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• Increasing trend of nitrate aerosol pollu-
tion in haze episodes

• Particulate liquid water plays important
roles in formation of secondary aerosols.

• Secondary aerosols are main sources of
haze.

• The occurrence of heterogeneous aque-
ous reaction has a marked tendency.

• High-nitrate haze episode favoured het-
erogeneous aqueous oxidation of SO2.
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Heterogeneous aqueous reaction plays important roles in the enhanced formation of secondary aerosols during haze.
However, its occurrence in haze episodes remains poorly understood. In this study, the trends in heterogeneous aque-
ous reaction in continuous haze episodes were investigated by an in-depth case analysis. The highly time-resolved
measurements of water-soluble inorganic ions of PM2.5 were conducted in a suburban of Shanghai, China, and contin-
uous haze episodes, which occurred from Feb. 18 to Feb. 28, were selected as studied cases. Results showed that fine
particle pollution inBaoshanwas serious.High concentrations of secondary inorganic aerosol ions and thehigher sulfur
oxidation ratio (SOR) and nitrogen oxidation ratio (NOR) on haze days indicated enhanced conversions from SO2 and
NOx to their corresponding particulate phases. The high-nitrate haze episode and the high-sulfate haze episode were
identified. Further simulations revealed that the PM2.5 particles had strong acidity during the high-nitrate and high-
sulfate haze episodeswhether theywere calculated by E-AIM4 or by ISORROPIA II. It was found that particulate liquid
waterwasmore sensitive to nitrate than sulfate, and played significant roles in theheterogeneous aqueous reactions of
NO2 and secondary nitrate formation during haze episodes, especially in the high-sulfate haze episode. Further analysis
indicated that thehigh-nitratehaze episode favoured theoccurrenceof heterogeneous aqueousphaseoxidationof SO2,
and themorewaterwas in the particles, themore SO2was converted to sulfate aerosols. Thiswork provides an impor-
tant field measurement-based evidence for understanding the important contributions of the heterogeneous aqueous
reactions to secondary aerosol pollution and the tendencies of heterogeneous aqueous reactions in the formation of
secondary sulfate and nitrate aerosols in suburban Shanghai.
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1. Introduction

In recent years in China, rapid urbanization and industrialization
have resulted in serious air pollution in many cities and regions
(Huang et al., 2014;Wang et al., 2015; Zheng et al., 2015), and haze ep-
isodes have occurred frequently. One of the severest events is thewinter
hazewhich occurred in January 2013 in China (Zheng et al., 2015), with
a maximum PM2.5 hourly concentration of 772 μg m−3 (Huang et al.,
2014). This extremely severe and persistent haze episode covered a
land area of approximately 1.4 million km2 and influenced about 800
million people (Cheng et al., 2014). In the winter of 2016, China faced
the similarly severe particulate matter (PM) pollution again across
vast areas (Yin andWang, 2017). Haze episodes affect air quality, visibil-
ity, human health and climate. Therefore, haze has been investigated
extensively (Fu and Chen, 2017). Up to now, many short-term, continu-
ous or persistent haze episodes have been extensively studied (Du et al.,
2011; Guo et al., 2014; Hua et al., 2015; Li et al., 2017; Yang et al., 2015;
Zheng et al., 2015). High pollutant emissions, adverse meteorological
conditions and elevated PM concentrations are largely responsible for
the haze formation in many regions (Cheng et al., 2014; Huang et al.,
2014), and the occurrence of haze episodes is also closely related to
the number concentration, size distribution, chemical composition and
mixing state of aerosol particles (Wang et al., 2009; Whiteaker et al.,
2002). In China, haze is defined as a weather phenomenon in which
the horizontal visibility is b10 km and the relative humidity (RH) is
below 80% (QX_T113, 2010). Visibility degradation due to PM is gener-
ally related to scattering by sulfate, nitrate, ammonium, and certain or-
ganic carbon (OC) as well as absorption by elemental carbon (EC) and
some other OC (Andreae et al., 2008; Laskin et al., 2010; Sun et al.,
2006). Changes in the chemical composition and the mixing state of
particles further complicate their impacts on visibility. Acquiring of
highly time-resolved variations in atmospheric aerosol ionic composi-
tion and concentration on haze days would provide more information
for deep understanding of the variability in atmospheric aerosol chem-
istry and the characteristics of haze formation.

Previous studies suggested that the reduction of solar radiation in-
tensities in haze episodes weakened atmospheric photochemistry and
thereby reduced oxidant concentrations (e.g. OH radical), which made
gas-phase production of sulfate and nitrate unlikely to be important
(Liu et al., 2016; Quan et al., 2015; Zheng et al., 2015). However, the en-
hanced formation of secondary inorganic aerosol (SIA: NO3

−, SO4
2− and

NH4
+) in haze episodes has been demonstrated by many previous stud-

ies (Qiao et al., 2015; Hua et al., 2015), and therefore the enhanced for-
mation of SIA is usually attributed to heterogeneous reactions. The
elevated SIA on haze days not only increases PM2.5 concentration, but
also increases the hygroscopicity of aerosol particles, and in turn pro-
motes the aqueous-phase reactions for secondary aerosol formation
(Qiao et al., 2015; Qiao et al., 2016), resulting in pollution intensification
(Han et al., 2016; Liu et al., 2016; Wang et al., 2012; Zheng et al., 2015).
Nowadays, heterogeneous aqueous reactions are often used to explain
the enhanced production of secondary sulfate and nitrate aerosols dur-
ing haze (Ma et al., 2017; Quan et al., 2015;Wang et al., 2012). However,
the details about the roles of heterogeneous aqueous reaction in the for-
mation of SIA and the occurrence of haze remain poorly understood.

BaoshanDistrict, as a typical suburb of Shanghai, located at the inter-
section of the Yangtze River and the Huangpu River, is the seaway gate
of Shanghai with a total area of 425 km2 and a population of 1.22 mil-
lion. It is connected to over 400 harbors in the world with a developed
multi-modal transportation and inland navigation network. As a world
level industry concentration and expansion area for refined steel
manufacturing and relevant industries, Baoshan district owns a large
number of large-sized enterprises at state or city level, including
BaoSteel, which is the biggest steel producer in China. However, the
rapid development of Baoshan district is accompanied by its declining
air quality. Haze episodes caused by atmospheric PM have occurred fre-
quently in Baoshan district, particularly inwinter. The rapid increases of
vehicles and coal consumption in Baoshan district have been regarded
as the main reasons for the deterioration of air quality. SO2, NOx, TSP,
PM10, PM2.5, CO, VOC and NH3 are the main pollutants discharged by
the steel manufacturing and relevant industries, of which the emissions
of SO2, NOx, TSP, CO are significantly higher than other pollutants
(Wang et al., 2013). However, to our knowledge, there have been few
specific studies focused on high temporal resolution observations con-
ducted to characterize PM2.5 and its composition during haze episodes
occurring in Baoshan district, which is preventing a comprehensive un-
derstanding of the air pollution status in Shanghai. Besides, study on
water-soluble ions in PM2.5 at high time resolution during haze days is
helpful for acquiring more details about haze. Thus, the main objective
of this study is to get a deeper understanding of the characteristics of
SIA and haze formation, and to elucidate the trends in heterogeneous
aqueous reaction in continuous haze episodes in Baoshan district
based on high time resolution online water-soluble ions in PM2.5.

2. Experiment and methods

2.1. Site description and sampling time

The sampling site ofMARGA (31°23′N, 121°26′E)was located on the
roof of environmental monitoring station in Baoshan district, which is a
typical suburb located at the convergence point of the Huangpu River
and the Yangtze River, in the northern part of Shanghai. The geographic
distribution of the field experiment site in this study is shown in Fig. 1.

This site is representative of metropolitan industrial zone due to the
mixed influence of residential, land traffic, harbor and industrial emis-
sions. The online sampling time was from February 1 to April 29,
2011, and in the study the continuous haze episodes, which occurred
from February 18 to February 28, 2011, were selected as studied cases.

2.2. Experiment instruments

Hourly mass concentrations of major water-soluble inorganic ions
(NH4

+, Na+, K+, Ca2+, Mg2+, SO4
2−, NO3

− and Cl−) were continuously
measured using an on-line analyzer (MARGA, model ADI 2080,
Applikon Analytical B. V. Corp., Netherlands) with a PM2.5 sharp-cut cy-
clone inlet. Details of the instrument have been described preciously
(Du et al., 2011; Kong et al., 2014). Briefly, the system consists of a sam-
pling box and an analytical box. The sampling box is comprised of one
wet rotating denuder (WRD) for gas sampling and one steam jet aerosol
collector (SJAC) for aerosol collecting. Ambient air was drawn into the
sampling box at a flow rate of 1 m3/h through the inlet by a pump
equipped with a mass flow controller, and gaseous components were
scavenged and dissolved in the liquid film formed by the WRD, then
aerosol species were continuously collected by the SJAC where conden-
sation of steammade aerosols become aqueous droplets rapidly. Subse-
quently, the two collected liquid samples were analyzed by ion
chromatography (IC, conductivity detector, C4 100 × 4 mm column
and 3.20 mM HNO3 eluent for cation, A Supp 10–75 column and
7.00 mM Na2CO3 + 8.00 mM NaHCO3 eluent for anion). MARGA was
continuously controlled by an internal calibration method using bro-
mide for the anion chromatograph and lithium for the cation chromato-
graph at 1-h time resolution. MARGA was also calibrated by using
external standard solution (mixed cation and anion standards, Dionex
Company) in a routine time to ensure the accuracy of data.

2.3. Atmospheric and meteorological data

In this study, the hourly atmospheric parameters including mass
concentrations of SO2, NOx, O3 and PM2.5 and meteorological parame-
ters including temperature (T), relative humidity (RH), wind speed
(WS), visibility (Vis) etc. were obtained from local meteorological site,
which is located at a distance of 180 m from the sampling site.



Fig. 1.Map of the geographical location of the sampling site.
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2.4. Back trajectory analysis

48-h backward trajectories of airmasses arriving at the sampling site
were calculated using the HYSPLIT model (http://ready.arl.noaa.gov/
HYSPLIT.php) to investigate the influence of different air masses from
distant sources on aerosol composition. The meteorological data fields
used to run the model are available at NOAA's ARL archives.
2.5. Thermodynamic model

Both freeH+ concentration ([H+]Ins, the square brackets indicate the
molar concentration of the species inside, used here and henceforth)
and in situ pH in the deliquesced particles were used as indicators of
aerosol acidity. In this study, in order to explore the characteristics of
acidity of PM2.5 on haze days, we employed the available and widely
used aerosol inorganic model E-AIM (Aerosol Inorganic Model: E-AIM,
http://www.aim.env.uea.ac.uk/aim/aim.php) (Clegg et al., 1998; Friese
and Ebel, 2010). The E-AIM can be used to simulate gas/aerosol
partitioning processes and calculate the equilibrium composition of
the aqueous phase or solid aerosol phase. E-AIM 4 is a state-of-the-art
model that can accurately simulate the aqueous phase and solid phase
of ionic compositions in the mixing system H+-NH4

+ -SO4
2− -NO3

−-Cl−-
Na+–H2O at a given temperature and RH (Clegg et al., 1998). The hourly
averaged T, RH, SO4

2−, NO3
−, Cl−, NH4

+, Na+ andmolar concentrations of
total aerosol acidity ([H+]Total) were used as the input inmodel E-AIM 4
to obtain the concentrations of free ions (e.g.H+, HSO4

−) in the aqueous
phase and any salt of these ions that was formed in the solid phase at
equilibrium. The mole fraction and activity coefficient of each ion in
aqueous phase as well as particulate liquid water content were also re-
ported. The [H+]Total was estimated from the ionic balance of the rele-
vant ionic species (Kong et al., 2014; Pathak et al., 2009; Zhang et al.,
2007):

Hþ� �
Total ¼ 2� SO4

2−
h i

þ NO3
−½ � þ Cl−½ �– NH4

þ� �
– Naþ
� � ð1Þ
Based on themodel outputs, the in situ particle pHwas calculated as
follow:

in situ particle pH ¼ − lg γ � Hþ� �
Frac

� � ð2Þ

where γ and [H+]Frac are the activity coefficient on mole fraction basis
and the molar fraction of aqueous phase H+, respectively. While γ ×
[H+]Frac represents the aqueous phase activity of H+ (Zhang et al.,
2007).

For comparison, ISORROPIA II thermodynamic equilibrium
model (available at http://isorropia.eas.gatech.edu) was
employed to compute the equilibrium composition in the aerosol
system Na+ - K+ - Ca2+ - Mg2+ - NH4

+ - SO4
2− - NO3

− - Cl− - H2O
(Fountoukis and Nenes, 2007; Nenes et al., 1998). The forward mode in
ISORROPIA IIwasused, and themodelwas runbyassuming that aerosol so-
lutions weremetastable (only a liquid phase) (Bougiatioti et al., 2016; Guo
et al., 2016). Input to themodel included the total gas+aerosol concentra-
tions of SO4

2−, HNO3+ NO3
−, HCl + Cl−, NH3 +NH4

+, Na+, K+, Mg2+ and
Ca2+, along with simultaneously measured T and RH. The particle pH was
calculated using the following equation (Liu et al., 2017):

particle pH ¼ − lg 1000 Hþ� �
ISO= H2O½ �ISO

� � ð3Þ

where [H+]ISO (μg/m3) is the equilibrium particle hydronium ion concen-
tration per volume air, and [H2O]ISO (μg/m3) is the particulate liquid
water content output from ISORROPIA II.

3. Results and discussion

3.1. General characteristics of haze episodes

The experiments were performed using MARGA to continuously
monitor mass concentrations of major water-soluble inorganic ions in
PM2.5 at 1-h time resolution. The time series of hourly mass concentra-
tions of PM2.5, total water-soluble ions (TWSI), SIA and other water-
soluble ions during observation period from February 18 to February
28 are shown in Fig. 2, and the meteorological and chemical data on
haze and non-haze days are summarized in Table 1. The shaded parts

http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php
http://www.aim.env.uea.ac.uk/aim/aim.php
http://isorropia.eas.gatech.edu
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in gray in Fig. 2 indicate the haze episodes reported by Baoshan meteo-
rological station. Three reported haze episodes occurred on February 18
(denoted asHaze I), 21 (denoted asHaze II) and 27 (denoted asHaze III)
during the 10-day observation period in winter, showing the high oc-
currence of haze episodes in Baoshan district during this period.

3.1.1. Characteristics of PM2.5 concentrations during haze episodes
Fine particle pollution in Baoshan was serious during the observa-

tion period. The average concentration of PM2.5 was 54.5 μg/m3 during
the whole sampling period, which exceeded the first grade of the Chi-
nese National Ambient Air Quality Standard for daily averaged PM2.5

concentration (CNAAQS, GB3095–2012, 35 μg/m3) and the 24-h limit
of the US National Ambient Air Quality Standard for PM2.5 (35 μg/m3,
USEPA, 1997). As shown in Fig. 2a, the PM2.5 concentrations of three
haze days were higher than that of non-haze days, and the highest con-
centration of PM2.5 even reached to 199 μg/m3 on Feb. 21. During the
sampling period, the average mass concentrations of PM2.5 were 79.4
μg/m3 and 42.6 μg/m3 on haze days and non-haze days, respectively,
and the value of haze days was 1.86 times higher than that of non-
haze days. These results indicated that PM2.5 was closely associated
with the occurrence of haze, and high PM2.5 mass concentrations often
resulted in low visibility. The average mass concentration of PM2.5 on
haze days was slightly higher than the second grade of the Chinese am-
bient air quality standard (GB3095-2012, 75 μg m−3 for PM2.5 for sec-
ond grade), indicating that atmospheric fine particle pollution in
Baoshandistrict duringhaze episodeswas serious. In addition, it is note-
worthy that high mass concentrations of PM2.5 shown in Fig. 2a are not
always in one-to-one correspondencewith the occurrence of haze, indi-
cating that some other factors should exist to influence the occurrence
of haze, such as the formation of secondary aerosols, meteorological
conditions and weather systems.

3.1.2. Characteristics of water-soluble ions in PM2.5 during haze episodes
Chemical composition of atmospheric PM2.5 is very complex, which

includes sulfate, nitrate, ammonium, organic carbon, inorganic carbon
and metal elements, among which water-soluble inorganic ions are
one of the most important components. In this study, the average
mass concentrations of TWSI and SIA were 47.2 and 42.9 μg/m3 on
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Fig. 2. Time series of hourly mass concentrations of PM2.5, TWSI, SIA and other water-soluble
identified haze periods.
haze days and 20.6 and 18.6 μg/m3 on non-haze days, respectively
(Table 1). TWSI accounted for 59.4% of the PM2.5, and SIA accounted
for 54.1% of PM2.5 and 91.0% of the TWSI during the haze periods, re-
spectively. While during the non-haze periods, TWSI accounted for
48.4% of the PM2.5, and SIA accounted for 43.5% of PM2.5 and 90.0% of
the TWSI, respectively. Obviously, the TWSI and SIA on haze days con-
tributed more to the mass concentrations of PM2.5 than those on non-
haze days.

As shown in Fig. 2a, the mass concentrations of TWSI and SIA were
quite close through the entire period, and their trends matched per-
fectly with PM2.5. The TWSI and SIA on haze days had a good positive
correlation with PM2.5, respectively, and the linear correlation coeffi-
cient (r) of TWSI and SIA with PM2.5 were 0.78 and 0.77, respectively.
Fig. 2a also shows that during the haze days not only the hourly average
mass concentrations of PM2.5 significantly increased, but also those of
TWSI and SIA had obvious increases than usual, which demonstrated
the enhanced formation of SIA in haze episodes. This result is consistent
with the previous studies (Zhao et al., 2015a, 2015b; Park and Kim,
2004; Wang et al., 2016a; Wang et al.,2016b). Moreover, as shown in
Fig. 2a, haze episodes were accompanied by a breakthrough of 75.0
μg/m3 in the hourly mass concentration of SIA, indicating that the en-
hanced formation of SIA played an important role in triggering the oc-
currence and evolution of haze episodes (Liu et al., 2016). In addition,
high SIA levels on haze days facilitated the hygroscopic growth of aero-
sols due to a good positive correlation between SIA and particulate liq-
uid water (r = 0.89) (Table 1), which in turn promoted the aqueous-
phase reactions for SIA formation (Qiao et al., 2016). Hygroscopic sec-
ondary sulfate and nitrate aerosols also have a potential influence on
water-soluble SOC formation, though the water-soluble SOC has not
been measured in our study (Xiang et al., 2017). Therefore, the high
concentrations of TWSI and SIA would lead to high concentration of
PM2.5 on haze days.

The average mass concentrations of SO4
2−, NO3

−, and NH4
+ were

16.1, 15.3 and 11.2 μg/m3 on haze days, respectively, while 6.9, 5.9
and 4.4 μg/m3 on non-haze days, respectively. The average mass con-
centrations of SO4

2−, NO3
− and NH4

+ on haze days were 2.33, 2.58 and
2.53 times higher than those on non-haze days, respectively, indicat-
ing that SO2 and NO2weremore inclined to transform into secondary
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Table 1
Summary of meteorological and chemical data on haze and non-haze days.

Parameters/species Haze I Haze II Haze III Average Non-haze days

PM2.5 (μg/m3) 67.4 ± 22.3 99.4 ± 37.0 67.9 ± 42.4 79.4 ± 36.7 42.6 ± 25.0
O3 (μg/m3) 45.9 ± 8.9 62.3 ± 20.0 19.6 ± 6.2 42.6 ± 21.9 32.6 ± 13.0
SO2 (μg/m3) 28.5 ± 8.1 28.8 ± 11.7 60.3 ± 34.2 39.2 ± 25.9 29.5 ± 16.7
NO2 (μg/m3) 28.4 ± 6.9 38.2 ± 19.4 58.3 ± 17.2 41.6 ± 19.7 50.2 ± 29.4
NOx (μg/m3) 31.2 ± 9.6 40.3 ± 21.6 108.8 ± 58.0 60.1 ± 49.9 83.4 ± 77.6
SO4

2− (μg/m3) 13.1 ± 4.7 17.6 ± 3.3 17.4 ± 10.0 16.1 ± 6.9 6.9 ± 5.2
NO3

− (μg/m3) 13.8 ± 5.1 20.5 ± 5.5 11.7 ± 5.8 15.3 ± 6.6 5.9 ± 3.6
NH4

+ (μg/m3) 9.4 ± 3.5 12.7 ± 2.9 11.4 ± 6.2 11.2 ± 4.6 4.4 ± 3.2
SIA (μg/m3) 36.4 ± 13.3 49.5 ± 10.3 44.1 ± 22.3 42.9 ± 16.1 18.6 ± 10.3
TWSI (μg/m3) 40.5 ± 13.5 54.8 ± 11.3 46.2 ± 23.5 47.2 ± 17.5 20.6 ± 11.1
SIA/TWSI 0.88 ± 0.06 0.91 ± 0.02 0.88 ± 0.03 0.89 ± 0.05 0.80 ± 0.09
SIA/PM2.5 0.54 ± 0.07 0.49 ± 0.11 0.58 ± 0.08 0.53 ± 0.09 0.42 ± 0.13
NO3

−/SO4
2−(mass ratio) 1.05 ± 0.40 1.18 ± 0.20 0.78 ± 0.28 1.00 ± 0.26 0.99 ± 0.37

SOR 0.23 ± 0.03 0.31 ± 0.09 0.18 ± 0.10 0.24 ± 0.09 0.14 ± 0.09
NOR 0.26 ± 0.07 0.30 ± 0.09 0.13 ± 0.04 0.23 ± 0.10 0.09 ± 0.06
[H+]Total (nmol/m3) 34.1 ± 24.4 98.7 ± 63.6 63.1 ± 42.0 62.0 ± 51.4 55.5 ± 32.6
[HSO4

−] (nmol/m3) 21.2 ± 15.6 54.5 ± 27.7 41.1 ± 26.7 35.8 ± 26.3 25.6 ± 15.0
[H+]ins (nmol/m3) 12.3 ± 11.9 44.4 ± 34.8 22.0 ± 17.7 23.3 ± 24.5 33.4 ± 45.3
Particulate liquid water (μg/m3) 45.2 ± 35.7 107.0 ± 79.4 55.7 ± 24.8 63.7 ± 53.1 36.7 ± 29.9
In situ aerosol pH 2.39 ± 0.83 2.34 ± 0.46 2.34 ± 0.55 2.36 ± 0.65 1.83 ± 0.74
T (°C) 3.7 ± 1.4 6.0 ± 3.3 12.3 ± 2.4 7.3 ± 4.4 8.3 ± 3.2
RH (%) 73.7 ± 8.4 73.7 ± 15.8 76.9 ± 3.9 74.8 ± 10.5 74.0 ± 12.6
Wind speed (m/s) 2.3 ± 1.0 2.3 ± 1.2 2.9 ± 1.5 2.5 ± 1.3 2.9 ± 1.5
Visibility (km) 4.9 ± 2.2 3.3 ± 1.9 4.9 ± 2.3 4.4 ± 2.3 12.5 ± 9.6
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particles during haze days and thus further increased atmospheric
fine particle pollution. The trends for the average concentrations of
SIA in PM2.5 in the three haze episodes were as follows: NO3

−

N SO4
2− N NH4

+ for Haze I and Haze II, and SO4
2− N NO3

− N NH4
+ for

Haze III (see Fig. 2b and Table 1), showing the differences in SIA for-
mation in different haze episodes. In Haze I and Haze II, NO3

−

exceeded SO4
2− and became the most abundant inorganic ionic spe-

cies of PM2.5, whereas in Haze III SO4
2− was still the most abundant

inorganic ionic species of PM2.5. Therefore, in this study Haze I and
Haze II are seen as high-nitrate haze episodes, while Haze III is
seen as a high-sulfate haze episode. High occurrence of high-
nitrate haze episodes indicated that nitrate pollution presented in-
creasing trend, which should be attributed to SO2 reduction and in-
crease in NOx emission due to SO2 emission control strategies of
China as well as the rapid increase of NOx emitted from dramatically
increased vehicle population.

The average concentrations of Ca2+ and Mg2+ were 0.9 and 0.2 μg/
m3 on haze days, respectively, whereas 0.9 and 0.3 μg/m3 on non-haze
days, respectively. The average concentrations of Ca2+ in Haze I, II and
III were 0.8, 1.1 and 0.9 μg/m3, respectively. The concentrations of Ca2
+ and Mg2+ did not vary much on haze and non-haze days and could
be reasonably attributed to soil dust rather than dust storm. Low con-
centrations of Na+ in PM2.5 on haze days suggested low contribution
of marine aerosol source, even if air masses crossed the marine areas
(Fig. 3a, b), and therefore low marine source contributing to Cl−. The
48 h -back trajectories at 500 m and 1000 m showed that the air mass
of Haze I episode came from northeastern China (Fig. 3a), where high
pollutant emissions had been observed due to the coal combustion as
well as the industrial discharge. While the air mass of Haze II episode
came from the Korean Peninsula, and crossed the Yellow Sea where
ship emission was concerned (Fig. 3b). Therefore, the formation of
Haze I and Haze II should be associated with the long-range transport
of air pollutants and local secondary pollution. The analysis of 48 h
-back trajectory also indicated that there was no influence of direct ma-
rine air masses in the Haze III (Fig. 3c), and it occurred on Feb 27 was a
complicated pollution episode concerning intra-regional transport. Dur-
ing the Haze III, the air masses at 500 m and 1000 m were mainly
transported from Jiangsu, Anhui and Zhejiang provinces in the Yangtze
River Delta region where also suffered from heavy pollution, which
brought some polluted air into the transported air parcels and affected
the ground-level air quality at the sampling site during this period,
resulting in the higher average mass concentration of SIA. K+ is often
used as an indicator for estimating biomass burning emission and trac-
ing long-range transport of carbonaceous aerosol in the atmosphere
(Ding et al., 2017; Yao et al., 2016). In our study, the average concentra-
tion of K+ on haze days was 0.9 μg/m3, and the average concentrations
of K+ in Haze I, II and III were 1.0, 1.3 and 0.5 μg/m3, respectively. These
values were lower than the 3-year average of K+ mass concentration in
February that was observed in urban Shanghai from 2011 to 2013 (3.0
μg/m3) (Wang et al., 2016a; Wang et al.,2016b), indicating that the bio-
mass burning emissionwas as usual and no large-scale biomass burning
appeared during the sampling period. Cl− in PM2.5 is usually thought to
be from sea salt, fossil fuel combustion and biomass burning. In our
study, low marine source contribution and no correlation between Cl−

and K+ (r2 = 0.01) during the haze days indicated that measured Cl−

in PM2.5 was mainly from fossil fuel combustion. Therefore, the 3 haze
episodes occurred on Feb 18, 21 and 27 were mainly influenced by sec-
ondary aerosol pollution,while secondary pollution could be ascribed to
local pollution and regional transport impact.

In addition, themass ratio of [NO3
−]/[SO4

2−] has been used as an indi-
cator of the relative importance of stationary vs.mobile sources of sulfur
and nitrogen in the atmosphere (Arimoto et al., 1996; Yao et al., 2002).
High [NO3

−]/[SO4
2−] mass ratio means the predominance of mobile

source over stationary source of pollutants (Arimoto et al., 1996), and
vice versa. During the observation period from February 18 to February
28, the averagemass ratio of [NO3

−]/[SO4
2−] was 0.996. The averagemass

ratios of [NO3
−]/[SO4

2−] on haze days and non-haze days were 1.00 and
0.99, respectively. Compared to the previous studies, the [NO3

−]/[SO4
2

−] mass ratio of our observation was higher than those of Shanghai
urban in 1999–2000 (0.43) (Yao et al., 2002), 2009 (0.67) (Zhao et al.,
2015a, 2015b), and 2012 (0.86) (Zhao et al., 2015a, 2015b). The
[NO3

−]/[SO4
2−] mass ratio of our study was also higher than those of

most European cities where average mass ratio was 0.84 (Putaud
et al., 2004). The results indicated that mobile source such as vehicles
gradually became more and more dominant, which is consistent with
high occurrence of high-nitrate haze episodes. Baoshan district owns a
large number of large-sized industries covering iron and steel, storage
and transport, energy, and water resources. The fossil fuel burning
mills such as Baosteel and Shidongkou Power Plant discharge large
quantities of sulfur dioxide to the atmosphere. Besides, Baoshan district
haswell-developed seafaring and land transport as it is an important in-
dustrial production and exportation base that would discharge large



Fig. 3. 48-h Back trajectories on the selected haze days: (a) Haze I, (b) Haze II and (c) Haze III.
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quantities of nitrogen oxides to the atmosphere. The high mass ratio of
[NO3

−]/[SO4
2−] and high mass concentrations of SO4

2− and NO3
− during

our observation period indicated that both stationary and mobile
sources were heavy emitters. These results clearly showed Baoshan dis-
trict had its own unique characteristics of air pollution.

3.1.3. Characteristics of gaseous pollutants and meteorological parameters
on haze days

Secondary sulfate and nitrate aerosols in the atmosphere are origi-
nated primarily from the conversions of gaseous precursors such as
SO2 and NOx. These precursors released by anthropogenic sources are
themain contributors to secondary aerosols. Fig. 4 presents an overview
of the temporal variations in the concentrations of PM2.5, SIA, SO4
2−,

NO3
− andmain gas-phase species such as SO2, NO2 andO3, aswell asme-

teorological and other chemical parameters during the study period
from February 18 to February 28. As shown in Fig. 4, overall average
mass concentrations of SO2 and NO2 in Haze I were close to each
other, while overall average mass concentration of SO2 was lower
than that of NO2 in Haze II, and in terms of Haze III, overall average
mass concentration of SO2 was higher than that of NO2. The average
mass concentrations of SO2 in Haze I, Haze II and Haze III were 28.5,
28.8 and 60.3 μg/m3, respectively. SO2 concentration in Haze III was
much higher than that in Haze I and Haze II. The average mass concen-
trations of NO2 inHaze I, Haze II andHaze III were 28.4, 38.2 and58.3 μg/



2011-2
-1

9

2011-2
-2

0

2011-2
-2

1

2011-2
-2

2

2011-2
-2

3

2011-2
-2

4

2011-2
-2

5

2011-2
-2

6

2011-2
-2

7

2011-2
-2

8

0

50

100

150

200

0

20

40

0

60

120

0.00

0.25

0.50

0

16

32

48

0

100

200

300

 PM
2.5

 SIA

P
M

2
.5
, 

S
IA

Date

(a)

 SO
4

2-
 NO

3

-

S
O

4

2
-

, 
N

O
3

-

(b)

 NO
2

 SO
2

S
O

2
, 
N

O
2 (c)

S
O

R
, 
N

O
R  SOR   NOR(d)

T

 T  (e)

 [H
2
O]   [H

+

]
Ins

[H
+

] In
s
, 
[H

2
O

]

(f)

0

20

40

60
 Vis

V
is

0

50

100
RH

R
H

 

0

50

100

150
 O

3

O
3

0

2

4
pH

p
H

Fig. 4. Time series of selected parameters from February 18 to February 28. (a) PM2.5 (μg/m3), SIA (μg/m3) and visibility (Vis, km); (b) SO4
2− andNO3

− (μg/m3); (c) SO2, NO2 andO3(μg/m3);
(d) Sulfur oxidation ratio (SOR) and nitrogen oxidation ratio (NOR); (e) temperature (T, oC) and relative humidity (RH, %); (f) particulatewater ([H2O], μg/m3), [H+]Ins (nmol/m3) and pH.
The shaded areas in gray represent haze periods.

1198 L. Kong et al. / Science of the Total Environment 634 (2018) 1192–1204
m3, respectively. The average mass concentrations of SO2 and NO2 were
39.2 and 41.6 μg/m3 on haze days, respectively, whereas 29.5 and 50.2
μg/m3 on non-haze days, respectively (Table 1).

Stable meteorological factors play a vital role in the formation of
haze episodes. Generally, low mixed layer height (MLH) and weak
wind speed on haze days can decrease atmospheric dispersion capacity,
result in the accumulation of atmospheric pollutants, and thus enhance
PM and gas pollutant concentrations. In our study, it is found that the
concentrations of SO2, NO2 and NOx in Haze I and II were lower than
those on non-haze days, respectively. One of the reasons for this phe-
nomenon may be due to the similar average mixed layer height and
the similar average wind speed on haze days (400 m, 2.5 m/s) and
non-haze days (374 m, 2.9 m/s) (Table 1, Fig. S1). This result may also
imply high emissions of SO2 and NOx due to tremendous consumption
of fossil fuel from industry and vehicles in Baoshan district, even on
non-haze days. The average mass concentrations of O3 in Haze I, Haze
II and Haze III were 45.9, 62.3 and 19.6 μg/m3, respectively, whereas
the average solar radiation (SR) intensities in Haze I, Haze II and Haze
III were 142, 231 and 132 W/m2, respectively. Meanwhile, as shown in
Fig. 4c, the increase of O3 concentrations in the afternoon in Haze I, II
and III and the formation of O3 in the morning in Haze I and II were ob-
served. Thesemay imply the photochemical formation of O3 to different
extents, though low SR on haze days rendered high photochemical
activity impossible. Significant reductions of O3 mass concentrations
were observed due to the dimming effect of high loading of aerosol par-
ticles or secondary aerosols (Fig. 4a–c) (Zheng et al., 2015). Moreover,
the lower O3 concentration in Haze III might be attributed to the high
concentrations of SO2 and NO (NO_NOx-NO2, 50.5 μg/m3, see
Table 1) in the morning, as well as weak contribution of photochemical
formation in the afternoon due to low SR (Fig. S1). These results showed
diverse characteristics of gas-phase species and meteorological condi-
tions on different haze days in Baoshan district.

3.2. PM2.5 acidity in haze episodes

3.2.1. Comparison of particle pH values predicted by E-AIM 4 and
ISORROPIA II

In this study, particle pH is calculated using the latest E-AIM 4 and
ISORROPIA II thermodynamic models. E-AIM is usually considered as
an accurate benchmark model (Seinfeld and Pandis, 2016), and it can
be used to evaluate the performance of ISORROPIA II (Liu et al., 2017).
This model has been used by many previous studies (e.g. Hodas et al.,
2014; Hoyle et al., 2016; Parworth et al., 2017). As for ISORROPIA, it em-
ploys a number of simplifications to make it computationally efficient
for application in large-scale atmospheric models (Fountoukis and
Nenes, 2007). For example, activity coefficient of hydrogen ions is
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assumed to be equal to unity (Fountoukis and Nenes, 2007). ISORROPIA
II treats more crustal ionic species (i.e., Ca2+, K+, and Mg2+) compared
to E-AIM 4. These may lead to the deviation in pH predicted by the for-
ward modes of E-AIM 4 and ISORROPIA II.

We compared the calculated particle pH from ISORROPIAwith those
from E-AIM 4 (Fig. S2). From E-AIM 4 calculation, the average particle
pH during the whole study period was 1.97, and the average particle
pH on haze days and non-haze days were 2.36 and 1.83 (Table 1), re-
spectively.While from the ISORROPIA II calculation, the average particle
pH during thewhole study periodwas 3.07, and the average particle pH
on haze days and non-haze days were 2.90 and 3.14, respectively. Obvi-
ously, large discrepancies between the particle pH values calculated by
E-AIM 4 and ISORROPIA II were found on non-haze days and during the
whole study period. This likely arose from the differences in treatments
of H+ activity coefficient and crustal ionic species in E-AIM 4 and
ISORROPIA II calculations, especially relatively high contribution of
crustal ionic species (Ca2+, K+, and Mg2+) to the particle acidity due
to the low concentrations of SO4

2− andNO3
− on non-hazedays. However,

the average particle pH calculated by E-AIM 4 in Haze I (2.39), II (2.34)
and III (2.34) were comparable to those calculated by ISORROPIA II
(Haze I: 2.98, Haze II: 2.99 and Haze III: 2.73), respectively, revealing a
good agreement between the two models for particle pH calculations
on haze days. This result implied a weakening of the contributions of
crustal ionic species (Ca2+, K+, and Mg2+) to the particle acidity due
to the high concentrations of SO4

2− and NO3
− on haze days. This result

also demonstrated that the PM2.5 particles had strong acidity during
the haze episodes whether they were calculated by E-AIM 4 or by
ISORROPIA II. Therefore, in view of these results, the discussion
concerning particle acidity after this section is mainly based on the re-
sults of E-AIM 4 calculation.

3.2.2. In situ aerosol acidity
The [H+]Ins, particulate liquid water ([H2O]) and in situ PM2.5 pH,

which were calculated by E-AIM 4, are shown in Fig. 4. As shown in
Fig. 4f, in most cases the in situ pH increased with the increasing of par-
ticulate liquid water content as the higher water content made the
PM2.5 less acidic. However, on February 19 the pH increased with the
decreasing of RH and [H2O]. This was mainly due to a faster decrease
in [H+]Ins than in RH and [H2O]. The pH had a high negative correlation
with [H+]Ins (r = −0.65). Both [H+]Ins and [H2O] were the important
parameters that determined the in situ PM2.5 pH.

The average [H2O], [H+]Ins, [HSO4
−] and in situ PM2.5 pH of haze days

during the whole sampling period were 63.7 μg/m3, 23.3 nmol/m3,
35.8 nmol/m3 and 2.36, respectively, while these average values on
non-haze days during this period were 36.7 μg/m3, 33.4 nmol/m3,
25.6 nmol/m3 and 1.83, respectively (Table 1). The former was less
acidic because of its low [H+]Ins and much higher [H2O]. The [H+]Ins of
haze days was 0.70 times less than that of non-haze days, while the
[H2O] of haze days was 1.73 times more than that of non-haze days.
This once again indicated that [H2O] was one of the most important pa-
rameters determining the in situ PM2.5 pH of the haze episodes during
the observation period.

3.3. Particulate liquid water in continuous haze episodes

3.3.1. Characteristics of particulate liquid water on haze days
Liquidwater in aerosols provides a surface/interface or amedium for

the condensation and/or heterogeneous reaction of atmospheric gas-
eous species, whichwould promote the formation of secondary aerosols
and their mixing states. It also contributes to visibility degradation. Dur-
ing thewhole study period, the particulate liquid water content derived
from ISORROPIA II agreed very well with those from E-AIM 4 (r2 =
0.95), and their trends matched perfectly with each other (Fig. 5). On
haze days, the particulate liquid water calculated from E-AIM 4 had a
strong linear correlation with that calculated from ISORROPIA II (r2 =
0.97). Therefore, the following discussion concerning particulate liquid
water is still based on the results of E-AIM 4 calculation.

Particulate liquid water is often found to be a combined result of RH
and chemical composition (Xue et al., 2014). As shown in Fig. 4, high
level of particulate liquid water was often accompanied by high RH
and high concentrations of SIA, NO3

− and SO4
2−, and thus the particulate

liquid water had a high linear correlation with RH (r = 0.71), SIA (r =
0.67), NO3

− (r = 0.74) and SO4
2− (r = 0.49). High mass concentrations

of SO4
2− shown in Fig. 4 were not always in one-to-one correspondence

with high particulate liquid water, which resulted in relatively low cor-
relation coefficient. The linear regression results indicated that particu-
late liquid water was more sensitive to nitrate than sulfate. In other
word, nitrate played amore important role in increasing particulate liq-
uid water content than sulfate, which is consistent with the fact that ni-
trate has stronger hygroscopic ability to make a particle take up water,
especially at high RH (Deng et al., 2016). These results are consistent
with the previous reports (Hodas et al., 2014; Xue et al., 2014).

Fig. 6 shows particulate liquid water content and visibility under dif-
ferent RH on haze days and non-haze days. As shown in Fig. 6, a great
difference in the variations of particulate liquid water was observed be-
tween haze days and non-haze days. On haze days, exponential growth
of particulate liquid water was rapid with increasing RH, and the maxi-
mum particulate liquid water content was up to 302 μg/m3 at 91% RH,
whereas on non-haze days, exponential growth of particulate liquid
water was slow with increasing RH, and the maximum particulate liq-
uid water content was only 80.4 μg/m3 even at 94% RH. The average
mass concentration of particulate liquid water on haze days (63.7 μg/
m3) was higher than that on non-haze days (36.7 μg/m3) (Table 1).
The former should be closely related to high concentrations of second-
ary nitrate and sulfate due to the similar RH average values on haze
days (74.8%) and non-haze days (74.0%). During the high-nitrate haze
episodes (Haze I and Haze II), the highest particulate liquid water con-
tent (107 μg/m3) was observed in Haze II, and the level was 1.92
times higher than that in the high-sulfate haze episode (Haze III) de-
spite a similar SO4

2−mass concentration inHaze II and III. One of the rea-
sons for the high particulate liquid water content in Haze II was the
presence of highmass concentration of nitrate (Table 1). The increasing
particulate liquid water on haze days not only deteriorated visibility in
the form of exponential growth as shown in Fig. 6, but alsomade atmo-
spheric aqueous phase reaction possible.

3.3.2. Heterogeneous aqueous reaction in haze episodes
Many studies have demonstrated the enhanced formation of sec-

ondary aerosols in haze episodes, and the enhanced formation of sec-
ondary aerosols is often thought to be ascribed to heterogeneous
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aqueous reaction during haze episodes (Hodas et al., 2014; Liu et al.,
2016; Qiao et al., 2016; Wang et al., 2012; Xue et al., 2014). Particulate
liquid water has an important effect on the occurrence of atmospheric
heterogeneous aqueous reactions by providing a reaction medium and
accelerating gas-particle transformation of gaseous pollutants, and
therefore particulate liquid water plays a significant role in the forma-
tion of haze. However, many details about the roles of the particulate
liquid water in the atmosphere remain unclear. In this study, high aver-
age RH on haze days (74.8%) and non-haze days (74.0%) provided con-
ditions for the occurrence of different heterogeneous aqueous reactions
to different degrees.

The chemical formation of sulfate and nitrate could be associated
with oxidation rates of SO2 and NO2, and therefore sulfur oxidation
ratio, defined as SOR= n-NSS-SO4

2−/(n-NSS-SO4
2− +n-SO2), and nitro-

gen oxidation ratio, defined as NOR = n-NO3
−/(n-NO3

− + n-NO2), have
usually been used as indicators of secondary transformation processes
(Sun et al., 2006; Tian et al., 2017). In this study, the average values of
SOR and NOR were 0.14 and 0.09 on non-haze days, while 0.24 and
0.23 on haze days, respectively. Correspondingly, the averagemass con-
centrations of SO4

2− and NO3
− on haze days were 2.33 and 2.58 times

higher than that on non-haze days, respectively, indicating the en-
hanced secondary conversion of SO2 and NO2 and the enhanced forma-
tion of SIA on haze days.

To understand the roles of heterogeneous aqueous reactions in the
formation of secondary sulfate and nitrate aerosols, the relationships
of SOR and NOR with particulate liquid water were analyzed. Fig. 7
shows SOR and NOR under different particulate liquid water content
on haze days and non-haze days, respectively. As shown in Fig. 7, mod-
erate exponential correlation in Haze I (r2 = 0.37) and strong exponen-
tial correlation in Haze II (r2 = 0.84) were found between particulate
liquid water and SOR (Fig. 7a), indicating that the SOR presented expo-
nential increase with particulate liquid water in Haze I and II, especially
in Haze II. These results suggested that the high-nitrate haze episode
favoured the occurrence of heterogeneous aqueous phase oxidation of
SO2, and the more water was in the particles, the more SO2 was con-
verted to sulfate aerosols. However, no correlation existed between par-
ticulate liquid water and SOR in Haze III. Considering the higher average
RH (76.9%), the higher levels of SO2 and NOx, and the higher concentra-
tions of hygroscopic SO4

2− and NO3
−, as well as the consistently lower
SOR (mostly b0.3 and average value: 0.18) in the Haze III, this result ac-
tually presented an evidence for more aqueous-phase oxidation of SO2.
Therefore, this result together with weak photochemistry in Haze III
suggested an important contribution of the heterogeneous aqueous re-
action to secondary aerosols, and hence the Haze III occurred on Feb 27
was a complicated secondary pollution episode concerning the hetero-
geneous aqueous reaction processes and intra-regional transport (Park
et al., 2016). Fig. 7b shows the exponential increase of NOR with partic-
ulate liquid water in the three haze episodes to different degrees, indi-
cating that particulate liquid water played significant roles in the
heterogeneous aqueous reactions of NO2 and the formation of second-
ary nitrate during haze episodes, especially in the high-sulfate haze ep-
isode. While in the high-nitrate haze episodes, the more water was, the
more it reflected the effect of heterogeneous aqueous reaction of NO2 on
secondary nitrate formation. In addition, poor correlations between par-
ticulate liquid water and SOR or NOR on non-haze days indicated that
the heterogeneous aqueous reactions had minor contributions to sec-
ondary sulfate and nitrate formation, even at high average RH (74.0%)
(Fig. 7c). One possible reason is that the gas-phase oxidation may
make a great contribution to the formation of sulfate and nitrate
under the conditions of the low loading of PM2.5 and the high solar radi-
ation on non-haze days. Another possible reason is that through deli-
quescence at high RH on non-haze days the low levels of PM2.5 cannot
provide an adequate amount of reactive aqueous particles that can be
comparable with those on haze days, though the formation of sulfate
and nitrate aerosols through the heterogeneous aqueous reactions still
occurred at high RH.

Compared to those on non-haze days, the values of SOR and NOR in-
creased N1.64–2.21 and 2.88–3.33 times during Haze I and II, respec-
tively (Table 1), suggesting greater oxidation of gaseous species and
more elevated secondary aerosol formation. These were supported by
the higher concentrations of SO4

2− and NO3
− in Haze I and II. However,

in Haze III, the values of SOR and NOR were close to those on non-
haze days (Table 1), respectively, and the average SOR and NOR values
from 0:00 to 12:00 were only 0.12 and 0.11, respectively. Meanwhile,
apparent sharp increases in SO4

2− and NO3
− concentrations accompa-

nied by high levels of PM2.5, SO2 and NO2 were observed from 0:00 to
12:00 in Haze III (Fig. 4a, b, c). The high level of SO2 significantly influ-
enced SOR, but the high RH from 0:00 to 12:00 (average: 77.5%) made
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more aqueous-phase oxidation of SO2. All the results demonstrated an
important contribution of heterogeneous aqueous oxidation of SO2 to
secondary sulfate aerosols and the elevated SIA concentrations in Haze
III (Park et al., 2016). Overall, all the results mentioned above demon-
strated different tendencies of the heterogeneous aqueous reactions of
SO2 and NO2 in the high-nitrate haze episode and the high-sulfate
haze episode.

Both gas-phase oxidation and heterogeneous aqueous oxidation can
contribute to the formation of sulfate and nitrate from SO2 and NO2, and
thus increasing the SOR and NOR. Sulfate formation from SO2 usually
takes place by gas-phase reactions with OH (Stockwell and Calvert,
1983), and by heterogeneous reactions with dissolved H2O2 or with
O2 under the catalysis of transition metal (Seinfeld and Pandis, 2016).
Nitrate formation is also through gas-phase reaction of NO2 with OH
or O3 during daytime and heterogeneous hydrolysis of N2O5 during
nighttime (Pathak et al., 2009; Seinfeld and Pandis, 2016). However,
gas-phase formation of secondary aerosols is usually expected to de-
crease during haze episodes. In order to examine the effect of gas-
phase oxidation of SO2 to SO4

2− on haze days, especially the relative
roles of photochemistry and heterogeneous aqueous reaction, the expo-
nential correlations of SOR with O3 in Haze I, II and III were analyzed
(Fig. S3). It was found that no obvious correlations existed between
SOR and O3 in Haze II (r2= 0.00) and III (r2=−0.11), which suggested
that photochemical production had a minor contribution to secondary
sulfate, even at high level of O3 in Haze II (62.3 μg/m3). In addition,
low photochemical oxidation activity in the early morning, represented
by a low O3 concentration, was observed to be accompanied by high
levels of PM2.5, SO2 and NO2 concentrations (Fig. 4c). For Haze II and
III, this may be attributed to the high particulate liquid water content
in Haze II and the high SO2 and NO levels in Haze III. These results
may indicate that O3 in Haze II and III could not trigger directly
aqueous-phase and gas-phase reactions to produce secondary sulfate
particles greatly. Weak correlation between SOR and O3 was found in
Haze I (r2= 0.32), which suggested the contribution of photochemistry
to the secondary sulfate formation. These results may indicate that the
contribution of the heterogeneous aqueous reaction became more im-
portant for the formation of the secondary inorganic aerosols in high-
nitrate haze episodes (Haze I and II).
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In addition, field observational evidences show that NO2 plays a dis-
tinct role in the formation of sulfate in the real atmosphere, including
surface catalytic reactions of SO2 and aqueous oxidation of S(IV) under
foggy/cloudy conditions with high NH3 concentration (Wang et al.,
2016a; Wang et al.,2016b; Xie et al., 2015). Therefore, the effect of
NO2 on the conversion of SO2 to sulfate in the haze episodes was exam-
ined, and exponential correlation between SOR and NO2 was calculated
(Fig. S3). No correlation in Haze I (r2 = −0.07) and poor correlation in
Haze II (r2 = 0.12) were found between SOR and NO2. However, SOR
andNO2 exhibited aweak correlation inHaze III (r2= 0.33), which sug-
gested that NO2 had aweak influence on the conversion of SO2 to sulfate
in Haze III due to the high level of NO2. As discussed above, gas-phase
oxidation of SO2 by O3 and/or aqueous-phase oxidation of SO2 by NO2

were not important mechanisms of secondary sulfate and nitrate for-
mation on haze days in this study. These results implied the potential
complexity of the influence of O3 and NO2.

3.3.3. The existing forms of sulfate and nitrate in PM2.5 on haze days
More and more high-nitrate haze episodes are observed in China in

recent years, and thereforemore andmore attentions have been paid to
the formation of nitrate on hazedays. The nitrate formation in the atmo-
sphere is complicated, and there are many factors influencing the for-
mation mechanism of nitrate, such as temperature, RH, ammonium
availability, particle acidity, and the preexisting particles (Pathak et al.,
2009; Tian et al., 2017). In our study, the average temperature and RH
were 7.3 °C and 74.8% on haze days during the sampling period, respec-
tively (Table 1). The high RH contributed to the heterogeneous aqueous
reactions of SO2 and NO2, especially in high-nitrate haze episodes as
discussed above. Meanwhile, high RH could make gaseous HNO3 and
NH3 be dissolved in humid PM, and hence enhancing particulate NO3

−

and NH4
+ levels in the atmosphere (Trebs et al., 2004). While the low

temperature would contribute to the stability of formed ammoniumni-
trate because the formed ammonium nitrate is thermodynamically un-
stable. Considering the existence of heterogeneous aqueous reactions,
in this section, the existing forms of sulfate and nitrate in PM2.5 on
haze days are briefly discussed.

In our study, the regression function between [NO3
−]/[SO4

2−] and
[NH4

+]/[SO4
2−] on haze days at Baoshan site was:

NO−
3

� �

SO2−
4

h i ¼ 0:791� NHþ
4

� �

SO2−
4

h i−1:33 ð4Þ

The intercept of the regression linewith the axis of [NH4
+]/[SO4

2−](i.e.
the threshold value) was 1.68, indicating that the excess NH4

+ became
available for NO3

− formation after neutralizing most of the SO4
2− and

HSO4
− when [NH4

+]/[SO4
2−] ≥ 1.68. The threshold value was larger than

1.5 and b2.0, indicating that the solid or aqueous NH4HSO4 and NH4

(SO4)2 were the preferred forms of sulfate aerosol phase (Pathak et al.,
2009; Squizzato et al., 2013), which was consistent with the result
from in situ aerosol acidity analysis and with the trend showed in
Fig. 8. Fig. 8 shows the nitrate-to-sulfate, in situ acidity-to-sulfate and
acidity-to-sulfate (molar ratio) as functions of ammonium to sulfate
(molarratio)duringthehazedays.Itcanbeseenthatwhen[NH4

+]/
[SO4

2−] b 1.68, the nitrate-to-sulfate molar ratios ([NO3
−]/[SO4

2−]) were
relatively constant but increased dramatically as [NH4

+]/[SO4
2−] ≥ 1.68.

This suggested that nitrate would be formed via gas-phase reaction
HNO3(g) +NH3(g)⇋NH4NO3(s, aq) when [NH4

+]/[SO4
2−] ≥ 1.68. In ad-

dition, the neutralization of acidity also showed similar characteristics.
As shown in Fig. 8, the [H+]Ins/[SO4

2−] and [H+]Total/[SO4
2−] ratios

showed a sharp decreasewhen [NH4
+]/[SO4

2−] b 1.68. These clearly indi-
cated that the neutralization of in situ acidity by ambient ammonia
([H+]Ins + NH3 → NH4

+) was the principal pathway until [NH4
+]/[SO4

2

−] ratio reached 1.68. However, when [NH4
+]/[SO4

2−] ≥ 1.68, the neutral-
ization of acidity was almost stopped and the [H+]Ins/[SO4

2−] was negli-
gible. The negligible [H+]Ins/[SO4

2−] indicated that almost all the in situ
acidity was neutralized before [NH4
+]/[SO4

2−] = 1.68, but there still
existed some un-neutralized acid in total acid, which is consistent
with previous studies (Huang et al., 2011). In addition, Excess NH4

+

was defined as [NH4
+]excess = ([NH4

+]/[SO4
2−]-1.68) × [SO4

2−]. The calcu-
lated concentrations of excess NH4

+ were always higher than 0. Signifi-
cant linear correlations in Haze I (y = 0.716x+ 0.0125, r2 = 0.99) and
Haze III (y = 0.430x + 0.0488, r2 = 0.69) as well as weak correlation
in Haze II (y= 0.392x+ 0.177, r2 = 0.29) were found between the ex-
cess NH4

+ and NO3
−, which also indicated ammonium nitrate formation

via gas-phase reaction between HNO3 and NH3 to different degrees, es-
pecially in Haze I and III. It should be pointed out that all the slopes in
the haze days were smaller than 1, which isn't consistent with the
molar ratio for the reaction between HNO3 and NH3, indicating that
there were still some of excess NH4

+ ions bounded to species other
than NO3

−, or some heterogeneous reactions resulting in the formation
of nitrate occurred without involving NH3, such as heterogeneous hy-
drolysis of N2O5 during nighttime and heterogeneous conversion of
NO2 on mineral dust (Pathak et al., 2009; Seinfeld and Pandis, 2016).

4. Conclusion

During the selected study period, three haze episodes occurred, and
fine particle pollution in Baoshanwas serious on haze days. The average
mass concentration value of the PM2.5 on haze days (79.4 μg/m3) was
1.86 times higher than that on non-haze days (42.6 μg/m3), and the
highest concentration even reached to 199 μg/m3. The high SIA concen-
trations and the higher SOR and NOR on haze days indicated that en-
hanced conversions from SO2 and NOx to their corresponding
particulate phases, and the formation of the continuous haze episodes
mainly originated from the secondary pollution.While secondary pollu-
tion could be ascribed to local pollution and regional transport impact.
The formation of Haze I and Haze II was associated with the long-
range transport of air pollutants and local secondary pollution, whereas
the occurrence of Haze III was a combined result of local secondary pol-
lution and intra-regional transport of SIA. Moreover, the high-nitrate
haze episode and the high-sulfate haze episode during the study period
were identified. Further simulations revealed that the PM2.5 particles
had strong acidity during the high-nitrate and high-sulfate haze epi-
sodes whether they were calculated by E-AIM 4 or by ISORROPIA II. It
was also found that particulate liquid water was more sensitive to ni-
trate than sulfate, and played significant roles in the heterogeneous
aqueous reactions of NO2 and secondary nitrate formation during haze
episodes, especially in the high-sulfate haze episode. Further analysis
indicated that the high-nitrate haze episode favoured the occurrence
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of heterogeneous aqueous phase oxidation of SO2, and the more water
in the particles, the more SO2 conversion. No obvious correlation be-
tween SOR and particulate liquid water in the high-sulfate haze episode
presented an evidence for more aqueous-phase oxidation of SO2 due to
the higher average RH, the higher levels of SO2 and NOx, and the higher
concentrations of hygroscopic SO4

2− andNO3
−, aswell as the consistently

lower SOR. Although more cases are needed for further confirmation,
this work provides an important field measurement-based evidence
for understanding the important contributions of the heterogeneous
aqueous reactions to secondary aerosols and the tendencies of hetero-
geneous aqueous reactions in the formation of secondary sulfate and ni-
trate aerosols in suburban Shanghai.
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