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TECHNICAL PAPER
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ABSTRACT
An intensive sampling of aerosol particles from ground
level and 100 m was conducted during a strong pollution
episode during the winter in Xi’an, China. Concentrations
of water-soluble inorganic ions, carbonaceous compounds,
and trace elements were determined to compare the com-
position of particulate matter (PM) at the two heights. PM
mass concentrations were high at both stations: PM10 (PM
with aerodynamic diameter �10 mm) exceeded the China

National Air Quality Standard Class II value on three occa-
sions, and PM2.5 (PMwith aerodynamic diameter�2.5 mm)
exceeded the daily U.S. National Ambient Air Quality
Standard more than 10 times. The PM10 organic carbon
(OC) and elemental carbon (EC) were slightly lower at the
ground than at 100 m, both in terms of concentration and
percentage of total mass, but OC and EC in PM2.5 exhibited
the opposite pattern. Major ionic species, such as sulfate
and nitrate, showed vertical variations similar to the carbo-
naceous aerosols. High sulfate concentrations indicated
that coal combustion dominated the PM mass both at the
ground and 100 m. Correlations between Kþ and OC and
EC at 100 m imply a strong influence from suburban bio-
mass burning, whereas coal combustion and motor vehicle
exhaust had a greater influence on the ground PM. Stable
atmospheric conditions apparently led to the accumula-
tion of PM, especially at 100 m, and these conditions con-
tributed to the similarities in PM at the two elevations. Low
coefficient of divergence (CD) values reflect the similarities
in the composition of the aerosol between sites, but higher
CDs for fine particles compared with coarse ones were con-
sistent with the differences in emission sources between
the ground and 100 m.

INTRODUCTION
The chemical composition of the atmospheric aerosol is one
of the main factors that determine the particles’ effects on
human health and atmospheric visibility.1–3 Particulate
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IMPLICATIONS
An intensive observation of aerosol particles fromground level
and 100 m during a winter-time pollution episode in Xi’an,
China, showed that PM levels often greatly exceeded national
standards. High concentrations of sulfate indicated that emis-
sions from coal combustion dominated the PM mass both at
the ground and at 100 m. No dramatic differences in PM or
chemical species loadings were found between the different
elevations, and this was most likely due to relatively stable
meteorological conditions. Nevertheless, the data suggested
greater impacts from fresh emissions at the ground site and
more particle aggregates and a stronger influence from bio-
mass burning at the higher site. The results imply that mon-
itoring programs need to take this variability into account. The
air quality in Xi’an would be improved by reducing the emis-
sions from coal and biomass burning.
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matter (PM) is the air pollutant of greatest concern in Xi’an,
the largest city in northwestern China (http://www.xia-
nemc.gov.cn/). Several recent studies have investigated the
chemical composition and sources of different sized particles
in Xi’an, including total suspended particles (TSP) and PM
with aerodynamic diameters �10 mm (PM10), �2.5 mm
(PM2.5), and �1 mm (PM1).

4–9 PM2.5 and carbon fractions
were studied during the high-pollution seasons of fall and
winter in 2004 by Cao et al.,5 and their studies showed
carbonaceous aerosol accounted for nearly half of the
PM2.5 mass. Motor vehicle exhaust was the major contribu-
tor to carbonaceous aerosol in fall, but the influences from
coal combustion and biomass burning became more impor-
tant in winter. Shen et al.7 reported that sulfate, nitrate, and
ammoniumwere the threemajor ions both inTSP and PM2.5

from Xi’an, but these ions exhibited different distribution
patterns in the four seasons. In addition, the characteristics
of ionic species during dust storms and several pollution
episodes have been investigated.8

These prior studies in Xi’an have all focused on PM
collected at ground sites, with the samplers typically
deployed 10 to 15 m above ground level (AGL).
Unfortunately, little is known about the near-surface varia-
bility of aerosol particles in Xi’an, primarily because of the
difficulty in making such measurements. Several recent
studies on the vertical profiles of aerosol physical and che-
mical properties in other regions have demonstrated their
value in terms of understanding issues involving urban air
quality, human health, and urban climate change.10–20 For
example, Chan et al.16 investigated the vertical profiles and
sources of PM2.5, PM10, and carbonaceous species in
Beijing, and they found clear differences between the con-
centrations and sources for PM and carbon fractions at the
ground versus 100, 200, and 325 m. Atmospheric trace
gases and particles were measured at heights of 10 and 32
m at the Gustavii Cathedral in Göteborg, Sweden,12 and
that study showed that soil-derived elements and TSP were
in greater abundances at the lower level, whereas nitric acid
and nitric oxide showed higher concentrations at the upper
level. Sulfur dioxide and nitrogen dioxide, as well as many
of the elements in the TSP, showed equal concentrations at
the two levels.

Xi’an suffered a strong pollution episode from 19
December 2006 to 1 January 2007, and during this event,
measurements made by the Shaanxi Meteorological Agency
at a station located in northern Xi’an (�6 km away from our
sampling site) showed low visibilities, ranging from 0 to 6
km, with a mean value of 1.2 km. During this pollution
episode, we conducted an intensive study of PM10 and
PM2.5 and associated with ionic species and carbon fractions
at a ground site and an elevated site. The aims of the study
were to understand vertical variations of PM and chemical
composition of aerosol particles, with the expectation that
this information would potentially be valuable for planning
more effective pollution control strategies.

MATERIALS AND METHODS
Aerosol Sample Collection

Aerosol samples (PM10 and PM2.5) were collected simulta-
neously at sites that were at elevations of 15 and 100mAGL
(Figure 1). These two sampling sites are both on the campus
of Xi’an Jiaotong University, which is in the southeastern

part of downtown Xi’an. The ground sampling site was on
the roof of a 15-m-high teaching building, whereas the 100-
m site was on the flat roof (101 m) of the 107-m-high
administration building. The distance between these two
sampling sites was �1 km. To the north of both sites are
residential areas and the campus of Xi’an Jiaotong
University; to the south are the South Second Ring and
Youyi Roads where the traffic is nearly always heavy.

Twenty-four-hour PM10 and PM2.5 (nominally 10:00
a.m. to 10:00 a.m., China Standard Time) daily samples
were collected at 15 and 100 m simultaneously from 19
December 2006 to 1 January 2007 using four minivolume
samplers (Airmetrics, Springfield, OR). These operated at a
flow rate of 5 L min�1, and 47-mm Whatman quartz micro-
fiber filters (Whatman, Maidstone, UK) were used as collec-
tion substrates. Before being used for sampling, the filters
were preheated at 800 �C for 3 hr to remove any residual
carbon. A total of 52 aerosol samples were collected, and
these included 13 pairs of 15-m and 100-m samples. Field
blank filterswerealsocollectedatbothsitesbyexposingfilters
in the samplers but not drawing air through them; thesewere
used to account for any artifacts introduced during the sam-
ple handling procedure. The exposed filters were placed in
clean plastic bags and stored in a refrigerator at �4 �C until
analysis tominimize the evaporationof volatile components.

Aerosolmass loadingswere determined gravimetrically
using a Sartorius MC5 electronic microbalance (�1 mg sen-
sitivity; Sartorius, Göttingen, Germany). Before weighing,
the filters were equilibrated for 24 hr at 20–23 �C in a
chamber with a relative humidity between 35% and 45%.
Each filter was weighed at least three times before and after
sampling following the 24-hr equilibration period. The
differences among the three repeated weightings typically
were less than 10 mg for blanks and 20 mg for sample filters.
Themean net mass for each filter was obtained by subtract-
ing the predeployment weight from the average of the
postsampling readings.

It is possible that the PM10 and PM2.5 mass concentra-
tions were influenced by artifacts from sampling with quartz
filters rather than Teflon filters, butwenote that quartz filters
have been used to determine PMmass in prior studies.4,5,9,16

Figure 1. Locations of the sampling sites.
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Moreover, we used minivolume samplers (flow rate of 5 L
min�1) to collect the aerosol samples, and therefore, the
artifacts caused by sorption and evaporation of organic sub-
stances should be minimal due to the low flow rates. More
important, the total aerosol carbon concentrations would
appear to be very high compared with any organic artifacts
that would have occurred during our study. Accordingly, we
simply corrected the data for blank filters to obtain estimates
of the organic carbon (OC) contents, as this is the compo-
nent of the aerosol most likely to be affected by artifacts.

Water-Soluble Ion Analysis
The concentrations of four anions (SO4

2�, NO3
�, Cl�, and

F�) and five cations (Naþ, NH4
þ, Kþ, Mg2þ, and Ca2þ) in

aqueous extracts of the filters were determined by ion chro-
matography (IC; Dionex 500, Dionex Corp., Sunnyvale,
CA). To extract the water-soluble species from the quartz
filters, one-fourth of each filter was put into a separate
20-mL vial containing 10mLdistilled-deionizedwater (resis-
tivity 18 M�), and then the vials were placed in ultrasonic
water bath for 60 min. The samples were shaken two times
using a mechanical shaker for 1 hr each time to completely
extract the ionic compounds. The extracts were filtered
with a 0.45-mm-pore-size microporous membrane, and the
filtrates were stored at 4 �C in clean tubes before analysis.

Cation (Naþ, NH4
þ, Kþ, Mg2þ, and Ca2þ) concentra-

tions were determined with the use of a CS12A column
(Dionex) and 20 mM methanesulfonate as an eluent.
Anions (SO4

2�, NO3
�, Cl�, and F�) were separated by an

AS11-HC column (Dionex), and for this configuration 20
mM KOH was used as the eluent. The method detection
limits (MDLs) were 4.6mg�L�1 for Naþ, 4.0mg�L�1 for NH4

þ,
10.0 mg�L�1 for Kþ, Mg2þ, and Ca2þ, 0.5 mg�L�1 for F� and
Cl�, 15 mg�L�1 for NO3

�, and 20 mg�L�1 for SO4
2�. Standard

reference materials produced by the National Research
Center for Certified Reference Materials, China, were ana-
lyzed for quality assurance purposes. Blank values were
subtracted from sample concentrations.

Carbonaceous Aerosol Measurement
A 0.526-cm2 punch from the quartz filter was analyzed for
elemental carbon (EC) and organic carbon (OC) with the
use of a DRI Model 2001 Thermal and Optical Carbon
Analyzer (Atmoslytic Inc., Calabasas, CA). These analyses
followed the IMPROVE (Interagency Monitoring of
Protected Visual Environments) thermal/optical reflec-
tance protocol.5,21–24 Data were obtained for four OC frac-
tions (OC1,OC2,OC3, andOC4 in aHe atmosphere at 140,
280, 480, and 580 �C, respectively), a pyrolyzed carbon
fraction (OPC; determined when reflected laser light
attained its original intensity after O2 was added to the
combustion atmosphere), and three EC fractions (EC1,
EC2, and EC3 in a 2% O2/98% He atmosphere at 580,
740, and 840 �C, respectively). The analyzer was calibrated
with CH4 daily. One replicate analysis was performed for
each group of 10 samples. Blanks also were analyzed, and
the sample concentrations were corrected for those blanks.
Additional quality assurance and quality control proce-
dures have been described in detail in Cao et al.21

The IMPROVE protocol defines OC as OC1 þ OC2 þ
OC3 þ OC4 þ OPC and EC as EC1 þ EC2 þ EC3 �
OPC. The mass concentration of organic matter (OM) in

atmosphere was estimated by multiplying OC by 1.6.25

The total carbonaceous aerosol (TCA) was calculated as
the sum of OM and EC.

Elemental Fe Analysis and Estimation Crustal
Matter Concentrations

A variety of dust-derived trace elements can be used to
estimate the crustal matter concentration, and here Fe was
used for this purpose. The aerosol-laden quartz-membrane
samples were analyzed to determine Fe concentrations26,27

by energy-dispersive X-ray fluorescence (ED-XRF) spectro-
metry. The instrument used for these analyseswas a Epsilon
5 XRF analyzer (PANalytical, Almelo, The Netherlands)
whose X-ray source was a side-window X-ray tube with a
gadolinium anode. The analyzer was operated at an acceler-
ating voltage of 25–100 kV and a current of 0.5–24 mA
(maximum power: 600 W). The characteristic X-ray radia-
tion was detected with the use of a PAN 32 germanium
detector. Comparison tests have been done for PM2.5 sam-
ples collected simultaneously on quartz and Teflon mem-
branes, and they showed a strong correlation (r ¼ 0.982,
P < 0.0001) between the two data sets. That result attests to
the accuracy of the Fe concentrations measured on quartz
membranes. By repeated (five times) analyses of a single
quartz filter sample, the analytical precision for Fe was cal-
culated to be 7.6%. Laboratory quartz blank filter samples
were analyzed to evaluate analytical bias, and the detection
limit of Fe was calculated to be 24.0 ng m�3. Duplicate
analyses were performed for every eight samples as a means
of guaranteeing the stability and precision of instrument.

Prior studies have shownthat Fe accounts for 4%ofAsian
dust and Chinese loess,28–29 and on this basis, crustal matter
concentrations were estimated from the following equation:

Ccrustalmatter ¼ CFe=4%; (1)

where Ccrustal matter is crustal matter concentration and CFe

is the elemental Fe concentration.

Meteorological Data and Mixed Layer Depths
Meteorological data, including ambient temperature, rela-
tive humidity (RH), wind speed (WS), and visibility, were
recorded by the Shaanxi Meteorological Agency. The
meteorological station is located in the northern part of
Xi’an city, nearly 6 km away from our sampling site. As
the mixed-layer depth (MLD) is an important influence on
pollution levels, we calculated MLDs using the
U.S. National Oceanic and Atmospheric Administration
(NOAA; http://www.arl.noaa.gov/ready/hysplit4.html)
HYSPLIT4 (HYbrid Single-Particle Lagrangian Integrated
Trajectory) model.28–29 For the observational period,
MLDs were calculated at 12:00 a.m., 6:00 a.m., 12:00
p.m., and 4:00 p.m. Coordinated Universal Time (UTC)
corresponding to Chinese Standard Time (CST) of 8:00
a.m., 2:00 p.m., 8:00 p.m., and 12:00 a.m.

RESULTS AND DISCUSSION
PM Mass Concentrations

The mass concentrations of PM, OC, EC, and nine water-
soluble inorganic ions were determined at the ground and
100-m sites in Xi’an, and the results are summarized in

Shen et al.
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Table 1. At the ground site, the mean daily PM10 and PM2.5

concentrations were 539.8 and 392.1 mg m�3, respectively.
At 100 m, the PM10 mean mass concentration was
538.5 mg m�3, which was similar to the ground level, but
the PM2.5 mass concentration was slightly lower than that
at the ground (353.5 mg m�3). The average PM10 mass at
both elevations exceeded the Class II National Air Quality
Standard of China (150 mg m�3) by more than 3-fold.
Moreover, the concentrations of all of the PM2.5 samples
exceeded the daily U.S. National Ambient Air Quality
Standard (35 mg m�3), demonstrating the high loadings of
both fine and coarse particles in Xi’an.

The PM2.5/PM10mass ratio at the groundwas 0.71; this
is only slightly higher than the ratio of 0.67 at 100 m
(Table 2). In fact, the PM2.5/PM10 concentration ratios for
most chemical species were higher at the ground than at
100 m, the exception being crustal matter species. These
patterns suggest that particles near the ground, especially
anthropogenic species, were produced directly from the
emission sources, including motor vehicle exhaust and
residential coal combustion. At 100 m, on the other hand,
fine particles evidently combined to form larger aggregates.
Meteorological data recorded during sampling periods
showed high RHs (72% on average) and low WSs (1.2 m
sec�1 on average), and these conditions likely favored par-
ticle aggregation at the higher elevation.

The data for the ground station were generally compar-
able with the results fromprior studies atXi’an. For example,
Cao et al.5 reported that the ground (10 m AGL) mean mass
concentrations for PM10 and PM2.5 were 450.6 and 258.7 mg
m�3, respectively, in winter at the high-technology zone,
which is a new district outside of the second ring road and
relatively cleaner than the sampling site used for this study.
The PM2.5/PM10 ratio reported byCao et al.5 was 0.60, which

is slightly lower than, but not inconsistent with, the value
we observed. Chan et al.16 investigated the vertical profiles
of PM and carbonaceous species in Beijing in August: there
the PM levels were much lower than what was observed at
Xi’an either in our study and the prior one by Cao et al.5

Furthermore, the PM2.5/PM10 ratios reported for Beijing
(0.54 at the ground and 0.61 at 100 m) were both lower
than the corresponding ratios for Xi’an, indicating coarse
particles were relativelymore abundant at Beijing thanXian.
The differences between these two observations can be
explained by meteorology, that is, the prevailing wind dur-
ing the Beijing studywas always above 4m sec�1, whereas at
Xi’an the winds were nearly calm and the RH was high.
Sasaki and Sakamoto18 reported that the PM2.5/PM10 ratios
at Osaka, Japan, averaged 0.83 at ground level and 0.77 at
200 m; both of these values are higher than what we
observed in Xi’an.

Carbonaceous Species
Themean concentrations of PM10OC and EC at the ground
site were 73.7 � 20.1 and 15.2 � 5.2 mg m�3, respectively;
these are nearly the same loadings observed at 100 m (75.0
� 23.3 and 15.2� 4.6mgm�3, respectively). In contrast, the
ground PM2.5 OC (73.4 � 24.7 mg m�3) and EC (12.0 � 4.5
mg m�3) concentrations were higher than at 100 m (56.7 �
16.8 mgm�3 for OC and 9.5� 2.4mgm�3 for EC). Sasaki and
Sakamoto18 similarly found that the concentrations of car-
bonaceous species near the groundwerehigher than those at
200 m, and this was attributed to the abundance of primary
particles at the ground. The concentrations of ground PM10

carbonaceous species observed in our study were lower than
those reported by Cao et al.5 in Xi’an, but theymuch higher
than those observed at Beijing at ground level or 100 m.18

Table 1. Mass concentrations (mg m�3) of PM and chemical species.

PM Fraction Mass OC EC Na+ NH4+ K+ Mg2+ Ca2+ F� Cl� NO3� SO42� Crustal Matter

Ground PM10 (n ¼ 13) Mean 539.8 73.7 15.2 5.1 29.2 6.9 1.3 10.5 4.1 14.2 60.8 122.3 156.7
SD 133.7 20.1 5.2 1 12.9 2 0.6 4.9 1.2 3.5 27.7 51.2 68.7

PM2.5 (n ¼ 13) Mean 392.1 73.4 12.0 4.8 28 6.5 0.6 3.0 2.6 12.9 48.9 107.3 44.9
SD 125.7 24.7 4.5 1 13 2.2 0.3 1.6 0.8 3.3 23.7 48.6 14.5

100 m PM10 (n ¼ 13) Mean 538.5 75 15.2 5 33.3 7.4 1.3 9.4 4.1 14.4 61.9 127.0 115.0
SD 147.3 23.3 4.6 0.9 12.0 2.0 0.6 4.9 1.4 4.3 26.5 46.7 77.9

PM2.5 (n ¼ 13) Mean 353.5 56.7 9.5 4.3 26.7 6.0 0.6 2.6 2.4 11.2 42.7 97.3 44.6
SD 90.3 15.8 2.4 1.1 7.2 1.6 0.3 1.6 0.8 3.1 21.1 43.3 18.6

Note: SD ¼ standard deviation.

Table 2. PM2.5/PM10 ratios of chemical species mass concentrations.

PM2.5/PM10

Mass OC EC Na+ NH4+ K+ Mg2+ Ca2+ F� Cl� NO3� SO42� Crustal Matter

Ground Average 0.71 0.98 0.78 0.97 0.98 0.94 0.44 0.28 0.65 0.92 0.85 0.89 0.27
SD 0.06 0.08 0.08 0.18 0.19 0.08 0.07 0.10 0.16 0.09 0.17 0.09 0.04

100 m Average 0.67 0.77 0.64 0.86 0.84 0.82 0.46 0.31 0.61 0.79 0.74 0.70 0.39
SD 0.10 0.09 0.12 0.17 0.14 0.10 0.19 0.23 0.16 0.09 0.15 0.17 0.03

Note: SD ¼ standard deviation.
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With reference to PM2.5, the OC and EC concentrations
at the groundwere higher than those at 100m (Table 1), but
they were lower than what was observed at Beijing by Chan
et al.18Whereas the ground-level PM2.5 OCwe observed was
lower than that measured by Cao et al.,5 the PM2.5 ECwas at
nearly the same level as in that earlier study. At the ground
site, PM2.5 OC accounted for 98% of the PM10 OC, but the
percentage decreased to 77% at 100 m. A similar trend was
found for PM2.5/PM10 EC ratios; these were 0.78 at ground
and 0.67 at 100 m. In fact, the vertical patterns of both OC
and EC were similar to that of PMmass. A possible explana-
tion for the difference in size fractions between ground and
100-m sites was mentioned above, that is, the aerosol closer
to the ground was fresher whereas the PM at 100 m was
composed of more aggregates. The mean TCA concentra-
tions at the ground site were 133.1 mg m�3 for PM10 and
121.3 mg m�3 for PM2.5, accounting for 24.7% of PM10 and
33.5% of PM2.5 mass. At 100 m, the PM10 and PM2.5 TCA
concentrations were 135.2 and 100.2 mg m�3, equivalent to
25.0% and 28.5%, respectively, of the PMmass.

OC/EC ratios can provide some insight into the origins
of carbonaceous aerosols and mechanisms involved in their
formation.21,30,31 The mean PM10 OC/EC ratios were 5.1
at the ground and 5.0 at 100 m; the corresponding PM2.5

OC/EC ratios were higher, 6.2 and 6.0. The ground OC/EC
ratios were slightly higher than those observed at Xi’an by
Cao et al.,5 which were 4.2 for PM10 and 5.1 for PM2.5. In
Beijing, the ground OC/EC ratios for PM10 and PM2.5 ratios
were substantially lower (3.0 and 2.7, respectively) com-
pared with those from our study, and they also were lower
at 100 m (2.7 and 2.6, respectively; Chan et al.18).

The dissimilar OC/EC ratios at Xi’an and Beijing imply
differences in the origins of the carbonaceous aerosol at the
two cities. Coal combustion and biomass burning for heat-
ing are two of the most important emission sources for
carbonaceous aerosol in Xi’an during winter. On the other
hand, in Beijing motor vehicle emissions and industrial
emissions are the most important source for carbonaceous
particles.18 Source profiles for carbonaceous aerosols have
been measured by Watson et al.32 and Cachier et al.,33 and
they reportedOC/EC ratios of 1.1 for vehicle exhaust, 2.7 for
coal combustion, and 9.0 for biomass burning. Meanwhile,
Cao et al.5 reported very high OC/EC ratios for biomass
burning (60.3) in Xi’an. Cachier et al.33 mentioned that
three factors influence the OC/EC ratios; these are emission
sources, secondary organic aerosol (SOA) formation, and
different removal rates for OC and EC by deposition.
Therefore, the emission sources cannot be conclusively iden-
tified through the OC/EC ratios alone. Nevertheless, almost
all of the OC/EC ratios in the present study exceeded 3.8 for
both the PM10 and PM2.5 samples, and this presumably
reflects the contributions from coal combustion and bio-
mass burning superimposed on motor vehicle emissions.

Some subtle but distinct differences between theOC/EC
ratios for the ground and 100-m sites were evident. First, the
distribution of the OC/EC ratios was broader at the ground
than that at 100 m. For example, the maximum and mini-
mumratios ofOC/ECat groundwere 2.0 for PM2.5 and2.3 for
PM10, whereas at 100 m they were 1.6 and 1.5. This suggests
that amore complex set of sources affected the carbonaceous
aerosol at the ground, and these likely included both fresh
carbon (from vehicle emissions and coal combustion) as well

as aged carbon (secondary carbonaceous aerosol). Second,
the OC/EC ratios at ground were higher than those at 100
m, and this is more likely due to aged carbon rather than
products from biomass burning. The latter can be evaluated
by examining the relationship betweenECandwater-soluble
Kþ, and this is discussed below.

Water-Soluble Inorganic Ions
The total PM10 ion mass concentration at the ground site
was 254.4 mg m�3, which was slightly lower than 263.8 mg
m�3 at 100 m. In contrast, the ground total PM2.5 ion mass
concentration (214.6 mg m�3) was slightly higher than at
100 m (193.8 mg m�3). The sum of the measured ions
accounted for 46.8% of the PM2.5 mass and 54.0% of the
PM10 at the ground site and 49.0% and 53.7% of the respec-
tive PM2.5 and PM10mass at 100m. The high percentages of
PMmass accounted for by the water-soluble ions show that
they are major components of the PM both at the ground
and at 100 m, at least on a mass basis. As shown in Table 1,
SO4

2�, NO3
�, NH4

þ, and Cl� were the most abundant of
the water-soluble inorganic ions, and their concentrations
followed the same order at the ground and at 100m. Sulfate
dominated the water-soluble ion mass, and its high con-
centration is most logically ascribed to the large quantities
of coal burned for heating in winter.9 At the ground site,
the PM10 ion concentrations followed the decreasing order
of SO4

2� > NO3
� > NH4

þ > Cl� > Ca2þ > Kþ > Naþ > F� >
Mg2þ. However, in PM2.5 the order of the less abundant
ions was somewhat different SO4

2� >NO3
� >NH4

þ > Cl� >
Kþ > Naþ > Ca2þ > F� > Mg2þ (Table 1).

The PM2.5/PM10 mass ratios of the ions at the ground
site indicated more than 90% of the NH4

þ, Cl�, Naþ, and
Kþ, 80% of the SO4

2� and NO3
�, and 60% of F� were in the

finer fraction of particles. In contrast, Ca2þ and Mg2þ were
more abundant in the coarse size fraction, presumably
because they are mainly from fugitive dust.7 The patterns
in the PM2.5/PM10 ion concentrations at 100mwere similar
to those observed at the ground, but the ratios for the ions
at the ground were higher than those at 100 m. The two
exceptions were the soil-derived species, Mg2þ and Ca2þ,
whose PM2.5/PM10 mass ratios at 100 m were slightly
higher than those at the ground. Particle growth by aggre-
gation at the 100-m site is one of the more plausible expla-
nations for the lower PM2.5/PM10 ratios at that higher site.
That is, the high RH and low WS likely enhanced the
accumulation of particles at 100 m, whereas the particles
closer to the ground were more affected fresh emissions,
especially vehicle exhaust and coal burning.

Water-soluble Kþ mainly originates from biomass burn-
ing,34,35 and indeed in the suburbs of Xi’an,wheat straw and
maize stalks are widely burned for heating duringwinter and
early spring (from November to April). Here, the relation-
ships between Kþ with OC and EC evaluated as a means for
further investigating likely sources for the carbonaceous
aerosol. As shown in Figure 2, a strong correlation was
found betweenwater-soluble Kþ and OC both at the ground
and at the higher site, indicating important contributions
from biomass burning to organic carbon. But the correlation
coefficients for the ground site were slightly lower than at
100m (Figure 2), and this implies that amore complex set of
sources influenced the carbonaceous aerosol at the ground.

Shen et al.

1154 Journal of the Air & Waste Management Association Volume 61 November 2011

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 o
f 

E
ar

th
 E

nv
ir

on
m

en
t]

 a
t 1

9:
58

 2
5 

Se
pt

em
be

r 
20

12
 



Moreover, some differences become evident when the cor-
relations for water-soluble Kþ and EC are compared between
the ground and 100 m. That is, water-soluble Kþ was poorly
correlated with EC at the ground, and this suggests stronger
contributions from coal combustion and vehicles to the
carbonaceous aerosol. In contrast, water-soluble Kþ was sig-
nificantly correlated with EC at 100 m (r ¼ 0.69), and this
further attests to the important contributions of suburban
biomass burning to the carbonaceous aerosol at 100 m.

Comparison of the PM Chemical Composition
at the Ground and 100 m

The coefficient of divergence (CD), a self-normalizing para-
meter, was adopted to compare the spread of the average
concentrations ofmajor chemical species at the ground and
100-m sites. The CD is calculated as follows:

CDjk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
p

Xp

i¼1

ðxij � xik
xij þ xik

Þ
2

vuut ; (2)

where xij represents the average concentration for a chemi-
cal component i at site j, j and k represent two sampling

sites, and p is the number of chemical components. The
CDs can be calculated from short-term measurements or
long-term averages.36–38 In our study, 12 chemical species
(OC, EC, Naþ, NH4

þ, Kþ, Mg2þ, Ca2þ, SO4
2�, NO3

�, Cl�, F�,
and Fe) were used to calculate CDs for the ground and 100-
m stations. A CD approaching zero supports the null
hypothesis, that is, that the two sampling sites were similar
for the measured chemical species. If the aerosol composi-
tion at the two sampling sites were very different, the CD
would approach unity.

The CD value calculated for the ground and 100-m
stations was 0.052 for PM10 and 0.118 for PM2.5 (Figure 3);
these low values indicate that the aerosol composition at
the ground and 100m during the heavy pollution episode
were quite similar. The fact that the CD value for PM2.5

was roughly doubles that of PM10 shows that the differ-
ence in fine particle composition between ground and 100
m was somewhat greater than the difference in coarse
particles. These results support the explanation for the
differences in the fine particles between ground and 100
m proposed above, that is, the ground PM was more influ-
enced heavily by vehicle exhaust, coal burning, and aged
aerosol while biomass burning made a stronger contribu-
tion to PM at 100 m.

Figure 2. Relationship between water-soluble K and OC and EC.
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Effects of Meteorological Conditions on PM
and Chemical Species

Low WSs were recorded throughout the sampling period,
with a maximum value of 2 m sec�1 (Figure 4). In addition,
high RHs were recorded during the study, varying from
45% to 91%, with a mean value of 71.7%. We attribute
the high PM levels, both at the ground and 100 m, at least

in part, to these conditions. Figure 4 also shows diurnal
variations of the mixed layer depths (MLDs) at 12:00 a.m.,
6:00 a.m., 12:00 p.m., and 4:00 p.m. Universal Coordinated
Time (UTC), which correspond to CST at 8:00 a.m., 2:00
p.m., 8:00 p.m., and 12:00 a.m., respectively. Low MLDs
occurred in the evening (at 12:00 a.m. CST and 8:00 p.m.
CST) and early morning: the mean MLDs were 95.1 m at

Figure 3. Comparison of average concentrations of chemical species at ground level and 100 m, for (a) PM10 and (b) PM2.5.

Figure 4. Variations of wind speed (WS), relative humidity (RH), and mixed layer depth (MLD).
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12:00 a.m., 123.2 m at 8:00 p.m., and 79.0 m at 8:00 a.m.
CST. In contrast,muchhigherMLDswere observed at noon
(averaged 735.1 m at 2:00 p.m. CST). The shallow MLDs in
the evening and morning would tend to favor particle
aggregation, whereas the deeper MLDs at noon would
lead to the dispersion of air pollutants. In summary, the
high PM levels during this serious pollution episode can be
attributed to particle accumulation that was facilitated by
stable atmospheric conditions.

Material Balance of PM
To calculate the mass balance of PM, crustal matter con-
centrations were estimated from the dust-derived trace ele-
ment Fe. As shown in Table 1, the PM10 crustal matter
loading at the ground site was 156.7 mg m�3, and that was
higher than the 100-m value of 115.0. The higher PM10

loading observed at the ground site can be explained by a
greater influence of resuspended dust at there. In contrast,
the crustal matter loadings for the finer PM2.5 size fraction
were at the nearly same levels at the two sites.

The relative contributions of measured chemical spe-
cies to PMmass are shown in Figure 5. For the PM10 ground
samples, the major components followed the sequence of
crustal matter (29.3%), sulfate (22.5%), OM (21.8%),

nitrate (11.0%), and ammonium (5.4%). Unidentified
materials accounted for 3.8% of PM10mass. In comparison,
at 100 m, sulfate (23.8%) was the most abundant compo-
nent of PM10, and it was followed by OM (22.2%), crustal
matter (22.0%), nitrate (11.2%), unidentified materials
(8.2%), and ammonium (6.2%). Interestingly, the three
main secondary aerosol species (sulfate, nitrate, and ammo-
nium) showed no marked vertical variations, either in
terms of mass or the percentage of total mass, between the
ground and 100-m PM10.

The chemical constituents in fine particles were some-
what different compared with coarse particles; that is, the
percentage of crustal matter was much lower in PM2.5 than
PM10, whereas the relative abundances of OM, sulfate, and
ammonium were higher in the finer particle fraction. In
general, the contributions of chemical species to PM2.5

mass at the ground and 100 m were similar except for OM
and crustal matter. At the ground site, OM contributed to
30.3% to PM2.5 mass, and this was followed by sulfate
(26.9%), nitrate (12.1%), crustal matter (11.9%), ammo-
nium (7.0%), unidentified materials (4.5%), chloride
(3.4%), EC (3.2%), and fluoride (0.7%). At 100 m, however,
the percentage of sulfate in PM2.5 exceeded that of OM, and
the contribution of crustal matter exceeded that of nitrate.

Figure 5. Material balance of particle matter collected at ground level and 100 m.
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The high sulfate and OM loadings, both in terms of mass
concentrations and percentages of total mass, further attest
to the importance of coal combustion as a source of air
pollution during heating season in Xi’an.

CONCLUSIONS
High PM levels were observed during a serious pollution
episode during the winter in Xi’an, China. In general, no
dramatic differences of PM and chemical species levels were
found between the ground and 100 m; we attribute this to
the low wind speeds, high relative humidities, and rela-
tively shallowmixed layers during the study.Water-soluble
ions contributed roughly 50% of the PM10 and PM2.5 mass,
and therefore they were major components of the PM both
at the ground and at 100 m. The next most abundant
aerosol components by mass were carbonaceous materials
and crustal matter. High loadings of sulfate and organic
matter both in terms of mass concentrations and percen-
tages of total mass demonstrate the impact of the coal
burned for heat on air quality. Differences in the partition-
ing of the chemical species between PM2.5 and PM10 sug-
gest that the ground PMwasmore strongly affected by fresh
emissions, especially motor vehicle exhaust and coal burn-
ing, whereas more particle aggregates were present at 100
m. Good correlations between water-soluble Kþ and both
OC and EC highlighted the important contribution of sub-
urban biomass burning to the PM mass at 100 m.
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