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Abstract china experienced severe haze pollution in January 2013. Here we have a detailed characterization of
the sources and evolution mechanisms of this haze pollution with a focus on four haze episodes that occurred
during 10-14 January in Beijing. The main source of data analyzed is from submicron aerosol measurements by an
Aerodyne Aerosol Chemical Speciation Monitor. The average PM1 mass concentration during the four haze
episodes ranged from 144 to 300 ug m~, which was more than 10 times higher than that observed during clean
periods. All submicron aerosol species showed substantial increases during haze episodes with sulfate being the
largest. Secondary inorganic species played enhanced roles in the haze formation as suggested by their elevated
contributions during haze episodes. Positive matrix factorization analysis resolved six organic aerosol (OA) factors
including three primary OA (POA) factors from traffic, cooking, and coal combustion emissions, respectively, and
three secondary OA (SOA) factors. Overall, SOA contributed 41-59% of OA with the rest being POA. Coal
combustion OA (CCOA) was the largest primary source, on average accounting for 20-32% of OA, and showed the
most significant enhancement during haze episodes. A regional SOA (RSOA) was resolved for the first time which
showed a pronounced peak only during the record-breaking haze episode (Ep3) on 12-13 January. The regional
contributions estimated based on the steep evolution of air pollutants were found to play dominant roles for the
formation of Ep3, on average accounting for 66% of PM1 during the peak of Ep3 with sulfate, CCOA, and RSOA
being the largest fractions (> ~ 75%). Our results suggest that stagnant meteorological conditions, coal
combustion, secondary production, and regional transport are four main factors driving the formation and
evolution of haze pollution in Beijing during wintertime.

1. Introduction

Haze pollution has become a national interest of the public, government, and atmospheric scientists in China
since January 2013. Haze is an atmospheric phenomenon where smoke, dust, moisture, and vapor suspended
in air impair visibility [Watson, 2002]. Haze not only reduces visibility and affects transportation but also
exerts detrimental effects on human health. For example, the number of patients with respiratory and
cardiovascular disease increases significantly during the haze episodes [Zhang et al., 2013b]. In January 2013,
central eastern China experienced several severe haze episodes with thick smog clouds spreading over
millions of square kilometers and affecting the health of millions. In particular, a record-breaking haze
episode over the past 60 years occurred in North China Plain (NCP) on 12-13 January. The air pollution was
dangerously high with the peak concentration of fine particles (PM, 5) exceeding more than 10 times the
China National Ambient Air Quality Standard (NAAQS, 75 ig m™2 for 24 h average) that was released in
February 2012 by the Ministry of Environmental Protection of China. Therefore, understanding the sources,
formation mechanisms, and evolution processes of haze pollution is of importance for making air pollution
control measures and assessing its health and climate impacts.

Owing to the growing concern of haze pollution, extensive studies have been conducted in recent years to
investigate the sources and formation mechanisms of haze in China [Sun et al., 2006; An et al., 2007; Li et al.,
2010; Ma et al., 2010; Huang et al., 2012; Tao et al., 2012; Liu et al., 2013; Wang et al., 2013b; Zhao et al., 2013].
The haze pollution exhibits different characteristics among different seasons. While agricultural burning
and photochemical production are two dominant factors influencing the formation of haze in summer
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[Li et al., 2010; Huang et al., 2012; Sun et al., 2012], coal combustion is a large source of haze particles during
wintertime [Sun et al., 2013b]. Severe haze pollution occurs frequently in winter, due to not only substantial
increases of coal combustion emissions for heating but also the frequent occurrence of fog episodes [Quan
et al, 2011]. Sun et al. [2006] investigated the chemical characteristics of two severe haze-fog episodes in the
winter of 2004 in Beijing. The 6 h average PM, s mass concentration exceeded 300 ug m™—2 with secondary
inorganic species being the major fraction. The large increases of secondary inorganic species, e.g., sulfate
(50,27), nitrate (NO3 ), and ammonium (NH,"), during the haze episodes were also observed at four sites in
NCP in January 2010 [Zhao et al.,, 2013]. Further, all four sites showed synchronous increases of secondary species
illustrating a regional characteristic of haze pollution. The formation of severe haze pollution is also strongly
dependent on synoptic conditions. The common characteristics of stagnant meteorological parameters, e.g., low
wind speed, high humidity, and shallow boundary layer, during severe haze pollution periods have been observed
many times at various locations in previous studies [Sun et al,, 2006; Zhao et al., 2013]. These results suggest that
both meteorological conditions and aerosol chemistry play important roles in haze formation and evolution.

Despite previous efforts in the characterization of haze pollution, our knowledge of its sources and evolution
processes is not fully clear yet. The haze pollution often evolves rapidly and dynamically in the atmosphere
by involving complex processes such as direct emissions, secondary formation, aging and mixing, and fog
processing. The chemical, physical, and optical properties of aerosol particles may change significantly in a few
hours. However, previous studies based on filter measurements are limited by either low time resolution from
hours to days or sampling artifacts such as evaporative loss. The Aerodyne Aerosol Mass Spectrometer (AMS) is
unique in providing size-resolved nonrefractory submicron aerosol (NR-PM,) species (organics, sulfate, nitrate,
ammonium, and chloride) in real time with a high time resolution ranging from seconds to minutes [Jayne et al.,
2000; Canagaratna et al., 2007]. As a result, AMSs have been widely used in both field measurements and lab
studies since 2000. However, the deployments of the AMS in China started only in recent years [Huang et al.,
2010; Sun et al., 2010, 2012]. Sun et al. [2010] first characterized the sources, composition, and variations of NR-
PM; species in Beijing during summer 2006 with a Quadrupole AMS (Q-AMS). Huang et al. [2010] and Sun et al.
[2012] further investigated Beijing submicron aerosols in the summer of 2008 and 2011 with a High-Resolution
Time-of-Flight AMS (HR-AMS) and an Aerosol Chemical Speciation Monitor (ACSM), respectively. All NR-PM;
species varied dramatically during all studies, but overall organic aerosol (OA) constituted the largest fraction of
NR-PM;, contributing on average ~35-40% in summer [Huang et al., 2010; Sun et al., 2010, 2012]. The
composition and sources of OA were further investigated with positive matrix factorization (PMF) [Paatero and
Tapper, 1994]. Various OA components, e.g., hydrocarbon-like OA (HOA), cooking OA (COA), semivolatile
oxygenated OA (SV-OO0A), and low volatility OOA (LV-OOA) were distinguished. Most previous AMS studies in
China were conducted in summer, while these are rare in winter [Sun et al., 2013b]. Because of different
meteorological conditions and source emissions, the aerosol particle composition, OA composition, and aerosol
processing could be significantly different between summer and winter. Considering that winter is a season
with frequent occurrences of haze pollution, a comprehensive understanding of chemical composition, sources,
and formation mechanisms of winter haze is essential.

China experienced several severe haze episodes in January 2013. Although a few studies have investigated the
severe haze pollution from the perspectives of meteorology [Wang et al., 2013a], chemistry [Wang et al., 2014a],
and modeling [Wang et al., 2013b], the sources and evolution processes of the record-breaking haze episode on
12-13 January are not well known. In this study, we present a comprehensive characterization of aerosol
particles during the first half-month of January at an urban site in Beijing with a focus on four severe haze
episodes during 10-14 January 2013. The chemical evolution of submicron aerosol composition, OA
composition, and its relationship with meteorological parameters are investigated in detail. The sources of haze
pollution, e.g., primary emissions versus secondary production and local sources versus regional transport, are
elucidated. In particular, the regional contributions to the record-breaking haze episode are estimated based on
the steep evolution of aerosol species.

2. Experimental
2.1. Sampling Site

All the measurements in this study were conducted at the same site as reported in Sun et al. [2013b], i.e,, an
urban site located at the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences, between the
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north third and fourth ring road during 1-16 January 2013. All the gas and aerosol instruments were placed
in a room on the top of a two-story building (~ 8 m high). The sampling site is approximately 380 m from
the nearest Jingzang highway. Meteorological parameters at 15 different heights (from 8 m to 320 m),
including wind speed, wind direction, relative humidity (RH), and temperature, were obtained from a 325m
meteorological tower located nearby. In addition, other meteorological parameters, e.g., solar radiation and
pressure, were obtained from a ground meteorological station at IAP. More detailed descriptions of the
sampling site can be found in Sun et al. [2012, 2013b].

2.2. Instrumentation

The ambient air was drawn inside the sampling room through a stainless steel tube (outer diameter:
0.0127 m) at a flow rate of 3 L/min, of which ~0.1 L/min was subsampled to an ACSM and 0.85 L/min to a
Cavity Attenuated Phase Shift extinction monitor (CAPS PMe,., Aerodyne Research Inc.). A PM, 5 URG cyclone
(URG-2000-30ED) was employed in front of the sampling line to remove coarse particles, and a silica gel dryer
was used to dry aerosol particles that enter the ACSM and the CAPS. The NR-PM; species including organics,
sulfate, nitrate, ammonium, and chloride were measured in situ by the ACSM at a time resolution of ~15 min.
The detailed operations and calibrations of the ACSM have been given in detail in Sun et al. [2013b]. Because
of the limited vaporizer temperature (~600 °C), the ACSM cannot measure refractory black carbon (BC)
component. Thus, a 2-wavelength Aethalometer (Model AE22, Magee Scientific Corporation) was employed
to measure the BC in PM, 5 at a time resolution of 5 min.

The CAPS PM,; was deployed to measure the light extinction (630 nm) of dry aerosol particles at a time
resolution of 1s. The CAPS PMc,; measures the phase shift () of a distorted waveform of the modulated light
from a light emitting diode (LED) in the sample cell with two high reflectivity mirrors. The relationship
between ¢ and light extinction (0ey) is described as

cotd = cotdy + ioext (1)
2rf

where c is the speed of light, fis the LED modulation frequency, and 9 is the sensor response of particle-free
air. The detailed principles of the CAPS technology can be found in Kebabian et al. [2008].

A suite of commercial gas analyzers from Thermo Scientific was used to measure the gaseous species
including carbon monoxide (CO), ozone (O3), nitrogen monoxide (NO), total reactive nitrogen (NO,), and
sulfur dioxide (SO,), and a Tapered Element Oscillating Microbalance (TEOM series1400a, Thermo Scientific)
was used to determine the PM, 5 mass concentration. All the data were reported at 1 min time resolution.
Moreover, a CAPS NO, monitor utilizing the same technology as the CAPS PM,,; was used to measure the
ambient nitrogen dioxide (NO,) at a time resolution of 1 s [Ge et al., 2013]. In addition, a dual-wavelength (532
and 1064 nm) depolarization lidar (Model: L2S-SM I, NIES Japan) was deployed to measure backscattering
coefficients and depolarization ratio with a time interval of 15 min and a vertical resolution of 30 m. The
detailed lidar operations and data analysis were given in Yang et al. [2010].

All the data in this study are reported as Beijing local time which equals the Coordinated Universal Time
(UTC) plus 8 h.

2.3. ACSM Data Analysis

The mass concentration and chemical composition of NR-PM; species were analyzed with the ACSM standard
data analysis software (v 1.5.3.0, https://sites.google.com/site/ariacsm/mytemplate-sw) within Igor Pro
(WaveMetrics, Inc., Oregon, USA). Similar to previous ACSM data analysis in Beijing [Sun et al., 2012, 2013b], a
collection efficiency (CE) of 0.5 was applied to account for the incomplete detection of particles primarily due
to particle bounce [Matthew et al., 2008], and a relative ionization efficiency (RIE) of 6.5 was used for
ammonium quantification. The average ratio of PM; (NR-PM; + BC) /PM, 5 (0.71, Figure S1) in this study is
overall consistent with the values observed in our previous studies [Sun et al., 2012, 2013b] suggesting that
the CE of 0.5 is appropriate. In addition, a relative ion transmission efficiency (RIT) was introduced to correct
the data between m/z 50 and 150 [Ng et al., 2011b]. While a linear relationship between RIT and m/z was
appropriate for our early ACSM data analysis, the exponential relationship showing the best fit after one
year's deployment was used in this study.
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The ACSM organic mass spectra
were analyzed by positive matrix
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Figure 1. Time series of (a) wind speed (WS) and wind direction (WD) at fietélled PMF diagnostics are presented
the height of 120 m, (b) relative humidity (RH), temperature (Temp), and in Figures 52-57. After a careful
solar radiation (SR), (c) gaseous O3 and CO, (d) PM; (= NR-PM; +BC) and  evaluation of the mass spectral profiles,
extinction coefficient of PM> s, (€) aerosol species in PM4, and (f) mass diurnal variations, and time series of OA
fraction of each species in PM;. The WD at 320 m is also shown in components, and also comparisons to
Figure 1a as blue solid circles. The time series of PM; in Figure 1d is color OA factors resolved durin interti
. R ¥ T g wintertime
coded by aerosol particle acidity indicated as NH4meas/NHapred. In .
addition, one clean period and four haze episodes are marked in 2011-2012 [Sun et al., 2013b], a six-
Figure 1e for further discussions. factor solution with fpeak = —0.8 was
selected. The six OA factors include
three primary factors, i.e., hydrocarbon-
like OA (HOA), cooking OA (COA), and coal combustion OA (CCOA), and three secondary factors, i.e.,

semivolatile OOA (SV-OO0A), local secondary OA (LSOA), and regional SOA (RSOA).

Mass Conc. (g m™)

3. Results and Discussion
3.1. General Descriptions of the Haze Episodes in January

Figure 1 shows the time series of meteorological parameters and submicron aerosol composition during
1-16 January 2013. The aerosol composition varied dramatically and was strongly associated with
meteorological conditions throughout the entire study, during which four periods with different aerosol
evolution processes were observed. The first period of 1-3 January shows typical characteristics of clean
days with low PM, mass loading (generally < 20 ug m ) and dominant organic contribution (~60%)
[Sun et al., 2013b]. This clean period was characterized by the prevailing northerly winds, high wind speed
(>4ms™"), and low relative humidity (~20-30%), which are all favorable conditions for the dispersion of
air pollutants. The second period of 4-8 January was characterized by three evident pollution episodes,
each of which lasted less than 1 day. The evolution of the three episodes was similar with the formation
starting from a wind direction change from northerly to southerly at ~ 9:00. The PM; during the three
episodes evolved rapidly and reached its maximum (~150-190 pg m~3) in half a day and was then cleared
out by a return to northerly winds.

After a short period of another clean episode (12:00, 8 January to 6:00, 9 January), a long and heavily
PM-polluted episode dominated the rest of the study. The wind speed was generally low (< 2ms™"), yet the
relative humidity was higher than the previous three pollution episodes with most of the time being in the
range of ~60-80% (Figure 1). The MODIS satellite images also showed thick clouds over the North China Plain
during this period, and correspondingly, foggy days were reported almost every day (http://www.weather.
com.cn/weather/101010100.shtml). Likely due to the persistently stagnant meteorological conditions, the
PM; concentration remained consistently high (> 150 ug m ™) and hit a record of > 500 ug m > at ~18:00 on
12 January [Huang et al., 2010; Sun et al., 2010; Zhang et al., 2011b; Sun et al., 2012, 2013b] when the visibility
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@ was decreased to below 1 km (Figure S8).
On the day of 12 January, central
eastern China was controlled by a low-
pressure system (Figure S9), and in
Beijing, a strong temperature inversion
with the height exceeding 600 m was
observed [Wang et al., 2014a]. These
results together suggest that the
stagnant synoptic conditions played
essential roles in the formation of
the severe haze episode by limiting
the dispersion of air pollutants. The
back trajectories in Figure 2 further
showed that the air masses during
the severe haze episode on 12
January originated from southwest

, 4 WPa
-2 * n&{
3 l e DI S P
. y % 5

Figure 2. Two day back trajectories arriving at IAP, Beijing between 12:00  Of Beijing and passed through

on 12 January and 12:00 on 13 January. The back trajectories at 500 m Baoding and Langfang, two heavily
height were calculated every 2 h using NOAA HYSPLIT 4.8 model [Draxler po"uted cities in the Hebei province.
and Rolph, 2013]. The numbers indicate the day and time (ddhh) of the
trajectories. The two cities of Baoding and Langfang in the Hebei province
and a background site Shangdianzi in Beijing are also shown for reference.

Consistently, the temporal variations of
PM, s showed peak values in an order of
Baoding — Beijing — Shangdianzi (a
regional site located to the northeast of
Beijing, Figure 2) [Wang et al., 2014b]. The results shown above suggest that regional transport might have also
played an important role in the formation of the haze episodes.

Overall, the average (+ 10) mass concentration of PM; for the entire study is 83 (+80) pg m—3

with organics being the major fraction, accounting for 46% (Table 1). The secondary inorganic species
(5042~ +NO3™ + NH4") together accounts for 44% of PM; with sulfate and nitrate contributing 18%
and 15%, respectively. Compared to the same period in January 2012 (Table 1), the concentration of
NR-PM; shows an increase of ~40% from 60 to 83 ug m~3, indicating worse PM pollution in January
2013. Chloride accounts for a minor faction of PM; (3%), which is lower than that observed in January
2012. Because a large fraction of chloride is from coal combustion during wintertime, results here
might suggest less coal combustion contribution in this January. Consistently, a decrease of CCOA
from 2012 to 2013 was also observed (see section 3.4.3 for details). The average black carbon (BC)
concentration is 6.0 ug m > for the entire study, which is close to that (6.7 pg m~>) observed previously
in winter in Beijing [Han et al., 2009]. BC constitutes a considerable fraction of PM;, on average
accounting for 7%.

3.2. Chemical Evolution of the Record-breaking Haze Episode

The chemical evolution of the long and heavily PM-polluted episode during 10-14 January is shown in
Figure 3. The 5 day severe haze evolution is complex involving different meteorological conditions, sources
(local versus regional transport), and aerosol processing (photochemical processing and aqueous-phase
production). Overall, the haze episode can be classified into four stages (Ep1, Ep2, Ep3, and Ep4 in Figure 3a)
with two short periods of clean episodes occurring between. The average mass concentration of PM; is
300 (+ 129) pg m~> during the severest haze episode (Ep3), which is 20 times higher than that during the
clean period (14 ug m™3) (Table 1). The average PM, concentrations varied from 144 to 158 pg m™> during
the other three episodes, which are also increased by a factor of more than 10 compared to the clean period
(Figure 3c). The PM levels during the four haze episodes are significantly higher than those observed
previously in summer in Beijing by the AMS [Huang et al., 2010; Sun et al., 2010, 2012] and also much higher
than the China NAAQS of PM, 5 (75 ug m~3, 24 h average).

Figure 3a also shows the average chemical composition of PM, for each episode. Overall, the elevated
contributions of inorganic species and a corresponding decrease of organics were observed during the haze
episodes. For example, when organics decreased from 59% during the clean period to 43-50% during the
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Table 1. A Summary of the Average Meteorological Parameters, Mass Concentrations of PM; Species and OA Components,
and Gaseous Species for the Entire Study, and the Clean Period and the Four Haze Episodes Marked in Figure 1

Entire Study Clean Ep1 Ep2 Ep3 Ep4 January 2012°
Meteorological Parameters
WS (m 5_1) 3.32 4.82 2.17 1.46 1.91 2.10 1.23
Temp (°C) —5.06 —5.73 —435 —2.07 —3.14 —2.84 —2.00
RH (%) 437 25.6 70.2 59.7 74.5 70.3 40.1
PM; Species (ug m~3)
Org 383 8.2 63.7 789 133.6 57.0 31.2
5042_ 14.3 12 30.6 24.8 65.3 320 83
NO3 12.5 1.5 22.0 19.5 40.2 23.1 9.5
NH4+ 9.2 1.3 18.2 15.4 315 17.5 8.1
Chl 26 0.4 4.0 37 9.3 44 3.2
BC 6.0 1.3 11.2 16.0 19.7 9.9 —
PM; 83.0 13.8 149.8 158.3 299.5 143.9 60.2°
OA (ugm™3)
HOA 53 15 10.2 8.7 4.2 45 5.8
COA 4.8 1.8 4.5 227 18.4 39 5.5
CCOA 7.3 0.4 13.1 15.9 43.6 15.0 9.1
LSOA 7.8 0.9 12.8 6.0 154 76 10.8°
SV-O0A 89 13 219 25.0 18.7 19.4
RSOA 4.7 23 2.7 1.4 35.0 7.2
Gases (ppb)
CO (ppm) 17 04 2.7 4.1 59 3.7 1.9
SO, 289 13.1 514 325 534 447 27.6
NO 58.5 16.0 92.3 2236 144.8 94.9 63.2
NO, 46.3 279 64.3 74.5 90.3 61.0 —
O3 5.7 11.8 1.2 13 1.0 1.0 52

¥The average data during the same period in January 2012 is also shown.
I°1—16 January 2012 [Sun et al., 2013b].

°PM; without BC.

900A.

four haze episodes, the total inorganic species (= S04~ + NO3 ™~ + NH4" + Chl) were correspondingly elevated
from 31% to 40-54%, of which sulfate presented the largest increase from 9% to 16-22%. BC, however,
showed similar contributions between clean and haze episodes varying from 7 to 10%. The results shown
above suggested an enhanced role of secondary inorganic species in the formation of the haze episodes.

a
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Figure 3. Average chemical composition of (a) PM; and (b) organic aerosol during the clean period and the four haze epi-
sodes marked in Figure 1. The numbers on the top of the pie charts are the average mass concentrations of PM and OA for
each episode. (c and d) The concentration ratios of submicron aerosol species and OA components between the four haze
episodes and the clean period.

SUN ETAL. ©2014. American Geophysical Union. All Rights Reserved. 6



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2014JD021641

a
( —)0— Ep3 == This study =—— Winter 2011-2012 50 | | | | | |
0.4 4 _ 18 g Jan 1-10 1:1 line
f(RH) = 0.019 + 0.23 x (RH/100) = ¢ f(x) = 0.96 x + 0.10
e o 40" =099 L
: €
0.3 [ 2% _ = —e—Ep3
g 2 f(x) = 0.69 x + 3.09
s S0 =
& 02 g z T
. | 1
@ h B 20 4 =
=3 D
@
01 : S 104 /{ L
e / A Epl m Ep2
0.0 T T T T T 0 o T
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70
RH (%) Predicted NH," (ug m”)

Figure 4. (a) Sulfur oxidation ratio (SOR) as a function of RH. The power fitting line of SOR versus RH during
wintertime 2011-2012 is also shown [Sun et al., 2013a]; (b) Correlation between measured NH4+ and predicted NH4Jr
(=18 x(2x 50427 /96 +NO3 /62 + Chl/35.5)). The regression slopes during 1-10 January and Ep3 are shown.

All submicron aerosol species were substantially increased during the four haze episodes (Table 1). As shown
in Figure 3¢, the concentration ratios of aerosol species between the haze episodes and the clean period
(Ruy/c) varied differently but generally decreased in an order of 504~ >NO3™ > NH,* > Chl > BC > Org.
Sulfate showed the largest increase among all species, 54 times during Ep3 and 20-26 times during the other
three episodes. As shown in Figure 3a, sulfate can quickly exceed nitrate as the major inorganic species of
PM; during the haze episodes, which is likely due to the aqueous-phase processing associated with increased
RH. This is further supported by the much lower Ryyc of SO, (2.5-4.1) compared to SO,> likely indicating
that most of the SO, was oxidized during the haze episodes. Our previous study during wintertime in
Beijing showed that aqueous-phase processing, mostly fog processing, could contribute more than 50% of
sulfate production at high RH levels, consistent with higher sulfur oxidation ratios (SOR, molar fraction of
sulfate in total sulfur, i.e., sulfate + SO,) at higher RH levels [Sun et al., 2013a]. The relationship between SOR
and relative humidity is presented in Figure 4a. Similar to that observed in Sun et al. [2013a], SOR shows a
rapid increase as a function of RH, and such correlations are also similar among different wind sectors
(Figure S10). The SOR varied from ~0.05 at RH < ~40% to 0.2 at RH=~80%. In particular, the SOR was greatly
increased during Ep3 with the highest value close to 0.4, indicating a large fraction of SO, had been
oxidized via aqueous-phase processing during this period. The increase of SOR during the haze episodes
in winter was also observed by other studies [Sun et al., 2006; Zhao et al., 2013]. Aqueous-phase oxidation
of SO, to sulfate often leads to an increase of particle acidity. Figure 4b shows the correlation of measured
NH,* with predicted NH,* that is needed to fully neutralize sulfate, nitrate, and chloride, i.e., predicted
NH," = 18X (2% [S04271/96 + [NO;71/62 + [Chl] /35.5). A slope of less than 1 indicates acidic aerosol
particles, and lower slopes suggest higher acidities [Zhang et al., 2007]. While aerosol particles were overall
neutralized before 10 January, they exhibited acidic properties during the four haze episodes (Figure 1d and
Figure 4b). The slope of measured versus predicted NH," is 0.69 during Ep3, indicating highly acidic aerosol
particles during this episode. If assuming that the deficiency of NH," was completely caused by SO4%~, we
estimate that ~60% of SO,>~ existed in the form of ammonium bisulfate (NH,HSO,) with the rest being
ammonium sulfate ((NH,4),SO,) during Ep3. The formation of acidic aerosol particles because of the oxidation
of SO, to sulfate was also observed during the foggy days [Kaul et al., 2011]. Compared to 504°7, NO;~
presented a lower Ry, ¢ likely due to weaker aqueous-phase production associated with lower nitrogen
oxidation ratios (Figure S11).

The time series of extinction coefficient is shown in Figure 1d. The average extinction coefficient during
the severest haze Ep3 is 2318 Mm ™", which is more than 60 times higher than that (36.5 Mm™") during the
clean period. The average extinction coefficient during Ep4 (no available extinction data during Ep2) was also
increased by a factor of more than 20 compared to the clean period. The extinction coefficient correlated
tightly with PM5s during 1-10 January (r%=0.97, Figure 5), indicating that the light extinction was primarily
caused by fine particles. The mass extinction efficiency (MEE) obtained from the linear regression analysis is
2.7m?g~", which is overall in agreement with the values reported previously in Beijing [Garland et al., 2008;
Jung et al.,, 2009]. While tight correlations between extinction and PM, s existed during Ep3 and Ep4, higher
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Figure 5. Correlation between particle extinction and PM, 5. Thedata 3t 532 nm using an extinction angstrom

points are color coded by RH. exponent of 1.4 [Pereira et al., 2011].

3.3. Vertical Profiles

Figure 6a shows the vertical evolution of backscattering coefficients (BSC) and the variations of boundary
layer height (BLH) during 9-15 January. Higher BSC values were observed at lower heights than BLH
suggesting that the haze pollution was predominantly formed and evolved inside boundary layer. The BLH
was generally < 1km and was as low as 300 m at night during the four haze episodes. The shallow boundary
layer limited the vertical dispersions of air pollutants and facilitated the formation of the haze episodes.
Figure 6b shows a comparison of the PM; measured at the ground site with the BSC at the height of 240 m.
The PM; was tightly correlated with BSC before 10 January (* = 0.86) suggesting that the air pollutants below
240 m were well mixed before the severe haze episodes. However, the PM; did not correlate much with
BSC during the four haze episodes, and the ratios of PM; to BSC were overall higher than those during 1-10
January. One of the reasons was likely due to the strong, yet not uniform vertical gradients of BSC. Indeed, the
BSC showed strong vertical gradients within boundary layer that were characterized by rapid decreases as a
function of height (Figure 7a). Also note that the ratios of BSC between the haze episodes and the clean
period were much higher at low heights (e.g., < 400 m) confirming that the air pollutants during the haze
episodes were concentrated at low heights because of the shallow boundary layer.

Figures 7b-7d show the average vertical profiles of meteorological parameters (RH, temperature, and wind
speed) during the four haze episodes and the clean period. The three haze episodes of Ep1, Ep3, and Ep4
showed similar vertical profiles of meteorological parameters. The RH remained consistently high at ~70%
with minor variations across different heights. The temperature was < 0°C and decreased as a function of
height. The wind speed was~1ms™' at low heights and showed an increase of ~1ms™" at high heights.
These results suggest the similar and consistently stagnant meteorological conditions below 320 m during
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Figure 6. (a) Vertical evolution of backscattering coefficient (532 nm) and temporal variations of boundary layer height (BLH) and
PM;. (b) Correlation of PM; versus backscattering coefficient (Bsc) with the data segregated into four haze episodes.
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Figure 7. Average vertical profiles of (a) backscattering coefficient (BSC), (b) relative humidity (RH), (c) temperature, and (d)
wind speed (WS) during the clean and four haze episodes.

these three haze episodes. As a result, the aerosol particles showed similar compositions with organics
being the major fraction (40-45%) followed by sulfate (20-22%), nitrate (13-16%), ammonium (10-12%),
and BC (~7%). The vertical profiles of meteorological parameters during Ep2 were different. The RH
decreased as a function of height from ~70% to ~40%, and the temperature showed a small inversion
between ~200 and 250 m. The vertical evolution of meteorological conditions (not shown in this study)
showed persistently low RH and prevalent northerly winds at high heights during Ep2. However, there was a
wind direction change from the north to the south at low heights (< 100 m), while the meteorological
conditions remained stagnant (high RH and low WS). As shown in Figure 3a, the haze in Ep2 was formed in
less than 1 h (18:00-19:00) during which the mass concentrations of inorganic species were quickly elevated
to similar levels observed during Ep1. It is very likely that the northern air masses clearing out Ep1 still
dominated the high heights, whereas the southern air masses had replaced those at low heights during the
formation of Ep2.

3.4. Investigation of OA Composition and Sources

PMF analysis of ACSM OA mass spectra resolved six OA factors including three POA factors, i.e., hydrocarbon-
like OA (HOA), cooking OA (COA), and coal combustion OA (CCOA), and three SOA factors, i.e., regional SOA
(RSOA), semivolatile oxygenated OA (SV-OOA), and local SOA (LSOA). Compared to the previous four-factor
solution during wintertime 2011-2012 [Sun et al., 2013b], this study was able to resolve two more
secondary factors while the other three POA factors are similar. The increased number of PMF factors
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Figure 8. Mass spectra of the six OA components for the entire study: (a) HOA, (b) COA, (c) CCOA, (d) RSOA, (e) SV-O0A,
and (f) LSOA.
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LSOA are stacked in Figure 10d. The ANO3 " in Figure 10e is calculated by
equation (2).

was likely due to the more complex OA
sources in this specific January. In
addition, the previous OOA appeared
to be split into SV-OOA and LSOA
that showed different time series

and diurnal variations yet can be
reasonably explained by different
formation mechanisms. The mass
spectra, diurnal profiles, and time
series of the six OA components are
shown in Figures 8-10.

3.4.1. Hydrocarbon-Like OA

Similar to the previously reported HOA
spectra [Zhang et al., 2005b; Ng et al.,
2011a] and the source spectra of
diesel fuels [Canagaratna et al., 2004],
the HOA spectrum in this study is
characterized by prominent
hydrocarbon ion series of C,H,, _1*
and C,Hs, 1" (Figure 8a). The HOA
spectrum also resembles that resolved
during wintertime 2011-2012
(r*=0.79, Figure S7a) [Sun et al.,
2013b], yet the ratios of C,Hs, 1"/
CpHons 1" (e.9., m/z 27/29, m/z 41/43,
and m/z 55/57) have some differences
and the reasons are not clear yet. The
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Figure 11. Correlations of (a) HOA versus BC, (b) HOA versus CO, (c) HOA + CCOA versus BC, and (d) BC versus CO. The data
are segregated into the four haze episodes that are marked in Figure 1. The correlations with regression coefficients during
1-10 January are also shown for comparison.

HOA presents a pronounced diurnal cycle with high concentration occurring at night (Figure 9a), similar to
that in winter 2011-2012 [Sun et al., 2013b]. The highest concentration of HOA (~10 ug m~3) occurred
between 1:00 and 3:00 when HOA accounted for ~25% of OA. The HOA then decreased gradually during
daytime and reached a minimum of 2.3 ug m™3 (7% of OA) at 14:00-15:00. The diurnal cycle of HOA was likely
driven by the number of diesel trucks and heavy-duty vehicles that showed remarkably similar diurnal pattern
[Han et al.,, 2009] although the variation of BLH also played a role (Figure S12a).

The HOA on average accounted for 14% of OA for the entire study, which is overall consistent with the values
previously reported in Beijing [Huang et al., 2010; Sun et al., 2013b]. While the HOA concentration was
increased by a factor of 3-7 during the four haze episodes compared to the clean period, the contribution of
HOA to OA decreased instead. In particular, HOA only accounted for 3% of OA during the record-breaking
haze episode (Ep3) and also less than 10% during Ep4. These results indicate that the traffic emissions
from diesel trucks and heavy-duty vehicles were likely not significant contributors to the severe haze Ep3 and
Ep4. Consistently, many highways were closed because of the low visibilities (< 1 km, Figure S8) and heavy
fog during the two episodes. As a result, the number of diesel trucks and heavy-duty vehicles on the road
were expected to be much less than other periods.

The HOA correlates well with the primary combustion tracers of BC (r?=0.90, Figure 11a) and CO (r*=0.80,
Figure 11b) before the four haze episodes. The average ratio of HOA/BC (1.5) is close to that observed in
Pittsburgh [Zhang et al., 2005a], Mexico City [Aiken et al., 2009], and New York City [Sun et al., 2011] and
also that observed in Pasadena, California, during periods with more emissions from diesel trucks than
gasoline vehicles [Hayes et al., 2013]. The ratio of HOA/CO (7.6) is also close to that observed in Pasadena,
California (6.4) [Hayes et al., 2013], and Fresno, California (5.6) [Ge et al., 2012]. Compare to the period of 1-10
January, the HOA shows different correlations with BC and CO and also much lower ratios of HOA/BC and
HOA/CO during the four haze episodes indicating different sources between haze and nonhaze episodes.
However, the total of HOA and CCOA correlates tightly with BC (r?=0.95, Figure 11c), and no significant
differences were observed between haze episodes and other periods. These results suggest that CCOA is also
a significant contributor to BC during haze episodes [Chen et al., 2009]. Although the correlation of HOA
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versus CO was improved after considering CCOA, the lower ratios of HOA + CCOA to CO were still observed
during the haze episodes (Figure S13), likely indicating different sources and/or processes of CO compared to
aerosol particle species. It is interesting to compare the correlation of the two combustion tracers, BC and CO.
The BC was highly correlated with CO before the four haze episodes (r>=0.91, Figure 11d) and the regression
slope (4.93) fell within the range of seasonal averages of ABC/ACO (3.5-5.8) observed in Beijing [Han et al.,
2009]. However, lower ratios of BC/CO were observed during the four haze episodes. Similar low ratios of
ABC/ACO during wintertime owing to the enhanced CO emissions from coal combustion were also observed
previously in Beijing [Han et al., 2009]. Therefore, the low BC/CO ratios during the haze episodes were
likely due to the influences of coal combustion emissions that were characterized by lower BC/CO
ratios compared to other sources. For example, as the contribution of CCOA to OA was increased from
~10% to >30% during Ep3 in half a day, the BC/CO ratio evolved quickly from 4.8 to ~2.0. The low
ratios of BC/CO might also be due to the high liquid water content during the foggy periods which
scavenged BC more efficiently than gaseous CO [Pan et al., 2011]. Correspondingly, the correlation of
BC versus CO was strongly RH dependent with lower ratios associated with higher RH levels

(Figure 11d).

3.4.2. Cooking OA

The AMS-resolved COA shows a distinct mass spectral profile which is characterized by prominent m/z 55
(C4H5*, C3H30™) and m/z 57 (C4Hge", C3H50™), and a higher ratio of m/z 55/57 (= 2) than the other two
primary OA components (= ~1). The COA spectrum is also similar to that resolved in winter 2011-2012
(r*=0.90, Figure 57b) [Sun et al., 2013b]. The COA presents a pronounced diurnal cycle with two obvious
peaks appearing at lunch and dinner time (Figure 9b). The COA concentration reached a maximum of

14 ug m > between 19:00 and 20:00 and then quickly dropped to the lowest value of ~1 ugm > in early
morning. Similar diurnal behaviors of COA have been observed in Beijing and other urban sites [Allan et al.,
2010; Huang et al., 2010; Sun et al., 2011, 2013b].

COA on average accounted for 12% of OA for the entire study, which was lower than those (~20%)
observed in both summer and winter in Beijing [Huang et al., 2010; Sun et al., 2013b; Zhang et al.,
2013a], yet the contribution of COA during the clean period (22%) was comparable. The COA varied
dramatically throughout the study. Compared to the clean period, the COA was elevated by more than
10 times during Ep2 and Ep3, but only a factor of ~2 during Ep1 and Ep4 (Figure 3d). Correspondingly,
the contributions of COA to OA during Ep2 and Ep3 (28% and 14%, respectively) were higher than
those during the other two episodes (~7%). As shown in Figure 10b, the COA presents two
pronounced peaks during Ep2 and Ep3 with the peak concentration approaching 90 ug m~3. The two
peaks coincidently happened on Friday and Saturday nights when enhanced cooking activities were
expected. However, similar COA peaks were not observed during the other two episodes. Given the
considerable contribution of COA to OA, reducing cooking activities would help mitigate the PM
pollution during the haze episodes.

3.4.3. Coal combustion OA

A CCOA factor was resolved in this study, which shows a similar spectral pattern to that in winter 2011-2012
(r*=0.82, Figure S7¢) [Sun et al., 2013b] and also that identified by a high-resolution AMS at a rural site in
central eastern China [Hu et al., 2013]. The CCOA spectrum resolved in Hu et al. [2013] shows typical fragment
patterns of polycyclic aromatic hydrocarbons (PAHs) at m/z > 120, which cannot be seen in our study because
of the limited ion transmission efficiency of the ACSM [Ng et al., 2011b]. Further support for the presence of
CCOA is its tight correlation with two combustion tracers, i.e., m/z 60 (r>=0.93, Figure 10c) and chloride
(r*=0.83). The CCOA shows a pronounced diurnal cycle with the nighttime concentration approximately

2 times higher than that observed during daytime. This is consistent with the enhanced emissions of coal
burning for heating at night. The CCOA on average accounts for 19% of OA for the entire study, which is lower
than 29% in January 2012 [Sun et al., 2013b]. Also, the average mass concentration of 7.3 ug m ™ is lower than
9.1 ugm~2 during the same period of January 2012 (Table 1). The variations of CCOA as a function of RH in
2012 and 2013 are compared in Figure S14. If not considering Ep3 with large contributions from regional
transport (section 3.5), the average mass concentration of CCOA and its contribution to OA in January 2013
are ubiquitously lower than those in January 2012 across different RH levels (Figure S14). Even when
considering Ep3, the CCOA concentration is also lower in 2013 compared to 2012 except at two RH levels
(50-60% and > 80%). These results might indicate that coal combustion emissions were reduced due to the
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gradual replacement of coal-fired boilers by natural gas boilers in Beijing (http://www.bjepb.gov.cn/bjepb/
323474/324034/324735/index.html).

The CCOA contributed a minor fraction of OA (5%) during the clean period with an average concentration of
less than 1 pug m™>. However, the CCOA concentration was increased by more than 30 times during the four
haze episodes (Figure 3d). Correspondingly, the contribution of CCOA to OA exceeded 20% during all
haze episodes (Figure 3b and Table 1). Among the six OA factors, CCOA showed the largest increase
during the severest haze Ep3 with the peak concentration exceeding 80 g m~> (Figure 3b). The
average contribution of CCOA to OA was also increased to 32% during Ep3. High concentrations of
CCOA during the four haze episodes were likely caused by both stagnant meteorological conditions
and high RH (> 60%) that facilitates the partitioning of water-soluble organic compounds from coal
combustion emissions into the aqueous phase. Indeed, CCOA is the only OA factor with its
contribution to OA increasing as a function of relative humidity [Sun et al, 2013a]. Despite this, further
investigations are needed to have a full understanding of the phase partitioning of CCOA

during wintertime.

3.4.4. Secondary Organic Aerosol

A highly oxidized secondary OA from regional transport (RSOA) with the spectrum resembling that of fulvic
acid [Zhang et al., 2005b] was identified first in Beijing (Figure 8d). The RSOA correlates well with the NO3™
from regional transport (ANO3 ™, see below for detail) (r’=0.86, Figure 10e) confirming the presence of RSOA.
The time series of RSOA varied differently from the other SOA factors, which was characterized by a large
peak during Ep3 (Figure 3b) and relatively high concentration during Ep4 (Table 1). Compared to the clean
period, the RSOA concentration was increased by a factor of 15 and 3 during Ep3 and Ep4, respectively.
The contribution of RSOA to OA was also increased from <5% during the first two haze episodes (Ep1 and
Ep2) to 26% and 13% during Ep3 and Ep4, respectively.

The two SOA factors (SV-OOA and LSOA) show similar spectral patterns, yet their time variations and
diurnal cycles differ greatly (Figures 8-10). The SV-OOA shows a pronounced diurnal cycle with lower
concentration during daytime and higher concentration at night (Figure 9e). Such a diurnal variation is
similar to that of RH yet opposite to that of temperature. Therefore, SV-OOA is likely an OA factor driven
by gas-particle partitioning associated with RH and temperature. Given the low temperature (< 3.3°C) in
this study, the phase partitioning of semivolatile organic compounds associated with RH [Hennigan et al.,
2008] might have played a major role in the formation of SV-OOA. This is further supported by the
relatively constant SV-OOA during the haze episodes when the RH variations are not significant.
Compared to SV-OOA, the diurnal cycle of LSOA presents a gradual increase from ~5 ug m~> at ~8:00 to
12.5pgm~3 at 17:00 (Figure 9f), indicating photochemical production of LSOA during daytime. Such a
diurnal cycle is similar to that of OOA during wintertime 2011-2012 [Sun et al., 2013b]. The LSOA on
average accounted for 20% of OA for the entire study with the highest contribution of approximately
30% in the early afternoon. The contribution of LSOA varied among different episodes ranging from 8%
to 20%. As a comparison, the contribution of SV-OOA to OA shows a large increase from 16% during the
clean period to more than 30% during the other three haze episodes except Ep3 (Table 1). One
explanation is that the largely increased CCOA and RSOA during Ep3 led to a decrease of relative
contribution of SV-OOA. We also noticed that the evolution of LSOA and SV-OOA appeared to be
intrinsically linked. Figure 3b shows that the decrease of LSOA coincidently corresponded to an increase
of SV-OOA, which likely indicated a transformation of newly formed SOA on preexisting particles via
phase partitioning [Williams et al., 2010].

The total of SV-OOA and LSOA (SLOA) correlates tightly with NO3” (r?=0.92, Figure 12a) during 1-10 January,
whereas the ratio of NO;™/SLOA (0.62) is lower than that observed in winter 2011-2012 [Sun et al., 2013b]. It
appears that SV-OOA and LSOA represent two formation mechanisms of SOA, i.e., gas-particle partitioning
and photochemical production, both of which play important roles in the formation of nitrate. It should be
noted that NO3~ correlates better with LSOA (r%=0.62) compared to SV-O0A (r2 =0.49), suggesting that
photochemical processing plays a more important role than phase partitioning in the formation of NO3™
during wintertime. Compared to the other periods, NO3 ™ correlates weakly with SLOA (r?=041) and
presents higher NO3™/SLOA ratios during Ep3 (Figure 12a). NO3~, however, correlates tightly with the total
SOA (= SV-OOA + LSOA + RSOA) (r*=0.94, Figure 12b) suggesting that part of NO;~ during Ep3 was closely
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Figure 12. Correlations of (a) NO3~ versus LSOA + SV-OO0A, (b) NO3~ versus RSOA + LSOA + SV-OOA, (c) SO427 versus
LSOA +SV-OOA, and (d) 50427 versus RSOA + LSOA + SV-OOA. The data are segregated into four haze episodes that are
marked in Figure 1. The correlations with regression coefficients during 1-10 January are also shown for comparison.

related to RSOA. Given that RSOA is a factor from regional transport, the RSOA-related NO3™ during Ep3 is
also expected to be from regional transport. Assuming that the SLOA-related NOs ™ is predominantly from
local production, the regional-transported NO3™ can be estimated as

AINO;™] = [NO3 ™ Joqy — [SLOA] x ([NO3™]/[SLOA]) o (2)

where A[NO3 ] is the NO3;~ from regional transport, [NO3 ™ Itotal is the total NOs ™, and ([NO3 ™~ 1/[SLOAI) Local
is the ratio of NO3~ to SLOA from local sources which is 0.62 in this study (Figure 12a). As shown in

Figure 10e, AINO; ] shows a similar time trend compared to RSOA (r2 = 0.86), suggesting similar sources of
AINO; ] and LSOA, i.e., regional transport. The average AINO; ] concentration during Ep3 is 19.1 ugm™—>,
accounting for 48% of total NOs™~, which suggests that regional transport on average contributed half of

NO3™ during Ep3.

50,42~ also correlates tightly with SLOA (r*=0.86, Figure 12¢) and SOA (r%=0.87, Figure 12d) during 1-10
January. The average ratio of 50,2 /SOA (0.43) is close to that (0.41) observed during wintertime 2011-2012
when the RH was less than 30% [Sun et al., 2013a]. As shown in Figure 1b, the RH during 1-10 January

was generally below 40% and the aerosol water content predicted by E-AIM model [Clegg et al., 1998]

was correspondingly low (< 0.01 gm~3). Therefore, aqueous-phase production of sulfate was expected

to be low, and hence, sulfate likely shared the same photochemical formation mechanism with SOA.

The photochemical production of SOA is also supported by the tight correlation between SOA and

Oy (= O3+ NO,) (r*=0.88, Figure 13), a conserved tracer for photochemical processing [Herndon et al.,
2008]. In comparison, weaker correlations of 50,2~ versus SOA (r>=0.14-0.71) and higher average ratios of
50,427/SOA (0.76-0.93) were observed during the four haze episodes (Figure 12d) which indicated the
different sources and processes between haze and nonhaze episodes. The higher ratios of 50,27 /SOA
suggested additional sources of sulfate compared to SOA, for example, aqueous-phase processing and/or
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Jan 1-10 Ep1 W Ep2-6-Ep3 regional transport. If assuming that the

120 f(x) = 1.07x - 34.73 SOA during the four haze episodes was
100 — r2 =0.88 predominantly from photochemical
processing, we then can estimate the
& 80 — contributions of additional sources to the
€ total sulfate using the following equation:
(®)]
:(1’ 60 [S047 | \pp = [S04” 11y~ [SOA]
8 40 — X [50427/SOA} NHE 3)
where [SO,% Inpp is the sulfate from the
20 — sources of nonphotochemical production,
vd [SO4 Ttotal is the total sulfate measured,
0 | T | T T and [SO4>/SOAlnue is the average ratio
20 40 60 80 100 120 of S0,27/SOA during nonhaze episode

O, (ppb) which is 0.43 in this study. With this
X
approach, we estimate that the sulfate
Figure 13. Correlation between SOA (= RSOA +LSOA +SV-O0A) and  not from photochemical production

Oy (= O3+ NO,). The data are segregated into a clean period and approximately contributed on average
four haze episodes that are marked in Figure 1. The correlation with 44-54% of the total sulfate during the four

regression coefficient before 10 January is shown for comparison. .
haze episodes.

The total SOA constituted a large fraction of
OA varying from 41 to 59% during the four haze episodes. On average, SOA accounted for 55% of OA for the
entire study, which showed a large increase compared to that (35%) in January 2012 (Table 1). The SOA
correlates tightly with odd oxygen (O,) (r*=0.88, Figure 13). However, the slope of SOA versus O, is
1.07 ugm~3ppb ™", which is much higher than those (typically ~100-120 ugm~> ppm™") observed in
Mexico City [Herndon et al., 2008; Aiken et al., 2009] and New York City [Sun et al., 2011] in summer. This might
indicate a different photochemical processing between summer and winter because of different
meteorological conditions and precursors. The Os level was consistently low (< 30 ppb) throughout the study
and was only a few ppb during the haze episodes (Figure 1), largely due to the titration of O by the high level
of NO. The photochemical age calculated from —log[NO,/NO,] is less than 0.1 across the entire study,
suggesting fresh air masses during wintertime. The SOA even correlates with NO, (r*>=0.60), a tracer for
primary traffic emissions. These results together indicate that SOA during wintertime is relatively fresh,
consistent with the freshly aged SOA (oxygen-to-carbon ratio < ~0.4) observed previously during wintertime
in Beijing [Liu, 2012].

3.5. Regional Contributions During the Record-Breaking Haze Episode (Ep3)

Regional transport has been identified as an important contribution to the haze pollution in Beijing [Jia et al.,
2008]. However, to our knowledge, there are no unique tracers that can perfectly distinguish local sources
and regional transport. Based on the characteristics of “sawtooth cycles,” Jia et al. [2008] developed a
technique to estimate the regional contributions of PM; s. It was estimated that regional transport on average
contributed approximately 50% of PM (up to 70%) during the southerly flow. However, this approach
might have large uncertainties without considering the accumulation of local pollutants.

Figure 3a shows that all aerosol species rapidly decreased at ~6:00 and then remained at consistently low
levels between 6:00 and 9:00 on 12 January. The lidar data also show an evident uplift of air pollutants to the
height of ~600 m and a corresponding clean layer at the height of below 400 m during this period (Figure 6a).
After 9:00, all aerosol species started to build up with approximately linear increases, e.g., 17 pgm—>h~" for
PM;. The chemical evolution was interrupted at ~13:30 by a steep increase that was completed in 2.5 h.
Such rapid changes could not be finished in such a short period of time if there were only contributions from
local sources. Regional transport, however, was likely the major reason for such rapid enhancements. Indeed,
the MODIS satellite image in Figure S15 shows an evident regional transport from ~11:00 to ~13:00-14:00
as suggested by the appearance of haze over the mountainous areas where there are almost no local
sources. Therefore, the chemical evolution of aerosol species on 12 January can be classified into two
different stages. The first stage (~9:00-13:00) was primarily caused by local accumulation, and the second
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Figure 14. Selected examples for calculation of the regional contributions during Ep3: (a) CO, (b) Oy (= O3+NO5),
(c) 5042_, (d) BC, (e) CCOA, and (f) RSOA. AR refers to the contribution from regional transport.

stage (~13:00-18:30) was predominantly contributed by regional transport. The differences between the two
stages are then assumed to be the contributions from regional transport. To calculate the local and background
concentrations, we first assume the linear increases of aerosol species from t, (~9:00) to t; (~13:00) (Figure 14c)
and continuous build up are at the same rates until t, (~16:00). A linear fit was then performed between ty and t;
for each species (Figure 14c). The regression slope represents the average increasing rate (Sin pgm —>h™"), and
the intercept (/) is the background concentration of each species. The concentration at t; (C;,g) that mixed both
local sources (L) and background (B) can be calculated with equation (4):

Cig=1+Sxt (4)
Using the average concentration between t, to t3 (18:30) to represent the peak of Ep3 (C;, 5, 5) that mixed the

contributions from background, local sources, and regional transport (R), the regional contributions (AR) from
t; to t; can be calculated with equation (5).

Table 2. Estimated Regional Contributions (AR) to the Selected AR = (Crypir — Cii8)/Cripir X 100%  (5)
Species During the Peak Pollution of Ep3 (15:45-18:30)°
Species AR ARo Gases AR The estimated regional contributions to
PM, 66% o, 34% selected species are shown in Table 2, and the
Org 67% NO, 350,  examples for the calculations are shown in
S04%~ 75% 70%> co 55% Figure 14. It should be noted that there are also
NOs 55% 53%"° possibilities that the local air masses were
NHg* 62:/" partly or completely replaced by the new ones
§2| ;gof; from regional transport during the period of
SOA 59% 56% sudden increase (t; — t,). In this case, the
RSOA 101% regional transport would contribute more than
CCOA 84% that estimated with equation (5). Therefore, the
®The regional contributions estimated from other approaches  €stimations in this study represent the lowest
(ARp) are also shown for comparison. limits of regional contributions. This approach
PRegional contribution estimated with equation (6). is further evaluated by comparing with other
“Fraction of RSOA in SOA assuming RSOA is completely from methods. As shown in Figures 12a and 12c,
regional transport. 50,2~ and NO; ™~ show different correlations
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with SLOA (SV-OOA + LSOA) during Ep3 in comparison to the period of 1-10 January, particularly the
higher ratios of 50, /SLOA and NO;~/SLOA. Given that SV-OOA and LSOA were mainly from local
production (section 3.4.4), the ratio differences were likely caused primarily by regional transport. We then
estimate the regional contributions of 50,2~ and NO3 ™ (ARgy ) during the peak pollution of Ep3 as

ARsy = [(SN /SLOA) osc — (SN /SLOA)NHE} /(SN/SLOA) . X 100% (©)

where SN is 50,2~ or NO;~; (SN/SLOA)cak is the average ratio of SN/SLOA during the peak pollution of Ep3
(16:00-18:30), which is 1.65 and 1.32 for 50,2~ /SLOA and NO3 ™ /SLOA, respectively; (SN/SLOA)nHE is the
average ratio of SN/SLOA during 1-10 January, which is 0.50 and 0.62 for SO,> /SLOA and NO3 /SLOA,
respectively. From equation (6), it was estimated that regional transport on average contributed 70% and
53% to SO,42~ and NO5 ™, respectively, which is consistent with that estimated by equation (5) (Table 2). In
addition, the regional contribution of RSOA was estimated to be 100%, which is consistent with the fact that
RSOA was predominantly from regional transport (section 3.4.4). Further, the calculated regional contribution
of SOA (59%) also agrees well with the fraction of RSOA in total SOA (56%). All these results suggest that
our approach for estimating regional contributions during Ep3 is rational. We also found that this approach is
not applicable for local pollutants such as HOA, COA, and LSOA because they did not exhibit the similar
behavior of a sudden increase.

The regional transport on average contributed 66% to PM; suggesting that the severest haze Ep3 was
primarily caused by regional transport. The regional transport also contributed a large fraction of submicron
aerosol species ranging from 53 to 100% (Table 2). Except RSOA, the regional transport contributed the
largest to sulfate and CCOA, accounting for 75% and 84%, respectively. The back trajectories in Figure 2 show
that the air masses during Ep3 originated from the most polluted regions south of Beijing, such as Baoding
and Langfang in the Hebei province, where lots of coal power plants are located [Kurokawa et al., 2013].
On the day of 12 January, the mass concentration of PM, 5 at Baoding exceeded 800 pgm ™ [Wang et al.,
2014b]. Not surprisingly, the air masses passing through these highly polluted regions would carry a large
amount of pollutants to Beijing, in particular sulfate and CCOA. Compared to aerosol particle species, regional
transport appeared to contribute less to gaseous species, for example, 34% and 35% for O, and NO,,
respectively (Table 2). However, regional transport contributed a higher fraction to CO (55%) compared to O
and NO,, which was likely due to more CO emissions associated with coal combustion.

4. Conclusions

We have a comprehensive characterization of the sources and chemical evolution of severe haze pollution
that occurred in Beijing in January 2013. Four haze episodes were observed during 10-14 January with the
average PM; mass concentrations ranging from 144 to 300 ug m 3. In particular, a record-breaking haze
episode (Ep3) with the peak concentration exceeding 500 ug m > occurred on 12 January. All submicron
aerosol species were substantially elevated during the four haze episodes, among which sulfate and coal
combustion organic aerosol presented the largest increase. Compared to the clean period, the four haze
episodes showed elevated contributions of secondary inorganic species and a corresponding decrease of
organics indicating the enhanced roles of secondary inorganic species in the formation of haze episodes. The
chemical evolution of aerosol species during the four haze episodes was strongly associated with stagnant
meteorological conditions and shallow boundary layers. For example, under high humidity conditions,
sulfate concentration often quickly exceeded nitrate due to the rapid aqueous-phase production. The particle
extinction coefficients correlated well with fine particles yet presented higher mass extinction coefficients
during the haze episodes (~4.1 m>g~") than other periods (~2.7 m>g ™).

Source apportionment of OA by PMF identified three primary OA factors (HOA, COA, and CCOA) and three
secondary OA factors (LSOA, SV-OOA, and RSOA). SOA dominated OA for the entire study, on average
accounting for 55%. The regional SOA factor (RSOA) was resolved in Beijing for the first time and showed a
prominent peak only during Ep3. Although the RSOA accounted for 12% of OA for the entire study, its
contribution was up to 26% during Ep3 suggesting that regional transport had played an important role for
high OA in this episode. CCOA was the largest primary source, accounting for 19% of OA, followed by HOA
(14%) and COA (12%). The OA composition varied dramatically during the four haze episodes and the
correlations of OA factors with external tracers, e.g., HOA versus BC, SLOA versus NO;~/S0,42~, were also
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greatly different between haze and nonhaze episodes indicating the complex sources and processes of
aerosol species in this specific January. The regional contributions during the peak of Ep3 were first estimated
based on the rapid evolution of aerosol species. It was estimated that regional transport on average
contributed 66% of PM; during Ep3 and also contributed differently to different aerosol species, among
which sulfate and CCOA presented the largest regional contributions, accounting for 75% and 84%,
respectively. These results together suggest that stagnant meteorological conditions, coal combustion
emissions, secondary production, and regional transport are four dominant factors driving the formation
and evolution of winter haze in Beijing.
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