remote sensing @\py

Article

Understanding Temporal and Spatial Distribution of
Crop Residue Burning in China from 2003 to 2017
Using MODIS Data

Yan Zhuang 1'*f, Ruiyuan Li ">, Hao Yang 3, Danlu Chen 2, Ziyue Chen 1-**{, Bingbo Gao 3
and Bin He /2

1 State Key Laboratory of Earth Surface Processes and Resource Ecology, College of Global Change and Earth

System Science, Beijing Normal University, 19 Xinjiekouwai Street, Haidian, Beijing 100875, China;
yzhuang@mail.bnu.edu.cn (Y.Z.); leeruiyuan@bjfu.edu.cn (R.L.); dlchen@mail.bnu.edu.cn (D.C.);
hebin@bnu.edu.cn (B.H.)

2 Joint Center for Global Change Studies, Beijing 100875, China

National Engineering Research Center for Information Technology in Agriculture, 11 Shuguang Huayuan

Middle Road, Beijing 100097, China; yangh@nercita.org.cn (H.Y.); gaobb@nercita.org.cn (B.G.)

*  Correspondence: zychen@bnu.edu.cn; Tel.: +86-156-0008-8396

1t There authors contributed equally to this work.

Received: 31 December 2017; Accepted: 2 March 2018; Published: 2 March 2018

Abstract: Crop residue burning, which is a convenient approach to process excessive crop straws,
has a negative impact on local and regional air quality and soil structures. China, as a major
agricultural country with a large population, should take more effective measures to control crop
residue burning. In this case, a better understanding of long-term spatio-temporal variations of crop
residue burning in China is required. The MODIS products MOD14A1/MYD14A1 were employed in
this research. Meanwhile, due to the vast territory of China, we divided the study area into seven
regions based on the national administrative divisions to examine crop residue burning in each
region, respectively. The temporal analysis of crop residue burning in different regions demonstrates
a fluctuated, but generally upward, trend from 2003 to 2017. For monthly variations of crop residue
burning in different regions, detected fire spots in June mainly concentrated in Central China (CC),
East China (EC), and North China (NC). A majority of detected fire spots in Northeast China (NEC)
and Northwest China (NWC) appeared in April and October. For other months, a small number of
fire spots were distributed in all regions in a scattered manner. Furthermore, from a spatio-temporal
perspective, this research revealed that crop residue burning in NEC was the most active among
all regions both in spring and autumn. For summer, EC holds a larger proportion of burning spots
than other regions. For winter, the number of burning spots in most regions was close. This research
conducts a comprehensive analysis of crop residue burning in China at both a national and regional
scale. The methodology and results from this research provide useful reference for better monitoring
and controlling crop residue burning in China.
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1. Introduction

Crop residue, also known as crop straw, is defined as stems of such crops as wheat, rice, maize,
etc., which have been reaped and dried after maturing [1,2]. Before the prevalence of industrialization,
there was a diversity of utilization approaches toward crop residue in rural areas within China.
For example, in Southern China, the straws of rice were usually used to make hats, mats, or building
roofs. Meanwhile, it could also be used as a type of forage to feed livestock. With the rapid development
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of industrialization and modernization in China, the demand for crop residues in rural areas has
decreased. Hence, the treatment of large amounts of crop residues has become a major social and
ecological issue [3].

Crop residue burning, as a direct and convenient way to process the residues of dried crops
in arable lands, will induce serious air pollution or conflagration [2,4—6]. Furthermore, the social
and economic damage caused by the incineration of crop residues is immeasurable. For instance,
in 2016, the Ministry of Environmental Protection (MEP) reported that the massive burning of crop
straw in Heilongjiang Province led to a large-scale haze episode [7]. Previous studies pointed out that
strong correlations existed between crop residue burning and the formation and concentrations of
major airborne pollutants, such as fine particles (PM;5), NOx, CO, black carbon, and so forth [8-10].
In addition, in-depth studies have confirmed the negative impacts of airborne pollutants, especially
particulate matter, on human cardiovascular and respiratory diseases [11,12]. China, as a major
agricultural country with a large population, should take more effective measures to control the
burning of crop residues. Therefore, there is a growing emphasis on methods of monitoring and
controlling the burning of crop residues.

Generally, it is difficult to monitor crop residue burning using traditional measures.
Remote sensing, as a technique capable of long-term and large-scale observations, has been extensively
applied in numerous fields, such as geology remote sensing, hydrology remote sensing, vegetation
remote sensing, and agricultural remote sensing. Meanwhile, remote sensing is a key technology
for field-information acquisition in precision agriculture, including crop growth environment,
growth status, and spatial variability information. Nowadays, the use of satellite remote sensing
to monitor wildfires has become an emerging hotspot. This is because remote sensing technology can
be applied to near real-time observation of surface features at a large scale. In addition, the brightness
temperature of the thermal infrared band obtained from remote sensing satellites can be used to
monitor regional thermal anomalies. Therefore, remote sensing is an effective way to monitor
wildfires [13,14]. Furthermore, it is a valid approach to assess fire regimes, especially agricultural
residue burning, using satellite sensor data and products [15,16]. For policy-makers, remote sensing is
also a promising tool to understand real-time fire events and predict the movement of fire lines [17,18].
Chen et al. [15] employed MODIS burned area product, as well as the MODIS active fire data, to identify
different fire regime variables, and their inter-annual variability, seasonality, and fire intensity in
China through long-term analysis [15]. This research suggested that inter-annual variations and fire
intensity of cropland burning were both lower than the other fire regime variables. However, it is
becoming imperative to monitor crop residue burning, a type of wildfire occurring in cultivated lands,
through remote sensing, given its strong negative impacts on air quality, agricultural production,
and economic development. If not controlled properly, harmful pollutants emitted from crop residue
burning will further aggravate the current situation of air pollution, and induce large-scale haze
episodes in China. Therefore, it is necessary to take more reasonable measures to control the burning
of crop residue. Targeting this aim, temporal and spatial distributions of crop residue burning in China
should be examined in-depth.

Due to the vast territory of China, crops planted in different regions varied significantly,
which means the harvesting time, as well as the burning time of crop residue, may be notably different.
However, few studies have been conducted to analyze long-term variations of crop residue burning
at multiple spatial and temporal scales. To fill this gap, this research took the following steps: firstly,
the overall trend of crop residue burning in China during 2003 to 2017 was discussed at both national
and regional scales. Secondly, from the perspective of monthly and seasonal variations, we analyzed
the temporal distribution of crop residue burning in China. Finally, to compare burning patterns
among different regions in China, the spatial distribution of crop residue burning was analyzed for
each region respectively.
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2. Materials and Methods

2.1. Study Area

This study aims to analyze crop residue burning from a regional perspective and, thus, the entire
country is divided into seven regions (Figure 1) according to the national administrative divisions of
China [19], including Central China (Hubei Province, Hunan Province, Henan Province), Eastern China
(Jiangsu Province, Zhejiang Province, Anhui Province, Fujian Province, Jiangxi Province, Shandong
Province, Shanghai), Northern China (Hebei Province, Shanxi Province, Beijing, Tianjin, The Inner
Mongolia Autonomous Region), Northeast China (Jilin Province, Liaoning Province, Heilongjiang
Province), Northwest China (The Ningxia Hui Autonomous Region, The Xinjiang Uygur Autonomous
Region, Qinghai Province, Gansu Province, Shaanxi Province), Southern China (Guangdong Province,
The Guangxi Zhuang Autonomous Region, Hainan Province), and Southwest China (Sichuan Province,
Yunnan Province, Guizhou Province, Chongqing, Tibet Autonomous Region).
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Figure 1. The study area of seven regions in China (‘No data’ means there is no data of crop residue
burning in this area to be used in the following study).

2.2. Data

2.2.1. MODIS Active Fire

In this study, we employed MODIS fire products, available at LAADS DACC ftp server [20],
to acquire the information of burning spots in China from 2003 to 2017. In terms of the detected
precision, MODIS is able to detect both smoldering and flaming fires over 1000 m? in size.
With favorable observing conditions (near nadir, little or no smoke, relatively homogeneous land
surface, etc.), one tenth of flaming fires could be detected. In addition, small fires, covering 50 m?2
can also be detected under extremely ideal observing conditions [21]. Active fires are monitored
four times per day, including day-time and night-time observations. Specifically, the transit time of
MODIS over China is 01:30, 13:30, 10:30, 22:30, respectively [22]. The 3.9 pm and 11 pm channels
are used for MODIS fire products. A contextual algorithm is used for MODIS fire detection [23],
the key point of which is to exploit the strong emission of mid-infrared radiation from fires [24,25].
This study employed MOD14A1/MYD14A1 daily level 3 fire products, with a spatial resolution
of 1 km [21]. “MOD14/MYD14” refers to the MODIS active fire products. “MOD” stands for
Terra/MODIS, and “MYD” stands for Aqua/MODIS; “14” indicates that the product is a type of
thermal anomaly or fires. “A” represents a level 3 product and “1” represents a daily product. A Science
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Dataset (SDS), named “fire mask”, from this product is employed for data processing, and three fire
classes (low-confidence fire, nominal-confidence fire, high-confidence fire) are extracted for a better
understanding of the daily situation of crop residue burning. Meanwhile, the study implemented a
maximum value composite strategy for processing the MOD/MYD product. There were approximately
21,900 images (generally four images per day, whilst usable images were fewer for some days due
to missing data) for this research, and the total size of the dataset was about 393.8 GB. It took us
more than one month for data processing (including algorithm designing, data downloading, coding,
and statistics).

2.2.2. The Dataset of Land-Use and Land-Cover Change

The dataset of land-use and land-cover change (LUCC) is provided by the Data Center for
Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) [26]. This dataset was
produced based on Landsat images using a man-machine interactive method for better classification
accuracy. The data provider employed an approach integrated remote sensing images with
geo-physical datasets (temperature, precipitation, and elevation) to enhance the accuracy of land-cover
classification. Based on this LUCC dataset, the classification accuracy for individual regions varied from
73% to 89%, and the overall classification accuracy for the entire country was 81% [27]. The spatial
resolution of the dataset is similar to that of MODIS fire products (1 km). During 2000 to 2017,
this dataset only has four images, which were produced in 2000, 2005, 2010, and 2015. Each image has
six classes (cropland, woodland, grassland, waters, etc.), and 25 sub-classes (paddy field, dry land,
forest land, etc.). In this study, we only used the type of cropland shown in Figure 2, including dry
land and paddy field, for extracting crop residue burning spots. Therefore, other land cover types
irrelevant to this research are not explained in detail here.
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Figure 2. The extraction of cropland from LUCC2000, 2005, 2010, 2015 (the inset map shows the
variation of cropland during this period) and the distribution of different cropland types across China.

2.3. Methods

2.3.1. Extraction and Mosaic of Fire Pixels from MODIS Fire Products

The original MODIS fire products contain more than one SDS, and we simply employed one
SDS named “fire mask”. For the following statistical analysis, it is necessary to extract the SDS
(fire mask). In addition, due to the large number of pixels contained in the entirety of the MODIS
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grids, it is important to divide those grids into fixed tiles [21]. Since the study area in this research
(seven regions within China) is covered by 22 tiles, we performed a mosaic processing using those
tiles to obtain a complete image of China. The MODIS Reprojection Tool (MRT) provided by the Land
Processes Distributed Active Archive Center (Land Processes DACC) was employed to finish the
batch process of extraction and mosaicking. Meanwhile, parameter files were required for running
the tool. The Interactive Data Language (IDL) (Department of Astronomy, University of Maryland,
College Park, MD, USA) product is suitable for generating parameter files, as it is capable of reading
metadata and the dimensions of the original dataset, which is necessary for producing parameter
files. However, some MODIS products contain the information of less than eight standard daily-data
layers [21]. Therefore, to avoid potential errors during the batch process, it is necessary to write
parameter files for each MODIS product.

2.3.2. Maximum Value Composite of Fire Pixels

To have a comprehensive daily statistics of crop residue burning, this research employed a
maximum value composite strategy for fire pixels extracted from MOD14A1/MYD14A1 fire products
(an example of Heilongjiang Province has been showed in Figure 3). The major aim of the maximum
value composite strategy is to extract the daily active fire product that could fully reflect the situation
of crop residue burning for each day. It is possible that fire spots were detected in the same pixel
several times. To avoid repeat counting, if fire spots at the same pixel were detected in multiple
images for the same day, only one spot was counted. Meanwhile, the extraction of fire spots could be
affected significantly by the existence of thick clouds and hazes. Since it is a rare situation that the same
location is covered by clouds at four observation times in a day, the maximum value composite strategy
effectively reduced the occlusion influences and improved the efficiency of fire spots extraction.
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Figure 3. Maximum value composite of fire pixels in Heilongjiang Province. (a) Fire pixels of MOD14A1
fire products; (b) fire pixels of MYD14Al fire products; (c) the results of maximum value composite
of fire pixels; and (d) the extraction of crop residue burning spots from croplands in Heilongjiang
Province, NEC.
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The key point of this processing is to set a certain pixel’s attribute value (7 means low-confidence
fire, 8 means nominal-confidence fire, and 9 means high confidence fire) based on the maximum value
composite of fire pixels in four observation times during one day. By conducting composite analysis,
the statistics of crop residue burning in China is more likely to reflect actual values. Furthermore,
during the composite process, water pixels were extracted as well, which had a limited influence on
the composite of fire pixels. However, it is worth mentioning that if the attribute value of a certain
pixel is classified as 3 (water), then we directly set this pixel as water. This is because the detection of
water is more reliable than the detection of fire spots, and the pre-elimination of non-fire pixels can
effectively improve the fire extraction accuracy [22,28].

2.3.3. Extraction of Fire Spots from Crop Residue Burning

The dataset of land-use and land-cover change (LUCC) was used for extracting burning spots from
croplands. Firstly, we extracted shapes of cropland based on the LUCC dataset to serve as masks for the
following extraction. Then these masks were applied to the preprocessed (maximum value composite)
fire products for obtaining fire pixels of crop residue burning. In addition, the cropland-masks
extracted from LUCC dataset of 2000, 2005, 2010, and 2015 corresponded to the extracted fire pixels
of the 2003-2004 period, the 2005-2009 period, the 2010-2014 period, and the 2015-2017 period,
respectively. An example of burning spots extraction from cropland is shown in Figure 3d. It is noted
that crop residue burning spots appeared in the cropland of this area have been extracted from the
maximum-value-composited fire product in Figure 3c.

3. Results

3.1. The Trend of Crop Residue Burning in China

According to Figure 4, crop residue burning in China has remained at a generally rising trend
since 2003. For a more reliable analysis result, we discarded the low-confidence burning spots and
simply counted the total number of nominal-confidence and high-confidence burning spots in the
past 15 years. In addition, we also calculated the sum of each type of confidence burning spots,
respectively. The result shows that the dominant proportion of burning spots is burning spots with
nominal-confidence, whilst the proportion of high-confidence burning spots is relatively low. However,
the trend of nominal-confidence burning spots is generally consistent with that of high-confidence
burning spots. In general, there are three waves during the study period. The small peak firstly
appeared in 2007 with a following decline in 2008. Then, during 2011 to 2012, there was a second peak
that also experienced a sharp decline afterward. Compared with the first small peak, the value of the
second peak was much higher. In the following three years, crop residue burning spots remained in a
straight upward trend until 2015, when a slight decline appeared. Following the slight decline in 2015,
the amount of burning spots has bounced back to a higher level in 2017.
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Figure 4. The overall trend of crop residue burning in China from 2003 to 2017.
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From a regional perspective, the trend of crop residue burning varied notably across regions.
According to Figure 5, the amount of crop residue burning spots in Central China (CC) changed
significantly. Two peaks appeared respectively in 2007 and 2015 with a large number around 5000.
For East China (EC), the trend of crop residue burning was generally upward since 2003, until a decline
appeared in 2013. In the north, crop residue burning in North China (NC) presented a straightly-rising
trend with two peaks in 2007 and 2013. Meanwhile, crop residue burning in Northeast China (NEC)
demonstrated the strongest inter-annul variation and took up a major proportion in the total number
of crop residue burning spots in China. For Northwest China (NWC), although the amount of crop
residue burning spots was smaller than that in other regions, the trend also demonstrated an upward
trend from 2003 to 2013. Following this, the number of burning spots decreased notably from 2014
to 2017. For Southern China, the number of crop residue burning spots in Southwest China (SWC)
showed an increasing trend with a smaller inter-annual variation, compared with that in other regions
in Northern China. Meanwhile, the amount of burning spots in South China (SC) was the smallest and
no clear pattern existed.
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Figure 5. The trend of crop residue burning in different regions within China from 2003 to 2017.

3.2. The Temporal Distribution of Crop Residue Burning in China

In addition to the inter-annual analysis, temporal variations of crop residue burning in different
regions have been comprehensively understood at monthly and seasonal scales.
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3.2.1. The Temporal Distribution of Crop Residue Burning in Central China (CC)

According to Figure 6, detected burning spots were concentrated in June and a small peak
appeared in October in recent years. For monthly variations, the burning of crop residues was in an
upward trend in most months except for an anomaly high value in May 2007. Although the increase
was accompanied with a slight fluctuation, the amount of burning spots remained at a high level.
From the perspective of seasonal variations during these years, it can be summarized as follows:
Crop residue burning in CC mainly concentrated in summer and the fluctuation was large. The first
peak appeared in 2007, followed by a decline for two consecutive years. Since then, the amount of
crop residue burning spots remained at a low level, until 2011, when the amount of burning spots
rebounded to a relatively high value and reached the second peak in 2012. However, this trend did
not last for long. During the period from 2012 to 2015, the number of crop residue burning spots
declined slightly, until a considerable plunge appeared in 2016. In the past summer of 2017, the number
of burning spots remained in a moderate decreasing trend. For the inter-annual variation in other
seasons, it was generally smooth in spring except for an abrupt climb in 2007, which was caused by the
abnormal high value in May 2007. Before 2016, the amount of crop residue burning spots in autumn
increased gradually, until a decline appeared in the most-recent two years. In addition, the intensity of
burning events occurring in winter was limited and demonstrated no significant inter-annual variation.
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represents the average of multi-years” monthly number of burning spots within cropland).
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3.2.2. The Temporal Distribution of Crop Residue Burning in East China (EC)

For EC, the peak of crop residue burning mainly concentrated in June with a fluctuated variation
and crop residue burning occurred in other months generally remained at an increasing trend.
Meanwhile, similar to the trend in CC, the most dramatic seasonal-variation of crop residue burning
was in summer and the inter-annual variation was much smaller for other seasons. The peak of
summer burning appeared in 2012, when a similar peak appeared in CC.

3.2.3. The Temporal Distribution of Crop Residue Burning in North China (NC)

The total number of crop residue burning spots in NC was small and crop residue burning spots
mostly concentrated in March, June, and October. In recent years, crop residue burning experienced
a significant increase in March, April, July, and November. Meanwhile, the number of crop residue
burning also increased in other months. For the inter-annual seasonal variations, the burning of crop
residue demonstrated a considerable upward trend in all seasons. In the early eight years of the study
period, crop residue burning in NC remained at a stable status except for a small peak that appeared in
summer of 2007. From 2010, crop residue burning in most seasons maintained a fleetly upward trend,
except in winter. Meanwhile, an abrupt peak appeared in the autumn of 2013 with a following decline
in the following four years.

3.2.4. The Temporal Distribution of Crop Residue Burning in Northeast China (NEC)

The temporal variation of crop residue burning in NEC was different from other regions,
and the concentrated crop residue burning mainly appeared in March, April, October, and November.
The amount of burning spots in these four months sharply increased in recent years. For seasonal
variations of crop residue burning in NEC, there was no significant variation in summer and winter,
which remained at a low level, whilst the variation of crop residue burning in spring was notable,
with a climb to a considerable level since 2013. In addition, crop residue burning occurring in autumn
presented an undulating increase and experienced two peaks during the ascent. The first small peak
appeared in 2011 and, after a sharp decline, the crop residue burning boomed to a higher level in 2014.

3.2.5. The Temporal Distribution of Crop Residue Burning in Northwest China (NWC)

Compared with other regions in northern parts of China, the overall crop residue burning in
NWC remained at a relatively low level, and mainly concentrated in April and October. Similar to crop
residue burning in NEC, the inter-annual variations of summer and winter in NWC were not notable
except for a slight increase of summer burning that appeared in recent years. For the variations of
burning spots in spring and autumn, two peaks appeared in 2013 and 2014, respectively. However,
the decrease of detected burning spots followed by the two peaks kept the total number of crop residue
burning spots in NWC at a low level.

3.2.6. The Temporal Distribution of Crop Residue Burning in South China (SC)

The amount of crop residue burning spots in SC was so small that even small monthly and
seasonal variations were obvious in Figure 6. Specifically, crop residue burning mostly concentrated in
the beginning and the end of each year, demonstrating a funnel shape. For the inter-annual seasonal
variation, Figure 7 demonstrates an irregular trend, yet an interesting phenomenon of the relationship
between crop residue burning in spring, summer, and winter. This phenomenon can be described as if
more burning spots appeared in two of the three seasons, fewer burning spots would appear in the
other season. Furthermore, crop residue burning spots in summer generally remained at a low level,
although the number of burning spots increased in recent years.
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Figure 7. The seasonal variations of crop residue burning in different regions of China (the vertical

axes represent the seasonal number of burning spots within cropland in different regions).

3.2.7. The Temporal Distribution of Crop Residue Burning in Southwest China (SWC)

Although crop residue burning in SWC appeared in many months of the first half year, it mainly
concentrated in July and August. According to Figure 7, one can see that there was no significant
variations in the four seasons, until 2010, when a slight increase appeared in autumn. The growth
in winter returned to the original low level in a short time. Meanwhile, the increase in summer was
considerable, with some occasional decreases. For the variation in spring, it reached its peak in 2013,
followed by a small wave in the following four years. Meanwhile, an interesting phenomenon was
detected in the last three years: the less crop residue burning in spring, the more crop residue burning
spots would appear in summer. In contrast, if crop residue burning in spring was intensified, then less
crop residue burning spots would appear in summer.
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3.3. The Spatial Distribution of Crop Residue Burning in China

3.3.1. Monthly Variation

At the monthly scale, it can be seen from Figure 8 that the spatial distribution pattern of crop
residue burning in China was distinct. Crop residue burning mainly concentrated in NEC and the
second largest contribution was from EC. Meanwhile, the proportion of crop residue burning in NC
and CC was close, although much less than that in NEC. The proportion of crop residue burning in SC,
NWC, and SWC remained at a relatively low level in most months, except for intensive crop residue
burning in SC in January and December. At the national scale, the majority of crop residue burning
generally shifted from NEC to EC in May, and then returned to NEC in September. Finally, the major
proportion of crop residue burning spots appeared in EC again in December. The proportion of crop
residue burning spots in different regions in January and December was close, except for two regions
in Western China.

January February March

April

July August September

October November December

mCcC
mEC

B NC
W NEC
B NWC
msC
HSWC

Figure 8. Monthly variations of the spatial distribution of crop residue burning in different regions.
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3.3.2. Seasonal Variations

From the perspective of seasonal variations, regional differences were notable (Figure 9).
Crop residue burning in spring and autumn was very close and mostly concentrated in NEC,
whilst crop residue burning in summer was mainly concentrated in EC. For winter, the proportion
of crop residue burning spots was close in NEC, EC, CC, and NC, and the proportion in SC, NWC,
and SWC was much smaller than the other four regions. Furthermore, the number of crop residue
burning spots in SC in winter held a much larger proportion compared to that in the other three seasons.
In general, crop residue burning was mainly distributed in Northern and Eastern China across

four seasons.
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Figure 9. Seasonal variations of the spatial distribution of crop residue burning in different regions.
4. Discussion

4.1. The Attribution of the Temporal Distribution of Crop Residue Burning in Different Regions of China

In this study, we analyzed the temporal distribution of crop residue burning in different regions
of China. The results showed different trends in different regions. In general, the slight decline of crop
residue burning in 2008 may be attributed to the Beijing Olympic Games hosted in 2008. During 2011
to 2012, there existed a second peak of crop residue burning in most regions, except for NC, which had
a sharp decline after the small peak in 2011 and contributed significantly to the overall decrease of
crop residue burning spots in China. In the following two years, the number of crop residue burning
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spots in different regions mostly remained in a straight upward trend until 2015, when a slight decline
appeared. This glide could be attributed to the appearance of large-scale haze episodes in China,
leading to a series of control policies. Due to the serious impact of air pollution, the government began
to pay more attention to the crop residue burning, which could emit large amounts of CO, and other
air pollutants [29-31]. Meanwhile, national environmental supervision, including the control of crop
residue burning, has been conducted since January, 2015. Although the reduction in crop residue
burning continued until 2016, the total number of burning spots in 2017 still demonstrated a slight
increase. due to the extreme cold weather in NEC in winter, as well as the cold weather-induced frozen
soil structure, crop residues left in the cropland can hardly decompose naturally before the following
April [32]. Therefore, for this phenomenon, it could be attributed to that the sharp decline of crop
residue burning in the second half of 2016 postponed field burning of left crop residues to the first half
of the following year. Hence, more strict policies should be taken to control the upward trend of crop
residue burning in recent years.

4.2. The Attribution of the Spatial Distribution of Crop Residue Burning in Different Months or Seasons

In addition to the temporal distribution, we also analyzed the spatial distribution of crop residue
burning in China from the perspective of monthly and seasonal variations. The result was consistent
with the previous study [2], pointing out that the monthly burning events mainly concentrated in
three stages: from March to April, in July, and from October to November. During March to April,
burning spots were mainly distributed in NC and NEC, due to the crop residue burning before spring
ploughing. In this period, crop residues were usually used as fertilizers on croplands to make the
soil loamier for plants. Burning spots in June mainly concentrated in EC, which is the major planting
region for wheat. The residues of harvested wheat were usually burnt on croplands directly. In October,
when the corn and rice were harvested in northern China, crop residue burning appeared in NEC
again. By November, the amount of burning spots in NEC remained high, which may be attributed
to the high latitude in this region and a postponed harvest time. The result of this research is also
consistent with findings of previous studies. Firstly, crop residues were mainly burnt in lowlands of EC
and NEC, and crop residue burning in Western and Southern China was limited [15]. The difference in
spatial variations of crop residue burning may be attributed to a diversity of crop types planted in
different regions. Field burning of corn, wheat, and rice residues mainly concentrated in NC, NEC,
and SC, respectively [9], which was consistent with our results on the spatial distribution of crop
residue burning in different months. Compared with previous studies conducted at the local and
regional scale, this research provides scholars and decision-makers with a more comprehensive and
long-term analysis of spatio-temporal patterns of crop residue burning in China.

4.3. Limitations and Prospect

Although this study has analyzed the spatial and temporal distribution of crop residue burning in
China from both national scale and regional scales, some limitations remain. Firstly, the data analysis
is limited to the total number and average number of crop residue burning spots, which may lead
to the neglect of small variations. Therefore, crop residue burning should be analyzed from a more
comprehensive perspective. Secondly, this research did not combine crop residue burning with its
potential impacts on such fields as air quality and public health. Further studies, especially quantitative
analysis, should be conducted to quantify the negative influence of crop residue burning on different
social, ecological, and economic issues. Furthermore, the spatial resolution of MODIS fire products
is 1 km, whilst crop residue burning in China is scattered and the scale of crop residue burning is
much smaller than that of the MODIS data. Thus, the MODIS fire products cannot detect smaller
burning spots in China and, thus, finer-scale remote sensing data are required for better monitoring
crop residue burning. Since the temporal resolution of the dataset of land use and land cover change
(four images in 15 years) is far coarser than that of MODIS fire products (daily), the extraction of
crop residue burning pixels may be biased. However, based on the comparison of these four images,
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the change of croplands in China was not significant during the last 15 years, so these types of biases
were limited. In general, it is unlikely to correctly record all crop residue burning events that occurred
in the last 15 years. In future studies, more accurate methodologies and data sources for detecting
fine-scale crop residue burning spots should be investigated thoroughly.

5. Conclusions

By extracting crop residue burning spots using a remote sensing dataset of MODIS and a spatial
distribution dataset of land-use and land-cover change, this research attempted to explore the spatial
and temporal distribution of crop residue burning in China from 2003 to 2017 from both a national and
regional scale. The results revealed an upward trend of crop residue burning at a national scale since
2003. In addition, the results demonstrated the temporal and spatial variations of crop residue burning
in seven geographical divisions from the perspective of monthly and seasonal variations. Specifically,
crop residue burning in Northeast China is dominant in China both in spring and autumn. For crop
residue burning in summer, East China holds the largest proportion of burning spots amongst the
seven regions. For crop residue burning in winter, the proportion is close in most regions. In terms
of monthly variations, detected crop residue burning spots in June mainly concentrate in Central
China, East China, and North China. Meanwhile, detected crop residue burning spots in April and
October mainly concentrate in Northeast China and Northwest China. This phenomenon is generally
consistent with the harvesting time of crops planted in these croplands of China. For other months,
a scattered presence of crop residue burning spots is detected in all regions. The methodology and
findings from this research provide policy-makers with useful reference for better understanding
of the characteristics and variations of crop residue burning in China. More effective measures for
monitoring and controlling crop residue burning in these regions can be proposed and implemented
accordingly to improve local air quality and protect public health.
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