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Forest fires or wildfires frequently occur in Kazakhstan, especially in the months
from June to September, damaging the forest resources. Burnt area mapping is
important for fire managers to take appropriate mitigation steps and carry out
restoration activities after the fire event. In this study, KazEOSat-1 high-resolution
satellite datasets are used to map the burnt area in the regions of Kazakhstan.
KazEOSat-1 satellite is in a Sun-synchronous orbit, consisting of four bands,
namely blue, green, red, and NIR multispectral bands, in 4 m spatial resolution,
while panchromatic data are in 1 m spatial resolution. This study examined three
spectral indices, namely AVI, BAI, and GEMI, for mapping the burnt area based
on the four spectral bands NIR, blue, red, and green of the KazEOSat-1 satellite
datasets. The DN values for each band are used to determine TOA reflectance,
which is then used as a basis for deriving the aforementioned spectral indices.
The results of spectral indices, AVI, BAI, and GEMI are compared based on a
discriminative index (M) for quantifying the effectiveness of each index based
on burned area derived from KazEOSat-1 datasets. The spectral index BAl
shows higher M values than other indices; therefore, the index BAI has the
higher capability to extract the burned area as compared with AVI and GEMI.
Accuracy was calculated based on the number of forest fire incidents that fell in
burned and unburned areas, and the results indicate that BAI shows the highest
accuracy, whereas AVI shows the lowest accuracy among them. Therefore, the
BAI has the highest ability for extracting the burned area using the KazEOSat-1
satellite datasets. As the revisit time period of KazEOSat is 3 days, this study will
be useful to map the burnt area and fire progression in Kazakhstan.
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Introduction

Forests play a significant role in human life because they contain the bulk of sustainable
natural resources and provide environmental goods and services (Stocks et al., 2002). Forests
are the principal source of numerous non-wood and timber products, and they play a critical
role in protecting the natural conditions required to sustain human life on Earth. According to
a UN study, the earth’s forest area was approximately 4,128 million ha in 1990 and had reduced
to 3,999 million ha by 2015, representing a decrease from 31.6% (1990) to 30.6% (2015) (FAO,
2015). Forest fires, often known as wildfires, contribute to the deterioration of forests. Burnt
area mapping is crucial to taking precautions and estimating damage for fire managers in order
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to put out fires throughout the upcoming fire season. Fire is a natural
disturbance source in many ecosystems, which aids in instigating
diversity and natural regeneration (Stevens-Rumann and Morgan,
2019). However, fire has also been used as a tool for hunting, land
management, and deforestation throughout human history (Ostlund
et al., 2015). Fire cycles are historically associated with climate
fluctuations, mostly with increases in temperature and multi-
millennium-scale variation in the amount and timing of rainfall
(Flannigan et al., 2000; Senande-Rivera et al., 2022). Forest fires or
wildfires are currently raging around the world, wreaking havoc on the
environment, wildlife, and economy (Penner et al., 1992; Cochrane
et al., 1999; Cochrane, 2003; Chu et al., 2017).

The satellite-derived burnt area provides a comprehensive
evaluation of forest damage during the fire season. The damage caused
by the fire event to the vegetation causes a significant change in
reflectance because of the differences in the mixture of forest plants
and soil properties (de Magalhaes and Schwilk, 2012). Burnt area
mapping is an important part of developing mitigation procedures and
efforts for rebuilding vegetation regrowth after the fire season (Parks
et al, 2014; Suresh Babu et al., 2018). Burnt area mapping needs to
be dependable and quick in order to facilitate the planning of fire
prevention operations such as planned preparation, mitigation actions,
and regrowth of vegetation activities (Garcia and Caselles, 1991; Key
and Benson, 1999; Michalek et al., 2000; Suresh Babu et al., 2018).

Burnt area mapping is a crucial component of forest management
because it emphasizes the impact of fire on vegetation and soil
components (Miller and Thode, 2007) and is also helpful for
forecasting vegetation restoration actions (Macdonald, 2007; Suresh
Babu et al.,, 2018). Mapping burned regions using traditional methods
is challenging due to the diverse topography, including variations in
elevation, slope, and aspect (Eskandari et al., 2020). These factors
influence fire behavior, leading to irregularly shaped burned patches
that are difficult to delineate accurately. Additionally, terrain obstacles
and shadowing effects further complicate the mapping process,
necessitating advanced remote sensing techniques for precise
assessment (Roy et al., 2002).

The NOAA-AVHRR data were utilized in the 1990s to map
burned regions using a multi-temporal analysis of the Normalized
Difference Vegetation Index (NDVI) (Kasischke et al., 1993; Martin
and Chuvieco, 1995). Global burnt area products were later made
available, with some validation provided by the “SPOT Vegetation”
and “ATSR-2” instruments on the European Remote Sensing-2 satellite
(Grégoire et al., 2003; Simon et al., 2004; Roy et al., 2005; Roy and
Boschetti, 2009). Following the installation of the ‘MODIS’ sensor on
the Terra and Aqua satellites, daily maps of regional burned areas were
created with a medium spatial resolution (500 m) (Justice et al., 2002).
Because the MODIS sensor delivers data with a better radiometric
resolution on a daily basis, it is much simpler to distinguish between
burned areas, and this makes it possible to perform accurate mapping,
with an increase in the number of visits. The MODIS burnt area
product, which is available monthly with 500 m spatial resolution and
has been validated at the regional level (Roy et al., 2008), was found to
detect approximately 75% of the fire-affected area when compared to
Landsat satellite datasets (Roy and Boschetti, 2009).

The majority of burnt area studies employ a combination of near-
infrared (NIR) and shortwave infrared (SWIR) bands because burnt
areas in the SWIR bands exhibit more reflectivity than green
vegetation (Garcia and Caselles, 1991). Accurate burnt area mapping
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at the regional and local levels is currently possible using satellite
datasets with higher spatial resolution (30-10m). Burnt area mapping
has been carried out using medium-spatial-resolution Landsat series
satellite datasets such as Landsat-7 TM, ETM+, and Landsat-8 as well
as the LISS-3 sensor onboard Indian remote sensing satellites
(Chuvieco and Congalton, 1988; Chuvieco, 2008). A number of
satellites with high to extremely high spatial resolutions, such as
“QUICKBIRD;” “RAPIDEYE” “FORMOSAT, “IKONOS;,” and
“EARLYBIRD,” have been utilized for rapid, instant, and localized
mapping of burned areas (Leblon et al., 2016). The burned region is
mapped using medium-spatial-resolution satellite datasets such as
Landsat 8 OLI (30m) and IRS P6 Advanced Wide Field Sensor
(AWIEFS) (56 m) in the research (Garcia and Caselles, 1991; Key and
Benson, 1999). Recently, sentinel datasets (Sentinel 2A and 2B) have
been used to map burned regions because of their better spatial
resolution (10 m and 20 m, respectively) (Suresh Babu et al., 2018).

In the present study, satellite datasets with higher spatial resolution
are used to map the burned regions, specifically utilizing bands limited
to NIR, blue, red, and green. Kazakhstan launched two satellites, i.e.,
KazEOSat-1 and KazEOSat-2; the former has a higher resolution (4 m)
than the latter (6.5 m) for the management of natural resources. In this
study, KazEOSat-1 high-resolution satellite datasets are used to map
burnt areas in Kazakhstan. KazEOSat-1 satellite is in a Sun-synchronous
orbit, capturing imagery in four bands, namely blue, green, red, and
NIR multispectral, with multispectral bands at a 4 m spatial resolution,
while panchromatic data are captured at a 1 m spatial resolution. Three
different indices—Global Environmental Monitoring Index (GEMI),
Ashburn Vegetation Index (AVI), and Burn Area Index (BAI)—are
tested for mapping burnt areas using KazEOSat-1 datasets.

Study area

Kazakhstan is the largest of the Central Asian countries; its
neighboring countries are Russia, China, Kyrgyzstan, Uzbekistan,
and Turkmenistan; it is the ninth largest country in the world; and
4.6% area of its total land area is covered by forests. Forest fires are
most common in Kazakhstan during the months from June to
September because of extreme weather conditions. According to the
Ministry of Emergency Situations report of Kazakhstan, nearly
39km? of forests were burnt causing a loss of US $370,802." According
to Kazakhstans Vice Minister of Ecology, Geology, and Natural
Resources, 499 forest fires have been reported in the forest territories
since the beginning of 2019 and the total damage amounted to US
$5,89,570* (Mamyrkhanova, 2019).

Accurate burned area mapping using high-resolution satellite data
can provide valuable information for forest management, fire
prevention, and ecosystem restoration efforts in Kazakhstan, a country
prone to wildfires. Forest managers can utilize these maps to assess fire
damage, prioritize areas for rehabilitation, and develop long-term
forest management plans that consider fire risk and promote
fire-resistant landscapes (Hammill and Bradstock, 2006). By identifying
areas with high fire danger and past burn scars, fire prevention

1 www.aips.kz

2 https://kursiv.kz
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TABLE 1 Technical specifications of the NAOMI instrument.

Instrument type Pushbroom imager

Spectral band (Pan) 0.45-0.75 pm

Multispectral bands (MS) Blue: 0.45-0.52 pm

Green: 0.53-060 pm

Red: 0.62-0.69 pm

NIR: 0.76-0.89 pm

Spatial resolution Pan: 1-2.5m at nadir

MS: 4-10m at nadir

Data quantization 12 bit
Revisit period 3 days
Swath 20km

Radiometric resolution 12 bit for each spectral band

Field of Regard (FDR) +35°

TABLE 2 Gain coefficients for NIOMI 1 instrument (Mattar et al., 2014).

Gain coefficient
(W-srtm-2pum-?)

Name of the Band

Blue 0.9338110
Green 1.0134981
Red 1.2136321
NIR 1.5855519

strategies can be more effectively targeted, including controlled burns,
increased patrols in high-risk areas, and public awareness campaigns.

Additionally, burned area maps can play a crucial role in ecosystem
restoration. The maps help identify areas that require immediate
restoration efforts, such as reseeding or replanting, to support
vegetation recovery and prevent erosion. Monitoring the progress of
restoration projects and tracking vegetation recovery over time is also
possible using burned area maps (Johnstone and Chapin, 2006). This
aids in evaluating the effectiveness of restoration actions and adapting
strategies accordingly.

Satellite datasets

Kazakhstan has started using the latest satellite techniques from
EADS Astrium and its subsidiary SSTL (‘Surrey Satellite Technology
Ltd’) to develop the new ERSSS (‘Earth Remote Sensing Satellite Systeny)
for the management of natural resources (Elstak et al., 2010). This earth
observation system includes a high-resolution satellite KazEOSat-1 and
a medium-resolution satellite KazEOSat-2. The KazEOSat-1 satellite was
launched in 2014 from the Guiana Space Center, French Guiana. It orbits
at an altitude of approximately 630km in a Sun-synchronous orbit,
capturing very high-resolution panchromatic (1 m) and multispectral
(4m) images that cover the entire Earth. It is run by Kazakhstan's
Gharysh Sapary, a division of KazCosmos. These data products are used
for different applications, such as land surveys, surveillance, natural
resource management, and environmental applications.

The KazEOSat-1 satellite consists of instrument NAOMI-1 (‘New
AstroSat Optical Modular Instrument’), a high-resolution pushbroom
imager, and technical specifications are shown in Table 1
(NAOMI-1, 2014).
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Methodology

The KazEOSat-1 images were downloaded from the Gharysh
Kazakhstan official website. The image product consists of images in
tiff format and metadata information in. DIM format. Initially,
KazEOSat-1 images from the specified day were mosaicked to create
a seamless output image. The spectral resolution of KazEOSat-1 is
12-bit, meaning each image contains digital number (DN) values
ranging from 0 to 4,095. KazEOSat-1 is equipped with a NAOMI-1
instrument. The radiometric calibration of its datasets involves two
steps: first, converting the DN to sensor radiance, and then converting
this radiance to top-of-atmosphere (TOA) reflectance.

The DN image was converted into at-sensor radiance (L) using
equation (1)

L =(DN*Gain)+Bias (1)

Gain is the gain coeflicient, and values for different bands are
shown in Table 2 it was assumed that bias was equal to zero.

Once the DN values of each band are converted to radiance,
spectral reflectance (p) is derived using equation (2).

* % d>
p=—tr O )

Esun *cosf

where ‘d’ is the Earth-Sun distance in astronomic units (0.98496),
0 is the solar zenith angle, and ‘Esun’ is the mean solar irradiance at
the top of the atmosphere.

The solar zenith angle is determined from the sun elevation angle
found in the satellite metadata file supplied by the satellite data using
equation (3).

Solar zenith angle = 90 — sun elevation angle (3)

‘Esun’ values are obtained from Thuillier’s standard sun solar system
recognized by the Committee on Earth Observation Satellites (CEOS).

Thus, DN values are converted into TOA reflectance for each
spectral band using the above-mentioned equations (Table 3).

As the KazEOSat-1 satellite image contains four spectral bands,
three spectral indices, namely, Ashburn Vegetation Index (AVI), Burn
Area Index (BAI), and Global Environmental Monitoring Index
(GEMI) were chosen in this study for generating the burned area. The
Ashburn Vegetation Index (AVI) is a simple index that is useful for
measuring green vegetation in images and is calculated from the
following equation (4) (Ashburn, 1979).

AVI=2%(NIR - Red) (4)

The Burn Area Index (BAI) depicts the charcoal signal in red to
near-infrared region of post-fire images, and it is determined from the
spectral distance of each pixel to a reference spectral point, where
active burned areas have converged using red and NIR reflectance
bands (Chuvieco et al., 2002; Schepers et al., 2014).

BAI is calculated using the following equation (5) (Martin and
Chuvieco, 1995; Martin et al., 2002).

frontiersin.org


https://doi.org/10.3389/ffgc.2024.1296100
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org

Suresh Babu et al.

BAI = ! (5)

[(0.1— Red)* +(0.06 — NIR) }

The Global Environmental Monitoring Index (GEMI) is a hybrid
vegetation index, introduced for the extraction of burned areas using
red and NIR bands, and it is designed as non-linear to reduce
atmospheric effects and calculated from the equation (6) (Pinty and
Verstraete, 1992; White et al., 1996; Pereira, 1999; Bisquert et al., 2014;
Schepers et al., 2014).

(Red —0.125)
GEMI = #[1-(025%n)] -t _~-222) 6
n*[1-(0.25%n) ] (1=Red) (6)
Where
2*(NIR2—Red2)+1.5*NIR+O.5*Red
n= (7)

(NIR + Red +0.5)

Thus, the spectral indices AVI, BAI, and GEMI are calculated
from the four KazEOSat-1 reflectance data obtained on days 25
September 2018 and 13 October 2018 after the forest fire event.

Results and discussions

A discriminatory index (M) has been used to measure the efficacy
of the three spectral indices above and is shown in equation (8)
(Veraverbeke et al., 2011).

M= |.ubumed — Hunburned |

®)

||C7burned + Cunburned ||

where p and ¢ are the mean and standard deviation values
of indices.

If the M value is higher for any spectral index, then better the
distinction between burned and unburned area regions (Veraverbelke
et al, 2011). Supervised classification is used to generate the burned
mask based on the KazEOSat-1 images before and after the fire event.
Threshold conditions are derived to extract the burned area for the
spectral indices AVI, BAIL, and GEMI based on mean and standard
deviation values. The threshold for the burned area ranged from
( up — O'b) and ( Up +Op ), and each burn index image was categorized
into two types, viz. burned and unburned area. The discriminative index
(M) was calculated for the spectral indices AVI, BAI, and GEMI to know
the ability of each spectral index for burned area mapping. Table 4 shows
the M values calculated on the dates 25 September and 13 October 2018.

As the M value is greater than 1, spectral indices AVI, BAI, and
GEMI have the potential to map the burned area. The BAI index has
higher M values than other indices, and among these, AVI has the
lowest M values. The results indicate that BAI has a greater ability to
map the burned areas and is in strong agreement with the other
studies, i.e., Chuvieco et al. (2002) and Liu et al. (2016).

Furthermore, the moderate-resolution imaging spectroradiometer
(MODIS) TERRA and Aqua active fire product (MCD14) were used for
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TABLE 3 Mean solar irradiance for the spectral bands (Thuillier et al., 2003).

Spectral bands Esun (W/m?3sr)

Blue 1977.5
Green 1825.62
Red 15338.27
NIR 1091.43

TABLE 4 Discriminative index (M) values.

Indices ‘M’ value on 25 ‘M’ value on 13
September 2018 October 2018

AVI 1.1682 1.0520

BAI 1.8505 1.9226

GEMI 1.4746 1.3056

TABLE 5 Accuracy of burned area indices AVI, BAI, and GEMI.

Date Spectral No. fire incidents Accuracy
indices (VA
Burned @ Unburned
area area
25 AVI 18 9 66.66
September BAI 2 5 81.48
2018
GEMI 20 7 74.07
13 October AVI 59 23 71.95
2018 BAI 71 11 86.58
GEMI 63 19 76.83

validating the results, and the data were downloaded from the ‘Fire
Information for Resource Management System (FIRMS) website
(FIRMS). To evaluate the estimated burnt area, the MCD14 data product
can be used as a reference or ground truth. This can be done by
comparing the estimated burnt area derived from other sources, such as
very high-resolution images, with the burnt area information provided
by the MCD14 product (Franca et al., 2018). The MCD14 product is
often considered a good reference or validation tool for retrieved burnt
areas based on very high-resolution images due to the following reasons:
The MCD14 product provides information about burned areas globally,
covering large regions and diverse ecosystems. This makes it suitable for
comparison with very high-resolution images that might cover smaller
areas. The MCD14 product is updated on a daily basis, providing near-
real-time information about burned areas. This timeliness allows for
timely validation of burnt area retrievals based on high-resolution
images. While the spatial resolution of MODIS (~250-1,000m) is
relatively coarse compared to very high-resolution images, it can still
capture the overall extent and patterns of burned areas. This helps in
validating and corroborating burnt area estimates from high-resolution
images that might provide more detailed information at a local scale.

In Table 5, the number of fire incidents that occurred in burned
and unburned areas was counted, and the accuracy was calculated
based on the percentage of forest fires occurring in burned areas with
respect to the total number of fires that occurred.

It was observed from Table 5 that the BAI showed the highest
accuracy (81.48%; 86.58%), followed by GEMI (74.07%; 76.83%), and
then, AVI showed the lower accuracy (66.66%; 71.95%). Figures 1A,B
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FIGURE 1

Burned area maps based on the BAI: (A) 25 September 2018 and (B) 13 October 2018 overlaid with the corresponding day active fire points.

show the images of the burned area based on BAI,

which is overlaid It was also concluded from the above discussion that the BAI

with corresponding active fires that occurred on the dates 25  shows the highest accuracy in extracting the burned area from the

September 2018 and 13 October 2018, respectively.
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High-resolution satellite data have limitations and challenges
for burned area mapping, including spectral similarities between
burned areas and other land cover types, cloud cover, and weather
conditions obstructing accurate mapping, timing of image
acquisition impacting accuracy, difficulties in capturing mixed
severity burns, and biases introduced by data processing
algorithms (Woodbury and Weinstein, 2006). As a result, there
can be underestimation of burned areas, overestimation due to
cloud cover and smoke, and uncertainties in spectral signatures
and severity classification. Ancillary data and field validation can
help improve accuracy and reduce uncertainties.

Conclusion

In this study, KazEOSat-1 satellite datasets are utilized to map
the burned area in the different regions of Kazakhstan due to its
higher spatial resolution (4m). This study compared three
spectral indices, namely, AVI, BAI, and GEMI for mapping the
burnt area based on four spectral bands NIR, blue, red, and green
of KazEOSat-1 satellite datasets. First, TOA reflectance is
calculated from the DN values for each band before proceeding
to calculate the above-mentioned spectral indices. The results of
spectral indices, AVI, BAIL, and GEMI are compared based on a
discriminative index (M) for quantifying the effectiveness of each
index based on burned area. The spectral index BAI shows higher
M values than other indices; therefore, the index BAI has the
higher capability to extract the burned area as compared with AVI
and GEMI. Accuracy was calculated based on the number of
forest fire incidents that fell in burned and unburned areas, and
results show that BAI shows the highest accuracy, whereas AVI
shows the lowest accuracy among them. Therefore, the BAI has
the highest ability for extracting the burned area using the
KazEOSat-1 satellite datasets. As the revisit time period of
KazEOSat is 3 days, this study will be useful to map the burnt area
and fire progression in Kazakhstan.

The results presented in the article were obtained within
the framework of the implementation of the Republican
budget program 008 No. BR0533648/EFP “Optimization of
technical parameters and a methodological approach to the use
of remote sensing data of domestic satellite KazEOSat-1,2
“Subprogram 1 “Development of scientific methods for evaluating
soil fertility of North Kazakhstan on the basis of the Earth remote
sensing data from KazEOSat-1,2 satellites and geoinformation
technologies.”
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