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ment approaches for the sustainable development of agriculture-oriented cities. Taking a
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typical agriculture-dominant city (i.e., Suihua) in Northeast China, we analyzed in detail the
characteristics and causes of atmospheric pollution and evaluated the straw-burning pro-
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hibition using multisource data. The results showed a clear temporal pattern of air quality

Pollution characteristics

index (AQI) on an annual scale (i.e., 2015-April 2019), with two typical pollution periods oc-

Haze causes

curring in late autumn and early spring. The large areas of concentrated straw burning at

Straw burning prohibition

local and regional scales accounted for the first period (i.e., October and November), while

Agriculture-oriented

dust emissions and farming disturbances comprised the second period. The interannual

Northeast China

variation in pollution periods among these years was large, showing similar trends from
2015 to 2017 and the postponed late-autumn pollution period in 2018. Our evaluation has
shown that the prohibition effect of straw burning significantly improved air quality in 2018,
with a reduction of 59% ± 88% in the PM2.5 concentrations in October and November compared to 2015–2017. However, From October to April of the following year, the improvement
effect was not significant due to postponement of straw burning to February or March. Our
analysis also highlighted the roles of meteorological conditions, Therefore, combined with
the promotion of straw utilization, scientifically prescribed burning considering the burning amount and location, meteorological conditions and regional transportation should be
implemented.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Frequent regional haze pollution associated with fast-paced urbanization and economic expansion has become one of major environmental and public health issues in China (Chan and
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Yao, 2008; Kan et al., 2012; Ma et al., 2012). Pollution mechanisms are found to be significantly variable from region to region.
The 2017 Environmental Quality Bulletin (http://www.mee.gov.
cn/hjzl/zghjzkgb/lnzghjzkgb/) issued by the Ministry of Environmental Protection shows that air quality in the capital cities (i.e.,
Harbin, Changchun, and Shenyang) of Northeast China ranked
40th to 50th throughout the year among 74 nationally important cities, in which new air quality standards (GB 3095–2012)
were first implemented (http://www.zhb.gov.cn/gkml/hbb/bwj/
201203/t20120302_224147.htm). Meanwhile, in 2017, the air quality compliance rates of Heilongjiang Province, Jilin Province and
Liaoning Province were 88.7%, 83.3% and 75.8%, respectively. Especially in late autumn and early winter, the pollution of major
cities in Northeast China is often the most severe in the country
due to pollution characteristics under unfavorable meteorological conditions. Furthermore, atmospheric haze problems have
increased in Northeast China under the national five-year development plan according to the region. Thus, the area may become
the region with the fifth most severe haze (Chen et al., 2017)
and has been considered to have one of the highest haze severities among megacity clusters in China according to an investigation into the role of regional chemical transport in PM10 diffusion from the North China Plain to Northeast China (Yang et al.,
2013). However, there are fewer studies over Northeast China
than over megacity clusters, such as North China (Hu et al., 2014),
the Yangtze River Delta (Fu et al., 2008), and the Pearl River Delta
(Zhang et al., 2008).
Stagnant meteorological conditions, energy combustion, illegal emissions and biomass burning are the main drivers of
strong winter haze formation over the Northeast China megacity cluster, leading to synergetic environmental impacts of air
pollutants (Yang et al., 2017; Yin et al., 2019). Northeast China,
one of the most productive agricultural regions in China, accounts for approximately 21% of the country’s total arable land
and total grain production based on the Chinese Statistical Yearbook (http://www.stats.gov.cn/tjsj/ndsj/2018/indexch.htm). The
tremendous annual amount of combustion products from agricultural residues burnt into the air has played a noticeable role
in unexpected episodes of severe haze that had overlapped with
the primary and secondary pollutants derived from engine exhaust and coal combustion (Chen et al., 2017; Nie et al., 2015;
Tian et al., 2016; Zha et al., 2013). Haze episodes with remarkably high PM2.5 levels (up to > 400 μg/m3 ) due to intensive open
biomass burning in this region have recently been reported (Cao
et al., 2016; Zhuang, Li, Yang, Chen, Chen, Gao et al., 2018). Usually, there are three periods of concentrated haze episodes in
Northeast China: (1) crop residues burning in October, (2) heating in the winter in North China, and (3) spring dust and crop
residues burning to prepare the next crop for planting in the
spring from late May to the end of June. Efforts have been made
to prohibit open field burning of crop residues and to reduce
the related health risks in Northeast China. The burn ban was
carried out by local governments (i.e., Heilongjiang Province,
Jilin Province and Liaoning Province) to forbid straw burning
by enforcing severe punishments more strictly in 2018. Taking
Heilongjiang Province as an example, the Heilongjiang provincial government implemented a region-wide burning prohibition from September 15 to December 10 and March 10 to May 15
of the following year (http://www.hljdep.gov.cn/xwzx/stdt/2018/
08/20107.html). Nevertheless, farmers continued to burn, causing severe air pollution during the no-burn period due to the low
profit in recycling. In addition, leaving crop residues on farmland
will affect crop growth in the next season. This situation incontestably calls for a comprehensive assessment of the burn ban
from October to April of the next year through long-term investigation and knowledge to develop effective regional management policies during haze periods for agriculture-oriented cities
in Northeast China. Recently, many studies have already examined this region through research on topics including chemical
compositions, source apportionment and numerical simulation
(Cao et al., 2017; Huang et al., 2010; Ma et al., 2018; Yang et al.,
2017; Zhang et al., 2017). However, despite the large amount of
crop waste burned in this region, detailed information on pol-

lution characteristics and the causes of haze for agricultureoriented cities are still rare. A better understanding of the formation mechanism of haze events in agriculture-oriented cities
may lead to an improvement in the air environmental management policies in Northeast China.
In 2010, the State Council issued the Major Function-oriented
Zones (MFOZ) Planning (http://www.gov.cn/zhengce/content/
2011-06/08/content_1441.htm). In this plan, the agricultural area
is divided into seven main agricultural production areas according to agricultural products (Ning et al., 2018). Furthermore,
the government of Heilongjiang Province issued MFOZ Planning for province (http://www.hlj.gov.cn/wjfg/system/2012/05/
18/010353529.shtml) in 2012, including for three major agricultural production areas in the Songnen Plain, Sanjiang Plain and
central mountainous areas. As Fig. 1a shows, Suihua has an important strategic position in agriculture at both the national and
provincial levels.
Therefore, this study aimed to reveal simultaneously the pollution characteristics over recent years (i.e., 2015-April 2019), the
haze causes and the effects of the prohibition of straw burning on local air quality in Suihua, a typical agriculture-dominant
city, using air quality monitoring, satellite-based aerosol optical
depth (AOD) data, fire-point products from the National Aeronautics and Space Administration (NASA), and regional meteorological data from the National Oceanic and Atmospheric Administration (NOAA). The results of this work obtained a basic
understanding of the current status of the air pollution and the
inter-pollution mechanisms of haze events in Suihua, conducted
the development of environmental management policies for air
quality in the region and provided a reference to the sustainable
development of agriculture-oriented cities in Northeast China.

1.

Methodology

1.1.

Description of Suihua

Suihua, located in the southern region of Heilongjiang Province,
Northeast China, lies within 45°3 N-48°02 N and 124°13 E128°30 E. The city has a population of over 13 million and an area
of 34,873 square kilometers (Fig. 1b). It is limited by the cities
of southern Qiqihar to the north, Harbin to the south, Yichun
to the east and Daqing to the west. The elevation ranges from
147 m to 471 m above sea level, with most of the city at approximately 200 m above sea level. The terrain of the southwestern
part of the city is lower than that of the northeastern part. It is
characterized by a subhumid warm temperate and a continental
monsoon climate with four distinct seasons. The annual rainfall
varies geographically from approximately 400 to 550 mm, with
70%–80% of precipitation falling in the summer monsoon season
from June to September. The air temperature varies spatially, increasing from north to south, with a mean annual value of 1.3–
4.0 °C. Due to the severely cold climate, the winter heating season lasts for half a year from October 15 to April 15.
Suihua belongs to the Songnen Plain, which is the largest production base for commodity grain in China (Wang and Li, 2018).
Its cropland area and average grain yield in 2017 were 189,000 ha
and 11,800,000 ton, accounting for 13% and 15% of the provincial totals, respectively. The crop majorities are rice, corn and
soybean, with average grain yields of 7.22, 7.67, and 1.93 ton/ha,
respectively, in 2017. The crop-growing season is generally from
May to September, while the nongrowing season lasts more than
half the year from October to April. In general, the cropping system in Suihua is once a year. The harvest time is usually from
September to October each year, and straw burning is primarily
conducted in the second half of October.

1.2.

Data sources and processing

1.2.1.

Air pollutants from ground-monitoring

To quantitatively evaluate the current status of air pollution, the
corresponding daily mass concentrations of ground-level partic-
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Fig. 1 – Location of Suihua. Note:The region administers 1 municipal district (i.e., Beilin), 3 county-level cities (i.e., Jidong,
Anda, and Helen), and 6 counties (i.e., Yanling, Qinggang, Qingan, Lanxi, Wangkui, and Mingshui) and has set up 2 national
air quality monitoring stations; the red solid lines are the boundaries of Suihua.
ulate matter (PM, e.g., PM10 and PM2.5 ), gaseous pollutants (SO2 ,
CO, NO2 , and O3 ) and daily AQI (0˜500) values from 1 January
2015 to 30 April 2019 were obtained from the China Air Quality
Online Monitoring and Analysis Platform (https://www.aqistudy.
cn/), which is essential because of its detailed information about
the current air quality situations in China. Concentration limits
of air pollutants in the new air quality standards (GB 3095–2012)
shown in Table S1. The maximum individual air quality index
(IAQI) of each pollutant is determined as AQI. According to Technical Regulation on Ambient Air Quality Index (on trial) (HJ 633–
2012), the AQI values can be classified into six levels: Good (0–50),
Moderate (51–100), Lightly Polluted (LP, 101–150), Moderately Polluted (MP, 151–200), Heavily Polluted (HP, 201˜300) and Severely
Polluted (SP, > 300). When the AQI is greater than 50, the pollutant with the largest IAQI value is identified as the primary pollutant. Data were used to analyze the temporal variation of AQI
and air pollutants and the causes of haze events in Suihua.

1.2.2.

Fire point and backward trajectory analyses

We selected fire points with latitude and longitude data at
1 km daily resolution from the Fire Information for Resource Management System including daily MODIS C6 products
(https://firms.modaps.eosdis.nasa.gov/download/), which provided data from both the Terra and Aqua satellites. Each
satellite made two observations per day, with Terra overpasses at 10:30 local time (LT) and 22:30 LT and Aqua overpasses at 1:30 LT and 13:30 LT. MODIS C6 products had been
widely used in the observation of agricultural fire points in
Northeast China (Ma, Zhao, Kong, Bao, Chen, Gong et al.,
2018; Wang, Zhao, Xu, Jia, Li and Wang, 2019). Then, the
spatial and temporal distributions of fire points were analyzed from October to April of the following year from
2015˜2018.
Backward trajectory analyses were frequently used to estimate the most likely path over geographical areas of air masses
that was delivered to a receptor at a given time. In this research, the Hybrid–Single Particle Lagrangian Integrated Trajec-
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tory (HYSPLIT) model developed by NOAA ARL (Air Resources
Laboratory) was applied to analyze the sources and transport trajectories of air pollutants. Backward trajectories at 500 m above
ground level were calculated during the severe dust incidents in
May 4, 2017, using 0.5° × 0.5° Global Data Assimilation System
(GDAS) meteorological data from the National Centers for Environmental Prediction (NCEP).

1.2.3.

Meteorological data

Meteorological conditions were considered because they are important factors for illustrating the formation of severe haze
pollution. Two kinds of meteorological resources have been
adopted: one is from the NCEP data analysis (http://www.esrl.
noaa.gov/psd/data/histdata/) for hourly parameters, and the
other is the Weather Underground website data (https://www.
wunderground.com). The simultaneous mean surface meteorological data (i.e., wind speed (Ws), wind direction (Wd), air temperature (T), precipitation (Pre) and relative humidity (RH)) were
used as ancillary information for haze formation during haze
events. The daily wind speed level was determined according to
the daily wind speed. According to the daily wind speed in Suihua, wind speed level can be classified into five levels: level 0
(0˜0.2 m/sec), level 1 (0.3–1.5 m/sec), level 2 (1.6–3.3 m/sec), level
3 (3.4–5.4 m/sec), level 4 (5.5˜7.9 m/sec). Based on local climate
characteristics, spring includes the months of April and May;
summer includes the months of June, July, and August; autumn
includes the months of September and October; and winter lasts
from November to the following March.

1.3.

2.

Results and discussion

2.1.

Overview of air quality

Vertical profile of aerosol subtypes

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
instrument on board the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIPSO) satellite was
launched into a sun-synchronous orbit in April 2006 with
a repeating cycle of 16 days (https://www-calipso.larc.nasa.
gov/tools/data_avail/) (Winker et al., 2009). CALIPSO, which
flies in formation with several other satellites (Aqua, Aura,
and CloudSat) as part of the NASA Afternoon Constellation
(A–Train), has now provided high-resolution vertical profiles of
aerosols and their corresponding subtypes (e.g., clean marine,
dust, polluted continental, clean continental, polluted dust and
smoke), which has wide applicability, including to air quality
studies and model validation. The level 3 products are included
in the CALIPSO data, where the level 2 products are reported
both as layer products and as profile products. CALIPSO can
retrieve profiles of backscatter in different atmospheric layers to
estimate the vertical profiles of aerosols and clouds, the information on aerosols or clouds in both daylight and night hours
and the vertical distributions of different aerosol subtypes (Liu
et al., 2019). Such information is crucial for understanding the
horizontal and vertical distributions of aerosols at the regional
scale. Hence, in this study, the version 3.01 level 2 aerosol layer
product is examined at 532 nm and is given at a horizontal
resolution of 10 km. During the analyzed period, the vertical
aerosol subtype data from the mean CALIPSO daily profile at
1° × 1° grid resolution were matched to enable the identification
of major or possible emission sources.

1.2.4.

The statistical procedures and plotting were performed using
the software SigmaPlot 14.0 (SPSS Inc., Chicago, IL, USA) and ArcGIS 10.2 (Esri, RedLands, CA, USA).SPSS (IBM, Armonk, NY, USA)
was used in data correlation analysis, with a significance level of
0.05.

Statistical analysis

By the design of the characteristic radar chart, the temporal and
spatial characteristics of air pollution are displayed intuitively
and quickly. It provides convenience for environmental management departments to make dynamic decisions by using air quality routine monitoring data. At present, the characteristic radar
chart that analyzes PM2.5 , PM10 , SO2 , NO2 and CO has successfully
identified the types of sand dust, coal combustion, secondary
aerosol, vehicle emissions and firework emissions by use of historical characteristic radar chart. The characteristic radar chart
was designed according to the previous method (Duan et al.,
2018).

Compared to the values in 2015, the mean annual values of
AQI, SO2 and NO2 in 2018 decreased by 21%, 55% and 44%, respectively. However, PM2.5 , PM10 and O3 (8 h) (the daily maximum 8-hour average concentration) concentrations decreased
slightly, and the concentration of CO increased slightly (Table
S2). According to the pollutant trends from 2015 to April 2019
in Fig. S1, concentrations of CO and NO2 were lower than the
accepted Grade-I standards over the years with mean values of
0.66 mg/m3 and 22 μg/m3 , respectively. The number of days SO2
concentrations exceeded the Grade-I standard was only 6%, of
which two-thirds was concentrated in 2015. The O3 (8 h) concentrations were usually higher than the Grade-I standard, with a
value of 29%, mainly from May to September. For PM2.5 and PM10 ,
approximately 32% and 41% of days exceeded the limit of their
Grade-I concentration, respectively, mainly from October to April
of the following year.
As for the AQI, the numbers of polluted days (AQI > 50) observed in Suihua was 209, 169, 139, 134 and 80 days in 2015, 2016,
2017, 2018, and 2019 (January-April), respectively, showing obvious interannual variations (Fig. 2a). It is worth noting that 2018
and 2019 were crucial years for the government of Suihua to
stringently enforce the burn bans. Although the AQI values did
not have a remarkably increasing trend from October to December 2018,the AQI values in February-March 2019 were far higher
than those in other years (i.e., 2015, 2016, 2017 and 2018).Whether
it caused air pollution to lag or truly improved air quality, the
long-term air qualityfrom October to April needs to be comprehensively assessed during the burning prohibition period.
As shown in Fig. S2, the percentages of “Good” and “Moderate” days were 84% (2015), 92% (2016), 87% (2017) and 92% (2018).
During the analyzed periods, PM2.5 and PM10 were the most frequent primary pollutants, with frequencies of 51% and 32%, respectively (Fig. 3). At the levels of LP, MP, HP, and SP, PM2.5 was
theprimary pollutant in Suihua at 73%, 93%, 96%, and 72%, respectively, of the primary pollutants. Meanwhile, the correlation
coefficient between AQI and PM2.5 over these years was 0.941 (Table S3). Therefore, the reduction in PM2.5 concentration is the top
priority for improving air quality in Suihua.
RH, T, Pre and Ws are important meteorological parameters
that affect the particulate mass concentrations and AQI values
(Tian, Pan, Liu, Wen and Wang, 2014). Hence, the variations in
meteorological parameters (e.g., RH, T, Pre and Ws) from 2015 to
April 2019 are illustrated in Fig. 2b. Generally, greater Ws, higher
T, and higher Pre and RH will benefit the dilution and dispersion
of air pollutants, especially PM, thereby improving air quality.
Nevertheless, as shown in TableS4, except for the positive correlation between Ws and PM10 concentration, Ws, T and Pre were
negatively related to air pollutants. The correlations between
PM2.5 and the meteorological parameters from most correlated
to least correlated were T > RH > Pre > Ws.

2.2.

Causal analysis of typical haze periods

The above analysis suggests that higher AQI values always appeared in late autumn and spring. The heavy haze periods in
these two seasons were chosen to study the causes of haze formation. According to the agricultural activities and local conventional practices in Suihua, Period I was chosen to represent the
period of autumn haze between October 1 and November 30 in
2015/2016 (Fig. 4). The spring dust period in Northeast China generally occurs from early April to June. Therefore, Period II was
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Fig. 2 – (a)Temporal variations (i.e., every ten days of a month) in the AQI and (b) the daily variations in meteorological
parameters in Suihua from 2015 to April 2019. Note: The shaded areas represent two typical haze periods: Period I is from
late autumn to early winter (October 1 to November 30), and Period II is the early spring (March 20 to May 20).

Fig. 3 – Contribution of primary pollutants of different
pollution levels from 2015 to April 2019.
chosen to represent the period of spring haze combined with the
variation in the AQI between March 20 and May 20, 2017 (Fig. 5).

2.2.1.

Crop residues burning period (Period I)

The ground monitoring data clearly showed that the AQI daily
values showed a Grade-Ⅱ air quality (i.e., Moderate) during Period I. Then, during late October or early November, the AQI
daily mean values were much higher than that in other periods (Fig. 4a), with the highest value (> 300) on November 3 detected in the region, which was approximately three times larger

than the previous value that had been detected in the region
during the study period. After this period, the air quality gradually improved. The trend in all atmospheric pollutants during
this period was similar; when fire points significantly increased,
the PM and CO concentrations also increased with the highest
value 284 μg/m3 and 3.7 mg/m3 on November 3, respectively.
Meanwhile, the SO2 and NO2 concentrations began to fluctuate
with the beginning of the heating supply, both of them reached
the maximum concentration of 74 μg/m3 and 144 μg/m3 , respectively, on November 3. the formal start date of the heat supply
to Suihua was October 20 (Fig. 4b). The characteristic radar chart
during this period (e.g., October 6, October 29, November 3 and
November 21in 2015) illustrated that the type of pollution was
secondary aerosols. The analysis of the same period in 2016 is
shown in Fig.S3, revealing the similar characteristics and trends.
Additionally, other emissions from mobile exhaust, various dust
(i.e., soil, road, construction and stray dust), and residential and
industrial activities served as the basis for heavy haze above
usual background concentrations.
For Period I, the occurrence of autumn heavy haze may
be jointly explained by two factors. First, high intensity and
widespread straw burning occurred during this period, which
was supported by the increasing fire points observed by MODIS
analysis. The fire points suddenly soared from October 20 to
November 5 until they reached a stable number (Fig. 4d), making
it difficult to clean up large amounts of pollutants quickly during the long harvest and straw-burning season. The daily wind
speed from October 20 to November 5 was slightly higher than
on other dates of the study period (Fig. 4c), while it was generally lower than 2 m/s on heavy haze days. The calm meteorological conditions during the heavy and extreme haze periods
not only hindered the diffusion of atmospheric pollutants but
also may have accelerated the spread of fire. The production of
the straw crop and fire points in Heilongjiang increased, indi-
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Fig. 4 – Characteristic radar chart of ground-monitored data (a-b), wind speed levels (c), fire points accumulation (d) and
vertical profile of aerosol subtypes retrieved by CALIPSO on October 29, 2015 (UTC time), (e) from October to November in
2015. Note: The shaded area represents typical days.
cating that crop residues burning would also have increased. As
shown in Fig. S4, a higher number of fire points would still result in serious pollution events even if the air diffusion condition
was better. However, when the diffusion condition was worse accompanied by a certain number of fire points, a small number of
fire points could also lead to serious pollution. In addition, the
CALIPSO data also indicated that the pollution of aerosol type
in the region at 01:57 on October 29, 2015 (UTC time) was mixed

with dust and a large amount of smoke (Fig. 4e). The increasing
NOx may have been attributed to the farm machinery used during agricultural activities (Chen et al., 2017; Chen et al., 2018; Li
et al., 2016). Second, according to the characteristic radar chart
on October 29, coal burning for heat is another important emission source of PM2.5 and gaseous pollutants (e.g., SO2 and CO)
during this period. When the heat supply commenced (i.e., October 20), SO2 during the heating period was significantly higher
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Fig. 5 – Characteristic radar chart of the ground-monitored data(a-b), wind speed (c) and vertical profile of aerosol subtypes retrieved by CALIPSO on May 4, 2017 (UTC
time)(d) and every 2-hour pathway of back trajectory during 72 h in Suihua (black star) ending at 00:00 May 5, 2017, local time (e) from March 20 to May 20 in 2017. Note:
The shaded area represents typical days.
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than that during the period with no heating. Likewise, SO2 during
the burning period was significantly higher than that during the
period where there were only emissions from the heating supply.
Even though the intensity of coal burning was weaker than that
during the coldest time of the year, multiple emissions sources
led to a significant increase in atmospheric pollutants, causing
heavy haze events throughout the year.

2.2.2.

Spring windblown dust period (Period II)

During Period II, the fluctuations in the concentrations of
gaseous pollutants were small, and the trends of PM and AQI
were similar (Fig. 5a-b). The ground data identified a heavy pollution period from May 1 to May 5, with the AQI reaching 500 and
higher wind speed level. In this case, the wind speed during the
severe haze events (i.e., May 1 to May 7) was higher than that at
other times (Fig. 5c), leading to the occurrence of maximum dust.
The types of characteristic radar charts for each AQI peak period
(e.g., April 5, May 4 and May 11) were partially dust type, as PM10
broke through the standard upper limit. Moreover, the CALIPSO
image clearly showed that dust was the main aerosol subtype in
Suihua on May 4, 2017 (UTC time), and that the dust mainly gathered under the altitude of 2˜6 km with the daily PM10 reaching
816 μg/m3 (Fig. 5d). High wind speeds, which are the main driving factor of spring dust events, can not only increase local dust
emissions (e.g., farmlands, roads, and construction sites) but also
enhance long-distance regional dust transportation. The 72 h
backward air trajectory analysis for the May 4 event showed that
the pollution trajectories originated in central Inner Mongolia,
turned to Mongolia and southern Russia, and finally reached Suihua from the southwest direction when the spring heavy haze
occurred (Fig. 5e). As a part of the Songnen Plain, Suihua has a
vast area of farmland, and soil disturbance by agricultural activities (e.g., tillage, land preparation) cannot be ignored. Combined
with regional dust transportation, these factors will increase the
frequency and intensity of spring dust events for agricultureoriented cities. However, this kind of heavy haze usually only
occurred over a few days or weeks.
In summary, these data further identified that dust transport
was the main contributor to pollution and that PM10 was the
primary pollutant of the spring heavy haze. Moreover, relatively
high wind speed and anthropogenic agricultural activities were
conducive to dust emissions.

2.3.

Evaluation of the straw-burning prohibition effect

In 2018, Suihua implemented a region-wide burning prohibition
from September 15 to December 10 and March 10 to May 15 of
the following year (http://www.hljdep.gov.cn/xwzx/stdt/2018/08/
20107.html). Assessing the status of straw-burning control and
its contribution to air quality improvement in late autumn and
early winter (October and November) and in the long postharvest period (October to April) may lead to an improvement in
air environmental management policies for agriculture-oriented
cities in Northeast China. As Table 1 shows, the concentration
values of AQI, PM2.5 and PM10 from October to November 2018
were significantly lower than in other years at the same time; the
4-year numerical order for the yearly pollutant concentrations
was 2015 >2016>2017>2018. However, from October to April of
the following year, the concentration values of AQI, PM2.5 and
PM10 were close. Although the fire points had been greatly reduced, the compound air pollution involved multiple emissions
sources. As a result, we further analyzed the meteorological data
and the number of straw-burning fire points for the sake of integrated assessment of effect of the straw-burning prohibition.
According to the correlation between the AQI and meteorological parameters shown in Table S4, under lower humidity,
lower wind speed and significant precipitation days, the diffusion conditions can be considered bad. Therefore, the four years
were divided into three levels of meteorological diffusion conditions: Bad, Moderate and Good. Meanwhile, we divided the four
years into three levels of emission intensity based on the number of straw-burning fire points. As shown in Table 1, there were

subtle differences in the meteorological parameters for October
and November among the four years; the highest numbers of
low wind speed days were in 2016 and 2018, which were slightly
higher than the numbers in 2015 and 2017. For the low humidity
days, the highest numbers were in 2017, followed by 2015 and
2018, and the lowest numbers were in 2016, for which the trends
were contrary to the significant precipitation days among four
years. Therefore, combined with the above meteorological indexes, 2017 had the worst diffusion conditions and was characterized by low wind speed, low humidity, and low precipitation.
Conversely, 2016 showed optimal weather conditions because of
the high wind speed, high humidity, and high precipitation. In
addition, 2015 and 2018(which had moderate wind speed, moderate humidity, and moderate precipitation) were estimated to
be the moderate conditions for diffusion compared with in the
other two years. The intensity of straw burning from October to
November was strong in 2015, moderate in 2016 and 2017, and
extremely weak in 2018 due to the burning ban. Similarly, the
meteorological diffusion conditions from October to April of the
following year in 2015 were similar to in 2016 and better than
in 2017; 2018 had the worst conditions (Table 1). The trend in
the intensity of straw burning in the long term from October to
April of the second year was consistent with the that in the short
term from October to November. The quantitative relationship
between straw burning and meteorological conditions is shown
in Fig. 6.
During October and November, the main emission sources in
Suihua also included coal combustion and motor vehicle emissions in addition to straw burning, all of which were generally reflected in the concentration of PM2.5 . Since the weather
conditions during October and November of 2018 were similar
to those in 2015 (Fig. 6a), we could indirectly deduce the contribution of straw burning by the difference in premier atmospheric pollutant concentrations (e.g., PM2.5 ) under the premise
of constant emission sources between 2015 and 2018. Therefore, the contribution rate can be calculated by the formula of
(2018_PM2.5 −2015_PM2.5 )/2015_PM2.5 × 100%, which means that
how much the PM2.5 concentration would be reduced if the 2018
straw burning prohibition were implemented in 2015. Based on
the algorithm, if the 2018 straw burning prohibition was implemented in 2015 from October to November, the PM2.5 concentrations could have been reduced by 59±88%. The agricultural
crop residues burning, especially the open-field burning of agricultural crop residues in October and November during the harvest season, was an essential contributor to severe haze pollution in Suihua, which wholly supports the importance of straw
burning control for ameliorating air quality during the period of
late harvest and early winter.
Likewise, in the long period from October to April, the concentration values of AQI, PM2.5 and PM10 among the four years
were close, and although the intensity of straw burning in 2018
was lower than those in the other three years (Fig. 6b), the diffusion conditions in 2018 were the worst among the four years
with low humidity. Crop residues open burning is a humaninitiated activity used to prepare a field for the next crop, remove residues,control weeds and release nutrients for the next
crop cycle (Gadde et al., 2009; Korontzi et al., 2006). Ploughing is
usually carried out from mid April to early May once a year in
Heilongjiang Province. For Suihua and its adjacent cities, Heihe
had the largest number of burning points and Yichun had the
least. Because of a regional air pollution prevention and management regime, the variations of daily fire point in Harbin, Qiqihar
and Daqing is consistent with that in Suihua. From 2015 to 2018.
Straw burning mainly was concentrated in two periods, namely
after autumn harvest (from October to November) and before
spring ploughing (from March to April), rarely from December
to February next year (Fig. 7). Meanwhile, Fig. 7 shows the particularity of straw burning in 2019. The fire points were mainly concentrated at the end of February, one month earlier than those
in other years. Thus, although farmers stopped burning during the forbidden burning period (i.e., 2018/9/15–2018/12/15 and
2019/3/15–2019/5/15) in Suihua, they chose centralized burning
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Table 1 – Air pollutant concentrations and meteorological conditions in Suihua during different periods from 2015 to 2018.
Year

2015
2016
2017
2018
2015
2016
2017
2018
2015
2016
2017
2018

Time range

October-November

December-April of
the next year

October-April of the
next year

PM2.5 (μg/m3 )

68±59
64±84
50±52
28±16
36±26
47±41
51±46
61±76
45±41
52±57
51±47
51±66

PM10 (μg/m3 )

97±71
93±104
79±73
44±24
67±46
71±58
84±70
85±84
76±56
77±75
83±71
73±74

AQI

Fire points

94±69
87±75
74±63
43±21
64±31
68±51
76±57
85±81
73±47
73±59
76±59
73±72

1883
933
1258
1
1475
756
971
964
3358
1689
2229
965

Number of days for each meteorological index
Lower Ws

Lower RH

Obvious Pre

55
56
53
54
130
129
129
119
185
185
182
173

29
21
38
30
52
60
56
110
81
81
94
140

4
6
1
3
2
1
5
4
6
7
6
7

Notes: The number of low Ws days were calculated on a daily basis with a wind speed of less than 3 m/sec; The accumulation of lower RH days
used the number of days which the relative humidity is lower than 60%; the days of obvious Pre were accumulated daily by the days exceeding
4 mm in Suihua City.

Fig. 6 – Qualitative relationships between the intensity of the straw-burning source and the meteorological conditions (a)
from October to November 2015–2018. (b) from October and April of the following year in 2015–2018.
during the nonforbidden burning period without considering the
weather conditions before spring plowing. In fact, the straw produced during the forbidden burning period was left to be burned
in the nonforbidden burning period, indicating that the current
burning ban of straw lacked scientific guidance. Moreover, dust
was another nonignorable source of emissions in addition to the
above sources (i.e., straw burning, coal combustion and motor vehicle emissions) from October to April in the next year.
In short, if the straw burning prohibition was fully carried out
in October and November, this would result in greatly improved
air quality because of the high contribution of straw burning to
air pollution. Nevertheless, given the seven-month period (i.e.,
October to April), the improvement in air quality was partially
because of the lag in air pollution. Consequently, the current
burning prohibition should be further completed with a comprehensive consideration of the meteorological diffusion conditions.

2.4.
Comprehensive control options to reduce extreme
haze events for agricultural cities
From the above discussion, the key issue for improving the air
quality is to find solutions to address the large amounts of crop
residues in agricultural cities. A complete straw-burning prohibition is the first way to reduce emissions, but according to the
above discussion, the improvement in air quality was slight because of the lag in air pollution. Meanwhile, a long-term comprehensive burning prohibition not only uses a large amount of gov-

ernment resources but also affects the development of agriculture. Therefore, this paper proposes the following two comprehensive control methods to reduce extreme haze events caused
by straw burning in agricultural cities. First, improving the integrated utilization of agricultural crop residues should be regarded as a fundamental control in the long run. The solutions
for alternate uses of the crop residues should be given priority
to returning straw to fields, followed by electricity generation,
animal feed supply, bioethanol production, and even plate making and charcoal making. Specifically, these utilization methods
mainly depend on a combination of technological development,
economic policies and political interventions, meaning that it
would take a long time to explore the localized applications.
Furthermore, by drawing lessons from foreign advanced
experiences, we can improve the scientific guidance of the
current policy by prescribed burning in the short term. It
has already better controlled the scale of straw open burning and decreased the negative effects on air significantly
in the US, England, and Canada. In particular, the US recommends states/tribes adopt a Smoke Management Program
(SMP) aimed at allowing the use of fire as a recognized
management practice to sustain agricultural production and
protect public health by mitigating the impact of air pollution emissions on air quality (https://www.nrcs.usda.gov/wps/
portal/nrcs/detailfull/national/air/?&cid=nrcs143_008984). Combined with the situation of agriculture-oriented cities, the following perspectives should be included in prescribed burning. (1)
The land owners/producers apply for permission to burn; then,
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Fig. 7 – The spatial (a) and temporal (b) distributions of fire points from October to April of the following year from 2015–2018
in Suihua and its adjacent cities. Notes: the red point represents the fire point, the black star indicates the national air
quality monitoring station, and the vertical dashed lines divide the fire points into two peaks.
the local government develops a timely evaluation for authorizing burn or no-burn decisions, which includes meteorological
conditions and the status of the air quality and dispersion conditions to confirm the appropriate time for burning by considering air quality and meteorological model simulations at both
regional and urban scales. Thus, numerical simulations can be
widely used to conduct the authorization of prescribed burning
by considering multiple factors in the future. (2) The distances
and directions to local sensitive receptors should be identified
both nationally and internationally, if appropriate, for places
such as schools, hospitals, nursing homes, cultural relics and
historic sites. (3) The actions that will be taken to notify sensitive
populations, potentially affected communities and authorities
prior to burning should be identified.(4) The crop to be burned
should be described, including the reason, location, areas and
date, in addition to safety or contingency plans that would address the eruption of haze. Additionally, district burning should
develop in a sequential manner during the day to avoid burning
in concentrated areas and concentrated periods.
As mentioned above, other efforts should be made by local
governments, including the following aspects: (1) define the responsibility of local governments and strengthen cooperation
and coordination between different departments, (2) monitor
fire spots by meteorological and environmental satellites and
further fight against illegal straw-burning activities, and (3) conduct various forms of propaganda and education to raise public awareness of environmental protection. These abovemen-

tioned control measures, are expected, to some extent, to mitigate heavy haze pollution and diminish environmental and economic costs, especially during the harvest season in agricultureoriented cities.

3.

Conclusions

To date, the AQI in Suihua has shown obvious interannual variation. PM2.5 was the primary atmospheric pollutant on an annual
scale over the past few years (i.e., 2015-April 2019).Late autumn
and early spring were two serious periods of atmospheric pollution. Strong periodic emissions, including seasonal crop residues
burning and coal burning, caused the first severe pollution period. Spring dust transportation was the main contributor, and
PM10 was the primary pollutant of the heavy haze in the spring.
It is worth noting that 2018 and 2019 were crucial years for
Suihua as burning ban was stringently carried out. The strict
straw-burning prohibition implementation in 2018 significantly
improved air quality during October and November. If the 2018
straw burning prohibition had been implemented in 2015 during October to November, the PM2.5 concentrations could have
been reduced by 59±88%. Nevertheless, given the air quality for
whole nongrowing season (i.e., October to April of the following
year), the improvement in air quality was slight because of the
lagged air pollution. Thus, the scientific evidence surrounding
the practice of burning straw should be further developed. These

journal of environmental sciences 97 (2020) 85–95

comprehensive control measures, especially the development of
integrated utilization and prescribed burning, were proposed for
crop residues burning in the long and short term. These results
have important implications for emission control strategies and
are expected to mitigate heavy haze pollution for sustainable development for agriculture-oriented cities.
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