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• First simultaneous observations of PM1

at urban/background sites in the NCP
• Higher fractions of SOA and SIA in PM1

were observed in the background area.
• Abundant ammonia emissions in the
NCP favor nitrate formation on a re-
gional scale

• Heterogeneous formation of SOA and
sulfate is more efficient in the urban
area.

• Water vapor transport enhances sec-
ondary transformation during regional
haze episode.
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To investigate the regional transport and formation mechanisms of submicron aerosols in the North China Plan
(NCP), for the first time, we conducted simultaneous combined observations of the non-refractory submicron
aerosols (NR-PM1) chemical compositions using aerosol mass spectrometer at urban Beijing (BJ) and at regional
background area of the NCP (XL), from November 2018 to January 2019. During the observation period, average
mass concentrations of PM1 in BJ and XLwere 26.6± 31.7 and 16.0± 18.7 μgm−3 respectively. The aerosol com-
position in XL showed a lower contribution of organic aerosol (33% vs. 43%) and higher fractions of nitrate (35%
vs. 30%), ammonium (16% vs. 13%), and chlorine (2% vs. 1%) than in BJ. Additionally, a higher contribution of sec-
ondary organic aerosol (SOA)was also observed in XL, suggesting low primary emissions and highly oxidizedOA
in the background area. Nitrate displayed a significantly enhanced contribution with the aggravation of aerosol
pollution in both BJ and XL, which was completely neutralized by excess ammonium at both sites, suggesting
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that the abundant ammonia emissions in the NCP favor nitrate formation on a regional scale. In addition, a higher
proportion of nitrate in XL can be attributed to themore neutral and higher oxidation capacity of the background
atmosphere. Heterogeneous aqueous reaction plays an important role in sulfate and SOA formation, and is more
efficient in BJ which can be attributed to the higher aerosol surface areas at urban site. Regional transport from
the southwestern regions of NCP showed a significant impact on the formation of haze episodes. Beside the in-
vasion of transported pollutants, the abundant water vapor associated with the air mass to the downwind back-
ground area further enhanced local secondary transformation and expanded the regional scope of the haze
pollution in the NCP.

© 2019 Published by Elsevier B.V.
1. Introduction

The North China Plan (NCP) has been undergoing rapid urbanization
and industrialization, resulting in a dramatic increase in anthropogenic
aerosols over the past decade (Che et al., 2009; Huang et al., 2014; Li
et al., 2018; Yuan et al., 2015; Zhao et al., 2011; Liu et al., 2015). Numer-
ous anthropogenic aerosols can decrease visibility, affect the climate,
and pose a threat to human health (Kanakidou et al., 2005; Shiraiwa
et al., 2017; Zhang et al., 2015). For these reasons, various offline and on-
line techniques have been conducted to investigate the characteristics
of aerosol particles and the formation mechanisms of haze pollution in
the NCP (Hu et al., 2017; Huang et al., 2017; G. Liu et al., 2019; Z. Liu
et al., 2019; Ma et al., 2017; Sun et al., 2015a; Wang et al., 2013; W.
Xu et al., 2019; Wang et al., 2014). Among these techniques, the aero-
dyne aerosol mass spectrometer (AMS) is unique because it is capable
of getting size-resolved chemical information of non-refractory submi-
cron aerosols (NR-PM1) (Aiken et al., 2009; DeCarlo et al., 2006). Nu-
merous studies have been performed using AMS, and a variety of
views have been proposed (Hu et al., 2017; Hu et al., 2016; Huang
et al., 2018; Li et al., 2018; Sun et al., 2014; Sun et al., 2016). The chem-
ical compositions and sources in different cities of the NCP are quite dif-
ferent (Chen et al., 2018; Ge et al., 2017; Hu et al., 2017; Huang et al.,
2018; Li et al., 2017; Li et al., 2018). For example, nitrate was the dom-
inant inorganic component in Beijing in recent years (Chen et al.,
2018; Ge et al., 2017); however, in industrialized cities southwest of
Beijing, sulfate and primary emissions dominated by coal and biomass
combustion account for a large proportion of fine particulate matter
(Huang et al., 2018; Li et al., 2017). The formation mechanisms of sec-
ondary aerosols in the NCP have beenwidely investigated. For example,
Sun et al. (2013a) elucidated the important roles of liquidwater in aero-
sol processing at elevated RH levels, in particular, those affecting sulfate
and coal combustion organic aerosol (OA) via aqueous-phase reaction
and gas-particle partitioning associatedwithwater uptake, respectively.
Duan et al. (2019) found that photochemical oxidation dominated sec-
ondary organic aerosol (SOA) formation during late summer, autumn
and early winter, and for sulfate formation, gas-phase photochemical
oxidation was the major pathway in late summer, and heterogeneous
processes were likely more important in autumn and early winter. Xu
et al. (2017) further found that aqueous-phase processing has a domi-
nant impact on the formation of more oxidized SOA (MO-OOA), while
photochemical processing dominates the formation of less oxidized
SOA (LO-OOA). In addition, the impacts of regional transport on the for-
mation and evolution of pollution events were also extensively studied
(Sun et al., 2015a; Sun et al., 2015b; Zhao et al., 2017).

The majority of previous studies on haze pollution using the AMS in
NCP were single-site measurements and concentrated on urban areas
such as Beijing, Handan, and Shijiazhuang. Since haze pollution in the
NCP has remarkable regional characteristics, single-site studies cannot
fully determine the overall characteristics of the haze pollution in the
NCP region. It is also difficult to directly compare these results among
single-site studies to conduct a regional assessment. It is suggested
that the chemical compositions of particles at the background sites
could reflect the characteristics of regional air pollution. Studies in the
regional background area in comparison with those in urban areas can
, et al., Highly time-resolved
nt, https://doi.org/10.1016/j.
provide valuable information on the impacts of anthropogenic activities
as well as help to understand air pollution on a regional scale. Despite
this, there are few studies on the chemical characteristics of fine parti-
cles at background sites, especially studies that are synchronous with
urban sites. Z. Liu et al. (2018) found that the contribution of secondary
aerosols on polluted days increased at both urban and nearby back-
ground sites. Huang et al. (2017) further found that coal combustion,
motor vehicle exhaust, secondary inorganic aerosol, dust, and industrial
processes were the main sources of PM2.5 in urban areas, while second-
ary aerosol was the dominant source at the background site. Moreover,
few studies have emphasized the influence of the long-range transpor-
tation of anthropogenic aerosols from southern urban areas to back-
ground regions (Pan et al., 2013; Zhu et al., 2014). These results
illustrated the significant impacts of regional transport and formation
mechanisms of secondary aerosol particles on haze pollution in the
NCP. However, these synchronous studies at urban and background
sites were based on low-resolution observations, without specifically il-
luminating the rapid different evolutions and formation mechanisms of
regional haze pollution. Due to the limited high-resolution synchronous
studies at urban and background sites, our knowledge of the rapid
changes in regional transport and formation mechanisms of secondary
aerosol particles on different spatial scales is far from complete.

In thiswork,we present the first simultaneously conducted observa-
tions of 5 min time-resolved NR-PM1 measurements using an HR-ToF-
AMS at an urban site (Beijing) and using a Q-AMS at a background site
(Xinglong). This study considers a comparison between an urban and
a rural site to explore the differences in secondary aerosol formation
and regional transport resulting from different emissions and meteoro-
logical conditions. Furthermore, we explored rapid changes in regional
transport and the formation mechanisms of secondary aerosol particles
in BJ and XL based on a detailed analysis of a typical haze episode.

2. Experimental methods

2.1. Sampling sites

The field observationswere comprehensively conducted at an urban
site (BJ) and a regional background site (XL) located in the northernpart
of the NCP (Fig. 1), from 10 November 2018 to 31 January 2019. The
urban site was located at the Institute of Atmospheric Physics (IAP) of
the Chinese Academy of Sciences (39°58′N; 116°22′E; 45 m a.s.l.),
which is between the north 3rd and 4th Ring Roads in BJ. This area is
a typical urban site that is impacted by local emission sources, such as
local traffic and cooking emissions (Liu et al., 2016; Sun et al., 2013b).

The regional background site (XL) is located south of the Yanshan
Mountains (north of the Hebei Province) with an elevation of 960 m a.
s.l. (40°24′N; 117°40′E; 960 m a.s.l.; Fig. 1), which is approximately
115 km in a straight line from northeast of downtown BJ (Pan et al.,
2013). The surroundings of XL site are covered with trees and bushes,
and villagers in this arcadia live on fruit trees and are farmers. Because
there are no serious local emissions except for a few villages at the
foot of the mountain, the XL site is characterized by its background-
like nature. Thus, it can be considered an ideal receptor site for
regional-scale air pollution in the NCP region (Wang et al., 2013). In
chemical characterization and implications of regional transport for
scitotenv.2019.135803

https://doi.org/10.1016/j.scitotenv.2019.135803


Fig. 1.Map of the observation stations and local topography.
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the presence of southwest winds, the XL site is located downwind of the
BJ site, and the influence from the urban areas should not be
underestimated. Therefore, it is an ideal transport site capable of
obtaining a regional signature of pollutants. In addition, XL county was
located approximately 10 km northwest of the XL site. The sampler
was located on the rooftop of a building (8 m above the ground) at
the site.

2.2. Instrumentation and operation

The HR-ToF-AMS and Q-AMS were deployed at the BJ and XL sites,
respectively, for the synchronous measurements of NR-PM1 from 10
November 2018 to 31 January 2019. The HR-ToF-AMS was situated in
a sampling room located on the ground floor. The ambient air was
drawn into the sampling room through a stainless steel tube with a
flow rate of 3 L min−1, of which ~0.085 Lmin−1 was isokinetically sam-
pled into the AMS. A URG cyclone (URG-2000-30ED, URG Inc., North
Carolina, USA) was used in front of the sampling inlet to remove coarse
particles with size cutoffs of 2.5 μm in terms of aerodynamic diameter. A
silica gel diffusion dryer was also set up in front of the inlet system to
avoid water vapor condensation, which reduces the uncertainties in
particle collection efficiency (CE) due to variable humidity
(Middlebrook et al., 2012). Detailed descriptions of theHR-ToF-AMS op-
eration and data treatment are available elsewhere (Aiken et al., 2009;
DeCarlo et al., 2006). During this campaign, the HR-ToF-AMS was oper-
ated under both the “V” and “W” ion optical modes, alternating every
3 min. Under V-mode operation, the AMS cycle through the mass spec-
trum (MS)mode and the particle time-of-flight (PToF)mode every 30 s,
spending 10 s and 20 s, respectively. The HR-ToF-AMS calibrationswere
conducted following the standard protocols described in previous pub-
lications (Jayne et al., 2000; Jimenez, 2003).

Collocated instruments in BJ were as follows: a single-lens ceilome-
ter (CL51, Vaisala, Finland) was used to observe the attenuated back-
scattering coefficient profiles, and then, the MLH could be calculated
according to previous studies (Münkel et al., 2007; Tang et al., 2016;
Tang et al., 2015). An MWR (RPG-HATPRO-G5, Germany), number
0030097, was operated simultaneously to obtain the absolute humidity
profiles. TheMWR produce profiles at 10–30m resolution up to 0.5 km,
40–70 m resolution from 0.5 km to 2.5 km and 100–200 m resolution
from 2 km to 10 km with a temporal resolution of 1 s. A detailed intro-
duction of theMWR can be found in a previous study (Zhao et al., 2019).
A ground-based pulsed lidar system, the so-called “WindCube 100s”,
developed and manufactured by the French company Leosphere, was
used in this study. The lidar system was positioned on the ground in
the observation field in IAP. Detailed information on the WindCube
lidar can be found in a previous study (Cañadillas et al., 2011).
Please cite this article as: J. Li, Z. Liu, L. Cao, et al., Highly time-resolved
submicron ..., Science of the Total Environment, https://doi.org/10.1016/j.
Commercial instruments 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). The operational, maintenance, and
calibration methods and scheduled quality assurance procedures were
previously described in detail (Ji et al., 2014). PM2.5 was measured
with a TEOM 1405-DF, which is a dichotomous tapered-element oscil-
lating microbalance (TEOM) equipped with a filter dynamics measure-
ment system (FDMS). PM1 was measured with a TEOM 1405-F, which
was equipped with a FDMS. The automatic meteorological observation
instruments, Milos520 (Vaisala, Finland), were used to observe the
main meteorological parameters, including pressure, temperature, hu-
midity, precipitation, and wind speed and direction in the atmosphere
at the ground level. Solar radiation (305–2800 nm) was measured
using a CM-11 pyranometer (Kipp & Zonen, Delft, Netherlands) with
an accuracy of 2–3%, which was installed on a flat platform on the roof
(at an altitude of approximately 10 m) of the IAP (Hu et al., 2011).

The Q-AMS (Aerodyne Research Inc., Billerica, MA, USA) and collo-
cated instruments were deployed at the Xinglong Atmosphere Back-
ground Observation Station of the Chinese Academy of Sciences. A
detailed instrumental description of Q-AMS can be found in previous
studies (Canagaratna et al., 2007; Jayne et al., 2000; Xu et al., 2016; Y.
Zhang et al., 2014). The collocatedmeasurements includedNR-PM1 spe-
cies by the Q-AMS, gaseous pollutants (O3, NO, NO2, CO, and SO2) by gas
analyzers (Thermo Scientific), the MLH by a single-lens ceilometer
(CL51, Vaisala, Finland), meteorological parameters (pressure, temper-
ature, humidity, precipitation, and wind speed and direction) by
Milos520 (Vaisala, Finland), solar radiation by a CM-11 pyranometer
(Kipp & Zonen, Delft, Netherlands), and total PM1 concentration by a
Sharp-5030. The sampling setup and operations in XL were similar
overall to those in BJ. The HR-AMS and Q-AMS were calibrated by sam-
plingmonodispersed 300-nmdried pure ammoniumnitrate particles in
the AMS.We generated ammonium nitrate particles with an aerosol at-
omizer (3076, TSI Inc., USA) and selected themwith a differentialmobil-
ity analyzer (DMA, model 3081, TSI Inc., USA). Based on the standard
methods for IE calibrations in Jimenez's (2003) research, we obtained
the IE values using calibration processes in XL and BJ, respectively. Be-
fore the current study, HR-AMS and Q-AMS were first deployed from
October 18 to 27, 2018 at the same site to evaluate the uncertainties be-
tween the two instruments. All PM1 species measured by Q-AMS were
highly correlated with those measured by HR-ToF-AMS (R2 N 0.9),
while the regression slopes of Q-AMS against HR-AMS varied from
0.83 to 1.21 (Fig. S1). Q-AMS was found to have a larger uncertainty in
terms of PM1 species quantification so that PM1 species measured by
the Q-AMS in XL were further corrected by the regression slopes of
the Q-AMS/HR-AMS, which were obtained from the intercomparison
study.

2.3. Data analysis

The HR-ToF-AMS data were analyzed by SQUIRREL (v1.57H), PIKA
(v1.16H) (DeCarlo et al., 2006), and the PMF2 algorithm (Paatero and
Tapper, 1994) in PET (v3.04A; (Ulbrich et al., 2009)) in Igor Pro 6.37
(Wave-Metrics Inc., LakeOswego, OR). The relative ionization efficiency
(RIE) values used in XL and BJ were 1.2, 1.1, 1.3, and 1.4 for sulfate, ni-
trate, chloride, and OA, respectively. RIE values of 4.0 were used for am-
monium based on the IE calibration results both in XL and BJ.

CE was introduced to correct the incomplete detection of aerosol
particles. Middlebrook et al. (2012) recently suggested that the CE
should be composition-dependent with influences of (1) high nitrate
content, (2) high relative humidity, and (3) high acidity, implying that
theCE should dependon thephase state (liquid or solid) of the particles.
In this study, the aerosol particles were dried by a silica gel diffusion
dryer before sampling in the vacuum system, and the submicron aero-
sols were almost neutralized in XL and BJ. Therefore, the impacts of
high acidity and high RH on the CE value were limited. However, the
ammonium nitrate mass fractions (ANMF) in XL and BJ were normally
chemical characterization and implications of regional transport for
scitotenv.2019.135803

https://doi.org/10.1016/j.scitotenv.2019.135803


4 J. Li et al. / Science of the Total Environment xxx (xxxx) xxx
above 0.4, especially in XL, indicating that NH4NO3 would substantially
affect CE. Therefore, the CE value cannot be 0.5. The CE values in XL and
BJ were calculated as follows according a previous research
(Middlebrook et al., 2012):

CE ¼ max 0:45;0:0833þ 0:9167 � ANMFð Þ Middlebrook et al:;2012ð Þ

Positive matrix factorization (PMF) with the PMF2.exe (v3.04) algo-
rithm (Paatero and Tapper, 1994) was used to analyze the HR-AMS and
Q-AMS organic spectral matrices following the procedures reported in
Ulbrich et al. (2009). More detailed PMF diagnostics are presented in
the supplementary materials. PMF analysis of the high resolution mass
spectrum (HRMS) in BJ identified six OA factors, including four primary
OA (POA) factors from traffic (HOA), coal combustion (CCOA), cooking
(COA), biomass burning (BBOA) and two secondary OA (SOA) factors,
including less oxidized SOA (LO-OOA) and more oxidized SOA (MO-
OOA). PMF analysis of Q-AMS organic spectra in XL resolved a POA fac-
tor and a SOA factor. These OA factors were distinguished by their
unique signatures in mass spectral patterns and diurnal variations.
More detailed PMF diagnostics are presented in the supplementary ma-
terials (Figs. S3–4). To better compare the OA in XL and BJ, the four fac-
tors in BJ, i.e., HOA, COA, CCOA, and BBOA, were recombined into one
POA factor, and the two factors of LO-OOA and MO-OOA were
recombined into one SOA factor.

2.4. Backward trajectory modeling and potential source contribution func-
tion (PSCF)

Air masses related to local or regional meteorological conditions
could be responsible for the atmospheric transport of aerosol particles
in the vertical and horizontal directions. Pollution cases in BJ and XL
caused by air mass transport from various directions could be quite dif-
ferent. The HYSPLIT4.9 model from the (NOAA) Air Resources Labora-
tory (available online: http://ready.arl.noaa.gov/HYSPLIT.php) and
meteorological data (GDAS for 1°× 1° resolution)were used to calculate
the individual 24-hour backward trajectories. The 24-hour air mass
back trajectories were calculated by the HYSPLIT model at heights of
100 m, 200 m, and 500 m (above ground level) at the sample site in BJ
(39°58′N; 116°22′E; 45 m a.s.l.) and at 1100 m, 1200 m, and 1500 m
(above sea level) at the sample site in XL (40°24′N; 117°40′E;
960 m a.s.l.).

To investigate and quantify the effects of regional transport on the
PM1 species in BJ and XL, the PSCF receptor models were used, which
was based on the results of the HYSPLIT model and the concentrations
of PM1 species. A detailed description can be found in Wang et al.
(2009). Briefly, the ijth component of a PSCF field can be obtained as fol-
lows:

PSCF i; jð Þ ¼ mij=nij

where nij is the total number of endpoints that fall in the ijth cell, andmij

is the number of endpoints of that parcel forwhich themeasured values
exceed a user-determined threshold criterion. According to previous
studies at urban and rural sites, the 75th percentile of PM1 species was
used as the threshold value to mij. The domain for the PSCF was set in
the range of (30–55°N, 95–125°E) with a grid cell size of 0.5° × 0.5°.
Higher PSCF values indicate higher potential source contributions to
the receptor site. Notably, cells with few endpoints may result in high
uncertainty in the PSCF method. Thus, to remove these high uncer-
tainties, a weighting function W(nij) recommended by Polissar et al.
(1999) was multiplied into the PSCF value:

W nijð Þ ¼
1:00 80bnij
0:70bnij≤80
0:42bnij≤20
0:05 nij≤10:

8>><
>>:
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3. Results and discussion

3.1. Mass concentrations and chemical compositions

The variations in PM1 concentrations are altered between clean pe-
riods and haze episodes in both BJ and XL, which is consistent with pre-
vious observations in winter in the NCP region (Zhu et al., 2016). As
shown in Fig. 2(d), the ratio of BJ to XL (BJ/XL) for daily average PM1

concentration was larger than 1 most of the time, which indicated
that the PM1 level in BJ was mostly higher than that in XL. The average
concentration of PM1 in BJ (26.6 ± 31.7 μg m−3) was 66% higher than
that in XL (16.0 ± 18.7 μg m−3). The correlation coefficient of the aver-
age daily PM1 concentrations in BJ and XLwas approximately 0.7,which
indicated a relatively strong regional characteristic of aerosol pollution
in the NCP. However, the ratio of BJ to XL for PM1 varied dramatically
from 0.44 to 5.58 (Fig. 2(d)). As shown in Fig. S2, XL shows obviously
higher frequencies of high wind speed (N2 m/s) and relatively high
mixing layer height (MLH) (400–1600 m) than those in BJ. In addition,
XL shows obviously lower frequencies of calm wind (b0.2 m/s) than
that in BJ. The average wind speed (2.5 m/s) and MLH (739 m) in XL
is higher than that in BJ (1.2m/s, 636m), indicating better diffusion con-
ditions in both the vertical and horizontal directions in XL. Meanwhile,
XL shows higher frequencies in terms of both south and southwest
winds than that in BJ, suggesting stronger regional transportation in
XL from the south and southwest regions. In addition, XL shows higher
frequencies of moderately low RH (20–40%) than that in BJ, yet the fre-
quencies of high T (N0 °C) are lower. Such meteorological differences
are among the major reasons leading to the different frequency distri-
butions of PM1 between BJ and XL (Fig. S2(a)). For example, the periods
with low PM1 levels (b20 μg m−3) account for much more time in XL
than in BJ (78% vs. 55%), which is due to the better diffusion conditions
in XL. XL shows a lower frequency, and the frequency distributions
change dramatically in the PM range above 80 μg m−3, suggesting
that heavy pollution is relatively rare in XL.

As shown in Fig. 2(e, f), the aerosol bulk compositions in XL and BJ
are obviously different. The aerosol composition in XL showed a lower
contribution of organic aerosol (33% vs. 43%) than in BJ Nitrate is the
most abundant inorganic species at both sites, accounting for 30% of
PM1 in BJ and 35% in XL, suggesting an important role of nitrate in PM
pollution at both urban and background sites in the NCP. In contract,
the contributions of sulfate to PM1 were 12% both in BJ and XL, which
were obviously lower than that in nitrate. Recent studies have indicated
the increasing role of nitrate in winter haze pollution in BJ (Chen et al.,
2018; Li et al., 2019; W. Xu et al., 2019). For example, Li et al. (2019)
showed that the nitrate contribution to PM1 increased from 19% to
32% from2014 to 2017winter, while that of SO4 remained relatively un-
changed. Such a phenomenon that ammonium nitrate shows an in-
crease due to reduction in SO2 emissions has been observed
previously in North-Western Europe (Morgan et al., 2010). Indeed,
SO2 concentrations were low both in XL (1.8 ± 1.9 ppb) and BJ
(2.7 ± 2.5 ppb; Table 1). Except for the influence of regional transport,
the higher proportion of nitrate in XL is also partly attributed to local
chemical production because of the high ozone (O3) concentration,
low nitric oxide (NO) concentration and moderate nitrogen dioxide
(NO2) concentration (Table 1). Overall, these differences in the chemical
compositions of PM1 discussed above between BJ and XLmay be attrib-
uted to different emissions, meteorological conditions, and secondary
formation mechanisms.

3.2. OA source appointment

PMF analysis was used to analyze the data of two periods in both BJ
and XL, from November 11 to 28, 2018, February 5 to 31, 2019, respec-
tively. PMF analysis of theHRMS in BJ identified six OA factors, including
hydrocarbon-like OA (HOA), cooking-related OA (COA), coal combus-
tion OA (CCOA), biomass burning OA (BBOA), less oxidized SOA (LO-
chemical characterization and implications of regional transport for
scitotenv.2019.135803
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Fig. 2. Time series of (a) relative humidity (RH) and temperature (T), (b) Ozone (O3) concentration, (c) Oxynitride (NOx) concentration, (d) NR-PM1 concentrations and the ratio of BJ to
XL for daily average PM1 concentration, (e) NR-PM1 species in XL, and (f) PM1 species in BJ. The pie charts depict the average chemical composition in XL and BJ, respectively.
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OOA) and more oxidized SOA (MO-OOA) (Fig. 3(a, b)). Detailed mass
spectrums and diagnostic information for this PMF solution can be
found in the supplementary materials (Figs. S3(a, b), S4).
Table 1
Summary of averagemeteorological parameters, gaseous precursors, and NR-PM1 species
in Xinglong (XL) and Beijing (BJ). The data are listed in the form of “average ± standard
deviation”.

XL BJ

Meteorological parameters
T (°C) −2.4 ± 4.7 3.6 ± 4.5
RH (%) 29 ± 18 26 ± 17
WS (m s−1) 2.5 ± 1.1 1.2 ± 0.9
P (Hpa) 918 ± 3 1020 ± 5
SR (W m−2) 103 ± 176 89 ± 153
MLH (m) 744 ± 395 639 ± 442

Gaseous precursors
O3 32 ± 8 9 ± 8
NO 2 ± 1 24 ± 30
NO2 10 ± 8 21 ± 11
NOx 12 ± 8 45 ± 38
SO2 1.8 ± 1.9 2.7 ± 2.5
CO 0.6 ± 0.4 0.8 ± 0.6

Aerosol species/μg m−3

Org 5.4 ± 5.2 11.5 ± 10.6
POA 2.2 ± 1.9 6.7 ± 6.6
HOA 1.3 ± 1.4
COA 2.4 ± 2.7
BBOA 1.3 ± 1.7
CCOA 1.7 ± 2.1
SOA 3.2 ± 3.6 4.7 ± 4.9
LO-OOA 1.6 ± 1.0
MO-OOA 3.2 ± 4.1
SO4 1.9 ± 2.3 3.2 ± 5.7
NO3 5.6 ± 8.5 8.2 ± 12.1
NH4 2.6 ± 3.6 3.5 ± 5.1
Cl 0.4 ± 0.5 0.4 ± 0.5
NR-PM1 15.7 ± 18.7 26.6 ± 31.7
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The MS of HOA was mainly composed of hydrocarbon ions
CnH2n+1

+ (m/z 29, 43, 57) and CnH2n-1
+ (m/z 27, 41, 55), which are com-

mon primary combustion emissions (J. Zhang et al., 2014; Zhang et al.,
2016). The correlation coefficients of HOA and NOx were 0.58 and
0.56, indicating that HOA was mainly emitted from traffic source emis-
sions, namely, diesel truck and gasoline car exhaust (Y.L. Sun et al.,
2010; Zhang et al., 2005). The diurnal pattern of HOA (Fig. S4) further
confirmed the association of HOA with traffic activities, as this pattern
showed two obvious peaks during morning and evening rush hours.

The MS of COA was characterized by higher f55 and f57 (mass frac-
tion ofm/z 55 and 57 in OA) values, and the ratio ofm/z 55/57 in theMS
of COA was high (~2.4) and close to the values reported in previous
studies in Beijing (J. Sun et al., 2010; Zhao et al., 2017). The diurnal pat-
tern of COA showed a pronounced diurnal cycle with two prominent
peaks (Fig. S4), in accordance with the lunch and dinner times of the
pollutant residents.

The MS of CCOA was characterized by prominent contributions of
unsaturated hydrocarbons, especially PAH-related ion peaks (e.g., 77,
91, and 115) (Huang et al., 2018). The temporal trend of CCOA corre-
lated well with that of m/z 115 (R2 = 0.81) and PAH (R2 = 0.87) from
November 11 to 30, 2018. The correlation coefficients of CCOA and m/
z 115, PAH were 0.92 and 0.93, respectively, from February 5 to 31,
2019. All these characteristics were consistent with previous studies in
Beijing (Hu et al., 2016). In addition, the CCOA showed distinct diurnal
variations with low concentrations during the day and high concentra-
tions at night, indicating relatively strong emissions from residential
heating activities (Fig. S4). The average fraction of CCOA to OA
accounted for 14%, which was obviously reduced compared with Hu
et al.'s (2016) and J. Zhang et al. (2014) results in the 2010 and 2013
winters in Beijing, and the concentration also decreased rapidly, indicat-
ing an effective reduction of combustion in the Beijing area due to the
coal to gas project.

The MS of BBOA was characterized by prominent peaks at m/z 60
and 73 (Fig. S3(a, b)), which are two indicative tracers of biomass burn-
ing (Aiken et al., 2009; Hu et al., 2017; Lee et al., 2010). BBOA correlated
chemical characterization and implications of regional transport for
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Fig. 3. Time series of six organic aerosol (OA) factors in BJ (a, b): hydrocarbon-like OA (HOA), cooking-related OA (COA), coal combustion OA (CCOA), biomass burning OA (BBOA), less
oxidized oxygenatedOA (LO-OOA), andmore oxidizedOOA (MO-OOA). The time series ofNOx, C6H10O+, PAH,m/z 60, nitrate, and sulfate are shown for comparison. Time series of twoOA
factors in XL (c, d): primary OA (POA) and secondary OA (SOA). The time series of NOx, nitrate, and sulfate are shown for comparison.
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well with m/z 60 and showed similar diurnal variations with those of
CCOA. TheO/C of BBOAwas 0.33 and 0.28,whichwas thought to be con-
tributed by oxygenated species from biomass burning, as these results
were close to those of previous studies (Hu et al., 2016).

Oxygenated fragments (CxHyOz+) are prominent in theMS of OOA.
In this study, theMS of OOAwas characterized by a dominant peak atm/
z 44 (mainly CO2

+), in accordance with many previous studies (Huang
et al., 2010; Zhao et al., 2017). Because the volatility of OOA cannot be
directly measured in the experiment, many previous studies in Beijing
classified OOA into two categories based on the O/C value: less oxidized
oxygenated SOA (LO-OOA) and more oxidized oxygenated SOA (MO-
OOA) (Xu et al., 2017; Zhao et al., 2017; Li et al., 2020). Two OOA factors
were identified in the study. LO-OOA and MO-OOA were both charac-
terized by high f44 (mass fraction of m/z 44 in OA) values. The f44
value in MO-OOA was higher than that in LO-OOA, while f43 in MO-
OOA was lower than that in LO-OOA. In addition, the O/C ratio of MO-
OOA was up to 1.09 and 1.06, which was much higher than that of LO-
OOA (0.61, 0.78; Fig. S3(a, b)). All these characteristics indicated that
MO-OOA was more oxidized than LO-OOA. MO-OOA correlated well
with sulfate and nitrate (R2 = 0.95 and 0.86, respectively).

The PMF analysis of Q-AMS organic spectra in XL resolved a POA fac-
tor and a SOA factor (Fig. S3(c, d)). TheMSof POAwasmainly composed
of hydrocarbon ions CnH2n+1

+ (m/z 29, 43, 57) and CnH2n-1
+ (m/z 27, 41,

55), which was similar to theMS of HOA in BJ (Fig. S3(c, d)). The coeffi-
cients of HOA and NOx were 0.56 and 0.77, indicating that HOA was
mainly emitted from traffic source emissions. In addition, the PAH-
related ion peaks (e.g., m/z 77, 91, and 115) (Huang et al., 2018) and
the indicative tracers of biomass burning (Aiken et al., 2009; Hu et al.,
2017; Lee et al., 2010) (m/z 60 and 73) also accounted for approximately
1% of OA, indicating that coal combustion and biomass burning also
partly contribute to POA in XL. The MS of SOA in XL was dominated by
m/z 44 (Fig. S3(c, d)), in accordance with many previous studies
(Huang et al., 2010; Zhao et al., 2017). SOA correlated well with sulfate
and nitrate (R2 = 0.86 and 0.92, respectively).
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In summary, PMF analysis of HRMS in BJ identified six OA factors, in-
cluding four POA factors (HOA, CCOA, COA, and BBOA) and two SOA fac-
tors (LO-OOA and MO-OOA). However, PMF analysis of Q-AMS organic
spectra in XL resolved a POA factor and a SOA factor. To compare the OA
inXL andBJ better, the four primary factors and two secondary factors in
BJ were recombined into one POA factor and one SOA factor. Overall, the
average concentration of POA in BJ (6.7 μg m−3) was 68% higher than
that in XL (2.2 μg m−3), while the average concentration of SOA in BJ
(4.7) was only 28% higher than that in XL (3.2 μg m−3). Meanwhile,
SOA accounted for 59% of OA in XL, which was higher than that in BJ
(42%). These results suggested low primary emissions and highly oxi-
dized OA during the long-range transport in XL. Since there are few an-
thropogenic emissions in the surroundings of the XL station, this was
most likely the result of aerosol transport from urban areas and photo-
chemical and aqueous-phase formation of SOA during transport.

3.3. Diurnal evolution of aerosol species and OA factors

Diurnal variations in meteorological parameters, gaseous precur-
sors, and PM1 species are shown in Fig. 4. The diurnal variations in me-
teorological parameters in XL were obviously different from those in BJ.
The XL station is located on amountainwith an altitude of 960m, so the
average temperature is lower and the averagewind speed is higher than
that in BJ. The wind speed in BJ showed obvious diurnal variation, with
high values in the daytime and low values at night. However, in XL, the
wind speed was at a high level even at night. Meanwhile, the MLH at
night was also higher than that in BJ. These characteristics suggest
that regional transport may play a significant role in haze pollution in
XL. Notably, the total radiation (SR) in XL was obviously stronger, and
the peak time occurred at approximately 14:00 and lasted longer, corre-
sponding to the higher O3 in XL.

The diurnal variations in gaseous precursors in XL were also signifi-
cantly different from those in BJ. The concentration of NO in XL was
much lower than that in BJ. NO2 showed opposing diurnal variation to
chemical characterization and implications of regional transport for
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Fig. 4. Diurnal variations inmeteorological parameters, gaseous precursors, and PM1 species in BJ (the red line) and XL (the black line) during the whole observation period (OA: organic
aerosol, POA: primary OA, SOA: secondary OA). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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that of O3, characterized by high concentration at 10:00 and 18:00 and
low concentration during daytime hours in XL, and these findings
were consistent with the results of a previous study in XL (Wang
et al., 2013). The O3 concentration in XL is obviously higher than in BJ,
which is consistent with previous studies that found that O3 levels in
rural sites are higher than in urban sites because of the deterioration
of O3 for high NO levels of urban areas (Keuken et al., 2009; Paoletti,
2009). The high O3 levels during the daytime in XL can be explained
by incoming solar irradiation, which intensifies photochemical reac-
tions of O3 in the region. O3 inXL is high even at night (~28 ppb) because
of the low NO concentration.

The diurnal variations in PM1 species in XL and BJ were quite differ-
ent, suggesting that the major factors driving the diurnal changes were
different at the two sites. Secondary inorganic nitrate showed the larg-
est increase in BJ followed by SOA, sulfate, and ammonium. However, in
XL, the secondary species showed stable diurnal variations. Meanwhile,
primary inorganic chlorine in XL and BJ showed similar diurnal varia-
tions. The increases in nitrate in BJ during daytime were mainly caused
by photochemical production (Sun et al., 2013b;W. Xu et al., 2019), and
the high concentration at night was suggested to be contributed by the
hydrolysis of dinitrogen pentoxide (N2O5) (Li et al., 2018). Notably, the
nitrate in XL at night was slightly higher than that during the daytime,
suggesting that the hydrolysis of N2O5 contributed higher concentration
at night in XL because of the high O3 concentration at night and low NO
concentration. Sulfate can either be produced from the gas-phase reac-
tion of SO2 with OH radicals or from heterogeneous or aqueous reac-
tions (H2O2/O3 oxidation or metal catalyzed oxidation) (Dlugi et al.,
1981; Wang et al., 2012). As shown in Fig. 4, the diurnal pattern of sul-
fate in BJ rapidly increased from17:00 to 22:00 as RH increased, indicat-
ing an enhanced heterogeneous or aqueous reaction to sulfate
formation, which is consistent with previous studies in Beijing (Liu
Please cite this article as: J. Li, Z. Liu, L. Cao, et al., Highly time-resolved
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et al., 2016; Quan et al., 2015). In contrast, a flat diurnal pattern of sul-
fate was observed in XL, which may suggest a weak local secondary
transformation due to the low SO2 levels. SOA in BJ showed a clear day-
time increase in diurnal cycles, which was similar to nitrate, indicating
that SOA was predominantly from photochemical production in winter
(Ge et al., 2017). The results here are consistent with a recent finding of
high OH radical concentrations in winter in BJ (Tan et al., 2018). The
high concentration of POA in BJ at night indicates that there is a large
amount of primary emissions in BJ at night, such as traffic sources,
while the small peak value at noon during the day is associated with
cooking sources. The diurnal variation in POA in XL was very gentle,
and the proportion of SOA was higher than in BJ, suggesting that the
OA in XL was highly oxidized during the long-range transport.

3.4. Chemically resolved PM pollution levels

To explore differences in the regional and local variability in second-
ary aerosol formation processes at urban and background sites,we com-
pared the compositional differences between BJ and XL at different PM1

and meteorological variables in this section. Fig. 5 shows the variations
in mass concentrations and mass fractions of NR-PM1 species in XL and
BJ as a function of the total NR-PM1 in BJ. Primary species such as chlo-
rine and POA in BJ increased as a function of PM1 concentration in BJ,
while primary species in XL maintained stable and low concentrations,
indicating stronger primary emissions in BJ. Nitrate showed a fast in-
creasing rate both in XL (3.1 μg m−3 per 10 μg m−3) and BJ
(8.4 μg m−3 per 10 μg m−3) when PM1 b 160 μg m−3, resulting in
high nitrate fractions in both BJ and XL, which suggests the enhanced
role of nitrate in PM1 during polluted episodes.

Notably, although the increase rate of nitrate in XL was prominently
lower than that in BJ, the fraction (~22–48%) was slightly higher than
chemical characterization and implications of regional transport for
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Fig. 5. Variations inmass concentrations andmass fractions of NR-PM1 species in BJ (red) and XL (black) as a function of the total NR-PM1mass loading in BJ. The data are grouped in NR-
PM1 bins in BJ (10-μgm−3 increment) (OA: organic aerosol, POA: primaryOA, SOA: secondaryOA). (For interpretation of the references to colour in thisfigure legend, the reader is referred
to the web version of this article.)
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that in BJ (~18–42%). NOx reacts with O3 to form nitrate radical (NO3)
and N2O5 (Prabhakar et al., 2017). Note that the average O3 concentra-
tion at XL was much higher than that in Beijing during nighttime
(30 ppb vs. 5 ppb), which may suggest a higher nitrate radical and
N2O5 formation. The N2O5 that formed from the oxidation of NO2 by
NO3 can be taken up onto aerosols via heterogeneous reactions, which
is an important sink of NO2 and O3 at night and can compete with the
NO3 reactions with isoprene (Brown et al., 2016; Millet et al., 2016;
Xue et al., 2014). Previous studies showed that in remote or high-
altitude mountain regions with cleaner air aloft, higher NO3 levels are
often observed (Chen et al., 2011; Sobanski et al., 2016). Thus, the
higher nighttime nitrate concentrations in XL could be attributed to
the greater efficiency of nitrate radical formation in the background at-
mosphere and thus enhance nitrate formation. Submicron nitrate
mainly exists in the form of semivolatile ammonium nitrate and is pro-
duced by the reaction of NH3 with HNO3. The formation pathways of
HNO3 include the oxidation of NO2 byOH during the day and the hydro-
lysis of N2O5 at night (Li et al., 2018). NH3 tends to react first with H2SO4

to form (NH4)2SO4 due to its stability, and NH4NO3 can be formedwhen
NH3 is excessive (Seinfeld and Pandis, 2016). During the sampling pe-
riod, the observed molar ratios of ammonium to sulfate in BJ and XL
were larger than 2 (Fig. S5(a, c)), corresponding to an excess of NH3.
The scatter plot of themolar concentration of excess ammonium versus
the molar concentration of nitrate indicated that nitrate was usually
completely neutralized by excess ammonium (Fig. S5(b, d)). Recent
studies have shown that sulfate has been effectively reduced in BJ and
that the contribution of nitrate to PM has significantly increased (Li
et al., 2019; Xu et al., 2017). The molar ratio of NH4

+ to SO4
2− increased

from 1.5 (before 2013) to 3.33 due to ammonia-rich atmosphere in BJ
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(Q. Xu et al., 2019). This is mainly because the emission control of coal
combustion in BJ and surrounding areas results in an NH3-rich and
SO2-lean atmosphere, which promotes the formation of ammonium ni-
trate. Previous studies showed that the ratios (in charge equivalents, RC/

A) betweenmeasured cations (NH4
+) and anions (SO4

2−, NO3
− and Cl−) is

a good indicator of aerosol acidity because of the similar temporal trend
between RC/A and pH (Tian et al., 2018; Zhou et al., 2018). As shown in
Fig. S6(a), when the PM1 concentration was N80 μg m−3, the average
NR values of XL and BJ were 1.09 and 0.94, respectively. The RC/A value
in BJ slightly decreased from 1.10 to 0.83 as PM1 increased from 40 to
180 μg m−3, while the RC/A in XL showed no significant change. The re-
sults suggested that the aerosol acidity in BJ was slightly enhanced as
PM1 increased, while in XL, the aerosol acidity remained neutral and
thus facilitated nitrate production. This behavior is significant for fur-
ther emission controlmeasures in BJ.More efforts should bemade to re-
duce the nitrogen oxide and ammonia emissions in BJ and surrounding
areas.

The effect of RH on the secondary formation of nitrate was also in-
vestigated. As shown in Fig. 6, nitrate increased successively as RH in-
creased in BJ, while in XL, nitrate increased first and then decreased
when RH was above 70%. In addition, when RH increased from 40% to
70%, the increase rate of nitrate in XL (6.6 μgm−3 per 10%) as a function
of RH was similar to that of BJ (7.4 μg m−3 per 10%), suggesting the im-
portant role of heterogeneous aqueous reaction for nitrate production at
both urban and background sites. Notably, the wind speed in XL in-
creased from 2.3 to 2.6 m/s as RH increased from 50% to 70%, while in
BJ, thewind speedwas below1m/s. This behavior indicated that, except
for local chemical production, regional transport also played an impor-
tant role in nitrate concentration in XL.When RHwas above 70%, nitrate
chemical characterization and implications of regional transport for
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Fig. 6. Variations in mass concentrations and mass fractions of PM1 species as functions of wind speed (WS), wind direction (WD), and relative humidity (RH) in (a) BJ and (b) XL (OA:
organic aerosol, POA: primary OA, SOA: secondary OA).
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in XL decreased, and the wind speed also decreased to a low level
(~2 m/s) as a function of RH, suggesting the weak influence of re-
gional transport. The variations in nitrate with WS in BJ and XL fur-
ther prove the significant role of regional transport on nitrate in XL.
As shown in Fig. 6, nitrate decreased rapidly as the wind speed in-
creased in BJ, indicating a diluting effect of winds on nitrate concen-
tration. However, nitrate in XL increased significantly from 3 to 6m/s
and showed higher concentration in association with wind from the
southwest, although it decreased under the low wind speed condi-
tions (b3 m/s). In addition, the NOR (=NO3

− / (NO3
− + NO2)) in XL

(Fig. S6(e)) was also slightly higher than that in BJ, especially when
PM1 in BJ increased from 80 to 160 μg m−3, corresponding to an ob-
vious increase in wind speed in XL (Fig. S6(c)). All these characteris-
tics indicated that the more efficiency of regional transport
contributed to the relatively higher fraction of nitrate in the back-
ground area than in the urban site.

Sulfate increased rapidly in BJ, especially when PM1 N 160 μg m−3

(Fig. 5). In XL, sulfate first increased (PM1 b 120 μg m−3) and then de-
creased slightly as PM1 increased, corresponding to the decrease in RH
at the same time (Fig. S6(b)). SOR (=SO4

2− / (SO4
2− + SO2)) showed

similar variations to sulfate (Fig. S6(d)), which further proves the im-
portance of heterogeneous reactions for sulfate formation. Sulfate in BJ
and XL continuously increased as a function of RH, with an increased
rate of 1.8 and 0.9 μgm−3 per 10% (Fig. 6), respectively. These results in-
dicated a higher efficiency of secondary transformation of SO2 by het-
erogeneous and aqueous-phase reactions in BJ than in XL, which can
be attributed to the higher aerosol surface areas due to the higher load-
ing of fine particles at urban sites.

Although SOA shows a faster increasing rate and higher concentra-
tion in BJ than XL across different PM1 levels, the contribution of SOA
to PM1 in XL (~13–21%) are slightly higher than those in BJ (~16–21%)
(Fig. 5). SOA in XL decreased rapidly as the wind speed increased from
1 to 3 m/s and then increased significantly from 3 to 6 m/s (Fig. 6).
Therefore, the higher concentration of SOA in XL was due to low pri-
mary organic emissions and highly oxidized OA during the regional
transport. Aqueous-phase processing played aminor role in SOA forma-
tion in XL, as the increased rate of SOA in XL (2.4 μg m−3 per 10%) was
obviously lower than that of nitrate (6.6 μg m−3 per 10%) as a function
of RH when RH increased from 40% to 70% (Fig. 6).
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Because of the significant role of regional transport to aerosols in XL,
especially for nitrate and SOA, the PSCF analysis on account of the
HYSPLIT model was used to identify the potential source regions of
the PM1 species in BJ and XL. Fig. S7 shows the PSCF map produced
using the daily contribution date with the 75th percentile cut of each
source factor. High potential source areas were mainly located to the
south and southwest of BJ (Fig. S7(a)), highlighting the important role
of regional transport from these regions to aerosol concentration in BJ.
We also noticed different potential source regions for different aerosol
species. For example, the source regions of secondary PM1 species,
such as nitrate, sulfate, ammonium, and SOA, were mainly located in
the south and southwest of BJ. POA had a relatively small potential
source region in the south of BJ and a high source region located around
and in the areawest of BJ. The potential source regions of aerosol species
in XL (Fig. S7(b))were similar to those in BJ. High potential source areas
for all kinds of PM1 species were mainly located in the southwest (in-
cluding the location of BJ) areas of XL. These results indicate the signif-
icant role of regional transportation from the southwest regions to the
elevation of secondary aerosols in both BJ and XL. Moreover, urban BJ
could also be recognized as an important potential source region of
aerosols in the background area of XL.

3.5. Case studies for the formation mechanism of regional haze episode

The above analysis showed that the southwest regions in the NCP
were the main source area of secondary aerosols in both BJ and XL.
Therefore, a typical episode with air masses from southwest regions
was selected to study the aerosol formation mechanisms in the two
sites and the favorable conditions for aerosol transport from BJ to XL.
Previous studies have showed that factors affecting regional haze for-
mation vary during different pollution periods (Zhu et al., 2016;
Huang et al., 2017). To improve our understanding of haze formation
on a regional scale, we divided the regional haze episode into four
stages: clean period I on 11 November (I), the transition period from
12 to 13 November (II), the polluted period on 14 November (III), and
clean period II on 15 November (IV) (Fig. 7). This type of classification
method has been mentioned in previous studies (Zhu et al., 2016; Guo
et al., 2014), and the corresponding terms in the present study have
the same definition.
chemical characterization and implications of regional transport for
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Fig. 7. Temporal evolution of (a) PM1 species inXL, (b) PM1 species in BJ, (c) horizontalwind vector profiles, (d)water vapor density profiles and atmosphericmixing layer height (MLH) in
BJ.
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The transition period describes the shift from a clean period to a pol-
luted period. During the transition period (II) of the haze episode in BJ,
the southerly wind prevailed throughout the Beijing-Tianjin-Hebei re-
gion at both ground and 850-hPa geopotential height (Fig. S8(a, b, c);
Fig. S9(a, b, c)). Back trajectories also showed airmasses from the south-
west arriving in BJ (Fig. S10(a, b, c)). During the same period, according
to the horizontal wind vector profiles shown in Fig. 7(c), southerly
winds prevailed in BJ from November 11 afternoon to 13 afternoon in
the MLH. Considering the heavily populated industrial regions in the
south of BJ (Z. Liu et al., 2019), south winds can carry heavy anthropo-
genic aerosols to BJ, which mainly caused the rapid increase in PM1.
The PM1 mass concentration rapidly increased from less than ~40 to
~90 μg m−3 in the afternoon of November 12 and from ~60 to
110 μg m−3 in the afternoon of November 13 (Fig. 7(b)). The hourly
growth rates of nitrate in BJ in the afternoon of November 12 and 13
were 2.6 and 3.3 μg m−3 h−1, respectively. As shown in the horizontal
wind field superimposed on the background 850-hPa specific humidity
field (Fig. S9(a, b, c)), a week moisture transport belt formed under the
action of the horizontal wind field, through which water vapor from
southern China was constantly being carried to BJ. This behavior could
explain the sudden increase in water vapor density to ~4 g m−3 in the
MLH (Fig. 7(d)), which is consistent with a previous study that the
southerly transport of water vapor in the upper mixing layer in the ini-
tial stage of pollution led to a gradual increase in regional RH (Zhu et al.,
2016).

During the transition period (II) of the haze period in XL, the haze
episodewas also caused by strong southern regional transport.Weather
maps andwindfields at the 850hPa geopotential height (Fig. S9(a, b, c))
showed that BJ and XL (960 m a.s.l.) were located behind the high-
pressure anticyclone, which made the dominant winds in XL south
winds, with a moderate wind speed, reaching ~3 m/s. Furthermore,
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the southwest wind in BJ appeared from the surface to ~1100 m and
even stronger in the layer of 700 to 1100 m, which transported the pol-
lutants from BJ toward the downwind (northwest) regions (Fig. 7(c)).
In addition, back trajectories also showed air masses from the south-
west arriving in XL from BJ at 08:00 on November 13 (Fig. S10(f)), indi-
cating the transport of air masses from BJ to XL in the afternoon of
November 12. Correspondingly, the rapidly increasing PM1 concentra-
tion in XL (960 m a.s.l.) was observed simultaneously above the down-
wind area (Fig. 7(a)), exactly in response to the continuous and
intensive southwesterly winds. From 12:00 to 20:00 on November 12,
the concentrations of nitrate and SOA increased from 12.4 to
24.0 μgm−3 and from8.8 to 15.4 μgm−3, respectively (Fig. 7(a)). There-
fore, the original explosive growth in nitrate and SOA in XL was associ-
atedwith southwestern transportation fromBJ. Similarly, the rapid PM1

increase in the afternoon of November 13 in XL was also caused by re-
gional transport from southern regions.

During the polluted period (III) in BJ, although a weak south wind
still exists in the MLH, the impact of regional transport decreased be-
cause of stable stratification in the MLH (lower than 500 m) and local
secondary formation enhanced by heterogeneous reactions. The sec-
ondary formation of sulfate, nitrate, and ammonium is related to het-
erogeneous aqueous reactions and largely depends on RH (Quan et al.,
2015). Pollutants in BJwere trapped in the lowMLH; thus, the transport
of pollutants from BJ to XL decreased during the polluted period. Al-
though the transport of pollutants from BJ to XL decreased, the water
vapor transport belt at 850 hPa increased from southern areas to XL
with continuous moderate south winds and specific humidity on No-
vember 14 (Fig. S9(d, e, f)). Therefore, a large amount of water vapor
was transported to XL from southern China in the later period of the
haze episode, with a rapid increase in RH, reaching ~90% in XL. As ex-
pected, the already high PM1, nitrate, sulfate, and ammonium values
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in XL showed slightly increasing trends in thepolluted period andmain-
tained high values of ~60 μg m−3, ~26 μg m−3, ~10 μg m−3 and
13 μg m−3, respectively (Fig. 7(a)). Therefore, the transport of water
vapor from southern China enhanced secondary aerosol formation in
XL. Compared to XL, the water vapor at the 850 hPa geopotential height
could not reach the ground in BJ because of the low MLH (below
~500 m). Notably, a rapid boost in atmospheric humidity with a water
vapor density of ~6–8 g m−3 expanded throughout the entire MLH
(Fig. 7(d)). This rapid increase in humidity was attributed to the com-
pression of the MLH because of the higher water vapor density on the
ground (Fig. 7(d)),whichwas verifiedbyprevious comprehensive stud-
ies of observations and simulations (Q. Liu et al., 2018; Zhu et al., 2016).

Overall, during the transition period of the regional haze episode, the
enhanced southwest wind transported pollutants to the downwind
area. The explosive growth of nitrate and SOA in XL was the result of
southwestern transportation from BJ. During the polluted period, pol-
lutants transport from BJ to XL decreased because of the low MLH in
BJ, while the water vapor transport belt at 850 hPa was enhanced
from the southern areas and favored the secondary formation of aero-
sols in XL. Unlike in XL, a rapid increase in the water vapor density in
BJ was due to the compression of the MLH.

4. Conclusion

An HR-AMS and a Q-AMS were deployed at an urban site in BJ and a
background site in XL in theNCP, respectively. The results are as follows:
the average mass concentrations of PM1 in BJ and XL were 26.6 ± 31.7
and 16.0 ± 18.7 μg m−3 during the observation period, respectively.
The ratio of BJ to XL (BJ/XL) for PM1 varied dramatically from 0.44 to
5.58, and the aerosol composition in XL showed a lower contribution
of OA (33% vs. 43%) and higher fractions of nitrate (35% vs. 30%), ammo-
nium (16% vs. 13%), and chlorine (2% vs. 1%) in XL than in BJ. PMF anal-
ysis of the HRMS in BJ identified six OA factors, including four POA
factors from traffic (HOA), coal combustion (CCOA), cooking (COA), bio-
mass burning (BBOA) and two SOA factors, including LO-OOA and MO-
OOA. In XL, a POA factor and a SOA factor were identified. SOA
accounted for 59% of OA in XL, which was higher than that in BJ (42%),
suggesting low primary emissions and highly oxidized OA during the
long-range transport in XL. These differences were caused by different
emissions, meteorological conditions, and secondary formation
mechanisms.

The diffusion condition in XL is better than in BJ. The O3 concentra-
tion in XL is higher than in BJ even at night (~30 ppb) because of the
low NO and moderate NO2 concentrations, which may favor nighttime
nitrate formation in XL. In both BJ and XL, nitrate displayed a signifi-
cantly enhanced contribution with the aggravation of aerosol pollution,
which was completely neutralized by excess ammonium at both sites,
suggesting that the abundant ammonia emissions in the NCP favor ni-
trate formation on a regional scale. A higher proportion of nitrate in
XL can be attributed to the more neutral and higher oxidation capacity
for the background atmosphere and a more significant impact of re-
gional transport on the background site. Heterogeneous aqueous reac-
tion plays an important role in the enhanced formation of nitrate in
both XL and BJ because of the similar increase rate of nitrate in XL
(6.6 μg m−3 per 10%) and BJ (7.4 μg m−3 per 10%) as a function of RH
when RH increased from 40% to 70%. However, for sulfate and SOA, het-
erogeneous aqueous reaction plays a more important role in BJ than in
XL, which can be attributed to the higher aerosol surface areas due to
the higher loading of fine particles at urban site.

The PSCF results show that the southwest region is the main source
area of secondary aerosols in both BJ and XL. Therefore, a typical episode
with air masses of BJ and XL from the southwest direction was chosen
for further study. Both XL and BJ are heavily polluted with a high contri-
bution of secondary aerosol particles. During the transition period, the
enhanced southwest wind from near the surface to 1.1 km in BJ
transported pollutants from BJ to XL (the downwind area), which
Please cite this article as: J. Li, Z. Liu, L. Cao, et al., Highly time-resolved
submicron ..., Science of the Total Environment, https://doi.org/10.1016/j.
resulted in the rapid increase in nitrate and SOA in XL over a short
time. During the polluted period, the pollutants transported from BJ to
XL decreased because of the lowMLH in BJ, while thewater vapor trans-
port belt at 850 hPawas enhanced from southern areas and favored the
secondary formation of aerosols in XL. Unlike in XL, a rapid increase in
the water vapor density in BJ was due to the compression of the MLH.
The enhanced pollutant transport during the transition pollution stage
and the enhanced water vapor transport in the polluted pollution
stage to the downwind background areas expanded the regional scope
of the haze in the NCP.
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