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ABSTRACT

Slope failures are one of the most vital problems in geotechnical engineering applications
which may cause damage both in human life and financial. Slope failures are frequently
observed especially in regions where rainfall is high. The most important factor affecting
slope stabilities is rainfall infiltration. It is known that infilled soils are generally
unsaturated soil. Therefore, the analysis of infill slopes should be performed within the
scope of unsaturated soil mechanics. Rainfall infiltration causes the groundwater level to
rise, which reduces the shear strength of the soil causing slope instability. In this study,
the effect of rainfall intensity, rainfall duration, soil permeability, groundwater level,
cohesion of soil, internal friction angle of the soil, and slope angle of the slope on the slope
stability were analyzed parametrically by using GEOSTUDIO software. The infiltration
analyses were performed using Seep/w module and factor of safety number of
unsaturated soil slope were determined using Morgenstern method of Slope/w module
of GEOSTUDIO software. Furthermore, different factor of safety numbers was found for
each analysis along with the interpretation of the parameters effecting the slope stability.
The results obtained in the present investigation showed that the rainfall intensity
affects the stability of the slope. It was determined that there existed a non-linear
relationship between rainfall intensity and safety number. As the rainfall intensity
increases, the negative pore water pressure in the soil decreases nonlinearly, and the
factor of safety number of the slope similarly decreases by 10% relative to the initial
condition. When the rainfall duration change was taken into account, it was found that
short time-heavy rainfalls affected the slope stability more than long time-low density
rainfalls. Moreover, slope angle significantly influenced slope stability. It was observed
that when the slope angle increased from 40° to 50°, factor of safety number decreased
by 18.34%.

1. INTRODUCTION

Slope stability problems are among the common
problems in geotechnical engineering applications.
For many years, natural or artificial slopes have been
of special interest to the geotechnical engineers. The
effect of rainfall is one of the most significant factors
affecting slope stability. Landslides on unsaturated
soils usually occur during heavy rainy seasons. In
other words, slope failures are triggered by the effect
of rainfall. Many natural events, climatic and
geological conditions have shown to trigger slope
stability. Some of the factors affecting slope stability
are slope of the slope, moisture content, pore water
pressure change. In order to understand the effects
of infiltration on unsaturated soil, its effect on slope

stability must be studied. Several numerical and
theoretical studies have been carried out on slopes
under the effect of rainfall and reported in the
literature.

The slope failures that occurred in Hong Kong
and attempts to address the likely causes of these
failures investigated by (Au, 1998). The author
reported that the soils that were largely non-
cohesive, steep terrain and intensive development
were typical, slope failures frequently occurred,
where intense rainfall in Hong Kong. Even though the
impact of rainstorms on failures had not to be
understood completely yet. Au, (1998) observed that
rainfall intensity, areal extent, position and duration
of the rainstorm had direct effects on the slope
failure events.
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Rainfall induced landslides on partially
saturated soil slopes were investigated by using the
2011 Umyeonsan landslides at the center of Seoul,
Korea by (Jeong et al,, 2017). The comprehensive
investigation results in the mountainous area
showed that the landslide activity is mainly related
to rainfall and soil characteristics, slope and
vegetation. Numerical analysis was also carried out
to confirm the influence of these factors on the
occurrence of landslides. Special attention is paid to
rainfall infiltration analysis to determine the depth
of the wet zone damaged by shallow and deep slopes
of watershed-scale landslides. The simulation results
were in good agreement with the investigation
results, indicating that the method is suitable for the
simulation of unsaturated soil landslides

Wang et al. (2020) studied the stability of a
three-layer heterogeneous slope based on the
generalized limit equilibrium method. The results
showed that the stability of the slope decreased with
the increase of rainfall intensity until it is destroyed.
The safety factor of the slope was the lowest for a
period of time after the rain stops. This situation
implied that slopes are more susceptible to damage.
With the increase of rainfall, the seepage field and
stress field of the slope have undergone significant
changes, which eventually makes the slope unstable.
Consequently, the slope is considerably tended to
landslides. Hence, we have to pay attention to
monitoring the safety of slopes during rainstorms
and for a period after the rainfall stops.

Karabulut, (2019) investigated the effects of
rainfall infiltration into the soil on a high
embankment slope built under unsaturated soil
conditions on the stability by numerical analysis. The
material parameters were determined from the
laboratory tests performed on soil samples taken
from the field after the embankment was built and
from the ground-water characteristic curve. Pour
water pressure changes were determined by using
the SEEP / W module of the GEOSTUDIO software for
the case of the seepage of rainfall into the slope, and
the stability of the slope was investigated with the
SLOPE / W module. Karabulut, (2019) observed that
the change of groundwater level in unsaturated soils
affects the shear strength of the soils. With the
increase of the groundwater level, the number of
safeties has decreased due to the shear strength of
the soil. Furthermore, Karabulut, (2019) observed
that rainfall intensity played an important role in
slope stability, especially on unsaturated soils. Shear
strength of the slope decreases with the increase of
monthly rainfall intensity. However, in soils with low
permeability, it was observed that the increase in the
intensity of rainfall did not significantly change the
slope stability, as the rainfall did not cause a
significant increase in pore water pressures due to
the inability of the rainfall to penetrate into the soil.

In this paper, parametric analyses of the factors
affecting the rainfall induced slope stability were
performed by GEOSTUDIO software. Hereby, factor
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of safety changes and percent decreases relative to
the initial value were presented.

2. UNSATURATED SOIL MECHANICS

In classical soil mechanics applications, the
conditions where the soil has positive pore water
pressure are taken into account. However, in
unsaturated soils, conditions where the pore water
pressure is negative are taken into consideration.
Soils are classified according to the water content in
them as well as the size of the void that forms them.
If the voids of the soils are completely filled with
water, such soils are called saturated soils. If the
voids are filled with a small amount of water, such
soils are also called unsaturated soils (Onalp and
Arel, 2013).

2.1. Suction Stress

Itis known that in unsaturated soils, soil suction
is related to the free energy of ground water. Matric
and osmotic suction are components of this free
energy. Total soil suction is obtaining by summing up
the two basic components, matric and osmotic
suction components (Karabulut, 2019).

Y=(ua-uw)+r(kPa) (2.1)

Where;

m = Osmotic suction (kPa), ua = Pore air pressure
(kPa), uw = Pore water pressure (kPa), i = Total
suction(kPa)

2.2. Soil Water Characteristic Curve

Soil-water characteristic curve (SWCC) is a
considerable concept in determining unsaturated
soil properties. Soil-water characteristic curve is
generally defined as the relationship between soil
water content and suction. Unsaturated soil
properties can be determined by using soil water
characteristic curve and saturated soil properties. In
this case, the soil-water characteristic curve must be
accurately estimated or measured and interpreted
(Fredlund, 2012).

2.3. Shear Strength in Unsaturated Soils

The safety of many engineering structures
depends on the strength of the soil that have located.
Bearing capacity, lateral soil pressure, and slope
stability are geotechnical applications depending on
the shear strength of the soil. It is substantial to
determine the shear strength of unsaturated soils
because unsaturated soils are often used in the
construction of engineering structures. It is also
substantial to determine the changes in shear
strength that may occur due to water infiltration in
unsaturated soils (Fredlund, 2012).

TURKGEO
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The shear strength of unsaturated soils can be
expressed in independent stress state variables. Any
two of the stress state variables can be used for the
shear strength equation. Equation (2.2) is obtained
by using the (o-ua) and (ua-uw) stress variables
(Fredlund, 2012).
t=c'+(0-ua) tang'+(ua-uw)+tangb (2.2)

Where, (o-ua) refers to the effective normal
stress, (ua-uw) matric suction, and (¢) the angle
that indicates the amount of increase in shear
strength due to matric suction.

Vanapalli 1996, proposed equation (2.3) by
developing a physical model to obtain the shear
strength of the unsaturated soil by defining the
change of the water area at different saturation
degrees along a soil-water characteristic curve. By
this equation, shear strength can be determined for
each desired matric suction change (Tetik, 2020).

t=c'+(on-ua) tand'+(ua-uw) [(tang') (6-6r/Os-
or)] (2.3)

Where, 0, Or, Os refers to the volumetric water
content, residual volumetric, water content and
saturated volumetric water content respectively.

3. MATERIAL PROPERTIES

Soil parameters to be used in this study quoted
from Aslan Fidan, (2017). Aslan Fidan, (2017) has
worked around Veysel Karani Pond planned to be
built in Veysel Karani Town of Baykan District of Siirt
Province.

Within the scope of the field study of the Aslan,
research wells were dug in six different locations in
the study area in order to examine the geology of the
region and to take samples for the necessary
experiments.

3.1. Index and Physical Properties of the Soil

Determining the saturated and unsaturated
parameters of the soil for slope stability analysis
under the effect of rainfall infiltration of unsaturated
soil is necessary. For this reason, the index and
physical properties and shear resistance parameters
of the examined clay soil were determined by routine
laboratory experiments (Table 1). The unsaturated
parameters of the soil were obtained by determining
the soil-water characteristic curve by performing the
filter paper test (Aslan Fidan, 2017).

51

Table 1. Index and Physical Properties of the Soil

Soil Index/Physical Properties Change Interval

Natural Water Content (%) 21.37-25.83
Liquid Limit (%) 22.62-62.15
Plastic Limit (%) 15.74-26.51
Plasticity Index (%) 6.88-35.64
#4 sieve remaining (%) 0.16-48.74
#200 sieve passing (%) 31.25-90.05
Specific Gravity 2.72-2.75
Natural Unit Volume Weight

(KN /m?) 18.35-20.11

Permeability Coefficient (m/sec) 1x10-7-6x10-7

3.2. Soil Water Characteristic Curve
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Figure 1. SWCC of the soil sample (Aslan Fidan,
2017)

One of the required input parameters for a
transient analysis is the volumetric water content
function. Since it can sometimes be difficult or time
consuming to obtain a volumetric water content
function, it may be of benefit to be able to develop an
estimation of the volumetric water content function
using either a closed-form solution that requires
user-specified curve-fitting parameters, or to use a
predictive method that uses a measured grain-size
distribution curve. Seep/w module has several
methods available to develop a volumetric water
content function. One is to estimate a Data point
function using a predictive method based on grain
size, in which closed form equations based on known
curve fit parameters. The soil-water characteristic
curve obtained with the Data-Point Suction option in
the Seep/w module of GEOSTUDIO software is
shown in Figure 1.

3.3. Shear Resistance Parameters
Aslan Fidan, (2017) determined the total shear
strength parameters required for slope stability

analysis by unconsolidated-undrained triaxial
pressure test (UU), and effective shear strength

TURKGEO
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parameters by consolidated-undrained triaxial
pressure test (CU). According to the triaxial pressure
tests (UU-CU), the shear resistance parameters of
ophiolite clay are shown in Table 2.

Table 2. Shear resistance parameters of the soil
(Aslan Fidan, 2017)

Total Effective
Total Internal Effective v
. . . Internal
Cohesion ¢ Friction Cohesion, Friction
(kPa) 1(%01)1gle, 0} (kPa) Angle, ' (°)
66,87 12,4 15 14

4. METHODOLOGY

In the scope of this paper, GEOSTUDIO software
was used which is a package software developed to
provide solutions to geotechnical problems. There
are eight different modules in the program: Slope/w,
Sigma/w, Seep/w, Quake/w, Temp/w, Ctran/w,
Air/w, Vadose/w. Each module is designed to solve
different problems (GEOSLOPE, 2012).

4.1. Seep/w Module

The SEEP module provides numerical modelling
of water flows in saturated and unsaturated soils.
Advantages of numerical modelling over physical
modelling; It can be listed as providing the solution
of complex problems in a short time, modelling many
different situations during the analysis, obtaining the
results in every desired location at the end of the
analysis, taking into account more boundary
conditions (GEOSLOPE, 2015). There are lots of
different analysis options in Seep Module. Within the
scope of this study, transient seepage analysis will be
used. Transient seepage analysis can be defined as a
constantly changing situation. In order to obtain the
change occurring at the end of the period determined
in the transient seepage analysis, the pore water
pressures of the soil at the beginning of the analysis
should be introduced to the soil as the initial
condition.

4.2. Slope/w Module

The SLOPE module provides the safety number
of slope stability to be obtained by limit-equilibrium
analysis methods. Morgenstern-Price, Spencer,
Bishop, Janbu, Sarma, Lowre-Karaifath limit-balance
methods can be used in the software. (GEOSLOPE,
2012) In this study, the Morgenstern-Price method
was preferred as the limit-equilibrium method.
Morgenstern and Price, (1965) developed a method
similar to the Spencer method, but they allowed for
various user-specified interslice force functions.
Constant, Half-sine, Trapezoidal, Data-point
specified are the interslice functions available in
Slope/w for use with the Morgenstern-Price method
(GEOSLOPE, 2012). Selecting the constant function
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makes the Morgenstern-Price method identical to
the Spencer method. In this study, Morgenstern-
Price analysis with a half-sine function was used due
to considering both interslice shear and normal
forces. Simpler methods that do not include all
interslice forces and do not satisfy all equations of
equilibrium sometimes can err on the unsafe side. In
summary, the Morgenstern-Price method:

e Considers both shear and normal interslice
forces,

e Satisfies both
equilibrium, and

e Allows for a variety of user-selected
interslice force function (GEOSLOPE, 2012).

moment and force

5. ANALYSIS AND EVALUATIONS

In this study, same slope geometry which has 10
m height, and 40° slope angle were used. In the
analyses, all other parameters were kept constant,
except for the parameter whose effect of change was
examined. Rainfall intensities were also investigated
using the actual rainfall data of the study area.

Materials

@ Foundation Soil
B infill soil

) \
20

Elevation

0 15 30 45 60 75
Distance

Figure 1. Slope model and Initial ground water table

5.1. Effect of Rainfall Intensity on Slope Stability

The effect of rainfall intensity on slope stability
was investigated in unsaturated soil. At the initial
conditions factor of safety was found as 1.75.

In the analyses, the monthly total rainfall
amounts were converted into rainfall intensity.
Safety numbers were obtained for three different
monthly rainfall intensities: 300 mm, 500 mm, and
700 mm. Considering the groundwater level and
pore water pressures after rainfall effect; Slope
stability analyses were performed using unsaturated
shear resistance parameters. Factor of safety values
were found as 1.70, 1.64, and 1.59, respectively.

TURKGEO
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Figure 2. FoS value / Rainfall intensity graph

It was observed that the factor of safety number
decreased while the rainfall intensity increased. In
the Figure 3, the change in the factor of safety
number depending on the rainfall intensity is seen
clearly. Additionally, in Figure 4, percent decreases
in the factor of safety number relative to the initial
condition were shown. As it is seen in the Figure 4,
3.20%, 6.16%, and 9.08% decreases in the factor of
safety number relative to the initial condition were
observed under 300mm/30d, 500mm/30d and
700mm/30d of rainfall, respectively.

102.00
100.00
100.00 +

Relative FoS

98.00 T
96.00 +
94.00 T
92.00 +
90.00 +

96.80

93.84

9092

88.00 +

86.00 -

300 500

Rainfall Intensity (mm/30d)

700

Figure 3. Percent FoS decreases relative to the initial
value, depending on rainfall intensity

5.2. Effect of Rainfall Duration on Slope Stability

In order to see the effect of rainfall duration, the
same amount of rainfall (300mm) was defined at
different times as 3 days, 30 days, and 60 days.

1.78

1.74
1.72
1.70
1.68
1.66
1.64
1.62
1.60
1.58
156 + + + + + + +
0 10 20 30 40 50 60 70

FoS Value

Rainfall Duration (day)

Figure 4. Factor of safety values after 300mm/3d,
300mm/30d, and 300mm/60d rainfall
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As seen in the Figure 5, short time-heavy
rainfalls affecting the slope stability more than long
time-low density rainfalls. Additionally, in Figure 6,
percent decreases in the factor of safety number
relative to the initial condition were shown. As
presented in the Figure 6, 9.99%, 3.25%, and 0.91%
decreases in the factor of safety number relative to
the initial condition were observed under
300mm/3d, 300mm/30d and 300mm/60d of
rainfall, respectively. These results can be explained
with the rapid decrease of the negative pore water
pressure in the unsaturated soil.

102.00
100.00 +

100.00
99.09

96.75
90.01
' I ' '
3 3

0 60

98.00 T
96.00 1
94.00 1
92.00 1

Relative FoS

90.00 T+
88.00 1
86.00 T

84.00 A

Rainfall Duration (day)

Figure 5. Percent FoS decreases relative to the initial
value, depending on rainfall durations

5.3. Effect of Soil Permeability on Slope Stability

In this part, the effects of soil permeability on
rainfall infiltration and consequently slope stability
were investigated. Using different permeability
values in the analyses, safety numbers were obtained
after 300mm/30d rainfall. The permeability values
which are used in the analyses are k1=5*10-5,
k2=1x10-6, and k3=5x10-7m/sec.

In the Figure 7, the factor of safety changes
while permeability of the soil decreases was
presented. Additionally, in Figure 8, percent
decreases in the factor of safety number relative to
the k1(5.10-5m/sec) result were shown. As it is seen
in the Figure 8, 6.48%, and 9.61% decrease in the
factor of safety number relative to the k1 result
(1.76) were observed under 300mm/30d rainfall.
This situation can be explained by the relationship
between infiltration and drainage. In soils with very
high permeability (ks> 10-4 m/sec), rapid drainage
occurs simultaneously with infiltration and
therefore pore water pressure does not rise. Due to
this reason the factor of safety number not to be
affected much by infiltration. On soils with
intermediate permeability (10-4 m/s - 10-7 m/s)
infiltration-drainage balance gains importance. As
the permeability decreases in this range, accordingly
the safety number decreases.
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5.4. Effect of the Ground Water Table Change on
Slope Stability

One of the noteworthy effects of rainfall is the
change in groundwater level. A rise in the
groundwater level may occur after rainfall,
depending on the decrease in the negative pore
water pressure (matric suction) of the soil, the shear
strength that before rainfall of the soil decreases.

In this analysis, factor of safety numbers was
obtained for 3 different groundwater levels in which,
16 m, 18 m, and 20 m above the lowest point of the
slope model, in no rainfall conditions.

1.74
1.72 +
1.70 +
1.68 T
166 T
164 T

FoS Value

162 T
1.60 + 1.59
1.58 +
1.56

15 16 17 18 19 20 21
GWT (m)

Figure 8. The change in the FoS values depending on
GWT

As it is seen in the Figure 9, when the ground
water table increase, factor of safety values
decreases as well due to decrease in the matric
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suction. Additionally, in Figure 10, percent decreases
in the factor of safety number relative to the lowest
GWT (16m) result were shown. 1.14%, 4.57%, and
9.14% decreases in the factor of safety number
relative to initial value were observed.

102.00
100.00
100.00 + 98:86
98.00 +
i
£ 9600 + 95.43
)
>
s 9400
<
<
o 9200 T 90.86
90.00 +
88.00 +
86.00 T T T
16 18 20
GWT (m)

Figure 9. Percent FoS decreases relative to the initial
value, depending on the GWT

5.5. Effect of Cohesion(c) on Slope Stability

In the analyses, the effect of the cohesion
parameter on the slope stability was observed.
Except cohesion, other parameters were Kkept
constant in the analysis. Different factor of safety
values was obtained for three different effective
cohesion values of the unsaturated fill soil which are
15,13 and 11(kPa).

1.80
170 +
1.60 1
150 +
140 +
130 +
120 1 110
110 1
1.00 +
090 +
0.80

1.70

FoS Value

10 11 12 13 14 15 16
Effective Cohesion (c')

Figure 10. The change in the FoS values for different
cohesion values

It is clearly seen in the Figure 11 that FoS
increases with the increase in the effective cohesion.
Additionally, in the Figure 12percent decreases in
the factor of safety number relative to the initial FoS
value (1.75) were shown. 2.86%, 32.57%, and
37.14% decreases in the factor of safety number
relative to the initial FoS value were observed. In
order to evaluate the results, we can say that
cohesion is a considerable soil parameter that affects
the stability because the safety number was
significantly reduced with a small reduction in
cohesion.
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Figure 11. Percent FoS decreases relative to the
initial value, depending on the effective cohesion

5.6. Effect of Internal Friction Angle on Slope
Stability

In this analyses, effect of the internal friction
angle in unsaturated soil on slope stability was
investigated. Different factor of safety values was
obtained for three different effective internal friction
values of the unsaturated fill soil which are 14°, 12°
and 10°. For these different internal friction angles,
different ¢» values were calculated. The ¢» values
calculated as 8.82°, 7.31°, and 6.08° for 14°, 12° and
10° internal friction angles, respectively. Then, the
new angles were used for each analysis.
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g 140 7
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Figure 12. FoS number depending on internal
friction angle
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Figure 13. Percent FoS decreases relative to the
initial value, depending on internal friction angle

In the Figure 13, it is seen that as the internal
friction angle increases, the FoS values increases as

well. Additionally, in the Figure 14, percent
decreases in the factor of safety number relative to
the initial FoS value were shown. 2.86%, 34.86%,
and 40.57% decreases in the factor of safety number
relative to the initial FoS value were observed.

5.7. Effect of Slope Angle on Slope Stability

In these analyses, only effect of slope angle
change on slope stability was investigated. During
the previous analyses slope angle was 40°. This angle
was increased from 40° to 45° and 50°. At the initial
conditions, FoS values obtained as 1.75, 1.59, and
1.44 for 40°, 45°, and 50° slope angles, respectively.
As seen in the Figure 15, after 300mm/30d rainfall,
FoS values were obtained as 1.69, 1.54, and 1.38 for
40°,45°, and 50° slope angles, respectively.

1.80
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Figure 14. FoS values depending on slope angle
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Figure 15. Percent FoS decreases relative to the first
value, depending on slope angle

In the Figure 15, it is obviously seen that FoS
values decreases as slope angle increases. For this
reason, it can be said that slope angle is a significant
factor on slope stabilities especially in rainy areas.
Additionally, in the Figure 16, percent decreases in
the factor of safety number relative to the FoS value
of the 40° of slope angle were shown. 8.88%, and
18.34% decrease in the factor of safety number
relative to the FoS value of the 40° of slope angle
were observed.
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6. CONCLUSION

The results showed that the rainfall intensity
affects the stability of the slope significantly. Non-
linear relationship between rainfall intensity and
safety number was determined. As presented in the
Table 3, while the rainfall intensity increases, the
negative pore water pressure in the soil decreases
nonlinearly, and consequently the factor of safety
number of the slope similarly decreases.

Table 3. Rainfall intensity analysis results

FoS Percent
Rainfall FoS Value Values Decrease
Intensity at Initial Relative to
- After e
(mm/day) Condition - Initial
Rainfall .
Condition
300 1.70 3.20
500 1.75 1.64 6.16
700 1.59 9.08

When the effects of rainfall duration on
infiltration and accordingly slope stability were
examined, it was seen that short-term heavy rainfall
was more effective than long-term but relatively
low-intensity rainfall. As seen in the Table 4, when
300 mm of rainfall fell on the soil in 3 days, a
considerable decrease in the number of safeties were
observed. These results can be explained with the
rapid decrease of the negative pore water pressure
in the unsaturated soil.

Table 4. Rainfall duration analyses results

FoS Values Percent
Rainfall FoS Value Decrease
. - After .
Duration at Initial . Relative to
- Rainfall .
(day) Condition (300mm) Initial
Condition
3 1.58 9.99
30 1.75 1.70 3.25
60 1.74 0.91
It was further observed by different

permeability analyses that when permeability
decreased, the number of safeties also decreased.
The analyses results are presented in the Table 5.
This observation can be explained by the
relationship between infiltration and drainage. In
soils with very high permeability (ks> 10-4 m/sec),
rapid drainage occurs simultaneously with
infiltration and therefore pore water pressure does
notrise. On soils with intermediate permeability (10-
4m/s -107 m/s) infiltration-drainage balance gains
importance. As the permeability decreases in this
range, accordingly the safety number decreases.
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Table 2. Permeability analyses results

Soil FoS Value FoS Percent
Permeability  at Initial Values Decrease
(m/sec) Condition After Relative to
Rainfall Initial
(300mm) Condition
5x10-5 1.76 0
1x10-6 1.75 1.64 6.48
5x107 1.59 9.61

Likewise, it has been observed that the shear
strength of the soil decreases, thus the safety number
decreases with the rise of the groundwater level.
When the initial conditions were examined, it was
observed that as the groundwater level increased,
the safety number decreased compared to the initial
conditions due to the decrease in the matric suction
values of the soil.

Table 3. GWT analyses results

Ground FoS Value FoS Values Percent
Water at Initial in no Decrease
Table Condition rainfall Relative to

(m) Condition Initial
Condition
16 1.73 1.14
18 1.75 1.67 4.57
20 1.59 9.14

Furthermore, soil cohesion on slope stability
was evaluated, and it was found that the shear
strength of the soil decreases markedly with the
reduction of the cohesion. Hence, factor of safety
decreased. As presented in the Table 7, 32.57%, and
37.14% decreases which are remarkable decreases
in accordance with other parameters, observed with
the reduction of effective cohesion value.

Table 4. Effective cohesion analyses results

Effective FoS Value FoS Values Percent
Cohesion at Initial After rainfall Decrease
() Condition  (300mm/day) Relative
(kPa) to Initial
Condition
15 1.70 2.86
13 1.75 1.18 32.57
11 1.10 37.14

When the internal friction angle effect was
evaluated. It has been found that the shear strength
of the soil decreases with the reduction of the
internal friction angle. Similar to the effective
cohesion analyses results, 34.86% and 40.57%
decreases seen due to reduction of internal friction
angle value.
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Table 5. Internal friction angle analyses results

Internal FoS Value FoS Values Percent
Friction at Initial After rainfall Decrease
Angle (°)  Condition  (300mm/day) Relative
to Initial
Condition
14 1.70 2.86
12 1.75 1.14 34.86
10 1.04 40.57

Slope angle has a key role on slope stability.
When the slope angle increased, it has been obtained
that factor of safety decreased. Therefore, slope
angle determinations must be done carefully on the
related projects. In the Table 9, factor of safety
changes and percent decreases relative to the 40°
slope angle value is given. As seen in the Table 9,
8.88% and 18.34% decrements were observed due
to 5° and 10° increments of the slope angle value.

Table 6. Slope angle of slope analyses results

Slope Angle FoS Values Percent Decrease

of Slope (°) After rainfall Relative to 40°
(300mm/day) Slope Angle

40 1.69 0

45 1.54 8.88

50 1.38 18.34

When the results of all analyses were evaluated,
it was seen that the results were consistent with
other studies in the literature.
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Forest fires have been more common in recent years and caused extensive damage. Not
only settlements and natural life but also historical places and ancient cities are at risk

Fire Risk of forest fires. This study discussed forest fires in Turkey in the summer of 2021. Forest

Burn Severity
Landsat-8

fire risk classifications were determined using Landsat-8 images. The Normalized Burn
Ratio (NBR) and Differenced Normalized Burn Ratio (ANBR) indices were used to assess

the area impacted by fire and to create fire risk classes. Furthermore, the burned and
unburned areas in different zones from the Amos ancient city in the Marmaris were
calculated using remote sensing methods. Thus, areas that should be protected from the
fire were determined in future studies for fire risk areas.

1. INTRODUCTION

Forest fires are becoming more frequent with
increasing global warming worldwide (Hantson et
al,, 2016). Many forest fires occurred in the summer
of 2021, and Turkey's total burned area reached 204,
408 hectares (EFFIS, 2021). Forest fires have a
natural effect on occurrences, can rejuvenate forests,
and eliminate illnesses and other dangerous risks.
On the other hand, they may negatively affect
settlements and natural life (Dasdemir et al., 2021;
Nuthammachot and Stratoulias, 2021). Forest fires
pose a threat not only to natural vegetation and
settlements but also to historical and archaeological
sites (Dimitrakopoulos et al., 2002).

Several studies focus on the conservation of
National Park and ancient site regions. Portugal's
Herdade da Contenda region is a national hunting
area, and a conservation-integration plan was
studied using remote sensing methods (Teodoro et
al,, 2015). Furthermore, to assist in the conservation
plan, multi-criteria decisions and buffer zone
management methods were applied to protected
areas (Geneletti and Duren, 2008; Hjortsg et al,
2006). On the other hand, forest fire risk zone
mapping can create to understand the fire impact on

natural and cultural heritage areas (Nikhil et al,
2021).

In the literature, there are many different fire
detection studies using UA and GIS techniques.
Previously implemented fire detection algorithms
using remote sensing are generally developed and
tuned for regional, continental, and global
applications (Flasse and Ceccato, 1996). "Burn
severity" is a term used to describe the physical,
chemical, and biological alterations for the purpose
of identifying the burned area after a fire (White et
al,, 1996). Furthermore, several techniques are used
to create fire risk maps, including weighted
registration, machine learning, deep learning, and
frequency ratio (Javad et al,, 2014; Tien Bui et al,,
2017; Stroppiana et al., 2021). On the other hand, the
land surface temperature (LST) is related to burned
areas based on the severity of the forest fire
(Vlassova et. al,, 2014).

Several remote sensing methods are used to
understand the forest fire severity. Some of these are
based on multi-date change detection such as
differenced Normalized Burn Ratio (dNBR), the soil-
adjusted vegetation index, and burned area index
(Hall et al., 2008; Marino et. al., 2016; Smith et. al,,
2010). Forest fire risk and hazard maps are crucial
for the environmental management of forest regions
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and for establishing long-term strategic fire
prevention plans (Akay and Sahin, 2019; Eugenio et
al, 2016). Remote sensing methods enable the
analysis, display, and presentation of fire severity
and risk classification (Boer et al., 2008; Degerliyurt
and Cabuk, 2015; Sandamali and Chathuranga,
2021).

The primary purpose of this study is to examine
the impact of fire risk on the ancient city and its
environment. In this study, forest fires covering the
Aegean and Mediterranean regions of Turkey in
2021 were discussed. The Amos ancient city in the
Marmaris district was chosen as the study area since
it is one of the most damaged areas by the fire. The
fire around the ancient city of Amos started on 4
August 2021 and was brought under control on 5
August 2021 with the intervention of the fire brigade
(Url-1, Url-2).

In this study, dNBR, which is the most common
remote sensing method, was used to determine fire
severity and fire risk areas at different distances
from the ancient city point were defined to assess the
threat and risk of fire to the ancient city of Amos.
Moreover, according to the forest fire severity map
created in the study we tried to understand how
much the ancient city was affected by the forest fire.

The remainder of the study is organized as
follows. Section 2 presents the methodology,
including the study area, the satellite data sources,
and the description of the analysis indexes. Analyses
are described in Section 4. Section 3 concludes the
study.

2. METHODOLOGY
2.1. Study Area and Materials

Marmaris is one of the districts of Mugla
province. The area of the district is 963.73 km?; 80%
is forestland, 5% is agricultural land, and a coastline
of 451.72 km (Figure 1). Amos ancient city was
selected as a study area (Figure 2). On the southwest
side of contemporary Turung, Marmaris, Amos is one
of the Rhodian antiquities located on the Asarcik hill
(Girbtizer, 2021; Yaman, 2022).

Figure 1. Study area
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Landsat-8 images were used as satellite images in
this study. Landsat-8 images were obtained from
USGS (United States Geological Survey) websites in
2022 and has 11 bands with developed band
combinations (Acharya and Yang, 2015). Two
images were acquired, one from 2020 and the other
from 2021 (Table 1). Moreover, ancient site point
data was obtained from QGIS Open Street Map
Plugin. According to Turkish news sources, the Amos
ancient city was chosen for investigation since Amos
was under the threat of forest fires (Url-2).

Table 1. Dates of Landsat images

Landsat Images Date
LCO8_L1TP_180034_20201224_02_T1 24.12.2020
LC08_L1TP_180034_20210821_02_T1 21.08.2021

Figure 2. Location of Amos Ancient City
2.2. Method

We focused on NBR and dNBR as indices to
evaluate burned areas in satellite images. First, the
radiometric correction was applied to bands of
Landsat-8 images. NBR analysis was performed on
the image to estimate the intensity of the burn
severity areas from before and after forest fire
images. NBR is calculated as a ratio between the
near-infrared (NIR) and shortwave infrared (SWIR)
values. Furthermore, dNBR observes changes
between two dates (Stankova and Nedkov, 2015).

NBR = (NIR — SWIR) / (NIR + SWIR) (D

dNBR = [Pre — fire NBR - Post — fire NBR) (2)
For the Landsat 8 image, the NIR value

corresponds to Band 5, while the SWIR value

corresponds to Band 7 (Url-3). For Landsat 8:

NBR = (Band 5-Band 7) / (Band + Band 7)  (3)
This study used Band 7 of Landsat-8, which

detects the wavelength between 2100 and 2290 in

the infrared region. On the other hand, Band 6 is at a
lower wavelength and was not included in the study.
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After the NBR analysis on Band 5 and Band 7 for the
dates before and after the fire, ANBR analysis was
applied to understand the burn severity of forests
between the two dates. In a study of fire escape
scenarios, the distances between the fire starting and
end points were determined as 861 meters, 935
meters and 1175 meters (Castro-Basurto et al,
2021). Therefore, in this study, escape distances
were determined approximately, to observe the fire
threat to the Amos ancient city, 500 meters, 1
kilometer, and 2 kilometers buffer zones were
applied to the point of the ancient city. In this study,
the effect of fire severity in the determined buffer
zones based on the area was examined. Moreover,
projection systems were defined as a UTM Zone 35
in the QGIS. Figure 3 shows the methodology flow
chart of the study.

Landsat-8 images

Post-fire
(21 August 2021)
[Geometrlc correctlons]

[ Band 5 and Band 7 ]

Pre-fire
(24 December
2020)

Pre NER Post NER

Buffer zones
from Ancient city

Burn Sewverity
Map

The areas of
unburn and burn
lands

Figure 3. Methodology flow chart
3. RESULTS AND DISCUSSION

The burn severity indices values were classified
as shown in Table 2. Severity indices are based on
previous studies (Giddey et al., 2022; Konkathi and
Shetty, 2019). The result shows the fire intensity
map after applying the NBR and dNBR analyzes.
Moreover, the area with high and severe burn areas
are close to the Amos ancient city (Figure 4).

Table 2. Classified Burn and Unburn Areas

Severity Level Values
Unburn Area <0.099
Low Burn Area 0.1-0.27
Moderate Burn Area 0.27-0.54
High Burn Area 0.54-072
Severe Burn Area >(0.72

In Marmaris, there are 67.53 km? of unburned
land, 345.28 km? of low burn, 326.30 km? of
moderate burn, 54.74 km? of high burn, and 38.66

60

km? of severe burn. Distance buffers of 500 meters,
1 kilometer, and 2 kilometers were applied to the
unburn and burn areas of the ancient city (Figure 5).

e e e
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I Lo Burn Area
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50 2 ometrs st
Fire Severity
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[ LowBurn Area
[ Moderate Bum Area
[ High Burn Area [
B severe Bum Aren
@ /mos Ancient City
[ oistricts e reugia

15 3

e

Figure 5. Buffer zones of Amos ancient city

The severe burn area of 500 meters from the
Amos ancient city is 0.02 km?, which is 0.05% of the
Marmaris severe burn area. At a distance of 1
kilometer, the severe burn area is %0.18 of the
district's severe burned area. Moreover, at a distance
of 2 kilometers, the severe burn area is %1.26 of the
Marmaris severe burned area. 2 kilometers from the
Amos ancient city, the burn areas are respectively
low burn area (2.3 km?2), moderate burn area (1.7
km?), high burn area (1.04 km?) and severe burn
area (0.49 km?). Furthermore, the Amos ancient
city's unburn area is 0.6 km?2 in 2 kilometers.

According to the dNBR result, which is the
difference between pre-fire and post-fire areas,
there are different burn ratio classes at different
distances to the Amos ancient city. While the area of
the severe burn area zone of 1-kilometer distance to
the ancient city is fewer, the area of the severe burn
area zone of 2 kilometers distance to the ancient city
is increasing. However, in the area zone of 500
meters and 1 kilometer, the moderate burn area is
more than other classes (Table 3).
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Table 3. Burn and unburn areas of buffers of the
Amos ancient city

Landsat In 500 In1 In 2

Images meters kilometer kilometers

Unburn 0.01 0.15 0.6

area(km?)

Low burn 0.05 0.61 2.3

area (kmz?)

Moderate 0.14 0.42 1.7

burn area

(km?2)

High burn 0.01 0.16 1.04

area (kmz?)

Severe 0.02 0.07 0.49

burn area

(km?)

Al

False Color ”
Band Combination
— PSS

Figure 6. False color band combination

The false color band combination was applied to
observe the vegetation change in the burned areas
(Figure 6). Accordingly, 5-4-2 Bands were selected
for Landsat 8. As a result, vegetation decreased in the
severe burned forest area.

4. CONCLUSIONS

Previous studies focused on fire management in
ancient cities and national parks (Humphrey et al,,
2021; Roos et al, 2021). Moreover, forest fire
severity and forest fire susceptibility studies were
implemented for national parks using remote
sensing methods (Gigovi¢, 2019; Rozario, 2018).

However, there are no comprehensive studies in
the literature that analyze the effects of forest fires
on ancient cities with remote sensing methods. The
study aims to determine the fire risk areas of the
ancient city and its environment in Turkey in the
summer of 2021 forest fires. Furthermore, forest risk
areas were evaluated from Amos ancient city at
different distances. According to this, severe burn
areas increased by 2 kilometers from the Amos
ancient city.

This study evaluated the impact using remote
sensing and GIS methods. Moreover, conservation
management can be created by calculating the
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burned areas and evaluating the situation around the
ancient city.

The limitation of the study is that there is no
data on the borders of Amos ancient city, so the fire
risk zones were calculated by measuring the buffer
from the point. On the other hand, this study can
benefit future forest fire management and long-term
strategic fire prevention plans.
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ABSTRACT

Assessment of forest areas affected by wildfire is crucial for designing appropriate
management strategies to support post-wildfire restoration. This study integrates
Remote Sensing and GIS data to map burned areas and severity, and regeneration of
vegetation in a Mediterranean forest type ecosystem (National Park "Dajti Mountain”,
NPDM), in Albania. Landsat 8 satellite imagery was employed to calculate various
spectral indices such as the Normal Burn Ratio Index (NBR), NBR2, the Normalized
Difference Vegetation Index (NDVI) and the Enhanced Vegetation Index (EVI). Burn
severity levels were defined by using the dNBR thresholds developed by Key and Benson
(2006). The accuracy of burn severity map produced was evaluated by relating field-
based Composite Burn Index (CBI) and satellite-derived metrics (ANBR) from Landsat-
8. By means of dNBR and dNBR2 we detected and mapped several burned forest areas
within the NPDM, at the sites of Shkallé, Qafémolle, b€, Tujan, Derje, Selbé, Surrel and
Dajt, which were affected by wildfire during the year 2017. The dNBR produced the best
results for burned areas mapping and burn severity assessment (91.7%) over the dNBR2
(89.8%). The dNBR and dNBR2 index maps showed that a total of 103.59 and 105.72
hectares of forests was affected by wildfire. Areas with different levels of burn severity
were detected: 17.29 and 23.80% unburned, 43.36 and 45% low, 15.11 and 12.13%
moderate, 24.93 and 21.2% high. Overall, the dNBR2 index produced lower percentages
of wildfire-affected areas at high and moderate rates compared to the dNBR index while
for unburned areas the dNBR2 index resulted in higher percentages. Vegetation recovery
during the subsequent growing season was generally good as revealed by the high dNDVI
and dEVI values, indicating the reactivation of photosynthetic activity. This information
is useful for forest managers/specialists to design relevant strategies for the proper
rehabilitation/management of burned forest areas in the future.

1. INTRODUCTION

Wildfire is considered any non-structured fire,
other than prescribed fire, that occurs in the
wildland (Firewise, 1998). Wildfires worldwide are
affecting large areas and consequently are
associated with negative impacts on forest
ecosystems, such as: desertification, soil erosion, loss
of water supply, biodiversity, biological functions
which follow with large socio-economic losses,
contribute to deforestation, greenhouse gas
emissions, and also harm human well-being
(Mallinis et al., 2018). The increasing frequency and
intensity of wildfires has led to an increase in the

need to monitor them but also to assess areas
damaged by wildfire through modern techniques
including mapping with Remote Sensing and GIS
methods. Satellite images have been used to detect
changes in vegetation response to light spectrum in
different spectral bands where these changes are
reflected (Warner et al.,, 2017). Data provided by
satellite images are very important for natural
resource managers to understand and evaluate the
effects of wildfires on the ecosystem as well as the
impact of environmental changes on the ecological
functioning of the ecosystem (Morgan et al., 2014).
Accurate and rapid mapping of burned areas is
essential to  support their = management
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/rehabilitation, to calculate environmental damage,
to define planning/management strategies and to
monitor vegetation regeneration. Given the time and
field efforts of wildfire management as well as the
permanent and temporary impacts that fire cause on
the ecosystem, Remote Sensing has become a
reliable and applicable alternative for assessing the
extent of wildfires (Lentile et al., 2006).

The most widely used method for evaluating
wildfire impacts in the field is the Composite Burn
Index (CBI) developed by Key and Benson, (2006).
This field protocol, has shown good correlation with
the spectral reflectance recorded from remote
sensing images (Key and Benson, 2006; Mallinis et
al., 2018). Several methods have been developed for
mapping wildfire-affected areas from multi-
temporal or single post-wildfire satellite images
(Hudak et al, 2007; Escuin et al, 2008). These
methods comprise a variety of spectral indices (e.g.,
NDVI, EVI, NBR, NBR2, MIRBI, BIAS2, BAI, etc.)
covering the visible/NIR, the NIR/short SWIR and
the short SWIR/long SWIR spectral spaces (Hu et al,,
2021; Sirin and Medvedeva, 2022). However, the
Normalized Burn Ratio difference (dNBR, dNBR2)
and the Normalized Difference Vegetation Index
(NDVI) have shown a good correlation with wildfire
severity and therefore have been widely used for
estimating burn  severity and vegetation
regeneration (Key and Benson, 2006; Mallinis et al,,
2018; Atak and Tonyaloglu, 2020). The ability of
dNBR index to differentiate wildfire effects on
vegetation is strongly related to the contrasting
signal in NIR and SWIR reflectance bands provided
by healthy versus wildfire-disturbed vegetation
(Saulino et al., 2020). Remote sensing burn severity
indices are able to rapidly and accurately detect
burned forest areas which is crucial for post-wildfire
management practices, especially in spatial
heterogeneous and prone to wildfire Mediterranean
forest ecosystems. During the year 2017, in several
Mediterranean countries large forest areas were
affected by wildfires (San-Miguel-Ayanz et al., 2018).

This is also the case of Albania where in 2017 have
been reported many wildfires all over the country.
These wildfires occurred repeatedly, mostly on
shrublands and less in high forests. In most cases,
causes of forest fires remain unknown but it is
believed that they are human set wildfires. Apart
from many shrub species, considerable areas of
Pinus nigra and Fagus sylvatica forests were burned
all over the country causing high economic and
ecological damage (Forestry Sector Study Report,
2021).

The aim of this study was to evaluate the
environmental impacts of wildfires that occurred
during year 2017 in national park “Dajti mountain”
(NPDM), region of Tirana, Albania, by means of
Remote Sensing and GIS data. More specifically, it
was intended to assess forest areas affected by
wildfire, evaluate burn severity and the current state
of vegetation (regeneration) in the affected areas.
The objectives of this study were: (1) to produce
burned area and severity maps of National Park
"Dajti Mountain” by means of dNBR and dNBR2
indices and assess their accuracy, (2) to identify the
most capable spectral index for evaluating wildfire
severity and vegetation regeneration, (3) to evaluate
the current state of vegetation (regeneration) in
affected areas through the use of NDVI and EVI
vegetation indices maps.

2. METHOD
2.1. Study Area

Study area is located about 5 km North-East of
Tirana and covers the entire territory of National
Park "Dajti Mountain" (NPDM) as well as areas
around it (Figure 1). NPDM is affected by the
Mediterranean pre-mountain and mountain climate
characterized by relatively cold and humid autumn
and winter while spring and summer are drier and
hotter.
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Figure 1. Map of Europe (left) and the study area located in north-east of Tirana (right). Red perimeter delineate
the burned areas located within the national park “Dajti Mountain
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Average annual temperatures range from 15°C
to 22°C. Nearly 70% of the annual precipitation falls
in winter where the maximum rainfall reaches up to
237 mm per day (Bruci, 2007). The elevation ranges
between 650m and 1613m, whereas the slope varies
between 5% -70%. The park is characterized by
fragmented and rugged topography which creates
favorable conditions for a great diversity of
ecosystems. Generally, NPDM is dominated by grey
dark soils which are distributed at altitudes of 900-
1600 m above sea level, but also by brown soils up to
900 m. The vegetation is characterized by evergreen
species such as Arbutus unedo, Erica arborea and
Quercus ilex and deciduous species such as Fagus
sylvatica, Quercus frainetto, Quercus cerris, etc, and
shrubs Carpinus orientalis, Corylus avellana, etc.
NPDM is fire prone area where wildfires are
occurring frequently every year. In particular, the
year 2017 was characterized by extensive burning at
the NPDM, including large and small burned areas
with different levels of burn severity. Most wildfires
occur during the dry season, from June to August,
when vegetation contributes to accumulation of dry
fuels that are easily combustible (Forestry Sector
Study Report, 2021).

2.2. Field Data Collection

One month after the wildfires, a total of 30
Composite Burn Index CBI plots (30m x 30m) were
established randomly within the wildfire affected
areas. Wildfire severity was evaluated visually and
classified at four levels of burn severity (unburned,
low, moderate and high). Geographical coordinates
were recorded at the center point of each plot using
a GPS and digital photos were taken (See appendix
1). The four strata identified were substrate, herbs,
shrubs and trees. They were stratified according to
the forest type of the area combined with a
preliminary interpretation of satellite image.
Wildfire severity for each strata was visually
evaluated as described in CBI data sheet (Key and
Benson, 2006). The CBI contains information to
evaluate burn severity level for five main strata of
the vegetation: substrate, vegetation (herbs, shrubs,
and trees) less than 1 m tall, tall shrubs and trees 1-
5 m, intermediate trees (sub-canopy and pole-sized
trees) and big trees (canopy, dominant and co-
dominant) (Key and Benson, 2006). Burn-severity
level within each stratum is estimated on a 0.0-3.0
scale. CBI overall severity value was then calculated
by averaging the strata values of each plot. Field data
of burned areas and severity were used to validate
results (accuracy assessment) produced by Remote
Sensing Landsat 8 spectral indices.

2.3. Satellite Data Collection and Analysis
To assess the forest areas affected by wildfires,

a combination of satellite and field data were used.
Cloud-free Landsat 8 satellite images acquired pre
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and post fire (June - August 2017, respectively) were
used in the analyses. Landsat 8 satellite imagery was
downloaded free of charge on the US Space Agency
(NASA) website (Url-1). Table 1 lists the band names,
spatial resolutions and wavelengths of Landsat 8 OLI
Sensor.

Table 1. Spectral bands characteristics of Landsat 8
OLI

Wavelength Resolution
Bands .

(micrometers)  (meters)
Band 1 - Coastal 0.43-0 45 30
aerosol
Band 2 - Blue 0.45-0.51 30
Band 3 - Green 0.53-0.59 30
Band 4 - Red 0.64-0.67 30
Band 5 - Near
Infrared (NIR) 0.85-0.88 30
Band 6 - SWIR 1 1.57-1.65 30
Band 7 - SWIR 2 2.11-2.29 30
Band 8 -
Panchromatic 0.50-0.68 15
Band 9 - Cirrus 1.36-1.38 30
Band 10 - Thermal
Infrared (TIRS) 1 10-6-1119 100
Band 11 - Thermal 11.50-12.51 100

Infrared (TIRS) 2

The study area encompasses UTM zones 34,
north. Images were downloaded in Level-2C product
format and had some pre-processing related to
geometric and radiometric correction based on field
control points and the Digital Elevation Model (DEM)
for topographic accuracy. The reflectance images
were then imported into Miramon software for
further analysis. The images were projected to the
UTM/WGS84 projection. The pre-wildfire and post-
wildfire images were selected as close as possible to
the wildfire occurrence, in order to minimize
spectral differences due to seasonal changes in the
landscape. The eight wildfires considered in this
study occurred during the time interval 14 July-18
August of year 2017. The pre-fire image
(LCO8B_L1TP_186031_20170601) was selected on
the 01th of June 2017 and the post-fire image
(LCO8_L1TP_186031_20170820) was selected on
the 20th of August 2017. Landsat 8 satellite images
were used to calculate spectral indices for burned
area and severity assessment, as well as for
vegetation regeneration. Spectral indices employed
in this study were the Normalized Burn Ratio (NBR),
NBR2, Normalized Difference Vegetation Index
(NDVI) and Enhanced Vegetation Index (EVI) (Table
2). The pre-wildfire and post-wildfire NBR, NBR2
were used to calculate the differentiated NBR. The
dNBR and dNBR2 index values were classified into
several classes of burned severity (Table 3)
following (Key and Benson, 2006).
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Table 2. Spectral indices used in this study

Index full name Abreviation Formula Reference

The Normalized Burn Ratio NBR (NIR - SWIR2) / (NIR + SWIR2) Key and Benson, 2006
Differentiated NBR dNBR NBRpre - NBRpost Key and Benson, 2006
The Normalized Burn Ratio 2 NBR2 (SWIR1 - SWIR2) / (SWIR1 + SWIR2) USGS, 2019
sggzzgiidlféfireme NDVI (NIR - RED) / (NIR + RED) Tucker, 1979
Enhanced Vegetation Index EVI 2.5*(NIR-RED)/(NIR+6RED-7.5BLU+1) Huete et al., 2002

For Landsat 8: RED (Band 4); BLUE (Band2); NIR: Near infrared (Band 5); SWIR1: Short wave infrared (Band

6); SWIR2: Short wave infrared (Band 7)

Table 3. Classification of ANBR, dNBR2 values into
burn severity classes (Key and Benson, 2006)

Burn severity class Range of dNBR, dNBR2

Unburned <0.1

Low 0.1-0.349
Moderate 0.35-0.459
High >0.46

To analyze and assess the current condition
/regeneration of forest areas damaged by wildfire
we used NDVI and EVI vegetation indices calculated
on Landsat 8 images. In particular, near post (20th of
August 2017) and one-year post fire (04th of June
2017) NDVI and EVI images were analyzed and
difference images were used. The EVIindex was used
as a complement to the NDVI index because it was
created to improve the vegetation signal and to
provide more accurate data on photosynthetic
activity on dense biomass areas (Huete et al., 2002).

2.4. GIS Analysis
The image maps of areas affected by wildfire

and vegetation regeneration were imported to GIS
where initially were converted to shapefile to

calculate the respective areas. Moreover, based on
the field data and the dNBR values we identified 8
forest sites within the DMNP affected by the 2017
wildfire which were located near the villages of
Tujan, Shéngjin i Vogél, Qafé Mollé, Derje, Shkallg,
Selbe (2 areas) and Ibé (Figure 1). The perimeter of
damaged areas was digitized and they were clipped
on the dNBR and dNBR?2 as well as the NDVI and EVI
maps. Also, the preparation, comparison and export
of maps produced was done through the use of Arc
Map program.

3. RESULTS AND DISCUSSION
3.1. Burn area and severity

The fire-affected forest area evaluated in the
field was 95 hectares (See appendix 2), whereas the
one mapped by the Landsat spectral indices dNBR
and dNBR2 were 103.59 and 105.72 ha, respectively
(Table 4). Spectral indices clearly differentiated
burned from unburned areas with a discrepancy of
only 2% (Figure 2). Overall accuracies of forest
burned area and severity maps generated with dANBR
and dNBR2 were 91.7% and 89.8%, respectively.
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Figure 2. NBR and NBR2 images of the study area before the fire (01 June 2017), near after fire (20 August
2017) and after fire (04 June 2018). See Key and Benson, (2006) for NBR responses. Other details as in figure 1.
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This indicates that dANBR spectral index was
slightly more accurate at estimating fire severity
compared to dNBR2. Various studies showed higher
capability of NBR and NBR2 at discriminating
burned areas as compared to other spectral indices
(Sacramento et al., 2020; Sirin and Medvedeva, 2022;
Atak and Tonyaloglu, 2020). Based on these studies,
both NBR and NBR2 indices produce similar results
and are considered the most important indices to be
used for burn area detection and mapping. However,
the slight differences observed between NBR and
NBR2 in this study could be related to NIR and SWIR
spectral bands sensitivity to the characteristics of
vegetation types in terms of density and spatial
heterogeneity as they are captured from the remote
sensing spectral reflectance (Mallinis et al., 2018).
Figure 3 shows the forest areas affected by wildfire
in 2017 at the NPDM, based on the dNBR/dNBR2
indices.

dNBR 2017
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i % T

Shkalle

—
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Figure 3. Maps of burned areas and burn severity
detected by dNBR index

Selbe 1 Selbe 2

Forest site located at Ibé has suffered high
wildfire damage as a significant part of the area was
characterized by high dNBR values. More
specifically, at Ibé about 60% of the forest area
affected by wildfires was characterized by high burn
severity while approximately 32% of the area was
presented with moderate to low burn severity, and
only 8% of the area was undamaged by wildfire
(Figure 3, Table 4). Qafémollé burned forest area also
was characterized by high wildfire damage
(51.42%), while in other forest areas (Shéngjin i
Vogél (27.27%), Shkallé (21.43%), Selbe 2 (21.6%),
Tujan (6.78%), Derje (5.83%)) only a relatively small
part was characterized by high burn severity.
Relatively high percentages of forest area
moderately affected by wildfire were found at
Shéngjin i Vogél (36.36%) and Qafémollé (28.57%),
while the areas with low burn severity were mainly
found at Tujan (54.28%), Derje (58.33%), Selbe 1
(59.72%) and Selbe 2 (44.50%). Forest areas with
the highest percentage of vegetation undamaged by
wildfire were Tujan (21.07%), Derje (27.5%),
Shkallé (21.43%) and Selbe 1 (20.14%). These
tendencies are clearly observed in Figure 3 where
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the burn severity levels are visible through the
respective colors.

Figure 4 shows the forest areas affected by
wildfire in 2017 according to the dNBR2 index. Also
with dNBR2 index it was possible to map the burned
areas as well as discriminate different burn severity
levels. High burn severity was found at the forest
sites of Ibe, Qafémollé and Selbe 2, while the areas
characterized by low burn severity or undamaged by
wildfire were found mainly at sites of Tujan, Derje
and Selbe 1.

The similarities of dNBR2 with dNBR index in
terms of damaged area assessment were high but
still noticeable changes were observed in all
categories of burn severity at all sites (Table 4).

dNBR2 2017
- ]
oy A
i " -
Tujan Shengjin i vogel Qafemolle
B Unburned Low W Moderate I High A
| -
| 1
h‘- :
-
-
s
L}
Shkalle Selbe 1 Selbe 2 Ibe

Figure 4. Maps of burned areas and burn severity
detected by dNBR2 index.

Numerous researchers have studied the
association between the dNBR index and wildfire
severity all over the world to discriminate burned
areas and assess vegetation regeneration after
wildfire damage (Key and Benson, 2006; Nasery and
Kalkan, 2020; Brown et al.,, 2018). They have found
that the dNBR index achieves better discrimination
of burned areas compared to other spectral indices
due to the inclusion of near-infrared spectral band in
its calculation. This spectral band is quite effective at
discriminating areas affected by wildfire as
chlorophyll strongly reflects sunlight at this
wavelength and the scarce/lack of vegetation causes
the reflection to be low/inexistent. When an area is
burned, a drastic reduction in near-infrared
reflection is observed, accompanied by an increase
in the reflectance of the mid-infrared spectrum of
most satellites (Lentile et al., 2006; Atak and
Tonyaloglu, 2020; Hu et al, 2021). Changes in
spectral reflection of vegetation that occur after
wildfire can be a good alternative for identifying
patterns of areas affected by wildfire. The SWIR
spectral bands used in the dNBR2 calculation are
quite sensitive in terms of vegetation moisture
content by identifying areas affected by wildfire due
to their drastic drop in humidity level (Mallinis et al.,
2018; Sacramento et al., 2020).
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Table 4. Forest areas affected by wildfires in 2017 at the NPDM and the respective burn severity levels

Burn severity

Sites Area Unburned Low Moderate High

(Ha) dNBR dNBR:2 dNBR dNBR2 dNBR dNBR:2 dNBR dNBR:2

Ha % Ha % Ha % Ha % Ha % Ha % Ha % Ha %

1 25.2 5.3 211 7.7 304 137 543 154 611 45 179 1.8 7.1 1.7 6.8 0.4 1.4
2 1.0 0.1 9.1 0.1 9.1 0.3 273 05 545 04 364 0.2 182 0.3 273 0.2 18.2
3 3.2 - - 0.2 5.7 0.6 200 14 457 09 286 09 286 1.6 514 0.6 20.0
4 10.1 3.0 275 44 408 6.3 583 4.7 433 09 8.3 1.0 9.2 0.6 5.8 0.7 6.7
5 1.3 0.3 214 03 214 05 357 0.5 429 03 214 02 143 0.3 214 03 21.4
6 13.0 2.6 20.1 35 271 7.7 59.7 9.2 708 2.6 201 03 21 - - - -
7 22.5 4.5 200 58 25,6 10.0 445 86 380 3.2 140 34 152 49 216 48 21.2
8 27.5 2.2 7.9 2.8 10.2 59 213 63 23.0 3.0 108 3.3 12.1 165 600 15.0 548
Total 103.6 179 173 248 238 450 434 466 450 158 151 111 107 259 249 220 212

Sites as in Figure 1.
3.2. Post-fire vegetation regeneration
Vegetation at the study area was generally

characterized by high photosynthetic activity before
the wildfire occurrence in 2017 but after the wildfire

there is a considerable decrease in the values of NDVI
and EVI], respectively (Table 5). However, the dNDVI
and dEVI images indicate the reactivation of
photosynthetic activity /regeneration of vegetation
in burned areas (Figure 5, Figure 6).

Table 5. Statistical parameters of NDVI and EVI within the burned areas

NDVI EVI
Pre Post Dif. Next season Pre Post Dif. Next season
Min 0.46 0.26 -0.04 0.41 0.28 0.07 -0.01 0.21
Max 0.90 0.88 0.59 0.83 0.80 0.67 0.62 0.75
Mean 0.81 0.58 0.23 0.64 0.58 0.31 0.26 0.45
Std. dev. 0.07 0.15 0.14 0.09 0.09 0.13 0.12 0.10

As a matter of fact, the regeneration of
vegetation appeared to be generally good in the
subsequent years as the flora affected by fire mainly
consists of shrub species which are characterized by
high sprouting ability. The regeneration of
vegetation was completely natural with no human
interferences. The reduction of NDVI and EVI values
immediately after the wildfire occurrence (Table 5)
is related to the reduction of vegetation reflection in
the near infrared spectral band due to the
consumption of vegetation (chlorophyll) by wildfire,
leaving the soil relatively bare.

In the case of Tujan forest area there exists
moderate vegetation damage mainly at the central
part where a more pronounced change is found in
dNBR and dNBR2 values (Figure 3, 4). In the
succeeding year there are moderate level of
vegetation regeneration at this site as revealed by
the dNDVI and dEVI images (Figure 5, Figure 6). The
area affected by wildfire at Shéngjin i Vogél, shows a
higher degree of damage at the central part.
However, the dNDVI and dEVI maps show a high
level of vegetation restoration. In the forest area of
Qafémollé, regeneration of vegetation is evident in
both dNDVI and dEVI indices and is observed mainly
in the western and northwestern part of the affected
area. In Derje forest area there is low impact of
wildfire on vegetation and low changes regarding
vegetation regeneration were observed in this area.
Both vegetation indices showed the same pattern,
although in the case of dNDVI the values obtained
were higher. In the forest area of Shkallé vegetation
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was considerably regenerated after wildfire, as high
values of vegetation indices (mainly dNDVI) were
observed. At Selbe forest area we found 2 sites
affected by wildfires in 2017. At Selbe 1 in the
succeeding year there was observed low
regeneration of vegetation as the largest part of the
affected area was characterized by low values of
dNDVI and particularly dEVI. At Selbe 2 it was
observed low impact of wildfire on vegetation and
consequently low regeneration in the subsequent
year. The regeneration pattern showed some
variation between dNDVI and dEVI at this site. At Ibé
forest area the impact of wildfire on vegetation was
quite high. In the following year there were found
high values of dNDVI and dEVI meaning high
vegetation regrowth. Such values were observed
mainly in the central and southern parts of the area
while the other parts showed relatively low values of
vegetation regeneration.

Our findings are in line with previously
published research which found NDVI and EVI useful
to evaluate vegetation activity (Huete et al., 2002,
Pasho and Alla, 2015). However, NDVI showed
higher performance and provided more realistic
results of forest regeneration as confirmed by the
field observations.
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Figure 5. Spectral index maps showing the
Normalized Difference Vegetation Index (dNDVI) of
the burned areas in the subsequent growing season
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Figure 6. Spectral index maps showing the
Enhanced Vegetation Index (EVI) of the burned areas
in the subsequent growing season

4. CONCLUSIONS

In this research, burn severity maps were
produced to spatially detect the forest areas
damaged by multiple wildfires in 2017. The dNBR
and dNBR2 burn indices obtained from the Landsat
8 OLI satellite were closely related to field CBI
estimates of burn severity, demonstrating their
potential use in mapping wildfire severity effects
experienced by Mediterranean forest ecosystems.
The study concluded that Landsat 8 spectral indices
were efficient at discriminating burned from
unburned areas as well as different levels of burned
severity. The dNBR and dNDVI were the best indices
to discriminate/delineate burned areas/burn
severity and to evaluate vegetation regeneration in
the subsequent season. While the combination of
several alternative indices did not provide
significant improvements in this study, they could
prove useful in other areas but this is subject to
further investigations. The burn severity varied from
one area to another but it was particularly high at the
forest areas of Ibé and Qafémollé. The regeneration
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of vegetation in the succeeding year was poor at the
forest areas of Derje and Tujan which were found to
be low to moderately affected by wildfire while the
areas highly affected by wildfires (Ibé and
Qafémollé) resulted to be in good state of vegetation
regeneration in the following year. We recommend
that in future studies, Remote Sensing and GIS
technology be used widely for mapping and
assessment of burned areas as an effective tool for
forest managers/specialists in designing efficient
management plans for the rehabilitation of these
areas. In areas where the vegetation regeneration is
low or absent, it is recommended to apply
silvicultural measures (reforestation, afforestation,
etc.) for their rehabilitation.
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Appendix 1. Field photographs of post-fire conditions in the study area. Numbers as in Figure 1.
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Appendix 2. Google earth images showing the study areas before the fire (a), near after the fire (b) and after the
fire (c). Numbers as in Figure 1.
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ABSTRACT

In this study, the geothermal potential was investigated by remote sensing methods in
the Ladik Hamamayagi region of Samsun province at the Central Black Sea region. The
satellite images were evaluated in the GIS environment. Various parameters differ in
remote sensing studies and post-exploration geothermal field remote sensing for
exploration studies, and these parameters are explained in detail in the study., All
alteration types that should be in a geothermal field were mapped with the ASTER data,
lineaments were extracted, thermal anomalies were captured and interpreted with
alterations in the GIS environment, since there are no alteration information in the
Hamamayag1 geothermal field that previous studies have uncovered. As a result of these
processes and interpretations, remote sensing and GIS methods were used together for
the Hamamayag1 geothermal field to produce guiding data and maps for the discovery of
new potential areas. Within the framework of these produced maps, technical

suggestions were made to the authorities who have a say on the subject.

1. INTRODUCTION

Depending on the development and growth rate
of countries, their energy needs are constantly
increasing (Arslan etal., 2001). For this reason, those
who undertake the administration of the country
have to find energy in uninterrupted, reliable, clean
and cheap ways and to diversify these sources
(Akkoyunlu, 2006; Pamir, 2003). In this context,
countries are trying to create their energy policies
for the development and use of renewable energy
resources, both to meet this demand and to take into
account the cost of exhaustible fossil resources and
their environmental effects. Geothermal energy, one
of the renewable energy sources that ensure the
sustainability of nature in its own cycle, has started
to have an important share in meeting the energy
needs of countries in recent years. (Akkus, 2017). As
it is known, Geothermal Energy is a domestic
underground resource that is renewable, clean,
cheap and environmentally friendly. Ozdemir,
(2012) studied known geothermal fields in Turkey.
Ozdemir et al. (2017) studied Kavaklidere

Geothermal Field with structural geological
principles. Ozdemir and Palabiyik, (2019) developed
a new evaluation method of magnetotelluric (MT)
data for geothermal fields. Ozdemir et al. (2021a)
studied Gediz Graben with structural geology and
revealed the geological model of geothermal system.
Since our country is located on an active tectonic
belt. Ozdemir et al. (2021b) reevaluated the
Cubukludag geothermal field potential and produced
3D structural model of the geothermal system.

Due to its geological and geographical location,
it is in a rich position among the world countries in
terms of geothermal. There are many geothermal
resources at different temperatures in the form of
around 1000 natural outflows spread all over our
country. Again, the geothermal potential of our
country is quite high, and 78% of the potential-
forming areas are located in Western Anatolia, 9% in
Central Anatolia, 7% in the Marmara Region, 5% in
Eastern Anatolia and 1% in other regions. 90% of our
geothermal resources are low and medium
temperature, and direct applications (heating,
thermal tourism, various industrial applications,
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etc.), and 10% of them are suitable for indirect
applications (electric power generation) (MTA,
2021a). In this context, the distribution and

application map of the geothermal resources of our
country is shown in Figure 1.

GEOTHERMAL RESOURCE FIELDS AND TEMPRATURE DISTRIBUTION OF TURKEY

Legend
« Explorated Geothermal Resource Fields
(375,

Temprature Distribution
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w0 g T Cig

Figure 1. Geothermal map of Turkey (MTA, 2021b)

Within the framework of the mentioned issues,
it is extremely important to find new potential
geothermal resources in our country and to include
them in energy production. Because although Turkey
is lucky in terms of its geothermal resources, it is one
of the countries with hundreds of geothermal
resources that can use these resources at a minimum
rate and are waiting to be uncovered (Akin et al,,
2014). Remote Sensing technology has started to
take its place in the scientific literature as one of the
most effective methods involved in the preliminary
research of these resource studies. In recent years,
there have been important studies conducted in
Turkey with Geographical Information Systems and
Remote Sensing methods in geothermal exploration
(Yalgin and Giil, 2017; Yildiz et al,, 2017; Balgik and
Ergene, 2017; Yurteri and Simsek, 2017; Melikoglu,
2017). Surface temperature distribution mapping
using surface temperature analysis (STA) calculated
using satellite images performed in these studies is
widely used to determine geothermal fields. For
studies such as geothermal research, land surface
temperature is an important parameter. (Oguz,
2015). In addition, in the use of remote sensing and
GIS for geothermal exploration, suitable areas for
exploration were determined by combining volcanic
units, faults, hot water outlets, alterations,
fumeroles, heat flux and temperature gradient with
various GIS methods for exploration with spatial
analysis in the study of Moghaddam et al. (2014).
Apart from this, in the study of Noorollahi et al.
(2015), in addition to the study of Moghaddam et al.
(2014), geoelectric data were combined with

geological and geochemical data in the GIS
environment and suitable locations for exploration
were determined. In the study of Noorollahi et al.
(2008), the distance to the faults, the distance to the
calderas, the distance to the alteration zones, the
distance to the hot water outlets and the distances to
the volcanic domes were evaluated in the GIS
environment, and results were obtained for the well
location selection and geothermal exploration. The
Ladik-Hamamayagi Geothermal Area, which has
been studied within the framework of these
aforementioned issues, is located in the Northwest of
Ladik, 12 km away. The region is 73 km from Samsun
Province. Within the scope of the study, potential
geothermal resources were investigated by remote
sensing methods in and around Samsun Ladik
Hamamayagi Geothermal Zone. Aim of this article is
using remote sensing derived parameters which are
weighted in GIS environment can be used for remote
detection of geothermal anomalous zones in study
area.

1.1. Study Area

The Ladik-Hamamayag1 Geothermal Area
(Figure 2) which has been studied within the
framework of these aforementioned issues, is
located in the Northwest of Ladik, 12 km away. The
region is 73 km from Samsun province away. Within
the scope of the study, potential geothermal
resources were investigated by remote sensing
methods in and around Samsun Ladik Hamamayagi
Geothermal Zone. The study area that is the subject
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ofthe study is given in Figure 2. Giiltekin et al. (2010)
studied the hydrochemistry of geothermal waters of
Hamamayagi-Ladik area.

Gray, gray colored, hard, heavily cracked
Permian aged recrystallized limestone’s can be
found at the bottom of the Ladik Hamamaya
geothermal area (Figure 3). The unit is overlain by
beige, cream-colored chert nodules and cracked
Jurassic-Cratese aged limestone’s. It is covered by an
Eocene-aged unit made up of sandstone and
claystone. The sequence then moves on to Neogene-
aged units with conglomerate, claystone, and
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Figure 3. Geology of Hamamayagi-Ladik Geothermal area (MTA, 2005) and Bekdigin BK-2 Well design with
drilling log

2. METHOD

For remote sensing, ASTER (Advanced Space
borne Thermal Emission and Reflection Radiometer)
L1T dataset was used for gaining alteration
parameters which used in GIS environment.

The ID of ASTER L1T dataset is
AST_L1T_00303202004083222_20150503172907_
68414. Alteration parameters gained from ASTER
dataset by ENVI 5.3 software later parameters
processed in ArcGIS PRO software. In ArcGIS, map
visualizations and gridding made also in ArcGIS
weighted overlay analysis was applied. For
lineament extraction, LINE module of PCI Geomatica
was used with Oztiirk and Uygucgil, (2018)’s method
later, extracted linements transformed to the
lineation density with the line density module of
ArcGIS software. Every raster data weighted to the
five level from minimum to maximum level with
ArcGIS Pro overlayed with Weighted Overlay tool to
extract geothermal potential zones as map.
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2.1. Preprocessing of ASTER Data

In preprocessing step, radiometric calibration
and atmospheric correction of dataset was
completed in ENVI 5.3 software, SWIR, VNIR and TIR
bands of ASTER radiometrically calibrated then
VNIR and SWIR data stacked in one file after this
processing step radiometrically calibrated TIR bands
atmospherically corrected by thermal atmospheric
correction and Emissivity Normalization applied the
corrected TIR dataset. While TIR dataset converting
the Emissivity, surface temperature data in Kelvin
obtained later it was transformed to the Celsius with
(b1-273.15) formula.

2.2. Geological Image Processing of Aster Data

Hydrothermal alterations were extracted from
ASTER SWIR and VNIR dataset and with Emissitvity
Normalization Thermal anomaly map extracted. Also
Quartz and silisification images obtained from
corrected TIR dataset. Images of alterations obtained
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from ASTER dataset are Potassic alteration,
sericitization, = propylitic  alteration,  argillic
alteration, advanced argillic alteration which are
important for hydrothermal alterations. Also these
images were evaluated in GIS environment with
Weighted Overlay algorithm. Lineament density
maps were also evaluated in GIS environment.
Weighted overlay analysis is using for desicion
making in GIS. In ArcGIS, analytical hierarchy model
is most common in weighted overlay analysis.

3. RESULTS

The use of remote sensing in studies on the
existence of geothermal potential was given in the
introduction with previous studies. This study can be
given as an example of geothermal potential maps
that can be obtained with different data processing
methods. The methodology of the study is to extract
hydrothermal alterations such as alunitization
(Figure 3), argillic alteragion (Figure 4), fengite

(Figure 5), Kaolenitization (Figure 6), propylitization
(Figure 7), Quartz distribution (Figure 8),
sericitization (Figure 9), that may indicate
geothermal exactly and after being subjected to
weighted overlay analysis as a set, they are subjected
to weighted overlay analysis together with surface
temperature (Figure 11) and lineament density
(Figure 10) maps. In this geothermal potential study
carried out in the Hamamayag region, the existence
of a geothermal potential in Yenice, Bekgin and
Hamamayagi regions was determined by remote
sensing methods. In addition, it has been determined
that the most visible alteration type in the
Hamamayagl geothermal area is propylitization.
Based on all this analysis, it has been determined
that the study area has a paleotemperature history
of up to 400 degrees and a geothermal potential.
According to the maps obtained from the study, it is
thought that positive results can be achieved if
geothermal exploration studies are carried out in the
red areas on the maps.

Table 1. Hydrothermal alteration formulas for ASTER L1T dataset

.

ol

F

INDEX/INDICE ALTERATION REFERENCE
(B4+B6)/B5 Advanced Argillic Alt. Fakhari et al,, (2019)
(B6+B9)/(B7+B8) Propylitization Shahi and Kamkar-Rouhani, (2014)
(B7/B5)*(B7/B8) Alunitization “ALI” Ninomiya, (2002)
(B4/B5)*(B8/B6) Kaolenization “KLI” Ninomiya, (2003)
(B5+B7)/B6 Argillic Alteration Testa et al,, (2018)
B5/B6 Fengitic Mica “Fengite” | Bakardjiev and Popov, (2015)
(B11*B11)/(B10*B12) | Quartz Indice “Ql” Ninomiya, (2003)
(B5+B7)/B6 Sericitization Fatima et al., (2017)
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4. CONCLUSIONS

Among the alterations that can be form in the
geothermal field, ASTER data has been processed for
Advanced argillic alteration, Alunitization, Argillic
alteration, Phengitic mica, Kaolinization,
Propilitization/Propilitic alteration, silicification and
sericitization (Table 1). The data obtained from the
ASTER data, the lineament data and the temperature
data were combined in the GIS environment. The
results obtained as a result of the conducted studies
are given in Figure 3 to 12.

It has emerged that the propylitic alteration in
the Hamamayagi geothermal field should be defined
as a pathfinder alteration. Because the geothermal
field and the propylitic alteration image exactly
coincide. The presence of thermal hotels in
Hamamayag1 province draws attention in places
where there is propylitic alteration. The temperature
of formation of propylitic alteration (epidote-
chlorite) is between 250-400 degrees. This means
that the paleo-temperature reaches 400 degrees.
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ABSTRACT

Fires are considered a threat to the world with all its components and sectors. Recently,
it is noticeable an increase in these fires that hit many countries, especially in Lebanon
which is considered a country, rich in forests. A forest fire can be naturally caused by
either global warming or high temperature. On the other hand, it may be caused by man-
made via factories and glass waste. Fires cause great damage to the environment and
may lead to human death. Unfortunately, the fire that broke out in AL-Qoubaiyat and
Tyre in Lebanon, have been witnessed and caused great damage to the environment,
human losses, etc. In this study, a study of fire risk management for those two study
areas, will be analyzed using two types of data (Landsat-8 and Sentinel-2) for AL-
Qoubaiyat case study, whereas it will be between (Landsat-7 and Sentinel-2) for the Tyre
case study. The Analysis will be done by using the Normalized Burn Ration (NBR),
Differenced Normalized Burn Ration (ANBR) along with all type of required atmospheric
corrections. According to our study, it was found advisable to monitor fire risk
management using Sentinel-2 L2A data since the atmospheric correction is already
performed on it but for L1C data the Sen2Cor python must be used to apply atmospheric
correction. Furthermore, the Sentinel-2 L2A data analysis gave more precise results than
Landsat-8 by about 2% in Sour case study and 5.7 % in AL-Qoubaiyat case study. Hoping
that this method will help in tracking fires, disaster risk reduction, and help in classifying

burn severity accompanied with calculating the area corresponding to each class.

1. INTRODUCTION

Since ancient times, forests have been
considered an integral part of the human ecosystem
and its environment. Frankly, they are the greatest
bounty of nature to mankind and play a very
important role in its life. In addition to providing
shelter and protection to a great number of living
beings, including pre-historic man, forests have been
the main source of food, wood, and a large variety of
other products. In fact, forests have played an
important role in various economic, social, and
religious activities in human life. Globally, forests
encounter increasing challenges and risks from
natural disasters, which continue to strike unabated
without warning and are consistently increasing in
their magnitude, frequency, complexity, and
economic impact. To clarify, a forest fire is the most
common hazard in forests as well as it is one of the

major disasters responsible for forests’ degradation.
In fact, forest fires have multiple causes as well as
many consequences.

Those forest fires are caused either by
anthropological or natural causes. In general, all over
the globe, the majority of fires are caused by human
activity (Ali, 2020). According to estimation, there
are about 50,000 fires that occur each year in the
Mediterranean basin and affect more than 600,000
hectares. Moreover, a reported number of 251 fires
took place in the year 2020 in Lebanon with burnt
area equals to 1851 ha. To be clear, the majority
cause of fires in the Mediterranean basin is of human
origin resulting either by accident, negligence, or
intention (Haddad et al.,, 2014).

There are many consequences of forest fires,
besides posing a serious threat to the forest’s wealth,
it also affects the entire regime of flora and fauna,
thus disturbing the biodiversity of ecology and
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environment. However, the impact of forest fires is
not limited only to its physical component but also
goes beyond it as it affects the socio-economic
condition of the affected population. Moreover,
forest fires also can have global consequences as it
produces gaseous and particle emissions that affect
the composition and functioning of the jet stream
and the global atmosphere, exacerbating climate
change as they feedback in global warming since
they result from burning vegetation and release of
stored carbon (Ali, 2020).

During the last decades, many researchers tried
to analyze the usage of Remote Sensing (RS)
techniques for forest fire risks, prevention,
assessment and monitoring. These techniques have
been employed to address three different temporal
fire-effects phases: pre-fire conditions, active fire
characteristics and post-fire ecosystem responses
(Chu and Guo, 2014). Numerous algorithms and
approaches for the first two phases have been
developed; little effort, however, has yet been
dedicated to assessing suitable RS data and methods
over the widely spatial and temporal ranges of post-
fire-affected environments.

Within the fire science community, there are a
variety of terms used to describe the characteristics
of fire and its effects. For instance, Sabuncu and
Ozener, (2018), reviewed some of these terms: pre-
fire environment, fire environment, active fire, post-
fire environment, fire regimes defined by fire
intensity, fire and burn severity, season of burn, type
of fire and burned size and shape. They addressed
many factors that can be used to detect fire severity
and analyze its effect. Some of these factors are: NBR,
ANBR, NDVI, ANDVI, pixel based classification, and
object based classification (Sabuncu and Ozener,
2018). On the other hand, different RS data sources
can be used related to a forest fire analysis. Fire-
damaged areas could be identified by classifying
optical satellite images such as Landsat or MODIS.
Object-based classification and spectral
classification are some of these methods. In addition,
calculating land surface temperature with thermal
bands of optical images is used to determine fire
areas. Besides, topographic parameters such as
elevation, slope, and aspect could be produced from
the Shuttle Radar Topographic Mission (SRTM) in
order to determine fire risk severity. Topographic
factors can be integrated into a geographic
information system and these areas can be
determined by giving certain weights to them. Also,
spectral fire indices are used to identify forest fire
zones and risk areas (Navarro et al,, 2017).

After looking generally at the causes and
consequences of fires in forests, this study will focus
mainly on Lebanon and specifically in Al-Qoubaiyat
and Tyre regions. Since Lebanon has recently
witnessed many fires in its forests that not only
affected the plant and animal wealth but also
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threatened the lives of the citizens with death. The
fires occurred in 2021 and caused a great damage.

Because of this, we have used two sources of RS
data, that are Sentinel-2 and Landsat (8 and 7)
images (pre-fire and post-fire, Table 2 and Figure 5)
to evaluate the burnt area in AL-Qoubaiyat and Sour
regions corresponding to fires produced during July
2021. Those studies could help us understand both
the causes and consequences of spatial variability of
post-fire effects. Therefore, the main aim of our
study was to test the suitability of Sentinel-2 MSI
data and Landsat Operational Land Imager (OLI) for
mapping different spectral indices related to the
burn severity of the Al-Qoubaiyat and Tyre fires.
These indices are cost-effective and spatially
comprehensive views of both areas that have been
affected by fire in different fire grading.

The Analysis will be oriented toward the
selection of best suitable data for fire forest
management, used parameters for classification,
required corrections, and results analysis. Therefore,
in order to accomplish the mentioned aims, the
Landsat 8, Landsat 7, and Sentinel 2 data images will
be used. In addition, NBR and ANBR indices will be
used to create the fire risk classes.

2. METHOD
2.1. Study Area
2.1.1. Al-Qoubaiyat area

Al-Qoubaiyat is a village located in the northeast
of the Lebanese republic spreading along 70 square
kilometers almost and with an elevation of 700
meters above sea level. It is limited by “Akkar al-
Atika” village to the west, and by the line that
separates the two districts of Akkar (North) and the
Hermel “Bekaa” to the east. Al-Qoubaiyat population
is mostly around 12,000 persons. It is usually full of
people during the summer but few of them stay
during the winter due to the severe coldness of the
area and the snow. This area suffers from frequent
multiple fires every year. Figure 1 illustrates the
location of Al-Qoubaiyat study area.

On the 28% of July in 2021, the region of Al-
Qoubaiyat, the most greeny scurb and forests area of
Akkar, turned into burned area after her core was
burnt as a result of successive fires that broke out in
it. Briefly, these fires left great destruction in the
green forested areas and pine forests; as well it
threatens the lives of the residents along with the
forest. But the cause of the fire remains unknown, as
it is expected to be due to glass waste and human
neglect. The cause of the fire spread on such a large
scale refers to the wind, dry vegetation, and the
overcrowding of the area with forest trees.
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Figure 1. Al-Qoubaiyat study area

2.1.2. Sour (Tyre) Area

The city of Tyre (sour) is situated along the
Mediterranean coast, around 80 kilometers south of
Beirut with an area of 5 square kilometers. The city
is one of the best tourist cities in Lebanon and
includes many archaeological sites, which attracts
tourists to visit it. Figure 2 illustrate the location of
Sour study area. Unfortunately, on November 13,

2021, a huge fire broke out in Wadi AL-Aziya-Zebin
in the Tyre region and it spread over large areas of
agriculture and forest. The strong winds contributed
to the approach of the fire to the residential houses
in the town of Haniyeh, Zebin, and Majdel-Zone. The
leadership of the Lebanese army suggested that the
fire was made by unknowns and spreads through
due to the presence of wind, leading to that big
damage.

LI

P

N 139529

143529

147529 151529
For Y

»
3681418

3673418 3677418

3669418

143529

139529 147529 151529
Legend

World Boundaries and Places World Imagery
: Sour Area of Interest

Sour Case Study Area (Grid in meter)

155529

155529

163529

167529
e

159529

3673418 3677418 3681418

3669418

159529 163529 167529

0 125 25 5 7.5 10
-——

Figure 2. Sour study area

2.2. Methodology and Materials

The methodology demonstrates the procedure
that was followed to choose, process, and analyze the
data. Fire monitoring is an important project in
which it gives information about the burned area,
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classification and how to deal with its spread day by
day basis. The same methodology was adopted for
the two case study areas, that are Al-Qoubaiyat and
Tyre in Sour regions. Below, flow chart that
represents the methodology that was adopted in this
study (Figure 3).
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The adopted methodologies used in this study,
and illustrated in the previous flowchart, are
explained briefly as follows:

Processing of Sentinel 2 L1C data:

e Use senZcor python and QGIS Semi-
Automatic Classification Plugin methods to
correct the effects that the atmosphere has
on Sentinel-2 L1C image data and to obtain
the L2A surface reflectance product.

e Import the corrected Sentinel 2 bands (8a,
4,12) (NIR, Red, SWIR2) to the ArcGIS.

e Then, divide each band by 10,000 using the
raster calculator tool.

e After masking water bodies for all bands,
use the raster calculator to calculate the
(NBR) and (ANBR) for both pre and post-
fire data of Sentinel.

e (lassify the values using burn severity
classification and wuse the reclassify
command from the spatial analyst tool to
give each class a value.

e Open the attribute table of the reclassified
ANBR and calculate each burned area.

e Use the conversion tools to transform the
reclassified ANBR data to a polygon.

Processing of Landsat data:

e Correct Scanline errors for each band used
(4, 7) (NIR, SWIR2) in Landsat-7 data by
using “fix Landsat 7 Scanline Errors” tool.

e Using the raster calculator tool in ArcGIS,
apply an atmospheric and sun angle
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correction for Landsat-8 bands (7, 5, 4)
(SWIRZ2, NIR, Red) and Landsat-7 bands.

e Importthe corrected Landsat-8 bands (7, 5,
4) (SWIR2, NIR, Red) and the corrected
Landsat-7 bands to the ArcGIS.

e C(Create a polygon shapefile for Landsat data
to digitize water bodies.

e Then, use image analysis to mask water
bodies using the digitized shapefiles.

e (Calculate the (NBR) and (ANBR) for both
pre and post-fire data of Landsat-8.

e (lassify the values using burn severity
classification and using reclassify command
from spatial analyst tool to give each class a
value.

e Open the attribute table of the reclassified
ANBR and calculate the area.

e Use the conversion tools to transform the
reclassified ANBR data to a polygon

2.2.1. Software used

A Geographic Information System is a system of
computer software that allows the user to enter,
manipulate, analyze, and display information that is
related to a certain location on the earth’s surface.
Since forest fires are considered one of the major
causes of natural resource destruction, and this is
often watched on a global scale, RS and GIS
technologies are valuable disciplines in studying the
features of the land in which they help in monitoring
and detecting the forest fires’ causes. In addition, GIS
also helps in understanding how to decrease the
impacts of forest fires and find a solution to various
issues related to it. For instance, GIS software can
play an important role before the fire by which it
helps the municipalities to mark the exact locations
of fire hydrants Hata! Basvuru kaynagi
bulunamadi. (Stone, 2016). Moreover, GIS can serve
an important function in terms of monitoring the
burned areas resulting from forest fires and
estimating their surface areas.

e Importance of the Use of QGIS in
Monitoring Fires:

Concerning the QGIS, it is an acronym for
Quantum Geographic Information System which is
computer software that allows its users to edit, view,
check, and process geospatial data. Moreover, it
allows assessing and editing the spatial information
needed and creating new maps. In addition, QGIS has
many tools functions and it is considered very fast
compared to other applications.

QGIS can serve as an important role in
monitoring the burned areas resulting from forest
fires. Through the QGIS tools, the user can analyze
and determine the area affected by fire and classify
its burn severity. QGIS tools allow users to employ
satellite-based imagery and derivative information
to produce a burn severity map and to provide an
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important additional resource that supports fire
managers.

e Importance of the Use of Sen2Cor python
in Atmospheric Correction:

Sen2Cor is a prototype processor used to
perform a pre-processing of Sentinel-2 Level-1C
(L1C) Top of Atmosphere (TOA) image data where it
applies an atmospheric correction and converts into
Level-2A Bottom of Atmosphere (BOA) reflectance
product. To add, it is used for Sentinel-2 data for land
applications to ensure the highest quality of
scientific exploitation (Mueller-Wilm et al., 2017).

2.2.2 Parameters used in forest fire analysis

NBR and ANBR were used as spectral indices for
forest fires burn severity monitoring and analysis.
The Normalized Burn Ratio “NBR” is an index
designed to highlight areas burned in huge fire
zones. Its equation is similar to NDVI, except that the
equation combines the utilization of both Near
Infrared (NIR) and Shortwave Infrared (SWIR)
wavelengths as shown in Figure 4.

N

50

Burned
Areas

IS
S

Reflectance (%)
o
8

Healthy
Vegetation|

RS 9 209 235
Visible Near Infrared (NIR) Shortwave Infrared (SWIR)

Electromagnetic Spectrum (Wavelength)

Figure 4. Comparison of the spectral response of
healthy vegetation and burned areas (Keeley, 2009)

As shown in Figure 4, healthy vegetation
represents a very high reflectance in the NIR portion
and a low reflectance in the SWIR portion of the
electromagnetic spectrum. This is in contrast to what
is seen in areas devastated by fire; recently burnt
areas show low reflectance in the NIR portion and
high reflectance in the SWIR portion. Accordingly,
the difference between the spectral responses of
burnt areas and healthy vegetation reach their apex
in the NIR and the SWIR portions of the
electromagnetic spectrum.

The formula of NBR uses the ratio between NIR
and SWIR bands but for making it more accurate
some modification in the index was done which is
shown in equation number 1. To clarify, a high NBR
value signifies healthy vegetation however a low
NBR value signifies bare ground and recently burnt
areas. The non-burnt areas are normally attributed
to values near zero (Keeley, 2009). The following
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equation (equation number 1) shows the formula
used to calculate the NBR value (Ryu et al.,, 2018).

NIR-SWIR
NIR+SWIR

NBR = (1)

Where:
NIR: Near Infrared Value
SWIR: Shortwave Infrared wavelengths

Moreover, the burn severity can be estimated
from the delta NBR (dNBR or ANBR) which can be
calculated from the difference between the pre-fire
and post-fire NBR obtained from the images (Walz,
et al, 2007). The equation below illustrates how to
calculate dNBR (equation 2).

ANBR = Prefire NBR — Postfire NBR (2)

Furthermore, a classification table to interpret
the burn severity was proposed by the United States
Geological Survey (USGS) which can be seen in the
table below (Table 1). The burn severity data and
maps can help in developing emergency
rehabilitation and restoration plan after the fire. In
addition, they can be utilized to estimate not only the
soil burn severity, but also the probability of future
downstream impacts due to flooding, soil erosion,
and landslides (Keeley, 2009).

Table 1. The Burn Severity levels, proposed by USGS
(Rozario et al., 2018)

ANBR Burn Severity

<-0.25 High post-fire regrowth
-0.25t0-0.1 Low post-fire regrowth
-0.1to +0.1 Unburned

0.1to0 0.27 Low-severity burn

0.27 to 0.44 Moderate-Low-severity burn
0.44 to 0.66 Moderate High-severity burn
> 0.66 High-severity burn

2.3. Data Collection and Acquisition

In this study the results obtained from two
different sources, namely: The Landsat 8 and the
Sentinel 2 satellite images for Al-Qoubaiyat study
area before and after fire occurrence, were analyzed.
The following Table 2 illustrates the differences
between the two data sources. On the other hand, for
Tyre in Sour region, this case study used the images
from Landsat-7 Enhanced Thematic Mapper +
(ETM+) and Sentinel 2 satellite images. The main
differences between Landsat-7 and Landsat-8
sensors are not only in the numbers of the spectral
ranges but also in the radiometric resolution, which
is 16 bits for the Landsat 8 OLI platform, and 8-bits
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for the Landsat-7 ETM + (Figure 5). The fact that

different sensors with different spectral

and

radiometric resolution are used for change detection

process should be taken into account during the

results analysis.

Table 2. [llustration of the differences between Sentinel 2 and Landsat 8 data (Korhonen et al., 2017)

Senteniel-2 Landsat 8

Band Specification Wavelength Resolution (m) |Band Specification Wavelength Resolution (m)
(nm) (nm)

Band 1—Coastal 433-453 60 Band 1—Coastal 433-453 30
Band 2—Blue 458-523 10 Band 2—Blue 450-515 30
Band 3—Green 543-578 10 Band 3—Green 525-600 30
Band 4—Red 650-680 10 Band 4—Red 630-680 30
Band 5—Vegetation red edge 698-713 20 Band 5—NIR 845-885 30
Band 6—Vegetation red edge 734-748 20 Band 6—SWIR 1560-1660 30
Band 7—Vegetation red edge 765-785 20 Band 7—SWIR 2100-2300 30
Band 8—NIR 785-900 10 Band 8—Panchromatic  [500-680 15
Band 8a—Vegetation red edge  [855-875 20 Band 9—Cirrus 1360-1390 30
Band 9—Water vapor 930-950 60 Band 10—Thermal 10,600-11,200 (100
Band 10—SWIR—Cirrus 1365-1385 |60 Band 11—Thermal 11,500-12,500 (100
Band 11—SWIR 1565-1655 |20
Band 12—SWIR 2100-2280 |20

Band 1 30 m Blue 0.441-0514
Band 2 30 m Green 0.519 - 0.601
Band 3 30 m Red 0.631-0.692
Band 4 30 m NIR 0.772- 0.898
Band § 30 m SWIR-1 1547 - 1749

Band 6 60 m TIR-1 10.31-12.36
Band 7 30 m SWIR-2 2.064 - 2.345
Band 8 15 m Pan 0.515 - 0.896
Band 1 30 m Coastal/Aeros | 0.435 - 0.451
Band 2 30 m Blue 0.452 - 0.512
Band 3 30 m Green 0.533 - 0.590
Band 4 30 m Red 0.636 - 0.673
Band 5 30 m NIR 0.851-0.879
Band 6 30 m SWIR-1 1566 - 1.651

Band 7 30 m SWIR-2 2107 - 2.294
Band 8 15 m Pan 0.503 - 0.676
Band 9 30 m Cirrus 1.363 - 1.384
Band 10 100 m TIR-1 10.60- 11.19

Band 1 100 m TIR-2 11.50-12.51

Figure 5. Illustration of the differences between
Landsat 7 ETM and Landsat 8 data (Jovanovi¢ et al,,
2015)

The satellites images used within the scope of
this study were obtained free of charge from the
United States Geological Survey (USGS) site in UTM
projection. The gathered data are:

e For El_Qoubaiyat study area:
Sentinel 2 satellite data from USGS for
Qoubaiyat: pre-fire (19/7/2021) and post-
fire (3/8/2021).
Landsat 8 satellite data from USGS for
Qoubaiyat: pre-fire (26/7/2021) and post-
fire (11/8/2021).

During this stage, the collected data are
processed using ArcGIS. To clarify, Sen2Cor python
is used only to apply an atmospheric correction for
L1C Sentinel 2 data.

e For Sour study area:
Sentinel-2 satellite data from USGS for Sour:
pre-fire (11/11/2021) and post-fire
(16/11/2021).ss
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Landsat-7 satellite data from USGS for Sour:
pre-fire (7/11/2021) and post-fire
(23/11/2021).

2.3.1. Notes on data processing:

In order to obtain the burned areas from the
gathered data, the following processing corrections
were made:

e The sen2cor python was used to correct the
effects that the atmosphere has on Sentinel-2
L1C image data and to obtain the L2A surface
reflectance product.

e The ArcGIS image analysis was used to mask
water bodies using the digitized shapefiles. This
due to that ANBR is sensitive to water and thus,
sometimes pixels that are classified as high
severity may be water (Rutkay et al., 2020).

e The symbology and reclassify command were
used to classify the values using burn severity
classification according to the classification
Table 1.

e The ArcGIS raster calculator tool was used to
apply an atmospheric and sun angle correction
for Landsat-8 bands (7, 5, 4) (SWIRZ2, NIR, Red).

e Correct Scanline errors for each band used (4, 7)
(NIR, SWIR2) in Landsat-7 data by using “fix
Landsat 7 Scanline Errors” tool. That is, “fix
Landsat 7 Scanline Errors” tool which found in
the Landsat Toolbox was first used in order to
correct the Scanline errors for each band used.
After that, equation (3) was applied for each
band by using the raster calculator tool and with
the aid of information found in the metadata file
of the Landsat-7.

"Band" (Radiance Max Band+255-Radiance Min Band-255)-{Radiance Min Band|
(TOA reflectance = )

sin(sun elevation)

(3)
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3. RESULTS

After calculating NBR for pre and post-fire of
both Sentinel-2 and Landsat-8 data, the indices
ANBR were calculated using the raster calculator
tool and in reference to equation No. 1 and 2. As a
remark, setting an analysis mask for these indices
must be done before processing where ANBR indices
were masked according to a previously digitized
shapefile for burned area. To clarify, this step that
was done in the environment tab means that the
processing for ANBR will only occur on locations that
fall within the mask.

Concerning the classification of burn severity, it
was done inside the ArcGIS using properties of
calculated ANBR layer (Symbology) and in
accordance to Table 1.

Area calculation for burn severity classes was
done using the reclassification tool and multiplying
the count number in each class by the cell size, taking
into account that the cell size of sentinel-2 image is
(20%x20) m while that of landsat-8 is (30x30) m. After
that, the L2A and Landsat-8 data of burned areas
were arranged in excel, and the difference in area
between them was calculated. For the 4 individual
polygons that represent burned areas, the
percentage of area difference between L2A and
Landsat-8 data was calculated by dividing their area
difference by the polygon area for L2A data since
total L2ZA area is more than total Landsat-8 area.
Afterwards, the percentage for the total difference
was calculated by dividing the total difference value
by the total L2A area (see Table 3 and Figure 6).
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Figure 6. The dNBR classified map for Al-Qoubaiyat case study

Table 3. Table includes percentage of area difference between L2A and Landsat-8 Data for Al-Qoubaiyat area

polygons
Al-Qoubaiyat Polygon Area (Kmz?) (L2A-Landsat 8) km? E;rACer:jaﬁgr?(gsaari z (éli(;rence between
Burned Area 1 0.721 0.035 4.9 %
Burned Area 2 0.848 0.031 3.6 %
Burned Area 3 4.035 0.118 29 %
Burned Area 4 8.632 0.630 7.3 %
Total Area 14.235 0.814 5.7 %

From this table, it can be seen that either
Sentinel-2 or Landsat images can be used to classify
and estimate the fire risks with difference ranges
between 3 % to about 7 %. In addition, since the
areas were arranged in ascending manner, this
difference is increased as the area of spotted polygon
increased. The difference may be attributed also to
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the difference in pixel size between the two data
sources. The calculated area was compared to the
values estimated by the CNRS and they were very
close and the differences can be attributed to the fact
that CNRS had used a different post-fire image data
from ours where the fires that had ignited post 29
July were not considered in the statistics of CNRS
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map. For instance, (as depicted in Figure 7.), the
reported burned area from CNRS was 10.27 km?, the
moderate to low severity was 2.71 km? the
moderate to high severity was 3.85 km?, and the high
severity was 3.72 km?2.

Percentage of Area Difference Between L2A and
Landsat-8 Qoubaiyat Data

mBurned Area 1
m Burned Area 2
Burned Area 3

Burned Area 4

m Total Area

Figure 7. Illustration of the difference in area
calculation for burned areas between L2A and
Landsat-8

Figure 8 represents two classified fire burn
severity maps for Al-Qoubaiyat case study; one
resulted from Sentinel-2 L1C data atmospherically
corrected using Sen2Cor python and second resulted
from atmospherically corrected Landsat-8 data.
These two results that obtained from Sentinel-2
Sen2Cor L2A and Landsat-8 data are similar visually
with some differences in unburned, low-severity
burn, and Moderate-low severity burn classes in the
east side of the biggest burned area limit which may
be due to the cell size difference between these two
data images. Moreover, in the smallest polygon to the
left the high severity class differs between L2A and
Landsat-8 where it is wider in L2A than in Landsat-
8. On the other hand, the high severity area almost
equals to the low severity area where both of them
equals to about 3.45 kmz2. It should be noted that
every year the fire took place in this region, and as
can be seen, it starts in four different places which
makes someone believes that fires were due to
arson.
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Figure 8. Figure showing fire burn severity map for July 2021 fire in Al-Qoubaiyat area using dNBR index for
Sentinel-2 L2A data and Landsat-8 data

Concerning the Sour case study, the resulted fire
burn severity maps for November 2021 fire using
dNBR index, as calculated from Landsat-7 images,
are shown in the Figure 9. These maps are also
classified according to burning severity levels into 5
classes noting that data was also atmospherically
corrected. From this figure, it can be seen that the
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burn severity classification in this figure is logical
visually where the moderate low severity burn class
is dominant, the high severity class is present at the
center of fire, and the unburned class is present at
the border of the burned area and this corresponds
to the actual fires noticed on the ground by fire
fighter’s groups shared in extinguishing fires.
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Figure 9. [llustration of fire burn severity map for November 2021 in Sour area using dNBR index for Landsat-7

Concerning the Sentinel-2 data, for Sour city,
Figure 10. shows a classified map that is resulted
from Sentinel-2 L1C data atmospherically corrected
using Sen2Cor python. In this figure, it is noticeable
that the low severity class is the dominant class, the
high severity class is present at the center of fire, and
the unburned class is also present at the border of

data

the burned areas. In addition, as written on the map,
the low risk area equals to 100,1200 m2, the
moderate low severity equals to 406,800 m?, the
moderate high severity equals to 406,800 m?, the
high severity equals to 72,000 m?, the total burned
area equals to about 180,000 m?2.
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Figure 10. Demonstration of fire burn severity map for November 2021 in Sour area using dNBR index for
Sentinel-2 Sen2Cor L2A data

In the following Figure 11, two classified fire
burn severity maps for Sour case study are shown.
The first one was resulted from Sentinel-2 L1C data
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and atmospherically corrected using Sen2Cor
python, whereas the second one was resulted from
atmospherically corrected Landsat-7 data.
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Figure 11. Figure showing fire burn severity map for November 2021 fire in Sour area using dNBR index for
Sentinel-2 L2A data and Landsat-7 data

These two results that were obtained from
Sentinel-2 Sen2Cor L2A and Landsat-7 data are, also,
similar visually with some differences in burn
severity classes at the border and at the center of fire
region. To explain further, the moderate-high
severity burn class at the center of fire region is
higher in Sentinel-2 Sen2Cor L2A data than that in
Landsat-7 data. That is, the unburned class in
Landsat-7 is more noticeable than in Sentinel-2 L2A
at the borders.

The following Table 4 represents the percentage
of area difference between Sentinel-2 L2A and
Landsat-7 data for the 2 biggest polygons in Sour
case study. The area values in this table were
calculated with the use of polygons area in ArcMap.
It can be noticed that the percentage of the total area
difference between Sentinel-2 L2A and Landsat-7
burned area is 2% which differs from that in Al-
Qoubaiyat case study “5.7%”".

Table 4. The percentage of area difference between L2A and Landsat-7 Data for the 2 biggest polygons “Sour”

Sour Case Shape Area L2A | Shape Area Area Difference (L2A- Percentage of area difference
Study (m2) Landsat 7 (m?) Landsat 7) m? between L2A and Landsat-7 data
Burned 747766.264 740979.556 6786.7082 0.9 %

Area 1

Burned 151185.038 138117.578 13067.4608 9.4 %

Area 2

Total Area 898952 898952 19854.169 2%

From the previous table, it can be noticed also
that the difference is increased as the area of spotted
polygon increased.

4. CONCLUSIONS AND RECOMMENDATIONS

In conclusion, through this study two types of
data for each of Al-Qoubaiyat and Sour case studies
were handled. In addition, multiple atmospheric
correction methods were applied in a way to verify
the most reliable data. The data used for Al-
Qoubaiyat case study are the Sentinel-2 L1C data and
the Landsat-8 data while for Sour case study are the
Sentinel-2 L1C data and the Landsat-7 data. A
categorized map for both case studies showing the
severity of burns as well as the area values for each
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category, were obtained. According to performed
analysis, among the atmospheric correction methods
for Sentinel-2 L1C data, the most reliable and
accurate correction method is Sen2Cor python.
According to the work that was done and clarified
previously about the “5.7%” between Sentinel-2 L2A
and Landsat-8 data in Al-Qoubaiyat, it can be said
that Sentinel-2 data is the most reliable data that can
be directly relied upon in fire risk management due
to its cell size and its complete full earth coverage
each 10 days. To be clear, Sour case study came to
verify the results that were obtained in Al-Qoubaiyat
where the analysis also gave a positive value “2%”
meaning that Sentinel-2 still gave more burnt area
than Landsat.
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Therefore, henceforth, for any fire or fire spark
that may occur in the future, anyone who wants to
study and monitor fire risk management he can
directly use Sentinel-2 L2A data since the
atmospheric correction is already performed on it
but for L1C data the Sen2Cor python must be used to
apply atmospheric correction.

According to study findings, it is recommended:

If possible, use post-fire image data as close as
possible to the date of fire disaster to avoid the
regrowth of burned vegetation.

Directly use Sentinel-2 L2A data or L1C data
atmospherically corrected using Sen2Cor python.

Make sure to mask water bodies, if existed in
your case study, before calculating NBR index in
order to ensure that these bodies will not affect this
index.

In addition, it is recommended for future work
to categorize the trees in the vegetation texture
according to their types to increase the accuracy of
the study.

Using QGIS is much easier over traditional
ArcGIS since for automatic correction of data
atmospherically.
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