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Abstract

Aim of the study: The objective of this study is to calculate fireline intensity using remote sensing and
geographic information systems, to investigate relationship between fireline intensity and VIIRS active fire
data, and to develop a practical fireline intensity estimation model.

Material and methods: The Visible Infrared Imaging Radiometer Suite (VIIRS) active fire/hotspot data
provided by Suomi National Polar Orbiting Partnership (S-NPP) and National Oceanic and Atmospheric
Administration (NOAA-20) satellites were used to estimate the rate of fire spread. Fuel consumption was
estimated using Sentinel-2 images, stand type maps and surface and available crown fuel loading models
for Turkish red pine (Pinus brutia Ten.). The fireline intensity was then calculated using Byram’s (1959)
fireline intensity equation.

Main results: The results indicated that the number of VIIRS active fire data was well correlated with
fireline intensity, rate of fire spread and fuel consumption. The calculated fireline intensity ranged between
175.0 and 47597.2 kW/m with an average value of 9280.4 kwW/m. The number of VIIRS active fire data
alone explained 72% of the variation in fireline intensity.

Highlights: Satellite based products can be effectively used to calculate fireline intensity through
estimating rate of fire spread and fuel consumption easily and effectively in burned areas.
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Yangin Siddetinin Uzaktan Algilama ve Cografi Bilgi Sistemleri

ile Hesaplanmasi: 2021 Yili Milas-Karacahisar Yangini

Oz

Calismanmin amaci: Bu ¢alismanin amaci, uzaktan algilama ve cografi bilgi sistemlerini kullanarak
yangin siddetini hesaplamak, yangin siddeti ile VIIRS aktif yangin verileri arasindaki iligkiyi aragtirmak ve
pratik olarak kullanilabilecek bir yangin siddeti tahmin modeli gelistirmektir.

Materyal ve yontem: Yangin yayilma oranini tahmin etmek i¢in Suomi Ulusal Kutup Y 6riinge Ortakligi
(S-NPP) ve Amerikan Ulusal Okyanus ve Atmosfer Dairesi (NOAA-20) uydulari tarafindan saglanan
Goriiniir Kizilotesi Goriintilleme Radyometre Sensoriinden (VIIRS) gelen aktif yangin/sicak nokta verileri
kullanilmugtir. Yanict madde tiiketimini tahmin etmek i¢in Sentinel-2 goriintiileri, mescere tipi haritalari ve
Kizilgam (Pinus brutia Ten.) igin gelistirilmis 6li ortli ve tepe yanici madde miktari tahmin modelleri
kullanilmstir. Yangin siddeti degerleri Byram (1959) tarafindan gelistirilen denklemle hesaplanmustir.

Temel sonuglar: VIIRS aktif yangin verileri ile yangin siddeti, yangin yayilma orani ve yanici madde
tilketimi arasinda anlamli pozitif korelasyon elde edilmistir Yanginda hesaplanan yangin siddeti 175.0 ila
47597.2 kW/m arasinda degismis, ortalama 9280.4 kW/m olarak hesaplanmistir. Tek basina VIIRS aktif
yangin veri sayist ile yangin siddetindeki degisimin %72'sini a¢iklanabilmistir.

Arastirma vurgulari: Uydu tabanl tiriinler, yanan alanlarda yanginin yayilma orani ve yanici madde
tilketiminin kolay ve etkin bir sekilde tahmin edilmesi yoluyla, yangin siddetinin hesaplanmasinda
kullanilabilir.

Anahtar Kelimeler: Orman Yanginlari, VIIRS, Sentinel-2, Yangin Yayilma Orani, Yanict Madde
Tiiketimi, Yangin Siddeti
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Introduction

Fireline intensity is the rate of energy or
heat release per unit time per unit length of fire
front (Byram, 1959). Fire intensity and
fireline intensity can be interchangeably used.
The term “fireline intensity” was preferred in
this study in accordance with the recent
literature (Alexander & Cruz, 2018). Fireline
intensity have been used to assess wildland
fire’s behavior and impacts such as, height of
convection column, peak flame temperature,
stand mortality, maximum soil temperature,
(Alexander & Cruz, 2018) and modeling spot
fires (TOVAG, 2011). Therefore, it is a
critical component of overall fire management
activities (Keeley, 2008). The calculation of
fireline intensity requires the estimation of
fuel consumption and rate of fire spread and
thus must be calculated with an equation
(kW/m) (1) expressed by Byram (1959) (Eq.
1) as:

Ig=H xwxr D
where H is the fuel low heat of combustion
(kJ/kg), w is the amount of fuel consumed in
the active flaming front (kg/m?), and r is the
linear rate of fire spread (m/s).

Basically, a value of 18700 kJ/kg can be
used for the low heat of combustion for
fireline intensity (Van Wagner, 1973). Fuel
consumption indicates the amount of
vegetative  biomass  consumed  during
wildland fire (Ottmar, 2014). Fine fuels
(needles and branches <0.6 cm in diameter)
are considered available fuels (Fernandez-
Alonso et al., 2013; Kiicik & Bilgili, 2007
Kicik et al, 2009; Mitsopoulos &
Dimitrakopoulos, 2007) that are consumed in
a crown fire (Baysal et al., 2019; Scott &
Reinhardt, 2002; Stocks et al., 2004). Fuel
consumption can be directly estimated in the
field or predicted using models (de Groot et
al., 2007; Ottmar, 2014) or satellite data
(Andela et al., 2016; Ruecker et al., 2021).

Rate of fire spread refers to the linear rate
of advance of a surface head fire, a crown fire,
or a backfire (Alexander, 1982). The rate of
fire spread should be measured directly in the
field or estimated from remotely sensed data.
Using remotely sensed data, the rate of fire
spread is generally calculated by the distance
between fire fronts over an elapsed time
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period along a line perpendicular to the local
fire line (Ruecker et al., 2021). The direction
of this line is determined using multispectral
airborne data (Ononye et al., 2007) and a
handheld infrared camera on a helicopter
flying over the fire area (Paugam et al., 2013).
Ruecker et al. (2021) followed a similar
approach to derive fire rate of spread using the
combination of Sentinel-2 images and VIIRS
(Visible Infrared Imaging Radiometer Suite)
sensor data (mounted on the Suomi National
Polar Orbiting Partnership, S-NPP, and
National ~ Oceanic and  Atmospheric
Administration, NOAA-20, satellites). The
VIIRS S-NPP dataset is currently available
from 20 January 2012 and VIIRS NOAA-20
dataset from 1 January 2020 to the present.
Each VIIRS active fire/thermal anomaly
location represents the center of a 375m pixel
(NASA-FIRMS, 2021). This active fire
product has some limitations to detect small
scaled (i.e., <1 ha in size) and low intensity
fires under tree canopies; however, the
detection performance of the product is
satisfactory in large scaled and high intensity
fires in forested lands (Coskuner, 2022a), and
in monitoring and assessing wildfires (Chen et
al., 2022; Pinto et al., 2021; Ruecker et al.,
2021; Zheng et al., 2021).

The fireline intensity is a product of rate of
fire spread and fuel consumption, and is
calculated from both field measurements
(Bradstock & Auld, 1995; Stocks et al., 2004)
and remotely sensed data (Johnston et al.,
2017; Ruecker et al., 2021). However, the
methods presented in the estimation of fireline
intensity using field measurements is labor
intensive and time consuming. Satellite based
products, on the other hand, can be effectively
used to calculate fireline intensity through
estimating fire rate of spread and fuel
consumption easily and effectively in burned
areas.

The objective of this study is to calculate
fireline intensity using remote sensing and
geographic  information  systems, to
investigate relationship between fireline
intensity and VIIRS-based products and
develop a practical fireline intensity
estimation model. The results of this study
will be of some importance in decision
making process and overall fire management
planning.
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Material and Methods
Study Area and Fire Location

The fire records documented by General
Directorate of Forestry in Tirkiye (GDF)
indicated that the fire started at 15:43 local
time (UTC+3) within the border of
Karacahisar State Forest Enterprise (SFE) in
July 31, 2021 and ended in August 11, 2021 at
19:25. The fire was caused by a spark from
power lines and affected 12764 ha of forested
lands within the border of four SFEs, namely;
Karacahisar, Mumcular, Yali and Cokertme.
The burned area is located at 37°01'20 "N,
27°4427" E and at sea level in Milas region,
southwestern Tiirkiye (Figure 1). The average
slope is 25-30%.
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The region has typical Mediterranean
climate with mild short winters and long hot
summers. Average annual rainfall is 681.9
mm with precipitation highest in winter and
lowest in summer. Average annual air
temperature is 18.9 °C. Turkish red pine
(Pinus brutia Ten.) was the major tree species
dominating the forest canopy prior to fire.
Kermes oak (Quercus coccifera L.), Terebinth
tree  (Pistacia terebinthus L.), Greek
Strawberry-Tree (Arbutus andrachne L.),
Laurel tree (Laurus nobilis L.), Myrtus
communis L. and Cistus spp. Were the
common understorey woody species. The
altitude varies between 0 and 875 m with an
average slope of 27%. The type of soil is
brown forest soil.

a)

7.000 Meters

14:25

August 2, 2021

August 8, 2021
06:26

Figure 1. The geographic location of burned area (a, b), and aerial views of fire at 14:25 in August,
2 (~phase 6) (c) and 06:26 in August 8, 2021 (~phase 34) (d).

Estimation of Rate of Fire Spread (ROS)

The rate of fire spread was estimated using
the VIIRS active fire/hotspot data provided by
Suomi National Polar Orbiting Partnership
(VNP14IMGTDL_NRT) and  National
Oceanic and Atmospheric Administration,
formally known as JPSS-1,
(VJ114IMGTDL_NRT) satellites (Figure 2a).
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VIIRS detects active fires. Each active fire
detection represents the center of a pixel
flagged as containing one or more fires and
the pixel size is approximately 375 m. The
“location” is the center point of the pixel
(Schroeder & Giglio, 2018). Active
fire/hotspots were detected at ~ 01:00 - 03:00
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am and 13:00-15:00 (UTC+3) by the two
satellites for the study area.

The VIIRS active fire/hotspots datasets
(FIRMS-NOAA-20, 2021; FIRMS-SUOMI-
NPP, 2021) were downloaded for the burned
area from NASA - Fire Information for
Resource Management System (FIRMS) web
platform (NASA-FIRMS, 2021). Detection
confidence of VIIRS ranges from 0 to 100%.
The nominal and high confident fires
(confidence value above 30%) were used in
the study.

The rate of fire spread is calculated by the
distance between fire fronts over an elapsed
time period along a line perpendicular to the
local fire line (Ruecker et al., 2021). In this

study, the displacement distance to the fire
front was measured using the VIIRS active
fire data provided by the two satellites. The
active fire dataset was divided into phases
using the sensing date and time, and the
polygons were created using the outer points
of each sensing time. The vectors were created
in each polygon of phases using an average
distance of consecutive phases (Figure 2b).
Average distance was determined from three
measurements of displacement distance.
Then, the estimated rate of fire spread was
calculated for each phase by dividing the
average distances between fire fronts by the
time elapsed between the overpasses of the
two satellites over the burning area.

. Suomi-NPP (VNP14IMGT)
+ NOAA-20 (VJ114IMGT)

P oA ISR IINOIA RPN DR O PN PP DD DD

Figure 2. The Sentinel-2B images (August 15, 2021) of burned area (a). The fire was divided into
34 phases between July 31 and August 8 in 2021(b). The filled circles (a) correspond to the
detections of VIIRS fire/hotspot by SUOMI-NPP and NOAA-20 satellites from August 1 at 02:16
am and August 8 at 03:26, and phases of detections (b) for the burned area.
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Calculation of Fuel Consumption

Forest stand type maps were used for the
surface and crown fuel load calculation for the
burned area (Figure 3a). These maps were
generated from stereo interpretation of aerial
photographs and field inventory data. Since,
mostly the fine fuels are consumed in a crown
fire (Scott & Reinhardt, 2002; Stocks et al.,
2004) involving needles and branches <0.6
cm in diameter are consumed in a crown fire,
surface (fine fuel - duff) (SFL) and available

crown fuel loading (CFL) (needles and
branches <0.6 cm in diameter) were
calculated.

The forest stand type maps include tree
species, development stage and crown closure
of the stands. Tree characteristics and fuel
models developed for surface fuel loading for
Turkish red pine (Pinus brutia) (TOVAG,
2011) were used in this study. The models use
stand characteristics of Turkish red pine as
inputs such as stage of stand development and
crown closure. Available crown fuel loading
of Turkish red pine stands was predicted using
the models developed by Baysal (2021).
Surface and available CFL for the stands were
calculated using mean tree diameter of the
stand and stand density (#trees/ha). The
available CFL and calculated SFL (in kg/m?)
values were then used in the analyses.

-
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Stand types
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Mature Anatolian Red Pine
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Open Land & Grassland
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Figure 3. Forest stand type map‘r of the burned area (e{Smand fire type classes;fter the supervised
image classification of Sentinel-2B TCI images (b).
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Burned area was assessed using the
Sentinel-2B satellite images. Satellite images
were obtained from Copernicus Open Access
Hub portal (https://scihub.copernicus.eu).
Pre- (July 23, 2021) and post-fire (August 15,
2021) images of the study area were selected
as close to fire occurrence day as possible.
The supervised image classification method
was performed to define the actual burned
area calculation for the study area. The three
fire type classes namely; i) Unburned ii)
Surface fire and ii7) Crown fire were created
using the True Color Images (TCIl) of
Sentinel-2B at 10 m spatial resolution (Figure
3b).

To classify fire type classes, the Maximum
Likelihood Classification tool was used in
Spatial Analyst extension in ArcGIS software
(ArcGIS® v. 10.2). The classified fire type
raster layer was converted into shape file
polygon layer, and then intersected with the
stand type layer. To calculate the fuel
consumption, both the available CFL and SFL
were assumed to be consumed in crown fire
class, and only SFL in surface fire class. The
total fuel consumption (kg) was then
calculated for each fire phase and converted
into kg/m?. Fireline intensity calculations
require that fuel consumption be given in
kg/m2.

Fireline Intensity Calculation and Statistical
Analysis

The Byram’s fireline (/) intensity was
calculated using a low heat of combustion,
estimated rate of fire spread and fuel
consumption for each fire phase (Byram,

1959) (1). The flowchart of fire intensity
calculation is given in Figure 4.

Pearson  correlation and  nonlinear
regression analyses were conducted to study
the relationship between the number of VIIRS
active fire data and associated variables. All
statistical analyses were conducted using
SPSS 26.0 for Windows (SPSS, 2019).

« Sentinel-2B Images

+ VIIRS active fire/hotspots
- SUOMI-NPP (VNP14IMGT)
- NOAA-20 (VJ114IMGT)

l

Estimation of
Rate of Fire Spread (r)

« Sentinel-2B Images

» Forest Stand Type Maps

+ Surface and Crown Fuel
Loading Models

[ INPUTS

Estimation of
Fuel Consumption (w)

Fuel low heat of
combustion (H)
T
|
|

Calculation of Byram’s Fireline
Intensity (/5)

| VARIABLES

| RESULT

Figure 4. The flowchart of the calculation of
Byram’s fireline intensity using remote
sensing and fuel data.

Results

The VIIRS fire data indicated that a total
of 1527 active fire/hotspot (nominal and high
confidence) were detected from August 1 to 8
in the study area. Of these data, 643 active
fires were detected by SUOMI-NPP, and 884
fires were detected by NOAA-20 satellite.
The fire was divided into 34 phases using the
detection time of these satellites (Figure 2).
The number of VIIRS active fire data varied
from 1 to 169 with an average of 45 detections
in each fire phase (Table 1).

Table 1. Descriptive statistics of the data used and calculated during August 1-8, 2021 in Milas-

Karacahisar Fire.

Variables Mean SE Max Min
Number of VIIRS Hotspots 449 38.4 169.0 1.0
Crown Fire Ratio (%) 51.9 20.3 82.5 10.3
Rate of Fire Spread (m/min) 4.9 5.4 235 0.1
Fuel Consumption (kg/m?) 5.9 0.8 7.6 3.9
Fireline Intensity (kW/m) 9280.4 11123.1  47597.2 175.0

The results of the supervised classification
of the Sentinel-2B images of the burned area
indicated that a total of 15791.4 ha land area
(including agricultural fields and grasslands)
was affected. Of these, 11840.3 ha (74.9 %)
was crown, and 4131.1 ha (24.1%) was
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surface fire. The crown fire ratio varied
between 10.3 and 82.5% with an average
51.9% in fire phases (Table 1).

The rate of fire spread varied between 0.1
and 23.5 m/min with an average 4.9 m/min,
and the fuel consumption varied between 3.9
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and 7.6 kg/m2with an average 5.9 kg/m?in fire average 9280.4 kW/m in fire phases (Table 1).
phases. The calculated fireline intensity varied The time series of fire line intensity is given
between 175.0 and 47597.2 kW/m with an in Figure 5.
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Figure 5. Time series of calculated fireline intensity in phases, and daily means in the Milas-
Karacahisar Fire. Colored bar on the right side indicates fireline intensity classes of Canadian Fire
Danger Rating system (Cole & Alexander, 1995).

Correlation analysis was undertaken to ratio (r=0.590, p<0.01), rate of fire spread
determine the relationship between the (r=0.764, p<0.01), fuel consumption
number of VIIRS active fire data and (r=0.454, p<0.01) and fireline intensity
associated variables. The correlation analysis (r=0.784, p<0.01). There was also a positive
indicated that the number of VIIRS active fire correlation between crown fire ratio and
data was positively correlated with crown fire fireline intensity (r=0.416, p<0.05) (Table 2).

Table 2. Pearson correlation matrix for number of VIIRS active fire data and associated variables.

Number of Crown Eire Rate of Fire Fuel Fireline

Variables VIIRS Ratio (%) Spread Consumption  Intensity
Hotspots (m/min) (kg/m?) (KW/m)

Number of VIIRS Hotspots 1
Crown Fire Ratio (%) 0.590™ 1
Fire Rate of Spread (m/min) 0.764™ 0.400" 1
Fuel Consumption (kg/m?) 0.454™ 0.434" 0.485™ 1
Fireline Intensity (KwW/m) 0.784™ 0.416" 0.995™ 0.543™ 1

*Correlation is significant at the 0.05 level (2-tailed).**Correlation is significant at the 0.01 level (2-tailed)

One of the main objectives of the study was to of VIIRS hotspot data as an input. The results

predict fireline intensity using remote sensing indicated that the number of VIIRS alone
data, only for practical purposes. The explained 72% of the variation in fireline
nonlinear regression analysis was performed intensity (kw/m) (Eqg. 2) (Figure 6).

to predict fireline intensity using the number

Fireline intensity = 2563.4 + 43.072 x (VIIRS) + 1.3694 x (VIIRS)*  (R?=0.72) 2
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Figure 6. The relationship between the number of VIIRS active fire detection and fireline intensity
over one satellite overpass. The colored circles indicate the days from July 31 to August 8, 2021.

Discussion

This study investigates the relationship
between fireline intensity and VIIRS active
fire/hotspot data. To calculate fireline
intensity, rate of fire spread and fuel
consumption were estimated. The rate of fire
spread was directly estimated with satellite
remote sensing observations using 375 m
resolution VIIRS active fire data. VIIRS has
been used for mapping of burned areas (Pinto
et al., 2021; Urbanski et al., 2018) and for the
prediction of rate of fire spread (Pinto et al.,
2016; Ruecker et al., 2021). VIIRS active fire
data has the highest spatial resolution in the
available cost-free fire products (Sofan et al.,
2020). Although VIIRS has some limitations
to detect small scaled (<1 hain size) and lower
intensity fires especially under tree canopies;
however, the detection performance of the
product is satisfactory in large scaled and
intense fires in forested lands (Coskuner,
2022a). Large fires such as Milas-Karacahisar
Fire with high fireline intensity, fire severity
and long fire duration provide better detection
opportunities for satellite based fire products
(Fusco et al., 2019). Therefore, VIIRS data
could be effectively used for fire control and
the assessment of fire effects in large scaled
wildfires.
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The VIIRS active fire data indicated that
the Milas-Karacahisar fire moved from north
to south reaching the Aegean Sea in the first
day of the fire. The fire spread was from
southwest to northeast in the following days,
and the detection of hotspots ended in August
1, 2021 (Figure 2b). The estimated rate of fire
spread varied between 0.1 and 23.5 m/min
with an average 4.9 m/min in the fire (Table
1). High values of the estimated rate of fire
spread (23.5 m/min) (Figure 2b) and fireline
intensity (47597.2 kwW/m) (Figure 5) indicate
extreme fire events. These kinds of fires are
considered as “explosive” or “super critical”
and the characteristics of fires commonly
associated with extreme fire behavior (e.g.,
rapid spread rates, medium to long range
spotting, continuous crown fire development,
massive convection columns, fire whirls,) is a
certainty (Figure 1c) (Cole & Alexander,
1995).

The correlation analysis indicated that the
number of VIIRS active fire/hotspots were
positively correlated with crown fire ratio,
rate of fire spread, fuel consumption and
fireline intensity (p<0.01, Table 2). The
number of VIIRS active fires explained 72%
variation in the fireline intensity in Milas-
Karacahisar fire (Equation 2, Figure 6). One
of the objectives of this study was to provide
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fire managers with a practical tool to evaluate
fire potential and the effectiveness of fire
suppression activities through estimating
fireline intensity.

The fuel load was predicted using the
forest management stand type maps with the
surface (TOVAG, 2011) and available crown
fuel loading (Baysal, 2021) models of Turkish
red pine. The stand type maps are usually
produced from the stereo interpretation of
aerial photographs and field inventory data,
thus, the spatial resolution is high. However,
the temporal resolution of these maps are up
to 20 years and they reflect the inventory year
they were made. The quick change in
vegetation dynamics in Turkish red pine
stands and in Mediterranean shrubland
communities (maquies) through
anthropogenic (i.e., silvicultural treatments,
fires) and natural (i.e., wind - storm damages)
disturbances affects stand characteristics
thereby leading to changes in actual fuel loads
(Coskuner, 2022b). Timely, accurate and
easily available information on actual fuel
loads are of significant importance in fire
management (Coskuner, 2022b; Yavuz et al.,
2018). Therefore, in this regard, remote
sensing applications with high spatial and
temporal resolution could be effectively used.
Some case studies are already available,
utilizing a combination of remote sensing data
and field work to estimate fuel load in the
Mediterranean basin (Mallinis et al., 2013),
but national level satellite based fuel type and
load estimation is also needed. To this end,
Sentinel-2 satellite data with high spatial (10-
60 m) and temporal (~10 days) resolution may
be of great use for fuel mapping, and there are
some initiatives for fuel mapping with
Sentinel-2 data in the Mediterranean basin
(Stefanidou et al., 2020) at the national scale.
New studies should be initiated to develop
tools for fuel mapping utilizing satellite
images and other modern inventory
technologies.

Conclusion

In this study, the rate of fire spread and fuel
consumption was estimated using the VIIRS
active fire data and Sentinel-2B images, and
fireline intensity was calculated for Milas-
Karacahisar fire of 2021 affecting nearly 16
thousand hectares of land area. The fire was

244

divided into 34 phases covering 31 July to 8
August by active fire detection day and time
using fire detection data from VIIRS sensors
in S-NPP and NOAA-20 satellites. The results
showed that the fire fireline intensity reached
up to 47597.2 kW/m in Milas-Karacahisar
fire.

The number of VIIRS active fire data
points was well correlated with crown fire
ratio, fire rate of spread, fuel consumption and
fireline intensity, and explained 72% variation
in the fireline intensity. Fuel consumption was
estimated using forest stand type maps with
surface and available crown fuel loading of
Turkish red pine stands. Thanks to the stereo
interpretation of the aerial photographs, the
spatial resolution of the maps produced is
high. However, these maps can only reflect
the situation of fuel conditions when these
maps were produced. Moreover, they were
produced for forest management activities and
they rarely include the information necessary
for fuel load assessment.
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