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the latest developments in wildland fire science, management, and policy.
Key themes included:

The growing scale and complexity of wildfires due to climate change, changing
land use, and fuel accumulation.
The critical need for global collaboration, knowledge exchange, and adaptive
management strategies.
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management, with calls for greater inclusion and respect for Indigenous voices.
Advances in technology and data, including new fire information and analytics
platforms.
The importance of resilience, mental health, and well-being for fire practitioners
and affected communities.
Challenges such as longer fire seasons, more severe fires, air quality impacts,
and the disproportionate effects on Indigenous and vulnerable communities.

Workshops, keynotes, and field trips offered practical insights on topics like
prescribed fire, fuel management, climate forecasting, and resilience building. 

The conference emphasized the need for ongoing collaboration, more inclusive
approaches, and action to address emerging risks, including unexploded
ordinance in fire zones and the feedback loops between fire and climate change.

Participants left with a renewed focus on sharing knowledge internationally,
strengthening local and Indigenous partnerships, and adapting strategies for a
rapidly changing fire landscape.
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Introduction 
Climate change is implicated as a driver of a worsening wildfire situation in certain 
regions (Barnes et al., 2023; Dupuy et al., 2020). The European boreal, exemplified 
here by Sweden, have seen increasing average temperatures, higher annual 
precipitation and slightly increased geostrophic wind since 1950 (Schimanke et al., 
2022), but it is not known how these changes have affected forest fire danger. 

 
We extracted 1951-2022 data from nine Swedish weather stations with daily reports on 
snow cover and noon-observations of temperature (T), 10-m open wind speed (W), 
relative humidity (RH) as well as 24 hours accumulated precipitation (P). Locations span 
an 1100 km N-S gradient (Figure 1). From this data we calculated daily indices of the 
Canadian Forest Fire Weather Index (FWI) System (Van Wagner and Pickett, 1985). 
We then compared this “observed fire danger” with parallel calculations using the ERA5 
atmospheric reanalysis dataset (Hersbach et al., 2020).  
 
These weather stations were established in the 1800s and provide daily noon-
temperature and 24-h precipitation observations, most of them continuously from the 
year 1860. The long time series enables us to construct a proxy for the daily Duff 
Moisture Code (DMC) spanning over 160 years. Here we summarize these datasets 
and their analyses. Results can be further examined in Sjöström and Granström (2024).  
 
Method 
We ran the FWI-algorithm (Van Wagner and Picket, 1985) from 1951 to 2020, starting 
each season 3 days after snowmelt. Missing data was replaced by last day’s 
observation. Hiatuses longer than 3 days were covered by observations from the 
nearest weather station. Overall, missing data comprised <0.6 % of the entire data-set. 
 
As an indicator of seasonal severity, we used the season maximum of the running 7-day 
average FWI, following Van Oldenborgh et al (2021) and Barnes et al (2023). 
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Henceforth, we use -7x after a specific indicator to denote the season’s extreme 7-days 
average.  
 
To construct RHproxy, a proxy for RH (for periods prior to 1951 lacking RH-observations) 
we fitted a non-linear multivariable function using day-of-year, temperature, precipitation 
and latitude to the RH observations from 1951 and onwards. Using RHproxy, we 
calculated daily DMC-values for the same locations, producing time series up to 160 
years long.  
 
Results and discussion 
Linear regression show increasing T-7x (max 7-days average of noon-temperature) for 
all locations, with an average increase of 1.8 °C over the 70-year period, largest in the 
southeast. Summer precipitation (JJA) also increased among most locations with an 
average of 20 mm/season, corresponding to roughly a 10% increase. RH-7x decreased 
for all locations, with an average of -6.5%. As for noon-wind and longest period of 
drought, there were no clear temporal or geographical trends. 
 
With the exception of the northernmost station, Jokkmokk, the linear FWI-7x-trends 
increased with an average of 22% over the 70-year-period. Interannual variation was 
however very large in relation to the trends.  For most locations there was a tendency 
towards multi-year periods of high or low danger, but without any detectable periodicity 
(Figure 1). 
 
On average, the increase in FWI-7x was, to 79%, caused by increasing ISI, in turn more 
related to higher FFMC than to increasing wind. Delineating the contribution from 
weather parameters show RH as contributing most to the increased fire danger. 
However, since absolute air moisture has increased by approximately 10% during the 
same period (Schimanke et al., 2022) it is the increasing noon-temperatures that 
causes the decrease in noon RH. Thus, the increasing fire danger in the region is not 
due to prolonged drought or stronger winds but lower RH (i.e. drier fine fuels), a variable 
increasing ignition susceptibility and fire rate of spread.  
 
Reanalysis products of weather parameters are spanning progressively longer time 
series with increasingly better bias correction. However, we found a systematic 
difference between fire danger indices calculated with observed data as opposed to 
reanalysis. FWI-calculations using the ERA5 (European Centre for Medium-Range 
Weather Forecasts (Hersbach et al., 2020)), which has a spatial resolution of 31 km, 
drastically under-predicted high FWI-values and over-predicted the very lowest FWI-
values, for all locations. The discrepancy between the two datasets were 5-10 index 
points for observed FWI-values ranging 20-40 (Figure 2). At the same time, for FWI<2 
(48% of the observations), the ERA5 data overestimated the index by 0-1.5 index 
points. We also tested Mesan, a Swedish reanalysis product with much higher spatial 
resolution (2.4 km) (Häggmark et al., 2000). It too under-predicted high fire-danger, but 
with less absolute errors (data not shown).  
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The systematic discrepancy in FWI-values also greatly impact seasonal indicators, with 
generally lower FWI-7x as well as changes in trend magnitudes. E.g. FWI-7x calculated 
from ERA5 at Storuman exhibited a 17% less steep linear trend over 70 years 
compared to FWI-7x calculated from observation data.  
 
 

 
Figure 1: Left: FWI-7x for the nine locations (thin lines), 5 years average (thick lines) and linear trend (black 
lines). Right: Location of Weather stations (colored) and adjacent stations used for missing data (black). 
 
These discrepancies are to be expected since the reanalysis data represents weather 
over a whole cell (in the case of ERA5 31×31 km). Thus, it always favors averages over 
extremes. Additionally, Swedish summer precipitation is predominantly convective, with 
local showers that will result in more extreme point observations than the reanalysis 
product. 
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Figure 2: Difference between daily FWIERA5 and FWIobserved for Storuman, Malmslätt and Västervik, in relation 
to FWIobserved (binned in groups of 50). 
 
Minimization of a non-linear multivariable regression defined RHproxy as  
 

RHproxy = 0.155×day – 1.634×T + 9.759×R0.3 - 0.885×Lat + 103.9, 
 
where day is the ordinal date and Lat is in WGS84.  
 
There was considerable scatter between RHproxy and RHobserved (r2=0.50, Figure 3a), but 
DMC employing this proxy nevertheless correlated well with “true” DMC (r2=0.98, Figure 
3b). Likewise, the seasonal extreme 7-day period correlated well (r2=0.93, Figure 3c), 
without systematic errors over the 70-year period, as exemplified by station Malmslätt 
(Figure 3d).  
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Figure 3: (a) Correlation between RHproxy and RHobservation. (b) Daily DMC estimated vs calculated from 
observations. (c) Estimated DMC-7x vs calculated from observations. (d) The time series for DMC-7x at 
Malmslätt using RHobservation and RHproxy, respectively. 
 
Noon-temperatures increased equally much (1.8°C on average) in the longer dataset 
from 1860 as in that from 1951. This confer with climate change acceleration in the 
most recent decades. Summer precipitation increased 33 mm on average. The resulting 
DMC-7x increased in the eastern locations but decreased for Jokkmokk and Sveg 
(Figure 4). The interannual standard deviation was 38% with a linear trend (averaged of 
all locations) of about +12% of the mean. Trend analyses (data not shown) also reveal a 
minimum of DMC-7x around 1890-1900, followed by a monotonic increase.  
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Figure 4: Extended long-term DMC-7x for the nine locations via the RHproxy-data (thin lines), and 
decomposition of trends using singular spectrum analyses (Golyandina and Zhigljavsky, 2013) 
(thick lines). 
 
Conclusions 
70-year long fire-danger datasets were created for nine Swedish locations using actual 
meteorological observations. Parallel calculations with the often-used ERA5-reanalysis 
data reveal that the latter severely underestimates FWI when fire danger is high. 
Additionally, via a proxy for noon relative humidity, we calculated daily DMC series for 
the same locations, mostly spanning 160 years (1860-2020). The series reveal very 
high interannual variations compared to trends. Despite increased summer precipitation 
in Sweden, fire danger increased, driven mainly by lower RH (implying drier fine fuels) 
and less so through the duff moisture (DMC) contribution to increasing FWI.   
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Introduction 
The wildland-urban interface (WUI) is the zone where developed lands transition into 
the wilderness. In recent years, an increasing trend in the frequency of intense wildfires 
has inflicted significant damage in WUI communities, resulting in loss of life and severe 
economic impacts (Schmidt, 2024). Simulation models offer a valuable opportunity to 
understand the drivers of loss in WUI communities and can be used to conduct wildfire 
risk assessment and inform mitigation strategies (Schmidt, 2024). Accounting for and 
characterizing structure fuels is key for WUI fire simulation models. Factors such as 
exterior materials, defensible space, structure components, and other fire-resistant 
features affect a structure’s vulnerability to ignition, and the intensity of the fire once it is 
burning (Restaino et al., 2020). This study analyzes the influence of hardened 
structures on fire spread at the community level. A WUI fire spread model is used to 
analyze three recent cases of destructive North American WUI fires, as well as a set of 
idealized community scenarios proposed following uniform grid layouts, to study the 
influence of hardened structures on fire spread pattern and rate. 
 
Materials and methods 
Three historic case studies are analyzed: the 2018 Camp Fire, the 2021 Marshall Fire, 
and the 2023 Lahaina Fire. A sensitivity analysis of ‘idealized’ communities, where 
structures are arranged in grids with controlled separation distances, complements the 
study. The ‘SWUIFT’ model (Masoudvaziri et al., 2021) is used for all the community fire 
spread simulations in this study. 
 
Historical case studies 
 
In all the case studies, buildings are classified following a binary criterion based on the 
occupancy type and, except for the Marshall Fire, the year of construction. These 
proxies are used because they provide a general indication of the vulnerability level of 
the structures (e.g., a modern structure built based on new building codes is more likely 
to incorporate fire-resistant characteristics, or a non-residential structure is more likely 
to have better defensible space and in-situ fire suppression capabilities).  
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Figures 1-3 show the simulation domains used for the Marshall Fire, Camp Fire, and 
Lahaina Fire respectively, with building hardening categorization indicated in all cases. 
Details of simulation inputs and transition from wildland to WUI areas for all three cases 
can be found in (Szasdi-Bardales et al., 2024a and 2024b; Juliano et al., 2024). 
 

 
Figure 1: Simulation domain, hardening classification, and final observed fire 
perimeter for the Marshall Fire  
 

 
Figure 2: Simulation domain, hardening classification, and final observed fire 
perimeter for the Camp Fire 
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Figure 3: Simulation domain, hardening classification, and final observed fire 
perimeter for the Lahaina Fire 
 
Idealized community layouts 
 
90 simulations were performed to analyze fire spread inside communities where 
different parameters could be controlled. The cases include two community layouts with 
different structure density (Figure 4), two levels of structure hardening (0% and 70%) 
applied to all structures, five constant wind speeds (5–25 m/s in 5 m/s intervals), and 
different levels of vegetation coverage (from 0% to 20% for community layout 1 and 
from 0% to 50% for community layout 2, increased in 10% intervals). The observed rate 
of spread (ROS) is used to compare the results. 
 

 
Figure 4: Idealized community layouts with different structure density 
 
Level of hardening 
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A probabilistic approach is followed to describe the level of hardening of the structures. 
A non-hardened structure (i.e., 0% hardening) will ignite after any of the conventional 
ignition thresholds in the SWUIFT model (i.e., thermal radiation, ember accumulation) is 
exceeded. On the contrary, a fully hardened structure (i.e., 100% hardening) is one that 
never ignites. For a structure with H% hardening, the likelihood of ignition after 
exceeding the traditional SWUIFT thresholds is determined by a randomly generated 
number under uniform distribution in comparison with the associated probability of 
ignition. Noting that ignitions from different modes of fire spread (radiation and fire 
spotting) and their associated probabilities are considered independently in SWUIFT.   
 
Results 
 
Historical case studies 
 
Figure 5 shows a set of predicted fire spreads for the Marshall Fire, with the level of 
hardening for the hardened structures ranging from 0% to 100%. A change in the fire 
spread pattern that better resembles the progression observed during the incident is 
observed at about 70% hardening. Thus, this level of hardening is adopted as the 
’standard’ for hardened structures for the rest of the simulations in this study. 
 

 
Figure 5: Simulation results for the Marshall Fire assigning different levels of 
hardening 
 
Figures 6 and 7 show the predicted fire spreads with and without structure hardening for 
the Camp Fire and the Lahaina Fire respectively.  
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Figure 6: Simulation results for the Camp Fire  
 

  
Figure 7: Simulation results for the Lahaina Fire 
 
 
Sensitivity analysis 
 
Figures 8 and 9 show a summary of the simulation results, in terms of ROS, for the 
idealized communities.  
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Figure 8: Summary of ROS (in m/h) obtained from the simulations performed for 
the community layout 1 (12.3 str/acre) 
 

 
Figure 9: Summary of ROS (in m/h) obtained from the simulations performed for 
the community layout 2 (6.4 str/acre) 
 
Discussion 
The Marshall Fire simulations, where the hardening level of structures varied, show that 
higher hardening levels change the behavior of the fire spread. Specifically, the fire 
stops spreading into Louisville from the south despite crossing US-36 early in the 
simulation. Instead, it enters Louisville from the west several hours later, mirroring the 
observed fire spread pattern. This suggests that a cluster of commercial buildings that 
did not ignite likely caused the fire front to stop in this community region. This effect is 
noticeable at a 60% hardening level, and therefore a value of 70% hardening is 
conservatively taken to characterize the vulnerability of hardened structures in 
subsequent simulations. For the Camp Fire, the prediction of damage outcome 
improves at an individual structure level when hardened structures are included in the 
simulations. However, at the community level, the change in the fire spread pattern is 
minimal. This is largely due to the high level of vegetation coverage inside the town of 
Paradise, which provides an alternative path for fire spread. In the Lahaina Fire, mixed 
results are observed at the individual structure level. At the community level no 
improvements are observed. This discrepancy may be explained by a poor correlation 
between the buildings’ vulnerable features (e.g., exterior materials, separation, 
defensible space, etc.) and their occupancy type. 
 
The study of the idealized communities shows that hardened structures (with 
characteristics that reduce their ignition probability by about 50%) can result in a drastic 
reduction in the number of ignited buildings and slow down the ROS. These effects are  
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more pronounced when both the vegetation coverage inside the community and the 
wind speed are low. 
 
The findings of this study identify the level of hardening thresholds at which the rate of 
fire spread inside typical WUI communities can be significantly reduced. The study also 
highlights that clusters of hardened structures can slow down the rate of spread inside 
the communities and in some cases completely stop the fire progression. Overall, 
hardened structures can contribute to bending down the risk curve in WUI communities. 
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Introduction 
Fire danger rating is a cornerstone of wildland fire science and management. Fire 
weather indices are expected to provide realistic and reliable representations of fire 
behaviour potential, namely when using fire danger rating systems developed 
elsewhere. Fire researchers increasingly resort to fire danger reanalysis products, 
namely those pertaining to the Canadian Forest Fire Weather Index System (FWI). Yet, 
although often used as a proxy for observations, reanalysis data is ultimately the output 
of a model. For operational purposes, fire danger rating is based on forecasts, informed 
or not by data from weather stations. 
The comparative consistency and accuracy of different fire danger rating options (in 
terms of data sources) is currently unknown in Portugal and in Europe. Our purpose 
was to examine how the ability to portray actual fire danger varies with the source of 
FWI indexes, based on the most objective criterion: observed or reconstructed fire 
behavior data. 
 
Methods 
We assembled a fire behaviour (rate of spread, fuel consumption, fireline intensity) 
database for Portugal, consisting of data (i) collected in experimental outdoors fires in 
forest (pine, eucalypt) and in shrubland, extracted from the BONFIRE worldwide 
database (Fernandes et al. 2020), and (ii) data from reconstructed large wildfire spread, 
mostly from Benali et al. (2023). This enabled to cover the entire spectrum of fire 
weather and fire behavior variation for the more flammable vegetation types in Portugal. 
In line with fire danger rating processes and goals, we considered fire behavior for daily 
peak burning conditions only, i.e., around mid-afternoon. 
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Each fire observation was assigned one fuel complex (experimental fires) or a broad 
vegetation type (wildfires), the latter based on Portuguese land use and land cover 
mapping (Caetano et al. 2009). Following the Canadian Forest Fire Danger Rating 
System rationale (Van Wagner 1987), the following indexes were used as proxies for 
fire behavior characteristics: the Initial Spread Index (ISI) for rate of fire spread, the 
Build-up Index (BUI) and Duff Moisture Code (DMC) for fuel consumption, and the Fire 
Weather Index (FWI) for fireline intensity. The FWI index is dependent of the other 5 
indexes of the system, including the Fine Fuel Moisture Code (FFMC) and the Drought 
Code (DC), not mentioned previously. Thus, we compared the six FWI indexes from 
reanalysis and from weather stations using the Sign text, a non-parametric version of 
the t-test. 
Variability in fire behaviour was examined for three options: (i) daily gridded FWI 
indexes from the ERA5 reanalysis from the ECMWF (Vitolo et al. 2020), (ii) daily FWI 
indexes interpolated from the nearest IPMA (the Portuguese weather agency) stations; 
and, for experimental fires only, (iii) hourly FWI indexes calculated from observed local 
conditions of in-stand wind speed and dead fuel moisture content as per Van Wagner 
(1987). 
Data for 70 experimental-fire days and 63 wildfire runs was retained for analysis. 
Following theoretical expectations and exploratory analysis, fire-behavior descriptors 
were log-transformed and modelled from non-transformed (ISI, FWI) or log-transformed 
(DMC, BUI) indexes, with fuel categorization as a covariate. The fitted models were 
evaluated by the amount of explained variability (the adjusted R2) and the mean 
absolute percentage error (MAPE), for experimental fires. For wildfires, and in face of 
extreme outliers, we calculated the median absolute percentage error (median APE) 
and the interquartile APE in lieu of the MAPE. 
 
Results 
 
FWI indexes: reanalysis versus weather stations 
FWI indexes differed between reanalysis and weather-station data for the experimental 
fires (p<0.0001). The reanalysis FWI indexes had lower values than FWI indexes 
calculated from weather stations observations, with FFMC displaying the greatest 
difference. No differences between the two FWI sources were found for wildfires. 
However, reanalysis ISI and FWI were substantially lower for the three highest weather 
station observations, suggesting underestimation of wind speed. 
 
Fire behavior characteristics depiction by the alternative fire-weather sources 
Indexes calculated solely or partially from local data performed better than any other 
fire-weather source in describing observed experimental fire behaviour (Table 1). FWI 
indexes calculated from weather stations slightly outperformed the reanalysis for spread 
rate and fireline intensity, but the opposite was true for fuel consumption. 
The regression analyses of combined experimental and wildfire rate of spread modelled 
from FWI indexes, with vegetation type as co-variate, resulted in better fits than the  
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analyses of experimental data alone (Table 2). However, no apparent advantage 
associated to either approach could be discerned.  
Rate of fire spread responded exponentially to fire weather and decreased from 
shrubland to forest for any given FWI, which in part is reflecting the drier and windier 
conditions of more open environments (Figure 1). Fire danger from weather-stations 
data can substantially underestimate fire potential when the FWI>30. However, the 
fastest-spreading fires in forest were severely underestimated by the reanalysis FWI. 
 
Table 1: Adjusted R2 / mean absolute % error (MAPE) for the models of experimental fire behavior 
characteristics based on FWI indexes. 
Fire characteristic Index Reanalysis Weather 

station 
Local Local + 

reanalysis 
Local + weather 

station. 

Rate of spread ISI 0.361 / 72.7 0.383 / 71.0 0.521 / 58.2   

FWI 0.362 / 72.5 0.378 / 71.4  0.415 / 67.8 0.447 / 64.7 

Fuel consumption DMC 0.507 / 44.6 0.432 / 48.6    

BUI 0.507 / 44.6 0.401 / 50.1    

Fireline intensity FWI 0.440 / 117.4 0.463 / 114.7  0.471 / 114.3 0.502 / 107.7 
 
Table 2: Fit statistics for fire-spread rate (experimental fires plus wildfires) of the models based on 
FWI indexes. 
Index Data source R2adj MAPE, % Median APE, % IQR APE, % 

ISI Reanalysis 0.644 95.5 50.7 22.2—90.3 

 Weather station 0.626 99.9 50.1 23.8—83.8 

FWI Reanalysis 0.702 84.9 48.0 22.2 — 72.0 

 Weather station 0.708 87.7 43.9 22.9 — 70.5 
 

 
Figure 1: Fire-spread rate relationships with weather-station FWI (left panel) and reanalysis FWI 
(right panel). The fitted curves respect to the models in Table 2. 
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Discussion and Conclusion 
The explained variability was, surprisingly, substantially higher for the full dataset 
(experimental fires plus wildfires) than for the experimental fires subset. This may be a 
natural outcome of the difficulty in capturing fire weather, or components of it, for a point 
in time and space (a small, possibly non-steady state fire 10 to ~100-m wide) in 
comparison to a large wildfire. This is valid for all FWI indexes options, given the 
absence of 10-m wind speed and rainfall measured in situ. It is also expected that under 
mild fire weather the effect of fuel characteristics will be more determinant to fire 
behavior than under elevated fire danger (Cruz et al. 2022) and, additionally, fire spread 
is responding to specific a fuel complex, whereas a landscape fire integrates the 
existing substantial variability in fuel types. Description of experimental fire behavior 
through local FWI indexes would improve by considering fuel characteristics in the 
analyses and more accurate 10-m windspeed estimation. This in turn would weaken the 
comparative performance of reanalysis and weather-station FWI indexes. 
Higher variability in wind speed and fuel moisture across the landscape under milder fire 
weather would contribute to explain the difference in performance between reanalysis 
and weather-station FWI indexes in depicting experimental fire behavior. Results 
suggest that preference should be given to weather-station FWI indexes over reanalysis 
or weather models forecasts when fire danger is low to moderate, e.g. for prescribed 
burning planning. Nonetheless, reanalysis FWI indexes indicate the moisture and 
consumption of slower-drying fuels better. 
No advantages were found for weather-station FWI over reanalysis FWI (hence over 
ECMWF forecasts) for typical large-fire conditions, but the latter can substantially 
underestimate the potential for catastrophic fire behavior. Finally, sounder findings and 
recommendations would presumably result from supplementary higher-intensity 
experiments and, especially, more wildfire data. Further observation and reconstruction 
of wildfire runs in the future will be useful for such endeavor. 
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Abstract 
Increasing conflict between wildfire and the built environment has increased the need 
for more up-to-date and finer resolution canopy fuels data to improve wildfire modeling 
and associated risk forecasts. The US Forest Service and US Department of the 
Interior’s LANDFIRE product, which provides 30-m resolution canopy fuels data for the 
entire US, is one of the most widely used sources of fuels data. However, the last 
complete mapping effort for LANDFIRE is based on 2016 conditions, and subsequent 
updates reflect disturbances 1-2 years behind the release year. Airborne systems 
equipped with Light Detection and Ranging (LiDAR) sensors can be deployed to 
actively sense canopy structure and estimate canopy fuels data (cover, height, base 
height, bulk density) at finer resolutions. Canopy base height (CBH) and canopy bulk 
density (CBD) are difficult to measure both in the field and in LiDAR point clouds. Still, 
they are important for accurately modeling crown fires, which are often intense and 
difficult to contain. Additionally, point cloud datasets are large, and calculations require 
efficient utilization of computational resources. To address these challenges, we are 
working on an approach that uses openly available National Ecological Observatory 
Network (NEON) airborne LiDAR data, with calculations processed in the R 
programming language and parallelized through the lidR package. CBH and CBD are 
often derived from tree height, diameter at breast height, and species-specific 
allometries using the Fire and Fuels Extension of the Forest Vegetation Simulator (FFE-
FVS). We aim to test if airborne LiDAR can estimate CBH and CBD without the use of 
empirical equations. Reliable estimates of canopy fuels data directly from airborne 
LiDAR could streamline quick, fine-resolution updates for use in wildfire behavior 
models. 
 
Keywords: canopy fuels, LiDAR, remote sensing, wildfire behavior modeling, 
LANDFIRE, canopy bulk density, canopy base height, FFE-FVS 
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Methods 
We used LiDAR data from the National Ecological Observatory Network (NEON). 
NEON has sites throughout the United States and collects data in a standardized 
format, openly accessible from data.neonscience.org. We selected the Rocky Mountain 
National Park (RMNP) site in Colorado, USA for this initial work and have also selected 
an environmentally diverse set of sites for future work (Figure 1). The RMNP LiDAR 
dataset was collected in July 2020 and has a point density of 20 points/m2, covering an 
area of 20 km2 (Figure 2) (NEON, 2023). 
 

 
Figure 1: NEON site selected for this study (red plus) and selected NEON sites throughout the western USA 
for future work (black plus). 
 

https://data.neonscience.org/
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Figure 2: Sample 20×20 m subset of NEON LiDAR data from Rocky Mountain National Park, July 2020, with 
ground points (blue), vegetation points (green), and individual tree detection (brown). 
 
Outputs were produced using the R programming language (R Core Team, 2023) and 
the lidR package (Roussel et al., 2020). The lidR package provides functions for point 
cloud filtering and normalization, tree detection and segmentation, and user-defined 
functions. lidR can also chunk datasets into smaller tasks and run these tasks in 
parallel, allowing fast and efficient processing.  
Canopy metrics were calculated as follows: 

• Canopy Cover (CC)= number of vegetation 1st returns ≥ 1.37 m (breast height) 
divided by the total number of 1st returns (Campbell et al., 2021) 

• Canopy Height (CH) = maximum height of non-ground points 
• Canopy Base Height (CBH) = the upper quantile value where the greatest 

difference in point density exists, applied to segmented tree data; see Figure 3 
for an example of an individual segmented tree (Chamberlain et al., 2021) 

• Canopy Bulk Density (CBD) = approximated using LANDFIRE by removing 
values <0.01 kg/m3, kriging to 1 m resolution, then mapping values where LiDAR 
CC > 0 

o We also attempted training a Random Forest model on LANDFIRE CC, 
CH, and CBD data and applied it to NEON-derived CC and CH to predict 
NEON-derived CBD 

Figure 3 shows an example tree and the location in its profile where the canopy metric 
would be calculated. 
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Figure 3: An example tree canopy profile, see Campbell et al. (2018) for an overview of normalized relative 
point density. 
 
 
Results and discussion 
Our results indicate that airborne LiDAR data can provide enhanced detail and more up-
to-date products than existing datasets (Figure 4). Canopy metrics were produced at the 
individual tree scale, whereas common products, like LANDFIRE, estimate metrics at 
the forest stand scale. The fine spatial resolution captured tree canopies in places 
where LANDFIRE showed a lack of tree cover.  
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Figure 4: Example outputs for Rocky Mountain National Park, USA, comparing NEON LiDAR to LANDFIRE. 
 
The increase in spatial resolution resulted in a different value distribution for CC. For the 
LiDAR-derived results at 1-m resolution, the single-pixel area of 1 m2 often 
encompassed a single tree canopy, with 100% CC values common. In the 30-m 
resolution LANDFIRE dataset with 900 m2 represented by a pixel, no pixel exceeded 
85% CC, and 85% CC was uncommon. Taneja et al. (2021) similarly observed a 
bimodal distribution in CC values at 1-m resolution, with groups at 0 and 100% CC, and 
the bimodal distribution is not present at 30-m resolution. 
Meanwhile, the mean LiDAR-derived CH (12.0 m) was lower than LANDFIRE (15.2 m) 
by 3.2 m after removing CH values where cover was <50% and reprojecting the LiDAR-
derived CH to match LANDFIRE. LiDAR data is known to underestimate CH due to a 
combination of pulse density, canopy shape, observation scale, and footprint size 
(Roussel et al., 2017). Resampling with the third quartile value increased agreement, 
with a mean height of 13.3 m, but if using the LiDAR-derived CH at 1-m resolution, the 
values may need to be adjusted. 
CBH is more difficult to compare to LANDFIRE. LANDFIRE’s Existing Vegetation Type 
product, which is a thematic classification, has a strong effect on the CBH. For example, 
a Spruce-Fir Forest has canopy near the ground, while an Aspen Forest will have 
canopy very high up. These trees may mix within one 900 m2 LANDFIRE pixel but must 
be assigned to the dominant class, while the LiDAR-derived CBH does not have this 
limitation.  
Due to the nuances associated with the finer resolution of LiDAR-derived canopy 
metrics, the initial tests with a Random Forest model for LANDFIRE-informed CBD 
estimation were unsuccessful, essentially producing noise about the distribution of 
LANDFIRE CBD values. We generated a quick approach to map CBD by matching 
LANDFIRE values to LiDAR-derived pixels where there is CC.  
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The lack of reference data prohibited a full quantitative assessment of the results, 
relying only on physical measurements from the LiDAR data for CC, CH, CBH, and 
inferences from LANDFIRE for the CBD. Thus, these results require future replication 
and validation. Additionally, future work could be done to test fine-resolution canopy 
metrics (<5 m) as inputs to wildfire behavior models. Taneja et al. (2021) indicated that 
models using such inputs may underestimate wildfire spread because models were 
developed with coarser resolutions in mind (30 m). Gaps in CC, which are plentiful at 1-
m resolution, did not allow fire to propagate. Modeling at a fine scale would better 
capture fuel breaks, like roads, which could greatly impact fire behavior. This work could 
also aid in measurements for adjacent work, such as fuel treatments, to quantify the 
change in canopy structure and potential fire behavior.  
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Introduction 
Wind speed is a key weather factor driving fire behavior. Minor changes in wind fields can 
lead to significant variations in rate of spread and flame length. Therefore, accurately 
characterizing wind fields across the landscape is essential for effective fuel management 
and reliable fire behavior modeling.  
 
Wind depends on terrain, vegetation, and distance from the ground (Rothermel, 1983). 
The theoretical logarithmic increase in wind speed with height can be irregular due to 
vegetation characteristics. Thus, it is important not only to know the wind speed but also 
to adjust it to the height at which it influences the fire spread. In forested sites, wind speed 
at 2 m- height (sub-canopy wind speed) affects low-intensity fires, while wind speed at 6 
m (20-ft)- height affects high-intensity fires and crown fires. The 10–m wind speed is the 
standard meteorological height for wind measures of the World Meteorological 
Organization and the weather forecasts refer to this height.  
Midflame wind speed was defined by Albini and Baughman (1979) as the average wind 
speed from the top of the fuel bed to the height of the flame above the fuel. Fire simulators 
compute wind speed as the in-stand mid-flame wind. Wind speed at 2-m serves as an 
approximation for in-stand mid-flame wind speed in the context of low-intensity surface 
fires. Therefore, wind speed at 2-m has already been used for modeling fire behavior in 
prescribed burnings (Molina et al., 2022a, 2022b). The in-stand mid-flame wind could be 
determined by multiplying the open wind speed (10-m wind speed based on the standard 
height for wind measures of the World Meteorological Organization) by a Wind 
Adjustment Factor (WAF). To more accurately predict fire behavior, it is necessary to 
identify WAF from standard weather stations that typically measure wind speed at 10m. 
WAF is dimensionless, ranging from 0 to 1. Fixed WAF mean values for different fuel  
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models are widely used to simulate fire spread- However, different forest stand 
characteristics cause the in-stand mid-flame wind to take on different values for the same 
fuel model and topographical position. This research aims to identify 1) the vegetation 
characteristics that influence wind speed; 2) the estimation of a model to adjust the 10-m 
open wind to in-stand wind speed at 2-m above ground based on the forest 
characteristics; and 3) the development of a simple and highly operationally applicable 
way to estimate WAF according to the most influential stand variables.  
 
Our findings demonstrate that WAF varies with vegetation structure and forests stand 
characteristics. Canopy cover is the most influential variable on WAF, showing 
differences greater in dense stands than in open woodlands. Stand height and stand 
density also significantly affect WAF. The non-linear WAF model achieved a coefficient 
of determination (R²) of 90% depending on canopy cover, as the variable with the greatest 
influence on WAF. The proposed model can be used to simulate low-intensity fire 
behavior such as prescribed burning, as well as simulate the effect of various canopy 
management alternatives, including fuel treatments and timber harvesting. Additionally, a 
decision tree analysis identified four decision nodes based on canopy cover, stand height, 
and stand density. 
 
Materials and methods 
This research was conducted in fifty-seven forested sampling sites across Southern 
Spain covering two regions: Andalucía and Castilla La-Mancha. The areas were 
dominated by Pinus species with and without understory and two wind exposures: 
sheltered and unsheltered. The variables of the vegetation inventoried in the plots 
included stand density, stand height, canopy base height (for both live and dead branch), 
diameter at breast height, crown diameter, and understory height.  
The plots were stablished for WAF training and testing from 2014 to 2021 (114 days). 
Wind speed was measured simultaneously at two locations: one at an open site with no 
vegetation at 10-meter height, and another within the stand at 2-meter height, ensuring 
that the distance between the two locations was less than 100 meters. Subsequently, 
using the results from the field measurements, the WAF was calculated as the ratio 
between in-stand wind speed at 2-m of height and open wind speed at 10m above ground.  
 
Results 
The WAF varied significantly across the study area, ranging from 0.01 to 0.89 at the 
different sampled sites. Our findings identified canopy cover as the most significant 
variable in the WAF model, followed by stand density and basal area. Although fuel strata 
gap had a lower normalized importance, it plays an important role and has considerable 
implications for certain fuel treatments, such as pruning, brush clearing, and prescribed 
burnings. Therefore, canopy cover and fuel strata gap were considered the variables that 
most accurately explain WAF. While canopy cover was negatively correlated with WAF, 
z2 was positively related to WAF. Including the fuel strata gap or distance between surface 
vegetation and the canopy base height (z2) as an independent variable resulted in a slight  
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improvement in the model (Table 1). No significant differences were found between 
sheltered and unsheltered sites. 
 
Table 1: WAF models 
 

 
Note: WAF is the Wind Adjustment Factor (0–1), CC is the canopy cover (%), z2 is the 
fuel strata gap(m), R2 is the coefficient of determination, RMSE is the root mean 
square error and MAE is the mean absolute error. 
* RMSE and MAE based on the training and test dataset, respectively. 
 
 
Cluster analysis identified three main clusters based on canopy cover (CC), with key 
thresholds at 77.5% and 47.5% CC. In dense forests, WAF was observed to be greater 
than in open woodlands, underscoring the significant impact of canopy cover on wind 
adjustment factors. As it is shown in Figure 1, open forests (CC≤47,5%) have a minimal 
impact on wind reduction (WFA=0,73) while dense forests (CC≥77,5%) had the highest 
impact reducing wind speed (WFA=0,14).  
 

Figure 5: Decision tree for Wind Adjustment Factor (WAF) based on canopy cover, stand height and stand density. 
Note: CC is the canopy cover (%), H is the stand height (m) and SD is the stand density (trees/ha). Mean WAF value 
is identified in each node according to the sample. 
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Discussion 
While various authors (Mueller et al., 2014) achieved WAF range in canopies between 
0.15 and 0.37, other studies (Moon et al., 2019) showed a wider WAF variation between 
open woodlands and dense forests. In our study area, WAF ranged from 0.01 to 0.84, 
revealing significant differences between dense stands and open woodlands. 
Significant heterogeneity in vertical wind profiles was observed, consistent with previous 
research (Cassiani et al., 2008; Dupont and Brunet, 2008). Our results further support 
earlier studies (Kenney et al., 2008; Pimont et al., 2011), indicating that canopy cover is 
the most influential variable affecting the WAF. In the same fuel model and topographical 
position, WAF can be modified by canopy cover (irregular vegetation structure, presence 
of canopy gaps and fuel treatments), stand height, and stand density. Although the 
topographical position of the stand (whether sheltered or exposed to the wind) is known 
to be a significant factor influencing the WAF (Andrews, 2012; Wagenbrenner et al., 
2016), our study only detected minor significant differences in canopy cover between 
47.5% and 77.5%. 
The model proposed in our study assumes a constant WAF based on environmental 
characteristics, irrespective of changes in wind speed, which is consistent with the 
approaches used in BehavePlus and FlamMap software (Finney, 2004; Andrews, 2012). 
This contrasts with the drag coefficient, which continuously adjusts with wind speed due 
to the alignment of branches with the wind (Rudnicki et al., 2004). Previous research has 
indicated that WAF tends to be higher under light winds compared to heavy winds, as a 
result of a greater contact area (Rudnicki et al., 2004; Moon et al., 2019). 
Although adding fuel strata gap as independent variable did not improve the accuracy of 
the model, it would increase the possibility to simulate pruning and/or brush clearing 
treatments on WAF, and therefore, on potential fire spread. Therefore, forest managers 
and fire managers could discern the most appropriate forest management to achieve the 
trade-off between timber harvesting or fuel treatment and fire spread. 
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Introduction 
Risk assessment is a key activity for land management and planning (Calkin & al., 
2019). We specified a model aimed at assessing fire risk at WUI through qualifying the 
spatial relationship between vegetation fuel and vulnerable anthropogenic values. It is 
composed of three main modules: 
i) a classification of the spatial arrangements of individuated buildings (spatial structures 

of built up areas, Le Fur & al., 2024)  
ii) a fuel land cover classification, including forest, open and semi-open wildlands, and 

agriculture vegetation. It is derived from a former model WUIMap I (Lampin-Maillet & 
al. 2010). 

iii) The risk module itself (called WUIRisk) that links these spatial arrangements to 
components of the risk: ignition and spread hazards, and values exposure, 
defendability and vulnerability.  

We implemented a research version in the Python language available to research end-
users through a private web service. 
 
Methods 
The modules are experts' opinion based models, specified using different levels of 
formalism. The risk module was specified based on a multicriteria approach, in the 
INTERMED/MEDSTAR Interreg Project (Maillé & al. 2022) and a statistical analysis of 
ignition, outbreak, propagation and damages occurrences on anthropogenic values. We 
collected data on a sample of three main specific case study fires (Savazzi & al., 2024). 
 
Anthropogenic Values Classification: The "Buildings Module" 
The Unified INRAE/ONF buildings structures classification (Le Fur & al., 2024) 
This model describes the spatial distribution of the scattered buildings areas, in relation 
to the fire risk. It defines 5 classes of urban and non-urban areas: 3 non-urban (isolated  
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buildings area, diffuse buildings area, buildings grouped islets) and 2 urban (principal 
urban area and complex secondary urban area). These three last classes are divided  
into internal and peripheral ones (first range of buildings, in contact with vegetation). 
Criteria defining the classes are density, contiguity, shape and proximity indicators, 
calculated using some simple sequences of spatial analysis operations (buffers, contact 
length, area/perimeter ratios, etc.). The polygon layer of individuated buildings is the 
only input. Figure 1 presents the implemented workflow.  

 
Figure 1: Simplified algorithm workflow of the unified INRAE/ONF model (Le Fur & al. 2024) 
 
The algorithm is endowed with 16 parameters (buffer distances, density thresholds, 
buildings population thresholds, shape and connectivity indexes, etc.). The operational 
version, dedicated to French decision makers (land planners) was calibrated for the 
South Eastern French Mediterranean area context. A research version is also available 
in order to study the sensibility of the algorithm to the parameters values, and to adapt it 
to some other contexts. 
 
Defendability indicators 
Defendability is defined as the ability of an area to be defended by the firefighting 
services. In this particular meaning, three main criteria are taken into account: the fuel 
biomass and structure, and more specifically the clearing state, the accessibility and the 
hydrants availability. Because the clearing state is cyclical, the only two last criteria are 
assessed in this module. 
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Accessibility 
For the assessment of the interface accessibility, we distinguish between local and 
regional accessibility. The regional accessibility is the cumulated route impedance from 
the closest firefighting station to the interface patch. Only one shortest way is assessed.  
For the local accessibility of an interface area (polygon), we use two main indicators: 
- The route impedance of the different ways that reach the polygon from the closest 

"base cross" with a two lanes road. 
- The average route impedance of the shortest way to the different buildings from their 

respective closest "base cross" with a two lanes road. 
 

Both prevent routes with one or more bottlenecks (width lower than 3m). 
 
Hydrant availability 
Hydrant availability is the assessment of their accessibility from each of the buildings. A 
scheme of the model of hydrant availability is presented in the next figure 2. 
 
 
 
 
 
 
 
 
Figure 2. Scheme of hydrant availability assessment 
 
In general, a hydrant allows the firetruck to refill its tank, and to roll up to the closest 
bottleneck (typically a gate too narrow for the truck to pass through – by default less 
than 3m). The fire pipe length (20m by default) must be greater or equal to the final local 
distance. 
Exposure to vegetation fuel and contextual hazard 
A "fuel model" associating one fuel attribute to each vegetation type was specified 
based on the particular 'IGN BDForet©' vegetation map. This attribute is a simple 
coefficient representing the "fuel potential" of each vegetation type, from 0 (no 'fuel 
potential') to 1 (maximum fuel potential). From this point, two serial of attributes are 
calculated and assigned to each of the interface polygons:  
 
- A set of "content" fuel attributes characterizing fuel within each of the interface polygon. 

This local fuel plays the role of transferring energy from the forest massif to the value 
(building): it is considered as the main factor of exposure.  
 

- A set neighbourhood attributes characterizing fuel in contact with the interface polygon. 
These indicators are considered as the main hazard factors (contextual hazard).  
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The Multi-Components Fire Risk Model 
The so defined indicators are related to different components of the risk using an expert 
opinion based multi-criteria analysis. For each component of the risk (hazard, exposure, 
vulnerability, defendability, etc.) experts first define some relevant classes of each 
indicator values in relation to the analysed component. Components are then organized 
into a hierarchy (figure 3), which nodes and classes of indicators values are "weighted" 
(a weight is assigned to them) using a multi-criteria formalism (Ascendant Hierarchy 
Process - AHP). 
 
 
 
 
 
 
 
 
 
 
Figure 3. A simple hierarchy for multi-components risk assessment 
 
This experts' opinions based multi-components fire risk model allows to calculate a risk 
level attribute assigned to each interface polygon in relation to the value of the different 
indicators. For operational purposes, some generic risk indicators are also assigned to 
each of the interface classes (figure 4).  
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Figure 4. Example of a rule based model relating interface classes to risk components 
 
Conclusion 
We propose a framework implemented as a private web-service aimed at assessing 
structural wildfire risk of different classes of Wildland Urban Interface. The underlying 
WUIRisk model is based on the spatial analysis of the relationship between urban 
structures and spatial distribution of vegetation fuel. Interface classes are endowed with 
attributes including accessibility, hydrant availability and fuel biomass indicators. 
Statistical validation of the model is ongoing. Many new indicators (including 
propagation factors: slope, dominant wind, etc.) should be incorporated in the model in 
order to refine it. We also developed a dynamic model called WUIDyn in order to 
simulated risk change at WUI (Maillé & al. 2022). 
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Introduction 
Forest fires are a major risk in the Mediterranean area, as in southeastern France, 
ravaging thousands of hectares every year (www.bdiff.agriculture.gouv.fr). This risk is 
exacerbated by climate change, e.g. increase in the frequency of extreme weather 
events, and by changes in land use, e.g. increase in wildland-urban interfaces (WUI) 
(Chappaz and Ganteaume 2022). In SE France, a regulation has been implemented to 
prevent as much as possible fires at the WUI, mainly through fuel reduction measures 
e.g. mechanical or manual bush and grass clearing, prescribed burning (Curt and 
Fréjaville 2017). However, the effect of the different measures on the fire hazard 
reduction has a little (Marino et al 2010; Marino et al. 2011; Madrigal et al. 2012) or not 
been verified yet, especially according to the vegetation type and the treatment return 
interval, focusing more on the response of the vegetation to the fire (Fernandez et al 
2013). The aim of this work is to fill these gaps, focusing on the effect of the treatment 
on the reduction of the fire ignition and propagation. 
 
Material and methods 
Study area and fuel treatments studied 
The studied area is the French administrative district Bouches-du-Rhône, a typical 
mediterranean area in terms of temperature, precipitations and vegetation, and is 
regularly affected by fires. 
Three differents types of fuel treatments have been selected : mechanical bush 
clearing, prescribed burning and grass-clearing with or without residues left in situ 
(figure 1).  
Vegetation was sampled according to two return intervals : T0 – vegetation treated just 
before the fire season, T1 – vegetation treated the previous year 

mailto:anne.ganteaume@inrae.fr
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Field sampling 
The vegetation sampled varied according to the treatment. For mechanical bush 
clearing and prescribed burning the selected vegetation was the Quercus coccifera 
shrubland growing under a cleared Pinus halepensis forest ; and for grass slashing, it 
was roadside grass (Bromus sp.). 
Sampling was carried out during the summer 2023 to have a vegetation status 
corresponding to the fire season (i.e. low moisture content). An aluminium tray 
(30*25cm) or a metal template (18*20 cm), depending on the type of vegetation, were 
used to delimit the vegetation samples which were extracted with a large flat shovel or a 
trowel. The harvested vegetation was cut at ground level (to be reconstructed in the 
laboratory), then the litterbed was removed with as little disturbance as possible to 
maintain the fuel microstructure. Samples were kept in a cooler in order to avoid water 
loss. Some site parameters like exposition, altitude, mean precipitation and temperature 
over the last 3 months were also recorded. 
Burning experiments 
Once back in the laboratory, an initial fuel moisture content (FMC) measurement was 
carried out. The vegetation was replaced in the samples just before the burning 
experiments and some sample parameters, were also recorded (e.g. FMC, vegetation 
bulk density, litterbed height, neddle proportion in the litter).  

Figure 6 : Location of sampling points for each fuel treatment method in the Bouches du 
Rhône  
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Two ignition protocols were implemented to test fire ignition and propagation 
respectively, successively.  
The first ignition source was a glowing firebrand to study fire ignition at the road-forest 
interface, as already used in previous studies (e.g. AIOLI rapport final 2007, Ganteaume 
et al. 2009), using a Pinus sylvestris cube placed on a 500-W epiradiator and which was 
then placed in the centre of the sample at the end of the flaming phase (figure 2.a). A 10 
km h−1 wind was generated using a domestic fan. 
The second ignition source was a line of alcohol, drawn across the width of the sample 
and then lit with a matchstick (figure 2.b). 
During the burning experiments, different variables were measured corresponding to the 
main components of flammability (Anderson. 1970 ; Martin et al. 1993) : ignition 
frequency (%), ignition delay (in s), flaming duration (in s), fire spread (number of 
sample side reached by fire), maximum temperature (in °C), total heat flux (in kW), rate 
of spread (in cm s-1) and flame front intensity (derived from Byram’s equation ; in kW m-

1)) and % of fuel consumed 
during the burn. The fire bench 
was inspired by Ganteaume et 
al. 2009 and Marino et al. 2010 
(figure 3). 
Statistical analyses 
Linear Model and/or Global 
Linear Model analyses were 
used to show any noticeable 
influence of site and sample 
parameters on flammability. So 
1-factor ANOVAs were 
performed on the residuals of 
these models to only highlight 
the treatment effect on 

flammability, free from external effects, comparing flammability in treated vegetation vs 
untreated vegetation.  
 
 

Figure 7 : The 2 ignition protocols : the glowing brand (a), and the alcohol line 
(b). 

Figure 8 : Fire bench used in laboratory burning experiments 
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Results and discussion 
Regarding the type of fuel treatment (Table 1), Mechanical brush-clearing and 
Prescribed burning mostly resulted in a decrease in flammability of the post-treatment 
vegetation according to other studies (Marino et al 2010, Marino et al 2011, Marino et al 
2012, Banerjee 2020), except for spread due to an enhanced effect of wind in the 
treated vegetation. Lower vegetation bulk density and needle proportion in the litterbed 
as well as lower litterbed thickness mostly helped to decrease flammability. 
Grass slashing presented contrasted effects (Table 1), but mostly increased 
flammability, regardless of the presence or absence of residues left, mostly because of 
higher proportion of dead fuel. This result agrees with what had been found in a 
previous study (AIOLI 2007). Ignition by glowing firebrands was facilitated by higher 
contact surface with the fuel in the treated samples. Ignition frequency without residues 
was higher than that of the modality with residues due to higher air flow through the 
samples. 
Regarding the return interval (Table 1), regardless of the treatment, T0 and T1 showed 
a decrease in flammability compared to the control (except for spread). Comparing T0 
and T1, there was no significant effect for prescribed burning but a contrasted effect for 
mechanical brush-clearing according to the variable considered (but mostly flammability 
decreased for T1). 
 
Conclusion 
Flammability was significantly reduced after prescribed burning and mechanical brush-
clearing, regardless of the return interval and the effect of treatment was still effective 
after one year. Furthermore, very poor ignition by glowing firebrands was highlighted for 
both types of treatment. Grass slashing mostly increased flammability, with or without 
vegetation residues left and the ignition by glowing firebrands was facilitated (especially 
without residues left) which was not the effect intended.  
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Introduction 
Across the western United States, wildfire is increasing in intensity, size, and frequency 
(Westerling et al., 2006). Fuel treatments can reduce wildfire severity and improve 
wildfire suppression efficiency ultimately resulting in smaller wildfires (Cochrane et al., 
2012; Moghaddas and Craggs, 2007). However, the current pace and scale of fuel 
treatments is inadequate to substantially reduce wildfire and the associated negative 
impacts on the landscape (Prichard et al., 2021). Many challenges exist to increasing 
the pace and scale of fuel treatments, including budgetary and personnel limitations. 
Market-based solutions can help overcome these budgetary and personnel limitations. 
 
In 2023, the Climate Forward program of the Climate Action Reserve, an offset registry 
for the global carbon market, released the Reduced Emissions from Megafires (REM) 
Forecast Methodology which quantifies anticipated greenhouse gas (GHG) emission 
reductions from the implementation of fuel treatments (Ebert et al., 2023). Anticipated 
GHG emission reductions are quantified over a project duration of 40 years by 
accounting for carbon in standing live trees, shrubs, and herbaceous understory; 
standing dead trees; dead surface fuels (woody debris, litter, and duff); harvested wood 
products; biomass combustion emissions from fires (prescribed and wildfire); mobile 
combustion emissions; and biological emissions from decomposition of forest products. 
Carbon estimates are made based on model outputs from the Fire and Fuels Extension 
to the Forest Vegetation Simulator (FVS-FFE), a wildfire spread simulation model, and 
the First Order Fire Effects Model. The REM methodology seeks to quantify whether a 
fuel treatment reduces wildfire carbon emissions enough to overcome the carbon 
emissions from the treatment and the foregone carbon sequestration of any trees culled 
in the fuel treatment process. In this context, the performance of a given fuel treatment  

mailto:kjohnston@sig-gis.com
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to net reduced emissions can vary by forest type and initial forest condition because the 
outputs will vary with tree species’ growth rates and fire resilience and resistance.  
 
We explored the performance of four fuel treatments commonly implemented in 
California’s northern Sierra Nevada for its four most common forest types with varying 
initial forest conditions. We followed the REM methodology using synthetic landscapes 
and evaluated all fuel treatments for each forest type-condition. 
 
Materials and methods 
Study area 
The study area encompasses 19,602 square kilometers in NE California (Figure 1). The 
area experiences a Mediterranean to montane climate. The dominant forest types were 
mixed conifer, Douglas-fir (Pseudotsuga menziesii), ponderosa pine (Pinus ponderosa), 
and white fir (Abies concolor) (Riley et al., 2022). 
 
Synthetic landscapes 
Synthetic forested landscapes were created to control for impacts of spatial variability in 
topography and forest stand conditions. All forest stands within the study area matching 
each of the four dominant forest types were derived from the TreeMap 2016 dataset 
(Riley et al., 2022). FVS-FFE was used to simulate wildfire in all stands to determine 
wildfire hazard based on model-estimated flame length and percent basal area mortality 
(Figure 2) (Dixon, 2024; Rebain et al., 2022). Twelve synthetic landscapes were created 
consisting of uniform coverage of either low-, moderate-, or high-wildfire hazard stands 
for each forest type. Zero slope, elevation, and aspect were used for all synthetic 
landscapes. 
 
Fuel treatments 
Four fuel treatments were independently implemented in each of the 12 synthetic 
landscapes (Table 1).  
 
Analysis 
The REM methodology was implemented as published (Ebert et al., 2023) and the 
minimum annual burn probability (ABP) required to achieve net GHG emission 
reductions was iteratively discovered for each forest type-condition-fuel treatment 
combination. All other inputs being equal, the ABP will drive outcomes. The value of the 
minimum required ABP and the effectiveness of a given fuel treatment are inversely 
proportional. We used the following criteria to rate each treatment:  
- “best”: lowest minimum required ABP  
- “alternative”: minimum required ABP ≤0.10 
- “failed”: no reduction in emissions or minimum required ABP > 0.10 
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Figure 1. The northern Sierra Nevada boundary. 
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Figure 2. Flowchart showing how each forest stand was assigned a hazard level. 
 
Table 1. The four fuel treatments simulated. 
 
Fuel 
Treatment 

Thinning 
Specifications 

Pile Burn Broadcast 
Burn 

Mastication 

Commercial 
Thin + 
Broadcast Burn 

Thin from 
below, up to 
30” DBH, to a 
residual 35% of 
max SDI  

— Yes — 

Hand Thin + 
Pile Burn 

Thin 90% of 
trees up to 10” 
DBH 

Yes — — 

Mastication Thin 90% of 
trees up to 10” 
DBH 

— — Yes 

Broadcast Burn 
Only 

— — Yes — 

 
 
Results 
Mixed conifer forest type 
In the mixed conifer forest type the “hand thin + pile burn” was the best fuel treatment. 
The “commercial thin + broadcast burn” and “broadcast burn only” fuel treatments were  
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alternatives for various hazard levels (Table 2).  
 
Douglas-fir forest type 
In the Douglas-fir forest type the “hand thin + pile burn” was the best fuel treatment. The 
“broadcast burn only”, “commercial thin + broadcast burn, and “mastication” fuel 
treatments were alternatives for various hazard levels (Table 3). 
 
 
Ponderosa pine forest type 
In the ponderosa pine forest, all fuel treatments failed to reduce net GHG emissions in 
low-hazard conditions. In moderate-hazard conditions, the “hand thin + pile burn” fuel 
treatment was the best choice with all others as alternatives. In the high-hazard 
conditions “hand thin + pile burn” was also the best fuel treatment but all others failed 
(Table 4). 
 
White fir forest type 
In the white fir forest, the “hand thin + pile burn” was the best fuel treatment while all 
other fuel treatments failed (Table 5). 
 
Table 2. Mixed conifer forest type results. 
 

Fuel Treatment Low Hazard Moderate Hazard High Hazard 

Commercial Thin + Broadcast 
Burn 

Alternative (ABP >0.043) Alternative (ABP >0.045) Alternative (ABP >0.025) 

Hand Thin + Pile Burn Best (ABP >0.010) Best (ABP >0.010) Best (ABP >0.005) 

Mastication Failed Failed Failed 

Broadcast Burn Only Failed Failed Alternative (ABP >0.020) 

 
 
Table 3. Douglas-fir forest type results. 
 

Fuel Treatment Low Hazard Moderate Hazard High Hazard 

Commercial Thin + Broadcast 
Burn 

Alternative (ABP >0.025) Alternative (ABP >0.017) Failed 

Hand Thin + Pile Burn Best (ABP >0.005) Best (ABP >0.004) Best (ABP >0.005) 

Mastication Alternative (ABP >0.030) Failed Failed 

Broadcast Burn Only Alternative (ABP >0.010) Alternative (ABP >0.013) Alternative (ABP >0.050) 

 
 
Table 4. Ponderosa pine forest type results. 
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Fuel Treatment Low Hazard Moderate Hazard High Hazard 

Commercial Thin + Broadcast 
Burn 

Failed Alternative (ABP >0.100) Failed 

Hand Thin + Pile Burn Failed Best (ABP >0.004) Best (ABP >0.010) 

Mastication Failed Alternative (ABP >0.020) Failed 

Broadcast Burn Only Failed Alternative (ABP >0.018) Failed 

 
 
 
Table 5. White fir forest type results. 
 

Fuel Treatment Low Hazard Moderate Hazard High Hazard 

Commercial Thin + Broadcast 
Burn 

Failed Failed Failed 

Hand Thin + Pile Burn Best (ABP >0.020) Best (ABP >0.018) Best (ABP >0.005) 

Mastication Failed Failed Failed 

Broadcast Burn Only Failed Failed Failed 

 
 
Discussion 
Land managers can use these findings when selecting fuel treatments for the REM 
methodology. Forest type, hazard level, and ABP for the project area can all be easily 
assessed. That information combined with any other social or economic considerations 
can allow the manager to make an informed decision about where and which fuel 
treatments are most likely to reduce net GHG emissions from megafires. 
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Introduction 
In Western Montana, a few small land management organizations are counting on each 
other when implementing prescribed fire. We discuss some of the obstacles these 
smaller burners face and the solutions they found to overcome them, when building a 
prescribed fire program. From utilizing university students to writing formal agreements, 
nothing is off the table when it comes to increasing the pace and scale of prescribed fire 
implementation in the Blackfoot watershed. Building relationships is the key to success 
because burning with friends is more efficient, more effective, and more fun. 
 
Methods 
Strong collaborations provide many benefits for resource-challenged organizations that 
want to meet prescribed fire objectives. The coalition of landowners, natural resource 
managers, and fire professionals in the Blackfoot valley in western Montana put a lot of 
effort into creating an environment that allows for the exploitation of each other’s 
strengths, creates efficiencies, and maximizes the use of short burn windows. And for 
some, these collaborations make prescribed fire implementation a reality! This takes a 
lot of time and energy. During the burn season the Prescribed Fire Working Group 
starts each week with a video conference, discussing fuel and weather conditions, 
burns on the docket, and resource availability. They prioritize burns based on these 
factors as well as the location on the landscape (aspect, elevation, potential smoke 
impacts), the time since a unit has been prepped, and the persuasive capacity of the 
person representing that unit on the call. These calls are invaluable to the burners, not 
only for providing clarity on big picture of burning in the Blackfoot watershed, but also to 
hear about the conditions and fire effects of burns that happened during the previous 
week.  
 
While these in-the moment calls, where the rubber meets the road, are important, a lot 
of work happens during the year leading up to the burn season. During the long 
Montana winter a few folks are still thinking about burning, so the Prescribed Fire 
Working Group organizes an all-hands meeting during which the plans for the spring 
and fall burn seasons are discussed. This time is also used to think about strategies to 
meet landscape level, cross-boundary, interagency, objectives. The cliché that fire does 
not know ownership is often true, especially in a more fragmented landscape (except of 
course when previous treatments, such as prescribed fire, follow the property lines). 
Using existing fire breaks, some that might cross property lines, reduces costs, makes  
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implementation easier, and causes less disturbance to the resource. This means that 
landowners on both sides of the fence need to agree on objectives, be aware of each 
other’s needs, and know what each can contribute to all phases of a prescribed fire.  
 
The partners who burn together in the Blackfoot watershed often meet at a burn unit 
long before a drip torch is ignited. Seeing, feeling, and discussing the fuel load and its 
condition, laying out the fire breaks in the optimal location, walking up the steep slopes 
together, all augment the cooperation, which also happens through analysis, modeling, 
and sharing of spatial data between the partners. Seeing and discussing potential 
problems long before a burn day aids in the writing of better burn plans. And those 
partners who are better at making maps and running fire behavior models are lending 
others a hand with those more technical tasks. 
 
When a good burn window finally opens, everyone with a burn plan will want to apply for 
a permit. Without the weekly meetings and open discussions, everyone would apply, 
and once approved not have enough resources to pull off a burn. The informal 
prioritization that happens each week allows for better resource allocation, a more 
efficient approval process where fewer people apply, but they are all in a position to 
actually implement a burn once the permit has been approved. 
 
On a burn day, with resources from usually 3-4 but sometimes 7-8 different 
organizations, a lot of the time consuming get-to-know your partner has already 
happened. People know the capabilities of each other and the equipment they bring. 
Everyone has their radios programmed with at least a few common channels, so that 
communications are seamless. Usually each partner brings hand tools, drip torches and 
a few gallons of torch-mix to share. Contractors also provide invaluable services to 
small organizations with limited resources. And while the burn unit host certainly 
benefits from the extra peoplepower and equipment, the spring burn season is also a 
good time for the contractors to fine-tune their crews and get ready for the wildfire 
season ahead.  
 
The collaboration in the Blackfoot valley goes beyond the resources needed to 
implement prescribed fires. The University of Montana (UM) often hosts researchers on 
burns. These include both university and visiting scientists. While collecting pre-fire, 
during fire, or post-fire data is their main objective, they often return the favor by 
dragging a torch, doing the weather, or leaning on a shovel while holding a line. 
Students at UM also benefit greatly from being in these partnerships. They are exposed 
to a greater number of burns, have a chance to network with a variety of natural 
resource professionals, and help with both those technical pre-burn tasks and the 
physical preparation of burn units. 
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Results 
The benefits of burning with friends are many. It has led to stronger partnerships, it has 
built more trust, more acres were burned, and more landowners were happy with the  
results. Without collaboration most smaller organizations would not be able to 
implement much prescribed fire. It has provided great experiences for students, 
including networking, leadership opportunities, in-the-field fire ecology experience, and 
insights into the logistics of implementing a burn. Prescribed fires where the researchers 
are also on the burn crew makes data collection easier. And when the burn boss is a 
primary investigator on a research project, controlling one’s destiny for how to burn a 
plot is greatly increased. 
 
Discussion 
Prescribed burning involves large amounts of hard labor. It is always easy to find a 
reason not to burn. Having many friends count on you to burn, makes it easier to pull 
the trigger and actually implement a burn. Especially when they are as excited about 
prescribed fire as you are. 
 
These local partnerships are important. But we have learned a lot of valuable lessons 
from our partners in other areas of the country. For example, during annual trips to 
Georgia where we have helped the Nature Conservancy (TNC) with prescribed fire over 
the past 17 years, we saw the importance of working together on prescribed fires 
firsthand, especially when resources are in short supply.  
 
The Blackfoot Prescribed Fire Work Group acts like a Prescribed Burn Association 
(PBA) in many ways. It is a pool of knowledge, equipment, time, and resources, and 
maybe one day it will become an official PBA, if only to make easier for others to 
understand how the group functions. 
 
While the partners in the Blackfoot watershed have been successful in increasing the 
pace and scale of prescribed burning, there are still some obstacles to overcome. The 
usually small burn windows in the Northern Rockies will still exist, but at least they can 
take advantage of them more often, due to effective resource sharing and planning.  
 
One topic that comes up frequently is whether all partners should be following the 
National Wildfire Coordinating Group (NWCG) standards. In the Blackfoot valley all 
agencies and NGOs do follow NWCG standards, but this not feasible for all private 
landowners. Having the flexibility to allow non-red carded personnel on a burn creates 
opportunities to expand the group of partners. But these opportunities are limited to a 
few occasions each season, only when the hosting unit is able and willing to provide an 
organizational structure that allows for a safe integration of non-red carded personnel. 
 
One area where progress is still to be made is the formalization of the partnerships. 
Formal agreements are currently in place between many of the partners. These 
agreements are negotiated individually every few years. A multi-party, multi-year 
agreement is under development, which hopefully will preclude the need for many of the 
two-party agreements and make collaboration even easier.  
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Introduction 
Wildfires represent a significant threat to ecosystems and communities across Europe, 
with fuel mapping being a critical component of fire risk assessment and management. 
The FirEUrisk project has contributed to this endeavor by developing a comprehensive 
fuel classification system consisting of 24 fuel types categorized into six main groups: 
forest, shrubland, grassland, cropland, wet and peat/semi-peat land and urban type, 
along with a non-fuel category (Aragoneses et al., 2023). Figure 1 shows all FirEUrisk 
categories, while Figure 2 shows a fuel map for the entire European territory that was 
created with a resolution of 1 square kilometer. This European-wide map was a 
significant step forward in wildfire management, providing a comprehensive overview 
that is crucial for macro-level planning and decision-making. 
 

 
Figure 1: FirEUrisk fuel categories and codes (Aragoneses et al., 2023) 
 
However, for local and regional applications, such as in Croatia, a higher resolution map 
is necessary to accurately capture the diversity of fuel types and their spatial 
distribution. Building upon the groundwork laid by the FirEUrisk project, this paper 
presents the calculation and validation of new high-resolution fuel maps for Croatia with 
an improved spatial resolution of 100 square meters. This higher resolution offers a 
more detailed view of fuel distribution across the landscape, enhancing the accuracy of 
fire risk assessment and management. 
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Figure 2: European territory FirEUrisk fuel map in 1 km resolution (Aragoneses et al., 2023) 
 
Motivation 
High-precision fuel maps are foundational to effective wildfire risk assessment, serving 
as a crucial tool for planning and decision-making. The accuracy of fire-spread and 
behavior simulations is directly tied to the level of detail in fuel maps. The granularity of 
a fuel map greatly influences the reliability of risk assessments and the quality of fire 
spread models. The FirEUrisk project contributed significantly to both fuel modeling and 
mapping, emphasizing the importance of accurate, high-resolution data for effective fire 
management. 
 
In Croatia, the need for high-resolution fuel maps is particularly acute due to the 
country's diverse landscapes and the varying fire risk across different regions. The 
coastal areas, characterized by Mediterranean vegetation, are prone to frequent 
wildfires, whereas the continental regions with different vegetation types face different 
challenges. Accurate fuel maps are essential for both regions to ensure effective fire 
management strategies. 
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The European territory fuel map created by FirEUrisk has a resolution of 1 square 
kilometer and was validated using LUCAS points and other resources, achieving an 
accuracy of 88.4% at the European level and 90% within Croatia. Unfortunately, only 70 
LUCAS points were used to validate the accuracy of this maps for Croatia (Aragoneses, 
2024). This limited validation raised concerns about the map's reliability for local 
applications, necessitating a more comprehensive approach. Figure 3 shows LUCAS 
2018 points used for FirEUrisk map validation, as well as all LUCAS 2018 (4240 points) 
and 2022 (5816 points) points available on Croatian territory. 
 

 
Figure 3: LUCAS 2018 points used for FirEUrisk fuel maps validation (left) and all LUCAS 2018 and 
2022 points (right) 
 
When validating the original 1km FirEUrisk map using all 5816 LUCAS points from 
2022, the accuracy was only 29.54%. Confusion matrix for this analysis is shown in 
Figure 4. In contrast, using all 4240 LUCAS points from 2018 resulted in an accuracy of 
43.79%. This demonstrates that the initial validation, based on a limited number of 
points, was overly optimistic and highlights the necessity for higher-resolution maps and 
a more comprehensive validation process.  
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Figure 4: Confusion matrix for original FirEUrisk map and 2022 LUCAS points 
 
High-Resolution Fuel Maps Calculation Methodology  
To generate new high-resolution fuel maps for Croatia, a revised set of input data 
sources was used: 

• Copernicus Tree Cover Density (2018) (Copernicus, 2018),  
• Global Forest Canopy Height (2019) (Potapov et al.),  
• CLC+ backbone (Copernicus CLC+, 2021) 
• The De Martonne aridity index (De Martonne, 1926), and  
• other climate data and a burned area database.  

 
Each of these data sources contributes unique information that, offers a comprehensive 
picture of the fuel distribution across Croatia. 
 
The initial procedure for the 100m map of Croatia was based on the method developed 
by the University of Lleida and used for the FirEUrisk Barcelona PS (FirEUrisk Del.1.1.,  
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2023). Additional tuning was performed by comparing with 5816 points of 2022 LUCAS 
using an optimized conversion table, shown in Figure 5. 
 

 
Figure 5: Optimized conversion table between LUCAS categories and FirEUrisk categories 
 
As a final result, three maps were created: 

1. A 100m Croatia fuel map with original FirEUrisk categories. 
2. A 100m Croatia fuel map where vegetation categories in arid areas have a minus 

sign. 
3. A 100m Croatia fuel map where FirEUrisk categories were converted to Scott-

Burgan categories using a conversion table from Figure 1 based on arid (A) and 
humid (H) zones (Figure 5).  
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Figure 5: Newly developed fuel map for Croatia with Scott-Burgan categories 
 
High-Resolution Fuel Maps Validation 
The validation process included region-specific data to ensure that the new high-
resolution fuel maps accurately represent local conditions and variations in vegetation 
and land cover. Validation was conducted using the latest available data sources, with 
newer LUCAS points from 2022 providing a current reference dataset for comparison. A 
two-step validation was conducted, first to validate the six main fuel types, and then to 
assess all fuel types.  
 
The new high-resolution maps provide a finer detail of fuel distribution, leading to more 
accurate fire risk assessment and management. Using all 5816 LUCAS points from 
2022, the accuracy of the new maps was found to be 74.68%. This significant  
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improvement in accuracy demonstrates the value of higher-resolution maps and 
comprehensive validation. 

 
Figure 6: Confusion matrix for newly developed Scott-Burgan map and 2022 LUCAS points 
 
The improved accuracy of the high-resolution maps has several practical implications:  

• Firstly, it allows for more precise allocation of firefighting resources, ensuring that 
high-risk areas receive the necessary attention.  

• Secondly, it enhances the accuracy of fire spread simulations, which are critical 
for both real-time response and long-term planning.  

• Lastly, it provides a more reliable basis for environmental planning and 
conservation efforts, ensuring that fire management strategies are aligned with 
broader environmental goals. 

Additionally, manual validation was carried out using Google Street View, where 
random points were chosen and manually validated. An example is shown in Figure 7. 
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Figure 7: Manual validation using Google Street view for new Scott-Burgan map and 2022 LUCAS 
points 
 
The validation process also highlighted some areas for improvement. While the overall 
accuracy was significantly improved, certain fuel types and regions still exhibited lower 
accuracy. This suggests the need for ongoing refinement of the models and continuous 
updating of the data sources. Future work will focus on integrating additional data, such 
as high-resolution satellite imagery and ground-based observations, to further enhance 
the accuracy and reliability of the maps. 
 
Conclusions 
Figure 8 illustrates the difference between original FirEUrisk map in 1 km resolution and 
new 100m map for part of Split-Dalmatia County. The new high-resolution fuel maps 
represent a significant improvement in the precision and applicability of fire risk 
assessment and management strategies in Croatia. These efforts contribute to a more 
sustainable and safer coexistence with the ever-present threat of wildfires. 
 
The new higher resolution FirEUrisk fuel map of Croatia will be freely available with this 
paper, providing a valuable resource for researchers, policymakers, and fire 
management professionals (CIPOP – HR Fuel Maps, 2024). By providing a more 
detailed and accurate picture of fuel distribution, they enhance the ability to assess and 
manage fire risk, ultimately contributing to a safer and more sustainable coexistence 
with wildfires. 
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Figure 7: Comparison of original 1km FirEUrisk fuel map and new 100m map for part of 
Split-Dalmatia County  
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Introduction 
The first and most crucial phase in operational fire risk is the initial attack or response, 
which is the first extinction effort taken to control the wildfire spread by the suppression 
resources. We proposed the Initial Attack Index (IAA) as a dynamic risk indicator easily 
comprehensible by the operational end-users. It synthesizes the risk modeling 
implemented in Technosylva Inc.’s Wildfire Analyst (WFA) app. Since its inception in 
2019, fire agencies, electrical utilities and the insurance sector have employed the IAA 
index (in both America and Europe).  
 
The IAA is the result of a collaboration between the California Department of Forestry 
and Fire Protection (CAL FIRE) and Technosylva aiming to address California’s 
challenging wildfires. It is based on expert criteria from small and medium-sized 
enterprises, trying to obtain a synthetic index that could be valuable for preparedness, 
dispatching and response. Specifically, it aims to evaluate the difficulties anticipated by 
the response teams during the first 1 to 2 hours after ignition time, being used by CAL 
FIRE to prepare resources for deployment. After more than three years of 
implementation, we evaluated its performance in terms of fire containment likelihood 
and, in those cases where the initial attack fails, whether the index can highlight the 
potential for problematic fire behavior affecting suppression operations. 
 
The main objectives of this study are: a) assess the probability of initial attack success 
employing the proposed IAA index; b) estimate the wildfire potential when initial attack 
fails, especially in the early containment phase; c) evaluate the contribution of  
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suppression resources in the prediction of initial attack success or fail; and d) validate 
the IAA with recent incidents, fire-related predictors and other machine learning 
algorithms in California and other areas. 
 
 
Materials and methods 
 
Wildfire and suppression resources data 
 
We employed wildfire records (26,907) retrieved from the IRWIN database from the 
whole state of California for the period 2020-2023 (Figure 1).  
 
 

 
 
Figure 1: Initial Attack Assessment Index for Californian fires considering the success (left: fire 
size < 10 ac) and failure (right: fire size > 10 ac). Graduated circles represent final fire size.  
 
 
The role of initial response was evaluated with CAL FIRE data from 9,886 incidents. We 
computed three variables: response time, containment time and density of resources 
during containment time, in addition to means of extinction. 
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WFA automated simulations 
 
We automatically simulated fire incidents with weather forecasts and diverse semi-
empirical fire spread models implemented in WFA. We employed Rothermel’s (1972) 
surface fuel models (30m) updated yearly by Technosylva using Scott and Burgan 
(2005) methodology including new timber fuels models (Cardil et al. 2023). We used 
hourly weather data (2km) and mean wind speed-direction (at 10-m height). Finally, we 
employed dead fuel moisture using weather data (Nelson 2000) and live fuel moisture 
by Technosylva’s machine learning models with US Fuel Moisture National Database 
(WFAS 2022, Cardil et al. 2023). 
 
Initial Attack Assessment Index computation 
 
The IAA was computed using two different indices: Fire Behavior Index (FBI) and 
Terrain Difficulty Index (TDI). All are represented by five categories (from 1 to 5), where 
the higher the value, the more active fire behavior, the more complex the terrain, and 
thus the more likely it is to escape the initial attack, ending in a potential threat (Figure 
2). 
 

 
 
Figure 2: Fire Behavior Index and Terrain Difficulty Index employed to calculate the IAA for 
California State (start season 2021). 
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Results and validation 
 
IAA index performance 
 
The probability of Initial Attack success for different fire size thresholds decreases while 
the level of IAA increases (Figure 3). Generalized Linear Model (GLM) fitted with CAL 
FIRE incidents showed that IA success increases >89% in all classes, especially 4 and 
5 (Table 1). 
 

 
 
Figure 3: Comparison of the modeled probability of Initial Attack success based on the IAA 
classes for different fire size objectives (acres). 
 
 
Table 1: Comparison between probability of Initial Attack success and the wildfire data source (all 
agencies, CAL FIRE incidents and without CAL FIRE incidents.  
 
Success threshold 

(10 acres) 
  IAA 

N 1 2 3 4 5 
All agencies 26,907 98.3% 95.5% 94.5% 92.8% 84.2% 
CAL FIRE 18,697 97.9% 96% 94.4% 94.8% 89.5% 

No CAL FIRE 8,210 97.2% 93.2% 92.8% 89% 81.1% 
 
 
What happens when Initial Attack is not successful? 
 
When fires escape initial attack, the index explains that the average final fire size is 
larger as the index grows (Figure 4), especially for the highest IAA values (4 and 5). 
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Figure 4: Comparison of average fire size in acres when the Initial Attack fails for each IAA class. 
 
 
Contribution of fire-related variables, suppression factors and ML algorithms 
 
Fire size at 1 hour, rate of spread (ROS) and flame length are the most significant fire-
related variables. Containment time, density of resources and engines are the most 
relevant suppression factors. Random Forest and Artificial Neural Networks improved 
the discrimination for successful IA. However, they showed reduced accuracy when IA 
fails. 
 
WFA simulations outside California 
 
We individually simulated eight incidents with different fire conditions, terrain difficulties 
or impacts observed (Figure 5, upper panels). We could find from very devastating 
wildfires (high ROS, such Archie Creek fire), natural-caused triggered by worsening 
wind-moisture conditions (Lionshead fire) or convective propagation affecting WUI in the 
first hour (Spain). Generally, simulations spatially match with VIIRS satellite hotspots as 
well as, with date time of fire ignition and subsequent days (Figure 5, lower panels).   
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Figure 5: Locations and IAA-IRA, FBI and TDI values of the wildfires simulated outside California 
(upper panels). 24-h simulation example of Holiday Farm fire in Oregon conducted in WFA (lower 
panels). 
 
 
Implementation 
 
CAL FIRE wildfires management  
 
The main value of the IAA index was its contracted implementation from 2020 in the 
CAL FIRE wildfire management statement. Daily IAA metrics are evaluated and 
summarized per unit by CAL FIRE. At the same time, each alert is automatically 
simulated and associated with an IAA value to provide information from the detection 
time to units on the field. Additionally, units get a report as soon as the incident gets into 
the Computer-Aided Design (CAD) through the Tactical Analyst mobile app. 
WFA’s integration with complementary technologies and data sources facilitates 
verification of predictions and on-going calibration of simulations for even more accurate 
results. Currently, WFA seamlessly integrates with the CAL FIRE dispatch system to 
provide automatic spread predictions within seconds of receiving incident notifications 
for every incident. In turn, FireGuard data for active incidents updates the automatic 
simulations with the current ignition location. 
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Conclusions 
We choose the proposed IAA for its simplicity and robustness above the rest of models. 
In fact, machine learning failed to improve escaped wildfire detection. The IAA has been 
built with expert criteria and successfully implemented during initial attack on most fires 
in California. It is ideal for operations due to its ease of communication. Regarding the 
contribution of suppression factors, containment time, density of resources and the 
number of engines delivered were key drivers that contributed to suppression success. 
Finally, we demonstrated the potential of exploiting the index outside California and 
internationally, by evaluating IAA with fire growth as detected by satellite hotspots. 
Therefore, both can be directly extrapolated to other environments and fire conditions.  
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Introduction 
Forest fuels classification is essential for the improvement of fire behaviour prediction 
(Keane, 2015). Hence, the availability of custom fuel models with their associated fire 
behaviour information offers advantages from the point of view of fuel management, fire 
suppression and restoration at regional level (Arellano et al., 2017). In Andalusia 
(Southern Spain), the University of Cordoba established custom fuel models called 
UCO40 based on the methodology defined by the American system proposed by Scott 
and Burgan (2005), adapting these fuel models and their descriptive parameters to the 
particularities of the vegetation present in this Mediterranean region (Rodríguez y Silva 
and Molina-Martínez, 2012). In recent years, the need to obtain high resolution fuel 
model maps has increased. Remote sensing technologies provide a major opportunity 
for this purpose, despite certain adaptations being required to overcome sensors 
limitations.  
 
Therefore, the present study was carried out with the aim of: (i) adapting the UCO40 
models to a new field version called UCO30 to improve the field identification criteria; (ii) 
adapting the UCO30 models to a new version called UCO20 for map generation from 
airborne laser scanning and field inventories previously described; (iii) adapting the 
UCO30 models to standard fuel models developed by the Northern Forest Fire 
Laboratory by direct assignment, called NFFL9 version; (iv) updating fuel model 
parameters; and (v) incorporating potential surface and crown fire behaviour for each 
fuel model defined. 
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Materials and methods 
 
Study area and field inventories 
 
The study area of the current work was the entire Mediterranean region of Andalusia 
(Figure 1), in southern Spain, with a total area of 87,597 km2. Of this area, 65% is 
forested, of which 32% is tree cover, 19% grassland and 14% shrubland. The most 
abundant tree species are Pinus halepensis, Pinus pinea, Quercus ilex, Quercus suber 
and the shrub species belong to the genus: Cistus sp., Cytisus, Erica sp., Ulex sp. 
 
Three different types of field inventory were carried out according to their purposes:  
 

• Surface fuel inventory: more than 3,400 plots, whose data made it possible to 
establish the new field identification key of the fuel models of with their respective 
criteria and to have good photographic archive to prepare the sheets. Some of 
the measurements carried out were vegetation cover and height, litter and mulch 
depth, canopy cover and vertical continuity. 

• Tree inventory: More than 800 plots, with a detailed characterization of the 
canopy fuels included in the data sheets. In these plots, all species were 
identified and diameters at breast height, dead and live crown base height, total 
height, bark thickness and crown diameter were measured. 

• Fuel destructive inventory: More than 200 plots, whose information served as the 
basis for the parameterization included in the field guide sheets. In this inventory, 
the material was cut and extracted, to be moved to the laboratory and to 
determine the loads.  

 
The field plots location of these three inventory types is shown in Figure 1. 
 
LiDAR data 
 
The LiDAR data used correspond to the PNOA flights (National Aerial 
Orthophotography Plan) of the 2nd coverage over Andalusia. The flight dates range 
from July 2020 to May 2021. The density of these LiDAR data was 1.5 pulses/m2 with a 
horizontal sweep accuracy of 0.3 m and a vertical accuracy of 0.15 m. 
 
The LiDAR data were processed with Agresta's own software developments using the 
free R software (lidR package). The data processing workflow is as follows: (1) the point 
cloud was filtered and interpolated to generate a digital terrain model (DTM) and a 
digital surface model (DSM), from which the normalized height of the vegetation returns 
on the ground were calculated; (2) processing of the metrics from the vegetation returns 
of the LiDAR point cloud on the plots. Metrics of the vertical distribution of heights, the 
number and percentages of laser returns were calculated for different height cut-off 
thresholds: 0.2 m, 2 m, and 4 m. 
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Figure 9: Field plots location of the three inventory types in Andalusia region (southern Spain) 
 
Fuel Models adaptations 
 
Before conducting the surface inventory field work, it was necessary to carry out a 
revision of the original UCO40 fuel models with the main objective of facilitating their 
identification in the field. The main reasons for this adaptation were the following: 
 

• Incorporation of objective and quantifiable identification criteria with fuel structural 
variables that are easy to estimate and/or measure. 

• Enhance or simplify field identification to make it objective and easy to apply. 
• Removal of criteria or subjective assessments affected by variables that are 

difficult to estimate and/or measure with uncertain threshold values. 
 
The result of this revision is the UCO30 fuel models included in this manual and field 
guide. 
 
After finishing the field work and once the LiDAR metrics were generated, we explored 
obtaining the mapping of the UCO30 fuel models (field version) with LiDAR technology, 
but it was not possible to differentiate all of them due to the following technological 
limitations: 
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• Impossibility to differentiate between shrub or grass species, and/or a mixture of 
both. 

• Impossibility to estimate the litter and duff depth. 
• Challenges in estimating grass height, exacerbated by significant temporal 

variations in herbaceous plants throughout the year.  
 
The result of the models that showed differentiation was the classification called UCO20 
(LIDAR map version). 
 
Furthermore, to generate the mapping of the NFFL9 mapping version, a direct 
assignment was made from UCO20 version by establishing equivalences according to 
the similarities between the values of these parameters in both classifications. 
 
Finally, the flow chart of the different adaptations and fuel model systems established is 
shown in Figure 2. 

 
Figure 2: Flow chart of the different fuel model classification systems obtained from the UCO40 
system 
 
Results 
The final results were compiled in a fuel model manual that includes the 3 new versions 
(UCO30, UCO20 and NFFL9) adapted from the original UCO40 classification system. 
This manual incorporates the guide with the key (Figure 3) and field sheets for the 
identification and characterisation of the fuel models. The sheets include a general 
photo, surface and canopy fuel parameters and fire behaviour graphs (Figure 4). 
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Figure 3: Identification key for UCO30 surface fuel models. Fuel types: P = Grass, PM = Grass-
Shrub, M = Shrub, HPM = Timber-Understory and HR = Timber-Litter. Variables: FCC = Canopy 
Cover, Cob = vegetation cover, h = vegetation height. 
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Figure 4: Feetsheet example of HPM5 fuel model. HPM = Timber understory 
 
Conclusions  
These new fuel classification systems enable the generation of high-resolution fuel 
maps at landscape-scale with their associated updated parameters, which can enhance 
fire behaviour predictions in wildfire simulation software. However, the performance of 
these new fuel parameters in the fire behaviour models currently included in operational 
wildfire simulators remains a challenge, with these new fuel parameters in real wildfire 
being critical. 
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Introduction 

Spot fire is one of the most significant mechanisms of rapid fire spread in wildland 
and wildland-urban interface (WUI) fires (Suzuki et al. 2015). Over the past several 
decades, there has been a focus on firebrand generation, transport, and ignition 
(Manzello et al. 2020). In terms of firebrand transport, most firebrand combustion under 
forced convection studies are based on empirical modelling or experimental analysis 
(Tarifa et al. 1965; Almeida et al. 2011). The firebrand combustion characteristics 
(burning rate and projected area) are essential for predicting the flight trajectory for 
firebrand transport. The firebrands under forced convection may exhibit a flaming or 
smouldering combustion pattern. However, the combustion patterns have rarely been 
distinguished in studies of firebrand burning rate and projected area. Tse and 
Fernandez-Pello (1998) proposed that the reduction of projected area could be 
attributed to the char oxidation on the firebrand surface. Lattimer et al. (2022) used 
analytical equations to evaluate burning rate, char diameter, and combustion duration 
based on char oxidation. However, wood pyrolysis was not taken into consideration.  

With the above problem in mind, this work studies the combustion characteristics of 
flaming and smouldering cylindrical wooden firebrands under forced convection. The 
firebrand burning rate and projected area are analyzed using experimental and 
modelling approaches. 
 
Materials and methods 

In terms of the firebrand shape and size observed in WUI fires (Manzello et al. 
2020), cylindrical wooden firebrands with different firebrand sizes (diameter D = 10, 12, 
and 15 mm, length L = 30, 36, and 45 mm) were used as the samples in this work. The 
cylinder is one of the typical shapes of firebrands (cylinder, sphere, and disk). The 
experimental samples were dried in a drying oven (Jinghong, XMTD-8222) at 100-120 
°C for 24 hours (Mukunda et al. 1985) before the experiments. 
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The experimental setup for firebrand combustion under forced convection is 

illustrated in Fig. 1. A jet fan (SDS4.0-2.2kw-2p), equipped with damping nets and 
honeycomb inside the outlet end, was used to provide a stable airflow. The wind speed 
was controlled by a frequency converter. The wind speeds ranged from 0 m s-1 to 8 m s-

1. A digital video camera (Sony FDR-AX60, 50 frames per second, 1920×1080 pixels) 
recorded the firebrand combustion from the front view. Firebrands were ignited using a 
propane igniter, and the igniter was immediately turned off once the firebrands reached 
self-sustaining combustion. We quenched the firebrand at about 20 instants in each 
experimental condition and then measured the firebrand mass and projected area. The 
firebrand image captured by a digital video camera was transformed into a grayscale 
image and subsequently converted into a binary image using a cutoff threshold. The 
firebrand projected area was calculated using pixels and a reference scale. 
 

 
Fig. 1. Experimental setup for firebrand combustion under forced convection. 
 
Results and discussion  
Projected area 

The variation in the projected area of the firebrand is primarily due to char oxidation 
(Tse and Fernandez-Pello 1998; Porteiro et al. 2007). The char oxidation rate of a 
firebrand is 
 

 char
char

dm m
dt

′= −  (1) 

 
where mchar is char mass (kg), t the burning time (s), and ′charm  the char oxidation rate 
(kg s-1).  

The char mass is  
 

 
2

4
char

char char
D Lm ρ πρ= Ω =  (2) 
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where ρchar  is the char density (kg m-3), Ω  the firebrand volume (m3), and L the 
firebrand length (m). The cylindrical-shaped firebrands are assumed to have a constant 
aspect ratio 0 0L D  (Lattimer et al. 2022), where 0 means the initial value. 

The char oxidation rate of spherical wooden firebrands under forced convection 
(Yan et al. 2024) is 

 

 ( )
1 2 1 3

2 ln 1 1
2char g m

fbRe Prm D D Bπ ρ
 

′ = + + 
 

 (3) 

 
where the air density ρ = 1.1614g  kg m-3 at 300 K (Yan et al. 2024), the gas diffusion 
constant −= × 51.84 10mD  m2 s-1 (Lattimer et al. 2022). The mass transfer number B for 
flaming and smouldering stages is 0.175 and 0.942 (Yan et al. 2024). The correction 
factor fb for flaming and smouldering stages is 0.28 and 0.42 (Yan et al. 2024). 

ρ µ= 0 gRe D U  (Lattimer et al. 2022), where U is the wind speed (m s-1), D0 is the initial 
firebrand diameter (m), and the dynamic viscosity µ −= × 51.846 10  (N s m-2) (Yan et al. 
2024). The Prandtl number Pr = 0.707 (Lattimer et al. 2022; Yan et al. 2024). 

Based on the char oxidation rate of spherical wooden firebrands under forced 
convection. The combustion model for spherical firebrands can be extended for cylinder 
firebrands by geometric transformation. The char oxidation rate of cylindrical firebrands 
under forced convection is formulated as 

 

 ( )
1 2 1 3

0 0ln 1 1
2char g m

fbRe Prm D D B L Dπ ρ
 

′ = + + 
 

 (4) 

 
Based on the Eq. 1, Eq. 2, and Eq. 4, the reduction rate of the firebrand projected 

area S is  
 

 ( )
1 2 1 38

ln 1 1
2

g m

char

DdS fbRe PrB
dt

ρ
ρ

 
= − + ∗ + 

 
 (5) 

 
The theoretical /dS dt  values for flaming and smouldering combustion are shown 

in Fig. 2, and agree with the experimental data. Based on Eq. 5, the /dS dt  is 
 

 ( )
1 2 1 2 1 3
01 1 2

1 2, ln 1 ,  1
2

g
char

fbD PrdS f B U
dt

ρ
ρ

µ
−

  
= − + +      

 (6) 

 
The higher /dS dt  value corresponds to the higher char density, lower ln(1+B), 

lower firebrand diameter, and lower wind speed. The ln(1+B) value in smouldering is  
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lower than in flaming. Thus, the /dS dt  in flaming is slightly lower than in smouldering 
under 2 m s-1 and 4 m s-1 in Fig. 2. 

 

 
Fig. 2. Theoretical and experimental dS/dt values at wind speeds of (a) 2 m s-1, (b) 4 m s-1, (c) 6 m s-1, and (d) 8 m s-

1. 
 
Burning rate 

The burning rate of a firebrand is 
 

 ( )1fb
pyr char

dm
m

dt
ϕ ′= − +  (7) 

 
where fbm  is the firebrand mass (g), and ϕpyr  is the ratio of wood pyrolysis rate to char 
oxidation rate. The subscript fb and pyr denote firebrand and wood pyrolysis, 
respectively. Based on the Eq. 4 and Eq. 7, the burning rate of cylindrical firebrands ′fbm  
is 

 

 ( )( )
1 2 1 3

0 0ln 1 1 1
2fb g m pyr

fbRe Prm D D B L Dπ ρ ϕ
 

′ = + + ∗ + 
 

 (8) 
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where the ϕpyr  value is 4.51 (Yan et al. 2024). Then, based on Eq. 8, the ′fbm  satisfies 

 
 ( )1 2

, 1+fb fb ncm m K U′ ′= ∗  (9) 
 

where the subscript nc denotes the natural convection, and K is the function coefficient.  
The firebrand mass is expressed as 

 
 0 0

t

fb fbm m m dt′= − ∫  (10) 

 
Then, based on Eq. 10, the mfb satisfies 
 

 
( )( ) 1 2 1 3 1.5

3 2
0 0 0

6 ln 1 1 1 2

3
g m pyr

fb

D B fbRe Pr Ktm m D D
K

πρ ϕ  + + ∗ +    = − − −  
   

 (11) 

 
The theoretical mfb for flaming and smouldering combustion is shown in Fig. 3, 

which agrees with the experimental data. The larger the firebrand diameter and wind 
speed, the faster the firebrand burning rate. The firebrand burning rate significantly 
depends on the wind speed, and the burning rate is proportional to U1/2. 
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Fig. 3. Firebrand mass under (a) 2 m s-1, (b) 4 m s-1, (c) 6 m s-1, and (d) 8 m s-1. 

 
Conclusions 

In this work, cylindrical wooden firebrand combustion was conducted under forced 
convection. The projected area and burning rate of firebrands are estimated in self-
sustaining combustion. The reduction rate of the firebrand projected area depends on 
char density, flaming or smouldering combustion, firebrand diameter, and wind speed. 
The projected area of firebrands in flaming combustion decreases more rapidly than 
those in smouldering combustion. The burning rate is correlated to firebrand size (length 
and diameter), flaming or smouldering combustion, and wind speed. The burning rate of 
a firebrand is proportional to U1/2 (U is wind speed).  
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Introduction 
The promise of 3D models, such as the models used here, lies mainly in their higher 
physical fidelity accounting of: 1) the influence of spatially variable vegetation and 
terrain on fire behavior and 2) the interaction of the fire and the atmosphere. Evaluating 
how well 3D models capture these two important aspects of fire behavior requires 
appropriately designed experiments (to get the desired fire behavior) and appropriate 
measurements and supporting geospatial data science practices (McNamara and Mell, 
2021) in order to produce usable and useful observational data.  
 
The use of observations of the evolution of an evolving fire’s footprint (Figure 10) 
supports the evaluation of a model’s ability to capture (indirectly or directly) the net heat 
transfer environment, which varies along the fire’s perimeter and results in a faster 
spreading, larger depth, head fire and slower, smaller depth, spreading flank fire. A 
model that adequately predicts the fire depth, spread rate, and mass consumption 
throughout the fire’s footprint is also likely to well-predict the local and global heat 
release rate. These heat release rates are, respectively, relevant to local fire effects and 
overall smoke plume rise.  

mailto:william.mell@usda.gov
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Figure 10: Schematic of a footprint of a freely evolving surface fire originating from a line ignition. A backfire cannot 
occur because vegetation is removed upwind of the burn block. 
 
Below, models are compared to field observations of the fire footprint. It’s worth noting 
that, currently, such observational data sets are rare. 
 
Methods 
The observational data 
Observations from field experiments of surface fire are used as a basis for model 
evaluation. Surface fires are fundamental in prescribing burning and, in general, drive 
fire in raised vegetation. Thus, a basic requirement of a generally applicable fire 
behavior model is that it is adequately proven to model surface fire behavior.  
 
The following two research burns provide the observational data for model evaluation: 

1) 1986 Annaburro Experimental Grassland Fire Data (Gould et al., 2023). 
Observations from experiment C064 are used here (Figure 11, left side) 

2) 2014 Camp Swift Experiment (McNamara and Mell, 2018). There are three 
dominant surface vegetation types (bluestem, camphorweed, and threeawn). 
Observations from burn block 1 are used here (Figure 11, right side). 
 

 
 

Figure 11: Fire footprints from the experiments used here. Visible image, taken from a helicopter during the AU 
grassland fire experiment C064, on the left. Infrared image taken from a fixed wind UAV during the Camp Swift burn 
block 1 experiment, on the right.  
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Vegetation characteristics are given in Table 1. Both experimental campaigns ignited 
the vegetation along the upwind edge of the burn block via drip torches. Two people 
started at the center of the ignition line and walked (walking speed is given in Table 1) in 
opposite directions for the appropriate distance.  
 
Table 1: Information on plot size, ignition, vegetation, and wind for each experiment (cyl = cylindrical shaped 
vegetation element) 

 AU C064 Camp Swift 
plot size, m2 100 x 100 100 x 100  
Ignition line length, m 50 50 
ignitor walk speed, m s-

1 
1.0 1.0 

fuel moisture, % 6.3 26, bluestem 
11, camphorweed 
7, threeawn 

fuel height, m 0.21 0.30, bluestem lower 
0.30-0.80 bluestem upper 
0.45, camphorweed 
0.41, threeawn 

fuel loading, kg m-2 0.283 0.1 cylinder, 0.2 blade, bluestem lower 
0.04 large cylinder, 0.04 small cyl, 0.02 blade bluestem upper 
0.55 camphorweed 
0.09 cylinder and blade, threeawn 

surface-to-volume, m-1 9770 1850 cylinder, 8439 blade, bluestem upper 
2438 large cylinder, 6768 small cylinder, 9147 blade bluestem upper 
3896 camphorweed 
5910 cylinder, 12280 blade, threeawn 

wind speed, m s-1 4.6 @ 2m 
AGL 

4.6 @ 3.3 m AGL 

 
 
The models 
Word count limitations on this abstract prevent a full description of the models used 
here. In brief, the models are: 

1) FDS (version 6.8.0, from the National Institute of Standards and Technology) has 
two main modeling approaches (FDS, 2024; Vanella et al., 2021): 

a. Full physics based (FDS-PB), explicitly models the processes driving fire 
behavior  

b. Reduced physics (FDS-LS), simplified model for the burning of surface 
vegetation  
 

2) QF (QUIC-fire, version 6.0.0, from the Los Alamos National Laboratory), reduced 
physics approach for both the burning of vegetation and atmospheric flow (Linn 
et al., 2020)  

 
Results 
Australian Grassland Experiment C064 Simulations 
The observed and FDS-predicted fire footprints for experiment C064 are shown in 
Figure 12. Both FDS-PB and FDS-LS underpredict the average head fire rate of spread  
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by 28% (~ 0.72 m/s FDS; ~ 1 m/s observed). FDS-PB underpredicts head fire depth (~ 
10 m observed; ~ 5 m FDS-PB); FDS-LS well-predicts the head fire depth.  
 

  
Figure 12: Australian grassfire experiment C064 fire footprint at 27 s, 53 s, 100 s after ignition start from observations 
and FDS simulations. Solid lines denote the leading and trailing edges of the observed fire. FDS predictions of 
flaming location are the shaded regions. 
 
Figure 13 shows the observed and QF predicted fire footprints for experiment C064. 
The fire has an initial “spin-up” period in which it burns more like an area fire and then 
spreads with a more delineated footprint at later times (not shown). QF underpredicts 
the head fire rate of spread by 53% (~ 0.47 m/s QF; ~ 1 m/s observed). The fire depth in 
QF is larger than the observations.  
 

 
Figure 13 Australian grassland experiment C064 fire footprint from observations (solid lines) and QF (shaded regions 
correspond to active burning) at the same times shown in Figure 12. 
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Camp Swift Experiment Burn Block 1 Simulations 
 

 
Figure 14: Photo taken during the Camp Swift experiments exhibiting the three major vegetation types used the 
models: bluestem, threeawn, and camphorweed.  
 
Vegetation present at the Camp Swift experiments is shown in Figure 14 and Figure 15. 
The influence of vegetation on flank fire behavior in burn block 1 is displayed in Figure 
16. 
 

 
Figure 15: Distribution of vegetation in Camp Swift burn block 1 based on overhead imagery and ground sampling 
(McNamara and Mell, 2018). 
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Figure 16: Infrared images of fire overlying vegetation map for Camp Swift burn block 1. On left: head fire reaches 
end of burn block at 168 s. On right: influence of vegetation on flank fire behavior. 
 
In the FDS-PB (Figure 17, left side) and FDS-LS (Figure 18, left side) simulations, the 
fire reached the end of the burn block 140 s (28 s sooner than the observed fire in 
Figure 16) and did breach the small fire break for FDS-PB (Figure 17, right side). 
Extended flank fires did not survive in FDS-PB; head fire depth ~4 m FDS-PB and 2.9 m 
+/- 0.5 m observations. In FDS-LS, flank fires survive, head fire depth ~ 6 m, flank fire 
depth ~1m FDS (2.25 m +/- 1.1 m observation). FDS-LS does not yet handle fire 
crossing a fuel break. QUIC-fire simulations are shown in Figure 19. The QF simulated 
fire spreads significantly slower than observations, reaching the end of the burn block 
(Figure 19, right side) at 1085 s (917 s later than the observed fire).  
 

  
Figure 17: FDS-PB Camp Swift simulation (gas phase heat release rate isosurface is shown) when head fire reaches 
end of burn block (on left) and after breaching the fuel break (on right).  
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Figure 18: FDS-LS Camp Swift simulation (mass burning rate is shown) at the same two times as Figure 17. 
Bluestem is reddish-brown; camphorweed is green; threeawn is yellow. Unlike Figure 17, consumption of the 
vegetation is not shown.  
 

  
Figure 19: QF Camp Swift simulation (surface energy is shown) at two different times. 
 
Discussion 
All the models considered here require further evaluation and development (word limits 
restrict discussion here). All models performed better for the relatively dry, uniform, 
Australian grassland fuel. In Camp Swift’s more complex vegetation environment Camp, 
flank fires did not survive in FDS-PB and the rate of spread was significantly 
underpredicted in QF. 
 
 
References 

• FDS program suite (2024). https://pages.nist.gov/fds-smv/downloads.html  
• FDS validation suite (2024). https://github.com/firemodels/fds/tree/master  
• Gould, James; Gomes Da Cruz, Miguel; Sullivan, Andrew (2023): 1986 

Annaburroo Experimental Grassland Fire Data. v2. CSIRO. Data Collection. 
https://doi.org/10.25919/24fg-2q32 

 

https://pages.nist.gov/fds-smv/downloads.html
https://github.com/firemodels/fds/tree/master
https://doi.org/10.25919/24fg-2q32


Proceedings for the 7th International Fire Behavior and Fuels Conference April 
15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia Published by the 

International Association of Wildland Fire, Missoula, Montana, USA 
 
 

  

92  

 
 

• Linn RR, Goodrick SL, Brambilla S, Brown MJ, Middleton RS, O’Brien JJ, Hiers 
JK (2020) QUIC-fire: A Fast-Running Simulation Tool for Prescribed Fire 
Planning, Environmental Modelling and Software, 125. 
https://doi.org/10.1016/j.envsoft.2019.104616  

• McNamara DJ, Mell WE (2018) Camp Swift Fire Experiment 2014: Integrated 
Data Quality Assessment. 
https://www.arcgis.com/home/item.html?id=aa3726577d9549a2a26b7d000fb985
12  

• McNamara DJ, Mell WE (2021) An Approach to Integrated Data Management for 
Three-Dimensional, Time-Dependent Fire Behavior Model Evaluation, 
International Journal Wildland Fire, 30(12), 911-920. 
https://doi.org/10.1071/WF2102 

• Vanella M, McGrattan K, McDermott R, Forney G, Mell W, Gissi E, Fiorucci P 
(2021) A Multi-Fidelity Framework for Wildland Fire Behavior Simulations over 
Complex Terrain, Atmosphere, 12, 273 https://doi.org/10.3390/atmos12020273 

  

https://doi.org/10.1016/j.envsoft.2019.104616
https://www.arcgis.com/home/item.html?id=aa3726577d9549a2a26b7d000fb98512
https://www.arcgis.com/home/item.html?id=aa3726577d9549a2a26b7d000fb98512
https://doi.org/10.1071/WF2102
https://doi.org/10.3390/atmos12020273


Proceedings for the 7th International Fire Behavior and Fuels Conference April 
15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia Published by the 

International Association of Wildland Fire, Missoula, Montana, USA 
 
 

  

93  

 
 

Conflicts In Fire-prone Degraded Forests: Case Of Afrensu Brohuma Forest, 
Ghana 

 
 

 Anin Bismark  
Resource Management Support Centre of Forestry Commission, Ghana 

Box 1457 Adum, Kumasi Ghana-West Africa 
bismakanin2020@yahoo.com 

 
Abstract 

People worldwide constantly compete for vital natural resources like land, water and 
forest products to sustain their livelihoods. As demand for natural resources grows, there 
is significant potential for conflicts over such resources. This study sought to identify 
conflict types, their causes and actors’ interest in managing Afrensu Brohuma Forest 
Reserve. It also sought to evaluate the strategies employed to manage wildfire-
associated conflicts and their effects on conflict dynamics. Both primary and secondary 
data sources were used for the study. The study identified four types of conflicts in the 
study area namely, wildfire conflict, land-use conflict, resource utilisation and illegal 
activities conflicts. Wildfire conflict situation was predominant in the study area.  The 
major cause of the conflict was the setting of fire in the forest by farmers, group hunters 
and migrants in a bid to dispose of degraded forestlands for farming and the collection of 
Non-Timber Forest Products (NTFPs) by community members living in and around the 
forest reserve. The use of community fire prevention and suppression strategies were 
employed to curb the devastating effects of fire on forests, farmlands and settlements in 
the study area. The study recommends revamping of local fire volunteer squads to 
support wildfire management in fire-prone degraded forest areas. 
 
Keywords: Conflict, Wildfire, Forest, Degraded 
 
Introduction 
In recent times, fire has become a major threat to the forest resources in Ghana (Nsiah-
Gyabaah, 1996). The extent and use of anthropogenic fires have become prevalent and 
are considered a major threat to forests in Ghana (Kalame et al., 2009). Even though 
forests in the transition parts of the forest zone are known to have a long association with 
fires, the fires shape the forest vegetation in terms of structure and species composition 
(Hall and Swaine, 1981). 
Presently wildfire is considered the most serious threat to the long-term productivity, 
genetic wealth and the general health of the semi-deciduous forest in Ghana having 
significantly altered the composition and structure of more than 30% of the forest 
(Hawthorne, 1994). 
According to Appiah et al., (2010) forest households lose an average of about US$231 in 
terms of agriculture and forest produce to fire annually but the impact of fires on 
agriculture may extend beyond simple stock damage. 
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Uncontrolled wildfire by forest managers, Illicit Forest activities, especially illegal timber 
exploitation and chainsaw milling, as well as the excessive exploitation of Non-Timber 
Forest Products (NTFPs) and illegal farming have led to the degradation of the Afrensu 
Brohuma Forest Reserve (ABFR) in the Offinso North District of the Ashanti Region of 
Ghana (Derkyi, 2012). 
 
Materials and Methods 
Afrensu Brohuma Forest Reserve is located in the Offinso North District of the Ashanti 
Region in Ghana. The communities were selected based on a report of long-standing 
conflicts between indigenous farmer groups and between migrants and FSD over 
degraded lands as well as a recommendation from the FSD office at Offinso. The 
communities surveyed are Mantukwa, Meta and Amponsah-Krom. Both primary and 
secondary data sources were used for the study. Semi-structured interviews, key 
informant interviews, focus group discussions and questionnaires were employed as data 
collection methods. Informal conversational discussions were also conducted in the forest 
fringe communities to obtain their perspectives on wildfire conflict issues in the study area. 
Qualitative data obtained was analysed based on transcribed interviews. Quantitative 
data was also analysed using the Statistical Package for Social Sciences (SPSS) version 
21. 
  
Results 
 
Types of conflicts, actors and causes of natural resource conflicts 
The study identified four types of conflicts in the study area namely, wildfire conflict, land-
use conflict, resource utilisation and conflicts arising out of illegal activities. Wildfire 
conflict situation was predominant in the study area. Among the four types of conflict that 
were identified 47% of the respondents disclosed that the wildfire conflict is the type of 
conflict that has the highest level of conflict escalation followed by illegal activities 29%, 
land use 14% and resources utilisation 9% respectively. The study revealed that wildfire 
conflicts escalated from one stage to another due to the scarcity of fertile lands for farming 
by community members. Table 1.1 indicates the conflict types, causes, main actors and 
their interests in the conflict within the selected communities. 
Table 1:1 Conflict types, causes, actors involved and interests 

Types of 
Conflict 

Causes of conflicts  Actors involved Actors Interest 

Wildfire 
conflict 

The setting of fire into the 
forest by farmers and 
hunters  

Farmers, group 
hunters and 
Resource managers 

Acquisition of degraded 
forest land for farming 
Setting fire for 
games/bush meat  

land-use 
conflict, 

Land scarcity on the part 
of fringe communities  
 

Resources managers 
Community members 

Land for farming 
activities 

Illegal 
activities 

Illegal harvesting of 
economic trees by 
chainsaw operators 

Chain saw operators, 
resource managers 

Availability of wood for 
sale 
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Resource 
Utilizations 

Excessive hunting at 
ABFR by group hunters 
 

Hunters, Community 
members/farmers 

Game for commercial 
purposes 

 Source: Field survey, 2022 

Strategies employed to manage the conflicts and effects on the conflict dynamics. 
The findings from the study demonstrate different strategies employed by resource 
managers and actors to address conflicts in fire-prone degraded forest areas. Table 2 
indicates 
Table 2: Distribution of actors, conflict types, management strategies and effects on 
conflict dynamics 
Types 
of 
Conflict 

Actors involved Conflict coping strategies used Conflict 
dynamics 

Wildfire 
 Conflict 

Hunters, 
Farmers, 
Resource 
managers, 
Migrants 

Formation of local Fire Volunteer 
Squads (FVS) (participatory 
approach) 

De-
escalation 

 
Land-use  
conflict 

Admitted farm 
owners/ Migrants, 
Resource managers 

Extended farms were destroyed by 
forest guards (Coercion) 
 

Escalation 

Allocated degraded forestland for 
farming and tree 
planting(negotiation) 
 

 De-
escalating  

 
Illegal 
activities 

Chainsaw operators, 
Community 
members, 
Farmers, Migrants 

Community members were educated 
to stay away from illegal forest 
activities and setting fire to the reserve 
(Avoidance) 

De-
escalation 

 
Resource 
Utilizations 

 
Community 
members, chain saw 
operators, hunters 

Resource managers engaged 
communities to sustain forest 
resources and the ecosystem 
(participatory approach) 

De-
escalation 

Source: Field survey, 2022 
 
Discussion 
Four types of conflict were identified with different actors, causes and interests as it 
indicated in Table 1. These types of conflicts have existed over time due to environmental 
change in the study area. Among the four types of conflict that were identified in the study 
area, conflicts associated with the wildfire were the ones that escalated. This is in line 
with the Systemic theory of conflict which indicates that environmental degradation (forest  
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degradation) is the root cause of natural resource conflict and has led to changes (Harper 
and Snowden 2017).  
The actors have different interests and perceptions in the management of the forest 
reserve. The interest of the resource managers is to conserve and protect the forest for 
future generations while resource users, however, have an interest in acquiring the forest 
lands for farming and game for commercial use. This is in line with Oduro-Ofori et al. 
(2015) who confirmed that actors’ interests and differences in the management of natural 
resources are always associated with conflicts.  
 
Conclusion 
Four types of conflicts were identified in the study area and wildfire conflicts were 
predominant in the study area. The main causes of the wildfire conflicts are the setting of 
fire to the degraded forest by farmers and hunters to dispose of the land for farming or 
enhance the early sprouting of fresh grass for game animals. The study recommends 
revamping local fire volunteer squads to support wildfire management in fire-prone 
degraded forest areas 
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Introduction 
Every year in the Pacific Northwest, hitherto exceptional climatic events occur, and 
records are broken for the area burned by wildfires. These wildfires, which cover 
thousands of hectares, spread beyond the jurisdictional boundaries of the affected 
territories. They also cross international, regional, administrative, ecological, cultural, 
and traditional boundaries. Today, the "coexistence with fire" (Copes-Gerbitz et al., 
2022) era calls into question sovereign fire governance policies, land-use planning, and 
the power rivalries that hamper the necessary cooperation between the many 
stakeholders involved. In the western province of British Columbia, Canada, we observe 
multidimensional issues at stake and the plurality of actors and their points of view. This 
invites a geopolitical analysis of three complementary research dimensions: 
environmental, political, and socio-cultural. 
 
Method and reflexivity 
The method used in this research work corresponds to the field of geopolitics as a study 
of "the geographical analysis of concrete socio-political situations that are localized, and 
the everyday perceptions that describe them" (Rosière, 2007). In British Columbia, 
when we talk about cross-border wildfires, this method can be applied to the study of 
rivalries provoked by the disruption of space, which then becomes a political object of 
confrontation. So, there are power relationships between the people involved. By power, 
we mean "not only that of a State but also that of other forms of political organization or 
group of people that exercise or seek to exercise power over a territory that other 
powers may contest" (Lacoste, 2014). Geopolitical analysis thus provides an 
epistemological basis for this study. 
 
In addition to this predominantly qualitative approach (with research fieldwork, semi-
structured interviews, and observation), I mobilize tools from other social science fields 
such as sociology, anthropology, and geography. I also refer to methodologies specific 
to research with Indigenous Peoples (Christianson, 2014) as a foreigner to step back 
from my own interpretative biases.  
 
This work concerns human beings and is part of a desire to understand and improve the 
complex situations we are currently experiencing. Respect and acknowledgment of 
people, their way of life and the context in which they develop is therefore essential. 
Research was (and still is) a powerful tool of domination, and geography was a  
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discipline whose tools, notably through the production of maps, were used as a means 
of oppressing Indigenous Peoples. The borders we know today are colonial and do not 
correspond to the traditional territories of Indigenous Nations. So, I am constantly 
questioning the simple division of space in this subject, how settlers appropriated it, and 
the claims to sovereign rights over these same lands by Indigenous Peoples today. 
 
Thus, I do not wish this research work to be extractive and lead to harmful 
consequences for Indigenous communities, by reproducing neo-colonial mechanisms of 
domination without considering the needs and interests of the people concerned. In 
other words, I want everyone to be able to benefit from this study and make it their own. 
 
Maps have power 
What led me to do this study is also the question of borders, territory, and therefore 
wildfire cartography and its social stakes.  
 
In which context is a wildfire shown on a map? What elements do we choose to 
present? What data takes priority? And what kind of borders are we talking about? 
 
So, the question is, how are these boundaries represented in wildfire response 
strategies so that people know they exist? Sometimes they exist only through oral 
transmission, and sometimes they're put down on paper. Depending on the map used, 
and the boundaries they represent, wildfire response strategies will not be the same, 
because the areas to be protected will not be the same either.  
 
In the example of British Columbia, these cross-border wildfires are redistributing the 
roles of the many governmental and non-governmental organizations involved in forest 
fire management on both sides of the Canada-U.S. international border. To prevent 
harm, they must learn to communicate, cooperate, and delegate at international, 
national, and local levels. This risk management challenge adds complexity to the 
balance of power between people. Indeed, the elements that need to be protected in the 
event of a fire are not the same for a forestry company, a federal agency, or an 
Indigenous volunteer fire department. The question is: Whose maps have the most 
power in the decision-making process? 
 
In British Columbia, these are the maps of BC Wildfire Service, the provincial agency 
over which lobbying by the forestry industry still has a major influence. And this is 
despite the agency's stated wish to take power away from the industry and give more to 
the locals, and Indigenous communities. 
 
Research dimensions 
In this study of cross-border wildfires, particularly in British Columbia, I have identified 
three complementary dimensions: environmental, political, and socio-cultural. 
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Firstly, the environmental dynamics need to consider the characteristics of the forest 
ecosystem being studied and the type of fires affecting it. In this way, we can better 
understand the interdependencies between environmental dynamics and human actions 
and examine the impact of political actions on the wider picture.  
 
There are also political issues at stake, with long-standing and structural conflicts. For 
example, the intensification of wildfires accentuates intra- and inter-organizational 
tensions in the response to cross-border fires and modifies the balance of power. I, 
therefore, question the fragmentation of this management, with conflicting decisions 
made by different actors, which could complicate the response to wildfire by excluding 
local knowledge, or even render it ineffective in emergencies. 
 
Lastly, the socio-cultural dimension concerns the different relationships of stakeholders 
to nature and their know-how in terms of fire practices and forest governance. In terms 
of response to fire, Gifford Pinchot considered "the father of forestry" (Struzik, 2022) 
and the first head of the USFS (US Forest Service) from 1905 to 1910, imposed fire as 
a new enemy throughout the North American continent, with firefighters using military 
tactics when responding. He was a good friend of Elihu Stewart, the first person at the 
Canadian Forest Service (formerly named Dominion Forest Service). The population 
was (and still is) educated to fear fire which was considered dangerous both for them 
and for the forest. Smokey the Bear, the mascot of colonial propaganda, is a perfect 
example (Minor and Boyce, 2018) 
 
Thus, the plurality of people involved and their points of view concerning the problem of 
cross-border forest fires are on several scales, with multidimensional issues such as fire 
risk response and forest governance. 
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Introduction 
The composition of plant communities control rates of soil erosion by water in 

dryland regions (Li et al. 2022). Fire could shift ecohydrological function from 
vegetation-controlled soil retention to runoff driven soil loss (Williams et al. 2020). Fire 
can also alter soil-hydraulic properties, often resulting in an increased prevalence of 
infiltration-excess overland flow and the potential connectivity of runoff (Wilson et al. 
2021). Soils in burned areas could become water repellent after a fire, leading to 
increased erosion when it rains. 

Soil erodibility is influenced by soil properties and vegetation condition (Han et al. 
2023). Bare areas are more susceptible to water erosion than vegetated areas. Spatial 
arrangement of bare and vegetated patches played very different roles in terms of water 
and sediment generation, movement and storage on a hillslope in rangelands (Bartley 
et al. 2006). 

Although empirical models such as the Universal Soil Loss Equation are easy to 
implement, they usually do not represent time varying soil moisture and infiltration 
(Kampf et al. 2020). Moreover, empirical methods have limited extrapolation capacity to 
simulate hydrological processes outside of the domain of input data used, which can be 
critical for analysis of previously unobserved scenarios (Neumann et al. 2021). A 
physically-based model that simulates runoff and sediment yield could more accurately 
represent the hydrologic responses to disturbance. 

High spatial resolution unoccupied aircraft systems (UAS) can be highly effective in 
vegetation cover mapping. UAS technologies offer practical methods to create 
landcover maps for monitoring of areas affected by natural disasters (Furukawa et al. 
2021). 

Dryland post-fire hydrology and erosion modeling is less studied than forest 
ecosystems (Lopes et al. 2021). Our goals were to (1) quantify pre-fire and post-fire 
vegetation cover and (2) model post-fire hillslope event-based soil erosion. 
 
Materials and methods 

The study was conducted within Johnston Draw, a small catchment (1.83 km2). The 
Bureau of Land Management (BLM) implemented the Johnston Draw Prescribed Burn 
in October 2023. 

The processing workflow is shown in Figure 1. The effect of input data resolution on 
hydrological model performance was not considered in many studies (Ait M’Barek et al. 
2023). We used two images with different resolutions (UAS, 4 cm and WorldView, 50  
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cm) to quantify hillslope vegetation cover. Each UAS image dataset was processed 
using Agisoft Metashape. 

To compare the fire effects on the overland flow and sediment yield, we simulated 
pre- and post-fire runoff and erosion using the Rangeland Hydrology and Erosion Model 
(RHEM). The RHEM consists of overland flow and soil erosion equations. The RHEM 
model relies on four key inputs: topography, soil properties, vegetation cover, and 
weather data (Williams et al. 2022). 

Water infiltrates soil mainly due to a negative pressure gradient or suction (matrix 
suction) into the soil matrix. Infiltration is significantly influenced by the saturated 
hydraulic conductivity of the soil profile. Saturated hydraulic conductivity is used in the 
model to determine the rate of vertical water percolation through soil layers. To quantify 
the impact of burn scars on runoff, information on changes in hydraulic conductivity is 
essential. We collected field data on soil hydraulic properties through in-situ 
measurements to determine the field-saturated hydraulic conductivity. 

 

Figure 1. Workflow of this study. 

 
Results 

Pre-fire and post-fire orthomosaics were shown in Figure 2 and Figure 3. 
Vegetation cover at the south facing slope reduced after the fire. UAS imagery (Figure 
4) provides higher spatial resolution compared to Worldview imagery (Figure 5). 
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Figure 2. Pre-fire orthomosaic (Aug 2023). 
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Figure 3. Post-fire orthomosaic (Oct 2023). 
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Figure 4. Zoom-in view of the UAS imagery. 
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Figure 5: Zoom-in view of the WorldView imagery. 
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Introduction 
We describe the methods and benefits of using fine-scale fuel maps in the wildland-
urban interface (WUI) where values at risk from wildfire are high.  
 
Scott and Burgan 2005 surface fuel models, a Wildfire Risk to Structures map and a 
Wildfire Hazard 20m raster were developed in collaborative partnership. Tukman 
Geospatial served as the technical lead and was responsible for implementing the 
model design, python coding, and geospatial data analysis. Tukman Geospatial 
partners Digital Mapping Solutions (Esther Mandeno) and Wildland Res Mgt (Carol 
Rice) provided guidance on the risk model design, its data inputs, and the weights used 
for the inputs. Drafts of the risk map were reviewed by all team members, who balanced 
internal input with community input from more than 100 different stakeholders. 
 
Scott and Burgan 2005 surface fuel models were assigned to 5m pixels covering eight 
counties in the greater San Francisco Bay Area, California. Classification of fuels was 
based on Enhanced Vegetation Lifeform primarily derived from LiDAR and eCognition 
and informed by field calibration. Where fires burned recently, burn severity was 
determined and used to inform crosswalk decisions from lifeform to fuel types. Fuels 
formed the foundation of a risk map that displays the hazard and risk posed to 
structures.  
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While existing coarser fuel data sets are appropriate for planning for large areas, the 
WUI requires finer-scale resolution. The coarser fuel data sets depict much of the built 
environment as non-burnable. The 5m resolution fuel model improves the mapping of 
vegetative fuels in the built environment, extending mapping of fuels into creeks and 
yards.  
 
In the future, as structures are contemplated as part of the fuelbed, fine-scale resolution 
of vegetative fuels will be needed. Luckily, the widespread interpretation of LiDAR data 
has made fine-scale fuels mapping more common.  
 
This effort included several innovations. The most heavily-relied-upon innovation is the 
development of a ladder fuel index, which describes the proportion of vegetation in the 
lowest 4 meters, compared to the volume of canopy fuels. Ladder fuels was one factor 
considered when determining fuel model classification and can also be used to suggest 
the most effective type of treatment, especially in hardwoods where torching potential 
can be reduced by removing ladder fuels while simultaneously keeping a desirable 
closed canopy.  
 
Other innovations included the use of Google Earth Engine to create Differenced 
Normalized Burn Ratio (dNBR) for areas burned recently, created from pre- and post-
fire Sentinel imagery. Another innovation was the integration of impervious surfaces, 
accurately mapping a true no-fuel condition for all paved locations based on semi-
automated Object-based Image Analysis. Building footprints were included in this layer, 
though we recognize buildings contribute to fire spread.  
 
The risk model combined several variables at different weights, including fire behavior, 
terrain, extreme weather potential, ignition history, powerline proximity, and a “halo” 
buffer around the WUI, while providing a nuanced depiction of hazards and risks in the 
WUI.  
 
Project overview 
In the San Francisco Bay Area in Northern California, wildfire hazard and wildfire risk 
fine-scale datasets were designed for land managers and fire responders who are 
interested in relative rankings of wildfire hazard and risk to structures. These datasets 
were assembled for eight counties including Napa, Sonoma, Marin, San Mateo, Santa 
Cruz, Santa Clara, Alameda, and Contra Costa, as depicted in the map below. 
 
The risk and hazard map products are modeled outputs based on the best available 
data which varies in date of collection, scale, and detail. They provide an interpretation 
of risk and hazard that is based on a set of weighted input variables and decision rules. 
Though we are using the best available input data, there are many approaches to 
modeling wildfire risk and hazard, all of which are both complex and imperfect. 
The nature of the fine-scale datasets allowed interpretation of potential fire impacts 
within and surrounding communities based on vegetation data.  
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Figure 1: The Nine counties in the mapping project. 
 
Definitions 
Hazard combines fuel characteristics  combined with physical landscape characteristics 
such as weather, topography, and the distribution of ignitions across the landscape.  
 
Risk is the potential for realization of adverse consequences to valued resources or 
assets. Wildfire risk considers not only the potential for hazardous wildfire, but also the 
values exposed to hazard. For the purposes of this project, the “risk” aspect of the 
model applies to one value: structures.  
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Methods 
Surface Fuel Model 
Surface fuel models are a means to convey numeric values more easily for various fuel 
parameters that drive Rothermel’s (1972) fire spread equation, which is the foundation 
of fire behavior modeling in the United States. Thus, instead of users having to know the 
specific fuel loadings for each size class of dead and down fuels in a dense, closed 
canopy oak stand, they can instead simply designate the fuel configuration as a “TL6” 
fuel model (Moderate Load Broadleaf Litter).  
 
The 5m wildland fuel model is foundational to the hazard and risk mapping. Below is a 
conceptual diagram of how the 5m Scott and Burgan fuel model crosswalk works. The 
Scott and Burgan 40 fuel models are nationally accepted for use with fire spread 
models.1 The 5m fuel model is created from the enhanced lifeform (vegetation) map, 
LiDAR-derived forest structure, recent burn severity, and in some places, a layer that 
depicts grazed versus ungrazed lands.  
 

 
Figure 2: Decision crosswalk to determine 5m Scott and Burgan surface fuel models. 
 
Surface fuel models were assigned based on enhanced lifeform classes, which were 
mapped at a 5m resolution following the collection of LiDAR data and high-resolution 
imagery in all counties. Classes included vegetation types such as Evergreen 
Hardwoods, Herbaceous, Redwood/Douglas Fir, Shrub, Deciduous Hardwood, Pine 
and/or Cypress, Riparian Shrub, Riparian Forest, Agriculture, Developed, and others 
 
 

 
1 See https://gacc.nifc.gov/docs/40-Standard%20Fire%20Behavior%20Fuel%20Models.pdf. 

https://gacc.nifc.gov/docs/40-Standard%20Fire%20Behavior%20Fuel%20Models.pdf
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Some enhanced lifeforms were easily classified into surface fuel models. Enhanced  
lifeforms that do not normally ignite were classified as either NB8 (Open Water) or NB9 
(Bare Ground), dependent on the specific nature of the enhanced lifeform class.  
 
Agricultural vegetation classes were classified as NB3, since Agriculture is designated a 
non-burnable fuel model.  
 
All other lifeform classes were assigned based on the following principles:  

1) Canopy height superseded enhanced lifeform designations; 
2) A higher ladder fuel index led to a fuel model assignment with higher volumes of 

live woody fuels;  
3) In some cases, lower absolute cover led to a fuel model assignment with a lower 

fuel load; and 
4) Deciduous hardwoods were evaluated for application of a grass fuel model.  

 
We designated fuel models for each enhanced lifeform class based on lifeform (i.e., 
Herbaceous was assigned a GR [grass] model), then differentiated the fuel types into 
specific surface fuel models (i.e., GR1, SH5, TL6, etc.) based upon vegetation 
characteristics such as absolute cover, canopy height, or ladder fuel index, all of which 
were measured during the 2020 LiDAR data collection for Santa Cruz and Santa Clara 
Counties.  
 
A given enhanced lifeform class does not necessarily address the surface fuels that 
would burn underneath them. Thus, we assigned a fuel model that reflected the surface 
fuels that would carry the fire. These are determined from field observations and our 
expert knowledge about fire behavior within the enhanced lifeforms we were assigning. 
 
 

 
Figure 3: The 5m Scott and Burgan surface fuel model map of Sonoma County, CA. 
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Logic model and wildfire risk to structures  
Wildfire hazard and wildfire risk to structures: Logic model 
The logic model for the Wildfire Hazard and Wildfire Risk to Structures map consists of 
inputs such as flame length, extreme fire weather potential, ember load, and 
suppression difficulty, among other layers. The 5m surface fuel model was used in a fire 
behavior model (FlamMap) to predict flame length, which is the most highly weighted 
input in determining wildfire hazard.  
 
Below, a graphic shows the logic model inputs from their weights.  
 

 
Figure 4: Logic model for the Wildfire Hazard and Wildfire Risk to Structures. 
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Figure 5: Map of Wildfire Risk to Structures. 
 
Each of the nine input spatial data sets related to hazard is scaled from 0-5 (very short 
flame length receives a 0 whereas very long flame length receives a 5). To synthesize  
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these nine hazard spatial data sets, the variable’s class (0-5) for a given pixel is 
multiplied by that variable’s weight to produce a raw score for each variable. After 
computing raw hazard, pixels are “binned” into six hazard classes with 1 representing 
areas of lowest relative hazard, 6 representing the highest. The Wildfire Hazard dataset, 
a 20m-resolution raster dataset with pixel values ranging from 1 (lowest relative wildfire 
hazard) to 6 (highest relative wildfire hazard), is shown in Figure 3. 
 
This hazard layer, coupled with the presence of structures on the landscape determined 
the Wildfire Risk to Structures layer. 
 
All data and methodology documentation are available at pacficivegmap.org. 
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Introduction 
Crown fires in boreal and sub-boreal conifer forests represent a significant safety 
hazard for fire managers and nearby communities. Crown fires typically involve high 
rates of spread and energy release, and have been associated with catastrophic 
community losses.   

For predicting the onset of crowning, Van Wagner (1977) described a model (VW77) 
that remains in wide use today, based on empirical data and physical convection theory. 
His model was based on the surface fire intensity needed for flames to bridge the gap 
between surface fuels and the base of a continuous canopy layer, the live canopy base 
height (LCBH). Small-diameter fuel elements that occupy an intermediate position 
between the surface and canopy fuels are termed ladder fuels (LF); they are believed to 
be disproportionately important in facilitating crown fire initiation, but the effect has been 
difficult to quantify.  

Here we show how the VW77 model can be rearranged to present a solution for 
estimating the effects of ladder fuels in crown fire occurrence, a simple but nuanced 
solution to a longstanding problem.   

Rearranging the VW77 model 
The VW77 model was originally formulated to solve for critical surface intensity ( 𝐼𝐼0) in a 
single-storied conifer stand, as follows: 

𝐼𝐼0 = (𝑐𝑐ℎ𝑧𝑧)1.5 

[1], where ℎ is heat of ignition, 𝑧𝑧 is live crown base height (LCBH), and 𝑐𝑐 is an empirical 
constant. This model has been implemented in full or in part in several popular 
modelling systems, notably in Canada (Forestry Canada Fire Danger Group (FCFDG) 
1992) and the USA (Scott and Reinhardt 2001).  

 
The structure of the VW77 model permits a vertical rescaling that relies on an implied 
proportionality between surface fuel consumption (SFC) and z (LCBH). When we replace  
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𝐼𝐼0 (eq. 1) with Byram’s (1959) fireline intensity, as noted above, we get the following well-
known equation: 

𝐻𝐻 ⋅ 𝑆𝑆𝑆𝑆𝑆𝑆 ⋅ 𝑅𝑅𝑅𝑅𝑅𝑅 = (𝑐𝑐ℎ)1.5𝑧𝑧1.5 

[2], where 𝐻𝐻 is the heat of combustion, 𝑆𝑆𝑆𝑆𝑆𝑆 is surface fuel consumption, and 𝑅𝑅𝑅𝑅𝑅𝑅 is rate 
of forward spread. 

This relationship has often been evaluated in terms of identifying critical ROS for crown 
fire initiation (e.g. FCFDG 1992). However, we will presently solve eq. 2 for a critical SFC 
(SFC0), assuming surface fire conditions near the crown fire initiation threshold:  

𝑆𝑆𝑆𝑆𝐶𝐶0 =
(𝑐𝑐ℎ)1.5𝑧𝑧1.5

ℎ ⋅ 𝑅𝑅𝑅𝑅𝑅𝑅
 

[3]. This relationship places the emphasis on the mass of available surface fuel as the 
fire intensity engine that drives crowning.  

Algebraically, it is apparent that SFC0 can also be compared between LCBH levels. If we 
consider z1 and z2 to be different vertical distances between surface and canopy fuels, 
then the following ratio is evident: 

𝑆𝑆𝑆𝑆𝐶𝐶2
𝑆𝑆𝑆𝑆𝐶𝐶1

=
�(𝑐𝑐ℎ)1.5𝑧𝑧21.5

ℎ ⋅ 𝑅𝑅𝑅𝑅𝑅𝑅 �

�
(𝑐𝑐ℎ)1.5𝑧𝑧11.5

ℎ ⋅ 𝑅𝑅𝑅𝑅𝑅𝑅 �
 

[4], where SFC1 and SFC2 represent critical SFC values at the two z levels. This also 
assumes no change in surface ROS or h when varying LCBH, a reasonable assumption 
in closed conifer stands. Finally, holding terms constant, we can simplify this to yield a 
basic general relationship between SFC and LCBH (z): 

𝑆𝑆𝑆𝑆𝐶𝐶2 = �
𝑧𝑧2
𝑧𝑧1
�
1.5
⋅ 𝑆𝑆𝑆𝑆𝐶𝐶1 

[5]. 

 This equation can be used as a transformation function for comparing the influence of 
fuel elements at different heights.  
A practical example helps illustrate the logic of comparing 𝑆𝑆𝑆𝑆𝐶𝐶0 at two different z values 
(eq. 5). Using Van Wagner’s empirical heat of ignition function (Van Wagner 1977), at 
90% foliar moisture content (FMC) and LCBH=2 m, eq. 1 suggests 𝐼𝐼0 of about 417 kW/m, 
the intensity of a low to moderate intensity surface fire. At some moderate surface ROS 
value, e.g. 2 m min-1, eq. 3 predicts 𝑆𝑆𝑆𝑆𝐶𝐶0 of 0.695 kg m-2. If LCBH were increased from 2 
to 5 m, 𝑆𝑆𝑆𝑆𝐶𝐶0 would then increase (eq. 5) to 2.75 kg m-2. Thus, a 2.5 times increase in 
LCBH results in a nearly fourfold increase ( (5/2)1.5 = 3.95 ) in the critical SFC for crowning. 
For fuel elements affecting crown fire initiation, it is important to recognize that the key 
property is the vertical distance between a burning fuel element and the LCBH, not 
necessarily the height above ground. To avoid confusion, we restate eq. 5 in terms of 
ladder fuel structure measures. We define consumption of a LF layer as 𝐹𝐹𝐶𝐶𝐿𝐿 and the  
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centroid height of a ladder fuel layer or element as CL (e.g., the midpoint of small diameter 
branchwood in a dead sapling layer beneath a conifer canopy; Figure 1). The surface-
equivalent ladder fuel consumption value (FCSE) can then be calculated and added to 
actual SFC. In this case, z remains the LCBH and (z – CL) represents the fuel strata gap 
(Cruz et al. 2004; Perrakis et al. 2023) between ladder fuel elements and the LCBH: 

𝐹𝐹𝐶𝐶𝑆𝑆𝑆𝑆 = �
𝑧𝑧

𝑧𝑧 − 𝐶𝐶𝐿𝐿
�
1.5
⋅ 𝐹𝐹𝐶𝐶𝐿𝐿  ,       𝑧𝑧 > 𝐶𝐶𝐿𝐿 

[6]. This equation finally permits the estimation of the LF influence in the right scale for 
comparison with expected SFC to predict crown fire. 

 
Figure 1. Simple conifer forests Diagram (not to scale) showing approximate estimation of live crown base height (z), 
dead ladder fuel centroid (CL), and fuel strata gap (zL) in a simple single-story stand, such as a developing jack pine 
stand. 
 

Challenges and limitations 
While logically consistent, at least three limitations are immediately apparent with eq. 6. 
First, the theoretical relationship between fuel elements does not account for the obvious 
structural differences between the surface and crown fuel complexes. Surface fuelbeds 
are much more compact (higher bulk density and packing ratio) than crown fuel 
complexes, with a much more aeration-limited combustion environment (Rothermel 1972; 
Schwilk 2015). The FBP System approach to SFC, where all consumed surface and 
ground fuels are assumed to contribute to I0 (Van Wagner 1977; FCFDG 1992), likely 
overemphasizes coarse fuels (duff and coarse woody debris) that burn in post-frontal 
combustion, ignoring the notion of flame front residence time (Nelson and Adkins 1988;  
 
 
 
Wotton et al. 2012). In contrast, fine textured canopy and LF strata are likely to be 
consumed completely in the flame front. Thus, scaling FCL to generate FCSE may be  
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insufficient to reconcile the scales of these consumption classes. This difference is not 
addressed here and will have to be reconciled via theoretical or empirical means. 
 
Second, while eq. 6 specifies that the LF height cannot exceed the LCBH, it is apparent 
that as the difference between them (𝑧𝑧 − 𝐶𝐶𝐿𝐿) diminishes, FCSE can grow to extreme levels, 
eventually producing a division by zero problem at 𝑧𝑧 = 𝐶𝐶𝐿𝐿. Consider, for example, FCL = 
0.1 kg m-2 , 1 m below a 5 m tall canopy base (z = 5; z – CL = 1); eq. 6 scales this to FCSE 
of 1.12 kg m-2. But if CL is raised closer to z (e.g., z – CL = 0.2 m), the same FCL generates 
FCSE = 12.5 kg m-2. This is logically consistent – burning fuels are much more likely to 
ignite canopy fuels if they are located immediately beneath the canopy base, and a 0.2 
m gap is almost negligible at the tree or stand scale. However, this suggests that caution 
is needed with eq. 6 to avoid inflating the LF effect to nonsensical levels. 
Finally, there is the challenge of characterizing LF in three-dimensional space in terms of 
one or more discrete layers comparable to surface fuel loading. Although the example 
here (fig. 1) considered a dead sapling cohort as a single LF layer continuous with the 
ground, that assumption fails for discontinuous LF elements such as bark flakes or 
arboreal lichens. Estimating total LF effects precisely may demand techniques such laser 
scanning methods (e.g., Qi et al. 2022) and summing the contributions of individual 
vertical tranches of combustible fuel (e.g. Alexander et al. 2004).  

Conclusion 
In sum, a simple theoretical model for calculating LF influence in crown fire initiation was 
identified and described based on the well-known VW77 model. Where LF consumption 
and position can be reasonably estimated, the new equation provides a solution for scaled 
consumption values that can be added to actual SFC. This will be useful for quantifying 
the effects of proposed hazard reduction treatments as well as for overall fire behaviour 
prediction in conifer stands.  
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Introduction 
Moderate-intensity spring and autumn prescribed burning carried out in Pinus nigra Arn. 
subsp. salzmannii stands of the Cuenca Mountains (Iberian Mountain Range) have 
shown a limited short-term effect on litterfall biomass, partly due to the of the multiple fire 
adaptations of this stands to typical recurrent low-intensity fires (Espinosa et al. 2018; 
2020). However, the current fire regime has exceeded the historical patterns of intensity, 
extent, severity, seasonality and frequency (Sayedi et al. 2024). Fires in late spring can 
potentially increase litter consumption (Fernandes et al. 2022), which could decrease fire 
risk, but also cause irreversible changes in ecosystems processes such as litterfall. 
Litterfall is a good indicator of overall forest functions in forest ecosystems (Wang et al. 
2021). Litter dynamics form an essential part of nutrient cycling and energy transfer in 
forest stands (Lado-Monserrat et al. 2016). It plays a crucial role in the global carbon cycle 
(Geng et al. 2022). In addition, litterfall biomass may provide an insight into the effects 
of climate change on forests (Hansen et al. 2009). Overall, the fall of leaves is considered 
to be an essential survival strategy of trees when the conditions get unfavorable for net 
primary production. Thus, the effect of disturbance caused by experimental summer 
burning on litterfall has been studied in the same experimental design used after spring 
and autumn prescribed burning carried out in the Cuenca Mountains. 
 
Material and Methods 
Monthly data of litterfall were collected from two locations in the Cuenca Mountains, 
Iberian Mountain Range, Central Spain. Beteta covered by Pinus nigra Arn. subsp. 
salzmannii, and El Pozuelo, a mixed forest of P. nigra (87±12%) and P. pinaster Ait. 
(13±12%). Experimental summer burnings were carried out in June 2019. Litterfall was 
collected monthly until December 2022, following the recommendations and parameters 
outlined in the manual published by the United Nations Economic Commission for Europe 
(UNECE) (Ukonmaanaho et al. 2016). A total of two treatments per experimental site 
(non-burned plots and summer-burned plots) with three replicates per treatment were 
established. Data were collected in six plots (30 x 30 m) per experimental site. 
 
Experimental summer burnings were conducted in June 2019 by the Cuenca Forest 
Services by applying the strip head fire technique. The simulated wildfires were intended 
to reflect the typical early summer conditions in the area. The main parameters were 
recorded in Madrigal et al. (2023). 
 
For the statistical analysis of the litterfall results, total litterfall and different fractions in 
were selected as target variables. A linear mixed model of repeated measurements 
analysis of variance with one between-subject factors was chosen: burning treatment (two 
levels: summer experimental fires and non-burned plots) and their interactions. One  
within-subjects  factor  (repeated  measurements)  was  selected  (levels 
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corresponding to months in temporal periods). A first-order autoregressive variance 
structure was considered for the errors in the linear mixed model. 
 

Results 
The mean annual amount of litterfall in burning plots of Beteta (pure stand) and El Pozuelo 
(mixed stand) was 3434±1524 kg ha-1 year-1 and 3554±2898 kg ha-1 year-1, 
respectively. In both stands, litterfall reached maximum levels mainly during August. The 
lowest amount of litterfall was collected during winter months (December, January and 
February). A slight increase in the litterfall was observed two months after summer fires 
in both stands, although the differences were not significant. 

Needles comprised the largest litterfall fraction in both stands, accounting for 66±8% in 
Beteta and 65±11% in El Pozuelo. Bark and branch fractions showed high intra- and inter-
variability. 
 
Discussion and Managment Implications 
Litterfall biomass could substitute, or at least complement, commonly used crown 
damage descriptors, particularly after fire management actions. 
 
The mean annual litterfall in burning plots was similar to those reported by by ICP Forests 
(3337±841 kg ha-1 year-1) after an 11-year-long study (2005-2014) of a Pinus nigra stand 
in Mora de Rubielos (Teruel), in which the altitude and latitude were similar to those the 
study area. Thus, the study findings suggest that summer fires had a limited influence 
on litterfall. 

The fire altered litterfall patterns either. This often show a seasonal distribution. In the 
present study, the maximum levels of litterfall in summer months (June-August) are 
consistent with the results obtained by other authors in Mediterranean ecosystems (e.g., 
Blanco et al. 2006; Bueis et al. 2018). 

The findings indicated a short-term effect (two months) on litterfall biomass, with an initial 
increase in the amount of litterfall collected in the burned plots. The effect of the treatment 
decreased gradually over time, as shown in a previous study with the same experimental 
design (Espinosa et al. 2018; 2020). Given the legal restrictions in some areas to carry 
out this type of treatment, these results may help managers to include it in the prevention 
plan treatments, particularly in fire adapted stands. 
 
The amount of needles fraction was closer to the values observed in a similar ecosystem 
(e.g., Martínez-Alonso et al. 2007). The trend for needles is similar to that observed for 
total litterfall biomass. Intra- and inter-annual variability were observed in branch and bark 
fraction. 
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Introduction 
Among other factors, climate change and the desirability of living in the wildland-urban 
interface are increasing the risk of wildland fire in North America. Risks associated with 
wildland fire include increased financial costs for mitigating and responding to fires and 
rebuilding in the aftermath; increased displacement; and impacts on human health and 
well-being. In spite of a growing body of research, much of the expert knowledge remains 
siloed by discipline and country (Cowan and Kennedy 2023).  
 
In an effort to align the field, the Blueprint for Wildland Fire Science in Canada (2019-2029) 
proposed a 10-year science strategy to understand the role of fire in a changing world 
(Sankey 2018). Members of our team subsequently proposed a collaborative North 
American Blueprint for Wildland Fire Science (Pérez Salicrup et al. 2020). Our collaboration 
focuses on collecting qualitative and quantitative data from stakeholders (emergency 
managers, scholars, wildland firefighters, etc) to a) improve international cooperation for 
wildland fire science; b) diversify fire science; c) align wildland fire research with current 
and future needs, and d) share results for decision-making.  
 
The data presented here are the results of preliminary interviews with fire researchers from 
across Europe. These interviews were designed to test and adapt our interview protocol in 
advance of interviews with North American stakeholders. 
 
 
 
 
Materials and methods 
Sample selection 
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Interview data were primarily collected at the 2023 PyroLife Conference in Barcelona, 
Spain. PyroLife is an initiative that funds “a new, global initiative in wildfire research” (Who 
we are, n.d.). This initiative supports PhD students internationally with the goal of 
increasing interdisciplinarity in wildfire research. The PyroLife conference provided the 
opportunity for researchers funded under the initiative, along with other fire researchers, to 
convene and share results and experience on fire management. 
 
This conference and its attendees were selected as our sample because they represent a 
heterogeneous mix of researchers and practitioners, including early stage researchers, 
policymakers, and practitioners with different life experiences. This heterogeneity meant 
that the respondents pushed productively on underlying assumptions in our preliminary 
interview protocol and improve its efficacy. Further, because our long-term target sample 
for the North American Blueprint for Wildland Fire Science is composed of North American 
researchers, policymakers, and practitioners, testing the protocol on primarily European 
stakeholders prevented us from potentially contaminating our final sample. 
 
Data collection 
One of the Principal Investigators (PI) conducted in-person interviews with 13 respondents 
during the conference. An additional 3 interviews were conducted over Zoom after the 
conference. All 16 interviews were recorded, transcribed, and de-identified to protect the 
participants.  
 
Participants were asked open-ended questions about their role in wildland fire science, 
their perceptions of barriers to making fire science more useful and accepted, and 
perceptions of wildland fire. Questions were not static between interviews; participants 
were asked to elaborate on certain aspects and often covered themes without being asked.  
 
Data analysis 
Data were first analyzed using the six themes from the Blueprint for Wildland Fire Science 
in Canada (understanding fire in a changing world; recognizing Indigenous knowledge; 
building resilient communities and infrastructure; managing ecosystems; delivering 
innovative fire management solutions; and reducing the effects of wildland fire on Canada). 
 
The data were subsequently read multiple times for emergent themes (communication, 
living with fire, and collaboration). These emergent themes informed the final iteration of the 
North American interview protocol. 
 
Results 
Findings from the European PyroLife interviews revealed two themes from the Blueprint for 
Wildland Fire Science in Canada, and three emergent themes. Interestingly, four of the six 
themes identified in the Blueprint for Wildland Fire Science in Canada were not regularly 
discussed. The exception to this was the recognition of Indigenous knowledge and the 
need to build resilient communities and infrastructure. The emergent themes occurred 
commonly across participants and included: communication, learning to live with fire, and 
building collaborations. The content of these themes will be discussed below. 
 
Discussion 
Emergent themes 
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Respondents who attended the PyroLife conference identified communication as a 
significant issue when it comes to wildland fire research. The participants noted that 
communication challenges can occur in multiple ways; there is a paucity of risk 
communication with community stakeholders, and communication between researchers 
and practitioners is often insufficient. As one person explains, “We need to speak in plain 
language; fire science knows a lot, and you [should] try to explain that to someone who’s 
not related to the topic. I’m always saying, tell your grandma and see what she thinks of it.” 
While the respondents at the PyroLife conference are largely engaged in academic-style 
research, they clearly identified that communication barriers are a significant challenge to 
engaging with community members and practitioners, and that scientific jargon can exclude 
multiple ways of understanding wildland fire and its risks.  
 
Learning to live with fire was another emergent theme from the PyroLife interviews. 
Respondents indicated that, while we have long lived with fire suppression as our status 
quo, increasingly, we will need to adapt to and with fire regimes and allow fire to become 
re-naturalized (using traditional and/or local ecological knowledge), while also minimizing 
risk. While the perspective from participants at the PyroLife conference is very specific, 
particularly regarding the re-naturalization of fire (i.e., a view not shared across stakeholder 
groups), they note the importance of keeping risk in mind: “How can we have room, have 
space for that [fire] as an essential part of our ecosystems, while minimizing risk to life and 
property?” The goal of including fire on the landscape again, while addressing the fears of 
stakeholders, is a significant challenge, but one the PyroLife participants discussed 
eagerly. 
 
Building collaborations was the last emergent theme. Interview participants noted that the 
PyroLife community is unique because it is transdisciplinary and collaborative, and they 
indicated that developing new collaborations were necessary to support fire science. These 
collaborations, they indicated, should not be exclusive to scholars or scientists, but should 
include community members, government officials, and emergency managers – in sum, 
these collaborations needed to include local communities to better embody a holistic 
understanding of wildland fire and its impacts. This particular point also relates to the lack 
of engagement with stakeholders; while research has historically extracted from 
communities, these scholar interviews pointed to the importance of bringing information 
and resources back to the communities they work with. 
 
In sum, these data point to needed interventions in the field of wildland fire science. During 
the interviews, respondents helpfully pushed back on assumptions embedded in our draft 
interview protocol, and indicated that we needed to consider themes beyond what emerged 
in the Blueprint for Wildland Fire Science in Canada. Based on the feedback we received 
from participants at the PyroLife conference, we altered our interview protocol, which has 
now been used across North America. Our next steps include implementing a survey to 
capture more perspectives across the continent. 
 
In addition to contributing to refining our interview protocol, these data demonstrate needs 
across wildland fire science. The PyroLife respondents regularly indicated the importance  
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of increased holism and reflexivity for those working with wildland fire to produce a more 
beneficial future for all who live and work with fire. 
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Introduction 
Forest fires are a growing global concern, aggravated by climate change and increasing 
human activities. These fires result in significant economic losses, environmental 
degradation, and adverse health effects. Conventional methods for assessing the economic 
damage caused by forest fires are often slow and labor-intensive, delaying timely response 
and recovery efforts. This project proposes a framework that utilizes open-access data 
including satellite data to rapidly assess economic damages from forest fires, focusing 
initially on the loss of carbon storage. 
 
The importance of carbon storage cannot be overplayed, as forests play a crucial role in 
mitigating climate change by absorbing and storing carbon dioxide. Accurate and rapid 
assessment of carbon storage loss due to forest fires is essential for understanding the 
broader economic impacts and developing effective mitigation strategies. The use of 
satellite data in environmental assessment has been well-documented. Chuvieco and 
Congalton (1989) demonstrated the application of remote sensing for forest fire hazard 
mapping, highlighting its potential to provide real-time data. Similarly, Loboda and Csiszar 
(2007) assessed fire ignition risk in the Russian Far East using a modeling framework that 
integrates satellite data, showcasing its effectiveness in fire threat assessment. 
 
In economic impact assessment, Burke et al. (2015) explored the influence of climatic 
conditions on fire weather, emphasizing the importance of accurate data in understanding 
fire behavior and economic implications. Gill and Bradstock (2003) discussed fire regimes 
and their impact on biodiversity, underlining the necessity of comprehensive assessment 
tools for both economic and ecological damages. Meier et al. (2023) work on the economic 
impact of forest fires in Europe provides valuable insights into integrating climatological 
data with economic analysis. Her methodologies offer a robust foundation for developing 
frameworks that can swiftly and accurately estimate fire-induced economic losses. 
 
The primary objective of the research is to develop an adaptable framework that utilizes 
satellite data to assess economic damages resulting from forest fires. The framework's 
initial focus is on evaluating damages to carbon storage, a critical ecosystem service 
provided by forests by absorbing and storing carbon dioxide. 
 
Methodology 
The framework begins with the collection of high-resolution satellite data and other openly 
accessible data, which provides real-time information on the extent and intensity of forest 
fires. This data is crucial for mapping the impacted regions and assessing the  
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immediate damage. Satellite data sources include MODIS, Landsat, and Sentinel satellites, 
which offer high spatial and temporal resolution, allowing for detailed analysis of fire-
affected areas. 
 
To ensure a comprehensive assessment, forest assets are categorized into direct assets 
such as timber resources, non-timber products, and recreational assets; indirect assets 
including water resources and wildlife habitats; environmental assets like carbon storage 
and biodiversity; and cultural assets such as heritage sites and archaeological structures. 
This categorization framework draws on previous studies that highlight the diverse impacts 
of forest fires on different asset types (Chuvieco and Congalton, 1989; Gill and Bradstock, 
2003). 
 
Economic damages are then classified into direct damages, such as the loss of forest cover 
and timber value; indirect damages, including job and business losses and infrastructure 
impacts; and environmental damages, focusing on the loss of carbon storage and 
biodiversity. This classification follows established methodologies for economic impact 
assessment of natural disasters (Burke et al., 2015; Meier, 2021). 
 
The rapid assessment technique uses satellite data to provide quick and accurate 
estimates of economic damages. The next step is to process satellite imagery to detect 
active fires in near real-time, enabling immediate identification of affected areas. Spatial 
analysis using GIS tools maps the extent of fire-affected regions, integrating satellite data 
with geographic information to delineate the impacted zones. The integration of satellite 
data with databases containing information on forest assets facilitates the identification of 
assets within the affected areas. Economic models are then applied to estimate the 
monetary value of damages to these assets, using market prices, replacement costs, and 
other economic indicators. 
 
Combining data from multiple satellite sources and other open-access data sources 
enhances the accuracy and reliability of the assessment. Cross-referencing data from 
MODIS, Landsat, and Sentinel satellites ensures comprehensive coverage and detailed 
analysis. The framework's ability to integrate various types of economic damages, including 
direct, indirect, and environmental impacts, allows for a more accurate and holistic 
assessment of the economic consequences of forest fires. 
 
Anticipated Results 
The proposed framework is expected to offer several significant benefits. The use of 
satellite data allows for rapid assessment of fire damages, enabling timely decision-making 
and resource allocation. High-resolution satellite imagery provides detailed and precise 
information on fire-affected areas, improving the accuracy of damage estimates. The 
comprehensive approach ensures that all valuable resources impacted by forest fires are 
accounted for, providing a clearer picture of the economic stakes involved. 
 
One of the key advantages of this framework is its adaptability, allowing for future 
expansions to include additional types of economic and environmental damages. This 
adaptability ensures that the framework remains relevant and valuable as our  
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understanding of forest fires and their economic impacts expands. The framework's 
potential for application in different geographical contexts and fire regimes makes it a  
valuable tool for global fire management. The ability to tailor the models and methodologies 
to specific regional needs and conditions enhances the framework's relevance and 
effectiveness. 
 
The validation of the framework through expert opinions and additional data sources 
enhances its reliability and accuracy. Ground-based observations and expert assessments 
can be used to validate the satellite data and economic estimates, ensuring the credibility 
of the rapid assessment. Future expansions of the framework can focus on improving the 
accuracy and reliability of the models and enhancing the integration of satellite data with 
ground-based observations. 
 
Conclusion 
The developing framework discussed will represent significant progress in the efficient and 
rapid assessment of forest fire economic damages, focusing initially on carbon storage 
values. Through the intelligent use of satellite data and adaptable modeling techniques, it 
promises to be an essential tool for various stakeholders during increasing forest fire 
incidents globally. The framework's comprehensive approach and adaptability ensure its 
relevance and value in understanding and mitigating the economic impacts of forest fires. 
 
The future development of this framework will focus on expanding its scope to include 
additional types of economic and environmental damages, improving the accuracy and 
reliability of the models, and enhancing the integration of satellite data with ground-based 
observations. These advancements will further solidify the framework's position as a 
leading tool for forest fire damage assessment and management. 
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Introduction 
The European boreal region is dominated by two conifer tree species, Scots pine (Pinus 
sylvestris) and Norway spruce (Picea abies), often with an admixture of broadleaved 
species, primarily birch (Betula spp.) and aspen (Populus tremula). Both birch and aspen 
establish naturally on land disturbed by e.g. wildfire or clear-felling, especially on mesic 
soils (Lidman et al., 2024), although the proportion of deciduous trees decrease over time 
due to a progressively slower growth rate with age, compared to conifers (Holmström et al., 
2021). More importantly, aggressive pre-commercial thinning of deciduous trees is usually 
done at stand heights of 3-5 m to favor conifers on managed forest lands.  
 
Under evergreen coniferous boreal stands, the primary surface fuel consists of mosses 
and/or lichens with an admixture of litter, primarily needles. These moss- and lichen 
species (e.g. Pleurozium schreberi, Hylocomium splendens or Cladonia spp.) form a loose, 
aerated fuel bed (Schimmel & Granström, 1997). In contrast, the ground under deciduous 
trees is instead mainly covered by leaf litter, forming a structurally more compact fuel bed 
with reduced flammability (Vermina Plathner et al., 2022). The direct mechanisms whereby 
leaf litter excludes mosses has not been conclusively demonstrated, but experiments show 
that even 3-year-deposition of birch leaf litter severely reduces the growth of mosses  (Jean 
et al., 2020). Thus, with an increasing number of broadleaved trees within conifer forests, 
the fuel bed is expected to gradually become less flammable. The porosity and depth of the 
surface layer are principal structural fuel characteristics that affect fire behavior (Andrews, 
2018). However, the extent to which leaf litter alters the fuel bed and potential fire behavior 
in mixed stands has not yet been quantified. In this study we sampled structure and dry 
mass of surface fuels under a range of tree stand configurations with conifers and birch in 
Sweden to assess the potential fire behavior in this region.   
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Methods 
The impact of leaf litter on fuel bed depth was evaluated in three settings: (A) adjoining 
pure stands of birch vs. spruce and birch vs. pine, (B) singular birch trees within conifer 
forests, and (C) mixed-species stands with varying degree of birch tree admixture, Fig. 1. 
 

 
Figure 20. Three test series in which fuel bed depth was evaluated: (A) Adjoining stands, (B) Singular birch trees 
within conifer forests, and (C) Mixed-species stands. 
 
For (A) we utilized 7-decade-old stands within the Siljansfors experimental forest, originally 
established to compare growth potential of different tree species. For (B) and (C) we 
sampled ordinary commercial forests with mixed conifer-birch composition, located across 
Sweden to capture stand variations. 
 
The depth of the surface fuel bed, approximating the organic L and F layers (Soil 
Classification Working Group, 1998), was assessed with a penetrometer, with which a 15 N 
force was applied to the fuel bed through an L-shaped aluminum bar with 20 mm sides and 
2 mm material thickness. A 15 x 1.5 cm lattice was first placed on the fuel bed as a 
reference for the pre-compression surface of the fuel bed. The penetration depth was read 
against this lattice on the engraved scale of the aluminum bar.  
 
Fuel bed depth was sampled along transects, with two parallel sampling points each 0.5 m, 
separated orthogonally by 1 m. For series A, the transects started 10 m inside each birch 
stand and ended 20 m inside the adjoining coniferous stand. Two and one such transects 
were measured across the spruce-birch and pine-birch stands, respectively. For the B-
series, transects began at the base of a birch trunk, then extended to 10-12 m from the 
tree. The sampled birch trees were well separated from other birches, in otherwise 
coniferous stands. We obtained 13 such transects in six stands. For the C-series, fuel bed 
depth measurements were collected in 153 stands. Here fuel bed dry mass was also 
destructively sampled. Two 0.25 m2 plots (example in figure 1c) were randomly positioned 
and the entire fuel bed including field-layer vegetation was collected. The thickness of the 
humus layer was measured with a ruler but was not harvested. Later, the fuels were sorted 
into live/dead components and size classes in the lab (as per Fosberg (1971)), dried in 
105ºC and weighed. 
 
  

A B C
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Results and discussion 
The measured fuel bed depth within the pure stands in series A were ≈3 cm for birch, ≈6 
cm for spruce and ≈6 cm for pine, which confer approximately to the average depths 
obtained in a nation-wide field inventory of homogenous stands (2, 5, and 8 cm for birch, 
spruce and pine respectively (Vermina Plathner et al., 2022)). This suggests that the test 
site was representative of mature homogenous forests in Sweden. Pure deciduous stands 
reduced the fuel bed depth about 10 m into the adjacent pure coniferous stands, indicating 
the degree of lateral spread of the leaves, Fig 2. Conifers, on the other hand, did not affect 
fuel bed depth in adjacent birch stands.    
 

 
Figure 21. Fuel bed depth in pure-species tree stands in relation to distance from the stand border. Left hand panel: 
adjoining stands of pure birch and pine. Right-hand panel: adjoining stands of pure birch and spruce. 
 
The lateral spread of birch litter from individual trees was further illustrated by experimental 
series B. On average, the effect of single birch trees decreased with distance from the tree 
stems but was still noticeable out to a distance of ≈6 m (varying between 4-8 m for different 
sites). This suggests that single large birch trees affect the fuel bed over an area of 50-200 
m2, Fig. 3.  
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Figure 22. Surface fuel bed depth (excl. field layer) in relation to distance from single birch trees in mature coniferous 
forest. Basal area in the stands ranged 21-39 m2/ha (specified in the legend). The solid line is an exponential fit 
applied to the full dataset. 
 
With increasing amount of birch in coniferous stands, there was a progressive reduction in 
the depth of the upper part of the surface fuel bed. In addition, fuel bed mass decreased. 
This suggests that the leaf litter smothers the moss layer that is prevalent under conifers 
and renders the fuel bed more compact, with effects on the potential fire intensity and 
spread rate. The depth of the litter layer was reduced by 45 % already at a basal area of 
deciduous trees of 3-4 m2ha-1, corresponding to ≈10-20 % of the mature trees in the stand, 
Fig. 4. With increasing inclusion of deciduous trees, the surface fuel bed becomes fully 
‘deciduous-dominated’ long before birch outnumber the conifers. 
 

 
Figure 23. Fuel bed structure in relation to proportion of birch in 153 Swedish forest stands. Left: Fuel bed depth. 
Right: Fuel bed mass. The blue circles denote binned averages for every 10 % span. 
 
  

0 2 4 6 8 10 12

Distance from the birch trunk (m)

0

2

4

6

8

10

12

D
ep

th
 o

f m
os

s/
lit

te
r l

ay
er

 (c
m

)

Spruce:11, Pine:10

Spruce:1, Pine:20

Spruce:12, Pine:20

Spruce:1, Pine:19

Spruce:12, Pine:26

Spruce:1, Pine:22

depth = -6 * exp(-0.2*dist) + 9

0 10 20 30 40 50 60 70 80 90 100

Birch tree inclusion (%)

0

5

10

15

D
ep

th
 o

f m
os

s/
lit

te
r l

ay
er

 (c
m

)

Measurements

10% binned average

0 10 20 30 40 50 60 70 80 90 100

Birch tree inclusion (%)

0

200

400

600

800

1000

1200

1400

Fu
el

 lo
ad

 o
f m

os
s/

lit
te

r l
ay

er
 (g

/m
2

)

Measurements

10% binned average



Proceedings for the 7th International Fire Behavior and Fuels Conference April 
15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia Published by the 

International Association of Wildland Fire, Missoula, Montana, USA 
 
 

  

138  

 
 
Conclusions 
Our results show a profound impact on the fuel bed structure through birch inclusion, 
suggesting that surface fire rate of spread and intensity will decrease significantly with only 
a moderate inclusion of birch in coniferous stands. This opens the possibility for reducing 
the flammability of the entire forest landscape through modified forest management in early 
succession, allowing a higher percentage of birch in the developing stands. 
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Background 
Wildfires produce substantial carbon emissions and are increasingly causing forests to 
transition from carbon sinks to net carbon sources (Smyth et al., 2023; Pan et al., 2011). 
Strategies to mitigate climate change by maximizing carbon storage in dense forests 
conflict with strategies to mitigate wildfire risk by reducing tree density and fuel loads 
(Hurteau et al., 2019). Fuel reduction treatments are implemented with a primary goal of 
reducing wildfire risk in the wildland-urban interface. Treatments release carbon in the 
short-term, but long-term carbon dynamics have not been well-characterized (Hessburg et 
al., 2021). We partnered with five community forests in southeastern British Columbia to 
assess five types of mechanical fuel reduction treatments: combinations of thinning, 
pruning, and residue fuel management (Table 1).  
 
Objectives 
The objective of this work is to assess the short- and long-term carbon impacts of 
mechanical fuel reduction treatments in community forests to better understand the role of 
carbon wildfire mitigation efforts. By quantifying and comparing the carbon stored on-site 
before and after treatment, we aim to improve understanding of how carbon storage varies 
across treatment levels and the potential for carbon emissions from future wildfires. 
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Table 1: Mechanical Treatment Combinations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Methods 
Study Sites 
The study sites are located in five community forests in seasonally dry inland rainforests of 
southeastern British Columbia: Creston Community Forest, Harrop-Procter Community 
Forest, Kaslo and District Community Forest, Nakusp and Area Community Forest, and 
Slocan Integral Forestry Cooperative. Field data were collected in the summers of 2021 
and 2022 to quantify fuels pre- and post-treatment. The climate consists of cool, wet 
winters and warm, dry summers. The pre-colonial, historical fire regime was dominated by 
frequent, low-to-moderate severity wildfires ignited by lightning or burning by Indigenous 
peoples. 
 
Biomass Estimation 
To calculate tree biomass, we used species- and region-specific allometric equations from 
the U.S. Forest Service’s Forest Inventory and Analysis equation set that predict stem and 
bark biomass from diameter and height (Westfall et al., 2023; U.S. Dept. of Agriculture 
2014a, 2014b). To estimate branch and foliage biomass while accounting for the effect of 
pruning, we used equations from Affleck (2019) and Brown (1978) for the Idaho Panhandle 
and western Montana that use crown length as a predictor. We used FIA wood density 
reduction factors and remaining bark and branch proportions to account for snag decay 
(Westfall et al., 2023). For shrubs, species-specific allometric equations were used to 
estimate biomass from either percent cover, crown volume, or height (Olson & Martin, 
1981; McGinnis et al., 2010; Means et al., 1994). If there was no available species-specific 
equation, we grouped shrubs by structural characteristics and selected an equation that 
best approximated the grouping. We summarized surface and ground fuel loads by size 
class using methods described in Woodall and Monleon (2008; Figure 1).  

Treatment Type Tree 
Removal Pruning Residue 

Fuel 

1 Merchantable No Pile burn 

2 Merchantable Yes Pile burn 

3 Non-merchantable No Pile burn 

4 Non-merchantable Yes Pile burn 

5 Non-merchantable Yes Chipping 
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Figure 1: Mean Biomass by Pool and Treatment Type. Pre-treatment (2021) biomass (Mg/ha) only. Fine 
fuels are 1-100-hr fuels. 
 

 
Figure 2: Difference in Biomass by Pool and Treatment Type. Delta Biomass (Mg/ha) = Post- (2022) 
minus Pre- (2021) treatment. Each dot represents a plot. Negative values represent a decrease in 
biomass after treatment.   
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Figure 3: Before and after treatment photo examples.   
 
 
Preliminary Results: Short-term Carbon Impacts 
Overall biomass stored on-site was lower after treatment for all treatment types, with the 
greatest decreases in biomass observed in the high-intensity thinning treatments (1 & 2). 
Fine fuels (1-100hr) increased after treatment, whereas all other pools decreased. 
Differences in duff after treatment are variable, likely because of mixing with soil after 
mechanical treatment (Figure 2). 
 
Next Steps: Long-term Carbon Impacts 
Methods 
We plan to use the First Order Fire Effects Model (FOFEM) to predict potential carbon 
emissions under different wildfire scenarios in both treated and untreated stands. We will 
account for the carbon footprint of treatments by determining the fate of removed biomass: 
merchantable timber, pulp, firewood, chips, or fence posts. 
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Anticipated Results 
We expect that modeled wildfires in untreated areas will release more carbon than modeled 
wildfires in treated areas because there is more available fuel to burn, which increases the 
likelihood of tree mortality. We also anticipate that management activities emit less carbon 
than modeled wildfires in the absence of treatment because of increased survivorship of 
large, long-lived trees that store the most carbon and are more resilient to disturbances.  
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Introduction 
California (USA) is increasingly threatened by high-severity fires, which have significant 
negative ecological and socioeconomic impacts. In response, the state has committed to 
using fire more extensively as a management tool, acknowledging that smoke will be an 
inevitable consequence, including over 40,000 hectares of prescribed fire annually. It is 
crucial that the use of fire as a management tool is supported by robust evidence of its 
benefits, while also considering the trade-offs of some undesirable impacts. 
 
Among these concerns, smoke and carbon emissions are increasingly significant due to 
their effects on human populations and California’s greenhouse gas balance. While 
reducing the negative impacts of smoke is important, we must ask whether a zero-
tolerance policy for smoke is possible, reasonable, or even desirable. 
 
A key step in addressing this question is to determine the pre-Euroamerican settlement 
(pre-1850) baseline. Baselines should not be viewed as static endpoints, but rather they 
can help us understand the temporal dynamics of ecosystem processes and patterns and 
recognize the nature and impact of human interactions with ecosystems (Safford et al., 
2012). 
 
Assessing pre-EAS emissions baselines can provide crucial context for regulatory 
responses, helping to appropriately balance short-term versus long-term and local versus 
regional considerations in ecosystem management planning. In this work, we aim to 
estimate historical annual emission baselines in California based on the latest scientific 
evidence. 
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Materials and methods 
The present work reviews and updates the historical burned area and emissions estimates 
for California initially presented by Stephens et al. (2007) with science published in the last 
18 years. Specifically, we addressed three main questions: 
 

1. What type of vegetation covered California?  
 
To determine this, we used the Landfire Biophysical Settings (BpS) map 
(LANDFIRE, 2024) as our base map. This product represents potential vegetation 
layers through a complex modeling setup. BpS types were grouped into fire regime 
types using crosswalks. Notably, this product is biased towards late seral stages of 
vegetation, often misrepresenting grass-type vegetation. To update the surface of 
grasslands, we used three additional sources of information: 
 

o Phytolith data: Phytoliths are microscopic silica structures formed in and 
between plant cells produced by vegetation that remain in the soil for 
millennia. Grasses are prolific phytolith producers, and the density of these 
structures in the soil is a good indicator of grassland presence. We used the 
outputs from Fick et al. (2018) to map grasslands wherever the phytolith 
density was above 0.3%. 
 

o Native American village locations: Indigenous peoples had an intense cultural 
burning pattern for management, which, according to historical reports and 
Spanish diaries, created a grass-chaparral mosaic. Some studies suggest a 
half-day walk (around 4 km) buffer around each village was intensively 
managed (Keeley 2002). Using the atlas and handbooks information 
(Scherer, 1978), we mapped village locations and applied a 4 km buffer 
around each, designating the BpS-chaparral areas as grass vegetation. 

 
o Historical and hydrological maps: Certain regions in California have historical 

vegetation maps created from reconstructions of photographs, reports, etc. 
We used the California State University Chico Map (California State 
University, 2003), which represents vegetation before the year 1900 for the 
Central Valley. 

 
2. How often did this vegetation burn?  

 
We used Fire Rotation Period (FRP) estimates for all California fire regime types, 
including commonly misrepresented groups such as grasses, deserts, and riparian 
vegetation. Fire Rotation Periods represent the number of years required to burn an 
area equal to the extent of the vegetation in question. We divided the total area of 
each fire regime type by its fire rotation period to estimate the  
 
 
average annual area burned (hectares per year per vegetation type). FRP data were 
retrieved from the literature, where they were calculated using various techniques  
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such as fire scar dendrochronology, archaeological site evidence, lake and ocean 
sediment cores, and written and oral histories. 
 

3. What are the associated emissions?  
 
Once we estimated the annual burned area per vegetation type, we applied the 
modern FOFEM (First Order Fire Effects Model) simulation model v6.7. FOFEM 
estimates fuel consumption and smoke emissions caused by prescribed fires or 
wildfires. We applied a “light fuels” configuration to our fire regime types, assuming 
that forests had fewer fuels due to more frequent burns. Although moisture 
conditions are critical and mostly unknown for past burning conditions, we applied a 
mix of “dry” and “very dry” moisture regimes as proposed by Stephens et al. (2007). 

 
Results 
The current work does not yet define a burning regime for the entire state of California (due 
to ongoing calculations for the historical vegetation distribution map). Instead, it presents an 
application for the Central Valley. 
 
The Central Valley BpS map shows a vegetation distribution with scarce grasslands but 
extensive oak woodland and chaparral (Figure 1-left). Using this map, we applied fire 
rotation burn area calculations and emissions simulations. The results estimated an annual 
burned area of 214,366 hectares, 2,134 Gg of carbon emissions, and 18.24 Gg of fine 
particulate PM2.5 emissions. 
 
However, when we applied the same methodology using the California State University 
Chico Map, which represents much more extensive grasslands and marsh ecosystems, the 
annual burned area nearly doubled to 413,607 hectares (Figure 1-right). Despite the larger 
burned area, emissions were lower, with 1,595 Gg of carbon emissions and 11.12 Gg of 
fine particulate PM2.5 emissions. 
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Figure 1. Comparison of the pre Euro-American fire regime in the Central Valley in California according to two different 
map sources: the Biophysical settings on the left, and the California State University Chico Map on the right.  
 
Discussion 
 
This work represents a first step towards a more accurate and updated estimation of pre-
Euroamerican fire regimes in California. Our methodology includes the development of a 
revised and improved map of California's pre-European settlement vegetation, utilizing 
diverse and reliable sources of information. We also incorporate indigenous cultural burning 
practices into our estimates of vegetation type distribution and fire frequencies. 
 
The provisional results for the Central Valley reveal contrasting and insightful findings: 
while an increase in grassland-type cover, when using the CSU Chico map, leads to a 
higher total burned area compared to using the BpS map, it results in lower total carbon 
and smoke emissions. The choice of the baseline map is critical for estimating historical 
burned area and emissions, especially when considering changes in highly burnable 
vegetation covers such as grasslands. The BpS map, although a valuable product for 
representing potential vegetation at a national scale, needs to be carefully evaluated in 
historically managed lands when assessing pre-Euroamerican features. Updating the 
baseline with other sources of information is essential to eventually achieve a reliable 
product. 
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California is clearly - and has been for many millennia - a smoky place. While mechanical 
fuel management and firefighting can protect human lives and infrastructure, they are 
unlikely to significantly curb the increasing trend of severe wildfires. Restoring fire as a 
management tool is critical to avoid the high emissions associated with high-fuel-load, high-
intensity fires. Transparent and honest discussions are needed to decide whether to use 
controlled burning as a management tool under partially controlled and less emissive 
conditions or to allow California’s forested lands to experience large, uncontrolled wildfires 
that exceed historical baseline emissions. 
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Introduction 
Wildfire spread into urban areas poses a significant risk to properties and businesses, 
making it a major concern for the insurance industry in the United States. Accurate 
quantification of this risk can help insurers mitigate the risks they are underwriting and 
enable citizens to be aware of potential financial losses and prepare accordingly. A key tool 
for the property and casualty insurance industry is natural catastrophe modeling, which 
involves creating thousands of years of probabilistic realizations to estimate loss 
projections for upcoming peril seasons. By using a stochastic sample of events, insurers 
can calculate the average annual loss estimate, events return period, and the probabilistic 
maximum loss for any given insurance portfolio. These parameters are essential for pricing 
the risk being transferred between stakeholders in the insurance industry (Mitchell-Wallace 
et al. 2017). The lack of a reliable probabilistic model for wildfire spread into wildland-urban 
interfaces has been an ongoing challenge for the insurance industry. In this work, we 
propose a machine learning model combined with a quasi-physics-based model for 
simulating wildfires that spread into urban areas. 
 
Simulation of wildfires 
The Rothermel equation, developed at FireLab, has been a major tool for simulating 
surface wildfire spread (Rothermel 1972). Over the past few decades, many models have 
been developed by combining Rothermel’s surface fuel model with crown fire models for 
physics-based simulation of wildfires in wildland areas, such as (Finney 1998, 
Lautenberger 2013, Tymstra et al. 2010). Finney et al. developed a probabilistic model for 
wildfire occurrence and spread in the continental United States (Finney et al. 2011). These 
computational models use the standard fuel model of Scott and Burgan, combined with 
terrain and crown properties mapped by the USGS (www.landfire.gov). While Landfire 
provides essential information for simulating fire spread and intensity in wildland areas, it 
considers urban areas unburnable. Consequently, simulators stop the spread of wildfires 
when they reach the border of urban areas. 
 
Recent efforts have aimed to accurately estimate fire spread in urban areas and the 
survivability of structures during wildfires. Researchers have used graph theory to model 
interactions between structures and their environment, considering each building as a node 
and connections representing factors such as proximity to vegetation, other buildings, and 
fire breaks (Chulahwat et al. 2022). A quasi-empirical model has also  
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been developed to consider radiation and fire spotting as major fire spread modes into 
urban interfaces (Masoudvaziri 2021). Additionally, CFD models have shown the capability 
to produce realistic fire behavior simulations (Ganteaume 2023). While these models 
provide valuable insights into fire spread in scenario-based simulations, their application for 
catastrophe modeling of wildfires—requiring continental-scale simulations with thousands 
of stochastic realizations of fire seasons—is not yet feasible with current computational 
resources. 
 
In a recent work, we proposed an equivalent fuel model for Rothermel-based simulation of 
wildland fires spreading into urban areas. This model is based on the different fuel sizes 
and fuel loads of a single house, as well as the structure density of buildings in the urban 
area (Jeddi 2022). While this model is useful for calculating the spread and intensity of fires 
in urban areas, it does not account for the circumstances that can affect the probability of 
conflagration in urban areas. 
 
Machine learning tool 
The circumstances under which wildfires occur can significantly influence their spread into 
urban areas. A comparison of the footprints of Lightning Complex Fire (2008) and Camp 
Fire (2018) illustrates this point as shown Figure 1. On the left of the figure are the 
footprints of the Lightning Complex Fire (2008) and the Camp Fire (2018), both of which 
started near Paradise, California. Although both wildfires ignited at points very close to 
each other east of Paradise, the spread of the Lightning Complex Fire was controlled 
before it could reach Paradise. In contrast, the circumstances and rate of spread of the 
Camp Fire caused it to rapidly move westward into the city, resulting in catastrophic loss of 
lives and extensive structural damage (Maranghides et al. 2023). 

   
Figure 24: Footprint and ignition location of two fires near Paradise, CA: Butte Lightning Complex 
(2008) on the left and Camp Fire (2018) on right. 

 
To account for the circumstances under which fires ignite and spread, we developed a two-
step machine learning model. This model uses data on historical fire footprints, 
urbanization at the time of the fire, vegetation cover around the ignition area, wind 
conditions, and meteorological conditions both at the time of and prior to the fire. The 
machine-learning model first classifies whether wildfires could spread into urban areas.  
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If the model predicts that a wildfire could spread to an urban area, it then estimates how 
much of the urban area this wildfire will burn. 
 
Before starting the simulation of wildfire spread, the ML model predicts whether the wildfire 
will spread into the urban area and, if so, how much of the urban area it will burn. For each 
time step the simulation is performed using a quasi-physics-based fire simulator. At the end 
of each time step of the fire spread simulation, the ML model checks how much of the 
urban area has been burned by the wildfire. When the wildfire burns as much of the 
projected urban area as predicted by the ML model, the model stops the fire from 
spreading further into the urban area. The simulation of wildfire spread in wildland 
continues until the fire reaches its assigned area. 
 
Figure 2 shows sample simulations of wildfire spreads predicted to burn urban areas. In 
these simulations, the wildfire starts at the ignition location, jumps over the river, spreads 
into the urban area, and burns as much of the urban area as assigned by the ML model. It 
then stops burning more of the urban area and continues to burn only wildland until it 
reaches the final assigned footprint of the wildfire. 
 
Using this model, we are developing the new edition of Aon’s Impact Forecasting wildfire 
catastrophe model, in which we generate 10 years of realizations of wildfire seasons. 

 
Figure 25: Footprint of a simulated stochastic fire originating northwest of Los Angeles, CA. The fire 
crosses State Route 27, affecting urban areas from Tarzana, CA and northwest of Los Angeles, CA. 
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Introduction 
In the new era of large, high-intensity wildfire events, new fire prevention and extinction 
strategies based in the implementation of fire-resilient landscapes are needed (Ortega et al. 
2024). For that end, it is important to find critical zones that can be considered as strategical 
management areas (SMA) for wildfires management (Madrigal et al. 2019, Krsnik et al. 
2024), where fuel reduction can entail a different fire behavior or reduce fire risk.  
 
Different strategies must be established according to the characteristics that define the 
identity of each territory. It has been observed that archaeological assets, that are defining 
elements, are placed in favorable topographic locations. Besides they are usually covered or 
surrounded by vegetation (Dimitropoulos et al. 2010).  In addition, wildfires have been 
considered one of the main threats to heritage since the World Heritage Convention of 1972. 
Considering that vegetation is a key factor in wildfire spread, the management of 
archaeological sites could improve assets conservation and it would reduce the threat to 
visitors, considering that the periods of high risk coincide with the peak tourist season 
(Markham et al. 2016).  
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In this study a whole workflow process to identify those assets of interest and the necessary 
fuel treatments has been developed. This proposed workflow is based on the use of remote 
sensing and wildfire simulation software. 
 
Materials 
Study area 
This study was conducted in a pilot area located in the region of Galicia, Spain (Figure 1). 
The pilot area has a total area of 365.19 km2.  

 
Figure 26: Study area 
 
Main materials 
The main materials are described in Table 1. 
 
Table 1: Main materials. 

PRODUCT DATA SOURCE 

Georeferenced Galician heritage database - Xunta de Galicia 

Sentinel-2 images 2019 European Space Agency (ESA) 

LiDAR aerial data  2019 Instituto de Estudos do territorio (IET)  

 
Methodology 
 
Archaeological sites selection and paleointerface characterization  
 
The location of the archaeological sites in the study area was accomplished through the 
official data base of heritage. Their influence areas (paleointerface areas) were created  
 



Proceedings for the 7th International Fire Behavior and Fuels Conference April 
15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia Published by the 

International Association of Wildland Fire, Missoula, Montana, USA 
 
 

  

157  

 
by generating a buffer of 100 m around the elements. The overlapped areas were dissolved 
obtaining groups that could be used to define SMA. Their physical and topographical 
environment was characterized according to the type of land cover, the topographical 
situation (TPI index) and the area. The groups of interest were selected considering the 
values included in Table 2.  
 
Table 2: Criteria to define potential groups of elements to be used as SMA. 

SELECTION CRITERIA VALUES 

Land cover Eucalyptus, conifers, broadleaves, shrubs, rocky areas 

Area 5-20 ha 

TPI Upper slopes, hilltops 

 
 
Forest fuel mapping 
 
A methodology was followed to obtain updated fuel maps based on LiDAR data and 
multispectral satellite images (Solares-Canal et al., 2023). The multispectral images were 
used to obtain a land cover map, and the LiDAR data to characterize vegetation height and 
structure. Rothermel fuels models were mapped, since they are globally extended. The land 
cover map and the structural information were combined following the cited methodology. As 
a result, a map with the geospatial distribution of forest fuels in the study area was obtained.  
 
Wildfire simulation in current conditions 
 
The third task was to simulate wildfires with the obtained fuel model map following the 
methodology described in Rincón et al. 2024. A grid of 1kmx1km was defined to stablish 
starting points through a systematic criterion. Two conditions of meteorological values were 
defined: the typical conditions, using averaged values of a ten-years series (2012-2021), and 
the atypical conditions, using historical maximums. Each condition considers four different 
scenarios. A total of 2840 simulations were carried out. 
 
Each simulation results in a vector polygon that represents the size that the fire reaches after 
the propagation time. Also, two raster layers are generated: one corresponds to the rate of 
spread (ROS) in kilometers per hour and the other to the front intensity (FLI) in kilowatts per 
meter. The main and secondary fire paths of each simulation are also obtained as a raster 
layer. 
 
Wildfire simulation in modified conditions 
 
The obtained fire paths were integrated according to their weather condition, and they were 
used to select the groups of archaeological elements that could be used to define  
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SMA. For that, they were intersected with the groups of interest selected in the first step of 
this methodology. Thus, the potential SMA are defined, considering the most endangered 
areas and the most visited elements.  Finally, the fuel models were modified in those SMA 
using the fuel model map. In this case, the proposed modification is to change model 4 to 5 
and 7 and 10 to 9. The previous cited methodology to simulate wildfires was applied using 
the modified map.  
 
Results and discussion 
 
Archaeological sites selection and paleointerface characterization  
 
In the in the study area 755 heritages sites were archaeological sites, being 91.7% of them 
placed in forest areas. They were transformed in 319 groups, 39 of them were then 
considered candidates to be used as SMA. 
 
Wildfire simulation in current conditions 
 
Figure 2 graphically shows the main integrated results obtained from the simulations 
performed in typical conditions and in atypical conditions.  
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Figure 2: (a) Main inputs of the performed simulations. From left to right: DTM (digital terrain model); starting 
points; fuel model map. (b) Integrated results obtained from the typical weather scenarios. (c) 
Integrated results from the atypical weather scenarios.   
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Wildfire simulation in modified conditions 
 
After intersecting fire paths and the 39 groups, 4 SMA were proposed. Examples of how the 
rate of spread and the intensity changes with the proposed modifications in one of the 
proposed SMA, can be observed in Figures 3 and 4.  

 

Figure 3: Comparison of the fire intensity obtained from wildfire simulations with the original fuel 
model map.  
 

 
Figure 4: Comparison of the ROS obtained from wildfire simulations with the original fuel model map.  
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The examples with current fuels show that 11% of the area would develop very high intensity 
wildfires. The proposed modifications involve that most of the area (the 63%) develops very 
low intensity. Further, with the original fuel model map, the 5% of the area develops a very 
high ROS, whereas by modifying the fuels, this class of ROS becomes insignificant. With the 
original map, only the 9% of the area has a ROS under 0.1 km/h and with the modified map 
this percentage increases to 54%. 
 
Conclusion 
In this work, 39 groups of archaeological sites were established as potential strategic areas 
of management and defense against wildfires. Also, an operational and updated fuel model 
map was obtained for an Atlantic landscape was obtained. Finally, results obtained from the 
simulations allowed prioritizing the archaeological assets and the most adequate fuel 
treatments that lead to a fire-resilient landscape. This whole process will help to address in 
an integrated way fire management and archaeological heritage protection.  
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Introduction 
Environmental protection is one of humanity's most important tasks, with wildfires 
representing one of the greatest threats to the ecosystems, as well as for the infrastructure 
and human lives. Early detection of a forest fire, followed by a quick and effective response, 
is essential to reduce damage while minimizing the risk to people, both firefighters and 
civilians. Modern information and communication technologies can provide tools to help 
mitigate the risk of wildfires to all actors and services involved in the forests management 
and fire protection.  
We present Intelligent Wildfire Surveillance and Management System based on integration 
of multiple data sources. The system is primarily designed to monitor large and 
inaccessible areas based on cameras in visible spectrum, trying to find early visual signs of 
fire. It is tightly coupled with the GIS and other sources of information, like meteorological 
information gathered in real-time from meteorological service. Augmented reality model of 
the terrain is developed and overlapped with the real world scene, integrating all of the 
collected and produced information to provide an operator a decision support system in all 
phases of wildfire management. 
 
Croatian Experiences 
Croatia belongs to countries with an increased risk of large forest fires. Traditionally, 
coastal areas and islands are the most threatened. However, due to climate change, forest 
fires are becoming more frequent in other parts of Croatia as well. The specificity of the 
Croatian coast is the indentation of the relief with villages and towns surrounded by dense 
pine forests which often enters settlements. There are also separate tourist settlements, 
such as auto camps, apartment complexes or isolated individual houses, and other places 
of increased human activity, such as places popular for adventure activity, hiking areas, 
etc. Furthermore, during the main fire season, which coincides with the peak of the tourist 
season, there is a significant population growth by the order of magnitude or even more. 
Two facts emerge from these considerations: 

• The entire coastal area is practically Wildland Urban Interface (WUI) 
• There is a high probability that someone will spot the fire very early 

 
After the devastating fire in 2003 on the island of Hvar, the development of a system for 
early detection and monitoring of forest fires was initiated. From the very beginning the 
system was developed in cooperation with the firefighters. Based on the  
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aforementioned considerations, the following requirements for system functionalities were 
defined: 

• Early detection, if possible only few minutes from the ignition 
• Quick and accurate incident confirmation with the possibility of determining the exact 

location of the incident as precisely as possible 
• Video presence with the aim of efficient and safer intervention management 
• Decision support providing all the available information, including maps, fire spread 

prediction, meteorological data etc.  
• Storage of all information collected in real time for later analysis or conducting 

investigations by competent services 
 
STRIBOR – OIV FireDetect AI 
Wildfire Surveillance and Management System, developed under the working name Stribor 
(Slavic god of wind and forest) at the Faculty of Electrical Engineering, Mechanical Engineering 
and Naval Architecture (FESB) of the University of Split was tested for the first time in 2007 
and has been constantly improved with new functionalities based on suggestions of the end 
users  (Stipaničev et al., 2007)(Stipaničev et al.,2009)(Štula et al., 2012)(Jakovčević et al. 
2013). Since 2018, the system has been commercialized in cooperation with OIV Digital 
Signals and networks under the commercial name OIV FireDetectAI (OiV Fire Detect AI, 
2024). The system integrates available sensory information and provides decision-making 
and management support in all phases of firefighting. The system is cloud-based and the 
user only needs a web browser and the appropriate credentials to access the system. 
 
 

  Figure 27: Wildfire surveillance system interface with an example of fire detection 
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Automatic early wildfire detection based on cameras in visible spectra 
According to the previously defined system functionality requirements, the detection of 
early signs of a forest fire should be realized within 5 minutes from the moment of the fire 
outbreak, with the expected detection distance up to ten kilometers. Under these 
conditions, the smoke occupies only very small area of the image and is often hardly visible 
due to degradations like dust in the air, dirt on the lenses, sunlight effects etc. The system 
interface with an example of smoke detection is shown in Figure 1. 
 

 
 
After incident notification, regardless of whether it is an automatic detection or a reported 
alarm, the operator has the option of switching to manual control mode. By using optical 
zoom up to 32 times, the operator rejects or confirms the alarm and initiates the 
intervention, as shown in Figure 2. Video presence is also useful for rapid hazard 
assessment and intervention management. 
 
 

Figure 28: Automatic detection and incident confirmation using camera in manual mode 
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GIS integration 
The system is tightly coupled with the GIS and other sources of information, like 
meteorological information gathered in real-time from meteorological service. Augmented 
reality model of the terrain is developed and overlapped with the real world scene, 
integrating all of the collected and produced information to provide an operator a decision 
support. Based on this model, the operator can precisely locate the point of fire outbreak by 
simply clicking on the image from the camera on which the smoke is visible. Coordinates 
from the image space are transferred based on augmented reality into geographic 
coordinates and are displayed on the map. Magnified map with the fire outbreak location of 
the incident in Figure 1 is shown in Figure 3. 
 

 
 
Fire spread simulation 
Knowing the exact location of the fire outbreak, propagation simulation, which is also 
integrated into the system, can be started. The propagator collects the current 
meteorological situation and short-term forecast from the meteorological service and 
computes fire spread simulation. Input video streams and fire spread prediction produced 
by the system is shown on the map to provide a fire commander support in decision 
making, as shown in Figure 4.  

Figure 29: Locating the point of fire outbreak based on an augmented reality 
model 
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Operator can also set meteorological data manually and start fire spread simulation using 
this data. This functionality is often used by fire commanders for training, preparation and 
risk assessment. 
 
Based on the described functionalities of the system, common procedure includes the 
following steps: 
 

1. Automatic detection (or fire reported by other means) 
2. Confirmation by zooming in on the location of the fire 
3. Pinpointing the location by clicking on the image from the camera 
4. Running a fire spread simulation based on the current weather conditions 
5. Intervention management using video presence based on one ore more cameras 

that have a developing fire in their field of vision, GIS suport, additional map layers 
... 

 
What next? 
Intelligent Wildfire Surveillance and Management System is at the moment deployed at 76 
locations in Croatia. At this moment, 38 new locations are being installed, which will be 
integrated into the system already this fire season.  
In addition to the continuous development of the system according to the needs and 
requirements of all services and actors involved in fire fighting activities, additional value is 
represented by the data collected from the system. Video sequences are collected from 
cameras included in the system, together with other available information created at the 
time of recording the sequence, which will be used to improve system operation and 
develop new functionalities.  In addition, we expect that the collected data can be valuable 
source of information for future research and a deeper understanding of the physics and 
mechanics of the wildfire. 
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Figure 30: Fire spread simulation based on real-time meteo data 
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Introduction 
The widespread surface fuel accumulation in fire-adapted forested ecosystems has 
increased the threat of high-severity wildland fires, especially where fires have been excluded 
for much longer than was the historical norm. Dense ladder fuels can make fire suppression 
more difficult, increasing canopy damage (Mitsopoulos and Dimitrakopoulos 2014). 
Accordingly, vertical forest structure (arrangement of ladder fuels beneath the canopy) and 
forest canopy structure metrics such as crown base height (CBH), crown dimensions, and 
crown bulk density, are crucial factors for effective wildfire risk prevention and mitigation 
(Fernandes 2013; Alcasena et al. 2019; Popescu and Zhao 2008).  
 
Despite advancements, challenges persist in accurately quantifying CBH and ladder fuels. 
Traditional field-based methods are known to yield reliable CBH measurements, but they are 
time-consuming and labour-intensive (Cruz et al. 2003). In addition, accurate estimation of 
CBH is challenging due to the absence of a standardized method for defining CBH thresholds 
and its difficulties in measurement due to the presence of multiple fuel layers (Cruz et al. 
2003). The ability of LiDAR technology to penetrate forest canopies and assess sub-canopy 
structures makes LiDAR a powerful tool for advancing wildfire modelling and management 
(Popescu and Zhao 2008; Erdody and Moskal 2010; Zhao et al. 2011). The main objective 
of this study is to develop a direct wave-based method, built on the differences in LAD 
percentiles between height bins, to characterize  
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quantitatively fuel layers and gaps beneath trees and, to estimate the tree CBH according to 
different criteria.  
 
Materials and methods 
 
Package design 
 
LadderFuelsR is an open-source R package for the analysis of vertical fuel continuity using 
Leaf Area Density (LAD) profiles from segmented trees. It quantifies ladder fuels properties 
(base height, depth, LAD percentage and vertical distances), and proposes different methods 
to identify tree CBH (maximum LAD, and maximum and last distance). The version 0.0.4 of 
the LadderFuelsR package comprises several functions for ladder fuels analysis and CBH 
detection and for plotting (Fig. 1).  
 
 

 

Figure 1. Flowchart to yield the products included in the LadderFuelsR package. 

 
Gaps and Fuel Base Heights (FBHs) for each Vertical Height profile (VHP) 
 
Function calculate_gaps_perc() applies the quantile function to the LAD values at each 
height bin to calculate the 5th, 25th, 50th, 75th, 90th, 95th, and 99th percentiles; and  
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classifies the LAD values into different groups based on which percentile range they fall into 
(Fig. 2).  
Function get_gaps_fbhs() identifies groups of consecutive height bins with negative 
differences in LAD percentile; and subsets each group with the minimum LAD (< P25th). In 
addition, when there were no consecutive negative differences, it subsets consecutive height 
bins with LAD values less than P25th, taking only the first and last values of each group.  For 
obtaining Fuel layer base heights (FBHs), it identifies consecutive height bins with positive 
differences in LAD percentile, and subsets each group with the minimum LAD (> P5th). For 
non-consecutive positive differences, it filters consecutive height bins with LAD values > P5th 
taking only the first and last values of each group (Fig. 2).  
  

 
Figure 2. Plots of segmented trees and their LAD profiles with fuel layers in green. In text, the base height (CBH), the depth 
and the percentage of LAD in each fuel layer identified (outputs of LadderFuelsR). 
 
Distance between Fuel Layers 
 
Function get_distance() calculates the distance between fuel layers as the height difference 
between each pair of consecutive gaps and FBHs (Fig. 3a). In addition, when there are 
consecutive gaps, the distance is calculated as the difference between the minimum 
consecutive gap and the next FBH encountered (Fig. 3b).  
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Figure 3. Plots of LAD profiles with fuel base heights (FBHs) in green, and gaps in red, showing how to calculate the distance 
between fuel layers when: a) there was a unique gap; and b) there are consecutive gaps. 
 
Fuel layer Depth 
 
Function get_depths() calculates the depth of each layer fuel as the difference between the 
gaps interleaved between FBHs (Fig. 4). 
 

 
  
Figure 4. Plot of a LAD profile with fuel base heights (FBHs) in green, and gaps in red, showing how to calculate the depth 
of any fuel layers interleaved by gaps. 
 
Real height of the Fuel Base Heights (FBHs) and the depth of fuel layers after removing 
distances equal to one height bin step 
 
Function get_real_fbh() identifies the first FBH from consecutive FBHs or the first FBH from 
those ones separated by a distance = 1 (one height bin step). For each distance value, it 
locates the next FBH value. If the distance = 1, the height of that FBH is propagated forward. 
If the distance value is greater than one height bin step, the height  
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of the identified FBH is kept. The users can change the number of height bins considered for 
merging or separating fuel layers (Fig. 5). 
Function get_real_depths() sums all consecutive distances and corresponding depth values 
when distance is = 1 (Fig. 5). 
 

 
  
Figure 5. Plots of LAD profiles with: a-b) fuel base heights (FBHs) in green, and gaps in red [output of get_plots_gap_fbh()]; 
and c-d) real FBHs and depths (LAD % > 10 %) [output of get_plots_effective ()]. 
 
Effective distances between fuel layers (distances > one height bin step) 
 
Function get_effective_gap() calculates the 'effective distance' (> any distance) between 
FBHs. It loops over all the FBHs, and at each iteration, it checks if the current value and the 
next value in FBHs are not equal. If they are not equal, it keeps the corresponding distance 
value, else it removes it (Fig. 6).  
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Figure 6. Plots of LAD profiles with: a) fuel base heights (FBHs) in green, and gaps in red [output of get_plots_gap_fbh()]; 
and b) effective distances (> one height bin step) [output of get_plots_effective ()].  
 
Effective fuel layers based on the comprised percentage of total LAD  
 
Function get_layers_lad() calculates the percentage of LAD within each fuel layer; and those 
that had a percentage less than a specified threshold (default is 25 %) were appended to the 
distances between or among them, recalculating the distances. 
 
Canopy Base Height of a segmented tree based on different criteria 
 
Function get_cbh_dist() applies three criteria to define the CBH in a segmented tree. Firstly, 
this function identifies the CBH of a tree as the fuel layer containing the maximum LAD 
percentage (Fig.7a). Later, it identifies the CBH selecting the fuel layer separated by the 
highest distance between fuel layers (Fig.7b); and finally, it identifies the CBH selecting the 
fuel layer separated by the last effective distance between fuel layers (Fig.7c).  
Function get_cum_break() identifies a possible CBH, when the VHP has only one fuel layer, 
performing a segmented linear regression with an automatic breakpoint (BP) estimation. In 
addition, this function calculates the percentage of leaf area density (LAD) below and above 
a breakpoint. If the % LAD values above BP is greater than certain threshold (default = 75 
%); the CBH value is set to the BP; if % LAD below the BP > threshold, the CBH = minimum 
height value. Finally, for trees with % LAD < threshold in both sides of the BP, the CBH value 
is get from the fuel layer with maximum LAD percentage (Fig.7d). 
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Figure 7. Plots of LAD profiles with the fuel layer identified as the tree Canopy Base height (CBH) following different criteria: 
a) maxLAD-CBH; b) Max. distance CBH; c) Last distance and d) breakpoint CBH. 
 
Discussion 
Our method represents an improvement with respect to indirect regression-based methods 
that use frequency-based and density metrics (Olszewski and Bailey 2022; Chamberlain et 
al. 2023), mainly because it allows explicitly capturing the spatial arrangement of vegetation 
and facilitates its interpretation in relation to the physical structure of the trees. Unlike other 
wave-based method that set the tree CBH to certain pre-established thresholds and 
conditions (Chamberlain et al. 2021), our approach permits setting CBH after identifying, with 
less strict thresholds, all possible gaps and FBHs at effective distances (defined by users). 
Accordingly, tree CBH can be estimated with greater flexibility using different criteria. Our 
approach is characterized by its simplicity and does not require adjusting any complex 
mathematical function to get the main gaps and FBHs (Popescu & Zhao, 2008; Zhou & Li, 
2023). However, our methodology faces the same challenges of other wave-based methods 
in dense forests, due to weak laser pulse penetration and/or the low point density. 
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Introduction 
Climate-change and human impacts to landscapes and ecological processes are jointly 
accelerating the scale and velocity of ecosystem degradation. This undermines human 
communities and economies, which depend on nature. Human-driven changes to 
ecological disturbance dynamics are a key driver of ecosystem degradation, and reducing 
the negative impacts of uncharacteristic disturbances – to humans as well as to 
ecosystems – has become a major component of global change adaptation around the 
world. In seasonally dry bioregions, fire is a keystone ecological disturbance, and 
anthropogenic changes to land use, fire frequencies, ecosystem structure, fuel loadings, 
and the climate are leading to progressively more severe impacts of fire on ecosystems 
and humans. Human responses to changing fire dynamics have been slow and reactive, 
with a primary focus on techniques and technologies to prevent ignitions and extinguish 
fires after they are ignited. This approach is having diminishing success, because 
suppressing fires in ecosystems adapted to frequent burning may be ecological 
degradation in itself; because an excessive number of years without fire in such 
ecosystems leads to uncharacteristically severe burning when fire returns; and because an 
unbalanced prioritization of resources toward fire response infrastructure and tactics is 
starving proactive and cost-efficient stewardship practices.  
 
In 2022, UNEP published a report on the status of wildfire in the world and recommended a 
rebalancing of effort and funding across the five categories of actions that form the basis for 
Integrated Fire Management. Specifically, the report called for reducing the focus on fire 
suppression, and enhancing efforts in preparedness, risk reduction, and postfire restoration 
(UNEP 2022). However, the international wildfire problem presents major challenges to 
effective management due to the rate at which the problem is evolving, the geographic 
extent involved, and the multiscalar complexity of affected landscapes and human 
communities, which may span political boundaries, multiple watersheds, various 
management jurisdictions and plans, broad environmental  
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gradients, and users representing many different, often competing social strata and value 
systems. In this type of wicked problem (Rittel and Webber 1973), arriving at a 
management consensus can be a daunting task. Because the complexities of the wildfire 
wicked problem derive to a great extent from the people involved and their often 
idiosyncratic perceptions of the problem, it is fundamentally important to develop a 
“collaborative governance” framework, based on functional levels of trust; equal access to 
data and participation in the decision-making process; and transparency in process inputs, 
outputs, and recommendations, as well as in projected costs and benefits (USDA 1999, 
Scarlet and McKinney 2016) .  
 
Land TenderTM is a collaborative, cloud-based, visual, scenario-building and decision 
support system constructed to support complex resource management planning at local, 
regional, and national scales. LT incorporates high-resolution imagery, climate data, 
disturbance simulations, optimization, and scenario comparisons to develop prioritized and 
sequenced management plans for large fire-prone landscapes. The tool efficiently 
incorporates user input and values through effective interfaces for hands-on and real-time 
engagement; turns decision-critical data into analytical outputs that can be interactively and 
iteratively generated, discussed, and manipulated by managers and partners alike; and 
cogently summarizes the benefits of potential ecosystem management actions. 

Land Tender highlights include: 

● LT workflow provides multiple windows for user engagement and ingestion of 
local/place-based knowledge and values  

● LT is cloud-based and real-time, allowing rapid multi-objective management 
scenario iteration  

● The easy-to-use platform democratizes access to outputs generated by underlying 
fire, forest growth, and optimization models that are not usable by the general public 
(e.g. F-Sim, WildEST, FVS, ForSys). 

● Unlike other extant tools, LT explicitly identifies how, and by how much, alternative 
management scenarios might reduce risk  

● LT not only evaluates wildfire risk reduction from management action, but also the 
potential for ecological benefits in the absence of disturbance 

● LT estimates project costs, economic outputs (currently timber value and biomass), 
and impacts on ecosystem services (currently carbon, adding hydrology and 
biodiversity soon) 

● LT deployment can cut months to years from the typical planning processes in 
collaborative landscape management, which may reduce overall cost  

Methods and Results  
Fig. 1 outlines the Land Tender analytical process. Boxes 1-5 in Fig. 1 develop the data 
template for deployment of the decision support system (DSS). Outputs from the DSS (Box 
6) feed the development of a management plan proposal and the environmental analysis. 
Information collected from implementation and effects monitoring feeds back  
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into a refresh of the Base Data and SARA conditions, and the cycle begins again. We 
describe the general features of the Land Tender process below. For more detail see the 
Land Tender Product Guide (VP 2024). 
 
Base data for LT include (Fig. 1, Boxes 1a-1c): Vegetation composition and structure, 
usually determined with a mix of lidar and high-resolution 2-dimensional imagery sources; 
landscape and jurisdictional data, including landform information and ownership and land 
designations; fire and fuels data, including various measures associated with fire and 
drought hazard; ecological departure, which includes 
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Figure 1. Land Tender workflow. Dashed lines and boxes indicate management steps subsequent 
to Land Tender deployment. Important user input indicated by yellow UI circles. See text and VP 
(2024) for details. 
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estimates of departures from desired structural and disturbance frequency conditions;  
treatment logistics, e.g. costs, and distances to roads, structures, and sawmills or biomass 
plants; and treatment types, which indicate which management interventions are 
permissible in different jurisdictions, land designations, and environmental conditions. 

These base data are used to generate management units, beginning with vegetation 
structure, then adding topographic variables, fuels, and road and stream data (Fig. 1, Box 
2). The resulting polygons are composed of areas with similar biophysical characteristics 
and administrative jurisdiction, across which a single treatment type could be applied. This 
comprehensive geospatial database summarizes pre-treatment landscape patterns and 
can be exported for use outside Land Tender.  

Strategic Areas, Resources, and Assets (SARAs; Fig.1, Box 3) represent key values of 
interest in the project landscape and are distributed among eight Management Objective 
categories (Fig. 2). SARAs are determined in close consultation with users and may come 
from national or local datasets. SARAs must 1) be mappable, 2) have measurable 
socioecological value, 3) have sensitivity to the intensity levels of disturbances under 
consideration (Scott et al. 2013) and 4) have estimated effects to the potential treatments. 
SARA sensitivity to treatments and disturbance intensities is measured in semi-quantitative 
or quantitative “response functions”, determined through expert elicitation, literature review, 
or modeling.  

In the next step (“Restoration Abacus”; Fig. 1, Box 4): (1) the delineated management units 
are assigned feasible treatment options based on their biophysical conditions and land 
designations; (2) information around cost, biomass removal, product benefit, and workforce 
estimates is attributed for each management unit and feasible treatment option; and (3) an 
algorithm assesses current SARA conditions and evaluates the relative ability of different 
treatment options to change those conditions. The total relative impact is compared – per 
management unit, per feasible treatment, and per Management Objective – by calculating 
the Restorative Return on Investment (RROI), which combines “Treatment Effects” (effects 
of potential treatments on SARA condition in a polygon in the absence of disturbance; this 
is a measure of the ecological restoration value of the treatment) and “Change in 
Disturbance Effects” (effects of potential treatments on SARA condition in the presence of 
disturbance and its modeled intensity; this is the classic avoided loss/risk reduction effect). 
Finally, the Restoration Abacus aggregates the individual SARAs to their respective 
Management Objective categories (see Fig. 2) and normalizes Treatment and Change-in-
Disturbance Effects for all treatments and Management Objectives across management 
units.  

The Land Tender DSS (Fig. 1, Box 6) provides users access to spatial data from the 
Stewardship Atlas, including the deployment landscape, SARA layers and their spatial 
RROI signatures, fire and drought hazard maps, and spatial limitations on feasibility of 
potential management actions. Most importantly, the DSS permits any user to easily 
develop management scenarios for the deployment landscape. Users generate a  
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management scenario by differentially weighting the eight Management Objectives along a 
scale from 0 to 5, which results in a map of the RROI impact score, where dark blue is high 
benefit and white is low benefit (Fig. 2, Boxes A and B). Negative impacts are not displayed 
visually in LT, but are used in project development (e.g. areas with a total weighted 
negative impact score are excluded from projects). Before optimizing a management plan 
for the scenario, users can exclude certain treatment types, balance the restoration and risk 
reduction priorities or focus mostly on one or the other (not shown). Users set constraints 
for the number of projects to model, maximum project budget and maximum project area.  

In Fig. 2, Scenario 1 (Boxes A and A1) represents a management scenario focused on 
environmental protections, while Scenario 2 (Boxes B and B1) represents a scenario 
focused on fire safety and timber and biomass production. A third scenario was also run, 
which weighted all Management Objectives equally (not shown). In all three scenarios, 
clearcutting was not permitted, management priorities were balanced, 5 projects were 
modeled, maximum project area was 1000 ha, and maximum budget per project was 
$1,000,000 US. After optimization by the ForSys routine (which took 8-10 seconds per 
scenario in this case; Ager et al. 2012), Land Tender output five projects under each 
scenario that met the optimization constraints and maximized overall RROI in the 
landscape area (Fig. 2, Boxes A1, B1). Projects are listed in order of their RROI, providing 
a suggested sequence for management planning. Fig. 2 Box C displays some of the tools 
that are available to compare management scenarios, including percent of total available 
RROI that is accomplished by the three scenarios for each of the eight Management 
Objective categories; an overlay of the spatial locations of the project areas from all of the 
scenarios with consensus areas identified; and the RROI efficiency of each scenario (not 
shown), which is the ratio of percent of area treated versus percent RROI attainment. 
 
Discussion 
We conclude by discussing stakeholder participation in the Land Tender process, planning 
efficiencies, the complicated issue of decision support tool validation, and current and 
potential future LT deployments. 
 
Collaborative participation occurs at a number of key stages in the LT workflow, and users 
can readily visualize tradeoffs, prioritizations, and sequencing of treatments among 
alternative management scenarios for a landscape. Collaborators can easily share and 
compare scenarios, thus arriving at agreement on management alternatives quickly and 
efficiently. We know of no other management planning application that provides such a 
high degree of access for the general public to such a high level of computing firepower. LT 
outputs include comprehensive spatial and  
tabular comparisons of final management alternatives – including projected costs, 
economic outputs, and relative benefits of each alternative across all of Management 
Objective categories – that can be easily exported to environmental assessment processes 
that precede implementation. Combined, these features lead to notable efficiencies in the 
land and resource management planning process, which is typically very cumbersome and 
time- and money-intensive. 
Like all complex models that predict future conditions, decision support tools are a 
challenge to validate (Finlay 1994). Based partly on Borenstein (1998), we are developing a 
comprehensive and automated validation and evaluation framework for Land Tender. Face  
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validation sensu Borenstein is continuous and has been underway for more than four 
years. Subsystem validation is based on validation and peer-reviewed publications 
supporting the fire and drought hazard, forest growth, and  
 

  
Figure 2. Land Tender processing of Stewardship Atlas data: Restorative Return on Investment 
(RROI) and management project optimization for a 35,000-ha test landscape. A: RROI for 
“Environmental” scenario, with highest weighting given to Biodiversity, Carbon, and Water 
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objectives, and intermediate to Recreation. B: RROI for “Fire Safety and Commodity” scenario, with 
highest weighting given to Asset Protection, Fire Safety, and Commodities. A1 and B1: For 
scenarios 1 and 2, respectively, prioritized and sequenced projects, optimized to maximize RROI 
under the given objective weightings and under a set of project constraints (see text). C: 
Comparison of scenarios 1, 2, and 3 (3 not shown) with respect to % of total RROI attained for each 
Management Objective category; and spatial distribution of the optimized projects under the three 
scenarios, with consensus areas identified. Under Management Objectives: A = Asset protection, 
Sa = Fire safety, R = Recreation, B = Biodiversity, Co = Commodities, Ca = Carbon, W = Water, S 
= Science and culture.  

 

optimization submodules underlying the LT platform. In addition, the wildfire risk 
assessment framework (Scott et al. 2013) that forms the basis for LT has been widely used 
in the western US and validated on a number of landscapes (e.g., Thompson et al. 2015). 
Formal predictive validation (validating using test cases where the results are known) is 
difficult for decision support tools, but recently Ager (2024) conducted predictive validation 
of the ForSys optimization routine against known results from linear programming methods 
and demonstrated c. 95% concurrence and notable advantages in speed and transparency. 
We have also tested and calibrated our lidar-based vegetation structure modeling against 
stem-mapped forest stands from California. Early in LT development we conducted user 
validation exercises, but a more formal process for user validation is still in development. 
Field validation is carried out continuously through feedback from our project partners; field 
validation of our fire hazard modeling documents strong coincidence between modeled 
high hazard zones and subsequent severe burning, e.g. in the Lahaina Fire of 2023 and the 
Texas wildfires of early 2024; and finally, we are developing a plan for field checking of LT-
derived management treatment prescriptions by a registered professional forester. 

Today, Land Tender is being used as the decision support tool of choice by many land and 
resource management agencies and collaborative groups across more than 10 million 
hectares in the western US. For example, the US Forest Service and the National Forest 
Foundation have deployed Land Tender on many of the national “Wildfire Crisis Strategy” 
landscapes, including 500,000 to 2,000,000-ha deployments in Idaho, Colorado, New 
Mexico, and California; The Nature Conservancy and partners are using Land Tender as 
the principal planning tool for the Southern Oregon Forest Restoration Partnership; and 
CalFire recently contracted to Vibrant Planet for a Land Tender deployment on a 700,000-
ha landscape in eastern California. Future work will focus on emulating the success of 
these deployments in the US to enable durable, collaborative management responses to 
the wildfire problem internationally– in both the developed and developing world. To that 
aim, we are actively pursuing deployments outside of the US. At the moment we are having 
had preliminary conversations with groups from Portugal, Turkey, Spain, Chile, and 
Australia, as well as the UN-Food and Agricultural Organization, which is seeking to 
develop a standard wildfire risk response platform for the developing world.  
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Introduction 
Access to annotated data (i.e. labels) is crucial for various machine learning applications, 
including earth observation tasks like land use mapping. However, annotating technical 
image datasets is challenging, necessitating hard-to-source specific expertise for accurate 
interpretation (Yao, 2021). 
 
Relying on the fact that everyday event images, often publicly collected through sources 
like cell phone photos, require minimal abstraction since their content, angles, and color 
channels are familiar even to untrained interpreters, we aim to harness the daily users of 
CAPTCHAs (Ahn et al., 2003) to crowdsource this task to an unprecedent scale. 
 
This innovative way of leveraging existing anti-bot technology paves the way for a future 
where citizen science and artificial intelligence work in tandem to unlock the full potential of 
Earth observation (EO) data. By making image annotation accessible to everyone and 
continuously refining AI models, we can gain a deeper understanding of our planet and 
develop sustainable solutions for the challenges we face. 
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Here we present the first results obtained using wildland fires as a use case. Then we 
illustrate one way in which the online annotations obtained can be extracted and made 
available on a third party online platform. To conclude, we show a novel satellite Earth 
Observation (SatEO) application for monitoring wildland fires that can immensely benefit 
from real time online annotations as a means to instantly validate what we can detect from 
space. 
 
The FireCapture Project: Using Online Antibot Technology to Annotate Satellite 
Images of Wildland Fires 
There is a clear need for fully automated processing of big EO data. Many different models 
of machine learning algorithms are available but they generally require a huge amount of 
very high quality labels to train in order to yield the best possible inference, whether for 
prediction or  monitoring.  
 
This is particularly challenging when it comes to EO image data used for mapping wildfires 
or other disasters, where trusted data are needed in near real time in a format that can be 
easily ingested by stakeholders. Interpreting and labeling a multitude of different EO data 
types typically requires intensive effort from EO experts only able to provide a limited 
amount of labels, which substantially limits the performance of the ML models being trained 
on those labels.  
 
The proposed service is based on crowdsourcing that makes use of CAPTCHAs (Ahn et 
al., 2003). It will be optimized for the EO context and extended by EO-specific, pre- and 
post-processing, which wrap around Intuition Machine’s hCaptcha. The primary goal of the 
preprocessing module is to make EO imagery “Captcha user-ready”. This readiness 
includes the technical readiness, e.g. image size, format, pre-processing for enhancing 
image features, etc. as required by hCaptcha, but also user readiness, meaning that the 
data is interpretable even by the general or non-expert public. 
 
In the FireCapture project, users were presented with a series of images, and asked to 
‘label’ the appropriate images as ‘wildfires’ (Figure 1 shows an example illustration). The 
innovation was the application of the hCaptcha technology specifically to enable wildland 
fire monitoring in real-time using multiple satellite sensor data, including the Landsat 
satellite series as well as the Sentinel-2 satellite. To this end, hCapture was adapted to 
collect many thousands of burned area labels.  
 
It was successfully demonstrated that the Human Platform and hCaptcha technology can 
be used to generate thousands of labels for important wildfire parameters, such as active 
fire identification and burned area (see Figure 2 as an example). These labels can be used 
either directly by stakeholders to examine and take appropriate actions or to train ML 
models to allow detection and prediction of important wildfire parameters.  
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Figure 1. Illustration of a satellite image displayed for annotation using the well-known online antibot 
tool hCaptcha. Labeling was done by Intuition Machines Inc., in partnership with HUMAN 
 
For the labeling performance assessment, the team used several wildland fire events with 
fire perimeter data collected in the field and available from the National Interagency Fire 
Center. Wildfires in different environments were included in the assessment: Colorado, 
Northern California, and Greece. It is important to note that significant work was required to 
geo-reference the images because CAPTCHAs do not (yet) support georeferenced 
imagery. 
 
Figure 2 shows an example for wildfires in Colorado. In this kind of environment, it is worth 
noting that in general the online annotations received are correct (83%) but there are often 
mislabels when it comes to distinguishing burned areas from bare brown or dark-looking 
soils. This is typical of the landscape in Colorado, which results in false positives 
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Figure 2. Grizzly Creek and Pine Gulch Fires (2020) in Colorado. Landsat-8, October 13, 2020 
 
FireCapture successfully demonstrated that the Human Platform and online antibot 
hCaptcha technology can be used to generate thousands of labels for important wildfire 
parameters such as active fire identification and burned area; and it also identified 
stakeholders interested in their use for decision support. In a survey conducted during the 
project, out of 33 Firefighters, nearly 1/3 said they encountered medical emergencies, yet 
more than half (54%) did not receive information on the medical conditions of the disasters 
impacted individuals   Stakeholders also indicated interest in maps of smoke plume extent 
that could be used by decision makers in hospitals and disaster response roles to aid in 
identifying those at greatest risk of adverse health outcomes, and provide guidance 
identifying evacuation and resource allocation priorities to meet the health and medical 
needs of those impacted by wildfires.  
 
The Maptcha Project: Streamlining Online Annotations to Satellite Image Analysis 
Platforms 
As a complementing parallel activity to the NASA-supported FireCapture project, the 
Maptcha project supported by the European Space Agency (ESA) aims to streamline the 
transfer of online annotations from satellite images to third party satellite image analysis 
platforms (Figure 3). It also facilitates the visualization and integration of these annotations 
with other geospatial datasets or analysis results. 
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Figure 3. A live display example of online wildland fire annotations, based on kepler.gl and 
implemented through DEKART. in Google Cloud Platform (GCP) 
 
Making massive volumes of online annotations rapidly available on other analysis platforms 
allows fast and valuable training for machine learning models. This has the potential to 
significantly improve the capabilities of AI-powered Earth observation applications, leading 
to advancements in environmental monitoring, resource management, and climate change 
analysis. Imagine near real-time tracking of deforestation or monitoring crop health across 
vast agricultural regions – these are just a few examples of the possibilities unlocked by the 
rich data environment fostered by Maptcha. 
 
Real-world testing is crucial to validate the Maptcha concept. The project has identified 
potential users with specific needs in geospatial data marketplaces, emergency response, 
and disaster management. Engaging with these users throughout development ensures 
that the platform meets their specific requirements. 
 
The next steps involve developing base layers for EO data, exploring integration with 
existing platforms, assessing the confidence of satellite image data, and conducting a first 
test distributing very high-resolution data via Maptcha. Successful completion of these 
steps will pave the way for a fully operational citizen science-led annotation pipeline, 
revolutionizing the way we extract information from satellite imagery for emergencies and 
beyond. 
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FireSENS: A Satellite Earth Observation Application for Real Time Monitoring of 
Wildland Fires 
FireSENS is a SatEO app that tackles the critical issue of wildfire risk assessment. The 
streamlined methodology of FireSENS hinges on three key steps: data extraction, 
refinement, and classification (Campo et al., 2024). 
 
Fire intensity information is extracted from the Sentinel-3 satellite's SLSTR Level 2 Fire 
Radiative Power dataset (Wooster and Xu, 2021). Here, the focus is on land-based 
wildfires, so the FRP_MWIR product is specifically chosen over its SWIR counterpart. 
Additionally, population data is obtained from relevant and mandated mapping or cadastral 
organizations, providing a snapshot of population distribution across regions or entire 
countries. 
 
Next, the FireSENS method preprocesses the collected data to ensure coherency and 
consistency among datasets. Fire intensity values, along with their corresponding location 
data, are extracted and placed onto a grid system. This grid has a resolution of 1 square 
kilometer, aligning perfectly with the resolution of the fire intensity data itself. To eliminate 
any outliers or errors, the system filters out any suspicious FRP values. This guarantees 
that only reliable data is used for further analysis. 
 
Finally, FireSENS leverages the prepared data to classify fire risk across regions. The fire 
intensity values within each administrative region are averaged. This process yields a 
general fire intensity rating, categorized as low (less than 50 MW), medium (between 50 
MW and 100 MW), and high (greater than 100 MW). Similarly, the population data is 
transformed into a population density classification. Here, regions are categorized as 
having low (50-100 people per square kilometer), medium (100-500 people per square 
kilometer), or high (greater than 500 people per square kilometer) population densities.  
 
By combining these two classifications – fire intensity and population density – FireSENS 
generates a final, comprehensive fire risk classification for each region in of any country. 
This final classification effectively pinpoints areas with a heightened risk of wildfires, 
allowing for targeted preventative measures and resource allocation. Indeed, the FireSENS 
application workflow is kept flexible to integrate any type of auxiliary information related to 
impact, such as GIS infrastructure layers, biomass, health risk indicators, or air pollution 
measurements; the latter being already implemented within FireSENS using daily 
measurements of atmospheric pollutants obtained from the TROPOMI instrument onboard 
Sentinel-5P.  
 
Assessing the performance and detection accuracy of a real time monitoring tool such as 
FireSENS is vital to ensure robustness and consistency across multiple regions. Here, we 
suggest that real time validation of the FireSENS analysis output (Figure 4) could be done 
by live-streaming online annotations of active wildland fires using the previously described 
FireCapture-Maptcha pipeline. This would allow live annotations to  
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be displayed alongside the analysis output of FireSENS. Such a validation approach is 
currently being proposed.   
 

 
Figure 4. Example of the FireSENS analysis dashboard showing the risk associated with hundreds of 
individual wildland fires detected in August 2023 across Greece.  
 
Conclusion 
This paper highlights two novel projects with significant promise for improving wildfire 
monitoring and resource management. FireCapture demonstrates the effectiveness of 
crowdsourcing with CAPTCHAs to generate high-quality labels for satellite images, 
specifically focused on wildfire parameters. This approach has the potential to significantly 
enhance wildfire detection and ultimately improve decision-making for targeted 
interventions.  
 
Complementing FireCapture, the Maptcha project tackles the challenge of integrating these 
crowdsourced labels with third-party satellite image analysis platforms. This streamlined 
workflow facilitates the use of these labels in training AI models, leading to further 
advancements in wildfire monitoring capabilities.  
 
The paper also introduces the FireSENS application, a SatEO app that offers a real-time 
fire risk assessment solution by leveraging satellite data for regional classification. The 
potential for real-time validation of FireSENS using annotations from the FireCapture-
Maptcha pipeline presents an exciting opportunity to strengthen the accuracy and 
robustness of fire risk monitoring on a global scale. By combining these innovative projects, 
we can move towards a future with more efficient wildfire response and mitigation 
strategies. 
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Introduction 
Wildfires have received increasing levels of interest and widespread coverage in the global 
media in recent years following severe wildfire seasons, posing risk to life and 
environmental devastation, in the northern (e.g., California, Canada, eastern Russia, and 
the Arctic) and southern (e.g., Australia and Chile) hemispheres. The resulting smoke 
emissions and their impacts on air quality and human health are also critical aspects 
related to wildfires and biomass burning. While total burned areas, and estimated smoke 
emissions, have been decreasing over the past two decades at the global scale, related to 
changes in the use of fire for agriculture in the tropics (e.g., Andela et al, 2017), the 
frequency and scale of extreme fires at extra-tropical latitudes have been shown to be 
increasing (UNEP, 2022) with a recent study, based on satellite observations of fire 
radiative power (FRP), showing the boreal forest and taiga and temperate conifer forest 
biomes, and the northeastern Arctic region to have had the largest increase (Cunningham 
et al, 2024). Wildfire smoke emissions include a broad range of pollutants, including 
particulate matter, carbon gases and many other harmful chemicals which pose significant 
risks to human health through degraded air and water quality. Many of the pollutants 
constituting wildfire smoke have sufficiently long chemical lifetimes to be transported 
several thousand kilometres, including between continents, with further potential impacts 
on air quality and climate. Transport of smoke from wildfires in North America across the 
Atlantic to Europe and beyond is not uncommon and has been the main contributor to 
enhancements in atmospheric carbon monoxide measurements over Europe in the 
summer months (Petetin et al, 2018). In this short report we present a brief analysis of 
wildfire emissions from Canada during 2023 and the resulting smoke transport across the 
Atlantic in data products provided by the Copernicus Atmosphere Monitoring Service 
(CAMS, https://atmosphere.copernicus.eu), which is operated by the European Centre for 
Medium-Range Weather Forecasts (ECMWF) on behalf of the European Commission. 
 
Materials and Methods 
The analysis presented here is based on CAMS data of estimated wildfire carbon 
emissions and the global operational forecasts and reanalysis of aerosol optical depth 
(AOD): 

• Wildfire emissions are provided by the Global Fire Assimilation System (GFAS) v1.2 
(Kaiser et al, 2012) based on FRP observations from the MODIS instruments on the 
NASA Terra and Aqua satellites to provide daily global fire emissions estimates at a  
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• resolution of 0.1 degrees longitude by 0.1 degrees latitude from 1 January 2003 to 
the present day. 

• Operational 5-day forecasts of global atmospheric composition at approximately 40 
km spatial resolution are initialized at 00 UTC and 12 UTC each day, from ‘analyses’ 
which merge satellite observations of ozone, carbon monoxide, nitrogen dioxide, 
sulphur dioxide and AOD with the ECMWF Integrated Forecast System model 
(Benedetti et al, 2009). 

• A reanalysis, which uses a combination of observations and numerical models to 
recreate historical conditions, of global atmospheric composition provides a self-
consistent dataset from 2003 to present which can be used to evaluate decadal 
tendencies and interannual variability of key atmospheric pollutants (Inness et al, 
2019). 

 
All of these datasets are fully open access and available to download from 
https://ads.atmosphere.copernicus.eu/. 
 
Results 
Significant wildfires in Canada during 2023 began in early May with several large-scale 
fires in Alberta which were followed later in month, and early June, with fires in Quebec. 
Smoke from the Quebec fires was notable in global media due to the impacts on surface air 
quality across eastern Canada and the northeastern United States. The largest-scale 
Quebec fires burned until mid-July but fires in Alberta, along with those in other western 
Canadian provinces and territories, continued from late spring and through the summer 
until the end of September. In the Northwest Territories, fires developed over a few days in 
late May and early June but increased rapidly from early July to become the most affected 
Canadian territory, resulting in evacuations from many population centres and many days 
of widespread air quality degradation. Figure 1 shows the daily total cumulative wildfire 
carbon emissions for Canada between 1 January and 31 December 2023 and the almost 
continuous burning across the country from the beginning of May until the end of 
September. The annual total estimated emissions of 480 megatonnes of carbon were 
considerably higher than any of the other years for Canada in the GFASv1.2 dataset 
(shown as the grey dashed lines in Figure 1) and constituted ~22% of the annual global 
total fire emissions for 2023. 
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Figure 1: Daily total cumulative wildfire carbon emissions for Canada for 2023 (solid red 
line) compared to all years from 2003 to 2022 (grey dashed lines) and the mean of the 

2003-2022 data (solid black line). 
 
CAMS operational analyses and forecasts provided up-to-date information of the long-
range transport of wildfire smoke throughout the duration of Canada’s wildfires in 2023 
around the northern hemisphere. Figure 2 illustrates an example of long-range smoke 
transport in AOD analyses valid for 00 UTC on 26 and 27 June. Very high AOD values 
(greater than 1) were forecast and observed to cross the North Atlantic and reach Europe 
on these days. The bottom two panels of Figure 2 show AOD enhancements on these days 
in the CAMS forecasts and independent NASA Aerosol Robotic Network (Aeronet, 
https://aeronet.gsfc.nasa.gov/) AOD observations made from sites at Graciosa, in the 
Azores, and Evora, Portugal. 
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Figure 2: Global AOD analyses valid for 00 UTC on 26 and 27 June 2023 (top two panels) 
and evaluation of AOD forecasts against Aeronet observations from sites in Graciosa, the 
Azores and Evora, Portugal (bottom two panels; red and green lines correspond to total 

and organic matter AOD, respectively). 
 
Monthly mean anomalies of atmospheric composition, relative to the climatology calculated 
as the mean of the data from 2003 to 2022, further illustrate the extreme impact of the 2023 
Canada wildfire emissions. Figure 3 shows the monthly mean AOD anomaly for June 2023 
covering a large area extending from western Canada across the northeastern US and the 
North Atlantic as far as Europe. Positive anomalies (red) where the AOD was above the 
climatological values by more than 0.3. It is also interesting to note the band of negative 
anomalies (blue) extending across the Atlantic further south indicating lower than average 
mineral dust transport from the Sahara over the ocean during June 2023. Other months in 
2023 showed similar patterns in positive anomalies. 
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Figure 3: Anomaly in June monthly mean aerosol optical depth in 2023 relative to a 

climatology calculated from June monthly means from 2003 to 2022. 
 
Discussion 
Large-scale wildfires which can burn at high intensity for several weeks have been affecting 
many regions around the world in recent years. Wildfires at this scale result in vast 
amounts of smoke pollution which can severely degrade air quality close to the fires and be 
transported over much larger, inter-continental, distances. We presented the notably 
extreme Canadian wildfires of 2023 as an example to illustrate this. Wildfire emissions 
estimates based on satellite observations are available from a number of datasets which, 
while broadly showing consistent tendencies over the past two decades, are highly 
uncertain and can vary significantly in magnitude. Changes in the observing system also 
contribute to the quantifying and evaluating the long term evolution of global wildfires and 
their uncertainties. A new international activity on Biomass Burning Uncertainty: ReactioNs, 
Emissions and Dynamics (BBURNED, https://www2.acom.ucar.edu/bburned) aims to 
consolidate state-of-the-art science on fire ecology, fuel state and behaviour, and 
atmospheric chemistry to improve the emission estimation and resulting smoke impacts. 
Wildfire management activities under IAWF can play a key role in this activity through 
providing detailed local knowledge of fuels and wildfire behaviour. Recent and future 
developments in wildfire observations forecasting, in conjunction with machine learning and 
artificial intelligence, will further improve estimates of wildfire emissions and predicting 
smoke impacts on air quality. 
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Introduction 
With the current mega-fire regime seen on the landscape due to fuel loading, mitigation 
work is now essential across the landscape to prevent a worsening situation. Fuel 
management and risk reduction work needs to be conducted across the landscape in a 
timely, efficient, and non-costly manner as the current status quo is not working. Although 
large scale changes for fuel management on a provincial scale are needed for British 
Columbia, changing fuel sampling methods to be more efficient and cost effective can be 
the first step to addressing the problem within British Columbia. 

The current standards for surface fuel data collection, outlined by the British Columbia 
Wildfire Service (BCWS), follow the line intercept fuel sampling method where dead and 
downed woody debris is tallied based on size along a transect to calculate fuel loading. 
Multiple transects must be completed per site to collect accurate information. This is a 
tedious costly method that makes conducting large landscape level fuel management 
prescriptions complicated to conduct. In addition to this, other fuel sources, such as 
vegetation, cannot be sampled with this method. To combat this, implementing a new 
method which quickly and accurately estimates surface fuel loadings should be used for 
these landscape fuel projects in British Columbia. This is the photoload sampling method 
(Keane and Dickinson 2007a, 2007b). 

The photoload sampling method uses downward looking visual assessments of loading 
referenced pictures to depict estimated fuel loading for each fuel component. Photoload 
sampling allows efficient data collection of both woody debris and vegetative surface fuels 
for consistent fuel loadings at an accuracy required for fuel management prescriptions and 
treatment planning. This method is user friendly in the field and is faster and more efficient 
while having approximately the same biases as the line intercept method (Sikkink and 
Keane 2008).  

This pilot study will adapt the previously developed photoload series methods so the first in-
field photoload series can be created and applied to the biogeoclimatic (BEC) zone 
ecosystem classification of British Columbia. 
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Methods 

Site Description 

Data collection took place in the Thompson Very Dry Hot Interior Douglas-Fir (IDFxh2) BEC 
zone. This ecosystem is characterized by Interior Douglas-fir (Pseudotsuga menziesii var 
glauca) and Ponderosa Pine (Pinus ponderosa) trees and pinegrass (Calamagrostis 
rubescens) in the understory. The shrub layer is sparse, but contains common juniper 
(Juniperus communis), common snowberry (Symphoricarpos albus), and rose species 
(Rosa spp.). The Coastal Mountain rainshadow creates a very dry climate with hot 
summers. Although historic low frequency fires have maintained the open savannah like 
forests, neither of the sites have experienced fire in over 100 years. This fire exclusion has 
altered forest structure and dynamics, promoting a heavier fuel loading and accumulation of 
surface fuels. 

Field Methods 

Methods used to sample the sites for the photoload series followed the procedures 
presented by Stalling and Keane in their study on creating in-field photoload series (2020).  

For fine woody debris (FWD), <7cm (0.07m) in diameter), and the vegetative fuels (grass, 
shrubs, and herbs), a 1 x 1 m square frame was used to define the boundaries of each plot. 
Plot locations were randomly chosen with the goal to sample a gradient of fuel loadings for 
each fuel type. Once the plot frame was laid on the ground, photos were taken directly over 
top the frame to capture the plot at a flat angle. Average height, species canopy cover and 
total canopy cover were collected for the vegetative fuels. All biomass for the specified 
surface fuel of that plot was collected from within the plot frame and above the litter layer. 
Samples were stored in labeled paper bags.  

Since large diameter woody debris (LDWD), 7-19 cm (0.07-0.19m) diameter, and coarse 
woody debris (CWD), >20 cm (0.2m) diameter, fuels vary at a greater spatial scale then 
can be depicted by a 1 x 1 m photo, different sampling was conducted. This would allow 
fuel loading tables to be produced, instead of photoload series. These methods and results 
are not discussed further in this abstract. 

Laboratory Methods 

FWD samples for each plot were further separated into the BCWS FWD size classes to 
match fuel management prescription requirements. FWD and vegetative fuels were dried in 
a drying oven for a minimum of 48 hours at 90°C. After the drying process, the samples 
were removed and weighed for the dry weight. All weights were calculated in kg m-2, then 
were associated with the plot photos to develop the photoload series.  

The photoload series were formatted so photos are in order of lowest to highest fuel 
loadings to represent the entire gradient of fuels across the site. Any additional  
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measured attributes were also included with the photoload series. All photoload series were 
combined to develop the first photoload series book for the IDFxh2. 
 
Results 
In total, seven photoload series were constructed to represent FWD, grass, shrubs, and 
herbs across the IDFxh2 BEC zone. Each of the photoload series is composed of a total of 
nine images arranged in ascending order. Fuel loadings and any additional attributes are 
associated with the photograph. Two types of series were produced for each of the 
vegetative fuels, one sorted by fuel loading, and another sorted by canopy cover. The FWD 
photoload series is provided as an example (Figure 31). 
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Figure 31. Fine woody debris photoload series for Thompson Very Dry Hot Interior Douglas-fir 
(IDFxh2). Sorted ascending by fuel loading. 
 
Discussion 
The development of these photoload series will be beneficial for the use within the IDFxh2 
during fuel management prescriptions in British Columbia. The design of the single page 
photoload series with only nine images allows for quick visual evaluations in the field. 
Rather than tallying each stick along a transect, quick snap decisions can be made on the 
fuel loading of the landscape. This technique is beneficial when time and money may be 
limited, while still having accurate estimates of fuel loadings (Sikkink and  
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Keane 2008). The FWD photoload series with all the combined size classes allows 
evaluators to determine total FWD fuel loading without previously determining the size 
class of each woody debris. This design of the FWD photoload series does compromise 
knowing the exact loadings of each individual size class that may be needed for an in-depth 
analysis of FWD. The development of the canopy cover photoload series for the vegetative 
fuels allows evaluators to estimate the canopy cover of the plot, then verify their estimate 
with the photoload series. These series also give an opportunity to quantify grasses, 
shrubs, and herbs fuel loadings that can affect fire behaviour and the need for fuel 
management. This was something that could not be conducted by using the line intercept 
fuel sampling method. The development of all the photoload series indicates the initial 
success of the pilot study.  

Further research should be conducted to continually improve the photoload series for field 
application as subsequent series are developed. The introduction of the photoload series 
sampling technique to British Columbia is feasible, if further research goes into 
understanding the accuracy of the developed photoload series and continually improving 
upon the limitations. This study should contribute as the starting point for further photoload 
series development across the province of British Columbia. 
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Introduction 
Potential Operational Delineations (PODs) have been used in the western United States in 
recent years to provide a spatial fire planning framework and help guide wildfire response 
using predefined strategic response zones (Thompson et al. 2022). POD spatial units are 
bound by potential control features on the landscape and can be used to summarize forest 
conditions, fire potential and risk. The process of developing, and updating PODs, is a risk 
based, easily documented, and scientifically sound framework for managing wildfire risk 
(O’Connor et al. 2017; Thompson et al. 2022). However, opportunities for using this 
framework to identify and prioritize fuels reduction, hardening or POD boundaries, or 
implementing other treatments to reduce wildfire risk, are underdeveloped. The project 
presented here uses spatial data and local knowledge in the Colorado Front Range to 
prioritize hazardous fuel treatments along POD boundary networks based on their relative 
cost. Prioritizing silvicultural prescriptions is meant to modify potential fire behavior so that 
the use of prescribed fire or unplanned ignitions within POD networks can be used to meet 
management objectives.  

The landscape scale fuel treatment assessment workflow presented here quantifies 
the existing condition of fuels, the desired condition of fuels, and the cost to move the 
landscape from existing to desired condition building from the methods used in previous 
studies (Hogland et al. 2018; Hogland et al. 2021). The desired future condition is defined 
by local experts as the condition of the forest that reduces the severity of wildlife and the 
risk of transmission across POD boundaries. The total cost of modifying the landscape from 
current to desired condition includes the extraction costs of excess lumber as well as any 
potential transportation costs to mill locations and resulting revenue. The results of this 
workflow are relative treatment cost surfaces, and potential treatment units along and 
interior to POD networks. These results are designed to be used with risk assessments that 
our project partners are conducting, to provide cost and opportunity data to risk-based 
prioritization of fuel treatments. This assessment helps connect land and resource 
management objectives to fire management decisions spanning prescribed fire, managed 
wildfire, or full suppression. 
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Materials and Methods 
Our workflow was developed using Python 3 (Van Rossum and Drake 2009) and 
incorporates the packages OSMnx (Boeing 2024) and Raster Tools (Hogland and Bunt 
2024). The first step involves acquiring data for our area of interest, which in this project is 
the Arapaho-Roosevelt National Forest. We obtained the national forest boundary from 
OpenStreetMap (OpenStreetMap contributors 2024) using the OSMnx package, then 
buffered it by 0.03 degrees to define our study area. Within this area, we accessed 
streams, water bodies, and road layers from OpenStreetMap, as well as digital elevation 
models (DEM) from the 3DEP program (U.S. Geological Survey 2024) using the py3dep 
package (Chegini et al. 2021). We acquired the POD boundaries network for our study area 
from the National POD Network (National Interagency Fire Center 2024). To assess the 
existing forest condition, we used 2018 Treemap data (Riley et al. 2016) to extract basal 
area per acre, trees per acre, and above-ground biomass. The Treemap and DEM data 
were aggregated to a 30m horizontal spatial resolution. This baseline data is shown in 
Figure 1.  

 
Figure 32: Arapaho-Roosevelt National Forest boundary in black with 0.03 degree buffer in red. Basal area per 
acre raster is shown along with waterbodies, streams and road network. 
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The next step is to define a desired future condition, which is a target forest metric 

aimed at reducing fire severity within and along POD network boundaries. For this area, we 
focused on basal area per acre (BAA). We set BAA targets for north-facing aspects 
(greater than 290 degrees and less than 70 degrees) to be less than or equal to 47 ft². For 
all other aspects, BAA was set to be less than or equal to 33 ft². Within 610 m of POD 
boundaries, BAA was set to be less than or equal to 24 ft². Additionally, a 30 m buffer was 
established around streams and on slopes greater than 50%, where no changes in BAA 
would be implemented due to legal or practical restrictions on fuel treatments. The resulting 
raster surface of desired future BAA was subtracted from the current BAA raster to create a 
raster surface indicating the BAA removal needed to reach the desired future condition. 

The third step is adding costs to the fuel removals identified in the previous step. For 
this step we created a rate table that consists of the fuel treatment component, the system 
to be used, the cost and rate of travel, the payload and where these systems can be used, 
see table 1. These costs are applied to our study area to get a cost of extraction and 
delivery of fuel for every 30 m pixel.  
    

Component System Cost Rate of 
travel Payload Where it can occur 

Offroad 

Rubber tire 
skidder $165/hr 1.5 MPH 1.25 CCF 

Slopes <= 35% and Next to 
Roads (distance < 460 m 

from a road). 

Skyline $400/hr 2.0 MPH 1.04 CCF Slopes > 35% and within 
305 m of a road. 

Helicopter $8,000/hr 2.4 MPH 1.67 CCF 
Areas not covered by the 
other two and distance < 
915 m from landing area. 

Felling 
Feller buncher $49.6/CCF NA NA Slopes <= 35% 

Hand Felling $56.4/CCF NA NA Slopes > 35% 

Processing 

Delimbing, 
cutting to 

length, chipping, 
and loading 

$60.90/hr NA NA NA 

On road Log Truck $160/hr Road 
Dependent 

12.25 
CCF NA 

Additional 
Treatments 

Hand Treatment $3210/acre NA NA Forested Areas 

Prescribed fire $900/acre NA NA Forested Areas 
Table 33: Machine rate table for Arapaho-Roosevelt National Forest. CCF is hundred cubic feet  
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The final step in this process is to combine the treatment costs (and potential 

revenue if any) into treatment units. We defined this as continuous areas needed treatment 
of at least 1650 m2. The cost for each treatment unit was calculated as the sum of the costs 
for all pixels contained within it. 
 
Results 
Across the study area the cost to treat the entire area was 10x higher than the cost to treat 
along the POD boundaries (see figure 2).  

 
Figure 2: Resulting treatment units from entire study area (on left) and those along POD boundaries (on right). 
 
Discussion 
This example scenario demonstrates the usefulness of this scenario when properly 
parametrized. This process can be improved by using improved estimates of current 
condition information, possibly from modelling remotely sensed information or recent fire 
perimeters. Further improvements come from definable metrics for desired future condition 
and fuel treatment scenarios. We are currently interviewing land managers on their 
methods for defining these metrics. However this process is not meant to be run once, but 
to be packaged as a tool that can be run dynamically during planning and implementation 
phases to compare fuel treatment scenarios under different economic conditions. This 
project is ongoing and our results presented here are meant only as examples of the 
process. We also acknowledge that there are many factors beyond cost that go into 
deciding where fuel treatments occur on a landscape.     
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Introduction 
 
PROPAGATOR (Trucchia et al. 2020, Perello et al. 2024) is a wildfire propagation model 
developed in 2008 by CIMA Foundation. The objective of the model is to quickly provide a 
wildfire scenario to support decision-making during emergencies. Nowadays, the model is 
available in a user-friendly web application as an operational tool to the Italian Civil 
Protection Department. 
Given the operational use purpose, the model must keep the computational time several 
orders of magnitude shorter than the actual wildfire propagation time. This has been 
possible so far thanks to the use of cellular automata, keeping computational time within a 
few minutes for typical Mediterranean wildfires (that is, on the order of hundreds or few 
thousands of hectares, see Trucchia et al. 2024). 
Many authors argue that the effects of Climate Change, especially when coupled with 
socio-economic and land use changes (e.g., agricultural abandonment), can lead to an 
increase in particularly large and intense extreme wildfires also in the Mediterranean Basin 
(Tedim et al. 2018). For this reason, it has become necessary to evaluate the  
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capability of PROPAGATOR to simulate particularly large events and to find solutions to 
keep the computation time within a few minutes. 
 
Material and Methods 
PROPAGATOR is a semi-empirical stochastic cellular automata model. The domain is 
discretized into a square grid, where each cell can be unburned, already burned or is 
burning, and it is associated with static (fuel type, elevation) and dynamic (wind and fuel 
moisture) conditions given in input. It uses a custom fuel classification. 
The fire propagation dynamics is a stochastic contamination process between burning and 
unburned cells, where spreading probability depends on cell conditions (both static and 
dynamic). Once it is ignited, the cell burning time depends on cell conditions. The 
contamination process is repeated many times (i.e., 100 times) producing a simulation 
ensemble within a Monte Carlo framework, used to compute the fire probability map based 
on the frequency of burning per each cell. See Figure 1 for a model’s schema. 
In the last release, the model also provides rate of spread and fire-line intensity maps. Also, 
it is able to consider the spotting propagation process and firefighting actions. 
 

 
Figure 1: Graphical representation of PROPAGATOR model, highlighting inputs, outputs and main steps. 

 
 
In the present work, the PROPAGATOR model has been implemented using Dinamica 
EGO (Soares-Filho et al. 2013), a freely available environmental modeling platform. It 
employs a dataflow language paradigm and presents a graphical interface to easily design 
a model. Thus it can be used to create user-friendly applications. Some key aspects of 
Dinamica EGO are the optimization of memory usage and the parallel computing. Also, it 
allows Python integration and specific algorithms for cellular automata. For these reasons, 
the software proved to be a useful tool for testing the reduction of computational time of 
PROPAGATOR. 
Since PROPAGATOR is currently implemented in the Python language, its code was 
transported into Dinamica EGO. In Figure 2 the schema of the final model is shown. 
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Figure 2: (a) Schema of PROPAGATOR implementation within Dinamica EGO; (b) user interface. 

 
 
To test the performance for large wildfires, an event occurred in the Serra do Cipó National 
Park, Minas Gerais (BR) in September 2020 was selected. The area of the event is shown 
in Figure 3. A report2 of the event is provided by the Centre for Remote Sensing (CSR) of 
the Federal University of Minas Gerais, in the context of the FIP-cerrado project3 (Oliveira 
et al. 2023). The event started on 27th September, around 6:00 pm local time, and lasted 
for around 10 days burning almost 28 thousand ha. Four ignitions in total occurred, merging 
into a single event. A temporal schema of the ignitions is shown in Figure 4. 
To simulate the event with PROPAGATOR, the 2019 land use map provided by FIP-
Cerrado project has been converted into PROPAGATOR fuel classes (see Table 1), 
maintaining the conversion already adopted using the European CORINE land use map. 
Also, the DEM map provided within the project has been used. 
The Global Forecast System (GFS) provided by CIMA Research Foundation has been 
used for the wind conditions, while the RISICO model (Fiorucci et al. 2008) running at 
global scale by CIMA Research Foundation was used for the fuel moisture (see Figure 4). 
Several simulations were performed by increasing the number of simulated days, up to 6 
days. No fire-fighting actions were considered due to a lack of their precise spatial and 
temporal positioning. 

 
2https://csr.ufmg.br/fipcerrado/wp-
content/uploads/2020/10/RELEASE_PARQUE_ii_INCENDIO_28_setembro_de_2020.pdf (accessed: 20 June 2024). 
3FIP-Cerrado. Projeto: “Desenvolvimento de sistemas de prevenção de incêndios florestais e monitoramento da 
cobertura vegetal no Cerrado brasileiro - Componente 2.2: Desenvolvimento de um sistema para prever o risco de 
espalhamentodo fogo no cerrado” (https://csr.ufmg.br/fipcerrado/, accessed: 20 June 2024). 

https://csr.ufmg.br/fipcerrado/wp-content/uploads/2020/10/RELEASE_PARQUE_ii_INCENDIO_28_setembro_de_2020.pdf
https://csr.ufmg.br/fipcerrado/wp-content/uploads/2020/10/RELEASE_PARQUE_ii_INCENDIO_28_setembro_de_2020.pdf
https://csr.ufmg.br/fipcerrado/
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Figure 3: Study area, highlighting the brazilian biomes (source: Instituto Brasileiro de Geografia e Estatística), the 
satellite hotspots during the event (source: NASA's Fire Information for Resource Management System FIRMS), 

the Serra do Cipó National Park and the burned area (source: FIP-Cerrado). 
 
 

Table 1: Conversion between land use categories and the PROPAGATOR fuel classes. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

Land Use Category PROPAGATOR Fuel Type 
forest formation broadleaves 

savanna formation shrubs 

grassland 
pasture grassland 

other temporary crops 
forest plantation 
mosaic of uses 

agro-forestry area 

rocky outcrops 
urban area 

river, lake and ocean 
other non vegetated areas 

non vegetated areas 
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Figure 4: (a) DEM map; (b) PROPAGATOR fuel classes; (c ) Fuel moisture and wind conditions. 

 
 
Results and Discussion 
 
In Figure 5, the results of the simulation are shown, while the comparison between the 
computational times of the operational implementation of PROPAGATOR and its 
implementation in Dinamica EGO are reported in Table 2. 
The implementation of the model within Dinamica EGO allowed PROPAGATOR to 
leverage its optimized memory management and parallel computing capabilities, thereby 
reducing computation times. 
This study has allowed us to identify possible technological choices to reduce the 
computational time of PROPAGATOR. They need to be further explored in the future to 
prepare the model for handling large wildfires. 
However, the Python code of PROPAGATOR was implemented within Dinamica EGO 
without fully exploiting its potential for cellular automata models, thus paving the way for a 
full integration of PROPAGATOR within the software in the future. 
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Figure 5: Simulation of the event - the simulation and computational time is highlighted. On top, the temporal 

schema of the event’s ignitions. 
 
 
 
Table 2: Comparison of the computational times for the operational implementation of PROPAGATOR 

and its implementation in Dinamica EGO. 

 
 
 
 
 
 
 
 
 
 
 
 

Simulated time [days] Computational time [s] 
Operational implementation Dinamica EGO implementation 

1 38 11 

2 78 22 

3 109 40 

4 195 81 

5 267 135 

6 353 186 
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Fire-induced rock spalling is a geological weathering process where exposed rock surfaces 
flake off following intense, rapid heating or mechanical impact (Figure 1). Over the past 
century, this phenomenon has manifested in various forms, notably after the 2019/2020 
wildfires in south-eastern Australia and the more recent 2021 California wildfires. While 
post-fire studies traditionally emphasise the impact on the environment, such as flora, 
fauna, soil, and water systems, there is a growing need to recognise the significance of fire-
induced rock spalling in shaping landscapes. This includes understanding its role in 
sediment generation, erosion rates, and the preservation of indigenous rock art. 
 
The immediate impacts of fire on rock features are clearly evident when the radiant heat 
directly impacts rock art causing exfoliation and damage to the paintings. Our field 
observations of fire spalling indicates that a rock’s proximity to heat sources such as large 
tree trunks that burn long after the fire front has passed are more likely to cause fire 
spalling than rock surfaces exposed to fine fuels only. The sheets of fire-spalled rock are 
friable and easily crumble to form an apron of sediment that is easily eroded down slope by 
the action of flowing water. Generally post-fire studies focus on the loss of sediment from 
hillslopes and catchments rather than the source of sediment from rock faces on cliffs and 
large boulders in the headlands of the catchment. 
 
Fire-induced rock spalling is an important mechanism of physical weathering in fire-prone 
landscapes and warrants inclusion into broader landscape evolution models. We present a 
new hypothesis (Buckman et.al. 2001) that identifies wildfire as a primary agent of flared 
slope (cave) development around the periphery of inselbergs such as Uluru and Wave 
Rock which also host important Indigenous rock art. The impact of fire spalling is 
particularly evident in semi-arid regions where lateral fire spalling dominates over fluvial 
and chemical weathering to create flared slopes and steep-sided inselbergs. Understanding  
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fire-induced rock spalling is required not only at a local scale, where it directly impacts rock 
art and hillslope processes, but also at a broader scale to comprehend its influence on 
landform evolution.  
 
 

   
 

Figure 34: Examples of fire-induced rock spalling a) Left: 2019/2020 Bushfires, Cobargo, Australia b) 
Right: 2021 Wildfire, Lake Tahoe, USA 
 
Future studies need to focus on differing rock types. We urge all fire ecologists to contribute 
to our research by sharing observations of fire-induced rock spalling through the hashtag 
#burntrocks on social media or via email to the authors of this abstract.  
 
 
Reference 
Buckman S, Morris RH, Bourman RP (2021) Fire-induced rock spalling as a mechanism of 
weathering responsible for flared slope and inselberg development. Nat Communications 
12, 2150.  
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Introduction 

Prescribed burning is the planned application of fire under predefined 
meteorological conditions to produce desired fire behavior to accomplish various land 
management goals. The transition of fire from surface to elevated fuels is a significant 
factor in the increase in energy release and fire behavior in a wildland fire. This transition 
is defined as the process where a spreading surface fire moves vertically to ignite 
elevated fuels (Cobian-Iñiguez et al. 2022, Weise et al 2018), a phenomenon known as 
crowning (Van Wagner 1977). Some studies have explored factors influencing this 
vertical transition in shrub fuels (Lozano and Jesse Sandoval. 2011) and more studies 
have focused on coniferous forests (e.g., Cruz et al 2006a, b). 

So-called ladder fuels are combustible materials that can act as a "ladder" for a 
surface fire to move vertically from the ground into a forest’s canopy. Ladder fuels typically 
consist of smaller trees, shrubs, and the lower branches of larger trees. The current study 
explored the ignition characteristics of two types of ladder fuels using a dual layer setup: 
a ground layer with a surface fire source and an elevated layer to evaluate the ignition 
criteria of ladder fuels. 

Tachajapong et al. conducted studies on dual layers to investigate the impact of 
crown fuel bulk density on the dynamics of crown fire initiation in shrublands 
(Tachajapong et al. 2008). Observations indicated that ignition occurred when the crown 
base was within the continuous flame region. Additionally, it was found that higher crown 
fuel bulk density leads to quicker crown fire ignition. Tachajapong et al. conducted a 
laboratory experiment to study the transition of surface fire to wet shrub crown fuels 
(Tachajapong et al. 2009). They observed that an increase in crown base height led to a 
decrease in the likelihood of crown fire initiation. Cobian-Iñiguez et al., have looked into  

mailto:yucheng.he@email.ucr.edu
mailto:sanika.nishandar@email.ucr.edu
mailto:marko@engr.ucr.edu
mailto:david.weise@usda.gov


Proceedings for the 7th International Fire Behavior and Fuels Conference April 
15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia Published by the 

International Association of Wildland Fire, Missoula, Montana, USA 
 
 

  

222  

 
 

the transitions between a dual-layer system (Cobian-Iñiguez et al.2022). They found that 
the presence of wind enhanced fire spread behavior greatly in a laboratory setting. Such 
studies highlighted that the initiation of crown fires was primarily dependent on the rate of 
spread of the surface fire. The duration of heating was limited by the rate of spread in 
wind tunnel studies, and the ignition time on the upper fuel layer is less representative in 
such conditions. 

In most, if not all, of the instances described above, evaluation of the effectiveness 
of fuel treatments to reduce crown fire potential has relied on a combination of modeling 
and empirical data related to fire behavior. Seldom, if ever, has a designed experiment 
(lab or field) manipulating the variables identified as important to the transition from a 
surface fire into ladder fuels resulting in a crown fire been performed. The objective of 
this study is to assess how ambient temperature, humidity, fire line intensity, heating 
duration, crown base height and fuel bulk density influence the ignition of ladder fuels 
through laboratory-scale fires. A technique involving the continuous movement of the fuel 
bed was utilized to sustain the flame in a consistent position. 

 
Methods 

The current experiment setup included a dual-layer system presented in figure 1. 
In order to isolate ignition requirements for elevated fuels, a sustained continuous flame 
source was employed in the current study (Fons et al. 1961, Jenkins et al 1993). 

 
Figure 1. Experimental setup to provide constant heating source for elevated ladder 

fuels. 
 

A mass of 1.2 kg of dry longleaf pine needles was evenly distributed over the 0.7 
m x 1.7 m conveyor belt. A mass of 0.6 kg of ladder fuel (incense cedar or manzanita) 
was suspended in a 1 m x 1 m basket above the surface fuel bed. A load cell on top of 
the basket measured the mass loss rate of the ladder fuel bed. The vertical distance 
(crown base height - CBH) between the top of the surface fuel bed and the bottom of the 
ladder fuel bed was set to 75 cm, 85 cm, and 95 cm to vary the flame exposure of the 
ladder fuel bed. Type K thermocouples were mounted at different heights along the 
centerline of the fuel bed, capturing the gas temperature in the flame, within the ladder  
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fuel matrix (as in Tachajapong et al 2008) and in the plume. Visible and infrared video 
cameras recorded each experiment. The surface fuel bed was ignited at the end of the 
surface fuel bed closer to the ladder fuel bed and the conveyor belt quickly moved the surface 
flame below the center of the ladder fuel bed. 
 
Results 

Table 1. Number of ignitions and non-ignitions during the experiment 
 
 Basket 

height 
Manzanita 

ignited 
Manzanita 
non-ignited 

Incense cedar 
ignited 

Incense cedar 
non-ignited 

Summer 
75 6 2 6 0 
85 4 5 6 0 
95 0 9 2 4 

 
Winter 

75 4 4 8 0 
85 0 8 7 1 
95 0 8 2 6 

 
92 experiments were conducted to evaluate the impact of fuel characteristics, 

environmental variables, and heating duration on the vertical fire spread success for two 
different species of ladder fuel. Table 1 presents the number of ignitions and non- 
ignitions split by species, season and CBH. 

Figure 2. Temperature profiles associated with a) ignited case; b) non-ignited case 
 

The preliminary temperature profile results are presented here. Figure 2 presents 
an example of the temporal temperature trend for ignited and non-ignited cases. Ts 
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indicates the temperature in the solid fuel bulk, while Tf indicates the temporal flame 
temperature. For this ignited case, the mean temperature for the flame is 654 °C; the 
solid fuel bulk temperature increases steadily during ignition, peaking around 762 °C at 
40 seconds, then decreases gradually. For this non-ignited case, the mean temperature 
for the flame is 658 °C; the solid fuel bulk temperature gradually rises and stabilizes 
around 200°C, showing minor fluctuations. These results are being examined in detail 
statistically to identify differences and trends. 
 
Summary 

The repeatable laboratory-scale experiments provide a systematic framework for 
understanding the transition from surface to ladder fire. Well-designed laboratory 
experiments offer precise control over crucial variables. This control facilitates a detailed 
investigation of specific effects. 
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Introduction 
Wildfires that have burnt in recent years across California, Canada, Portugal, within the 
Amazon, across large tracts of Australia, and deep into the permafrost in the Sakha 
Republic of Russia in northern Siberia, are heralding an unprecedented level of 
megafires; fire events that are each more frequent, more intense, and of greater extent 
than the one preceding it. The 2019 to 2020 fire season in south-east Australia 
extended from July 2019 right through until March 2020, burning 19 million hectares and 
contributing to extensive population declines of at least 91 fauna taxa (Legge et al., 
2022). While fire-spread is determined by the features of the landscape, fire-size is 
dictated mostly by climate variables (Brotons, 2013). In south-east Australia the four 
main climate drivers are the Southern Annular Mode (SAM), the Indian Ocean Dipole 
(IOD), El Niño Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). 
As these vary with climate change, so too do fire parameters.  

 

Fig 1. Four climate drivers of SE Aus. Source: Bureau of Meteorology 

The beginnings of a simple theoretical framework are presented here; a plan outlining a 
framework of short-, medium- and long-term planning that includes the factors driving 
fire, underpinned by the climate drivers of the south-east Australia region. The objective 
is to begin to frame a pathway for improved information flow between science and the 
on-ground management of prescribed burns. The outcomes would be long-term 
strategies along with medium and short-term plans including the projections for the 
climate drivers that impact across different temporal scales, that could result in on-
ground management plans more effectively preparing managed burns. 

 

mailto:clara.aubonnet@etud.univ-paris8.fr


Proceedings for the 7th International Fire Behavior and Fuels Conference 
April 15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia 

Published by the International Association of Wildland Fire, Missoula, Montana, USA 
 
 

227 
 

Recent changes in the fire regime 
Increases in wildfire intensity, severity and frequency have long been predicted (Beer 
and Williams, 1995, Pitman et al., 2007, Cai et al., 2014), and fire regime drivers have 
been extensively studied (Bradstock, 2010). For decades the term ‘unprecedented’ was 
not used in the descriptions of wildfire in south-eastern Australia; Australians had 
witnessed no less than ten extensive wildfire seasons from 1851 to 2009, that each 
burnt more than 500,000 hectares across the temperate eucalypt forests. Worryingly, 
the inter-fire interval is now reducing.  
Drivers of the fire regime are well understood. Drought is the ultimate hammer of 
climate change; fire is the manifestation of drought. Drought dries fuel for fire, making 
ground impenetrable to rain, creating flash floods. One of the main drivers of the fire 
regime is climate. Historically, adding complexity to research into the climate forces 
driving fire, are the infrequent disasters of high intensity and severity. These are not 
random, but rather, exist in a system of feedback loops channelling pulses of climate-
related activity.  

It has now become impossible to disentangle climate drivers that are predicted to occur 
within expected ranges, from extreme fire events. With fires now occurring at 
unprecedented scales of frequency, severity, intensity and extent, there is a clear 
mandate for greater cross-disciplinary processes, to enable greater protection of not 
only humans and assets, but also flora and fauna species.  

What the increases in fire frequency means for our flora and fauna 
Species persist within their ‘realized niche’ (Hutchinson, 1957); the total range of 
conditions under which a population survives. Intrinsic complexities arise from multiple 
spatial and temporal disturbances; a species will only continue to survive if its tolerable 
limits are not exceeded. So, in regions where temperatures are increasing, there are 
increasing stressors on species which alter the ranges within which species can survive; 
they must be able to thrive in altered habitats (BirdLife International, 2008).  
In south-east Australia, climate scenarios consistently predict an increase in the number 
of hot days and declines in spring and autumn rainfall, that combined, will not only 
extend drought periods but also increase the frequency of high fire-danger days (Steffen 
et al., 2017). Already the changing fire regime is having profound impacts on Australia’s 
flora and fauna (Woinarski and Recher, 1997, Recher et al., 2009, Bowman et al., 2012, 
Enright et al., 2012, Gill, 2012, Recher and Davis Jr, 2013, Lindenmayer et al., 2014).  

In the forests and woodlands, the new climate is seeing unprecedented spread, 
intensity, and frequency of wildfire, yet the present management response to the 
complexities driving this state is merely to apply more prescribed fire to the landscape. 
A more nuanced approach is needed - on-ground management that is more proactive, 
rather than reactive.  
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A new framework: combining fire ‘switches’, time-scales, climate drivers and 
management processes. 

 

Fig 2. Conceptual framework defining processes that limit fire (Bradstock 2010); time-scales (Murphy et 
al. 2011); the climate drivers of south-eastern Australia, and management plans relevant to the timescale 
of the climate drivers. Acronyms: PDO Pacific Decadal Oscillation; IOD Indian Ocean Dipole; ENSO El 
Niño Southern Oscillation; SAM Southern Annular Mode. 

Changes to the fire ‘switches’ 
A conceptual framework was devised to define processes that limit fire, incorporating 
key drivers, as on/off switches. These comprise 1) biomass growth; 2) the availability of 
vegetation for burning; 3) ambient fire weather; and 4) ignition, from lightning and 
anthropogenic sources (Bradstock, 2010). Others supplemented this scheme by adding 
a range of time-scales over which the four switches will operate (Murphy et al., 2011, 
Williamson et al., 2016). As predictions of increased levels of wildfire are realised, 
frameworks such as Bradstock’s need additional information.  
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The influences from the biogeographic factors affecting three of Bradstock’s four 
switches have changed. If the 2019-20 season (in south-east Australia) heralds the new 
normal, then the fire season in Australia now extends to winter months (switch 2), 
temperature profiles have increased range and variability (switch 3) and dry lightning is 
now prevalent in locations where it has rarely been recorded (switch 4), (Fig 2). Patches 
of relict Gondwana vegetation in Tasmania, Australia burnt for the first time in millennia 
after the passage of a 24-hr storm produced approximately 3000 lightning strikes. 
Vegetation biomass, the fourth of Bradstock’s switches (switch 1, Fig 2), has reduced in 
some areas of Australia, but disturbance in the remaining forest and woodland may 
result in increased flammability (Lindenmayer, 2016). 

Adding timelines and climate drivers to the framework 
In south-east Australia, the drivers of fire, are further moderated by the existence of the 
four key climate drivers: PDO, ENSO, IOD, and SAM (Figs 1, 2). Driven by winds and 
temperature variations, these four variants are the key climate elements to consider 
when forecasting future wildfire patterns across this region. 
Research has highlighted that both positive IOD and negative SAM events precondition 
the landscape for wildfires (Cai et al., 2009, Mariani and Fletcher, 2016), exacerbating 
dry conditions. While there are clear trends in annual rainfall, and fire risk, predictions 
remain complex owing to the diversity of climate drivers that are impacted by tropical 
and temperate forces, both east and west of Australia. 

An effort to contribute to on-ground managed burn planning 
It can be argued that there is sometimes a disconnect between scientists and the on-
ground managers. And yet, it is clear that a holistic approach is imperative. A two year 
data collection of bird responses to prescribed burn severity in south-east Australia 
showed a limited bird response, and yet, a before-after control-impact project design 
showed that some other factor was driving a reduction in bird numbers across the 
landscape (Kuchinke et al., 2020). The timing of the applied management burns 
coincided with a drying trend across the region. The solutions are complex and rely on 
not only extended research projects, but the existence of more clearly defined bridges 
between science and policy. Creating a collaboration between people from different 
disciplines, so that long-term strategies and the short-term plans that comprise medium-
term goals, include the climate drivers that impact across different temporal scales (Fig 
2), may result in on-ground management plans more effectively managing the 
landscape.  
Fire patterns change over time and, as a result, policy changes and on-ground 
management must occur at a speed that keeps pace with these changes, otherwise 
policies that were intended to mitigate the impacts of severe fires may instead result in 
not only loss of human life and assets (Teague, 2010) but significant risks to the 
integrity of ecosystems (DellaSala et al., 2004).  
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Experts have issued dire warnings on the likelihood of species’ extinctions within the 
next 20 years (Garnett et al., 2022). All the imperilled taxa noted in the Garnett (2022) 
journal exist wholly or partly in conservation reserves. As fire has no bounds, protection 
must extend to on-ground practice, rather than relying solely on conserving parts of the 
landscape.  
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According to the nationwide forest fire statistics of Germany, which cover all 16 federal 
states, the state of Brandenburg is, on average, affected by the highest number of forest 
fires and has the largest burned forest area (BLE, 2024). The reason for the high 
susceptibility of Brandenburg’s forests to wildfires is often referred to the high proportion 
of pine (Pinus sylvestris L.) monocultures planted on predominantly sandy soil sites and 
the continental climate. In addition, the control of wildfires on former armed conflict 
areas and military training sites is impeded by the contamination by unexploded 
ordnance (UXO), often resulting in larger areas burned (Goldammer et al., 2016). 
 
The wildfire problem in Germany 
Climate change is often used as an explanation for an increase of wildfire risk. 
However, the wildland-urban interface (WUI) is not evaluated as a risk factor or 
recognized as a key problem of vulbnerability and priority to be addressed. The 
extensive international knowledge on fire management is rarely included in the public 
discourse on solutions in wildfire risk reduction. On the other hand, there is an 
advanced knowledge and practice in nature conservation and landscape management, 
including targeted grazing and prescribed burning. Paradoxically, this knowledge is not 
applied to prevent forest fires – neither by prescribed burning nor by. Similarly, concepts 
of  wood pasture, which could be used to targeted protection of settlements, are not 
practiced. 
 
Fire Season 2018 
Over the last five years, more wildfires occurred at the WUI. In 2018, evacuations of 
villages in Brandenburg State were necessary and an railway embankment fire, which 
burned into an urban area in Siegburg in the West of Germany, caused more than nine 
destroyed houses and 32 injured people.  
 
Fire Season 2022 
In 2022, several wildfires – some of them simultaneous – burned with high rate of 
spread and difficult to control. The same village that was evacuated in 2018 already in 
Brandenburg had to be evacuated again. In the town of Falkenberg, a wildfire affected 
800 hectares with strong wind killed hundreds of pigs in a farm.  
 
Especially in nature reserves, where forestry activities are reduced and more dead 
wood left for biodiversity conservation wildfires burned with very high severity and 
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fireline intensity and causing spot fires, e.g. in Gohrisch Heide or Elbsandstein on the 
border to Czech Republic.  
 
UXO Sites 
In case of known (mapped) or suspected sites contaminated by UXO, fire services are 
not allowed to directly fight the fire. According to regulations, personnel not protected by 
armoured equipment (vehicles, firefighting tanks) has to stay 500 meters (m) away from 
the fire, in highly dangerous UXO sites –1000 m (Goldammer et al., 2016). Such areas 
can be found in Brandenburg right up to village borders into the WUI. This causes a 
triple domino effect on the fire risk for the population:  

1. Possible self-ignition of wildfire by phosphorus-containing ammunition  
2. Explosion due to fire: direct risk for fire services and local residents 
3. Escalation of wildfires due to lack of fast intervention of fire services because of 

theire regulation 
 
Wildland-Urban Interface under Climate Change 
One effect of climate change is the shift of vegetation zones to the higher latitudes – 
with consequences on changing regional / latitudinal fire regimes. In Germany, 
deciduous forests such as beech (Fagus sylvatica L.) stands, are becoming more 
vulnerable to fire as compared to previous decades (Goldammer, 2023). In 2023, the 
share of deciduous forests affected by wildfires was 69% vs, 31% coniferous stands 
(BLE, 2024). Furthermore, pests and diseases are damaging forest stands in large 
scale and as a consequence, dead wood in the forests increases, which in turn result in 
higher fire severities (Goldammer, 2022).  
 
Fuel Management   
Apart from that is the way how to react on climate change. Solutions in wildfire 
prevention has to be considered, which are independent of extreme weather conditions. 
That is the structure of the fuel and not just the tree species. 
 
German Forestry departments are investing in converting pine monocultures to mixed 
deciduous forests (Goldammer, 2023a). This policy does not consider specific problems 
of the WUI and results in significantly more fuel in peripheral residential areas.  
 
The other problem regarding wildfire risk is the development of nature conservation in 
Germany with specific theories of forest protection and human created wildness areas 
that are susceptible to fire. On the other hand, more important fire-resilient ecosystems 
like Central European lichen pine forests in these areas receive less public attention – 
e.g., in the Heidehof Golmberg reserve.  
 
The biggest losses of biodiversity in Germany are noted in open land systems and not 
within the forests. When trees are protected by humans instead of being utilized, this 
kind of wilderness is overloaded with fuel like in Mediterranean regions  – with 
implications on increased wildfire hazard.  
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The “Grazing Paradox” 
Just as we have recognised the fire paradox in America  – there is a "grazing paradox" 
in Europe.  
 
Wood-Pasture Hhypothesis  
For thousands of years there have been megaherbivores started with the dinosaurs that 
have thinned out the forests and created mosaic-like landscapes with more park 
structures in the forest. Wild herbivores such as the European bison, aurochs and elk as 
“creators of landscape” were long ago wiped out in Germany. The first wild European 
bison came back to Germany after one hundred years – crossing the Polish-German 
border in 2017.   
 
The Megaherbivore Theory of Vera (2000) states that the absence of large herbivores 
was compensated by wood-pasture specially in central Europe. 
 
Wood-pasture existed in Germany for centuries, it was the first human kind of 
agriculture long before arable farming. Oak trees in particular were selected as fodder 
trees with semi-open structures such as in Hutewald forests, which are relics from this 
period. They are still very rich in species, strictly protected and not typical fire prone due 
to the openness and reduced surface fuels.  
 
Humans as a Part of Nature 
Open forest structures with a high level of biodiversity are found on former military 
training areas as military exercises have shaped the open landscapes. Currently, some 
of these areas are being transformed into so-called wilderness areas that are neither 
managed nor touched by humans or grazing to conserve these habitats. These nature 
reserves are increasingly subjected to wildfires often in recent years, notably fire-
sensitive moors and fire-adapted heathlands (Calluna vulgaris L.) (Goldammer et al., 
2009). 
 
Targeted Grazing 
A number of former military training areas are bearing a rich biodiversity and are 
subjected to scientific monitoring research where no such heavy forest fires occur due 
to grazing and this well developed concept of "wild pastures” (Bunzel-Drüke et al., 
2008), e.g. Oranienbaumer Heide and Döberitzer Heide. However, it is a paradox that 
wood pasture with such positive results in biodiversity conservation is rarely applied in 
Germany and grazing not officially recognized as a wildfire prevention concept. 
 
With regard to forest fire resilient landscapes, Zev Naveh was one of the first to 
scientifically research the relationship between grazing and forest fires back in the 
1970s (Naveh, 1990). In the 1980s, agro-silvopastoral wildfire protection corridors were 
published in a forest fire management handbook for Brazil (Goldammer, 1982, 1988).  
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Conclusions and recommendations 
In Germany I realised that forest pasture as a means of fire management makes sense 
in four different ways (Baumann, 2019): 

1. Wild pasture (Bunzel-Drüke et al., 2008) on former military sides with UXO to 
create open mosaic-like structures with low fire intensity and windows of 
opportunities to handle wildfires. 

2. Ecological fire management below power lines to reduce fuel in an economic 
way. 

3. Ecologic fuel reduction in classic fire breaks (Missbach, 1972) that was common 
in the former GDR in Germany and has to be maintained with machines when 
not threw grazing. 

4. Buffer zones in the WUI to protect settlements.  
 
The key players have to understand that fire management is mandatory for their own 
interests and that there is already a huge international and historic toolbox for designing 
the landscape towards wildfire resilience with an international consensus on how to 
protect settlements. 
 
Forest pasture is not just a measure to prevent wildfire, it could be the key to a resilient 
landscape according to agriculture, nature conservation and forestry.  
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Abstract 
This study examines the role of vorticity-driven lateral spread (VLS) in the spread of 
firebrands, particularly in the presence of mountainous terrain. The FIRETEC model is 
used to simulate wildfire behavior, considering the complex interactions of fuel, weather, 
and topography. Our main objective is to analyze the effect of VLS on the travel 
distances of firebrands, comparing scenarios without VLS over flat terrain. When 
comparing scenarios with VLS and without VLS across flat terrain, it is found that the 
presence of the mountain increases firebrand travel distances. This shows that when 
fires occur in mountainous areas, VLS is an active process that contributes to the long-
distance transport of firebrands. In addition, the trajectories of firebrands launched from 
the mountain demonstrate the VLS effect. The lateral spread caused by VLS alters 
firebrand trajectories, causing them to travel longer distances than in conditions without 
VLS. This observation provides evidence to the theory that VLS influences the behavior 
and spread of wildfires in mountainous terrains. These findings have important 
implications for fire management and mitigation strategies in mountainous regions. The 
increased travel distances of firebrands due to VLS pose challenges in terms of fire 
suppression efforts, evacuation planning, and infrastructure protection. Understanding 
and quantifying the role of VLS in these scenarios can contribute more effectively and 
accurately predict fire behavior and inform decision-making processes. 
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Introduction 
In recent decades, changes in wildfire regimes and extreme events have challenged 
global Wildfire Risk Management systems (Tedim et al. 2018). The need for an 
innovative Integrated Fire Management paradigm has been highlighted by the wildfire 
community. Integrating diverse data sources, modeling tools, and AI technologies has 
shown promise in addressing future fire regimes driven by climate change. This can be 
particularly promising in the field of fuel mapping for wildfire risk management, which is 
still an open issue in the literature. 
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In the present work, a Machine Learning-informed fuel map has been defined and 
integrated into the PROPAGATOR wildfire propagation model, developed by CIMA 
Foundation as a decision-support tool during emergencies. This integration improves 
simulation accuracy and represents progress toward the definition of a fuel map that 
can be used in wildfire risk management for both planning and emergency support. 

Materials and Methods 
PROPAGATOR (Trucchia et al. 2020) is a semi-empirical, stochastic cellular automata 
model where each cell can be unburned, already burned or is burning. The fire 
propagation is a stochastic contamination process between burning and unburned cells, 
with the spreading probability depending on both static (fuel type, topography) and 
dynamic (wind, fuel moisture) cell conditions. This contamination process is repeated 
multiple times to compute a fire probability map based on the frequency of burning for 
each cell. PROPAGATOR uses 7 custom fuel classes: grassland, broadleaves, shrubs, 
conifers, agroforestry areas, non-fire prone forest. The fuel type is involved in both the 
propagation between cells, through a transition matrix between fuels, and in the 
standard rate of spread vn. These parameters are then modified according to 
topography, wind and fuel moisture conditions (see Trucchia et al. 2020 for more 
details). 
 
Given the importance of fuel and its associated parameters in propagation, in this work 
Machine Learning techniques were used to obtain a custom fuel map for the 
PROPAGATOR model, in order to enhance its fire simulation capabilities. The ML-
informed fuel map combines information on wildfire susceptibility with the vegetation 
classes. 

The susceptibility map indicates the tendency of the territory to ignite and propagate 
fires, and it is representative of the current geo-environmental and climatic conditions 
(Trucchia et al. 2023). The predisposing factors used in the analysis are listed in Table 
1. The EFFIS burned areas database in the period 2008-2022 was used to identify the 
wildfire pixels, dividing then the dataset into 75% training and 25% test datasets.  A 
Random Forest Classifier with 750 decision trees and 15 nodes max depth was 
adopted. As result, a continuous susceptibility value in [0, 1] was obtained. 
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Table 1: Predisposing factors adopted for the pan-european susceptibility map. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The continuous susceptibility map was then classified into three susceptibility classes 
(low, medium, high) according to the quantiles of its values obtained within wildfires. In 
particular, the high susceptibility class was selected to include 80% of the wildfire pixels, 
while the low susceptibility class included only 1% of them. The susceptibility values of 
the classes are highlighted in Figure 1. 
 
Then, the three susceptibility classes have been crossed with four vegetation classes 
that highlight the different main fire behavior expected, namely grassland, broadleaves, 
shrubs and conifers. 
Doing so, each vegetation class is divided into three susceptibility classes, obtaining 12 
fuel classes (see Figure 1). The pan-european fuel map was provided with 100 m 
spatial resolution. 
 

 
4 Source: DEM - Multi-Error-Removed Improver-Terrain (MERIT). Spatial resolution: 100 m. 
5 Source: Copernicus Global Land Cover. Unclassified forest types from global land cover have been masked with 
CORINE 2018. Portugal and Galicia (Spain) national land cover maps have been used to add Eucalyptus type (due to 
its high flammability). Spatial resolution: 100 m. 
6 Source: Copernicus tree cover density. Spatial resolution: 100 m. 
7 Source: Inter-Sectoral Impact Model Intercomparison Project (ISIMIP). Spatial resolution: 50 km.. 

Predisposing factor 

geo-environmental inputs Elevation4 

Slope1 

North and South direction (aspect)1 

Vegetation type5 

Neighbor vegetation (percentage)2 

Tree cover density6 

climatic inputs7 Annual average temperature (43-years mean) 

Annual average max daily temperature (43-years mean) 

Annual cumulative precipitation (43-years mean) 

Annual average wind speed (43-years mean) 

Annual maximum consecutive dry days (43-years mean) 

Annual maximum consecutive wet days  

Annual relative  humidity (43-years mean) 
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Figure 1: Description of the 12 fuel classes obtained with the ML-informed fuel map. 

 
 
To integrate this map into PROPAGATOR, each fuel class must be associated with the 
fuel parameters identified before. To do so, it was decided to start from the original 
PROPAGATOR fuel classes corresponding to the four considered vegetation classes 
(see Figure 2a), perturbing their values according to the susceptibility class. 
 
To limit the complexity, the transition matrix perturbation is defined by multiplication of 
perturbation parameters identified per each susceptibility class, differentiating between 
unburned and burning cells (respectively, parameters ui and bi, see Figure 2b). 
Instead, the perturbation of vn is given by three parameters ri . 
The final transition matrix and standard rate of spread parameters are obtained by 
crossing this information - see Figure 2c. 
 

 
Figure 2: (a) original PROPAGATOR fuel classes parameters; (b) perturbation parameters; (c ) the final fuel 

parameters are obtained by multiplying the different contributions. 
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A genetic algorithm was tested to identify the perturbation parameters in order to 
calibrate the map and better fit past wildfire events. In the present study, a test on the 
La Torre de l’Espanyol wildfire occurred in Catalunya (Spain) in 2019 was done. A 
detailed report of the event is provided by local authorities8. Wind data from the report 
was used in simulation, while the RISICO model (Fiorucci et al. 2008) was used to 
simulate fuel moisture (see Figure 4). 36 hours of the event were simulated. 
Four tests were performed, by different assumptions on the perturbation parameters - 
see Figure 4 for more details, and for the hyper-parameters used. The goodness-of-fit 
function proposed by Fraga et al. 2022 was used as the objective function. To test the 
results, the Sorensen coefficient was adopted (Trucchia et al. 2020). 
 
Results and Discussion 
 
In Figure 3 the pan-european fuel map is presented, together with the distribution of the 
12 classes for the whole territory, and within the burned areas 2008-2022. As derived 
from the analysis, the map allows for identifying the areas most affected by fires. By 
combining this information with the potential fire behavior, the capabilities of 
PROPAGATOR to simulate fires can be improved. 
 
The preliminary results of the parameters calibration are shown in Figure 4. The 
calibration process is promising, but a sufficiently large dataset of past wildfires is 
needed to properly calibrate the parameters and allow PROPAGATOR to leverage the 
information contained in the ML-informed fuel map. 

 
8 Source: Catalan wildfire database - https://interior.gencat.cat/ca/arees_dactuacio/bombers/foc-
forestal/incendis_forestals/informes-dincendis-forestals/ 
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Figure 3: Pan-european fuel map. On top-right, the distribution of the 12 classes for the whole territory, and 

within the burned areas 2008-2022.  
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Figure 4: On top, sciatic and dynamic data used in the La Torre de l’Espanyol wildfire simulation. The 

parameters obtained in the tests with the genetic algorithm are shown in the table in the bottom of the figure. 
The simulation results are reported. 
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Introduction 
The risk and impact of wildfires in British Columbia are rising due to factors including 
historic fire exclusion, climate change, and the wildland-urban interface (WUI) 
expansion. Recent major fire seasons have highlighted the inadequacy of suppression-
focused models (Copes-Gerbitz et al., 2022), underscoring the need to understand 
community vulnerability and plan for wildfire as an inevitable part of the social-ecological 
system. Existing literature has often focused on the biophysical aspects of wildfire 
behavior and mitigation, with limited social science research examining the impacts on 
and resilience of communities. There has been less work with a focus on vulnerability in 
the Canadian context and specifically applying this approach to rural, non-Indigenous 
communities in the context of wildfire. As such, we have a limited understanding of how 
communities are at risk from wildfires, who and what are susceptible to harm, and what 
is the capacity to plan for, respond and recover. This work employs a community-based 
vulnerability approach to understand how the Robson Valley's rural communities are 
susceptible to wildfire risks. 
 
Study Area 
The Robson Valley (figure 
1), a rural region in East-
Central BC, spans over 230 
km from Dome Creek to the 
Alberta border. It is situated 
on the traditional territory of 
the Lheidli T’enneh and 
Simpcw peoples. The study 
area (ranging from Tete 
Jaune Cache to Dome 
Creek) has a population of 
approximately 2100 and is 
represented politically by the 
Fraser-Fort George 
Regional District and the 
Village of McBride. The 
study specifically focused on 

Figure 35 A map of the Robson Valley with study communities 
denoted in Black 
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the communities of Dome Creek, McBride, Dunster and Tete Jaune Cache. Notably, 
residents were impacted by wildfire in 2003, when power supply was lost for more than 
a week due to more than 200kms away from the region. 
 
Methods 
This research employed a vulnerability approach methodology, which describes 
vulnerability as a function of exposure to a hazard, sensitivity to the effects of the 
hazard and adaptive capacity or the ability of a system to address their exposure 
sensitivity. Data were collected through semi-structured interviews with key informants 
and three public meetings were held in communities without political representation. 
Supplementary data were gathered through participant observations and reflective 
diaries and all data were analyzed using latent content analysis to identify themes 
related to wildfire risk, vulnerability, resilience, adaptation, and barriers to adaptation. 
 
Results 
The study identifies several themes impacting community vulnerability and resilience. 
While these results are unique and specific to communities within the Western Robson 
Valley, there are likely significant parallels with other communities who share some of 
the social, geographical and economic traits of the Robson Valleys.  

Community Isolation and Infrastructure Vulnerabilities 

A key theme identified in this research is the isolation of the Robson Valley 
communities, which amplifies the sensitivity of the region to wildfire. The region’s 
remoteness means that communities are reliant on exposed infrastructure including 
power lines and roads. A key compounding impact of the remoteness with the potential 
consequence of food loss due to power outages for a remote area, where many are 
reliant on hunting and agriculture.  Additionally, the isolation of the region impacts the 
response times for emergency service organizations and impacts and presents 
significant connectivity and logistical challenges during emergency response.  

Government Services and Jurisdictional Challenges 

The centralization of government services, through the shuttering of the local Ministry of 
Forests office, the centralization of wildland firefighting and the decline in provincial 
representation was commonly identified as a key frustration by participants who 
expressed frustration with the top-down approach implying that it did not recognize the 
capacity within the region and does not leverage local knowledge or prioritize 
community-specific concerns. Additionally, jurisdictional challenges complicate 
mitigation initiatives due the complexity of aligning objectives and funding across 
private, municipal and public lands.   
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Economic Dependency and Demographic Shifts 

The Robson Valley's economy has undergone significant transition over recent 
decades. As the economy has transitioned away from timber dependence and many 
forestry dependent families have left, the sensitivity, exposure and adaptive capacity to 
respond to fires has changed. Historically, with an economic dependence on local 
forests, there was a high exposure to local wildfires, a high economic sensitivity timber 
loss and a strong adaptive capacity through the role of forestry workers suppressing 
wildfires and reducing wildfire hazard. As this industry has declined, local vulnerability to 
fire has changed, with exposure, sensitivity and adaptive capacity all declining. 

An increased focus on tourism has altered wildfire vulnerability and highlights the impact 
of economic transitions. While there is a significant potential impact of local wildfires 
impacting tourism operations, one of the most substantial potential exposures is that of 
smoke from elsewhere degrading air quality and impacting the safety and aesthetic 
appeal of outdoor recreation. Crucially, the tourism industry is less involved in fire 
suppression operations and is unlikely to be able to contribute in the event of a local 
fire. In comparison to the forest sector, tourism is potentially less sensitive to the 
impacts of a local fire; however, the range of potential exposure can span hundreds of 
kms when considering the impacts of smoke.  

Local Adaptive Strategies and Community Resilience 

Despite these challenges, Robson Valley communities exhibit resilience and have 
developed adaptive strategies to mitigate hazard. One notable initiative included 
investing in both diesel and hydro power generation to reduce reliance on vulnerable 
power lines and enhance energy security during wildfires and other outages. There 
have also been some efforts to lead community wildfire mitigation activities including 
recent fuel treatments conducted by the provincial government in the community of Tete 
Jaune Cache. 

Furthermore, as a community that has long been isolated from larger centers, there is a 
strong culture of enhancing local resilience through local support and collaboration. 
Participants and residents commonly talked about supporting their neighbors and 
community members whenever needed and spoke of an expectation that others would 
do the same. Social networks such as these are crucial to building adaptive capacity as 
they have been shown to enable people to collaborate for a common purpose in good 
faith (Adger, 2003) 

Barriers to Adaptation and Recommendations 

Several barriers were identified by residents as hindering their ability to adapt to 
wildfires. These included financial constraints at both the personal and community 
levels, poor communication between governments and residents about available 
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resources and legislative barriers around fire suppression, which some felt prevented 
them from supporting their communities. 

Building on these findings, this research proposed four recommendations: 

1. Policy Clarity: Improved communications on rights, responsibilities and 
legislation to engage residents in prevention and response. 

2. Increased interactions: Increased opportunities for relationship building 
between residents and local firefighters. 

3. Local Champions: Build locally led initiatives by supporting the work of 
community leaders and local champions. 

4. Rural Programming: Develop decentralized programming to better engage rural 
residents who may be deterred by centralized governance. 

Discussion 
Communities in the Robson Valley have seen significant social and economic change 
which has shaped and altered community vulnerability to wildfire. The region's isolation 
and dependency on exposed infrastructure highlight the need for robust local 
adaptations, while centralized government services have struggled to effectively engage 
and support local engagement in fire prevention and response. By better understanding 
the community specific vulnerabilities, along with the adaptive capacity present, local 
leaders can better prepare for wildfire and better support community led resilience 
efforts. 

This work was novel for its application of a vulnerability approach to the context of a 
rural British Columbia and highlights the need for further vulnerability and resilience 
work in addressing the risk of wildfire. This research presented the novel finding that 
economic transitions impact a community’s vulnerability to wildfire in various ways. 
Overall, we suggest that enhancing community resilience requires a multifaceted 
approach and a strong understanding of locally specific vulnerabilities in advance of a 
wildfire. These insights contribute to the broader discourse on rural resilience, providing 
a framework for similar communities facing wildfire risks. 

Conclusion 
In conclusion, this case study provides a valuable lesson in community resilience and 
vulnerability. While the region faces significant challenges due to its isolation, economic 
dependencies, and lack of local engagement in fire prevention and response, the 
community's adaptive strategies and resilience efforts offer a potential avenue. This 
study highlights the critical need for a holistic, community-centered approach to wildfire 
management, which can be applied to other rural and remote communities globally 
facing similar threats. 
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Introduction  
Local wind speed is a key factor in the propagation of bushfires and is a critical input 
variable in fire simulators,(Cruz et al., 2021; Massman et al., 2017; Pimont et al., 2022). 
Forest structural properties (i.e., height and density) are key parameters impacting sub-
canopy wind speed, and therefore, in driving fire rate of spread (ROS) (Dupont et al., 
2011; Massman et al., 2017; McGowan et al., 2021; Moon et al., 2019; Mueller et al., 
2014). Accurately capturing these properties is essential for characterising the wind 
reduction effect beneath the canopy, which is represented by a wind reduction factor in 
fire modelling (WRF, dimensionless).  
 
Vertical and lateral heterogeneity in vegetation properties result in significant variation in 
the wind reduction effect, across landscapes and within the vertical profile of a forest 
(Pimont et al., 2022). Landscape level classifications (e.g., ecological vegetation 
classes (EVCs) or fuel types, in Australia) are often used to represent changes in forest 
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structural characteristics, however, these do not adequately capture shifts in forest 
height and density at a sufficient scale. Further, previous work has highlighted the 
importance of representing vertical change in wind speed for fire spread (Massman et 
al., 2017; Moon et al., 2019). As fires develop and flame height changes, the wind 
experienced by the fire will also change, meaning the application of WRFs that do not 
vary with height may result in prediction error.  
 
Despite this, single value WRFs are often applied across large parts of the landscape, 
and without regard for the height-varying nature of wind reduction within forests. The 
use of spaceborne LiDAR to parameterise WRF models may help to overcome these 
shortcomings. The Global Ecosystem Dynamics Investigation (GEDI) spaceborne 
LiDAR L2B product captures canopy height (m) and Plant Area Index (PAI, m2/m2) in 
25m footprints, between 51.6˚N and 51.6˚S (Dubayah et al., 2020). This freely available 
data set provides relatively high-resolution structural data (canopy height and vertical 
change in PAI) across almost all the world’s forests. Additionally, previous work has 
shown good agreement between GEDI’s L2B product and airborne LiDAR outputs, 
indicating it is able to successfully capture the required forest attributes (Dhargay et al., 
2022). This dataset could therefore not only improve the lateral characterisation of 
forest structure across the landscape, but also provide information on the vertical forest 
attributes key to modelling wind reduction. The continuation of GEDI until 2031 means 
that models parameterised by this dataset can be continually updated with up-to-date 
observations of forest structural metrics.   
  
The aim of this research is to develop a three-dimensional forest windspeed reduction 
factor (WRF) model that can be easily parameterised in any forest globally using freely 
available spaceborne lidar (GEDI). We achieve this aim by;  

1. Developing a modelling approach that uses GEDI generated forest stand-
level structural properties of height and plant area index to predict the WRF    
2. Measuring windspeed reduction factors laterally across a diverse range of 
forest structures  
2. Measuring windspeed reduction factors vertically across a height gradient 
of forests  
4. Testing the new 3-dimensional forest WRF model against field 
observations  

 
 
Methods  
 
Data inputs  
 
We instrumented paired (open and forested) sites to observe the wind reduction effect 
across different forest types. Each was instrumented with a 10m guyed mast, along with 
five 3D sonic anemometers at 2m, 4m, 6m, 8m, and 10m. The masts were moved at 
each site for replication, and recorded observations for between one and two months at 
each replicate site.  
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Mast locations were selected in such a way that topographic influence and forest edge 
effects were accounted for. To assess the performance of this model across the entire 
vertical forest profile, we derived vertical wind profiles from the publicly available OzFlux 
network flux tower anemometers. We selected only flux towers that had wind speed 
measurements above the canopy, to be used as a proxy ‘open’ wind speed. This 
allowed for model testing across a range of forest types, from a tall wet forest to an 
Acacia woodland.  
 
The Automatic Fuel Moisture Monitoring Network (AFMMN), which is a network of 28 
weather stations throughout Victoria forests, was used to develop a dataset of 2m 
WRFs.  To derive a WRF, we extracted an ‘open’ windspeed value from the 
reconstructed fire weather VicClim dataset. This dataset provides modelled hourly 
weather from 1970 to 2020, at a grid scale of 4kmx4km (Brown et al., 2016). The WRF 
was estimated from the daily ‘open’ windspeed and the daily averaged 2m observed 
windspeed values from the AFMMN monitoring stations.  
 
GEDI spaceborne LiDAR was used as the sole spatial data input in this model’s 
development. Square buffers were created around each site for both the AFMMN 
locations and the mast/flux sites, with a distance of 500m from the site. This resulted in 
buffers with a total edge distance of 1000m. Where the buffer intersected non-forested 
areas, they were amended to avoid them. We then extracted the footprints of GEDI L2B 
LiDAR that intersected these buffers and extracted height (m) and vertical PAI in 5m 
bins.  
 
Model development  
 
We combined these datasets to develop a laterally and vertically varying WRF model. 
The resulting model takes a stepwise linear form for each 5m PAI bin and assumes a 
monotonically declining function from the canopy down. It is bound by a 2m WRF value 
and a nominal canopy top WRF of 1.15. The difference in wind reduction between the 
canopy top and 2m above the ground is then distributed proportional to the distribution 
of PAI across the vertical profile of the forest.  
 
The twenty-eight 2m WRFs derived from the AFFMN and VicClim datasets were used 
to train and test a sub-model for estimating the 2m WRF. This was achieved using a 
multivariate non-linear least squares (NLS) regression. The quantity of PAI in the 0-5m 
height bin was used to account for the distribution of PAI across the vertical profile.  
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Results  
Model testing found good agreement between the observed vertical WRF profile and 
the predicted WRFs based on PAI and height. When provided with an observed 2m 
WRF, we found the model’s capacity to predict the WRF as a function of height was 
very good (Figure 1). Future improvements will see the coupling of the 2m WRF model 
with this height-varying model, to allow the prediction of the WRF at any height using 
only GEDI spatial inputs. 
 

 
 
 
Figure 1. Red crosses depict observed WRF values at height within the canopy space. Red line is modelled WRF 
profile based on difference between 2m observed value, canopy WRF value, and distribution of GEDI derived PAI. 
Green dots are GEDI PAI distribution, and grey line is static Australian Fire Danger Rating System (AFDRS) WRF 
currently in use. Empirical value at 2m above ground used as model input.  
 
 
Compared to the WRFs currently in operation in Australia, which do not vary with height 
and are applied across coarse resolution fuel type classifications, we found significant 
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improvement. Figure 2. compares the currently used AFDRS static WRFs and the 
output of our height-varying model with the observed values across our sites (model 
used empirical input for 2m value here).  
 

 
Figure 2. A) Observed Wind Reduction Factor at various heights throughout the vertical canopy space across mast 
and flux tower sites vs. predicted WRF from GEDI height-varying model. B) Observed WRF at various heights 
throughout the vertical canopy space across mast and flux tower sites vs. Static AFDRS WRFs currently used across 
all heights.  
 
Discussion 
The integration of a large-scale vertically varying spatial dataset with a height-varying 
model for the prediction of forest WRFs provides an opportunity to overcome some key 
limitations in the current use of WRFs in fire modelling.  Namely, this model allows for 
the prediction of a WRF based on flame height, overcoming potentially critical modelling 
error that follows from the use of static WRFs. Furthermore, the use of GEDI allows for 
changes in key forest properties to be characterised on higher resolution spatial scales 
than landscape scale fuel type classifications.  
 
Requiring only spatial inputs from the freely available GEDI L2B spaceborne LiDAR 
product, this model can be applied anywhere that there is GEDI coverage and can be 
updated as GEDI is. Further, the model maintains computational and analytical 
simplicity, while improving upon the prediction of WRFs.  
 
Model testing was limited by the number of available sites that had full vertical wind 
profiles available. This model should be further tested on a wider range of forest types, 
particularly on non-eucalypt forests. While GEDI performs well in its characterisation of 
the vertical PAI profile in our test cases, this may not be the case in forests of different 
structures.   
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Overall, this work has contributed a successful proof-of-concept in the use of GEDI to 
develop and parameterise a WRF model.  
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Introduction 
The procedures for assessing fire danger across the country underwent a major 
overhaul with the introduction of the Australian Fire Danger Ratings System in 2022 
(AFDRS, e.g., Hollis et al. 2024). Substantial changes were introduced, incorporating a 
broader range of vegetation types, new and improved headfire-spread-rate functions, 
and a comprehensive treatment of fuels.  For Eucalypt forests, there were changes in 
the fire-weather and fuel availability components, and the introduction of sophisticated 
fuel representation that were absent in the previous system.  A change in fire-danger 
rating labelling also accompanied the AFDRS implementation to simplify and unify fire-
danger messaging across the country. The compounding effect of all these changes for 
operational users was an unfamiliar system that, among other things, responded in an 
unfamiliar way to input variables.  Becoming familiar with the new system has obvious 
challenges, such as the need to adjust or reconstruct decision-making matrices. These 
challenges are compounded by ongoing necessary system developments such as 
vegetation and fuel updates with non-trivial impacts on the system. In this paper we 
compare components of the old and new fire-danger ratings systems for Eucalypt 
forests (hereafter abbreviated to ‘OLD’ and ‘NEW’) to help elucidate their differences, 
and provide additional insight into the contribution to fire danger ratings from each input 
term.  
 
OLD vs. NEW comparison 
Due to document size limitations only a superficial overview can be provided in this 
short paper, with the reader referred to Noble et al. (1980) and AFDRS (2019) for 
relevant OLD and NEW equations respectively. The OLD and NEW for Eucalypt forests 
are depicted schematically in Fig. 1.  The OLD is based on McArthur’s Forest Fire 
Danger Index version 5 (FFDI), which includes Fuel Availability (fraction of fuel that will 
burn on a given day, yellow box) and a weather term (blue box) expressed as an 
exponential function of temperature (𝑇𝑇), relative humidity (𝑅𝑅𝑅𝑅) and wind speed (𝑉𝑉).  The 
NEW includes a Fuel Load (amount of fuel present, green box), multiplied by a Fuel 
Availability (yellow box), which together yield the mass of fuel that will burn on any given 
day.  Multiplying this fuel mass by a fire-spread-rate (three boxes inside the purple 
outline) gives a fuel consumption rate expressed as a fireline intensity that defines the 
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fire danger rating. The Vesta fire-spread-rate model, used for Eucalypt forests, is shown 
in Fig. 1 separated into a Fuel Hazard (a measure of fuel structure and distribution, 
green/brown box), Fuel Availability (FA, yellow boxes) and a weather term (blue box). 
 

 
Figure 1: Schematic depiction of the OLD and NEW Eucalypt-forest fire danger rating models.  
 
Weather function comparison 
Figure 2 shows how the contribution from each weather input varies between the OLD 
(red) and NEW (purple) weather functions, after matching the functions at 𝑉𝑉 =
20 𝑘𝑘𝑘𝑘 ℎ𝑟𝑟−1, 𝑅𝑅𝑅𝑅 = 30%, and 𝑇𝑇 = 24℃. The OLD weather function used exponential 
relationships for all terms (red curves) yielding steadily increasing values with 
windiness, dryness and temperature.  In contrast, two of the NEW terms (purple) are 
almost linear: wind (left) and temperature (right). Consequently, the NEW sees lesser 
fire danger for light and very high windspeeds (< 20 and > 80 𝑘𝑘𝑘𝑘 ℎ𝑟𝑟−1), compared to 
the OLD and greater fire danger for inbetween wind speeds.  The NEW relative humidity 
term (centre) sees greater fire danger for humid conditions (𝑅𝑅𝑅𝑅 > 30%) with little 
difference for 𝑅𝑅𝑅𝑅 = 10 − 40%.  The greatest difference between the OLD and the NEW 
weather functions is in the temperature term.  The NEW term has very minimal 
temperature sensitivity, varying by only 26% across the 𝑇𝑇 = 0 − 50℃ parameter space, 
compared with a more than four-fold increase for the OLD.  
 

 
Figure 2: Wind (left), relative humidity (centre) and temperature (right) contributions to the OLD 
(red) and NEW (purple) weather functions. The equivalent DWI approximation to the NEW is 
shown in blue, and a simple temperature term (green) approximating the OLD is shown in green. 
 
The Vesta fire-spread rate function for sunny, summer afternoons assuming default 
Fuel Hazard terms, is well approximated by a form of the Dry Windy Index 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉,  

𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 = 𝑉𝑉
500

(𝐷𝐷𝐷𝐷𝐷𝐷 + 5).    1.  
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Here 𝐷𝐷𝐷𝐷𝐷𝐷 is dewpoint depression (the difference between the temperature and 
dewpoint temperature).  𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 provides an excellent approximation to Vesta (Fig. 2, 
blue lines) for all terms except for 𝑅𝑅𝑅𝑅~10 − 25%, where the 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 (blue) is less than 
both the OLD (red) and NEW (purple).  However, our interpretation of a recent study 
assessing the role of fuel moisture on fire spread rates in Eucalypt forests (Cruz et al. 
2022) suggests 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 might be more realistic.   
 
All three models are similar when conditions are near to the matching values (𝑉𝑉 =
20 𝑘𝑘𝑘𝑘 ℎ𝑟𝑟−1, 𝑅𝑅𝑅𝑅 = 30%, 𝑇𝑇 = 24℃). They will also be similar where differences 
compensate one-another (e.g., cool-humid and calm, or warm and windy).  Conversely, 
the OLD and NEW will differ most when their weather term differences accumulate 
(e.g., cool-humid and windy, or warm and calm).  For example, the NEW will maintain a 
higher rating with the passage of a blustery cold front than the OLD, due to higher 
contributions from all terms.  The stark difference between the OLD and NEW 
temperature term will dominate in hot or cold conditions.  However, an extra 
temperature term, (𝑇𝑇 +  12)/2 (Fig. 2, green line) can be multiplied by 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 to create a 
simple approximation to the OLD.  
   

 
Figure 3: Time-series comparison of the OLD (red) and approximated OLD (green) and 
approximated NEW (blue) using weather data from the Bega Automatic Weather Station during the 
Bega fires of September 2023.  Weather fields are also plotted (dotted lines, see legend). 
 



Proceedings for the 7th International Fire Behavior and Fuels Conference 
April 15-19, 2024, Boise, Idaho, USA – Tralee, Ireland – Canberra, Australia 

Published by the International Association of Wildland Fire, Missoula, Montana, USA 
 
 

261 
 

A time-series of weather variables (dotted lines) and weather terms (solid lines) for the 
Bega fire (September 2023) is presented in Fig. 3, to highlight the differences between 
the OLD (red) and the two approximated functions (blue and green).  A purple line 
corresponding to the NEW was not included as it was barely distinguishable from its 
approximated form (𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉, blue). Fig. 3 shows 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 (blue) underrepresents the OLD 
(red) during hot midday conditions (𝑇𝑇~35℃), and demonstrates the value of the 
temperature term in approximating the OLD (green).  Two examples of accumulated 
differences between the approximated functions (blue and green) and the OLD (red) are 
labelled in Fig. 3.  The Cool-humid/windy example suggests greater fire danger in both 
approximated equations than the OLD (primarily due to 𝑅𝑅𝑅𝑅~55%), and vice versa for 
warm-dry/calm example (primarily due to 𝑉𝑉 < 12 𝑘𝑘𝑘𝑘 ℎ𝑟𝑟−1).  In both examples the 
temperature is not sufficiently cold or hot for the temperature term to establish a 
distinction between the two approximated functions. 
 
Fuel terms 
Shifting the focus to the fuel terms (Fuel Load, Fuel Hazard and Fuel Availability) we 
combine the green and yellow boxes in the Fig. 1 schematic, and the OLD and NEW 
weather functions are replaced by their approximate forms to take advantage of the 
𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 component they have in common. This is depicted schematically in Fig. 4.  (The 
ratio of fuel hazard to the default fuel hazard appears in the fuel term, because 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 
represents the Vesta weather function multiplied by the default fuel hazard.)    
   

 
Figure 4: As in Fig. 1 but with the 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 approximations replacing the respective weather 
functions, and the fuel terms combined in NEW.  
 
Fuel Availability 
Figure 5 shows that the NEW fuel availability (Fig. 4, yellow boxes) can be substantially 
less than the OLD, depending on drought factor and forest type. In the OLD fuel 
availability varied linearly with drought factor from 0 to 1 (red line), but it is nonlinear in 
the NEW. (Both the OLD and NEW use the same drought factor.) These differences can 
be highlighted in Fig. 5 by considering the different drought factors (dashed lines) 
corresponding to a fuel availability of 0.5.  For the OLD, NEW-dry and NEW-wet, these 
drought factors are 5, and about 7.7 and 9.3 respectively.   
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Figure 5: Fuel availability relationships to drought factor for the OLD (red) and NEW (blue) fire-
danger ratings systems.  Fuel availability relationships differ between wet and dry Eucalypt 
forests (as labeled). Dashed lines show the drought factor values that correspond to a fuel 
availability of 0.5. 
 
Fuel Load 
The combined fuel terms in NEW (Fig. 4, green box) can introduce an order of 
magnitude variation across the landscape, due to differences in vegetation 
characteristics and time since last burn. Since these factors were not explicitly 
incorporated in OLD, it would be useful to know the fuel term values in NEW that 
produce similar fire-danger ratings to OLD, to enable an assessment of the relative 
contributions from these terms.  The fuel load contribution can be somewhat isolated by 
assuming a drought factor of 10 (OLD and NEW fuel availability = 1, Fig. 5) and default 
fuel hazard terms. Then the OLD and NEW reduce to just linear functions of 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 (Fig. 
6a, b respectively).  This allows NEW to be expressed as a function of OLD (Fig. 6c), 
and plotted as line graphs (Fig. 7). 
 

 
Figure 6: a) OLD, b) NEW with fuel availability and fuel hazard terms = 1. c) NEW expressed as a 
function of OLD. 
   
For a given temperature and fuel load, all possible combinations of weather variables 
and their corresponding 𝐷𝐷𝐷𝐷𝐷𝐷𝑉𝑉 values reside somewhere on a diagonal line emanating 
from the plot origin in Fig. 7.  The line slope is determined by the temperature and fuel 
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load (Fig. 6c), with the slope increasing with higher fuel loads and lower temperatures.  
Lines representing specific fuel loads (units, tonnes/hectare) are marked on the plots for 
two representative temperatures, 24℃ (left) and 40℃ (right).  The beginning of each fire 
danger rating regime (Moderate, High, Extreme, Catastrophic) is marked at the relevant 
point on the OLD and NEW scales. The stars at the intersections of these lines show 
where OLD and NEW are identical.  It follows that wherever the diagonal lines are 
above the stars NEW diagnoses greater fire danger than OLD, and vice versa wherever 
the lines are below the stars.  For 𝑇𝑇 = 24℃ any fuel load above 10 t/ha results in NEW 
always diagnosing greater fire danger than OLD.  Focusing on the High to Extreme fire-
danger rating range (yellow—orange), NEW diagnoses greater fire danger for any fuel 
loads greater than about 6 t/ha.  Since fuel loads are often greater than 6 t/ha (unless 
recently burnt or fuel reduced), NEW might generally predict greater fire danger than 
OLD for cooler temperatures.  However, due to the higher temperature sensitivity of 
OLD, this bias is reduced at higher temperatures. For example, OLD and NEW are well 
matched in the High to Extreme range at 𝑇𝑇 = 40℃ for fuel loads of about 10 t/ha.   
 
For drought factors other than 10, the line slope can be adjusted to match the fractional 
difference between the NEW and OLD, which can be estimated from Fig. 5 (e.g., a 
drought factor of 6 would halve the line slopes for dry forests). 
  
 

 
Figure 7: Fire danger rating comparisons for a selection of fuel loads at T = 24 C (left) and T = 40 C 
(right). The vertical axis is fireline intensity, and the horizontal axis is McArthur’s FFDI.  Stars 
mark the corresponding fire danger rating transition points (see inset) for OLD and NEW.  
 
Summary 
This paper provides insight into how the recently implemented Australian Fire Danger 
Ratings System (NEW) differs from its predecessor (OLD) for Eucalypt forests. 
Comparative studies such as this can assist the transition of critical decision-making 
matrices, that use fire-danger ratings as inputs, from OLD to NEW. Both OLD and NEW 
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incorporate the same weather inputs (wind, relative humidity, temperature) and same 
climate input (drought factor), however, their respective functions of these inputs differ 
substantially. Consequently, Fig. 2 shows, lighter winds see a reduction in fire-danger 
potential, while moderate to high winds and higher humidity see an increase in fire-
danger potential between the OLD and NEW.  Furthermore, strong temperature 
dependance in the OLD is almost completely absent in the NEW.  Fig. 5 shows that for 
drought factors less than 10, the NEW Fuel Availability function imposes a greater 
moderating effect on fire-danger potential than the OLD, with the relative differences 
increasing with decreasing drought factor.  Furthermore, the differences are extreme for 
wet Eucalypt forests, where fuel availability is virtually zero for drought factor less than 
eight. Finally, Fig. 7 offers insight into Fuel Load amounts that yield similar fire-danger 
rating outcomes between the OLD and NEW.  These vary with temperature and drought 
factor.   
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Introduction 
Whether a situation calls for wildfire to be promoted, prevented, or mitigated, 
understanding and quantifying wildfire risk provides useful information for its 
management. Fundamental determinants of wildfire patterns are the initial ignition 
location and timing. The drivers of where and when depend on the cause, which can be 
broadly classified as natural (i.e. lightning) or human caused, and previous research has 
shown the spatial variation in ignition probability can be described (Catry et al. 2009, 
Syphard and Keeley 2015). Reducing human-caused ignitions is an immediate option 
for addressing the current wildfire crisis in the US because damaging fires are largely 
human-caused (Balch et al. 2017, Downing et al. 2022). The other mitigation options 
identified function broadly and cannot be nearly as direct (ON FIRE 2023). 
 
Here, we produce wildfire ignition probability datasets for both human and natural 
ignition sources for the western and southeastern portions, the predominant wildfire 
regions of the continental US. These datasets describe modern ignition patterns in the 
form of annual ignition probability maps and inform resource allocation and other land 
management through improved fire modeling and fire risk assessments, among other 
useful applications.  
 
Materials and Methods 
We utilized observed ignition locations from the comprehensive US fire occurrence 
database (FOD; Short 2022) along with coincident variables known to influence ignition 
probability (Baker 2009), such as vegetation type, proximity to roads and urban areas, 
and topographic variables. Table 1 lists all the features and the data sources. We 
evaluated other feature data during model development, such as electrical transmission 
lines and topographic aspect, but these were found to not be useful in this approach. 
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Data Processing and Model Development 
All features were resampled to a consistent 
raster grid template of the analysis area at 
120m resolution with an Albers Equal Area 
projection (EPSG: 5070). From the FOD, 
ignitions were split between human and 
natural causes and then summed to the 
raster grid. FOD data cleaning included 
removing ignitions with duplicated spatial 
coordinates and those below the fire size 
thresholds. Our intent was to focus on 
wildfire locations that had growth potential. 
Therefore, fires less than 100 ha in size for 
the western US and 8 ha for the 
southeastern US were removed.  
 
The model response variable was binary, 
having an ignition within the 120m cell 
anytime during the data record. The 
negative samples vastly outnumbered the 
positives, which was mitigated with SMOTE 
sampling techniques (Chawla et al. 2002) to 
a 2:1 class balance for training. 
 
The random forest (RF) algorithm was 
configured to produce probabilistic outputs 
that are comparable to logistic regression 
(Malley et al. 2012) and trained using the 
parameters listed in Table 2 with the ranger 
R package (Wright and Ziegler 2017).  
 
Post-Prediction Processing 
Probability predictions were scaled to the 
observed 2006-2020 ignition rate above the 
fire size threshold because the output 

probabilities were biased by the SMOTE sampling of the training data. Before scaling, 
nonburnable land area (water, snow, and ice) were removed from the area calculations 
for human ignitions with the additional removal of high intensity urban development for 
the natural ignition model.  
 
 
 
 
 

Table 1. Description of candidate input features 
for ignition probability model development. See 
Table 2 for final model formulations. 

Feature 
Native 
Resolution Data Source 

Spatial Trend 
(ignitions km-2) 

Vector Point 
Locations 

Short et al. 
2022 

Biophysical Setting 
(BPS) Vegetation 
Type (majority class 
at both 120m and 
4km) 

30 m LF 2.2.0 

Slope (degrees) 30 m LF 2.2.0 

Elevation (m) 30 m LF 2.2.0 

Topographic 
Position Index (TPI) 

120 m LF 2.2.0 

Distance to Roads 
(m) 

30 m LF 2.2.0 

Road Cost Distance 
(m*slope) 

30 m LF 2.2.0 

Distance to Urban 
(m) 

30 m LF 2.2.0 

Urban Cost Distance 
(m*slope) 

30 m LF 2.2.0 

Annual Precipitation 
(mm) 

800 m PRISM 2022 

Solar Radiation (MJ 
m-2 day -1)  

800 m PRISM 2022 

Maximum Vapor 
Pressure Deficit 
(VPDmax; hPa) 

800 m PRISM 2022 
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Table 2. Final model input features by ignition cause and study region. 

Region Southeastern US 

Human 
Ignitions 

P(Ign) = BPS_Veg120m + BPS_Veg4km + Elevation + PPT + VPDmax + SolarRad + 
HumanSpatialTrend + UrbanDist + UrbanCostDist + RoadDist + RoadCostDist 

Natural 
Ignitions 

P(Ign) = BPS_Veg120m + BPS_Veg4km + Elevation + PPT + VPDmax + SolarRad + 
NaturalSpatialTrend 

Region Western US 

Human 
Ignitions 

P(Ign) = BPS_Veg120m + BPS_Veg4km + Elevation + Slope + TPI + PPT + VPDmax + SolarRad + 
HumanSpatialTrend + UrbanDist + UrbanCostDist + RoadDist + RoadCostDist 

Natural 
Ignitions 

P(Ign) = BPS_Veg120m + BPS_Veg4km + Elevation + Slope + TPI + PPT + VPDmax + SolarRad + 
NaturalSpatialTrend 

 
Results 
The resulting maps show that human- and natural-caused ignitions are spatially-
separated with high densities of human ignitions visible in CA for the western US 
dataset. Natural ignitions are more homogenous across the western US but are focused 
on the state of FL in the southeastern US with human ignitions more evenly dispersed 
(Fig 3 and Fig 4).  
 
Evaluating model performance, the Brier scores of 0.166 and 0.146 for the western US 
human and natural ignitions, respectively, and 0.149 and 0.127 for the southeastern US 
human and natural ignitions, respectively, derived from out-of-bag samples, indicate a 
useful probabilistic forecast. 
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Figure 3. Maps of wildfire ignition probabilities for the southeastern (SE) US. Natural ignitions (top left) and human 
ignitions (top right) are derived from separate models and then summed to produce total ignition probabilities (bottom 
left). The inset (bottom right) shows the fine-scale variation from roads and urban areas around Tallahasse, FL.  
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Figure 4. Wildfire ignition probabilities and ignition cause ratio for the western US. Natural ignitions (top left) and 
human ignitions (top right) are derived from separate models and then summed to produce total ignition probabilities 
(bottom left). The ignition ratio (bottom right) shows the Sacramento to Reno gradient of human to natural ignition 
causes. 
 
Discussion 
Here we generalize observed ignition patterns in the US by finding relevant spatial data, 
training a machine learning model, and predicting probability over broad areas. The 
primary added value over simply interpolating ignition location observations (the 
previous method for generating fire modeling inputs), is the identification of areas that 
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have similar conditions for ignitions leading to growth but have yet to experience them in 
the FOD record. Given the rapidly shifting climatic and environmental landscape, this 
generalization should prove advantageous for future-looking management. The use of 
the spatial trend input feature derived from observations balances this generalization 
however, while also characterizing other information not easily mapped, such as 
variable suppression strategies in the wilderness versus the wildland-urban interface.  
 
These datasets are made available on the Vibrant Planet Data Commons 
(www.vpdatacommons.org/technical-details/ignition-probability-tech), whose mission is to 
provide data and meaning for increasing the pace and scale of forest restoration.  
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Introduction 
Wildfire propagation potential indicators are factors that affect the likelihood and 
intensity of wildfire spread. They are an important part of wildfire risk estimation, as 
proposed by the FirEUrisk project (FirEUrisk, 2021) in its integrated approach to wildfire 
risk assessment (Chuvieco et al., 2023).  
 
Wildfire risk is connected with certain territories depending on three main factors: 

• Wildfire danger 
• Wildfire exposure 
• Wildfire vulnerability 

 
Wildfire danger is estimated from the probability of wildfire ignition and its propagation 
potential. Wildfire exposure includes population and assets exposure, as well as 
ecosystem exposure. It is estimated from two factors: fire metrics based on propagation 
potential indicators and atmospheric emission, and human assets and ecosystem 
services values at risk. The third factor, wildfire vulnerability, is determined by values of 
potential losses of ecosystem services, ecological values, and human assets, as well as 
resilience in terms of coping capacity and recovery time. 
 
Wildfire propagation potential indicators directly influence wildfire danger (hazard) and 
wildfire exposure risk estimation. These indicators are usually variables directly 
connected with wildfire behavior, primarily wildfire fireline intensity (flame length) or 
wildfire rate of spread. These variables depend on weather conditions, topography, and 
fuel loading. Propagation potential indicators are usually calculated using statistically 
processed meteorological data of past wildfires in certain territories, giving an overall 
cumulative estimation, but they can also be calculated using real-time meteorological 
data. Simulating propagation potential leads to generating scenarios of intensity/severity 
maps, fuel consumption, including emissions and smoke plume maps for prevention 
and preparedness planning. 
 
They are typically used by wildfire management agencies to assess the potential risk of 
a wildfire in a particular area. 
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In this paper, we present an estimation of wildfire propagation potential indicators for 
Split-Dalmatian County, a region in Croatia with quite high wildfire danger, chosen and 
used as one of the FirEUrisk Demonstration Areas (DAs). 
 
Methodologies 
In the FirEUrisk project, propagation potential was calculated using two different 
methodologies and resolutions. The first one (Methodology 1) was used for the 
European Territory (ET) in 1 km spatial resolution and the second one (Methodology 2) 
for selected Pilot Sites (PS) in 100 m spatial resolution. Demonstration Areas (DAs) are 
used to apply different methods locally in order to test them before application on either 
the European Territory (ET) or selected Pilot Sites (PS). Therefore, working on the 
propagation potential calculation methodology, we first applied it in our Demonstration 
Area – Split-Dalmatian County in Croatia in 100 m spatial resolution. 
 
Both methodologies for propagation potential estimation are based on standard wildfire 
propagation models: 

• Rothermel model for surface wildfire propagation (Andrews, 2018) and 
• Standard crown wildfire propagation models (Scott & Reinhard, 2001). 

 
Both models were custom implemented in Python for cell-based wildland landscape fire 
growth simulations. Figure 1 shows our procedure used for surface fire growth 
simulation on the European territory. 
 
Input maps were: 

• Fuel maps based on new FirEUrisk fuel models calculated for Split-Dalmatian 
County in 100 m spatial resolution (Bugarić et al., 2024) 

• Terrain characteristics (slope and aspect) 
• Meteorological data including temperature, relative humidity used for dead fuel 

moisture estimation, wind speed, and wind direction. 
 
One of the most important meteorological variables for propagation potential simulation 
was fuel moisture, both live and dead. Considering dead fuel moisture content (DFMC), 
we analyzed five different DFMC models (Stipaničev et al., 2023) to determine which 
one is the most suitable for propagation potential calculation. Our analysis shows that 
the Fosberg and Deeming model, defined as standard Fire Behavior Analysis Tables 
(FBA Tables) adapted for the Mediterranean region by MeteoGrid, provides not only the 
smallest median value but also a narrow and symmetric box between the 1st and 3rd 
quartile (the 25th and 75th percentiles) as well as close and symmetric Upper and 
Lower Adjacent Values, making it the most suitable for DFMC estimation.  
 
Live fuel moisture content (LFMC) was estimated using Scott-Burgan Fuel Moisture 
Scenarios (Scott & Burgan, 2005), additionally improved in (Pettinary & Chuiveco, 2017) 
by adding Live Crown Foliar Moisture Content. 
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Figure 36: Cell-base wildland landscape surface fire grown simulation for European territory 
 
The difference between the methodologies lies primarily in which meteorological data 
are used and how they were prepared for the simulations. 
 
For Methodology 1, used for the European territory (ET) in the FirEUrisk project, past 
fires on ET from 2001 to 2019 larger than 2000 ha were selected. There were 403 such 
fires. For their dates, maps of meteorological parameters were extracted from ERA5 by 
MeteoGrid, and finally, two map sets for two weather scenarios were prepared: 

• Average weather conditions (50th percentile) and 
• Extreme weather conditions (5th percentile for fuel moisture and 95th percentile 

for wind speed). 
 
For Methodology 2, used for selected Pilot Sites (PS) in the FirEUrisk project, historical 
fires in Split-Dalmatia County from 2008 to 2022 larger than 1 ha were collected with all 
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meteorological data. There were 117 fires (Figure 2). Eight weather scenarios were 
defined according to 8 wind directions (North, Northeast, East, Southeast, South, 
Southwest, West, Northwest). 
 
For each scenario, propagation potential indicators were calculated, again using the 
50th percentile scenario to represent average conditions and the 95th percentile 
scenario to represent extreme conditions.. 
 

 
Figure 2: Historical fires in Split-Dalmatia County from 2008 – 2022 bigger than 1 ha 
 
Results and conclusions 
For both methodology output maps considering surface fire behavior included: 

• Rate of Spread – R [m/s]  
• Reaction Intensity – RI [kW/m2], 
• Fireline Intensity – FI [kW/m] and  
• Flame Length – FL [m] 

 
and for crown fire behavior:  

• Crown Factor Burned – CFB [fraction], Crown Fire Activity (CFA) 
• Active and passive crown fire Rate of Spread – CR [m/s]  
• Active and passive crown fire Reaction Intensity – CRI [kW/m2], 
• Active and passive crown fire Fireline Intensity – CFI [kW/m] 
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• Active and passive crown fire Flame Length – CFL [m] 
 
Figure 3 shows as an illustration comparison of calculated fireline intensity for both 
methodologies and extreme conditions. 
 

 
Figure 3: Comparison of fireline intensity calculation for both methodologies and extreme 
conditions 
 
It is evident that Methodology 2 gives much higher results and, therefore, considering 
wildfire danger, as it is better to overestimate than underestimate, Methodology 2 is 
more suitable.. 
 
Final question: Why we doing all this?  
Our intention is to further improve the Croatian wildfire intelligent monitoring and 
surveillance system (Krstinić, 2024) OiV Fire Detect AI (OiV Fire Detect AI, 2024). 
Future improvements of this system will partly be based on these results. Operators will 
have two options considering propagation potential danger (hazard) and other wildfire 
risk indicators: 

1. The first will be based on these historical fires. For example, if a southwest wind 
is blowing, a firefighter operator could see which part has the most severe 
danger considering propagation potential indicators. 

2. The second is even more important. Propagation potential danger indicators 
(besides other wildfire risk indicators) will also be calculated dynamically on a 
daily basis using daily meteorological data (in cooperation with the Croatian 
Hydrometeorological Service – DHMZ), so operators will have insight into (daily) 
real-time wildfire risk indicators. 
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We hope that this will further improve safety from wildfires in Croatia. 
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