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Abstract. Rapid industrialization and urbanization have

caused frequent occurrence of haze in China during winter-

time in recent years. The sulfate aerosol is one of the most

important components of fine particles (PM2.5) in the at-

mosphere, contributing significantly to the haze formation.

However, the heterogeneous formation mechanism of sul-

fate remains poorly characterized. The relationships of the

observed sulfate with PM2.5, iron, and relative humidity in

Xi’an, China have been employed to evaluate the mecha-

nism and to develop a parameterization of the sulfate hetero-

geneous formation involving aerosol water for incorporation

into atmospheric chemical transport models. Model simula-

tions with the proposed parameterization can successfully re-

produce the observed sulfate rapid growth and diurnal vari-

ations in Xi’an and Beijing, China. Reasonable representa-

tion of sulfate heterogeneous formation in chemical transport

models considerably improves the PM2.5 simulations, pro-

viding the underlying basis for better understanding the haze

formation and supporting the design and implementation of

emission control strategies.

1 Introduction

Sulfate is a main component of aerosols or fine particles

(PM2.5) in the atmosphere and plays a key role in global

climate change. The direct and indirect radiative effects in-

duced by sulfate aerosols have constituted one of the ma-

jor uncertainties in current assessments of climate change

(IPCC, 2013). In addition, deposition of sulfate aerosols ex-

erts deleterious impacts on ecosystems through acidification

of soils, lakes, and marshes (e.g., Schindler, 1988; Gerhards-

son et al., 1994). Sulfate is also an important contributor to

the haze formation and substantially reduces the atmospheric

visibility during hazy days (e.g., He et al., 2014; Guo et al.,

2014).

The main source of sulfate in the atmosphere is the oxida-

tion of sulfur dioxide (SO2), which is directly emitted from

fossil fuel combustion, industrial processes, and volcanoes,

or generated by oxidation of other sulfur-containing species,

such as dimethyl sulfide (DMS). The conversion of SO2 to

sulfate involves various processes, including gas-phase oxi-

dations by hydroxyl radicals (OH) and stabilized criegee in-

termediates (sCI) (Mauldin III et al., 2012), aqueous reac-

tions in cloud or fog droplets, and heterogeneous reactions

associated with aerosols (Seinfeld and Pandis, 2006).

Model studies have been performed to investigate the for-

mation of sulfate aerosols on global or regional scales (Bar-

rie et al., 2001). Previous global model results, considering

the contribution of SO2 gas-phase oxidation and aqueous re-

actions in cloud or fog droplets driven by ozone (O3) and

hydrogen peroxide (H2O2), have suggested that SO2 mixing

ratios are generally overestimated while sulfate concentra-

tions tend to be underestimated, indicating that the two SO2
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oxidation pathways still cannot close the gap between field

observations and modeling studies (Kasibhatla et al., 1997;

Laskin et al., 2003). Incorporation of aqueous SO2 oxida-

tion by oxygen catalyzed by transition metal ions in models

has improved sulfate simulations compared to measurements

(Jacob and Hoffmann, 1983; Jacob et al., 1984, 1989; Pandis

et al., 1992; Alexander et al., 2009), and recent studies have

further shown the enhanced role of transition metal ion catal-

ysis during in-cloud oxidation of SO2 (Harris et al., 2013).

However, models still underestimate SO2 oxidation in winter

source regions due to lack of cloud or fog or a missing oxida-

tion mechanism (Feichter et al., 1996; Kasibhatla et al., 1997;

Barrie et al., 2001). Therefore, heterogeneous conversion of

SO2 to sulfate associated with aerosols provides a possible

pathway for improving the sulfate simulations in chemical

transport models (CTMs) (Kasibhatla et al., 1997; Zhang et

al., 2015).

Many experimental studies have been conducted to inves-

tigate the heterogeneous reactions of SO2 on various ox-

ides and mineral dust, but the underlying sulfate formation

mechanism is still not comprehensively understood. Gener-

ally, the complicated sulfate heterogeneous formation from

SO2 is parameterized as a first-order irreversible uptake by

aerosols in CTMs, with a reactive uptake coefficient rang-

ing from 10−4 to 0.1 and also heavily depending on relative

humidity in the atmosphere (Wang et al., 2014). It is still im-

perative to develop a ubiquitous parameterization of the SO2

heterogeneous reaction to reasonably represent sulfate for-

mation in CTMs.

In recent years, China has frequently experienced severe

and persistent haze pollution caused by elevated PM2.5 con-

centrations, and field measurements have shown that sulfate

aerosols are one of the most important species in PM2.5 (He

et al., 2014; Tian et al., 2016). Reasonable representation of

sulfate aerosols provides an underlying basis for PM2.5 sim-

ulations. Laboratory experiments, field measurements, and

model simulations have significantly advanced our under-

standing of SO2 heterogeneous reactions in the atmosphere,

providing a good opportunity to develop a parameterization

to more reasonably represent the sulfate formation in CTMs.

In this study, a parameterization for sulfate formation from

SO2 heterogeneous reactions has been developed based on

the daily filter measurements in Xi’an since 2003, and ver-

ified using the Weather Research and Forecast model with

Chemistry (WRF-CHEM) in Xi’an and Beijing, China.

2 Model and methodology

2.1 WRF-CHEM model

In the present study, a specific version of the WRF-CHEM

model (Grell et al., 2005) is utilized to assess the proposed

heterogeneous sulfate parameterization, which is developed

by Li et al. (2010, 2011a, b, 2012) at the Molina Center

for Energy and the Environment. A new flexible gas-phase

chemical module is incorporated into the model to consider

different chemical mechanisms, and the CMAQ/Models3

aerosol module developed by US EPA is adopted for aerosol

simulations. Surface dry depositions of chemical species are

parameterized following Wesely (1989), and the wet deposi-

tion is calculated using the method in the CMAQ. The pho-

tolysis rates are calculated using the fast radiative transfer

model (FTUV) in which the aerosol and cloud effects on pho-

tolysis are included (Li et al., 2005, 2011a).

The ISORROPIA Version 1.7 (Nenes et al., 1998) is used

to predict inorganic aerosols in the WRF-CHEM model.

A nontraditional SOA module is employed to calculate

secondary organic aerosol (SOA) formation, including the

volatility basis set (VBS) modeling method in which pri-

mary organic components are assumed to be semivolatile and

photochemically reactive and are distributed in logarithmi-

cally spaced volatility bins. The SOA contributions from gly-

oxal and methylglyoxal are also considered to be first-order

irreversible uptake by aerosol particles and cloud droplets

in the model. Detailed information can be found in Li et

al. (2011b).

Two persistent heavy haze pollution episodes are selected

in the present study: (1) 16 to 27 December 2013 in the

Guanzhong basin (GZB); and (2) 13 to 21 January 2014 in

Beijing–Tianjin–Hebei (BTH) (Fig. 1). Detailed model con-

figurations and aerosol species observation sites are given in

Table 1. A very severe haze episode occurred in GZB dur-

ing the period from 16 to 27 December 2013, with an av-

erage PM2.5 concentration of 325.6 µgm−3. The maximum

of the average PM2.5 concentration in GZB even exceeded

500 µgm−3 during the episode. The average temperature and

relative humidity in Xi’an were 3.7◦ and 72 % during the

episode, respectively, and the average wind speed was around

3.7 m s−1. The average PM2.5 concentration from 13 to 21

January 2014 in BTH was 195.3 µgm−3, with a maximum of

363.9 µgm−3. The average temperature and relative humid-

ity in Beijing during the episode was −0.5◦ and 42 %, re-

spectively, and the average wind speed was about 7.4 m s−1.

2.2 Statistical methods for comparisons

The mean bias (MB) and the index of agreement (IOA) are

used to evaluate the performance of the WRF-CHEM model

in simulating gas-phase species and aerosols against mea-

surements. The IOA varies from 0 to 1, with 1 indicating

perfect agreement of the prediction with the observation.

MB =
1

N

N
∑

i=1

(Pi − Oi) (1)

Atmos. Chem. Phys., 17, 3301–3316, 2017 www.atmos-chem-phys.net/17/3301/2017/



G. Li et al.: Sulfate formation during haze days in China 3303

Table 1. WRF-CHEM model configurations and observation sites.

Regions Guanzhong Basin (GZB) Beijing–Tianjin–Hebei (BTH)

Simulation period 16 to 27 December 2013 13 to 21 January 2014

Domain size 150 × 150

Domain center 34.25◦ N, 109◦ E 39◦ N, 117◦ E

Horizontal resolution 6 km × 6 km

Vertical resolution 35 vertical levels with a stretched vertical grid with spacing ranging

from 30 m near the surface, to 500 m at 2.5 and 1 km above 14 km

Microphysics scheme WSM 6-class graupel scheme (Hong and Lim, 2006)

Boundary layer scheme MYJ TKE scheme (Janjić, 2002)

Surface layer scheme MYJ surface scheme (Janjić, 2002)

Land-surface scheme Unified Noah land-surface model (Chen and Dudhia, 2001)

Longwave radiation scheme Goddard longwave scheme (Chou and Suarez, 2001)

Shortwave radiation scheme Goddard shortwave scheme (Chou and Suarez, 1999)

Meteorological boundary and initial conditions NCEP 1◦
× 1◦ reanalysis data

Chemical initial and boundary conditions MOZART 6 h output (Horowitz et al., 2003)

Anthropogenic emission inventory Developed by Zhang et al. (2009) and Li et al. (2017)

Biogenic emission inventory MEGAN model developed by Guenther et al. (2006)

Aerosol observation sites

City Xi’an Beijing

Longitude and latitude 34.23◦ N, 108.88◦ E 40.00◦ N, 116.38◦ E

IOA = 1 −

N
∑

i=1

(Pi − Oi)
2

N
∑

i=1

(
∣

∣Pi − O
∣

∣ +

∣

∣Oi − O
∣

∣

)2

, (2)

where Pi and Oi are the calculated and observed pollutant

concentrations, respectively. N is the total number of the pre-

dictions used for comparisons, and P and O represent the

averages of the prediction and observation, respectively.

2.3 Pollutant measurements

The hourly near-surface NO2, SO2, and PM2.5 mass con-

centrations in GZB and BTH are released by China’s Min-

istry of Environmental Protection (China MEP) and can be

downloaded from the website http://www.aqistudy.cn/. The

daily filter measurements of aerosol species have been taken

since 2003 at the Institute of Earth Environment, Chinese

Academy of Sciences (hereafter referred to as IEECAS,

34.23◦ N, 108.88◦ E) in Xi’an, China (Fig. 1a). The sulfate,

nitrate, ammonium, and organic aerosols are measured by

the Aerodyne High Resolution Time-of-Flight Aerosol Mass

Spectrometer (HR-ToF-AMS) with a novel PM2.5 lens from

13 December 2013 to 6 January 2014 at the IEECAS site in

Xi’an and from 9 to 26 January 2014 at the Institute of Re-

mote Sensing and Digital Earth, Chinese Academy of Sci-

ences (40.00◦ N, 116.38◦ E) in Beijing (Fig. 1b). Detailed

information about the HR-ToF-AMS measurement can be

found in Elser et al. (2016).

3 Results and discussions

3.1 Parameterization of SO2 heterogeneous reaction

involving aerosol water

Figure 2 shows the scatter plot of the wintertime sulfate and

PM2.5 daily mass concentrations at IEECAS from 2003 to

2010. Wintertime is defined as December of one year to

February of the next year. The observed daily PM2.5 mass

concentrations frequently exceed 150 µgm−3 during winter-

time, showing that Xi’an has experienced heavy air pol-

lution. The sulfate aerosols constitute about 15.7 % of the

PM2.5 mass concentration on average, and the occurrence

frequency with the daily sulfate mass concentration exceed-

ing 50 µgm−3 is around 25.7 %.

The observed high level of sulfate aerosols is hardly inter-

preted using SO2 gas-phase oxidations by OH and sCI due

to the low O3 level in the winter. The insolation is weak dur-

ing wintertime in northern China, and unfavorable for pho-

tochemical activities. The O3 formation is slow and the ob-

served O3 concentrations are very low, particularly during

haze episodes. The real-time hourly measurements of O3 and

PM2.5 concentrations during the winters of 2013 and 2015

are analyzed as follows in GZB (5 cities, 39 sites, Fig. 1a),

which have been released by China MEP since 2013. Values

of the hourly PM2.5 concentrations ([PM2.5]) are first subdi-

vided into 20 bins with the interval of 25 µgm−3. O3 concen-

trations ([O3]) in the five cities as [PM2.5] are assembled, and

an average of [O3] in each bin are calculated (Nakajima et

al., 2001; Kawamoto et al., 2006). As shown in Fig. 3, when

[PM2.5] increase from 10 to 75 µgm−3, [O3] significantly de-

crease from around 41 to 23 µgm−3; when [PM2.5] exceed

www.atmos-chem-phys.net/17/3301/2017/ Atmos. Chem. Phys., 17, 3301–3316, 2017
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Figure 1. WRF-CHEM simulation domains with topography for

(a) the Guanzhong basin and (b) Beijing–Tianjin–Hebei. The black

squares represent ambient monitoring sites. The red filled circles

in (a) and (b) denote the deployment locations of the HR-ToF-AMS

in Xi’an and Beijing.

200 µgm−3, [O3] fluctuate between 18 and 21 µgm−3. The

average [O3] in the five cities during the winters of 2013 and

2015 are 27 µgm−3 (about 13.5 ppbv). Considering the de-

termining role of O3 in the formation of OH and sCI in the

atmosphere, the very low level of [O3] during wintertime sig-

nificantly reduces the efficiency of the sulfate formation from

SO2 oxidation by OH and sCI.

Humid conditions have been observed to facilitate the sul-

fate formation in the atmosphere (e.g., Sun et al., 2013;

Zheng et al., 2015). Figure 4 presents the scatter plot of the

wintertime sulfate at IEECAS and the relative humidity (RH)

at an adjacent meteorological station from 2003 to 2010. The

observed sulfate displays a positive correlation with the RH

with the correlation coefficient of 0.70, indicating that the

aerosol water induced by the aerosol wet growth might play

Figure 2. Scatter plot of the observed sulfate with PM2.5 mass con-

centrations at the IEECAS site in Xi’an during the wintertime from

2003 to 2011.

Figure 3. Average O3 mass concentrations over monitoring sites

in GZB as a function of the PM2.5 mass concentration during the

wintertime from 2013 to 2015.

an important role in the sulfate formation. It is worthy to note

that, since high RH often coincides with stagnation, the con-

centrations of a lot of pollutants also build up during high

RH periods. There are two possible pathways for the sulfate

formation: bulk aqueous-phase oxidation of SO2 in aerosol

water and heterogeneous reaction of SO2 on aerosol surfaces

involving aerosol water.

The heterogeneous reaction of SO2 on dust surfaces has

been investigated comprehensively, but the sulfate forma-

tion mechanism is still not completely understood. Possible

mechanisms have been proposed, such as that mineral dust

and NO2 enhance the conversion of SO2 to sulfate (He et

al., 2014; Xie et al., 2015; Xue et al., 2016). Size-segregated

particle samples in Beijing have shown that a considerable

amount of sulfate is distributed in the coarse mode with par-

ticle diameters ranging from 2.1 to 9 µm, but sulfate peak

concentrations still occur in the fine mode with particle di-

ameters ranging from 0.43 to 1.1 µm (Tian et al., 2016). Ox-

idation of sulfite by NO2 in aerosol water has also been pro-

posed to contribute considerably to the sulfate production

Atmos. Chem. Phys., 17, 3301–3316, 2017 www.atmos-chem-phys.net/17/3301/2017/
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Figure 4. Scatter plot of the observed relative humidity with sulfate

mass concentrations at the IEECAS site in Xi’an during the winter-

time from 2003 to 2011.

when NH3 concentrations are sufficiently high (Pandis and

Seifeld, 1989; Xie et al., 2015).

Laboratory or field studies have suggested that O3 or Fe3+

can oxidize sulfite to sulfate. Considering the low [O3] dur-

ing wintertime (Fig. 3), the oxidation of sulfite by O3 cannot

constitute the main source of the wintertime sulfate. Min-

eral dust and coal combustion in China could provide suf-

ficient iron. Measurements have indicated that mineral dust

accounts for about 10 % of PM2.5 in Beijing (He et al., 2014).

Observations at an urban site in Ji’nan, China have also

shown enhanced iron concentrations during haze episodes,

ranging from 0.7 to 5.5 µgm−3, which are primarily emitted

from steel smelting and coal combustion (Wang et al., 2012).

Figure 5 shows the scatter plot of the wintertime PM2.5 and

iron at IEECAS site from 2003 to 2010. The iron mass con-

centration generally increases with [PM2.5], varying from

0.1 to 10 µgm−3, but does not correlate well with [PM2.5]

with the correlation coefficient of 0.34, showing consider-

able background iron contributions. We assume that 1 % of

iron in Xi’an is dissolved in aerosol water and 1 % of dis-

solved iron is in the Fe3+ oxidation state (Alexander et al.,

2009). When the aerosol water concentration varies from 100

to 1000 µgm−3, the Fe3+ concentrations in Xi’an are be-

tween 0.18 and 180 µM, providing favorable conditions for

the oxidation of adsorbed sulfite (Seinfeld and Pandis, 2006).

Here, we propose a SO2 heterogeneous reaction parame-

terization in which the SO2 oxidation in aerosol water by O2

catalyzed by Fe3+ is limited by mass transfer resistances in

the gas-phase and the gas-particle interface.

S(IV) +
1

2
O2

Fe3+

−→ S(VI) (3)

When the solution pH is between 5.0 and 7.0, the oxidation

reaction is second order in dissolved iron and first order in

S(IV) and can be expressed as follows (Seinfeld and Pandis,

Figure 5. Scatter plot of the observed PM2.5 with iron mass concen-

trations at IEECAS site in Xi’an during the wintertime from 2003

to 2011.

2006):

−
d[S(IV)]

dt
= 1 × 10−3 [S(IV)] 5.0 < pH < 6.0 (4)

−
d[S(IV)]

dt
= 1 × 10−4 [S(IV)] pH ∼ 7.0, (5)

where [S(IV)] is the sulfite (S(IV)) concentration. The mea-

sured SO2 mass accommodation coefficient on aqueous sur-

faces is around 0.1 (Worsnop et al., 1989). Due to sufficient

NH3 and presence of mineral dust in the atmosphere in north-

ern China, the calculated pH in aerosol water is between 5.0

and 7.0 (Cao et al., 2013). The SO2 uptake coefficient on

aerosol water surface is estimated to be about 10−4–10−5 if

the sulfite oxidation is catalyzed by Fe3+. The sulfate hetero-

geneous formation from SO2 is therefore parameterized as a

first-order irreversible uptake by aerosols, with a reactive up-

take coefficient of 0.5 × 10−4, assuming that there is enough

alkalinity to maintain the high iron-catalyzed reaction rate:

d[SO2]

dt
= −

(

1

4
γSO2

υSO2
Aw

)

[SO2] , (6)

where [SO2] is the SO2 concentration, Aw is the aerosol wa-

ter surface area, γSO2
is the SO2 reactive uptake coefficient,

and υSO2
is the SO2 thermal velocity. The aerosol hygro-

scopic growth is directly predicted by ISORROPIA (Version

1.7) in the model, and the aerosol water surface area is scaled

from the calculated wet aerosol surface area using the third-

moment of aerosol species. Considering that O3 and NO2

also play a considerable role in the sulfite oxidation when pH

is high (Pandis and Seinfeld, 1989), future studies are needed

to consider the O3 and NO2 contribution to the sulfate forma-

tion.

A box model is devised to interpret the rapid growth of sul-

fate observed at IEECAS site during winter 2013 in Xi’an.

www.atmos-chem-phys.net/17/3301/2017/ Atmos. Chem. Phys., 17, 3301–3316, 2017
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Table 2. Box model configurations.

Time (BJT) 07:00–08:00 08:00–09:00 09:00–10:00

Temperature (◦C) −3.7 −3.2 −2.1

SO2 concentration (µg m−3) 10.7 10.4 25.5

Nitrate concentration (µg m−3)∗ 67.6 70.1 69.1

Ammonium concentration (µg m−3)∗ 65.2 76.0 91.9

∗ The HR-ToF-AMS measures sulfate, nitrate, and ammonium aerosols with a time resolution of 1 min. The high

temporal resolution nitrate and ammonium are used to constrain the box model and the hourly average is

presented in the table.

In this model, the proposed heterogeneous reaction of SO2

involving aerosol water (hereafter referred to as HRSO2) pa-

rameterization is included and ISORROPIA (Version 1.7) is

used to simulate sulfate, nitrate, ammonium aerosols, and

aerosol water. In addition, inorganic aerosols are represented

by a two-moment modal approach with a lognormal size dis-

tribution. A severe haze episode occurred from 16 to 25 De-

cember 2013 in GZB, with the average observed [PM2.5]

exceeding 400 µgm−3 during the period from 23 to 25 De-

cember 2013. The HR-ToF-AMS measured sulfate concen-

trations reaching about 250 µgm−3 in the morning on 23

December and, in particular, the observed sulfate concentra-

tion increased from 132 µgm−3 at 07:30 BJT to 240 µgm−3

at 09:30 BJT. The box model is utilized to simulate the

rapid sulfate growth from 07:30 to 09:30 BJT, constrained

by the observed temperature, SO2, nitrate, and ammonium

(Table 2). There was no RH observation at the IEECAS site;

the observed RH at adjacent meteorological stations ranged

from 93 to 99 % during the time period. In addition, the at-

mosphere was calm and stable during the simulation period

due to the control of a high pressure system over GZB, so

the horizontal transport is not considered. Various RHs from

93 to 99 % are used to calculate the sulfate growth in the box

model. Figure 6 shows the calculated and observed sulfate

concentrations from 07:30 to 09:30 on 23 December 2013.

The RH significantly influences the sulfate formation and

the sulfate concentrations increase nonlinearly with the RH.

When the RH is 93 %, the sulfate concentration is increased

by 22.7 µgm−3 after 2 h integration, whereas the enhanced

sulfate concentration reaches 216.6 µgm−3 when the RH is

99 %. The simulated sulfate concentrations are best fit for

the observation when the RH is 98 %. It is worth noting that,

when RH is high (i.e., exceeding 95 % or so), there is always

the possibility of the presence of fog. Studies have demon-

strated that, for every observed sulfate peak in the 1980s in

Los Angeles, there is fog present (Pandis and Seinfeld, 1989;

Pandis et al., 1992). Hence, the box model simulations with

RH ranging from 93 to 99 % strongly suggest that there was

at least some patchy fog in the area, which would provide

sufficient water for the rapid iron-catalyzed reaction. Further

studies need to be performed to investigate the possible con-

tributions of the patchy fog to the sulfate formation.

Figure 6. Sulfate growth simulated by the box model with the

HRSO2 parameterization under various relative humidity condi-

tions at IEECAS site in Xi’an from 07:30 to 09:30 BJT on 23 De-

cember 2013. The black dots denote the HR-ToF-AMS measure-

ment and the solid lines with different colors represent the box

model simulations under different relative humidities.

3.2 Sulfate simulations in GZB and BTH

The proposed HRSO2 parameterization is further incor-

porated into the WRF-CHEM model to simulate sulfate

aerosols. Two simulations are performed for GZB and BTH

respectively, including the base case (hereafter referred to

as B-case) without the HRSO2 parameterization and the en-

hanced oxidation case (hereafter referred to as E-case) with

the HRSO2 parameterization. In Figs. 7 and 8, we present the

spatial distributions of calculated and observed near-surface

[PM2.5] at 00:00 BJT in the E-case on 6 selected days repre-

senting the haze development in GZB and BTH, along with

the simulated wind fields. In general, the predicted PM2.5

spatial patterns agree well with the observations at the am-

bient monitoring sites in GZB and BTH. The model repro-

duces the high [PM2.5] in GZB well, although it tends to un-

derestimate the observation in the west of GZB. Due to the

specific topography, when the northeastern winds are preva-

lent in GZB, pollutants tend to accumulate, and simulated

and observed [PM2.5] can be up to 500 µgm−3. When the

northern winds are intensified on 26 December 2013, the

pollutants start to be transported outside of GZB. In BTH,

Atmos. Chem. Phys., 17, 3301–3316, 2017 www.atmos-chem-phys.net/17/3301/2017/
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Figure 7. Pattern comparison of simulated vs. observed near-

surface PM2.5 at 00:00 BJT during the 6 selected days in GZB from

16 to 27 December 2013. Colored circles are PM2.5 observations,

color contours are PM2.5 simulations in the E-case, black arrows

indicate simulated surface winds in the E-case.

simulated weak winds cause severe PM2.5 pollution, with

[PM2.5] frequently exceeding 250 µgm−3 in most areas of

BTH, which is consistent with the observations over moni-

toring sites. Hence, in general, the model reproduces the haze

formation in GZB and BTH reasonably well.

In the present study, ISORROPIA (Version 1.7) is em-

ployed to predict the thermodynamic equilibrium between

the sulfate-nitrate-ammonium-water aerosols and their gas-

phase precursors H2SO4-HNO3-NH3-water vapor. SO2 and

NO2 are the precursors of H2SO4 and HNO3, so it is impera-

tive to evaluate the SO2 and NO2 simulations using the mea-

surements to more reasonably calculate inorganic aerosol

concentrations.

Figures 9 and 10 show the temporal profiles of observed

and simulated near-surface [NO2] and [SO2] averaged over

monitoring sites in GZB from 16 to 27 December 2013 and

in BTH from 13 to 21 January 2014, respectively. The model

performs well when simulating the [NO2] temporal varia-

tions compared with observations in GZB and BTH, both

of which have an IOA of 0.91 in the E-case. The difference

in the simulated [NO2] in the B-case and E-case is minor,

and the average [NO2] is increased by 0.69 % in GZB and

decreased by 0.1 % in BTH in the E-case compared to the

Figure 8. Same as Fig. 7, but in BTH from 13 to 21 January 2014.

B-case, showing that the impact of the HRSO2 parameter-

ization on NO2 simulations is not significant in GZB and

BTH. Although the model replicates the temporal variations

of [SO2] compared to the measurements in GZB and NCP in

the E-case with IOAs of around 0.80, the model biases still

exist. The model generally underestimates [SO2] in GZB and

BTH, with MBs of −3.4 and −0.8 µgm−3. One of the pos-

sible reasons for SO2 simulation biases is that large amounts

of SO2 are emitted from point sources, such as power plants

or agglomerated industrial zones, and the transport of SO2

from point sources is more sensitive to the wind field sim-

ulation uncertainties (Bei et al., 2012, 2016). The HRSO2

parameterization generally improves the SO2 simulations by

accelerating SO2 conversions to sulfate, decreasing the MB

from 11.0 µgm−3 in the B-case to −3.4 µgm−3 in the E-case

in GZB and 5.0 µgm−3 in the B-case to −0.8 µgm−3 in the

E-case in BTH. On average, inclusion of the HRSO2 parame-

terization decreases the [SO2] by 15.9 and 3.4 % in GZB and

BTH, respectively. Overall, the model performs well when

simulating the NO2 and SO2 temporal variations against the

measurements in GZB and BTH in the E-case. Due to a lack

of routine measurements of NH3 in GZB and BTH, the eval-

uation of the model performance on NH3 is not provided in

the present study. It is imperative that future studies are per-

formed to evaluate the model performance on NH3, which

plays an important role in the sulfate formation (Wang et al.,

2016).
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Figure 9. Comparison of measured and predicted diurnal profiles of near-surface hourly (a) NO2 and (b) SO2 averaged over all ambient

monitoring sites in GZB from 16 to 27 December 2013. The black dots correspond to the observations, and the solid red and blue lines are

the simulations in the E-case and B-case, respectively.

Figure 10. Same as Fig. 9, but in BTH from 13 to 21 January 2014.

Figures 11 and 12 display the simulated and observed in-

organic aerosol variations in Xi’an from 16 to 27 December

2013 and in Beijing from 13 to 21 January 2014, respectively.

In Xi’an, the observed sulfate mass concentrations range

from 50 to 250 µgm−3, constituting the second most impor-

tant PM2.5 component during the episode. The HRSO2 pa-

rameterization substantially improves the sulfate simulations

in the E-case compared to those in the B-case against the

measurements. In the B-case, the sulfate concentrations are

remarkably underestimated, with a MB of −72.4 µgm−3 (Ta-

ble 3). However, in the E-case, the WRF-CHEM model gen-

erally yields the observed sulfate variations during the 11-

day episode, with a MB of −17.0 µgm−3 and an IOA of 0.89,

and the average sulfate concentration is enhanced by 172 %

compared to the B-case. In Beijing, the model also repro-

duces the observed sulfate variations reasonably well during

the 7-day episode in the E-case, with a MB of −0.8 µgm−3

and an IOA of 0.88 (Table 3), but cannot adequately predict

the observed sulfate peaks. The average sulfate concentration

is enhanced by 58.4 % in the E-case compared to the B-case

in Beijing. The improvement of sulfate simulations caused

by the HRSO2 parameterization in Beijing is not as obvious

as that in Xi’an due to the very humid conditions in GZB

during the simulation period, which facilitate the rapid con-

version of SO2 to sulfate and cause the SO2 heterogeneous

conversion to be the dominant sulfate source.

Considering the importance of RH in the SO2 heteroge-

neous oxidation, Fig. 13 shows the simulated and observed

RH diurnal profiles in Xi’an from 16 to 27 December 2013

and in Beijing from 13 to 21 January 2014. The model gener-

ally performs reasonably well when simulating the observed

RH, with IOAs of 0.80 for Xi’an and 0.76 for Beijing. Over-

all, the model is subject to overestimating the RH, especially

in Beijing, but captures the observed peaks of the RH in Bei-
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Figure 11. Comparison of measured and simulated diurnal profiles of inorganic aerosols of (a) sulfate, (b) nitrate, and (c) ammonium in

Xi’an from 16 to 27 December 2013. The black dots represent the observations, and the solid red and blue lines denote the simulations in the

E-case and B-case, respectively.

Figure 12. Same as Fig. 11, but in Beijing from 13 to 21 January 2014.
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Table 3. Statistical comparisons of simulated and measured sulfate, nitrate, and ammonium concentrations in Xi’an and Beijing.

City Species E-case B-case

MB (µg m−3) IOA MB (µg m−3) IOA

Xi’an

Sulfate −17.0 0.89 −72.4 0.50

Nitrate −13.4 0.83 −6.3 0.86

Ammonium −5.1 0.92 −20.1 0.72

Beijing

Sulfate −0.8 0.88 −8.4 0.65

Nitrate −4.2 0.88 −1.9 0.92

Ammonium −2.7 0.89 −4.1 0.87

Figure 13. Comparison of measured (black dots) and simulated (blue lines, in the E-case) diurnal profiles of the relative humidity (a) in

Xi’an from 16 to 27 December 2013 and (b) in Beijing from 13 to 21 January 2014.

jing and Xi’an well. The RH biases considerably affect the

sulfate simulations. The underestimation of the high RH gen-

erally corresponds to the underestimation of the sulfate con-

centration, i.e., during nighttime on 15 and 16 January 2014

in Beijing, and in the morning from 23 to 25 December 2013

in Xi’an. It is worth noting that, during the two episodes, the

SO2 oxidation by OH of the sulfate formation is not impor-

tant. We have performed additional sensitivity simulations in

which only the direct emissions of sulfate are considered.

Comparisons of the sensitivity simulation with the B-case

show that the SO2 oxidation by OH can explain about 5.1

and 11.7 % of the observed sulfate concentrations in Xi’an

and Beijing on average, respectively.

Although the IOA for nitrate aerosols is 0.83, the nitrate

underestimation is rather large from 17 to 21 December

2013 in Xi’an in the E-case. The nitrate simulations are im-

proved in Beijing compared to those in Xi’an, with a MB of

−4.2 µgm−3 and an IOA of 0.88 in the E-case. The nitrate

simulations in the B-case are slightly better than those in the

E-case, caused by the underestimation of sulfate aerosols in

the B-case, which is favorable for more HNO3 to exist in

the aerosol phase. The inclusion of the HRSO2 parameteri-

zation deceases the simulated nitrate concentration by 15.3

and 19.5 % in Xi’an and Beijing, respectively, on average.

The model performs well when predicting the ammonium

aerosols in Xi’an and Beijing, with IOAs of around 0.90 in

the E-case. The ammonium simulations in the E-case are im-

proved compared to those in the B-case against the measure-

ment, showing that sulfate aerosols play an important role in

ammonium aerosol formation. The average ammonium con-

centration is enhanced by 36.8 % in Xi’an and 7.2 % in Bei-

jing by the inclusion of the HRSO2 parameterization. Con-

sidering the substantial influence of simulated meteorologi-

cal fields uncertainties on the aerosol species comparison at

a single site (Bei et al., 2012), the HRSO2 parameterization

performs reasonably well when simulating the observed in-

organic aerosol variations in Xi’an and Beijing in the E-case.

Recently, Wang et al. (2016) have also elucidated a spe-

cific mechanism for the sulfite–sulfate conversion, in which

oxidation of sulfite by NO2 in aerosol water in case of high

NH3 concentrations contributes considerably to sulfate pro-

duction. They have also pointed out the critical role of sulfate

formation in haze formation in China through further pro-

moting the formation of SOA and nitrate due to enhanced hy-
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Figure 14. Observed and simulated diurnal cycles of mass concentrations of NO2 and SO2 averaged over GZB and BTH and the sulfate,

nitrate, and ammonium aerosols in Xi’an and Beijing during the simulated episodes.

groscopicity. Zhang et al. (1995) have reported that the high

concentration of nitrate is attributed to an efficient hetero-

geneous conversion of NOx to HNO3 due to the hydrolysis

of N2O5 on sulfate aerosols. Zhao et al. (2006) have inves-

tigated the heterogeneous chemistry of methylglyoxal with

liquid H2SO4, showing that the hydration and oligomeriza-

tion reactions of methylglyoxal are enhanced by sulfate for-

mation due to the high dependence of these reactions on par-

ticle hygroscopicity. Therefore, future studies need to be per-

formed to incorporate the specific mechanism into CTMs to

improve sulfate, nitrate, and SOA simulations.

Figure 14 presents the observed and simulated diurnal

cycles of mass concentrations of NO2 and SO2 averaged

over GZB and BTH and the sulfate, nitrate, and ammonium

aerosols in Xi’an and Beijing during the simulated episodes.

The WRF-CHEM model performs well when simulating the

NO2 diurnal cycles compared to measurements over GZB

and BTH in the E-case. The model also reasonably repro-

duces the observed diurnal cycles of SO2 over GZB, sulfate,

nitrate, and ammonium aerosols in Xi’an in the E-case. In

particular, the sulfate simulations are significantly improved

in the E-case compared with the B-case against the measure-

ments. However, the model does not predict the observed di-

urnal cycles of sulfate, nitrate, and ammonium aerosols in

Beijing well, which shows the model biases when simulating

the southern or eastern wind fronts.
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Figure 15. Comparison of measured and predicted diurnal profiles of near-surface hourly PM2.5 mass concentration averaged over all

ambient monitoring stations (a) in GZB from 16 to 27 December 2013 and (b) in BTH from 13 to 21 January 2014. The black dots represent

the observations, and the solid red and blue lines are the simulations in the E-case and B-case, respectively.

As one of the most important components of PM2.5, rea-

sonable representation of sulfate heterogeneous formation in

CTMs is imperative to PM2.5 simulations and predictions.

Figure 15 presents the temporal profiles of observed and sim-

ulated near-surface [PM2.5] averaged over monitoring sites

in GZB from 16 to 27 December 2013 and in BTH from 13

to 21 January 2014, respectively. Inclusion of the HRSO2 pa-

rameterization in the E-case improves the ability of the model

to reproduce the PM2.5 measurements in GZB and BTH. In

GZB, due to very humid conditions which facilitate the het-

erogeneous sulfate formation during the episode, the simu-

lated PM2.5 mass concentrations are increased by more than

40 µgm−3 in the E-case compared to the B-case with an av-

erage increase of 12.3 %, and are more consistent with the

measurements. The HRSO2 parameterization also improves

the PM2.5 simulations in BTH, with an average increase of

less than 3.0 %, reducing the underestimation from around

−13.3 to −5.1 µgm−3. The HRSO2 parameterization con-

siderably enhances the [PM2.5] in GZB (Fig. 16a), with an

average [PM2.5] contribution of about 10–50 µgm−3 from 16

to 27 December 2013. The average [PM2.5] contributions of

the sulfate heterogeneous formation are around 2–30 µgm−3

in BTH (Fig. 16b) from 13 to 21 January 2014, lower than

those in GZB.

The sulfate aerosol significantly affects nitrate and ammo-

nium formation in the atmosphere due to its stability and

the deliberate thermodynamic equilibrium between inorganic

aerosols and their precursors. The simulated hourly near-

surface sulfate concentrations in the E-case during the whole

episode are first subdivided into 20 bins with the interval of

5 µgm−3. Inorganic aerosols and PM2.5 concentrations in the

B-case and E-case are assembled as the bin sulfate concentra-

tions in the E-case following the grid cells respectively, and

an average of inorganic aerosols and PM2.5 concentrations in

Figure 16. Distribution of the average near-surface PM2.5 contri-

bution due to the SO2 heterogeneous reactions in GZB and BTH

during the simulated episodes.

each bin are calculated. Figures 17 and 18 show the impacts

of the HRSO2 parameterization on the inorganic aerosols

and PM2.5 simulations in GZB and NCP, respectively. The

heterogeneous sulfate formation determines the sulfate level

when the sulfate concentration in the E-case is more than

25 µgm−3, with the contribution exceeding 50 % in GZB.

However, in BTH, the heterogeneous sulfate formation plays

a more important role in the sulfate level only when the

sulfate concentration in the E-case exceeds 45 µgm−3. If

the HRSO2 parameterization is not considered, the model

generally predicts more nitrate and less ammonium aerosol

(Figs. 17b–c and 18b–c). In addition, the [PM2.5] contribu-

tions of the heterogeneous sulfate formation exceed 5 and

10 % when the simulated sulfate concentrations in the E-

case are more than 10 and 80 µgm−3 in GZB, respectively

(Fig. 17d). However, in BTH, the contributions exceed 5 %

when the simulated sulfate concentrations in the E-case are

higher than 50 µgm−3 (Fig. 18d).
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Figure 17. Average (a) sulfate, (b) nitrate, (c) ammonium, and (d) PM2.5 mass concentrations in GZB during the simulation period as a

function of the sulfate mass concentration in the E-case. The red and blue dots represent average mass concentrations in the E-case and

B-case, respectively.

Figure 18. Same as Fig. 16, but in BTH from 13 to 21 January 2014.

4 Summary and conclusions

In the present study, a parameterization of sulfate hetero-

geneous formation involving aerosol water (HRSO2) is de-

veloped based on daily filter measurements in Xi’an since

2003. A SO2 heterogeneous reaction parameterization has

been proposed, in which the SO2 oxidation in aerosol wa-

ter by O2 catalyzed by Fe3+ is limited by mass transfer re-

sistances in the gas-phase and the gas-particle interface. The

sulfate heterogeneous formation from SO2 is parameterized

as a first-order irreversible uptake by aerosol water surfaces,

with a reactive uptake coefficient of 0.5×10−4 assuming that

there is enough alkalinity to maintain the high iron-catalyzed

reaction rate. A box model with the HRSO2 parameterization

successfully reproduces the observed rapid sulfate formation

at IEECAS site in Xi’an.

The HRSO2 parameterization is implemented into the

WRF-CHEM model to simulate sulfate aerosols. Two per-

sistent heavy haze pollution episodes are simulated with and

without the SO2 heterogeneous reaction: (1) 16 to 27 De-

cember 2013 in GZB, and (2) 13 to 21 January 2014 in BTH.

In general, the model performs reasonably well when simu-

lating the PM2.5 distributions and the NO2 and SO2 tempo-

ral variations compared with observations in GZB and NCP.

The HRSO2 parameterization improves the SO2 simulations

by accelerating SO2 conversions to sulfate aerosols.

The HRSO2 parameterization substantially improves the

sulfate simulations compared to the measurements in Xi’an

and Beijing, particularly under humid conditions. In Xi’an,

the sulfate concentrations are substantially underestimated

when the HRSO2 parameterization is not considered in the
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simulations. Inclusion of the HRSO2 parameterization sig-

nificantly enhances the sulfate formation, and the model gen-

erally produces the observed sulfate variations during the 11-

day episode. In Beijing, improvement in sulfate simulations

with HRSO2 parameterization is not as obvious as in Xi’an

because of the very humid conditions in GZB during the sim-

ulation period. The HRSO2 parameterization also improves

the ammonium simulations in Xi’an and Beijing compared

to observations, as well as appreciably improving the PM2.5

simulations against the measurements over monitoring sites

in GZB and NCP.

In summary, a reasonable representation of sulfate hetero-

geneous formation not only improves the PM2.5 simulations,

but also helps to rationally verify the contribution of inor-

ganic aerosols to PM2.5, providing the underlying basis for

better understanding the haze formation and supporting the

design and implementation of emission control strategies.
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