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Abstract: Forest areas are profoundly important to the planet, since they offer considerable advan-
tages. The mapping and estimation of burned areas covered with trees are critical during decision
making processes. In such cases, remote sensing can be of great help. This paper presents a method
to estimate burned areas based on the Sentinel-2 imagery using a convolutional neural network
(CNN) algorithm. The framework touches change detection using pre- and post-fire datasets. The
proposed framework utilizes a multi-scale convolution block to extract deep features. We investigate
the performance of the proposed method via visual and numerical analyses. The case study for this
research is Golestan Forest, which is located in the north of Iran. The results of the burned area
detection process show that the proposed method produces a performance accuracy rate of more
than 97% in terms of overall accuracy, with a Kappa score greater than 0.933.
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1. Introduction

Forest areas perform an irreplaceable role in maintaining ecological balance on earth,
as well as in purifying the very air we breathe as humans; that is, they absorb the carbon
dioxide that we breathe out and then convert it back to oxygen [1]. Accordingly, they help
increase the quality of the air we use. Forests—areas of land dominated by trees—are
multifunctional and multivalued ecosystems that are widely scattered across land surfaces,
bringing enormous advantages to human life. The world’s forests cover about 4 billion
hectares, which is equivalent to 29% of the Earth’s land area, playing an important role in
the quality of human life [2]. The per capita forest area globally is 6 hectares.

Natural disasters are defined as unpredictable and uncontrollable events that threaten
people’s lives and activities [3]. Forest fires are viewed as catastrophic events that cause
extensive damage to the environment each year, having adverse effects on forest quality
and public safety [4,5].

Since fire destroys vegetation and reduces diversity, it may lead to deforestation and
desertification. Recent large-scale forest fires have had detrimental impacts on vegetation
structures, forest fertility, and ecosystem carbon storage, and have led to potential increases
in soil erosion and invasion of foreign plant species [6-8].

In recent decades, the use of remote sensing as an effective means of analysis and
optimal fire management, both before and after fire occurrence, has increased [9,10]. Remote
sensing satellite sensors with appropriate spatial and temporal resolution provide crucial
information for early fire alarms. This technology enables one to examine the contributing
factors to the occurrence of forest fires, and according to the obtained results, to provide
effective solutions for the management and prediction of the risk factors [6,11,12].
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The detection of burned forest areas by remote sensing imagery has drawn the atten-
tion of many researchers [4,13-15]. For this reason, a large number of studies have been
conducted to estimate burned areas using remote sensing techniques [16-18].

The mentioned methods combine the original spectral bands with spatial and spectral
features. In order to extract spectral features, spectral indices such as the normalized
burned ratio index and normalized vegetation index are used. On the other hand, to extract
spatial features, texture features such as the variance, mean, and correlation are employed.
Furthermore, burned areas are often extracted using the most common classification
methods, such as random forest (RF), support vector machine (SVM), and multi-layer
perception (MLP) methods. Although these frameworks provide fairly acceptable results,
producing more satisfactory outcomes demands a more sophisticated method. Achieving
this aim depends on certain determining factors, including the classification algorithm
and input features. Deep-learning-based methods, representing one of the main subsets of
machine learning, have recently been capable of yielding reliable results, and in turn have
been used in many remote sensing applications, such as environment monitoring [19,20],
change detection [21-23], target detection [24], and damage detection [25]. This study
proposes a framework based on a deep learning method that is able to detect burned
areas using high-resolution Sentinel-2 imagery. In this study, the burned area mapping
framework is applied in three phases, namely (1) pre-processing, (2) model optimization,
and (3) burned area mapping, based on an optimized model. The key contributions of this
research are as follows:

(I)  We present a CNN architecture framework to map burned forest areas;
(I) The proposed framework is able to extract the burned areas using only three spectral
bands.

This paper is outlined as follows. Section 1 states the details of the proposed methods.
Section 2 introduces the study areas and datasets. Section 3 provides the evaluation results,
while Section 4 contains the conclusions based on the test results.

2. Methodology

This section deals with the details of the proposed method, which can be applied
based on the flowchart presented in Figure 1.

Based on the flowchart, the pre-processing stage is first performed, which involves
converting digital numbers to surface reflectance values. This is possible using the Sen2cor
module in Snap software. Then, the pre-fire and post-fire datasets are stacked and used
for the next analysis. The second step involves sample data collection (the method we
propose operates in a supervised manner and requires training data). In the third step, the
proposed deep leaning framework is trained to optimize the parameters. The final step is
to detect burned areas using the trained CNN.
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Figure 1. General overview of the burned area detection process performed by the proposed

framework.

Proposed Architecture

Advanced deep-learning-based frameworks have many parameters that require nu-
merous sample data. Collecting a large amount of sample data is very time-consuming and
challenging. In this regard, we propose an efficient CNN framework to map the burned
areas. The proposed approach employs a multi-scale convolution block to improve the
efficiency of the proposed framework, resolving the issue of the variation in object size.
Later on, the deep features are extracted using standard convolution layers.

The CNN uses stacked convolutional kernels to extract deep features of the im-
ages. These convolution blocks can extract the spectral and spatial features automati-
cally [10,15,25,26]. The CNN establishes a connection between the input data and the
output labels to obtain the classification results. This framework consists of two main
parts. The principal task of the first part is to extract the deep features using convolution
layers [26,27]. The second part classifies these features. This stage takes extracted deep
features as inputs and classifies them using a softmax layer [28,29]. Figure 2 illustrates
the principal architecture of the proposed framework. The proposed CNN network has 5
convolution layers with a nonlinear activation function and batch normalization.

Based on this architecture, the proposed framework offers five convolution layers
with different kernel sizes ((1 x 1), (3 x 3), and (5 x 5)) and two fully connected layers
(the first one holds 1500 neurons and the second layer holds 500 neurons). At first, the
deep features are extracted by three multi-scale kernel convolution layers. The multi-scale
kernel convolution increases the robustness of the network again to scale the objects. Then,
three 2D convolution layers extract the deep features. Finally, the extracted deep features
are fed to two fully connected layers. This architecture has an input with a patch size of
(13 x 13) that finally assigns a label for the corresponding patch.
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Figure 2. Proposed CNN architecture for burned area detection.

3. Case Study and Dataset

The study area of this dataset is located in the north of Iran in Golestan province. A
forest fire occurred in this area and destroyed some parts of it. Figure 3 presents the pre-
and post-fire datasets used in this research.
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Figure 3. (a,b) Pre-fire and prost-fire datasets for 31 October and 15 November 2020, respectively, in Golestan, Iran.

In this study, we employed the Sentinel-2 imagery, which was launched by the Eu-
ropean Space Agency (ESA) on 23 June 2015. The Sentinel-2 sensor has 13 spectral bands
with spatial resolutions of 10 to 60 m in the visible, near-infrared, and short-wave infrared
bands of the electromagnetic spectrum. The temporal resolution of this sensor is around
5 days. It is worth mentioning that the Sentinel-2 dataset is free and can be downloaded
from this website (https:/ /scihub.copernicus.eu/, accessed on 1 November 2021). Table 1
presents the main characteristics of the dataset used in this research.

Table 1. The characteristics of the dataset used in this research.

Pre-Fire Post-Fire
Data Size 652 x 662 652 X 662
Number of Bands 3 3
Spatial Resolution 10 (m) 10 (m)

Acquired Time 31 October 2020 15 November 2020
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4. Experiment and Results

Data sampling is an impotent part of the burned area detection process. To this end,
4542 pixels are selected here as sample data to detect the burned area. Theses samples are
obtained by field view from the burned areas. The sample data are divided into three main
parts, including training data, validation data, and testing data. Table 2 presents the details
of the sample data.

Table 2. The characteristics of the dataset used in this research.

Sample Data Training Validation Testing
Burned Sample 1220 305 711
Not-Burned Sample 1108 276 461
Total Sample 2328 581 1633

The optimum value of CNN parameters are: epochs = 500, weight initializer random,
dropout rate = 0.3, initial learning = 1073, epsilon value = 10~10 mini-batch size = 500, loss
function = binary cross entropy, optimizers = stochastic gradient descent (SGD).

The results of the burned area detection process performed by the proposed framework
are presented in Figure 4. The figure indicates that most burned areas are detected by this
algorithm (Figure 4a shows active fire areas). In order to visually evaluate the presented
algorithm, we used the images of where the fire was happening. Taking a closer look, we
can see that the burned areas are perfectly matched with the positions of active fires in the
figure. However, some false detection in the form of small areas can be seen around the
burned areas.

54°380"E 54°40'0"E 54°42'0"E 54°34'0"E 54°36'0"E 54°38'0"E 54°40'0"E 54°420"E
:

36°42'0'"N 36°44'0'"N 36°46'0"N

36°40'0"N
1

-
54°340"E

36°46'0"N
36°46'0"N
36°46'0"N

36°44'0"N
36°44'0"N
36°44'0"N

36°42'0"N

36°42'0"N
36°42'0"N

36°40'0"N

36°40'0"N
36°40'0"N

— — — >
54°38'0"E N 54°40'0"E 54°42'0"E 54°34'0"E 54°36'0"E 54°38'0"E N 54°40'0"E 54°42'0"E
0 05 1 2 3 4

0 05 1 2 3 4
e —— et [0 Not-Bumed Il Bumed e e il

(@) (b)

Figure 4. (a) Active fires in the case study captured on 5 November 2020 and (b) the results of the burned area detection

process performed by the proposed method.

The result of implementing this algorithm on the testing dataset demonstrated how
efficient the proposed method is in detecting burned areas. We used the test data to evaluate
the algorithm and reached an accuracy rate of 97.04% for the overall accuracy (O.A.) index,
0.933 for the Kappa, and 0.977 for the F1-Score.

The ablation analysis is crucial to artificial intelligence methods, the main purpose
of which is to remove a part of the system to gain insights into its effects on overall per-
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formance. Table 3 presents the results of the ablation analysis performed by the proposed
method to map the burned areas.

Table 3. The results of the ablation analysis.

Removed Part Overall Accuracy (%) Kappa F1-Score
Dropout 91.77 0.824 0.934
Fully Connect Layer 96.66 0.925 0.974
Multi-Scale Block 93.63 0.856 0.952

Based on the ablation analysis, the dropout has the greatest effect on the performance
of the network in terms of classification. Furthermore, the impact of the fully connected
layers is very low and can be ignored. Based on the obtained results, it turns out that
the suggested method maintains high efficiency in identifying burned areas. The most
important advantage of this method is that it operates with three spectral bands, while other
methods are based on machine learning algorithms, such as support vector machine (SVM),
random forest (RF), or multi-layer perceptron (MLP) methods. The burned area mapping
was conducted based on the RF and SVM algorithms, and yielded an accuracy close to 95%
in terms of the overall accuracy index. The proposed method achieved an accuracy higher
than 97%, while it uses only three spectral bands. Additionally, the proposed approach is
able to extract deep features automatically, while other machine learning methods need
to extract features manually. The proposed method has a lower number of convolution
layers, which helps expedite the training process. Additionally, the computational cost is
lower than for other state-of-the-art deep-learning-based methods.

5. Conclusions

This paper presents a framework for burned area detection in Golestan Forest, which
is located in the north of Iran. In order to detect burned areas, we utilized Sentinel-2
imagery so that only three bands were applied. According to the achieved results, 165.8
hectares of Golestan Forest was burned by recent fires.

The results of the proposed framework are assessed visually and numerically. Based
on this analysis, the proposed CNN framework yields satisfactory results in mapping
the burned areas, achieving an accuracy rate of more than 97% for the testing dataset,
with low classification error. Overall, the proposed deep learning method offers some
distinct advantages, namely that (1) it delivers great performance in mapping burned areas
using only three spectral bands, (2) is robust and simple compared to other state-of-the-art
methods, and (3) has the capacity to extract deep features automatically.
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