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Abstract

In recent years, an increasing amount of attention has been paid to heavy haze pol-
lution in Beijing, China. In addition to Beijing’s population of approximately 20 million
and its 5 million vehicles, nearby cities and provinces are host to hundreds of heavily
polluting industries. In this study, a comparison between observations in January 20135

and January 2014 showed that non-refractory PM1 (NR-PM1) pollution was weaker in
January 2014, which was primarily caused by variations in meteorological conditions.
For the first time, positive matrix factorization (PMF) was applied to the merged high-
resolution mass spectra of organic and inorganic aerosols from aerosol mass spec-
trometer measurements in Beijing, and the sources and evolution of NR-PM1 in Jan-10

uary 2014 were investigated. The two factors, NO3-OA1 and NO3-OA2, were primarily
composed of ammonium nitrate, and each showed a different degree of oxidation and
diurnal variation. The organic fraction of SO4-OA showed the highest degree of oxi-
dation of all PMF factors. The hydrocarbon-like organic aerosol (OA) and cooking OA
factors contained negligible amounts of inorganic species. The coal combustion OA15

factor contained a high contribution from chloride in its mass spectrum. The NR-PM1
composition showed significant variations in January 2014, in which the contribution of
nitrate clearly increased during heavy pollution events. The most effective way to con-
trol fine particle pollution in Beijing is through joint prevention and control measures at
the regional level, rather than a focus on an individual city, especially for severe haze20

events.

1 Introduction

Particulate matter (PM) that is suspended in the atmosphere as atmospheric aerosols
plays a crucial role in ambient visibility reduction, affects human health, and influences
climate directly and indirectly by absorbing and reflecting solar radiation and modifying25

cloud formation (Watson, 2002; Charlson et al., 1992; Chow et al., 2006; IPCC, 2013).
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Unfortunately, fine particle pollution in Beijing, the capital and one of the most econom-
ically developed regions of China, has increased significantly in recent years (Quan
et al., 2011; Liu et al., 2013; Huang et al., 2014; Zheng et al., 2014a). Haze events
associated with such pollution are much more frequent in winter, especially in January
and December (Wang et al., 2014a). According to Huang et al. (2014), aerosol con-5

centrations increased significantly in 2012–2013; compared to January 2011, aerosol
optical depths increased by 0.16 and 0.43 in 2012 and 2013, respectively. The average
PM2.5 mass concentration was 89.5 µgm−3 in 2013, which was 156 % larger than the
first national environmental standard (35 µgm−3) in China. The number of heavy pol-
lution days (air quality index > 200; see Huang et al. (2014) for more details) reached10

approximately 58 in 2013, and the primary pollutants on all of these days belonged to
the PM2.5 fraction.

As reported by Zhang et al. (2014), the most serious PM pollution of this century
in Beijing occurred in January 2013, when the highest instantaneous concentration of
PM2.5 reached 1000 µgm−3 in some heavily polluted areas. Understanding the sources15

and processes responsible for PM composition and concentration is critical for the
public to recognize the regional haze events over this megacity and for the government
to enact effective PM reduction strategies (Liu et al., 2013).

At present, the most popular method for the apportionment of aerosol mass spec-
trometer (AMS) observation data is positive matrix factorization (PMF) (Paatero and20

Tapper, 1994; Ulbrich et al., 2009). After combining the organic mass fractions ob-
served by the AMS, the organic aerosols (OA) can be decomposed into several
sub-components, such as hydrocarbon-like OA (HOA), biomass burning OA (BBOA),
cooking-related OA (COA), coal combustion OA (CCOA), and oxygenated organic
aerosol (OOA). In addition, the OOA factor has been further separated into a low volatil-25

ity fraction (LV-OOA) and a semi-volatile fraction (SV-OOA) in some studies. (Aiken
et al., 2008; Huang et al., 2011; Mohr et al., 2012; Zhang et al., 2014). These OA fac-
tors show variation in characteristics such as hygroscopicity, volatility, oxidation states,
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formation pathways and sources, which significantly improves our understanding of OA
in the atmosphere (Jimenez et al., 2009).

However, we must note that other carbonaceous and inorganic species account for
a significant fraction of the PM1 mass. Therefore, a PMF analysis focused on OA spec-
tra alone may hide the intrinsic relationship between organic and inorganic species5

and neglect the inherent links between them. Fortunately, some alternative and in-
novative approaches have recently been used that take advantage of PMF analyses
including these species. For example, Sun et al. (2012b) performed the first PMF anal-
ysis on combined organic and inorganic aerosol HR mass spectra from high-resolution
aerosol mass spectrometer (HR-ToF-AMS) measurements. They identified eight fac-10

tors, but only five factors were resolved when accounting for only OA. They concluded
that the combined analysis provided more useful information on the non-refractory
PM1 (NR-PM1) than analyses focused on OA spectra alone. More recently, McGuire
et al. (2014) performed PMF analysis on AMS full particle-phase mass spectra and
compared the results to analysis of only the organic mass spectra. They found that the15

full particle-phase mass spectrum method enabled additional conclusions to be drawn
regarding aerosol sources and chemical processes. Furthermore, by combining the
high-resolution OA and SO2−

4 spectra, Crippa et al. (2013) identified a new emissions
type, marine OA (MOA), alongside the common LV-OOA, SV-OOA, HOA, and COA.
These novel methodologies are therefore of great interest for an improved understand-20

ing of pollution sources and their evolution in the atmosphere.
Unfortunately, there are few studies that have used this innovative approach to ana-

lyze AMS mass spectra, and there has been no work of this kind conducted in China,
despite the serious fine particle pollution and frequent heavy pollution events in this
country. Therefore, in the present study, we deployed a high-resolution time-of-flight25

AMS (for convenience, we refer to this instrument simply as the AMS), manufactured
by Aerodyne Research Inc. (Billerica, MA, USA) in urban Beijing to measure airborne
submicron particles at a high temporal resolution during January of 2014. We then per-
formed the following analyses: (1) comparison of the difference in NR-PM1 in similar
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periods in 2013 and 2014, (2) integration of organic and inorganic HR spectral matrices
into one unified dataset for PMF analysis based on the method of Sun et al. (2012b)
(to the best of our knowledge, this is the first time PMF analysis based on both organic
and inorganic HR spectral matrices has been applied in Beijing) and evaluation of the
evolution of PMF factors, and (3) analysis and comparison of the characteristics of the5

heavy haze events that occurred in January 2013 and 2014.

2 Experimental methods

2.1 Sampling site

Online measurements of the NR-PM1 aerosol species were performed continuously
between 1 January and 3 February 2014, at the same location as Zhang et al. (2014);10

namely, the Institute of Atmospheric Physics, Chinese Academy of Sciences. The ob-
servation site is located between the north 3rd Ring Road and north 4th Ring Road.
The site is approximately 1 km from the 3rd Ring Road, 200 m from the Badaling High-
way running north–south to its east, and 50 m from the Beitucheng West Road running
east–west to its north (Fig. S1). Ambient air was sampled at approximately 10 m above15

the ground.
In addition to AMS deployment, the total PM1 mass concentration was simultane-

ously monitored at hourly intervals using a beta-attenuation method (Metone BAM-
1020, USA), and the results are appropriate for comparison with those of the AMS. Me-
teorological parameters, including temperature (T ), relative humidity (RH), wind speed20

(WS), wind direction (WD), and air pressure were observed from an automatic me-
teorological observation instrument (Milos520, Vaisala, Finland). Commercial instru-
ments from Thermo Fisher Scientific (TE), USA, were used to measure O3 (model
49I), NO/NO2/NOx (model 42I), CO (model 48I) and SO2 (model 43I). Detailed infor-
mation about these instruments, such as their setups, calibration and operation and25

maintenance have been described in detail by Ji et al. (2012).
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2.2 Instrumentation and data analysis

2.2.1 HR-ToF-AMS operation

Detailed descriptions of the Aerodyne AMS have been presented in many previous
publications and reviewed by DeCarlo et al. (2006) and Canagaratna et al. (2007). Sim-
ilar operational methods were used in January 2013 and 2014; in both cases, the AMS5

was operated under both the “V” and “W” ion optical modes, alternating every 7.5 min.
Under V-mode operation, the AMS cycled through the mass spectrum (MS) mode and
the particle ToF (PToF) mode every 45 s, spending 22.5 s in both its open and closed
statuses under the MS mode. Following standard protocols, the AMS was calibrated
for inlet flow, ionization efficiency (IE), and particle sizing at the beginning, middle and10

end of the campaign (Jayne et al., 2000; Jimenez et al., 2003; Drewnick et al., 2005).
IE calibration was conducted using size-selected pure ammonium nitrate particles, and
particle size calibration was conducted using mono-disperse polystyrene latex spheres.
The detection limit of each individual species was determined as three times the stan-
dard deviation of the corresponding signal in particle-free air (DeCarlo et al., 2006; Sun15

et al., 2009). As a result, the 7.5 min detection limits of organics, sulfate, nitrate, am-
monium, and chloride were 0.053, 0.008, 0.005, 0.029 and 0.012 µgm−3, respectively.

2.2.2 HR-ToF-AMS data analysis

The mass concentrations and size distributions of the species measured with the
AMS were calculated using the methods outlined in DeCarlo et al. (2006). The stan-20

dard ToF-AMS data analysis software packages, SQUIRREL version 1.50 and PIKA
version 1.09, both downloaded from the ToF-AMS-Resources webpage (http://cires.
colorado.edu/jimenez-group/ToFAMSResources), were used to generate unit and high-
resolution mass spectra from the V-mode and W-mode data, respectively (Huang et al.,
2010; He et al., 2011). In this study, the collection efficiency (CE) was calculated ac-25

cording to the suggestions by Middlebrook et al. (2012). We found that the effects of
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particle-phase water and ammonium nitrate could be neglected because a silica gel
diffusion dryer was introduced and the mass fraction of ammonium nitrate (ANMF) was
normally below 0.4 (Fig. S2). Therefore, the CE was mainly driven by aerosol acid-
ity, and the relationship between CE and aerosol acidity could be parameterized as
CEdry =max (0.45, 1.0–0.73 (NH4/NH4,predict)) (Middlebrook et al., 2012). Due to the5

observation of high-acidity aerosols in this study (Fig. S3), variable CEs calculated
using the above equation were applied. The relative ionization efficiency (RIE) values
used in this study were 1.2 for sulfate, 1.1 for nitrate, 1.3 for chloride, and 1.4 for or-
ganics (Jimenez et al., 2003). An RIE value of 4.2 was used for ammonium based on
the measurement of pure NH4NO3 particles.10

PMF analyses (Paatero and Tapper, 1994) were performed on the high-resolution
mass spectra (HRMS) using the PMF Evaluation Toolkit v2.05 (Ulbrich et al., 2009).
The HRMS data and error matrices were generated as outlined in Allan et al. (2003)
and Ulbrich et al. (2009). We considered only ions up to m/z 120, given that larger
ions had a low S/N ratio and were biased as a result of insufficient mass resolution.15

Isotopes were systematically constrained in PIKA, but they were subsequently removed
from the data and error matrices because their presence would have given excess
weight to the parent ions in the PMF analysis (Setyan et al., 2012). Ions with an S/N
ratio < 0.2 or between 0.2 and 2 were removed or downweighted by increasing their
errors by a factor of 2 before the PMF analysis (Paatero and Hopke, 2003; Ulbrich et al.,20

2009). In addition, the particulate ion CO+
2 and its associated CO+, H2O+, HO+, and O+

were also downweighted according to Ulbrich et al. (2009). Both the HR data and error
matrices were converted from ion signals to mass concentrations before PMF analysis.
According to the method suggested by Sun et al. (2012b), the major fragment ions for
each inorganic species (nitrate, sulfate, ammonium and chloride) were integrated with25

those of the OA into one unified dataset: NO+ (m/z 30) and NO+
2 (m/z 46) for nitrate;

SO+ (m/z 48), SO+
2 (m/z 64), SO+

3 (m/z 80), HSO+
3 (m/z 81), and H2SO+

4 (m/z 98)
for sulfate; NH+ (m/z 15), NH+

2 (m/z 16), NH+
3 (m/z 17) for ammonium; and Cl+ (m/z

35) and HCl+ (m/z 36) for chloride. The sum of the selected fragment ions represented
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the major fraction of nitrate (96.2 %), ammonium (99.6 %) and chloride (75.8 %) and
approximately half of sulfate (50.6 %).

The PMF analysis was performed for 1 to 8 factors, and a detailed description of the
evaluation process can be found in the Supplement (Discussion S1 and Fig. S4). Fi-
nally, the 6-factor, FPEAK= −0.1, seed = 0 solution was chosen as the optimal solution5

for our study.
All the data in this study are reported as Beijing local time which equals the Coordi-

nated Universal Time (UTC) plus 8 h.

3 Results and discussion

3.1 Submicron aerosol characteristics in January 2013 and 201410

Several serious pollution events occurred during the January 2014 campaign, as ex-
pected based on the January 2013 data (Fig. 1a–c). Therefore, a wide range of NR-
PM1 mass concentrations was observed with values between 1.3 and 318 µgm−3, and
a mean mass concentration (average ±1 SD) of 50.5±47.8 µgm−3. This value was
lower than the mean mass concentrations of 66.8±55 µgm−3 and 89.3±85.6 µgm−3 in15

winter 2012 (Sun et al., 2013b) and 2013 (Zhang et al., 2014), respectively. This result
was lower than the AMS observations recorded during summer in Beijing: 80.0 µgm−3

in 2006 (Sun et al., 2010) and 61.1 µgm−3 in 2008 (Huang et al., 2010). This value was
also close to the mean value reported by Sun et al. (2012a) using Aerosol Chemical
Speciation Monitor results (50 µgm−3). However, compared to the mean concentration20

values observed in other cities worldwide, such as 11.0 µgm−3 in New York City in
2009 (Sun et al., 2011) and 14.8 µgm−3 in Pittsburgh in 2002 (Zhang et al., 2005a), the
Beijing results are clearly at a substantially higher level. This indicates that fine particle
pollution in Beijing remains very serious.

As shown in Figs. S5 and S6, there was a strong correlation between the PM125

measured by the beta-attenuation method and the NR-PM1 mass concentrations
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(slope= 0.91, R2 = 0.90), indicating that the AMS observations were reliable. The dif-
ference in mass concentrations between the two methodologies was primarily caused
by differences in the measurement mechanisms of the two instruments.

Figures 1d and e compare the composition of NR-PM1 between January 2013 and
January 2014. The contribution of organics in January 2014 accounted for 54 % of the5

total mass, which was slightly higher than in January 2013. In contrast, the contribution
of total inorganic species was reduced. This subtle difference in composition may be
related to the lower strength and frequency of the heavy particle pollution events in
January 2014 compared to January 2013. Many studies have shown that the contri-
bution of organics will decrease with an increase in the NR-PM1 mass concentration,10

whereas the contribution of inorganic species will increase (Zhang et al., 2014; Sun
et al., 2014, 2013b). This suggests an enhanced role of secondary inorganic species
in the formation of haze episodes. Some interesting changes were also observed in
the contributions of inorganic species during the winter of 2014 (see Sect. 3.4).

The O/C atomic ratio of OA is an important parameter that is considered a good15

reference for the oxidation state and photochemical age of OA in the atmosphere
(Jimenez et al., 2009; Ng et al., 2010). The mean O/C ratios (average ±1 SD) in Jan-
uary 2013 and January 2014 were 0.34±0.08 and 0.40±0.13, respectively, with a wider
range (0.13–0.92) in January 2014 compared to January 2013 (0.14–0.58) (Fig. S7).
This implies that there was a striking increase in the oxidation of OA in January 2014.20

In general, there are two primarily pathways for OA aging: (1) photochemical aging,
associated with atmospheric oxidation agents such as O3, and/or increased tempera-
ture, (2) aqueous-phase process aging, which corresponds closely to high RH in the
atmosphere. Figure 2a and b showed that the O/C increased clearly with atmospheric
temperature whereas the variations with RH were distinctly different in the two Jan-25

uary observations. In January 2013, the O/C showed the similar increasing trend with
RH as that with temperature whereas it exhibited a trend of first decrease (RH< 45 %)
and then increase (RH> 45 %) with the RH in January 2014. Thus we can infer that
the oxidation mechanism of OA was different when the RH was lower or higher than
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45 % in January 2014. The OA aging was mainly caused by photochemical process
when the RH was lower than 45 %, while it was dominated by aqueous-phase process
when RH was higher than 45 %. The photochemical process can be proved by Fig. 2c,
e and f, from which we can found that O/C increased evidently with the O3 concen-
tration (Fig. 2c), and the temperature and O3 concentration both showed the highest5

values when the RH at low level (Fig. 2e and f) in January 2014. In January 2013,
however, although the highest O3 concentration appeared at low RH level (Fig. 2f), the
temperature was at the lowest level (Fig. 2e). Which means the photochemical pro-
cess was weak under this condition. This is the reason for the O/C was always lower
than 0.4 and even showed a distinctly decrease with the increase of O3 concentration10

in January 2013 (Fig. 2c). Then we can conclude that aqueous-phase process aging
dominated the oxidation of OA in January 2013. However, the OA oxidation mecha-
nisms in January 2014 not only contained the aqueous-phase process aging but also
the photochemical process due to the elevated O3 and temperature at low RH level.
In addition, the O/C showed opposite trends with the increase of NR-PM1 mass con-15

centrations in the two January campaigns. It presented a “decrease-stable-decrease”
trend with the increase of NR-PM1 mass during January 2014 (Fig. 2d). However, the
pattern of O/C varied with NR-PM1 mass could be divided into three stages in Jan-
uary 2013: increased linearly when NR-PM1 mass was lower than 125 µgm−3; kept
a stable and weak growth when NR-PM1 mass ranged from 125 to 400 µgm−3; re-20

markably increased when NR-PM1 mass was higher than 400 µgm−3. Above analysis
suggested that the oxidation of aerosol in atmosphere is extremely complex, even for
the same observation site and periods in adjacent years.

Particle acidity is a key parameter in the study of aerosols because it affects their
hygroscopic growth, toxicity, and heterogeneous reactions (Sun et al., 2010). Calcula-25

tion of the acidity of submicron aerosols uses NH+
4 meas./NH+

4 pred., i.e., the ratio of
the measured NH+

4 concentration to the predicted NH+
4 required to fully neutralize the

measured SO2−
4 , NO−3 , and Cl− (Zhang et al., 2007). We found that the particle acidity

in January 2014 was completely consistent with the results in January 2013; the slopes
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were all 0.68 (Fig. S3) (Zhang et al., 2014). However, the contribution of three acidic
components (SO2−

4 , NO−3 , and Cl−) to the total acidic compound content showed inter-
esting variations due to the divergence of the NR-PM1 composition in the two January
studies. Figures 2g and h present the variations of the relative contributions of these
three acidic components to the total acidic compound content and NH+

4 meas as a func-5

tion of the NR-PM1 mass concentration in the two campaigns. An increasing trend in
NH+

4 meas with the aggravation of particle pollution was shown in both campaigns. How-
ever, there was a difference in the relative contributions of the three acidic components.
Excluding the large variations in the lower NR-PM1 mass concentration range, the con-
tribution of sulfate showed a very stable and high value (∼ 60 %), whereas nitrate and10

chloride stability was 30 and 10 % for January 2013, respectively. However, the contri-
bution of nitrate and chloride showed a clear increase, especially for nitrate, and the
contribution at the highest NR-PM1 mass concentration range was even higher than for
sulfate in January 2014. Consequently, the contribution of sulfate decreased steadily in
response to increased particle pollution. In addition, the average contributions of sul-15

fate, nitrate and chloride to the total acidic compound content were 57, 31, and 12 % in
January 2013 and 48, 36, and 16 % in January 2014, respectively. This is in agreement
with the higher contribution of nitrate to NR-PM1 in January 2014, especially during the
heavy pollution periods, which will be further discussed in Sect. 3.4.

3.2 Differentiation of NR-PM1 components by PMF20

Following consideration of several critical factors, such as the mass spectrum signa-
tures, the correlation of time series with tracers, and diurnal cycles (Zhang et al., 2005b;
Ulbrich et al., 2009), there were six factors identified in January 2014: NO3-OA1, NO3-
OA2, SO4-OA, COA, HOA, and CCOA. Figure 3 shows the mass spectrum profiles and
time series for each of these factors. We must note that the O/C and OM/OC ratios25

shown in Fig. 3a were calculated only based on the organic signals in the MS of every
factor. As mentioned in Sect. 2.2.2, the sum of the selected fragment ions account for
96.2 % of the total nitrate mass, 99.6 % of the total ammonium mass, 75.8 % of the
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total chloride mass, and approximately half of sulfate (50.6 %). Thus the corresponding
coefficients need to be applied for determining the mass of every inorganic species in
each factor in this section. Taking nitrate as an example, the actual mass concentration
of nitrate in factor 1 can be calculated by the following equation:

NO−3 factor 1
= (NO+

factor 1 +NO+
2 factor 1)/0.962,5

where NO−3 factor 1 is the actual nitrate mass in factor 1, NO+
factor 1 and NO+

2 factor 1 are the
masses of NO+ and NO+

2 ions in factor 1, respectively, 0.962 means the selected NO+

and NO+
2 ions account for 96.2 % of the total nitrate mass. After calculation, we found

that the six factors together accounted for 97.8 % of the total NR-PM1 in January 2014.
The mass concentration of each factor and their contributions to the total NR-PM1 used10

in the following discussion were the results of calculation.

3.2.1 NO3-OA1, NO3-OA2 and SO4-OA

Two NO3-OA factors were identified in the present study, NO3-OA1 and NO3-OA2
(Fig. 3), compared with only one, NO3-OA, identified by Sun et al. (2012b) and McGuire
et al. (2014). The mass concentration and proportion of ammonium nitrate in NO3-OA115

and NO3-OA2 were clearly higher than in the other factors (Fig. 4a and b). The mass
concentration and proportion were 7.4 µgm−3 in NO3-OA1 and 3.1 µgm−3 in NO3-OA2
and 53 % in NO3-OA1 and 34 % in NO3-OA2, respectively. These proportions were
lower than the corresponding proportions of NO3-OA in New York City (74 %) (Sun
et al., 2012b) and Windsor (78 %) (McGuire et al., 2014). The nitrate in NO3-OA1 and20

NO3-OA2 accounted for 88 % of the total nitrate measured in this study. The mass
spectra of the two NO3-OA factors showed peaks at m/z 16, 17, 30 and 46 (Fig. 3a).
However, the contribution of CxHyOz fragments, especially CO+

2 (m/z 44), to the mass
spectrum of NO3-OA2 was slightly higher (12.2 %) than in the mass spectrum of NO3-
OA1. This value also represented the second highest CO+

2 of all the factors from the25

PMF analysis (Fig. 3a). The significant contribution of CxHyOz fragments implies that
18548
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this factor had a greater age than NO3-OA1. Accordingly, the difference in oxidation
could also be obtained from the O/C ratios, which were clearly higher for NO3-OA2
(0.61) than for NO3-OA1 (0.35).

Of all the factors, the two NO3-OA factors contributed the most to the NR-PM1 mass
(42 %); the contributions of NO3-OA1 and NO3-OA2 were 28 and 14 %, respectively5

(Fig. 4c). The total contribution proportion is consistent with that observed in Windsor
(45 %), where the NO3-OA factor also contributed the most to the submicron PM mass
(McGuire et al., 2014). The diurnal cycle of NO3-OA1 showed elevated concentrations
in the early morning when the air temperature was low and the RH was high (Fig. 5a).
The NO3-OA1 concentration decreased rapidly during the daytime and showed a min-10

imum in the late afternoon (12.3 µgm−3). Such diurnal variation was consistent with
the diurnal profile of the equilibrium constant (Kp) of NH3(g)+HNO3(g)→NH4NO3(s),
indicating that the partitioning between particle-phase nitrate and gas-phase HNO3
might have played a major role. This diurnal profile is very close to the results reported
for NO3-OA by Sun et al. (2012b). However, NO3-OA2 presented a markedly low mass15

concentration value at 11:00 (3.6 µgm−3), which then increased until 18:00, consis-
tent with the diurnal profile of the photochemical production of nitrate. The peak value
was evident at 18:00 (approximately 9.2 µgm−3; Fig. 5b), which illustrates a dominant
source of nitrate from photochemical production for NO3-OA2. These results suggest
that a PMF analysis of the combined organic and inorganic aerosols is able to iden-20

tify the two different formation mechanisms of nitrate, i.e., heterogeneous hydrolysis
of N2O5 and photochemical production, both of which play important roles in nitrate
formation. There was a strong correlation between nitrate and NO3-OA1 (R2 = 0.82)
compare to nitrate and NO3-OA2 (R2 = 0.59) (Fig. S8a and b), suggesting that het-
erogeneous hydrolysis of N2O5 played a more important role than photochemical pro-25

cesses in the formation of nitrate during winter in 2014. This conclusion is supported
by the contributions of the two NO3-OA factors mentioned above (28 and 14 % for NO3-
OA1 and NO3-OA2, respectively) and by the results of Zhao et al. (2013) and Zheng
et al. (2014b) for winter in Beijing. By analyzing the sulfate, nitrate and ammonium con-
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tents in PM2.5 in four cities in China, Pathak et al. (2009) suggested that nitrate was
usually formed through heterogeneous hydrolysis of N2O5 on the surfaces of moist and
acidic aerosols in Beijing and Shanghai, especially during humid and hazy weather.

The ratio of NH+
4/SO2−

4 has been used to judge the major nitrate formation in dif-
ferent seasons. When the ratio was > 1.5, the aerosols were identified as ammonium5

rich (AR) (or ammonium poor (AP) when the ratio was < 1.5) (Pathak, 2004; Pathak
et al., 2004). After two years of online observations in Hong Kong, Griffith et al. (2015)
found that the vast majority of winter nitrate data were associated with AR aerosols
(NH+

4/SO2−
4 > 1.5), with the mass concentration peak at night. However, the summer

nitrate data were in an AP regime, showing peaks in the daytime centered around solar10

noon during the summer, which tracked the concentrations of nitric acid, a photochem-
ical tracer. The ratio NH+

4/SO2−
4 was also calculated in January 2014, with an average

of 3.2±1.3. More than 83 % of the nitrate data was associated with AR aerosols corre-
sponding to a higher NR-PM1 level. This is consistent with the domination of NO3-OA1
in this campaign.15

The relationship between the two NO3-OA factors and relative humidity (RH) can
also be used to demonstrate the differences in their formation mechanisms. Figure 4d
presents the variations in the two NO3-OA factors and the SO4-OA factor with the in-
crease in RH observed in this study. The variations of the two NO3-OA factors can
be divided into three sections: (1) in which they showed a remarkably similar increase20

when RH< 30 %, (2) in which the increase rate of NO3-OA2 was distinctly lower than
that of NO3-OA1 in an RH range of 30 to 50 %, and (3) in which the two NO3-OA factors
presented opposite trends when RH> 50 %, i.e., NO3-OA1 maintained an increasing
trend with a rate even higher than that of SO4-OA, whereas NO3-OA2 decreased al-
most linearly. The observed reduction at RH> 80 % may be due to a larger expected25

range of particle diameters for the OA factors with a strong hygroscopicity at high RH.
As a result, a considerable fraction of NO3-OA factors might be located in particles with
diameters between 1 and 2.5 µgm−3 that AMS cannot detect. It is clear that RH= 50 %
represents a threshold value for differences in trends between the NO3-OA1 and NO3-
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OA2 factors. This is in agreement with the results of Sun et al. (2013a) based on
the Extend Aerosol Thermodynamics Model (E-AIM, Model II) during winter in Beijing.
After combining the E-AIM with aerosol chemical composition data, they found that
RH≤ 50 % (or > 50 %) is the threshold liquid water content (LWC). They also showed
a substantial increase of LWC with increasing RH observed at RH> 50 %, indicating5

the importance of aerosol water at elevated RH levels. This diversity of variation of
NO3-OA1 and NO3-OA2 with RH supports the different formation pathways suggested
by the results of the present study.

In addition to formation through different mechanisms, part of NO3-OA1 could be
oxidized to NO3-OA2 in daytime as a result of increasing temperature. Therefore, these10

two NO3-OA factors represent not only two formation mechanisms of nitrate but also
an aging process of general NO3-OA factors in the atmosphere.

Very similar factors were also obtained in winter 2013 by Sun et al. (2014), and three
SOA (secondary OA) factors were identified in their study, two of which were identified
as SV-OOA and LSOA (local SOA) and showed very similar characteristics to NO3-OA115

and NO3-OA2 in our study, respectively. This indicates that the formation mechanisms
of SOA in winter in Beijing have been consistent in recent years.

The SO4-OA factor was also identified by Sun et al. (2012b) and McGuire
et al. (2014). This factor was primarily composed of ammonium sulfate (9.8 µgm−3),
which accounted for 67 % of its total mass (Fig. 4a and b). Similar to a previously pub-20

lished mass spectrum of atomized (NH4)2SO4 (Hogrefe et al., 2004), SO4-OA in the
present study also exhibited major peaks at m/z 16, 17, 48, 64, 80 and 81 (Fig. 3a).
The SO4-OA factor showed close correlation with sulfate (R2 = 0.89) and the oxy-
genated ion CO+

2 (m/z 44, R2 = 0.71; Fig. S8c). Note that 30 % of the mass of this
factor was classified as organic with a high degree of oxidation (O/C = 0.89). The or-25

ganic components contained in this factor were the most oxidized of the six factors
identified in this study (Fig. 3a), consistent with reports for the SO4-OA factor in New
York City and Windsor (Sun et al., 2012b; McGuire et al., 2014). The SO4-OA factor on
average contributed 27 % to the NR-PM1 mass concentration (Fig. 4c). The correlation
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of SO4-OA with SO2 was moderate (R2 = 0.31), implying that this factor was likely in-
fluenced by both long-range transport and local sources. The diurnal profile of SO4-OA
was very similar to that of sulfate (Fig. 5c), suggesting that SO4-OA was a highly aged
secondary factor. Indeed, sulfate in the SO4-OA factor contributed 83 % of the total
sulfate mass. Similar to the result in New York City, there was almost no nitrate con-5

tained in the SO4-OA factor, which can be attributed to the differences in the formation
mechanisms and the volatility between them (Sun et al., 2012b).

3.2.2 COA and HOA

COA and HOA are typical primary OA components that have been identified in Beijing
and other sites. COA and HOA showed mass spectral profiles resembling those from10

cooking emissions and gasoline and diesel combustion (Mohr et al., 2009; Allan et al.,
2010; Schneider et al., 2006). They had low O/C ratios of 0.08 and 0.12 and were
primarily dominated by the ion series of CnH+

2n+1 and CnH+
2n−1 (Fig. 3a). The most

noticeable difference between COA and HOA are their diurnal profiles. COA showed
three peaks: in the morning (06:00–07:00), at noon (12:00–14:00) and in the evening15

(19:00–24:00) (Fig. 5d). The peaks in the morning and at noon corresponded to break-
fast and lunch times, while the lowering of the mixed layer height would have been
a very important factor for the stronger and longer peak in the evening. HOA were con-
sistent with the emissions from traffic exhaust, which showed a pronounced morning
peak associated with traffic emissions, the highest concentration at 23:00 and the low-20

est concentration at 14:00 (Fig. 5e). The corresponding mass concentrations were 5.9
and 3.0 µgm−3, respectively.

There was a significant correlation between COA and a number of CxHyO+
1 ions

including C6H10O+ (R2 = 0.82, Fig. S8d), which represented prominent peaks in the
source spectra of cooking emissions. These ions could be used as spectral markers25

for COA (Sun et al., 2011). HOA correlated well with combustion tracers such as NOx

(R2 = 0.65) and BC (R2 = 0.64), and the correlation coefficient R2 of HOA and C3H+
7 ,

18552

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/18537/2015/acpd-15-18537-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/18537/2015/acpd-15-18537-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 18537–18576, 2015

New characteristics
of submicron

aerosols

J. K. Zhang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

a typical ion of CnH+
2n+1, was approximately 0.73 (Fig. S8e). In addition, COA and HOA

showed a similar contribution to NR-PM1 (8 and 9 %, respectively).
Note that the two primary factors (COA and HOA) contained little inorganic am-

monium sulfate or ammonium nitrate and were almost completely organic (> 96 %)
(Fig. 4b). This can be considered evidence for the existence of various different sources5

of primary organic particles and secondary inorganic species. A higher contribution of
organics (> 97 %) was also found by Sun et al. (2012b).

3.2.3 CCOA

The final factor identified through the PMF analysis was CCOA, which was also re-
ported in winter 2012 and 2013 in Beijing and other studies worldwide (Sun et al.,10

2013b; Zhang et al., 2014; Wang et al., 2013; Dall’Osto et al., 2013). The mass spec-
trum of CCOA was dominated by alkyl fragments (CnH+

2n+1 and CnH+
2n−1), which is

typical of primary organic aerosols derived from fossil fuel combustion. When the in-
organic species were combined, the contribution of m/z 36 (HCl+; 13.1 %) was the
highest ion in the mass spectrum. The contributions of m/z 16 (NH+

2 ), m/z 17 (NH+
3 ),15

m/z 30 (NO+), m/z 35 (Cl+) and m/z 46 (NO+
2 ) should also not be neglected (Fig. 3a).

These mass characteristics are very similar to the chloride factor in Windsor (McGuire
et al., 2014).

The chloride in CCOA accounted for 61 % of the total chloride in NR-PM1 (Fig. 4b).
The O/C ratio for CCOA was 0.22, which was higher than the ratios for COA (0.08)20

and HOA (0.12). This suggests that CCOA was more aged than the typical primary
OA factors. Similar to previous results from winter in Beijing (Sun et al., 2013b; Zhang
et al., 2014), there was a temporal trend in the CCOA data that was comparable to the
time series for chloride (R2 = 0.71; Fig. S8f). In addition, the average CCOA fraction of
the total NR-PM1 was approximately 14 % (Fig. 4c).25

It is important to note that when the organic and inorganic HR spectral matrices
were integrated into one unified dataset for PMF analysis, the inorganic species were
apportioned into several OA factors because of their different formation mechanisms
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and evolution processes. These results could provide more information regarding the
sources, evolution and oxidation of different factors, which may be particularly useful in
understanding the inorganic species present in particles (∼ 50 % of NR-PM1).

3.3 Evolution of OA

The PMF analysis (Sect. 3.2) showed the six factors originating from diverse sources,5

including both direct emissions and generation through a variety of chemical reac-
tions in the atmosphere. This observed complexity poses a challenge to our ability to
explicitly characterize the chemical composition of these components. Therefore, it is
important to investigate the evolution of these factors in the atmosphere. In this section,
the well-known methods of the triangle plot (f44 vs. f43) (Ng et al., 2010) and the Van10

Krevelen diagram (Heald et al., 2010) are used to analyze this critical problem. Fig-
ure 6a shows that the HOA and COA both exhibit low oxidative properties with varying
f43, which are located at the bottom of the triangular region. The CCOA and NO3-OA1
are slightly higher due to these factors exercising a certain degree of oxidation, with
f44 of 0.02 and 0.03, respectively (Fig. 6a). During the aging process, OA evolves to15

the upper corner, followed by a decrease in f43 and a significant increase in f44, with
a value higher than 0.1. The SO4-OA factor subsequently shows a state of high oxida-
tion, and f44 is higher than 0.15 (Fig. 6a). These variation trends are very close to the
results for New York City (Sun et al., 2012b), although the factors identified by PMF are
not identical to ours.20

Because the triangle plot represents an integration of OOA factors in which m/z
44 is primarily CO+

2 and m/z 43 is primarily C2H3O+, we also examined the relation-
ship between fCO+

2
(fraction of CO+

2 in OA) and fC2H3O+ (fraction of C2H3O+ in OA) in
Fig. 6b. The OA factors exhibit different behaviors for fCO+

2
vs. fC2H3O+ . The POA factors

of HOA and COA are located in the bottom-left corner, with the lowest fCO+
2

and fC2H3O+ .25

The fCO+
2

and fC2H3O+ for CCOA are only slightly higher than for HOA and COA, which
is similar to the trend of f44 vs. f43. In addition, NO3-OA1 and NO3-OA2 are located
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at different sites in the triangular region; NO3-OA2 has a higher fCO+
2

than NO3-OA1,
indicating their different sources and properties. The aging of OA can therefore be
characterized by two stages: (1) the initial oxidization of fresh OA, such as HOA/COA,
appears to involve a synchronous increase in both fCO+

2
and fC2H3O+ and evolves into

the triangular region first, (2) the further oxidation of less-oxidized OA (such as NO3-5

OA1) subsequently follows a pathway involving a decrease in fC2H3O+ and an increase
in fCO+

2
. These two evolving pathways are in agreement with the evolution of H/C vs.

O/C shown in the Van Krevelen diagram (Fig. 6c). The initial oxidation of POA shows
a steeper slope than −1, which is probably driven by the functionalization via incor-
poration of carbonyl groups (Ng et al., 2011). Freshly formed SOA (represented by10

NO3-OA1) evolves in different ways, with a shallower slope of ∼ 0.5.

3.4 Comparison of heavy pollution periods in January 2013 and 2014

Four heavy pollution events were selected to compare the variations in pollution char-
acteristics between January 2013 and 2014. These pollution periods are marked in
grey in Fig. 1 (P1 and P2 occurred in 2013, and P3 and P4 occurred in 2014) and15

represent the most polluted processes for the two campaigns. There was a significant
decrease in the NR-PM1 average mass concentration during the pollution events that
occurred in January 2014 (Fig. 7). The corresponding NR-PM1 mass concentrations
of P3 and P4 were only 75.6 and 61.1 µgm−3, respectively, which were far below the
concentrations observed during P1 (117.0 µgm−3) and P2 (210.2 µgm−3). The com-20

position of NR-PM1 also showed clear differences between the 2013 and 2014 heavy
pollution periods. In January 2013, the contributions of organics were 44 and 41 %
for P1 and P2, respectively, while in January 2014, they increased to 50 and 45 % for
P3 and P4, respectively. This may have been caused by the decrease in NR-PM1 in
January 2014 (discussed in Sect. 3.1).25

In addition to the difference in the contributions of organics, the composition of inor-
ganic species also showed some interesting variations. In January 2013, the inorganic
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species were always dominated by sulfate; the contributions of sulfate for P1 and P2
were 27 and 28 %, respectively, which were clearly higher than for other inorganic
species. Conversely, the dominance of sulfate was no longer apparent in 2014; there
was a significant reduction in the contribution of sulfate but an increase in that of ni-
trate. In P4, the contribution of nitrate (20 %) was even slightly higher than that of sulfate5

(19 %, Fig. 7). In general, these differences in the mass concentration of NR-PM1 and
its composition may have been caused by variations in the sources and meteorologi-
cal factors between January 2013 and January 2014. It is difficult to discuss changes
in the sources for two reasons: (1) a detailed discussion would require extensive and
timely survey data, which are very difficult to obtain, and (2) it is unlikely that the an-10

nual average emissions of primary pollutants would present significant changes during
such a short period of time (one or two years) due to the general stability of the urban
infrastructure, as demonstrated by Zheng et al. (2014b). They found that annual aver-
age emissions of primary PM2.5, SO2 and NOx showed only slight differences between
2013 and 2012 (1.2, −1.3 and 0.8 %, respectively) in the Beijing–Tianjin–Hebei region.15

However, differences caused by unfavorable meteorology could result in a significant
increase in PM2.5 over the North China Plain (Zheng et al., 2014b). Therefore, meteoro-
logical parameters were the key factors influencing the formation of haze because they
affected the horizontal transport, vertical mixing, atmospheric reaction rates and scav-
enging of air pollutants. We therefore focused only on the variations of meteorological20

factors between January 2013 and 2014 in this study. These analyses also represent
a wealth of useful information regarding the changes in the pollution characteristics.

The average temperature (±1 SD) in January 2014 was 1.5±3.4 ◦C, which is higher
than the observation of −2.8±3.1 ◦C in January 2013 (Fig. S9). Figure 8a shows the
statistical results of the probability of temperature. It is clear that the temperature in25

January 2013 was typically distributed between −5 and 0 ◦C (probability = 64 %), while
the temperature in January 2014 was mainly distributed between 0 and 5 ◦C (proba-
bility = 48 %). Significant differences in temperature between the four events can also
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be clearly observed in Fig. 9a. The elevated temperature was more conducive to the
generation of nitrate rather than sulfate through daytime photochemical production.

Relative humidity affects aerosol formation in a number of ways, e.g., aqueous-phase
reactions and gas-particle partitioning (Altieri et al., 2008; Hennigan et al., 2008). The
average RH, however, decreased from 49 % in January 2013 to 34 % in 2014. Com-5

pared with the statistical results of RH for January 2013, the RH in January 2014 was
primarily below 40 % (probability = 73 %, Fig. 8b). Figure 9b presents the diurnal pro-
files of RH for the four heavy pollution events. The RH for P3 and P4 were significantly
lower than that for P1 and P2; in particular, the RH throughout the full daily cycle for
P2 was 70 % higher. Many previous studies have concluded that the aqueous-phase10

reaction during fog processes is a very important pathway for the generation of inor-
ganic species in winter in Beijing (Sun et al., 2013a; Zhang et al., 2014; Huang et al.,
2014). This aqueous-phase effect is much stronger for sulfate than for nitrate; there is
weaker aqueous-phase production associated with lower nitrogen oxidation ratios (Sun
et al., 2014). Sun et al. (2013a) found that fog processing of SO2 could contribute to15

∼ 70 % of sulfate production; whereas, aqueous-phase production accounts for < 30 %
of nitrate production. Huang et al. (2014) found the largest increase in sulfate (almost
five-fold) alongside an RH increase from 37.4 to 77.5 %; nevertheless, nitrate and am-
monium only increased by a factor of two or three. They believed that the faster SO2
oxidation rate in the aqueous phase was a critical factor in the larger increase in sulfate20

than nitrate. Therefore, the decrease in RH in January 2014 compared to that in 2013
was a critical factor in the changes in the contribution of inorganic species in our study,
especially for sulfate and nitrate. Compared to the temperature and RH, air pressure
and wind speed have no regular difference between pollution events (Fig. 9c and d).
This implies that these two parameters are not key factors in explaining the difference25

in heavy pollution events in the two January periods.
Regional transport has been identified as an important contributor to the PM pol-

lution in Beijing (Jia et al., 2008; Zheng et al., 2014b; Sun et al., 2014; Wang et al.,
2014b). Sun et al. (2014) found that the regional transport contributed 66 % on aver-
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age to PM1 during a heavy pollution event in winter in 2013. The impacts of various
source regions on the PM pollution in January 2013 and January 2014 in Beijing were
explored using the hybrid single-particle Lagrangian integrated trajectory (HYSPLIT)
model. The analysis steps were as follows. First, 48 h back trajectories (BTs) starting
at 200 ma.g.l. in Beijing (39.97◦, 116.37◦) were calculated every 6 h (at 00:00, 06:00,5

12:00 and 18:00 LT) throughout the two campaigns. The trajectories were then clus-
tered according to their similarity in a spatial distribution using the software HYSPLIT4.
As a result, five-cluster and four-cluster solutions were adopted for the January 2013
and January 2014 campaigns, respectively (Fig. 8c and d).

The air masses in the two campaigns were remarkably similar; almost all air masses10

originated from western China (originating from 180–360◦N). The air masses that orig-
inated from the direction between south and west (180–270◦N) belong to the pollu-
tion air mass because there are a large number of polluting industries, such as power
plants, steel mills, cement mills and the petrochemical industry, in this area. However,
the air masses that originated from the direction between west and north (270–360◦N)15

belonged to the clean air mass because there are almost no pollution sources in this
area. Figure 8c and d shows that, although the directions of the air masses in Jan-
uary 2013 and 2014 were not perfectly consistent, the NR-PM1 mass concentration of
each cluster in January 2014 was significantly lower than the NR-PM1 mass concen-
tration in the cluster in January 2013 that corresponded to the close direction. The NR-20

PM1 mass concentration in the most polluted cluster (cluster 5 and 4 in January 2013
and 2014, respectively), for example, decreased from 123 to 87.9 µgm−3, and the NR-
PM1 mass concentration in the cleanest cluster (cluster 1 in January 2013 and 2014)
also decreased by 5.1 µgm−3. Therefore, the reduction of regional transport is another
important reason for the lower NR-PM1 mass concentration in January 2014.25

According to the above discussion, the NR-PM1 mass concentration in Beijing can
be attributed to local emissions and regional transport. Therefore, the most effective
way to control fine particle pollution is joint prevention and control at the regional level,
rather than focusing on an individual city, especially in the case of severe haze events.
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4 Conclusions

In this study, non-refractory submicron aerosol particles in Beijing were measured
in situ using a high-resolution time-of-flight aerosol mass spectrometer during Jan-
uary 2014 in an intensive field study. The first aim was to compare the results between
the same periods in January 2013 and 2014 because the city experienced its most5

serious PM pollution of this century in January 2013. The comparison showed that
NR-PM1 pollution was weaker in January 2014; the reduced amplitude of the NR-PM1

mass concentration was approximately 40 µgm−3, which was primarily caused by vari-
ations in meteorological conditions. There was also a significant change in the com-
position of NR-PM1 during the heavy pollution events of January 2014, with a greater10

contribution from nitrate specifically.
We first merged high-resolution mass spectra of organic and inorganic aerosols

from AMS measurements and then applied PMF to the combined mass spectral ma-
trix to investigate the sources and evolution processes of submicron aerosols in Jan-
uary 2014 in Beijing. Six factors were identified. The NO3-OA1 and NO3-OA2 factors15

corresponded to two major formation mechanisms of nitrate, showed different degrees
of oxidation, and contributed most to the NR-PM1 mass (42 %). The SO4-OA factor
showed the highest degree of oxidation (O/C = 0.89) of all OA factors. The HOA and
COA factors contained negligible amounts of inorganic species. CCOA was mainly
emitted from coal combustion in the city, which contained a high contribution from chlo-20

ride in the mass spectrum. The triangle plot (f44 vs. f43) and Van Krevelen diagram
methods were combined to analyze the evolution of the factors. We found that the ini-
tial oxidation of POA was likely driven by functionalization via incorporation of carbonyl
groups; however, the transition from less-oxidized to more-oxidized OOA most likely
originated from the addition of both acid and alcohol functional groups with little frag-25

mentation. The comparison of several heavy pollution events during the two campaigns
indicates that higher temperature, lower RH and reduced transport from surrounding
areas can explain the differences in NR-PM1 mass concentration and composition be-
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tween the two January studies. Consequently, the most effective way to control fine
particle pollution is joint prevention and control at the regional level, rather than a focus
on an individual city.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-18537-2015-supplement.5
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Figure 1. Time series of NR-PM1 species concentrations in (a) January 2013 and (b) Jan-
uary 2014; (c) total NR-PM1 mass concentration and NR-PM1 chemical composition in (d)
January 2013 and (e) January 2014. The P1 and P2 in (a) and P3 and P4 in (b), which were
showed as grey background, represent four pollution events in January 2013 and 2014.
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Figure 2. Variations of O/C ratios as a function of (a) temperature, (b) RH, (d) O3, and (d)
NR-PM1 mass concentration in January 2013 and 2014; variations of (e) temperature and (f)
O3 as a function of RH in January 2013 and 2014; and the relative contribution of three acidic
components (SO4, NO3 and Chl) to the total acid material and NH4 as a function of NR-PM1
mass concentrations in January (g) 2013 and (h) 2014.
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Figure 3. (a) The AMS m/z profiles and (b) time series of the six factors identified by the PMF
analysis in January 2014.
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Figure 4. Chemical composition of the PMF factors in January 2014: (a) mass concentrations
and (b) mass fractions of the NR-species (organics, sulfate, nitrate, ammonium and chloride) in
each factor; (c) average composition of every PMF factor; and (d) variation in the two NO3-OA
factors and the SO4-OA factor as a function of RH.
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Figure 5. Diurnal cycles of the six PMF factors in January 2014: (a) NO3-OA1; (b) NO3-OA2;
(c) SO4-OA; (d) COA; (e) HOA; and (f) CCOA. The error bars indicate the standard deviation.
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Figure 6. The (a) f44 (fraction of m/z 44 in OA) vs. f43 (fraction of m/z 43 in OA) and (b)
fCO+

2
(fraction of CO+

2 in OA) vs. fC2H3O+ (fraction of C2H3O+ in OA) relationships for six OA
factors. The dashed lines in (a) and (b) refer to a triangular region that encompasses ambient
OOA factors determined from the PMF analyses of 43 AMS datasets (Ng et al., 2010). (c) Van
Krevelen diagram for six OA factors. The dashed lines indicate the changes of H/C against
O/C due to the addition of specific functional groups to an aliphatic carbon (Heald et al., 2010).
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Figure 7. Average mass concentrations (above the pie charts) and chemical compositions of
NR-PM1 for the four heavy pollution periods. P1 and P1 represent two pollution events in Jan-
uary 2013, while P3 and P4 represent two pollution events in January 2014. They correspond
to the four grey background periods in Fig. 1a and b.
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Figure 8. Probability of (a) temperature and (b) RH. Back trajectories for each of the identified
clusters and corresponding cluster average NR-PM1 concentration (µgm−3) during the January
(c) 2013 and (d) 2014 campaigns.
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Figure 9. Diurnal profiles of meteorological factors for the four heavy pollution periods: (a) tem-
perature; (b) relative humidity; (c) air pressure; and (d) wind speed.
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