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• Secondary aerosol in Hohhot was low.
• Aerosol pH was estimated by a thermodynamic equilibrium model.
• Multiple receptor models were used to
explore the source contributions.
• Aerosol water content and particulate
acidity were positively associated with
secondary SO2−
4 .
• NO2 and RH had a signiﬁcant impact on
secondary NO−
3 in an arid atmosphere.
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a b s t r a c t
Meteorological conditions, gas-phase precursors, and aerosol acidity (pH) can inﬂuence the formation of secondary inorganic aerosols (SIA) in ﬁne particulate matter (PM2.5). Most works related to the inﬂuence of pH and gasphase precursors on SIA have been laboratory research, but ﬁeld observation research is very scarce, especially in
arid environments. The relationship among SIA, pH, gas-phase precursors, and meteorological conditions are investigated in Hohhot, a major city in China with an arid environment. Secondary inorganic species, e.g., SO2−
4 ,
NO−
3 , were typically found at low levels, reﬂecting the low level of secondary aerosol. It is interesting to note
that the level of SO2 in Hohhot was higher than in other cities while SO2−
4 was relatively lower than in other cities.
Multiple receptor models were used to explore the contributions to the SIA and quantify the source impacts on
the SIA. Annual average aerosol pH in Hohhot was 5.6 (range 1.1–8.4) which was estimated by a thermodynamic
equilibrium model. Additionally, a statistical method was used to evaluate the inﬂuence of SIA sources on ambient aerosol concentrations. Aerosol water content and particulate acidity were found to be positively associated
−
with secondary SO2−
4 , while NO2 and RH had a signiﬁcant impact on secondary NO3 in an arid atmosphere. The
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ﬁndings explain the relationship between gaseous precursors, relative humidity, aerosol pH and temperature in
the arid city of Hohhot.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
With the rapid industrialization and urbanization in China and
abroad, air quality is declining rapidly around the world which has
made research on atmospheric aerosols important increasingly. Atmospheric aerosols can be classiﬁed into two types: primary aerosol and
secondary aerosol (Chowdhury et al., 2007). Primary aerosols are emitted from various anthropogenic and natural sources directly such as vehicle exhaust, coal combustion, crustal dust, and cement. Secondary
aerosols, are formed through gas-to-particle transformation processes
and oxidizing reactions, such as a sulfate or nitrate (Xue et al., 2016;
Jaiprakash et al., 2017). High particulate matter (PM) levels and haze
events are dominated by secondary inorganic aerosol (SIA) pollution
(Mysliwiec and Kleeman, 2002; Wang et al., 2014a, 2014b), which is
produced from gas-phase precursors, especially sulfur dioxide (SO2), nitrogen oxides (NOx), and ammonia (NH3) (Huang et al., 2010; Zhang
et al., 2013). SIA have a strong effect on the hygroscopicity and acidity
of aerosols which could inﬂuence aerosol-phase chemistry and the uptake of gas-phase species by particles (Xue et al., 2011; Shon et al.,
2012). In the formation of SIA meteorological conditions (temperature,
wind speed, and humidity) and gas-phase precursors were important
factors (Pun and Seigneur, 2001; Wang et al., 2015; Han et al., 2016).
Wang et al. (2014a, 2014b) concluded that during the haze episodes
in the Jing-Jin-Ji area, sustained weak wind, growing humidity, and continuously high humidity conditions were the leading meteorological
causes for severe pollution levels. Temperature was connected to the
rates of the SO2 oxidation and the formation of secondary sulfate
(Ronneau, 1987; Seinfeld and Pandis, 2006). Temperature also affects
the partitioning of nitrate (NO−
3 ) in the atmospheric ﬁne and coarse
fraction of aerosols (Wakamatsu et al., 1996; Han et al., 2016). Higher
humidity can create favorable conditions for aqueous reactions and
lead to the formation of SIA (Han et al., 2016). Moreover, during higher
relative humidity (RH) conditions, nitric acid (HNO3) and ammonia
+
(NH3) can be dissolved, and particulate NO−
3 and ammonium (NH4 )
formation may accelerate (Trebs et al., 2004, 2005; Han et al., 2016).
Furthermore, SO2, NO2, and O3 are precursors of SIA, and these precursors have close relationships with the formation of SIA (Pun and
Seigneur, 2001; Amil et al., 2016).
Cheng et al. (2016) showed that in the relative alkaline condition in
Beijing, nitrogen may promote the secondary sulfate formation including ﬁeld observation and modelling study. Tie et al. (2017) investigated
the positive feedback loop between SIA and meteorology. However, the
SIA studies focused on the arid regions in China, Hohhot was rare. As the
typical arid region in China (the annual RH was b50%), the geographic
location of Hohhot (the capital and center of Inner Mongolia) was speciﬁc, the Köppen climate classiﬁcation for Hohhot is also cold semi-arid
climate, the pollution source characteristics, the RH, the dust period in
Hohhot were different from Beijing and other northern regions, the
level of SIA formation can be very different compared to other regions.
So it is essential to explore the level of SIA, the inﬂuence of meteorological conditions and precursors on SIA in Hohhot.
To further address the relation among pH, gaseous precursors, and
meteorological conditions of secondary sulfate, the level of secondary
aerosol should be analyzed ﬁrst. Receptor models are commonly used
to apportion the contribution of SIA. For aerosol pH, because it is difﬁcult
to measure directly (Song et al., 2018), a thermodynamic equilibrium
model (ISORROPIA-II) was used to predict pH in this study.
ISORROPIA-II was also used to estimate other characteristics of aerosol
such as water content. Here three items were investigated. First, 1) concentrations of PM2.5, which represented the four different seasons, were

obtained by the ofﬂine ﬁlter sampling, and the corresponding meteorological conditions and levels of gas-phase pollutants (WS, RH, T, NO2,
SO2, O3) in Hohhot were also acquired. Next, 2) aerosol pH was investigated using ISORROPIA-II, and receptor models were used for source
identiﬁcation. Finally, 3) statistical methods were employed to analyze
the relative inﬂuence of meteorological conditions, gas-phase precursors, and aerosol pH on the SIA to understand the formation of SIA in
Hohhot. The ﬁndings in this work can provide useful information regarding formation mechanisms of SIA in arid environments.
2. Materials and methods
2.1. Study area
Hohhot, an arid city located in central Inner Mongolia, northern
China, has typical continental climate with high winds and little rain
in spring (Fig. S1). The diurnal maximum wind speed can typically
about 10 m/s which may result in periods of high wind-blown dust.
The annual precipitation is 390 mm, with most of the precipitation occurring in July and August, and this is much lower than the annual evaporation capacity of 2000 mm, so the ground is typically dry. High winds
contribute to the arid environment. The power industry accounts for a
majority of the total coal consumption in Hohhot. The heating period
in Hohhot begins in mid-October and ends around mid-April the following year.

2.2. ISORROPIA II
ISORROPIA-II is a thermodynamic equilibrium model that predicts
2−
equilibrium partitioning of species (Na+, Ca2+, Mg2+, K+, NH+
4 , SO4 ,
−
NO−
3 , Cl ) between the gas and particle phases using measured particulate species to evaluate ﬁne particle pH levels (Tian et al., 2013a,
2013b). Model inputs include gas and particle concentrations of species
that affect the value of pH (Fang et al., 2017). In this study, ISORROPIA-II
was run in the forward mode and “metastable” phase state, but NH3 was
not included. Further information about ISORROPIA-II can be obtained
in other studies (Guo et al., 2015, 2016; Weber et al., 2016).
2.3. Meteorological parameters, gas-phase pollutants, and air mass back
trajectories
The datasets of meteorological parameters and gas-phase pollutants
were obtained online using https://www.wunderground.com/ and
http://www.aqistudy.cn/, respectively, to identify the seasonal variations of meteorological parameters and gas-phase pollutants during
the sampling period in Hohhot. The analysis of air mass back trajectories
was dependent on the TrajStat, a geographic information system (GIS)
software that uses various trajectory statistical analysis methods to
identify potential aerosol sources from long-term air pollution measurement data (http://www.meteothinker.com/Downloads.html). The meteorological data used in this model was downloaded at http://www.
arl.noaa.gov/HYSPLIT.php (including horizontal and vertical wind
speed, temperature, pressure, relative humidity, precipitation, etc.). In
this study, two-day air mass back trajectories were calculated every
6 h using the TrajStat model initiated at 1000 m above ground level, located at 111.41° east longitude and 40.48° north latitude (the center of
Hohhot). The related analysis by TrajStat model can be seen in the Supplementary Information.
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2.4. Receptor models for source impact analysis
Previous studies have found that individual models may have weaknesses and uncertainties (Shi et al., 2011b; Tian et al., 2013a, 2013b). In
this study, ﬁve models including Chemical Mass Balance (CMB), Chemical Mass Balance-Gas Constraint (CMB-GC), Nonnegative Constrained
Principal Component Regression Chemical Mass Balance (NCPCRCMB),
Chemical Mass Balance-Iteration (CMB-Iteration) model, and Weighted
Alternating Least Squares-Positive Matrix Factorization (WALSPMF)
were all used at the same time to avoid the inaccuracy of a single
model to analyze the contribution of local pollution sources (including
secondary sources) to SIA concentrations.
Receptor models play a major role in source impact analyses and are
widely used in atmospheric studies. CMB is a commonly-used receptor
model which takes into account the chemical composition of ambient
samples to evaluate the inﬂuence of different pollution sources on the
concentrations of pollutants (Morino et al., 2011; Hopke, 2003). Different pollution sources have unique ratios of chemical components, and
these characteristics make up a proﬁle of the different sources and are
the basis for model calculations and source identiﬁcation. Multiple
models were applied in this study to address the weaknesses of the individual models. One model, CMB-GC, is an extension of the traditional
CMB model that uses gas phase concentrations to set additional constraints, and it can be applied to estimate the contribution of sources
to particulate matter. More information about CMB-GC can be found
in Marmur et al. (2005) and Zhai et al. (2016). The NCPCRCMB model
included the principle component regression (PCR) route in the CMB
model and was developed to solve the collinearity problem for source
impact analysis. The principle of NCPCRCMB is described in detail in a
previous study (Tian et al., 2013a, 2013b). CMB-Iteration is a new
method used to estimate SOC based on the traditional CMB model and
estimates the concentration of SOC and the contribution of the sources
directly without using an SOC proﬁle. The detailed algorithm of the
CMB-Iteration model is described in Shi et al. (2011a). In the factor analysis model (FA), source proﬁle information is not needed since the FA
model can distinguish the temporal variability of different sources.
WALSPMF was introduced in a previous study as a new FA model
which combined an eigenvalue-based method and weighted alternating least squares (WALS) process and distinguished different sources
more reasonably. Furthermore, WALSPMF has been developed to identify the impact of possibly unidentiﬁed sources (Shi et al., 2016). The interfaces of afore-mentioned models can be seen in Figs. S2–S5, and the
models can be obtained at (http://env.nankai.edu.cn/air/list/?110_1.
html or http://russellgroup.ce.gatech.edu/node/16?destination=node/
16).

3. Results and discussion
3.1. Concentrations of PM2.5, chemical components, and gas-phase
precursors
The concentrations of PM2.5 in Hohhot are shown in Table 1. The
daily PM2.5 concentration ranged from 13 to 284 μg m−3, and the annual
PM2.5 mass concentration was 66 μg m−3. Compared to the ambient air
quality standard in China, The concentrations in Hohhot were nearly
twice as high as the Chinese standard (35 μg m−3) but lower than
most of the provincial capitals in northern China (the most polluted
Beijing-Tianjin-Hebei Region, Beijing 81 μg m−3 (2015), Tianjin 81
μg m−3 (2015), and Shijiazhuang 105 μg m−3 (2015)). Hohhot PM2.5
levels were compared to other cities such as Veneto, Italy (low wind
speeds and stable atmospheric stratiﬁcation, 33 μg m−3) (Squizzato
et al., 2012) and Osaka, Japan (the commercial and industrial city,
13–35 μg m−3) (Sasaki and Sakamoto, 2005), where their concentrations of PM2.5 were much lower than Hohhot. This may indicate heavy
ﬁne particulate matter pollution in China.

The annual contents of major chemical components in PM2.5 are also
listed in Table 1. The components ranked as follows: OC (14 μg m−3;
−3
18%), SO2−
(7.3 μg m−3; 11.0%), NO−
; 6.3%), EC (4.0
4
3 (4.1 μg m
−3
μg m−3; 5.7%), Si (3.9 μg m−3; 6.1%), NH+
(3.3
μg
m
; 5.0%), Ca (2.6
4
μg m−3; 4.9%), Al (2.5 μg m−3; 4.0%), Cl− (1.6 μg m−3; 2.3%), K (1.1
μg m−3; 1.7%), and Fe (1.1 μg m−3; 1.5%). The measured chemical composition constituted over 70% of PM2.5 mass. The comparisons of secondary species in different cities are listed in Table S1. The secondary
−
species (SO2−
4 and NO3 ) in PM2.5, which made up approximately 18%
of the total aerosol (7.3 μg m−3, 4.1 μg m−3), were relatively lower
than other cities, such as Prague, Europe (2.9 μg m−3, 2.2 μg m−3,
−3
−3
33%) and Kanpur, India (SO2−
; NO−
, 26%), im4 , 19 μg m
3 , 7.3 μg m
plying that secondary aerosols may have a higher contribution in
these cities (Yang et al., 2011). The sulfur oxidation rate (SOR) and nitrogen oxidation rate (NOR) were 0.1 and 0.05 respectively, which indicated lower sulfate and nitrate in atmospheric aerosols compared with
other regions (Li and Zhang, 2016). Therefore, the lower content of
secondary species in Hohhot indicates that the low concentration of secondary aerosols was attributed to local formation, industrial production,
and regional transport (Yang et al., 2011).
Table S2 displays the concentrations of gas-phase precursors in Hohhot and other megacities (Beijing, Tianjin, Guangzhou, Chengdu) in
China. It is evident that the level of SO2 in Hohhot was relatively higher
than other megacities which may be related to the large-scale plants.
Moreover, the concentrations of NO2 and O3 were lower than the concentrations in other megacities. The level of SO2 in Hohhot was higher
than other cities while SO2−
was relatively lower; the ratios of SO2−
4
4
to SO2 ranged from 0.11–0.26 for the four seasons. According to several
research studies, gaseous precursors (emission from sources), aerosol
acidity, and meteorological conditions can inﬂuence the formation of
SIA. In the following section, the sources, gaseous precursors, aerosol
acidity, and meteorological condition are analyzed.
3.2. Source impact analysis of SIA by different models
3.2.1. Characteristics of the emission sources in Hohhot
The identiﬁcation of pollution sources plays a signiﬁcant role in
source impact analysis. It is important to know the detailed characteristics of different emission sources. Considering source characteristics
(source proﬁles) was essential for the performance of the models, and
the proﬁles of different sources were obtained via the resuspension of
source samples collected in Hohhot using the resuspension equipment
designed by Nankai University. The details of the suspension sampling
device can be found in the Supplementary Information. The proﬁles
were composed of the mass fractions of the chemical components of
the different sources' individual proﬁles. The source proﬁles of Hohhot
can be seen in Fig. S6. Crustal dust consisted mostly of Si (18%), Ca
(8.3%), Al (4.0%), and Fe (3.7%); the main components of the coal combustion emissions were OC (12%), EC (6.3%), SO2−
4 (14%), Si (15%), and
Al (13%). In the cement proﬁle, the fraction of element Ca (44%)
accounted for the largest proportion, Si (6.3%) ranked second and Al
(2.3%) third. The unique characteristic of vehicle exhaust was its relatively high fraction of OC, which made up 52%. In ambient particulate
matter sulfates and nitrates were mainly formed by gaseous SO2 and
NOX through atmospheric chemical reactions (Pandis and Seinfeld,
1989; Xie et al., 2015) and were mainly present as ammonium sulfate
and ammonium nitrate. For the proﬁles of secondary sulfate and nitrate,
this study used the chemical composition of ammonium sulfate and ammonium nitrate as virtual proﬁles of secondary sulfate and nitrate
(Marmur et al., 2005). The proﬁle of SOC was exclusively represented
by OC (Lee et al., 2007). In this study, using the inventory of emission
sources of Hohhot, crustal dust, coal combustion, cement, and vehicle
exhaust may be the primary sources. However, the gaseous precursors
emitted by primary sources (coal combustion, vehicle exhaust, etc.)
cause the formation of secondary sources including secondary sulfate,
secondary nitrate, and secondary organic carbon (SOC) through
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Table 1
Species of PM2.5 as well as meteorological parameters and gases measured in Hohhot, China.
Species

Percentage in PM2.5 (%)

Concentration in PM2.5 (μg/m3)

Summer (μg/m3)

Autumn (μg/m3)

Winter (μg/m3)

Spring (μg/m3)

Na
Mg
Al
Si
K
Ca
Ti
V
Cr
Mn
Fe
Ni
Cu
Zn
As
Pb
OC
EC
NH₄+
NO₃−
SO₄2−
Cl−
PM2.5
SO2 min
SO2 average
SO2 max
NO2 min
NO2 average
NO2 max
T min
T average
T max
RH min
RH average
RH max

1.1
1.2
4
6.1
1.7
4.9
0.1
0.02
0.06
0.06
1.5
0.03
0.09
0.18
0.01
0.05
18
5.7
5
6.3
11
2.3
/
/
/
/
/
/
/
/
/
/
/
/
/

0.8
0.8
2.5
3.9
1.1
2.6
0.07
0.01
0.05
0.07
1.1
0.04
0.08
0.1
0
0.06
14
4
3.3
4.1
7.3
1.6
66
/
/
/
/
/
/
/
/
/
/
/
/

0.39
0.48
1.25
2.08
0.52
1.90
0.12
0.20
0.15
0.18
0.48
0.14
0.13
0.12
0.07
0.16
5.34
1.90
1.88
2.21
4.63
0.65
36.45
7.32
19.62
50.1
19
37
62.2
14.0
20.2
27.0
32.0
52.8
87.0

0.53
0.62
2.03
3.54
0.84
3.28
0.06
0.01
0.06
0.04
0.80
0.02
0.05
0.07
0.00
0.04
7.58
3.13
2.79
3.53
6.18
1.00
52.27
10.60
36.96
94.5
9.7
47.1
87.5
−8.0
8.0
19.0
26.0
49.0
95.0

0.84
0.85
3.34
3.84
1.42
3.05
0.07
0.00
0.04
0.04
1.30
0.02
0.08
0.15
0.01
0.03
18.66
5.03
4.10
5.04
8.57
2.75
80.54
23.64
83.14
196.7
13.7
46.1
86.4
−15.0
−8.4
1.0
31.0
41.8
96.0

1.06
1.09
3.63
5.79
1.60
3.15
0.08
0.00
0.02
0.05
1.38
0.01
0.09
0.12
0.01
0.03
16.02
4.42
3.46
4.62
7.73
1.74
78.42
5.50
28.27
84
7.9
32.4
63.9
−10.0
8.3
23.0
13.0
35.8
80.0

T:°C RH:% WS:m/s.

transformation processes and oxidizing reactions. Thus, secondary
sources may also be an important contributor to the local atmosphere
pollution.
3.2.2. Source analysis by receptor models
The input dataset of CMB included two parts: one related to the
characteristics of six sources proﬁles including coal combustion, cement, crustal dust, vehicle exhaust, secondary sulfate, and secondary nitrate, and the other contained the main component percentages of
receptor data and its corresponding standard deviation including carbo2−
naceous species (OC and EC), water soluble inorganic ions (NH+
4 , SO4
−
and NO3 ), and inorganic elements (Na, K, Mg, Ca, Al, Si, Ti, Zn, V, Mn, Cu,
As, Ni, Cd, Cr, Ba, Fe, Cu, Zn, Pb). There were ﬁve divisions of receptor
data that represented spring, summer, autumn, winter, and the total
year. The input dataset of NCPCRCMB and CMB-Iteration were similar
to CMB. As for CMB-GC, the input data include concentration of PM2.5,
components, uncertainty, sources characteristics (coal combustion, cement, crustal dust, vehicle exhaust, secondary sulfate, secondary nitrate,
secondary organic carbon and uncertainty), gaseous pollutants ratio of
sources, and the model parameters. A 182 × 19 receptor dataset was introduced in the WALSPMF model to identify the source categories and
to quantify its contribution.
The WALSPMF model extracted ﬁve factors, and the proﬁles of the
factors calculated by the model are shown in Fig. S7. For Factor 1,
there was a large fraction of NO−
3 which is generally considered as the
proﬁle of secondary nitrate (Shi et al., 2016). Factor 2 was dominated
by SO2−
and was considered to be the source of secondary sulfate
4
(Tan et al., 2016). It is worth noting that the slight OC also existed in
the proﬁles of secondary sulfate and nitrate. Therefore, the contribution
of secondary sulfate and nitrate by WALSPMF might be overestimated.
Factor 3 reﬂected high association with OC and Al which might

contribute to coal combustion (Watson et al., 2001). In Factor 4, the signal of Si, Ca, Al, and Fe were distinct, with Si exhibiting the highest loading. These species were the source markers of dust source (crustal and
cement) (Kim and Hopke, 2004; Shi et al., 2011a, 2011b). Factor 5 possessed high weight values for organic carbon (OC), element carbon (EC)
and NO−
3 which can be regarded as tracers for vehicle exhaust (Shi et al.,
2011a; Peng et al., 2016).
The seasonal and annual source impact analysis results resolved by
CMB are listed in Fig. S8. There were slight differences between the
four seasons. The proportion of the crustal dust was higher in the spring
while the coal combustion and vehicle exhaust was higher in winter.
The secondary sulfate contribution was greatest in summer (14%)
while secondary nitrate contributed more in autumn (9%). The cement
contribution (12%) was higher in autumn which was almost three times
more than in winter. The source contributions calculated by CMB-GC
are displayed in Fig. S9. Overall, coal combustion contributed most in
winter; the cement contribution was mostly in autumn; the crustal
dust was mostly in spring; secondary sulfate and secondary nitrate
were higher in summer and autumn respectively; and there were no
signiﬁcant variations during the year for vehicle exhaust. The percentage contributions of source emissions in four seasons by NCPCRCMB
are listed in Table S3. Crustal dust contribution in spring and autumn
was relatively higher than in summer and winter which may have resulted from the frequent construction activities in autumn and the
higher wind speed in spring. The results from the CMB-Iteration
(Fig. S10) were compatible with the aforementioned models. The results estimated by WALSPMF are listed in Table S4. Considering that
the principle of FA method was distinct from the CMB models,
WALSPMF did not separate the cement from crustal dust clearly; thus
the largest contributing source resolved by WALSPMF was dust (32%)
(crustal dust and cement). The concentration contributions of the
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different sources evaluated with WALSPMF during the four seasons are
shown in Fig. S11. Coal combustion played a signiﬁcant role in winter
and spring—the fraction exceeded 20%—with less contribution in the
summer and autumn. This phenomenon may be related to the increase
in heating demands in winter and early spring. The dust contribution
with a fraction of 34% was largest in spring which was mainly from
the high incidence of wind-blown dust in spring and continual construction activities during autumn.
The annual percentage contributions indicated by CMB, CMB-GC,
NCPCRCMB, CMB-Iteration, and WALSPMF are displayed as follows in
Fig. 1: coal combustion (20%, 16%, 22%, 20%, 25%), dust (31%, 25%, 30%,
28%, 32%), vehicle exhaust (14%, 11%, 10%, 11%, 10%), secondary sulfate
(11%, 11%, 10%, 10%, 18%), and secondary nitrate (8%, 8%, 8%, 8%, 13%).
The contribution of crustal dust and cement were included in the dust
category. Overall, the results by all models were reasonable. Considering
that WALSPMF can provide daily apportioned results, the results by
WALSPMF were used to explore the inﬂuence of SIA in the analysis
that follows.
3.3. The variations of meteorological factors and gas-phase pollutants
Fig. 2 exhibits the seasonal variations of the meteorological parameters including temperature (T), relative humidity (RH), and wind speed
(WS). The seasonal temperature displayed a clear trend with the
highest temperatures observed in summer (20 °C). The annual RH was
46%, with summer RH (53%) being higher than autumn (49%), winter
(42%) and spring (36%) but was much lower than many megacities
(60% in Xi'an, 62% in Tianjin). The wind speed had an opposite trend
compared to RH, with an annual speed of 2.9 m/s, and in the spring, seasonal wind speeds were higher than the annual average (3.5 m/s) and
lower than the average in summer and autumn (2.6 m/s and 2.7 m/s).
The lower RH and higher wind speed in spring followed the anabatic
contribution trend of crustal dust developed by the models. The seasonal variations of gas-phase pollutants are also displayed in Fig. 2.
The level of CO in winter was clearly higher than in other seasons. The
levels of SO2 and NO2 in summer (20 μg/m3, 37 μg/m3) were lower
than in other seasons. Compared to SO2 and NO2, the concentration of
O3 (127 μg/m3) was highest in the summer. As reported in a previous
study, higher concentrations of O3 are usually accompanied by lower
gas concentrations (SO2, NO2) in warmer months (Zhou et al., 2016).
In the winter, the concentration of SO2 (83 μg/m3) signiﬁcantly
exceeded the Chinese annual standard (35 μg/m3), which was most
likely due to coal combustion emission sources. The models quantiﬁed
that there was higher coal combustion contribution in winter. The seasonal feature of CO was synchronous with SO2, with CO mainly originating from the incomplete combustion of coal during the heating period.
In comparison to the variation of SO2, the variation of NO2 was more
placid which may correlate with the variations in contributions from vehicle emissions.
Back trajectory analyses were conducted using the TrajStat model
for the four seasons. In Fig. S12, it can be seen that in summer the trajectories originated from the south of Hohhot (located in the junction
35
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Fig. 1. The annual percentage contributions of multi-models.

between Shaanxi and Shanxi province) and accounted for 38% of all trajectories which was higher than autumn, winter, and spring (27%, 9%
and 14%). Considering the RH in the south was higher and the airﬂow
from south may carry more moisture than from the northwest, the contributions of secondary sulfate were higher in summer. This indicates
the important role of RH in the formation of secondary sulfate. In
other seasons, the back trajectories were mostly from the dry region,
the northwest part of Hohhot (Mongolia and Inner Mongolia), which
was not favorable for secondary reactions.
3.4. Aerosol pH
Aerosol pH was calculated by ISOPPIRA II (forward mode and “metastable” phase state), and the average level of pH was about 5.6 (with
standard deviation 1.7 and range of 1.1 to 8.4). In this study, pH may
have been underestimated due to the absence of gas-phase species
input (Weber et al., 2016). Compared to the reported ﬁne aerosol pH
values in other cities (see Table S5), pH in Hohhot was much higher,
which might have been caused by the characteristics of arid regions. Annual crustal dust contributions were about 25% which was much higher
than contributions in other cities (such as Beijing and Tianjin (China)
and Atlanta and Birmingham (United States)) (Lang et al., 2017; Liu
et al., 2017; Verma et al., 2014; Baumann et al., 2008). On the other
hand, annual secondary sulfate in Hohhot was only 13%. According to
Shi's ﬁnding (Shi et al., 2017), dust can increase the particulate pH
while secondary sulfate can lower the pH. Therefore, the higher aerosol
pH in Hohhot might be reasonable.
The aerosol pH values for all seasons are shown in Table 2. Summer
had the highest aerosol acidity (pH is 5.0) followed by autumn (pH is
5.3), winter (pH is 5.7), and spring (pH is 6.1). The pH in summer was
lower than in other seasons which were related to the higher contribution of secondary sulfate in summer (17%) than in other seasons (8.7%–
15%); therefore, acidic conditions can be attributed to secondary sulfate.
The highest pH in spring may be due to the dust periods in spring. The
contribution of dust in the spring was 28%, higher than other seasons
(range of other seasons 20%–24%). According to other related research
(Shi et al., 2017), high levels of some cations (such as Ca2+) from dust
can increase the level of aerosol pH.
3.5. Impact of meteorological parameters, gas-phase pollutants, and aerosol
pH on SIA
The formation of SIA is signiﬁcantly inﬂuenced by meteorological
conditions, precursor emission sources, and the oxidation capacity of
the atmosphere (Tan et al., 2016). To investigate the relative inﬂuence
of meteorological parameters (RH, T) and gas-phase pollutants (SO2,
NO2, O3) as well as aerosol pH on secondary aerosol, regression results
were analyzed by SPSS. The function among the secondary sulfate concentration and ﬁve variables can be described as follows:
½SS ¼ −2:5 þ 0:29 RH þ 0:06SO2 þ 0:06T−0:12 pH−0:03 O3
R2 ¼ 0:25

ð1Þ

In Eq. (1), [SS] is the concentration (μg/m3) of the secondary sulfate
source estimated by the receptor models. The relationship between secondary sulfate and the ﬁve variables is nonlinear so a low R2 was obtained. The signiﬁcance level for each variable can be seen in
Supplementary Information. Among the ﬁve variables, only RH and
SO2 showed the positive relation with sulfate formation. Considering
drought conditions in Hohhot, the RH was at a lower level while the
SO2 was at a higher level (in Table S2). Thus, RH may be a key factor
for the formation of secondary aerosol. The results agreed with the
larger contribution of secondary sulfate in summer since the RH was
higher in summer (Table 2). In addition, T may have a positive inﬂuence
on the formation of secondary sulfate while pH had a negative
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Fig. 2. The seasonal variations of the meteorological parameters and pollutants.

relationship with secondary sulfate. According to Shi's ﬁnding (Shi et al.,
2017), high secondary sulfate can increase the acidity of the aerosol.
The hydroxyl radical produced by H2O may be attributed to the oxidation from SO2 to SO3 and SO2−
4 . In addition, studies have shown
that the sensitivity of sulfate to RH may be related to the heterogeneity
between clouds and aerosols. Cloud processing is a major source of sulfate at regional and global scales (Luo et al., 2011; Seinfeld and Pandis,
2006). Aerosols can serve as cloud condensation nuclei (CCN) and
then can become activated, and soluble gases such as ammonia and sulfur dioxide can dissolve into droplets during the cloud formation. The
cloud water can be considered the reacting medium for aqueousphase reactions, promoting the transformation of dissolved SO2 to sulfate (Seinfeld and Pandis, 2006). Generally, clouds are classiﬁed as precipitating or non-precipitating. Precipitating clouds could be a source or

sink of sulfate, and non-precipitating clouds are solely sources of sulfate
(Luo et al., 2011). In this study, the high periods of RH may have been
caused by the low number of non-precipitating clouds, which lead to
the higher sulfate levels.
It is worth noting that some researchers found that NO2 may contribute to the formation of secondary sulfate (Cheng et al., 2016). However, this phenomenon was rarely observed in this study which may be
due to the speciﬁc local meteorological conditions in Hohhot. In Fig. 3
(a), higher concentrations of secondary sulfate were closely linked
with rising RH as shown in circle 1 (C1). According to related studies,
with increasing secondary sulfate, photochemical and liquid phase reactions may occur (Cheng et al., 2016). As shown in circle 2 (C2), the concentrations of secondary sulfate and RH were low while the
concentrations of O3 were in the intermediate level (70–85 μg/m3),

Table 2
Source contributions of SO2−
4 , SO2, O3, RH and pH during four seasons.

Summer
Autumn
Winter
Spring

Dust⁎
(%)

Secondary sulfatea
(%)

SO2−
4
(μg/m3)

SO2−
4
(%)

SO2
(μg/m3)

SO2−
4 /SO2

O3
(μg/m3)

RH
(%)

pH

24
24
20
28

17
15
12
9

4.7
6.4
9.0
7.3

13
12
10
11

20
37
83
28

0.24
0.17
0.11
0.26

127
75
47
92

53
49
42
36

5.0
5.3
5.7
6.1

Dust here means crustal dust.
a
The average percent contribution of dust and secondary sulfate for each season were estimated by receptor models.
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not very high or very low. It is possible that photochemical reactions
dominated the samples rather than the liquid phase reaction. When
the RH reached a high level, the dominant reaction may have converted
to liquid phase reactions. It is worth noting that when the RH reached a
high level, the concentration of secondary sulfate was lower, as shown
in circle 3 (C3); this may be due to the limited availability of SO2, as
shown in circle 4 (C4) in Fig. 3(b). Additionally, precipitation might be
another factor contributing to the low sulfate (points in C3). Overall,
RH and SO2 are found to have the greatest impact on the formation of
secondary sulfate, in accordance with our understanding of the chemical pathways that dominate sulfate formation.
Fig. 4 displays the relationship among secondary sulfate, SO2, and
pH. Lower pH is associated with higher secondary sulfate which is consistent with our previous work (Shi et al., 2017). Table 2 shows the comparison among source contributions, SO2−
4 , SO2, O3, RH, and pH for all
seasons. The highest concentration of SO2−
(9.0 μg/m3) occurred in
4
winter (compared with other seasons) which may be due to increased
emissions from coal combustion (see Figs. S6 & S8). The measured
coal combustion proﬁle had a relatively high fraction of SO2−
4 , indicating
that coal combustion sources also emitted SO2−
4 . An interesting ﬁnding
is that the concentration (μg/m3) of SO2−
4 was lowest in summer (due to
the clean conditions in summer), while the percent (%) contribution of
secondary sulfate was highest in summer. This may be due to the hydroxyl radical and hydrogen peroxide being higher and other sources

60

8

50

7

6

40

5

30

4

pH

Secondary sulfate
( g/m3)

½SN ¼ −34 þ 0:54 RH þ 0:03 T þ 0:54
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are also less intense in summer than other periods, attributing to the
formation of secondary sulfate (Seinfeld and Pandis, 2006).
The statistical relationship among secondary nitrate, RH, T and NO2,
pH, and O3 can be expressed as follows:

In Eq. (2), [SN] is the concentration (μg/m3) of the secondary nitrate
source estimated by the receptor models. The signiﬁcance level for each
variable can be seen in Supplementary Information. Similar to Eq. (1),
only NO2 and RH had signiﬁcant impact on secondary nitrate (p ≤0.1),
compared with other variables. RH, NO2, T, and pH had positive coefﬁcients, suggesting these four items can contribute to secondary nitrate
formation. Previous studies showed that high pH may be suitable for
the formation of secondary nitrate, and this study was conducted in a
nitrate-rich region with high pH (Shi et al., 2017). However, the regression results of secondary nitrate did not ﬁt well due to the high constant
term (constant = −34), suggesting that the mechanism of secondary
nitrate may be much more complex in comparison to that of secondary
sulfate (Seinfeld and Pandis, 2006). For secondary sulfate and nitrate,
RH and their gas-phase precursors (SO2, NO2) played a vital role in the
arid atmosphere.
According to some references (Seinfeld and Pandis, 2006; Cheng
et al., 2016), liquid phase reactions are important pathways for the formation of secondary sulfate. These studies focused on aerosol water
content. Due to the challenge of measuring water content directly, in
this study water content was estimated by ISOPPIRA II (the mode for
ISOPPIRA II was same as the mode used for calculating pH). The water
content (μg/m3) was used for regression with secondary sulfate instead
of RH and is shown as follows:
½SS ¼ 15 þ 0:55water þ 0:06
 SO2 þ 0:13 T−1:5 pH−0:03 O3
R2 ¼ 0:33

ð3Þ

In Eq. (3), water content, SO2, and pH had a signiﬁcant impact on
secondary sulfate concentrations ([SS]) (p b 0.05). The signiﬁcance
level for each variable can be seen in Supplementary Information.
Water content and SO2 had positive coefﬁcients (0.55 and 0.06) while
pH had a negative coefﬁcient (−1.5), suggesting that abundant aerosol
water content and acidic conditions may be positively associated with
secondary sulfate. As discussed above, Hohhot is an arid city with a relatively high aerosol pH (compared to other northern Chinese cities) so it
is reasonable that the level of SO2 in Hohhot was high while SO2−
4 was
low, as mentioned in Section 3.1. As shown in Table 2, relatively high
RH (53%), acidity (pH = 5.0), and higher levels of secondary sulfate
(17%) were exhibited in the summer. Low RH (36%) and weaker acidity
(pH = 6.1) were exhibited in the spring so the level of secondary sulfate
was the lowest in the spring (8.7%).
This paper investigated the relationships (positive or negative) between various factors and secondary inorganic aerosol levels and aerosol acidity. The relationships between secondary sulfate, nitrate,
ammonium and other factors are complex. Our analysis relied on linear
regression analysis as we tried non-linear regression models, but there
was not a substantial improvement, though it is recognized that the
chemical mechanisms are non-linear. In the further works, some gases
such as NH3 and HNO3 should be analyzed, to consider the inﬂuence
of pH to gas-particle partition.
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Fig. 4. The relation among secondary sulfate, SO2 and pH.
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In this study, we selected the arid city Hohhot in China to analyze the
inﬂuence of meteorological parameters and gas-phase pollutants on SIA
−
formation. The secondary species (SO2−
4 , NO3 ) concentrations in Hohhot were at relatively low levels which may reﬂect the lower secondary
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aerosol concentrations in Hohhot. The pH in Hohhot was about 5.6
which was higher than in other regions reﬂecting the relatively higher
dust contributions in Hohhot. In the summer, pH was lower than in
other seasons which were related to the higher contribution of secondary sulfate, whereas higher pH in spring might be connected to the dust
periods in the spring. These ﬁndings show that relatively higher aerosol
pH might exist in an arid atmosphere and inﬂuence SIA formation. Further, RH and gas-phase precursors (especially the RH) might be key factors in the formation of SIA. Abundant aerosol water content and acidic
conditions were positively associated with the formation of secondary
sulfate, while NO2 and RH had a signiﬁcant impact on secondary nitrate
formation in an arid atmosphere.
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