]. In general, the solar radiation is higher, temperature is lower, humidity is lower, and the wind is stronger in mountainous areas than in lowlands [11,12]. These weather conditions also influence the fire propagation. Such interactions in rugged terrain often expose fire crews to greater risk when fighting fires in these areas than in flat or less rugged areas [13]. Additionally, these interactions pose a risk to tourists and people engaging in sports activities such as hiking and rock climbing in the mountains [14], as a fire spread direction may run contrary to expectations and the conditions may change rapidly. Further, the by-products of fires, such as smoke pollution, can have negative impacts on broad areas, including nearby densely populated regions [15]. For instance, smoke from wildfires and prescribed fires contains harmful particles for the respiratory organs and these pollutants are often referred to as atmospheric particulate matter (PM) and can be transported for long distances [4]; therefore, wildfires in mountainous areas can affect not only nearby locations but also distant areas.



Fire behavior is the result of interactions between the topography, fuel, and weather, such as the temperature, relative humidity, wind magnitude and direction [16,17]. In particular, wind plays a significant role in fire propagation in rugged terrain and exhibits various dynamic forms that strongly interact with the topography [11,16,18,19,20,21]. There are several dynamic wind forms of relevance to fire spread, including diurnal wind, pressure driven channeling, the downward transport of momentum and forced channeling. Diurnal winds occur when the micro-scale (<2 km) or meso-scale (2–200 km) atmospheric winds dominate while other dynamic winds are observed when the larger scale atmosphere is more influential [11]. On the other hand, the micro-scale atmosphere can also influence the larger scale atmosphere. For instance, nocturnal airflows subsiding from higher mountains frequently spread out and trigger mesoscale convective systems [22]. By contrast, forced channeling and pressure driven channeling result from synoptic scale atmospheric phenomena. Specifically, forced channeling is the result of a deflection of the geostrophic wind aloft by the surface topography. The direction of the forced channeling can suddenly shift by 180 degrees in response to even small changes in the geostrophic wind aloft. Meanwhile, pressure driven channeling results from the presence of a pressure gap within a valley, with the valley wind blowing from high to low pressure areas, and therefore is often known as a gap wind. Downward transfer of momentum is the dynamic wind caused by vertical mixing or gravity waves and is often observed with forced channeling. These upper winds may cause a fanning effect on the fire propagation in the valley, altering the rates and direction of spread in addition to the effect of the surface wind [10,19,23,24,25].



We present a case-study into fire behaviors in rugged terrain in Australia that will inform the development of a new generation of fire spread simulators. We aim to understand the impact of vertical atmospheric interactions on fire spread in rugged terrain. Two methodologies were employed: an examination of atmospheric cross-section plots, and a simulation of fire spread using the Prototype 2 simulator. A cross-section is a diagram that projects the elevated air in a vertical profile based on interpolated weather data. We used cross-section diagrams constructed for segments of the fire to quantitatively assess the upper-air interactions. On the other hand, the Prototype 2 is a new fire simulator for fire propagation that has been implemented by following the draft specification of the Australian Fire Danger Rating System (AFDRS) [26].



The datasets required for these methodologies were fire isochrones, vegetation mapping, topographical and geological data, and the Bureau of Meteorology high-resolution Regional Reanalysis for Australia for Tasmania region (BARRA-TA). For the Prototype 2 simulations, three analysis groups were prepared with different types of wind to identify an impact of upper air interaction. The first was an experiment group which reflected the upper air interaction better than the other groups because the wind data are directly retrieved from BARRA-TA, which incorporates full, three-dimensional vertical wind modelling. The second and third were the control groups which contained the wind downscaled by WindNinja, a numerical diagnostic tool which improves the horizontal resolution of wind fields, but which does not directly ingest upper air. The difference between the two control groups was the parameterization of source wind data: the domain average initialization (WN-DAI) and gridded initialization (WN-GI). A wind was downscaled from a single location per time episode with the WN-DAI while a grid-based wind, which was reprojected from BARRA-TA, was generated with the other option, the WN-GI.



Our research aimed to determine whether upper air winds had greater impacts on a fire simulation in rugged terrain than in other, less topographically complex areas of the fire. The hypotheses to address the research objective were (1) conducive winds would be more frequently observed in rugged terrain than milder topography in the study area, and (2) the quality of the fire simulation would be lower in rugged terrain than in mild topography due to an inadequate consideration of the disruption of upper air. Note that there should be ideally only one variable changing in the comparison between the three groups, which is the influence of the upper air interaction among three groups; however, the spatial resolution also varies in BARRA-TA (1.5 km), WN-DAI (637 m) and WN-GI (447 m) due to their different preprocesses. Although the resolutions of the downscaled wind were finer and topographically more sensitive than that of the BARRA-TA dataset, these wind fields are less affected by upper air interaction. Indeed, there is an interface available for the ground surface level only in WindNinja 3.7.3; therefore, the experiment group based on BARRA-TA was expected to produce better results on the fire simulation when an upper air interaction took place. In other words, the simulations with WN-DAI, which was one of control groups, were expected to produce the lowest scores when the upper air interaction was active, since assimilated weather is ingested from only a single location per time episode.




2. Study Area, Methods, and Materials


2.1. Case Study


The case study area was the area burnt by the Riveaux Road Fire, in southern Tasmania, Australia, a location which includes a high topographic complexity, with multiple valleys within the fire ground and elevations of the ridges up to 1 km above sea level. The Riveaux Road Fire occurred during the summer of 2018–19, during the second warmest and driest February on record in Tasmania, Australia. Lightning strikes are the major source of natural fire ignition all over the world [27] and approximately 70 ignitions were confirmed among more than 2000 lightning strikes on the 15 January 2019 in southern Tasmania [28]. The Riveaux Road Fire was one of several fires occurring in the state over the summer and was ignited by multiple lightning strikes around the 15 January 2019. The final size of the fire was approximately 637.19 km2 [6,29,30]. Interestingly, the fire did not propagate radially from a single ignition point, but rather multiple fires occurred, merged, and propagated almost along the valley axes as seen in Figure 1.



The burnt area contained highly fire sensitive vegetation, with approximately 68% of the affected vegetation having a fire sensitivity (describing the recovery period of vegetation after burning) that was classified as either extreme (6.20%), very high (22.65%) or high (39.49%) impact, requiring, respectively, more than 500, 50, or 30 years to recover post-fire, according to recently published vegetation spatial data, TasVeg4 [6,31]. However, not all vegetation was killed by the fire, even under the severe intensity [32].




2.2. Methods


This study employed a range of methods to investigate the behavior of the Riveaux Road Fire and the role of topography. Firstly, cross-section diagrams were employed to identify the conducive wind structures, which are defined as the combination of wind and temperature layers likely to result in enhanced surface wind, by profiling the atmosphere vertically to confirm the association of ruggedness with an upper air interaction. Secondly, fire spread simulations under a range of modelled wind fields were carried out with Prototype 2, the successor of the fire simulator, Prototype 1 [33]. The core fire models embedded in Prototype 2 are those in the Australian Fire Danger Rating System (AFDRS) with some modification. The quality of the fire simulations was verified using a fractions skill score (FSS) and confusion matrices. A key aspect of fire simulation in rugged terrain is how an upper air interaction is incorporated and cross-section diagrams and these simulation methods were expected to show the influence of upper air on the fire simulation in rugged terrain.



2.2.1. Atmospheric Profile


Cross sections are functions that ingest the atmospheric grid data and interpolate a weather grid between specific locations along a specified dimension. The output diagrams allow the identification of atmospheric states such as wind vectors, the geopotential height of an atmospheric pressure layer and atmospheric stability, by showing data along a sliced vertical plane [34]. The Bureau of Meteorology high-resolution Regional Reanalysis for Australia for the Tasmanian region (BARRA-TA) was ingested in this case study. Firstly, vertical atmospheric profiles were plotted during the fire periods for each available fire isochrone. There are three patterns to draw a cross-section. (1) The coordinates are altitudinal and either longitudinal or latitudinal. (2) The orientation can be along or perpendicular to ridges or valleys, depending on the topographical features. In addition, (3) there are two types of wind direction: tangential or normal to a target region; therefore, all eight combinations of the cross-section series were plotted in each isochrone during the fire periods. Secondly, the number of plots was visually counted, with 1525 plots in total for all isochrones. The length of the time series depends on the duration of fire. For instance, the duration of the actual fire in isochrone #1 was four days (Section 2.3.1); therefore, 24 h were multiplied by four days and eight patterns with one extra hour before and after the duration, which became 784    =   (   1 + 24   ×   4 + 1   )     ×   8   . Thirdly, percentages of the plots containing conducive structures, which exhibit significantly dynamic wind changes of speed and/or direction above 900 hPa due to the combination of wind and temperature layers, were calculated by dividing by the total number of plots in each isochrone. These atmospheric pressure levels were selected because the elevation of each fire isochrone was situated at around 950 hPa, and, therefore, the impacted areas could be covered by these atmospheric pressure levels.




2.2.2. Prototype 2


Fire danger rating systems are helpful to communicate with the corresponding fire communities such as researchers and operators to share their awareness of fires [26]. Prototype 2 is a successor to the previous Prototype 1 model, which employed three polygon-based geometries with three granularities of prediction polygons, and was previously demonstrated to predict the fire spread in the 2016 Lake Mackenzie fire in Tasmania [33]. The Prototype 2 also follows the specification of the Australian Fire Danger Rating System (AFDRS) in terms of Australian fuel sub-models and was applied here to the Riveaux Road fire. The architecture of Prototype 2 is addressed in Section S2.1.1 in File S1. Prototype 2 extends on the previous Prototype 1 model by including the following features (Table 1).



An appropriate fire model was selected from the suite incorporated in the upcoming Australian Fire Danger Rating System (Table 2), depending on the vegetation type of the fire front location. Details of the fire models with vegetation types are addressed in Table S38 in File S1. Note that only some of the listed fire models, such as the CSIRO Grassland, Buttongrass moorlands model, Vesta, and Heathland models, are utilized in this study because only these vegetation counterparts were present in the study area.



Wind type, which is ingested to simulate fire propagation, is configurable in Prototype 2. There were a few types of wind in this study, for example, the BARRA-TA at a resolution of approximately 1.5 km, and downscaled wind fields generated by WindNinja at approximately 637 m (WN-DAI) and 447 m (WN-GI) [43,44]. The details of the wind preprocessing are described in Section 2.3.2.



There are several geometries available, such as Delaunay, diamond, hexagon, square and Voronoi, to map the prediction of fire and the reason for employing various geometries is to provide a range of samplings of fire propagation to increase the prediction accuracy. Note that a granularity of the prediction polygon was not always associated with accuracy in earlier work [33]. In addition, each prediction spatial polygon consists of various properties, such as the burn completion status and an elapsed time from the ignition time. This elapse property allows for tracking the fire propagation. The elapsed time is calculated from the fire rate of spread (ROS) using the distance between the centroids of the grid cell and the associated neighboring grid cell.



Fires can be ignited in multiple locations with various timings and be simulated to converge on each other. According to ignition data from the Tasmania Fire Service (TFS), the Riveaux Road Fire was ignited at 11 separate start points at differing times, and these ignition data were stored in the database as the basis of triggering the fire simulation starts. There is evidence that the coalescence of multiple fires can accelerate fire propagation in a non-linear fashion [45]; however, Prototype 2 does not yet consider this acceleration which incurs a high computational overhead.



It is possible to configure two types of downslope distances: a plan/projected (2D) and linear/ground (3D). The former is suitable for a large site and the latter for small or laboratory sized [9]. Both options were used for each experiment to identify the impact of these slope calculations on the sizes of the fire isochrones.



Prototype 2 includes a defined adjustment factor for the rate of fire spread (ROS) to account for variation in the distance to and the number of nearest neighboring simulation polygons, depending on the geometry type selected. Details of the calculation of the fire spread elapse and rate of spread adjustment are described in File S2, Section S5.10.



A condition to stop the fire simulation is configurable and it is possible to configure the model so that the simulation can stop by specifying the duration and/or the area. If the burnt area were equal to or greater than the observed data by configuration, then the simulation would stop; however, it would also stop if there were no condition, such as fuel, to keep spreading the fire regardless of the other configurations.



A spotting fire can not only ignite another fire but also accelerate the rate of a fire spreading on a slope [46]. The transported distance of firebrands from a Eucalypt forest can reach 20 to 30 km [1,47], and while Prototype 2 includes the functions for a probabilistic simulation of a spotting fire, the spotting function was disabled in this study area because there was neither an observation nor any report about spotting fires having had a significant impact at Riveaux Road, although the reasons for some ignitions remain unknown.




2.2.3. Verification


The fire simulations were verified by various metrics: a fractions skill score (FSS), confusion matrix, threat score, and Cohen’s Kappa score. Here, the FSS and precision indicator in confusion matrix are introduced because the FSS provides an overall accuracy of fire simulations. The others are addressed in Section S6, File S2.



The fractions skill score (FSS) is a probabilistic statistical verification metric, where the score is computed not only from the value in a grid but also in a neighborhood, and it provides a threshold, above which the result is considered “useful”. The usefulness was employed to count the valid results in the fire simulations. Note that a neighbor is defined as the grid next to another grid (File S2, Section S4.2.3). The equation below is proposed [48,49,50]:


   FSS = 1  −   FBS    N  − 1   ⋅   ∑    i = 1   N   P 2     + N    − 1   ⋅   ∑    i = 1   N   P 0 2     



(1)




where N represents the number of neighbors and FBS stands for the Fractions Brier Score as defined below:


     FBS = N    − 1   ⋅   ∑    i = 1   N     (     P - P   0   )   2   



(2)






     P = n    − 1   ⋅   ∑    i = 1   n   p i   



(3)






   P 0     = n    − 1   ⋅   ∑    i = 1   n   p   0 i     



(4)




where P is the average of the neighbors of prediction p and p itself and    P 0    is the average of the neighbors of the observation    p 0    and    p 0      itself. The threshold of the usefulness is expressed in the below Equation (5) as:


    FSS   useful    = 0   . 5 +     f  obs    2   



(5)




where    f  obs     is a coverage of the fire propagation in a ground truth over a domain, i.e., the ratio of the burnt area. Namely,     FSS   useful     indicates the minimum limit of the useful scale. The scale can be attributed to a skillful scale if the FSS is greater than     FSS   useful     [49].



Another metric is the confusion matrix. There are two raters: a prediction of fire and an observed fire. This metric, firstly, classifies agreement into four groups (Table 3).



There are some indicators by combining the above four classes. Precision is one of the major indicators in a confusion matrix and denotes the degree of correct prediction. The following equation shows how much a simulated fire area situates in the actual fire area over the total simulated fire area:


   Precision =    TP    TP + FP     



(6)









2.3. Data Structure and Process


The coordinate system in this study area was GDA94 zone 55 unless mentioned explicitly. The modelling domain in that coordinate system was defined to extend beyond the mapped boundary of the Riveaux Road Fire (Figure 2).



The geographical data for both the simulation input and output were stored in the database so that Prototype 2 could view and update these data efficiently.



2.3.1. Fire Isochrones


Three fire isochrones, obtained from the Tasmanian Fire Service (TFS) [52], were analyzed as the observed fire data for the Riveaux Road Fire (Figure 2). All three isochrones were smaller than 10 km2. Each isochrone contained one or two ignition points. Fire isochrone #2 and #3 contained a single ignition point while #1 contained two ignitions; however, the temporal interval between these ignitions was two days despite a close distance, of approximately 160 m, between them. They were contained either in the same prediction polygon or in adjacent prediction polygons because the resolution of the prediction polygons was close to 250 m; therefore, the impact of fire coalescence was marginal even if it occurred. Table 4 shows the duration, burnt area, and terrain ruggedness represented by an elevation gap between the lowest and the highest elevation for each fire isochrone, which is mapped in Figure 2. The terrain in fire isochrone #1 was the least rugged while #3 was the most rugged, based on the elevation gap.




2.3.2. Weather Datasets


The Bureau of Meteorology high-resolution Regional Reanalysis for Australia for the Tasmanian region (BARRA-TA) was the basis of the meteorology employed in this study. It includes various weather parameters, such as cloud coverage, precipitation, atmospheric pressure, temperature, geopotential height, soil moisture, relative humidity, and wind. Some of these weather data are two-dimensionally structured, while others are three-dimensional with the pressure level in addition to horizontal dimensions. The former contains surface wind, and the latter includes winds at 21 atmospheric pressure levels, except for the ground surface level. Three-dimensional wind data are useful to profile upper air by cross sections as addressed in Section 2.2.1 [53]. In addition to the raw BARRA-TA wind fields, wind was also downscaled using the numerical tool, WindNinja version 3.7.3, to increase the horizontal resolution and sensitivity of the winds to the topography [43]. WindNinja was used in two configurations to produce two wind fields utilized by Prototype 2: the domain average initialization (WN-DAI) and gridded initialization (WN-GI). As a preprocess of wind for WN-DAI, weather of the central location of the study area was input into WindNinja per time step. In the case of WN-GI, the fully gridded surface wind in the BARRA-TA was reprojected from WGA84 to the local coordinates, GDA94. Although the WN-GI has not been officially announced at the present day, 1 May 2022, this option has been discussed and is available in public. These reprojected winds were ingested by WindNinja when the WN-GI was selected. The spatial resolutions of the BARRA-TA, WN-DAI and WN-GI were 1500 m, 637 m, and 447 m, respectively. Table 5 shows these wind types with their resolutions and features. All three resolutions are larger than those of the prediction polygons, which are roughly 250 m; therefore, the prediction polygons can cover the wind field to reflect the topographical sensitivity.



The original wind field data from the BARRA-TA was an approximately 1500 m spatial resolution. Although the resolution of the BARRA-TA is not sufficiently topographically sensitive to capture the horizontal dynamics of these wind-terrain interactions in comparison to the downscaled wind, the influence of the upper air interaction is higher than others (Table 5 and Figure 3); hence, the surface wind in this dataset was expected to reflect the vertical atmospheric interaction. On the other hand, the data downscaled by WindNinja were expected to reflect more topographical features with the diurnal activity at the ground surface level in addition to a finer resolution than the BARRA-TA dataset.



With regard to the configuration options influencing the downscaled wind field, there were common terrain-specific configurations selected in WindNinja. The first was the diurnal wind option, which allows the detection of the diurnal airflow in small valleys and requires geographical and temporal information in addition to meteorological data. This function takes into account the flow of surface heat, the vertical distance of the terrain, the slope and the amount of entrainment drag [44]. The second option was cloud cover, which can affect the magnitude of diurnal wind and atmospheric stability. Wind magnitude is reduced if cloud cover is high because the amount of insolation and temperature gap between day and night are lower under a cloud than with a clear sky [43,44]. The amount of cloud cover was retrieved from the BARRA-TA. The third configuration was non-neutral atmospheric stability, which represents the amount of atmospheric resistance against vertical motion and can substantially influence the flow of surface winds. In general, atmospheric stability is greatest at night [11]. The last was a conservation of mass (CoM), which can incorporate non-neutral stability, as a solver option [43].





2.4. Strategy to Find the Association of Terrain, Upper Air Interaction and Fire Simulation


There are a few steps to identify the association with topography, upper air interaction and fire propagation. Prior to the fire simulation, the atmospheric stability was measured by cross-section diagrams. Fire propagation was simulated in three groups with different wind types: BARRA-TA, the downscaled wind with domain average initialization (WN-DAI) and the downscaled wind with gridded initialization (WN-GI). The BARRA-TA was an experimental group because it contained upper air interaction without interpolation while the downscaled winds were classified as the control groups. Note that the resolution of the input gridded data of the WN-GI, 1.5 km, was nearly equivalent to the original data, namely, the BARRA-TA; however, the percentage of reanalysis wind to the downscaled wind was 8.88% because the output resolution was 447 m    (      1500   − 2       447   − 2     ≈ 0  . 0888   )   , and the proportion of reanalysis data in the WN-GI became much lower than in the BARRA-TA. Therefore, the WN-GI wind was ascribed as the control group.



The fire was simulated for three fire isochrones (from #1 to #3), each of which was less than 10 km2, and the quality of the simulations was assessed by three metrics. The first was the percentage of usefulness, whose fractions skill score (FSS) was greater than its threshold, “useful”. The second was the median value of FSS. The last was precision, which was one of the main indicators in the confusion matrix.





3. Results


The terrain ruggedness appeared to be associated with the number of conducive structures. More conducive structures were observed in the rugged terrain than in the less rugged one. In addition, there was a different tendency of the simulation quality depending on the ruggedness of the terrain. The fire simulation with the BARRA-TA wind, which was assimilated wind, showed a better quality than with the downscaled wind in the rugged terrain despite the coarse spatial resolution. In turn, the simulations with the downscaled wind appeared better than with the BARRA-TA dataset in the less rugged terrain. The anomality of the fire simulation in the rugged terrain was endorsed by the number of prominent conducive structures. The details of the result are addressed in Section S3, File S1.



3.1. Atmospheric Profile


We found a tendency that the more rugged the terrain was, the more conducive structures were observed. The ruggedness showed a positive relationship with the number of conducive structures (Table 6). That is, the larger an elevation gap there was in a fire isochrone, the more conducive structures were observed.



These conducive structures were least observed (6.51%) in isochrone #1 above 900 hPa, which was the least rugged terrain. Figure 4 shows monotonous and calm weather in isochrone #1. On the other hand, those winds were most observed (40.15%) in isochrone #3 which was the most rugged terrain. Figure 5 exhibits turbulent and unstable weather in isochrone #3.




3.2. Fire Simulation


The fractions skill score (FSS) of the fire simulations varied with the ruggedness of terrain while there was not a significant difference in the precision. The simulation in fire isochrone #1, which was the least rugged terrain, had a higher FSS than the other isochrones when the downscaled winds were ingested. On the other hand, the simulations in #2 and #3, both of which were located in more rugged terrain, with the downscaled wind, showed a lower FSS than with the BARRA-TA wind. In contrast, the precision calculated from the confusion matrix did not show significant difference in the types of ruggedness. In the following subsections, the percentages of valid sample and median values of the FSS and precisions of the fire simulations are described. Note that the median values were calculated from ten samples, namely, five geometries for two types of downslope calculation.



3.2.1. Experiment Group (BARRA-TA)


Both the percentage of the useful fractions skills score (FSS) and median of FSS show the negative relationship with terrain ruggedness within a fire isochrone. Fire isochrone #1, which was in the least rugged terrain, showed a higher percentage of usefulness, 80%, and median FSS, 0.67, than the other isochrones. On the other hand, the precision scores were very similar to each other among the three isochrones ( ± 0.3), each of whose precision indicated that approximately three-quarters of the simulated fire was in each fire isochrone when its simulation finished (Table 7).



Figure 6 shows an example of a fire simulation run with BARRA-TA wind using isochrone #1, the best predicted fire, 0.75, according to the fractions skill score (FSS). Although the fire was ignited on the west side of the isochrone, the fire well traced the historical data to the east.




3.2.2. Control Group (WN-DAI)


In the same manner as the simulation with the BARRA-TA wind field, the fires were simulated with the downscaled data using domain average initialization (WN-DAI). Consequently, the percentage of usefulness in fractions skill score (FSS), and the median of both the FSS and precision show higher in fire isochrone #1 than in the other isochrones (Table 8).



On the other hand, the difference in precision between #1 and #3 was only 0.01. Figure 7 shows the fire simulation, in which the fractions skill score (FSS) was the lowest, 0.25.




3.2.3. Control Group (WN-GI)


In the same manner as the simulations with the other types of wind field, the fires were simulated with gridded initialization (WN-GI). Consequently, the percentage of usefulness in the fractions skill score (FSS) and median of the FSS in fire isochrone #1 showed significantly higher than in the other fire isochrones. On the other hand, there were only small differences in the precision metric ( ± 0.01) across the three simulations (Table 9).





3.3. Result Summary


The cross-section diagrams and Prototype 2 showed an association of the ruggedness of terrain, upper air interaction and the quality of the fire simulation. Table 10 concludes the fire simulation with an elevation gap as the ruggedness and the percentage of the conducive structures in the respective fire isochrones.





4. Discussion


The fire models embedded in Prototype 2 ingest topography, fuel, and ground surface weather; however, it is also necessary to consider the vertical atmospheric interaction for fire simulation when synoptic or mesoscale weather is dominant or in rugged terrain. Three types of winds were ingested to simulate fire propagation. One was the coarse wind from BARRA-TA datasets, with a resolution of approximately 1.5 km. This dataset was reanalysis data, calculated using a sophisticated numerical weather prediction model and assimilated with historical weather parameters; therefore, various dynamic winds, such as diurnal wind, forced channeling and pressure driven winds, were represented within this wind field input. Although the other two wind fields downscaled by WindNinja were of a finer horizontal resolution than the BARRA-TA, and took into account the diurnal wind and atmospheric stability at the ground surface level, these fell short of the ability to model full, three-dimensional wind fields. Despite the higher resolution of the WindNinja output, the simulations with these downscaled wind fields showed a lower quality than the BARRA-TA in rugged terrain (Table 10).



First and foremost, the number of conducive structures was higher in more rugged terrain. The most conducive structures were observed as 40.15% in fire isochrone #3, in which there was the greatest elevation gap within the area, 619 m, among the three isochrones. This tendency agrees with the first hypothesis, that turbulent flows over the topography are more frequently observed in more rugged terrain.



Secondly, the quality of the fire simulation appeared mostly negatively related to the ruggedness and the number of conducive structures. For instance, the percentages of the fractions skill scores (FSS) were the best and the number of conducive structures was the least in isochrone #1, which was situated in the least rugged terrain, and this was consistent across all wind field models. This tendency partially confirms the second hypothesis. On the other hand, the FSS in #3 with the grid-based downscaled wind input (WN-GI), was 20%, which was poorer than the model parameterized with a single wind location input (WN-DIA), 40%, even though the former considered more assimilated data as a grid field than the latter; however, this gap is considered as marginal from the perspective of the median values of these FSS. In fact, these median values are very close each other, 0.49 and 0.47, with the WN-DAI and WN-GI, respectively, in fire isochrone #3, and both are less than the threshold, “useful”; therefore, the difference of the FSS between the WN-DAI and WN-GI is not reliable to confirm the second hypothesis thoroughly. The interpolation in the downscaled data is a result of fluid computation along the terrain, incorporating the diurnal wind and atmospheric stability at the ground surface level; however, upper weather can disrupt the surface flow, and this is not fully accounted for in the downscaled model. Diurnal wind is often subdued when synoptic or mesoscale wind is dominant. If the diurnal wind were dominant, the simulated fire would have agreed with the observed fire more. On the other hand, the dominance of larger scale weather is not always necessary in rugged terrain to intervene in the surface flow because upper air can interfere with it when there is a significant elevation gap from the adjacent location. For instance, if there is a weather station on a crest, which is surrounded by the upper air far above the neighbor’s surface locations, the surface wind is affected by these surrounding winds aloft; however, the interpolated wind ingested by Prototype 2 did not reflect the upper air but was influenced by the surface factors nearby only.



Overall, it is necessary to consider the vertical atmospheric interaction in rugged terrain in the developing AFDRS. Although several efforts have been made in Prototype 2, an analysis of 10 m wind alone is not sufficient because the upper air appeared to affect the fire propagation. As a solution, it is necessary to acquire a finer-scale wind field than the BARRA-TA by incorporating upper air interactions. There are different advantages and drawbacks in each type of wind in the study case. Although the downscaled winds are of a finer resolution than the BARRA-TA, they do not fully incorporate upper air interactions. On the other hand, the BARRA-TA contains upper air interaction but is only available at a much coarser resolution. To improve the preprocessing of the wind field, it is necessary to investigate the upper air interaction in advance. In fact, there are various types of dynamic wind, such as forced channeling wind in mountainous regions; therefore, it is necessary to identify the types of dynamic wind in such an area. If the dynamic winds are incorporated at the preprocessing stage, it would be of some help to improve the fire prediction model in rugged terrain, and the improved model performance would be beneficial for fire crews in these areas to avoid collateral damages.




5. Limitations


The fire spread modelling undertaken in this study does have some limitations in the BARRA-TA, WindNinja, calculation of slope for the rate of fire spreading (ROS), fire coalescence, and the interaction of fire and atmosphere.



Firstly, the BARRA-TA has limitations for resolution and the accuracy of humidity modelling. In terms of the resolution of both the weather data and topography in the BARRA-TA, it was 1.5 km and coarser than the wind data downscaled by WindNinja and the digital elevation model (DEM), which was ingested to simulate fires and whose spatial resolution was approximately 27 m; however, it appears to be resolved enough to adequately profile the upper air. Indeed, the fire simulation parameterized with the BARRA-TA surface wind performed more accurately in rugged terrain than the finer downscaled winds; therefore, it partially achieved the purpose of this study despite a coarse spatial resolution. The BARRA-TA also includes 21 atmospheric pressure levels in the vertical atmospheric data, all of which contain parameters such as air temperature, relative humidity, and wind magnitude and direction [54]; however, there are known limitations in the ability of meteorological reanalysis models to capture the vertical distribution of humidity, due to the difficulty in deriving humidity from satellite models [55,56].



The second series of constraints are for WindNinja, a diagnostic tool to interpolate and downscale the wind data. For example, the Coriolis force is disregarded in WindNinja because the scale of the affected area is small [21,44].



The third limitation is the topographical coefficient on the rate of spread (ROS). In terms of the topographical effect on the ROS, Prototype 2 provides two calculations about the downslope distance: the plan/projected and linear/ground katabatic slope. The plan/projected slope distance is, in general, suitable for large areas while the linear/ground katabatic slope is suitable for small scale simulations [9]. Because the threshold or criterion for which the slope distance is to be used is not articulated, the results with both distances are addressed in this study. Despite employing both methods, they did not show much difference of quality in this study [9]. The details of the results with these different slope distance methods are addressed in Section S3, File S1. Note that there is only one way of calculating the anabatic slope distance employed.



The fourth limitation is the treatment of fire coalescence, which is not considered in this study due to the high computational requirement, and which prevented the incorporation of the acceleration of fire propagation coalescence [45]. Fire isochrone #1 contained two ignition points whose distance was approximately 160 m, but as the duration gap between these was approximately two days, coalescence effects appear unlikely.



The last limitation is the fire–atmospheric interaction. A fire interacts with the atmosphere by driving convection, the fire coalescence mentioned above, and a coupled fire-atmosphere (CFA) model is expected to predict the fire behavior; however, a CFA was not employed due to the high computational intensity [57].




6. Conclusions


This study tackles some of the difficulties in predicting fire propagation in rugged terrain. Prototype 2 is implemented by following the specification of the Australian Fire Danger Rating System (AFDRS) with some original features. The study case showed the association of upper air interaction, ruggedness, and the performance of fire simulation. In addition to fire simulations, the number of conducive structures above 900 hPa was measured using cross-section diagrams which identified more dynamic winds aloft in rugged terrain than in mild terrain. Fire spread simulations driven by BARRA-TA, which incorporated upper-air interaction, also performed better in rugged terrain than the downscaled wind fields in the control groups that did not directly involve a vertical atmospheric interaction. The fire model units in Prototype 2 currently ingest weather data at the ground surface level only. These units appeared functional in flat or mild terrain; however, this study showed the necessity to consider the upper air interaction in rugged terrain. In future studies, it is necessary to identify the types of dynamic wind which have an impact on fire in rugged terrain.
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Figure 1. (a) Riveaux Road Fire is in southern Tasmania on the left subfigure; (b) this site is located in rugged terrain, in which the highest ridge near the fire is 1375 m and the fire ran along valley axes in gray, shown in the right subfigure. 
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Figure 2. Extent of geospatial parameters for Riveaux Road Fire with three fire isochrones. Simulation was carried out over the entire domain represented in the image, beyond the observed fire boundary shown in red. Three fire isochrones were studied in this analysis: (#1) the east in purple occurred from the 18th in local time, (#2) the west isochrone in light green occurred from the 16th, and (#3) the north isochrone in orange started on the 20th. 
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Figure 3. Three types of wind vectors at ignition, 22:00 on 20 January 2019 (Australia/Hobart), for fire isochrone #3: the surface wind in BARRA-TA in purple, the downscaled wind by WindNinja with domain average initialization (WN-DAI) in green and with grid initialization (WN-GI) in blue, are superimposed on a digital elevation model (DEM) with fire isochrone #2 and #3. 
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Figure 4. Example of cross section diagram for isochrone #1. Wind vectors are represented by blue arrows. The subfigure in the top-left pane shows the elevation contour for 950 hPa. 
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Figure 5. Example of cross section diagram for isochrone #3. Wind vectors are presented by blue arrow. The subfigure in the top-left pane shows the elevation contour for 950 hPa. 
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Figure 6. Example of a fire simulation run for isochrone #1. White to red colored Voronoi tessellation grids show burnt areas, green Voronoi indicate the fire front in progress at the end of the simulation, while observed isochrone is represented by the purple polygon. White cross icons indicate fire ignition points. 
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Figure 7. Example of fire simulation run for isochrone #2. White to red colored Voronoi grids show burnt areas, green Voronoi indicate the fire front in progress at the end of the simulation, while the observed isochrone is represented by the purple polygon. The fire ignited from a white cross icon in the middle of the figure. 
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Table 1. Prototype 2 features. Prototype 2 follows the specification of AFDRS about #1 which is further addressed in Table 2.
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	#
	Prototype 2 Features





	1
	Inclusion of multiple fire spread models for specific vegetation types



	2
	Configuration of wind types



	3
	Various geometries of prediction polygons



	4
	Capability of multiple ignitions with different start times



	5
	Configuration of two types of downslope distances, which are calculations of distance with and without altitudinal gap



	6
	Adjustment of the rate of fire spread (ROS)



	7
	Configuration to stop a fire simulation



	8
	Simulation of spotting fire
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Table 2. Eight fire models used in Prototype 2 with general fuel types [26].
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	#
	General Fuel Type
	Fire Model Name





	1
	Continuous grasslands
	CSIRO Grassland fire spread model [35,36]



	2
	Grassy woodlands and open forests
	CSIRO Grassland for northern Australia model [35,36]



	3
	Hummock grasslands
	Desert spinifex model [37]



	4
	Buttongrass moorlands
	Buttongrass moorlands model [38,39]



	5
	Shrubby dry eucalypt forests
	Dry Eucalypt Forest Fire Model (DEFFM or Vesta) [40]



	6
	Semi-arid mallee heath
	Mallee heath model [41]



	7
	Temperate shrublands
	Heathland model [42]



	8
	Pine plantations
	Adjusted Pine model [26]
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Table 3. Binary confusion matrix contains four combinations adapted in [51].
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Predicted Fire

	




	

	

	
Predicted No

	
Predicted Yes






	
Observed Fire

	
Actual No

	
TN

	
FP




	

	
Actual Yes

	
FN

	
TP








TN, FP, FN, and TP stand for true negative, false positive, false negative and true positive, respectively.
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Table 4. Fire isochrones with areas and elevations, listed from least to most rugged.
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	#
	Start
	End
	Areas (km2)
	Elevation Gap (Lowest: Highest) in Meters





	1
	18 January
	22 January
	9.94
	335 (55:390)



	2
	16 January
	24 January
	6.17
	571 (167:738)



	3
	20 January
	24 January
	9.77
	619 (146:765)
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Table 5. Comparison of wind field models and resolutions used in fire simulation. Note that  ρ  indicates the percentage of the wind field containing upper air interaction directly.






Table 5. Comparison of wind field models and resolutions used in fire simulation. Note that  ρ  indicates the percentage of the wind field containing upper air interaction directly.





	Wind-Field
	Resolution (m)
	     ρ   ( % )     
	Features





	BARRA-TA
	1500
	100.00
	Reanalysis by reflecting the real data



	WN-DAI
	637
	<0.01
	Downscaled from one wind seed from BARRA-TA per episode



	WN-GI
	447
	8.88
	Downscaled from gridded wind from BARRA-TA per episode
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Table 6. The percentage of conducive structure occurrence grouped by fire isochrone id (FI) with elevation gap (EG), and duration.
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	# FI
	EG (m)
	Duration (Days)
	# Conducive Structures
	# Time Steps
	% Conducive Structures





	1
	335
	4.0
	51
	784
	6.51



	2
	571
	8.5
	185
	1600
	11.56



	3
	619
	4.5
	363
	904
	40.15
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Table 7. The number of valid samples grouped by fire isochrone id (FI) with elevation gap (EG), the percentage of the samples whose fractions skill score (FSS) exceeded the threshold, “useful”, median value of FSS with “useful” in brackets and the precision in confusion matrix.






Table 7. The number of valid samples grouped by fire isochrone id (FI) with elevation gap (EG), the percentage of the samples whose fractions skill score (FSS) exceeded the threshold, “useful”, median value of FSS with “useful” in brackets and the precision in confusion matrix.





	# FI
	EG (m)
	FSS Usefulness (%)
	FSS Median (Useful)
	Precision





	1
	335
	80
	0.67 (0.5)
	0.72



	2
	571
	70
	0.52 (0.5)
	0.73



	3
	619
	50
	0.50 (0.5)
	0.75
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Table 8. The number of valid samples grouped by fire isochrone id (FI) with elevation gap (EG), the percentage of the samples whose fractions skill score (FSS) exceeded the threshold, “useful”, median value of FSS with “useful” in brackets and precision in confusion matrix. The FSS median in #2, which was 0.43, and #3, which was 0.49, did not reach the “useful” threshold, 0.5.






Table 8. The number of valid samples grouped by fire isochrone id (FI) with elevation gap (EG), the percentage of the samples whose fractions skill score (FSS) exceeded the threshold, “useful”, median value of FSS with “useful” in brackets and precision in confusion matrix. The FSS median in #2, which was 0.43, and #3, which was 0.49, did not reach the “useful” threshold, 0.5.





	# FI
	EG (m)
	FSS Usefulness (%)
	FSS Median (Useful)
	Precision





	1
	335
	90
	0.68 (0.5)
	0.75



	2
	571
	40
	0.43 (0.5)
	0.68



	3
	619
	40
	0.49 (0.5)
	0.74
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Table 9. The number of valid samples grouped by fire isochrone id (FI) with elevation gap (EG), the percentage of the samples whose fractions skill score (FSS) exceeded the threshold, “useful”, median value of FSS with “useful” in brackets and precision in confusion matrix. The median of FSS, which was 0.47, did not reach the “useful”, 0.5, in fire isochrone #3, which was the most rugged terrain.






Table 9. The number of valid samples grouped by fire isochrone id (FI) with elevation gap (EG), the percentage of the samples whose fractions skill score (FSS) exceeded the threshold, “useful”, median value of FSS with “useful” in brackets and precision in confusion matrix. The median of FSS, which was 0.47, did not reach the “useful”, 0.5, in fire isochrone #3, which was the most rugged terrain.





	# FI
	EG (m)
	FSS Usefulness (%)
	FSS Median (Useful)
	Precision





	1
	335
	100
	0.63 (0.5)
	0.71



	2
	571
	50
	0.51 (0.5)
	0.70



	3
	619
	20
	0.47 (0.5)
	0.70










[image: Table] 





Table 10. Ground summary of the conducive structures and fire simulation with the types of wind. The number of valid samples are grouped by fire isochrone id (FI) with elevation gap (EG) indicating terrain ruggedness. Three right columns indicate the percentage of fractions skill score (FSS) which exceeded the threshold, “useful”, for three types of winds: (1) BARRA-TA, (2) the downscaled wind by WindNinja with domain average initialization (WN-DAI), and (3) with gridded initialization (WN-GI). The values enclosed in brackets in these right columns indicate the medians of FSS.






Table 10. Ground summary of the conducive structures and fire simulation with the types of wind. The number of valid samples are grouped by fire isochrone id (FI) with elevation gap (EG) indicating terrain ruggedness. Three right columns indicate the percentage of fractions skill score (FSS) which exceeded the threshold, “useful”, for three types of winds: (1) BARRA-TA, (2) the downscaled wind by WindNinja with domain average initialization (WN-DAI), and (3) with gridded initialization (WN-GI). The values enclosed in brackets in these right columns indicate the medians of FSS.





	# FI
	EG (m)
	Conducive Structure (%)
	BARRA-TA
	WN-GAI
	WN-GI





	1
	335
	6.51
	80 (0.67)
	90 (0.68)
	100 (0.63)



	2
	571
	11.56
	70 (0.52)
	40 (0.43)
	50 (0.51)



	3
	619
	40.15
	50 (0.50)
	40 (0.49)
	20 (0.47)
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