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at a sub-urban site in the urban-industrial port city of Tianjin, China. The collected sam-
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ples were analyzed for the carbonaceous fractions, inorganic ions, elemental species, and
specific marker sugar species. The chemical characterization of PM1 and PM2.5 was based on
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their concentrations, compositions, and characteristic ratios (PM1 /PM2.5 , AE/CE, NO3 − /SO4 2− ,
OC/EC, SOC/OC, OM/TCA, K+/EC, levoglucosan/K+ , V/Cu, and V/Ni). The average concen-

Near-port city

trations of PM1 and PM2.5 were 32.4 μg/m3 and 53.3 μg/m3 , and PM1 constituted 63% of

Chemical characterization

PM2.5 on average. The source apportionment of PM1 and PM2.5 by positive matrix factoriza-

Source apportionment

tion (PMF) model indicated the main sources of secondary aerosols (25% and 34%), biomass

Biomass burning

burning (17% and 20%), traffic emission (20% and 14%), and coal combustion (17% and 14%).

Primary biogenic

The biomass burning factor involved agricultural fertilization and waste incineration. The
biomass burning and primary biogenic contributions were determined by specific marker
sugar species. The anthropogenic sources (combustion, secondary particle formation, etc)
contributed significantly to PM1 and PM2.5 , and the natural sources were more evident in
PM2.5 . This work significantly contributes to the chemical characterization and source apportionment of PM1 and PM2.5 in near-port cities influenced by the diverse sources.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.

Introduction
The atmospheric particulate matter (PM) pollution has became the special focus due to its adverse effects on natural
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environment and humans. The submicron particulate matter (PM1 ) and fine particulate matter (PM2.5 ) are more important due to their greater adverse impacts on the air quality, climate stability, atmospheric visibility, and human health
(Cesari et al., 2016; Rattanavaraha et al., 2017; Shen et al., 2019).
The atmospheric PM has both natural and anthropogenic
sources. The natural sources contribute more to the larger par-
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ticles than smaller ones and the anthropogenic sources contribute more to the smaller particles than larger ones.
The atmospheric PM is a complex pollutant with particle
sizes ranging across several orders, dependent on the emission sources or particle formation phenomena. The coarser
particles mostly originate from natural sources and mechanical processes such as construction activities and wind resuspension, while the finer particles are emitted by the combination of various sources such as combustion, particle formation, and few mechanical and natural processes. The anthropogenic sources of combustion emissions and secondary
particle formation processes mainly contribute to the PM1
and PM2.5 , and the intensity of emissions is important for
determining the degree of health risks (Rajput et al., 2016;
Singhai et al., 2017; Pateraki et al., 2020). The exposure to
PM1 and PM2.5 has more toxic effects, leading to various
health issues (Brunekreef and Holgate, 2002; Lippmann and
Chen, 2009; Zou et al., 2017). The PM2.5 can reach lower respiratory system (including alveoli) and the PM1 can cross the
lung’s air-blood barrier to enter the human blood, causing respiratory and cardiovascular issues and harming the nervous
system (Samek et al., 2018). The smaller particles are inhaled
deeper and can penetrate into the blood through lungs, and
mostly constitute combustion-related toxins (Liu et al., 2013;
Meng et al., 2013).
Tianjin is an urban-industrial port city of China, influenced
by diverse atmospheric PM sources. The characteristics and
seasonal variations of PM2.5 were investigated and the sources
were apportioned from January 2013 to January 2014 in Tianjin, China (Tian et al., 2016). The temporal, spatial, and directional characteristics and sources of PM2.5 were investigated
from May 2013 to January 2014 at the coastal and inland sites
in Tianjin, China (Tian et al., 2018). The PM2.5  s characteristics
and sources were investigated during 2016 at urban and industrial sites in Tianjin, China (Liu et al., 2020). The PM2.5 sources
were apportioned and characterized using the positive matrix
factorization (PMF) for five haze episodes during a heating period (2017–2018) in Tianjin, China (Tian et al., 2020). The PM2.5  s
spatio-temporal characteristics were probed and source apportionment was conducted during 2014 in four cities of the
Beijing-Tianjin-Hebei (BTH) region (Gao et al., 2018). The PM2.5
pollution characteristics and sources were explored and investigated from July 2015 to April 2016 in the five representative cities of the BTH region (Xu et al., 2019). The shipping
emissions and port activities can also contribute to the PM1
and PM2.5 in the near-port cities. The shipping emissions and
port activities influenced the air quality and contributed to
the PM2.5 in Italy, Spain, Malta, and Greece (Cesari et al., 2014;
Perez et al., 2016; Scerri et al., 2018; Saraga et al., 2019). In
China, the shipping emissions and port activities contributed
to the PM2.5 in Shanghai, Xiamen, and Macao (Liu et al., 2017;
Xu et al., 2018; Wang et al., 2019).
During early summer (warm season), the biomass burning
happens which involves agricultural residue burning, wildfires, bio-fuels and bio-waste combustion, and wood (hardwood and softwood) burning. There are also significant primary biogenic contributions which involve vegetation and
fungal sources. The levoglucosan is released during biomass
burning, and there is also considerable glucose and mannitol. The primary biogenic emissions have significant glucose
and mannitol; glucose for vegetation sources and mannitol for
fungal sources. Our study is focused on early summer (warm
season), as the biomass burning activities and primary biogenic contributions are more evident during this period and
these sources contributed to the PM1 and PM2.5 both. Therefore, the inclusion of biomarkers (levoglucosan, glucose, and
mannitol) in chemical characterization and source apportion-
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ment would lead to more evident biomass burning and primary biogenic contributions to the PM1 and PM2.5 .
The PM2.5 has been routinely monitored and provides the
basis for formulation of national standards and health guidelines. A few studies have focused on PM1 and still PM1 is
not considered for the national standards and health guidelines. The biomarkers have been less focused in the PM1 and
PM2.5 studies, particularly for the PM1 . The PM1 is needed to
be focused in the research studies either separately or together with PM2.5 . Therefore, the chemical characterization
and source apportionment of PM1 and PM2.5 in our work would
provide a significant contribution to the research studies on
the atmospheric PM pollution.
In this study, the main objectives were the chemical characterization and source apportionment of PM1 and PM2.5 in
the urban-industrial port city of Tianjin during early summer.
The sampling was conducted at a sub-urban site of Tianjin, as
the PM1 and PM2.5 here are influenced by a mixture of sources
with diverse origins. This study included the specific marker
sugar species in addition to the carbonaceous fractions, inorganic ions and elemental species to elaborate the contributions of biomass burning and primary biogenic sources to the
PM1 and PM2.5 . The PM1 and PM2.5 were characterized on the
basis of their concentrations, compositions and specific characteristic ratios. The PM1 and PM2.5 sources were apportioned
using the PMF receptor model based on the well recognized
markers. The added value and innovation of this work is the
chemical characterization and source apportionment of both
PM1 and PM2.5 together during early summer at a sub-urban
site in the near-port city of Tianjin, where influenced by a mixture of diverse sources.

1.

Materials and methods

1.1.

Site description

Tianjin is an urban-industrial port city of China; it has an
area of 11,947 km2 and a population of over 15 million. The
sampling site (NKU Air Quality Research Supersite; 38.99°N,
117.33°E) is located at a height of about 5 m above ground in
the Nankai University’s New Campus, Jinnan District, Tianjin,
China (Fig. 1). The Jinnan District is the sub-urban district of
Tianjin, located south of the main downtown area and west
of the port area. The site’s surrounding environment is influenced by a complex mixture of urban, rural, industrial, marine,
and natural emissions. As the sampling site is located in the
sub-urban area surrounded by vegetation, therefore the biogenic and biomass related sources were better reflected.
The daily meteorological conditions involving temperature
(T, °C), relative humidity (RH, %), atmospheric pressure (AP, Pa),
and wind speed (WS, m/s) were observed simultaneously at
the sampling site during the sampling period. The average
temperature was 25.6 °C ± 3.9 °C with a range of 17.0 °C-32.7 °C
and the relative humidity was 55.8% ± 18.2% with a range
of 23.4%-96.3%. The atmospheric pressure was 754.4 ± 4.1 Pa
with a range of 748.5–764.4 Pa and the average wind speed was
3.1 ± 0.8 m/sec with a range of 1.4–6.0 m/sec. During our study,
the overall meteorological conditions were more stable with
lesser fluctuations. Therefore, the meteorological parameter
had lesser influence on the PM1 and PM2.5 both. The time series and daily variations of meteorological parameters of temperature, relative humidity, and wind speed are shown in the
Appendix A Fig. S1.
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Fig. 1 – The sampling site location (with Google Earth images).

1.2.

Sampling information

A six channel Sunray ZR3930 ambient air particulate matter
sampler (Chongrui, Qingdao, China) was used for the collection of PM1 and PM2.5 samples. The 5th and 6th channels
were used for the PM1 sampling and the 3rd and 4th channels were used for the PM2.5 sampling. The 3rd and 5th channels were fitted with 47 mm polypropylene fiber filters (Beijing Synthetic Fiber Research Institute, China) for the subsequent ionic and elemental analyses. The 4th and 6th channels
were fitted with 47 mm quartz fiber filters (Pall Life Sciences,
USA) for the subsequent analyses for carbonaceous species
and specific marker sugar species. The air flow rate was set
at 16.7 L/min for each channel.
The daily sampling (23 hr, from 9:40 am to 8:40 am the
next day) was conducted during early summer (warm season) from May 06, 2018 to July 04, 2018. During this period,
the biomass burning activities happen and there are significant primary biogenic contributions. The PM sampling was
according to the “Technical Guidelines for Source Apportionment of Atmospheric Particulate Matter (http://www.mee.gov.
cn/gkml/hbb/bwj/201308/t20130820_257699.htm)” of the Ministry of Ecology and Environment of the People’s Republic of
China. As this study is focused on early summer, therefore
a total of 60 daily samples each for PM1 and PM2.5 were collected. The sampled filters were placed into glass boxes and
stored in a freezer at -20 °C under cold and dark conditions
for further chemical analysis. The filters were weighed with
an MX5 electronic microbalance (Mettler Toledo, Switzerland)
before and after sampling, with a 1 μg precision. The filters
were equilibrated in a balance room under controlled temperature (T, 20 °C ± 2 °C) and relative humidity (RH, 50% ± 5%)
conditions for 48 hr before weighing. All the procedures were
strictly quality controlled to avoid probable contamination of
filter samples.

1.3.

Chemical analysis

The chemical analyses for the carbonaceous species (organic
carbon (OC) and elemental carbon (EC)), inorganic ions (Cl− ,
NO3 − , SO4 2− , Na+ , NH4 + , K+ , Mg2+ , and Ca2+ ), elemental
species (Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Si, Ti, V, and
Zn) and specific marker sugar species (levoglucosan, glucose,
and mannitol) were conducted. The polypropylene fiber filters were used for inorganic ions and elemental species. The
quartz fiber filters were used for the carbonaceous and specific
marker sugar species.
The DRI/OGC carbon analyzer (Atmoslytic Inc. Calabasas,
CA, USA) based on the IMPROVE thermal/optical reflectance
(TOR) protocol was used for the detection of carbonaceous
species (OC and EC). The carbon analyzer was daily calibrated
within 2% precision before and after sample analysis. The ion
chromatography (DX-120, DIONEX, USA) with AS22 anion and
CS12A cation chromatography columns was used for the detection of inorganic ions (Cl− , NO3 − , SO4 2− , Na+ , NH4 + , K+ ,
Mg2+ , and Ca2+ ). The standard solutions were prepared and
analyzed three times to ensure the low relative standard deviations. All extractions were performed three times for the adequate extraction of samples into the solution. The inductively
coupled plasma with atomic emission spectroscopy (ICP-AES)
(IRIS Intrepid II, Thermo Electron, USA) was used for the detection of elemental species (Al, Ca, Cu, Fe, K, Mg, Mn, Na, Ni,
Pb, Si, Ti, V, and Zn). For quality assurance and quality control
(QA/QC), the same pre-treatment and analysis procedure was
used for the standard reference materials to ensure the precision within 5% of certified values for all the target species.
The pre-treatment procedures, chemical analyses, and QA/QC
were elaborated in further detail in the relevant studies and
our previous works (Kong et al., 2010; Tian et al., 2014, 2017,
2018).

journal of environmental sciences 99 (2021) 196–209

The reference standards for levoglucosan and mannitol
were obtained from USP (Rockville, MD, USA). The reference
material for glucose was obtained from Dr. Ehrenstorfer (Augsberg, Germany). A half of the quartz filter sample was placed
in 0.5 mL of ultrapure water and then extracted via ultrasonic
agitation for 40 min. The extract was purified with a syringe
filter to remove insoluble materials and then transferred to
sample injector vials for chemical instrumental analysis. This
extraction procedure was performed for all the quartz filter
samples.
The high-performance anion-exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) was used
for the detection of specific marker sugar species (levoglucosan, glucose, and mannitol). The system of HPAEC-PAD had
a Metrohm 940 ion chromatograph (Metrohm AG, Herisau,
Switzerland) with a 919 professional sample processor and an
integrated amperometric detector. The separation for sugars
was performed using a Hamilton RCX-30 250 column (Hamilton Bonaduz AG, Switzerland). The QA/QC was ensured by
using the same pre-treatment and analysis procedure for
the standard reference materials of sugars, and the recovered values for all target sugars within 10% of certified values. The same procedure was used for the blank tests, and
sufficient blank tests were conducted to calibrate and validate the corresponding sugars data. For further details about
standardization, extraction and separation procedures, instrumental parameters, and QA/QC, please refer to relevant
studies (Iinuma et al., 2009; Li et al., 2016; Yan et al., 2019).

1.4.

Source apportionment

In the present study, the EPA’s PMF 5.0 model was employed
for the source apportionment of PM1 and PM2.5 . The PMF receptor model is an effective source apportionment model that
decomposes a matrix of speciated sample data into two matrices: factor contributions (G) and factor profiles (F). The F
needs interpretation by the user to identify the contributing
source types. The solution of the PMF method is as follows
(Paatero and Tapper, 1994):

xi j =

p


gik fk j + ei j

k=1

where, xij is the ambient concentration (μg/m3 ), gik is the
source contribution of kth factor to ith sample (μg/m3 ), fkj is
the factor profile of jth species in kth factor (μg/μg), and eij is
the residual of sample/species (μg/m3 ).
The PMF’s G and F are derived by minimizing the objective
function Q as follows:

Q=

n 
m

i=1 j=1



ei j

2

ui j

The input chemical species were selected on the basis of
the percentage of concentration values above method detection limit (MDL) and the signal to noise ratio (S/N), with a special focus on specific marker sugar species. If the species concentration was less than the MDL, then it was replaced with
MDL/2. The chemical species with higher than 50% of the concentration values below MDL and with unusual low or high
concentration values were excluded from the PMF analysis.
The duplication of pairs of ionic and elemental species (Na+
and Na, K+ and K, Mg2+ and Mg, Ca2+ and Ca) was avoided by
including the ionic species (Na+ , K+ , Mg2+ , and Ca2+ ) in the
PMF analysis. These ionic species were selected due to their
higher S/N ratios and lower residual distributions.
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The input data included species’ chemical concentrations
and equation-based uncertainties. The PM1 final dataset for
the PMF analysis included 21 chemical species (OC, EC, Cl− ,
NO3 − , SO4 2− , Na+ , NH4 + , K+ , Mg2+ Ca2+ , Al, Cu, Fe, Mn, Ni, Pb,
Si, Ti, Zn, levoglucosan, and mannitol). The PM2.5 final dataset
for PMF analysis included 23 chemical species (OC, EC, Cl− ,
NO3 − , SO4 2− , Na+ , NH4 + , K+ , Mg2+ Ca2+ , Al, Cu, Fe, Mn, Ni,
Pb, Si, Ti, V, Zn, levoglucosan, glucose, and mannitol). The uncertainty calculation was according to the EPA PMF 5.0 User
Guide’s equations (Norris et al., 2014). If the species’ concentration was less than or equal to the MDL, then the uncertainty
(Unc) calculation was based on the following equation:
Unc =

5
× MDL
6

If the species’ concentration was greater than the MDL,
then the uncertainty calculation was based on the following
equation:

Unc =

2
2
(ErrorFraction × Concentration ) + (0.5 × MDL )

In the present study, the error fraction was set as 0.2 for
all the chemical species involved in the PMF analysis. The
PM1 and PM2.5 concentrations were set as total variables. The
chemical species with the S/N ratio above 2.0 were set as
strong variables, 0.2–2.0 were set as weak variables, and below 0.2 were excluded from the PMF analysis. The PMF model
was run 20 times from 2 to 12 factors for both PM1 and
PM2.5 . The random start was applied for all the PMF runs. The
Qtrue /Qexpected ratios and absolute scaled residuals (>3.0) were
observed and presented in Appendix A Table S1 and Appendix
A Table S2. As the number of factors increased from 2 to 7 for
PM1 and PM2.5 , the Qtrue /Qexpected ratio decreased from 2.81 to
1.35 for PM1 and from 2.91 to 1.23 for PM2.5 . There was lesser
decrease for 7 to 10 factors for both PM1 and PM2.5 , which led
to the Q value stability. The absolute scaled residuals (>3.0)
decreased from 55 to 4 for PM1 and from 62 to 3 for PM2.5 . The
7 factor solutions for PM1 and PM2.5 were selected based on
the Qtrue /Qexpected ratios, absolute scaled residuals (>3), and
the interpretability of the PMF solution. All the runs converged
for PM1 and PM2.5 both. There were good correlations between
the observed and model predicted concentrations for PM1 and
PM2.5 both. For further details about PMF performance, please
refer to the EPA PMF 5.0 User Guide (Norris et al., 2014).

1.5.

Fire spots and backward trajectories

To better explore the contribution of the biomass burning,
the fire spots were employed to support this study’s results.
The fire spots data was obtained from Moderate-Resolution
Imaging Spectroradiometer (MODIS) active fire products developed by NASA (http://firms.modaps.eosdis.nasa.gov/). This
fire spots data was used to detect the biomass burning activities in the study region. In the present study, we used the 72-hr
fire spots map of China for the biomass burning peak period.
Additionally, to analyze the influence of the meteorological
conditions, the backward trajectories of the air transportation
were calculated in this work. The 72-hr backward trajectories
were calculated every 6-hr using the NOAA HYSPLIT model
with 0.5° Global Data Assimilation System (GDAS) meteorological data (http://ready.arl.noaa.gov/HYSPLIT.php) (Stein et al.,
2015). The backward trajectories started at a height of 500 m
above ground level (AGL) and their starting time was 08:00 local time according to the sampling time. In the present study,
we used the 72-hr backward trajectories for the biomass burning, primary biogenic, and shipping emissions peak periods.
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Fig. 2 – PM1 and PM2.5 mass concentrations (μg/m3 ) and PM1 /PM2.5 ratio.

2.

Results and discussion

2.1.

PM1 and PM2.5 mass concentrations

The PM1 concentration averaged at 32.4 ± 17.4 μg/m3 , with a
range of 13.7–93.9 μg/m3 . The PM2.5 concentration averaged at
53.3 ± 28.9 μg/m3 , with a range of 19.2–159.0 μg/m3 . The temporal trends of PM1 and PM2.5 concentrations and PM1 /PM2.5
ratio are shown in Fig. 2.
The PM1 /PM2.5 ratio averaged at 0.63 ± 0.13, with a range of
0.30–0.93. The average PM1 /PM2.5 ratio showed that the PM1
constituted 63% mass of the PM2.5 on average. The higher
PM1 /PM2.5 ratios indicate that the PM2.5 is mostly influenced
by the small size distribution sources such as combustion processes and secondary particles sources (Chen et al., 2018a).
The lower PM1 /PM2.5 ratios indicate that the PM2.5 is significantly influenced by the natural sources and mechanical processes generating larger particles. In the present study, the average PM1 /PM2.5 ratio depicts that the PM2.5 was mostly influenced by the combustion processes and secondary particles sources and there was also significant contribution of mechanical processes and natural sources. The main sources of
PM1 and PM2.5 were combustion processes (fossil fuel, coal,
and biomass) and secondary aerosols.

2.2.

Chemical composition

The statistical summary of mass concentrations and chemical compositions of PM1 and PM2.5 is presented in Table 1.
For PM1 , the 21 chemical species considered are carbonaceous
species (OC and EC), anions (Cl− , NO3 − , and SO4 2− ), cations
(Na+ , NH4 + , K+ , Mg2+ , and Ca2+ ), crustal materials (Al, Fe,
Mn, Si, and Ti), trace elements (Cu, Ni, Pb, and Zn), and specific marker sugar species (levoglucosan and mannitol). For
PM2.5 , the 23 chemical species considered are carbonaceous
species (OC and EC), anions (Cl− , NO3 − , and SO4 2− ), cations
(Na+ , NH4 + , K+ , Mg2+ , and Ca2+ ), crustal materials (Al, Fe, Mn,
Si, and Ti), trace elements (Cu, Ni, Pb, V, and Zn), and specific
marker sugar species (levoglucosan, glucose and mannitol).
The major chemical species (having average concentration
greater than 0.5 μg/m3 ) in the PM1 were OC, SO4 2− , NO3 − ,
EC, NH4 + , Ca2+ , and Si. The corresponding mass percentages
in the PM1 for these chemical species were 16.46%, 7.98%,
7.47%, 6.62%, 4.94%, 3.93%, and 1.93%, respectively. The major
chemical species (having average concentration greater than
1 μg/m3 ) in the PM2.5 were OC, NO3 − , SO4 2− , EC, NH4 + , Si,
and Ca2+ . The corresponding mass percentages in the PM2.5
for these chemical species were 11.18%, 9.76%, 8.13%, 4.88%,
4.56%, 3.33%, and 3.21%, respectively. The OC and EC are the
main indicators of combustion processes involving fossil fuel,
coal and biomass combustion. The NO3 − , SO4 2− , and NH4 + are

the main indicators of secondary inorganic particle sources
(Waked et al., 2014). The combustion processes contributed
more to PM1 and the secondary particles were more evident in
PM2.5 . The Ca2+ and Si are the main indicators of dust sources
and dust sources were more evident in PM2.5 (Xu et al., 2018).
The Ca2+ has both natural and anthropogenic sources at this
sub-urban location due to its diverse origins (Yang et al., 2017).
The anthropogenic sources contributed significantly to PM1
and PM2.5 , and the natural sources were more evident in PM2.5 .
The temporal trends of these major chemical species for PM1
and PM2.5 are shown in Fig. 3.

2.3.

Chemical characterization

The important characteristics of PM1 and PM2.5 were determined by the specific characteristic ratios of PM1 /PM2.5 ,
AE/CE, NO3 − /SO4 2− , OC/EC, SOC/OC, OM/TCA, K+ /EC,
levoglucosan/K+ , V/Cu, and V/Ni. The statistical summary
of characteristics ratios of PM1 /PM2.5 , AE/CE, NO3 − /SO4 2− ,
OC/EC, SOC/OC, OM/TCA, K+/EC, levoglucosan/K+ , V/Cu, and
V/Ni is shown in the Table 2. The PM1 /PM2.5 ratio has been
described in the mass concentrations section. The characteristic ratios of the species can show potential information for
possible sources of PM1 and PM2.5 .
The balance of anions and cations of the PM is an important parameter which influences the heterogeneous reactions,
morphology, and toxicity of the PM. The PM’s anions/cations
balance can be determined by using ion balance calculations.
The PM’s ions balance can be determined by the anion equivalent (AE) and cation equivalent (CE) ratios. The PM’s AE and
CE are calculated by the equations as follows (Tao et al., 2013;
Shi et al., 2017):





AE = Cl− /35.5 + NO3 − /62 + SO4 2− /48






 
CE = Na+ /23 + NH4 + /18 + K+ /39 + Mg2+ /12 + Ca2+ /20
The temporal trend of AE/CE ratio is shown in Appendix A
Fig. S2. For PM1 , the AE/CE ratio averaged at 0.53 ± 0.31, with a
range of 0.15–1.62. For PM2.5 , the AE/CE ratio averaged at 0.69
± 0.37, with a range of 0.24–1.87. The average AE/CE ratios for
PM1 and PM2.5 revealed that generally cations were richer than
anions. The PM1 had comparatively lower AE/CE ratios than
PM2.5 , suggesting that the sources for PM1 contributed more
cations and the PM1 was more alkaline than PM2.5 .
The NO3 − /SO4 2− ratio has been often used to indicate the
importance of mobile versus stationary sources of the atmospheric pollution (Arimoto et al., 1996). The temporal trend of
NO3 − /SO4 2− ratio is shown in Appendix A Fig. S3. The higher
NO3 − /SO4 2− ratios reflect more contribution of mobile vehicular sources and the lower NO3 − /SO4 2− rations reflect more
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Table 1 – Statistical summary of PM1 and PM2.5 (mass concentration and chemical composition).
PM1
Species
(μg/m3 )
PM1
(μg/m3 )
OC
EC
(μg/m3 )
Cl−
NO3 −
SO4 2−
Na+
NH4 +
K+
Mg2+
Ca2+
(μg/m3 )
Al
Fe
Si
(ng/m3 )
Cu
Mn
Ni
Pb
Ti
V
Zn
(ng/m3 )
Levoglucosan
Glucose
Mannitol

PM2.5
Min

Max

Average

SD

13.7

93.9

32.4

17.4

2.73
0.52

8.39
4.82

5.33
2.14

1.66
0.93

0.04
0.18
0.38
0.04
0.32
0.01
0.07
0.64

1.26
16.09
11.61
0.32
4.51
0.61
0.15
2.17

0.23
2.42
2.59
0.15
1.60
0.10
0.10
1.27

0.22
2.68
2.19
0.08
1.16
0.12
0.02
0.33

0.06
0.07
0.17

0.93
0.94
3.10

0.25
0.17
0.63

0.17
0.12
0.58

8.2
1.9
2.9
5.3
1.1
–
5.7

73.4
18.7
29.4
41.6
14.1
–
137.2

21.8
6.5
9.2
11.6
5.5
–
44.0

17.0
3.4
7.1
8.4
2.6
–
26.8

1.9
–
4.2

82.5
–
25.3

14.7
–
9.8

13.3
–
5.3

Species
(μg/m3 )
PM2.5
(μg/m3 )
OC
EC
(μg/m3 )
Cl−
NO3 −
SO4 2−
Na+
NH4 +
K+
Mg2+
Ca2+
(μg/m3 )
Al
Fe
Si
(ng/m3 )
Cu
Mn
Ni
Pb
Ti
V
Zn
(ng/m3 )
Levoglucosan
Glucose
Mannitol

Min

Max

Average

SD

19.2

159.0

53.3

28.9

2.89
0.68

9.62
6.38

5.96
2.60

1.77
1.01

0.08
0.57
0.74
0.08
0.43
0.01
0.10
0.97

2.42
29.67
13.91
0.73
10.76
0.86
0.24
2.46

0.46
5.20
4.33
0.29
2.43
0.18
0.15
1.71

0.48
5.55
3.24
0.14
1.97
0.20
0.03
0.35

0.06
0.12
0.39

3.56
1.91
9.24

0.58
0.49
1.77

0.53
0.32
1.44

8.2
3.6
2.9
5.3
5.3
0.7
13.5

79.5
52.0
39.2
65.6
75.6
7.6
205.4

30.5
17.0
12.1
19.4
15.9
2.2
86.0

19.6
9.0
9.5
12.4
11.9
1.6
40.2

3.3
2.4
4.2

131.2
31.3
30.9

20.8
14.6
15.2

18.6
8.8
5.9

Min: minimum; Max: maximum; SD: standard deviation

Fig. 3 – Major chemical species of PM1 and PM2.5 (μg/m3 ).
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Table 2 – Characteristic ratios’ statistical summary for PM1 and PM2.5 .
PM1

PM2.5

Species

Min

Max

Average

SD

Species

Min

Max

Average

SD

(μg/m3 )
PM1 /PM2.5
AE/CE
NO3 − /SO4 2−
OC/EC
SOC
SOC/OC
OM
TCA
OM/TCA
K+ /EC
Levoglucosan/K+
V/Cu
V/Ni

0.30
0.15
0.16
1.38
0.00
0.00
4.36
5.02
0.69
0.00
0.02
–
–

0.93
1.62
3.89
9.07
5.03
0.85
13.43
18.25
0.94
0.27
0.95
–
–

0.63
0.53
0.94
2.81
2.38
0.44
8.53
10.67
0.80
0.05
0.27
–
–

0.13
0.31
0.69
1.34
1.27
0.18
2.66
3.35
0.05
0.05
0.22
–
–

(μg/m3 )
PM1 /PM2.5
AE/CE
NO3 − /SO4 2−
OC/EC
SOC
SOC/OC
OM
TCA
OM/TCA
K+ /EC
Levoglucosan/K+
V/Cu
V/Ni

0.30
0.24
0.16
1.11
0.00
0.00
4.62
5.87
0.64
0.01
0.04
0.01
0.02

0.93
1.87
3.64
6.17
5.94
0.82
15.40
18.94
0.91
0.42
0.73
0.93
2.63

0.63
0.69
1.17
2.47
3.07
0.51
9.54
12.14
0.79
0.07
0.20
0.12
0.39

0.13
0.37
0.74
0.84
1.37
0.15
2.83
3.56
0.05
0.07
0.14
0.16
0.51

Min: minimum; Max: maximum; SD: standard deviation

contribution of industrial and combustion sources. For PM1 ,
the NO3 − /SO4 2− ratio averaged at 0.94 ± 0.69, with a range
of 0.16–3.89. For PM2.5 , the NO3 − /SO4 2− ratio averaged at 1.17
± 0.74, with a range of 0.16–3.64. The PM1 had comparatively
lower NO3 − /SO4 2− ratios than PM2.5 , suggesting that the PM1
had more stationary industrial and combustion sources and
the PM2.5 had more mobile sources than PM1 .
The OC/EC ratio and the correlation between OC and EC
have been often used for assessing the sources of carbonaceous aerosols. The OC/EC ratios of 4.1–14.5 indicate the
biomass burning sources, 0.3–7.6 refer to the coal combustion
sources, and 0.7–2.4 associate with traffic emission sources
(Watson et al., 2001; Sandrini et al., 2014). The temporal trend
of OC/EC ratio is shown in Appendix A Fig. S4. For PM1 , the
OC/EC ratio averaged at 2.81 ± 1.34, with a range of 1.38–
9.07. For PM2.5 , the OC/EC ratio averaged at 2.47 ± 0.84, with
a range of 1.11–6.17. The correlation between OC and EC was
0.66 and 0.63 for PM1 and PM2.5 , respectively. These OC/EC ratios and significant correlations between OC and EC indicated
OC and EC mostly had similar sources like coal combustion,
traffic emission and biomass burning. The PM1 had comparatively higher OC/EC ratios than PM2.5 , suggesting that the PM1
had more combustion (biomass and coal) and traffic emission
sources than PM2.5 .
The carbonaceous aerosols are constituted of OC and EC.
The EC is directly emitted from incomplete combustion of
carbonaceous materials. The OC is categorized into primary
organic carbon (POC) and secondary organic carbon (SOC);
the POC is formed from combustion and primary biogenic
sources and the SOC is formed from photochemical processes (Lim and Turpin, 2002). The OC/EC ratios above 2.00
indicated the presence of SOC (Chow et al., 1996). The SOC
was estimated by the equation as follows (Turpin and Huntzicker, 1995; Castro et al., 1999):
SOC = OC −

OC
EC

× EC
pri

The primary OC/EC ratio ((OC/EC)pri ) is the minimum
OC/EC ratio during the study period. For PM1 , the SOC averaged at 2.38 ± 1.27 μg/m3 , with a range of 0.00–5.03 μg/m3 . For
PM2.5 , the SOC averaged at 3.07 ± 1.37 μg/m3 , with a range of
0.00–5.94 μg/m3 . For PM1 , the SOC/OC ratio averaged at 0.44 ±
0.18, with a range of 0.00–0.85. For PM2.5 , the SOC/OC ratio av-

eraged at 0.51 ± 0.15, with a range of 0.00–0.82. The temporal
trend of SOC/OC ratio is shown in Appendix A Fig. S5. The SOC
constituted OC’s 44% and 51% averagely for PM1 and PM2.5 , and
it was an important fraction of OC for PM1 and PM2.5 both. The
PM2.5 had comparatively higher SOC/OC ratios than PM1 , suggesting that the SOC contributed more to the PM2.5 than PM1 .
The organic matter (OM) was estimated by multiplying OC
by a conversion factor of 1.6 to account for associated hydrogen, nitrogen, and oxygen in organic forms (Huang et al.,
2017; Aswini et al., 2018). For PM1 , the OM averaged at 8.53
± 2.66 μg/m3 , with a range of 4.36–13.43 μg/m3 . For PM2.5 ,
the OM averaged at 9.54 ± 2.83 μg/m3 , with a range of 4.62–
15.40 μg/m3 . The OM constituted 26% and 18% of PM1 and
PM2.5 . The total carbonaceous aerosol (TCA) was calculated by
the sum of OM and EC (TCA=OM+EC). For PM1 , the TCA averaged at 10.67 ± 3.35 μg/m3 , with a range of 5.02–18.25 μg/m3 .
For PM2.5 , the TCA averaged at 12.14 ± 3.56 μg/m3 , with a range
of 5.87–18.94 μg/m3 . The TCA constituted 33% and 23% of PM1
and PM2.5 and it was an important fraction of PM1 and PM2.5
both.
The OM/TCA ratio was used to determine the contribution
of OM to the TCA. For PM1 , the OM/TCA ratio averaged at 0.80
± 0.05, with a range of 0.69–0.94. For PM2.5 , the OM/TCA ratio
averaged at 0.79 ± 0.05, with a range of 0.64–0.91. The temporal trend of OM/TCA ratio is shown in Appendix A Fig. S6.
The OM constituted TCA’s 80% and 79% averagely for PM1 and
PM2.5 , and it was a dominant fraction of TCA for PM1 and PM2.5
both. The PM1 had little higher OM/TCA ratios than PM2.5 , suggesting that the OM contributed a little more to the PM1 than
PM2.5 .
To better understand the influence of biomass burning, the
ratios of some markers of biomass burning were explored. The
K+ /EC ratio has been often used for assessing biomass burning
and fossil fuel combustion sources. The K+ /EC ratios ranging
from 0.2 to 0.5 indicate biomass burning emission and from
0.03 to 0.09 show fossil fuels combustion emission (Tao et al.,
2016). The temporal trend of K+ /EC ratio is shown in Appendix
A Fig. S7. For PM1 , the K+ /EC ratio averaged at 0.05 ± 0.05,
with a range of 0.00–0.27. For PM2.5 , the K+ /EC ratio averaged
at 0.07 ± 0.07, with a range of 0.01–0.42. These K+/EC ratios
indicated the primary contribution of fossil fuels combustion
and there was also considerable contribution of biomass burning sources. The PM2.5 had comparatively higher K+ /EC ratios
than PM1 , suggesting that the PM2.5 had more biomass burn-
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ing contributions than PM1 and the PM1 had more fossil fuel
combustion contributions than PM2.5 .
Additionally, the levoglucosan/K+ ratio has been often used
for distinguishing the type of biomass burning. The higher
levoglucosan/K+ ratios indicate hardwoods and softwoods
burning, while the lower levoglucosan/K+ ratios indicate agricultural crop residue burning. The levoglucosan/K+ ratio also
depends on the combustion conditions; the K+ is emitted at
higher fractions during flaming phase while the levoglucosan
is emitted at similar fractions during flaming and smoldering
phases (Urban et al., 2012; Mkoma et al., 2013). The temporal trend of levoglucosan/K+ ratio is shown in Appendix A Fig.
S8. For PM1 , the levoglucosan/K+ ratio averaged at 0.27 ± 0.22,
with a range of 0.02–0.95. For PM2.5 , the levoglucosan/K+ ratio averaged at 0.20 ± 0.14, with a range of 0.04–0.73. These
levoglucosan/K+ ratios for PM1 and PM2.5 both indicated the
main agricultural crop residue burning sources but there were
also other contributing sources such as bio-fuel, bio-waste,
hardwood, and softwood burning. The PM2.5 had comparatively lower levoglucosan/K+ ratios than PM1 , suggesting that
the PM2.5 had more agricultural crop residue burning contributions than PM1 .
For other sources of shipping emissions and port activities, some ratios were also analyzed. The V concentrations together with V/Cu and V/Ni ratios have been often used for determining the shipping emissions (Pey et al., 2013; Tolis et al.,
2015). The V/Cu ratios above 0.6 and V/Ni ratios greater than
2.0 indicated significant shipping emissions. The temporal
trend of PM2.5  s V together with V/Cu and V/Ni ratios is shown
in Appendix A Fig. S9. For PM2.5 , the V/Cu ratio averaged at 0.12
± 0.16 with a range of 0.01–0.93 and the V/Ni ratio averaged at
0.39 ± 0.51 with a range of 0.02–2.63. The higher V concentrations together with high V/Cu and V/Ni ratios during July 01–03
indicated significant shipping emissions contribution to PM2.5
as shown in Appendix A Fig. S9.

2.4.

Source apportionment

The EPA’s PMF 5.0 was used for the source apportionment of
PM1 and PM2.5 . The PM1 dataset involved 21 chemical species
and the PM2.5 dataset involved 23 chemical species. The 7 factor solutions for PM1 and PM2.5 were found to be the optimum
solutions having the most suitable source apportionment results. There was certain degree of factor mixing in the PMF results for both PM1 and PM2.5 . Due to this factor mixing, some
specific tracers were not properly distributed into their relevant factors. This factor mixing was probably due to the limited number of samples i.e. 60 daily samples used in the PMF
analysis. The variability of the species’ concentration depends
on various parameters such as the meteorological conditions,
the source emission strengths and the species’ physiochemical characteristics. The use of species having different physiochemical characteristics can induce chemical fingerprints’
distortion of the different factors. So the factors’ mixing and
their chemical fingerprints’ distortion was possibly due to the
limited number of samples, the meteorological conditions, the
source emission strengths and the species’ physiochemical
characteristics.
The constrained runs were performed to lessen the factor mixing and chemical fingerprints’ distortion for both PM1
and PM2.5 . In the constrained run, the applied chemical constraints were based on the priori knowledge of source compositions (Salameh et al., 2018; Xu et al., 2018; Zhang et al.,
2018; Liang et al., 2019; Saraga et al., 2019; Xu et al., 2019;
Wang et al., 2019). For example, the levoglucosan was set to
zero in all factors except biomass burning so that it appears
only in biomass burning factor and the glucose and mannitol were pulled up for evident primary biogenic contributions.
The chemical constraints applied to the PM1 and PM2.5 results
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are presented in Appendix A Table S3 and Appendix A Table
S4. The constrained runs generated more reasonable factor
profiles and thus the PMF’s constrained run results are described and employed to represent the PM1 and PM2.5 source
apportionment. There were good correlations between the observed and model predicted concentrations for PM1 and PM2.5
both, 0.79 for PM1 and 0.94 for PM2.5 .
The validity of the 7 factor solutions was checked by performing bootstrap (BS) runs for both PM1 and PM2.5 . All the
factors were mapped well within acceptable range. There
were minimal swaps between factors and there was none
unmapped for both PM1 and PM2.5 . For PM1 , the bootstrap
mapping was 100% (secondary aerosols, biomass burning,
traffic emission, fugitive dust, and industrial emission), 95%
(coal combustion), and 75% (mineral dust) (Appendix A Table S5). For PM2.5 , the bootstrap mapping was 100% (secondary
aerosols, biomass burning, traffic emission, coal combustion,
and mineral dust), 95% (fugitive dust), and 85% (industrial
emission) (Appendix A Table S6). The BS results indicated that
the results of PMF source apportionment in this work are reasonable.

2.4.1.

Factor profiles and contributions

The 7 factor solutions for PM1 and PM2.5 were found to be the
most optimum and suitable source apportionment solutions.
For both PM1 and PM2.5 , the 7 factors were secondary aerosols,
biomass burning, traffic emission, coal combustion, fugitive
dust, mineral dust, and industrial emission. The factors were
recognized on the basis of source markers in each of the factors. The factor profiles and variations of factor contributions
for the PM1 and PM2.5 are shown in the Figs. 4 and 5, respectively.
The secondary aerosols factor was characterized by the
high contributions of NO3 − , SO4 2− , and NH4 + with some loading of OC. The NO3 − , SO4 2− , and NH4 + have been recognized
as the markers of secondary particles (Waked et al., 2014). This
factor involved both secondary inorganic and secondary organic aerosols. The significant presence of Cl− together with
OC and EC indicated some mixing of coal combustion in this
factor for both PM1 and PM2.5 . This factor’s contribution was
25% and 34% for PM1 and PM2.5 , respectively. This factor’s contribution was comparatively higher in the PM2.5 than PM1 , because NO3 − , SO4 2− , and NH4 + had higher concentrations in
the PM2.5 than PM1 .
The biomass burning factor was characterized by the high
contributions of K+ and levoglucosan together with some OC
and EC. The K+ and levoglucosan have been recognized as the
markers of biomass burning (Reche et al., 2012; Tao et al., 2014).
The biomass burning involved the agricultural crop residue
burning, hardwoods and softwoods burning, bio-waste burning, and bio-fuels combustion. This factor also involved agricultural fertilization and waste incineration sources due to
significant contributions of Na+ and NH4 + together with some
elements for both PM1 and PM2.5 . This factor’s contribution
was 17% and 20% for PM1 and PM2.5 , respectively. The model’s
uncertainties and the inclusion of agricultural fertilization
and waste incineration sources led to this factor’s higher contribution for both PM1 and PM2.5 . This factor’s contribution
was comparatively higher in PM2.5 than PM1 , because the
biomass burning sources contributed more to the PM2.5 than
PM1 .
The traffic emission factor was characterized by the high
contributions of OC and EC with moderate contributions of
SO4 2− , Mg2+ , Ca2+ , Cu, Fe, Mn, Pb, V, and Zn. The OC and EC
together with some Cu, Fe, Mn, Pb, and Zn have been recognized as the markers of traffic emission (Saraga et al., 2019).
The abundant Cu and Fe indicated brake-related particles, Mn
and Zn indicated tire-wear particles, Mg2+ and Ca2+ showed
road dust, and V linked to shipping emission (Xu et al., 2019).
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Fig. 4 – PM1 and PM2.5 factor profiles.

This factor also involved SOC and secondary sulfate sources
due to significant contribution of OC and SO4 2− for both PM1
and PM2.5 . This factor’s contribution was 20% and 14% for PM1
and PM2.5 , respectively. This factor’s contribution was comparatively higher in PM1 than PM2.5 , because the traffic emission
sources contributed more to the PM1 than PM2.5 .

The coal combustion factor was characterized by the high
contributions of Cl− together with OC and EC. The Cl− together with OC and EC has been recognized as the marker of
coal combustion (Huang et al., 2017). This factor involved coal
dust due to significant presence of Mg2+ and Ca2+ . This factor also involved primary biogenic sources due to significant
contributions of mannitol for both PM1 and PM2.5 , and glucose
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Fig. 5 – Variations of PM1 and PM2.5 factor contributions.

for PM2.5 . The primary biogenic sources are of natural origins
which are comparatively more evident in larger (coarser) particles than smaller (finer) particles, therefore the primary biogenic source was identified together with coal combustion in
this factor. This factor’s contribution was 17% and 14% for PM1
and PM2.5 , respectively. This factor’s contribution was compar-

atively higher in PM1 than PM2.5 , because the coal combustion
sources contributed more to the PM1 than PM2.5 .
The fugitive dust factor was characterized by the high contributions of Mg2+ , Ca2+ , Al, Cu, Fe, Ni, Pb, Si, Ti, V, and Zn. The
Mg2+ , Ca2+ , Al, Cu, Fe, Pb, Si, Ti, and Zn have been recognized
as the markers of fugitive dust (Xu et al., 2018). The V and Ni
have been recognized as the markers of heavy oil combustion
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Fig. 6 – PM1 and PM2.5 percentage contributions.

(Viana et al., 2009). The fugitive dust is the combination of various dusts originating from construction work, industrial activities, and road dust. For PM2.5 , this factor involved the heavy oil
combustion due to significant contribution of V and Ni. This
factor’s contribution was 9% and 8% for PM1 and PM2.5 , respectively. This factor’s contribution was approximately similar for
both PM1 and PM2.5 .
The mineral dust factor was characterized by the high contributions Al, Fe, Mn, Si, and Ti. The Al, Fe, Mn, Si, and Ti
have been recognized as the markers of mineral or crustal
dust, and they are mostly derived from long-range transport
(Huang et al., 2017). For PM1 , the presence of OC, EC, Cl− , Na+ ,
Cu, Ni, and Pb indicated the contribution of heavy traffic (oil
combustion) and some port activities in this factor. This factor’s contribution was 9% and 7% for PM1 and PM2.5 , respectively. This factor’s contribution was approximately similar for
both PM1 and PM2.5 .
The industrial emission factor was characterized by the
high contributions of Zn, Mn, Ni, Pb, Fe, and Ti together with
some OC, EC, Mg2+ , and Ca2+ . The Zn, Mn, Ni, Pb, Fe, and Ti
with some other species have been recognized as the markers
of industrial emission (Wu et al., 2007). This factor’s contribution was 3% for both PM1 and PM2.5 . This factor’s contribution
was approximately similar for both PM1 and PM2.5 .
The temporal variations of each factor’s contributions for
PM1 and PM2.5 approximately exhibited a similar trend for
both PM1 and PM2.5 (Fig. 5). The secondary aerosols, biomass
burning, traffic emission, and coal combustion were the main
contributing factors for both PM1 and PM2.5 . The percentage
contributions of factors for the PM1 and PM2.5 are presented
in Fig. 6.
As the sampling site located at a sub-urban location, there
were diverse sources contributing to the PM1 and PM2.5 as
shown by PMF results. According to the local source inventory, our results are rational and reasonable. These results
would provide a significant contribution to the source apportionment studies of PM1 and PM2.5 at sub-urban sites in nearport cities.

2.5.
Variations of biomass burning and primary biogenic
markers
The biomass burning and primary biogenic contributions
were determined by the specific marker sugar species of
levoglucosan, glucose, and mannitol. The levoglucosan has
been well recognized as the key marker of biomass burning
(Simoneit et al., 1999; Jordan et al., 2006). The glucose and

mannitol have been recognized as the markers of primary biogenic sources: glucose for vegetation sources and mannitol
for fungal sources (Bauer et al., 2008; Jia and Fraser, 2011). For
PM1 , the average levoglucosan and mannitol were 14.7 ng/m3
and 9.8 ng/m3 , respectively. For PM2.5 , the average levoglucosan, glucose, and mannitol were 20.8 ng/m3 , 14.6 ng/m3 , and
15.2 ng/m3 , respectively. The temporal trends of the sugars for
PM1 and PM2.5 are shown in the Fig. 7.
Considering the concentrations of sugar species, the 3-day
biomass burning peak period (May 09–11) and primary biogenic peak period (June 04–06) were determined. The biomass
burning factor’s contributions to the PM1 and PM2.5 were
higher during the period (May 09–11) as shown in Fig. 5, which
confirmed the biomass burning peak period (May 09–11). The
primary biogenic sources were identified together with coal
combustion, because the primary biogenic sources are comparatively less evident in smaller particle sizes. The coal combustion (involved primary biogenic sources) factor’s contributions to the PM1 and PM2.5 were higher during the period (June
04–06) as shown in Fig. 5, which confirmed the primary biogenic peak period (June 04–06). During the biomass burning
peak period, there were considerable primary biogenic contributions because the glucose and mannitol had more consistent local and regional sources and moreover these are also
released during biomass burning. During the primary biogenic
peak period, there were much lower biomass burning contributions. These two 3-day peak periods are characterized and
described as follows:
As shown in Fig. 7, the 3-day biomass burning peak period
was determined by the high concentrations of levoglucosan
from May 09 to May 11 for both PM1 and PM2.5 . This period
also had significant concentrations of glucose and mannitol
as these are also released during biomass burning. During this
3-day period, the average levoglucosan concentrations were
66.5 ng/m3 and 87.8 ng/m3 for PM1 and PM2.5 , respectively.
On May 11, the maximum levoglucosan concentrations were
82.5 ng/m3 and 131.2 ng/m3 for PM1 and PM2.5 , respectively.
The primary biogenic markers (glucose and mannitol) were
consistent throughout our study period, implicating that they
had more local and regional sources than the long distance
ones. The 3-day primary biogenic peak period was determined
by the high concentrations of glucose and mannitol from June
04 to June 06. This period had very low levoglucosan concentrations showing very less biomass burning. During this 3day period, the average glucose concentration was 22.5 ng/m3
and the maximum glucose concentration on June 05 was
29.4 ng/m3 for PM2.5 . During this 3-day period, the average
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Fig. 7 – Variations of sugars in PM1 and PM2.5 (ng/m3 ).

mannitol concentrations were 13.8 ng/m3 and 21.8 ng/m3 for
PM1 and PM2.5 , respectively. On 05 June, the maximum mannitol concentrations were 14.1 ng/m3 and 30.9 ng/m3 for PM1
and PM2.5 , respectively.

2.6.

Fire spots and backward trajectories

To better investigate the contribution of biomass burning during May 09–11, the fire spots and backward trajectories were
employed to provide additional information. The 72-hr fire
spots map during biomass burning peak period (May 09–11) is
shown in Appendix A Fig. 10. During the biomass burning peak
period, the fire spots were more concentrated in agricultural
cropland areas of Hebei, Henan, Hubei, Anhui, and Shandong
provinces. The fire spots can also be seen in some forested areas of Heilongjiang and Yunnan provinces.
The 72-hr backward trajectories with starting height at
500 m during biomass burning peak period (May 09–11) are
shown in Appendix A Fig. 11a. During the biomass burning
peak period, the most of the backward trajectories were originating from and/or passing through areas rich in fire spots
(Hebei, Henan, Hubei, Anhui, and Shandong) and some from
the Northeastern China. Most of these fire spots rich areas
were agricultural croplands and some were forested areas.
During this period, most of the backward trajectories were
from the same direction of fire spots rich areas. The higher

levoglucosan concentrations and biomass burning factor contributions during these days for both PM1 and PM2.5 confirmed
this biomass burning peak period. The biomass burning was
the dominant source during this period compared to the other
sources. The backward trajectories were from the same direction as fire spots rich areas and there were also higher levoglucosan concentrations for the PM2.5 studies in China’s megacities of Beijing, Shijiazhuang, and Zhengzhou (Zhang et al.,
2017; Chen et al., 2018b).
The 72-hr backward trajectories with starting height at
500 m during primary biogenic peak period (June 04–06) are
shown in Appendix A Fig. 11b. During the primary biogenic
peak period, the most of the backward trajectories were originating from and/or passing through Hebei, Henan, Shanxi,
and Inner Mongolia areas of China and some also from
Mongolia and Russia. The primary biogenic sources were
comparatively more evident during this period, the higher
glucose and mannitol concentrations and also higher contributions of their relevant coal combustion factor during
these days confirmed this primary biogenic peak period. As
primary biogenic sources were more consistent, they also
mixed with other sources like traffic emission and fugitive dust during these days. There were lesser contributions from other sources like biomass burning during this
period.
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The 72-hr backward trajectories with starting height at
500 m during shipping emissions peak period (July 01–03) are
shown in Appendix A Fig. 11c. During the shipping emissions
peak period, the most of the backward trajectories were originating from and/or passing through marine (Bohai Sea, Yellow
Sea, and East China Sea) and coastal areas (Hebei, Shandong,
and Jiangsu) confirming significant contributions of shipping
emissions and port activities. As most backward trajectories
were from the marine and coastal directions and there were
higher V concentrations and V/Cu and C/Ni ratios during these
days, which confirmed the shipping emission peak period.
During these days, there were lower contributions from other
sources like biomass burning and primary biogenic sources.

3.

Conclusions

This study involved the chemical characterization and source
apportionment of PM1 and PM2.5 at a sub-urban site during
early summer in the near-port city of Tianjin. The average concentrations of PM1 and PM2.5 were 32.4 μg/m3 and 53.3 μg/m3 ,
respectively. The average PM1 /PM2.5 ratio indicated that the
PM1 constituted 63 % of the PM2.5 . The major chemical species
for the PM1 were OC, SO4 2− , NO3 − , EC, NH4 + , Ca2+ , and Si and
for the PM2.5 were OC, NO3 − , SO4 2− , EC, NH4 + , Si, and Ca2+ .
The higher fractions of OC, EC, NO3 − , SO4 2− , and NH4 + indicated that the combustion and secondary particle formation
processes were the main contributing sources for the PM1 and
PM2.5 .
The OC/EC ratios indicated that OC and EC had similar sources such as coal combustion, traffic emission, and
biomass burning. The SOC constituted significant fractions of
OC and OM made up dominant fractions of TCA for both PM1
and PM2.5 . The PM1 and PM2.5 had more fossil fuel combustion sources than biomass burning sources as indicated by
K+ /EC ratios. The levoglucosan/K+ ratios indicated that both
PM1 and PM2.5 had more agricultural crop residue burning
sources than bio-fuel, bio-waste, and wood burning sources.
The 7 factors were identified by PMF source apportionment for
both PM1 and PM2.5 . The secondary aerosols, biomass burning,
traffic emission, and coal combustion were the main sources
of PM1 and PM2.5 . The NASA’s fire spot map and NOAA’s HYSPLIT backward trajectories supported the biomass burning
peak period determined by levoglucosan concentrations and
biomass burning factor’s contributions. The NOAA’s HYSPLIT
backward trajectories were also employed for the primary biogenic and shipping emission peak periods.
The anthropogenic sources contributed more to the PM1
than PM2.5 , and the main anthropogenic sources were secondary particle formation, traffic emission, and coal combustion. The combustion processes dominated the PM1 and the
secondary particles were more evident in the PM2.5 . The natural sources were more evident in the PM2.5 than PM1 , and the
main natural sources were mineral dust and primary biogenic
emissions. This work significantly contributes to the chemical
characterization and source apportionment of PM1 and PM2.5
during early summer in near-port cities influenced by the diverse sources. Thus, the finer particles particularly the PM1
needs more focus in future research studies and it should be
included in national standards and health guidelines.
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