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Abstract. Atmospheric aerosols exert highly uncertain im-
pacts on radiative forcing and also have detrimental effects
on human health. While aerosol particles are widely charac-
terized in megacities in China, aerosol composition, sources
and particle growth in rural areas in the Tibetan Plateau
remain less understood. Here we present the results from
an autumn study that was conducted from 5 September to
15 October 2013 at a national background monitoring sta-
tion (3295ma.s.l.) in the Tibetan Plateau. The submicron
aerosol composition and particle number size distributions
were measured in situ with an Aerodyne Aerosol Chemical
Speciation Monitor (ACSM) and a Scanning Mobility Parti-
cle Sizer (SMPS). The average mass concentration of submi-
cron aerosol (PMy) is 11.4 ugm~—2 (range: 1.0-78.4 ugm—3)
for the entire study, which is much lower than observed at
urban and rural sites in eastern China. Organics dominated
PM;i, accounting for 43% on average, followed by sulfate
(28 %) and ammonium (11 %). Positive Matrix Factorization
analysis of ACSM organic aerosol (OA) mass spectra identi-
fied an oxygenated OA (OOA) and a biomass burning OA
(BBOA). The OOA dominated OA composition, account-
ing for 85% on average, 17 % of which was inferred from
aged BBOA. The BBOA contributed a considerable fraction
of OA (15 %) due to the burning of cow dung and straw in
September. New particle formation and growth events were
frequently observed (80% of time) throughout the study.
The average particle growth rate is 2.0nmh~! (range: 0.8-

3.2nmh~1). By linking the evolution of particle number size
distribution to aerosol composition, we found an elevated
contribution of organics during particle growth periods and
also a positive relationship between the growth rate and the
fraction of OOA in OA, which potentially indicates an impor-
tant role of organics in particle growth in the Tibetan Plateau.

1 Introduction

High concentration of atmosphere aerosol associated with
the rapid economic growth, urbanization and industrial-
ization has become a major environmental concern in
China. Aerosol particles, especially fine particles (PM25),
have large impacts on human health, the natural ecosys-
tem, weather and climate, radiative balance and the self-
purification capacity of the troposphere (Jacobson, 2001;
Tie and Cao, 2009). As a result, a large number of studies
have been conducted to investigate the sources, chemical and
physical properties and evolution processes of aerosol parti-
cles at urban and rural sites in China during the last decade
(Cao et al., 2007; Wu et al., 2007; He et al., 2011; Gong et
al., 2012; Huang et al., 2013; Sun et al., 2013, 2015; Jiang et
al., 2015). The results showed that fine particles are mainly
composed of organics, sulfate, nitrate, ammonium, mineral
dust and black carbon. The sources of organic aerosol (OA)
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were also characterized and various OA factors from distinct
sources were identified, including primary OA (POA), e.g.,
hydrocarbon-like OA (HOA), cooking OA (COA), biomass
burning OA (BBOA) and coal combustion OA (CCOA);
and secondary OA (SOA), e.g., semi-volatile oxygenated OA
(SV-00A) and low-volatility OOA (LV-OOA) (Huang et al.,
2010, 2011; Sun et al., 2010, 2014; He et al., 2011; Xu et al.,
2014a). While previous studies significantly improve our un-
derstanding on the sources and chemical properties of aerosol
particles, they were mainly conducted in developed areas in
China, including Beijing—Tianjin—Hebei, Pearl River Delta
and Yangtze River Delta.

The Tibetan Plateau (~2000000km?) is the highest
plateau in the world, with an average altitude of over
4000 ma.s.l. The Tibetan Plateau is an ideal location for char-
acterizing rural and regional background aerosol due to mi-
nor influences of anthropogenic activities. However, chemi-
cal characterization of aerosol particles in the Tibetan Plateau
is rather limited, and therefore their sources, properties and
evolution processes are poorly known. Cong et al. (2015)
reported the seasonal variations of various aerosol com-
ponents, including carbonaceous species and water-soluble
ionic species on the south edge of the Tibetan Plateau. Sul-
fate was found to dominate the total ionic mass (25 %), fol-
lowed by nitrate. In addition, most aerosol species showed
pronounced season variations in the pre-monsoon period due
to biomass burning impacts from India and Nepal. Zhao
et al. (2013) also characterized the chemical composition
and sources of total suspended particulate (TSP) at Lulang
on the southeastern TP, based on 1 year of measurements.
Similar seasonal variations with higher concentrations dur-
ing the pre-monsoon period were observed. The back tra-
jectory analysis showed evident transport of air pollutants
from south Asia to the TP. The analysis of size-segregated
aerosol samples collected at a remote site in the inland of
the Tibetan Plateau during 2012 further confirmed the high
concentrations of organic carbon (OC) and elemental carbon
(EC) during the pre-monsoon period (Wan et al., 2015), al-
though their concentrations in PM; (2.38 and 0.08 ugm~—3,
respectively) were much lower than those reported in eastern
China. Most studies above were conducted in the southeast-
ern Tibetan Plateau. Comparatively, aerosol particles showed
quite different behavior in the northeastern Tibetan Plateau.
Li et al. (2013) investigated the sources and chemical com-
position of fine particles collected at a remote site (Qinghai
Lake) in the summer of 2010 in the Tibetan Plateau. The
average PM, 5 concentration was 22 4 13ugm~—2 with sul-
fate and carbonaceous aerosol being the two major species.
Xu et al. (2014b) conducted a year-long measurement of
PM2 5 composition at the Qilian Shan station. The annual
average concentration of PMy5 was 9.5+ 5.4 ugm=23, with
water-soluble ions accounting for 39 % of total mass. Water-
soluble ions were dominated by sulfate (39 %) and showed
pronounced seasonal variations. The aerosol composition,
size distributions and back trajectory analysis together in-
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dicated a mixed impact of both mineral dust from arid ar-
eas of northwest China and anthropogenic emissions from
urban areas. However, previous extensive efforts to charac-
terize the chemical properties of aerosol particles in the Ti-
betan Plateau heavily rely on filter measurements; with the
duration ranging from days to weeks, real-time measurement
of aerosol particle compaosition is still very limited. A re-
cent study by Xu et al. (2014a) deployed a high-resolution
time-of-flight aerosol mass spectrometer (HR-ToF-AMS) at
an urban site in Lanzhou in northwest China. The submi-
cron aerosol in the city was dominated by organic aerosol
(47 %) with a large contribution from local traffic and cook-
ing emissions (40 %). To our knowledge, there is no such
real-time measurement of aerosol particle composition with
aerosol mass spectrometer at rural sites in the Tibetan Plateau
yet.

The study of new particle formation and growth events in
the Tibetan Plateau is also relatively new. Since 2004, a num-
ber of studies have been conducted to investigate the new par-
ticle formation (NPF) and particle growth events in various
environments in China (Wu et al., 2007; Wiedensohler et al.,
2009; Yue et al., 2010; Y. M. Zhang et al., 2011; Wang et al.,
20133, b). The NPF events were frequently observed in urban
cities, rural sites, coastal regions and mountain sites. Sulfuric
acid was found to play a dominant role in both NPF and sub-
sequent particle growth, while organics make an important
contribution to particle growth (Yue et al., 2010). The parti-
cle growth rates varied largely, depending on sites and days,
yet generally fell within 1-20 nmh~?. Kivekas et al. (2009)
conducted a long-term measurement of particle number size
distributions at Waliguan, a global baseline site located ap-
proximately 140 km southwest of our sampling site. The an-
nual average particle number concentration was found to be
higher than other rural sites in the world. Despite this, the
particle growth and its relationship to chemical species in the
Tibetan Plateau are rarely investigated and remain poorly un-
derstood.

In this study, an Aerodyne Aerosol Chemical Speciation
Monitor (ACSM) was first deployed at a national background
monitoring site (Menyuan, Qinghai) in the Tibetan Plateau
for the real-time characterization of submicron aerosol com-
position including organics, sulfate, nitrate, ammonium and
chloride from 5 September to 15 October, 2013. Collocated
measurements including black carbon and particle number
size distributions were also conducted at the same site. Here
we report the aerosol composition and variations of submi-
cron aerosols and investigate the sources of organic aerosol
with Positive Matrix Factorization (PMF). In addition, the
particle growth events are also characterized and the roles of
chemical species in particle growth are elucidated.
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2 Experimental method
2.1 Sampling site

The sampling site, i.e., the national atmospheric background
monitoring station (NBS) (37°36/30” N, 101°15'26" E;
3295ma.s.l.) is located on Daban Mountain in Menyuan,
Qinghai province (Fig. 1). The sampling site is character-
ized by a typical Plateau continental climate with a pleas-
antly cool and short summer and a long, cold winter. The
annual average temperature is —1 to —2°C, and the precipi-
tation is 426—-860 mm. In this study, ambient temperature av-
eraged 4.9°C (—8.7-17.9 °C) and wind speed varied, largely
with an average value of 3ms~1. In addition, several precip-
itation events were also observed, particularly during the first
half period of this study (Fig. 3). The diurnal profiles of mete-
orological conditions including temperature, relative humid-
ity, wind speed and wind direction are shown in Supplement
Fig. S1. The sampling site is relatively pristine with most
areas covered by typical Tibetan Plateau plants, e.g., poten-
tilla fruticosa and kobresia. There are no strong local anthro-
pogenic source emissions in this area (~ 741 km? with a pop-
ulation of ~ 2000) except occasional biomass burning events
due to the burning of a large amount of straw in the mid-
dle of September and cow dung at the end of the campaign
(Li et al., 2015). The capital city of Qinghai province, Xin-
ing, with a population of 2290 000, is approximately 160 km
south of the sampling site, which is connected by a national
road (G227) with little vehicle traffic.

2.2 Instrumentation

The field measurements were conducted from 5 September
to 15 October 2013. All the instruments were placed in an
air-conditioned room with the temperature maintaining at
~23°C. The chemical compositions of non-refractory sub-
micron aerosol (NR-PMy) species including organics (Org.),
sulfate (SOg4), nitrate (NO3), ammonium (NH4) and chloride
(CI) were measured in situ by an Aerodyne ACSM (Ng et
al., 2011b). A PM3 5 cyclone (model URG-2000-30ED) was
supplied in front of the sampling line to remove coarse parti-
cles larger than 2.5 pm. The ambient air was drawn inside the
room through a 1/2 inch (outer diameter) stainless steel tube
using an external pump (flow rate is ~ 3 L min—1). The sam-
pling height is approximately 2 m, and the particle residence
time in the sampling tube is ~55s. A silica gel diffusion dryer
was then used to dry aerosol particles before sampling into
the ACSM. After passing through a 100 um critical orifice,
aerosol particles between 30 nm and 1 ym are focused into a
narrow particle beam via the aerodynamic lens in the vacuum
chamber, and then flash vaporized and ionized at a heated
surface (~600°C). The positive ions generated are finally
analyzed by a commercial quadrupole mass spectrometer. In
this study, the mass spectrometer of ACSM was operated at
a scanning rate of 500 ms per amu from m/z 10 to 150. The
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Table 1. A summary of average mass concentrations (g m—2) of
PM species during five episodes and the entire study. The 30 min
detection limit (DLs) of the ACSM is also shown (Sun et al., 2012).

Org. SO4 NO3 NHg ClI BC PM1
Entire study 4.9 3.2 1.2 14 014 051 114

Clean 1 1.2 13 025 058 0.02 022 36
Clean 2 1.8 13 024 045 0.03 - 3.8
Epl 191 21 2.7 1.4 053 14 27.2
Ep2 6.3 5.9 2.0 2.6 0.18 057 176
Ep3 108 6.0 2.9 2.6 039 1.0 23.7
DLs 054 0.07 006 025 0.03

time resolution is approximately 15 min, by alternating six
cycles between the ambient air and particle-free air. The de-
tailed operation of ACSM has been given in Sun et al. (2012).

In addition to ACSM measurements, a Scanning Mobil-
ity Particle Sizer (TSI, 3936) equipped with a long Differ-
ential Mobility Analyzer (DMA) was simultaneously oper-
ated to measure the particle number size distributions be-
tween 11.8 and 478.3 nm at a time resolution of 5 min. Other
collocated measurements included CO by a non-dispersive
infrared analyzer (M300EU), O3 by a UV photometric ana-
lyzer (Teledyne Instruments, Model 400EU), NO,. by a com-
mercial chemiluminescence analyzer (M200EU) and SO; by
a pulsed UV fluorescence analyzer (M100EU) and black
carbon (BC) by the Aethalometer (AE31, Magee Scientific
Corp). The meteorological parameters, e.g., temperature, rel-
ative humidity, pressure, visibility, precipitation, wind speed
and wind direction were also recorded at the same site. All
the data are reported at ambient conditions in Beijing stan-
dard time. Note that the concentrations would be a factor of
approximately 1.5 of the current values if the data are con-
verted to mass loadings at standard temperature and pressure
(STP, 273K and 1013.25 hPa).

2.3 Data analysis

The ACSM data were analyzed within Igor Pro (WaveMet-
rics, Inc., Oregon USA) using the standard ACSM data anal-
ysis software (v.1.5.3.0). The mass concentrations and chem-
ical composition of NR-PMj species were obtained using the
default relative ionization efficiency (RIE) that is 1.4, 1.2,
1.1 and 1.3 for organics, sulfate, nitrate and chloride, respec-
tively, except ammonium (6.5) that was derived from pure
ammonium nitrate during ionization efficiency (IE) calibra-
tion. A collection efficiency (CE) of 0.5 was used to account
for the incomplete detection of aerosol species (Matthew et
al., 2008; Middlebrook et al., 2012) because aerosol particles
were dry and only slightly acidic, and also the mass fraction
of ammonium nitrate is not high enough to affect CE signifi-
cantly.

The sources of organic aerosol were investigated by per-
forming Positive Matrix Factorization (PMF2.exe, v 4.2) on
ACSM OA mass spectra (Paatero and Tapper, 1994; Ulbrich
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Figure 1. Map of the sampling site (Menyuan, Qinghai). Also shown is the chemical composition of submicron aerosols (NR-PM;+ BC
if it was available) measured at selected rural/remote sites in East Asia except Lanzhou, an urban site in northwest China. The two dotted
blue lines are used to guide the eye for the three rural/remote regions from the west to the east. Detailed information of the sampling sites is

presented in Table S1 in the Supplement.

et al., 2009). PMF is a standard multivariate factor analysis
model broadly used in the field of air pollution source ap-
portionment. The detailed PMF analysis of organic aerosol
from AMS measurements, including error matrix prepara-
tion, data pretreatment, selection of the optimum number of
factors and rotational forcing parameter (fpeak) and the eval-
uation of PMF solutions, was given in Ulbrich et al. (2009)
and Q. Zhang et al. (2011). In this study, the organic mass
spectra from m/z 12 to m /z 125 were used for the PMF anal-
ysis. Because of the absence of collocated measurements,
the 2-factor solution with fpeak =0 and Q/Qexp Close to 1
was chosen (see Fig. S2 for the PMF diagnostic plots). The
two factors including a biomass burning OA (BBOA) and an
oxygenated OA (OOA) were identified. The two OA factors
showed largely different factor profiles and time series, indi-
cating their distinct sources.

3 Results and discussion

3.1 Mass concentration and chemical composition of
submicron aerosol

Figure 2 shows a comparison of the total PM; mass (NR-
PM;+ BC) with that determined from the SMPS measure-
ments. Assuming spherical particles, the SMPS number con-
centrations were converted to mass concentrations using
chemically resolved particle density that was estimated from
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the chemical composition of PM; (Salcedo et al., 2006). As
shown in Fig. 2, the time series of PM; tracks well with
that of SMPS measurements (2 = 0.87). The slope of 0.52
is likely due to the limited size range of SMPS measure-
ments (12-478 nm) by missing a considerable fraction of
large particles that ACSM can measure. The PM1 mass var-
ied dramatically throughout the study with hourly average
concentration ranging from 1.0 to 78.4pgm~3. The aver-
age mass concentration of PM; (+10) for the entire study
is 11.4 (48.5) ug m—3, which is ~ 3-4 times lower than ob-
served at rural sites in China (29.9-44.1 g m—2) (Huang et
al., 2011, 2013; Hu et al., 2013; Zhang et al., 2014). It is also
approximately 2 times lower than that (24.5ug m—2) mea-
sured at an urban site in Lanzhou in the Tibetan Plateau in
2012 (Xu et al., 2014a). While the average PM1 mass con-
centration in this study is close to those observed at the re-
mote sites in Asia, e.g., Okinawa (14.5pgm~2) (Zhang et
al., 2007a) and Fukue (12.0ugm=—3) (Takami et al., 2005)
in Japan in 2003 and Jeju (8.6 pugm—23) in Korea in 2001
(Topping et al., 2004), it is much higher than those reported
at rural/remote sites in North America and Europe, e.g.,
Chebogue (2.9 ug m—2), Storm Peak in 2004 (2.1ugm—3)
and Hyytiala in 2005 (2.0pgm~—3), and even comparable
to the loadings at urban sites, e.g., New York City in 2004
(12 ugm~2), Pittsburgh (15 ug m—23) and Manchester in 2002
(14.0ugm=3) (Zhang et al., 2007a). These results suggest
that the Menyuan NBS is a typical rural site in Asia, yet with
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higher background concentrations compared to those in other
continents.

Figure 3 shows the time series of mass concentrations and
mass fractions of aerosol species in PM1. The average PM1
composition is dominated by organics and sulfate, account-
ing for 43 and 28 % on average, respectively. Black carbon
and chloride represent small fractions, contributing 4.5 and
1.2 %, respectively to PMj. As shown in Fig. 1, the aerosol
composition at the Menyuan NBS is largely different from
that observed at the urban site in the Tibetan Plateau (Xu et
al., 2014a). In particular, sulfate shows ~ 60 % higher contri-
bution, yet BC is more than 2 times lower than that observed
at the urban site (Fig. 1). Xu et al. (2014a) found that 47 %
of BC was from local traffic emissions which explained the
higher contribution of BC at the urban site well. Compared
to this study, the average composition of PM1 measured by
the AMS at other rural sites in China showed similar domi-
nance of sulfate (25-34 %) except Changdao Island (19 %),
yet higher overall contributions of nitrate because most of
these rural sites are close to urban areas with high NO,, emis-
sions. The sulfate contributions become more dominant (36—
64 %) at remote sites in East Asia which are far away from
urban areas. The increase of sulfate contribution is associated
with a large reduction of nitrate contribution (<5 %). Such a
change in aerosol bulk composition at rural/remote sites in
East Asia is shown Fig. 1. Overall, organics comprises the
major fraction of PM1, contributing approximately one-third
of the total mass at most sites. While sulfate plays a dominant
role in PM; at remote sites, nitrate shows the highest contri-
bution at the rural sites in eastern China. Such compositional
differences illustrate the different sources of sulfate and ni-
trate. While sulfate is dominantly from regional sources and
transport, nitrate is more likely influenced by anthropogenic
NO, emissions over smaller regional areas.

Aerosol species also varied dramatically throughout the
study. For example, organics increased rapidly from 2.9 to
77.8ugm~2 in 1h on 21 September. While small variations
remained for sulfate, nitrate, chloride and BC showed simi-
larly steep increases to organics, indicating strong impacts of
local biomass burning (Zhang et al., 2015). Rapid decreases
of aerosol species due to the precipitation of scavenging or
wind direction change were also frequently observed. For a
better understanding of aerosol composition under variable
meteorological conditions and sources, five episodes, two of
which are from clean periods, are shown in Fig. 3d. The
aerosol composition varied largely among different episodes.
While the average PM1 mass concentrations during the two
clean episodes are similar (3.6 and 3.8 ugm—2), the episode
of Clean 2 shows a much higher contribution of organics
(48 % vs. 34 %) with slightly lower sulfate (33 % vs. 36 %)
than Clean 1, consistent with their different air mass trajec-
tories (Fig. S3). The other three episodes show ~ 5-8 times
higher mass concentration of PM; (17.6-27.2 ugm~—23) than
the two clean episodes. The Ep 1 is dominated by organics
(70 %), almost twice that of during the other two episodes,
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suggesting a largely different source. The relative contribu-
tions of sulfate and organics during Ep 2 and Ep 3 are dif-
ferent although the nitrate contribution is similar. These re-
sults suggest that the national background site is subject to
the influences of air masses from different sources, some of
which are enriched with OA, while others are dominated with
aerosols mainly composed of ammonium sulfates. We also
noticed that the two clean periods showed an higher overall
contribution of sulfate and lower contribution of nitrate com-
pared to the three pollution episodes. The possible reasons
were likely due to the fact that the air masses during clean
periods were either from a longer transport when ammonium
nitrate was deposited or evaporated due to dilution processes,
or from less anthropogenically influenced regions with low
NO, emissions.

The aerosol particle acidity was evaluated using the
ratio of measured NH; (NHj  ..) to the predicted
NH; (NH;fpred =18 x (2 x SO4 / 96+ NO3/62 + Cl / 35.5)
that needs to fully neutralize sulfate, nitrate and chloride
(Zhang et al., 2007b). The NHj{meals correlates tightly with
Nijred (r2 =0.95), yielding a regression slope of 0.80. The
results suggest that aerosol particles at the Menyuan NBS are
acidic overall. Similar acidic particles were also observed at
other rural sites in China, e.g., Jiaxing in Yangtze River Delta
(Huang et al., 2013), Kaiping in Pearl River Delta (Huang et
al., 2011), Yufa in Beijing (Takegawa et al., 2009) and Qil-
ian Shan Mountain in the northeast of the Qinghai—Xizang
Plateau (Xu et al., 2015). As a comparison, the aerosol par-
ticles in the urban city Lanzhou in the Tibetan Plateau were
neutralized overall (Xu et al., 2014a). One of the explana-
tions is that more SO, is oxidized to sulfate during the trans-
port while there is not enough gaseous ammonia to neutral-
ize the newly formed sulfate. This is supported by the higher
overall contribution of sulfate at rural/remote sites than that
at urban sites. Also note that the newly formed sulfate parti-
cles during the frequent NPF events might also have played
arole.

3.2 Diurnal variations

The diurnal cycles of aerosol species and PM; are shown
in Fig. 4a. The PM; shows a pronounced diurnal cycle with
the concentration ranging from 7.9 to 13.4 ugm=3. The PM;
shows a visible peak at noon and then has a gradual decrease
reaching the minimum at approximately 16:00. After that,
the PMy starts to build up and reaches the highest level at
midnight. Such a diurnal cycle is similar to those of SO, and
CO (Fig. 4d), which likely indicates that the major source
of PM; at the Menyuan NBS is from regional transport. All
aerosol species present similarly pronounced diurnal cycles
to PM; with the lowest concentrations occurring at approx-
imately 16:00, indicating that the diurnal cycles of aerosol
species were mainly driven by the dynamics of the plane-
tary boundary layer. Organics dominated PM1 composition
throughout the day, varying from 38 to 51 %. The concentra-
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tion of organics at 16:00 is approximately 2 times lower than
that at midnight. Sulfate shows the largest noon peak among
all aerosol species, consistent with those of SO, and CO. The
sulfate contributes more than 25 % to PM; with the highest
contribution as much as 33 % between 12:00 and 14:00. Ni-
trate and chloride show relatively stable concentrations be-
fore 11:00 and then gradually decrease to low ambient levels
during daytime. Such diurnal variations still exist after con-
sidering the dilution effects of boundary layer height using
the conserved tracer CO as a reference (Fig. 4c). This in-
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dicates that gas-particle partitioning affected by temperature
and humidity has played an important role in driving the di-
urnal variations of nitrate and chloride. Consistently, the ni-
trate contribution to PM; during late afternoon is ~7-8 %
which is much lower than that (>12 %) in the early morn-
ing. The diurnal variation of BC is different from that ob-
served at the urban site in the Tibetan Plateau, where the pro-
nounced morning peak due to traffic influences was observed
(Xu et al., 2014a). In fact, BC has a good correlation with ni-
trate (-2 = 0.59), indicating that BC likely comes dominantly
from regional transport. This is also supported by the low
ambient levels of NO, (2.5-5.1 ug m—2). The contribution of
BC to PM; is relatively constant, which is ~ 4-5 % through-
out the day.

3.3 OA composition and sources

PMF analysis of ACSM OA mass spectra identified two fac-
tors, i.e., a biomass burning OA (BBOA) and an oxygenated
OA (OOA). The mass spectra and time series of the two OA
factors are shown in Fig. 5.

3.3.1 BBOA

The mass spectrum of BBOA resembles that of standard
BBOA (2 =0.82) which is characterized by a prominent
peak of m/z 60 (1.1% of total signal), a tracer m/z for
biomass burning aerosols (Aiken et al., 2009; Cubison et
al., 2011; Hennigan et al., 2011). The fraction of m/z 60
in BBOA (1.1%) is also much higher than ~0.3% in the
absence of biomass burning impacts (Cubison et al., 2011).
BBOA correlates tightly with m/z 60 (2> =0.82) and also
chloride (r2 = 0.52). The ratio of BBOA to m/z 60 is 55.6,
which is higher than that of fresh BBOA (34.5) measured
during the second Fire Lab at Missoula Experiment (FLAME
I1) (Lee et al., 2010). One of the explanations is that BBOA
in the ambient is more aged because the m/z 60 related lev-
oglucosan can be rapidly oxidized in the atmosphere (Hen-
nigan et al., 2010). Indeed, Zhang et al. (2015) reported a
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much higher ratio of aged BBOA to m/z 60 (74.8) than of BBOA was also observed at the end of the campaign due
fresh BBOA (16.8) during two harvest seasons in Nanjing, to the burning of cow dung for heating purposes because of
China. The time series of BBOA shows periodically large the low temperature. The average concentration of BBOA is
peaks, particularly on the days of 21 and 22 September, 0.8 (+1.5) pgm~2 for the entire study, accounting for 15 %
which were mainly from the burning of a large amount of of total OA on average. Although the average BBOA con-
straw in the southwest region. Relatively high concentration tribution is much lower than that measured in PRD, e.g.,
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Jiaxing (~3.9ugm—3, 30.1%) (Huang et al., 2013), Kaip-
ing (~1.36 ugm—2, 24.5%) (Huang et al., 2011) and Shen-
zhen (~5.2ugm=—3, 29.5%) (He et al., 2011), the contribu-
tion of BBOA during some strong BB plumes can reach up
to 40%, e.g., 21-22 September, indicating a large impact
of biomass burning on OA at the national background site.
BBOA showed a pronounced diurnal cycle which is simi-
lar to that of chloride (Fig. 5¢). The BBOA concentration
increased rapidly from 18:00 and reached a maximum in
2 h, likely indicating that the burning of straw and cow dung
mainly occurred during this period of time. As a result, the
contribution of BBOA to total OA increased from ~ 10 % to
more than 20 %.

3.3.2 Oxygenated organic aerosols (OOA)

Similar to previously reported OOA (Zhang et al., 2005),
the mass spectrum of OOA in this study is characterized by
a prominent m/z 44 peak (mainly CO;‘). The mass spec-
trum of OOA also resembles that of low-volatility OOA
(> =0.88) (Ng et al., 2011a), yet with a higher fraction of
m/z 44 ( faa). A much higher fraction of m /z 44 was reported
recently in ACSM OOA spectrum than that from HR-ToF-
AMS, by a comprehensive evaluation of the ACSM (Fréhlich
et al., 2015). The results also showed that f44 has minor im-
pacts on the mass concentrations of OOA factors, although it
varies largely by a factor of 0.6-1.3. The average mass con-
centration of OOA is 4.1 ug m—3, accounting for 85 % of total
OA on average. The OOA contribution is much higher than
that reported at urban sites in summer (~ 60 %) (Huang et
al., 2010; Sun et al., 2012; Xu et al., 2014a), and also higher
than that (~ 70 %) observed at rural sites in China (Hu et al.,
2013; Huang et al., 2013). These results suggest that organic
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aerosol was highly aged and well processed at the Menyuan
NBS. In addition, aqueous-processing of OA at nighttime as-
sociated with high RH might also have played a role in form-
ing the highly oxidized OA. The diurnal cycle of OOA was
similar to that of PM1, which showed a small peak before
noon, followed by a subsequent decrease until 16:00. The
OOA dominated OA throughout the day varying from 80 to
90 %, indicating that OA at the Menyuan NBS was mainly
composed of secondary organic aerosol.

Previous studies have shown the ubiquitously tight corre-
lations between sulfate and highly oxidized OA because of
their similar secondary nature over regional scales (Zhang et
al., 2005; DeCarlo et al., 2010). While the OOA correlates
well with secondary sulfate for most of the time in this study,
several periods with largely different correlations were also
observed (Fig. 6). As shown in Figs. 5b and 6, the weak cor-
relation events mainly occurred during periods with strong
biomass burning impacts were observed. However, it can-
not be resolved by extending PMF solution to more than
2 factors because of the limitation of the PMF technique
in source apportionment analysis. Similar different correla-
tions between sulfate and LV-OOA were also observed dur-
ing two research flights in Mexico City and the Central Mex-
ican Plateau (DeCarlo et al., 2010). Following the approach
suggested by DeCarlo et al. (2010), we performed a post-
processing technique with external tracers on the further ap-
portionment of OOA. We first assume that OOA and sulfate
have similar sources during periods in the absence of biomass
burning impacts, which is supported by their tight correla-
tions (r?> =0.74). An average OOA / SOy ratio of 1.04, i.e.,
(OOA / SO4)nBB, Was obtained by performing a linear re-
gression analysis on OOA vs. SO4. We then assume that SO4
is completely from non-biomass burning (NBB) sources dur-
ing BB-impact periods. This assumption is rational because
previous studies have found that fresh biomass burning emits
a very small or negligible fraction of sulfate (Levin et al.,
2010). The sulfate-related OOA can be calculated as OOA x
[OOA / SO4]nBB, and the excess OOA that is from different
sources is then determined as

OOApost-processed = OOA — SO4 x [OOA/SO4]NBB- 1)

Because the post-processed OOA shows high concentra-
tions during BB periods, we conclude that it is very likely
to be an aged BBOA that was mixed with OOA. In fact, the
mass spectrum of OOApost-processed 1S Similar to that of OOA.
The fraction of m /z 60 ( fs0) is 0.29 %, which is very close to
~ 0.3 % for non-biomass burning organic aerosol (Aiken et
al., 2008). Smog chamber experiments have shown that fresh
BBOA can be rapidly oxidized within 3-4.5h (Hennigan et
al., 2011). While fa4 increases significantly, fso quickly de-
creases to a value close to ~ 0.3 %. Similarly, a recent study
in Nanjing resolved an aged BBOA factor with its spectrum
resembling to that of OOA yet with much lower fgo (Zhang
et al., 2015). The average concentration of aged BBOA s
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Figure 8. Diurnal evolution of particle size distributions, aerosol
composition, gaseous precursors and the ratios of aerosol species to
CO during (a) NPE and (b) non-NPE. Sunrise was at approximately
07:00.

0.82 (£2.65) ugm~3, accounting for 17 % of OA for the en-
tire study. The contribution of aged BBOA is close to that
of fresh BBOA, which might indicate that half of BBOA has
aged. Still, the sum of fresh and aged BBOA highly corre-
lates with m/z 60 (r> =0.81, slope = 136.1). The fresh and
aged BBOA together accounted for 33% of the total OA,
suggesting that BBOA was a large local source of OA during
the observational period. With the post-processing technique,
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the sulfate-related OOA contributed 67 % on average of total
OA, which is close to those observed at other rural sites in
e.g., Kaiping (Huang et al., 2011) and Changdao (Hu et al.,
2013).

3.4 Chemistry of particle growth

Figure 7a shows the evolution of size distributions of particle
number concentrations for the entire study. New particle for-
mation and growth events (NPE) were observed almost every
day (27 in 34 days). Most NPE started at ~ 11:00 (sunrise is
2 h behind Beijing standard time) and persisted for more than
half a day, except some NPE were interrupted by either pre-
cipitation events or strong winds. The average particle num-
ber size distributions during NPE and non-event days (non-
NPE) are shown in Fig. 7b. Both NPE and non-NPE show
broad size distributions with higher number concentrations
occurring during NPE. Three modes with geometric mean
diameter (GMD) peaking at 28, 43 and 104 nm, respectively,
were resolved using a log-normal distribution fitting (Sein-
feld and Pandis, 2006). The largest mode (104 nm) domi-
nated the total number of particles, accounting for ~ 70 %.
In contrast, the average size distribution during non-NPE was
characterized by a bimodal distribution, with the GMD peak-
ing at 59 nm and 146 nm, respectively. The peak diameters
were shifted to larger sizes compared to those during NPE.
Such a size shift from clean days to polluted days was also
observed previously in Beijing (Yue et al., 2010). Also, the
two modes showed almost equivalent contributions to the to-
tal number of particles. The average particle number con-
centration for the entire study is 2.4 x 103 cm~3, which is
nearly an order of magnitude lower than those reported at ru-
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ral sites in eastern China (Wu et al., 2007), but close to that
(2.03 x 103 cm—2) observed at Mount Waliguan which is a
remote site located nearby (Kivekas et al., 2009). The parti-
cle size was further segregated into small Aitken mode (20—
40nm, Njp_40), large Aitken mode (40-100nm, Ngo-100)
and accumulation mode (100-470 nm, Naccy) particles. The
time series and diurnal cycles of particle numbers for three
different sizes are shown in Fig. 7c, d. Nog_40 presented sharp
peaks almost every day, corresponding to new particle forma-
tion events. The diurnal cycle of Nog_s9 showed that the num-
ber concentration started to increase at approximately 11:00
(150cm—2) and reached a maximum at 14:00 (770cm~3).
In contrast, the Nap_100 and Naccy Showed largely different
diurnal cycles from that of N»g_40, indicating their different
sources. In fact, the diurnal cycles of N4g-100 and Nacey are
remarkably similar to those of aerosol species, suggesting
that the large particles are more likely from regional trans-
port.

Figure 8 shows the diurnal evolution of particle number
size distributions, aerosol composition and gaseous species
during NPE and non-NPE days. The particle number size
distributions during NPE were characterized by distinct bi-
modal distributions showing a persistent larger mode, with
the GMD peaking at ~ 100 nm, and a smaller mode below
50nm. The particle growth started at approximately 11:00
from ~20nm, and continued to grow slowly until ~45nm
at midnight. The maximum size particles that can grow in this
study is generally smaller than those (~ 60-70 nm) observed
at urban and rural sites in Beijing (Wang et al., 2013a), which
is likely due to the much lower concentrations of aerosol
species and precursors. All aerosol species, however, showed
decreases during the particle growth period between 12:00
and 17:00, and the gaseous CO and SO, showed similar vari-
ations as aerosol species. By excluding the dilution effect
of PBL using CO as a tracer, we found that organics was
the only species showing a gradual increase during the par-
ticle growth period (Fig. 8a), while other species remained
minor changes or even slightly decreased. The contribution
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of organics to PM; also showed a corresponding increase
from 40 to 47 %. These results suggest that organics might
have played a dominant role in particle growth at the national
background site. Our conclusion is consistent with the recent
findings that organics, particularly oxidized organic aerosol
species, play a more important role than ammonium sul-
fate in particle growth (Dusek et al., 2010; Ehn et al., 2014;
Setyan et al., 2014). Also note that the contribution of organ-
ics to PM; during NPE (~ 40-50 %) is higher overall than
that during non-NPE (~ 30-40 %), while the sulfate contri-
bution is correspondingly lower (~20-30% vs. 30-40 %),
which further supports the important role of organics dur-
ing NPE. The particle growth was mixed with anthropogenic
sources from 17:00, which are indicated by synchronous en-
hancements of both aerosol species and gaseous precursors.
One of possible reasons is due to the air mass transport from
downwind urban areas.

The diurnal evolution of particle size distributions and
aerosol composition during non-NPE is largely different
from that during NPE. The particle number size distribu-
tions and mass concentrations of aerosol species showed a
dramatic variation at noon (12:00), indicating a very differ-
ent chemical and/or physical process between the first and
the second half day. The aerosol particles showed an evi-
dent growth from ~ 50 to 60 nm during the first 6 h, which
is likely a continuation of previous NPE. Compared to the
early stage of particle growth during NPE, the particle growth
during non-NPE is associated with synchronous increases of
both organics and sulfate. The results indicate that both or-
ganics and sulfate contribute to the particle growth after mix-
ing with anthropogenic sources from ~ 18:00 the previous
day.

We further calculated the particle growth rates (GR) for
NPE events without interruptions due to meteorological
changes using Eq. (2):

AD
GR=—"
At

: @
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where Dy, is the geometric mean diameter from the log-
normal fitting, A Dy, is the difference of diameter during the
growth period and Ar is the duration of growth time. The
calculated GR and the corresponding average chemical com-
position and fraction of OOA during the growth period are
shown in Fig. 9a. The GR ranges from 0.8 to 3.2 nmh~1 with
an average of 2.0nmh~1. The GR in this study is overall
consistent with those observed at remote and/or forest sites
(Eisele and McMurry, 1997; Weber et al., 1997), yet gener-
ally smaller than those measured at urban and polluted rural
sites (Yue et al., 2010; Shen et al., 2011; Y. M. Zhang et al.,
2011), where abundant condensable vapor and high concen-
trations of particulate matter facilitate the growth of particles
(Wang et al., 2013a). By linking GR to aerosol composition,
we found that GR at the background site is positively related
to the fraction of oxidized OA, which likely indicate the im-
portant role of oxidized secondary organic aerosol in particle
growth (Ehn et al., 2014). Y. M. Zhang et al. (2011) also
observed a tight correlation between OOA and GR in urban
Beijing, supporting the important role of OOA in particle
growth. Further investigation is needed for a better under-
standing of the role of organic aerosol, particularly oxidized
OA, in new particle formation and particle growth at the re-
gional background site.

4 Conclusions

The aerosol particle composition and particle number size
distributions were measured at a national background mon-
itoring station in the Tibetan Plateau (3295ma.s.l.) from 5
September to 15 October 2013. The average mass concentra-
tion of PMy is 11.4 (+8.5) ug m—3 for the entire study, which
is lower than that observed at urban and rural sites in east-
ern China. Organics constituted the major fraction of PMy,
accounting for 43 % on average, followed by sulfate (28 %)
and ammonium (11 %). Several periods with the contribu-
tion of organics as high as 70 %, due to biomass burning im-
pacts, were also observed. All aerosol species presented sim-
ilar diurnal cycles that were mainly driven by the dynamics
of the planetary boundary layer and regional transport. PMF
source apportionment analysis resolved a secondary OOA
and a primary BBOA. OOA dominated OA composition, ac-
counting for 85 % on average, with the rest being BBOA. A
post-processing technique, based on the correlation of OOA
and sulfate, separated an aged BBOA which on average, ac-
counted for 17 % of OA. New particle formation and parti-
cle growth events were frequently observed during this study.
The particle growth rates varied from 0.8 to 3.2 nmh~—1 with
an average growth rate of 2.0nmh~L. Organics were found
to be the only species with gradually increased contribution
to PM1 during NPE. Also, a higher contribution of organics
during NPE than non-NPE days was observed. These results
potentially illustrate the important role of organics in parti-
cle growth. Further analysis showed a positive correlation of
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particle growth rate with the fraction of OOA, suggesting that
oxidized OA plays a critical role in particle growth.

The Supplement related to this article is available online
at doi:10.5194/acp-15-10811-2015-supplement.
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