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Abstract: With China as the study area, MODIS MOD14A1 and MCD12Q1 products were used to derive
daily crop residue burning spots from 2014, 2015. After vectorization of crop residue burning pixels and with
the use of fishnet, burning density distribution maps were eventually completed. Meanwhile, the daily air
quality data from 150 cities in 2014 and 285 cities in 2015 were used to obtain daily and monthly PMas
distribution maps with the Kriging interpolation. The results indicate that crop residue burning occurs in a
seasonal pattern, and its spatial distribution is closely related to farming activities. The annual PM2s in China
decreased 11.81% from 2014 to 2015, and the distribution of PM2 5 in China’s east and north is always higher
than in China’s west and south. Furthermore, the changes in PMy5 exhibit a hysteresis after crop residue
burning in summer and autumn-winter. Regarding summer crop residue burning in China’s middle—east, the
r between crop residue burning spots and PM.s is 0.6921 (P<0.01) in 2014 and 0.5620 (P<0.01) in 2015, while
the correlation coefficient of autumn-winter crop residue burning in China’s northeast is slightly lower with
an r of 0.5670 (P<0.01) in 2014 and 0.6213 (P<0.01) in 2015. In autumn-winter, crop residue burning can
induce evident PM; s increase in China’s northeast, and that is more obvious than summer crop residue burning
in China’s middle—east. Furthermore, when data of summer and autumn-winter crop residue burning from
2014 and 2015 are compared, we can see that the change in number of crop residue burning spots significant
changes PM;5 in these regions. Both the summer and autumn-winter crop residue burning areas presented
spatial consistency with high PM;s. By contrast, the results from many aspects indicated that the crop residue

burning in spring did not cause a notable change of PMs.

Capsule Abstract: East Central China’s summer season (June) and Northeast China’s autumn-winter season

(October-November) both experience increase of PMa.s, which is closely related to crop residue burning.
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1. Introduction

Crop residue consists of materials left over from the production of crops, including the straw (or stalks) of
rice, wheat, maize, sugarcane, and cereal (Lal, 2005). How to reuse crop residue effectively at a low cost is
always a disturbing problem for crop planting (Smil, 1999). In developed countries, through technological
progress and innovation, the comprehensive use of crop residue has been achieved in a variety of ways. For
example, in 24 agricultural states in the United States, approximately 45 million tons of wheat crop residue have
been collected to make fodder, arts & crafts, and used as insulation for house construction that is a popular
commercial product (Lei et al., 2007). Straw fibers, when compresses under high temperature, bond together
without any adhesive. For structural applications, the strawboard is then laminated between oriented-strand
board to form a stress-skin panel (Glaser and VVan Dyne, 1997). In addition, the U.S. government has paid more
attention to biomass energy since the mid-1990s to mitigate global climate change (Wise et. al., 2014). Crop
residue is used to generate electricity in Denmark, which not only increases income for local farmers but also
cuts power plant costs (Nguyen et al., 2013). In Canada and Japan, most of the crop residue is shattered directly
and returned to the farmland as fertilizer (Wang, 2010). In developing countries, effective methods of crop
residue reuse are also a challenge for the government. Some innovative methods, such as using crop residue to
generate methane or industrial raw materials and to raise edible mushrooms, have been implemented in China
(An et al, 2004). However, because of the high cost, low agricultural product price and lack of certain
technologies, the comprehensive use of crop residue is very hard to generalize across the country. According to
estimates, from 1995 to 2005, China produced some 630 million tons of crop residue per year, one-third of
which remained unused and most of which was burnt directly in the field (Liu et al., 2008; Wang et al., 2013).
The burning of crop residue emits carbon dioxide, carbon monoxide, non-methane-hydrocarbons, nitric oxide,
nitrous oxide and atmospheric particles (Hayashi et al., 2014). Open crop residue burning has caused great
concern recently for its significant emissions of black carbon and organic carbon (Kharol et al., 2012; Hsu et
al., 2009). These emissions can result in severe degradation of regional air quality (Crounse et al., 2009) and
increasing respiratory disease morbidity (Arbex and Brage, 2007).

Because of the different climatic conditions and farming modes in China, the burning of crop residue is
known to be spatially and temporally inhomogeneous, requiring better characterization. While burning is
dispersed across the country after harvest and lasts for a short time, it is unrealistic to monitor the burning of

crop residue on the ground. Satellite remote sensing, because of its synoptic and repetitive coverage, can supply
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information to characterize fires in terms of intensity, extent, spatial-temporal variations, and radioactive energy
(Lentile et al., 2006). This would supply efficient data that could be used to analyze the spatial and temporal
change of crop residue burning on a large scale (McCarty, 2011; Vadrevu et al., 2014).

As the largest developing country in the world, China suffers from severe air pollution, especially haze in
recent decades (Madaniyazi et al., 2015). Haze is traditionally an atmospheric phenomenon where dust, smoke
and other dry particles obscure the clarity of the sky (Zhang et al., 2015). Haze often occurs when dust and
smoke particles accumulate in relatively dry air (Youngsin and Lim, 2014). When weather conditions block the
dispersal of smoke and other pollutants, they concentrate and form a usually low-hanging shroud that impairs
visibility and may become a respiratory health threat (Othman et al., 2013).

The causes of severe haze in China are still controversial. The rapid economic increase in past decades
has led to a soaring consumption of fossil energy (Liu and Li, 2011). Additionally, non-point source pollutions
of water and soil resources, crop residue burning, special climatic condition, land cover and topography in China
are also presumed to be causes of haze. Developed countries such as the United States and England also suffer
from haze due to past industrial development (Wang and Liu, 2014). However, the situation in China is different.
Although the Chinese government has taken effective measures to save energy and reduce emissions (Zhou et
al., 2012; Yang et al., 2013), the occurrence of haze still shows no declining trend. PM3 5, fine particles with a
diameter of 2.5 micrometers or less (Zheng et al., 2005), is the most important index by which to judge the
severity of haze. PMzs in China began to be monitored in 2012 only in important regions, such as Beijing,
Tianjin, the Yangtze River Delta Region, the Pearl River Delta Region and provincial capitals. In 2015,
monitoring was extended to every prefecture-level city, and these data provide sufficient support for the study
of PM_ s (http://dignitaries.china.com.cn/html/huanbao/3714.html).

An adequate understanding of the relationship between crop residue burning and PM_5 is a prerequisite
for taking effective measures to decrease the occurrence of haze in developing countries. However, due to the
lack of accurate time-series data and the fact that China only began monitoring PM;s in 2012, no research exists
on the relationship between crop residue burning and PM.s. To fill this gap, the aims of this study were as
follows: first, use MOD14A1 and MCD12Q1 products of MODIS to analyze the changes and distributions of
crop residue burning in China in 2014 and 2015; second, use the Kriging method to analyze the spatial
distribution of PM;s in China in 2014 and 2015 based on daily air quality data from China’s National
Environmental Monitoring Center; and third, use the daily data of crop residue burning and PM;5 to analyze
their spatial and temporal relationships.

2. Data and Methods
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2.1. Data
2.1.1. MOD14A1 products

MODIS Thermal Anomalies/Fire products are primarily derived from MODIS bands at 4 and 11
micrometer radiances (http://modis.gsfc.nasa.gov/data/dataprod/mod14.php). The fire detection strategy is
based on absolute detection of a fire (when the fire strength is sufficient to detect) and on detection relative to
its background (to account for variability of the surface temperature and reflection by sunlight). Numerous tests
are employed to reject typical false alarm sources, such as sun glint or an unmasked coastline (Giglio et al.,
2003).

MOD14AL1 is produced every 8 days at a resolution of 1 kilometer as a gridded level-3 product in the
Sinusoidal projection. This product is unique in that it has three dimensions: fire-mask (1D) and a maximum
fire-radiative-power (2D) are provided for each day (3D) in the 8-day period. For example, the fire-mask
contains eight, band-sequential (day) 1200 > 1200 images of fire data representing consecutive days of data
collection. By separating the eight fire-masks, we can attain the daily Thermal Anomalies/Fire images.

The area of China spans from 53°33” N to 3°52° N and from 73°40’E to 135°2” E, which includes 22 tiles
of MODIS products. The tile numbers are h25v03, h26v03, h23v04, h24v04, h25v04, h26v04, h27v04, h23v05,
h24v05, h25v05, h26v05, h27v05, h28v05, h25v06, h26v06, h27v06, h28v06, h29v06, h28v07, h29v07,
h28v08 and h29v08. In this study, MOD14AL1 products for the whole of China from 2014 and 2015 were
obtained from NASA’s LAADS Web (https://ladsweb.nascom.nasa.gov/data/search.html).

2.1.2. MCD12Q1 products

The MODIS Land Cover Type product provides data characterizing five global land cover classification
systems (Cai et al., 2014). In addition, it provides a land cover type assessment and quality-control information.
The primary land cover scheme identifies 17 land cover classes defined by the International Geosphere
Biosphere Programme (IGBP) (Loveland et al., 1997), which includes 11 natural vegetation classes, three
developed and mosaicked land classes, and three non-vegetated land classes. In this study Class 12 (Croplands)
from the primary land cover scheme was used to extract crop residue burning spots. The latest MCD12Q1, the
land cover from 2013, was also obtained from NASA’s LAADS Web.

2.1.3. PMy; data

Daily air quality data—including PMs, PM1, AQI and quality grade—were obtained from China’s
National Environmental Monitoring Center (http://www.cnemc.cn/). China’s Environmental Protection
Conference of 2012 first mentioned and emphasized monitoring PM2 s and ozone across the country. By 2015,

PM_ s monitoring has been extended to every prefecture-level city. In this study, daily PM, s data were collected
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from 150 cities in 2014 and 285 cities in 2015 to analyze the PM; spatial distribution change and explore the
relationship between crop residue burning and PM2s change. The PM2s monitor cities cover all the provinces
and are mainly concentrated in China’s east, which suffers from severe air pollution.
2.1.4. GIS data

The temporal resolution of both crop residue burning and PM;s are well qualified at daily levels. To
perform a specific analysis, it is necessary to calculate the crop residue burning spots and PM_s on a provincial
level. Therefore, GIS data for China, such as the boundary and area of each province and the geographic
coordinates of its cities, were used in this study. The GIS data were from the newest version (November 2015)
of GADM database, which is a spatial database of the location of the world's administrative areas (or
administrative boundaries) for use in GIS and similar software. Administrative areas in this database are
countries and lower level subdivisions such as provinces, cities, counties, and so on. GADM describes where
these administrative areas are, and for each area it provides some attributes, such as the name and variant names
(http:/lwww.gadm.org/country).
2.2. Methods
2.2.1. Process for obtaining crop residue burning data

MOD14A1 was used for two main reasons: to obtain the distribution map for crop residue burning and to
compile the statistics for daily and monthly crop residue burning at the provincial level. First, after collecting
MOD14A1 images from 2014 and 2015 in China, we obtained daily Thermal Anomalies/Fire images by
separating the eight fire-masks. Second, the cropland area of MCD12Q1 was used to clip Thermal
Anomalies/Fire images to obtain the daily crop residue burning spots. Afterwards, the daily crop residue burning
spots were combined with the monthly crop residue burning spots and these spots were vectorized separately.
Finally, we created a fishnet of squares measuring 0.50.5°to cover all of China, and, by joining the crop
residue burning spots with this fishnet, we finally obtained the daily and monthly distribution map showing
crop residue burning. In the meantime, by joining the crop residue burning spots with the GIS data for China,
we created the statistics for crop residue burning spots on a provincial scale (Fig. 1). The resolution of
MOD14A1 products is 1,000 mx1,000 m, and each pixel after the vectorization was regarded as a crop residue

burning spot. All the procedures above were conducted on ERDAS, ArcGIS and ModisTool platforms.
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Fig. 1. Flow chart of obtaining crop residue burning data and PM:s data.
2.2.2. Process for obtaining PM, s data

After acquiring the daily average PM, 5 data from China’s National Environmental Monitoring Center, the
data were combined with the geographic coordinates of each city. Then, the PM2s data for 150 cities in 2014
and 285 cities in 2015 were converted into vector data (point shapefile), which are more suitable for mapping
the PM_s distribution. For the 150 cities in 2014, the minimum distance between each other is 30.52 km,
maximum distance is 3803.48 km and average distance is 1195.16 km. For the 285 cities in 2015, the minimum
distance between each other is 22.39 km, maximum distance is 4574.63 km and average distance is 1368.42
km. Finally, the ordinary Kriging interpolation method and the daily PM. s data for 150 cities in 2014 and 285
cities in 2015 was used to obtain the PM_ s distribution map of China (Fig. 1). The Kriging interpolation method
is an important geostatic method based on the use of a variogram (Guo et al., 2013). A variogram is a
geostatistical technique that can be used to examine the spatial continuity of a regionalized variable and how
this continuity changes as a function of distance and direction. Under suitable assumptions on the priors, Kriging
gives the best linear unbiased prediction of the intermediate values. By using the Geostatistical Analyst on the
ArcGIS platform, we can obtain the parameters (range, nugget and sill) of experimental semivariogram to
perform the interpolation. In this section, the Kriging interpolation method is only used to present the spatial
distribution characteristics of PM; s and the regional and period PM; s data are calculated with the daily average
concentration from monitoring station.

After all of the processes described above, we can mainly acquire two sets of data, one is spatial

distribution maps of crop residue burning and PM2s concentration, the other one is regional statistic data of
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crop residue burning spots and PM.s concentration. Then, the temporal and spatial distribution characteristics
of crop residue burning and PM_s concentration were illustrated on a national scale. Furthermore, China’s
middle-east and northeast would be regarded as representative region to analyze the relationship between crop
residue burning and PM; s change and the different attributes in four seasons are also revealed.
3. Results

3.1. Monthly changes in crop residue burning in China
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Fig. 2. The daily (red line) and monthly (gray column) number of crop residue burning spots in China.

We extracted the daily and monthly number of number of crop residue burning spots in 2014 and 2015
from MODIS products. Table 1 shows that there were 71,237 and 66,051 crop residue burning spots in 2014
and 2015, respectively. Crop residue burning spots accounted for 52.08% and 56.47% of all the hot spots from
MODIS in 2014 and 2015. Meanwhile, the rations between crop residue burning spots and all hot spots in June,
October and November were much higher than that in other months. As Fig. 2 and Table 1 shows, the number
of spots in October was the highest of the whole year. Meanwhile, the number of monthly crop residue burning
spots showed a similar change tendency in the two years studied. The monthly and daily crop residue burning
spots were mainly concentrated in 3 periods: from March to April, in July and from October to November. On
October 23, 2014 and November 4, 2015, the number of crop residue burning spots was 2,661 and 2,310,
respectively, the highest daily totals for the two years. These days corresponded with China’s autumn harvest.
The second most intensive time for crop residue burning in 2014 and 2015 was on June 11, which corresponded

the summer harvest time in China.
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215  Table1
216 Statistic of crop residue burning spots and all hot spots from MOD14AL1 in China, China’s middle—east and China’s northeast

Whole China China’s middle—east China’s northeast

Year Month Cropresidue  All hot Ration Cropresidue All hot Ration Crop residue All hot Ration

burning spots (%) burning spots (%) burning spots spots (%)

Jan 1886 16194 11.65 440 941 46.76 68 85 80.00

Feb 1288 5723 2251 42 102 41.18 523 679 77.03

Mar 5560 14639 37.98 938 1454 64.51 2679 3781 70.85

Apr 11628 22735 5115 1201 1751 68.59 7890 11470  68.79

May 2631 6453 40.77 1522 1913 79.56 239 501 47.70

Jun 10912 13216 8257 10338 10849  95.29 155 462 33.55

2014 Jul 3370 6404 52.62 1811 2291 79.05 169 532 31.77
Aug 2324 4752 48.91 1173 1503 78.04 267 793 33.67

Sep 2391 5473 43.69 342 489 69.94 691 1297 53.28

Oct 20965 26282 79.77 1338 1573 85.06 17411 19296  90.23

Nov 7767 10637 73.02 355 467 76.02 6563 7150 91.79

Dec 515 4266 12.07 131 234 55.98 61 75 81.33

Sum 71237 136774  52.08 19631 23567  83.30 36716 46121 79.61

Jan 654 7402 8.84 123 258 47.67 33 51 64.71

Feb 1187 5823 20.38 175 306 57.19 453 618 73.30

Mar 8511 15216  55.93 781 1062 73.54 5166 6237 82.83

Apr 13075 23541 55.54 788 1070 73.64 9751 12737  76.56

May 3787 7436 50.93 2238 2735 81.83 507 1082 46.86

Jun 6555 8821 7431 5777 6223 92.83 184 547 33.64

2015 Jul 3652 6566 55.62 2329 2829 82.33 197 607 32.45
Aug 1885 4473 42.14 884 1269 69.66 164 476 34.45

Sep 1802 4085 4411 422 560 75.36 653 1410 46.31

Oct 13293 18997 69.97 2019 2274 88.79 9176 11396 80.52

Nov 11397 13709 83.14 106 155 68.39 10614 11845  89.61

Dec 253 900 28.11 105 135 77.78 63 79 79.75

Sum 66051 116969  56.47 15747 18876  83.42 36961 47085 7850

217
218 To understand the spatial characteristics of crop residue burning, we made the monthly distribution map.

219 In March and April, burning spots are mainly distributed in China’s north, especially the northeast because of
220  straw burning before spring ploughing. During this period, local farmers burn the straw left on the farmland as
221 fertilizer to make the spring ploughing easier. The burning spots even show a transfer trend to more northerly
222  regions from March to April. This is consistent with spring ploughing times in China’s northeast. The fire points
223 in June are mainly distributed in the Henan, Shandong, Anhui, Jiangsu and Hebei provinces, which are China’s
224  wheat planting areas (Fang et al., 2014). In June, after the wheat harvest, a large proportion of wheat straw is

225 burnt directly on the farmland. According to the report from China’s Ministry of Environmental Protection
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(http:/iww.zhb.gov.cn/), crop residue burning spots in June 2015 decreased by 45.35% compared with those
in 2014. Meanwhile, the results of this study demonstrated a 39.93% decrease in June 2015, conforming to the
official report. In October, crop residue burning spots rose to 20,965 in 2014 and 13,293 in 2015. This sudden
increase was caused by autumn harvest. In October, the spots are mainly concentrated in China’s northeast, and
this is consistent with harvest times for corn, soybean and rice in China’s north. In November, the number of
crop residue burning spots showed a distinct decrease, but in China’s northeast, crop residue burning was still
ongoing. This is because the high latitudes result in a later harvest time in this region than in other places. In
December, the number of crop residue burning spots decreased to the lowest rates in the whole year.
3.2. Monthly PMz s changes in China

PMs is an important indicator of air quality, and reducing PM;s effectively is key to decreasing the
occurrence of haze in China. However, there is hardly any research about PM,s changes in China because of
the shortage of time-series PM.5 data. In this study, we used daily air quality data from China’s National
Environmental Monitoring Center to study temporal and spatial changes in PM_ s in China. The data show that
PMa s is always higher in winter than in other seasons. In January the average PM; s was the highest of the year.
After January, PM2 s declined for 9 consecutive months and finally reached in September, making it the month
with the lowest PM_ s concentration of the year. After September, PM. s grew continuously until the end of the
year. The monthly PM_ s value was always lower in 2015 than in 2014 and the average PM. s in 2015 was 54.03
ug/m?, a decrease of 11.15% when compared with 2014. This result is in accordance with Greenpeace’s report
(http:/lwww.greenpeace.org.cn/city-ranking-2015-half-year).

The PM_ 5 distribution map shows that PM. s in China’s east is always higher than in China’s west. Dense
population, cities, and rapid industrial development in China’s east are the main causes of higher PMs. The
distribution shows that PM,s in the west of the Xinjiang Uygur Autonomous Region is also higher than in other
regions. That is related to poor surface conditions and low vegetation cover, causing dusty weather to be more
likely to occur (Qian et al., 2007). Meanwhile, Taklimakan Desert is also located in the Xinjiang Uygur
Autonomous Region (Dong et al., 2004). The result also shows that PM,5 in China’s north is always higher
than in China’s south. Because China’s north is far away from the ocean, dry climate and serious desertification,
dusty weather is more common in this region. Moreover, most of China’s energy resources and processing are
distributed in its north. Mining, transportation and processing will produce massive dust and airborne particles.
Coal-fired heating in the winter in China’s north also exacerbates the increase of PMys.

3.3. The relationship between PM; 5 and crop residue burning

3.3.1. Therelationship between PM, s and crop residue burning in spring
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284 Fig. 3. The daily (red line) and monthly (gray column) data of crop residue burning spots in China’s middle-east (a) and

285  China’s northeast (c) and PM2s concentration in China’s middle-east (b) and China’s northeast (d).



286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315

316

The Number of Crop Residue Burning Spots

11 of 19

Crop residue burning in the spring is mainly concentrated in China’s northeast in March and April before
spring ploughing. Heilongjiang Province, Jilin Province and Liaoning Province, all located in China’s northeast,
account for 61.46% in 2014 and 69.10% in 2015 of burning spots from the whole country in these two month.
Fig. 3 also demonstrates there are two significant crop residue burning period in northeast China, one is from
March to April and the other one is from October to November. Therefore, these three provinces are regarded
as the study region in this section. Fig. 4 shows that, the crop residue burning is more concentrated in April than
that in March and the crop residue burning spots of 3 provinces reached its highest point on April 10, 2014, and
April 15, 2015, with numbers of 1,308 and 1,009, respectively. The burning time in spring was dispersive and
PM_s change trend was random. Unlike the crop residue burning in summer and autumn-winter, crop residue
burning and PM; s present different tendency and PMs did not show a notable increase after the burning of
crop residue. Table 3 also demonstrates that the crop residue burning in these three provinces did not induce
PMa.s concentration increase in certain period and it shows a stable decrease that is consistent with that of other
provinces. Meanwhile, comparing the data in 2015 with 2014 (Table 2), the number of crop residue burning
spots in both March and April rise evidently, with 92.83% increase in March and 23.59% increase in April. On
the contrary, the concentration of PM_s in March declined 19.25%, from 60.58 pug/m?®to 48.92 pg/m3, and for
April, it declined 14.02%, from 52.70 ug/m®to 45.31 ug/m?, which is even more intense than the annual PM_s
decrease (11.15%). Therefore, when we compare the spring residue burning data and PM. s data from 2014 and
2015, we can conclude the change in crop residue burning spots did not cause an evident change in PM s that
is also different from the results of crop residue burning in summer and autumn-winter. Furthermore, through
analyzing the daily data of crop residue burning spots and PM.s, we found there was no correlation between
crop residue burning and PM, s on the same day or from several days later and the PM; s did not present a rising
tendency during the crop residue burning (Table 3). Regarding spatial distribution, even though most of the
crop residue burning spots in March and April is distributed in China’s northeast, the PM; s concentration was

very low in this region. In these two months, crop residue burning and PM_ s showed no spatial consistency.

@) (b)

1400 ~—#— Crop residue buming ~ —#=PM2.5
1200 —8—Crop residuc burning  ===PM2.5 140

1200
1000 120

100 = 1000

1

%
=
=3

800

600

(/) s

600

e
=
=3

400

200

)
2
3

The Number of Crop Residue Burning Spots

"L 1
. fv“‘.w"‘x ﬂg\m/fj. : i v \Mmf\/‘ , { .\f‘/‘

2 A j/
0 wr%’f\[\j .\’\f&«[\\f Y,

31 311 316 321 32

—
9’\%
2
e

Date

Fig. 4. The number of crop residue burning spots and PMzs of China’s northeast in March and April: 2014(a); 2015(b).

31 3i6 3 ¥e 321 326 331 45 410 415 420 425



317
318
319
320
321
322
323
324

325
326

327
328
329
330

331
332
333
334
335
336
337
338
339
340
341
342

12 0f 19
On the daily-level, period-level (Table 3), year-level (Table 2) and spatial distribution, all the results
indicated that the crop residue burning in spring cannot cause a notable change of PM_ s that was totally different
from the final results of summer and autumn-winter. As mentioned above, since the crop residue burning in
these two month was before the spring ploughing and the other two were after the harvest of crops, the amount
of biomass burnt in spring was much less that in summer and autumn-winter. However, there were large
numbers of crop residue burning spots in spring, a large proportion of the crop residue had already been burned
in last autumn-winter. Meanwhile, the crop residue burning time in spring was more scattered than the other
two which would reduce its effects on PM2 s change.

Table 2
Comparing change tendency of crop residue burning spots and PM2s concentration between 2014 and 2015

Crop residue burning PM; 5 (ng/m?)
Month Change ration Change ration
2014 2015 2014 2015
(%) (%)

March 2679 5166 92.83 60.58 48.92 -19.25
April 7890 9751 23.59 52.70 45.31 -14.02
June 10338 5777 -44.12 67.43 53.06 -21.31
October 17411 9176 -47.3 77.74 46.48 -40.21
November 6563 10614 61.72 79.81 94.38 18.26

For March, April, October and November, the study region is the three provinces in China’s northeast; for June, the study
region is the five provinces in China’s middle-east.

3.3.2. The relationship between PM; s and crop residue burning in summer

Crop residue burning in the summer is mainly concentrated in China’s middle—east in early June, after the
winter wheat harvest. As China’s wheat production region, Henan, Shandong, Anhui, Jiangsu and Hebei
provinces are all located in China’s middle—east, and these five provinces account for a large proportion of crop
residue burning spots in June. Crop residue burning spots in these five provinces in June constituted 94.74% of
all spots in China in 2014 and 88.13% in 2015.Therefore, these five provinces are regarded as the study region
for this part of the study. Fig. 3 shows that in this region the crop residue burning of June was much higher than
other month and the daily number also reached peak during this period. Meanwhile, Table 1 indicates that in
China’s middle—east the rations between crop residue burning and all hot spots in this month were even over
90%, which were also the highest of the whole year. To the PM,5 concentration (Fig. 3), the month change
trend was almost the same as that of the whole China. But in June 2014 the concentration was little higher than
last month that is different from the whole China. The daily data (Fig. 5) shows that crop residue burning and

PM_ s present similar change tendency, but the change in PM s is delayed by approximately 4 days. Crop residue
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burning in the summer lasts for approximately 1 week: for 2014 that was from June 5 to 14, and for 2015, that
was from June 9 to 15. Crop residue burning in these 5 provinces reached its highest point on June 11 for both
years, with the number of spots registering at 2,210 in 2014 and 1,866 in 2015. After the peak of crop residue
burning, PM_ s started to show a growth trend and finally reached its highest point 4 days later in China’s
middle—east. PM s reached its highest point on June 15 of both years, with values of 116.76 pg/m®in 2014 and
86.70 pug/m® in 2015, showing a decrease of 30.06 pg/m® between the years. Moreover, when compared with
2014, the annual decrease of PM; s in 2015 was 11.15%. Meanwhile, PM 5 in June in these 5 provinces deceased
21.31% from 67.43 ug/m® in 2014 to 53.06 ug/m® in 2015 (Table 2), a more intensive decrease than the annual
decrease. Table 2 also shows that crop residue burning spots in June 2015 presented a 44.12% decrease from
previous year. Therefore, this finding indicates the decrease in crop residue burning is consistent with the
decline in PMz s in June, the summer harvest month. And the efforts of local government to reduce crop residue
burning and improve air quality have achieved remarkable results. Meanwhile, Table 3 demonstrates that the
crop residue burning in these five provinces induced PM,s concentration increase during crop burning time,
after that PM.s concentration presented a steep fall that is totally different from the result of other provinces
which showed a stable decline during this period. In June 2015, as the crop residue burning spots dropped from

previous year, the PM. s concentration increase in burning time was not so evident.
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In these five provinces with an area of 759,400 km?, crop residue burning cannot induce an instantaneous
increase in PMys. Therefore, there is no correlation between crop residue burning and PM;s on the same day.
In 2014 and 2015, the crop residue burning in other provinces (excluding the five provinces in China’s middle—
east and three provinces in China’s northeast) was not severe and the average daily crop residue burning spots
in these provinces would be regarded as the baseline in the daily analysis, the number of which was 38.68. If
the number of average daily crop residue burning spots is below 38.68, it would be ignored, because the crop
residue burning in these days is not significant. We analyzed the correlation between the number of crop residue
burning spots and the PM s concentration from several days later and the final results (Fig. 5) shows that the
correlation coefficient between crop residue burning and PM_s from 4 days later is considerably higher with an
r of 0.6921 (P<0.01) in 2014 and 0.5620 (P<0.01) in 2015. Furthermore, Fig. 5 also demonstrates that crop
residue burning and PM;s are positively correlated. Regarding spatial distribution, Fig. 6 shows that crop
residue burning was distributed mainly in the middle—east of China in June, and PM.s concentration was also
high in these regions. In June 2015, crop residue burning and PM2s showed higher spatial consistency, except
in the west of the Xinjiang Uygur Autonomous Region. High PM2 s in Xinjiang is caused by its special landscape,
as described earlier. In June 2014, crop residue burning was much more intensive than it was 2015. Therefore,
Fig. 6 indicates that crop residue burning caused high PM. s not only in and but also around those areas in this
year, such as Hubei and Hunan. In summer, China’s east is influenced by southeast monsoon, which is from
ocean to continent, but impeded by Taihang Mountains, Qinling Mountains, Yunnan-Gzuihou Plateau and hilly
region of Southeastern China, the PMzs from crop residue burning can only concentrate in North China Plain
and Yangtze Plain. Areas west of the Xinjiang Uygur Autonomous Region did not present high PM;s in 2014

because at that time there was no PM. s detection data in that area.

Table 3
PMz2 concentration change trend (before, during and after crop residue burning) in study region and other provinces
Year Area Spring(pg/m®) Summer(pg/m?) Autumn-winter(pg/m?)
Period 3/15- 4/05- 4/26- 5/21- 6/05- 6/20- 9/06- 10/12- 11/17-
4/04 4/25 5/16 6/04 6/19 7/04 10/11 11/16 12/22
2014
Study region 65.03 55.99 36.45 70.48 76.42 64.44 37.30 84.58 64.43

Other provinces 68.05 58.85 46.52 4459 42.99 32.38 48.09 61.71 68.43

Period 3/20- 4/12- 5/05- 5/28- 6/09- 6/21- 9/26- 10/21- 11/15-
4/11 5/04 5127 6/08 6/20 7/02 10/20 11/14 12/09

2015
Study region 49.07 45.06 31.30 58.00 58.34 45.33 36.85 102.90 58.17

Other provinces 46.32 45.73 43.29 30.38 29.48 28.81 46.49 48.71 52.77

The study region in spring and autumn-winter is China’s northeast and in summer is China’s middle-east. Because the PM2s
presented a hysteresis change, after the concentrated crop residue burning time five more days would be considered as crop
residue burning period. The number of the days before, during and after crop residue burning is the same.
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Overall, on the daily-level (Fig. 5), period-level (Table 3), year-level (Table 2) and spatial distribution
(Fig. 6), all the results indicated that the crop residue burning of summer can induce PMz s increase in China’s
middle-east. Although summer crop residue burning dramatically declined in 2015, the quantity is still large.
For better air quality, the government needs to continue taking effective measures to reduce crop residue burning.
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Fig. 6. Spatial distribution of crop residue burning and PMzs in China in June (blue line is the boundary of the five provinces
in China’s middle—east): crop residue burning in June 2014(a); crop residue burning in June 2015(c); PM2s distribution in
June 2014(b); PM2s distribution in June 2015(d).

3.3.3. The relationship between PM2 s and crop residue burning in autumn-winter

Autumn crop residue burning is mainly concentrated in China’s northeast from late October to early
November after the harvest of corn, rice and soybean. Heilongjiang Province, Jilin Province and Liaoning
Province, as China’s main grain producing areas, are all located in China’s northeast. According to the statistics,
the autumn-winter crop residue burning spots in these three province account for 83.44% in 2014 and 80.15%
in 2015 of burning spots from the whole country. Therefore, these three provinces are regarded as the study
region in this section. Fig. 3 shows that in this region the crop residue burning of October and November was

much higher than other months and the daily number also reached peak during this period. Meanwhile, Table 1
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indicates that in China’s northeast the rations between crop residue burning and all hot spots in these months
were around 90%, which were also the highest of the whole year in this region. To the PM. s concentration (Fig.
3), the month change trend was almost the same as that of the whole China. Fig. 7 shows that crop residue
burning and PM 5 present almost the same change tendency, with PM; s delayed by several days, in accordance
with the result of crop residue burning in summer. While summer crop residue burning lasts only for one week,
autumn crop residue burning lasts for a longer time, approximately 1 month. In 2014, autumn crop residue
burning occurred from October 12—November 11. In 2015, autumn crop residue burning was more concentrated,
happening from October 21-November 9. Fig. 7 shows that crop residue burning in these 3 provinces reached
its highest point on October 23, 2014, and November 4, 2015, with numbers of 2,555 and 2,291, respectively.
Several days later, after the peak of crop residue burning, PM s also reached its highest point, 249.06 pug/mS on
October 31, 2014 and 298.40 pg/m® on November 8, 2015, an increase of 49.34 pg/m? within a year. Table 2
shows that in October crop residue burning spots in these 3 provinces decreased from 17,411 in 2014 t0 9,176
in 2015, a proportion of 47.30%. At the same time, PM_ in October in these 3 provinces also showed a 40.21%
decline from 77.74 ug/m?® in 2014 to 46.48 ug/m? in 2015, while the annual decrease of PM;s in all of China
was only 11.15%. In November, crop residue burning spots in these 3 provinces increased from 6,563 in 2014
to 10,614 in 2015, or 61.72%. Although the annual PM2s of China decreased by 11.15%, PM_5s in November
in these 3 provinces increased 18.26% from 79.81 pg/m?® in 2014 to 94.38 ug/m? in 2015. Therefore, when we
compare the summer residue burning data and PM s data from 2014 and 2015, we can conclude in summer and
autumn-winter the change in crop residue burning spots caused an evident change in PM2s. Meanwhile, Table
3 also demonstrates that during the crop residue burning time, PM2s concentration in these three provinces rose
dramatically, for 2014 it increased from 37.30 pg/m®to 84.58 ug/m®and for 2015 it increased from 36.85 pg/m®
to 102.90 ug/m®, which was more intense than other provinces. After that PM,s concentration in this region
presented a steep fall, while other provinces showed a stable increase during this period. These results have
indicated that during the crop residue burning, the PM.s in autumn-winter presented a more evident increase
than that in summer. This can be explained from three aspects. Firstly, in summer the burnt crop residue was
mainly from wheat stalk, while, in autumn-winter the corn stalk took a large proportion of crop residue burning.
Obviously, the biomass from corn stalk is much larger than that from wheat stalk, which means more PM;s
release. Secondly, in autumn-winter, because of the special weather condition, thermal inversion layer is much
easier to form that impede the vertical movement of air convection. This causes the pollutant near the surface,
such as PM.s, cannot diffuse in a short time. Thirdly, except crop residue burning, there are more sources

increasing the concentration of PM_ 5 in autumn- winter, including greater fossil energy consumption.
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Fig. 7. The number of crop residue burning spots and PM25s in China’s northeast in October and November: 2014(a); 2015(b).
And the correlation in China’s northeast between the number of autumn crop residue burning spots and PM25 from 8 days

later in October and November 2014(c) and 7 days later in October and November 2015(d).

Because of the large area in China’s northeast, there is no correlation between autumn crop residue burning
and PM_s on the same day, similar to summer crop residue burning. As mentioned before, if the number of
average daily crop residue burning spots is below 38.68, it would be ignored in the daily analysis. We analyzed
the correlation between the number of crop residue burning spots and the PM. s concentration from several days
later and the final results ( Fig. 7) shows that the correlation coefficient between 2014 autumn crop residue
burning and PM_ s from 8 days later is much higher, with r of 0.5670 (P<0.01). In 2015, the r between autumn
crop residue burning and PM,s from 7 days later was 0.6213 (P<0.01). Compared with summer crop residue
burning, the correlation coefficient of autumn crop residue burning is lower because crop residue burning in
summer was only concentrated for one week. However, the crop residue burning time in autumn is more
scattered and can last for approximately one month. Even the correlation coefficient of autumn-winter crop
residue burning in 2015 is higher than it was in 2014, again because of the more concentrated burning time in
2015. Additionally, the causes of PM, s change in autumn and winter are more complex than in summer. Fig. 7
also demonstrates that crop residue burning and PM. s are positively correlated. In summer, crop residue burning

shows a higher correlation with PM: s from 4 days later, while in autumn, crop residue burning demonstrates a

(swy8n) TN
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higher correlation with PM;s from approximately 1 week later. The superposition of many factors cause this
longer hysteresis in autumn-winter. As mentioned above, the formation of thermal inversion layer reduces the
height of atmospheric convective boundary layer, which inhibits the vertical diffusion of pollutants. Meanwhile,
without the disturbance of strong cold air during this period, the continued weak or static wind weather impedes
horizontal diffusion of pollutants. These two reasons have provided sufficient conditions for pollutant
accumulation. Therefore, the PM.s from crop residue burning cannot diffuse in a short time. Meantime, PM; s
from other sources, such as vehicle exhaust and coal-fired heating, adding the PMz s from crop residue burning

gradually accumulate and finally reach the peak several days later.
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December (d) (blue line is the boundary of the 3 provinces in China’s northeast).

As shown in Fig. 8, the PM25 of China’s northeast in September is much lower than in other regions,
where it is only 29.18 pg/m®in 2014 and 25.33 pg/m® in 2015, and the average PM, s for China in September
is 39.73 ug/m® in 2014 and 36.39 ug/m® in 2015. Fig. 8 demonstrates that in October, the PM;s in China’s
northeast shows an increasing trend, and the PM;s rises to 77.74 pg/m® in 2014 and 46.48 pg/m® in 2015.

Compared with September, the speed of PM2 5 increase in China’s northeast is much faster than in other regions,
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especially in 2014. Meanwhile, Fig. 9 shows that autumn crop residue burning has started in October and is
mainly concentrated in China’s northeast. In November, PM> s remains elevated in China’s northeast, at 79.81
pg/m?® in 2014 and 94.38 ug/m?® in 2015, which is much higher than average PM;s in China in this month. At
the same time, Fig. 9 shows crop residue burning is still ongoing in China’s northeast. In December, average
PMa s across the country is increasing. By contrast, there is hardly any crop residue burning in this month, and
PM_s in China’s northeast decreased to 63.73 pug/m® in 2014 and 76.05 pg/m® in 2015. From September to
December, the change in PMzs in China’s northeast is consistent with crop residue burning in this area.

Furthermore, crop residue burning and PM. s show high spatial consistency in this area.
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Fig. 9. Spatial distribution of crop residue burning from September to December in 2015: September (a); October (b);

November (c); December (d) (blue line is the boundary of the 3 provinces in China’s northeast).

Therefore, on the daily-level (Fig. 7), period-level (Table 3), year-level (Table 2) and spatial distribution
(Fig. 8), all the results indicated that the crop residue burning in autumn-winter can cause a rise in PMas.
Compared with summer crop residue burning in China’s middle—east, PM. 5 increase of autumn-winter crop
residue burning in China’s northeast is more obvious.

4, Conclusions and discussions
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For China and other developing countries, it is important to understand the features and relationships
between crop residue burning and PM;s. In this study, we used MODIS products to extract the daily and
monthly crop residue burning in China from 2014 to 2015, and spatial distribution was also analyzed.
Meanwhile, daily air quality data were used to map the spatial distribution of PM2s concentration. Finally,
relationships between crop residue burning and PM; s were specifically analyzed in different seasons. The main
findings are listed below.

First, the spatial distribution of crop residue burning presents strong seasonal patterns in China. In summer,
it mainly concentrates in China’s middle—east, and in spring and autumn-winter it mainly concentrates in
China’s northeast. These patterns are closely related to local farming activities.

Second, PM; s is always higher in winter than in other seasons, and the average PM. s of 2015 decreased
11.15% compared with the previous year. Regarding PM. s spatial distribution, PM2s in China’s east and north
is higher than in China’s west and south because of different anthropogenic activities, climate and landscape.

Third, crop residue burning is close related to PM; s change in summer, China’s middle-east and autumn-
winter, China’s northeast, they showed a spatial consistency during these two periods. But the crop residue
burning in spring does not cause a notable change in PMzs. In autumn-winter, crop residue burning can
effectively induce the PM_s increase in China’s northeast, and it is more obvious than summer crop residue
burning because of the special weather condition, different crop residue and other sources of PMgs.

In this study, because of the high-temporal-resolution of MODIS, we can obtain the daily number of crop
residue burning spots to judge the intensity of crop residue burning. But the spatial resolution of MOD14ALl is
only 1 kilometer. For each pixel of crop residue burning, it only means there is crop residue burning within the
1 km? area and it does not represent the entire 1 km? area burned. If we using the area of corresponded pixel to
represent the crop residue burning area the result would likely be overestimated. Therefore, in this study we
cannot acquire the accurate area of crop residue burning, which is also an important index to assess the intensity
of crop residue burning and the emissions. Given current satellite data characteristics, it would be hard to
achieve high-spatial-resolution and high-temporal-resolution at the same time. Another important index to
assess the intensity of crop residue burning is the amount of burnt biomass and the result of crop residue burning
in spring have proved only the number of crop residue burning spots cannot represent the intensity of crop
residue burning. Regarding the number of crop residue burning spots, some anthropogenic activities may
slightly affect the final results. For example, in rural China, most of the cemeteries are dispersed on the farmland
and Chinese have the tradition to show their respect to dead people by burn joss paper and paper making stuff.

Addition to that, some people directly burn household garbage in the farmland. All these maybe falsely regarded
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as crop residue burning. But it would not impact the accuracy of the whole results, because it is individual
activity and last for a short time which is not so easy for the satellite to capture these points. From Fig. 3, the
number of crop residue burning spots present different change pattern in China’s middle—east and China’s
northeast. For China’s middle—east, the crop residue burning in June is the highest of the whole year and for
China’s northeast, the crop residue burning in March-April and October-November is much higher than other
months. The results conform to the actual situation on these two regions, which prove the final results are
adequately accurate. The results about the monthly spatial distribution of crop residue burning on the whole
China furtherly confirm this point.
To the PMys, a variety of factors can increase its concentration. Only crop residue burning was taken into
consideration in this study. For future work, more factors need to be considered to understand fully PM. s change,
such as vehicle emissions, coal consumption, construction dust, etc. Although annual PM.s in China has
decreased from 2014 to 2015, PMs is still higher than standards set by WHO (World Health Organization).
Therefore, to reduce PM2 5 emissions and control crop residue burning, China’s national and local governments
need to take more measures to promote the comprehensive use of crop residue.
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