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• The first study to explore the influence of intensive agricultural activities on the atmospheric environment.
• The increasing carbonaceous aerosols during the harvesting period was attributed to straw crushing and the application of agricultural machineries.
• Open biomass burning and fertilization were important contributors of regional PM2.5 during the post-harvesting period.
• The disposal of crop straws and surplus fertilization are worthy of attention for the sake of sources and regional environment.
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The levels and composition of atmospheric PM2.5 were comprehensively investigated over an agricultural field
in the North China Plain (NCP) during the autumn harvest season for the first time to reveal the influence of
intensive agricultural activities on atmospheric PM2.5. In comparison with the pre-harvesting period, PM2.5
concentration increased by a factor of 1.20–1.73 during the harvesting and post-harvesting periods despite of
relatively higher wind speeds. Organic carbon (OC) in PM2.5 increased most significantly, with its average
concentration (and its proportion in PM2.5) increased from 9.0 μg/m3 (15.6%) during the pre-harvesting period
to 18.8 μg/m3 (28.7%) during the harvesting period and to 28.8 μg/m3 (32.1%) during the post-harvesting
period, implying that OC emission relating to the harvest event made conspicuous contribution to atmo
spheric PM2.5. The sources of OC varied significantly during the process of the harvest event, e.g., the ratio of OC
to element carbon (EC) increased from 3.33 during the pre-harvesting period to 4.54 during the harvesting
period and to 5.36 during the post-harvesting period. Straw crushing and agricultural machineries during the
harvesting period were suspected to the major sources for the elevation of OC because of sparse fire spots around
the sampling site, whereas biomass burning became the dominant contributor to atmospheric OC during the postharvesting period. Besides OC and EC, the concentrations of Cl- and K+ were also evidently increased from the
pre-harvesting period to the post-harvesting period. The remarkable elevation of both Cl- and K+ also linked
with the harvest event besides biomass burning, e.g., the release from straw crushing during the harvesting
period and fertilization of the compound fertilizer with NH4Cl during the post-harvesting period. The maximal
concentrations of the crustal components (Na2+, Mg2+ and Ca+) appeared during the harvesting period,
revealing that straw crushing for returning to the field was their important source. The atmospheric SO2−
4
concentration exhibited a steady decreasing trend from 15.2 μg/m3 to 8.3 μg/m3, whereas NO−3 concentration
3
3
significantly increased from 11.2 μg/m during the harvesting period to 16.2 μg/m during the post-harvesting
period. The significant increase of NO−3 concentration during the post-harvesting period was mainly attributed to
the fertilization event which resulted in emissions of NH3, NOx and HONO to accelerate NO−3 formation. Given
the considerable contribution (more than 20%) on PM2.5, the intensive agricultural activities during the harvest
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season in the NCP should be aroused greater attention, especially for the current disposal of crop straws and the
surplus fertilization.

1. Introduction

first half month of June) and maize (usually in the late September and
early October) in the NCP, the possible influence of such intensive
agricultural activities on atmospheric PM2.5 is worthy of assessment for
better understanding the sources of regional PM2.5 and formulating
effective control measures to improve the air quality. In this study, at
mospheric PM2.5 samples at a typical rural site in the NCP were collected
and analyzed during three periods of an autumn harvest season to reveal
the contribution of pollutants’ emissions from the agricultural activities
to atmospheric levels of PM2.5 and its major components based on their
variation characteristics.

Severe and persistent haze pollution is frequently raiding on most
regions in China, especially in the North China Plain (NCP) during
autumn and winter. The serious pollution has gained great attention to
Chinese governments and citizens (Huang et al., 2014; Yang et al.,
2015a; Zheng et al., 2015) due to the adverse health and climate effects
(Booth and Bellouin, 2015; Sun et al., 2006; Wang et al., 2014). To
mitigate the serious air pollution problem, a series of control measures
relating to energy, transportation and industrial sectors have been
implemented in many urban and rural areas of China (Liu et al., 2019;
Wu et al., 2016; Xia et al., 2016). As a consequence, the primary
pollutant concentrations such as PM10 (atmospheric particulate matter
with a diameter of less than 10 μm), PM2.5 (particulate matter with a
diameter of less than 2.5 μm), CO and SO2 in megacities have been
significantly decreasing in recent years (Liu et al., 2017b; Zheng et al.,
2018). Nevertheless, severe haze pollution episodes still frequently
occurred in the NCP during autumn harvest seasons (Liu et al., 2016;
Yan et al., 2018).
To date, the PM2.5 source in autumn harvest seasons is mainly
attributed to the open burning of crop straws (Yao et al., 2016a; Zhang
et al., 2017). However, the effects of intensive agricultural activities on
regional PM2.5 are almost neglected, despite of serious emissions of
pollutants from agricultural activities (Liu et al., 2016). Large quantities
of particles adsorbed onto the crop leaves during several months of
growth can be resuspended into the atmosphere and part of organic
matters in crop straws can also be released into the atmosphere under
the crushing process (Sun et al., 2005). In addition, the agricultural
machineries used for crushing, transportation and tillage also emit a
great number of pollutants (Liang et al., 2016; Liu et al., 2005). Our
previous studies (Xue et al., 2019; Zhang et al., 2011) revealed that the
excess N fertilization (330–360 kg N/ha) in harvest seasons resulted in
extremely high emissions of NH3, NOx and HONO, which may accelerate
−
the formation of secondary pollutants, e.g., NH+
4 , NO3 and O3.
2
Considering the vast area (~300,000 km ) of agricultural fields and
the rotation of wheat (harvesting and fertilization are usually within the

2. Materials and methods
2.1. Site description and sampling
The sampling site was on the platform (around 5 m above ground) at
the Station of Rural Environment, Research Center for EcoEnvironmental Sciences (SRE-RCEES, 38.6728◦ N, 115.2540◦ E) situ
ated in an open agricultural field of Wangdu county, Hebei Province of
China (Fig. 1). The station is 35 km southwest of Baoding city and 120
km away from Shijiazhuang city. The Beijing-Hongkong-Macau
Expressway locates in the north of the sampling site around 1 km.
PM2.5 samples were automatically collected on pre-baked quartz
microfiber filters (90 mm, Whatman Ltd.) by a programmed multipath
PM2.5 sampler (Jectec Science and Technology (Beijing) Co., Ltd.) every
2 h at a flow rate of 100 L/min from September 19 to October 8, 2018.
The number of valid filter samples was 230 besides three field blank
samples. All samples were sealed in matching filter containers (90 mm,
Millipore) after sampling and kept in a refrigerator at − 20 ◦ C till anal
ysis. The concentrations of various components in the PM2.5 filter
samples were at least a factor of 5 higher than those of the field blank
samples.
Meteorological parameters were recorded by Vaisala M451,
including direct sunlight radiation, ambient air temperature, relative
humidity (RH), wind speed and direction. Conventional pollutant con
centrations were also measured by a set of commercial instruments,

Fig. 1. Location of the sampling site on the topographic map of the NCP (a), the aerial view and the sampling platform (b). The sampling site was marked by a
pentagram in (a) and a dotted rectangle in (b).
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including a NO–NO2-NOx analyzer (Model 42i, Thermo Scientific (TS),
USA), a SO2 analyzer (Model 43i, TS, USA), a CO analyzer (Model 48i,
TS, USA), an O3 analyzer (Model 49i, TS, USA) and a Tapered Element
Oscillating Microbalance (Model 1400A) for PM2.5. The instruments
were operated and maintained properly to ensure data accuracy.
Scheduled quality control procedures were regularly performed,
including daily zero, span checks and precision checks.

temperature, RH and wind speed) during the sampling period are shown
in Fig. 2. Obviously, the concentrations of PM2.5, the major components
of PM2.5, and the routine gas-phase pollutants remarkably fluctuated
during the whole investigating period, with their high concentrations
(except for O3) usually appearing at night under stagnant conditions
(wind speeds less than 2 m/s) and minimal concentrations in windy
days, verifying that wind speed and boundary layer height play signif
icant roles in the concentrations of atmospheric pollutants (Sun et al.,
2006). The PM2.5 concentrations exceeding 75 μg/m3 (the national
second standard, GB30952012) occurred when wind speed was less than
2 m/s and the maximal PM2.5 concentration could achieve as high as
267 μg/m3 during the post-harvesting period, revealing the serious air
pollution during the harvest season. Compared with the pre-harvesting
period, the remarkable elevation for the concentrations of OC, EC, Cl−
and NH+
4 during the harvesting and post-harvesting periods could be
easily distinguished in Fig. 2 even if under the similar PM2.5 levels.
Additionally, the much faster increase of NO−3 concentration than SO2−
4
concentration during the post-harvesting period was evidently different
from their almost synchronous variations during the pre-harvesting and
harvesting periods. Such distinct difference of the major components in
PM2.5 among the three periods indicated that the PM2.5 sources around
the sampling site varied significantly during the harvest season.
During the pre-harvesting period, the atmospheric PM2.5 was domi
−
nated by secondary inorganic aerosols (SIA, referring to SO2−
4 , NO3 and
)
especially
for
the
pollution
episode
on
21
September.
The
sharp
NH+
4
SIA increase was also observed for the pollution episode on 27–28
September during the harvesting period. Both the two pollution episodes
coincidently occurred when wind direction changed from north to south
with extremely high RH. According to the backward trajectories
(Fig. S1), the air parcels travelled counterclockwise, passing through the
areas where many power plants were distributed including Shijiazhuang
city and Hengshui city, and finally reaching the sampling site. Addi
tionally, the sharp increase of SIA was also coincident with evident
elevation of CO, SO2 and Cl− , which were the typical pollutants from
coal combustion (McCulloch et al., 1999; Zhang et al., 2008). Thus,
these power plants on the west and south of the sampling site were
suspected to be the most potential contributors for the SIA and the
extremely high RH accelerated SIA formation through multiphase con
version of their precursors during the transport process (Gen et al., 2019;
Shen et al., 2012; Wang et al., 2016a). Of note, the pollution episode
occurred during the pre-harvesting period led to overestimating of the
concentrations of some secondary generation species during the first
−
period, such as SO2−
4 and NO3 , and underestimating the growth rate of
PM2.5 concentration during the latter two periods compared with the
first period. The synchronous chemical compositions of PM2.5 at the
rural site (SRE-RCEES) and a site of Beijing city were conducted in
September and October of 2015, and the relevant results are com
plemented in the Supplementary material. Similar variations in con
centrations and fractions in PM2.5 at SRE-RCEES during the three
periods were found in 2015 and 2018, which demonstrated the variation
characteristics of PM2.5 in rural areas during the autumn harvest season.
In comparison with the pre-harvesting period, the elevations of OC,
EC and Cl− concentrations were the most pronounced during the har
vesting period. Although the synchronous elevations of OC, EC, Cl− and
K+ are often attributed to biomass burning during harvest seasons (Yao
et al., 2016a; Zhang et al., 2017), biomass burning might made negli
gible contribution to atmospheric OC, EC and Cl− during the harvesting
period. Firstly, the newly harvested maize straw has a high moisture
content and is difficult to ignite. Considering the relatively stable solar
irradiation during the three periods, the numbers of fire spots within
100 km of the sampling site (obtained from NASA, https://worldview.
earthdata.nasa.gov/) were introduced here. It is shown that the open
burning during the harvesting period is usually relatively sparse, only
increasing from 16 during the pre-harvesting period to 21 during the
harvesting period. Secondly, the average Cl− /K+ ratio of 5.04 (Table 1)
during the harvesting period was around a factor of 5 greater than the

2.2. Chemical analysis
A quarter of each filter sample was extracted ultrasonically with 20
mL of ultrapure water for 30 min. The water-soluble ions (WSIs,
2+
2+
+
−
−
2−
including Na+, NH+
4 , Mg , Ca , K , Cl , NO3 and SO4 ) were
analyzed by ion chromatography (IC, Wayeal IC6200). For metal ele
ments, a quarter of each filter sample was dissolved by an 8 mL mixture
of hydrochloric and nitric acid (volume ration = 3:1) in Teflon tubes.
After digestion and concentration, metal elements (Al, Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn, As, Cd, Sb, Ba and Pb) were analyzed by inductively coupled
plasma-mass spectrometer (ICP-MS) (Agilent 8800). A circular filter of
0.5 cm2 of each filter sample was analyzed for organic carbon (OC) and
element carbon (EC) by DRI (Desert Research Institute) thermal/optical
carbon analyzer (DRI-2001A) with the IMPROVE thermal/optical
reflectance protocol. Detailed descriptions of chemical analysis, quality
assurance and control were given in the supplemental materials.
2.3. PMF model
The Positive Matrix Factorization (PMF) model is a widely recog
nized receptor model to understand the contribution of factors (sources)
to the sample data (Paatero and Tapper, 1994; Polissar et al., 2001;
Wang et al., 2015). The observed matrix X (n x m, n and m are the
number of samples and species, respectively) is split into two matrices—
factor profiles F and the corresponding contributions G. The principle
and the object function Q are expressed as:
X = GF + E,  G : n × p,  F : p × m
n
m
∑
∑

Q=
i=1

(1)

/
Eij2

σ 2ij

(2)

j=1

where the index i and j denote rows and columns of matrices (i = 1,…, n;
j = 1,…, m), E is the residual matrix and σ is the matrix of error estimates
(standard deviations) of elements Xij. EPA-PMF 5.0 was applied with the
input of concentration data and uncertainty data for 25 components:
+
2+
2+
−
2−
−
Na+, NH+
4 , K , Mg , Ca , Cl , SO4 , NO3 , OC, EC, Al, Ti, V, Cr, Mn, Fe,
Ni, Cu, Zn, As, Cd, Sb, Ba, Pb and PM2.5.
2.4. The division of the whole sampling period
To reveal the influence of local agricultural activities on the levels of
pollutants, the field campaign was further divided into three subperiods: (I) pre-harvesting period (from 19 to 21, September); (II) har
vesting period (from 22 to 28, September) when the main maize field
nearby the sampling site was being under harvesting and ploughing with
the straws being crushed into pieces for returning into the field by
agricultural machineries; (III) post-harvesting period (from 29,
September to 8, October) when the newly planted winter wheat was
being irrigated and fertilized.
3. Results and discussion
3.1. The concentration characteristics of PM2.5 and its major components
The time series of the mass concentrations for PM2.5, its major
components and the conventional pollutants (NO2, SO2, O3 and CO) as
well as the key meteorological parameters (solar irradiance, air
3
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Fig. 2. Meteorological parameters, major gas pollutants, concentrations of PM2.5 and its major components during the sampling period.

ratio (~1) from maize straw burning (Chantara et al., 2019; Sillapa
piromsuk et al., 2013). Lastly, the correlations among K+, OC, EC, Cl−
and CO were much weaker during the harvesting period (Table S4) than
those during the post-harvesting period (Table S5) when biomass
burning was most serious (as discussed below). Considering the strong
pungent smell of volatile organic compounds usually accompanied with
the maize harvesting process, the OC elevation during the harvesting
period might be mainly attributed to straw crushing. The maize straws
were also suspected to contain certain amount of Cl− due to the fertil
ization of NH4Cl during the crop growth, resulting in the significant Cl−
elevation besides OC during the harvesting period. Additionally, the
agricultural machineries intensively used for harvesting, crushing and
ploughing also made evident contribution to atmospheric OC and EC
because of the serious emissions of pollutants from these off-road ma
chines fueled with diesel (Liang et al., 2016; Liu et al., 2005).
−
The elevations of OC, Cl− , NH+
4 and NO3 concentrations became
more compelling during the post-harvesting period than those during
the harvesting period. Considering the relatively weak agricultural

Table 1
Concentrations of PM2.5 and major components (mean concentrations and
standard deviation (SD)) during the sampling period (μg/m3).

PM2.5
NH+
4
K+
Na+
Mg2+
Ca2+
Cl−
NO−3
SO2−
4
OC
EC
Metal elements

4

Pre-harvesting
period

Harvesting
period

Post-harvesting
period

Mean

SD

Mean

SD

Mean

SD

61.8
3.4
0.4
3.1
0.5
1.7
2.5
14.5
15.3
9.0
3.1
3.1

27.0
3.7
0.2
1.7
0.4
1.1
2.4
11.2
9.0
3.7
1.8
0.8

74.4
4.0
0.9
3.9
0.8
1.8
4.3
11.2
11.1
18.8
5.2
3.2

34.7
4.9
0.7
1.2
0.3
0.8
3.4
9.7
4.5
12.3
4.0
1.5

107.0
7.3
1.1
2.9
0.4
1.3
7.2
16.2
8.3
28.8
6.8
4.4

44.9
7.9
0.6
1.1
0.1
0.5
7.5
10.7
4.7
21.3
5.1
1.8
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activities on the agricultural field, the significant elevations of the pol
lutants were mainly ascribed to biomass burning and emission from the
fertilization field. The moisture content of the maize straw kept
decreasing with the increasing duration after harvesting, and the open
biomass burning frequently occurred. The numbers of fire spots within
100 km of the sampling site sharply increased from 16 during the har
vesting period to 55 during the post-harvesting period. As a conse
quence, the most significant correlations among K+, OC, EC, Cl− and CO
were found during the post-harvesting period (Table S5). Additionally,
the average Cl− /K+ ratio of 6.36 (Table 1) during the post-harvesting
period was too high to be accounted for by biomass burning alone. A
large number of synthetic fertilizers were applied for the cultivation of
wheat during the post-harvesting period, therein NH4Cl was the main
form of nitrogen. Thus, the release of NH4Cl from the field during the
post-harvesting period was suspected to be one important source for
atmospheric Cl− . Additionally, previous studies revealed that strong
emissions of NH3 and HONO from the fertilization agricultural field
(Shen et al., 2009; Xue et al., 2019; Zhang et al., 2011), which were
−
suspected to be responsible for the elevation of NH+
4 and NO3 . NH3 is the
dominant alkaline gas to neutralize atmospheric HNO3 leading to
NH4NO3 formation. The photolysis of HONO is one of the important
sources of atmospheric OH radicals (Alicke et al., 2002; Gligorovski
et al., 2015), and hence the HONO emission from the field further
increased the atmospheric oxidation to accelerate NO−3 formation
through the reaction of NO2 with OH radicals.
The average concentrations of PM2.5 and its major components
during each period are listed in Table 1. Although the average wind
speeds (Table S2) were slightly faster during the harvesting and postharvesting periods than during the pre-harvesting period, the concen
+
−
trations of PM2.5, NH+
4 , K , Cl , OC, EC and metal elements exhibited
continuous increase from the pre-harvesting period to the postharvesting period, further revealing the significant contribution of the
agricultural activities and biomass burning to the atmospheric pollut
ants. In contrast to the above species, the concentration of SO2−
4 showed
a remarkable decline trend, from 15.25 μg/m3 during the pre-harvesting
period to 11.10 μg/m3 during the harvesting period and to 8.34 μg/m3
during the post-harvesting period, which was mainly ascribed to the
variations of air parcel transport and RH. As mentioned above, the two
serious pollution episodes during the pre-harvesting and harvesting
periods were related to the transport process with extremely high SO2−
4
concentrations. The decreasing average RH during the three periods also
suppressed the atmospheric SO2−
4 formation through the liquid-phase
oxidation of SO2 by O3, H2O2, NO2 and transitional metals on particles
(Gen et al., 2019; Shen et al., 2012; Wang et al., 2016b; Ye et al., 2018),
which was exhibited by the decreasing sulfur oxidation ratio (SOR =
2−
−
nSO2−
4 /(nSO4 + nSO2)) in Table S2. The average concentration of NO3
decreased from 14.48 μg/m3 during the pre-harvesting period to 11.20
μg/m3 during the harvesting period, and then increased to 16.22 μg/m3
during the post-harvesting period, which might be attributed to the
combined result of wind speed and nitrate formation. The faster wind
speed and smaller nitrogen oxidation ratio (NOR = nNO-3/(nNO-3 +
nNO2)) during the harvesting period than during the pre-harvesting
period resulted in the decrease of NO−3 from the pre-harvesting period
to the harvesting period, whereas the relative slow wind speed and large
NOR were responsible for the significant increase of NO−3 from the
harvesting period to the post-harvesting period. Therein, the relatively
large NOR during the post-harvesting period was associated with the
promotion of NO−3 formation due to NH3 and HONO emissions from the
fertilization field. The average concentrations of mineral components
(Na+, Mg2+ and Ca2+) reached maximal values during the harvesting
period, revealing the straw crushing and ploughing during this period
were their important sources.

during the three periods are illustrated in Fig. 3. The diurnal variations
before and after harvesting were quite similar to the monthly average
diurnal cycles in September and October in Beijing respectively (Sun
−
2−
et al., 2015). Except for NH+
4 , NO3 and SO4 during the post-harvesting
period, an evident valley value for each component around 14:00 could
be observed during each period, which was mainly attributed to the
elevation of boundary layer height for diluting the air pollutants (Chow
et al., 2006; Yang et al., 2015b; Zhao et al., 2013b). In contrast to the
sharp decrease of other components especially during the harvesting and
post-harvesting periods, the concentrations of SIA significantly
increased in the early morning around 7:00, with the peak values around
9:00 during the pre-harvesting and harvesting periods and around 14:00
during the post-harvesting period. Such variations for SIA might be
mainly attributed to the following reasons: 1) The quick breakdown of
the boundary layer in the early morning is usually conducive to the
vertical transport between the upper layer and ground (Yang et al.,
2015b). The downward transport of SIA in aged polluted air parcels
from the upper layer may promote the elevations of SIA concentrations
near the ground; 2) The relatively high concentrations of their pre
cursors as well as HONO in the early morning accelerated their photo
chemical formation (Ianniello et al., 2011). As mentioned in section 3.1,
the significant daytime emissions of HONO and NH3 from the fertiliza
tion agricultural field during the post-harvesting period might be the key
−
reason for the continuous daytime increase of NH+
4 and NO3 as well. The
small but evident increase of OC in the early morning during the
pre-harvesting period might also be ascribed to the photochemical re
actions leading to SOA formation. The diurnal variations of OC during
the late two periods showed similar trends with those of primary pol
lutants such as EC, Cl− and K+, indicating that the OC sources in the late
two periods might be dominated by primary emissions, rather than
secondary formation. The significant increase of OC, EC, Cl− and K+
from the pre-harvesting period to the post-harvesting period as well as
−
the remarkable elevations of NH+
4 and NO3 during the post-harvesting
period further exhibited the influence of the intensive agricultural ac
tivities on the key components of PM2.5.

3.2. The average diurnal variations of the major components in PM2.5

To further quantify the contributions of agricultural activities to at
mospheric PM2.5, PMF model was applied for source apportionment. Six
factors are obtained after error estimation (See Text S2 and Table S6)

3.3. The variations of the PM2.5 mass fractions
The mass fractions of the PM2.5 components during three periods are
illustrated in Fig. 4. It was evident that the PM2.5 composition varied
distinctly among three periods, indicating the PM2.5 sources changed
accordingly. In compassion with the first period, the growth multiples of
percentages of OC, K+, EC and Cl− in PM2.5 during the harvesting period
due to the straw crushing and agricultural machineries were up to 1.8,
2.3, 1.5 and 1.5, respectively. In contrast, the high proportions of the
four species during the post-harvesting period (32.1%, 1.3%, 6.7% and
7.9%, respectively) were likely related to the open burning of crop
straws. Additionally, the contributions of straw crushing processes and
biomass burning on the atmospheric carbonaceous aerosols were also
reflected by the relatively high OC/EC during the late two periods (4.54
for the harvesting period and 5.36 for the post-harvesting period) in
comparison with the pre-harvesting period (3.33). In addition, the in
fluence of the fertilization event during the post-harvesting period on
−
the fractions of NO−3 , NH+
4 and Cl were also exhibited. The percentage
of NO−3 and NH+
4 in PM2.5 increased from 17.1% to 6.1% during the
harvesting period to 21.0% and 8.0% during the post-harvesting period.
In contrast to most species, the fractions of SO2−
4 dropped significantly
during the whole period, which was closely related to the relatively
strong emissions of other PM2.5 components and its decreasing
concentration.
3.4. Source apportionment by PMF

The average diurnal variations of the major components in PM2.5
5
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Fig. 3. Daily variation of OC, EC, K+ and Cl− during three periods. I, II and III are short for pre-harvesting period, harvesting period and post-harvesting period,
respectively.

Fig. 4. Mass fractions of PM2.5 components during three periods. I, II and III represent pre-harvesting period, harvesting period and post-harvesting period,
respectively.

and shown in Fig. 5.
Factor 1 was identified by OC, EC, Cu, Zn, As and Pb. Cu and Zn were
considered to associate with vehicle exhausts, which was usually found
in the aerosols derived from traffic (Wahlin et al., 2006; Zhao et al.,
2013a). In addition, Cu, Zn and Pb were also related to metal brake
linings and brake wear dust (McKenzie et al., 2009; Yang et al., 2012).
Considering the expressway nearby the sampling site, Factor 1 was
defined as vehicle emission. Factor 2 was relevant to secondary aerosols,
−
2−
which were usually characterized by remarkable NH+
4 , NO3 and SO4
(Yao et al., 2016b; Zhang et al., 2013). Certain sources can also make
contributions to the secondary aerosols through the emissions of their
precursor gases, such as coal combustion, biomass burning and vehicle
exhausts. Factor 3 was mainly described by K+, Cl− , OC and EC, which
was ascribed to biomass burning based on its tracer of K+ (Hays et al.,
2005; Pachon et al., 2013; Saarikoski et al., 2007; Yao et al., 2016b).
−
−
+
Factor 4 had high loadings of NH+
4 , Cl and NO3 . The elevations of NH4
−
and Cl concentrations after fertilization have been reported (Flechard
et al., 2013; Krupa, 2003; Liu et al., 2016). Additionally, considering the

surging contemporaneous NO−3 concentration in our investigation, the
source was defined as fertilization. Factor 5 was characterized by Mg2+,
Ca2+ and Al, which was defined as the fugitive dust (Duan et al., 2004).
Factor 6 had high loadings of K+, Cl− , OC and medium loading of Mg2+,
Ca2+, Al, Fe, Mn, Zn and EC. It was involved with the straw crushing
process when the water-soluble ions and organic components in the
straws were released (Sun et al., 2005).
The source contributions to PM2.5 during the three periods are listed
in Table 2. It was evident that the fractions of secondary aerosols and
vehicle emissions were relatively stable during the whole period, ac
counting for around 40% and 4%, respectively. The contribution of the
secondary sources was in the range of previously reported results in
autumn of 33%–66% (Tao et al., 2014; Yao et al., 2016b; Zhang et al.,
2018). The proportion of vehicle emissions was quite in line with the
previously recorded in the rural site in the NCP (3.6%) (Yao et al.,
2016b) and much lower than that in Beijing (9.9%) (Zhang et al., 2018),
which was attributed to the great difference in possessions of vehicles
between rural and urban areas. The contribution of fugitive dust rapidly
6
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Fig. 5. Source profiles obtained from the PMF model.

same level before harvesting, while the discrepancy between the two
stations became more and more conspicuous during the late two periods.
The mean PM2.5 concentrations during the three periods at the SRERCEES were a factor of 1.1, 1.6 and 1.9 greater than those at BD,
respectively. The BD station was only around 35 km to the northeast of
the SRE-RCEES, and thus the large gaps of atmospheric PM2.5 between
the two stations during the late two periods were mainly ascribed to
differences in local emissions such as agricultural activities and biomass

Table 2
Contributions of PM2.5 sources during the three periods.

Vehicle
emission
Secondary
source
Biomass
burning
Fertilization
Fugitive dust
Straw crushing

Pre-harvesting
period

Harvesting
period

Post-harvesting
period

4.5%

3.7%

3.1%

42.2%

43.3%

40.8%

8.0%

16.5%

30.9%

5.0%
30.7%
9.6%

4.4%
12.9%
19.2%

12.7%
3.5%
9.0%

falling from 30.7% to 3.5%, while the percentage of biomass burning
kept increasing from 8.0% to 30.9%, indicating the great variation of the
relative strength of PM2.5 sources. The contribution of biomass burning
during the post-harvesting period was much higher than that in urban
areas (7–17%) (Liu et al., 2017a; Zhang et al., 2013, 2018), reflecting the
huge discrepancy of PM2.5 sources between rural and urban areas as
well. In addition, the impacts of agricultural activities were also clearly
found by the difference between the first and last two periods, which
should be gained more attention. Straw crushing processes made an
important contribution to PM2.5 during the harvesting period, ac
counting for around 19%. The proportion of fertilization events during
the post-harvesting period was 12.7%, showing a remarkable increase
compared with before.
3.5. Comparison of PM2.5 levels between the rural and urban sites
Fig. 6. Comparison of PM2.5 concentration in urban (BD) and rural (SRERCEES) sites during the same period. The 24-h PM2.5 average concentration
limit of 75 μg/m3 in China’s current second-level standard was marked by the
gray dash line.

PM2.5 concentrations at the SRE-RCEES station and the nearby urban
station of Baoding city (BD) during the investigating period are illus
trated in Fig. 6. It was clear that the PM2.5 concentrations were at the
7
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burning, rather than meteorological conditions. Of note, Baoding city
was surrounded by large areas of agricultural fields like the sampling
site, therefore, PM2.5 in Baoding city may have been affected by the
intensive agricultural activities on nearby areas due to the regional
transport. The similar PM2.5 variation trends at two stations also implied
the nonnegligible role of the agricultural activities on regional PM2.5
during autumn harvest seasons.

Booth, B., Bellouin, N., 2015. CLIMATE CHANGE Black carbon and atmospheric
feedbacks. Nature 519, 167–168.
Chantara, S., Thepnuan, D., Wiriya, W., Prawan, S., Tsai, Y.I., 2019. Emissions of
pollutant gases, fine particulate matters and their significant tracers from biomass
burning in an open-system combustion chamber. Chemosphere 224, 407–416.
Chow, J.C., Chen, L.W.A., Watson, J.G., Lowenthal, D.H., Magliano, K.A., Turkiewicz, K.,
Lehrman, D.E., 2006. PM2.5 chemical composition and spatiotemporal variability
during the California Regional PM10/PM2.5 Air Quality Study (CRPAQS). Journal of
Geophysical Research-Atmospheres 111.
Duan, F.K., Liu, X.D., Yu, T., Cachier, H., 2004. Identification and estimate of biomass
burning contribution to the urban aerosol organic carbon concentrations in Beijing.
Atmos. Environ. 38, 1275–1282.
Flechard, C.R., Massad, R.S., Loubet, B., Personne, E., Simpson, D., Bash, J.O., Cooter, E.
J., Nemitz, E., Sutton, M.A., 2013. Advances in understanding, models and
parameterizations of biosphere-atmosphere ammonia exchange. Biogeosciences 10,
5183–5225.
Gen, M., Zhang, R., Huang, D.D., Li, Y., Chan, C.K., 2019. Heterogeneous SO2 oxidation
in sulfate formation by photolysis of particulate nitrate. Environ. Sci. Technol. Lett.
6, 86–91.
Gligorovski, S., Strekowski, R., Barbati, S., Vione, D., 2015. Environmental implications
of hydroxyl radicals (center dot OH). Chem. Rev. 115, 13051–13092.
Hays, M.D., Fine, P.M., Geron, C.D., Kleeman, M.J., Gullett, B.K., 2005. Open burning of
agricultural biomass: physical and chemical properties of particle-phase emissions.
Atmos. Environ. 39, 6747–6764.
Huang, R.J., Zhang, Y., Bozzetti, C., Ho, K.F., Cao, J.J., Han, Y., Daellenbach, K.R.,
Slowik, J.G., Platt, S.M., Canonaco, F., Zotter, P., Wolf, R., Pieber, S.M., Bruns, E.A.,
Crippa, M., Ciarelli, G., Piazzalunga, A., Schwikowski, M., Abbaszade, G., SchnelleKreis, J., Zimmermann, R., An, Z., Szidat, S., Baltensperger, U., El Haddad, I.,
Prevot, A.S., 2014. High secondary aerosol contribution to particulate pollution
during haze events in China. Nature 514, 218–222.
Ianniello, A., Spataro, F., Esposito, G., Allegrini, I., Hu, M., Zhu, T., 2011. Chemical
characteristics of inorganic ammonium salts in PM2.5 in the atmosphere of Beijing
(China). Atmos. Chem. Phys. 11, 10803–10822.
Krupa, S.V., 2003. Effects of atmospheric ammonia (NH3) on terrestrial vegetation: a
review. Environ. Pollut. 124, 179–221.
Liang, C.S., Duan, F.K., He, K.B., Ma, Y.L., 2016. Review on recent progress in
observations, source identifications and countermeasures of PM2.5. Environ. Int. 86,
150–170.
Liu, B., Wu, J., Zhang, J., Wang, L., Yang, J., Liang, D., Dai, Q., Bi, X., Feng, Y., Zhang, Y.,
Zhang, Q., 2017a. Characterization and source apportionment of PM2.5 based on
error estimation from EPA PMF 5.0 model at a medium city in China. Environ.
Pollut. 222, 10–22.
Liu, F., Gong, Z., Ma, X., Jia, N., 2010. Effect of rice stalks back to field on the occurrence
of disease. Heilongjiang Agricultural Science 32, 75–78.
Liu, J., Kiesewetter, G., Klimont, Z., Cofala, J., Heyes, C., Schoepp, W., Zhu, T., Cao, G.,
Sanabria, A.G., Sander, R., Guo, F., Zhang, Q., Binh, N., Bertok, I., Rafaj, P.,
Amann, M., 2019. Mitigation pathways of air pollution from residential emissions in
the Beijing-Tianjin-Hebei region in China. Environ. Int. 125, 236–244.
Liu, M., Huang, Y., Ma, Z., Jin, Z., Liu, X., Wang, H., Liu, Y., Wang, J., Jantunen, M.,
Bi, J., Kinney, P.L., 2017b. Spatial and temporal trends in the mortality burden of air
pollution in China: 2004-2012. Environ. Int. 98, 75–81.
Liu, P., Zhang, C., Mu, Y., Liu, C., Xue, C., Ye, C., Liu, J., Zhang, Y., Zhang, H., 2016. The
possible contribution of the periodic emissions from farmers’ activities in the North
China Plain to atmospheric water-soluble ions in Beijing. Atmos. Chem. Phys. 16,
10097–10109.
Liu, Z.F., Lu, M.M., Birch, M.E., Keener, T.C., Khang, S.J., Liang, F.Y., 2005. Variations of
the particulate carbon distribution from a nonroad diesel generator. Environ. Sci.
Technol. 39, 7840–7844.
McCulloch, A., Aucott, M.L., Benkovitz, C.M., Graedel, T.E., Kleiman, G., Midgley, P.M.,
Li, Y.F., 1999. Global emissions of hydrogen chloride and chloromethane from coal
combustion, incineration and industrial activities: reactive Chlorine Emissions
Inventory. Journal of Geophysical Research-Atmospheres 104, 8391–8403.
McKenzie, E.R., Money, J.E., Green, P.G., Young, T.M., 2009. Metals associated with
stormwater-relevant brake and tire samples. Sci. Total Environ. 407, 5855–5860.
Paatero, P., Tapper, U., 1994. Positive matrix factorization - a nonnegative factor model
with optimal utilization OF error-estimates OF data values. Environmetrics 5,
111–126.
Pachon, J.E., Weber, R.J., Zhang, X., Mulholland, J.A., Russell, A.G., 2013. Revising the
use of potassium (K) in the source apportionment of PM2.5. Atmospheric Pollution
Research 4, 14–21.
Polissar, A.V., Hopke, P.K., Poirot, R.L., 2001. Atmospheric aerosol over Vermont:
chemical composition and sources. Environ. Sci. Technol. 35, 4604–4621.
Saarikoski, S., Sillanpaa, M., Sofiev, M., Timonen, H., Saarnio, K., Teinela, K.,
Karppinen, A., Kukkonen, J., Hillamo, R., 2007. Chemical composition of aerosols
during a major biomass burning episode over northern Europe in spring 2006:
experimental and modelling assessments. Atmos. Environ. 41, 3577–3589.
Shen, J.L., Tang, A.H., Liu, X.J., Fangmeier, A., Goulding, K.T.W., Zhang, F.S., 2009.
High concentrations and dry deposition of reactive nitrogen species at two sites in
the North China Plain. Environ. Pollut. 157, 3106–3113.
Shen, X., Lee, T., Guo, J., Wang, X., Li, P., Xu, P., Wang, Y., Ren, Y., Wang, W., Wang, T.,
Li, Y., Cam, S.A., Collett Jr., J.L., 2012. Aqueous phase sulfate production in clouds
in eastern China. Atmos. Environ. 62, 502–511.
Sillapapiromsuk, S., Chantara, S., Tengjaroenkul, U., Prasitwattanaseree, S.,
Prapamontol, T., 2013. Determination of PM10 and its ion composition emitted from
biomass burning in the chamber for estimation of open burning emissions.
Chemosphere 93, 1912–1919.

4. Conclusions
To explore the possible influence of agricultural activities on
regional PM2.5 during the autumn harvest season, the first comprehen
sive investigation, to our best knowledge, was conducted in a typical
rural area of the NCP. Compared with the pre-harvesting period, the
PM2.5 concentration during the harvesting and post-harvesting periods
increased by a factor of 1.20 and 1.73, respectively, and the PM2.5
fractions changed significantly. The most variable species were carbo
naceous aerosols. The proportions of OC and EC increased by a factor of
1.8–2.1 and 1.3–1.5, respectively. The effect of open burning was
prominent during the post-harvesting period. However, based on the
numbers of fire spots and the correlation analysis, the increase of OC and
EC during the harvesting period was mainly attributed to straw crushing
and the use of agricultural machinery. A large amount of K+ and Cl−
were also released in the straw crushing process. In addition, fertiliza
−
−
tion led to a significant increase in NH+
4 , NO3 and Cl concentrations.
The intensive agricultural activities made nonnegligible contributions to
PM2.5 in rural areas in the autumn harvest season, accounting for around
20%.
Most of crop straws in the NCP are returned into the field to avoid the
adverse impacts of open biomass burning on the atmospheric environ
ment. However, its potential effects on the atmosphere and agricultural
eco-system (increasing incidence of pests and diseases (Liu et al., 2010;
Song et al., 2014)) have yet been clearly understood. Additionally, the
application of excessive nitrogen fertilizer results in the large emissions
of NH3, NOx and HONO. These agricultural activities may not only
contribute significantly to regional PM2.5, but also play essential roles in
the formation of O3. An increasing tendency of O3 concentration during
the harvest season was found. Sun et al. (2016) also reported the max
imums of O3 at the summit of Mt. Tai (the highest mountain in the center
of the NCP) were observed during the major harvest seasons of wheat
and maize. Therefore, we appeal for greater attention to the disposal of
crop residues and surplus fertilizer and effective control measures.
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