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In recent years, wildfires have occurred frequently around the world, which not only greatly
threaten the social security, but also cause serious pollution to the environment. Currently,
remote sensing satellites can monitor wildfires with a large range and long time-series data.
These satellites can be divided into two types: geostationary satellites (such as Himawari-8/9)
and polar-orbiting satellites (such as MODIS/VIIRS). In this paper, MODIS and VIIRS polar-
orbiting satellite wildfire products from 2015 to 2022 are used as the comparative data, to verify
the accuracy and effectiveness of Himawari-8/9 10-minute near real-time wildfire products.
Firstly, we utilize the polar orbit satellite data to analyze the wildfire detection accuracy as well
as the fire radiative power (FRP) estimation ability for Himawari-8/9. Secondly, we compare
the new (Himawari-9) with old (Himawari-8) satellite sensors on wildfire detection ability. The
results show that, due to the advantage of high temporal resolution, Himawari-8/9 wildfire
products have more fire hotspot numbers in the same range than MODIS and VIIRS. Due to
the insufficient spatial resolution at 2-km level, the omission rate of Himawari-8/9 wildfire
products comparison with VIIRS is higher than that of comparison with MODIS. Especially in
spring and summer, there is a peak period of Himawari-8/9 omission rate. For large wildfires,
Himawari-8/9 wildfire products show a lower omission rate and stronger detection capability.
However, in terms of FRP retrieval, due to the difference in spatial resolution of different
sensors, the Himawari-8/9 wildfire products contrastive with MODIS show a smaller difference
than its contrastive with VIIRS. In addition, Himawari-9 unexpectedly shows slightly weaker
fire hotspot detection capability than Himawari-8. Finally, based on above validation works,
this paper provides the more effective algorithm design idea, for the near real-time wildfire
detection of geostationary satellites.

1. Introduction

Wildfires are greatly harmful to human society and environment (Moritz et al., 2014; Wang et al., 2024). Therefore, real-time
monitoring and control of wildfire is crucial and indispensable (Tymstra et al., 2020). However, due to the temporal and spatial
randomness of wildfires, how to effectively and timely detect wildfires become a huge challenge (Bowman et al., 2017).

Current ground monitoring ways for wildfire include three types (Mohapatra and Trinh, 2022; Touge et al., 2024): manual
inspection, ground sensor network, and unmanned aerial vehicle (UAV). For instance, forest inspectors are organized to conduct
manual inspection in special areas with high fire risk. Obviously, this way consumes a lot of manpower and resources. Moreover,
it is difficult to monitor the fire in the rugged regions (Tedim et al., 2018). In addition, assigning the fire sensor networks on the
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ground could also detect the occurrence of fire (Aslan et al., 2012). However, this way pays the high economic cost and is easy to be
damaged. At the same time, it also requires a lot of manpower in the initial deployment process of sensors, especially in the faraway
areas. In recent years, UAV inspection is also a common way of monitoring fire. The UAV is equipped with an optical camera or a
thermal infrared imager, to perform flight monitoring in appointed areas. However, due to power and signal distance limitations,
the flight time of UAV is usually short (Cruz et al., 2016). Generally, the above ground monitoring methods are exposed to various
types of shortcomings and limitations, which are not conducive to the timely detection and control of wildfires (Mohapatra and
Trinh, 2022).

Compared with the ground monitoring, remote sensing satellites could realize the wildfire monitoring in a large-range, long
time-series and low-cost way (Zhang et al., 2022b). Currently, there are two types of satellite for fire monitoring: polar-orbiting
satellites and geostationary satellites (Coppo, 2015; Chen et al., 2022).

Polar orbit satellites could achieve high spatial resolution, and monitor the ground with global scale (Zhang et al., 2024b,a). Such
as Aqua and Terra satellites with Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, Suomi National Polar-Orbiting
Partnership (NPP) satellites with Visible Infrared Imaging Radiometer Suite (VIIRS) sensor, and Sentinel-3 satellites with Sea Land
Surface Temperature Radiometer (SLSTR) sensor. Whereas polar orbit satellites usually own the low temporal resolution, which
require more than ten hours or several days to observe again for the same regions. Therefore, the wildfire detection accuracy of
polar-orbiting satellites is usually high, while it cannot achieve the near real-time fire monitoring (Chatzopoulos-Vouzoglanis et al.,
2023; Hantson et al., 2013).

In contrast, geostationary satellites have high temporal resolution, which could reach 10 min or even a few minutes, while
their spatial resolution is low and cannot achieve global monitoring. Such as National Oceanic and Atmospheric Administration
(NOAA)’s Geostationary Operational Environmental Satellite (GOES) series, the European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT), Meteosat Second Generation (MSG) satellites, China’s Fengyun-4 series satellites, and Japan
Aerospace Exploration Agency’s (JAXA) Himawari-8/9 satellites. Geostationary satellites could realize the near real-time monitoring
of wildfires (Chen et al., 2023; Li et al., 2020). Nevertheless, the fire detection accuracy of geostationary satellites is usually low
because of the low spatial resolution.

Compared with the polar orbit satellites, the spatial resolution of the geostationary satellites is coarser. However, the advantage
of their high temporal resolution makes them realize continuous, fast and near real-time wildfire monitoring. This is critical for early
wildfire detection. Therefore, although previous studies on remote sensing fire monitoring preferred polar-orbiting satellites (Justice
et al., 2002; Giglio et al., 2016). Generally, in recent years, there are more and more researches on wildfire using geostationary
satellite, which has gradually become a hot field (Zhang et al., 2023).

Himawari-8/9 are the new generation of geostationary meteorological satellite launched by JAXA. They conduct monitoring
(East Asia, Southeast Asia and Oceania) at every 10 min in the full disk regions. Through the threshold algorithm, JAXA generates
the level-2 2-km spatial resolution and 10 min near real-time wildfire products (Chen et al., 2023). Due to the low spatial resolution
of Himawari-8/9 satellites, the accuracy and reliability of these level-2 wildfire products still need to be verified. In contrast,
polar-orbiting satellites have higher spatial resolution. Hence, their wildfire detection accuracy is usually higher than geostationary
satellites. Therefore, the wildfire products of the polar-orbiting satellites (MODIS and VIIRS) could be utilized as the reference data,
to verify the accuracy and effectiveness of the Himawari-8/9 satellites level-2 wildfire products in the full disk regions.

In recent years, some studies have focused on the validation of Himawari series fire products. Wickramasinghe et al. (2020)
focused on the AHI-FSA fire hotspots monitoring algorithm of Himawari-8. It relied on MODIS, VIIRS polar-orbiting satellite products
and Landsat-8 burn area data. Targeted validation was conducted during the dry season in northern Australia in 2016. However,
the 10-minute high-frequency data of AHI-FSA was aggregated into hourly composite products. These products were compared with
MODIS/VIIRS daily composite products to calculate omission errors. This aggregation lost the high-frequency monitoring advantage
of AHI-FSA. Chen et al. (2022) compared the detection performance of different satellite fire products (MODIS, VIIRS, Himawari-8)
in East China. It focused on verifying the recognition ability of small agricultural fires and short-duration fires. It revealed the impact
of spatial/temporal resolution on detection results. However, the study had a short time span and small research area. It could hardly
represent the validation needs of different climates and scenarios. Chatzopoulos-Vouzoglanis et al. (2023) took Australia’s 2019-2020
period (including the “Black Summer” extreme wildfire season) as the research period. It focused on the BRIGHT/FRP products of
Himawari-8 AHI. Comparative validation was carried out with MODIS (MOD14/MYD14) and VIIRS (VNP14IMG) polar-orbiting
satellite fire products. Multi-dimensional validation showed that AHI’s coarse spatial resolution led to omission of low-intensity fire
hotspots. It also caused underestimation of FRP for high-intensity fire hotspots. However, the study was only based on single-year
data from 2019 to 2020. It did not analyze the long-term stability of the product. It also lacked error quantification indicators.

In the past, validation studies based on Himawari series satellites had the following shortcomings. The validation time span was
short. The spatial coverage was small. The validation method system was single. There was a lack of comparison between the new
and old sensors of Himawari-8/9.

This study establishes a complete and systematic validation framework for Himawari-8/9 wildfire products. It features a long
validation time span and wide validation scope. The verification work of this paper is divided into the three parts: Verification
of the wildfire detection capability for Himawari-8 satellite; Verification of the FRP retrieval capability for Himawari-8 satellite;
Comparison between the old sensor of Himawari-8 satellite and the new sensor of Himawari-9 satellite. The specific contributions
are listed as follows:

» This work compares the wildfire products of Himawari-8 with MODIS and VIIRS on a long time-series scale from 2015 to 2022.
We analyze the number of fire hotspots under different season, the fire frequency under different seasons, and the situation
of satellite fire hotspots difference.
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Table 1
The information of three satellite wildfire products for Himawari-8/9, MODIS and VIIRS.
Wildfire products Temporal resolution Spatial resolution Spectral range (pm)
Himawari-8/9 Level-2 10-minute 2-km 0.47-13.3
MODIS 1-day 1-km 0.40-14.4
VIIRS 1-day 375 m 0.40-12.5

This work discusses the similarities and differences of the fire hotspot distribution for Himawari-8 and MODIS/VIIRS wildfire
products during 2020-2022, in Sichuan Province, China. From the perspective of land cover types, climate and human
activities, the analysis of three satellites wildfire distribution is given.

Based on MODIS and VIIRS wildfire products as the reference data and spatio-temporal matching under different conditions
with Himawari-8 satellite from 2015 to 2022, we analyze the wildfire detection ability in different time, different seasons,
different land cover types, and different FRP for Himawari-8 wildfire products.

This work analyzes the fire hotspot FRP distribution of three satellites (Himawari-8, MODIS, VIIRS) during 2022, and discusses
the consistency and differences in their FRP distribution and the reasons. In addition, under the three types of land cover (forest,
farmland and shrub) with high fire incidence, we discuss the FRP retrieval capability of Himawari-8 with MODIS and VIIRS.
Compared Himawari-8 wildfire products with Himawari-9 in October and November 2022, this work calculates the omission
rate and consistency, to analyze the reasons for the differences via mutual spatio-temporal matching.

Based on ground truth fire data collected through experts, drones and other methods, the ability of Himawari-8/9 wildfire
products to detect real fires and their capability for near real-time fire detection are analyzed.

2. Data

This work uses multi-source remote sensing satellite data, to verify the accuracy and effectiveness of Himawari-8/9 JAXA level-2
2-km spatial resolution and 10 min near real-time wildfire products. The main wildfire products used are given below: Himawari-8/9
level-2 wildfire products, MODIS MCD14ML wildfire products, and VIIRS VNP14IMGML wildfire products. The information of three
satellites wildfire products is shown in Table 1. In addition, we also utilize the CCI-LC land cover products as the auxiliary data.
The details are described as follows.

2.1. Himawari-8/9 level-2 10-minute wildfire products

JAXA launched the new generation geostationary satellite Himawari-8 in October 2014, followed by Himawari-9 in November
2016 (Bessho et al., 2016). Two satellites carry the Advanced Himawari Imager (AHI) sensors with the same spatial resolution and
temporal resolution. Compared with the previous generation geostationary satellites, Himawari-8/9 have greatly improved for earth
observation (Bessho et al., 2016). Himawari-8 served as the primary observation satellite until 13 December 2022. Before December
13, 2022, a period about 2 months is the transition stage using both Himawari-8 and Himawari-9. After December 13, 2022, the
handover time was completed, where Himawari-9 has served as the primary observation satellite up to now.

As shown in Fig. 1, in terms of the observation range, Himawari-8/9 satellites are mainly used for monitoring in East Asia,
Southeast Asia and Australia. The full disk observation range of Himawari-8/9 distributes from 60° N to 60° S and 160° W to 80°
E. For the temporal resolution, Himawari-8/9 observe the full disk regions at every 10 min. For the spectral distribution, AHI has
a total of 16 bands, from visible to thermal infrared band. These bands range from 0.47 pm to 13.3 pm. In terms of the spatial
resolution, the thermal infrared band is 2 km, and the visible band is 0.5/1/2 km.

For the wildfire products, JAXA uses the brightness temperature difference between the target pixel and its surrounding pixels
to determine the fire hotspots (Zhang et al., 2025). It uses the AHI 7-th band (3.9 pm) and 14-th band (10.8 pm) to estimate the
normalized deviation between the brightness temperature of the target pixel and the surrounding background pixels. Its algorithm
employs the 6-th band (2.3 pm) and 7-th band (3.9 pm) via double spectrum method, to estimate the value of FRP. Double spectrum
method calculates the fire temperature and determines the fire level of fire hotspot. The reliability of the fire hotspot is calculated
by the angle of the sun and other factors.

Since March 2015, JAXA has generated and released the level-2 10-minute wildfire products, via CSV format file. The products
contain near real-time fire hotspot, as well as the fire hotspot time, longitude, latitude, FRP and other key information. The delay
time is about 30 min. This work uses Himawari-8/9 10-minute level-2 wildfire (WLF) products from April 2015 to December 2022.
The products could be publicly downloaded from JAXA’s website: https://www.eorc.jaxa.jp/ptree/.

2.2. MODIS MCD14ML wildfire products

MODIS sensor is both carried on Terra and Aqua satellites. The two polar-orbit satellites were respectively launched by National
Aeronautics and Space Administration (NASA) in 1998 and 2002. The spatial resolution for wildfire detection in the thermal infrared
band is 1 km. As a dual-star combined system, MODIS has a higher temporal resolution than a single-star sensor. It could monitor
the same regions twice time within a day. MODIS sensor has 36 bands. Its spectral range starts from visible to thermal infrared
band, whose wavelength range is fixed from 0.4 to 14.4 pm.
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Fig. 1. The full disk observation range of Himawari-8/9 satellites.

MODIS Collection-6 wildfire products (MCD14ML) use context algorithm, to detect the fire hotspots in the global land (Giglio
et al., 2021). This work uses the global data of MODIS products. Since 2000, these products could be downloaded from the University
of Maryland’s FTP website: fuoco.geog.umd.edu. The format of MCD14ML wildfire products is ASCII file, which includes the fire
hotspot detected by MODIS within a month. It records the latitude and longitude of the fire hotspot, time, the types of fire,
confidence, FRP and other information. In this work, we utilize the MODIS MCD14ML wildfire products from April 2015 to December
2022 as the auxiliary data. In order to verify and analyze the Himawari-8/9 wildfire products, this work selects the fire hotspots of
the MODIS MCD14ML fire products, which are located at the Himawari-8/9 full disk regions in Fig. 1.

2.3. VIIRS VNP14IMGML wildfire products

VIIRS, a polar-orbiting satellite sensor like MODIS, was launched on the S-NPP satellite in 2011 and then on the NOAA-20 satellite
in 2017. At the end of 2023, NOAA-21 carried VIIRS for land, ocean, and atmospheric monitoring tasks. VIIRS is also widely applied
for fire detection. Compared with MODIS sensor, it has a spatial resolution of 375 m in the band used for fire detection, which is
higher than MODIS (Wickramasinghe et al., 2020). Therefore, VIIRS has a stronger detection capability than MODIS for the small
fires and fire hotspots around fire edge. The SNPP-VIIRS satellite crosses the equator at 1:30 p.m. and 1:30 a.m every day. VIIRS
has 22 spectral bands, including visible, short-wave infrared, mid-infrared, thermal infrared and other bands from 0.4 to 12.5 pm.

VIIRS Collection-1 and Collection-2 wildfire products (VNP14IMGML) detect the fire hotspots using a contextual algorithm, which
is similar to MODIS wildfire products (Schroeder and Giglio, 2018; Schroeder et al., 2024). This work uses VIIRS VNP14IMGML
wildfire products as the auxiliary data. VIIRS VNP14IMGML wildfire products also contain the latitude and longitude of the detected
points, occurrence time, type of fire, confidence, FRP and other key information every month. We downloaded the VNP14IMGML
Collection-1 wildfire products from April 2015 to August 2022. Since these products were only updated to August 2022, the
VNP14IMGML Collection-2 wildfire products from September 2022 to December 2022 were downloaded and employed in this
work. Similar with the MODIS MCD14ML wildfire products, this work selects the fire hotspots of VIIRS VNP14IMGML wildfire
products within the Himawari-8/9 full disk regions. VIIRS VNP14IMGML wildfire products are available by FTP downloading from
the University of Maryland’s website at: fuoco.geog.umd.edu.

2.4. ESA CCI land cover products

European Space Agency (ESA) Climate Change Initiative (CCI) land cover products are the global land cover data with a spatial
resolution of 300 m (CCI, ESA Land Cover, 2017). These ESA CCI land cover products are updated once a year. This work downloads
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Fig. 2. Flowchart of the overall work for the validation of Himawari-8/9 wildfire products.

the ESA CCI LC-V2 products from 2015 to 2022. According to the land cover types given by these products, the land cover types
within Himawari-8/9 full disk regions are divided into: Agriculture, forest, grassland, wetland, shrubland, sparse vegetation, bare
area, and water. The ESA CCI land cover products could be downloaded at: https://maps.elie.ucl.ac.be/CCl/viewer/download.php.

2.5. Ground truth fire data

The Korea Forest Service provides ground truth fire data for South Korea, collected through experts, drones and other methods.
The data includes the start time, end time, location and damaged area of the fires. This study selects 70 fire incidents from 2022
to 2023, including 12 fires with damaged areas less than 10 and 58 fires with damaged areas of 10 ha or more. The potential
of Himawari satellites for real fire detection is validated using these 70 real fire incidents. The ground truth fire data could be
downloaded from the official website of the Korea Forest Service: https://www.forest.go.kr.

3. Verification method and results

The flowchart for the validation of Himawari-8,/9 wildfire products is shown in Fig. 2. The overall verification work is divided into
four parts. The first part is Himawari-8 wildfire products comparison with MODIS and VIIRS wildfire products, which corresponds
to Sections 3.1 and 3.2. The second part is comparison FRP of Himawari-8 wildfire products with MODIS/VIIRS, which corresponds
to Sections 3.2.4-3.2.6 . The third part is comparison of the new and old satellites Himawari-8 and Himawari-9 wildfire products,
which corresponds to Section 3.3. The last part is validation of Himawari-8/9 wildfire products based on ground truth fire data,
which corresponds to Section 3.4.

3.1. Statistical indicator

The omission rate of wildfire products is an important indicator (Bastarrika et al., 2011), which represents the proportion of
missing fire hotspots over a period of time. In addition, the consistency between wildfire products is a similarity indicator, which
represents the proportion of fire hotspots both detected by two wildfire products over a period of time.

In this work, the omission rate refers to the proportion of the fire hotspots missed by the geostationary satellite with polar-orbiting
satellite. It uses the polar-orbiting satellite wildfire products as the benchmark data, to verify the geostationary satellite fire products.
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Fig. 3. Daily number of fire hotspots in the three satellite wildfire products from April 2015 to December 2022 (Left is VIIRS and MODIS; Right
is Himawari-8).

The omission rate is calculated below:
M
Oms =1 - T (€))

where Oms is the omission rate of geostationary satellites Himawari-8/9 wildfire products, compared with polar-orbiting satellites
MODIS/VIIRS wildfire products. M denotes the number of fire hotspots successfully matched between the benchmark wildfire
products and the target wildfire products. T refers to the total number of all fire hotspots in target wildfire products.

In terms of the consistency indicator, when the spatio-temporal matching between two satellites wildfire products, it represents
the proportion of the fire hotspots detected by the geostationary satellite with polar-orbiting satellite. The consistency indicator is
calculated below:

Con = % 2

where Con stands for the consistency between two satellite wildfire products.
3.2. Compared Himawari-8 wildfire products with MODIS and VIIRS wildfire products

3.2.1. Comparisons on the number of fire hotspots

Firstly, this work statistics the daily number of fire hotspots for MODIS, VIIRS, Himawari-8 wildfire products from April 2015
to December 2022. It is important to note that the fire hotspots of MODIS and VIIRS wildfire products do not include fires around
the world, which just select the fire hotspots within the Himawari-8 full disk regions. For the fire hotspots of Himawari-8 wildfire
products, this work only adopts the fire hotspots before and after 10 min corresponding to the observed time points of MODIS and
VIIRS wildfire products. It is conducive to analyze the trend of fire number change of three satellite wildfire products in the same
time and in the same regions.

In addition, this work also statistics the average monthly number of fire hotspots for Himawari-8, MODIS and VIIRS wildfire
products. Through these statistical data, the difference and consistency for the number of fire hotspots could be indirectly analyzed
via the frequency and change rule in these three long time-series wildfire products.

Fig. 3 depicts the daily number of fire hotspots in the three satellite wildfire products from April 2015 to December 2022.
Obviously, the daily number of fire hotspots in Himawari-8 wildfire products is more than that of MODIS and VIIRS wildfire
products. Because of the high temporal resolution for geostationary satellites, Himawari-8 could observe the full disk regions at
every 10 min. However, MODIS and VIIRS could continuously observe the same regions at only every day (Tang et al., 2020).
It allows Himawari-8 to detect much more fire hotspots than MODIS and VIIRS. This also reflects the advantage of high temporal
resolution for geostationary satellites, which could perform high-frequency observation of fires at minute level (Zhang et al., 2022a).

Compared the daily number of fire hotspots for MODIS with VIIRS wildfire products in Fig. 3, the average daily number of fire
hotspots for VIIRS wildfire products is higher than that of MODIS wildfire products. The main reason is that the difference for the
spatial resolution of the two sensors (Schroeder et al., 2014). VIIRS VNP14IMGML products have the spatial resolution of 375 m,
whereas MODIS MCD14ML products have the spatial resolution of 1 km. It indicates that the area of a MODIS pixel is much larger
than that of VIIRS. For small fires, such as agricultural fires or fire hotspots around the edge of central fire, they usually behave
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Fig. 4. Average monthly number of fire hotspots in the three satellite wildfire products from April 2015 to December 2022 (Left is VIIRS and
MODIS; Right is Himawari-8).

smaller in MODIS than VIIRS. Therefore, it is easier for MODIS to miss these fire hotspots. In contrast, VIIRS has a better performance
for detection of small fire hotspots (Fu et al., 2020)

From the consistency for the number of fire hotspots in the three wildfire products in Fig. 3, MODIS, VIIRS and Himawari-8
wildfire products show a similar consistency. Their numbers of fire hotspots have the homogeneous change in the long time-
series products. Although the change in the number of fire hotspots is different, it is similar in terms of the trend of change.
This phenomenon is mainly due to the three satellite wildfire products using the context algorithm. This algorithm employs the
difference between the brightness temperature of the target pixel and the background pixel to detect the fire hotspots (Giglio et al.,
2003). Although Himawari-8 is a geostationary satellite, JAXA does not use the temporal information for level-2 10-minute wildfire
products. In Fig. 3, the number of fire hotspots on some dates is 0. It is not that no fire hotspot is detected at that day. The reason
is satellite sensor at that day is maintained. As a result, fire hotspot is not effectively detected at that day.

Fig. 4 shows the average monthly number of fire hotspots in the three satellite wildfire products from April 2015 to December
2022. The three wildfire products have high similarity in the rise and fall of fire hotspots in different months. They all perform
the first peak in March, April, and May. And their second peak occur in September, October, and November. MODIS, VIIRS, and
Himawari-8 wildfire products all behave the highest number of average monthly fire hotspots in April, with 112814 points in
MODIS wildfire products, 576 162 points in VIIRS wildfire products, and 1334 120 points in Himawari-8 wildfire products. For the
lowest number of average monthly fire hotspots, MODIS and VIIRS wildfire products appear in June, whose points are 36 079 for
MODIS wildfire products, 168100 for VIIRS wildfire products, respectively. Himawari-8 wildfire products appear in January with
a fire hotspot of 501 258. The main reason is that March, April and May are spring in the Northern Hemisphere. The land surface
temperature begins to warm and plants flourish in this period. Therefore, the amount of fuel increases and wildfire becomes more
frequent in March, April and May.

In contrast, March, April and May in the Southern Hemisphere are autumn. The weather is usually dry in this period. Leaves
are mostly piled on the ground, providing the more favorable conditions for the burning and spreading of wildfire (Mitchell, 2023).
In addition, spring and autumn are the two most frequent seasons for straw burning (Cui et al., 2021), which also increases the
probability of wildfire. In conclusion, wildfires are frequent in March, April and May, which also causes the first peak fire of
Himawari-8 wildfire products. The opposite is that in September, October, and November, when the northern Hemisphere is in
autumn and the southern Hemisphere is in Spring. This stage is also a high wildfire incidence period, which leads to the second fire
peak of Himawari-8 wildfire products.

3.2.2. Comparisons on the spatial distribution
In order to better analyze the spatial distribution difference and consistency between Himawari-8 and MODIS, VIIRS wildfire
products, this work selects the period 2020-2022 in China’s Sichuan Province as the comparative regions. In this paper, the selected
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Fig. 5. The land cover type and spatial distribution of MODIS, VIIRS and Himawari-8 wildfire products in Sichuan Province, China from 2020
to 2022. For panels (b)-(d), the fire point distribution is visualized based on a 0.1° x 0.1° latitude and longitude grid, with different colors
representing the number of fire points in each grid to highlight the aggregation characteristics of fire points.

regions is divided into 0.1° x 0.1° latitude and longitude grid and the number of fire hotspots on each grid is counted for Himawari-8
and MODIS/VIIRS. In addition, according to the number of fire hotspots, each grid is behaved with different color. Based on this
strategy, we could more effectively distinguish the gathering fire hotspots.

The spatial distribution of fire hotspots and land cover types of the three satellite wildfire products in Sichuan Province during
2020-2022 are shown in Fig. 5. Figs. 5(b)-5(c) are the fire hotspot distribution of MODIS and VIIRS wildfire products, respectively.
The spatial distribution of fire hotspots between the two wildfire products behaves a high consistency. Most of the fire hotspots
are concentrated in the southern regions of Sichuan, while some points are concentrated in the eastern regions of the province
and around the city of Chengdu. The concentration of fire hotspots in VIIRS wildfire products is more obvious than that of MODIS
wildfire products. There are only a few scattered fire hotspots in other areas. Himawari-8 wildfire products also behave a large
concentration of fire hotspots in the southern regions of Sichuan Province. Whereas it is different from MODIS and VIIRS wildfire
products. Without obvious fire hotspots focused around the urban regions of Chengdu, the fire hotspots appear relatively scattered
in Fig. 5(d).

According to the land cover type of Sichuan Province in Fig. 5(a), there are a large number of forests, farmland and grasslands in
the southern regions of Sichuan Province. The main vegetation types are evergreen broad-leaved forest (Zhao et al., 2014), whose
flammability is high. Most terrain is mountains and hills, which is more conducive to the rapid spread of fire (Sharples, 2009).
In terms of climate, the region has distinct dry and wet seasons, especially in spring and autumn. This provides more favorable
conditions for the occurrence of fires (Swaine, 1992). In addition, in the southern regions of Sichuan Province, human farming
activities are more frequent (Zheng et al., 2012). Therefore, agricultural fires occur more frequently in these regions. In the eastern
regions of Sichuan Province, which are mostly farmland, there are part fire hotspots caused by agricultural activities. In the urban
regions of Chengdu, the concentrated fire hotspots are mostly false fire hotspots. The main reason may be that there are a large
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Fig. 6. The omission rate of Himawari-8 wildfire products, under different months according to the spatio-temporal matching of MODIS and
VIIRS wildfire products.

number of high-temperature factories in urban regions. These factories are mistakenly detected as the fire hotspots.

As portrayed in Fig. 5, the fire hotspots of MODIS and VIIRS wildfire products appear to be more concentrated, while the fire
hotspots of Himawari-8 wildfire products are more dispersed. Although the observation frequency of Himawari-8 is higher than
MODIS and VIIRS. However, due to the limitations in spatial resolution, it is difficult for Himawari-8 to detect small fires, resulting
in more dispersed fire hotspots. The spatial distribution of fire hotspots of the MODIS and VIIRS wildfire products reflects a high
similarity, while Himawari-8 wildfire products show a low similarity with them. The main reason is that MODIS and VIIRS sensors
have strong homogeneity, and their wildfire detection algorithms are also similar (Justice et al., 2002; Schroeder et al., 2014).
However, there are still some differences between Himawari-8 and MODIS and VIIRS in both sensor and algorithm designing, which
result in the low consistency of spatial distribution for fire hotspots.

3.2.3. Comparisons on the different months/land cover/FRP distribution

In this section, the fire hotspots of MODIS, VIIRS and Himawari-8 wildfire products are temporal-spatial matched. The MODIS
and VIIRS wildfire products during April 2015 to December 2022 are selected as the analysis objects, to calculate the omission rate
of Himawari-8 wildfire products. Considering the differences of temporal resolution and spatial resolution for the three satellite
wildfire products, the temporal-spatial matching rule is determined as follows.

For MODIS and VIIRS fire hotspots, the haversine distance of spatial range is lower than 2.5 km. Before and after the fire hotspot
within 30 min, if there is at least one Himawari-8 fire hotspot, the temporal-spatial matching of this fire hotspot is successful.
Otherwise, it is considered that this fire hotspot cannot be matched with the Himawari-8 wildfire products.

Then from the perspective of different months, land cover types and FRP distribution, we verify and analyze Himawari-8
wildfire products: (a) For different months, referring to analyze the fire hotspot detection ability of Himawari-8 wildfire products
in different time intervals; (b) For different land cover types, referring to the analysis of Himawari-8 wildfire detection accuracy in
combustible and non-combustible substances; (c) For different FRP distribution, referring to analyze the reliability of Himawari-8
wildfire detection under different fire sizes.

(a) Verifying and analyzing Himawari-8 wildfire products under different months

As shown in Fig. 6, this work verifies the omission rate of Himawari-8 fire products, under different months according to the
temporal-spatial matching of MODIS and VIIRS wildfire products. The monthly omission rate of Himawari-8 versus MODIS wildfire
products is about 10%, which is lower than that of Himawari-8 versus VIIRS wildfire products. The month with the largest difference
is March, with a difference of 16.01%. The month with the smallest difference is July, with a difference of 8.49%.

The main reason for this situation is the spatial resolution difference between the two polar-orbiting satellite sensors. Small
fires are usually difficult to detect, which is the limitation of most remote sensing satellites (Mohapatra and Trinh, 2022). The
spatial resolution of Himawari-8 wildfire products is 2 km, while the spatial resolution of MODIS wildfire products is 1 km. The
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Fig. 7. The omission rate and fire point percentage of Himawari-8 wildfire products, under different land cover types according to the spatio-
temporal matching of MODIS and VIIRS wildfire products. The blue bars represent the proportion of MODIS number of fire hotspots in different
land cover types. The red bars represent the proportion of VIIRS number of fire hotspots in different land cover types.

spatial resolution of VIIRS wildfire products is highest with 375 m. This advantage allows VIIRS to detect small fires. In general,
it is difficult to detect these small fires by MODIS and Himawari-8 (Jang et al., 2019). Comparing with VIIRS wildfire products,
Himawari-8 wildfire products miss fewer fire hotspots using MODIS wildfire products as the reference data.

The omission rate of Himawari-8 wildfire products in Fig. 6 gradually increases at the beginning of the year, reaching the peak
in February. The omission rate of Himawari-8 compared with MODIS wildfire products reaches 68.87%, while the omission rate
compared with VIIRS wildfire products reaches 81.30%. In June, the omission rate rises in small increments, and then comes down.
In November, the omission rate is the lowest in the whole year, and then shows an upward trend in December.

The main reason is that climate in most regions of the northern hemisphere is usually cold in February. Wildfires at this stage
are dominated by low-intensity and low-temperature fires, which cause a wide range of missing detection for Himawari-8 wildfire
products (Chuvieco et al., 2020). The southern hemisphere is summer in February when vegetation is lusher (Benger and Chapman,
2023). The observation angle of Himawari-8 is easily affected by the position of the sun (Ma et al., 2020), which results in a decrease
for the detection accuracy of fire hotspots. In November, the southern hemisphere is in late spring and early summer when the
weather is usually clear. It reduces cloud interference for satellite wildfire detection. In both the northern and southern hemispheres,
surface temperatures are moderate. There is usually a large difference between the fire hotspot pixel and its neighborhood pixel.
Therefore, the context algorithm could more effectively distinguish the fire hotspot pixel from the non-fire hotspot pixel, so as to
reduce the omission rate of the wildfire detection.

(b) Verifying and analyzing Himawari-8 wildfire products under different land cover types

Fig. 7 depicts the omission rate and fire hotspot percentage of Himawari-8 wildfire products, compared with MODIS and VIIRS
wildfire products under different land cover types. From the perspective of the number of fire hotspots, whether MODIS or VIIRS
wildfire products, the proportion of fire hotspots in forest regions is the highest among all the land cover types, with 35.39% for
MODIS and 38.27% for VIIRS. The proportion of fire hotspots in agriculture regions ranks second, with 25.95% for MODIS and
25.97% for VIIRS. Fire points in shrubland regions also account for a large part, with 19.66% and 18.44% in MODIS and VIIRS,
respectively.

In general, forests have more vegetation areas, which are usually more flammable in the dry season (Dawson et al., 2001; Li
et al., 2021). Therefore, high temperature and dryness tend to increase the fire risk of forests. In addition, lightning fire, man-made
fire, and fire caused by power line short-circuit are also widespread in the forest regions (Veraverbeke et al., 2017).

Agricultural fires are common in East Asia, Southeast Asia, Australia and other regions (Li et al., 2014). In some specific periods,
farmers may burn crops to prepare for the new season of crops. In addition, agricultural machines are also prone to sparks under
high temperature and dry conditions, which may also cause wildfires (Val-Aguasca et al., 2019).

Shrubland is mainly composed of trees and shrubs, which usually contains more oil in these plants and vegetation (Valencia
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Fig. 8. The omission rate of Himawari-8 wildfire products, under both different months and different land cover types according to the spatio-
temporal matching of MODIS and VIIRS wildfire products.

et al., 2023). The large number of fallen leaves on the ground is also a natural fuel, which is conducive to the occurrence and rapid
spread of wildfires (Fonda, 2001).

Wetland, grassland, sparse vegetation and bare areas (SVBA in Fig. 7) account for a relatively small percentage of fire hotspots,
with fire hotspots of MODIS and VIIRS wildfire products for 19% and 17.32%, respectively. Grassland is covered with herbaceous
plants, which generally have a higher water content than woody plants. Therefore, herbs usually have a higher ignition point and
are not easy to burn in a short period of time (Dimitrakopoulos and Bemmerzouk, 2003). Compared with bush and forest, grassland
has a relatively low density of vegetation (Robles et al., 2024), where the fire is not easy to spread quickly (Archibald et al., 2018).
A significant feature of wetland ecosystem is that plants in this area contain a lot of water and have a high ignition point (Guo
et al., 2017). Even in dry climate, it is difficult to burn a large area in wetland, which greatly reduces the probability and spread of
wildfires. In SVBA, the sparse vegetation is difficult to provide the combustible conditions that generate fire occurrence. The number
of fire hotspots is naturally low. Water fires include fires on coastal facilities and ships. The high humidity environment and water
coverage naturally inhibit the occurrence and spread of wildfires (Archibald et al., 2009).

In this study, water fires is an abbreviation for fire in and around water areas (Giglio et al., 2016). In Fig. 7, Himawari-8 has
the highest omission rate in water fires, which is the only land cover type in comparison to MODIS and VIIRS, with 91.67% and
85.87%, respectively. The fire size in the water area is generally small, which is usually not conducive to Himawari-8. Among the
land cover types with high fire incidence, Himawari-8 has a high fire hotspot omission rate in the agriculture areas. The omission
rates compared with MODIS and VIIRS fire products are higher than the average value for all land cover types. The main reason is
that agricultural fires are usually small (Korontzi et al., 2006). These agricultural fires are typically less than the individual pixel
size of Himawari-8, resulting in massive missing of fire hotspots (Chen et al., 2022).

In forest area, the omission rate Himawari-8 is slightly higher than the average omission rate. Because of the dense vegetation
in the forest, the fire hotspot may be obscured by the tree canopy (Siegert and Hoffmann, 2000), which is particularly unfavorable
for Himawari-8 with low spatial resolution. In addition, the large amount of smoke produced by forest fires may also block the
flame (Alarie, 2002; Zhang et al., 2020), which cause the missing detection of fire hotspots.

Compared with agriculture and forest, Himawari-8 has a lower omission rate in the shrubland regions. The reason is that
shrubland is shorter and less dense than the forest (Whittaker, 1970), which is more obvious in the event of wildfires. Therefore, it
is easier for Himawari-8 to detect the fire hotspot.

As portrayed in Fig. 8, this work presents the omission rate of Himawari-8 fire products, under both different months and different
land cover types. In addition to the water regions, the change of fire hotspot omission rate is similar to that of the other land cover
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Fig. 9. The omission rate and fire hotspot percentage of Himawari-8 wildfire products, under different FRP distributions according to the spatio-
temporal matching of MODIS and VIIRS wildfire products.

types in different months, especially at the beginning of the year when the omission rate is higher. The main reason is that fire
hotspots in the water regions are generally not subject to seasonal variation (Pettit and Naiman, 2007), which does not affect the
omission rate of Himawari-8 wildfire products.

(c) Verifying and analyzing Himawari-8 wildfire products under different FRP distributions

FRP directly represents the intensity and scale of the wildfire (Chatzopoulos-Vouzoglanis et al., 2024). In general, the higher the
FRP estimates, the stronger the wildfire is. Compared with MODIS and VIIRS wildfire products under different FRP distributions, Fig.
9 reveals the omission rate of Himawari-8 wildfire products. With the increasing of FRP, the missing rate of Himawari-8 wildfire
products is lower and lower. Compared with VIIRS, when the FRP range of fire hotspot is [0,0.5) MW, the omission rate is the
highest with 93.28%. When FRP exceeds 100 MW, the omission rate is lower to 23.40%. Compared with MODIS, the omission
rate ranges from the highest value 85.22% to the lowest value 19.72%. However, the lowest omission rate occurs in the regions
where the FRP distribution is [100,1000] MW, rather than the regions where the FRP distribution is the highest. High FRP point is
easy to be detected by Himawari-8. Moreover, the larger the fire size is, the higher the FRP estimates. Compared Himawari-8 with
MODIS wildfire products, the omission rate gradually increases in the FRP exceeding 1000 range. The main reason is that when
high-intensity wildfire occurs, it tends to generate a lot of accompanying smoke. The smoke may hinder the observation of satellite
sensors. This causes the interference to wildfire detection algorithm, which leads to the missing detection of fire hotspot.

3.2.4. Comparisons on the frequency distributions of FRP

Considering that FRP is an indicator of fire intensity, section3.2.4-3.2.6 specifically compares FRP of Himawari-8 wildfire
products with MODIS/VIIRS during 2022. The purpose is to further analyze the ability of these three wildfire products on retrieving
FRP. Firstly, the frequency distributions of FRP in Himawari-8 and MODIS/VIIRS wildfire products are compared in Section 3.2.4.
Secondly, comparisons on the spatio-temporal matching FRP are carried out in Section 3.2.5. Finally, comparisons on the frequency
distributions of FRP under different land cover types are also analyzed in Section 3.2.6.

Fig. 10 shows the comparisons on the frequency distributions of FRP between Himawari-8 and MODIS/VIIRS wildfire products
during 2022. Compared with VIIRS wildfire products in Fig. 10(a), the frequency distribution of FRP for Himawari-8 wildfire
products is quite different in Fig. 10(c). The FRP distribution of Himawari-8 wildfire products ranges from 5 MW to 10 MW, while the
FRP distribution of VIIRS wildfire products ranges from 1 MW to 2 MW. In addition, the FRP values of most Himawari-8 wildfire
products (82.60%) are within 50 MW. While the FRP values of most VIIRS wildfire products (82.80%) are within 10 MW. The
main reason for this difference in FRP distribution is the difference in satellite sensors. The Himawari-8 sensor has a lower spatial
resolution of 2 km. VIIRS has a higher spatial resolution of 375 m. Statistically speaking, smaller pixels have a lower proportion
of mixed pixels, which could better identify the fire hotspots of low FRP (Morisette et al., 2005). Therefore, VIIRS has the best
wildfire detection performance for small fires. On the contrary, for small agricultural fires, Himawari-8 not performs dominant for
this scene.

As demonstrated in Fig. 10, there is a high consistency of FRP between Himawari-8 and MODIS wildfire products, where most of
the fire hotspots are distributed in 5 to 10 MW range. However, MODIS has a higher FRP frequency in this range than Himawari-8.
The FRP values of most fire hotspots (83.78%) of MODIS wildfire products are also distributed in the range of 50 MW. It is worth
noting that MODIS is more sensitive to the fire hotspots of FRP in 1 OMW range than Himawari-8. For FRP in the range of 0 to
5 MW, Himawari-8 has a higher proportion than MODIS. It is mainly due to the higher frequency of observation for Himawari-8.
Himawari-8 owns more opportunities to observe small fires which end quickly (Xu and Zhong, 2017).
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Fig. 10. Comparisons on the frequency distributions of FRP between Himawari-8 and MODIS/VIIRS wildfire products during 2022.
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Fig. 11. The scatter plots of comparisons on the spatio-temporal matching FRP for Himawari-8 and MODIS/VIIRS wildfire products.

3.2.5. Comparisons on the FRP of spatio-temporal matching fire points

Fig. 11 reveals the scatter plots of comparisons on the spatio-temporal matching FRP for Himawari-8 and MODIS/VIIRS wildfire
products. Obviously, compared with MODIS and VIIRS wildfire products, the FRP estimation of Himawari-8 is generally higher. The
comparisons with VIIRS are usually over-estimated than the comparisons with MODIS. The RMSE of FRP estimations for Himawari-8
wildfire products are 0.421 and 0.809, compared with MODIS and VIIRS, respectively. It indicates a stronger FRP correlation between
Himawari-8 and MODIS wildfire products. This is mainly due to the spatial resolution of Himawari-8 is 2 km, while MODIS is 1 km,
and VIIRS is 375 m. Therefore, VIIRS could more finely estimate the FRP values of the fire hotspot than MODIS and Himawari-8.
The larger pixel areas include more mixing pixels with different types (Foody and Cox, 1994), which leads to the over-estimation
of FRP value.

3.2.6. Comparisons on the FRP of spatio-temporal matching fire points under different land cover types

Fig. 12 shows the scatter plots of comparisons on the spatio-temporal matching FRP for Himawari-8 and MODIS/VIIRS wildfire
products under different land cover types (Forest, Agriculture and Shrubland). The largest RMSE of FRP for the three wildfire
products is shrubland regions, while the smallest RMSE of FRP is the agriculture regions. In other words, the estimating of FRP for
Himawari-8 wildfire products under shrubland regions is high. The main reason is that the shrubland regions are mostly shrubs and
low trees, and its fire characteristics are high temperature and long duration (Moritz, 2003). Whereas the pixel area of Himawari-8
is the largest, which usually leads to over-estimation of FRP in shrubland regions.

In contrast, the estimated FRP values of Himawari-8 wildfire products perform the best in agriculture regions. This is mainly
because most of the fire hotspots in agriculture regions are agricultural artificial activities such as straw burning. The characteristics
of the wildfire behave low temperature and short duration (Vadrevu et al., 2011). The ability of Himawari-8 to detect small
agriculture fire hotspots is generally weak. Nevertheless, it shows the most stable performance in FRP estimation for agriculture
regions. The main reason is that the burning regions of most agriculture fires are much smaller than the single pixel size of Himawari-
8. Moreover, the combustion temperature is relatively low, which reduces the proportion of high temperature pixels in Himawari-8.
Thus it inhibits the over-estimation of FRP for Himawari-8 wildfire products.

3.3. Compared Himawari-8 with Himawari-9 wildfire products

Himawari-9 is the successor satellite of Himawari-8, which completely replaced Himawari-8 after December 2022. It is worth
noting that during the transition period from October to November 2022, both Himawari-8 and Himawari-9 satellites are carried
out the wildfire detection missions at the same time. Therefore, in this period, we could compare and analyze the two same sensors
Himawari-8 and Himawari-9 for the wildfire products. Firstly, the fire hotspots of the two wildfire products are executed spatio-
temporal matching operation. The principle of spatio-temporal matching is that the haversine distance is limited within 2.5 km,
and there is at least one fire hotspot within 10 min before and after the moment. In addition, this work also processes them
with MODIS/VIIRS wildfire products via spatio-temporal matching. The wildfire detection capability and differences of the new
Himawari-9 satellite and the old Himawari-8 satellite are analyzed as follows.
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Fig. 12. The scatter plots of comparisons on the spatio-temporal matching FRP for Himawari-8 and MODIS/VIIRS wildfire products under
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Table 2
The omission rate of Himawari-8 versus Himawari-9 with MODIS/VIIRS wildfire products during
October and November 2022.

Products 2022.10- 2022.10- 2022.11- 2022.11- 2023.10- 2023.11-
MODIS VIIRS MODIS VIIRS MODIS MODIS
Himawari-8 39.21 55.49 39.61 56.19 - -
Himawari-9 42.53 56.99 41.46 56.62 34.81 35.78
Table 3

The consistency of Himawari-8 versus Himawari-9 during October and
November 2022.

Products 2022.10 2022.11
Himawari-8 66.50 73.13
Himawari-9 71.46 78.48

As listed in Table 2, the omission rate of Himawari-8 versus Himawari-9 with MODIS/VIIRS wildfire products is given during
October to November 2022. In terms of the omission rate, there are slight differences between Himawari-8 and Himawari-9. The
omission rate of Himawari-9 is higher than that of Himawari-8. In October and November 2023, Himawari-8 has no observed
data. Nevertheless, the omission rate of Himawari-9 compared with MODIS in 2023, is lower than that of Himawari-8 compared
with MODIS in the same month in 2022. In Table 3, from the perspective of the Himawari-9 wildfire products, the consistency
with Himawari-8 wildfire products is strong. However, from the perspective of Himawari-8 wildfire products, the consistency with
Himawari-9 wildfire products is weak. Overall, Himawari-9 could detect more fire hotspots than Himawari-8. Himawari-8 detected
1986983 and 1723015 fire hotspots in October and November 2022, respectively. During the same period, Himawari-9 detected
2236645 and 1926 072 fire hotspots, respectively.

According to the above results, Himawari-9 could detect more fire hotspots than Himawari-8. The main reason is due to
Himawari-9 owns newer sensor in contrast with Himawari-8 (Bessho et al., 2016). However, Himawari-9 has a higher omission
rate than Himawari-8, indicating that there are more false fire hotspots detected by Himawari-9. Because Himawari-9 is still in
debugging and calibration phase in 2022, resulting in its initial slightly lower performance than Himawari-8. In November 2022,
the omission rate of Himawari-8 compared with MODIS/VIIRS is higher than the omission rate in October 2022. Nevertheless,
the omission rate of Himawari-9 compared with MODIS/VIIRS is lower than the omission rate in October 2022. Over time, the
performance of Himawari-9 has continuously improved after continuous debugging and calibration.

From the perspective of Himawari-8/9 compared with MODIS/VIIRS wildfire products, the average omission rate of Himawari-9
compared with MODIS in October and November 2022 is 41.97%, and the average omission rate of Himawari-9 compared with
VIIRS in the same period is 56.81%. The average omission rate of Himawari-8 compared with MODIS in October and November
2022 is 39.42%, and the average omission rate of Himawari-8 compared with VIIRS in the same period is 55.84%. Himawari-9
compares MODIS with an average omission rate of 2.55%, which is higher than Himawari-8. The average omission rate of Himawari-
9 compared with VIIRS is only 0.97% higher than that of Himawari-8. This is due to VIIRS has a higher spatial resolution than
MODIS, which theoretically has better wildfire detection accuracy (Fang et al., 2021). Himawari-9 shows slight difference from
Himawari-8 in its early operation. It indicates that the high omission rate of Himawari-9 may be due to the errors of MODIS/VIIRS
wildfire detection (Fu et al., 2020).

3.4. Validation of Himawari-8/9 wildfire products based on ground truth fire data

This study uses ground truth fire data to validate the real fire detection potential of the Himawari satellites. Himawari-8/9
observes the full disk every 10 min, aiming to monitor fires in near real-time. Firstly, this module discusses the missed detection
of ground truth fires by the Himawari-8/9 wildfire products. This module first analyzes the omission of ground truth fires by the
Himawari-8/9 wildfire products. Secondly, the fire detection capability of geostationary satellites depends not only on whether fires
could be detected, but also on the delay in detecting fires. It is generally believed that successful detection within 10 min of the
report time or detection before the report is considered to indicate strong near real-time detection capability. Successful detection
of fires within 60 min of the report time is considered to indicate moderate near real-time detection capability. Successful detection
of fires after 60 min of the report time is considered to indicate poor near-real-time detection capability. Successful detection of
fires within 60 min is considered as near real-time detection.

Fig. 13 depicts the performance of Himawari-8/9 wildfire products on detecting ground truth fires. It shows the number of fires
undetected by Himawari-8/9 wildfire products, as well as the number of fires detected before the report time, within 10 min, within
60 min and after 60 min.

Firstly, the omission of ground truth fires by Himawari-8/9 wildfire products is analyzed. Out of 70 fire report incidents, the
Himawari-8/9 wildfire products miss only 14 fires, resulting in an omission rate of just 20%. The 14 fire incidents missed by the
Himawari-8/9 wildfire products have an average damaged area of 4.61 ha, with 10 of these incidents having a damaged area of
less than 1 ha. The largest damaged area is only 18.5 ha. Obviously, the damaged area of all ground truth fire incidents missed by
the Himawari-8/9 wildfire products is much smaller than the size of a single AHI pixel. Even the largest damaged area among the
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Fig. 13. The performance of Himawari-8/9 wildfire products on detecting ground truth fires.

missed fires only accounts for 4.63% of a single AHI pixel. The small damaged area of fires causing satellite detection omissions is a
weakness common to all satellite-based fire detection systems. However, due to the coarse spatial resolution of AHI, this disadvantage
is further amplified.

Secondly, the detection delay of the 56 ground truth fire incidents successfully detected by the Himawari-8/9 wildfire products is
analyzed. Among them, most of the fires fall within the “Within 60 minutes” interval. Only 12 fires fall into the “After 60 minutes”
interval, accounting for 21.43% of the successfully detected fires. Generally, successful detection of fires within 60 min is considered
as near real-time detection. Among these 56 fire incidents, 44 incidents meet the near real-time detection standard, accounting for
78.57% of the successfully detected fires. It indicates that Himawari-8/9 has a strong near real-time wildfire detection capability
and is fully capable of performing near real-time wildfire detection tasks.

4. Conclusions and prospects
4.1. Conclusions

In order to verify the effectiveness of Himawari-8/9 wildfire products, this work uses the wildfire products of MODIS and VIIRS,
two high spatial resolution polar-orbiting satellites, and related auxiliary data for comparison and validation. The main conclusions
are summarized as follows:

(1) Analyzing the fire hotspots of Himawari-8, MODIS and VIIRS wildfire products in April 2015 to December 2022. The three
satellite wildfire products show strong similarity. Among them, Himawari-8 wildfire products detect the most fire hotspots due to its
high temporal resolution. Moreover, VIIRS wildfire products detect the more fire hotspots than MODIS, because of its high spatial
resolution.

(2) Analyzing the spatial distribution of fire hotspots for three satellite wildfire products in Sichuan Province, China, from 2020
to 2022. Himawari-8, MODIS and VIIRS wildfire products all have a large number of fire hotspots clustered in the southern of
Sichuan. In Chengdu city, both MODIS and VIIRS wildfire products cluster different degrees of fire hotspots, while Himawari-8 does
not exist this phenomenon. The spatial distribution of MODIS and VIIRS wildfire products is more similar. However, there is no
strong similarity between Himawari-8 and MODIS/VIIRS wildfire products in terms of the spatial distribution. The main reason
is that MODIS and VIIRS have strong similarities in sensor and algorithm design (Coskuner, 2022), whereas Himawari-8 is quite
different from them.

(3) Comparing Himawari-8 with MODIS and VIIRS wildfire products under different months, different land cover types, and
different FRP distributions from April 2015 to December 2022.

Under different months: the omission rate of Himawari-8 comparison on MODIS and comparison on VIIRS wildfire products
are relatively similar under different months. Himawari-8 shows a higher omission rate in February and March. Compared with
MODIS, it is 68.87% and 63.68% in February and March, respectively. Compared with VIIRS, it is 81.30% and 79.69% in February

17



Z. Liu et al. Remote Sensing Applications: Society and Environment 41 (2026) 101868

and March, respectively. In November, the lowest omission rate of the whole year is 36.11% comparison on MODIS and 49.63%
comparison on VIIRS. The main reason for this difference in omission rate between different months is climate change, environmental
change and human activity (Jolly et al., 2015; Westerling et al., 2006), and the angle of the sun.

Under different land cover types: forest fires, agriculture fires and shrubland fires account for a large proportion of all fires.
Himawari-8 shows the weakest detection ability for water fires, with omission rates of 91.67% and 85.87% compared with MODIS
and VIIRS, respectively. Himawari-8 has the best wildfire detection performance in shrubland area, where the omission rate is
31.07% and 43.81% compared with MODIS and VIIRS, respectively. In other land cover types, the wildfire detection performance
of agriculture and forest regions is lower than the average level. In addition, except for water regions, the frequency of fires varies
on the seasons, which affects the wildfire detection performance of Himawari-8.

Under different FRP distributions: Himawari-8 behaves strong similarity to MODIS and VIIRS wildfire products. With the
increasing of FRP, the omission rate of Himawari-8 wildfire products is lower and lower. It indicates that Himawari-8 has the better
detection ability for high -intensity fires. However, for ultra-high intensity fires, Himawari-8 may be obscured by the smoke of the
fire, resulting in more missing fire hotspots.

(4) Comparing FRP of Himawari-8 wildfire products with MODIS/VIIRS during 2022. Firstly, for the FRP distribution, Himawari-8
and MODIS show a strong similarity. However, VIIRS has a different situation whose FRP are mainly concentrated within 10 MW,
and it has the most FRP distribution in 1 to 2 MW. Then, the fire hotspots of Himawari-8 which are spatio-temporal matched with
MODIS and VIIRS wildfire products are analyzed. It is found that FRP values retrieval for Himawari-8 has the better consistency than
VIIRS. The RMSE of FRP values retrieval for Himawari-8 compared with MODIS and VIIRS is 0.421 and 0.809, respectively. However,
Himawari-8 over-estimates FRP values compared with both MODIS and VIIRS. Himawari-8 has the best FRP values estimating in
agriculture regions and the worst in shrubland regions.

(5) Analyzing the performance on wildfire detection of old Himawari-8 and new Himawari-9 satellite in the same period. In
terms of Himawari-9, its consistency with Himawari-8 is slightly stronger. From the perspective of Himawari-8, its consistency
with Himawari-9 is slightly weaker. However, from the perspective of MODIS and VIIRS, Himawari-8 has a lower omission rate.
This is mainly due to that Himawari-9 is still in the early stage of debugging and calibration. With the continuous debugging and
calibration, the omission rate of Himawari-9 wildfire products begins to decrease, indicating that the wildfire detection performance
of Himawari-9 is gradually improving.

(6) This paper analyzes the omission of ground truth fire data by Himawari-8/9 wildfire products and their near real-time wildfire
detection capability. Overall, the Himawari-8/9 wildfire products perform well in detecting these 70 fire incidents. However, some
fires with small damaged areas are missed, which is an inherent limitation of satellite-based fire detection. From the analysis of
detection delays, 78.57% of the fire incidents are detected within 60 min after the report time. It indicates that Himawari-8/9 is
fully capable of performing near real-time wildfire detection tasks.

This work discuss the similarities and differences between the old and new versions of MODIS and VIIRS fire products in this
section. According to the clear instructions in the guides (Giglio et al., 2021; Schroeder et al., 2025), there are no changes in core
algorithms or product structures between the fire hotspots products of MODIS C6 and MODIS C6.1. Only minor differences are
caused by the calibration updates of the red band (Band 1) and near-infrared band (Band 2) of the upstream Level-1B radiance
products. The original statement in the guide is given as follows: "The MODIS active fire products are among those for which no
algorithm or product changes were made for Collection 6.1, and as such the Collection-6 and Collection-6.1 active fire products are
sufficiently consistent to the extent that they may be freely intermixed". The main improvements of VIIRS C2 focus on upstream
data quality optimization. It adds new quality flags and optimizes file compression. The core fire hotspots detection logic has not
been fundamentally adjusted. Key parameters and thresholds remain consistent.

To confirm that the core fire hotspots detection logic of the MODIS C6.1 and VIIRS C2 fire products has not been fundamentally
adjusted, and to prove that the MODIS C6 and VIIRS C1 data are scientifically and accurately equivalent to the new versions, we
conducted the following experiment. We selected the 2021 fire hotspots product data of MODIS C6.1, VIIRS C2 and Himawari-8. We
followed the original spatio-temporal matching rules of the paper. We recalculated the monthly omission rate of the Himawari-8 fire
products. The experimental results are shown in Table 4. From the experimental results, we found that the omission rate derived
from MODIS C6 and MODIS C6.1 is completely consistent. The omission rate derived from VIIRS C2 and VIIRS C1 differs by less
than 0.5%. Therefore, the MODIS C6 and VIIRS C1 data are completely equivalent to the new versions in terms of scientificity and
accuracy. There is no situation where “new versions are better” and thus old versions become unusable.

4.2. Prospects

In summary, this work validates and compares Himawari-8/9 10-minute wildfire products with MODIS/VIIRS wildfire products.
The validation work in this paper could provide the beneficial guides for the future wildfire detection and FRP retrieval algorithms
as follows.

Firstly, for the future algorithms of Himawari-8/9 wildfire detection, the contextual methods are limited for early and small
fires. Moreover, current Himawari-8/9 wildfire products ignore the temporal information, which is the strongest advantage of
Himawari-8/9. Therefore, temporal, spatial and spectral information could be combined to fully exploit the feature of wildfire.

Secondly, according to the FRP retrieval of Himawari-8/9, the future wildfire detection algorithms need to focus on small fires
and reduce the omission rate. For algorithm designing, it could replace the traditional context methods as machine learning and
deep learning technology. Besides, VIIRS/MODIS wildfire products data could be regarded as the training data.
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Table 4

The omission rate comparisons for VIIRS C1 vs C2, MODIS C6 vs MODIS C6.1 with Himawari-8.
Month VIIRS C1 VIIRS C2 MODIS Cé6 MODIS C6.1
01 82.19% 82.25% 69.96% 69.96%
02 86.34% 86.42% 72.92% 72.92%
03 81.68% 81.80% 63.44% 63.44%
04 71.63% 71.84% 59.61% 59.61%
05 60.57% 60.75% 52.04% 52.04%
06 68.23% 68.18% 58.07% 58.07%
07 63.17% 63.40% 54.89% 54.89%
08 62.81% 62.79% 52.25% 52.25%
09 62.70% 62.89% 52.89% 52.89%
10 49.54% 49.62% 35.14% 35.14%
11 55.54% 55.77% 39.67% 39.67%
12 62.06% 62.41% 46.00% 46.00%

Thirdly, FRP retrieval algorithms should also take the different land cover types into account, especially for distinguishing the
combustible and non-combustible regions. Based on this strategy, FRP retrieval algorithms could dynamically adjust parameters via
different land cover types, to improve the retrieval accuracy.

Finally, Himawari-8/9 wildfire products would produce more serious omission in the thick smoke scenario. Therefore, detecting
smoke could also be used as a way of detecting fires. Then this negative factor could be turned into positive factor to reduce the
omission rate of Himawari-8/9 wildfire detection.
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