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Abstract

We explore the forecasting capability of two spatially-explicit fire spread models, HFire and FARSITE, and the
potential of combining fire spread models and satellite data. A well-documented wildfire that occurred in
southern Portugal in July 2012 (approx. 24800ha) is investigated. Accuracy of the fire spread models is
evaluated by comparing simulated fire spread perimeters with the reported spatio-temporal distribution of the
wildfire event, at three different time steps. Results show good agreement between the simulated and observed
burned area perimeters (Sgrensen metric). Some differences are found in specific fire propagation time intervals.
When simulations are initialized using the reported ignition point, FARSITE progressively shows an
underestimation of the fire’s time of arrival, whereas HFire shows an overestimation for some time steps.
Initializing fire-spread simulations with active-fires ignition points improves time of arrival predictions for some
time steps. FARSITE is able to predict abrupt changes in rate of spread and fire line intensity, consistent with
the reported information for the wildfire event. Both models show good capability to forecast fire spread. The
use of fire spread models with satellite data has great potential since the combination of both improves fire
growth and behavior predictions, providing valuable supplementary information to fire management and
decision support during large wildfire events.

Keywords: HFire, FARSITE, fire spread modelling, satellite active-fires, fire suppression, MODIS, fire
behaviour

1. Introduction

Portugal has one of the highest fire incidences in southern Europe with extreme landscape
susceptibility to fire, aggravated during the last four decades due to rural abandonment (Pereira et al.
2005). In recent years, catastrophic fires that occurred under extreme weather conditions have
challenged the country’s fire suppression capabilities.

In Portugal, burnt area extent is mainly controlled by two factors: long dry periods without
precipitation in late spring and early summer (climate anomaly), and the occurrence of very intense
hot and dry spells in days of extreme synoptic conditions (weather anomaly) and in fact, 80% of the
burnt area is due to fire events occurring in 10% of summer days (Pereira et al. 2005). During the 2003
fire season, extremely anomalous weather conditions were observed, with a devastating sequence of
large wildfires resulting in a total of 450.000ha of burned area, approximately twice the previous
highest record (220.000ha in 1998) and four times the 1980-2004 average (Trigo et al. 2006). Future
climatic scenarios show an increase in fire risk in the Mediterranean basin (Mouillot et al. 2002;
Moriondo et al. 2006; Flannigan et al. 2009). In particular, Portugal is expected to experience a
temperature increase in spring and summer and an increase in the frequency of heat waves (Ramos et
al., 2011), likely leading to longer and more severe fire seasons with greater incidence of large
uncontrolled wildfires.

Predicting fire spread and behaviour during large wildfire events can greatly improve the efficiency of
fire suppression, providing valuable information during firefighting activities enabling more efficient
resource allocation and implementation of control lines. One of the most effective tools to study how
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the main drivers of wildfire spread and behaviour interact - meteorological conditions, topography and
vegetation - is fire spread modelling (Keane et al. 2004).

Recently, some authors have also explored the potential of satellite data to monitor large wildfire
events (Smith et al. 2005; Loboda et al. 2007). For example, the MODerate Resolution Imaging
Spectroradiometer sensor (MODIS) has been integrated in operational systems to assist fire managers
detecting active-fires that are burning at the time of overpass (Lee et al., 2002), providing inter- and
intra-daily spatio-temporal distributions of individual wildfire events propagation, which is usually
done by post-fire collection of field data and interviews. Coen & Schroeder (2013) have used spatially
remote sensing data to initialize and evaluate coupled weather-wildfire growth model simulations, with
improved results from this approach arising from initialization with more current weather analyses and
updated maps of fire location.

In this paper, we explore the capability of two spatially-explicit landscape fire spread models - HFire
(Petersen et al. 2009) and FARSITE (Finney 1998) - to forecast fire spread and behavior during a large
fire event, and the advantage of combining fire-spread modelling with satellite data. Inaccuracies in
input data (e.g. maps of surface fuels developed without field validation; inaccurate estimates of
canopy cover and crown characteristics) produce errors that propagate during simulations. Combining
simulations with satellite-derived active-fires from consecutive MODIS passages can help overcome
some of these errors, since simulations are updated in space and time at each passage. The feasibility
of these approaches is examined based on the analysis of a well-documented wildfire that occurred in
Tavira, southern Portugal in July 2012 (Tavira wildfire hereafter). The performance of both fire spread
models is evaluated by comparing the observed fire perimeter with the simulated fire perimeters and
the temporal distribution of the Tavira wildfire, derived from the information reported for the event.
A performance assessment from the combined use of both tools is also performed.

2. Methods

2.1. Fire spread models

HFire (Highly Optimized Tolerance Fire Spread Model) (Morais 2001) is a computationally efficient
raster-based fire growth model capable of simulating surface fire spread (Rothermel 1972) through
shrubland fuels. HFire uses an adaptive time step allowing for the fire to spread into a cell from all
neighbouring cells over multiple time steps (contact-based approach). It has been developed to support
simulations of single fire events and long-term fire regimes (Petersen at al. 2009; Petersen et al. 2011).
FARSITE (Fire Area Simulator) is a two-dimensional deterministic fire growth and behaviour model,
developed by the USDA Forest Service, and widely used to simulate wildfire spread (e.g. Keane et al.
2001; Stratton 2004; Loureiro et al. 2006; Arca et al. 2007). FARSITE incorporates a surface fire
spread model (Rothermel 1972), and additional crown fire spread, spotting, post-frontal combustion
and fire acceleration models. The spatial growth of fire perimeters is based on Huygens’ Principle of
wave propagation (Finney 1998).

2.2. Model inputs and parameters
The variables required for modelling an individual fire event are similar in both fire spread models
(Table 1).

Advances in Forest Fire Research — Page 737



Chapter 3 - Fire Management

Table 1. List of input variables and outputs for FARSITE and HFire landscape fire spread models.

Inputs types  HFire FARSITE
Landscape Elevation (m) Latitude (°) Canopy cover (%)
(GIS layers)  Slope (°) Elevation (m) Canopy height (m)
Aspect (°) Slope (°) Canopy base height (m)
Fuel (categories) Aspect (°) Canopy bulk density (kg m™)
Fuel (categories)
Fuel Fuel model Fuel model, Fuel rate of spread adjustment
Fuel  moisture  (10-hr,  live Fuel moisture (1-hr, 10-hr, 100-hr, live herbaceous,
herbaceous, live woody) (%) live woody) (%)
Weather Precipitation (mm)

Relative humidity (%)
Temperature (°C)
Cloud cover (%)

Winds Wind speed (km ht) Wind speed (km ht)
Wind direction (°) Wind direction (°)
Ignition Ignition point Ignition point
Outputs Burned area Fire perimeters
Time of arrival (hours) Fire behavior parameters:

Time of arrival (hr); Fire line intensity (kW m™);
Flame length (m); Rate of spread (m mint); Heat per
unit area (kJ m2); Reaction intensity (kW m2)
Crown-noCrown (cat.); Spread direction (cat.)

Aspect, elevation and slope maps were derived from the Digital Elevation Model provided by the
Shuttle Radar Topography Mission (90m resolution). Canopy cover was derived from the MODIS tree
cover dataset (250m resolution) (DiMiceli et al. 2011).

Fuel maps consisting of the 13 fire behavior fuel models (Anderson 1982) were produced by the Tavira
and Sao Bras de Alportel municipalities, for the Municipal Forest Defense Plan Against Fires.

In order to have the most representative wind data at the time of the fire, wind speed and direction
were obtained from the ENEOP2-MJ250 (Exploracdo de Parques Eolicos SA) station (Viegas et al.
2012). WindNinja (Forthofer et al. 2009) was used to model the prevailing hourly wind inputs,
simulating the spatially varying wind fields given the effect of topography. The meteorological data
used in this study was collected from the Faz Fato weather station (http://www.wunderground.com/).
Temperature, relative humidity and precipitation were summarized on a daily basis, using the time of
maximum and minimum temperature. Cloud cover was assumed to be zero for the entire simulation
period.

Reference values for live fuel moisture in the dry season for chaparral fuels (Morais 2001) were used
for live herbaceous and woody fuels, 50% and 70 % respectively, in both models. The 10-hr dead fuel
moisture, required by HFire in an hourly basis, was estimated using an algorithm based on Nelson’s
dead fuel moisture model (Nelson, 2000), which determines moisture content of dead and down woody
fuels. For FARSITE, initial fuel moistures were set at 5, 8 and 10% for 1-hr, 10-hr and 100-hr dead
fuels respectively. These values were empirically derived from the previous estimates for HFire.

2.3. Case Study — background and description
All the descriptive information referred in this section, related with the case study, was obtained from
three reports (ANPC 2012; ICNF 2012; Viegas et al. 2012). These reports thoroughly describe the
development and behavior of the Tavira wildfire event, providing the qualitative and quantitative
information necessary to assess the performance of the fire spread models.
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The Tavira wildfire occurred between the 18" and 21% of July 2012, in the Tavira and S&o Bras de
Alportel municipalities (Figure 1). It burned approximately 24.800ha, mainly through shrubland (61%
of the affected area), and was one of the largest fires recorded in the last years.
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Figure 1. Location of the Tavira Wildfire occurred in July 2012 (Portugal)

The area affected by the fire is orographically heterogeneous, with steep slopes (>20%) covering most
of the area and higher elevation in the north part of the Tavira municipality. Less steep terrain (between
0 and 20%) and lower elevation are found at the southeast area of Tavira and southwest area of the
Sdo Bras de Alportel municipality, reaching zero meters at several locations (Figure 2). Maximum
temperature presents annual mean values between 10°C and 22°C, ranging from 25°C to more than
30°C in August, with maximum absolute temperatures around 39°C. In the summer, relative humidity
registers mean values below 65%.
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Figure 2. Slope and elevation maps of the study area

In 2012, the precipitation was 45% below the normal record and all the study area was in extreme
drought condition, with a soil water content value below 10% at the time of the fire. The vegetation
moisture content was estimated to be less than 80% for woody fuels, from 5 to 7% for fine fuels, and
no higher than 7% for herbaceous fuels. In addition, the years of 2010 and 2011 experienced above
average precipitation favoring vegetation growth and fuel build up. Fire danger as per the Canadian
Fire Weather Index (FWI) System was Extreme with FWI1=56.7 as the average for the most active
period of the fire.

The Tavira wildfire was first reported at 14h10 July 18" contained at 17h46 on July 21% and
considered completely extinguished on July 27"". Two important stages for our analysis are identified
and will be briefly described.

First stage — Initial development, from 14h10 July 18" to 18h00 July 19" (approx. 28 hours)

The fire burned approximately 5000ha (approx. 20% of total burned area) under favorable conditions
for fire spread: fuel moisture was very low, allowing for embers (projected up to hundreds of meters)
to ignite and result in multiple spot fires; weak wind but highly variable in direction, causing the fire
to spread in every direction and making the initial attack difficult. Fire suppression was hampered by
the unfavorable steep, rugged terrain. The unfavorable steep, rugged terrain hampered fire suppression.
The fire started spreading through steep slopes along the Ribeira de Odeleite basin (Figura 3).
Second stage — conflagration with very fast spread towards south, from 18h00 July 19" to 1h00 July
20 (approx.7 hours)

The fire reached the Ribeira de Odeleite basin and turned into a major conflagration, turning fire
suppression extremely difficult. Several factors led to this loss of control. Reaching Ribeira de
Odeleite, the fire increased its intensity by aligning with canyons and steep slopes, spreading alongside
the basin. An increase in wind speed led to fast and intense fire growth towards south with a 10km fire
front with two advanced fronts heading west and east to the Sdo Bras de Alportel and the Tavira
municipalities respectively. Spotting occurred up to two kilometers from the fire front. Fire spread
between this stage and the final southern limit in approximately 7 hours.

2.4. Simulation framework
The spatial resolution of the gridded data was set to 100 meters and the temporal resolution was set to
1 hour time step for both models. Fire suppression activities were not simulated in either model. In
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FARSITE, fire acceleration and No-Wind No-Slope rate of spread for the spread rate of backing fires,
were enabled during simulations. Rate of spread adjustment was set to 1.0 (no adjustment). Three
different time steps (Table 2), i.e. burning periods are simulated, based on the documented Tavira
wildfire development and behavior (Figure 3).

Table 2. Time steps used to evaluate FARSITE and HFire performances.

Time step  Time of arrival Milestones

1 2012-7-19 18h00  The fire reached Ribeira de Odeleite

2 2012-7-19 21h00  Blow-up fire behavior, until the fire front reached the area burned
in 2009

3 2012-7-20 1h00 The fire reached its south limit

[ Fire penmetes " Time of Arrival (reported) ’X

— 2012-7-19 181 N

@ ignition point 2012-7-19 21h (approx )
— 2012-7-20 1h

Figure 3. Spatial representation of the fire’s time of arrival, for the three defined time steps (Time step 1 corresponds
to Ribeira de Odeleite)

Three simulations were performed for both fire-spread models: simulation 1 - initialized at the reported
ignition point (start: 2012-7-18 14h); simulation 2 and 3 — initialized with satellite-derived active-fires
ignition points from MODIS passages (start: 2012-7-18 22h and 2012-7-19 14h, respectively).

2.5. Simulations performance assessment

The performance of the fire simulations was assessed both spatially and temporally, using the
observed burned scar fire perimeter (ICNF 2012) as reference. We used the Sgrensen coefficient
(Legendre and Legendre, 1998) which indicates the exclusive association between the simulated and
the reference burned areas (Eq. 1):

2a
(2a+b+c¢)

(Eq. 1)
where a is the intersection of the burned area in the two models, b is the area burned exclusively by
the model, and c the area exclusively burned in the actual event. A value of 1.0 indicates perfect
agreement.
Other descriptors used to evaluate fire spread simulations performances were the time of arrival
(TOA), rate of spread (ROS) and fire line intensity (FLI). FLI is commonly used as a measure of fire
suppression capacity (Andrews and Rothermel 1982).
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3. Results and discussion

The Tavira wildfire spread mainly towards southeast, with winds from northeast, which is clearly
observed in the simulations performed with FARSITE (Figure 4) and HFire (Figure 5). However, both
models underestimated the burned area in the west part. The wind forecast predicted winds from east,
which was not reflected in the wind data used to simulate the event and can explain the lack of burn in
the west flank of the fire.

" MODIS active fires:
a) @ Ignition point b) * TOA2012.7-18 22h C)

Time of Arrival
2012-7-1921h
v N Il 2012-7-20 1h [ Fire Perimeter
MODIS actve fres 0 2 dkiometers N 5012-7-1918h  —— Ribeira de Odeleite

* TOA2012.7-19 14h L1

Figure 4. Spatial representation of the simulated time of arrival at the different time steps, using FARSITE. a)
Simulation 1 - initialized at the reported ignition point (start: 2012-7-18 14h); b) Simulation 2 - initialized with
satellite-derived active-fires ignition points (start: 2012-7-18 22h); c¢) Simulation 3 - initialized with satellite-derived
active-fires ignition points (start: 2012-7-19 14h).
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Figure 5. Spatial representation of the simulated time of arrival at the different time steps, using HFire. a) Simulation
1 - initialized at the reported ignition point (start: 2012-7-18 14h); b) Simulation 2 - initialized with satellite-derived
active-fires ignition points (start: 2012-7-18 22h); c) Simulation 3 - initialized with satellite-derived active-fires
ignition points (start: 2012-7-19 14h).

To evaluate FARSITE and HFire performances, the spatial and temporal agreement between the three
time steps of the Tavira wildfire (Table 2, Figure 3) are compared with the three time steps obtained
for each simulation with both models.

FARSITE’s simulations of burned area and TOA are shown in Figure 4. FARSITE’s simulation 1
shows good agreement between the simulated and observed TOA for time step 1, but both estimated
TOA for time steps 2 and 3 were underestimated. As expected, starting simulation 2 with active-fires
ignition points from the MODIS passage at 22h00 July 18", improved the estimated TOA of time step
2, now equivalent to the observed TOA for the Tavira wildfire, but continued to underestimate time
step 3. Starting simulation 3 with active-fires ignition points from the MODIS passage at 14h00
July19™ underestimated both the estimated TOA for time steps 2 and 3. These differences are probably
due to different fuel models available at the start of each simulation, given that in simulation 2 the fire
started spreading mainly through grass (fuel models 1 and 2), and in simulation 3 it began to spread
mainly through shrub (fuel model 6). Duguy (2007) and Arca (2005) refer the need to increase the
ROS adjustment factor for fuel model 6, in order to tune fire spread growth during simulations. Since
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this fuel model covers approximately 46% of the area affected by the fire, it can be one of the reasons
why all simulations underestimated time step 3, and simulation 3 in particular underestimated time
steps 2 and 3.

TOA of time steps 1 and 2 were overestimated for HFire’s simulations 1 and 2 (Figure 4). Starting
simulation 2 with active fires ignition points from the MODIS passage at 22h00 July 18™, did not
change the fire’s time of arrival. Setting the ignition points with active fires from the MODIS passage,
at 14h00 July 19, improved the estimated TOA of time step 2, now equivalent to the observed TOA
for the Tavira wildfire, but underestimated time step 3. Again, this underestimation may be related to
the fuel type at the ignition location.

The SC values were calculated for each FARSITE and HFire simulations, at the defined times steps
(Table 3). Results show good agreement between observed and modeled perimeters for time step 3,
for both fire spread models.

Table 3. Values of the Sgrensen coefficient for time steps 1, 2 and 3, for the 3 simulations performed with FARSITE

and HFire.
Simulation 1 Simulation 2 Simulation 3

FARSITE Timestepl 0.29 0.43 -

Time step 2 0.41 0.55 0.40

Time step 3 0.60 0.71 0.68
HFire Time step 1 0.60 0.61 -

Time step 2 0.72 0.72 0.53

Time step 3 0.73 0.68 0.74

Overall results show the best TOA estimates for FARSITE and better SC values for HFire, which was
also able to burn into areas that did not burn in FARSITE. When Petersen (2009) compared both
models performances, concluded that HFire was better at using narrow corridors to reach additional
areas of fuel. While vector-based fire growth models (like FARSITE) produce more realistic fire
shapes, raster-based models like HFire can cope better with heterogeneity in fuels and weather (French
et al. 1990).

For the period between time step 2 and 3, the reported ROS ranged from 20m/min to 25m/min. Figure
6 shows the spatio-temporal variation of the ROS simulated by FARSITE. The simulations predict
lower spread rates in the same period. The mean values of ROS for the referred time step, for
simulations 1, 2 and 3, were 9 £ 6 m/min, 12 £ 10 m/min, 10 £ 8 m/min respectively. These values are
an underestimation of the observed ROS. Nevertheless, simulation 2 presented higher ROS values
when compared to simulation 1 and 3. Arca (2005) developed a custom fuel model for shrubland
vegetation (maquis) that provided more realistic values of ROS when compared to the values obtained
using the standard fuel models. Custom fuel models have also been developed for Portugal (Fernandes
et al. 2009), and will be considered in future work to produce more realistic ROS estimates.
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Figure 6. Spatial variation of rate of spread simulated using FARSITE. a) Simulation 1 - initialized at the reported
ignition point (start: 2012-7-18 14h); b) Simulation 2 - initialized with satellite-derived active-fires ignition points
(start: 2012-7-18 22h); ¢) Simulation 3 - initialized with satellite-derived active-fires ignition points (start: 2012-7-19
14h).

The Tavira wildfire blow-up behavior, once the fire passed Ribeira de Odeleite is apparent in all
simulations, with FLI values simulated by FARSITE generally ranging from 350 to 1750 kW m*
(Figure 7), meaning fires are too intense for direct attack on the head by persons using hand tools and
equipment such as dozers, pumpers, and retardant aircraft can be effective.
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Figure 7. Spatial variation of fire line intensity simulated using FARSITE. a) Simulation 1 - initialized at the reported
ignition point (start: 2012-7-18 14h); b) Simulation 2 - initialized with satellite-derived active-fires ignition points
(start: 2012-7-18 22h; c) Simulation 3 - initialized with satellite-derived active-fires ignition points (start: 2012-7-19
14h).

4. Conclusions

In this paper we evaluated the capability of two landscape fire spread models, FARSITE and HFire, to
forecast the development of the Tavira wildfire event. A first assessment of the combination of fire
spread modelling and MODIS satellite derived active-fires was also performed.

Both fire spread models showed similar estimates regarding fire spread direction and shape. FARSITE
produced better time of arrival estimates, i.e. for a given time step, the spatial distribution of the fire
front (observed vs. simulated) were similar. HFire presented better Sgrensen coefficient values and
was also better able to cope with heterogeneity in fuels, reaching additional areas of fuel not burned
during FARSITE simulations. However, FARSITE incorporates several other modules other than
surface fire spread, taking into account phenomena (crowning and spotting) that play an important role
in fire growth during extreme wildfire conditions. It also outputs important fire behavior descriptors
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other than time of arrival and burned area. FARSITE was capable of anticipating abrupt changes in
rate of spread and fire-line intensity, useful to identify opportunity windows for fire control.
Combining fire spread simulations with satellite-derived active-fires allows splitting a single
simulation for the entire duration of the event, into as many simulations as the number of satellite
passages, attenuating the errors that propagate throughout a single simulation, since simulations are
updated in time and space at each satellite passage. We conclude that this combination improved time
of arrival estimates and Sgrensen coefficient values for some time steps, presenting great potential for
use in near-real time fire spread forecasts.

FARSITE and HFire show good capability to forecast fire spread. The combination of fire spread
models with satellite data improves fire growth and behavior predictions, providing valuable
supplementary information that can be used in fire management and decision support during large
wildfire events.
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