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Abstract

:

Current methods of predicting fire spread in Canadian forests are suited to large wildfires that spread through natural forests. Recently, the use of mechanical and thinning treatments of forests in the wildland-urban interface of Canada has increased. To assist in community wildfire protection planning in forests not covered by existing operational fire spread models, we use FIRETEC to simulate fire spread in lowland black spruce fuel structures, the most common tree stand in Canada. The simulated treatments included the mechanical mulching of strips, and larger, irregularly shaped areas. In all cases, the removal of fuel by mulch strips broke up the fuels, but also caused wind speed increases, so little decrease in fire spread rate was modelled. For large irregular clearings, the fire spread slowly through the mulched wood chips, and large decreases in fire spread and intensity were simulated. Furthermore, some treatments in the black spruce forest were found to be effective in decreasing the distance and/or density of firebrands. The simulations conducted can be used alongside experimental fires and documented wildfires to examine the effectiveness of differing fuel treatment options to alter multiple components of fire behavior.
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1. Introduction


Recently, the use of mechanical and thinning treatments for wildfire mitigation in the wildland-urban interface of Canada has increased; however, current methods of predicting fire behavior in Canadian forests are suited to large wildfires that spread through natural forests. North American fire behavior prediction systems, the National Fire Danger rating system (NFDRS) in the USA and the Canadian Forest Fire Danger Rating system (CFFDRS) in Canada [1,2], generally struggle at two scales: (1) large (102–104) ha, plume or column driven wildfire events with time scales on the order of hours, where models based on small, wind-driven experimental fires or laboratory surface fires fail; (2) heterogeneous fuel structures (such as resulting from disturbances or thinning strategies), where models built upon homogenous fuels at the 1–5 ha scale suffer from an inability to represent changes in fuels structure at the scale of meters. For problem (1), coupled fire-atmosphere models linking meso-scale atmospheric models to the spread and energy release [3] are making strides at representing high-intensity wildfires, often building upon existing wildfire spread models. Problem (2) requires a completely different approach, where it would be unwise to use the existing semi-physical to empirical models at finer resolutions than they were designed for [4]. Moreover, in the realm of disturbances or forest thinning treatments that structurally alter the forest, it would be resource intensive to attempt to empirically characterize the response of wildfire spread and intensity on all manner of thinning treatments and forest modification across a range of fire conditions; rather, the strategy has been instead to build wildfire spread models from basic principles using a physics-based approach. One such implementation of a physics-based wildfire spread model that accounts for energy and mass movement at the meter scale is FIRETEC [5], which has been used successfully for over a decade to simulate wildfire behavior, primarily in dry conifer forest, shrublands, and grasslands. FIRETEC requires three-dimensional forest structure information, and it simulates the complex non-linear interactions between the atmosphere, the stand, and wildfire, such as combustion, radiative and convective heat transfer, turbulence, and drag [5]. The model has been used to successfully reproduce the spread of high-intensity crown fire in a boreal mixed pine and spruce forest from the International Crown Fire Modeling Experiment (ICFME) [6] and to examine mountain pine beetle impacts [7].



The simulation of the fuel structure of the ICFME experimental fires from Linn et al. [6] was a simplified realization of a well-drained and dense boreal forest stand that while common, does not represent the full range of boreal forest structure across North America. Spruce-dominated forests are a common boreal forest landcover, and specifically, black spruce (Picea mariana) comprises around 60% of spruce-dominated stands across Canada, spruce being the most abundant tree genus in Canada [8]. Black spruce ranks as having the most vigorous fire behavior relative to other healthy (i.e., non-impacted by insects) forest fuel types in the Canadian Fire Behavior Prediction system [9]. Retrospective studies also show that black spruce stands burn with higher intensity [10] compared to other forest cover types, and is a key driver in the greater rates of fire intensity and spread in North America compared to Eurasia [11]. In the wake of the 2011 Slave Lake wildfires in Alberta, Canada, the Province of Alberta prioritized the treatment of black spruce stands near communities in their FireSmart community wildfire mitigation practices [12]. Given the dominance of black spruce cover across boreal Canada and Alaska, it is likely that the plurality of boreal community forest thinning treatments take place in this fuel complex. Thinning treatments in black spruce are often performed using whole-tree mastication (mulching), where branch and stemwood are broken into fragments between 0.5–5 cm in diameters and 10–30 cm long [13] and left remaining on the forest floor.



Despite the abundance of spruce fuels and the increasing frequency of fuel treatments in forests adjacent to boreal forest communities, little definitive research is available on the topic. In Alaska, limited observations and modeling support the concept that thinning in black spruce reduces fire intensity [14,15,16], and case studies in Saskatchewan support the idea that thinned forest makes air tanker use more effective [17]. However, an experimental fire in boreal spruce using a widespread strip mulch treatment showed only a modest reduction in the intensity of crown fire, but with little to no reduction in the rate of spread [13]. With a limited number of case studies available, a physics-based wildfire modelling approach is an economical and practical approach to understand the combination of weather conditions and treatment designs that might lead to effective wildfire mitigation near communities. In the absence of such physics-based models that allow the exploration of the permutations of fuels, fuels treatments, and weather conditions in the boreal, guidance based solely on experimental crown fires would require an effort many times larger than ICFME [18]. However, by using this numerical approach to develop phenomenological understanding and a hypothesis that can be experimentally tested, it might be possible to focus and reduce the size of such future efforts.



The use of fire physics models, such as FIRETEC, is not without controversy, with some authors correctly stating that fire physics models cannot capture basic processes not explicitly identified and captured in the design and formulation of the model and associated computer code [19]. However, in this particular study, we seek to examine how fire behavior is altered by changing single components of a simulated fire environment, such as the orientation of mulch strips, rather than replicate findings from empirical fire growth models in natural stands. We focus on changes on the margin (or compared to a control stand of the exact same trees) rather than the absolute value.



To aid in mitigation and planning for community protection and to better understand the efficacy of fuel treatments, we use FIRETEC to simulate fire spread in lowland black spruce. We apply four different mulching fuel treatments to a control stand and examine how fire behavior changes in each of these treatments for each of four different weather scenarios. Since mechanical fuel treatments are utilized frequently as a method of mitigation around communities, here we simulate and compare fire behavior in parallel strip mulching along and across the mean wind direction, and irregular cluster retention mulching, retaining both naturally dense patches and naturally thin patches. Furthermore, we examine the effects of these treatments on the production and travel distance of firebrands.




2. Materials and Methods


FIRETEC requires detailed information about the three-dimensional structure of the fuels complex, including moisture content, surface area to volume ratio (via size scale), and fuel density within each grid cell. Specifications for the location, timing, and temperature ramp rates for ignition must also be provided. Furthermore, the model requires information about wind and by default generates a logarithmic wind profile from user defined mean wind speed and direction at a known height. Optionally, the model produces firebrands based on firebrand size and shape specifications, as well as user defined launch criteria.



The remainder of this section will describe the study simulation domain, ignition prescription, the five fuel configurations, the four weather scenarios applied to each fuel configuration, and the fire brand specifications. In total, 20 simulations were completed for the black spruce fuel complex.



2.1. Simulation Set-Up


The simulations are conducted in a three-dimensional domain, where the horizontal area is 480 m × 480 m (at 2 m resolution), and the depth is 600 m, with 41 grid cells in the vertical direction. The vertical grid cells are stretched such that the resolution at the surface is approximately 1.6 m, and the domain is oriented so that the ambient wind moves in the positive x-direction. The upwind region contains sparse or “burned” fuels stretching the crosswind width of the domain (from 0 to 480 m on the y-axis), and from the inlet to 80 m in the streamwise direction (from 0 to 80 m on the x-axis). A region of control fuels (untreated) reaches from this upwind burned structure for the next 120 m in the streamwise direction (from 80 to 200 m in x-direction), spanning the entire domain in the crosswind or y-direction, followed by the relevant treatment from 200 to 480 m. Domain orientation and fuel treatment structure can be seen in Figure 1.




2.2. Weather and Fine Fuel Moisture Content


Weather scenarios applied to each fuel configuration are plausible, covering a realistic range of fire weather (and by extension, fuel moisture) conditions observed within Alberta, Canada during the active fire season. We prescribed a low and high fuel moisture (9% and 14% water content of fine fuels) and a low and high wind speed (12 km h−1 and 25 km h−1), while holding all other variables constant. For brevity, the scenarios will be labelled MC 9 or MC 14 and WS 12 or WS 25. The corresponding rate of spread (ROS; m min−1) predicted by the Canadian Forest Fire Behavior Prediction (FBP) System [9] (a subsystem of the CFFDRS), for these combinations of wind speed and fine fuel moisture (shown in parenthesis as WS/MC), are 5 (12/16), 14 (12/9), 14 (25/16), 32 (25/9), and are derived from a climatology of fire weather near Slave Lake, Alberta. The lower end and higher end of ROS correspond to the 70th percentile and 98th percentile of the Initial Spread Index of the Canadian Forest Fire Weather Index (FWI) System [20] (a subsystem of the CFFDRS), which is an abstract rating for predicted ROS. The predicted ROS of 14 m min−1 corresponds to both WS 12 MC 9 and WS 25 MC 16, to ensure that the model is capturing similar fire behavior that is driven by wind and moisture content in the fine fuels separately.



An initial wind simulation absent of fire is completed for each wind speed scenario to ensure steady state wind and turbulent profiles are achieved over the upwind fuel configuration (i.e., sparse or “burned” upwind fuels). For these wind-only simulations, the wind field is initialized with cyclic boundary conditions over a sparse stand, and thus the wind can cycle through the domain until it is fully developed. Once the turbulent flow is fully developed, the dynamic boundary conditions from the wind-only simulations are stored, providing a time series of conditions for the boundaries of the fire simulations, as well as an initial condition for startup. This ensures that wind entering the control and treated domain before and during the wildfire simulation is representative of wind moving through sparse fuels approaching the ignition line. The wind is specified to be 4.5 m s−1 and 9.0 m s−1 at a height of 38.0 m, corresponding to roughly 12 km h−1 and 25 km h−1 10 m open wind speed, respectively.




2.3. Stand Structure


The fuel structure used in the lowland black spruce simulations follows the intensive pre-fire fuel sampling conducted by the Alberta Wildfire Fuel Inventory Program (AWFIP) for the Red Earth Creek prescribed burn in 2015 [13]. See Supplementary Material Document S1 for a complete description of the conversion of fuel inventory data to FIRETEC fuel density inputs. A total of 9400 black spruce stems per ha were simulated as per the plot measurements, resulting in a canopy fuel load of 2.5 kg m−2, fully three times larger than the standard C-2 boreal spruce fuel type in the Canadian FBP system. The median crown base height of all large trees was measured and modelled as 1.8 m, although a height-weighted average of live crown base height results in a higher estimate of 2.4 m in the model domain. Using the 2.4 m crown base height, the crown bulk density in the canopy is 0.26 kg m−3, significantly higher than the 0.16 kg m−3 for the Canadian FBP C-2 fuel type (assuming a 5 m canopy height and zero canopy base height). Both of these values are markedly lower than the nominal 3 m canopy base height used in the FBP C-2 fuel, though the text description of the C-2 fuel type indicates that “tree crowns extend nearly to ground”. Foliar moisture content of the spruce needles was prescribed to be 86%, similar to values from the Red Earth Creek research burn, and corresponding to spring values measured in other black spruce sites in North–Central Alberta [21]. Litter and fine woody debris, as well as small trees (those less than 1.6 m tall, corresponding to the lowest cell in the FIRETEC domain) added 0.4 and 0.45 kg m−2, respectively. Within the upwind burned zone, the number of stems is approximately 5% of the control fuel, and each of the remaining trees contains 50% of the branchwood relative to the control, with no foliage or lichen.




2.4. Fuel Treatments


Four different mulching fuel treatments were applied to the original untreated domain, resulting in 50% of the treatment area being mulched in each scenario (see Figure 1). These treatments simulate a purely mechanical mulch treatment, with no additional hand thinning or pruning of canopy fuels, and all mulch was assumed to remain on the ground. Perpendicular and parallel mulch strips (relative to the fire spread and wind direction) are 4 m wide at the base, corresponding to multiples of the 2 m diameter grid cells of the FIRETEC domain. Stems were removed in cells specified as mulch treatments; however, branches from unaltered trees adjacent to the mulch strips may be averaged in the grid cells identified as mulched cells. The mulched biomass from each tree (within treated areas) is distributed evenly in the 9 cells surrounding the stem, so that some mulch may be distributed into untreated cells. Mulch available to burn is a function of fine fuel moisture content, where the burn rate is 0.25 kg m−2 min−1 for 14% moisture content, and 0.345 kg m−2 min−1 for 9% [22]. The bulk density of mulch is 120 kg m−3, and we assume a flame front residence time of 1.5 minutes. Using these assumptions, we prescribe the depth of the mulch limited by the burn rate, resulting in slightly more fuel available in the drier scenario. Within the treated cells, we assume the only available surface fuels are mulch, litter and fine woody debris, and within the untreated cells, litter, fine woody debris, shrubs, seedlings or moss, and mulch (in treatment-adjacent cells) are also available (see Supplementary Table S1).



Cluster retention treatment is not a widespread fuel treatment currently in Alberta, but given the large spatial variance in stems density and canopy fuel load observed in lowland black spruce [23], it was hypothesized that irregular treatments in non-regular geometry, similar to retention harvesting techniques, may offer more efficient reductions in fire behavior, owing to larger and more contiguous mulch areas where fire spread rates are reduced. Furthermore, cluster retention treatments are generally more desirable near communities, since they are more esthetically pleasing than strip mulch. Two cluster retention treatments, each 50% by area, were simulated: thin removed where the area of the lower stem density was mulched, leaving only dense standing black spruce features, and dense removed, where the exact opposite areas of the domain where mulched, leaving only sparsely treed areas intact. In the thin removed treatment, the mean canopy fuel load in the remnant areas increased to 3.2 kg m−2, with a canopy bulk density of 0.33 kg m−3. In the dense removed treatment, the sparse remnant black spruce fuel loading was reduced to 1.5 kg m−2 or approximately 0.16 kg m−3. In reality, natural openings in black spruce stands often result in lower mean tree height, but this interaction was not explicitly modelled here, meaning that mean tree height does not vary between the control and any of the cluster treatments.




2.5. Ignition


Ignition occurs along the edge of the upwind control fuels (80 m from the inlet) and the temperature in the bottom cell is ramped up from ambient (approximately 300 K or 26 °C) to 800 K (530 °C), at a ramp rate of 100 °C s−1, beginning 10 s after the simulation is initialized. The ignition line is 280 m long and is domain-centered in the y-direction, extending 2 grid cells deep in the positive x-direction; i.e., ignition occurs where 80 ≤ x ≤ 84 m, and 100 ≤ y ≤ 380 m.




2.6. Firebrands


Since little is known definitively about firebrand geometry and abundance, fixed firebrand physical properties and potential density is used. We assume the firebrands are a cylinder with length to radius ratio of 3:1, approximately the ratio of a black spruce cone. The density of each firebrand is 120 kg m−3, and the size of the brand is determined by how big the local winds can lift, based on terminal velocity approximation. However, the minimum radius of each firebrand must be 7 mm or greater, to ensure that only cone-sized brands are launched. The drag coefficient for the cylinder is assumed to be 1.0 and the cylinder burns in the radial direction (the length remains unchanged). Launching occurs 5 times per second, but firebrands are simulated only if conditions for temperature (600 K), size (greater than 7 mm radius), and sufficient updraft are met. Brands can be launched over the entire tree height. For further information on the firebrand model, see [24].





3. Results


In all treatments, the reduction in overall fuel load and associated wind drag allowed a significant increase in wind speeds near the ground (see Table 1), relative to the untreated control stand. At 2.2 m above ground level, the domain-averaged mean wind speed increased by up to three times that observed in the control.



In the control plots, domain-averaged rate of spread (time required for the simulation to cross the 280 m treatment area) was 23–24 m min−1 in the two WS 12 scenarios (with 14% and 9% fine fuel moisture), as shown in Table 2. At WS 25, the domain-averaged rate of spread was 38 m min−1 in both fuel moisture scenarios. As an alternate method of calculating rate of spread that encompasses both head and flank fires from the line ignition, median per-pixel rate of spread was calculated as 17 and 21 m min−1 in the WS 12 and 25 scenarios, respectively. The crown fraction burned in the 12 km h−1 wind scenarios was 80% and increased to 85% in the faster wind scenarios, which in both cases can be considered, approximating a continuous crown fire (the FBP formally uses a cut-off of 90%).



With an understanding of the controls on rate of spread in the boreal lowland spruce fuel complex, the relative impact of simulated fuel treatments on rate of spread and intensity can be interpreted. The strip mulch parallel to the wind had the smallest impact on the domain-average rate of spread, decreasing the ROS by 8–10% in the two WS 12 scenarios. At WS 25, the rate of spread increased by 20% relative to a control stand with no treatment, and with no dependence on fine fuel moisture content whatsoever (Figure 2).



Mulch strips perpendicular to the wind provided superior reductions in fire behavior compared to parallel strips. Moisture content values did have an impact of domain-averaged ROS, with a 43% reduction in ROS simulated in the parallel strip mulch for WS 12 and MC 14; with an 9% moisture content, the reduction in ROS was only 29%. For WS 25 scenarios, a reduction in ROS of 3–4% was observed in both moisture scenarios. Total fuel consumption varied little between the control and all weather scenarios, with a 0–14% reduction, largely owing to an increase in surface fuels (i.e., mulch), and a 30% reduction in canopy fuel load, due to the mulching process. Accordingly, the reduction in head fire intensity was most efficient in the parallel strip mulch under lower winds (36% and 22% reductions in the fine fuel moisture content for 14% and 9% scenarios).



The thinning of the natural openings in spruce (leaving only the naturally dense fractions of the stands) had a dramatic impact on landscape-level rate of spread in all simulations, largely owing to the slow rate of spread in large (>100 m in diameter) mulched areas. Unlike the control of strip mulch simulations where humidity had little to no effect on ROS, we discretely simulated the moisture content of the surface of the mulch bed and amount of available fuel in mulch as a function of FFMC. As a result, forward rate of spread in the mulch increased from 0.9–1.2 m min−1 at combinations of low wind speed or fine fuel moisture content to 1.9 m min−1 at WS 25 and MC 9. Given the fairly low fuel loading of mulch (0.02–0.03 kg m−2) that is available for flaming combustion, the resultant head fire intensity values of 100–300 kW m−1 in the mulch only (not shown) were a poor carrier of fire to the remnant spruce stands, which themselves had to accelerate from a surface fire. This stop-start nature of the fire spread, with each remnant tree stand having to ignite from a low-intensity surface fire lowered the remnant rate of spread to 2.2–2.7 m min−1 in both the intermediate scenarios. Only in the WS 25 MC 9 scenario did the higher intensity in the mulch have a strong influence on the ignition in the remnant stands, resulting in a three-fold increase in the rate of spread to 8.9 m min−1.



The mulching of the dense portions of the simulation domain with residual patches composed of naturally sparse treed areas was a more dramatic fuel reduction in terms of stem removal, but resulted in largely similar fire behavior outcomes. The only substantial difference in rate of spread is in the WS 25 MC 9 scenario, where the rate of spread decreased from 8.9 to 4.7 m min−1 from the thin removed to the dense removed treatment. The halving of the rate of spread with a halving of canopy fuel load (and canopy bulk density) is a stronger reduction in fire behavior compared to the statistical model of Cruz and Alexander [25] that incorporates a canopy bulk density term, which suggests only a 16% reduction in rate of spread in continuous conifers after a halving of the fuel load. Additional domain-averaged fire behavior information not discussed here can be found in Supplementary Table S2.



In the black spruce fuel complex, firebrand travel distances and production densities were lower at WS 12, averaging 38–41 firebrands m−2 and 99% distances of 127 m, with little dependence of moisture content. At higher wind speeds, more firebrands were produced (57–70 m−2), and distances increased dramatically to over 200 m, an increase of 70% (Figure 3). Fuel treatments were effective at WS 12 in decreasing both firebrand density and travel distance, with the thin removed treatment primarily impacting firebrand travel distance (a 38% decrease) with little impact on density; while perpendicular strips primarily impacted density (75% decline) with no impact on distances. Parallel strip mulching treatments showed a strong impact in decreasing firebrand density (68% decline), with a modest decrease in travel distance. For both strip treatments at this lower wind speed, it is notable that the decrease in firebrand density (68–75%) exceeds the 50% fuel reduction, suggesting this treatment achieves a leveraged impact on firebrand density. The dense removed treatment was the most effective overall, causing a density decline on par with the thin removed treatment and a distance decline equal to the perpendicular strip mulching treatment.



At the higher 25 km h−1 wind speed, the impact of fuel treatments was similar in the dense removed and perpendicular strip mulching, both with a 50% reduction in firebrand density, and a 27% reduction in firebrand travel distance in the dense removed treatment. The parallel strip treatment was less effective at higher wind speeds, creating only a 32% reduction in firebrand density and a small 5% reduction in travel distance, despite a 50% reduction in fuel load. Notably, the thin removed treatment caused a similar 30% reduction in firebrand density (with all treatments impacting 50% of the total area), but a slight 5% increase in travel distance was observed.




4. Discussion


The fire behavior objectives for fuel treatments used by practitioners are frequently qualitative and seek to limit the potential for crown fire, minimize the generation of flying embers, or enhance fire suppression effectiveness. Since all possible outcomes across scenarios of fuel geometry, fire ignition, and weather are difficult to fully compute, it is preferable to generalize many of the lessons from simulation studies to the real world. In this study, we emphasize the relative impacts of fuel treatments relative to a single control forest domain, each of which represents only a single iteration amongst all the possible variations on lowland spruce forests of the boreal zone. While the absolute rate of spread may vary due to individual stand characteristics and fire weather, the relative impacts of fuel treatment on fire behavior can be more confidently interpreted as a relative rate of change, as shown by the relative rate of spread and fuel consumption in Figure 2, relative impacts on surface wind speed, or impacts on firebrand travel distance and density. These simulations provide a baseline from which fire managers can build expectation for fuel treatment impacts on fire behavior.



Relative to the baseline scenarios, the mulch strips parallel with the wind had little to no reduction in ROS for the lower wind speed scenarios, and in fact, the modeled ROS is greater than the baseline in higher wind speed scenarios. This is largely due to the reduced drag encountered in the long, straight, open corridors leading to increases in near surface wind and subsequently increased rate of spread rate through the surface and canopy fuels. While we observe a reduction in the ROS, for the lower wind speed scenarios when the wind is oriented perpendicular to mulched strips, little reduction in ROS is observed for the higher wind speed scenarios. Comparison between the mulching strip scenarios suggests that strip mulch oriented perpendicular to the wind direction more effectively reduces the rate of spread, head fire intensity and fuel consumption than a strip mulch parallel to the wind in low wind speed scenarios, however, neither orientation reduces rate of spread in higher winds, where only modest reductions in head fire intensity are observed. This is consistent with findings at the Red Earth Creek experimental fire [13], where 4 m wide strip mulch perpendicular to wind direction had little effect on fire behavior, despite the reduction in large black spruce stems from 1450 stems ha−1 to 650 stems ha−1 in wind speeds near 20 km h−1 and fine fuel moisture content around 7%. They suggest that widening strips could modestly decrease intensity, but is unlikely to reduce spread rates.



Furthermore, while both strip mulch treatments resulted in a reduction in the number of firebrands produced per square meter (largely due to a reduction in fuel load), the reduction in number of firebrands at higher wind speed was less than 50% for all treatments, whereas the fuels reduction was 50% by area. In both treatments and both wind scenarios, there was little to no reduction in the 99% percentile of spotting distance. Together, the results from the Red Earth Creek experimental burn and the simulations here suggest that strip mulching does not provide significant decrease in number of firebrands produced relative to the fuels reduction, nor does it decrease fire behavior in drier and windier scenarios, regardless of the orientation or width.



Cluster retention treatment had the greatest impact on the rate of spread and head fire intensity for all weather scenarios, where the head fire ROS was reduced by 90% or greater, relative to the control. For all scenarios and both treatments, the large fuel breaks between clusters of trees prevented or dramatically slowed continuous crown fire. During each simulation, when the head fire reached an open mulched patch, it was forced to the surface, which has low fuel availability, significantly reducing forward rate of spread and intensity. Interestingly, while the number of firebrands produced was decreased in both treatments, at the higher wind speed scenario, the thin removed treatment resulted in an increase in firebrand distance. In the thin removed treatment, although the number of stems throughout the entire study area decreased and 50% by area was treated, the average canopy fuel load increased. More fuel available in the dense patches and increased wind and oxygen availability in adjacent open patches could result in stronger updrafts able to loft firebrands higher and further downwind (not shown).



Other studies of fuel treatment impacts on fire behavior follow a similar structure to this study, whereby individual factors are isolated in order to examine their marginal impacts. Burke [26], using the WFDS fluid dynamics model, examined fire behavior in western US Ponderosa pine, a mature pine fuel structure with higher crown base height (4 m), not examined in this study. A 64% stem removal simulation (with no raising of crown base height) decreased crown fraction burn from 40% to less than 10%, only when accompanied by lower surface fuel loads (0.5 kg m−2). Higher surface fuel loads (1.86 kg m−2) maintained continuous crown fires (>90% crown fraction burned), regardless of thinning practices. Surface fuel load was not directly manipulated in any simulations in this study. Parsons et al. [27] simulated the transition from a crown fire to a surface fire, with heavy thinning (50% of basal area) in mature lodgepole pine following trends, consistent with the statistical/empirical analysis from Cruz et al. [25]



Zeigler et al. [28] recreated pre-treatment stand structure for stands in the Western USA, using maps of stems and stumps leftover after thinning operations. They found that approximately 50% reductions in basal area in mature mixed conifer stands resulted in a consistent decline in crown fraction burned from between 40 and 50% to less than 30% in all cases; reductions in rate of spread and intensity were relatively larger with increasing wind speeds much higher than those used in this study (as high as 46 km h−1). Unlike most fully-simulated environments where stem clustering and thinning follows natural approximations, stem mapping post-treatment revealed a strong preference for stem reduction in the natural clusters of conifers, approximating some of the patterns seen in the dense removed treatment of the black spruce stand simulated in this study. Black spruce peatland stands also tend to be clumpy with frequent small openings due to disturbance and microtopography, and conceptually, this pattern emulates the structure described by Zeigler et al. As such, the dense removed treatment may emulate natural black spruce structural patterns better than the other treatment types.



Surface wind speed, as examined in this study, is infrequently reported in fire physics simulations of fuel treatment, despite being computed by necessity in models such as FIRETEC or WFDS. Hoffman et al. [7] simulated wind speeds in 5-year-old (60% grey dead trees without needles, 40% live) mountain pine beetle outbreak. With the loss of 60% of the needles in the canopy, surface wind speeds were simulated to increase 4-fold, with slightly larger increases in patchy outbreaks, with larger continuous patches of dead standing trees without needles. These wind speed ratios may be used to inform surface ignition models based on in-stand wind speeds, or as a tool to assess increasing fuel drying rates after fuel treatment, as wind is a major driver of surface fuel drying [29]. In this study, surface wind speed and direction also show the presence of advantageous contraflow rotors at the windward side of cluster mulch treatments, that may slow down surface fire spread immediately upwind of tree clusters (not shown).



The FBP system prediction for the black spruce fuel type places a strong emphasis on air relative humidity (and therefore moisture content in the fine fuels), impacting forward rate of spread, with FBP predictions for the 12 km h−1 wind speed of 5 and 14.5 m min−1 for moisture content, 14% and 9%, respectively. For WS 25 scenarios, the FBP predictions infer a strong moisture content dependence, with domain rate of spreads of 13.4 and 32 m min−1. In both cases, at the fine fuel moisture content 9% scenario, the FIRETEC simulations were within the 20% nominal error range of FBP predictions; while in the moisture content 14% scenario, expected FBP system rate of spread, ROS, was only 30–50% of the simulated values. Despite the nearly 3-fold increase in fuel loading relative to the FBP black spruce fuel type, simulated forward spread rates were similar to the FBP system values based observed prescribed burns in very similar fuel complexes, such as Hvenegaard et al. [13]. Unlike the Rothermel [30] and allied systems used in the US, fuel load in the Canadian FBP has no direct impact on rate of spread, and merely increases fire intensity via Byram’s equation [31].



Previous studies, such as Hoffman et al. [32], have similarly pointed to the decreased skill of fire physics models in predicting the rate of spread at higher fuel moisture and lower wind speed conditions. However, in the context of suppression and community protection, such low intensity fires are easily discovered and suppressed at initial attack. Other advantages of fuel treatments, such as increased sightlines and hose laying rates, as well as improved aerial water drop effectiveness and ease of movement, are likely to outweigh any small alterations in fire growth in high fuel moisture and low wind speed conditions.



Other important considerations, such as the impact of fuel treatment on air tanker drop patterns of water or retardant, are not explicitly modelled here, nor are factors such as fire crew line construction rate [33], crew mobility on foot, or sprinkler effectiveness distances [34]. Though the movement of water through a forest canopy, be it from a helicopter bucket, air tanker, or sprinkler, is largely a physics problem, current fire fluid dynamics models are not able to simulate the process. Alongside factors such as fuel treatment cost and community acceptance, it is the net result of considerations surrounding fire behavior, suppression impacts, economics, and social acceptance that determines the ability to place fuel treatments on the landscape.



Despite attempts to capture as many of the key physical processes known to impact fire as possible, the formulation of this version of the FIRETEC model and resolution used in this study does have limitations. The largest single known limitation in this study is the inability of FIRETEC to resolve moisture content differences between surface fuels and the small amount of canopy fuels below 1.5 m above the forest floor. All fuels (surface fuels and canopy) are combined together and moisture contents averaged, so the impact of fine fuel moisture content on fire behavior is muted compared to experimental burning studies and the Canadian Forest Fire Behavior Prediction System overall. In open mulch patches, the fine fuel moisture content effect is more pronounced and in line with expectations from the FBP. Recent work has been done to improve FIRETEC’s ability to resolve multiple co-existing fuels, retaining explicit representation of variations in moisture and surface area per unit volume within computational cells, and these new capabilities will be utilized for future work.




5. Conclusions


Results from this modelling exercise, combined with empirical observations, provide consistent evidence that strip mulching in boreal spruce stands will not limit crown fire or ember generation. Irregular pattern mulching with larger gaps shows promise in this modelling study, as a more desirable approach that reduces both spread rate as well as firebrand generation. The results support an effort to conduct test burns to evaluate an irregular mulch pattern treatment.
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Figure 1. Mulch fuel treatment configuration for (a) perpendicular strips, (b) parallel strips, (c) cluster treatment: thin removed, and (d) cluster treatment: dense removed. Control scenario not shown. Each treatment scenario removes 50% of the treed areas. 
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Figure 2. Fuel consumption and rate of spread change for each treatment and weather scenario in the black spruce fuel type. All changes are percent change relative to the control simulation in the same weather scenario. 
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Figure 3. Firebrand travel characteristics for FIRETEC simulations of medium-range firebrand travel. The control (untreated) simulation is represented by a circle, and changes in firebrand travel are represented by another symbol connected to the control values by a colored line. The firebrand travel distance on the x-axis represents the maximum distance of 99% of the firebrands, i.e., excluding the travel distance of the furthest 1%. 






Figure 3. Firebrand travel characteristics for FIRETEC simulations of medium-range firebrand travel. The control (untreated) simulation is represented by a circle, and changes in firebrand travel are represented by another symbol connected to the control values by a colored line. The firebrand travel distance on the x-axis represents the maximum distance of 99% of the firebrands, i.e., excluding the travel distance of the furthest 1%.



[image: Fire 03 00018 g003]







[image: Table] 





Table 1. Surface wind speeds (WS, km h−1) in differing black spruce treatments under a 25 km h−1 open wind speed measured at 10 m height. Relative wind speed values are a ratio of treatment to control.
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	Treatment
	WS at 0.7 m
	WS Relative

to Control at 0.7 m
	WS at 2.2 m
	WS Relative

to Control at 2.2 m





	Control
	1.51
	1
	1.83
	1



	Parallel strips
	2.50
	1.66
	3.78
	2.07



	Perpendicular
	1.92
	1.28
	2.69
	1.47



	Dense removed
	3.49
	2.32
	5.40
	2.95



	Thin removed
	3.43
	2.28
	4.78
	2.62
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Table 2. Head fire rate of spread (ROS), median per-pixel ROS, head fire intensity (HFI), crown fuel consumption (CFC), surface fuel consumption (SFC), surface fuel load, canopy fuel load and number of stems for each scenario. The mean stand height and live crown base height are 12 m and 2.4 m respectively for all scenarios. * Median per pixel rate of spread with flank fire. ** Average canopy fuel load for cells with canopy fuel.






Table 2. Head fire rate of spread (ROS), median per-pixel ROS, head fire intensity (HFI), crown fuel consumption (CFC), surface fuel consumption (SFC), surface fuel load, canopy fuel load and number of stems for each scenario. The mean stand height and live crown base height are 12 m and 2.4 m respectively for all scenarios. * Median per pixel rate of spread with flank fire. ** Average canopy fuel load for cells with canopy fuel.





	WS

(km h−1)
	MC (%)
	ISI
	Treatment
	Stems (per ha)
	Surface Fuel Load

(kg m−2)
	Canopy Fuel Load ** (kg m−2)
	Mean SFC

(kg m−2)
	Mean CFC

(kg m−2)
	Head Fire ROS

(m min−1)
	Per-Pixel ROS

(m min−1)
	Median HFI

(kW m−1)





	12
	14
	5
	Control
	9406
	1.12
	2.53
	0.6
	2.0
	23.5
	17.4
	12,100



	12
	14
	5
	Parallel strips
	5579
	1.11
	1.80
	0.9
	1.6
	21.1
	15.1
	7300



	12
	14
	5
	Perpend. strips
	5577
	1.12
	1.79
	0.9
	1.5
	13.4
	11.8
	6000



	12
	14
	5
	Dense Removed
	3665
	0.93
	1.50
	0.7
	1.1
	0.9
	1.5/0.6 *
	415



	12
	14
	5
	Thin Removed
	7469
	1.00
	3.24
	0.7
	1.9
	0.2
	0.02/1.2 *
	10



	12
	9
	10
	Control
	9406
	1.12
	2.53
	0.6
	2.0
	24.4
	17.9
	12,000



	12
	9
	10
	Parallel strips
	5579
	1.24
	1.80
	1.0
	1.6
	22.5
	15.7
	8200



	12
	9
	10
	Perpend. strips
	5577
	1.24
	1.79
	1.0
	1.6
	17.3
	13.8
	7400



	12
	9
	10
	Dense Removed
	3665
	1.01
	1.50
	0.8
	0.9
	2.0
	2.2/1.8 *
	575



	12
	9
	10
	Thin Removed
	7469
	1.08
	3.24
	0.8
	1.9
	1.4
	2.2/0.9 *
	891



	25
	14
	10
	Control
	9406
	1.12
	2.53
	0.6
	2.1
	38.4
	20.6
	15,100



	25
	14
	10
	Parallel strips
	5579
	1.11
	1.80
	0.9
	1.6
	45.8
	25.2
	11,900



	25
	14
	10
	Perpend. strips
	5577
	1.12
	1.79
	0.8
	1.6
	37.0
	22.0
	10,100



	25
	14
	10
	Dense Removed
	3665
	0.93
	1.50
	0.7
	1.3
	1.6
	2.7/1.0 *
	802



	25
	14
	10
	Thin Removed
	7469
	1.00
	3.24
	0.7
	2.1
	1.6
	2.7/0.9 *
	1122



	25
	9
	20
	Control
	9406
	1.12
	2.53
	0.6
	2.2
	38.4
	20.6
	15,500



	25
	9
	20
	Parallel strips
	5579
	1.24
	1.80
	1.0
	1.6
	46.3
	25.3
	13,200



	25
	9
	20
	Perpend. strips
	5577
	1.24
	1.79
	0.9
	1.6
	37.1
	23.2
	11,200



	25
	9
	20
	Dense Removed
	3665
	1.01
	1.50
	0.8
	1.1
	2.7
	4.7/1.5 *
	1331



	25
	9
	20
	Thin Removed
	7469
	1.08
	3.24
	0.8
	2.5
	4.1
	8.9/1.9 *
	4420
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