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� We studied the impact of
agricultural-waste burning on air
quality of free troposphere over Mt.
Tai.

� EC, OC, and WSOC showed higher
during major BB than those of minor
BB period.

� Nighttime concentrations are higher
than daytime during major BB
period.

� Daytime concentrations are higher
than nighttime during minor BB
period.

� nss-Ca2þ showed four times higher
during major BB than those of minor
BB.
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To better understand the impact of agricultural waste burning on the air quality of free troposphere over
the North China Plain (NCP), we collected total suspended particles (TSP) at the summit of Mt. Tai,
located in the NCP using a high volume air sampler during 29 May to 28 June 2006, when the field
burning of agricultural residue was intense. Temporal variations of all measured species showed that
their concentration increases from late May to mid June (major BB period), peaking during 12e14 June,
and then significantly decreased towards late June (minor BB period). We noticed that a significant
reduction in the concentrations of carbonaceous aerosols during the period of 8e11 June, when the wind
direction shifted from southerly to northerly. We found that concentrations of carbonaceous aerosols and
some major ions showed several times higher during major BB period than those of minor BB period. We
also found that nighttime concentrations are higher than daytime during major BB period, suggesting
that a long-range atmospheric transport of biomass burning plumes in the free troposphere, which
arrived at the summit of Mt. Tai. In contrast, daytime concentrations are higher than nighttime during
minor BB period. We found higher concentrations of secondary organic carbon (SOC) during major BB
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period, suggesting that formation of secondary organic aerosols through aqueous phase chemistry under
high NOx conditions during a long-range atmospheric transport. nss-Kþ showed about four times higher
concentrations during major BB than those of minor BB. Concentrations of nss-Ca2þ are higher in
nighttime during major BB period, implying that a significant long-range atmospheric transport of
mineral dust over the sampling site. These results are further supported by the positive matrix factor-
ization (PMF) analysis, which showed that biomass burning was a major source for the carbonaceous
aerosols followed by mineral dust sources over the summit of Mt. Tai.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Among all environmental issues, particulate air pollution is an
eye-catching issue because of the obvious impact on visibility and
has been amajor issue over South and East Asia, especially in China.
However, its invisible impacts on climate and public health may be
more serious and complex than ever thought (Guo et al., 2014).
Biomass burning is a large source of particulate matter, especially
carbonaceous aerosols (Bond et al., 2004, 2013; Wang et al., 2012),
which composed of both light-absorbing elemental carbon (EC) and
light-scattering organic carbon (OC) (Rastogi et al., 2016). EC,
alternatively referred to black carbon (BC), is a product of incom-
plete combustion from residential coal, motor vehicle fuel, and
biomass (Reddy et al., 2012). Biomass burning aerosol also contains
a significant amount of water-soluble organic carbon (WSOC)
(Mkoma et al., 2013), hence, it acts as cloud condensation nuclei
(CCN) and indirectly affects the global climate (Boreddy et al., 2014;
Novakov and Corrigan, 1996).

Recently, carbonaceous aerosols have been of great concern
because of their significant contribution (~40e70%) (Kanakidou
et al., 2005) to the ambient particulate matter and their in-
fluences on regional and global climate change (Cao et al., 2004;
Kanakidou et al., 2009; Wang et al., 2015). Recent Intergovern-
mental Panel on Climate Change (IPCC 2013) report showed that
the radiative forcing of BC and organic aerosols associated with
fossil fuel and biofuel combustions were þ0.4 (þ0.05 to þ0.8) W
m�2 and �0.12 (�0.4 to �0.1) W m�2, respectively. However, their
values can change to þ0.0 (�0.2 to þ0.2) W m�2 when BC and
organic aerosols are emitted by biomass burning (Boucher et al.,
2013). Despite their greater contribution to the air pollution,
there is a large uncertainty in radiative forcing of carbonaceous
aerosols, mainly due to a lack of reliable information on their
sources and magnitudes.

The North China Plain (NCP) is a fertile and densely-populated
region, which covers one quarter of China's cultivated land and
yields 35% of the whole agricultural products in China. The area's
staple crops are wheat and maize, and the two crops are generally
grown in rotation. Farmers sow winter wheat in mid-October and
harvest it at the end of May. In June, farmers burn the remaining
wheat residue to fertilize the soil for the upcoming maize crop.
About 75% of all fires in the NCP occur in June. A second peak in fire
activity occurs in October after the harvest of maize. Smoke from
agricultural burn contains a number of substances that are haz-
ardous to human health, notably BC and organic aerosols (Fu et al.,
2010, 2012; Kanaya et al., 2008; Kawamura et al., 2013a, 2013b).
Fires also emit carbon monoxide, nitrogen oxides (NOx), and vola-
tile organic compounds that react with NOx to form ground-level
ozone (Kanaya et al., 2009; Ohara et al., 2007; Yamaji et al., 2010).

To better understand the air quality in North China, total sus-
pended particulate (TSP) samples were collected at the summit of
Mount Tai (36.25�N, 117.10�E; 1534 m a.s.l.) using a high volume air
sampler. The sample collectionwas performed as part of the Mount
Tai Experiment 2006 campaign (MTX2006) in early summer
(Kanaya et al., 2013). Sampling was conducted during the field
burning of wheat straw residue and post-burning season. Here, we
report day- and night-time variations of carbonaceous aerosols,
WSOC, and major ions during MXT2006. We also run PMFmodel to
better quantify the sources, transport pathways and photochemical
processing during long-range atmospheric transport.

2. Experimental

2.1. Sampling site, aerosol collection, and general meteorology

Fig. 1 shows the geographical location of the sampling site, Mt.
Tai (36.25�N, 117.10�E; 1534 m a.s.l.) and its adjacent locations of
East Asia. Mt. Tai is the highest and independent peak located in the
NCP in Central East China. The boundary layer height at the summit
of Mt. Tai was about 240 m during the night and reached maxima,
around 2500 m, at noon (Kanaya et al., 2013). Therefore, the sam-
pling site experiences free tropospheric aerosols during nighttime.

As a part of MTX2006, daytime/nighttime and 3 h TSP sampling
was conducted at a height of 10 m above ground level on the
summit of Mt. Tai during 28 May to 28 June 2006. Aerosol samples
were collected on a pre-combusted (450 �C for 6 h) quartz filters
(20 � 25 Pallflex 2500QAT-UP) using a high volume air sampler
(HVS) with a flow rate of 1 m3 min�1 (Kawamura et al., 2013b).
After sampling, filters were placed in a pre-baked (450 �C for 6 h)
clean glass jars with a Teflon lined screw cap and stored at �20 �C
prior to the subsequent analyses. A total of 83 aerosol (including
daytime/nighttime and 3 h) and 4 field blank samples were
collected during the sampling period. The flow rate of the HVS was
often checked during the sampling period.

Fig. 2 presents the wind speed and wind direction data over the
Mt. Tai during June 2006, which are collected during the sampling
Fig. 1. A location of Mt. Tai and its adjacent areas.



Fig. 2. Temporal variation of wind speeds and wind directions in daytime (solid circle)
and nighttime (hallow circle) of June 2006 at the summit of Mt Tai. Color scale in-
dicates wind directions (Deg). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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period. As shown in Fig. 2, southwesterly/southeasterly (~150�-
270�) winds are dominated during the whole study period; how-
ever, northerly winds are dominated during 8e11 and 14e15 June
(blue and red colored circles in Fig. 2) over the sampling site.
Weather conditions are clear and partly cloudy with insignificant
rainfall throughout the campaign. More detailed information about
meteorological parameters was described elsewhere (Kanaya et al.,
2013; Kawamura et al., 2013b; Li et al., 2008).

2.2. Analyses of chemical species

To determine the water-soluble ions, a punch of 20 mm in
diameter from each filter was extracted with 10 mL organic-free
ultra pure water (>18.2 MU cm, Sartorius arium 611 UV) and
ultrasonicated for 30 min. These extracts were passed through a
disk filter (Millex-GV, 0.22 mm pore size, Millipore) to remove the
filter debris and insoluble particles and were analyzed for major
ions (MSA�, Cl�, SO4

2�, NO3
�, Naþ, NH4

þ, Kþ, Ca2þ, andMg2þ) using an
ion chromatography (761 Compact IC, Metrohm, Switzerland).
More details about the column and eluents are available elsewhere
(Boreddy and Kawamura, 2015).

To determineWSOC, a punch of 20mm in diameter of each filter
Fig. 3. Mean mass distributions of carbonaceous components and water-soluble species
was extracted with 20 mL organic-free ultra pure water
(>18.2 MU cm, Sartorius arium 611 UV) and ultrasonicated for
30min. These extracts were passed through a disk filter (Millex-GV,
0.22 mm pore size, Millipore) to remove the filter debris and
insoluble particles and analyzed using a total organic carbon
analyzer (Shimadzu, TOC-5000A) equipped with a catalytic oxida-
tion column and non-dispersive infrared detector (Miyazaki et al.,
2011).

OC and EC were determined using a Sunset Laboratory carbon
analyzer following the IMPROVE (Interagency Monitoring of Pro-
tected Visual Environments) thermal/optical evolution protocol
(Wang et al., 2005), assuming carbonate carbon in the aerosol
samples to be insignificant. A punch of 14 mm in diameter of each
filter was placed in a quartz tube inside the thermal desorption
chamber of the analyzer and then stepwise heating was applied.
Helium (He) gas is applied in the first ramp and is switched to
mixture of He/O2 in the second ramp. The evolved CO2 during the
oxidation at each temperature step was measured by non disper-
sive infrared (NDIR) detector system.

In this study, the sum of EC and OC was considered as total
carbon (TC). The difference between OC and WSOC was considered
as water-insoluble OC (WIOC). The atmospheric concentrations of
organic matter (OM) were estimated by multiplying measured OC
by a factor of 1.6 (Turpin and Lim, 2001).

The contribution of primary and secondary carbon (POC and
SOC) to carbonaceous aerosols are estimated using the EC-tracer
method (Turpin and Huntzicker, 1995). The EC-tracer method as-
sumes the relatively constant OC/EC ratios for given area, season
and local meteorology because EC and POC typically originate from
the same sources. Hence, the minimumvalue of OC/EC ratios can be
used to estimate the amount of SOC in the atmospheric aerosol for a
specific region of interest (Castro et al., 1999) although it involves
some degree of uncertainty. The concentrations of SOC and POC
were estimated using the following equations,

½POC� ¼ ½OC=EC�min½EC� þ c (R1)

½SOC� ¼ ½OC�measured � ½POC� (R2)

where [OC/EC]min is the observed minimum OC/EC ratio during the
sampling period, c is a parameter for non-combustion sources
contributing to POC that is assumed to be negligible, and
[OC]measured is measured OC concentration during the study period.

For the determination of levoglucosan (LG), the filter samples
in day- and nighttime for major and minor BB periods, respectively, in June 2006.
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were analyzed by the method described in Fu and Kawamura
(2011). Briefly, a piece (1.54 cm2) of each filter sample was extrac-
ted 3 times with dichloromethane/methanol (2:1; vol/vol) under
ultrasonication for 10 min. Sugar compounds in the extracts were
derivatized to trimethylsilyl ethers with 50 mL of N,O-bis-
(trimethylsilyl) trifluoroacetamide containing 1% trimethylsilyl
chloride and 10 mL of pyridine at 70 �C for 3 h. The derivatives were
diluted by addition of 140 mL of n-hexane containing 1.43 ng mL�1

(internal standard: C13 n-alkane) and then determined with a gas
chromatography-mass spectrometry (GC-MS). Fragment ions of m/
z 217 and 204 were used for the quantification of LG. The detailed
results are presented elsewhere (Fu et al., 2008, 2012).

The analytical errors in the triplicate analysis of filter sample
were less than 5% for EC and OC, WSOC, and major ions. All the
concentrations of carbonaceous and water-soluble components
reported here are corrected for field blanks that were collected
during the sampling period.
2.3. Evaluation of non-sea salt analysis

The contributions from other sources excluding sea-salts are
calculated using Naþ as a sea spray marker (Keene et al., 1986). The
mass concentrations of non sea-salt (nss) components are esti-
mated as (Guo et al., 2011):

nss� SO2�
4

�
mg m�3

�
¼

h
SO2�

4

i
�
h
Naþ

i
� 0:245 (R3)

nss� Kþ
�
mg m�3

�
¼

h
Kþ

i
�
h
Naþ

i
� 0:035 (R4)
Table 1
Concentrations of aerosol mass, EC, OC, WSOC, and major inorganic ions in the TSP aero

Species Concentration (mg m�3) ± standard deviation

Major biomass burning (5/28 to 6/14) Min

Daytime Nighttime Total Day

Aerosol mass 250 ± 86 324 ± 113 283 ± 108 267
Aerosol water 213 ± 157 277 ± 172 238 ± 168 281
OC 21.8 ± 9.9 25.5 ± 14 23.3 ± 12 11.2
EC 3.9 ± 2.3 5.4 ± 3.9 4.6 ± 3.3 2.2
TC 25.7 ± 12 30.9 ± 17 27.9 ± 15 13.4
WSOC 14.0 ± 7.5 15.3 ± 9.0 14.4 ± 8.3 6.2
WIOC 7.8 ± 3.4 10.1 ± 6.5 8.9 ± 5.3 5.0
POC 10.0 ± 6.0 14 ± 10.1 11.7 ± 2.6 5.7
SOC 11.8 ± 6.5 11.5 ± 7.6 11.6 ± 10 5.6
MSA- 0.4 ± 0.4 0.4 ± 0.4 0.4 ± 0.4 0.2
Cl� 2.6 ± 3.7 5.7 ± 9.6 4.0 ± 7.3 1.1
NO3

� 18.5 ± 11 25.4 ± 11 21.6 ± 12 16.9
nss-SO4

2- 31.2 ± 20 37.4 ± 19 33.8 ± 20 51.4
Naþ 0.3 ± 0.2 0.4 ± 0.2 0.3 ± 0.2 0.2
NH4

þ 13.3 ± 7.9 16.1 ± 7.3 14.5 ± 7.7 19.1
nss-Kþ 5.0 ± 4.4 6.9 ± 6.3 5.9 ± 5.4 2.2
Mg2þ 0.4 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 0.4
nss-Ca2þ 5.8 ± 2.7 8.2 ± 3.1 6.9 ± 3.1 5.3
LG (ng m�3) 486 ± 407 540 ± 757 505 ± 578 145

Ratios

OC/EC 6.3 ± 2.1 5.3 ± 1.8 5.8 ± 2.0 5.4
OC/TC 0.9 ± 0.0 0.8 ± 0.0 0.8 ± 0.0 0.8
EC/TC 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2
WSOC/OC 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.5
SOC/POC 1.5 ± 0.8 1.1 ± 0.7 1.3 ± 0.7 1.1
nss-Kþ/EC 1.2 ± 0.5 1.3 ± 0.5 1.2 ± 0.5 1.0
nss-Kþ/OC 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2
nss-SO4

2-/NO3
� 1.7 ± 0.5 1.5 ± 0.3 1.6 ± 0.4 3.4

nss-SO4
2-/NH4

þ 2.3 ± 0.3 2.3 ± 0.4 2.3 ± 0.4 2.7
NO3

�/NH4
þ 1.4 ± 0.2 1.6 ± 0.2 1.5 ± 0.2 0.8Pþ/

P- (meq m�3) 1.4 ± 0.5 1.2 ± 0.4 1.3 ± 0.4 1.1
nss� Ca2þ
�
mg m�3

�
¼

h
Ca2þ

i
�
h
Naþ

i
� 0:037 (R5)
2.4. ISORROPIA II model

“ISORROPIA II (Fountoukis and Nenes, 2007; Nenes et al., 1998)
is an efficient and rigorous thermodynamic equilibrium model,
which exhibits robust and rapid convergence under all aerosol
types with high computational speed. This model treats the ther-
modynamics of KþeCa2þeMg2þeNH4

þeNaþeSO4
2-eNO3

-eCl-eH2O
aerosol system, but organic species are not taken into account. It
applies the Zdanovskii-Stokes-Robinson (ZSR) equation (Stokes and
Robinson, 1966; Zdanovskii, 1948) to estimate the aerosol liquid
water content with the input of aerosol chemical composition along
with meteorological parameters (relative humidity and ambient
temperature). Due to the input parameters as aerosol composition,
we ran the ISORROPIA II model on a reverse mode.
3. Results and discussion

3.1. Mean mass distributions of EC, OC, WSOC, and major ions

Based on the MODIS-derived fire count data, as well as nss-Kþ

and LG concentrations, we divided the whole sampling period as
major (May 28-June 14) and minor (15e28 June) biomass burning
periods.

Fig. 3 presents the day and night distributions of all the
measured mean concentrations of carbonaceous components (EC
and OC) and water-soluble species (WSOC and major ions) for
sols collected over Mt. Tai during the period of 29 May to 28 June 2006.

or biomass burning (6/15 to 6/29) Whole period (5/28 to 6/29)

time Nighttime Total

± 98 217 ± 82 240 ± 91 268 ± 104
± 154 158 ± 125 222 ± 150 231 ± 160
± 4.5 7.7 ± 4.8 9.4 ± 4.9 17.3 ± 12

± 1.2 1.8 ± 1.3 2.0 ± 1.2 3.5 ± 2.9
± 5.6 9.6 ± 5.8 11.4 ± 5.9 20.7 ± 14

± 2.7 4.3 ± 2.9 5.2 ± 3.0 10.4 ± 8.0
± 2.1 3.5 ± 2.0 4.2 ± 2.2 6.8 ± 4.8
± 3.1 5.1 ± 2.7 5.3 ± 0.9 8.8 ± 2.1
± 2.6 3.6 ± 2.0 4.6 ± 4.2 8.6 ± 10
± 0.1 0.1 ± 0.2 0.1 ± 0.1 0.3 ± 0.3
± 0.7 0.7 ± 0.8 0.9 ± 0.8 2.7 ± 5.7
± 10 10.3 ± 7.3 13.5 ± 9.5 18.1 ± 11
± 24 31.6 ± 22 42.1 ± 24 37.4 ± 22

± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.2
± 9.6 10.6 ± 7.8 15.1 ± 9.5 14.7 ± 8.5

± 1.5 1.6 ± 1.6 1.9 ± 1.4 4.1 ± 4.6
± 0.1 0.3 ± 0.2 0.4 ± 0.2 0.4 ± 0.2
± 1.8 4.7 ± 3.8 4.9 ± 3.0 6.0 ± 3.2
± 245 47 ± 58 97 ± 183 331 ± 509

± 0.8 4.3 ± 1.2 4.9 ± 1.5 5.4 ± 1.8
± 0.0 0.8 ± 0.1 0.8 ± 0.1 0.8 ± 0.1
± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
± 0.0 0.5 ± 0.1 0.5 ± 0.1 0.6 ± 0.1
± 0.6 0.8 ± 0.3 0.9 ± 0.5 1.1 ± 0.7
± 0.3 0.9 ± 0.4 0.1 ± 0.4 1.1 ± 0.5
± 0.1 0.2 ± 0.1 0.2 ± 0.0 0.2 ± 0.1
± 1.5 3.1 ± 1.1 3.4 ± 1.6 2.4 ± 1.4
± 0.4 2.9 ± 0.7 2.8 ± 0.5 2.5 ± 0.5
± 0.3 1.0 ± 0.4 0.9 ± 0.3 1.2 ± 0.4
± 0.1 1.2 ± 0.3 1.1 ± 0.2 1.2 ± 0.4
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major and minor BB events during the study period. Their corre-
sponding statistical data are reported in Table 1. The chemical
species determined during major and minor BB periods are
distributed as: nss-SO4

2- > OC > NO3
� > NH4

þ > nss-Ca2þ > nss-
Kþ > EC, and nss-SO4

2- > NH4
þ > NO3

� > OC > nss-Ca2þ > EC > nss-Kþ,
respectively. The predominance of nss-SO4

2- during the whole
Fig. 4. Temporal variations of carbonaceous components, water-soluble organic carbon an
concentrations, we also show 10-day backward air mass trajectories along with fire spot d
period was probably due to the aqueous phase oxidation of
anthropogenic SO2 during long-range atmospheric transport
because about 90% of the global sulfate were produced in the
aqueous phase (Reilly et al., 2001). The relatively high humidity and
solar radiation at the summit in summer make the ambient con-
ditions more favorable to the formation of sulfate. Further, high
d their ratios in the Mt. Tai TSP aerosols. To better understand the variations in mass
ata for the selected periods during the study period.
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level of biomass burning of agriculture residues might have caused
an increase of gaseous pollutants such as O3, CO, and other VOCs in
addition to higher amount of water vapor. Therefore, oxidation of
SO2 by O3 and other oxidants (H2O2 or OH) in an aqueous phase
during long-range transport may be causes the intensive formation
of nss-SO4

2- at Mt. Tai (Deng et al., 2011). We found that concen-
trations of carbonaceous components, WSOC, nss-Kþ, and Cl�

showed twice higher during major BB period than those during
minor BB period, whereas concentrations of NO3

�, NH4
þ, nss-SO4

2-,
and nss-Ca2þ didn't show any significant difference between major
and minor BB periods. We also found that concentrations in
nighttime are higher than in daytime for all the species during
major BB period, probably due to the polluted air masses that come
from the BB influenced regions. In contrast, daytime concentrations
are higher than nighttime concentrations during minor BB period,
probably due to nighttime free tropospheric aerosols. These results
indicate that polluted air masses associated with BB may disturb
the atmospheric boundary layer mechanism over the sampling site
during major BB period.
3.2. Mass concentrations of OC, EC, and WSOC

Fig. 4 shows temporal variations of the concentrations of
carbonaceous components (OC and EC) and water-soluble organic
carbon (WSOC) and their ratios in Mt. Tai aerosols for daytime and
nighttime during the study period together with fire spots and
backward air mass trajectories atMt. Tai for selected periods in June
2006. Fire spot data were downloaded from the MODIS (MODerate
resolution Imaging Spectroradiometer) website (http://earthdata.
nasa.gov) and air mass trajectories were drawn using the hybrid
single particle lagrangian-integrated trajectory (HYSPLIT) model
from the NOAA ARL website (http://ready.arl.noaa.gov) (Draxler
and Rolph, 2013). The arrival height of the backward air mass tra-
jectory was 1500 m a.s.l., and the duration was 10 days. Both
carbonaceous andWSOC concentrations increased from lateMay to
mid June and then significantly decreased towards the end of June
(Fig. 4a, b, and d), however, we found that there was a significant
decline in the mass concentrations during the period 8e11 June.
Although a rain event occurred in the evening of 7th June, the
precipitation was quite small (0.8 mm) (Fu et al., 2008). Therefore,
the declined mass concentrations of chemical species was probably
due to the wind shift towards northerly over Mt Tai.

It is worthy to note that field burning of agriculture wastes such
as wheat straw, occurred in the southern part of Mt. Tai during the
Fig. 5. Temporal variation of SOC concentrations (mg m�3) during the study period. Liquid
source regions during study period. (For interpretation of the references to colour in this fi
first half of the sampling period (major BB period) (see Fig. 4).
Although field-burning activities are high during 8e11 June, mass
concentrations of carbonaceous aerosols are low because the wind
shifted to northerly/northwesterly and the air masses didn't reach
the field burning regions. On the other hand, field-burning activ-
ities have decreased during the second half of sampling period with
minor BB, as a result of lower concentrations of carbonaceous
aerosols at Mt. Tai.

Further, we used OC/EC ratios to examine the emission sources
and transformation characteristics of carbonaceous aerosols and
also to estimate the relative contributions of primary and second-
ary organic carbon (Lee et al., 2007) at Mt. Tai. The OC/EC ratios
ranged from 0.7 to 11.3 (mean: 5.4 ± 1.8) during the whole study
period. These ratios were higher than those previously reported
emission inventories over Korea and China (Cui et al., 2015; Streets
et al., 2003) and also higher than those from Gosan, Jeju Island
(3.4± 0.8) (Zhang et al., 2016), suggesting a substantial contribution
of secondary organic carbon over the sampling site as discussed
below. Although there is no clear variation during day- and
nighttime, we found higher OC/EC ratios during major BB period
(mean 5.8 ± 2.0, see Fig. 3c) than those of minor BB period
(4.9 ± 1.5) probably due to an intensive biomass burning. We also
found an excellent correlation between OC and nss-Kþ (a tracer of
biomass burning) with R2 ¼ 0.90 during major BB period. However,
great care should be needed while using OC/EC ratios as source
apportionment because the measurement of EC, OC mass concen-
trations via thermal methods with similar measurement protocols
can lead to different OC/EC ratios (Schauer et al., 2003). On the
other hand, WSOC/OC ratios ranged from 0.2 to 0.8 during a whole
period and didn't show any significant difference between major
and minor BB periods as well as day- and nighttime (see Table 1).
These higher WSOC/OC ratios again indicate a significant produc-
tion of secondary organic aerosols during major BB period over the
sampling site via long-range atmospheric transport.
3.3. Primary and secondary organic carbon concentrations

Fig. 5 presents the temporal variations of calculated secondary
organic carbon (SOC) concentrations, while POC concentrations are
reported in Table 1 during the study period. Fig. 5 demonstrates
that SOC concentrations during minor BB are significantly higher in
daytime than nighttime; however, we didn't find such a difference
during major BB period. This is in contrast to POC concentrations,
which showed lower concentrations in daytime during major BB
aerosol water contents are shown as a color scale. Color shades indicate the different
gure legend, the reader is referred to the web version of this article.)

http://earthdata.nasa.gov
http://earthdata.nasa.gov
http://ready.arl.noaa.gov


Fig. 6. Temporal variations in the concentrations of major water-soluble ions (mg m�3)
over Mt. Tai.
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and no significant difference in day- and nighttime duringminor BB
period. The derived POC concentrations during major BB period are
two times higher than those of minor BB period, whereas SOC
concentrations show about three times higher during major BB
period compared to minor BB period.

On the other hand, SOC/POC mass ratios showed higher values
in daytime duringmajor BB than those of minor BB period (Table 1),
suggesting that significant formation of SOC during major BB
period, especially in daytime. Further, aerosol liquid water contents
(ALWC) calculated using an ISORROPIA II model also showed
significantly higher values during major BB period. Further, SOC
showed significantly (p < 0.05) good correlations with WSOC
(r ¼ 0.85), ALWC (0.70), and LG (0.57) concentrations during major
BB period (not shown as figure). These results suggest that
aqueous-phase secondary formation of OC under the presence of O3
and NOx (Kanaya et al., 2013) may be important during major BB
period. High solar radiation during summer time also favors the
aqueous-phase production of SOC at the summit of Mt. Tai during
major BB period. In this context, Fu et al. (2012) reported a positive
correlation between WSOC and LG and demonstrated that biomass
burning can significantly contribute to the secondary OC formation
during the same campaign. Similarly, Kawamura et al. (2013b) re-
ported that secondary formation of oxalic acid via photochemical
oxidations in the aqueous phase atmosphere over Mt. Tai.

3.4. Major water-soluble ions and mass ratios

Fig. 6(aei) shows temporal variations of the concentrations of
major water-soluble ions in daytime and nighttime at Mt. Tai dur-
ingmajor andminor BB period, respectively. As discussed in section
3.1, all the ions showed higher concentrations in nighttime during
major BB period, whereas the concentrations are higher in daytime
during minor BB period and vice versa. Concentrations of MSA�

peaked during 5e7 July (Fig. 6a), when an intensive biomass
burning was occurring. The observed MSA� concentrations are four
times higher during major BB period than minor BB period.
Although dimethylsulfide (DMS), precursor of MSA�, is generally
considered to be emitted from marine biota, these results may
suggest that considerable amount of DMS was emitted from the
terrestrial higher plants (Jardine et al., 2015) or soil microbes and
subsequently oxidized to MSA� in the atmosphere, which was
transported to the sampling site along with biomass burning spe-
cies during major BB period. This point is further supported by a
relatively good correlation (r¼ 0.55) between LG andMSA�. On the
other hand, concentrations of Cl� and nss-Kþ are four times higher
during major BB period (Fig. 6b and g) than those of minor BB
period.

Concentrations of NO3
� are two times higher during major BB

period compared to minor BB period (Fig. 6d). Concentrations of
nss-Ca2þ showed higher values during major BB period and lower
values during minor BB period (Fig. 6h), suggesting that a signifi-
cant soil re-suspension occurred due to the agricultural activities
during the study period. In contrast, NH4

þ and nss-SO4
2- showed

higher concentrations during minor BB period (particularly in
daytime) than major BB period (Fig. 6c and f). Concentrations of
Naþ and Mg2þ were almost negligible (less than 1 mg m�3),
implying that there were insignificant marine contributions during
the study period over the sampling site (Fig. 6e and i).

It is well documented that nss-Kþ, a primary source, is often
used as a tracer for biomass burning (Andreae, 1983), although it
may come from other sources such as mineral dust and fertilizers.
Low concentrations of nss-Kþ in ambient aerosols indicate a sig-
nificant emission from fossil fuel burning (Rastogi et al., 2016). In
the present study, nss-Kþ/EC ratio was used to identify the major
sources of carbonaceous aerosols over the sampling site. High nss-
Kþ/EC ratios (>0.2) indicate a dominance of biomass burning,
whereas lower ratios (<0.1) indicate a prevalence of fossil fuel
emissions (Ram and Sarin, 2011; Rastogi et al., 2016; Wang et al.,
2005). We found that nss-Kþ/EC ratios ranged from 0.04 to 2.32
with a mean value of 1.11 ± 0.49 during the sampling period with
higher values during major BB period (1.21 ± 0.5) than those of the
minor BB period (0.96 ± 0.4). These results suggest that field
burning of crop residue such as wheat straw in the NCP is a more
important source than fossil fuel emissions during the study period.
The concentration ratios of nss-SO4

2-/NH4
þ (nss-SO4

2-/NO3
�) ranged

from 1.4 to 4.3 (0.9e9.0), whereas NO3
�/NH4

þ ratios ranged from 0.0
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to 1.9 over the sampling site. Further, we found higher ratios of nss-
SO4

2-/NO3
� during a minor BB period (3.43 ± 1.60) than those of

major BB period (1.59 ± 0.4), suggesting a significant secondary
formation of nitrate during major BB period and secondary sulfate
during minor BB period.
3.5. Diurnal variations of EC, OC, WSOC, and major ions

Fig. 7 presents diurnal variations of all measured species in the
Mt. Tai aerosol samples during major and minor BB periods. As
mentioned above, we collected 3 h samples during 2e4 June (major
BB) and 23e24 June (minor BB) in order to see the influence of
long-range transport of pollutants over the sampling site. We found
a clear difference in the concentrations of chemical species be-
tween major and minor BB periods on a diel scale. Concentrations
of EC, OC and WSOC stayed low in daytime and increased early in
the evening peaking at midnight (about 12:00 p.m.), and again
decreased towards the next early morning hours (Fig. 7a), while
during the minor BB period, these species peaked in the late af-
ternoon (Fig. 7c). These results suggest that smoke plumes from
biomass burning can uplift the aerosol particles into the upper at-
mosphere, arriving at the summit of Mt. Tai via long-range atmo-
spheric transport in nighttime during major BB period. Moreover,
partitioning of low volatility gas phase precursors to the particle
phase at low temperature and high RH (Lopez-Hilfiker et al., 2015)
Fig. 7. Diurnal variations of carbonaceous components and major ion
may promote the formation of higher nighttime OC and WSOC at
Mt. Tai. On the other hand, elevated concentrations in the late af-
ternoon during minor BB period are likely caused by the upslope
flow of pollutants in the boundary-layer and the enhanced daytime
vertical convection at the summit of Mt. Tai (Ren et al., 2009; Wang
et al., 2011).

On the other hand, except for nss-SO4
2- and NH4

þ, all the major
water-soluble ions showed temporal variations similar to carbo-
naceous components with nighttime maxima and daytime minima
during major BB period and with late afternoon maxima during
minor BB period (Fig. 7b and d). Concentrations of nss-SO4

2- and
NH4

þ increased in the late afternoon with a peak in the early night
hours (about 09:00 p.m.), and then decreased towardsmorning and
early afternoon hours, suggesting a significant secondary formation
rather than direct biomass burning emissions over the summit of
Mt. Tai during major BB period.
3.6. Percent contribution

The percent contributions of individual chemical species to the
total estimated aerosol (EC þ OM þ P

anions þ P
cations) are

shown as a pie chart in Fig. 8a-d for daytime and nighttime samples
during major and minor BB periods. Among all the chemical spe-
cies, OM is a major contributor to the total aerosol mass, followed
by nss-SO4

2-, NO3
�, and NH4

þ during major BB period, whereas, nss-
s during major (2e4 June) and minor (23e24 June) BB periods.



Fig. 8. Percent contributions of individual mass concentrations to total estimated mass (OC þ EC þ P
(major ions)) in daytime and nighttime during major and minor BB periods.
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SO4
2- is a major contributor to total aerosol, followed by OM, NH4

þ,
and NO3

� during minor BB period. During major BB, contribution of
OM to the total mass is higher (32%) in daytime than nighttime
(28%), whereas nss-SO4

2- and NO3
� showed a higher contribution

during nighttime (26% and 17%, respectively) than daytime (25%
and 15%, respectively). In contrast, contributions of NH4

þ, Kþ, Ca2þ,
and EC to total mass were 11%, 4%, 6%, and 4%, respectively, but
didn't show any day- and nighttime difference during major BB
period.

On the other hand, contribution of nss-SO4
2- to total estimated

aerosol mass is higher in nighttime (49%) than daytime (43%)
duringminor BB period, whereas contribution of NH4

þwas higher in
daytime (16%) than nighttime (14%). The contribution of OM to total
aerosol mass is higher in nighttime (19%) than daytime (17%),
whereas EC contributions are lower (2e3%) compared to major BB
period. We didn't find a significant difference in the contribution of
NO3

� during minor BB period between day- and nighttime. A sig-
nificant contribution of Ca2þ (~5e7%) to total estimated aerosol was
found during all the periods, suggesting a significant dust erosion
from the agricultural activities, in which dust particles were
transported to the summit of Mt. Tai via long-range atmospheric
transport.
3.7. Source apportionment using PMF model

To better identification and quantification of carbonaceous
aerosol sources over the summit of Mt. Tai, we ran PMF model
during the sampling period. PMF is an advanced factor analysis
technique, whose complete description of mathematical equations
used in this model is discussed elsewhere (Paatero and Tapper,
1993, 1994). We used concentrations of the species and analytical
uncertainty associated with the each sample to weigh individual
points. This feature allows to retain the data even if the concen-
tration of species is below the detection limit. In this study, con-
centrations of all the species are well above the detection limit
except for a few samples where Naþ and EC concentrations were
below the detection limit and the data points were treated in PMF
modeling in the same way as suggested by Polissar et al. (1998). In
this study, PMF was ran in the robust mode with 83 aerosol
observation samples and 13 variable species (83 � 13 data matrix)
as input basis to infer the possible sources of carbonaceous
aerosols.

Concentrations of OC, EC, WSOC, levoglucosan (LG) and major
ions (Cl�, NO3

�, nss-SO4
2-, Naþ, NH4

þ, nss-Kþ, nss-Ca2þ, and Mg2þ)
were used as an input to the model. PMF has been run for 6 factors
and these number of factors have been decided on basis of mini-
mum value of Q (goodness of fit parameters) residuals and on the
knowledge of source profile expected from the sampling site
(Alleman et al., 2010). Based on certain chemical tracers that are
supposed to be emitted from specific sources and present in sig-
nificant amount in collected samples, we identified 6 source pro-
files (factors), such as biogenic (red color), mixed (green), mineral



Fig. 9. (aef) PMF derived variations (%) and (g) factor contribution to individual spe-
cies at Mt. Tai during study period. Each color indicates the different source as
mentioned in Fig. 9(aef). Therefore, for the interpretation of references to the colors in
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dust (blue), anthropogenic (yellow), biomass burning 1 (cyan), and
biomass burning 2 (pink) as shown in Fig. 9. The derived variations
(%) of all the species are shown in Fig. 9(aef). The contributions of
all sources (factors) to individual species are shown in Fig. 9g.

MSA� is suggested to be potentially an important tracer for
biogenic sources (Peel, 1995). Based on the high loading (%) of
MSA�, Factor 1 was identified as biogenic source (secondary for-
mation). Factor 2 was a mixed source except for biomass burning,
which was confirmed by significant loadings of nss-SO4

2-, NH4
þ, nss-

Kþ, and MSA�. Factor 3 was identified as mineral dust, as evidenced
by high loadings of Naþ, nss-Ca2þ, andMg2þ. Factor 4 was identified
as anthropogenic source, as indicated by high loadings of nss-SO4

2-

and NO3
�, and NH4

þ. Factors 5 and 6 were identified as biomass
burning 1 and 2, respectively, as verified by the high loadings of LG,
nss-Kþ, and Cl�, which have been suggested as biomass burning
products (Fu et al., 2012).

From Fig. 9g, we conclude that biomass burning (1 and 2) was a
major source of carbonaceous aerosols (OC and EC), which
contributed about 40% and 43%, respectively, followed by mineral
dust (26% and 36%) and anthropogenic sources, whose contribu-
tions are less significant (9% and 7%). On the other hand, biomass
burning (43%) was a major contributor to WSOC followed by
biogenic (19%), mineral dust (16%), and anthropogenic (12%) sour-
ces. These results demonstrate that biomass burning is a major
source of the carbonaceous aerosols over Mt. Tai, followed by
mineral dusts that are transported via long-range atmospheric
transport during the study period. These results further supported
by the regression analysis between the concentrations of nss-Kþ

and carbonaceous species (Fig. 10); results showed that nss-Kþ

strongly correlated (p < 0.01) with EC (r2 ¼ 0.82), OC (0.86) and
WSOC (0.76) concentrations during the sampling period, suggest-
ing that biomass burning is the most important source of carbo-
naceous aerosols over the summit of Mt. Tai during MTX2006.

4. Summary and conclusions

During the MTX2006 campaign at the summit of Mt. Tai over
North China Plain in early summer, major biomass burning activ-
ities occurred in early June (major BB) when most of the carbona-
ceous species and major ions are more abundant than those in late
June (minor BB). We found that high loadings of OC, EC, and WSOC
during major BB period, whose abundances are several times
higher than those of minor BB period. Concentrations of EC, OC, and
WSOC showed higher values in nighttime than in daytime during
major BB period, suggesting that a long-range atmospheric trans-
port of biomass burning pollutants occurred in the free troposphere
arriving at the summit of Mt. Tai. In contrast, the concentrations in
daytime are higher than those in nighttime duringminor BB period.
Higher concentrations of SOC were found during major BB period,
suggesting a significant formation of secondary organic aerosol
through aqueous phase chemistry under high NOx conditions
during long-range atmospheric transport. These results are further
supported by the high NO3

� concentrations and high aerosol liquid
water contents during major BB period. We found high abundances
of nss-Ca2þ duringmajor andminor BB periods, suggesting that soil
dusts were significantly transported over Mt. Tai via long-range
transport associated with the agricultural activities in low land of
the NCP during the study period.

Further, PMFmodel results demonstrate that biomass burning is
a major source of carbonaceous aerosols followed by mineral dust
over the summit of Mt. Tai. The present study also demonstrate that
Fig. 9g legends, the reader can refer to the web version of this article. Levoglucosan
(LG) data are from Fu et al. (2012).



Fig. 10. Regression analysis between nss-Kþ and carbonaceous species during
MTX2006.
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an intensive open field burning of agricultural crop residues often
enhances carbonaceous aerosols in the free troposphere over cen-
tral East China during early summer, causing a serious impact on air
quality and atmospheric chemistry over East China and its outflow
regions, and thus play an important role in atmospheric chemistry
and regional climate.
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