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ABSTRACT:

Fire exposure describes the spatial juxtaposition of values with fire behaviour in terms of likelihood and intensity. Wildfire exposure
analysis is based on the estimation of the potential wildfire intensity and on the burn probability. Fire modelling can produce
spatially explicit information on fire spread and behaviour, and offers a feasible method to simulate, map, and analyse fire exposure.
FlamMap Minimum Travel Time (MTT) algorithm (Finney, 2006) was used to conduct wildfire simulations considering historical
data of fuel moisture conditions and winds, as well as the most frequent wind directions and historical ignition locations (2005-
2018). Analysis was conducted on spatial and quantitative variations in selected fire hazard and exposure factors, namely Burn
Probability (BP), Conditional Flame Length (CFL) and Fire Size (F). We observed pronounced spatial variations among and
between municipalities in the factors, especially for those in the northern and southern parts of Ardabil. The variations across the
burnable area of the municipalities can be fundamentally related to a number of factors, including spatial variation in ignition
locations, fuel moisture and load, weather conditions, and topography of the terrain. The findings can provide information and

support in wildfire management planning and fire risk mitigation activities.

1. INTRODUCTION

Available methods to estimate the potential fire impacts can be
divided into two categories: risk-based and hazard-based. Both
types of methods estimate the potential consequences of
possible events. Risk-based methods also analyse the likelihood
of scenarios occurring, whereas hazard-based methods do not
(Hurley and Bukowski, 2008). Wildfire risk is the likelihood of
a fire occurring, the associated fire behaviour, and the impacts
of the fire. Risk mitigation is achieved when any of the three
parameters (likelihood, behaviour and/or impacts) are reduced
(Calkin et al., 2011; Scott et al., 2013).

A spatial wildfire risk assessment can provide information to
support decision-making, for example, to optimize the
allocation of wildfire prevention and fire-fighting resources and
to reduce fire effects or impacts on valued resources (Taber et
al., 2013; Ahmed et al., 2018). Wildfire exposure analysis is
one component in risk assessment, and describes the spatial
juxtaposition of values with fire behaviour in terms of fire
likelihood and intensity, but does not explicitly describe the
impact of wildfire events (Ager et al., 2014; Barnett et al.,
2016). Quantitative, spatial wildfire risk and exposure
assessment methods are increasingly being applied, to improve
fire management programs (Chuvieco et al., 2012; Salis et al.,
2013, 2015; Alcasena et al., 2015, 2017; Palaiologou et al.,
2018). This paper presents a fire exposure assessment at
landscape scales in Ardabil, NW Iran that may serve as a proxy
for wildfire risk. Fire simulation modelling using the minimum
travel time (MTT) fire spread algorithm of Finney (2002) are
implemented in FlamMap 5 (Finney, 2006) to explore spatial
patterns of wildfire exposure factors considering historical
conditions of winds, and ignition locations.

2. MATERIAL AND METHODS
2.1 General Description of the Study Area

We considered Ardabil as our study area (Figure 1), in the
northwestern of Iran. The population of Ardabil is
approximately 1,270,000. The climate of the area is considered
severe during winters, and mild to warm and dry summers for
only three months. The annual average precipitation of the area
is 230 mm, and rainfall events are limited in the summer period
(33 mm from June to September). The annual mean temperature
is 7.5 °C, while from June to September is 18 °C (Figure 2).
Monthly average value of maximum temperatures in January,
and June and July during 2005-2018 were recorded -30°C and
+35°C, respectively. The area is characterized by semi-steppe
rangelands, pastures and dry-land agricultures and on the
southwest it is also covered with forestland.

During the study period (2005-2018), from June to September,
Ardabil experienced ~100 fires and 650 ha of burned area per
year. Approximately 80% of fires burned less than 10 ha,
accounting for only 17% of the overall burned area. Less than
1% of the total number of fires had the area burned more than
100 ha. The year with the largest burned areas (2010) was
associated with dry weather condition, severe heat waves,
strong winds and considerable accumulation of fine dead fuel.
Almost all ignitions are related to anthropogenic factors, and
were mostly concentrated from June to September.

2.2 Data Requirements

In order to conduct the fire simulations for the study area, data
on historical wildfires, weather parameters and spatial data such
as topography and fuels are needed. Historical fire occurrence
database (ignition dates, municipality of ignition, coordinates,
and final fire size) included observations from 2005 to 2018
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(from the Ardabil Natural Resources Department and FRWO,
Iran, 2018).
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Figure 1. The spatial extent of the study area, showing the
province boundaries, weather stations, and elevation (a), Fuel
models (Anderson, 1982; Scott and Burgan, 2005) (b), and
Ignition probability grid (IP), generated from the historical fires
for the period 2005-2018.

An ignition probability grid (IP) was built from historical
ignition locations using inverse distance weighting (ArcMap
Spatial Analyst) with a search distance of 5000 m, considering
all fire ignition coordinates for the study period (Fig. 1c).

Weather data for the fire modelling were derived from Bile
Savar and Khalkhal weather stations located respectively in the
north, and south of Ardabil (Figure 1a).

Topography data grids (elevation, slope, and aspect) were
obtained from the 30-m resolution digital terrain model (Figure
1a). Surface fuels (Anderson 1982; Scott and Burgan, 2005)
(Figure 1b) and the canopy cover characteristics (canopy height,
canopy cover, canopy base height, and canopy bulk density)
were assigned based on the 1:25000-scale land use land cover
map of 2016. For the fuel model assignment to the different
land cover, we considered the vegetation characteristics such as
species composition, cover, thickness, and shrubs and
herbaceous fuels heights. Topography, surface fuel, and canopy
metric raster grids were processed with ArcFuels 10 (Ager et
al., 2011) as required by FlamMap (Finney, 2006), in a 100-m
resolution landscape file (LCP).
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Figure 2. Average temperature (maximum, mean and minimum)
and cumulative precipitation from June to September in Ardabil
for the period 2005 to 2018.

2.3 Fuel Area by Municipality

Variation existed in the burnable area with different fuel models
(Anderson, 1982; Scott and Burgan, 2005) among the
municipalities due to different proportions of burnable fuels
(Table 1). Non-burnable fuels resulted in burn probabilities of
zero in the simulations. In particular, large areas of the
Khalkhal, Kowsar, Meshgin Shahr, Nir and Ardabil with
grasslands are considered burnable in a wildfire context.

Table 1. Area in burnable and non-burnable fuel models by
municipality.

Fuel Model (ha)

Burnable Fuel Non Total
Burnable
GRI  GR? GSI Modl Moed2 SH2 SHS TL6 TUL TU3  pye(\p)

Municipality

Sareyn 1029 1269 193 - 23 1379 73 - - - is 4004

BilhSavar 162 635 - 9458 3576 1203 2758 - - - 162 17956
Germi 2880  ISL1 - 8288 6101 1022 247 504 - 05 55 2016.1
Khalkhal 1589 3122 1311 520 10731 4752 669 0 3880 1274 91 27944
Kowsar 911 5964 12 377 3670 763 407 0 491 70 3l 127197
“\‘;:‘h'r‘“ 2079 7620 2233 3845 891 7365 5052 185 - 22 259 37642
Namin 461 2640 413 931 1064 486 47 374 - - 48 946.7
Nir 1849 7658 315 360 1158 108 752 - - - 41 12246
Parsabad 2743 603 1282 1694 701.0 1253 185.1 - - - 1632 1413.1
Ardabil 6280 6204 849 0 6167  86.1 0 68 1649
Total 20517 37229 6709 25474 48484 19194 12609 609 4381 1372 14274 17800

2.4. Wildfire Simulation

According to fire modelling approach, multiple datasets and
geospatial inputs are gathered, then separated simulations for
the most frequent weather conditions of the wildfire season
were conducted, to obtain different sets of outputs at modelling
resolution in the study area. FlamMap fire model uses the
minimum travel time fire spread algorithm (Finney, 2002),
which is optimized for processing large numbers of fires. In this
study, 10,000 wildfire events were simulated to replicate recent
fire events in the area and generate detailed maps of burn
probability (BP), conditional flame length (CFL), and fire size
(FS). The BP for a given pixel is an estimate of the likelihood
that a pixel will burn given a random ignition within the study
area and burn conditions similar to the historical fires (Ager et
al., 2012). The BP is defined as (1):
BP =F/n (1)

where F is the number of times a pixel burns and n is the
number of simulated fires (10000).

The fireline intensity (FI — kW/m) for a given fuel type and
moisture condition can be calculated from the fire spread rate
normal to the front (Byram 1959; Catchpole et al. 1982), and
then it is converted to flame length (FL — m) based on Byram’s
(1959) equation (2):

FL = 0.0775 (FI) 046 (2

Conditional flame length is the probability weighted flame
length given a fire occurs and is a measure of wildfire hazard
(Ager et al., 2010), while it is calculated by incorporating the
flame length distribution generated from multiple fires burning
each pixel in equation (3):

BP;

CFL:EFEL(HL) (Fi) @)

where Fi is the flame length midpoint of the ith category.

Text files containing the size (FS, ha) and ignition coordinates
were used to analyze spatial variation in the size of simulated
fires.
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Six weather scenarios were defined by wind speed, azimuth,
and frequency derived from historical observation during fire
season (June—September) in the study area (40°, 70°, 100°,
130°, 160° and 190°). Fire ignitions were distributed within the
modelling domain according to IP, and then every fire was
independently modelled considering the weather scenario.

During fire simulation, weather conditions were held constant,
and fire suppression efforts were not considered due to the lack
of the information. Although suppression activities have a very
limited influence on wildfire growth during peak fire events
(Alcasena et al., 2015, 2016).

The wildfire scenarios were created with a fire period of 5
hours, which is the common average duration, and 0.01 spot
probability. Output analysis, as well as input data assembling
are facilitated by other advanced models and tools as ArcFuel
10 (Ager et al., 2011), implemented for ArcGIS 10.4.1. Spatial
variation in BP, CFL and FS were analysed among
municipalities of the study area with no-uniform landscape
topography, weather condition and land cover to determine the
relative wildfire exposure.

3. RESULTS
3.1 Wildfire hazard and exposure

We obtained burn probability (BP), conditional flame length
(CFL), and fire size (FS), from fire modelling. BP is a pixel-
level wildfire likelihood estimate obtained from the proportion
of fires that burned each pixel given a fire occurs under weather
conditions within the modelling domain. BP varied both among
and within municipalities (Table 2, Figure 3). BPs were
arbitrarily categorized for tabular and display purposes in four
classes. The highest BP values were observed for Kowsar and
Bile Savar (10 percent in burn probability class 4). In contrast,
BP for the Khalkhal, and to a lesser extent, Sareyin, Germi, Nir
and Ardabil exhibited the lowest burn probabilities. On both a
percentage and absolute basis, BPs for the Khalkhal were
concentrated in BP classes 1 and 2. The non-burnable fuels
present in the study area, mostly related to densely developed
areas, as well as agricultural irrigation lands and water bodies
were barriers to fire spread and reduced the burn probability in
the central and eastern regions such as the city centre of
Ardabil.

Wildfire hazard was defined as the average flame length of all
simulated fires that burned a given pixel. Hazard was calculated
as the probability weighted flame length among the flame length
intervals output from the model (Calkin et al., 2010). The
outputs were then placed into categories corresponding with the
response function flame length categories of Low (L= 0-0.6 m),
Moderate (M= 0.6-1.8 m), High (H= 1.8-3.6 m), and Very High
(VH=>3.6 m) (adapted from Andrews et al., 2011) (Table 2).

Table 2. Area in Burn Probability (BP) and Fire Size (FZ)
classes, and the L, M, H, and VVH wildfire hazard categories by
municipality. Categories defined as L= 0 to 0.6 m, M= greater
than 0.6 to 1.8 m, H= greater than 1.8 to 3.6 m, and VH=
greater than 3.6 m. Hazard is defined as the average Conditional
Flame Length (CFL) of the simulated fires.

Area in burn probability classes (km?)  Fire hazard categories (km?) Area in fire size (ha) classes (km?)

Municipality 1 2 3 4 1 2 3 4
ooo00s V00050002 0004 LM H  VH e 1607 3404 6332
0002 0004 0013 160.7 3404 6332 16979
Sareyn 2629 1176 194 02 3006 988 06 - 2012 1169 721 02
BilehSavar 9245 4460 2365 1876 16553 1397 08 - 2943 3156 4927 6924
Germi 1275 4850 1948 6L6 19493 674 0 - 7933 4412 4Ll 3707
Khalkhal 20655 59105 1221 IS8 19692 8236 15 0003 23922 3769 254
Kowsar 4967 4461 2060 1302 5316 69 14 - 4359  S848 2583
Meshgin - 5)p1 11323 3398 800 26046 1136 234 0005 24217 10071 333 24
Shahr
Namin 6462 2158 303 39 7942 1522 005 - 6790 1630 1044
Nir 4798 5086 1583 775 6321 S9L6 096 - 2631 344 €70 -
Parsabad 6635 4927 2355 216 1162 2423 145 - 6944 3280 3421 483
Ardabil 13012 5542 1546 IS46 16155 5307 179 - 12124 5363 393 365
Total 103277 49897 16978 7834 13209 4529 614 0008 93980 42046 30461 11508

In general, moderate hazard values were observed within all
municipalities and were associated with the continuity of
wildland vegetation and relatively dry climate in the southern
part and because of the concentrated farming activities in the
northern part. Across all municipalities, less than 1 percent of
the total burnable area was assigned to the H hazard category,
26 percent to the M category, and 74 percent to the L category.
Negligible areas of the burnable area in Khalkhal and Meshgin
Shahr were in the VH hazard category. Kowsar and Nir
contained the largest area on both a percentage and total area
basis in the M category (58 and 48 percent, respectively, table
2). Bile Savar and Germi show relatively minor area within the
M hazard category (7.7 and 3 percent, respectively). Nearly all
the burnable area in the Bile Savar, and Germi were in L
category (92 and 96 percent, respectively). Other largest
percentage of area in the L hazard category, were estimated in
Namin, Ardabli and Sareyn.

The fire size (FS) output assigned a value (ha) to every fire
ignition coordinates on a fire list file. Large differences in FS
among the municipalities were obtained, especially between the
northern municipalities and others. The highest FS values were
observed in Bile Savar (38 percentage in FS class 4). FS for
Khalkhal, Namin and Meshgin Shahr exhibited the lowest
values (83, 72 and 64 percent in FS class 1, respectively).
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Figure 3. Output maps of BP (a), CFL (b), and FS (c),
considering the historical fires and weather condition in the
study area for the period 2005-2018.

4. CONCLUSIONS

The MTT fire spread algorithm coupled with advanced
geospatial tools can be useful for quantifying exposure profiles
and identifying landscapes able to support large and severe
fires. Fire likelihood and intensity maps, as well as fire exposure
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profiles are substantial to landscape managers and policy
makers for prevention, mitigation and monitoring strategies.
The modelling approach presented in this study has many
applications for fire risk assessment and management in the fire-
prone landscapes in Iran, where most fire ignitions are linked to
anthropic activities and few long-distance-spreading large
wildfires cause most of the damage. Although the method
should be carefully evaluated and modified accordingly (if
needed) prior to adopting in other areas.

Analyses of wildfire exposure were conducted at municipality
level and results were developed for the 10 municipalities
included in Ardabil. The work allows discriminating areas that
should be targeted for mitigation and prevention planning. BP
and FS values across all municipalities (Figure 3a-c) can
suggest different prevention and management strategies, as for
instance planning fuel treatments on burnable areas
characterized by highest fire intensity values.

Variation in CFL among simulated fires is caused by a number
of factors, including wind speed, fuel moisture, and the
direction of fire arrival relative to the maximum spread
direction. Bile Savar, and Germi, Namin, Ardabli and Sareyn
were almost entirely in the L and M hazard categories
(CFL<1.8m) reflecting relatively moderate weather and fuel
moisture conditions. In contrast, Parsabad, Ardabil and
Meshgin Shahr presented the highest percentage of burnable
area in the H hazard category (with very small area). CFL
spatial variation was completely affected by the spatial
distributions of the historic ignition point densities.
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