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ABSTRACT:

In the paper, Henan Province with prevalent straw burning was taken as the study case. Aimed at remote sensing recognition of the
straw burning fire points in a large-scale area with complex terrain and climate conditions, an optimized recognition strategy of straw
burning was proposed based on the MOD021KM data. In our new recognition strategy, the threshold determination method was
optimised by systematic statistical analysis of spectral features. Then the non-straw burning fire points were eliminated by extracting
the agricultural land from MCD12Q1 image. Thus, the true straw-burning fire points were determined. The results showed that the
recognition accuracy of straw burning fire points was effectively improved by optimized threshold determination method.

1. INTRODUCTION

The phenomenon of centralized burning of straw widely exists in
rural areas and the suburbs of large and medium-sized cities in
China (Hu et al., 2012). According to statistics, about 160 million
tons of straw are burned outdoors every year, accounting for
more than a quarter of the total output of straw in the whole year
in China (Cao et al., 2006). The harmful gases and particles
produced by straw burning have become one of the pollution
sources of smog, which has a great impact on the atmosphere, the
environment and human health (He et al., 2007; Stavrakou et al.,
2016; Jiang et al., 2019). Therefore, it is imperative to extract and
monitor the straw burning phenomenon accurately and
effectively.

MODIS remote sensing (RS) images have a large coverage area
and short repeat cycle, which are suitable for large-scale macro
monitoring. The application of MODIS images to large-scale fire
monitoring is an important aspect of its application. Its multi-
band data can reflect the land, cloud boundary and other
characteristic information at the same time (Madhavan et al.,
2021). It can detect much smaller and more fire points (minimum
area up to 50 m?) by both higher temporal resolution and
temperature point sensitivity than Meteorological Satellite (Teo,
2011), which greatly makes up for the shortcomings of the
original monitoring methods based on field inspection.

At present, researchers have carried out extensive research in this
field (Giglio et al., 2003; Zhang et al., 2005a; Wang et al., 2008).
Flannigan et al. (1986) put forward an absolute threshold model
for the environmental characteristics of North American forest
areas. Zhou et al. (2006) proposed an improved algorithm for
adjacent background pixels. Shao et al. (2012) adjusted the
threshold conditions by adding a correction coefficient. By
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calculating the cloud area, Zhou et al. (2017) reduced the impact
of cloud in the process of straw burning monitoring. However,
the previous methods are hardly applied to the complex terrain
and climate conditions.

The main areas of straw burning in China are distributed in Hebei,
Shandong, Henan, Anhui and other places (Wang et al., 2011).
Among them, Henan Province is surrounded by mountains on
three sides, with large undulating terrain, complex and diverse
climate conditions (Xue, 2020). These characteristics make it
more difficult to monitor the phenomenon of straw burning in
this area. Hence, in this study Henan Province was regarded as
the study area. Based on the MODIS series data, through a series
of statistical analysis of spectral characteristics and threshold
adjustment, an optimized recognition strategy for straw burning
was proposed. Then non-straw burning fire points which were
not on the agricultural land were eliminated. Finally, the accurate
recognition of straw burning fire points during summer and
autumn harvest in Henan Province was performed.

2. STUDY AREA AND DATA SOURCES
2.1 Study Area

Henan Province, with a total area of about 167000 km? and the
largest grain output in China, is a typical agricultural province
(Figure 1). The province is located in the north temperate zone,
and its accumulated temperature conditions can meet the
requirement of two crops a year. The staple food crops are wheat
and corn, whose harvest time is mainly concentrated in June and
early October of each year. During this period, a large amount of
crop straw can cause severe burning (Zhu et al., 2016).
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Figure 1. Study area

2.2 Data Sources

MODIS sensor has outstanding advantages in large-scale
regional fire monitoring because of its both high temporal and
hyperspectral resolution, moderate spatial resolution and large
image coverage (Gao et al., 2005; He et al., 2008).

In this study, various MODIS data (Table 1) were collected and
applied (available at http://ladweb.modaps.eosdis.nasa.gov),
including: (1) MODO021KM data for extracting the fire point
information of straw burning during summer and autumn harvest
in Henan Province. (2) MCD12Q1 data for agricultural land
extraction. The land cover data set includes 17 types of land
cover with a spatial resolution of 500 m, and contains five
classification schemes for land cover types (Hou et al., 2019).
Different digital number (DN) values on the image represent
different types of land features, and the corresponding pixels
with the DN value of 12 are agricultural land pixels. (3) MOD14
data is obtained by the sensors on Terra satellite, including the
thermal anomaly data caused by biomass combustion and fire,
with a spatial resolution of 1 km. There are 10 different DN
values in the data. Among them, pixels with DN values of 7, 8
and 9 represent fire points (Csiszar et al., 2006).

In addition, the daily report of environmental satellite
monitoring of straw burning (DR) is produced by the satellite
application center of the Ministry of Environmental Protection
of China. The DR makes detailed statistics on the distribution
and quantity of straw burning fire points in the whole country on
that day. In this study, MOD14 thermal anomaly data and DR
were used as auxiliary data to verify the experimental results.

Band Spatial
RS data Type number | resolution(m)
1 250
2 250
MODIS1B data 18 1000
MODO21KM product 21 1000
26 1000
31 1000
MODIS Level 3
MCD12Q1 land cover type 500
data product
MODIS Level 2
MOD14 surface heat 1000
anomaly data
product

Table 1. Specific information about the RS data.

3. RESEARCH METHOD

The purpose of fire point detection is to extract the open fire
pixels during satellite transit, which is called fire point. This
study proposed an optimized recognition strategy of straw
burning (Figure 2) based on the MODIS images. In this strategy,
the threshold method was constructed by a series of systematic
statistical analysis of spectral features. Based on this, the
decision tree classification model was used to process the RS
image data of MOD021KM to extract the cloud and fire points.
Then MCD12Q1 image data was utilized to extract the
agricultural land, and the non-straw burning fire points were
eliminated based on the agricultural land. Finally, the straw
burning fire points were recognized.
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Figure 2. Workflow of the optimized threshold determination
method.
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3.1 Image Pre-processing

RS image data pre-processing mainly includes geometric
correction, reflectivity and emissivity calculation, brightness
temperature conversion, image clipping, etc. In addition, in order
to facilitate the use of images with inconsistent spatial resolution,
they were all resampled to 250m (Zhang, 2016).
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When the MODIS detector is used to observe the earth, the RS
image will be distorted due to the influence of the sensor's own
characteristics, earth-curvature, terrain undulation and sensor
jitter during operation. Therefore, it is necessary to correct it.
The correction process mainly includes eliminating bowtie effect
and GLT (Geographic lookup table) geometric correction (Wolf
etal., 1998; Liu et al., 2004; Du et al., 2009; Zhang et al., 2013).
MODIS series data are stored with 16 signed integers after
calibration. They must be converted into available values for
practical application. In this study, the reflectivity of band 1, 2,
18, 26 and the emissivity of band 21, 31 were calculated for
cloud recognition and subsequent brightness temperature
conversion.

R= Rscale * (SI - Roffse) ( 1 )

€ = Escale * (SI - goffse) (2)
where R = reflectivity
Rgcaie = calibration gain coefficient
Rosrse= reflection calibration offset
&= emissivity
&scate = Calibration gain coefficient
o5fse = radiometric calibration offset
SI = effective count value of image

Each parameter value can be obtained from the corresponding
band data attribute of MODIS HDF data set (Zhang, 2016).
When using the threshold method to extract fire points, the
brightness temperature of the surface is one of the most
important features (Zhang et al., 2005b). According to the
emissivity of each radiation band, the brightness temperature
value of the corresponding pixel is calculated.

_he_ 1
~ ki, 2hc? ( 3 )
ln(—As‘E +1)

where T = surface brightness temperature value

h = the Planck constant

¢ =the speed of light

A = the central wavelength of the wave band
k = the Boltzmann constant

3.2 Threshold Optimization

The threshold condition is the key factor when using the
threshold method to extract the fire point. The original threshold
method uses a uniform threshold standard to monitor global fire
points (He et al., 2008). Due to the mutual influence of different
regions, changeable environments and complex climate
conditions, the fire threshold should be set according to the
specific situation. Combined with a large number of MODIS
images in Henan Province, the original threshold conditions
were adjusted through many experiments and statistics to
analyse the spectral characteristics of straw burning fire points.

3.2.1  Cloud identification: In the mid-infrared and near-
infrared bands, with the increase of wavelength, the reflectivity
of cloud will gradually decrease. While in the visible band, the
reflectivity of cloud is higher (Du et al., 2009). Therefore, the
reflectivity threshold of visible band 1 can be set as a condition
to distinguish cloud body. In band 26, the water vapor has been
completely absorbed, so it can hardly receive the reflection
spectrum from the middle and low clouds and the ground, but
can completely receive the reflection spectrum from the high
clouds. Therefore, the high clouds can also be identified by

setting a threshold for the reflectivity of band 26. Zhang (2016)
made statistical analysis on the spectral characteristics of a large
number of clouds data, and concluded that the reflectivity of
cloud in band 1 (R,) and band 26 (R,¢) mostly meet R; > 0.2,
R,¢ > 0.02. Referring to the results, the parameters were
finetuned and statistically analyzed through carrying out several
experiments using the real data of Henan Province. The results
showed that the reflectivity of cloud in visible band 1 was greater
than 0.25 in Henan Province. Therefore, the pixels satisfying the
following conditions can be recognized as clouds first:

Ry > 0.25 (4)
Ry > 0.02 (5)

In addition, due to the influence of atmospheric water vapor, the
spectral characteristics of clouds in band 18 are distributed in the
form of absorption valleys. When there is lower cloud, the
surface humidity reflection cannot reach the receiver of band 18.
This will make the corresponding reflectivity appear virtually
high, so that its value will normally be greater or equal to the
reflectivity of the near-infrared band in general. Therefore, the
normalized cloud detection index (CDI) of the unified cloud was
calculated by using the reflectance of band 18 and band 2. The
processing can not only be used to identify clouds, the errors of
atmospheric radiation and instrument system characteristics can
also be eliminated (Teo, 2011).

Po.66um—P0.936
CDJ = —>Sekm _0o30um

(6)

Po.ceumtPo.936um

where  p =the reflectivity of corresponding band
When CDI > 0, the pixels were considered as cloud. For specific
band data, the above equation becomes:

R1g—R;
RistRs (7)
where  Rig ., R, = reflectivity of band 18 and band 2
respectively.

3.22 Fire point recognition: At normal atmospheric
temperature, the radiation range of surface soil temperature is
concentrated in the far-infrared channel, but when there are fire
points, the radiation peak is mainly concentrated in the mid-
infrared band. According to Wien's Displacement Law, the
higher the fire temperature is, the shorter the radiation peak will
be. Therefore, the high temperature points on the ground can be
extracted by setting a certain threshold value for the brightness
temperature values of thermal infrared band 21 and 31
( Ty >hyq, and T3y > hyq, where T,; and T;q are the
brightness temperature value of band 21 and band 31,
respectively). The results of Wang et al. (2008) showed that the
brightness temperature of non-fire point pixels in band 21 is less
than 340 in China. Kaufman et al. (1989) pointed out that setting
a threshold of 250 for the brightness temperature value of band
31 can eliminate the influence of cloud reflection on the
saturation of high temperature band. However, in the actual test
using a large number of images in Henan Province, these
thresholds are not effective for fire point recognition and need to
be adjusted. Generally, when the brightness temperature of mid-
infrared data in the study area is counted, it will be found that the
fire point pixels only account for a small part of its high
temperature (Wang et al., 2011). Therefore, the threshold h,,
and hs4 can be set by calculating the percentage of each bright
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temperature value in the total number of pixels of the actual data.
In this paper, brightness temperature values hy;= 309, and h3;
= 285, which account for 5% of the total pixels, are selected as
corresponding thresholds (He et al., 2008). Then the above
judgement changes to T,; > 309, and T3; > 285. This
adjustment can not only ensure the credibility of the fire points,
but also improve the number of fire points fulfilling the absolute
threshold. It is convenient for the next step of judgment and
recognition.

Among the recognized high-temperature points, there is also
high-temperature ground besides the burning point. Their
radiation is stronger in the far-infrared band than in the fire point.
To eliminate the influence of ground high temperature points,
the difference between mid-infrared band 21 and far-infrared
band 31 can be used to further select the extracted high
temperature points (Eva et al., 1996; Zhou et al., 2014).
Combined with the actual data, the difference of brightness
temperature values of fire points in band 21 and band 31 was
counted respectively. Wang et al. (2008) noted that the
difference between the recognized fire points in the two bands is
more than 14.5.

To further improve the accuracy of the recognition of the burning
point of straw in Henan Province, the threshold, as the Formula
(8), was set through a large number of experiments and statistical
analysis:

T21 - T31 > 14‘.95 ( 8 )

3.3 Accuracy Assessment

To assess the accuracy of fire point recognition comprehensively,
both quantity and spatial location were verified respectively. The
quantitative accuracy was assessed in terms of the correct
number of recognized fire points on RS data. Based on the
statistical data issued by Henan Environmental Protection
Department, the accuracy which is the ratio of the total number
of correctly monitored thermal abnormal points to the total
number of recognized thermal abnormal points was calculated to
assess the recognition results (Yang et al., 2009). Additionally,
other two widely utilized methods (original threshold method
and pixel brightness value method) were applied as well to make
a quantitative comparison experiment (Zhang, 2016; Yang et al.,
2009). On the other hand, to assess the spatial recognition
accuracy, the accuracy of the spatial position was verified by
comparing with the fire point position of MOD14 (Wang et al.,
2008).

4. EXPERIMENTAL RESULTS AND ANALYSIS
4.1 Fire Point of Straw Burning Recognition

In this study, the fire point on agricultural land is regarded as the
fire point of straw burning, so it is necessary to extract

agricultural land in order to remove the interference of forest fire,
artificial building heat and other non-straw burning fire points.
Different DN values on the MCD12Q1 image represent different
types of ground objects. Among them, the corresponding pixels
with a DN value of 12 can be extracted by the pixel brightness
value method to extract agricultural land in Henan Province. As
an example, Figure 3(a) shows the results in 2014. Then the fire
points of straw burning were recognized through the intersection
of the extracted burning points and the agricultural land.

Figure 3(b) shows the distribution of straw burning points on
June 11, 2014. It can be seen that the total number of fire points
recognized was 22, and the fire points are mainly distributed in
the northern regions of Henan Province. Among them, Puyang
has the most fire points reaching 11. It accounts for 50% of the
total number of fire points recognized.
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Figure 3. Recognition results of straw burning points: (a)
agricultural land in 2014; (b) fire points of straw burning on
June 11, 2014.

4.2 Accuracy Assessment Results

The MODIS data during the harvest period (May-June and
September-October) in Henan Province were selected for the
experiment. Limited by the length of the article, only four images
of MOD021KM with a large number of fire points on June 11,
2014, October 7, 2014, June 9, 2015 and October 1, 2015 were
selected for accuracy verification according to the accuracy
assessment method of 3.3. Among them, the final results of June
11, 2014 were utilized to assess the quantitative accuracy. While
other three data were applied to compare and analyse the spatial
location.

4.2.1 Quantity Assessment of Fire Points: The DR issued
by the official was used as a reference to verify the quantitative
information of straw burning fire points recognized. Meanwhile,
the fire points recognized by the original threshold method and
pixel brightness value method were also compared with the
results. The comparison and statistical results are shown in Table
2 and Figure 4.

Anyang 1 0 0 0
Puyang 11 13 5 11
Pingdingshan 1 5 0 0
Luohe 2 4 1 2
Zhoukou 2 2 1 2
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Shanggiu 1 5
Xuchang 1 5
Zhumadian 1 3
Xinyang 4 2
Total 24 34
Accuracy — 61.76%

5 2
1 1
1 1
3 3
17 22
76.47% 95.45%

Table 2. Statistical table of verification results of quantity of straw burning fire points on June 11, 2014.

——Henan Environmental Protection Department

Pixel Brightness Value Method

= Original Threshold Method

——COptimization Threshold DeterminationMethod

Anyang Puyang Pingdingshan  Luohe

Zhoukou

Shangqiu Xuchang Zhumadian  Xinyang Total

Figure 4. Comparison and statistics of the number of recognized straw burning fire points on June 11, 2014.

It can be seen from Figure 4 that the total number of fire points
in the DR is 24, and the total number of fire points recognized
by the original threshold method is 34. According to the analysis

of the fire point’s location, 21 real fire points were found, 3 were

missed and 10 were misjudged. The accuracy was 61.76%. The
total number of fire points recognized by pixel brightness value
method was 17, 13 real fire points among which were recognized,
4 false fire points and 11 missed fire points were recognized. The
accuracy was 76.47%. While the total number of fire points
recognized by the optimized threshold determination method
was 22, of which 21 were real fire points, 3 were missed and 1
was misjudged. Its accuracy was 95.45%.

The same method was used to compare and verify the fire points
extracted from other dates (Figure 5). The statistical results

= Henan Environmental Protection Department
Pixel Brightness Value Method
250
200
150

100

50

, HE-m lll

2014/6/11 2014/10/7

showed that the accuracy of fire point recognition by the
optimized threshold determination method is all above 90%,
which indicates its highest recognition accuracy. Specifically,
the accuracy of the original threshold method and the pixel
brightness value method was 60.25% and 81.58% on October 7,
2014, while the optimized threshold determination method was
91.11%. On June 9, 2015, the accuracy of the original threshold
method was 58.13%, the pixel brightness value method was
71.43%, and the optimized threshold determination method was
95.24%. On October 1, 2015, the accuracy of the original
threshold method was 63.49%, the pixel brightness value
method was 85.71%, and the optimized threshold determination
method was 96.06%.

= Original Threshold Method

m Optimization Threshold Determination Method

2015/6/9 2015/10/1

Figure 5. Statistics of the number of fire spots correctly recognized on Junel1,2014, October 7, 2014, June 9, 2015 and October 1,
2015.
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Compared with the original threshold method, the optimized
threshold determination method improved the recognition
accuracy of fire point by an average of 30%, which indicates
that the optimized threshold determination method is more
suitable for fire point recognition in Henan Province. According
to the extraction result of the pixel brightness value method, the
original thermal anomaly image data of MODIS are limited by
its processing method, and there are certain omissions and mis-
judgments (Wang et al., 2008). In contrast, the optimized
threshold determination method had a higher accuracy of straw
burning fire recognition.

I

@ Fire points of straw burning {5 @ Fire points of straw buning S

N

@ ire points of straw buming

(e) MOD14 image

@ Fire points of straw burning

(b) Optimized threshold determination method

(f) Optimized threshold determination method

4.2.2 Spatial Location Verification of the Fire Points:
MOD14 image is a MODIS secondary surface heat anomaly data
product, including thermal anomaly data generated by biomass
combustion and fire. Wang et al. (2008) and Yang et al. (2009)
showed that the spatial location of fire points extracted from
MOD14 thermal abnormal images had a certain reliability.
Meanwhile, affected by the lack of ground fire point survey data,
the spatial location accuracy of fire points recognized by the
optimized threshold determination method was verified by
comparing with the distribution of fire points recognized from
MOD14 images (Figure 6).

@ Fire points of straw burning

(d) Optimized threshold determination method

i A

@ Fire points of straw buming 8

(g) MOD14 image

(h) Optimized threshold determination method

Figure 6. Distribution comparison of fire points of straw burning on Junel11,2014: (a), (b); October 7, 2014: (c), (d); June 9, 2015:
(e), (f); and October 1, 2015: (g), (h).

According to statistics, on 11 June, 2014, 7 October, 2014, 9
June, 2015 and 1 October, 2015, there are 13, 31, 25 and 180 fire
points of straw burning recognized by the optimized threshold
determination method have consistent coordinates with the
MOD14 image, respectively. It means that the spatial location of
the real fire points recognized by both of them has a good
consistency. The results further proved the reliability of the
location distribution of the straw burning fire points recognized
by the method in this study.

5. CONCLUSION

In this study, an optimized recognition strategy of straw burning
was proposed based on MOD021KM data. This threshold
method was constructed by a series of systematic statistical
analysis of spectral features and reasonable adjustment of the
threshold values of many thermal channels of MODIS products.
And the non-straw burning fire points in Henan Province were
eliminated by extracting the agricultural land from MCD12Q1
image. At the same time, to assess the quantity and the spatial
location of the straw burning fire points recognized by the
proposed method, the recognized fire points on 11 June, 2014, 7
October, 2014, 9 June, 2015 and 1 October, 2015 were
respectively compared with the fire point information reflected

by the DR issued by Henan Environmental Protection
Department and the MOD14 thermal abnormality imaging.

The results show that the optimized threshold determination
method has the highest accuracy reaching 95.45%, which is
33.69% and 18.98% higher than the original threshold method
and the pixel brightness value method, respectively. Meanwhile,
the spatial distribution of the recognized fire points is also
reliable. This means the recognition accuracy of straw burning
fire points in Henan Province was effectively improved by the
optimized threshold determination method. This method made
up for the deficiency of the ground manual inspection-based
environmental monitoring method, and provided a reference for
the follow-up related research.

In summary, this study has made some significant exploration in
monitoring the phenomenon of straw burning in Henan Province
with MODIS satellite data. However, due to the limitation of the
spatial resolution, only the spatial distribution of burning points
was determined. The accurate burning area cannot be studied.
Therefore, in the follow-up study, MODIS data can be used to
preliminarily locate the fire point, and then the burned area can
be extracted by combining with high spatial resolution RS data
such as Landsat 8 and Sentinel images. At the same time, it can
also be used to verify the fire point and further improve the
accuracy of fire point recognition.
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