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A B S T R A C T

Sulfate plays an important role in atmospheric haze in China, which has received considerable attention in
recent years. Various types of parameterization methods and heterogeneous oxidation rates of SO2 have been
used in previous studies. However, properly representing heterogeneous sulfate formation in air quality models
remains a big challenge. In this study, we quantified the heterogeneous oxidation reaction using experimental
results that approximate the haze conditions in China. Firstly, a series of experiments were conducted to in-
vestigate the heterogeneous uptake of SO2 with different relative humidity (RH) levels and the presence of NH3
and NO2 on natural dust surfaces. Then the uptake coefficients for heterogeneous oxidation of SO2 to sulfate at
different RH under NH3 and NO2 coexistence were parameterized based on the experimental results and im-
plemented in the Community Multiscale Air Quality modeling system (CMAQ). Simulation results suggested that
this new parameterization improved model performance by 6.6% in the simulation of wintertime sulfate con-
centrations for Beijing. The simulated maximum growth rate of SO42− during a heavy pollution period increased
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from 0.97 μgm−3 h−1 to 10.11 μgm−3 h−1. The heterogeneous oxidation of SO2 in the presence of NH3 con-
tributed up to 23% of the sulfate concentration during heavy pollution periods.

1. Introduction

Sulfate (SO42−) constitutes a significant fraction of atmospheric
particulate matter, which has adverse impacts on human health and
ecosystems (Harris et al., 2013). Due to its hygroscopicity, SO42− can
greatly influence the growth of aerosols, contribute to cloud con-
densation nuclei (CCN) and further influence rainfall, visibility and
surface radiation. Therefore, accurately representing SO42− in air
quality models is of great significance. However, many current air
quality models underestimate SO42− and overestimate sulfur dioxide
(SO2) under heavy haze conditions (Chen et al., 2016; Wyat Appel
et al., 2008). This phenomenon is partly due to the lack of chemical
reactions oxidizing SO2 (IV) to SO42− (VI) in the models (Zheng et al.,
2015b). At present, only the gas-phase and in-cloud aqueous phase
SO42− formation pathways are considered in the Community Multiscale
Air Quality (CMAQ) model (v5.2) (www.epa.gov/cmaq) (Pye et al.,
2018; Zheng et al., 2015a). However, according to a large number of
laboratory and observational studies, the heterogeneous reactions of
SO2 on the surface of mineral dust, soot and some other inorganic
particles could significantly contribute to SO42− formation, which need
to be considered in air quality models (He et al., 2014; Liu et al., 2012;
Wang et al., 2016).

It is problematic that critical kinetic parameters of heterogeneous
reactions proposed by previous studies do not comprehensively re-
present the heterogeneous reactions of SO2 on particle surfaces for all
atmospheric conditions and locations (Chen et al., 2016; Gankanda,
2016; Zheng et al., 2015a). First, previous studies were typically per-
formed at low relative humidity (RH) conditions (Chapleski et al., 2016;
Liu et al., 2012; Shang et al., 2010), while few studies have investigated
the uptake kinetics of SO2 on authentic mineral dust under varied RH
conditions. More absorbed water at higher RH usually promotes the
heterogeneous reaction of SO2 (Huang et al., 2015); it has been re-
ported that chemical composition therefore plays a critical role in the
heterogeneous reaction of SO2 (Cheng et al., 2016). Second, the re-
lationship between the uptake coefficient and the RH in previous stu-
dies was assumed to be well-represented by a simple linear function or
by power functions, which may not be representative of real atmo-
spheric conditions in China. Third, to the best of our knowledge, there
has been no systematic study on the uptake coefficient of SO2 (γSO₂) on
dust in the presence of ammonia (NH3) in CMAQ simulation. Actually,
NH3 plays an important role in the heterogeneous oxidation of SO2,
according to laboratory experiments and field observation. The coex-
istence of NH3 could introduce more surface Lewis basicity on particle

surfaces to adsorb SO2 (Li et al., 2017; Normann et al., 2019; Yang
et al., 2016), altering the rate-limiting step in the heterogeneous oxi-
dation of SO2, and resulting in an accelerated heterogeneous transfor-
mation of SO2 to SO42− (Jia et al., 2017; Pozzer et al., 2017). High
emission of NH3 and NO2 in China and other developing countries
(Wang et al., 2016) may result in significant synergistic effects in het-
erogeneous formation of sulfate and contribute to haze formation (Fu
et al., 2017; He et al., 2014). Abundance of NH3 (maximum con-
centration higher than 100 ppb) (Meng et al., 2018; Pan et al., 2012,
2018; Wen et al., 2015) and strong correlations between the peak levels
of fine particles and large increases in NH3 concentrations (Liu et al.,
2015a; Ye et al., 2011) were usually observed in the heavy haze con-
dition. Therefore, investigating the heterogeneous reaction of SO2 at
different RHs and the coexistence of NH3 is important to improve the
simulation of SO42− in air quality models.

In this study, the γSO₂ at different RHs and NH3 levels were in-
vestigated by conducting a series of experiments at reaction conditions
close to the real atmospheric environment (i.e., with coexisting NH3,
real dust, reasonable reactant concentrations and use of a flow tube for
heterogeneous reaction measurements). Based on these experimental
results, a new parameterization method was developed and im-
plemented into CMAQ to represent the atmospheric heterogeneous re-
action of SO2 to SO42− on particle surfaces. The role of heterogeneous
SO42− production during haze periods was examined using the CMAQ
model with the new parameterization scheme for a heavily polluted
area (i.e., Hebei-Tianjin-Beijing region in China) in January 2014.

2. Method

2.1. Experimental design

The parameter γSO₂ depends on a number of factors including gas-
phase concentrations, speciation and surface capacity, thus it is not a
constant (Ammann et al., 2013). As summarized in Table 1, the mea-
sured γSO₂ varies widely for different solid-phase media with different
properties. For example, the γSO₂ (1–3×10−3) measured on an amor-
phous carbon surface is considerably larger than that measured on
other surfaces (Rogaski et al., 1997). On the surface of non-oxidic mi-
neral oxides, such as Al2O3, TiO2, CaO, MgO, sulfite is formed only at
basic oxygen vacancies or hydroxyl sites, changing to SO42− once sul-
fite is heated under aerobic conditions. In view of the large differences
in mechanism and oxidation sites between different particles, authentic
dust particles are required to study realistic heterogeneous reactions

Table 1
Summary of the values of γSO₂ reported in literature.

Medium γSO₂ RH Reactive gas Surface area calculation Reference

Fe2O3 5.5×10−4 water film GEO Judeikis et al. (1978)
Al2O3 4.0×10−4 water film GEO Judeikis et al. (1978)
MgO 1×10−3 water film GEO Judeikis et al. (1978)
Amorphous carbon 1–3× 10−3 <1 O3 BET Rogaski et al. (1997)
Water surface 0.11 Worsnop et al. (1989)
dust 4.6 ± 0. 3× 10−6 NO2 BET Ullerstam et al. (2003)
dust 1.3 ± 0. 3× 10−3 NO2 GEO Ullerstam et al. (2003)
CaCO3 1.3 ± 0.13×10−7 <1 O3 BET Wu et al. (2011)
TiO2 1.4×10−5 40 O3 BET Shang et al. (2010)
TiO2 2× 10−6 0 BET Shang et al. (2010)
TiO2、CaCO3、MgO、Fe2O3 、Al2O3、China Loess、SiO2 7–50×10−5 O3 BET Usher et al. (2002)
CaCO3 0.1 BET Santschi and Rossi (2003)
CaCO3 1.4 ± 0.3× 10−7 O3 BET Li et al. (2006)
Saharan mineral dust 6.6 ± 0.8× 10−5 O3 Adams et al. (2005)
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(Ullerstam et al., 2003). Using different methods to calculate surface
area also leads to discrepancies in the γSO₂. The γSO₂ measured with the
geometric surface area (GEO) can reach 10−4, which is much higher
than that calculated with Brunner−Emmett−Teller (BET) surface area
(Judeikis et al., 1978). GEO was used for all calculations, which is
consistent with our model. Different experimental designs to measure
uptake coefficients, such as in situ Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS), Knudsen cell reactor, smog chamber
and Coated Rod Flow Tube (CRFT), also yield quite different results
(Usher et al., 2002). The uptake coefficient is estimated based on the
gas consumption in Knudsen cell reactor and flow tube methods, while
it is based on the SO42− production in the DRIFTS method. Therefore,
flow tube and Knudsen cell reactor results are more suitable for models
calculated with SO2 consumption. Differences in factors including solid
phase composition, oxidation system, temperature, humidity, surface
area calculation method, and experimental methods lead to several
orders of magnitude difference in the values of γSO₂ (Gankanda et al.,
2016; Goodman et al., 2001; Li et al., 2006; Wu et al., 2011). It is
important to wisely design these factors in the experimental study of
atmospheric heterogeneous reactions.

In this study, we designed a series of experiments to examine the
relationship between the heterogeneous uptake coefficient of SO2 and
RH, especially under the condition of NH3 coexistence. Yang et al.
(2018) reported that chemical compositions of mineral dust would lead
to varying degrees of impacts of NH3 on the heterogeneous oxidation of
SO2. The elements of Arizona Test Dust (ATD) and mineral dust parti-
cles from Mongolia are similar (Park et al., 2017). To better represent
the real atmospheric mineral dust and also make the experimental re-
sults below their thresholds reproducible, we selected ATD to study
heterogeneous reactions on the solid surface (Vlasenko et al., 2005),
which represents a naturally occurring dust type and has also been used
previously in studies addressing related issues (Bedjanian et al., 2013;
Ma et al., 2008). The dust was internally mixed with preexisting deli-
quescent species such as nitrates (Gibson et al., 2007; Li and Shao,
2009; Wu and Okada, 1994) to consider the effect of soluble salts in real
aerosol particles. The γSO₂ on the dust surface was linearly related to the
sample mass within a certain range (0–100 gm−2) (Ma et al., 2011). To
ensure the single-layer coating effect, all our sample masses were
controlled at about 2.4 ± 0.8 gm−2. The oxidizing gas was nitrogen
dioxide (NO2). A flow tube, one kind of commonly used method to
obtain uptake coefficient, was chosen as the experimental device due to
its stability (Ma et al., 2017; Ndour et al., 2008; Worsnop et al., 1989).
This method has been verified in our previous work (Han et al., 2013;
Liu et al., 2015b; Yang et al., 2016). The initial concentrations of SO2,
NO2 and NH3 were 5.11× 1012 molecule cm−3 (190 ppb), 2.69× 1012

molecule cm−3 (100 ppb), and 1.34× 1012 molecule cm−3 (50 ppb),
which are typical levels during heavy haze in China.

2.2. Model configuration

Meteorological fields were simulated with Weather Research and
Forecasting model (WRF) version 3.8. The WRF model performance
was examined by comparing against observations, and the results
suggested acceptable performance, as the Mean Bias (MB)/Root Mean
Square Error (RMSE) for temperature, wind speed and humidity were
0.31 K/2.22 K, 0.15m s−1/1.71ms−1, and 0.11 g kg−1/0.47 g kg−1,
respectively.

A unit-based emission inventory for industrial sectors in the Beijing,
Tianjin and Hebei provinces (denoted as BTH) was used in this study,
which resulted in better performance in simulating both PM2.5 and
gaseous pollutants than the proxy-based emission inventory. The
Normalized Mean Bias (NMB) values for concentrations of SO2, NO2
and PM2.5 were 81%, 21% and −7%, respectively (Zheng et al., 2018).

The CMAQ model (version 5.2) incorporates major processes that
influence the transformation and transport of gases and aerosols, in-
cluding advection, diffusion, aerosol dynamics, deposition, cloud

process, and chemical reaction (Byun and Schere, 2006). The modeling
domain covered the BTH region and consisted of 204×150 horizontal
grid-cells with a 4×4 km horizontal resolution. It had 14 vertical
layers with a surface layer thickness of 36m above the ground.
Boundary conditions were generated from 12 km simulation over East
China and 36 km simulation over China (one-way nesting) (Zheng et al.,
2018). To minimize the effect of initial conditions, a spin-up period of
five days was used (Zheng et al., 2018). The simulations used the 2005
Carbon Bond chemical mechanism (CB05), which contains the gas-
phase chemical reaction of SO2 with hydroxyl radial (OH). The model
also contains five in-cloud aqueous-phase reactions that treat the oxi-
dation of S(IV) by hydrogen peroxide (H2O2), ozone (O3), oxygen cat-
alyzed by iron (Fe[III]) and manganese (Mn[II]), methylhydroperoxide
(MHP), and peroxyacetic acid (PAA) (Binkowski, 2003; Pye et al., 2018;
Sarwar et al., 2013). Thus, the CMAQ model can be used to evaluate the
impacts of different oxidation pathways on atmospheric SO42− con-
centrations (Binkowski, 2003; Pye et al., 2018; Sarwar et al., 2013). In
this study, two scenarios (with/without SO2 heterogeneous chemistry)
were simulated, and the differences between the two simulations are
attributed to the impact of the SO2 oxidation heterogeneous pathway.

The SO2 heterogeneous reaction can be assumed to be a pseudo-
first-order reaction (Wang et al., 2012). The reaction rate coefficient is
calculated as follows:

= +k
d
D v

S
2

4
i

p

i i i
p

1

(1)

where i represents the reactant for the heterogeneous reaction, dp is the
effective diameter of the particles (m), Di is the gas-phase molecular
diffusion coefficient for reactant i (m2 s−1), vi is the mean molecular
speed of reactant i in the gas phase, γi is the uptake coefficient for re-
actant i (dimensionless), and Sp is the aerosol surface area per unit
volume of air (m2m−3). The parameters dp, Di, vi , and Sp are calculated
in CMAQ, and γi is a key parameter in determining the reaction rate and
is obtained from the laboratory research measurement.

The observed SO42− concentrations were collected on the roof of a
three-story building on the campus of Tsinghua University in Beijing
city (40.0°N, 116.3°E) from 1 to 31 Jan 2014. The hourly averaged
concentrations of the main chemical species of fine particles (PM2.5)
were measured by a continuous dichotomous aerosol chemical specia-
tion analyzer (Model ACSA-08; Kimoto Electric, Ltd., Japan) (Duan
et al., 2016).

3. Results

3.1. Development of a new parameterization method of SO2 uptake

The existing parameterization methods for SO2 uptake vary greatly
due to the lack of reliable experimental data under various environ-
mental conditions. The first typical method (Method-1) is given by
equation (2):

= × + RH1 0.36
0.029

( )g g
3.7

(2)

where γg' (6.1× 10−5) is the uptake coefficient under dry conditions
(Fu et al., 2016). This formula was established based on the regression
of SO42− ratio in total sulfur (i.e., the sum of SO2 and SO42−) against
relative humidity from field observations (Sun et al., 2013). This em-
pirical regression-based method suffers uncertainties from confounding
factors such as aqueous pathways for SO42− formation and other me-
teorological factors.

The second parameterization method (Method-2) uses a linear in-
terpolation according to a certain range of RH (Chen et al., 2016; Zheng
et al., 2015a), as follows:
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where, γlow and γhigh are the minimum and maximum uptake coeffi-
cients determined based on experimental results and empirical esti-
mations. It is assumed that the uptake coefficient is minimum at low
humidity and maximum at high humidity scenarios. The uptake coef-
ficients under other humidity condition are linearly interpolated based
on the range of the maximum and minimum values. A previous study
suggested that this method can improve the simulation accuracy of
SO42− concentrations (Chen et al., 2016). However, selection of the
minimum and maximum uptake coefficient is challenging. It is difficult
to find uptake coefficient at dry and high humidity under the same
experimental condition from previous studies. Moreover, the change of
γSO₂ with RH might not be linear.

Clearly, the existing methods established parametric relationships
between heterogeneous uptake coefficients and RH based on indirect
observations. In addition, the role of ammonia has not been accounted
for in both methods. It is desirable to develop a new parameterization
scheme based on direct measurements under atmospheric conditions
close to reality.

The measured γSO₂ under different conditions in this study are
shown in Table 2. The lowest γSO₂ (about 1.48 ± 1.14× 10−7) was
found for dry dust particles (RH<2%) under NH3/NO2-free conditions.
The SO2 uptake coefficient increased to 8.67 ± 0.2× 10−7 under
higher relative humidity level of 80%. With the coexistence of NO2, the
γSO₂ will be also increased to 9.32 ± 1.44×10−6 even at low RH level
(< 2%). The uptake coefficient further increased to
8.11 ± 1.41×10−5 when SO2, NO2, and NH3 coexisted at a RH of
83%. NH3 coexistence significantly increased the γSO₂ by two orders of
magnitude. This is mainly because the coexistence of NH3 increases the
pH, thereby facilitating the dissolution of SO2. Previous study suggests
that the heterogeneous oxidation of SO2 can be divided into three stages
(Shang et al., 2010). The first one is the formation of an alkaline sur-
face. The second one is the adsorption of SO2 on the alkaline surface to
form sulfite, and the last one is sulfite oxidation to sulfuric acid. The
formation of an alkaline surface (first stage) is the limiting step of this
reaction. The NH3 participation greatly enhances the formation of an
alkaline surface, thus facilitating the heterogeneous oxidation of SO2.
Due to high solubility in water (1:700) and rapid dissolution rate of
NH3, γSO₂ is very sensitive to the existence of NH3. With the coexistence
of NH3, the positive correlation between the uptake coefficient and RH
is more significant than under NH3-free conditions. This result is sup-
ported by the study of (Benner et al., 1992), which found that the co-
existence of NH3 increased the SO42− generation rate from 3% at dry
conditions to 81% at 60% RH. When both NO2 and NH3 are present,
γSO₂ increases exponentially (not linearly as previous studies suggested)
with the increase of RH (see Fig. 1). Such finding can explain the
phenomenon that the cumulative growth rate of SO42− under high
humidity can reach tens of micrograms per cubic meter within few
hours.

The exponential function of the relationship between γSO₂ and RH is
fitted in Fig. 1. The P-value of the variance analysis for the fitted curve
is 1.8× 10−4, which is far less than 0.01. The adjusted R2 can reach
0.99, indicating that this parametric result can explain 99% of the
variance of all samples. We found that γSO2 also increases exponentially
with RH under extremely high NH3 conditions (300 ppb). As an NH3-
rich region, the average winter level of NH3 at BTH is only about 50 ppb
(Fu et al., 2017). Therefore, this study only selected the γSO2 at this
level for parameterization in CMAQ.

According to the distribution of observed concentrations during
haze in China, the threshold for the NH3 coexistence condition is set as
15 ppb (Meng et al., 2018), and the threshold concentration for NO2
coexistence is set as 30 ppb in this study. The times when NO2 and NH3

are below their thresholds are few (<5%) (See Fig.S3). The γSO₂ in this
time is set to an average value of 1.36× 10−7 according to the ex-
perimental γSO2 without the coexistence of NO2 and NH3. This value is
also consistent with previous studies (Li et al., 2006; Wu et al., 2011).
The settings of uptake coefficients under other RHs when NO2 and NH3
are above their thresholds are shown in the following function.

= × + × > >e NO ppb NH ppb2.22 10 1.78 10 , 30 & 15i
6 8

2 3
RH

0.098 (4)

The newly developed parameterization method (Method-3) is
compared to the other two methods (i.e., Method-1 and Method-2) in
Fig. 2. The uptake coefficient from the first method is the highest, about
10−5 ∼ 10−4, followed by the parametric method (i.e., method-2)
which is about 10−5. The uptake coefficient from Method-3 is the
lowest, around 10−6 ∼ 10−5. However, Method-3 estimates the largest
increase rate of γSO₂ with RH compared to the other two methods, also
exhibiting larger γSO₂ under high RH conditions (> 70%) than that of
Method-2.

3.2. Application of the updated parameterization method of SO2 uptake

The new parameterization method for SO2 heterogeneous reaction
was applied in the simulation of SO42− concentrations in Beijing during
January 2014. The model using Method-1 and Method-2 exhibited ex-
cessively high SO42− concentrations at the monthly average level (see
Fig. 3). This is a result of the subjective selection of a high basic uptake
coefficient (Gao and Chen, 2006; Usher et al., 2002). With the im-
plementation of Method-3, the simulated monthly averaged SO42−

concentration (7.4 μgm−3) was slightly underestimated (see Fig. 3).
The underestimation in average concentration might be explained by
other missing pathways or processes not considered in this study, such
as aerosol radiative effects that could lead to a reduced Planetary
Boundary Layer (PBL) height and enhance the pollution at the surface
(Xing et al., 2015). However, the SO42− concentrations during heavy
pollution processes were well captured.

The increased SO42− formation from the heterogeneous oxidation of
S(IV) was investigated by comparing the simulated maximum SO42−

concentration with (“Method-3”) and without (“BaseCase”) the para-
meterization of SO2 heterogeneous oxidation. During the simulation
period, the observed SO42− concentrations ranged from 0.8 to
95.8 μgm−3. The simulated hourly SO42− in Method-3 (ranging be-
tween 0.2 and 133.5 μgm−3) could produce higher concentrations than
the BaseCase (ranging between 0.6 and 16.4 μgm−3). Compared to the
BaseCase, the simulated peak value in Method-3 during two heavy
pollution episodes in January (January 6 and 16) increased from
12.8 μgm−3 and 15.9 μgm−3 to 95.9 μgm−3 and 133.5 μgm−3, re-
spectively. Generally, the implementation of the heterogeneous chem-
istry of SO2 improved the agreement with the observed SO42−, with the
MB reduced from 9.2 μgm−3 to 6.2 μgm−3 and the NMBs reduced from
−58.6% to −38.3%. Meanwhile, SO2 simulated in Method-3 decreased
by 29.8 μgm−3 from the BaseCase, which is comparable with the

Table 2
The value of γSO₂ in different atmospheres with different RH conditions mea-
sured in this study.

Atmospheres RH γSO2

SO2 0.02 1.48 ± 1.14× 10−7

SO2 0.80 8.67 ± 0.2×10−7

SO2 + NO2 0.80 9.32 ± 1.44× 10−6

SO2 + NO2 + NH3 0.02 4.52 ± 0.02× 10−7

SO2 + NO2 + NH3 0.18 2.28 ± 0.43× 10−6

SO2 + NO2 + NH3 0.36 3.50 ± 0.75× 10−6

SO2 + NO2 + NH3 0.50 7.41 ± 1.59× 10−6

SO2 + NO2 + NH3 0.59 8.69 ± 1.46× 10−6

SO2 + NO2 + NH3 0.73 3.22 ± 1.44× 10−5

SO2 + NO2 + NH3 0.83 8.11 ± 1.41× 10−5
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observed SO2 level of 31.7 μgm−3. We further simulated SO42− con-
centration in Beijing during a different observation period (December
2015) with this new parameterization method (see SI). The simulation
of SO42− concentration with Method-3 also showed the best perfor-
mance, which further confirmed the proposed parameterization method
was more reasonable compare to other methods.

As the formation of haze takes a certain amount of time, the cu-
mulative rate of SO42− in heavy haze periods is represented by the
average 12-h growth of SO42−.

=
=

+( )SO growth rate C C1
12 i h

so h so h4
2

12

( 1) ( )4
2

4
2

(5)

Where +C and Cso h so h( ) ( 1)4
2

4
2 are SO42− concentrations at hour h and h

+1. Since we found that Method-3 had the best performance in the
simulation, it was deemed to also be the most accurate one among the
three methods for studying the contribution of heterogeneous reactions
(using the base case as reference for other processes contributing to
sulfate formation) during heavy pollution. Then we compared the
growth rate of SO42− between BaseCase and Method-3. The maximum
growth rate of SO42− during the heavy pollution period increased from
0.97 μgm−3 h−1 without the heterogeneous reaction to 10.1 μgm−3

h−1 with the heterogeneous reaction (see Fig. 4). It is worth mentioning
that when RH is above 85%, the growth rate of sulfate concentration
can reach 22.1 μgm−3 h−1. Almost every growth process can be si-
mulated and improved. However, the heterogeneous uptake coefficient
did not increase significantly in the RH range of 18.8%–40.2% during
nighttime of January 15, when SO42− increased from 5.6 μgm−3 to
79.5 μgm−3 in 2 h. Apparently, heterogeneous reaction is not the only
factor that can promote the explosive growth of SO42−, and other
factors such as regional transport and aerosol-PBL interactions might
also contribute to the fast increase of SO42− concentrations.

Fig. 5 presents the spatial distribution of simulated SO42− con-
centrations in the BTH region before and after the implementation of
the SO2 heterogeneous reaction. High SO42− concentrations are found
mainly in southern BTH, where abundant ammonia emissions are pre-
sent (Wang et al., 2011). With the inclusion of SO2 heterogeneous re-
actions, the simulated monthly averaged SO42− concentrations in
southern BTH and northern Shandong increased nearly 5 μgm−3.

According to the national PM2.5 standard, the PM2.5 hourly data
were classified into six levels, as shown in Table 3. The relative con-
tribution of SO2 heterogeneous reaction to total SO42− formation was
calculated for each level. The results show that SO42− concentrations
are higher under more severe PM2.5 pollution conditions. The amount
of SO42− contributed by heterogeneous reaction (Method-3 minus
BaseCase) also increases with higher pollution levels. Under excellent
air quality conditions, the proportion of SO42− contributed by hetero-
geneous reactions is only 1%, while the proportion of SO42− con-
tributed by heterogeneous reactions can reach 23% during severe pol-
lution episodes.

4. Summary

In this study, a series of experiments was conducted to establish a
new parameterization method for heterogeneous oxidation of SO2 to
SO42− under the coexistence of NO2 and NH3. Results suggest that the
SO2 uptake coefficients rapidly rise with the increase of RH at an ex-
ponential growth rate, particularly when NH3 is present. With the im-
plementation of this newly developed parameterization in CMAQ, the
simulated average SO42− concentration in Beijing increased by 6.6%,
which agreed better with observations. During a heavy haze period in
January 2014, the maximum growth rate of SO42− during the heavy
pollution period increased from 0.97 μgm−3 h−1 to 10.11 μgm−3 h−1.

Fig. 1. The relationship between γSO₂ and relative humidity (RH) in the pre-
sence of NO2 and NH3.

Fig. 2. Comparison of different parameterization methods in representing γSO₂.

Fig. 3. Comparison of observed and simulated sulfate concentrations in Beijing (hourly data).
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The heterogeneous oxidation of SO2 can contribute up to 23% of the
sulfate concentration, particularly during heavy pollution periods.
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