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2017 in the HCA were estimated to be 5.82 Tg, 0.70 Tg, 0.34 Tg, 0.75 Tg, 0.81Tg, 0.67 Tg, 1.59
Tg, 0.12 Tg and 0.26 Tg, respectively. For PM10 and SO2 , the emissions from industry pro-
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cesses were the dominant contributors representing 54.7% and 49.5%, respectively, of the
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total emissions, while 95.3% and 44.5% of the total NH3 and NOx emissions, respectively,
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were from or associated with agricultural activities and transportation. Spatiotemporal dis-
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tributions showed that most emissions (except NH3 ) occurred in November to March and

Atmospheric pollution

were concentrated in the central cities of Changchun and Harbin and the surrounding cities.

Environmental management

Open burning of straw made an important contribution to PM2.5 in the central regions of the

Northern China

northeastern plain during autumn and spring, while domestic coal combustion for heating
purposes was significant with respect to SO2 and PM2.5 emissions during autumn and winter. Furthermore, based on Principal Component Analysis and Multivariable Linear Regression model, air temperature, relative humidity, electricity and energy consumption, and the
urban and rural population were optimized to be representative indicators for rapidly as-
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sessing the magnitude of regional atmospheric pollutants in the HCA. Such indicators and
equations were demonstrated to be useful for local atmospheric environment management.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
China is one of the countries with severe air pollution
(Wang et al., 2011; Lin et al., 2013). Anthropogenic emissions
(e.g., fuel combustion, agricultural production, industrial processes) have been recognized as significant sources of atmospheric particulate matter and gaseous pollutants that can adversely affect air quality and human health (Li et al., 2018;
Maji et al., 2018). However, the disparity of regional conditions (geography, meteorology, economy, population, industrial structure and production technology) and the chemical complexity of atmospheric pollution within the context
of inter-provincial transmission have increased the cognitive
and management difficulties (Zheng et al., 2016; Zhang et al.,
2010). Therefore, clarifying on a systematic basis the emission
characteristics and the spatiotemporal distribution in typical
city conurbations and regions can provide a theoretical basis
for policy implementation and environmental management.
Most of the heavily polluted areas in China are concentrated in “three Regions and ten City Agglomerations” (RCAs),
where, as a result of human activities, large amounts of pollutants including particulate matter and gaseous pollutants
are constantly being released into the atmosphere (Fu et al.,
2013; Qi et al., 2017; Li et al., 2017). These pollutants have
been identified as contributing to regional haze and premature death (Behrens et al., 2018). Based on increased investment and improved technology, remarkable accomplishments
have been achieved in atmospheric management for polluted
regions in the past two decades, especially with respect studies on sources of anthropogenic emissions. To date, multiscale emission inventories for these regions have been established, from urban (Yue et al., 2018) and regional (Zheng et al.,
2009) to national (Li et al., 2017; Zhang et al., 2009); from primary pollutants (Zhao et al., 2012) to secondary pollutants
(Huang et al., 2011), studies on the haze formation mechanism
on a regional basis (Li et al., 2018) and long time series research
(Lu et al., 2019; Ohara et al., 2007). Some studies have focused
on toxic metals (Sha et al., 2019), or on a specific sector (e.g.,
civil aviation, biomass burning, typical agricultural machinery) (Liu et al., 2019; Zhang et al., 2013; Hou et al., 2019). The
emission inventories have been validated by comparing the
Community Multi-scale Air Quality (CMAQ) simulations based
on data from satellite and ground observations (Wang et al.,
2011). However, single source data and non-localized emission
factors generate large uncertainties in the emission estimates
(Wei et al., 2011; Zhao et al., 2011). In many other regions,
limited by technological immaturity and lack of investment,
emission inventories are incomplete and not systematic, and
northeastern China is one such region.
As a major region in northeastern China, the HarbinChangchun city agglomeration (HCA) suffers from air pollution which adversely affects the local population and region, there being frequent atmospheric haze episodes ever

since the “Twelfth Five-Year” economic revival plan for northeastern China commenced in 2012 (State Council of the People’s Republic of China, 2012; Li and Zhang, 2014). This region is one of most important regions for industrial activity and crop production in China. The topography (i.e., three
mountainous regions with plains) and meteorology (i.e., cold
and snowy climate) are unique and domestic heating is required for up to seven months of the year. Thus, anthropogenic emissions increase the potential for haze formation
during autumn and winter, especially in stable weather conditions (Cui et al., 2016). Current atmospheric pollution studies
in the HCA tend to focus mainly on describing the characteristics of regional air quality and potential transport trajectories
under typical haze events (Chen et al., 2019; He et al., 2018;
Zhang et al., 2010), analyzing pollution monitoring data to reveal the relationships between atmospheric particle concentrations and meteorological events (Liu et al., 2015), probing
the physical and chemical composition of atmospheric pollutants (Zhang et al., 2010), or simulating serious haze pollution
weather events to exhibit the distribution of pollutant concentrations at the urban scale (Yang et al., 2016). In addition, some
single source and incomplete city or region-level inventories
for the HCA have previously been released (Wu et al., 2018;
Chen et al., 2017). However, a comprehensive, high-resolution
regional air pollutant emissions inventory for the HCA at a regional scale has not been produced, which clearly is unhelpful in terms of understanding local pollution conditions and
management thereof.
The objective of this study is to develop a comprehensive and high-resolution emission inventory of atmospheric
pollutants for the HCA in 2017. Using a bottom-up method,
anthropogenic emissions for nine pollutants (CO, SO2 , NOx,
VOCS , NH3 , PM2.5 , PM10 , BC and OC) derived from 10 major
sources (i.e., fuel combustion: FUC; industrial process: INP;
transportation: TRP, solvent use: SOU, agriculture: AGR, dust:
DUT, biomass burning: BOB, oil and gas transportation: OGT,
waste treatment: WAT and other: cooking) and which were
divided into 45 sub-sources at the city level. Based on detailed emission inventories, the temporal and spatial characteristics of the emissions were analyzed, and this clarified the
principal emission sources during major pollution events, and
allowed recommendations to be proposed for local management. The proposed anthropogenic inventory may help the
environmental management to formulate effective pollution
control strategies in order to achieve cleaner production and
improve air quality.

1.

Methodology

1.1.

Study region

The Harbin-Changchun city agglomeration (HCA), the largest
regional city agglomerations in China, covers six cities (i.e.,
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Fig. 1 – The location of the study region in northeastern China and its regional geography and farmland distribution. The
gray and blue areas on the left indicate northeastern China and the Harbin-Changchun city agglomeration, respectively. The
light-yellow area on the right represents the farmland distribution of the Harbin-Changchun city agglomeration, the green
circles are the capitals of the two provinces.

Changchun, Jilin, Siping, Liaoyuan, Songyuan and Yanbian) in
Jilin province and five cities (i.e., Harbin, Daqing, Suihua, Qiqihar and Mudanjiang) in Heilongjiang province, and stretches
from 122°25 E to 131°19 E and 41°59 N to 48°56 N (Fig. 1). The
agglomeration is located mainly in the Songnen Plain and the
local climate is characterized as being temperate continental
monsoon. Annual precipitation fluctuates between 310 and
660 mm, and the mean annual temperature is 4.8°C with a
January mean of -17°C and a July mean of 22°C. The annual
low-cold period (daily average temperature <0°C) is generally
90 to 120 days (Table 1).
The HCA is a major region for crop production with an area
of 325,385 km2 , accounting for 21% of northeastern China and
yet arable land accounts for 56% of the land area. A singlecrop system is widely practiced in agriculture in the HCA.
The growing season starts in May and ends in September;
the remaining seven months are the non-growing and straw
open burning season (from October to April of the following
year). The HCA is a primary industrial center with the cities of
Harbin and Changchun being preeminent, contributing 73%
of the region’s population and 47% of the GDP (Statistics Bu-

reau of Jilin Province, 2018; Statistics Bureau of Heilongjiang
Province, 2018). Moreover, the region requires a longer heating
period than most other parts of China with heating plants normally operating from mid-October to late April (of the following year). For the purposes of this study, the HCA is divided into
the central city agglomeration (CCA) (i.e., Harbin, Changchun,
Jilin), the sub-central city agglomeration (SCA) (i.e., Qiqihar,
Suihua, Daqing, Siping) and the peripheral city agglomeration
(PCA) (i.e., Songyuan, Mudanjiang, Yanbian, Liaoyuan) based
on topographic and socio-economic indicators in order to better understand the pollution situation.

1.2.

Algorithms

In this section, major sectors are summarized as stationary
sources (e.g., FUC, INP, part of SOU, OGT, WAT, part of DUT), line
sources (e.g., on-road vehicle, road dust), area sources (e.g., part
of AGR, BOB) based on the local emission characteristics in the
HCA. Among the specified sectors, some sub-sectors belong
to area sources and others are attributed to stationary or line
sources.
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Table 1 – Primary indicators of geography, meteorology, social economy, and air quality in Harbin-Changchun city agglomerations. The values of relative humidity, precipitation, and air quality are the annual averages for 2017.
a) Geography and meteorology
Cities

Longitude (°)

Latitude (°)

Administrative
area (km2 )

Crop area (km2 ) Temperature (°C)

Relative
humidity (%)

Precipitation
(mm)

Changchun
Jilin
Siping
Liaoyuan
Songyuan
Yanbian
Harbin
Daqing
Suihua
Qiqihaer
Mudanjiang

125.32
126.55
124.36
125.14
124.82
129.51
126.53
125.11
125.11
126.53
129.61

43.81
43.84
43.17
42.90
45.11
42.90
45.80
46.59
46.59
45.80
44.58

20600
27170
14320
5125
22030
43510
53070
22160
34960
42210
40230

13494
5251
8645
2583
9965
3934
20092
7525
18487
24084
6549

60
59
63
63
57
61
70
59
61
58
62

568.5
571.9
650.4
630.5
450.6
542.3
639.9
467.3
546.9
318.9
647.4

b) Social economy
Cities
GDP (108 )

5.8
3.9
5.0
5.4
4.5
5.9
4.0
5.4
3.3
4.2
5.0

Total electricity Industry electricity Energy (10 kt)
(108 kWh)
(108 kWh)

Urban Population Rural Population
(104 )
(104 )

Changchun
Jilin
Siping
Liaoyuan
Songyuan
Yanbian
Harbin
Daqing
Suihua
Qiqihaer
Mudanjiang

5986
2454
1194
765
1652
876
6102
2610
1316
1325
1231

193
102
54
21
51
47
215
196
33
43
49

101
76
29
16
38
35
163
147
25
43
37

1912
2034
661
471
698
643
1862
1134
674
945
412

368
223
120
60
95
147
570
165
322
322
149

385
199
205
60
184
65
393
113
222
222
103

c) Air quality
Cities

PM2.5 (μg/m3 )

PM10 (μg/m3 )

SO2 (μg/m3 )

CO (mg/m3 )

NO2 (μg/m3 )

O3 (μg/m3 )

Changchun
Jilin
Siping
Liaoyuan
Songyuan
Yanbian
Harbin
Daqing
Suihua
Qiqihaer
Mudanjiang

46.22
41.67
45.49
45.91
35.08
30.90
45.02
37.21
33.24
35.26
36.58

78.71
68.26
76.63
63.02
70.21
49.16
74.70
59.79
58.84
61.28
68.87

28.15
23.39
21.71
24.60
14.81
13.49
28.89
15.75
14.95
22.74
18.79

0.87
0.79
0.91
1.10
0.88
0.92
1.14
0.71
0.55
0.74
0.72

39.78
29.76
31.48
28.58
22.49
22.53
43.73
28.21
21.98
23.32
25.78

88.20
98.76
82.95
99.04
94.96
79.44
65.90
87.29
61.56
62.90
67.70

1.2.1.

Stationary sources

The stationary sources in this study include mainly the energy
combustion sectors (e.g., power plants, heating plants, domestic coal burning), the manufacturing sectors (e.g., ferrous, nonferrous, non-metal, oil exploitation, chemical materials, rubber and plastics, food processing, textiles, paper-making), gas
stations, waste management and catering.
Most pollutant emissions from stationary sources were calculated using the following equation (Kurokawa et al., 2013):
E=




Ai, j × E Fi, j × 1 − Ri, j
i, j

where, E represents the emissions of each city, i is the fuel or
product type and j is the burning or production technology.

A is energy consumption or product quantity; EF is the localized or recommended emission factor and R is the removal
efficiency.

1.2.2.

Line sources

Line sources are represented by emission sources which consist of sources simply being in a straight line, of finite or infinite length, and typically include road vehicles and dust in
the emission inventory (EEA, 2019). In this study, the emissions
for road vehicles were calculated using the following equation
(Gao et al., 2019):
E=



Pi, j,k × VKTi, j,k × E Fi, j,k
i, j,k
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where, E is the emissions, i and j are the types of vehicle and
fuel, respectively, and k is the vehicle exhaust emission standard. P is the number of registered vehicles, VKT is the annual
distance traveled and EF is the emission factor.

1.2.3.

Area sources

The area source generally refers to widespread agricultural
pollution which is released into the atmosphere and includes
gaseous pollutants (mainly NH3 ) from fertilizer application,
livestock, nitrogen-fixing plant, straw compost, human feces,
background emissions from soil and particulate matter (PM2.5 ,
PM10 ) from land tilling, harvesting and grain handing. The
gaseous pollutant emissions are computed using the following equation (Li, 2019):


E=
Ai, j × E Fi, j
i, j

where, E is the emissions, i is the target regions and j is the
sub-sources. A is the activity data (e.g., population, planting
area, crop yield, livestock volume) and EF is the emission factor for each sub-sector. The particulate pollutant emissions
during the straw residue burning period are calculated as follows (Li et al., 2016):


Pi, j × Ri, j × Bi, j × E Fi, j × Fi
E=
i, j

where E is the emissions, i is the crop type and j is the target region. P is the crop production yield, R is the ratio of the
crop residue to production yield, B is the proportion of outdoor
straw burning, F is the straw combustion efficiency and EF is
the emission factor.

1.3.

the POI search technology was applied to capture the coordinates and the registered inventory of workshops (e.g., coatings, adhesives and printing) to enable a relationship between
registered capital and emissions to be established to calculate
other pollutants indirectly.

Activity data

Six data collection approaches, including environmental
statistics, city-level yearbooks, field surveys, department requests, remote sensing feature extraction and Point of Information (POI) searches were adopted to obtain primary
information for this study (e.g., latitude/longitude, technology/process, energy consumption/production output and end
treatment technique). For the AGR, activity data at the citylevel or even the county-level were extracted based on the
statistical yearbooks of 11 cities and local agriculture-related
websites which cover farmland area, crop types and production, and other relevant parameters. For the INP and part of
the FUC, the annual environmental statistics data provided
by the Jilin and Heilongjiang Provincial Academy of Environmental Sciences, were used to compute the pollutant emissions. For domestic coal burning in the FUC, field and questionnaire surveys were conducted to acquire the actual rural
population and coal consumption, thereby permitting calculation of the emissions of coal-derived pollutants. For transportation, vehicle information, which included the type of vehicle, the quantity, fuel classification, emission standards and
traffic flow, was collected from the local vehicle registration
departments.
In addition, remote sensing feature extraction in this study
was regarded as an effective method to acquire the location
and area of various storage fields to estimate the magnitude of
particulate matter emitted into the atmosphere. Meanwhile,

1.4.

Emission factor

The EFs were obtained and collated by multiple approaches in
order to calculate the pollutant emissions of various anthropogenic sources. The EFs for the INP as referred to in the technical guidelines, were realized by product category and production technology. The local PM and SO2 EFs for FUC were
measured by simulating specific coal combustion (including
lignite, coke and gangue) in the laboratory. The EFs of on-road
vehicles, which are controlled by fuel quality, operating conditions and environmental parameters, were calculated based
on local IVE models and mobile experiments in the representative areas (i.e., Changchun, Harbin). This research used
the quantity of diesel consumed (g/kg) to assess pollutant
emissions from agricultural machinery because there were
few details concerning the distances (km) traveled by agricultural machinery, thus the EFs used in this study were from
Li et al. (2016). The EFs for conventional field activities (i.e., tilling, harvesting and planting) in AGR were based on Chen et al.
(2017) while the EFs for PM2.5 and PM10 were evaluated from
field measurements.
Other EFs for AGR were obtained from technical guidelines’
literature and from historical publications for agricultural
emissions in northeastern China (Li et al., 2019). Moreover,
the technical guidelines also provided data on the residueto-production ratio for crops which allowed us to predict the
magnitude of emissions from the burning of straw. The EFs
for particulate matter from DUT were measured by soil texture, ground roughness, meteorological conditions (i.e., precipitation, humidity, wind speed) and vehicle flow and by obtaining information from local relevant websites. The EFs for
BOB were selected by crop type and straw burning efficiency
(MEE 2014). In addition, the EFs for OGT, WAT and Other (i.e.,
cooking) came from the technical guidelines’ literature.

1.5.

Uncertainty analysis

The uncertainty of pollutants emissions from each sector during the calculation processes were generally caused by variations in the key parameters, activity data and emission factors (Zhang et al., 2009). The Monte Carlo method (Frey et al.,
1999) was used in this study as a common quantitative analysis method to assess variability and uncertainty. We first
assumed that the uncertainties in the activity data and the
EFs can be described by a normal distribution or a lognormal
distribution, and determine the probability density function
(PDF); then the extracted random value, including the analogue activity data and the EFs, under the known PDF are calculated; thereafter the random value is substituted into the
model to obtain the output result and quantify the uncertainty.
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Table 2 – Annual emissions of anthropogenic air pollution form different provinces and cities in Harbin-Changchun city
agglomerations in 2017(unit: kiloton).
Provinces

Cities

CO

NOx

SO2

NH3

VOCS

PM2.5

PM10

BC

OC

Jilin

Changchun
Jilin
Siping
Songyuan
Liaoyuan
Yanbian
Total

693.6
736.6
442.2
322.3
152.0
162.2
2508.9

104.4
82.2
47.5
38.0
15.9
21.0
309.0

39.1
62.6
31.0
13.6
11.7
15.4
173.4

151.7
49.9
110.0
51.7
20.1
32.6
416.0

95.3
102.2
56.1
55.6
20.2
103.8
433.3

81.2
94.7
64.7
41.6
42.0
33.0
357.3

222.0
195.3
166.7
60.1
118.7
98.7
861.5

14.8
22.4
15.7
5.8
7.9
8.0
74.6

36.1
42.7
35.7
18.7
14.5
13.3
161.0

Harbin
Suihua
Daqing
Qiqihar
Mudanjiang
Total

1523.8
532.2
373.8
588.8
296.4
3315.0

158.4
55.9
72.8
63.4
37.5
388.0

50.4
17.4
41.8
43.5
13.8
166.9

101.5
59.0
75.8
83.6
17.0
337.0

149.4
83.5
43.7
79.3
22.3
378.3

129.3
56.6
33.3
66.3
30.6
316.0

382.7
78.1
58.8
127.5
80.2
727.3

16.8
8.7
5.1
10.0
2.6
43.1

34.7
25.8
10.9
24.9
2.2
98.6

5823.9

697.0

340.3

752.9

811.6

673.4

1588.8

117.7

259.6

Heilongjiang

Total

1.6.

Statistical analysis

All processes, including inventory calculations, outliers filter,
dispersion evaluation and results amalgamation, were performed using R3.6.2 (R Development Core Team, 2009). Meanwhile, the statistical analysis function in R was also used to reveal the relationships between (1) the pollutants and the emission sources and (2) the spatiotemporal distribution and geography and social economy. Furthermore, all plots of spatial
distributions and temporal variation were drawn using R3.6.2 .

2.

Results

2.1.

Magnitude of atmospheric pollutant emissions

The annual emissions of CO, NOx, SO2 , NH3 , VOCS , PM2.5 , PM10 ,
BC and OC in the HCA during 2016 were estimated to be 5.82
Tg, 0.70 Tg, 0.34 Tg, 0.75 Tg, 0.81Tg, 0.67 Tg, 1.59 Tg, 0.12 Tg
and 0.26 Tg, respectively (Table 2). Among these pollutants, the
emissions of CO, VOCS , PM2.5 , BC and OC were largely emitted
from BOB, while other pollutants (NOx, NH3 , SO2 and PM10 )
originated from TRP (54%), AGR (95%), INP (49%) and INP (55%),
respectively (Fig. 2). The CCA was the largest emitter of most
species (except NH3 ), which contributes more than 40% of the
total, and the SCA was the highest region for NH3 emissions
(44%) and the second highest contributor for all other species;
the proportion of all pollutants in the PCA were less than 25%
(Fig. 3). Significant differences in the magnitude of pollutant
emissions between the 11 cities are evident (Fig. 4). With respect to NH3 emissions, Changchun was the highest emitter
among the cities, followed by Siping, Harbin, Qiqihar, Daqing,
Suihua, Songyuan, Jilin, Yanbian, Liaoyuan and Mudanjiang.
As the city with the highest industrial activity in the HCA,
Harbin had the largest emissions of CO, VOCs, PM2.5 , NOx and
PM10 pollutants that are released mainly from BOB, TRP and
INP. Moreover, Jilin was found to emit large amounts of SO2 ,
BC and OC from INP and BOB, even larger than that of Harbin
and Changchun.

2.2.

Spatial distribution

The spatial distribution of pollutant emissions in the HCA
indicated that there were clear differences in the pollutants from the various regions on an annual scale (Fig. 5).
The annual spatial distributions demonstrated that the areas of highest emissions were in Harbin and Changchun for
all species (except for NH3 ), especially in the central zones,
which have large population densities and developed economic and industrial activity. NH3 , PM2.5 and PM10 emissions
were distributed on a regional basis over the rural areas of the
HCA where there was intensive agricultural activity, such as
Songyuan, Suihua and Siping. High emissions of VOCs also occurred in northeastern Daqing, while the annual spatial characteristics of NOx exhibited a linear relationship with the road
network.
The comprehensive seasonal distribution of pollutant
emissions for the HCA in 2017 was obtained by weighting the
calculation to the annual emission data (Fig. 6).The results
showed that the share of CO, NOx, PM2.5 , PM10 , BC, OC was
higher in the middle and northwest of the HCA than other
parts, presenting regional emission in spring and autumn.
Clearly, the amount of NH3 emissions in spring was higher
than in other seasons, and this applies to most areas expect
Mudanjiang and Yanbian which are surrounded by the Changbai Mountains and have less cultivated land available. All pollutants in winter exhibited a point shaped distribution, and
the highest emission intensities were recorded for this period.

2.3.

Temporal variation

The annual emissions for CO, NOx, NH3 , PM2.5 , PM10 , BC and
OC exhibited a double peak-shaped response (mainly covering April to May and October), while relatively high emissions
for VOCs occurring in April, June and October. In contrast, SO2
emissions began to rise in October and declined in February
of the following year (Fig. 7). The percentage of all pollutants
emitted by BOB in April and October increased significantly
and the rates of increase were between 5% and 30% (Fig. 8). The
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Fig. 2 – Contribution rates of each anthropogenic source on the pollutant emissions (annual-scale) for the
Harbin-Changchun city agglomeration in 2017.

increased emission rates for SO2 and NH3 were lower compared to the other seven pollutants, but were still higher than
the annual average levels. For the same period, the NOx produced by TRP emitted more in May and September, and the
VOCs for SOU exhibited the same characteristics from May to
August. Furthermore, the proportion of NH3 from the AGR on
the monthly profile is more than 90%, which is clearly higher
than other sources.
The seasonal profiles for the different pollutants in the
HCA (Fig. 9) indicated that the contribution rate of nine pollutants for different emission sources clearly showed a rising
trend during winter with the average percentage of CO, NOx,
SO2 , NH3 , BC and OC emissions from FUC, INP, TRP and BOB
being between 40% and 60%, far higher than the emissions in
other seasons. The particulate matter (PM2.5 and PM10 ) emitted from AGR was only produced in spring and autumn, and
the emission intensity in spring was about three to four times
higher than in autumn. In addition, the VOCs from SOU increased significantly in summer, accounting for more than
60% of the total, which is greater than the sum of the other
seasons.

2.4.

Uncertainty analysis

In this study, the Monte Carlo simulation model was applied to estimate quantitatively the uncertainties of emissions by species and sectors. The uncertainties of total emissions for the study area were as follow: -20.1˜63.5% for CO, 59.7˜66.7% for NOx, -15.3%˜35.8% for SO2 , -80.5˜ 95.3% for VOCS ,
-22.4˜37.2% for NH3 , -23.6%˜40.7% for PM10 , -38.6%˜47.2% for
PM2.5 , -31.6%˜43.9%% for BC and -36.7% ˜47.8%% for OC. In
general, the uncertainties for SO2 emissions were generated
mainly from INP due to the complicated and diverse production technologies. For VOCs emissions, a higher uncertainty
relative to other sources was caused mainly by the use of
non-localized EFs in the SOU calculations. The diversity of the
burning method and the hearth types for outdoor or indoor
straw burning increased the uncertainty for PM2.5 , and CO
emissions. There was also a high uncertainty concerning the
NOx emissions data at TRP caused mainly by the difficulty in
being able to access the activity data (e.g., vehicle ownership,
types, exhaust emission standards). Meanwhile, more key parameters used in the emissions algorithm also caused large
uncertainties in the NOx emissions from motor vehicles.
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Fig. 3 – Magnitude of pollutant emissions and the contribution of the three regions (i.e., central city agglomeration (CCA);
sub-central city agglomeration (SCA); peripheral city agglomeration (PCA) for the Harbin-Changchun city agglomeration in
2017. CCA: Harbin, Changchun and Jilin; SCA: Qiqihar, Suihua, Daqing and Siping; PCA: Songyuan, Mudanjiang, Yanbian
and Liaoyuan.

3.

Discussion

3.1.

Comparison with other studies

A comprehensive inter-comparison of emission inventories
between this study and previously reported studies on the
HCA was performed to identify the main highlights and potential sources of uncertainties.
The magnitude of NH3 emissions (0.75Tg) in this study
is slightly higher (10%˜40%) than previous inventories
(Huang et al., 2012; Li et al., 2017; Hoesly et al., 2018;
Kurokawa et al., 2013) reflecting in part a more complete
inventory of sub-sources and refined activity data from the
agricultural sectors, which have been recognized as the foremost anthropogenic source for NH3 emissions(Behera et al.,
2013). The county-level agricultural data from the statistical
yearbooks, the administrative information and the questionnaire surveys used in the NH3 emissions calculation, were
more exhaustive than the regional statistical data compiled in
previous international and national studies. Furthermore, the
key parameters were amended to gain local NH3 EFs due to
external conditions (e.g., soil property, air temperature, fertilizer type and application rate). Although fertilizer application
and manure management are regarded as the dominant
sources of NH3 emission and have been reported for many
regions (Pan et al., 2015), other activities (e.g., soil background,
straw compost, nitrogen-fixing plants and excrement from
the rural population) are usually ignored, resulting in an

underestimation of NH3 emissions of more than 10% in the
HCA.
The annual emissions of PM2.5 , BC and OC in the HCA
were significantly higher (10%˜55%) than in previous studies
(Li et al., 2017; Hoesly et al., 2018; Kurokawa et al., 2013) because of the burning of crop residues. The HCA is one of the
most crucial agricultural regions of China, with a large amount
of grain output, producing crop straw in excess of 46 megatons every year (National Bureau of Statistics of China (NBSC),
2018). Some of the crop straw is used for domestic heating, cooking and livestock feed, while parts of the crop are
subjected to open burning, straw utilization in the field and
biomass power generation, thus causing the emission of a
large amount of gaseous and particulate matter into atmosphere during the combustion processes (Wang et al., 2017;
Chen et al., 2017). So far, the burning of straw has not been
effectively controlled due to the large area and yield of straw
and the lack of comprehensive utilization technology. Moreover, the village-level emissions of indoor straw burning were
also evaluated through the household surveys, and this highlighted the relative importance of indoor straw burning, making a contribution rate to the total emissions of 30%. In contrast, an estimation of the indoor straw burning emission was
inadequate or was even lacking in previous studies in northeastern China, leading to an underestimation.
The NOx emissions in the present study were significantly
lower by 30%˜50% compared to previous reports (Li et al., 2017;
Kurokawa et al., 2013; Zhang et al., 2013) due to the effect of
terminal treatment measures on NOx emissions in the FUC
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Fig. 4 – Magnitude of pollutant emissions among 11 cities and the contribution of 10 anthropogenic sources to each species
in 2017 (unit: kiloton).

and INP sectors. As the dominant source of NOx emissions, the
emissions inventory in the HCA from transportation is comparable with previous studies (Li et al., 2017). In addition to
NOx emissions from INP and FUC sources, not only were other
more comprehensive sub-sectors (e.g., ferrous, non-ferrous,
non-metal, oil exploitation, chemical materials) considered,
but also other factors were taken into account such as fuel
types, process flows, emission control strategies and efficiency
of plant processes. These elements were not considered comprehensively in other studies, whereby the data were derived from province-level energy tables from the China Energy Statistics Yearbook (CESY; National Bureau of Statistics)
or the China Coal-fired Power plant Emission Database (CPED)
(Li et al., 2017; Kurokawa et al., 2013; Zhang et al., 2013). With
the improvement of industrial processes in this region, highefficiency terminal control measures (e.g., retrofitting of coalfired boilers and flue-gas purification in power plants) are
widely used, which greatly reduces NOx emissions.

3.2.
Spatio-temporal characteristics of major pollutants
in the HCA
The annual spatial characteristics of pollutant emissions
shows that all emissions were generally concentrated in the
central and northwestern regions of the HCA, and the stronger

emission levels (except NH3 ) were in Harbin and Changchun
and the neighboring cities. The topographical characteristics
of the region are that it consists of a plains area in the west, a
mountainous area in the east, and a plains-mountainous transition area in the middle region. The southeast region comprises large forests which are administered by the cities of
Yanbian and Mudanjiang and the southern city of Jilin. Although NH3 and VOCS were released from the forests in plantgrowth periods, previous studies have generally considered
forests to be a natural source of emissions (Shinoda et al.,
2011). Additionally, this region is relatively sparsely populated,
with only 19% of the population living within this area because human activities are limited due to the presence of large
forests. With the exception of the mountains and grasslands,
other regions examined were in the Songnen Plain, which is a
significant crop production area of China. In this region, the
agriculture-intensive cities were represented by Songyuan,
Siping and Suihua which contributed significantly to agricultural emissions (e.g., 7%-50% for NH3 , 5%–15% for PM2.5 ). Except for NH3 , there were higher emission levels of pollutants in
the central regions of Changchun and Harbin, industrial cities
which are densely populated. Moreover, the discharge of pollutants at the border between northeastern Daqing and Suihua city was also significantly higher than that in other areas
as a result of oil exploitation and related activities.
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Fig. 5 – Annual spatial distribution of CO, NOx, SO2 , NH3 , VOCS , PM2.5 , PM10 , BC and OC emissions at 10 km × 10 km
resolution in 2017 for the Harbin-Changchun city agglomeration. The crimson solid points represent the capitals of the two
provinces.
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Fig. 6 – Seasonal spatial distribution of CO, NOx, SO2 , NH3 , VOCS , PM2.5 , PM10 , BC and OC at 10 km × 10 km resolution in
2017. In the above picture, spring (i.e., April, May), summer (i.e., June, July and August), autumn (i.e., September, October) and
winter (i.e., November, December, January, February and March) for the Harbin-Changchun city agglomeration are displayed
from left to right.
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Fig. 7 – Temporal variation of CO, NOx, SO2 , NH3 , VOCS , PM2.5 , PM10 , BC and OC emissions in 2017 for the Harbin-Changchun
city agglomeration

The seasonal variations in pollutant emissions indicated
that the regional distribution in spring and autumn was
caused by conventional agricultural operations. The singlecrop system is widely adopted in this region for cultivation of the main grain crops, that is, cultivation in spring
(i.e., April and May) and harvesting in autumn (i.e., September and October), and includes various field management activities such as planting, tilling, harvesting and straw burning. Scatter-type distribution characteristics were observed
in winter for most pollutants with emission intensities far
higher than that in spring and autumn. The winter period
in the HCA is sustained for up to five months, with long extreme cold weather (average daily temperatures <0°C). The industrial heating plants which are distributed throughout the
whole region are a major source of pollutants because of their
high-intensity continuous operation, while small-scale heating boilers and scattered rural coal burning can enhance pollutant emissions, especially in suburban areas where their use
is centralized (Liu et al., 2019). Therefore, the scattered distri-

bution of most pollutants in winter is governed mainly by the
different sources of heating.
Concerning the temporal nature of emissions, the annual
emissions of SO2 have a “positive U” shape with significantly
higher values in winter than other periods, which is very consistent with the winter heating period. A concentration of urban heating, domestic coal burning in urban and suburban
locations, and rural indoor crop residue burning are the major types of winter heating in northeastern China (Chen et al.,
2018; Liu et al., 2019; Shen et al., 2017). There were less SO2
emissions in October and November, which originated from
heating plants, because the level of heating required in these
months was low and heating may not even have been required
in some rural areas in the initial stages. December to February
(of the following year) are the major periods of SO2 emissions
as a result of the gradual increase for heating in all regions,
especially in rural areas; this increased demand for heating
would greatly enhance SO2 emissions in this period due to the
use of poor coal quality and the low desulfurization removal
efficiency. The weaker demand for heating in March and April
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Fig. 8 – Monthly variation of pollutant emissions and its sectoral contribution rate in 2017 for the Harbin-Changchun city
agglomeration.

due to the milder weather would be accompanied by a gradual
decline in emissions.
Most pollutants (i.e., CO, PM, BC, OC) exhibited maximum
emissions in April and October due primarily to the open
burning of straw. The open burning of straw is one of the most
common agricultural activities in this region and can be divided into three periods: a) The early-burning stage (from late
September to early October) where fires in the farm were observed occasionally and pollutants emitted at a relatively low
level. b) The main-burning stage (from mid-October to earlyNovember) where extensive farmland fires occur with the release of high concentrations of particulate matter and gaseous
pollutants, which readily cause regional haze, and which is
typically accompanied by continuous stagnant weather. c) The
late-burning stage (from late March to April). The remaining
residues must be incinerated before crop planting, which can
result in maximum emissions occurring. Thus, the temporal
characteristics of pollutants (i.e., CO, PM, BC, OC) will be influenced by the changes occurring in the burning period for the
crop residues.
The NH3 emissions occurred mainly in the spring and autumn, of which the largest release was in April (68.2 Gg) and in

October (64.1 Gg), while the monthly emissions remained consistently below 60.7 Gg during winter. These levels were similar to previous studies where the magnitude of NH3 emissions
in the agricultural seasons were significantly higher than in
the non-agricultural seasons (Chen et al., 2017; Shen et al.,
2011). In terms of monthly variation, relatively little NH3 emissions occurred from November to March (of the following year)
due to the non-growing season when there was minimal vegetation on the farmland. Moreover, the extremely low temperature in the HCA at that time might also have inhibited NH3
production from the soil or from nitrogen-fixing plants (e.g.,
soybean) and contributed to a decrease of total NH3 emissions
(Strauss, 2007). April and May are the planting period for major crops, and the two field activities which lead to increased
NH3 emissions, include straw burning in April and nitrogen
fertilizer application in May.

3.3.
Empirical and rapid method for assessment of
pollutant emissions in the region
The preparatory planning stage and the large number of activity data inputs required have led to single sources being
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Fig. 9 – Seasonal variation of pollutant emissions and the contribution rate of the major anthropogenic sources in each
season in 2017 for the Harbin-Changchun city agglomeration.

the focus of attention, resulting a lack of systematic rigor in
conducting inventory studies (Xue et al., 2019). These factors
may have had a negative effect on the environment management and the emergency response to severe airborne pollution incidents, especially in less studied areas such as northeastern China. Using Principal Component Analysis (PCA) and
Multivariable Linear Regression (MLR) model, an empirical formula for characterizing the relationship between the magnitude of emissions and multiple environmental indicators
was obtained to decrease the time needed to assess pollutant
emissions at the county-level in the HCA. The proposed empirical formula is applicable mainly to the analysis of regional
air quality pollution during severe haze periods and provides
a scientific basis for the formulation of pollution prevention
and control measures. In previous studies, some meteorological elements (e.g., temperature, relative humidity and precipitation), socio-economic indicators (e.g., energy consumption,
urban and rural population) and agricultural production indices (e.g., crop area) were generally considered to be highly
correlated with local pollutant emissions (Gao et al., 2019;
Chen et al., 2019; Li et al., 2018). In this study, the most representative indicator was selected from above indices by PCA to

establish the correspondence with various pollutants through
the MLR models. The coefficients of each representative environmental indicator were calculated in order to reflect its
contribution on pollutant emissions (Table 3).
The coefficients of air temperature, relative humidity, urban population and rural population were higher than other
indicators in the case of the annual levels of CO, NOx and NH3
emissions, which represent a major impact on those pollutant emissions. This suggests that the above factors can be
regarded as the primary parameters for estimating CO, NOx,
and NH3 emissions. Previous studies on the emission inventories of northeastern China indicated that the major emission
sources for the above pollutants were open burning of straw
and automobile exhausts, sources which are closely linked to
population density (Zhang et al., 2013; Li et al., 2019). Affected
by frequent human activities with the high-humidity and lowtemperature environment during winter morning and night in
the HCA, the NOx, CO emissions from vehicles at the start-up
stage might be significantly increased, leading to an immediate and adverse effect on the cumulative emissions and a deteriorating atmosphere (Gao et al., 2019). Therefore, a higher
population density and lower ambient temperature would
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Table 3 – The regression coefficient of each corresponding index by Principal Component Analysis (PCA) and Multivariable
Linear Regression (MLR) model and its accuracy test.

Administrative area
Crop area
Temperature
Relative humidity
Precipitation
Electricity consumption
Energy consumption
Urban population
Rural population
intercept
R-squared
p-value

CO

NOx

SO2

NH3

VOCS

PM2.5

PM10

BC

OC

0.0024
-0.0024
-1.2929
0.6301
0.4504
0.1101
0.1918
0.9549
0.8721
-394.40
0.679
0.024

-0.0001
0.0000
-0.1871
0.0944
0.0672
0.0047
0.0161
0.1267
0.1157
-46.060
0.892
0.001

0.0000
0.0005
-0.0088
-0.0006
-0.0008
0.0113
0.0129
0.0173
0.0158
4.1299
0.549
0.017

-0.0017
0.0020
-0.1880
0.0948
0.0658
-0.0074
0.0047
0.1144
0.1045
5.3682
0.590
0.049

0.0009
-0.0016
-0.0212
0.0031
0.0035
0.0308
0.0328
0.0452
0.0413
7.6699
0.526
0.042

-0.0001
-0.0003
-0.0501
0.0181
0.0131
0.0223
0.0264
0.0551
0.0503
5.6566
0.681
0.024

0.0006
-0.0029
-0.4070
0.2080
0.1503
0.0189
0.0420
0.2841
0.2595
-97.476
0.673
0.026

-0.0001
-0.0002
-0.0035
0.0001
0.0002
0.0055
0.0059
0.0077
0.0070
4.9146
0.519
0.044

-0.0004
0.0000
0.0092
-0.0101
-0.0072
0.0140
0.0144
0.0080
0.0073
19.000
0.572
0.054

promote an increase in the levels of CO, NOx and NH3 emissions. The SO2 emissions were mainly affected by the socioeconomic indicators (i.e., electric energy, urban and rural population), and exhibited a significant positive correlation with
the local regional pollutant emissions. These pollutants in
the HCA were primarily associated with coal-burning activities, including direct combustion for thermal power, industrial production, heating supply and residential consumption
(Chen et al., 2018). A high population density and a concentrated energy consumption can directly affect the regional air
quality. The large power or heating plants will cause the most
SO2 emissions due to the continuous intense operation during the winter heating period, while small-scale heating boilers and coal burning for domestic purposes (i.e., cooking and
winter heating) also further increase SO2 emissions into the
atmosphere, especially in suburban and rural areas with large
populations (Liu et al., 2019). The urban and rural populations
and the air temperature are major indicators for calculating
particulate emissions in the HCA. The primary pollutants of
concern in northeastern China are PM2.5 and PM10 , which originate primarily from straw burning and coal combustion. The
straw burning at the post-harvest stage tends to be disorganized and occurs in densely populated rural areas, giving rise
to abundant particulate matter produced as a result of inadequate combustion. In addition, the high-intensity continuous
operation of industrial production and heating plant results in
high emissions of particulate matter under low ambient temperatures (Chen et al., 2018).
In summary, the air temperature, relative humidity, use of
electricity, energy consumption, the urban population and the
rural population are the most representative indicators for
evaluation of the regional atmospheric pollutant emissions in
the HCA.

3.4.
Implications of local atmospheric environment
management in the HCA
Excessive emissions, the main cause of severe haze events
in the HCA, are strongly associated with general emissions
(e.g., industrial production, fuel combustion) and periodic
emissions (e.g., crop residue burning, winter heating supply).

Additionally, unfavorable atmospheric conditions (e.g., stable
weather, ultra-low atmospheric boundary layer height) are
the external causes for increase of frequency of air pollution
events (Marcazzan et al., 2001; Chen et al., 2018). Therefore,
the key to reducing haze pollution is to formulate a series of
measures to restrict the emission of pollutants by addressing
both local anthropogenic inputs and meteorological factors.
In the HCA, the air pollutants (e.g., PM2.5 , CO) from straw
burning are dominant in most cities (i.e., Changchuan, Harbin,
Suihua, Siping, Liaoyuan), hence there is an urgency to devise
a crop straw management and utilization policy. At present, a
comprehensive utilization technology (“five-way treatments”:
fertilizer, fuel, raw material, feed and base material) and a
straw burning plan (“two-zone management”: forbidden-toburn area and a limited-burn area) (Jilin Province Government, 2015) are being explored and promoted in this region.
However, it is difficult to effectively improve the local air quality in a short time by implementing independent measures
for straw utilization and burning control. For instance, there
are restrictions on the application of straw feed due to low
nutritional value and the high non-starch macromolecular
content (e.g., cellulose, lignin, and hemicelluloses). Regarding
the management of straw burning, marked improvements in
regional air quality can be attained by introducing a complete ban on straw burning in certain periods, however, the
straw will be burned by farmers at other periods, which increases the uncertainty of regional air quality. Furthermore,
the differences and instability in meteorological conditions
can also affect local management decision processes in respect to planned burning. Thus, the feasible and efficient establishment of a “multi-use, multi-measures” policy system is
critical to reducing the amount of open burning of straw. A first
requirement is to implement a “two-zone management,” that
is, open burning of straw in a forbidden area is not allowed,
while planned straw burning in a limited-burn zone is allowed
provided there is favorable meteorological conditions for efficient dispersal. This management approach has been evaluated to reduce particulate matter emissions by 20-50% in Jilin
province (Wen et al., 2020). In the short term, the “two-zone
management” approach has a good scientific basis and is necessary for management of straw fields. Second, energy utiliza-
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tion is another way to achieve a reduction in the straw residue
in local regions. Although clean heating has also been introduced in the HCA, the high cost of electricity and natural gas
hinders development. The development of clean heating technology using straw is a useful way to promote straw utilization because of its low emission and high level of practicality.
Meanwhile, the use of straw to develop clean energy is also an
important industrial support measure for rural revitalization,
which can not only meet the needs of farmers for heating and
cooking, but also foster new industries and promote the development of the rural economy. Regional comprehensive straw
utilization technologies for biomass fuels and cogeneration of
heat and power have been adopted in some cities in Sichuan
and Shanxi provinces (Bao, 2012; Zhu et al., 2013). Third, conservation tillage technology is also necessary for straw utilization. Compared with traditional tillage, the core technology of
this development is to apply the straw residues into or onto
the soil for protection purposes and to use the field continuously (Li et al., 2006). Previous studies have suggested that
the return of straw not only has positive effects on land utilization (e.g., prevents water evaporation, improves soil structure and increases crop yields), but also reduces indirectly the
amount of open burning of straw (Holland, 2004). In addition,
conservative tillage (e.g., low stubble, crushed straw mulching
and vertical straw mulching) can significantly reduce the intensity and frequency of soil disturbance, thereby inhibiting
particle release as a result of soil erosion and disturbed farmland. Currently, conservation tillage is practiced in some areas
in the world (Avci, 2011), but in China, especially in northeastern China, the development has been sluggish or even stagnant due to farmers relying on traditional farming concepts
and employing obsolete agricultural technology. Therefore, increasing investment and guiding farmers towards more use of
conservation tillage will result in fundamental change and encourage the uptake of new straw burning practices and result
in improved regional air quality.
Reducing coal consumption could eliminate haze pollution and improve air quality in the winter (Zhang et al., 2017).
With promulgation of the energy development strategy action plan (2014-2020) and full implementation of ultra-low
emission coal-fired power plant (State Council of China, 2014;
Ministry of Ecology and Environment of the People’s Republic
of China, 2015), emissions from such power plants and from
heavy industries have been effectively controlled. However,
residential coal burning has gradually become one of the major sources of regional emissions due to the low burning efficiency and the uncontrolled use of such pollution causing
technology. As a first step, the promotion of clean coal technology would eliminate the generation of air pollutants throughout the development and utilization process. Next, establishing coal-free zones in urban areas would be the key to solving
local heavy industry pollution problems. With the rapid upgrading of industrial equipment and facilities in urban areas
and the outward migration of large coal-fired factories, residential coal burning may have a direct impact on regional air
quality deterioration (Xue et al., 2016). Full promotion of the
use of clean energy alternatives to coal, strict elimination of
small-scale coal-fired boilers, and control of the decentralized
utilization of urban coal, would ameliorate the atmospheric
environmental quality of urban areas. Third, accelerate the
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promotion and utilization of natural gas, strengthen gas supply guarantees, improve management, gas storage and sharing of facilities at times of high demand is also vital.
Recently, vehicle emissions have been regarded as one of
the major sources of urban air pollution given the increase in
the number of vehicles (Chang et al., 2016). In northeastern
China, low temperatures, inappropriate emission standards,
and poor management are factors which contribute to the enhanced vehicle emissions (Gao et al., 2019). In order to better
reduce vehicle emissions, it is necessary to develop scientific
and technological means to strengthen the pollution emission monitoring of in-use vehicles to ensure that the vehicles
operate in compliance with standards. Meanwhile, rigorous
management of motor vehicles is the foremost way to restrict
exhaust emissions in the HCA. Improved quality assurance
of automobile production is necessary to avoid production of
non-conforming vehicles, while comprehensive quality control measures (e.g., road inspections, spot checks) should be
developed for decreasing excessive emissions; reducing and
even prohibiting the operation of diesel vehicles would be essential on days when there are serious haze episodes. In addition to vehicle pollution, coarse particle matter derived from
agricultural soils, construction sites and roads is readily transported into the air by wind action, thus worsening air quality (Ukalska-Jaruga et al., 2018). Management should specify
effective measures (e.g., enhanced inspection of dustproofing
measures and increased frequency of road cleaning) to reduce
the generation of such particulate matter. Additionally, particulate matter and gaseous pollutants would be emitted due
to the use of agricultural machinery and fertilizer application
in farming operations. There is a need to modernize agricultural machinery, optimize fertilizer application and upgrade
the emission standards to reduce pollutants entering the local atmosphere.
Although this study provides a comprehensive and highresolution anthropogenic emissions inventory for the HCA,
further research is needed to improve reliability and rationale.
First, more detailed data (e.g., pollutant discharge permits, second national pollution census) and continuous updates of energy consumption should be given priority so that the updated
data can be adopted as the activity level data input for estimation of fuel combustion and the industrial processes in
order to improve the accuracy of the inventory. Second, more
measurement data should be collected and held in databases,
and laboratory simulations should be pursued to determine
the local EFs of coal use and straw burning in order to better
reflect the regional characteristics. Third, the inventories need
to be extended to include other sub-sectors that are not currently represented here, most obvious being emissions from
industry, because the industrial process flow, which is listed
in inventory compilation guidelines, does not fully reflect the
current technological level of the HCA.

4.

Conclusions

A comprehensive and high-resolution anthropogenic emissions inventory for regional city agglomerations (i.e., HCA) in
the northeastern region of China for 2017 has been developed. In this inventory, we have expanded and refined the
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sub-sectors (e.g., more than 10 industrial sub-sectors and hundreds of technological processes, nine agricultural activities),
improved the accuracy of emissions (e.g., village-level straw
and coal burning) and incorporated local parameters (e.g., vehicles, residential coal and cooking). The high levels of pollutant emissions (except NH3 ) mostly occur in the late-autumn,
winter and early-spring in Harbin and Changchun and the
surrounding cities. This emission pattern is mainly related to
coal-fired heating, agricultural cultivation and open burning of
straw while NH3 emissions are predominantly in late-spring
in agriculture-intensive cities (e.g., Songyuan, Suihua and Siping). For all cities, unmanaged and uncontrolled open burning
of straw during the post-harvest and pre-planting stages has
been the main reason for the significant increase in PM2.5 and
CO emissions in October and March. An empirical algorithm
for rapid assessment of anthropogenic atmospheric pollutant
emissions from the HCA was developed to explore the regional
emissions characteristics. Taking into account the emission
inventories, air quality, meteorological, topographical and social indicators, suggestions for improving local atmospheric
environment management and for introducing cleaner production technologies and sustainable development measures
are made.

Acknowledgments
This research was funded under the auspices of the National
Key R & D Program of China (No. 2017YFC0212303), the Key
Research Program of Frontier Sciences, Chinese Academy of
Sciences (No. QYZDB-SSW-DQC045), the National Natural Science Foundation of China (No. 41775116), and the Youth Innovation Promotion Association of Chinese Academy of Sciences
(No. 2017275), Northeast Institute of Geography and Agroecology, CAS (No. IGA-135-05), Science and Technology Development Project in Jilin Province (No. 20180520095JH). We would
like to thank Qingqing Tong, Xuewei Wu, Ruimin Li, Yibing
Jiang, Nuonan Zhou and Yahui Ding for their help on the work.
We also thank the Jilin and Heilongjiang Provincial Academy
of Environmental Sciences for their valuable data.

references

Avci, M., 2011. Conservation tillage in Turkish dryland research.
Agron. Sustain. Dev. 31 (2), 299–307.
Bao, W., 2012. Low carbon economy and sustainable energy
development in rural areas of Sichuan Province, China. Adv.
Mat. Res. 476–478 and pp 824–827.
Behrens, D.A., Koland, O., Leopold-Wildburger, U., 2018. Why local
air pollution is more than daily peaks: modelling policies in a
city in order to avoid premature deaths. Cent. Eur. J. Oper. Res.
26 (2), 265–286.
Behera, S.N., Sharma, M., Aneja, V.P., Balasubramanian, R., 2013.
Ammonia in the atmosphere: a review on emission sources,
atmospheric chemistry and deposition on terrestrial bodies.
Environ. Sci. Pollut. Res. Int. 20 (11), 8092–8131.
Chang, Y.H., Zou, Z., Deng, C.R., Huang, K., Collett, J.L., Lin, J., et al.,
2016. . The importance of vehicle emissions as a source of
atmospheric ammonia in the megacity of Shanghai. Atmos.
Chem. Phys. 16 (5), 3577–3594.

Chen, W.W., Liu, Y., Wu, X.W., Bao, Q.Y., Gao, Z.T., Zhang, X.L., et al.,
2019. . Spatial and temporal characteristics of air quality and
cause analysis of heavy pollution in Northeast China. J.
Environ. Sci. 40 (11), 4810–4823.
Chen, W.W., Tong, D.Q., Dan, M., Zhang, S.C., Zhang, X.L., Pan, Y.P.,
2017. Typical atmospheric haze during crop harvest season in
northeastern China: a case in the Changchun region. J.
Environ. Sci. 54, 101–113.
Chen, W.W., Tong, D.Q., Zhang, S.C., Zhang, X.L., Zhao, H.M., 2017.
Local PM10 and PM2.5 emission inventories from agricultural
tillage and harvest in northeastern China. J. Environ. Sci. 57,
15–23.
Chen, W.W., Zhang, S.C., Tong, D.Q., Zhang, X.L., Zhao, H.M.,
Ma, S.Q., et al., 2018. regional characteristics and causes of
haze events in Northeast China. Chin. Geogr. Sci. 28 (5),
836–850.
Chen, Z., Chen, D., Zhuang, Y., Cai, J., Zhao, N., He, B., et al., 2017. .
Examining the influence of crop residue burning on local
PM2.5 concentrations in heilongjiang province using ground
observation and remote sensing data. Remote Sens. 9 (10), 971.
Cui, Y., Zhao, C.Y., Zhou, X.Y., Ao, X., Wang, T., Li, Q., et al., 2016. .
Climatic characteristics of haze days in Northeast of China
over the past 50 years. J. Environ. Sci. 36, 1630–1637.
European Environment Agency: EMEP/EEA Air Pollutant Emission
Inventory Guidebook,2019 edition,
http://www.eea.europa.eu/publications/emep-eea-guidebook2013 (last access: 9 September 2019),
2019.
Frey, H.C., Bharvirkar, R., Zheng, J., 1999. Quantitative Analysis of
Variability and Uncertainty in Emissions Estimation. North
Carolina State University for the U.S. Environmental
Protection Agency, Research Triangle Park, NC.
Fu, X., Wang, S., Zhao, B., Cheng, Z., Liu, H., Hao, J.M., et al., 2013. .
Emission inventory of primary pollutants and chemical
speciation in 2010 for the Yangtze River Delta region, China.
Atmos. Environ. 70, 39–50.
Gao, C.K., Xu, Q.J., Xing, Y.H., Na, H.M., 2019. Emission inventory of
atmospheric pollutants from on-road vehicles in
low-temperature areas in winter. J. Northeastern Univ.
(Natural Science) 40, 1343–1349 .
He, Y.X., Zhang, X.L., Chen, W.W., Zhang, S.C., Zhao, H.M., 2018.
Spatial-temporal characteristics of regional air quality in
Northern China based on multi-satellites aerosol products.
Acta Scientiae Circumstantiate 38 (2), 607–617.
Hoesly, R.M., Smith, S.J., Feng, L.Y., Klimont, Z.,
Janssens-Maenhou, G., Pitkanen, T., et al., 2018. . Historical
(1750–2014) anthropogenic emissions of reactive gases and
aerosols from the Community Emissions Data System (CEDS).
Geosci. Model Dev. 11, 369–408.
Holland, J.M., 2004. The environmental consequences of adopting
conservation tillage in Europe: Reviewing the evidence. Agric.
Ecosyst. Environ. 103 (1), 1–25.
Hou, X.N., Tian, J.L., Song, C.B., Wang, J., Zhao, J.Y., Zhang, X.M.,
2019. Emission inventory research of typical agricultural
machinery in Beijing, China. Atmos. Environ. 216, 116903.
Huang, C., Chen, C.H., Li, L., Wang, H.L., Huang, H.Y., Wang, Y.J.,
Streets, D.G., et al., 2011. . Emission inventory of
anthropogenic air pollutants and VOC species in the Yangtze
River Delta region, China. Atmos. Chem. Phys. 11, 4105–4120.
Huang, X., Song, Y., Li, M.M., Li, J.F., Huo, Q., Cai, X.H., et al., 2012. .
A high-resolution ammonia emission inventory in China.
Glob. Biogeochem. Cycle. 26 (1).
Jilin Province Government, 2015. Agriculture Committee of Jilin
Province Actively Is Promoting Straw’s Returning to Field.
(2019-2021) [internet] (in Chinese) http://www.jlxy.gov.cn/.
(last access: 12 April 2020)
Kurokawa, J., Ohara, T., Morikawa, T., Hanayama, S.,
Janssens-Maenhout, G., Fukui, T., et al., 2013. Emissions of air
pollutants and greenhouse gases over Asian regions during

journal of environmental sciences 104 (2021) 150–168

2000–2008: Regional Emission inventory in Asia (REAS)
version2. Atmos. Chem. Phys. 13, 11019–11058.
Li, R.M., 2019. Estimation of Atmospheric Pollutant Emissions
from Agricultural Operations in China. University of Chinese
Academy of Sciences.
Li, A.N, Fan, X.M., Wu, C.Y., Li, H.W., 2006. Situation and
development trend of conservation tillage in the world. Trans.
Chin. Soc. Agric. Mach. 37 (10), 177–180.
Li, D, Wang, J.B, Zhang, Z.Y, Shen, P., Zheng, P.W., Jin, M.J., et al.,
2018. Effects of air pollution on hospital visits for pneumonia
in children: a two-year analysis from China. Environ. Sci.
Pollut. Res. Int. 25 (10), 10049–10057.
Li, M., Liu, H., Geng, G.N., Hong, C.P., Liu, F., Song, Y., et al., 2017.
Anthropogenic emission inventories in China: a review. Natl.
Sci. Rev. 4 (6), 834–866.
Li, M.N, Zhang, L.L, 2014. Haze in China: current and future
challenges. Environ. Pollut. 189, 85–86.
doi:10.1016/j.envpol.2014.02.024.
Li, M., Zhang, Q., Kurokawa, J., Woo, J.H., He, K.B., Lu, Z.F., et al.,
2017. . MIX: a mosaic Asian anthropogenic emission inventory
under the international collaboration framework of the
MICS-Asia and HTAP. Atmos. Chem. Phys. 17 (2), 935–963.
Li, R.M., Chen, W.W., Xiu, A.J., Zhao, H.M., Zhang, X.L., Zhang, S.C.,
et al., 2019. A comprehensive inventory of agricultural
atmospheric particulate matters (PM10 and PM2.5 ) and gaseous
pollutants (VOCs, SO2 , NH3 , CO, NOx and HC) emissions in
China. Ecol. Indic. 107, 105609.
Li, R.M., Tong, Q.S., Chen, W.W., Wang, Y.Y., Zhang, S.C.,
Zhang, X.L., et al., 2016. . Primary particulate matter (PM)
emission inventory from agricultural activities in
northeastern China. China Environ. Sci. 36, 1601–1609.
Li, W.G., Liu, X.G., Zhang, Y.H., Sun, K., Wu, Y.S., Xue, R., et al., 2018.
. Characteristics and formation mechanism of regional haze
episodes in the Pearl River Delta of China. J. Environ. Sci. 63,
236–249.
Lin, J.T., Pan, D., Zhang, R.X., 2013. Trend and Interannual
variability of chinese air pollution since 2000 in association
with socioeconomic development: a brief overview. Atmos.
Ocean. Sci. Lett. 6 (2), 84–89.
Liu, H.J., Tian, H.Z., Hao, Y., Liu, S.H., Liu, X.Y., Zhu, C.Y., et al., 2019.
. Atmospheric emission inventory of multiple pollutants from
civil aviation in China: Temporal trend, spatial distribution
characteristics and emission features analysis. Sci. Total
Environ. 648, 871–879.
Liu, N.W., Ma, Y.J., Wang, Y.F., Zhang, Y.H., Li, L.G., Liu, B., 2015.
Relationship between atmospheric particulate concentration
and atmospheric variables in Central Part of Liaoning, China.
J. Desert Res. 35, 233–239.
Liu, Y., Shen, X.J., Chen, W.W., Bao, Q.Y., 2019. Study on air
pollutants emission Inventory from civilian coal combustion
in Changchun, Northeast China. Environ. Pollut. Control 41,
1211–1217.
Lu, X.C., Chen, Y., Huang, Y.Q., Lin, C.Q., Li, Z.Y., Fung, J.C.H., et al.,
2019. . Differences in concentration and source
apportionment of PM2.5 between 2006 and 2015 over the PRD
region in southern China. Sci. Total Environ. 673, 708–718.
Maji, K.J., Dikshit, A.K., Arora, M., Deshpande, Ashok., 2018.
Estimating premature mortality attributable to PM2.5 exposure
and benefit of air pollution control policies in China for 2020.
Sci. Total Environ. 612, 683–693.
Marcazzan, G.M., Vaccaro, S., Valli, G., Vecchi, R., 2001.
Characterization of PM10 and PM2.5 particulate matter in the
ambient air of Milan (Italy). Atmos. Environ. 35 (27), 4639–4650.
MEE, 2014. Technical Guidelines on Emission Inventory
Development of air Pollutants from Biomass Burning (on
trial). Ministry of Ecology and Environmental Protection of the
People’s Republic China.

167

Ministry of Ecology and Environment of the People’s Republic of
China, 2015. Full implementation of ultra-low emission
coal-fired power plant. [internet] in Chinese. http://www.mee.
gov.cn/gkml/hbb/bwj/201512/t20151215_319170.htm. (last
access: 26 April 2020).
National Bureau of Statistics of China (NBSC), 2018. China
Statistical Yearbook 2018. China Statistics Press, Beijing (in
Chinese).
Ohara, T., Akimoto, H., Kurokawa, J.I., Horii, N., Yamaji, K., Yan, X.,
et al., 2007. An Asian emission inventory of anthropogenic
emission sources for the period 1980–2020. Atmos. Chem.
Phys. 7, 4419–4444.
Pan, Y., Li, N., Zheng, J.Y., Yin, S.S., Li, C., et al., 2015. . Emission
inventory and characteristics of anthropogenic air pollutant
sources in Guangdong Province. Acta Scientiae
Circumstantiate 35 (9), 2655–2669.
Zhang, J.P., Ning, Y.C., Liu, C.L., Li, Z., Wang, H.H., Chen, L., et al.,
2017. Monitoring and analysis of effect of project "Replacing
Coal With Electricity" improving atmospheric environmental
quality in Mentougou District, Beijing. J. Ecol. Rural Environ. 33
(10), 898–906.
Qi, J., Zheng, B., Li, M., Yu, F., Chen, C.C., Liu, F., et al., 2017. A
high-resolution air pollutants emission inventory in 2013 for
the Beijing-Tianjin-Hebei region. China. Atmos. Environ. 170,
156–168.
Sha, Q.E., Lu, M.H., Huang, Z.J., Yuan, Z.B., Jia, G.L., Xiao, X., et al.,
2019. Anthropogenic atmospheric toxic metals emission
inventory and its spatial characteristics in Guangdong
province, China. Sci. Total Environ. 670, 1146–1158.
Shen, J.L., Liu, X.J., Zhang, Y., Fangmeier, A., Goulding, K.,
Zhang, F.S., et al., 2011. Atmospheric ammonia and particulate
ammonium from agricultural sources in the North China
Plain. Atmos. Environ. 45 (28), 5033–5041.
Shen, X.J., Liu, B.H., Zhou, D.W., 2017. Spatiotemporal changes in
the length and heating degree days of the heating period in
Northeast China. Meteorol. Appl. 24 (1), 135–141.
Shinoda, M., Gillies, J.A., Mikami, M., Shao, Y., 2011. Temperate
grasslands as a dust source: Knowledge, uncertainties, and
challenges. Aeolian Res. 3 (3), 271–293.
State Council of the People’s Republic of China, 2012. The 12th
Five-Year Plan for the Revitalization of northeast China
[internet] (in Chinese). http://www.gov.cn/zwgk/2012-03/21/
content_2096664.htm. (last access: 5 March 2020).
State Council of the People’s Republic of China, 2014. Energy
development strategy action plan. [internet] in Chinese. http:
//www.gov.cn/zhengce/content/2014-11/19/content_9222.htm.
(last access: 22 April 2020)
Statistics Bureau of Heilongjiang Province, 2018. Heilongjiang
Statistical Yearbook in 2018 [internet] (in Chinese).
http://www.hlj.stats.gov.cn/tjsj/tjnj/. (last access: 13 March
2020)
Statistics Bureau of Jilin Province, 2018. Jilin Statistical Yearbook
in 2018 [internet] (in Chinese). http://tjj.jl.gov.cn/tjsj/tjnj/. (last
access: 12 March 2020)
Strauss, A.J., Krüger, G.H.J., Strasser, R.J., van Heerden, P.D.R., 2007.
The role of low soil temperature in the inhibition of growth
and PSII function during dark chilling in soybean genotypes of
contrasting tolerance. Physiol. Plant 131 (1), 89–105.
Yue, T., Gao, X., Gao, J.J., Tong, Y.L., Wang, K, Zuo, P.L., et al., 2018.
Emission characteristics of NOx, CO, NH3 and VOCs from
gas-fired industrial boilers based on field measurements in
Beijing city. China. Atmos. Environ. 184, 1–8.
Ukalska-Jaruga, A., Debaene, G., Smreczak, B., 2018. Particle and
structure characterization of fulvic acids from agricultural
soils. J. Soils Sediments. 18 (8), 2833–2843.
Wang, J.W., Tang, H., Wang, J.F., 2017. Comprehensive utilization
status and development analysis of crop straw resource in
Northeast China. Trans. Chin. Soc. Agric. Mach. 48, 1–20.

168

journal of environmental sciences 104 (2021) 150–168

Wang, S.X., Xing, J, Chatani, S, Hao, J.M., Klimont, Zbigniew,
Cofala, Janusz, et al., 2011. Verification of anthropogenic
emissions of China by satellite and ground observations.
Atmos. Environ. 45 (35), 6347–6358.
Wei, W., Wang, S.X, Hao, J.M., 2011. Uncertainty analysis of
emission inventory for volatile organic compounds from
anthropogenic sources in China. Environ. Sci. 32, 306–312.
Wen, X., Chen, W.W., Chen, B., Yang, C.J., Tu, Gang., Cheng, T.H.,
2020. Does the prohibition on open burning of straw mitigate
air pollution? An empirical study in Jilin Province of China in
the post-harvest season. J. Environ. Manage. 264, 110451.
Wu, X.W., Chen, W.W., Wang, K., Xiu, A.J., Zhang, S.C., Zhao, H.M.,
et al., 2018. PM2.5 and VOCS emission inventories from cooking
in Changchun City. China Environ. Sci. 38, 2882–2889.
Xue, Y.F., Zhou, Z., Nie, T., Wang, K., Nie, L., Pan, Tao., et al., 2016.
Trends of multiple air pollutants emissions from residential
coal combustion in Beijing and its implication on improving
air quality for control measures. Atmos. Environ. 142, 303–312.
Xue, Z.G., Du, J.H., Ren, Y.J., Zhang, X.M., Chen, W., Ying, N., et al.,
2019. development course and suggestion of air pollutant
emission inventory in China. Res. Environ. Sci. 32, 1678–1686.
Yang, Y., Wang, K., Cui, C., Huang, L.K., Jiang, J.Q., 2016. Study on
numerical simulation of serious smog pollution in Harbin. J.
Harbin Univ. Commerce (Natural Sciences Edition) 32, 440–443
457.
Zhang, J.F., Mauzerall, L.D, Zhu, T., Liang, S., Ezzati, M., Remais, J.V.,
2010. Environmental health in China: progress towards clean
air and safe water. Lancet 375 (9720), 1110–1119.
Zhang, Q., Streets, D.G., Carmichael, G.R., He, K.B., Huo, H.,
Kannari, A., et al., 2009. Asian emissions in 2006 for the NASA
INTEX-B mission. Atmos. Chem. Phys. 9, 5131–5153.

Zhang, Y., Ma, Y., Wang, Y., 2010. Synoptic, Climatic, and
environmental characteristics of haze in central area of
Liaoning province. Ecol. Environ. Sci. 19, 1114–1118.
Zhang, Y., Shao, M., Lin, Y., Luan, S.J., Mao, N., Chen, W.T., et al.,
2013. Emission inventory of carbonaceous pollutants from
biomass burning in the Pearl River Delta Region. China.
Atmos. Environ. 76, 189–199.
Zhao, B., Wang, P., Ma, J.Z., Zhu, S., Pozzer, A., Li, W., 2012. A
high-resolution emission inventory of primary pollutants for
the Huabei region, China. Atmos. Chem. Phys. 12 (225),
481–501.
Zhao, Y., Nielsen, C.P., Lei, Y., McElroy, M.B., Hao, J.M., 2011.
Quantifying the uncertainties of a bottom-up emission
inventory of anthropogenic atmospheric pollutants in China.
Atmos. Chem. Phys. Discuss. 10, 29075–29111.
Zheng, J.Y., Zhang, L.J., Che, W.W., Zheng, Z.Y., Yin, S.S., 2009. A
highly resolved temporal and spatial air pollutant emission
inventory for the Pearl River Delta region, China and its
uncertainty assessment. Atmos. Environ. 43 (32), 5112–5122.
Zheng, W.F., Li, X.L., Yin, L.R., Wang, Y.L., et al., 2016. .
Spatiotemporal heterogeneity of urban air pollution in China
based on spatial analysis. Rend.Fis.Acc. Lincei. 27 (2), 351–356.
Zhu, J.C., Li, R.H., Zhang, Z.Q., Meng, M.Z., Fan, Z.M., 2013.
Temporal and spatial distribution of crops straw and its
comprehensive utilization mechanism in Shaanxi. Trans.
Chin. Soc. Agric. Eng. 29 (1), 1–9.

