Modeling Forest Fire Spread Using
Cellular Automata and the CFFDRS

by

Ahnaf Ryan

A thesis
presented to the University of Waterloo
in fulfillment of the
research paper requirement for the degree of
Master of Mathematics
in
Computational Mathematics

Waterloo, Ontario, Canada, 2025

© Ahnaf Ryan 2025



Author’s Declaration

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis,
including any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

11



Abstract

With wildfires intensifying globally, accurate fire spread models are critical for effective
management. While Cellular Automata (CA) models have been widely used to simulate
fire spread, their integration with the Canadian Forest Fire Danger Rating System (CFF-
DRS), remains underexplored, particularly in accounting for overwintering drought effects
in Canadian forests. This research presents a novel forest fire spread model that integrates
a CA-based model with CFFDRS, incorporating an overwintered Drought Code adjust-
ment to account for persistent dry conditions from preceding fall and winter seasons [15].
CFFDRS consists of two primary systems: the Fire Weather Index (FWI) and the Fire
Behaviour Prediction (FBP). We combined the two primary systems with a CA framework,
using a 100m grid to simulate fire spread across three historical wildfires (Birch Complex,
Wentzel, and Zama Complex). One of the key inputs to this modelling framework was
the fuel types whose unavailability in datasets was a key challenge in our project. We
created an alternate solution where we mapped fuel types from land cover data using do-
main knowledge and fire season context. Our model achieved reasonable accuracy with
an average F'l-score of 0.70 and simulated burned area close to the reported burned area.
However, our model lacks the phenomenon of wildfire spotting where embers are carried
downwind, igniting new fires far away from the primary fire source. By integrating CFF-
DRS with CA and addressing overwintering drought, this model enhances the ability to
simulate fire spread in Canada’s boreal forests, offering a practical tool for fire management
teams to anticipate and mitigate forest fire impacts using forecasted weather data.
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Chapter 1

Introduction

An accurate forest re simulation model can help the forest re management team combat
sudden and unprecedented res. In 2023 alone, forest res in Canada have caused billions
of dollars in property damage and evacuated thousands of people [17].

In 1997, Karafyllidis, I., and A. Thanailakis, for the rst time, used cellular automata
to predict forest re spreading with good agreement with real forest res [14]. In China,
researchers have used Wang (1992) [30] model with the combination of Cellular Automata
(CA) to predict forest re spreading with reasonable accuracy [24]. Simulating forest re
spread with CA has been very popular in the research space in recent times [24]. Building
on this foundation, our study adapts CA to the Canadian context using the Canadian
Forest Fire Danger Rating System (CFFDRS).

In some areas in Canada, the degree of re danger may be modi ed by abnormal dry
conditions in the preceding Fall and Winter seasons [15]. Our study addresses this issue
by adapting CA to the Canadian context, incorporating an overwintered Drought Code
adjustment proposed in [15] to enhance predictive accuracy in Canadian forests. In our
research project, we have two separate goals:

1. Build a Forest Fire Spreading model using the Canadian Forest Fire Danger Rating
System with Overwintered Drought Code.

2. Test the robustness of our model with various initial ignition points of the re.



Chapter 2

Background Information

The Canadian Forest Fire Danger Rating System consists of several sub-systems of math-
ematical models that assess forest re danger and estimate re behaviour. In particular,
the two crucial components of the system are the Fire Weather Index (FWI) System and
the Fire Behaviour Prediction (FBP) System. The FWI system outputs several weather-
based indexes of re and re materials. The FBP system, on the other hand, provides an
estimate of the rate of re spread based on the outputs of FWI and some additional factors
such as terrain information and wind. Our particular interest is in calculating the rate of

re spread. We will begin by explaining the key components of the FWI system and then
proceed to detail the components of the FBP system. Finally, we will show how the rate
of re spread is calculated from all the components we have presented.

2.1 Canadian Forest Fire Weather Index (FWI) Sys-
tem

The Canadian Forest Fire Weather Index (FWI) System comprises six components that
provide numerical ratings of several fuel moisture codes and re behaviour indexes [25].
According to Stocks et al. (1989) [25], these components individually and collectively
estimate the e ects of fuel moisture and wind on re behaviour. In their research, they
present the six components as follows:

1. Fine Fuel Moisture Code (FFMC) : Represents the moisture content of ne
surface litter.



Figure 2.1: FWI Structure retrieved from [5]

. Du Moisture Code (DMC) : Measures the moisture in loosely compacted du
of moderate depth.

. Drought Code (DC) : Indicates moisture in deep, compact organic layers.

. Initial Spread Index (ISI) : Combines wind and ne fuel moisture for re spread
potential.

. Buildup Index (BUI) : Re ects the amount of fuel available for combustion.

. Fire Weather Index (FWI) : Provides a general measure of re intensity.

Van Wagner and Pickett developed the Fortran code to calculate each of the components
of FWI. The Swiss Federal Institute for Forest Snow and Landscape Research has translated
this code into pseudo code and mathematical equations [27]. From their website and [28],
we present the steps required to calculate the FWI components.

2.1.1 Fine Fuel Moisture Code (FFMC)

FFMC represents the moisture content of ne surface litter. According to Van Wagner [28],
the code is adapted from the Tracer Index for litter that rst appeared as the principal
component of an early danger rating system for eastern pine forests. Figure 2.1 shows that
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it requires temperature, relative humidity, wind and rain data. It comprises two phases:
the drying phase and the rainfall phase. We show below the steps required to calculate
FFMC for a particular day t.

Initial Calculation of me 1

We assume that the starting value of FFMC is 85 and denote the previous day value of
FFMC as FFMC; ;. Let m; and m; ; denote the ne fuel moisture content at day t and

t 1 respectively. Then, according to [27] and [29], the ne fuel moisture content from the
previous daym; ; is calculated as follows:

. _ . 101 FFMC,
M 1= 1472 oG (2.1)

Rainfall Phase

Let P denote the amount of rainfall in mm measured at noon. The e ective rainfalPs is

calculated as:
P 05 forP > 05
P = orr= (2.2)
o) otherwise

In case of rain P > 0:5), the ne fuel moisture content for wetting phasesmy is
calcul%ted as:

< m; 1 +42:5 |:)f e B m{ 1 1?& 1 1 e 6:93P¢ : for m; ; 6 150
M = : BT 6:93P; : 0:5.
mg +425 P e t1 1 e +0:0015 (m; ; 150¢ P2%; for m; ;> 150
(2.3)

However, ifm,; > 250, thenm,, = 250. This calculated m,; will be the newm; 1 in
the drying phase.

Drying Phase

The equilibrium moisture content for drying E4 is calculated as:

11 %~ +0:18 (211 Ty) 1 e OlisHw
1

Eq=0:942 HYS9 + (2.4)



where:

" Hji, = relative humidity at noon (%),

" Ty, = air temperature at noon (°C).

Case 1: Eq<my 4

If Eq <m; 1, the log drying rate kq is calculated as:
|

17
Hi

kO =0:424 1 1—00

+0:0694 UX>

kg = ko 0:581 €¥%%%°Te2
whereU;, = wind speed at noon (km/h).
The ne fuel moisture content m; is then:

m¢=Eq+(m; 1 Eg) 10 kd

Case 2: Eq m; 3

If Eq>m; 1, we rst calculate the equilibrium moisture content for wetting E,,:

100

!
Hip °
100

Hio .
. 10 e +0:18 (211 T e 0115H1
E, =0:618 HY%3 + e ( - 12)
Now, if E,, > m, 1, the log wetting rate k,, is calculated as:
! !
100 H12 L 0:5 100 H12 8
ki =0:424 1 _— +0:0694 U, _—
! 100 12 100

ky = ky 0:581 ¥

The ne fuel moisture content m; is then:

mi=E, (Ew m; ) 10 kv

However, ifE,, 6 m; 1 6 Eq, then:

me=mg 1

5

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)



Final FFMC Calculation

Finally, FFMC for the current day (FFMC ;) is calculated as:

250 my

FFMCt =595 m

2.1.2 Du Moisture Code

According to Wagner [28], Du Moisture Code (DMC) measures the moisture in loosely
compacted du of moderate depth, weighing about Eg=n? when dry. Similar to FFMC,

it also consists of two phases: the drying phase and the rainfall phase.

Initial Setup

The starting value of the index is set at 6. Let us denote the value of DMC at day t and
t-1 as DMC; and DMC; ; respectively. We have two cases:

Calculating DMC (P > 1.5)

Let P denote the amount of rainfall in mm. In case of rain (i.e., iP > 1.5), the following
procedure for wetting phases is applied:

Step 1: E ective Rainfall Pe

E ective rainfall P, [mm] is calculated as:

Pe=0:92 P 127, forP > 15 (2.13)

Step 2: Du Moisture Content from Previous Day M; 1

The du moisture content from the previous dayM; ; is calculated as:

DMC ¢ 1

M 1 =20+ €% ~ma (2.14)



Step 3: Slope Variable b

The slope variableb in the DMC rain e ect is calculated as:

8
2 GsoaoNe T for DMC, ; 6 33
b= _14 13 IN(DMC, 1); for 33< DMC; 1 6 65 (2.15)

" 6.2 In(DMC, ;) 172, for DMC; ;> 65

Step 4. Du Moisture Content After Rain M 1

The du moisture content after rain M is calculated as:

1000 P,
= + — .
M = Mea™ 287740 Pe (2.16)
Step 5: DMC After Rain DMC n
M is converted to the DMC after rain DMGC;, which becomes the new DM(C ;:
DMC =244:72 4343 In(M; 20) (2.17)
However, if DMC,; < 0, then DMC,; = 0.
Log Drying Rate
The log drying rate K is calculated as follows:
K =1:894 (Ti+1:1) (100 Hip) L 106 (2.18)

However if T, < 1:1, then T, = 1:1.

Here L. is the e ective day length and it is calculated according to the month table
below:

Month | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec
Le 65| 75| 9.0 |12.8|139|139|124| 109,94 80| 70| 6.0




Final DMC Calculation

The DMC for the current day (DMC,) is thus calculated as:

DMC; ,+100 K; forP 6 15
DMC;, = t1 or (2.19)
DMC, +100 K; for P > 1.5

Please note that in the case oP 6 1.5, we do not useDMC ;.

2.1.3 Drought Code

Contrary to DMC, Drought Code (DC) calculates the moisture content of a deep organic
layer of matter about 25kg=n? when dry. Drought code also has two phases: one for
wetting by rain and one for drying.

Initial Setup

The starting value of the index is set at 15. Let us denote the value of DC at day t and
t-1 as DG and DC; ; respectively. We have two cases:

Calculating DC, (P > 2:8)

Let P denote the amount of rainfall in mm. In case of rain (i.e., iP > 2:8), the following
procedure for wetting phases is applied:

Step 1. E ective Rainfall Pqg
E ective rainfall P4 [mm] is calculated as:
Pe=0:83 P 127, forP > 28 (2.20)
Step 2: Moisture Equivalent from Previous Day Q: 1
The moisture equivalent from the previous dayQ; ; is calculated as:
DCt¢ 1
Qi 1 =800 e @0 (2.21)
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Step 3: Moisture Equivalent after rain

The moisture equivalent after rainQ,; in DC rain e ect is calculated as:

Qn = Q¢ 1+3:937 Py

Qrt

(2.22)

Lastly, we calculateDC,; which is essentially DC after rain. This is given as follows:

If DC,; 6 O;thenDC, =0

800,
DCrt =400 |n(Q—)
rt

Step 4: Calculating potential evapotranspiration V

The potential evapotranspiration is calculated as follows:

V =0:36 (T,+2:8)+ L

(2.23)

(2.24)

where Ty, is the average temperature of the past 12 months arldk is the day-length
factor. L values are given from the following table below:

Month | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep| Oct | Nov | Dec
Le -16|/-16,-16| 09| 38 | 58|64 50|24|04)|-16|-16
If V is negative, it should be setto O and ifT;, < 2:8thenT;, = 28.
Final DC Calculation
The DC for the current day (DC,) is thus calculated as:
D +05 V; forP6 2
DC, = Ci 1+05 V; forP 6 28 (2.25)
DC,; +05 V; forP > 28



2.1.4 Overwintered Drought Code

According to [15], DC has a 53-day time lag in standard moderate weather conditions.
Hence, given this information, they hypothesize that the e ect of winter precipitation
may carry forward into the new re season's starting value. Hence, in our re-spreading
model, we will modify the DC and use the overwintered DC in the re-spreading equations.
The overwintering Drought Code (DC) value is computed from [15] using the following
equations:

Final Fall Moisture Equivalent of the DC
DC
Q =800 e o (2.26)

Starting Spring Moisture Equivalent of the DC
Qs = aQ; + b(3:94 rw) (2.27)

Spring Start-up Value for the DC

DCs =400 In 800 (2.28)
S
Finally, the DC value is constrained as:
DCs = max(DCg; 15) (2.29)

Where:

" DC; is the nal fall DC value.

" rw is the winter precipitation (mm).

" ais a user-selected value accounting for the carry-over fraction.

" bis a user-selected value accounting for the wetting e ciency fraction.

" Q¢ and Qs represent the moisture equivalents at fall and spring, respectively.

" DCs is the overwintered Drought Code (spring startup DC value).

The values of a and b are user-selected and are given in table 2.1 below. Based on the
conditions of the High Level region, it seemed appropriate to select both a and b to be
0.75.

10



Constant Value

Criteria

Carry-over fraction of 1.0
last fall's moisture (a)

0.75

0.5

Daily DC? calculated up to 1 November, con-
tinuous snow cover, or freeze-up, whichever
comes rst

Daily DC calculations stopped before any of
the above conditions were met or the area
is subject to occasional winter chinook con-
ditions, leaving the ground bare and subject
to moisture depletion

Forested areas subject to long periods in fall
or winter that favour depletion of soil mois-
ture

E ectiveness of win- 0.9
ter precipitation in
recharging moisture
reserves in spring If)

0.75

0.5

Poorly drained, boggy sites with deep or-
ganic layers

Deep ground frost does not occur until late
fall, if at all; moderately drained sites that al-
low in Itration of most of the melting snow-
pack

Chinook-prone areas and areas subject to
early and deep ground frost; well-drained
soils favouring rapid percolation or topogra-
phy favouring rapid runo before melting of
ground frost

Table 2.1: Constants and criteria for carry-over moisture fraction and winter precipitation

e ectiveness [15]
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2.1.5 Initial Spread Index

The Initial Spread Index (ISI) combines the wind data and FFMC to assess the potential
for re spread. This is a critical component for calculating the rate of re spread.

Wind function

First, we need to calculate the wind function as shown in [29] by Wagner and Pickett. This
is given as follows:

f (U) - e0:05039 U2 (230)
Where:

" Uy, = wind speed at noon [km/h]

FFMC function

Similarly from [29], the FFMC function is given as follows:

0:1386 m m>st
= 9L : + 31
f(F)= 919 e 1 703 15 (2.31)
wherem is the fuel moisture content [%)], determined by:
101 FFMC
m=1472 595+ FrMC
2.1.6 Final Calculation: ISI
Finally, ISI is calculated as:
ISI =0:208 f(F) f (V) (2.32)

12



2.1.7 Buildup Index

The buildup index (BUI) is calculated using overwintered DC and DMC and represents
the total amount of fuel available for combustion. Hence, it is a critical component for re
spreading. This is calculated as:

8

DMC DC

308 o for DMC 6 0:4 DC
BUI= 0:8 DC

DMC 1 oo~ o—Co  [092+(0:0114 DMC)'"]; for DMC > 0:4 DC

(2.33)

2.2 Canadian Forest Fire Behaviour Prediction (FBP)
System

The FBP system takes in various inputs such as Fuel type, Weather information, Topogra-
phy, ISI, FFMC and BUI to predict two kinds of output: Primary and Secondary [6]. The
primary outputs of FBP are rate of spread, total fuel consumption, head re intensity and
re description. The secondary outputs are head, ank and back re spread distances, ank
and back re rates of spread, ank and back re intensities, elliptical re area and perimeter,
rate of perimeter growth and length-to-breadth ratio [6]. In our research project, the rate
of re spread from primary output is of major interest. Figure 2.2 shows the entire FBP
system's input and the primary and secondary outputs. In this section, we will outline the
steps required to calculate the nal rate of re spread.

2.2.1 Initial Rate of Spread

According to [6], the general equation for the initial rate of spread (RSI) is given as follows:

RSI =a (1 & PISh)e (2.34)

where a,b, and c are parameters dependent on fuel type, and ISI comes from the FWI
system. The parameters a,b and ¢ have been found out through experiments for each fuel
type [6] and are presented in the table 2.2 below:

13



Figure 2.2: FBP System retrieved from [7]

Notice that Mixedwood fuel types are not given since they require additional informa-
tion such as PC (percent conifer), PH (percent hardwood) and PDF(percent dead balsam
r). Assuming we have this information, the RSI for M-1 and M-2 are given by equations
(2.35) and (2.36).

PC PH
= — + — .
RSlu1= 755 RSlca* 755 RSlos (2.35)
PC PH
= + — : .
RSy 2 100 RSlco 100 RSIp; 02 (2.36)

The fuel types M-3 and M-4 involve the PDF component and the parameters a,b and
c for these fuel types are given below:

aysz= 170e$; g = 140e7oF
by s = 0:082F5F : by 4 = 0:0404
Cus = 1:698 0:00303 PDF: Cu4 = 3:02¢ 0:00714PDF

14



Fuel type a b C

C-1 90 0.0649 4.5
C-2 110 0.0282 1.5
C-3 110 0.0444 3.0
C-4 110 0.0293 15
C-5 30 0.0697 4.0
C-6 30 0.0800 3.0
C-7 45 0.0305 2.0
D-1 30 0.0232 1.6
S-1 75 0.0297 1.3
S-2 40 0.0438 1.7
S-3 55 0.0829 3.2
O-la 190 0.0310 1.4
O-1b 250 0.0350 1.7

Table 2.2: Rate of spread parameter values by Fuel type

According to [6], the rate of initial spread RSI of grass fuel types depends on the curing
percentage of the grass which is the proportional number of grass stems that have been
dried out. Hence, for O-1 grass fuel types, the RSI is given as follows:

RSlo;=a (1 € PISH)e CF (2.37)

Where CF is the curing factor given by

CF=002c 1ForC>50 (2.38)
Otherwise 0

2.2.2 E ect of slope on Rate of Fire Spread
In the above section, we presented the method to calculate the initial rate of spread how-

ever, we still need to account for the in uence of slope and wind. On a broader level, the
FBP system converts the slope e ect on re spread to an equivalent wind speed and then

15



adds the wind speed to combine the impact of both slope and wind on the rate of re
spread [6].

We rst start with calculating the % Ground Slope (GS) which is essentially the per-
centage of elevation rise compared to a horizontal ground.

_ Elevation Rise from source

% Ground Slope =—— - 2.39
° P Horizontal ground Distance ( )

Using % Ground Slope, we calculate the Slope Factor (SF) as follows:
SF = ¥ (%) (2.40)

The SF in uences the rate of re spread. We then proceed to calculate zero wind ISI
which is calculated by standard ISI equations provided by Wagner [28].

ISI =0:208 f(F) (2.41)
where
m5:31

—01- ( 0:1386m)
f(F)=91:9 e @a+ 793 15

) (2.42)

is the FFMC function.

Now, we can simply convert this ISl into zero wind rate of re spread (RSZ) for a speci c
fuel type by using the general rate of spread equation (2.34). Finally, the slope-adjusted
zero wind rate of spread (RSF) is given by:

RSF = RSZ SF (2.43)

Intuitively, RSF is the rate of re spread in uenced by the slope only. The RSF needs
to be converted to an equivalent wind speed since the nal rate of spread is a combination
of slope and wind. Finally, the Wind speed equivalent (WSE) is calculated by:

WSE = " (o200 ) (2.44)
0:05039 '
where ISF is the inverted function of ISI and f(F) is given in (2.42). Intuitively, WSE
is the RSF converted to a windspeed.

16



2.2.3 E ect of Wind on Rate of Fire Spread

Assume Wind speed (WS), wind azimuth direction (WAZ) and uphill slope azimuth (direc-
tion) SAZ are provided. Then, combining with WSE from above, the x and y components
of the wind speed can be simply calculated by:

WSX = WS sin(WAZ)+ WSE sin(SAZ) (2.45)

WSY = WS coqWAZ)+ WSE cogSAZ) (2.46)

Now, the magnitude of the wind speed (WSV) and the net e ective wind direction
(RAZ) can be easily calculated by

p
WSV = (WSXZ+ WSY?) (2.47)
WSY
RAZ = 24
arctan(WSX) (2.48)

Now, with WSV from equation (2.47), we can calculate ISI as follows:

ISI =0:208 f(F) f(W) (2.49)
where f(W) = g"05039WsV

This process of calculating I1SI was also highlighted in section 2.1.5. According to [6],
the ISl is slightly modi ed for extreme wind speed values. IW S > 40,

f (W) — (1 e 0:08018 (W SV 28)) 12 (250)

Once, we have the ISI, the rate of re spread can be easily calculated for a speci c fuel
type for example using equation (2.34).

2.2.4 Buildup E ect on Rate of Fire Spread

The above sections calculated the basic rate of re spread with the e ect of slope and
wind. However, we have not accounted for the in uence of dry weather since it is not

17



still accounted for in the basic rate of re spread. According to [6], the persistence of dry
weather means more fuel is available for combustion. In the FWI system, these factors are
accounted for in the Buildup Index (BUI). In this section, we will show how to combine
BUI and the basic rate of re spread to provide the nal rate of re spread. We rst
proceed to calculate the buildup e ect which varies according to di erent fuel types. The
build e ect equation is given in [6] and has the following form:

BE = &0 (55 sorg) (2.51)

where BU|, is the average BUI for the fuel type and q is the dryness factor of various fuel
types. In table 2.3, we present the BUJ, g and max Build-up e ect values.

Fuel type BUlI o q Max. BE

C-1 72 0.90 1.076
C-2 64 0.70 1.321
C-3 62 0.75 1.261
C-4 66 0.80 1.184
C-5 56  0.80 1.220
C-6 62 0.80 1.197
C-7 106 0.85 1.134
D-1 32 0.90 1.179
M-1 50 0.80 1.250
M-2 50 0.80 1.250
M-3 50 0.80 1.250
M-4 50 0.80 1.250
S-1 38 0.75 1.460
S-2 63 0.75 1.256
S-3 31 0.75 1.590
O-1 { 1.00 1.000

Table 2.3: Fuel types and associated BUI

Once, we calculate the Build E ect, we simply multiply by the basic rate of re spread
to get the nal rate of re spread as follows:

ROS = RSI BE (2.52)

18



Chapter 3

Methodology

In this chapter, we will explain our methodology that will allow us to simulate forest
re spreading. In the background information, we have seen that fuel type is a required
input to calculate the rate of re spread. All of our forest re simulations were conducted
in Alberta's High Level forest area [3]. Currently, a rasterized fuel-type dataset for this
location is not available. However, many datasets have land cover information globally.
Hence, the rst step in our methodology is to map land cover information into one of the
fuel types in the FBP system. Once we map out the fuel type information, we will use
the terrain information, wind data, BUI and FFMC to calculate the rate of re spread.
Finally, we will use the rate of re spread in a Cellular Automata (CA) algorithm which
will update our simulation at each time step.

3.1 Mapping Land Cover into Canadian Fuel Maps

Merill and Alexander [20] de ned the fuel type as an identi able association of fuel el-
ements of various sources of species that promotes re behaviour under de ned burning
conditions. The FBP system has organized fuel types into 5 major groups which are fur-
ther classi ed into smaller sub-groups, with a total of 16 di erent fuel types. According to
[6], when developing the re spread model, we have to select the best fuel type according
to the situation. The issue at hand is that direct satellite image mapping of fuel types
of a specic period in a year of a region in Canada is not available. Although Natural
Resources Canada provides daily fuel maps [5] based on Satellite imagery acquired by
NASA's MODIS, there are no historical stored fuel maps. In this section, we will provide
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a qualitative classi cation of the forest land cover into fuel types. Our qualitative assess-
ment will include understanding the landscape of the location of the study and reading
past research studies on how the land covers were classi ed into fuel types. We will start
with the description of the fuel types in the FBP system. Then, we will share the di erent
land cover types in the High Level Forest area of Alberta. Finally, we will provide the
qualitative classi cation of the land cover into fuel types.

3.1.1 Fuel types in the Fire Behaviour Prediction System
As we mentioned earlier, there are 5 major groups of fuels in the FBP system:

1. Coniferous { This category includes forests dominated by needle-leaved trees such
as pine, spruce, and r.

2. Deciduous { These forests consist mainly of broad-leaved trees such as aspen.

3. Mixedwood { This category represents forests that contain both coniferous and
deciduous tree species. Depending on the region, the percentage of coniferous and
deciduous may vary and this percentage is a factor in determining the rate of spread
in the FBP system [6].

4. Slash { Slash fuel types are composed of lodge pole pines, white spruce-balsam,
coastal cedar-hemlock and Douglas- r.

5. Open { Open fuel types include grasslands, shrublands, and sparsely treed areas.

The subgroups within the ve major fuel groups are presented in Table 3.1. The
subgroups within these ve major fuel groups are classi ed based on forest oor cover and
organic layer, surface and ladder fuels, and stand structure and composition [6]. The forest
oor cover and organic layer describe the composition and depth of organic material on the
ground, such as scattered needle litter with a shallow (0{5 cm) organic layer. The surface
and ladder fuels refer to the vegetation and combustible material found above the litter
layer, which can facilitate re spread from the ground to the canopy [6]. Lastly, the stand
structure and composition characterize the arrangement and density of the tree canopy,
including whether the stand is fully stocked or open.

Table A.1 from [6] in Appendix A provides detailed information on fuel types, outlining
their characteristics in terms of forest oor cover and organic layer, surface and ladder fuels,
and stand structure and composition. This table will be a key component to classify the
land-cover data in our study.
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Category Subgroups

Coniferous | C1 - Spruce{Lichen Woodland

C2 - Boreal Spruce

C3 - Mature Jack or Lodgepole Pine

C4 - Immature Jack or Lodgepole Pine

C5 - Red and White Pine

C6 - Conifer Plantation

C7 - Ponderosa Pine{Douglas-Fir
Deciduous | D1 - Lea ess Aspen

Mixedwood | M1 - Boreal Mixedwood{Lea ess

M2 - Boreal Mixedwood{Green

M3 - Dead Balsam Fir Mixedwood{Lea ess
M4 - Dead Balsam Fir Mixedwood{Green
Slash S1 - Jack or Lodgepole Pine Slash

S2 - White Spruce{Balsam Slash

S3 - Coastal Cedar{Hemlock{Douglas-Fir Slask
Open O1 - Grass

-

Table 3.1: Classi cation of Forest Fuel Types

3.1.2 Land Cover Classi cation

All forest re simulations were conducted in Alberta's High Level Forest area. We classi-
ed the land cover in the High Level Forest area using Google Earth Engine (GEE) and
the dataset from [13] at a 30m resolution. For visualization, Figure 3.1 displays a map
highlighting the various land cover types in the region where the Wentzel Fire occurréd.

In table 3.2, we justi ed the fuel type for each land cover in our study. Please note
that this is a qualitative assessment of the land cover and may change depending on the
season.

IWentzel Fire is simulated in section 4.3.2
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Figure 3.1: Land Cover Classi cation of a subregion in High Level Forest, Alberta
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Land Cover

Fuel Map

Justi cation

Coniferous

C-2 (Boreal Spruce)

According to Alberta Wilderness Association
[2], the Boreal Forest is the largest Natura
Region in size within Alberta. Additionally,

Forest Fires happen in late spring and sum
mer when black spruce is moderately wel
stocked.

Broadleaf

D-1 (Lea ess Aspen)

High Level forest is in the Central Mixed-
wood region and the Guide to Ecological site
of the Central Mixedwood subregion[31] au
thors mention that Aspen is a dominant tree
in this region. Broadleaf is essentially Large
tooth Aspen as mentioned in the Watershed
Canada [9].

(%)

L")

Bryoids

S-2

Bryoids are essentially mosses and liverworts
which are small in size. Thus we have clas-
sied them as S-2 as the stand structure is
from white spruce which is common in Bo;
real Forest Alberta [2].

Herbs

O-1 (Grass)

Herbs closely match with continuous dead
grass litter.

Wetland-treed

C-2 (Boreal Spruce)

Wetland-treed essentially are wetlands with
signi cant tree cover so are covered with
Boread Spruce trees. Hence, we have clas-
sied it as C-2.

Mixedwood M-1 It is mixed conifer-deciduous stands with
variable surface fuels and organic layers.
Since the time of study is summer, we have
classied it as M-1.

Exposed/Barren land | Non-Fuel It is non-fuel since it does not have com
bustible material

Shrubs O-1 (Grass) Shrubs align closely with Grass

Water Non-Fuel Water is non-fuel as it is not combustible.

Wetlands Non-Fuel Wetlands have no tree cover and In

spring/summer, they are relatively saturated
with water. So, we have classi ed them as
Non-fuel.

Table 3.2: LandCover, Fuel Map, and Justi cation
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Figure 3.2: Cellular Automata Algorithm Demonstration for Sitj+1

3.2 Cellular Automata

Cellular Automata (CA) is a dynamic system which comprises grid cells with state values
[10]. The length and width chosen for our grid cells are xed at 100 meters. CA also
consists of a local function F, known as the CA local rule [10]. F determines the state
value of the cells at the next time step t+1. Additionally, F is a function that is dependent

on the current state value and the state values of its neighbours at time step t. In our
case, we have chosen the adjacent and diagonal cells as neighbours. Hence, for each grid
point, the neighbours can vary between 3 to 8. As an example, for a grid cell i,j with 8
neighbours at time t+1, we can de ne its state space as follows:

Sithr1 =F (Slt 1 1; Sit 1;j ; Sit 1;j+1 ; Sit;j 1; Sit;j ) Sit;j +1 ; Sit+1 i 1; Sit+1 i ; Sit+1 i +1)
This is demonstrated in gure 3.2 where we can see the in uence of the neighbouring
cell on i,j with red arrows.

Let us assume that our forest re grid cell can have 5 states: Unburnt (0), Partially
Burning (1), Fully Burning (2), Extinguishing (3), Extinguished (4). We de ne our CA
in the algorithm 1 below where F is the part where the new states are being updated.
Additionally, if we have non-fuel grid points for example water, they are assumed to be
not impacted by re or contribute to re spreading. The time calibration constant K,
Is introduced to make sure that the time in simulation and time in the real forest are
equivalent.
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Algorithm 1 Cellular Automata Algorithm for Forest Fire Spreading

1: INPUT: States at timet, L = 100 m (Cell Length), Data (Wind, Terrain, FFMC, ISI,
BUI and Fuel Type), K, (Time Calibration Constant), t = 60.

2: OUTPUT: Updated States at timet + 1.

3: for all i 2 grid points do

4. if 0 old states[i]< 1 then

5: if there exists any pointidx 2 neighbourhood such that states[idx] = 1then
6: new statesl] old states[i] + n2 neighbour with 0 <En 1 Rn Sh t K,
7: end if

8: elseif old states[i] = 1 then

9: new states[i] 2

10: else if old states[i] = 2 then

11 is_all_neighbourhoodstatestwo  True

12: for all idx 2 neighbourhood do

13: if states[idx]< 2 then

14: is_all_neighbourhoodstatestwo  False
15: break

16: end if

17: end for

18: if is_all_neighbourhoodstatestwo is True then
19: new states[i] 3

20: else

21 for all idx 2 neighbourhood do

22: if 0 states[idx] 1 then

23: if states[idx] = 1 then

24: new states[idx] 2

25: else

26: new states[idx] 1

27: end if

28: end if

29: end for

30: end if

31: else if old states[i] = 3 then

32: new states[i] 4

33: endif

34: end for

35: return  new states

25



3.3 Forest Fire Simulation Framework

In Section 3.1, we introduced Table 3.2 that classi ed fuel type for each land cover in our
study area. We used the fuel types along with elevation data, wind data and FWI indices
as inputs to the FBP system to compute the rate of re spread. The resulting spread rate
is then incorporated into a cellular automata (CA) algorithm that updates the model state

at each time step to simulate forest re dynamics. Figure 3.3 provides an overview of our

simulation framework.

Data Sources

// AN

Elevation Data

Wind Data

FWI Indices

Fuel Types

SN

Fire Behavior Prediction (FBP)

Calculate Rate of Fire Spread

Cellular Automata Model

Forest Fire Simulation

Figure 3.3: Work ow of the Forest Fire Spread Model.
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Chapter 4

Experiments

4.1 Data

We have gathered our data from various sources. We have rasterized the High-Level Forest
Area into 100 by 100-meter grid cells. For each grid cell, we gathered wind speed, wind
direction, elevation, FFMC, BUI, and ISI. Below, we provide the data sources for our
experiments and any optimization choices made.

4.1.1 Elevation and Wind Data

The elevation data is taken from the NASA SRTM Digital Elevation dataset [11], which has

a precision of 30 m. Hence, for our 100 m grid cells, we simply sample and aggregate the
values. The hourly wind data, comprised of horizontal and vertical wind speed components,
is taken from the Copernicus Climate Data Store with a 9 km native resolution [21]. For
optimization purposes, we rst extract the wind values on a 9 km resolution and then, for
each grid point, consider the 4 neighbours of wind values from the larger scale resolution.

4.1.2 Data from the Canadian Fire Weather Index System (FWI)

We use components from the FWI system|namely FFMC, BUI, and ISl|to calculate the

rate of re spread. The dataset, which collects various weather indices from the Copernicus
ERAS5 Reanalysis product, computes these indices [19]. Additionally, the Percent Conifer
and Percent Hardwood for M1 Fuel type have been gathered from the Canadian Fire Spread
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Dataset [4]. For each grid point, these values are used in combination with the fuel type
to calculate the rate of re spread.

4.1.3 Forest Fire Validation Data

We validate our model using three historic forest re incidents: the Birch Complex, the
Wentzel, and the Zama Complex. Fire-starting location data were obtained from [23], and
active re images were captured by VIIRS (S-NPP) at a 375 m resolution [22]. Table 4.1
summarizes the re location, cause, and simulation time frame.

Fire Name Cause Location Start Time End Time

Birch Complex | Lightning | (57.78, -116.33) 2015-06-30 08:00 2015-06-30 10:15
Wentzel Lightning | (58.87, -114.38) 2012-07-10 21:002012-07-11 20:00
Zama Complex| Lightning | (59.36, -118.95) 2012-06-21 17:00 2012-06-22 13:00

Table 4.1: Summary of Fire Simulation Data

4.2 Evaluation Metrics

One of our research objectives is to build a robust model that will work on various initial
ignition points. We calculate accuracy metrics from two perspectives: burned area and re
spread simulation accuracy. For the burned area, in the case where satellite data is not
available, we perform our simulation from the re start time from one ignition point till
the re ghting start time where burned data is reported. In the case where satellite data
is available, we simply compare the real vs simulation re points of the nal image as the
burn area.

For spread simulation accuracy, we used two satellite images where the rstimage is the
initial condition of the model and the second image is used to compare the di erences in
re observations for the accuracy of the model. We de ne our simulation accuracy through
the F1-score metric, which is de ned below.

" Precision : The ratio of correctly predicted re observations to the total predicted

re observations.
TP

TP+ FP
predicted re observations are de ned as model states 1

Precision =
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" Recall : The ratio of correctly predicted re observations to all actual re observa-

tions.
TP

Recall= —
ecal = TP FEN

" Fl-score: The harmonic mean of precision and recall.

Precision Recall

F1-score =2 —
Precision + Recall

4.3 Results

The results are organized into three subsections corresponding to each re. In Table 4.2,
we summarize the performance of our model.

Forest Fire Precision | Recall F1-score | Real Burned | Simulated
Area (Ha) Burned Area
(Ha)
Birch Complex Fire 0.6445 0.7765 0.7044 810 967
Wentzel Fire 0.6837 0.7044 0.6939 7895 8272
Zama Complex Fire | - - - 400 457

Table 4.2: Summary of Wild re Simulation Results

4.3.1 Birch Complex Fire

Figure 4.1 shows the simulation progression every hour, and Figure 4.2 compares the
real versus simulated re points at 10:15 am from both 2D and 3D perspectives. The
simulation achieved a precision of 0.6445, a recall of 0.7765, and an F1 score of 0.7044,
with the predicted burned area at 967 Ha versus a real burned area of 810 Ha.

29



30



Figure 4.1: Birch Complex Fire Progression

Figure 4.2: 2D plot of Birch Complex Fire (Real Fire Points vs. Simulation)
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Figure 4.3: 2D plot of Wentzel Fire (Real Fire Points vs. Simulation)

4.3.2 Wentzel Fire

Figure 4.4 illustrates the simulation progression every ve hours, and Figure 4.3 overlays the
real and simulated re points at 20:00 on July 11, 2012 from both 2D and 3D perspectives.
The simulation achieved a precision of 0.6837, a recall of 0.7044, and an F1 score of 0.6939,
with a real burned area of 7895 Ha and a simulated burned area of 8272 Ha.

4.3.3 Zama Complex Fire

Zama Complex Fire is a special case since the earliest satellite data available is after the
re ghting strategy was implemented by the Alberta Government [23]. Figure 4.5 shows
the simulation progression from a single ignition point with updates every 5 hours. The
nal burned area at the start of re ghting is 457 Ha.
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Figure 4.4. Wentzel Fire Progression
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