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Abstract: This study presents a GIS-based method integrating hourly transport pathways and
wind-field grid reconstruction, straw open burning (SOB) source identification, and a two-stage
spatiotemporal multi-box modeling approach to quantify the contribution of external sources of SOB
to elevated urban PM2.5 concentrations during a specific pollution episode (PE) at a high temporal
resolution of 1 h. Taking Jilin Province as an empirical study, the contribution of SOB in province-
wide farmlands to urban haze episodes in Changchun during the SOB season of 2020–2021 was
evaluated quantitatively using a combination of multi-source datasets. The results showed that
Changchun experienced three severe PEs and one heavy PE during the study period, and the total
PM2.5 contributions from SOB sources were 352 µg m−3, 872 µg m−3, and 1224 µg m−3 during the
three severe PEs, respectively; these accounted for 7%, 27%, and 23% of the urban cumulative PM2.5

levels, which were more obvious than the contribution during the PE. The total PM2.5 contribution
from SOB sources (4.9 µg m−3) was only 0.31% of the urban cumulative PM2.5 level during the heavy
PE. According to the analysis of the impact of individual factors, some policy suggestions are put
forward for refined SOB management, including control spatial scope, burning time interval, as well
as burning area limit under different urban and transport pathways’ meteorological conditions and
different transport distances.

Keywords: straw open burning; PM2.5 regional transport; transport pathway; wind-field grid; two-
stage spatiotemporal multi-box modeling

1. Introduction

Urban particulate pollution episodes (PEs) are usually attributed to not only local
emissions related to the levels of urbanization and industrialization, but also the regional
or even trans-boundary transport of polluted air masses from external source areas [1,2].
Especially for cities located in major grain-producing areas of China, straw open burning
(SOB) in the farmlands of rural areas has been identified as among the largest regional
sources that can significantly affect urban air quality and result in haze episodes [3–5].
When biomass burning occurs, a large number of particulates are produced and released
into the atmosphere in a short time with uncontrolled combustion [6,7]. Then, air parcels
can carry the particulate matter to downwind urban areas through atmospheric transport
and circulation [8,9]. Intense straw burning has attracted widespread attention due to
its catastrophic fine particulate matter (PM2.5) pollution and its threats to inhabitants’
health [10–12].

Although a strict prohibition policy of unauthorized or unordered straw burning has
been adopted by the government, owing to high straw yield and the limitation of the
high cost of collecting and transporting, it is difficult to rapidly improve the capacity of
straw utilization for resources and to completely consume all crop residues within a short
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time; a considerable amount of straw is still discarded and has to be burned to prepare
for planting in the coming spring. Consequently, in order to minimize the impact of SOB
on the air quality of urban areas under the premise of ensuring agricultural production
and food security, it is essential to burn the discarded straw in a planned and systematic
manner, which can further eliminate the conflict between environmental management
enforcers and farmers. Therefore, quantitative assessment of the regional transport of
straw burning-sourced PM2.5 in rural areas and its contribution to urban haze episodes has
significance for implementing targeted emission-control measures.

Several methods have been applied to estimate the impacts of external particulate
sources on local air quality. Backward trajectory analysis is one of the most commonly
used methods for analyzing pollution episodes and tracing the historical location of air
masses passing over to identify their potential external sources. Backward trajectory mod-
eling, combined with atmospheric concentrations at the receptor site, generally includes
the potential source contribution function (PSCF) [13,14], gridded frequency distributions
(GFD) [15], concentration-field analysis, concentration-weighted trajectory (CWT) [16],
trajectory clustering analysis, residence-time-weighted concentration (RTWC) [13,17], and
conditional probability function (CPF) [18]. All these models are essentially statistical analy-
ses of many (over months to years) trajectories by counting the frequency of back-trajectory
segment endpoints in grid cells to show the geographic origin most associated with ele-
vated concentrations among long-term air pollution measurement data [19]. However, they
cannot quantify the regional transport mass or concentration of PM2.5.

Another commonly used approach is based on air quality models such as WRF-CMAQ,
WRF-CAMx, and WRF-CHEM, including sensitivity analysis [20–22] and transport flux
approaches [23–25], among others [26–28]. The characteristics of the transport pollutant
and its contribution to high particulate pollution can be quantified using computational
atmospheric models. However, the sensitivity of PM2.5 concentration in the receptor city to
emissions from the source area is not necessarily the same as the contribution of transport,
due to the non-linear relationships between emissions and concentrations [29]. A transport
flux approach is usually applied to assess the large-scale transport of air pollutants, such
as inter-continental and trans-boundary [30–32]. These approaches, based on air quality
models, are effective only in the context of accurate emission inventories, reliable weather
simulations, and comprehensive descriptions of chemical reactions since they are based on
the simulated meteorology field and air pollutant concentrations.

Despite the preceding methods, the quantity of external sources of straw burning in
rural areas and the duration of burning may affect urban air quality, and have rarely been
assessed quantitatively and systematically; our understanding of the influence of burning
area, transport distance, and meteorological conditions along transport pathways are
neither complete nor comprehensive. This is because it is difficult to identify the potential
spatial scope of external straw burning sites associated with elevated PM2.5 concentrations
of the receptor city with a high temporal resolution, such as during ten to dozens of hours
of a specific haze episode. The geographic origin, identified using trajectory statistical
methods, is the probability that an external source is located at a point location with
latitude and longitude, rather than the exact spatial scope. This is semi-quantitative, which
is suitable for identifying long-term transport characteristics. For methods based on air
quality models, the subdomains of emission scenarios should be arranged in advance, and
the results should be limited to the pre-divided subdomains. However, straw burning
associated with a specific haze episode of a receptor city is rather sporadic and transient [33],
it may occur randomly anywhere on farmland in a rural area surrounding a city, and a
single burning lasts only a few hours.

This study constructs a GIS-based integrated method including multiple techniques
and models with collaborative multi-source datasets to quantify the contribution of external
SOB sources to the elevated urban PM2.5 concentrations during specific haze episodes. The
integrated model offers the possibility to link the spatial scope of external SOB sources,
their transport pathways, and the pollution level of the receptor city at a high temporal
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resolution (1 h). Taking Jilin Province as the study area, and its capital Changchun as the
pollution receptor city, SOB in province-wide farmland is examined, and its contribution to
specific urban haze episodes during the SOB season of 2020–2021 is assessed quantitatively.
Moreover, the impact of the area of SOB sources, their transport distance, average planetary
boundary layer height (PBLH) along the transport pathway, urban PBLH, and urban wind
speed are explored. The results will be beneficial to policymakers in developing refined
management regulations on SOB to protect the atmospheric environment and to ensure
agricultural production as well.

2. Overview of Study Area and Period

Jilin Province is located in Northeast China with a population of 25.77 million and
comprises an area of 191,341 km2; it is one of the most important agricultural provinces
of China. The farmland is mainly distributed in the central and western plains as shown
in Figure 1. The area is 7.4985 million hm2, of which 5.6818 million hm2 consists of grain
crops that yielded 38.03 million tons in 2020 [34]. At present, a considerable amount of crop
residue is still discarded on the farmland during the fallow season because of the high cost
of collection and transportation, although a portion is recycled as fertilizer, feed, or fuel.
Jilin Province is located in a mid-temperate zone, the crops are harvested once a year in
October, and soil tillage and crop planting for the next crop starts in May. The farmland
is often covered with snow over the winter, which is not conducive to biomass burning.
Therefore, SOB in Jilin Province has obvious seasonal characteristics and mostly takes place
in two periods: one after fall harvesting and before the snow season, mainly in November,
and the other after the snow melt in the fields and before spring plowing, mainly in April.
The study period of this paper is the SOB season of 2020–2021, that is, in November 2020
and April 2021.
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Figure 1. Topography (a) and farmland distribution (b) in Jilin Province. The inset is the urban area
of Changchun and its atmospheric environmental and meteorological ground-monitoring sites.

Changchun, the capital and the largest city of Jilin Province, is located in the middle of
the province. The population in the municipal district is 4.47 million, accounting for more
than 17% of the province’s total population, making it the most densely populated city in
Jilin province. The urban area is surrounded by extensive farmland in the whole province,
as shown in Figure 1. The surrounding farmland belongs to the black soil area of Northeast
China, with high grain yield and straw density. Compared with other months of the year,
the frequency of urban air quality in Changchun exceeding standards is higher during the
SOB season [35,36].



Remote Sens. 2022, 14, 4671 4 of 24

3. Methodology and Data Sources
3.1. Modeling Framework

The basic framework and procedures for the GIS-based integrated method are illus-
trated in Figure 2. First, the frequency and characteristics of urban pollution episodes in
Changchun during the SOB season of 2020–2021 were determined based on hourly air
quality and meteorological data. Then, hourly transport pathways and wind-field grids
of the external pollution sources during pollution episodes were reconstructed using the
regional gridded meteorological data archives from the National Centers for Environmen-
tal Prediction (NCEP) Global Data Assimilation System (GDAS). Third, the preprocessed
satellite wildfire data on the spatial distribution of farmlands were screened by hourly wind-
field grids to identify external SOB pollution sources. Fourth, a two-stage spatiotemporal
multi-box based on hourly wind-field grids was developed to estimate the contribution of
external SOB pollution sources to urban pollution episodes. Finally, we analyzed the impact
of individual factors, including the burning area of SOB sources, their transport distance,
the average PBLH along the transport pathway, urban PBLH, and urban wind speed.
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3.2. Determination of Pollution Episodes

PM2.5 is a typical indicator of SOB-induced haze pollution episodes. In this study,
PM2.5 air pollution episodes (PEs) are defined as a consecutive duration of >10 h with
the hourly average PM2.5 concentration exceeding the Grade II China Ambient Air Qual-
ity Standard (GB3095–2012) of 75 µg m−3. The hourly average PM2.5 concentrations of
Changchun were obtained from the Jilin Provincial Environmental Monitoring Centre,
which collects official data from all state-controlled ambient air quality ground-monitoring
stations in urban areas of Changchun. The ground-monitoring data for the hourly meteoro-
logical conditions, including mean wind speed (m/s), wind direction (◦), and mean relative
humidity (%), were obtained from the Jilin Provincial Meteorological Service. PBLH data
were from regional gridded meteorological data archives from GDAS with a resolution of
1◦ × 1◦, which was obtained from the NOAA site [37]. Hourly PBLH was obtained via
interpolation from observed data at 3 h intervals.
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3.3. Reconstruction of Hourly Transport Pathways and Wind-Field Grids

The spatiotemporal distribution of hourly transport pathways and wind-field grids
were reconstructed using TrajStat combined with ArcGIS software. First, air mass back-
ward trajectories were calculated using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT-4) model [38] loaded into TrajStat, which is a GIS-based software, and
we converted the backward trajectory data to ESRI “PolylineZ” shape file format [39,40].
The calculation is described in detail in Section 3.3.1. Second, the backward trajectory data
in shape file format were added into ESRI ArcGIS software and we performed a series of
processing steps, as elaborated in Section 3.3.2, to obtain the hourly transport pathways
and wind-field grids during PEs.

3.3.1. Pre-Calculating Backward Trajectories

The calculations of TrajStat run in units of a month, and the output trajectory data
are stored in monthly files. Therefore, we pre-calculated the backward trajectories for
November 2020 and April 2021, in which hourly backward trajectories with running hours
from −1 h to −24 h were calculated once, and the arrival time (starting hours) of the
backward trajectories were hourly intervals of a day from 0:00 to 23:00 local standard time.
We used the center point of state-controlled air sampling sites in Changchun as the receptor
site (start location) with an air mass arriving height of 100 m above ground level. The
archived meteorological data used to calculate trajectories were GDAS with a resolution
of 1◦ × 1◦. According to the pre-research on the temporal distribution of province-wide
SOB fire spots before and during each PE, the duration of continuous SOB is generally not
more than 24 h before the beginning of a PE. Some studies have estimated the lifetime of
atmospheric particulate matter [41,42]. Therefore, a −24 h backward trajectory will cover
the potential external source areas that are likely to affect the pollution level of a specific PE.

3.3.2. Plotting Hourly Transport Pathways and Wind-Field Grids

Referring to the infinite-division idea of differentiation in mathematics, there are
countless suppositional trajectories with short intervals of arrival time, evenly distributed
between two backward trajectories of 1 h intervals of arrival time, calculated using TrajStat.
If an emission source is located in the zone between two adjacent backward trajectories of 1
h intervals of arrival time, an air parcel passing through that zone indicates that particulate
matter from the source is likely to be collected and transported along the trajectory to the
receptor city and contributes to the corresponding hourly average pollutant concentrations
of the city. In this study, the zone between two adjacent backward trajectories of 1 h
intervals of arrival time is defined as an hourly transport pathway (HTP), which shows the
geographic origin of regional sources most associated with hourly average concentrations
of the receptor city.

Then, we gridded the HTP and calculated the time when the air mass passed a specific
grid to determine the spatiotemporal distribution of the wind field during the PE. The
required steps for plotting the hourly wind-field grid (HWFG) are as follows:

(1) Pre-processing trajectory data: As mentioned previously, the back-trajectory data
have an attribute column representing the arrival time of the air mass. Hourly backward
trajectories whose arrival times were in accordance with the time of the PEs were selected
by attribute from the monthly backward trajectory file. Taking PE II in Section 4 as an
example, hourly backward trajectories with hourly arrival times from 17:00 on 7 April to
7:00 on 8 April (Figure 3b) were selected from the April 2021 backward trajectory data
(Figure 3a).
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Figure 3. Schematic of reconstructing hourly transport pathways and wind-field grids. Note:
(a): Hourly backward trajectories with hourly arrival times of April 2021; (b): Hourly backward
trajectories with hourly arrival times from 17:00 on 7 April to 7:00 on 8 April; (c): Hourly backward
trajectories with hourly arrival times from 17:00 to 23:00 on 7 April; (d): Pathway lines indicating
the geographic position of a moving air mass at the same moment as the pathway time; (e): Spa-
tiotemporal distribution of the wind-field grids, for example, the air mass arriving at receptor city at
21:00–22:00 on 7 April 2021 was distributed in the region of the blue grid at 6:00–7:00 on 7 April 2021.

(2) Reconstructing HTPs: To avoid spatial overlap, the trajectories were divided into
several groups, which were calculated in the same way in the subsequent process and
are shown in separate panels. The trajectories in Figure 3c, whose arrival time is from
17:00 to 23:00 on 7 April, is one of the groups during PE II, denoted as PE II1. The zone
between the two adjacent backward trajectories is the HTP. For example, the zone between
the backward trajectories with the arrival time of 20:00 on 7 April and 21:00 on 7 April in
Figure 3c is an HTP, and it is the geographic area most strongly associated with the regional



Remote Sens. 2022, 14, 4671 7 of 24

sources and which contributed to the hourly average concentration from 20:00 to 21:00 on 7
April in Changchun.

(3) Calculating pathway time and estimating the pathway line: According to the
arrival time and backward hours of each trajectory, the time of each backward trajectory
segment endpoint can be calculated, and it is defined as the pathway time. We connected
the segment endpoints with the same pathway time to obtain a line (Figure 3d), which is
defined as a pathway line indicating the geographic position of a moving air mass at the
same moment as the pathway time.

(4) Reconstructing HWFGs: The grids intersected by backward trajectories and the
pathway lines are the spatiotemporal distribution of the wind field (Figure 3e). For a single
grid of the wind field, there are two arrival times (AT m:00 and AT n:00) of two backward
trajectories and two pathway times (PT p:00 and PT q:00) of two pathway lines; these
indicate the spatial distribution at p:00–q:00 of the air mass arriving at receptor site at
m:00–n:00. For example, the air mass arriving at Changchun at 21:00–22:00 on 7 April 2021
was distributed in the region of the blue grid (in Figure 3e) at 6:00–7:00 on 7 April 2021.

3.4. Identification of Straw Open Burning Sources
3.4.1. Preprocessing Wildfire Data

The satellite wildfire data were extracted via the spatial distribution of farmland
to screen the fire spots caused by SOB. That is, the fire spots located on farmland were
identified as SOB sources, and other types of biomass burning and abnormal thermal
emissions, such as forest fires and industry, were excluded.

Near-real-time wildfire data were obtained from a Himawari-8 Advanced Himawari
Imager (AHI) fire product [43]. The AHI has a high temporal resolution of 10 min and a
spatial resolution of 2 km. The wildfire data include the geographical location (latitude and
longitude), acquisition time, hotspot intensity, and hotspot area of the fire spots, which were
used to detect the spatiotemporal distribution and burning area of wildfires in different
geographical regions. Wildfire data with confidence levels > 85% were used. It should be
noted that to avoid repetitive statistics of hourly fire occurrence, we only counted once the
Himawari-8 fires were in the same location and over continuous time within one hour. The
distribution of the farmland of Jilin was identified using the MODIS Land Cover Product
(MCD12Q1) at a spatial resolution of 500 m [44].

3.4.2. Identifying Potential Straw Open Burning Sources

As SOB fire spots are not fixed and are continuous emission sources, the burning
time, geographical location, and burning area are random and uncertain. If SOB occurs
after the air mass has passed, its contribution to the corresponding urban hourly average
concentration is limited, even if the burning site is distributed in HTP reconstructed by
backward trajectories. Therefore, to identify the potential SOB sources during a specific
urban PE among numerous fire spots of several days or more, first, spatial overlay analysis
was performed on SOB fire spots and on the HWFGs of the specific PE. Then, the acquisition
time of each fire spot within the HWFGs was compared with the pathway time of the
grid where it was located. According to the actual situations of Jilin Province and the
questionnaire results of local farmers [45,46], the average burning time of an SOB event is
three hours during the post-harvest season; we assume that the fire could last three hours
prior to its detection by Himawari sensors. Therefore, a fire spot whose acquisition time is
within three hours before the pathway time of its located grid is screened and identified as
a potential source of the specific PE. Taking PE II1 in Section 4 as an example once again,
the procedure for identifying the potential SOB sources of PE II1 is shown in Figure S1.

3.5. Model Formulation

Two-stage spatiotemporal multi-box (TSSTMB) modeling takes HTP as the calculation
unit and treats the HWFGs and the receptor city as sub-boxes with a certain height, as
shown in Figure 4. The plane size of the boxes is the area of the grids or city, and the height



Remote Sens. 2022, 14, 4671 8 of 24

of the boxes is the PBLH when the air mass passes through the grids or city. The sub-boxes
of the HWFGs are numbered as i (i = 1, 2, . . . , n, in order, far from to near the receptor city),
and the receptor city sub-box is numbered as rc.
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Figure 4. Schematic diagram of two-stage spatiotemporal multi-box modeling based on hourly
wind-field grids.

The inflow concentration of SOB-caused PM2.5, that is, the PM2.5 concentration of
the air mass carrying SOB-caused PM2.5 before entering the receptor city after long-range
transport, was estimated in the first stage. For simplicity, the SOB-caused inflow PM2.5
concentration into the receptor city mentioned below is denoted as PM2.5-inflow concentra-
tion. In the second stage, the contribution of PM2.5-inflow concentration to the urban hourly
average PM2.5 concentration was estimated.

3.5.1. Estimating SOB-Caused Inflow PM2.5 Concentration

By examining the interrelationships among the sub-boxes of HWFGs, the mass balance
equation of the change in total PM2.5 suspended in the atmosphere per unit of time in each
sub-box (∆Mi) is established as follows:

∆Mi = MEmis
i + MChem

i −MDepo
i + MTrans

i (1)

where the terms on the right side of Equation (1) stand for the primary emission (MEmis
i ),

chemical reaction (MChem
i ), deposition (MDepo

i ), and horizontal transport (MTrans
i ) mass of

PM2.5 per unit of time.
The model assumes that the pollutant is completely mixed in each sub-box and

pollutant concentration is uniform in the whole volume of air, so the change in total PM2.5
per unit of time in sub-box i can be expressed as:

∆Mi =
∆Ci
∆t
· Si Hi (2)

where ∆Ci is the change in average PM2.5 concentration in sub-box i (µg/m3); Si is the
plane size of the sub-box; Hi is the height of the sub-box and is obtained by averaging the
PBLH of the four endpoints at the top of the sub-box; and ∆t is a specified period (s).
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The PM2.5 primary emission of SOB per unit of time can be described from the equation
below:

MEmis
i = Sc

i Yc
i ρcηcδcqc + Sr

i Yr
i ρrηrδrqr (3)

where Sc
i is the corn straw burning area in sub-box i (ha); Yc

i is the corn yield per unit area in
sub-box i (kg/ha); ρc is the corn straw-to-grain ratio (%); ηc is the combustion efficiency of
corn straw (%); δc is the dry matter rate of corn straw (%); qc is the average PM2.5 emission
rate of burning corn straw (µg/(kg·s)); Sr

i is the rice straw burning area in sub-box i (ha);
Yr

i is the rice yield per unit area in sub-box i (kg/ha); ρr is the rice straw-to-grain ratio (%);
ηr is the combustion efficiency of rice straw (%); δr is the dry matter rate of rice straw (%);
and qr is the average PM2.5 emission rate of burning rice straw (µg/(kg·s)).

For particulates, both wet deposition and dry deposition are major removal mecha-
nisms. Because there was little precipitation along the HTPs during PEs according to the
prepared meteorological data, dry deposition was the main factor in removing particulate
matter during the study period. The PM2.5 deposition rate is given by

MDepo
i = Ci · Sivd (4)

where Ci is the average PM2.5 concentration in sub-box i (µg/m3) and vd is the PM2.5 dry
deposition rate in the atmosphere (m/s).

The model assumes that advection is dominant along the wind direction, and tur-
bulent dispersion is negligible along the wind direction and in vertical and crosswind
directions. So, the PM2.5 horizontal transport mass along the wind direction per unit of
time is written as:

MTrans
i = Ci−1 · ui−1bi−1hi−1 − Ci · uibihi (5)

where Ci−1 is the inflow PM2.5 concentration into sub-box i, that is, the average PM2.5
concentration in sub-box i − 1 (µg/m3); ui−1 is the wind speed at the upwind cross-section
of sub-box i, that is, wind speed at the downwind cross-section of sub-box i − 1 (m/s); bi−1
and hi−1 are the width and height, respectively, of the upwind cross-section of sub-box i,
that is, the width and height of the downwind cross-section of sub-box i − 1 (m); ui is the
wind speed at the downwind cross-section of sub-box i (m/s); and bi and hi are the width
and height of the downwind cross-section of sub-box i (m).

Compared with primary emissions and horizontal transport, chemical reactions within
1 h in the sub-boxes could be negligible. Therefore, after bringing in Equations (2)–(5),
Equation (1) can be rewritten and converted to a differential form as follows:

dCi
dt

=
Sc

i Yc
i ρcηcδcqc + Sr

i Yr
i ρrηrδrqr

Si Hi
− vd

Hi
Ci +

ui−1bi−1hi−1

Si Hi
Ci−1 −

uibihi
Si Hi

Ci (6)

As the model is based on HWFGs, the residence time for air parcels moving across
sub-box i is 1 h (t = 3600 s). We assume that the air mass flowing into the first box is
clean (C0 = 0 µg/m3). Thus, in a given initial condition of Ci(t)|t=0 = Ci(0), the average
PM2.5 concentration in each sub-box C1, C2, . . . , Cn can be calculated in sequence by
Equation (6). Cn, the average PM2.5 concentration of the sub-box closest to the receptor city,
is the PM2.5-inflow concentration.

3.5.2. Evaluating the Contribution of SOB-Caused Inflow PM2.5 Concentration

Similar to the above mass balance equation, the differential equation of the average
PM2.5 concentration in the receptor city sub-box can also be obtained as follows [47]:

dCrc

dt
=

qrc

Hrc
+ Rrc −

vd
Hrc

Crc +
1
T
(Cn − Crc) (7)

The terms on the right-hand side of Equation (7) stand for changes in PM2.5 concen-
tration due to local emissions, chemical reactions, deposition, and horizontal transport.
Crc, qrc, Rrc, Hrc, and urc are, respectively, the average PM2.5 concentration, local PM2.5
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emission rate, PM2.5 chemical reaction rate, PBLH, and wind speed of the receptor city.
According to the average 25 km diameter of the urban geographic space of the receptor city
Changchun, it can be estimated that the residence time of the air mass is generally greater
than 1 h at normal wind speeds. Therefore, when simulating the hourly average PM2.5
concentration of the city, T is the moving time in the recipient city of the air mass with the
PM2.5-inflow concentration.

Subjected to a given initial condition, Crc(t)|t=0 = Crc(0), the hourly average PM2.5
concentrations of the receptor city (Crc) predicted by the box model can be written as:

Crc =
1
T
∫ T

0

[
A
B
(
1− e−Bt )+ Crc(0)e−Bt

]
dt

= A
B + e−BT−1

T

(
A
B2 −

Crc(0)
B

) (8)

with
A =

qrc

Hrc
+ Rrc +

Cn

T

B =
vd
Hrc

+
1
T

The solution of Equation (8) is obtained for the hourly average PM2.5 concentration of
the receptor city:

Crc =

[
1

vd+
Hrc
T
− 1

THrc(
vd
Hrc +

1
T )

2

]
qrc+[

1
vd
Hrc +

1
T
− 1

T(
vd
Hrc +

1
T )

2

]
Rrc+[

1
vdT
Hrc +1

− 1
T2(

vd
Hrc +

1
T )

2

]
Cn+

1
T(

vd
Hrc +

1
T )

Crc(0)

(9)

Equation (9) stands for the hourly average concentration of PM2.5 of the receptor
city, which has a multivariate linear relationship with the local primary emission rate
(qrc), chemical reaction rate (Rrc), horizontal transport concentration (Cn), and initial local
concentrations (Crc(0)) of PM2.5. Equation (9) is written as Crc = γqrc + δRrc + αCn +
βCrc(0), with the coefficients γ, δ, α, and β depending upon meteorological properties in
urban PBLH and wind speed (Hrc, urc), as well as the specific properties of PM2.5 (vd).

Since the residence time of the air mass is generally greater than 1 h, the contribution
of PM2.5-inflow will be estimated in m periods (τj, j = 1, 2, . . . , m) by hourly time steps. Each
period τj is determined by the following formula, in which τ1, τ2, . . . , τ(m−1) is one hour
and τm is usually less than one hour.

τj =

{
3600, j = 1, 2, . . . , m− 1
L−3600(m−1)

urc(m)
, j = m

(10)

where L is the average diameter of the urban geographic space; j is the jth hour since the air
mass flowed into the city; and urc(j) is the average urban wind speed during the jth hour.

According to Equation (9), the contribution of the PM2.5-inflow concentration (Cn_τ1)
which arrived in the city during τ1 to the urban hourly average PM2.5 concentration during
τ1 (Crc(τ1)) can be quantitatively assessed as follows:

Crc(τ1)Cn__τ1
= ατ1·Cn_τ1
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with

ατ1 =
1

vdτ1
Hrc(τ1)

+ 1
− 1

τ1
2
[

vd
Hrc(τ1)

+ 1
τ1

]2 =
Hrc(τ1)

vdτ1 + Hrc(τ1)
− Hrc(τ1)

2

[vdτ1 + Hrc(τ1)]
2 (11)

where Hrc(τ1) is the urban PBLH during τ1, that is, during the first hour since the air mass
flowed into the city.

Furthermore, the increase in the urban hourly average PM2.5 concentration during
τ1 caused by PM2.5-inflow Crc(τ1)Cn__τ1

will be regarded as part of the initial concentration
of the hourly average PM2.5 concentration during τ2. Therefore, the contribution of the
upwind concentration Cn_τ1, which arrived in the city during τ1 to the urban hourly
average concentration during τ2 (Crc(τ2)) is denoted and calculated as:

Crc(τ2)Cn__τ1
= βτ2·Crc(τ1)Cn__τ1

= βτ2·ατ1·Cn_τ1

with

βτ2 =
1

τ2

(
vd

Hrc(τ2)
+ 1

τ2

) =
Hrc(τ2)

vdτ2 + Hrc(τ2)
(12)

where Hrc(τ2) is the urban PBLH during τ2, that is, during the second hour since the air
mass flowed into the city.

Analogously, the contribution of the upwind concentration Cn_τ1 which arrived
in the city during τ1 to the urban hourly average concentration during τm (Crc(τm)) is
calculated as:

Crc(τm)Cn__τ1
= βτm·βτ(m−1)· . . . ·βτ2·ατ1·Cn_τ1

with

βτm =
Hrc(τm)

vdτm + Hrc(τm)
(13)

where Hrc(τm) is the urban PBLH during τm.
Using the analogy above, we can calculate the contribution of PM2.5-inflow arriving

in the city at each hourly period (Cn_τ1, Cn_τ2, . . . , Cn_τm, . . . , Cn_τk) to each hourly
average concentration of the city during its residence time (Crc(τ1), Crc(τ2), . . . , Crc(τm),
. . . , Crc(τk)), and they can be denoted and arranged as in Table S1.

Therefore, the contribution from k instances of PM2.5-inflow to the urban hourly average
PM2.5 concentration for a specific hour of τk (Crc(τk)Cn

) can be expressed as:

Crc(τk)Cn
= Crc(τk)Cn__τk

+ Crc(τk)Cn__τ(k−1)
+ Crc(τk)Cn__τ(k−2)

+ · · · (14)

For example, the PM2.5-inflow contribution to the urban hourly average PM2.5 concen-
tration during τm can be estimated using the following equation:

Crc(τm)Cn__τm
= Crc(τm)Cn__τm

+Crc(τm)Cn__τ(m−1)
+Crc(τm)Cn__τ(m−2)

+ · · · · · ·+Crc(τm)Cn__τ1

(15)

4. Results and Discussion
4.1. Characteristics of PM2.5 Pollution Episodes

According to hourly variations in the PM2.5 concentrations of Changchun in November
2020 and April 2021 (Figure 5), there were 4 instances of PM2.5 PEs during the SOB season
of 2020–2021, as shown in Table 1.
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Figure 5. Calendar plot of hourly PM2.5 concentrations of Changchun during the SOB season of
2020–2021.

Table 1. PM2.5 pollution episodes in Changchun during the SOB season of 2020–2021.

PE Start End Duration Time PM2.5 Peak Value Highest Pollution Level

PE I 20:00 on November 16 7:00 on November 18 35 h 270 µg m−3 Seriously polluted
PE II 20:00 on 7 April 7:00 on 8 April 11 h 598 µg m−3 Seriously polluted
PE III 19:00 on 8 April 11:00 on 10 April 40 h 251 µg m−3 Seriously polluted
PE IV 18:00 on 20 April 4:00 on 21 April 11 h 223 µg m−3 Heavily polluted

The fluctuation in hourly PM2.5 concentration during PEs was significant, as shown in
Figure 6. PE I and PE III were characterized by three increase processes, and the duration
time of these two PEs was longer, at 35 and 40 h, respectively. For PE II and PE IV, the
duration time was shorter (both 11 h); PE II had a bimodal distribution, whereas PE IV had
only one peak value. In addition, the peaks of PE I, PE II, and PE III were seriously polluted
levels, among which PE II had the highest peak value of 598 µg m−3, and the highest
pollution level during PE IV is classified as heavily polluted. From the meteorological
conditions during the PEs, the peaks of PM2.5 concentration generally occurred when the
urban PBLH level was low. However, not all the peak values of the PEs occurred under
static or low wind speed conditions; sometimes, the high PM2.5 level occurred when urban
wind speeds were high. The difference in relative humidity during PEs is obvious, with
higher humidity levels and even precipitation during PE I, but lower average relative
humidity levels for PE II, PE III, and PE IV.
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4.2. Hourly Transport Pathways and Straw Open Burning Sources

Based on hourly backward trajectories with arrival times at hourly intervals, the HTPs
and HWFGs during each PE were reconstructed. The spatial distribution of the SOB sources
and their inflow time into the city, identified using HTPs and HWFGs, are presented in
Figures 7 and 8. From the spatial distribution of the identified SOB sources and their
HTPs, we can judge the inflow direction of SOB-caused PM2.5. In addition, based on
the urban ground-monitoring data of hourly PM2.5 concentration, wind speed, and wind
direction, bivariate polar plots of PM2.5 were plotted to indicate the direction of potential
sources [48,49], as shown in Figure 9.
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Figure 7. The inflow time into the city of the PM2.5 from identified straw open burning sources.

The identified SOB sources of PE I were distributed on the HTPs of only the first
sharp increase period of PM2.5, and the burning area of SOB fire spots was 1.57 ha. This
indicated that the air mass carrying SOB-caused PM2.5 flowed into the city successively
during the first sharp increase in PM2.5, and the inflow direction was between south and
southwest. From the bivariate polar plot of PM2.5 during 16–18 November 2020, based
on urban ground-monitoring data, high PM2.5 concentrations could also be observed at a
wind speed of 4–7 m/s when the wind direction was between the south and the southwest.

During PE II, the identified SOB sources were found on the HTPs of the bimodal
PM2.5 increase period, and the burning activity was significant, with hotspot areas up
to 20.42 ha. The inflow of the air mass carrying SOB-caused PM2.5 was mainly between
northwest and northeast. According to the bivariate polar plot of PM2.5 during 7–8 April
2021, a high PM2.5 level could also be identified when the wind speed was 4–6 m/s in the
northwest–northeast direction.

On the HTPs of all three PM2.5 increase periods of PE III, the identified SOB sources
were distributed. The burning area of these SOB fire spots on the transport pathways was
9.02 ha. The inflow direction of air mass was between southeast and southwest. From the
bivariate polar plot of PM2.5 during 9–10 April 2021, high PM2.5 concentrations could also
be observed from the southeast–south wind direction when the wind speed was 3–5 m/s,
and medium PM2.5 concentrations were recorded from the southwestern wind direction
when the wind speed was >5 m/s.

On the HTPs of the PM2.5 increase period of PE IV, the burning area of the identified
SOB sources was 2.84 ha. The inflow of the air mass carrying SOB-caused PM2.5 was mainly
from the southeast to the south. According to the bivariate polar plot of PM2.5 during 20–21
April 2021, a high PM2.5 level was recorded at a wind speed of 3–4 m/s when the wind
direction was from the southeast and south.
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The above results demonstrate that the inflow time and direction of the SOB sources
identified using HTPs and HWFGs are consistent with (within the range of) the occurrence
time and wind direction of the high PM2.5 level recorded using urban ground-monitoring
data; this indicates the reliability of HTP and HWFG reconstruction using backward
trajectories. Moreover, no SOB sources were found on the HTPs of some PM2.5 sharp
increase periods, such as the second and third increase during PE I; these high PM2.5
levels were probably due to local emission activities. Furthermore, due to the long-range
transport of regional sources and the complexity of wind-field variation, the orientation of
SOB fire spots in rural areas relative to urban areas is not necessarily the inflow direction
of the air mass carrying SOB-caused PM2.5. For example, the majority of SOB fire spots
are distributed in the northeast urban area during PE III-1, but the inflow direction of
SOB-caused PM2.5 is from the southeast after passing through the northeastern region.
Therefore, using the urban wind direction at a high PM2.5 concentration to infer SOB
source orientation during specific PE may lead to bias, while identifying SOB sources by
reconstructing HTPs and HWFGs will eliminate this bias and accurately identify the spatial
distribution and orientation of the SOB sources.
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Figure 8. Spatial distribution of hourly transport pathways and hourly wind-field grids during each
PE and the identified straw open burning fire spots. Note: to avoid spatial overlap, HWFGs of PE II
are divided and shown in two panels of PE II1 and PE II2, whose arrival times are from 17:00 to 23:00
on 7 April, and from 23:00 on 7 April to 8:00 on 8 April, respectively. Analogously, HWFGs of PE III
are divided and shown in two panels of PE III 1 and PE III 2, whose arrival times are from 13:00 on 8
April to 7:00 on 9 April, and from 7:00 on 9 April to 11:00 on 10 April, respectively.
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4.3. Contributions of Straw Open Burning Sources

The contributions to urban PM2.5 from SOB sources can be calculated using the
TSSTMB model. According to the results shown in Figure 10, we discovered that during
the three severe PEs, the contribution of the horizontal transport of SOB sources to the
urban PM2.5 level was more obvious than the contribution during the heavy PE.

In the first PM2.5 increase period of PE I, the sharp elevation of urban PM2.5 concentra-
tion was closely related to the rapid increase in the share of SOB sources. Especially from
19:00 to 21:00 on 16 November 2020, the percentage of PM2.5 contribution from SOB was
significantly larger, reaching up to 47% with an hourly average contribution of 44 µg m−3,
and the urban PM2.5 concentration increased by 144% simultaneously. Unexpectedly, the
latter two occurred under the meteorological conditions of precipitation in the city, as
shown in Figure 6. Moreover, no SOB fire spots were identified on the corresponding
HTPs. This implies that the increasing urban PM2.5 concentration in the middle-to-late
stages was possibly related to local sources. Overall, the total contribution of SOB as
regional sources to PE I was 352 µg m−3, which accounted for 7% of the accumulated urban
PM2.5 concentration.

The temporal variation in contribution from SOB has a similar trend to the fluctuating
urban PM2.5 concentration during PE II and PE III. The total contributions of SOB sources
during PE II and PE III were 872 and 1224 µg m−3, respectively, which were 27% and 23% of
the corresponding urban accumulated pollution levels. The contribution during the early-
increase processes was more significant than the late one. The hourly and stage-average
contributions from the SOB sources to urban PM2.5 pollution levels during PE II and PE
III are presented in Table S2. During the first and second increases in PE II, the hourly
average contribution from SOB was 116 and 35 µg m−3, accounting for 50% and 9.8% of
the corresponding urban PM2.5 level. The proportions of SOB contribution were 38% and
8.0% during the first two and third increases in PE III, and the average contributions were
59 and 9.4 µg m−3, respectively. This seemed to indicate that primary pollutants from SOB
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sources played a more important role in the early stage in the evolution of haze episodes
characterized by bimodal or multimodal distribution, and the later peak was not only
related to the primary pollutants but also ascribed to the formation of secondary aerosols.
This is consistent with the results reported by Sun et al. (2020) [50].
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It is interesting that the contribution from SOB during PE IV was low, despite the
burning area of the identified SOB fire spots being nearly twice that of PE I. The total contri-
bution from SOB sources during PE IV was 4.9 µg m−3, which accounted for 0.31% of the
urban cumulative PM2.5 concentration. This is because of the higher PBLH on the transport
pathways of SOB sources and the long transport distance so that the particulate matter
produced by straw burning was fully diffused and diluted before flowing to urban areas.

Our results are consistent with other studies and also indicate that straw open burning
is the major source of PM, especially during the heavy pollution periods in autumn and
spring over Northeast China [51]; a significant portion of the polluted days during the
post-harvest season was related to straw burning [52].

4.4. Analysis of the Impact of Individual Factors

The results demonstrated that the variations in contributions to urban PM2.5 from
SOB sources were significant. According to the TSSTMB model parameters and estimation
results, the contributions of SOB sources were mainly determined by the following factors.
First, from the perspective of SOB sources and their transport pathways (that is, the first
stage of the TSSTMB model), the main influencing factors are the burning area of SOB, the
area of the HWFGs, and the average PBLH along the transport pathways; the combined
effect of these factors determines the PM2.5-inflow concentration. Second, in terms of the
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receptor city (that is, the second stage of the TSSTMB model), meteorological conditions,
such as urban PBLH and urban wind speed, affect the degree of dilution and diffusion of
PM2.5-inflow, which ultimately determines the contributions from SOB sources to the urban
PM2.5 level. In this section, the impacts of these two factors will be discussed, respectively.

4.4.1. Impact of Meteorological Conditions on the Receptor City

From Equations (11)–(13), it is found that the hourly contribution of PM2.5-inflow is
closely related to the PM2.5-inflow concentration and coefficients α and β. Since both α and β
are <1, the hourly contribution of a certain PM2.5-inflow during the first hour of its residence
time is greater than that of each hour thereafter. Taking the urban hourly average PM2.5
concentration of 44.39 µg m−3 during the SOB season of 2020–2021 as the background
concentration, we can deduce that when the hourly contribution of a certain PM2.5-inflow
during the first hour is <30 µg m−3, the urban hourly PM2.5 during its residence time
will not exceed the standard (under the premise of no other PM2.5-inflow). Therefore, in
the following, we discuss the influencing factors of the hourly contribution of PM2.5-inflow
during the first hour of residence time.

According to Equation (11), since the PM2.5 dry deposition rate and calculation time
are constant values (vd = 0.0005 m/s, τ1 =3600 s), the hourly contribution of a certain
PM2.5-inflow during the first hour of its residence time is determined by the PM2.5-inflow
concentration and urban PBLH. Therefore, we investigated the relationship between the
hourly contribution of PM2.5-inflow during the first hour and the urban PBLH levels (Hrc(τ1))
at different specific PM2.5-inflow concentrations (Cn). As the results show in Figure 11, when
urban PBLH is >600 m, even if the PM2.5-inflow concentration is at an extremely high level of
10,000 µg m−3, its hourly contribution is still less than 30 µg m−3. This owes to the strong
dilution and diffusion of PM2.5 in the vertical direction. Moreover, when the PM2.5-inflow
concentration is <1000 µg m−3, the hourly contribution of PM2.5-inflow generally does not
exceed 30 µg m−3, even if the urban PBLH is at a lower height of <600 m. Nevertheless,
according to Equations (14) and (15), if continuous PM2.5-inflow within a few hours enters the
city sequentially, its cumulative contributions are likely to induce the urban hourly PM2.5
to exceed the standard. According to the calculation of residence time, as in Equation (10),
for the average diameter of the urban geographic space of Changchun, the residence time
of a specific PM2.5-inflow will not exceed 4 h when the average wind speed is >2 m/s.
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Based on the above analysis, we can see that urban PBLH mainly affects the hourly
contribution of a specific PM2.5-inflow, and the average urban wind speed further determines
its total contribution by affecting the residence time of PM2.5-inflow. In addition, it can be
deduced that under the conditions of the average urban wind speed being >2 m/s and
the interval time of each straw burning event being >4 h, when the urban PBLH is >600 m
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or the PM2.5-inflow concentration is <1000 µg m−3, the SOB sources will not lead the urban
hourly PM2.5 concentration to exceed the standard. Previous studies have also shown that
PM2.5 concentrations during a haze period in the city of Northeast China were mostly
influenced by biomass burning emissions and the atmospheric diffusion conditions of the
variation in PBLH and wind speed [53].

4.4.2. Impact of Burning Area, Transport Distance, and Meteorological Conditions along
the Transport Pathways

It can be seen from Equation (6) that the PM2.5-inflow concentration is determined
by the conditions of each HWFG on the transport pathway, including multiple factors,
such as the SOB burning area in the HWFG, the HWFG area, the PBLH of the HWFGs,
and others, and the quantitative relationship between them is iterative and nonlinear. To
analyze the impact of the main factors on PM2.5-inflow concentration, taking each HWFG
during each PE as a unit, we calculated the burning area of the SOB sources, their transport
distance, the average PBLH along the transport pathway, and their resulting corresponding
PM2.5-inflow concentrations. These main influence factors are shown in a 4D scatterplot
in Figure 12. It should be noted that the area of HWFGs in the model parameters is
replaced by the indicator of transport distance in the following analysis because transport
distance is easier to measure and carry out in the formulation and implementation of SOB
management policies.
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Figure 12. Distribution of burning area, transport distance, average PBLH along the transport
pathway, and the corresponding PM2.5-inflow concentration in the HWFGs during each PE.

Note: ASOB, TD, and PBLH in the figure represent the area of the SOB (ha), the
transport distance (km), and the PBLH along the transport pathway (km). Cn is the
corresponding PM2.5-inflow concentration (µg m−3).

From different viewing angles of the 4D scatter plot, shown in Figure 12, we find that
the burning area in each HWFG was within the two ranges of 0.005–0.6 ha and 1–2.5 ha
during the 4 PEs, the transport distance was <250 km, and the average PBLH along the
transport pathways was <2.5 km. When the burning area was at a high level of 1–2.5 ha,
the PM2.5-inflow concentration reached 3000–6000 µg m−3. When the burning area was at a
low level of 0.005–0.6 ha, the PM2.5-inflow concentration was in the range of 2–3000 µg m−3,
and the variation in the PM2.5-inflow concentration was significant, with differences in the
burning area, transport distance, and average PBLH along the transport pathway.

According to the analysis results in the above section, the PM2.5-inflow concentration
< 1000 µg m−3 is one of the “safety limits” to ensure urban hourly PM2.5 concentrations
do not exceed the standard. To determine the conditions for making the PM2.5-inflow
concentration < 1000 µg m−3, the relationships between the burning area (at a low level
of 0.005–0.6 ha) and the PM2.5-inflow concentration were fitted under four combinatorial
conditions of transport distance and average PBLH along the transport pathway.
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It can be seen from the fitting results shown in Figure 13 that under the conditions
of shorter transport distance (<150 km) and lower PBLH along the transport pathway
(<1.2 km), the burning area limit must be <0.18 ha to make the PM2.5-inflow concentration
<1000 µg m−3. Second, under the conditions of shorter transport distance (<150 km) but
higher PBLH along the transport pathway (1.2–2.5 km), the burning area limit should be
<0.24 ha. Third, when the transport distance is longer than 150–250 km but the PBLH
along the transport pathway is at a lower level of <1.2 km, the burning area limit is 0.27 ha.
Fourth, when the transport distance is longer than 150–250 km and the PBLH along the
transport pathway is at a higher level close to 1.2–2.5 km, the burning area limit is 0.35 ha.
Some studies also proved that the conditions at burn sites, especially emission intensity
and meteorological factors, as well as transport distance, play significant roles in the
regional transport of PM2.5; moreover, they verified that not only local emission control,
but also horizontal atmospheric transport and meteorological conditions can facilitate the
cross-regional development of accurate prediction models and effective pollution control
measures [54,55].
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4.5. Policy Implications

According to the analysis results of the impact of individual factors, some policy
suggestions on SOB management and control are put forward as follows. When the
average urban wind speed is <2 m/s, it is suggested that SOB should be strictly prohibited
on farmland within 250 km of the city’s upwind direction. It is better to proceed with
SOB activity under the meteorological conditions of urban wind speed > 2 m/s and urban
PBLH > 600 m; moreover, the interval time of each SOB activity should be more than 4 h,
and the burning area of each SOB activity should preferably not exceed 2.5 ha. When
urban wind speed is >2 m/s but urban PBLH is <600 m, the burning area should be further
strictly controlled according to the distance from the burning site to the receptor city and
the average PBLH along possible transport pathways: under the conditions of shorter
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transport distance (<150 km) and lower PBLH along the transport pathway (<1.2 km), the
burning area limit should be 0.18 ha; under the conditions of shorter transport distance
(<150 km) but higher PBLH along the transport pathway (1.2~2.5 km), the burning area
limit should be 0.24 ha; when the transport distance is within 150~250 km but the PBLH
along the transport pathway is <1.2 km, the burning area limit should be 0.27 ha; when
the transport distance is within 150~250 km and the PBLH along the transport pathway is
close to 1.2~2.5 km, the burning area limit should be 0.35 ha.

5. Conclusions

In this study, an integrated method based on ArcGIS geoprocessing was presented to
quantify the contribution of external sources of SOB to elevated urban PM2.5 concentrations
during specific haze episodes at a high temporal resolution of 1 h. The results of this study
showed that during the SOB season in 2020–2021, Changchun experienced severe urban
PEs three times (PE I, PE II, and PE III) and heavy urban PE once (PE IV), which lasted 97 h
in total. Additionally, we discovered that the total PM2.5 contributions from SOB sources
were 352 µg m−3, 872 µg m−3, and 1224 µg m−3 during the three instances of severe PEs,
respectively, accounting for 7%, 27%, and 23% of the urban cumulative PM2.5 level; these
were more obvious than contribution during the heavy PE. During PE IV, the total PM2.5
contribution from SOB sources (4.9 µg m−3) was only 0.31% of the urban cumulative PM2.5
level; this is mainly due to the long transport distance of SOB sources and the higher PBLH
along the transport pathways. In addition, it seemed that primary pollutants from SOB
sources played a more important role in the early stage of the evolution of haze episodes,
characterized by bimodal or multimodal distribution, and the later peak was possibly
not only related to the primary pollutants of SOB but also ascribed to the formation of
secondary aerosols.

The advantages of our integrated method are mainly the following. First, the spatial
and temporal distribution scope of potential SOB sources associated with a specific PE
could be determined via reconstructed HTPs and HWFGs, and the SOB fire spots associated
with elevated PM2.5 concentrations during PEs could be identified. Moreover, the TSSTMB
model linked the spatial scope of external SOB sources, their transport pathways, and the
hourly pollution level in the receptor city. Furthermore, the interactive model based on
ArcGIS geoprocessing can integrate different types of multi-source datasets. Although
secondary particulate matter formation during transport should be further supplemented
in future directions, we believe this integrated method is physically realistic regarding
the regional transport of SOB-caused primary PM2.5. Additionally, the refined policy
recommendations put forward in this paper are applicable to cities, such as Changchun,
which are located in the major grain-producing areas of the plains; this would help to
change the implementation of planned and systematic SOB in rural areas to minimize the
adverse effects on urban air quality.
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