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e One-year fine particulate matters (PM;s) sampling was conducted in Guanzhong Plain.
e Secondary aerosols from coal combustion and biomass burning were the major sources.
e Primary emissions and secondary aerosol precursors should be prior controlled.
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Atmospheric particulate matter (PM) affects important environmental issues including air quality,
regional and global climates, and human health. A one-year sampling campaign for PM; 5 was conducted
at six locations in Guanzhong Plain, including the cities of Xi'an, Weinan and Baoji, from March 2012 to
March 2013. The 24-h average PM, 5 mass concentration was 134.7 g m—>, that substantially exceeds the
National Ambient Air Quality Standard level of 35 pg m . The highest loadings of both organic and
elemental carbon (OC and EC) occurred in winter: EC co-varied with OC but showed less variability,
presumably due to more stable emissions. The greatest contributions of secondary inorganic ions (S05 ",
NO3 and NHZ) to the total quantified ions also were seen in winter, presumably due to gaseous pre-
cursors from coal combustion and biomass burning. Two high PM episodes occurred, one in the autumn
and the other in winter. During the autumn episode, regional pollution from biomass burning raised the
concentrations of secondary ions while coal combustion was a strong influence during the winter
episode. Modeling simulations suggest that the control measures on both primary emissions and sec-
ondary aerosol precursors including SO, NOy, and NH3 are needed to reduce the PM levels of the region.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Atmospheric particulate matter (PM) is the major air pollutant
in many Chinese cities due to the combined effects of rapid
industrialization, the high population densities, and physical fac-
tors that lead to weak dilution and dispersion. Heavily-impacted

* Corresponding author. Key Lab of Aerosol Chemistry & Physics, Institute of
Earth Environment, Chinese Academy of Sciences, Xi'an, 710061, China.
E-mail address: cao@loess.llqg.ac.cn (J. Cao).

http://dx.doi.org/10.1016/j.atmosenv.2016.10.029
1352-2310/© 2016 Elsevier Ltd. All rights reserved.

regions include both developing and developed regions such as
the North China Plain (NCP), the Yangtze River Delta region (YRD),
the Pearl River Delta region (PRD) and the Guanzhong Plain (Li
et al.,, 2011; Tie and Cao, 2010; van Donkelaar et al., 2010; Zhang
et al,, 2002; Zhao et al., 2013). Fine particulate matter (PMy 5, PM
with aerodynamic equivalent diameters of Dp < 2.5 pm) in these
areas are mainly produced by anthropogenic activities. Epidemio-
logical studies have shown that sustained exposure to high PM
loadings, particularly fine and ultrafine particles (PMp1) can
penetrate deeply into human lungs and lead to significant acute
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and chronic health impacts on the respiratory and cardiovascular
systems (Cao et al.,, 2012b; Harrison and Yin, 2000; Kelly and
Fussell, 2012; Strak et al., 2012). High PM levels can be caused by
direct emissions or by the formation of secondary aerosols; the
latter are produced from gaseous precursors, especially sulfur di-
oxide (SO-), nitrogen oxides (NOy), ammonia (NH3), and volatile
organic compounds (VOCs), and they are mainly composed of sul-
fate, nitrate, ammonium, and organic carbon (Bi et al., 2007; Chan
and Yao, 2008; Wang et al., 2012).

PMs, 5, emitted from vast number of sources, and the loadings of
these aerosol particles not only reflect regional atmospheric char-
acteristics but also affect the hemispheric to global environment
through long-distance transport (Zhang et al., 2012; Zhao et al.,
2013). Therefore, information on the chemical composition of
PM, 5 is valuable for determining the particles' sources, how they
form, their physical/chemical characteristics and how they behave
in the environment. In China, many aerosol studies have been
conducted since 2000, and these include investigations of the PMy 5
carbonaceous components (Cao et al., 2004; Zhang et al., 2008; Zhu
etal., 2010, 2014), water-soluble inorganic ions (Han et al., 2016; Lai
et al., 2007; Shen et al,, 2009, 2011), trace elements (Duan et al.,
2014; Zhai et al., 2014; Zhang et al., 2012), physical properties
(Cao et al., 2015; Xiao et al., 2014) and sources (Ho et al., 2006; Song
et al., 2007; Wang et al., 2014). In general, aerosol sulfate mainly
forms through the oxidation of SO, which is emitted in large
quantities from coal combustion, while nitrate is produced from
NOy, which is mainly produced by internal combustion engines and
power plants. A study conducted in Xi'an, China showed that en-
ergy production was responsible for 46% of the secondary aerosol
nitrate, and this source also contributed to the formation of sec-
ondary aerosol sulfate (Wang et al., 2014).

The Guanzhong Plain is situated in the central region of Shaanxi
Province (an area of 34,000 km?, with a population of 30 million),
and it contains six major cities: Xi'an, Tongchuan, Baoji, Weinan,
Xianyang, and Yangling. The temperate monsoonal climate of the
region is dominated by the East Asian monsoon, and the annual
rainfall is 500—800 mm. During winter and spring, northwesterly
monsoonal winds often bring soil dust to the plain from the arid
and semi-arid regions in Northwest China; and in summer and
autumn, monsoonal winds from the southeast bring moisture to
the region (Cao et al,, 2008a; Shen et al., 2007). With the rapid
increase in the number of motor vehicles in use and the growth in
energy consumption during the past few decades, many parts of
the plain have suffered serious air quality issues (Choi et al., 2008;
Wang et al,, 2006; Zhang et al., 2010). While the pollution issues
vary among regions to a degree, we think that it is important to
investigate typical pollution levels and characterize the chemical
characteristics of the fine particles from across the Guanzhong
Plain.

From the present study, we collected PM;,5 samples at six
monitoring sites in three major cities on the Guanzhong Plain and a
reference site over the course of a year. The objectives of the study
were to (1) characterize the PM; 5 mass loadings and the concen-
trations of selected chemicals in airborne particles from each of the
four seasons; (2) investigate the spatial and temporal variations of
PM; 5, (3) identify and assess the contributions of the potential
sources for PMy 5; and (4) obtain information through model sim-
ulations that will be useful for the development of the pollutant
control strategies needed to attain the national standards.

2. Methdology
2.1. Sampling sites

A total of six sampling sites were used for this study, including

three in Xi'an, one in Weinan, one in Baoji, and one in the Qinling
Mountains. The locations are shown in Fig. 1. Detailed descriptions
of the sampling sites are as follows:

(i) Xi'an High-Tech Zone (HT). This site was located in an urban
zone ~15 km southwest of the downtown, and it was mostly
surrounded by residential areas. There were no major in-
dustrial activities or local fugitive dust sources around the
site. The air sampler was set up ~10 m above the ground level
on the rooftop of the main building of the Institute of Earth
Environment, Chinese Academy of Sciences.

(ii) Xi'an Jiaotong University (X]). Located southeast of the
downtown area and ~100 m from the South Second Ring
Road, this site was affected by heavy traffic. The university's
campus and residential units were to its north and east while
several major roads were to the south and west. The sampler
was placed on the rooftop of an 18-m tall building inside the
campus.

(iii) Xi'an North Third Ring (NR). This site was to the north of a
suburban region and within the Wei Shui Campus of Chan-
g'an University. The campus is ~200 m away from a high-
speed railway, 500 m to the east of the airport highway,
and 1 km from the North Third Ring where the daily traffic is
heavy. The sampler was setup on the rooftop of a 15-m tall
building.

(iv) Weinan (WN). The site was located in the center of Weinan
city, and there are chemical fertilizer factories and thermal
power plants close to the downtown area. The sampler was
installed 10 m above ground level on the rooftop of the
Weinan Municipal Environmental Protection Bureau.

(v) Baoji (B]). The site is to the east of Baoji city and next to a
commercial center where there is heavy traffic but no in-
dustries are nearby. The sampler was set up 10 m above the
ground level on the rooftop of the Baoji Municipal Environ-
mental Protection Bureau.

(vi) Qinling Mountains (QM). Located 20 km south of Xi'an city,
QM was defined as a background site; however, as a result of
the prevailing northeasterly winds, the air quality on the
Guanzhong Plain is nearly always impacted by emissions
from Xi'an and other nearby cities. The QM site was on the
Cuihua Mountains at an altitude of ~1200 m, and the sampler
was placed 3 m above ground level.

2.2. Sample collection

Twenty-four hour PM, 5 samples were collected from March
2012 to March 2013, and they were grouped by the four seasons as
follows: spring (March to May), summer (June to August), autumn
(September to November), and winter (December to February). A
total of 527 samples were collected with mini-volume samplers
(Airmetrics, Oregon, USA) that operated at a flow rate of 5 L min~.
The sampling was conducted every 3 day at HT (124 samples), X]
(124 samples), and NR (124 samples), while at WN (63 samples)
and BJ (64 samples), the samples were collected every six days; and
at QM (28 samples), the samples were collected every 12 days. The
PM,5 samples were collected on 47-mm quartz fiber filters
(Whatman QM/A, Maidstone, UK), that were pre-combusted at
900 °C for 3 h. To minimize the evaporation of volatile components,
each loaded sample filter was placed in a clean polystyrene petri
dish and stored in a refrigerator at <4 °C prior to analysis.

A gravimetric method was used for determination of aerosol
mass concentrations. For this method, each filter was equilibrated
at a controlled temperature (20—23 °C) and relative humidity (RH,
35—45%) for 24 h prior to and after sampling. The filters were
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Fig. 1. Locations of six sampling sites in Guanzhong Plain.

weighed twice on an M5 electronic microbalance (+1 pg sensitivity,
Sartorius, Gottingen, Germany). The precision was <15 pg per filter
before sampling and <20 pg after sampling, and reweighing was
required when the weight difference between replicates was
greater than these respective values.

2.3. Chemical analysis

Organic carbon (OC) and elemental carbon (EC) were deter-
mined for 0.5 cm? punches prepared from each of the sample
filter. A DRI model 2001 carbon analyzer (Atmoslytic, Inc., Cala-
basas, CA, USA) was used for these determinations following the
IMPROVE_A thermal/optical reflectance (TOR) protocol (Cao et al.,
2003; Chow et al., 1993). The sample aliquot was heated in a series
of steps to determine the concentrations of four OC fractions (OCl1,
0C2, 0C3, and 0C4) in a helium atmosphere and OP (pyrolyzed
carbon fraction) and three EC fractions (EC1, EC2, and EC3) in a 2%
0,/98% He atmosphere. The analyzer was calibrated with known
quantities of methane (CH,) each day of use. The IMPROVE pro-
tocol defined OC as OC1 + OC2 + OC3 + OC4 + OP and EC as
EC1 + EC2 + EC3 — OP. Replicate analyses were performed at a
frequency of one per group of 10 samples. The relative deviation of
replicate analysis was <5% for TC (total carbon, the sum of OC and
EC), and <10% for OC and EC.

The concentrations of five cations (Na*, NHZ, K, Mg?*, Ca®")
and four anions (F~, CI-, NO3, SOF~) were determined in aqueous
extracts of the PM; 5 samples (Zhang et al., 2011) with the use of a
Dionex-600 Ion Chromatograph (Dionex Inc., Sunnyvale, CA, USA).
The details for the sample extraction procedures have been pre-
sented elsewhere (Zhang et al., 2011). An IonPac AS14A column
(8 mM NayCO3/1 mM NaHCOs as the eluent) and an IonPacCS12A
column (20 mM methanesulfonic acid as the eluent) were used for
the separation of cations and anions respectively. The minimum
detection limits (MDLs in mg L~") for the ions were: 4.6 for Na*, 4.0
for NHZ, 10.0 for K*, Mg?* and Ca**, 0.5 for F,CI~ and Br—,15 for
NO3 and NO3, and 20 for SO3~. The concentrations were corrected
for sampling artifacts by subtracting the field blanks from the
sample concentrations.

Energy Dispersive X-Ray Fluorescence (ED-XRF) spectrometry
(Epsilon 5 ED-XRF, PANalytical B. V., Netherlands) was used to
determine the concentrations of selected elements on the PM; 5

quartz fiber filters (Steinhoff et al., 2000; Xu et al., 2012). Each
sample was analyzed for 30 min to obtain a spectrum of X-ray
counts versus photon energies, in which the individual peak en-
ergies matched specific elements, and the peak areas varied with
elemental concentrations. Laboratory filter blanks also were
analyzed to evaluate analytical bias. The elements that were
determined by the EDXRF method include Mn, Ti, Fe, Zn, As, Br and
Pb; the MLDs for these elements were 0.014, 0.005, 0.011, 0.008,
<0.001, 0.006 and 0.015 pg cm 2, respectively.

2.4. Coefficient of divergence

The coefficient of divergence (CD) for the mean PM; 5 chemical
compositions concentrations at two sampling sites can be used to
assess the extent of uniformity within a given area
(Wongphatarakul et al., 1998). The CD is a self-normalized param-
eter that is calculated as follows:

2
CDj = L v X — X (1)
p—=1{ Xjj + Xk
where Xj represents the average concentration for a chemical
component i at site j, j and k represent the two sampling sites, and p
is the number of the chemical species. For this statistic, CD ap-
proaches zero when the two sampling sites are similar and ap-

proaches unity when they are very different (Wongphatarakul
et al., 1998).

2.5. Box model

A box model was used to calculate the atmospheric capacity (k
ton yr— ') for the Guanzhong Plain annually and for each season. The
results of those calculations were then used to calculate the
maximum air pollution emissions for each of the four seasons that
would keep the pollutant loadings below the 35 ug m~> mandated
by the proposed air-quality standards. According to the principle of
mass conservation, the PM, 5 concentrations in the box model
should be closely correlated to the ground-level emissions, pro-
duction by chemical reactions, vertical diffusion, sedimentation,
and advection of the particles into the box. The factors that would
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affect the PM; 5 concentrations in the box model can be written as
follows:

o[X] 9[X o[X o[X o[X X
oX] _ aXJe , 0X}r Xy, 9X]e , o[Xp

ot ot ot ot ot ot 2)

where 9[X]/ at is the local variation of PM; 5 concentrations; [X]g is
the emissions at ground level; [X]r is the advection; [X]y is the
vertical diffusions; [X]c is production by chemical reactions; and
[X]p is sedimentation.

For the modeling studies, the Guanzhong area was defined as a
long, narrow box as shown in Supplementary Fig. S1, and several
assumptions were made in the calculations of the permissible ca-
pacity of atmosphere: (1) the SIA was generated through gas-
particle chemical conversion processes; (2) pollutants within the
boundary layer were homogeneously mixed, and the exchange
between the boundary layer and other layers of the atmosphere
were ignored; (3) the sedimentation of fine particles, which is
typically slow (Han et al., 2016) was ignored, and (4) only east-west
horizontal diffusion was considered because the north/south
transport pathways were blocked by the Qinling Mountains to the
north and Loess Plateau to the south. The capacity of pollutant
emissions for the region was thus calculated as follows:

EMIS = WS x (X]oue — [Xin) x PBLH/DL 3)

where EMIS is the total pollutant emissions to the Guanzhong Plain
in kilotons per year — including primary particles and SIA pre-
cursors (i.e., SO, and NOy) — that would keep the PM, 5 loadings
below permissible levels; PBLH is the atmospheric boundary-layer
height; WS is the horizontal wind velocity; [X]i is the input PMy 5
concentrations in the upper boundary; [X]oyut is output of PMjy 5
through the leeward boundary; and DL is the regional boundary
length.

2.6. Weather research and forecasting chemical model

A regional dynamical/chemical transport model (Weather
Research and Forecasting Chemical model—WRF-Chem) was used
to simulate the effects of emission controls on the PM, 5 concen-
trations over the Guanzhong Plain. The model as used in this study
included on-line calculations of dynamical inputs (winds, temper-
ature, planetary boundary layer etc.), transport (advective,
convective and diffusive), dry deposition (Wesely, 1989), wet
deposition, and surface emissions.

The model resolution was 6 x 6 km, the latitude and longitude
of the model's central point were 119.00°E,34.25°N, and the model
consisted of twenty-eight vertical layers from the surface to 50 hPa.
The meteorological initial and boundary conditions were obtained
from the NCEP 1° x 1° reanalysis data; and the initial and boundary
condition were calculated from the 6 h output of a global chemistry
transport model—MOZART4 (Model for OZone And Related
chemical Tracers, Version 4). In the model, the Lin microphysics
scheme (Lin et al., 1983), the Yonsei University (YSU) planetary
boundary layer scheme (Noh et al., 2003), and Noah land-surface
model (Chen and Dudhia, 2001) were employed. The Mlawer
scheme (Mlawer et al., 1997) was used for the long-wave radiation
parameterization and the Dudhia scheme (Dudhia, 1989) was used
in the shortwave radiation parameterization.

3. Results and discussion
3.1. PM> 5 mass and chemical compositions

Table 1 summarizes the annual and seasonally averaged PM; 5

mass concentrations for each of the six sampling sites. The 24-h
average PM; 5 mass concentrations at the six sites varied from 24.0
to 535.2 ug m >, and the grand arithmetic mean concentration was
134.7 pg m—3, which is far higher than the levels associated with
health concerns. For comparison, the Chinese Class Il PM; 5 Stan-
dard for the annual average PM, 5 mass concentration is 35 pg m—>.
Standard deviations (SD) for the mass loadings typically ranged
from 25% to 50% of the means, indicating the samples were not
greatly influenced by exceptional events during the study. Of the six
sampling sites, those in Xi'an (HT, X] and NR) showed the highest
annual average concentration of 134.7 pg m~>; this was 8.4% higher
than WN (124.3 pg m~3) and 9.5% higher than BJ (123.1 ug m3).

The background site of QM had the lowest annual PM3 5 mass
concentration (105.6 pg m~3), but even there, the level there was
still more than three times the air quality standard in China, and
this illustrates the pervasive impacts of pollutant outflow from
Xi'an and surrounding areas to QM under the prevailing north-
easterly winds. Fig. 2 illustrates the temporal variations of the PM, 5
mass at the six sampling sites, all of which showed the highest
loadings in winter and the lowest in summer. The seasonal varia-
tions also showed general similarities throughout the Guanzhong
Plain.

The grand average OC and EC mass concentrations in PM5 5 were
24.5 and 5.6 pg m~3, respectively. All six sites showed the highest
OC and EC loadings in winter and the lowest values in summer
(Table 1). The EC levels often varied with OC, but the variance in OC
was greater than that of EC: this we ascribed to more stable
emissions of EC. In this regard, OC can be generated from both
primary sources (emitted directly from combustion and other
processes) as well as secondary sources (generated by gas-to-
particle conversion) (Cao et al., 2003; Ho et al., 2003), and this
can lead to greater variability in the OC particles compared with EC.

The three most abundant inorganic ions in the PM in order were
S035, NO3 and NHj (Table 1). The sum of 5042( and NO3 accounted
for over 65% of the total quantified ions and NHi had a stable
contribution of 15—17% among the sites. Ammonia can react with
sulfuric acid or sulfate to produce ammonium sulfate ((NH4)2SO4),
and gas-phase reactions between ammonia and nitric acid can
generate ammonium nitrate (NH4NOs3) (Kerminen et al.,, 2001;
Cheng et al., 2011; Han et al., 2016). The likely contributions of
those reactions attest to the importance of reducing both precursor
gases and primary PM emissions for PMas control. Increased
photochemical activity is one of the possible reasons for the
enhanced sulfate and secondary ion production in summer. On the
other hand, the relatively low ambient temperatures and the high
emissions of NOx in winter would favor (1) the conversion of
gaseous nitric acid into aerosol particles or filterable NO3 and (2)
gas-particle reactions that convert gaseous NH3 to aerosol NHZ
(Cao et al., 2009).

Three elements (Ti, Fe and Mn) are often used as crustal markers
due to their well-established concentrations in mineral matter and
their generally low chemical reactivity in most geological materials
(Duan et al.,, 2006; Cao et al., 2012a). High concentrations of these
and other crustal elements were found at the sites in Xi'an, espe-
cially NR, where the mineral dust contribution to the PM, 5 mass
was especially large (Table 1). The large peaks in Ti, Fe and Mn al-
ways occurred in spring which is when dust storms are common
(Shen et al., 2007). Various other elements, including As and Pb are
enriched in coal, and their concentrations are commonly above
natural levels in the atmosphere because of the emissions from coal
burning. Impacts from this sources are consistent with the finding
that the highest levels of the elements and other pollutants
occurred in winter because that is when large quantities of coal are
burned for domestic heating (Okuda et al., 2010; Shen et al., 2010;
Cao et al., 2008b).



Table 1

Arithmetic averages of PM, 5 mass and chemical components of the PM, 5 in Guanzhong Plain (unit: pg m—>).

Sites Xi'an High-Tech Zone

Xi'an Jiaotong University

Xi'an North Third Ring

Spring Summer Autumn Winter Yearly Spring Summer  Autumn Winter Yearly Spring Summer Autumn Winter Yearly
PM;5 151.7 + 56.6 108.3 +40.5 160.7 + 89.3 263.4 + 132.9 169.3 + 101.7 156.7 + 49.5 90.7 + 30.8 127.9 + 66.4 222.6 + 114.3 149.1 + 85.6 183.9 + 67.0 126.8 + 44.5 176.8 + 84.3 2455 + 105.2 184.3 + 89.6
OC 224+79 156+148 290+154 362+192 286+200 224+79 156+148 290+154 362+192 255+164 231+97 130+67 342+21.8 468 +289 292 +228
EC 57+25 36+24 82+39 7.8 £39 71+54 57+25 36+24 82+39 78 £39 63 +3.7 69 +33 4.7 + 2.1 93 +56 10.0 + 5.1 7.7 +47
Na* 1.6+0.7 1.0+ 06 09+ 1.5 28 +1.2 1.7+12 1.8 +0.7 1.7+11 07+05 2.21.0 1.6+1.0 1.2+04 1.5+04 04+03 1.0+ 1.0 1.1+07
NHi 7.5+59 72+57 7959 171+121 9.6 +8.7 56 +56 6.0+51 85+64 175+105 9.1 +86 63 +£5.2 6.5+55 83+63 158 £ 9.1 92+77
K* 09 +0.7 0.6+0.5 1.2+09 28+19 13+14 09 +0.6 09+04 15+09 32+31 1.5+18 1.0+ 06 1.0 + 0.6 1.7 +1.0 28+ 1.6 1.6 +1.3
Mg** 0.3 + 0.2 0.1+0.1 02+02 05+0.2 03 +0.2 03+02 02+01 01+0.1 0.6 +04 03+03 04 +03 02 +0.1 0.2 +0.1 0.7+0.3 04 +03
Ca** 34zx19 21+11 1.7+ 16 25+ 16 25+ 1.7 36+20 22+15 16+13 22+14 25+ 1.7 45+29 1.8+ 1.0 21+19 25+22 28+24
F- 02 +0.1 0.03+0.03 02=+03 0.6 + 0.4 03+03 02 +0.1 02+01 03+02 05+04 0302 0.2 +0.1 0.1 +£0.1 03+0.2 04+03 02 +0.2
- 30x+18 0.6 +04 33+35 8.4 +47 38+4.1 26+14 08+06 43+37 85+52 39+45 31+20 15+1.1 54 +44 81+54 45 +44
NO; 16.1 +13.1 9.8 +89 153 +132 292 +253 171+173 142+11.7 94+80 168+ 135 304+202 172+157 154+115 11.0+82 173 +12.7 283 +187 178 +14.7
SO; 184 +112 234+134 173 +115 31.7+251 222+168 17.0+107 23.7+140 188 +115 342+20.7 228+156 180+97 278 +154 199+134 304+174 23.7+150
Ti 021 +0.16 0.05+0.05 0.10+008 0.10+005 0.11+0.11 023+0.15 0.07+006 008+0.05 0.10+0.06 0.12+0.11 0.27+0.19 0.08+ 007 0.13+0.10 0.13+0.10 0.15+0.14
Mn 0.13+006 004+0.02 0.11+0.07 0.11+0.07 0.10+0.07 0.11+0.05 0.03+0.02 0.07+0.04 0.10+0.06 0.08+0.05 0.15+0.08 0.06+0.04 0.14+0.10 0.12+0.08 0.11 + 0.08
Fe 253+1.73 070+049 134+1.06 141+0.75 148+127 277+170 084+0.53 1.06+062 137+084 154+129 332+226 112+073 186+135 1.77+122 198 +1.65
Zn 1.61+130 061+045 203+150 186+145 152+135 212+160 044+024 1.05+063 118+096 121+1.17 173+155 105+1.05 3.19+338 213+231 2.02+237
As 0.03 +0.02 0.02+0.02 0.03+002 0.04+004 0.03+003 0.02+001 0.02+002 0.03+0.02 0.04+0.04 003+0.03 0.02+002 0.02+002 002+002 006+005 0.03=+0.03
Br 0.03 +0.02 0.01 £0.01 0.05+0.04 0.06+004 0.03+003 0.03+002 0.01+001 004=+0.03 0.05+0.03 0.03+0.03 0.04+002 0.01+001 0.06+005 005+0.03 0.04+0.03
Pb 022 +0.10 0.12+0.07 031+020 041+030 026+022 029+0.17 0.11+006 022+0.13 040+0.28 025+021 023+0.12 0.17+005 038+026 039+020 0.29+0.20
Sites Weinan Baoji Qinling Mountains

Spring Summer Autumn Winter Yearly Spring Summer  Autumn Winter Yearly Spring Summer Autumn Winter Yearly
PM,5 118.5 +34.0 102.8 +33.6 126.9 + 83.5 196.2 + 80.0 135.5+70.0 128.0 +54.3 89.2 +46.9 105.5 + 59.4 204.7 + 98.2 132.0+78.5 79.0+31.0 66.4+202 114.6+703 2152+93.0 120.3 +83.8
OoC 172+60 125+56 230+148 289+95 202+112 196+70 105+16 204+120 435+168 233+159 106+41 79+22 195+ 146 39.6 +14.8 20.1 +16.6
EC 38+1.6 29+13 50+29 71+26 46 +2.7 34+15 33+12 51+30 62 +21 44 +23 1.6 +038 14+ 05 38+28 58 +34 32+29
Na* 14+07 14+ 0.6 05+03 1.5+08 1.3+0.7 1.3+08 1.0+£05 09=+06 1.6 +0.7 1.2+0.7 1.8+ 1.1 08 +04 09+14 3.0+09 1.5+13
NHf 5.6 +5.0 7.0+5.1 10.7 £+9.7 183 +10.1 10.0 £ 9.1 47 +5.6 70+£73 54+51 142+114 75+83 12+08 36+29 7.8 +6.8 202 +76 7.2 +87
K* 0.8 + 0.6 09 + 0.6 1.2+ 1.0 26+18 13+13 0.6 +0.3 07+05 07+07 1815 09+1.0 04+03 05+0.3 1.0+ 09 28+15 1.0+ 13
Mg" 0.2 + 0.1 0.1 +0.1 0.1 +0.1 03 +0.2 02 +0.1 02+0.2 01+01 01+0.1 0.4 +0.1 02+0.2 0.2 +0.1 0.1 +0.0 0.1+0.2 0.5+ 0.1 02+0.2
Ca®t 21+14 08 +0.5 1.2+09 1.1+£07 1.6+ 1.0 1.7+08 08+05 1.1+07 1.6+ 1.0 1.3+08 1.7 +1.0 05+04 07+12 1.8 +£06 1.1+1.0
F~ 0.1 +0.1 0.1 +0.1 0.1 +0.1 03 +0.2 0.1 +0.1 0.1 +0.1 01+00 01+0.1 02+0.2 0.1 +£0.1 02 +0.1 0.1+0.1 0.1+0.2 0.5 +0.2 02+0.2
a- 18x+1.0 09+04 30+20 6.9 + 3.6 3.0+31 1.8+ 1.1 1.0+06 22+20 45+ 1.8 23+19 0.7 +03 04 +0.1 13+13 54 +3.0 1.7+ 25
NO3 122 +104 9980 21.0+200 315+207 180+175 108 +11.8 105113 120+10.1 286+272 148+17.7 7.1x55 55+ 57 186 +179 33.0+12.1 14.8 + 15.6
SO 184+109 285+133 213+174 341+21.1 247+168 150+11.0 252+192 135+85 287+202 198+163 116+66 185+85 173+102 376+149 193+ 136
Ti 0.10+0.06 0.03 +0.03 0.03+0.03 0.04+002 005+005 0.15+0.12 0.02+002 0.08+0.07 0.12+0.06 0.10+0.09 0.09+0.03 0.01+001 0.04+002 005+0.01 0.04<+0.03
Mn 0.03 +£0.03 0.02+0.01 0.01+0.01 0.05+003 0.03+003 0.11+0.06 0.05+004 006+0.06 0.14+0.20 0.09=+0.11 0.04+0.03 0.01+000 0.01+001 004+003 0.02+0.02
Fe 112 +£0.74 056+024 056+026 080+032 077+050 187+146 060+0.14 1.09+0.81 1.14+052 122+102 095+038 027+011 043 +031 086+032 0.62+040
Zn 049 +0.28 026+0.17 043 +027 061+041 045+031 1.51+089 128+076 1.59+1.07 135+0.78 144+0.87 021+0.17 015+0.12 034+036 052+056 0.31+037
As 0.03 +0.04 0.03+0.03 0.05+003 0.08+005 0.05+004 0.04+002 0.04=+003 003+0.01 0.07=+0.05 0.05+0.03 0.01+0.00 0.00+000 0.03+002 005+0.02 0.03=+0.02
Br 0.02 +0.01 0.01+0.01 0.04+002 0.04+002 0.03+0.02 002+001 0.01=+001 003+003 0.03+0.02 003+002 001+000 0.00+0.00 0.02+0.01 003+002 0.02=+0.02
Pb 0.15+0.09 0.14+0.08 020+0.10 032+015 020+0.13 0.02+001 0.02+001 004+0.06 0.02+0.01 0.02+0.03 0.07+004 0.05+003 0.12+009 030+0.18 0.14+0.14
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Fig. 2. Time series of PM5 mass concentrations at six sampling sites. The shaded areas show pollution episodes, the red line show the haze standard of 150 pg/m> based on the
“Technical Regulation on Ambient Air Quality Index (on trial)". (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

The CD values of chemical components between the pairs of six
sampling sites are shown in Supplementary Table S1. The calculated
CD values for the pairs of sites in Xi'an were ~0.1 and lower while
those between other pairs of sites were 0.2—0.3. The CD calcula-
tions also showed that the background site of QM was the least
similar to other sites. These relatively low CD values indicate that
the chemical composition of the PMy5 was relatively consistent
over the spatial scale of the study.

3.2. Source identification

The ratios of OC/EC, SO ~/OC, SOZ~/EC, NO3/SO%~, As/Fe, and Pb/
Fe have been used as indicators of domestic and industrial coal use,
and these ratios were calculated for our study sites and compared
with the values found in various cities around the world (Table 2).
The OC/EC ratio is commonly used as a measure of the impacts of
fossil fuel emissions and aging, and especially the formation of
secondary organic aerosols (Chow et al, 1993; Zeng and Wang,
2011). The average OC/EC ratio for our sites on the Guanzhong
Plain (4.48 + 1.72) was higher than those in several other cities,
especially in winter when the average OC/EC ratio was as high as
5.80 in our study area. These high ratios can be explained by strong
influences from biomass and coal combustion combined with the
aging of emissions in the atmosphere (Koch, 2001; Cao et al., 2005),

and it is worth mentioning that Chinese cities are typically more
strongly influenced by combustion activities than those in most
other countries. The SO5~/OC and SO3~/EC ratios in our study also
were much higher than the other cities in the comparison, and that
can be explained by the emissions of SOZ~ from coal burning and
the large quantities of secondary aerosols generated at our sites.
The NOgT/SO?{ ratio has been used to evaluate the relative
contributions of stationary versus mobile sources for PM (Arimoto
et al,, 1996; Hu et al.,, 2002; Lai et al., 2007; Wang et al., 2005).
Engine exhausts from gasoline- and diesel-powered vehicles are
the primary mobile source for NOy, but this accounts for little SO,.
In our study, the average NO3/SOZ ™ ratios in summer and winter
were 0.38 and 0.89, respectively. The major factor that drove these
variations was most likely seasonal changes in the emissions from
coal combustion, but other stationary sources especially power
plants and other industrial sources, also may have been important,
and their contributions cannot be neglected. In Guangzhou, where
the influences from stationary sources were relatively small, the
NO3/SO3 ™ ratios were much higher than those in Beijing, Shanghai
or Toronto, and nearly five times those in Mexico City and Seattle.
The As/Fe and Pb/Fe ratios have been used as indicators of fly ash
from uncontrolled coal combustion (Cao et al., 2012a). The values of
these ratios at our sites were similar to other Chinese cities such as
Beijing, Shanghai and Guangzhou, but they were much higher than

Table 2
Comparison of the chemical component ratios from selected cities.
Ratio City
Guanzhong Plain Beijing, China Shanghai, China Guangzhou, China  Hong Kong, China Mexico City, Mexico ~ Yokohama, Japan
OC/EC 448 +1.72 3.69 3.28 4.27 3.57 222 1.93
S03-/oC 1.25 + 1.16 0.98 0.84 0.32 0.84 0.32 1.01
S0%[EC 522 +4.48 3.61 2.75 1.37 1.59 0.71 1.96
NO3/S0% 0.76 + 0.40 0.63 0.6 2.14 0.07 0.45 0.25
As[Fe 0.04 + 0.04 0.03 0.04 0.02 - 0.006 -
Pb/Fe 0.23 +0.23 0.26 0.4 0.24 0.4 0.068 -
Reference  This study (Caoetal, 2012a) (Caoetal,2012a) (Yangetal,2011) (Chengetal,2010) (Vega et al., 2004) (Khan et al., 2010)
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Fig. 3. Comparisons of K contribution and OC/EC ratio in pollution and normal days
during Haze-1.

those in Toronto, Mexico City and Seattle, indicating that there is
still a pressing need for controls on coal fly-ash in China.

3.3. Pollution episode

Fig. 2 shows the dates for several pollution episodes, which were
defined by daily concentrations of PM, 5 > 150 ug m~> (shown as
red lines in Fig. 2), that occurred during our study. This criterion is
based on the “Ambient Air Quality Standards” promulgated by the
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Chinese Ministry of Environmental Protection in 2012. Two heavily
polluted periods occurred in autumn, from 15 to 27 October and
11—28 November. In winter, the high pollution levels tended to last
much longer than those in other seasons: the two episodes during
our study lasted from 11 to 26 December and 4—31 January. Based
on their effects on visibility, we refer to the pollution periods in
autumn and winter as “Haze-1” and “Haze-2", respectively in the
following discussion. In the spring, a dust storm event occurred
from 13 to 28 March, but that influence on the PM loadings in the
study area was much less than that of pollution during haze events.
During Haze-1, the PM; 5 mass loadings in Xi'an (i.e., HT, X], and
NR) exceeded 200 pg m~3, and the air pollution in that city was
much more severe than at the other sites. Even so, the PM, 5 vari-
ations were nearly synchronous across sites during the pollution
episodes, demonstrating that the haze phenomena were likely a
result of emissions from a complex set of regional sources. Soluble
K™ has been used as an indicator of biomass burning because it is
strongly enriched in emissions from this source (Andreae, 1983;
Chow et al., 2004; Duan et al., 2004). Fig. 3 compares the contri-
butions of K* to the total quantified ions and the OC/EC ratios for
the Haze-1 episode and non-episode days. The contribution of K*
ranged from 2.0 to 3.4% of the total quantified ions, and the average
was 32% higher than that for the non-episode days. This indicated
that biomass burning was a major source for the regional pollution
during Haze-1, and it was particularly important for the NR site.
The average ratio of OC/EC on the haze episode days was 16%
higher than on the non-episode days, and this demonstrates the
importance of secondary organic aerosols (SOAs) for the pollution
events. Compared with fossil fuel combustion, carbonaceous
aerosols emitted from biomass burning generally contain a rela-
tively large proportion of OC, a typical OC/EC ratio for this source is
9.0 (Bond et al.,, 2004; Cachier et al., 1989). In contrast, relatively
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Fig. 4. Material balance of PM, 5 for six sampling sites in episode and non-episode days during Haze-2. Organic matter (OM) is estimated as 1.6 x OC to account for unmeasured
hydrogen and oxygen (El-Zanan et al., 2005; El-Zanan et al., 2009). Geological material is estimated as 25 x Fe to account for unmeasured oxygen and non-iron minerals (Cao et al.,
2008a; Wu et al.,, 2011). “Others” is the remaining unaccounted-for mass after subtracting the sum of measured components from the PM; 5 mass.
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low OC/EC ratios (1.1 for motor vehicles) often are seen in areas that
are greatly impacted by vehicular emissions (Watson et al., 2001).
Hence, there are two lines of evidence — the elevated soluble K*
and high OC/EC ratios — that point to strong impacts from biomass
burning during the Haze-1 episode.

During the Haze-2 episode, the PM, 5 mass concentrations were
>300 pg m > at all three sites in Xi'an and exceeded 200 pg m 3 at
WN, BJ and even the QM background site. Fig. 4 shows the material
balances for PM; 5 from the Haze-2 episode and non-episode days.
Consistent with the previous discussion, organic material (OM) and
secondary inorganic aerosols (SIA, i.e., SO5~, NO3 and NHZ) were
found to be the dominant components of the fine particles. The SIA
contributed 10.4% more to the measured PM2 5 mass on episode
days (40.4%) compared with the non-episode days (30.0%). Exten-
sive forests on the QM cover 48% of the land surface, and that
vegetation can emit large quantities of VOCs that in turn can be
oxidized to form particulate OC. Thus emissions of organic com-
pounds from vegetation can explain the relatively high contribu-
tion of OM to the fine particles at our background site (Wang et al.,
2015). Geological material (GM) also can be an important

465

component of the aerosol, and iron often is used as a proxy for
mineral dust because of its well-establish abundances in Chinese
loess and soils (Cao et al,, 2008a; Wu et al., 2011). The relative
abundances of GM were the highest at the sites in Xi'an, and some
of the mineral matter there was undoubtedly from fugitive dusts,
which also have appreciable calcium contents. Overall, the ambient
aerosol mass that was not accounted for by our chemical analysis
was likely (a) unmeasured geological material, including calcium
carbonate and some other minerals and (b) water associated with
NHZ, NO3, and SOF~ (Malm et al.,, 2011)

Our study shows that air pollution is a regional-scale problem
for the Guanzhong Plain, and the results also show that the stra-
tegies for mitigating PMy 5 pollution should focus not only on pri-
mary particulate emissions but also on secondary aerosol
precursors, especially SO,, NOy, and NHs. The SO, emissions and
ambient sulfate PM, 5 have shown an obvious decreasing trend
beginning in 2006 due to the nationwide implementation of flue
gas desulphurization controls (Wang et al., 2013). However, the SO,
emissions that affect the Guanzhong Plain are still large, and it will
be crucial to control and reduce SO, emissions further by
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Fig. 5. Effects of strong emission reduction on PM, 5 concentration.
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developing advanced technologies for clean coal combustion,
switching to low-sulfur fuels, continuing flue gas desulphurization
controls, and effectively managing emissions from both coal-fired
power plants and the boilers used for residential heating.

As a result of the lag between emission control legislation and
an increase in fuel consumption by power plants and automobiles,
the NOx concentrations in China reached a peak in 2006 and then
increased nearly 40% the following year (Huang et al., 2014). Im-
provements to denitrification technology could be an efficient
means for controlling NOy emissions from both industries and
motor vehicle exhausts. We note, however, that NH3 released from
agriculture sources also can lead the formation of nitrate (and
sulfate) in PM> 5, but this has not been considered as an important
air pollutant by the Chinese government. Effective controls on NH3
emissions will require a combination of chemical, physical and
biological methods, and these would need to be tailored to different
environmental scenarios.

3.4. Atmospheric environment permissible capacity

Seasonally-adjusted parameters (see Supplementary Table S2)
were used in the box model to compute a permissible atmosphere
input capacity based on an assumed background PM, 5 concentra-
tion of 20 pg m~> and a more realistic target concentration of
75 pg m~> that is the national standard. More representative at-
mosphere burdens were also calculated using seasonally matched
ambient PM,5 concentrations (spring: 55.8 pg m™>,summer:
42.6 pg m~3,autumn: 75.1 pg m—>, winter: 68.0 pg m—>) along with
seasonal data for methodological conditions. The permissible ca-
pacity decreased substantially from spring to winter while the ca-
pacity in spring was three times higher than that of winter
(Table 3). This can be ascribed to the relatively low pollutant
emissions in spring and meteorological conditions at that time of
year that were favorable for the diffusion and transport of pollut-
ants. The actual atmosphere capacity in autumn exceeded the
maximum admissible emission, and there was almost no emission
capacity in winter, indicating that emission reductions are most
strongly needed in those two seasons.

3.5. Emission reduction assessments

Using the results from the box model, simulations of emission
increases and reductions were made to assess the effects of
changing emissions in the area. For each season, two days were
selected as representative (spring: 12—13 April, summer: 10—11
August, autumn: 24—25 October, winter: 5—6 January); those were
days when the pollutant levels were close to the seasonal averages.
We assumed that four major sources were the main contributors to
the PMy5 pollution and used these sources in our simulations;
these were (i) industries, (ii) motor vehicles, (iii) residences and (iv)
thermal power-plants. Variations in the PM,s5 loadings were
calculated for four different scenarios with the WRF-Chem model
as follows: (S1) weak emission reduction, (S2) strong emission
reduction, (S3) weak emission increasing, and (S4) strong emission
increase. The details for each of these scenarios are given in
Supplementary Table S3.

Table 3
Permissibleand actual atmospheric environment capacity in different seasons.
Spring Summer Autumn Winter
Permissibleatmosphere 179.8 97.6 81.6 42.3
capacity (k-ton-yr—')
Actual atmosphere 62.8 57.5 -0.2 5.4

capacity (k-ton-yr—')

Table 4
Results of PM; 5 emission simulations in Guanzhong Plain.

Cities Seasons Emission Reduction Emission Increase
Weak (S1)  Strong (S2)  Weak (S3)  Strong (S4)
Xi'an Spring -2.8% —15.9% 11.2% 19.7%
Summer  —6.3% -19.9% 13.1% 21.0%
Autumn -13.3% -30.4% 26.5% 39.8%
Winter —2.4% —34.3% 20.0% 36.8%
Average —6.2% —25.1% 17.7% 29.3%
Baoji Spring —4.6% -16.7% 11.5% 19.0%
Summer  —2.3% -13.3% 7.0% 12.5%
Autumn -5.8% -16.5% 14.4% 23.0%
Winter —2.2% -35.1% 19.6% 37.0%
Average -3.7% —20.4% 13.1% 22.9%
Weinan  Spring -3.7% -13.8% 9.6% 16.1%
Summer  —5.5% -16.2% 10.9% 17.0%
Autumn -11.3% —28.4% 23.1% 35.4%
Winter -0.2% —26.4% 15.6% 29.0%
Average -5.2% —21.2% 14.8% 24.4%

The results of PM5 5 emission simulations are shown in Table 4
and illustrated in Figs. 5 and 6. Under the moderate emission
reduction scenario, the PMy5 mass concentration decreased by
6.2%, 3.7% and 5.2% in Xi'an, Baoji and Weinan, respectively, while
with strong measures the decreases were as high as 25.1% in Xi'an.
As shown in Fig. 6, under the strong emission reduction scenario,
the most significant benefits would be expected in winter, followed
by spring. In winter the PM, 5 levels could be reduced by 60 pg m—>
and even as much as 90 ug m~ in some regions. In contrast, under
the increased emission simulations, the PM; 5 loadings increased by
13.1-29.3%, and the impacts were particularly obvious in Xi'an.
When there was a strong increase in emission sources, the pollu-
tion levels increased as much as 100 pg m—2, and the effects were
especially strong. Thus winter appears to be the season that would
be the most sensitive to pollution emissions and control measures.

These simulations show that the denitrification of industrial
coal boilers and the implementation of controls on domestic boilers
could have strong effects on PM; 5 mass loadings. For the stronger
controls scenario, the annual average PM,5 concentration
decreased from 85.04 pg m> to 63.36 pg m~>, but even that
reduced level would still be far above the first class of National
Ambient Air Quality Standard of 35 ug m~>. In winter, pollutants
from upwind sources affect the ambient air but the contribution
was not large. This was because the high pollutants levels were
mainly the result of strong local emissions which can build up near
the earth's surface under the typical wintertime meteorological
conditions. Therefore, the control of local emissions will be
essential if the air quality standards are to be met for the Guanz-
hong Plain. In autumn, there is little or no capacity for accommo-
dating additional local emissions because the existing inputs
already cause exceedances of the air quality standards.

4. Conclusions

Here we report the seasonal and spatial distributions of PM; 5
mass concentrations along with information on the chemical
composition of this material at six different locations on the
Guanzhong Plain. The study demonstrates the pervasive impacts of
anthropogenic emissions on the atmosphere of the region, and it
includes an investigation of two pollution episodes, one that
occurred in autumn and the other winter. In the urban areas, high
SO3~ levels typically were seen in summer due to the high photo-
chemical activity in that season. The highest NO3 concentrations in
winter were ascribed to the relatively low temperatures and high
emissions of NOyx from both mobile and stationary high-
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Fig. 6. Effects of strong emission increasing on PM, s mass concentrations.

temperature combustion sources. The CD values calculated for the
chemical constituents indicated a considerable level uniformity of
pollution sources over the spatial scale of the study, and there is
compelling evidence for strong regional impacts. Secondary aerosol
precursors play more critical roles in the formation of SOA than
primary sources on Guanzhong plain. The results of simulations
with a box model and the WRF-Chem model indicate that strong
control measures, that is 20—50% reductions on four major sources
(industries, motor vehicles, residences and power-plants), could
lead to 13—35% decreases in PM, 5 loadings. Differences between
the changes in emissions and loadings are due to the transport of
pollutants from distance sources, and in fact, pollutants transported
into the region had significant effects on air quality, and further-
more, those problems can be compounded by the weak dilution of
pollutants by advection and diffusion. Clearly, pollution controls
should be tightened to reduce local emissions of both primary PM
(particles from the incomplete combustion of coal and biomass,
engine exhaust, and fugitive dust) and secondary aerosol pre-
cursors (i.e., SO,, NOx, and NH3), but these measures alone with not
solve the air pollution problems. That is, it also will be critical to
combine these efforts with better management of pollutant emis-
sions from sources upwind.
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