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Abstract The North China Plain experiences frequent severe haze pollution during all seasons. Here we
present the results from a summer campaign that was conducted at Xianghe, a suburban site located
between the megacities of Beijing and Tianjin. Aerosol particle composition was measured in situ by an
Aerosol Chemical Speciation Monitor along with a suite of collocated measurements during 1–30 June 2013.
Our results showed that aerosol composition at the suburban site was overall similar to that observed in
Beijing, which was mainly composed of organics (39%), nitrate (20%), and sulfate (18%). Positive matrix
factorization of organic aerosol (OA) identified four OA factors with different sources and processes. While
secondary organic aerosol dominated OA, on average accounting for 70%, biomass burning OA (BBOA) was
also observed to have a considerable contribution (11%) for the entire study period. The contribution of
BBOA was increased to 21% during the BB period in late June, indicating a large impact of agricultural
burning on air pollution in summer. Biomass burning also exerted a significant impact on aerosol optical
properties. It was estimated that ~60% enhancement of absorption at the ultraviolet spectral region was
caused by the organic compounds from biomass burning. The formation mechanisms and sources of severe
haze pollution episodes were investigated in a case study. The results highlighted two different mechanisms,
i.e., regional transport and local sources, driving the haze life cycles differently in summer in the North China
Plain. While secondary aerosol species dominated aerosol composition in the episode from regional
transport, organics and black carbon comprised the major fraction in the locally formed haze episode.

1. Introduction

Haze episodes frequently occur in the North China Plain [Liu et al., 2013; Sun et al., 2013b, 2014; Yang et al.,
2015; Zhao et al., 2013], not only causing severe air pollution but also exerting harmful effects on human
health [Cao et al., 2012; S. Zheng et al., 2015]. The formation of haze episodes particularly during wintertime
is rapid, often within a few hours. Such a rapid formation of haze was found to be mainly driven by the
changes of meteorological conditions associated with enhanced secondary aerosol formation and regional
transport [Sun et al., 2014; G. J. Zheng et al., 2015]. Source apportionment analyses also revealed the importance
of primary sources including residential coal combustion, traffic emissions, and cooking activities [Huang et al.,
2014; Sun et al., 2014]. These results together suggest that the formation of severe haze pollution is a combined
result of stagnant meteorology, primary emissions, and secondary aerosol formation. However, most previous
studies on the sources and evolution processes of severe haze pollution were conducted in winter, a season
with the most frequent occurrence of haze and in megacities [Chen et al., 2015; Jiang et al., 2015; Liu et al.,
2013; Sun et al., 2006, 2013b, 2014; Yang et al., 2015; J. K. Zhang et al., 2014; Zhao et al., 2013]; the haze life cycle
during other seasons at the suburban sites in the North China Plain remain poorly understood.

Biomass burning is a large contributor to particulate matter (PM) pollution during harvest seasons [Cheng et al.,
2013, 2014; Duan et al., 2004; Li et al., 2010; Zhang et al., 2008, 2015]. For example, it was estimated that approxi-
mately 70% of organic carbon (OC) in June 1998 was from biomass burning [Duan et al., 2004]. A more recent
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study combining positive matrix factorization (PMF) and biomass burning markers (levoglucosan and K+)
showed that 50% of the OC and elemental carbon (EC) in Beijing were associated with biomass burning pro-
cesses [Cheng et al., 2013]. These results suggest that the contribution of biomass burning to PM pollution is
significant and can vary substantially year by year. However, most previous analyses were based on filter mea-
surements, our knowledge of the rapid evolution of biomass burning aerosol remains less understood. In recent
years, the real-time online technique, e.g., aerosol mass spectrometers (AMS), with the subsequent PMF analysis
were used to characterize biomass burning aerosol in different regions in China. For example, biomass burning
organic aerosol (BBOA) was found to contribute 24.5% and 29.5% to OA at a rural and an urban site, respec-
tively, in Pearl River Delta regions [He et al., 2011; Huang et al., 2011], and 36–39% during the summer wheat
harvest and autumn rice harvest in the Yangtze River Delta (YRD) [Zhang et al., 2015]. Comparatively, few of
AMS measurements were used to characterize biomass burning in the North China Plain. The properties of
biomass burning aerosol, e.g., composition, optical properties, and hygroscopicity can have rapid changes in
the atmosphere due to oxidation [Vakkari et al., 2014], thus, characterization of the evolution and aging of
biomass burning aerosol is of importance for understanding its impacts on optical properties and PM pollution.

In this study, we present the results from a summer campaign that was conducted at Xianghe, a typical sub-
urban site in the North China Plain with frequent influences of severe haze pollution [Xin et al., 2015]. In this
work, submicron aerosol species, including organics, sulfate, nitrate, ammonium, chloride, black carbon (BC),
gaseous species, and optical properties were measured in situ by an Aerodyne Aerosol Chemical Speciation
Monitor (ACSM) along with a range of collocated instruments. The aerosol composition, diurnal cycles, and
sources of OA are investigated. The life cycles of severe haze pollution episodes are elucidated in a case study.
In addition, the biomass burning aerosol characteristics and its impact on optical properties are also discussed.

2. Experimental Method
2.1. Sampling Site

The sampling site is located at the Xianghe Atmospheric Observatory (39.798°N, 116.958°E; 15mabove sea
level), which is approximately 50 km southeast of Beijing, 75 km northwest of Tianjing, and 35 km northeast
of Langfang in Hebei province (Figure 1). The sampling site is approximately 4 km west of the downtown
center (with a population of ~50,000) and is surrounded by agricultural land. Located between several
megacities, the Xianghe site experiences frequent pollution plumes [Xin et al., 2015] and is subject to multiple
source influences such as local emissions and regional transport from the urban areas.

2.2. Instrumentation

All the instruments were mounted in an air-conditioned container with the sampling height being approxi-
mately 4m. The nonrefractory submicron aerosol (NR-PM1) species including organics (Org), sulfate (SO4),
nitrate (NO3), ammonium (NH4), and chloride (Cl) were measured in situ by the ACSM at a time resolution
of ~15min. Ambient aerosols were drawn inside the container through a 1/2ʺ (outer diameter) stainless steel
tube at a flow rate of ~3 Lmin-1, of which ~0.1 Lmin-1 was isokinetically subsampled into the ACSM. A PM2.5

cyclone (Model: URG-2000-30ED) was supplied in front of the sampling inlet to remove coarse particles larger
than 2.5μm. Aerosol particles were then dried by a silica gel diffusion dryer before sampling into the ACSM.
Before the campaign, the ACSM was calibrated with pure ammonium nitrate particles following the standard
protocols in Ng et al. [2011b]. The ionization efficiency and relative ionization efficiency of ammonium
were determined.

Because ACSM is insensitive to refractory materials, e.g., BC and mineral dust at the vaporizer temperature of
~600°C, an Aethalometer (AE22, Magee Scientific Corp.) was used to measure light absorbing carbon (LAC)
concentrations at 370 nm and 880 nm. The LAC measured at 880 nm was defined as BC. In addition, the
absorption coefficients (bap) of PM2.5 at three wavelengths (405, 532, and 781 nm) were measured
simultaneously by a Photoacoustic Soot Spectrometer (PASS-3, Droplet Measurement Technologies).
The size-dependent particle number concentrations in the range of 14–736 nm were measured by a
Scanning Mobility Particle Sizer Spectrometer (SMPS, Model 3081, TSI). The gaseous species including
CO (Model 45i), SO2 (Model 43i), NO/NO2 (Model 42i), and O3 (Model 49i) were measured by a series of
gas analyzers from the Thermo Scientific. The ambient visibility was measured by a Visibility Sensor
(Model 6000, BELFORT). The meteorological parameters including temperature (T), relative humidity
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(RH), wind direction (WD), and wind speed (WS) at seven heights (8, 15, 32, 47, 65, 80, and 100m) were
obtained from the Xianghe 102m meteorological tower nearby. In addition, the data of solar radiation
and precipitation were obtained from the ground meteorological station at the sampling site. During
the study period, the campaign area was generally hot and moist with an average RH of 71.9% and an
average T of 23.5°C (Figure 2). The prevailing wind was from the east (Figure 1b). All the data in this study
are reported at ambient conditions in Beijing Standard Time, which is equal to universal time coordi-
nated plus 8 h.

2.3. ACSM Data Analysis

The ACSM data were analyzed for the mass concentrations of NR-PM1 species using the ACSM standard data
analysis software (v 1.5.3.0). A constant collection efficiency (CE) of 0.5, commonly applicable in field
campaigns [Canagaratna et al., 2007] was used in this study because (1) aerosol particles were dried before
sampling into the ACSM, (2) the average ratio of measured NH4 to predicted NH4 that requires to fully neu-
tralize SO4, NO3, and Cl [Zhang et al., 2007] was approximately 0.81 (Figure S1 in the supporting information),
and (3) the mass fraction of ammonium nitrate was generally below 45%. Therefore, RH, particle acidity, and
the mass fraction of ammonium nitrate could not affect CE significantly [Middlebrook et al., 2012]. Indeed, the
particle volumes converted from the ACSM mass using the estimated particle density on the basis of
chemical composition of PM1 [Salcedo et al., 2006] agreed well with those determined from the SMPS
measurements (r2 = 0.85, slope = 0.97, Figure S2), supporting that CE = 0.5 was reasonable in this study.

Positive matrix factorization (PMF) [Paatero and Tapper, 1994] was performed on the ACSM OA mass spectra
between m/z 12 and m/z 120 to resolve potential OA factors with different sources and processes. The
detailed procedures for PMF analysis of the ACSM data set have been given in Ng et al. [2011b] and Sun

Figure 1. (a) Map of the sampling site (Xianghe), and (b) wind rose plots for the entire study period at (left) ground site and
(right) 100m.
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et al. [2012]. The PMF results were evaluated following the steps recommended by Zhang et al. [2011] with a
PMF diagnostics tool written in Igor Pro [Ulbrich et al., 2009]. Four OA factors including a hydrocarbon-like OA
(HOA), a biomass burning OA (BBOA), a semivolatile oxygenated OA (SV-OOA), and a low-volatility OOA
(LV-OOA) were identified. The detailed descriptions for the selection of PMF factors and key diagnostic
plots for the PMF solution are provided in the supporting information.

2.4. FLEXPART Analysis

The footprint regions of the sampling site were determined by 2 day backward simulations of particles
dispersion based on the Lagrangian particle dispersion model FLEXPART [Stohl et al., 2005] coupled with
the Weather Research and Forecasting (WRF) model [Skamarock et al., 2005]. In this study, the FLEXPART
model was driven by meteorological field (spatial resolution = 10 km, time resolution = 1 h) that was
simulated by WRF. In simulations, 10,000 tracer particles were released from the site at a height of 50m
and the model was run backwardly to determine the source areas and transport pathways of air pollutants
during the specified period.

3. Results and Discussion
3.1. Mass Concentrations and Diurnal Variations

PM1 varied substantially across the entire study with the mass concentration ranging from 3.9 to 426μgm�3.
The average (±1σ) mass concentration was 73 (±49) μgm�3, which is nearly 40% higher than that observed in
Beijing in summer 2011 (July and August) [Sun et al., 2012], yet it was similar to that observed in June 2012
[Sun et al., 2015]. As indicated in Figure 2d, the variations of submicron aerosol species were also dramatic,
particularly for organics during the late period of this study. For instance, the mass concentration of organics
rapidly increased from <20μgm�3 to 247μgm�3 on 23 June due to the impact of agricultural burning.
Overall, organics dominated the total PM1mass, on average accounting for 39%. Secondary inorganic aerosol
(SIA = sulfate + nitrate + ammonium) together accounted for 50% of the total PM1 with comparable
contributions of sulfate (18%) and nitrate (20%). Such an averaged composition of PM1 at the suburban site
was overall similar to that previously reported in summer in Beijing [Sun et al., 2010, 2012].

The diurnal cycles varied differently among different aerosol species. Organics presented a relatively flat
diurnal pattern with higher concentration at nighttime. A clear nighttime peak between 20:00 and 21:00

Figure 2. Time series of (a) temperature (T) and relative humidity (RH), (b) wind speed (WS) and wind direction (WD),
(c) solar radiation and precipitation, and (d) submicron aerosol species during the study period. The two pie charts show the
average chemical composition of PM1 for the entire period and biomass burning (BB) period.
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was also observed, which was consistent with that of HOA (Figure 3b). Such a diurnal pattern was significantly
different from that observed in the megacity of Beijing where organics often showed two pronounced peaks
corresponding to meal times [Huang et al., 2010; Sun et al., 2010, 2012]. This result suggested that our sam-
pling site was less influenced by local cooking emissions. After considering the dilution effect of planetary
boundary layer (PBL) using ΔCO (CO by subtracting the background concentration of 0.544 ppm) as a refer-
ence tracer, Org/ΔCO showed a pronounced diurnal cycle with clear daytime increase (Figure S5), which is
indicative of photochemical production. Note that high Org/ΔCO at nighttime was also likely caused by
the enhanced primary emissions, e.g., HOA (Figure 3b). Similar to previous studies in Beijing, the diurnal cycle
of sulfate was flat throughout the day indicating the regional character of sulfate. SO4/ΔCO presented a gra-
dual increase from early morning to late afternoon (Figure S5) indicating that the gas-phase photochemical
production of sulfate during daytime also played a role. Nitrate and chloride showed similar diurnal cycles
with much lower concentrations during daytime than nighttime. Such diurnal cycles were mainly caused
by the gas-particle partitioning of semivolatile ammonium nitrate and ammonium chloride associated with
temperature. High T during daytime facilitates the transformation of these two species from particle phase
to gaseous HNO3 and HCl [Hu et al., 2008] and hence leads to low particle concentrations during daytime.
Compared to the decrease of Cl/ΔCO, NO3/ΔCO showed relatively constant concentration during daytime,
highlighting a competitive effect of daytime photochemical production versus evaporative loss in driving
the diurnal cycle of nitrate. BC presented two pronounced peaks occurring in early morning and evening rush
hours, indicating the contributions of traffic emissions. The diurnal aerosol composition varied across differ-
ent time of the day. Overall, organics dominated PM1 throughout the day, varying from 30 to 45%. Sulfate
contributed 17–23% of PM1 with the highest contribution occurring at ~16:00. Comparatively, nitrate pre-
sented the highest contribution (26%) at ~4:00 when T was the lowest and RH was the highest in a day.
Chloride and BC generally contributed small fractions of PM1 with higher contributions observed at night.

Liquid water was shown to play a significant role in aerosol processing during wintertime [Sun et al., 2013a].
Here the variations of aerosol mass concentrations and compositions as a function of RH are shown in
Figure 4. The mass concentrations of organics and sulfate showed almost linear increases at low RH levels
(<50%) and then remained at relative constant values between 50 and 80%. As a comparison, nitrate and
chloride continued to show large increases in the RH range of 50–80%, suggesting a stronger impact of RH
on these two species. One explanation was the high liquid water content that facilitated the transformation
of gaseous HNO3 and HCl into aqueous-phase particles. This is consistent with the results from a recent study
in Los Angeles, that the particle/gas ratio of nitric acid was observed to have a large increase as a function of
ambient RH [Liu et al., 2012]. Another explanation is that higher RH periods generally occur at nighttime with
lower T, which also facilitated the gas-particle partitioning of semivolatile nitrate and chloride. All aerosol

Figure 3. Diurnal cycles of mass concentrations and mass fractions of (a) submicron aerosol species and (b) OA factors by
excluding the BB period indicated in Figure 2. The box-whisker plots of diurnal cycles of all species are shown in Figures S3
and S4.
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species showed decreases as RH was above 80%, which was mainly due to the scavenging by the precipita-
tion. Because of the different impacts of RH on different aerosol species, the aerosol composition varied sub-
stantially as a function of RH. While the contribution of sulfate to PM1 decreased from ~30% to ~20% as RH
increased to >50%, that of nitrate showed a significant increase from ~5% to 25%. These results indicated
that nitrate played an enhanced role in PM pollution at high RH levels. The RH dependence of sulfate and
nitrate was quite different from that in winter [Sun et al., 2013a]. During wintertime, sulfate was found to show
an elevated contribution to PM1 at high RH levels due to aqueous-phase production, whereas the nitrate con-
tribution showed much smaller variations at different RH levels [Sun et al., 2013a]. Such differences illustrated
the different roles of formation mechanisms associated with particle liquid water between summer and win-
ter. The contribution of chloride showed similar RH dependence as nitrate, indicating that the gas-particle
partitioning associated with liquid water has played the dominant role. The contribution of BC appeared to
be less affected by RH and showed a relatively constant fraction across different RH levels.

3.2. Composition and Sources of Organic Aerosol

PMF analysis of OA mass spectra resolved four OA factors including HOA, BBOA, SV-OOA, and LV-OOA. The
HOA spectrum resembled that of diesel exhaust [Canagaratna et al., 2004] and those resolved at various
urban sites [Ng et al., 2011a], which was characterized by the hydrocarbon ion series of CnH2n-1

+ and CnH2n

+1
+. HOA correlated with BC—a tracer for combustion emissions during nonbiomass burning (NBB) period

(r2 = 0.44). The average ratio of HOA/BC was 0.91 which was lower than that (~1.2–1.3) observed in other
megacities, e.g., New York City [Sun et al., 2011] and Mexico City [Aiken et al., 2009]. However, the average
HOA/BC ratio fell within the values from light-duty vehicles and diesel trucks emission, which were 1.4 and

Figure 4. Variations of mass concentrations and mass fraction of submicron aerosol species as a function of RH. The data
are grouped in RH bins (10% increment), and the median (middle horizontal line), mean (solid circles), 25th and 75th
percentiles (bottom and top boxes), and 10th and 90th percentiles (bottom and top whiskers) are shown for each bin.
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0.5, respectively [Ban-Weiss et al., 2008]. These results might suggest a mixed primary traffic emissions from
gasoline and diesel vehicles near our sampling site. HOA showed a pronounced diurnal cycle with the
nighttime concentration more than twice higher than that during daytime (Figure 3b). Such a diurnal cycle
was remarkably similar to the traffic-related HOA resolved by a high-resolution aerosol mass spectrometer
(HR-AMS) during the 2008 Beijing Olympic Games [Huang et al., 2010]. Note that the traffic-related HOA
and COA often cannot be separated by quadrupole aerosol mass spectrometer due to its low sensitivity
and low mass resolution, for instance, in summer in Beijing [Sun et al., 2010, 2012]. As a result, the diurnal
cycles of HOA in Sun et al. [2010] and Sun et al. [2012] showed two pronounced peaks corresponding to meal
times due to significant influences from cooking emissions. Given the significantly different diurnal cycle of
HOA in this study, we concluded that HOA at Xianghe was dominantly contributed by traffic emissions with
fewer influences from cooking activities. The HOA on average contributed 19% of the total OA, which was
similar to that reported in Beijing [Huang et al., 2010].

The mass spectrum of BBOA was characterized by the prominent peaks of m/z 60 and 73, two marker m/z’s
indicative of biomass burning [Aiken et al., 2009; Alfarra et al., 2007; Mohr et al., 2009]. Not surprisingly, BBOA
correlated tightly withm/z 60 (r2 = 0.97), a major fragmentm/z of anhydrosugars, e.g., levoglucosan [Lee et al.,
2010]. Note that the BBOA spectrum showed higher f44 (fraction of m/z 44 in OA), a parameter indicative of
the oxidation degree of OA [Aiken et al., 2008], compared to that observed in Yangtze River Delta (YRD) in
summer 2013 [Zhang et al., 2015] and also that of fresh BBOA [Aiken et al., 2009], indicating that BBOA was
relatively oxidized in this study. Recent lab and field experiments have found that biomass burning aerosol
can have rapid changes in several hours due to atmospheric oxidation [Hennigan et al., 2010; Vakkari et al.,
2014]. Thus, high f44 might suggest that BBOA in this study has been aged to a certain degree during the
transport to the sampling site. Note that high m/z 44 in the BBOA spectrum may be also partly due to the
ACSM that tends to produce higher m/z 44 than HR-AMS [Crenn et al., 2015]. As shown in Figure 5, BBOA
showed much higher concentration during 23–29 June than other periods, indicating a considerable impact
of agricultural burning during this period. In fact, BBOA contributed a small fraction of OA throughout the day
(3–8.5%) during the periods in the absence of biomass burning (Figure 3b), whereas the average contribution
was elevated to 21% during the BB period.

The two secondary OA (SOA) factors were both characterized by high m/z 44, and their mass spectra resem-
ble those of standard OOA and LV-OOA reported previously [Ng et al., 2011a], yet with overall higher f44. One
of the reasons is that the ACSMmeasurements are subject to produce higherm/z 44 than those from HR-AMS
[Fröhlich et al., 2015]. LV-OOA showed higher f44 than SV-OOA, indicating that LV-OOA was a more aged OA
factor. LV-OOA correlated well with the sum of sulfate and nitrate during the NBB period (r2 = 0.51), and the
average ratio of LV-OOA/(SO4 +NO3) (0.45) was also similar to that observed in summer in Beijing [Huang
et al., 2010; Sun et al., 2010, 2012]. The diurnal cycle of LV-OOA was relatively flat indicating that LV-OOA
was a regional processed factor. Comparatively, the SV-OOA concentration was significantly elevated during
the BB period while remaining at relatively low levels during the rest of the time. These results likely indicated
that a considerable fraction of SV-OOA during the BB period was from the oxidized BBOA. In fact, the SV-OOA
spectrum was remarkably similar to that of OOA-BB, a factor indicative of oxidized BBOA that was resolved
in summer in YRD region [Zhang et al., 2015]. The SOA together contributed 70% of OA with LV-OOA and
SV-OOA being 52% and 18%, respectively. The SOA contribution was even higher than that (~60%)
observed in summer in Beijing [Sun et al., 2010, 2012], indicating the significance of secondary formation
during this study.

3.3. Biomass Burning Aerosol

We observed strong biomass burning events during 23–29 June (Figures 2 and 5), consistent with the ubiqui-
tous fire spots in the North China Plain during this period (Figure S6). The average PM1 concentration during
the BB period was 124μgm�3, which was approximately twice that of the NBB period (Table 1). This result
indicated that biomass burning is a large source of PM pollution and could contribute approximately 50%
of the total fine particle mass. While all submicron aerosol species showed large increases during the BB
period, organics and chloride presented the largest increase by a factor of 2.6–2.7. This is consistent with
the dominant emissions of carbonaceous materials and chloride from biomass burning [Hays et al., 2005;
Levin et al., 2010]. Similarly large increases of OC and Cl during BB episodes were also observed in Beijing
[Cheng et al., 2013]. Aerosol composition had substantial changes during the BB period. The submicron
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aerosol during the BB period was mainly composed of organics, accounting for 48% on average, followed by
nitrate (18%) and sulfate (15%). While the contributions of organics and chloride were increased by approxi-
mately 30%, those of SIA showed corresponding decreases. Such compositional changes exert potential
impacts on aerosol hygroscopic properties and cloud condensation nuclei given that biomass burning aerosols
are often less hygroscopic than SIA [Petters et al., 2009]. In fact, F. Zhang et al. [2014] observed a clear decrease of
hygroscopicity parameter (kappa) and activation ratio of particles during the BB period in this study.

BBOA showed the largest increase by a factor of 10 from 1.2μgm�3 during the NBB period to 11.8μgm�3

during the BB period. The contribution of BBOA to OA showed a corresponding increase from 5.6% to
21%. Although the LV-OOA and HOA concentrations were also elevated by a factor of 1.7 and 2.3, respec-

tively, the enhancement ratios were
much lower than that of BBOA sug-
gesting the much smaller impacts of
BB on these two species. It should
be noted that the SV-OOA concentra-
tion was increased by a factor of ~5
from 3.0 to 13.7μgm�3 during the
BB period, and correspondingly, its
contribution to OA increased from
14% to 24%. These results supported
our conclusion that a considerable
fraction of SV-OOA was likely from
the oxidized biomass burning aero-
sols. The evolution of BB aerosol can
be illustrated by the scatter plot of
f44 versus f60 (fraction of m/z 60)
[Cubison et al., 2011]. As indicated in

Figure 5. (left column) Mass spectra and (right column) time series of the four OA factors, i.e., HOA, BBOA, SV-OOA, and
LV-OOA. Also shown in Figure 5 (right column) is the time series of external tracers including BC,m/z 60 and the sum of SO4
and NO3. The two pie charts show the average OA composition for the entire period and the BB period.

Table 1. A Summary of the Average Mass Concentrations (μgm�3) of
Aerosol Species for the Entire Study Period and Also the Periods With and
Without Influences of BBa

Entire BB NBB BB/NBB

Org 28.3 59.2 21.7 2.7
SO4 12.8 18.2 11.6 1.6
NO3 14.3 22.3 12.6 1.8
NH4 8.8 12.4 8.0 1.5
Cl 3.1 6.4 2.4 2.6
BC 5.4 7.5 4.9 1.5
PM1 72.6 125.9 61.2 2.1
LV-OOA 14.1 21.5 12.5 1.7
SV-OOA 4.9 13.7 3.0 4.6
BBOA 3.1 11.8 1.2 10.2
HOA 5.1 9.4 4.1 2.3

aAlso shown is the average enhancement ratio of aerosol species dur-
ing the BB period compared to the NBB period.
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Figure 6, f60 during the BB period was
well above ~0.3%, a typical value in the
absence of biomass burning [Cubison
et al., 2011]. As the BB aerosol was aged,
f60 was rapidly decreased from ~0.01 to
0.004. As a consequence, aerosol
became more oxidized associated with
an increase of f44 from approximately
0.10 to 0.14. The aging of BB aerosol is
subject to be rapid [Hennigan et al.,
2011], which can lead to substantial sec-
ondary aerosol formation and also
changes in optical and hygroscopic
properties in hours [Vakkari et al., 2014].

Figure 7a shows a comparison between
the absorption coefficient (bap) mea-
sured by the PASS-3 and the LAC mea-
sured by the Aethalometer. While bap

highly correlated with BC (880 nm) during both NBB (r2 = 0.92) and BB (r2 = 0.89) periods, the mass absorption
efficiency (MAE) used to convert BC to the bap at 532 nm was 9.41m2 g�1 during the BB period, which was
higher than that during the NBB period (8.86m2 g�1), indicating an increase of MAE due to the BB impacts.
The MAE during the NBB period was close to that (8.28m2 g�1) reported previously in Beijing [Yan et al.,
2008]. As shown in Figure 7b, the average ratio of bap, 405nm/bap, 781nm during the BB period was approxi-
mately 60% higher than that during the NBB period, which indicated a large enhancement of absorption
due to non-BC sources. This is consistent with the results from previous studies that certain organic com-
pounds from biomass burning emissions can absorb strongly in the ultraviolet and short-wavelength visible
region [Desyaterik et al., 2013; Laskin et al., 2015]. The LAC measured at 370 nm showed similar enhancement
by 62% compared to that measured at 880 nm. These results suggest that agricultural burning emissions
have a considerable impact on aerosol optical properties, particularly in the ultraviolet region. Therefore,
climate models need to consider the biomass burning impacts in harvest seasons when modeling the
radiative forcing of aerosol particles in China.

3.4. Case Study of Haze Life Cycle

Figure 8 presents a case study elucidating a complete life cycle of haze episode. The evolution of the haze
episode (Ep1) can be classified into four stages, which were stage 1 (S1, 11:00–15:00, 1 June) representing
a clean period before the episode, stage 2 (S2, 15:00–24:00, 1 June) representing the formation stage of
the episode, stage 3 (S3, 0:00, 2 June to 10:00, 3 June) representing the haze episode with high concentrations
of fine particles, and stage 4 (S4, 10:00–15:00, 3 June) representing the clean of haze episode. During the
clean stage S1, RH was low (~20%) and the winds were dominantly from the north (Figures 8a and 8b).
The footprint analysis also showed that air masses were mainly from the northwest (Figure 9a). Under such
meteorological conditions, all aerosol species presented low mass concentrations with the total PM1

Figure 6. Scatter plot of f44 versus f60 for the entire study. The nominal
background value of 0.3% is shown by the vertical dashed line. The two
arrow lines are shown as visual references for the aging of biomass
burning aerosols.

Figure 7. Scatter plots of (a) absorption coefficient (bap, 532 nm) versus BC, (b) bap measured at 405 nm and 781 nm, and
(c) LAC measured at 370 nm and BC at 880 nm, during the BB (blue) and NBB (gray) periods.
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concentration less than 20μgm�3, leading to a good visibility at approximately 30 km. Organics dominated
the total PM1 mass accounting for ~45%, followed by sulfate (~30%). A clear new particle growth event was
also observed during this stage (Figure 8e), and the aerosol particle size grew from ~15 nm to ~40 nm within
4 h with an average particle grow rate of ~6 nmh�1.

The wind direction was changed from the north to the east at ~15:00, which was associated with a sudden
increase of RH and wind speed at 100m. RH increased gradually during S2 while T decreased instead. It
should be noted that the groundWS remained at low values (<2m s�1) during this stage, whereas it was rela-
tively high (>4m s�1) at 100m (Figure 8b). Such meteorological conditions facilitated the regional transport
at a higher altitude. For example, the regional LV-OOA and sulfate showed clear increases during this stage,
whereas the local traffic-related CO, NO, and BC remained relatively constant, indicating that regional trans-
port started to play a role in the PM evolution during S2. Aerosol particles continued to grow with the largest
geometric mean diameter reaching 75 nm, and the concentration of PM1 increased from ~20μgm�3 to
~40μgm�3, leading to a significant reduction of the visibility from 20 km to ~10 km. The footprints showed
a change from the northwest to the southeast during this stage suggesting that the pollution was mainly
transported from the southeast (Figure 9b).

Aerosol composition had a substantial change after midnight on 1 June, mainly due to the sudden increase of
nitrate from ~5μgm�3 to ~40μgm�3 in 2 h (Figure 8g). Such an increase was associated with the similar
increase of RH, which likely facilitated the gas-particle partitioning of HNO3 and/or nighttime heterogeneous

Figure 8. Evolution of (a, b) meteorological parameters, (c, d) gaseous species, (e) size distributions of particle number
concentrations, (f) OA factors, and (g, h) submicron aerosol species in the case study during 1–4 June 2013.
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reactions in the nitrate formation. The contribution of organics decreased from more than 40% to less than
25%, and the SIA contribution showed a corresponding increase to ~70% (Figure 8h), indicating that SIA
played an enhanced role in the severe haze episode. The meteorology was stagnant with consistently high
RH (60–80%) and dominant winds from the east. The mass loadings of submicron aerosol species remained
at high levels during the entire stage of S3 with higher contribution of nitrate at nighttime and higher con-
tribution of sulfate during daytime. Note that SO2 during S3 was ~10–30 ppb, which was significantly higher
than that (~5 ppb) during S2 (Figure 8d). Given that there was no large point source of SO2 at the Xianghe site,
high concentration of SO2 was inferred mainly from regional transport. Another support was the relatively
high wind speed at both 100m (>4m s�1) and the ground site (~2m s�1). The footprint analysis also high-
lighted that the major source areas of S3 were located to the southeast (Shandong province) and the south-
west (Hebei province) of the sampling site over a regional scale (Figure 9c). These results together illustrated
that the haze episode of S3 was mainly formed regionally. Additional support was the low NO from the local
emissions and the consistently large accumulation mode particles (~100 nm) during S3 (Figure 8).

The haze episode of S3 was cleaned by a switch of wind direction from the east to the north. The clean pro-
cess (S4) was rapid with the concentration of PM1 decreasing from 80 to <20μgm�3 in 2 h. As a result, the
visibility rapidly increased from ~3 km to >20 km. However, the clean period was short, only lasting ~3 h.
After that, another haze episode (Ep2) with significantly different aerosol composition from Ep1 was formed.

Figure 9. Footprint regions of the periods of (a) S1, (b) S2, (c) S3, and (d) Ep2, which are marked in Figure 8. The legend
indicates the number concentrations of tracer particles.
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The formation of Ep2 was associated with a wind direction change from the north to the south. Organics
and BC presented the largest increases among submicron aerosol species, and NO/NO2 also showed
dramatic increases during this stage (Figures 8d and 8g). Given the stagnant meteorological conditions
as indicated by the zero wind speed at the ground level, the formation of Ep2 was primarily contributed
by local source emissions. The footprint analysis in Figure 9d also showed that the aerosol particle sources
were mainly located in small areas near Xianghe site. As the wind direction was changed to the east at 0:00
on 4 June, the meteorological conditions, gaseous concentrations, and aerosol composition during the
subsequent episode were much similar to those of S3, likely indicating the circulation of the previous
regional haze episode of S3 to the south of Xianghe, which was not cleaned by the short period of air
masses changes during S4. Overall, the case study analysis revealed two different haze life cycles. While
the formation of the two episodes were both initiated by the changes of meteorological conditions, the
first type of episode was mainly formed regionally with substantially enhanced contributions of secondary
aerosol species, and the second type of episode was dominantly from local sources with high contributions
of organics and BC.

4. Conclusions

We have characterized the chemical composition, sources, and processes of submicron aerosols at a subur-
ban site in the North China Plain in June 2013. The average (±1σ) PM1 concentration was 73 (±49) μg m�3

during the study period indicating that the suburban site was as heavily polluted as megacities. The submi-
cron aerosol composition was also similar to that observed in the megacity of Beijing, which was mainly com-
posed of organics, on average accounting for 39%, followed by nitrate (20%) and sulfate (18%). Aerosol
composition had a substantial change during the BB period which was characterized by a significant
enhancement of organics (48%) and chloride. Positive matrix factorization of OA spectra identified four OA
factors from traffic emissions (HOA), biomass burning emissions (BBOA), and secondary formation (SV-OOA
and LV-OOA). The OA was dominated by SOA (SV-OOA+ LV-OOA), on average accounting for 70%, with a
considerable contribution from BBOA (11%). The contribution of BBOA to OA was significantly elevated to
21% during the BB period. Biomass burning was also found to have a large impact on aerosol absorption
properties. It was estimated that ~60% enhancement of absorption coefficient at ultraviolet spectral region
during the BB period was caused by biomass burning emissions. We also have investigated the formation
and evolution mechanisms of severe haze episodes in a case study. Our analysis highlighted two different
haze life cycles that were driven by regional transport and local source emissions, respectively. While the
severe haze pollution from regional transport was dominated by secondary aerosols (SIA + SOA), it was
mainly comprised of organics and BC when local sources were dominant. Liquid water played a significant
role in the formation of severe haze pollution, particularly exerting large impacts on nitrate and chloride
due to the transformation of gaseous acids into the liquid particles under high RH conditions.
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