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Abstract The formation mechanisms of particulate pollution in Lanzhou, which used to be one of the
most polluted cities across the world, remain unclear even though air pollution in Lanzhou has been
improved in recent decades. Multiple online data during 2019-2020 winter was used to analyze the
characteristics and reveal the formation mechanisms of particulate pollution in Lanzhou. Organic matter,
nitrate, sulfate, and ammonium accounted for 35.8%, 16.6%, 12.7%, and 10.8%, respectively, of PM, s

mass. The contribution of secondary inorganic aerosols decreased from low to high particulate levels. Nitrate
and ammonium concentrations consistently increased with increasing PM, s while sulfate concentrations
firstly increased but remained stagnant under high particulate conditions. The sulfur and nitrogen
oxidation ratios exhibited relatively low values of 0.18 + 0.12 and 0.11 + 0.05, respectively. Nitrogen
oxidation ratio showed little dependence on relative humidity because of limited aqueous phase generation
of nitrate. The increasing nitrate to sulfate ratio and decreasing organic carbon to elemental carbon ratio
under high particulate concentrations indicate relative decreasing contribution of coal burning and
increasing contribution of vehicle exhaust emissions on particulate pollution. The rapid decreasing trend of
secondary organic carbon to elemental carbon ratio under high particulate concentrations was attributed to
a combination of the relatively decreasing photochemical generations and increasing accumulation of
primary emissions by the weakened atmospheric diffusion ability. Our results suggest that controlling
primary carbonaceous species and vehicle exhaust emissions is the most effective measure in order to
sustainably mitigate particulate pollution in Lanzhou in the future.

1. Introduction

Particulate matter (PM), primarily emitted or generated in the atmosphere, plays an important role in dete-
riorating air quality, altering weather and climate, and damaging human health (Chow et al., 2006; Dockery
& Pope, 1994; Li et al., 2016). Particulate pollution has attracted widespread attentions across the world due
to enhanced anthropogenic emissions in the last few decades (An et al., 2019; Fuzzi et al., 2015; Gartrell &
Friedlander, 1975). China has experienced severe particulate pollution, and great efforts have been made to
improve the air quality (Hsu et al., 2010; Li, Wang, et al., 2019; Tian et al., 2020; Zhang, Reid, et al., 2017).
However, formation mechanisms of particulate pollution are complicated and vary with cities because of
the varying emissions, meteorological conditions, as well as topography (Cao et al., 2013; Ding et al., 2016;
Jiang et al., 2019; Quirin, 2020; Zheng et al., 2015).

The formation mechanisms of particulate pollution in world cities have been investigated in terms of pri-
mary emissions, secondary generation, and diffusion conditions (Huang et al., 2020; Thishan Dharshana
et al.,, 2010; Venecek et al., 2019). Secondary generation of organic and inorganic aerosols is receiving
increasing attention, especially in the most polluted cities in China (Shi et al., 2019; Wang et al., 2019;
Wang, Wang, et al., 2020; Yao et al., 2018). Aqueous generation has been suggested to be a major contributor
of sulfate and nitrate (Quan et al., 2014; Wang, Zhang, et al., 2016). The influence of photochemical conver-
sion and heterogeneous reaction on nitrate and sulfate have also been studied. For example, sulfate forms
primarily through atmospheric oxidation of SO, emitted mainly from coal burning, while nitrate originates
from NO, from vehicle exhaust and power plants (Huang et al., 2014; Wang et al., 2014). The secondary
generation of organic aerosols is more challenging due to complex precursors and formation mechanisms
(Sun et al., 2014; Xu et al., 2016; Xiao et al., 2020). The daytime nitrate and sulfate were mainly from
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photochemistry while heterogeneous hydrolysis of N,Os dominates the formation of nitrate and efficient
heterogeneous reaction generated sulfate during nighttime (Li, Jacob, et al., 2019; Tian et al., 2019; Ye
et al., 2019). In addition to the concentration of precursors, Oz concentration, solar radiation, relative
humidity (RH), and temperature were also important factors affecting the generation of secondary aerosols
(Guo et al., 2020; Li et al., 2017).

Lanzhou, the capital city of Gansu province, is in the semiarid region in northwestern China. It is situated in
a narrow river valley and surrounded by mountains, with an elevation of 1,500 to 2,000 m. Lanzhou has a
population of 3.79 million in 2019 (Lanzhou Bureau of Statistics and Lanzhou Investigation team of
National Bureau of Statistics, 2020) and covers an area of 13,083 km?. Lanzhou used to be one of the most
polluted cities across the world due to heavy petrochemical industrial emissions (Tang & Li, 1989; Wang
et al., 2009). Studies have investigated the mass loading of PM, chemical compositions from off-line filter
samples, optical and radiative properties, influences of meteorological factors, potential sources, and control
measures in Lanzhou during the last three decades. For example, concentrations of PM with different sizes
in Lanzhou were studied in December 1999 (PM, 5 and PM;,) (Liu et al., 2006), from October 1999 to April
2001 (PM; and TSP) (Chu, Chen, Lu, Li, et al., 2008) and from January 2005 to February 2006 (PM;, PM, s,
PMj, and TSP) (Wang et al., 2009). The weak diffusion ability due to narrow and long valley topography and
unfavorable meteorological conditions makes the pollution worse in Lanzhou, especially in winter with fre-
quent temperature inversions, calm wind speed, and scant precipitation (RH) (Chu, Chen, & Lu, 2008). The
influence of meteorological conditions on particulate pollution and their interactions have also been studied
(Chen et al., 1993; Feng & Wang, 2012; Zhang et al., 2019). PM, 5 ionic species were studied by samples col-
lected from a suburban mountainous area of Lanzhou in summer 2006 (Pathak et al., 2009). Chemical com-
position and source apportionment of PM, 5 have been studied based on offline filter samples collected in
winter 2012 and summer 2013 and 2014 (Tan et al., 2017; Wang, Jia, et al., 2016). Control measures such
as the reduction of bulk pollutant emissions, central heating, and the improvement of the ecological envir-
onment were suggested to improve air pollution in Lanzhou (An et al., 2008; Zhang et al., 2001; Zhang &
Chen, 1994).

However, the formation mechanisms of particulate pollution in winter Lanzhou are still unclear due to a
lack of key information such as the relative importance of photochemistry and aqueous phase reactions of
secondary particulate pollutants, oxidation ratios of sulfur and nitrogen, the contributions of chemical spe-
cies under different pollution levels, as well as characteristics of heavy particulate pollutions. The diurnal
variation of chemical species in PM, s is for the first time available in Lanzhou to study secondary pollutants
generation by photochemistry and heterogenous reactions. Meanwhile, great efforts have been made to
improve the air pollution in Lanzhou, especially since the 2013-2017 plan for Clean Air Action by
Chinese government (The State Council of the People's Republic of China, 2013). Study on current charac-
teristics and formation mechanisms of particulate pollution in Lanzhou can test the effectiveness of control
measures in recent years. In addition, the air pollution in western China has increased in recent years but
integrated researches were rarely available in this region.

The present study was designed to investigate the characteristics and formation mechanisms of winter par-
ticulate pollution in Lanzhou by using multiple online data, including chemical species, PM concentrations
with different sizes, gases, and meteorological factors. The analysis was conducted under different severity of
particulate pollutions with an emphasis on contribution of chemical species, formation of secondary inor-
ganic aerosols, characteristic of carbonaceous species, as well as diurnal variation of chemical species. Our
results will help to make effective control measures in Lanzhou and other cities in semiarid regions.

2. Data and Methodology
2.1. A Brief Introduction of the Station and Data

Field measurements were performed from 1 December 2019 to 9 February 2020 at the Lanzhou Atmospheric
Components Monitoring Superstation (LACMS; 36.05°N, 103.87°E, 1520 m a.s.l.), which is settled on the
roof of a 10-story building (approximately 20 m above the ground) on the campus of Lanzhou University
(Figure 1). The LACMS station is a joint project between the Gansu Province Environmental Monitoring
Center and Lanzhou University that is in the downtown area of Lanzhou city and surrounded by residential
and business areas. Heavy petrochemical industries are situated in Xigu in the west suburb of Lanzhou city.
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Figure 1. Geographical map and location of the LACMS station. The topographic data was the Shuttle Radar Topography Mission 3 (SRTM3) data from the
National Aeronautics and Space Administration (NASA).

Multiple instruments were deployed to continuously measure the aerosol chemical compositions, PM
concentrations with different sizes, gases, and meteorological parameters. An overview of online
instruments is listed in Table S1 in the supporting information, and the details are presented in the
following sections.

2.2. Particulate Matter

A particulate matter synchronous mixing monitor (5030i SHARP, Thermo Fisher, USA) was used to monitor
the hourly mass concentrations of PM with an aerodynamic diameter of up to 1.0 pm (PM,), 2.5 um (PM, 5),
10 um (PM,), and total suspended particles (TSPs) with a flow rate of 1 m® hr™*. The monitor applied light
scattering method and -ray absorption method for simultaneous monitoring. Digital filters were used for
continuous quality calibration, and the filter belt was automatically updated according to settings. The
instrument manual for installation, commissioning, and monitoring was strictly followed to ensure accurate
and reliable data quality.

2.3. Water-Soluble Inorganic Ions

The hourly water-soluble inorganic ions (WSIIs; C1~, NO;~, SO,*~, NH,*, Na*, K*, Mg®*, and Ca**) in
PM, s were measured by a Monitor for AeRosols and Gases in ambient Air (MARGA, Applikon, The
Netherlands), which is an advanced and widely used instrument across the world (Brink et al., 2019).
Briefly, the MARGA consists of a sampling box, an analyzer box, and a control system. The inlet of
MARGA employs a wet rotating denuder and a steam jet aerosol collector for collection of gases and parti-
cles, respectively. The gas and aerosol concentrations are reported in conjunction with a cation and anion
chromatography at an hourly time resolution. The lowest detection limits of the detection components,
including CI~, NO5~, SO,*~, NH,*, Na*, K*, Mg**, and Ca*" are 0.02, 0.05, 0.04, 0.05, 0.04, 0.09, 0.08,
and 0.04 ug m™>, respectively. Details and principles of the MARGA can be found elsewhere (e.g.,
Makkonen et al., 2012; Rumsey et al., 2014). Excellent relationship between cations equivalents and anions
equivalents in the present study demonstrated the high quality of the observed water-soluble ions
(Figure S1).

The MARGA has already been used across the world and generally delivering satisfying results (Pye
et al., 2018; Roig Rodelas et al., 2019; Twigg et al., 2015). The MARGA was compared with other reference
methods to evaluate its performance, resulting in coefficients of determinations of 0.91 for the measure-
ments against the SO, gas monitor, 0.84, 0.79, and 0.85 for the ACSM NO;™, SO42’, and NH," measure-
ments, respectively, and 0.85, 0.88, 0.91, and 0.86 for the filter measurements of CI~, NO5~, SO,*~, and
NH,", respectively (Stieger et al., 2018). Moreover, online instruments can partially avoid the composition
artifacts of filter-based sampling due to interparticle interactions, gas-particle interactions, and the dissocia-
tion of semivolatile species.
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2.4. Carbonaceous Species

We applied an online and continuous particulate carbon monitor (Model 4/OCEC (RT-4) Lab, Sunset, USA)
to measure the hourly organic carbon (OC) and elemental carbon (EC). The Sunset Lab OC/EC monitor
adopts the thermal/optical method approved by NIOSH (The National Institute for Occupational Safety
and Health) to measure and analyze OC and EC collected on the quartz filter membrane. For data quality
assurance, we carried out a comparison between online data from Sunset Lab OC/EC monitor with the con-
centration of black carbon (BC) from the aethalometer (AE33, Magee, USA). A good correlation was found
between the two methods even though EC was lower than BC (Figure S2), which might be attributed to over-
estimation of BC due to the absorption of dust and other absorbing aerosols (Salako et al., 2012).

OC can be divided into primary organic carbon (POC) and secondary organic carbon (SOC). Since POC and
EC emissions were invariable for a short period and EC emissions are inert to atmospheric chemical reac-
tion, the minimum OC/EC ratio method was applied to derive POC and SOC (Cao et al., 2007; Castro
et al., 1999; Turpin & Huntzicker, 1991). Organic matter (OM) and SOC and were calculated as follows:

OM = 1.6 X OC 1)
SOC = OCyoia1 — EC X (OC/EC) ;1 )

where (OC/EC)in is the minimum value of OC/EC ratio in the data.

2.5. Gaseous Pollutants and Meteorological Parameters

Concentrations of trace gases including Os, SO,, NO, NO,, and CO were obtained at a resolution of 1 hr
using a set of online gas analyzers (49i, 43i, 42i, and 48i, respectively; Thermo Fisher Scientific, USA).
Hourly meteorological parameters were collected by applying meteorological sensor (FWS500, FRT,
China), including temperature (T), RH, air pressure (P), wind direction (WD), and wind speed (WS).

3. Particulate Pollution From Low to High PM Concentrations
3.1. Particulate Matter With Different Sizes

Average concentration of PM;, PM, s, PMj,, and TSP during the 2019-2020 winter was 45.7 + 20.9,
70.4 + 28.7, 114 + 47.8, and 136.3 + 60.9 g m~>, respectively (Table S2). Average ratios of PM; to PM, s,
PM, 5 to PM;, and PM, 5 to TSP were 0.64, 0.62, and 0.53, respectively. PM;_, 5, PM, 5_1¢, and PM;o, were
calculated to better characterize the variation of PM with different sizes. The total observation samples were
divided into 10 particulate pollution bins based on PM, s which is of widespread attention. PM; and PM; ;5
continuously increased from low to high PM concentrations while PM, 5 1o and PM; o, showed little varia-
tion under low PM concentrations and began to increase at about 65 g m™~> PM, 5 concentration (Figure 2a).
The ratio of PM; to PM, s generally increased from 0.60 to 0.69 with increasing PM concentration
(Figure 2b), indicating greater contribution of submicron aerosols under high PM concentrations. The ratio
of PM, s to PMy firstly increased and began to decrease at about 65 ug m™> PM, 5 concentration.

Lanzhou used to be a heavily polluted city with average PM;, PM, 5, PM;o, and TSP of 161.5, 164.9, 460.5,
and 726.2 pg m>, respectively during December 2005 (Wang et al., 2009). PM, s concentration in
Lanzhou was 120.5 ug m™~> during December 2012 (Tan et al., 2017) and 141.1 ug m™> for 2014 winter
(Wang, Jia, et al., 2016). Average PM; was 57.3 ug m> during January to February 2014 (Xu et al., 2016).
The air quality in Lanzhou has been greatly improved under strict control measures in the last three decades.
The current winter particulate pollution in Lanzhou is also much lower than cities in eastern China (e.g.,
Sun et al., 2020; Ye et al., 2019).

The PM; to PM, s and PM, s to PM;q ratios during 2019-2020 winter in Lanzhou (0.64 and 0.62) are consis-
tent with the spatial distribution of PM ratios across China with low values in north and northwest China
(Wang et al., 2015). Besides spatial differences, the ratios of PM with different sizes vary during pollution
events. For example, the ratio of PM; to PM, 5 decreased during winter haze episodes in Xi'an and Beijing
(Elser et al., 2016), which is opposite to the trends of PM; to PM, 5 ratio for high PM concentrations in the
present study. The increasing trend of PM; to PM, 5 ratio might be attributed to strong photochemical
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Figure 2. Concentrations (a) and ratios (b) of PM with different sizes from low to high pollution concentrations. The 1,663 observation samples were divided into
10 bins from low to high PM, 5 concentrations with each bin contains 166 or 167 samples. PM;_5 5, PM; 519, and PM;, represents the differences between
PM, 5 and PM;, PM;y and PM, 5, and TSP and PM,, respectively.

generation of secondary aerosols under dry conditions, which will be further illustrated in the following
sections.

3.2. Contribution of Chemical Species

OM and the secondary inorganic aerosols (SIAs; i.e., nitrate, sulfate, and ammonium) were the major com-
positions of PM, s during 2019-2020 winter in Lanzhou (Figure 3). Average value of OM concentration was
25.2 ug m > for the total winter samples, contributed the highest mass fraction of 35.8% in PM, 5. Nitrate

BN SO~ W OM
NH;F Hl EC

100% -

80% -~

38.3%
33.1%

60%

40%

Contribution(%)

12.5%

20% -

0% -
Total Low Moderate High nighttime daytime

Figure 3. PM; 5 compositions for total, low, moderate, and high pollution levels, as well as nighttime (02:00, 03:00, 04:00,
and 05:00) and daytime (12:00, 13:00, 14:00, and 15:00) samples.
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(11.7 ug m ™), sulfate (8.9 ug m™>), and ammonium (7.6 ug m™>) accounted for 16.6%, 12.7%, and 10.8%,
respectively, of PM, s mass. The combination of OM and SIAs accounted for 75.9% of PM, s mass. The aver-
age concentrations of C1~ and EC were 2.6 and 2.3 pug m™3, accounted for 3.7% and 3.3% of PM, s mass. The
average concentrations of K*, Na*, Ca**, and Mg>* were 0.88, 0.75, 0.41, and 0.06 ug m™>, respectively. The
undetected PM, s mass might be mineral dust component. The contributions of carbonaceous species (OM
and EC; 39.1%) is comparable with those of SIAs (40.1%).

To better understand the contribution of chemical species, the observations in the present study were
grouped into low (daily PM, 5 < 35 ug m73), moderate (35 < daily PM, 5 < 75 ug m~>), and high (daily
PM, s > 75 ug m ™) pollution levels. The days of low, moderate, and high pollution levels accounted for
8%, 47%, and 45%, respectively, during the 2019-2020 winter in Lanzhou. The minimum, median, and
maximum value of daily PM, s during the 2019-2020 winter was 18.23, 67.22, and 116.36 pg m3, respec-
tively. Average PM, s concentration under low, moderate, and high pollution levels was 28.2, 54.5, and

93.7 ug m™, respectively.

The mass fractions of OM in PM, 5 were 38.5%, 31.4%, and 38.3% for low, moderate, and high pollution
levels, respectively (Figure 3). The lowest contribution of OM was found for the moderate pollution level
even though OM concentration for the moderate pollution level was 1.58 times of that for low pollution level
(Table S2). From low to high pollution level, the concentrations of nitrate, sulfate, and ammonium were
multiplied by 2.8, 2.3, and 2.8 times, respectively. However, the contributions of SIAs decreased from low
to high pollution level with the mass fractions of nitrate (sulfate and ammonium) in PM, 5 were 19.6%
(16.0% and 12.4%), 16.8% (15.2% and 11.4%), and 16.8% (11.2% and 10.5%), respectively for low, moderate,
and high pollution levels. The reduction in mass fraction of sulfate (4.8%) was higher than those of nitrate
(2.8%) and ammonium (1.9%). The contributions of chloride and EC were relatively low, but their concen-
trations significantly increased from low to high pollution level. The concentrations of chloride and EC
for the high pollution level (3.70 + 2.13 and 3.53 + 1.45 ug m™>) were 4.35 and 4.47 times of those for the
low pollution level (0.85 + 0.61 and 0.79 + 0.36 ug m™>). The contributions of carbonaceous species (OM
and EC) were 41.3%, 33.8%, and 42.3% while those of SIAs were 48.0%, 43.4%, and 38.5% for low, moderate,
and high pollution levels, respectively. In other words, the contribution of SIAs was higher than carbonac-
eous species for low pollution level while carbonaceous species became the major contributor for the high
pollution level due to relative increase in the contribution of carbonaceous species and decrease contribution
of SIAs.

The contributions of chemical species during 2019-2020 winter in Lanzhou are generally within the scope of
studies in other cities (Beijing, Xi'an, Shanghai, and Guangdong) across China (Huang et al., 2014). The
nitrate contribution of 16.6% is relatively higher, indicating the importance of mobile sources. Significant
increase in nitrate, evident decrease in sulfate, and slight increase in ammonium were found between 2019
and 2020 winter (nitrate: 11.7 ug m >, sulfate: 8.9 ug m >, and ammonium: 7.6 ug m™~>; the present study)
and previous studies in Lanzhou such as summer 2006 (nitrate: 3.2 + 2.0 ug m™>, sulfate: 9.8 + 5.6 ug m™>,
and ammonium: 4.1 + 2.5 ug m~>) (Pathak et al., 2009) and December 2012 (nitrate: 7.21 + 4.08 ug m™>, sul-
fate: 11.82 + 4.21 ug m™>, and ammonium: 6.70 + 3.42 ug m™>) (Tan et al., 2017). The contribution of SIAs in
Lanzhou is lower than megacities such as Nanjing (61%) (Zhang, Tang, et al., 2017), Chengdu (51.04%) (Liu
et al., 2019), and Changzhou (51.81%) (Ye et al., 2019). Low contribution of SIAs was also found in some
cities, for instance, Yulin during 2013-2014 (24.46%) (Lei et al., 2020) and Shijiazhuang during 2014-2016
(32.01%) (Xie et al., 2019).

3.3. Formation of Secondary Inorganic Aerosols

Sulfate, nitrate, and ammonium increased with increasing particulate pollution when PM, s concentration
was lower than 65 ug m™? (Figure 4a). Sulfate showed little variation at about 10.3 pg m™ with increasing
PM, s when the concentration of PM, s was higher than 65 pg m~3, Nitrate (ammonium) increased from 4.7
(B1)pg m™ for the lowest PM, 5 bin to 18.9 (11.4) ug m™> for the highest PM, 5 bin. The mole ratio of nitrate
to sulfate was investigated to better understand the relative contribution of mobile (i.e., vehicles exhaust)
and stationary sources (Figure 4b). In general, high [NO;~]/[SO,*"] (>1) indicated that the predominance
of vehicle exhaust over coal combustion sources (Kato, 1996; Wang et al., 2006). Average nitrate to sulfate
ratio during winter 2019-2020 in Lanzhou was 2.03, indicating high contribution of vehicle exhaust
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Figure 4. SIAs (a), mole ratios of nitrate to sulfate and ammonium to sulfate (b), ozone and relative humidity (c), and SO,, NO,, and CO (d) as a function of

PMZ.S'

emissions. The nitrate to sulfate ratio began to increase with PM, s when PM, s was higher than 65 pg m~3,

indicating increasing contribution of vehicle exhaust emissions on particulate pollution for high particulate
pollution conditions during winter in Lanzhou.

The sulfur and nitrogen oxidation ratios (SOR and NOR) are generally used to infer the degree of atmo-
spheric secondary transformation of SO, and NO, to sulfate and nitrate, which were calculated by the fol-
lowing equations:

SOR = [SO; ™ ]/([SO; ™ | + [SO,]) (3)
NOR = [NO5]/([NO3] + [NO,]) 4)

where [SO,%"] and [NO; ] are the molar concentrations (umol-m™>) in PM, s and [SO,] and [NO,] are the
molar concentrations (umol-m™>) in gas phase. SOR and NOR values of higher than 0.1 indicate secondary
generation of sulfate and nitrate (Fu et al., 2008; Ohta & Okita, 1990). The average SOR and NOR during
winter 2019-2020 in Lanzhou were 0.18 + 0.12 and 0.11 + 0.05, respectively. SOR exhibited decreasing
trend under high PM, s conditions while NOR showed little variation from low to high PM, 5 concentra-
tions (Figure 5a). The stagnant of sulfate under high PM, s conditions was attributed to the reduction of
SOR, which was probably caused by a decline in heterogeneous reactions and the reduced photochemical
conversion of SO,. Under high PM, s conditions, the decline in heterogeneous reactions was evident in
declining trend of RH and the photochemistry was reduced due to lowered O; concentration
(Figure 4c). The formation of nitrate during winter 2019-2020 in Lanzhou seems to be determined mainly
by NO, concentrations because of the rapid increasing of NO, concentrations and stagnant low values of
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Figure 5. SOR and NOR as a function of PM, 5 (a), RH (b), O3 (c), and ammonium (d). Similar to the division of PM; s,
the total samples were divided into 10 bins from low to high RH/O3/ammonium concentrations.

NOR. Note that the increasing rates of NO concentration with increasing PM, s were much higher than
those of NO, and SO, concentrations from low to high PM, s concentrations (Figure 4d). The ratio of
NO concentration for high pollution level to that of low pollution level was 10.7 while those of NO,
and SO, were both 2.5.

The relationships between SOR/NOR and possible influential factors were investigated to better understand
the formation of SIAs (Figure 5). NOR was significantly lower than SOR under various conditions during the
2019-2020 winter in Lanzhou. SOR and NOR showed little variation with increasing RH when RH was
lower than 50%. When RH was above 50%, the SOR started to increase with increasing RH while NOR still
exhibited weak variation with increasing RH. That is, SOR was more sensitive to RH than NOR under high
RH conditions (also in Figure S6). No apparent trend for SOR and NOR as a function of O3 concentrations
was found under low O; concentrations of lower than 20 ug m™>. SOR and NOR rapidly increased with
increasing O concentrations when O concentrations were higher than 20 ug m™, indicating sensitive
photochemical generation of sulfate and nitrate. SOR and NOR generally increased from low to high ammo-
nium concentrations. Combining the relationships between SOR/NOR and RH and Os, it's safe to conclude
that formation of sulfate was a combination of heterogeneous reactions and the photochemical conversion
of SO, while nitrate was mainly originated from NO, photochemistry. Considering that SOR was more sen-
sitive to RH than NOR under high RH conditions, the decrease of SOR under high PM conditions was recon-
firmed to be caused by a decline in heterogeneous reactions and the reduced photochemical conversion of
SO,. With the increasing of PM, s, decreasing O; concentration caused lower NOR while increasing ammo-
nium resulted in higher NOR, leading to a stagnant NOR from low to high PM, s concentrations.
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Figure 6. Nitrate as a function of excess ammonium (a) and DON as a function of PM, 5 (b).

The correlation analysis of WSIIs in PM, s was conducted to investigate the potential relationships among
WSIIs and preliminarily deduce the existence form and source of the WSIIs (Table S4). Both H,SO, and
HNO; react with NH; to form salts, and NH; is preferential to react with H,SO, to form NH,HSO, or
(NH,4),SO,. If NHj; is enough for H,SO,, then the excess NHj react with HNO; to form NH4NOs. In fact,
“excess ammonium” is defined as the amount of ammonium in excess of that required for [NH,*]/
[SO,>7] = 1.5 (Pathak et al., 2009):

Excess [NH4"] = ([NH4*]/[SO2~ | - 1.5) x [S02 ] ®)

where [SO,*7], [NO5~], and [NH, "] are the molar concentrations (umol-m ™) in PM, 5. When the “excess
ammonium” is >0, homogenous gas-phase formation of nitrate is significant. The ammonium rich sam-
ples accounted for 99.6% of the total samples (Figure 6a). The aerosol acidity in Lanzhou was low
(Figure S7). Good linear relationship was found between nitrate and excess ammonium with R* =0.92,
conforming the formation of nitrate from homogeneous gas-phase reaction between ammonia and nitric
acid during winter in Lanzhou (also in Figures S4 and S5).

The degree of sulfate neutralization (DON) was employed to estimate whether sulfate was completely acidic,
fully neutralized by ammonia, or in between, which is defined as follows:

DON = ([NH] - [NO3])/[503 ©

where the [SO,*"], [NO;~], and [NH,*] are the molar concentrations (umol-m~>) in PM, s. If sulfate were
fully neutralized in the form of ammonium sulfate, that would mean 2 mol ammonia for every mole of
sulfate and the DON value could be defined as 2. Similarly, DON was 1 when sulfate was ammonium
bisulfate, and DON was 0 when sulfate was particulate sulfuric acid (Chen et al., 2014; Qiu et al., 2016).
Average DON value during 2019-2020 winter in Lanzhou was 2.4, indicating the that sulfate was in the
form of ammonium sulfate. DON generally increased with PM, s under high particulate pollution condi-
tions (Figure 6b).

3.4. Characteristics of Carbonaceous Species

Generally, EC, POC, and SOC increased from low to high PM, s concentrations during 2019-2020 winter in
Lanzhou (Figure 7a). EC (POC; SOC) increased from 0.7 (1.5; 3.8) ug m™> in the lowest PM, s bin to 4.8 (10.7;
17.2) ug m~> in the highest PM, s bin. The correlation of OC and EC was studied to better understand the
sources of carbonaceous species in PM (Figure S3). The correlation of OC and EC was high with
R* = 0.91 for the total samples and the correlations showed little variation with increasing PM, s, indicating
that OC and EC originated from the same sources from low to high PM, 5 concentrations.
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Figure 7. Variation of EC, POC, and SOC (a) and the ratios of OC to EC, SOC to OC, and SOC to EC (b) as a function of

The ratio of OC to EC is an indicator for relative contribution of different sources of carbonaceous species:
0.3-7.6 for emissions from coal burning, 0.7-2.4 for exhaust emissions from diesel and gasoline vehicles,
and 4.1-14.5 for emissions from biomass burning (Turpin & Huntzicker, 1991; Watson et al., 2001). The
OC/EC ratios in above studies were measured following the IMPROVE TOR (Interagency Monitoring
of Protected Visual Environments, Thermal Optical Reflectance) protocol, whereas the OC/EC ratios in
this study were measured following the NIOSH TOT (the National Institute for Occupational Safety
and Health, Thermo Optical Transmission) protocol. The OC (EC) measured under the NIOSH protocol
would be larger (smaller) than under the IMPROVE protocol due to different temperatures for OC and
EC (Cao et al., 2007). Although the NIOSH protocol led to larger OC/EC values, the OC/EC ratios can
estimate the major sources of the particulate pollution (e.g., Chen et al., 2017; Qu et al., 2009). The aver-
age ratio of OC to EC was 8.2 for the total samples (Table S2). Since biomass burning is limited during
winter in Lanzhou (Figure S8), the average OC to EC ratio of 8.2 indicated the greater contribution of coal
burning than vehicle exhaust emissions. Results from offline samples also suggested that the major
sources of carbonaceous aerosols in Lanzhou were coal burning and vehicle exhaust emissions (Wang,
Jia, et al., 2016). The OC to EC ratio increased from 8.5 to 9.5 in the lowest three PM, s bins and then
began to decrease with increasing PM, s and reached a minimum value of 6.3 in the highest PM, 5 bin
(Figure 7b). The decreasing trend of OC to EC ratio under high PM, s concentrations demonstrated the
relatively decreasing contribution of coal burning and increasing contribution of vehicle exhaust emis-
sions on carbonaceous species.

The ratios of SOC to OC and SOC to EC were also studied to illustrate the characteristics of secondary car-
bonaceous species from low to high PM, 5 concentrations (Figure 7b). Average SOC to OC ratio for total sam-
ples during 2019-2020 winter in Lanzhou was 68%, much higher than those observed in megacities such as
Beijing for 2016-2017 winter (44%) (Shao et al., 2018) and Nanjing for 2015 winter (36%) (Zhang, Tang,
et al., 2017). High ratios of SOC to OC have also been recorded in other cities, for instance, Zhengzhou for
2012 autumn (60 + 8%) (Wang, Li, et al., 2016). The SOC to OC ratio decreased with PM, s concentrations
when PM, 5 concentrations were higher than 50 ug m™>, indicating decreased photochemical formations
of SOC. The minimum SOC to OC ratio in the highest PM, s bin was as high as 62%. The decreasing trend
of SOC to OC ratio in the present study seemed to be opposite to the results during winter in Beijing, where
SOC to OC ratio was higher during haze events than clean conditions (Shao et al., 2018). Furthermore, the
ratio of SOC to EC decreased rapidly from 7.2 to 4.1 with increasing PM, s under high PM, s concentrations.
The rapid decreasing trend of SOC to EC ratio under high PM concentrations was attributed to a combina-
tion of decreasing secondary photochemical formations by reduced O3 and the increasing accumulation of
primary particulate emissions by weakened atmospheric diffusion ability (see wind speed as a function of
PM, s in Figure 9a).
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2019-2020 winter in Lanzhou.

4. Discussions

4.1. Diurnal Variation of Particulate Pollution

To better understand the formation of particulate pollution, the diurnal variation of PM species, gases, NOR
and SOR, and meteorological parameters was investigated. Typical diurnal variation of temperature and RH
was found for 2019-2020 winter in Lanzhou (Figures 8a and 8g), with maximum temperature (minimum
RH) at 16:00 and minimum temperature (maximum RH) at 08:00. The diurnal variation of RH was confined
in the range of 30-65%, such low RH was unfavorable for aqueous phase reactions in the atmosphere.
Relatively high wind speed in the afternoon (12:00-16:00) and low wind speed at midnight were observed
(Figure 8a). The concentration of NO began to increase in the early morning and reached the first peak at
12:00, then evolved to a bottom at 16:00 and reached the second peak at 21:00 (Figure 8b). CO exhibited a
peak at 11:00 and a bottom at 16:00. The peaks of CO and NO were attributed to anthropogenic activities,
for instance, vehicle emissions. Ozone diurnal variation was controlled by solar radiation and reached one
peak at 16:00. NO, reached the first peak at 13:00 and kept at a high level until midnight. SO, exhibited a
single peak at 11:00.
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The diurnal variation of PM, 5 was like that of NO, with two peaks at 12:00 and 21:00 and two bottoms at
07:00 and 18:00 (Figure 8c). One evident peak at 15:00 was found for SIAs and two peaks for carbonaceous
species were at 12:00 and 22:00, respectively. Single sharp peaks were found for nitrate, sulfate, and ammo-
nium at 17:00, 14:00, and 15:00, respectively. Not only SIAs but also NOR and SOR during daytime were sig-
nificantly higher than those in nighttime. Since the NO, concentrations were very high, the diurnal variation
of nitrate seemed to be controlled by the diurnal variation of NOR (Figure 8f). The nighttime NOR was at a
low value of about 0.1, indicating little secondary generation of nitrate during nighttime. NOR started to
increase at 12:00 and reached a peak value at 16:00, leading to the peak of nitrate at 17:00. Note the slight
increase in NOR at 05:00 also triggered a minor fluctuation of nitrate, which was produced by the hydrolysis
of N,Os at night with relative high RH. SOR increased while SO, decreased from 11:00 to 19:00, resulting in
the sulfate peak at 16:00. Decreasing trends were found for nitrate, ammonium, and carbonaceous species
while sulfate remained stagnant from midnight to sunrise. The decrease of various species during nighttime
was caused by diffusion, and the stagnant of sulfate indicated generation of sulfate via aqueous phase reac-
tions during nighttime. Like PM, s, there were also two peaks for OC and EC with the first ones at 12:00 and
the second ones at 22:00 (Figure 8c), indicating the primary emission of carbonaceous species by anthropo-
genic activities, for instance, vehicle emissions. SOC exhibited an evident peak at 12:00 and kept high values
from 19:00 to midnight. To sum up, SIAs diurnal variations conform that the formation of SIAs were domi-
nated by daytime photochemistry rather than heterogeneous reactions in 2019-2020 winter in Lanzhou.

The correlation coefficients between NOR/SOR and O; and RH were investigated to better understand the
relative importance of photochemistry and aqueous generation of sulfate and nitrate (Table S3). The corre-
lation coefficient between NOR (SOR) and O3 was 0.51 (0.44) while that between NOR (SOR) and RH was
0.08 (0.14), which reconfirming the dominance contribution of photochemical generation of sulfate and
nitrate rather than aqueous phase conversion.

Contributions of chemical species for selected daytime samples and selected nighttime samples were also
studied to further compare photochemistry and heterogenous reactions during winter in Lanzhou. The aver-
age PM, s for the selected daytime and nighttime samples were 78 and 67 ug m™?, respectively. The contri-
butions of nitrate, sulfate, and ammonium for daytime samples were all higher than those for nighttime ones
(Figure 3). The increased contribution of SIAs for daytime samples was attributed to higher secondary gen-
eration of nitrate, sulfate, and ammonium. The contribution of carbonaceous species for daytime samples
was lower than those for nighttime samples, which were partially due to the higher diffusion of primary car-
bonaceous species and relatively higher SIAs during daytime.

4.2. Influence of Meteorological Factors on Particulate Pollution

Meteorological factors affect atmospheric particulate pollution by influencing diffusion conditions and sec-
ondary aerosol generation. The influence of RH on secondary aerosol generation has also been investigated
in previous sections. Hourly RH varied from 10.7% to 87.8%, with an average value of 49.5% during 2019-
2020 winter in Lanzhou. Such low RH was unfavorable for aqueous phase convention of secondary aerosols
in the atmosphere. Since wind speed is a good indicator for diffusion conditions, the relationship between
wind speed and PM, 5 concentration was also investigated. The average wind speed was only 0.52 m s~
for total samples during 2019-2020 winter in Lanzhou. Low wind speed indicated weak pollution diffusion
ability during winter in Lanzhou due to valley topography and unfavorable meteorological factors such as
shallow boundary layer and frequent temperature inversion. Generally, wind speed decreased rapidly with
increasing PM, s from 0.79 m s™! for the lowest PM, 5 bin to 0.44 m s~ for the highest PM, 5 bin (Figure 9a),
confirming the increasing accumulation of pollution by weakening diffusion ability under high PM condi-
tions. In addition, weak diffusion ability under high PM conditions might have been caused by reduced solar
radiation due to elevated particulate pollution.

The prevailing winds came from the north direction during 2019-2020 winter at the LACMS station
(Figure 9b). The eastern winds with relatively high speed were favorable while the northern and western
winds with relatively low speed were unfavorable for pollution diffusion. The influence of wind on pollu-
tions was studied in detail for low, moderate, and high pollution levels (Figure S9). Obviously, the low pollu-
tion level was accompanied by eastern winds with relatively high wind speed. Winds from northern, eastern,
and western were comparable for the moderate pollution level. For the high pollution level, low speed winds
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Figure 9. Wind speed as a function of PM, 5 (a) and wind rose plot (b).

blew from northern and western directions with high particulate and gaseous pollutions. Since Lanzhou is
an isolated city, which is settled in a narrow river valley and surrounded by mountains, regional transport of
particulate pollution was not studied due to its small order of magnitude in winter.

4.3. Variations of PM and Gases During Recent Years in Lanzhou

Variations of PM;q, SO,, and NO, were studied to reveal the trend of air pollution in Lanzhou from 2002 to
2019. PM, 5 data was also available for recent 6 years. The decrease trend was evident in PM; and SO, dur-
ing the last two decades, and a slight decrease was also found for PM, s since 2014, which might be a conse-
quent result of the Clean Air Action by Chinese government. The yearly average of SO, in 2019 was only
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Figure 10. PM, 5, PM;(, SO,, NO,, and car numbers during recent years in Lanzhou. The data of PM, 5 and gases were
obtained from the China National Environmental Monitoring Center (CNEMC) website (http://113.108.142.147:20035/
emcpublish/) for the site of Lanzhou Railway Institute, which is about 1,500 m away from the LACMS station. SO,,
NO,, and PM; data was from Lanzhou City's State of the Environment bulletins distributed by Lanzhou Ecology and
Environment Bureau (http://sthjj.lanzhou.gov.cn/). The car numbers were from Lanzhou City's Economic and Social
Development Statistics Bulletins distributed by Lanzhou Municipal Bureau of Statistics (http://www.tjcn.org/).

DU ET AL. 13 of 17


http://113.108.142.147:20035/emcpublish/
http://113.108.142.147:20035/emcpublish/
http://sthjj.lanzhou.gov.cn/
http://www.tjcn.org/

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2020JD033369

21.2% of that in 2002, indicating effective control on SO, in Lanzhou. However, the concentration of NO, in
2019 (52 pg m’3) was close to that in 2002 (57 pg m™>). The increase trend of NO, in Lanzhou is contrast to
the decrease trend of NO, across China from 2013 to 2017 (Wang, Gao, et al., 2020). That is, unfortunately,
the control measures failed to reduce the vehicle exhaust emissions in Lanzhou.

Coal combustion, soil dust, and traffic emissions were identified as the highest three sources (accounted for
65.8%) in Lanzhou (Wang, Jia, et al., 2016). Traffic emissions seem to be increased in recent years due to the
increase trend of NO, since 2013. Meanwhile, the car ownership in Lanzhou has grown from 0.13 million in
2002 to 1.10 million by the end of 2019. Measures such as promote vehicle restriction policies, increase the
coverage of vehicles with clean fuels as energy, and encourage travel by public transport are required to
improve the particulate pollution originated from traffic emissions. The decrease trend of SO, in recent years
indicates the improvement in coal combustion. However, low nitrogen combustion reform of key enterprises
such as thermal power plants is required to further reduce nitrate generation.

5. Summary and Conclusions

The formation mechanisms of particulate pollution in Lanzhou remain unclear even though air pollution
has been greatly improved in recent decades in Lanzhou. Multiple online data, including chemical species
and PM concentrations with different sizes, gases, and meteorological factors at the LACMS station, were
used to analyze the characteristics and reveal the formation mechanisms of particulate pollution during
2019-2020 winter in Lanzhou.

Average concentration of PM;, PM,s, PM;o, and TSP in Lanzhou during the 2019-2020 winter was
45.7 +20.9,70.4 +28.7,114 + 47.8, and 136.3 + 60.9 pg m=3, respectively. The ratio of PM; to PM, 5 generally
increased from 0.60 to 0.69 from low to high particulate pollution while the ratio of PM, 5 to PM firstly
increased with increasing particulate pollution and began to decrease under high PM conditions.

OM and SIAs were the major compositions of PM, s during 2019-2020 winter in Lanzhou. OM, nitrate, sul-
fate, and ammonium accounted for 35.8%, 16.6%, 12.7%, and 10.8%, respectively, of PM, s mass. The contri-
bution of SIAs species decreased from low to high pollution level despite the increasing trend of SIAs
concentrations with increasing PM, s. The contribution of SIAs was higher than carbonaceous species for
the low pollution level while carbonaceous species became the major contributor for the high pollution level
due to relative increase in carbonaceous species and decrease in SIAs.

The concentrations of nitrate and ammonium consistently increased with increasing PM, s while sulfate con-
centrations firstly increased but began to show little variation when PM, s went higher than 65 ug m ™. The
SOR and NOR exhibited low values of 0.18 + 0.12 and 0.11 + 0.05, respectively. SOR exhibited decreasing
trend under high PM, 5 conditions due to a decline in heterogeneous reactions and the reduced photochemi-
cal conversion of SO,. NOR exhibited little dependence on RH because of limited aqueous phase generation
of nitrate. NOR remained stagnant from low to high PM, 5 concentrations, which was a counteraction by
opposite effects of decreasing Oz and increasing ammonium. Results also show that ammonium rich samples
dominated during 2019-2020 winter in Lanzhou. Diurnal variation of chemical species confirmed that SIAs
were mainly originated from photochemical conversions rather than heterogenous reactions.

The increasing nitrate to sulfate ratio and decreasing OC to EC ratio for high PM, s concentrations indicate
relatively decreasing contribution of coal burning and increasing contribution of vehicle exhaust emissions
on particulate pollution. The rapid decreasing trend of SOC to EC ratio under high PM concentrations was
attributed to a combination of decreasing secondary photochemical conversions by reduced O; and the
increasing accumulation of primary emissions by weakened atmospheric diffusion ability.

Despite the fact that particulate pollution in Lanzhou has been greatly improved in recent decades, our
research suggests that the following issues should be carefully addressed to develop effective control mea-
sures: (1) The contribution of carbonaceous species (i.e., EC and OM) became higher than that of STAs under
high PM conditions; (2) the control measures failed to reduce the vehicle exhaust emissions in Lanzhou and
led to evident increase of NO, in recent years; and (3) the influence of vehicle exhaust emissions on particu-
late pollution increased with the severity of particulate pollution.
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