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1 Introduction
Sulfur dioxide (SO2) is used as a fungicide for the treatment of postharvest grape
products, typically for the prevention of gray mold disease (Botrytis cinerea) in coldstorage warehouses and trucks, vans, trailers, or train cars (US EPA 2014a). In
wineries, SO2 is used to sanitize wine barrels, corks, and tanks and to prevent mold
or bacterial growth (DPR 2009). Uses of SO2 as an antioxidant and to inhibit wild
yeast growth during winemaking are considered non-pesticide uses (DPR 2016a).
Other products can produce SO2, either as an active ingredient to control pests or
as a pesticide use by-product. For example, pads containing anhydrous sodium
metabisulﬁte are used to prevent growth of B. cinerea during shipment of grapes
and release 1–5 ppm SO2 upon absorption of ambient moisture (US EPA 2013).
Rodenticide smoke bombs produce SO2 upon combustion of elemental sulfur
(USDA 2011). Additionally, agricultural applications of sulfur release SO2 into
the environment as a product of oxidation (Grifﬁth et al. 2015). Sulfur is the
largest-volume pesticide in use globally (Grifﬁth et al. 2015), with early historical
uses as a disinfectant dating back to ancient Greece and Rome (Nriagu 1978).
In California, SO2 is also used in combination with carbon dioxide to treat stored
postharvest grapes for black widow spider (Latrodectus hesperus) under the Federal
Insecticide, Fungicide, and Rodenticide Act (FIFRA) Section 24(c) special local
need (SLN) registration process (DPR 2011a). DPR has authority to grant SLN
registration applications from registrants or third-party applicants if all of the
following apply: the SLN cannot be alleviated by a currently registered product;
the active ingredients are federally registered by the US EPA; food residue tolerances or exemptions exist; and the product use has not previously been denied,
suspended, or cancelled (DPR 2011b).
Both natural and anthropogenic sources contribute to ambient atmospheric concentrations of SO2 in the United States (US EPA 2008a). Anthropogenic SO2
emissions are mainly from the combustion of fossil fuels for power production
(73%) and other industrial activities (20%) (US EPA 2013). Natural sources of
SO2 include volcanoes and wildﬁres (US EPA 2010). Use of coal-ﬁred power plants
results in the production of substantially greater SO2 emissions from anthropogenic
sources compared to natural sources (Smith et al. 2011), despite recent considerable
anthropogenic emission reductions (US EPA 2014b). For example, there was a 73%
reduction of SO2 emissions in the United States from 1990 to 2011 (US EPA 2014b).
Agricultural sources including agricultural pesticide applications, livestock waste,
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and agricultural ﬁeld burning contributed less than 1% of the total SO2 emissions
tracked by the US EPA National Emissions Inventory in 2011 (US EPA 2015).
Under the Clean Air Act, US EPA sets the National Ambient Air Quality
Standards (NAAQS), which include SO2, as an indicator pollutant of sulfur oxides
(US EPA 2008b). Primary NAAQS have been established for the protection of
human health, while secondary NAAQS are protective of the environmental and
public welfare impacts of sulfur oxides, such as acid rain (US EPA 2010).
This report reviews the relevant literature addressing the chemical properties,
environmental fate, and pesticide uses of SO2 in California. Special attention is
given to understanding the atmospheric, aquatic, and terrestrial fate of SO2 in the
environment.

2 Physical and Chemical Properties
Table 1 lists the physical and chemical properties of SO2. SO2 is a colorless,
non-ﬂammable, volatile gas at room temperature and standard atmospheric pressure
with a strong, pungent odor (Gammon et al. 2010). SO2 is water soluble and forms
hydrated SO2 (SO2 H2O), bisulﬁte ions (HSO3 ), and sulﬁte ions (SO32 ) upon
dissolution in water (Eq. 1). Due to the decreased solubility of SO2 as it reacts with
water, the effective Henry’s law constant is greatly decreased with decreasing pH
(Seinfeld and Pandis 2016).
Chemical Equation for the Dissolution and Subsequent Oxidation of SO2
in Water
Dissolution of SO2 and formation of hydrated SO2, bisulﬁte, and sulﬁte ions
(Seinfeld and Pandis 2016).
SO2ðgÞ þ H2 OðlÞ Ð SO2 H2 O Ð HSO3
pKs1 ¼ 1:9

ðaqÞ

þ Hþ ðaqÞ Ð SO3 2
pKs2 ¼ 7:2

ðaqÞ

þ 2Hþ ðaqÞ

ð1Þ

3 Use Proﬁle
SO2 has been registered by the US EPA for use as a pesticide in the United States
since 1988 (US EPA 2016c). US EPA is scheduled to complete a registration review
of “Inorganic Sulﬁtes (Sulfur Dioxide)” in 2019 (US EPA 2014a). Prior to distribution, sale, or use in California, pesticides must also be registered with DPR (DPR
2017a). Two products containing the listed active ingredient SO2 are currently
registered in California: “The Fruit Doctor” manufactured by Snowden Enterprises
and “Airgas Sulfur Dioxide” manufactured by AirGas, USA LLC (DPR 2017b).
(See Appendix, Table 6, for basic information on product formulations and uses.)
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Table 1 Physical and chemical properties of sulfur dioxide
Property (unit)a
Chemical name
Synonymsc

Empirical formula
CAS registry number

Value
Sulfur dioxide
Sulfur (VI) oxide
Sulfur superoxide
Sulfurous acid anhydride
Sulfurous anhydride
SO2
7446-09-5

Physical state

Gas

Color
Molecular weight (g/mol)
Melting pointf ( C)

Colorless
64.07
75.5

Boiling pointf ( C)

10

Odor thresholdh (ppm)

0.45

Conversion factori (gas,
25 C, 101.3 kPa)

1 ppm ¼ 2.62 mg/m3

Property (unit)b
Vapor density (g/L)
Liquid density (g/L)

Value
2.927
1.434

Speciﬁc gravity
Relative vapor density
(air ¼ 1)
Relative liquid density
10 C (water ¼ 1)
Log Kowd, e
Log Kocd
Henry’s law constantg
(mol/m3Pa)
Vapor pressure 20 C
(mmHg)
Solubility in water 0 C
(g/100 mL)
Solubility in water 20 C
(g/100 mL)

2.26
2.25
1.4
No data
No data
1.3 10

2

3,000
22.8
11.3

a

US EPA (2013), unless otherwise noted
US EPA (2007), unless otherwise noted
c
USDA (2011)
d
ATSDR (1998) and Grifﬁth et al. (2015)
e
Estimated value, 2.20 (US EPA 2012)
f
Ashar (2016)
g
Sander et al. (2011), as cited by Sander (2015)
h
Ruth (1986)
i
Boubel et al. (1994)
b

Pesticide products containing SO2 for fumigations or sterilizations are available
in cylinders of compressed liquid SO2 that converts to a gas upon release (US EPA
2007). Six pesticide products with SO2 as the listed active ingredient were reportedly
used in California during 2010–2015 (DPR 2017d). Use of the product “The Fruit
Doctor” exceeded that of all other SO2 products during this period (Fig. 1).
The recommended application rate for fungicidal use of SO2 on postharvest
grapes is up to 1% gas concentration (by volume of the fumigated space) with up
to 20 treatments allowable in 7–10-day intervals, depending on the variety of grape
(Gammon et al. 2010; Snowden Enterprises 2016; US EPA 2013). For extended
storage, initial gassing should occur on the day of harvest and continue at a
frequency of three times per week at a lower concentration (Snowden Enterprises
2016; US EPA 2013). (See Appendix, Table 7 for SO2 application rates and
postharvest grape fumigation requirements.)
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Fig. 1 Total reported annual pesticide use of sulfur dioxide (pounds of active ingredient) in
California from January 1, 2010, to December 31, 2015, summarized by-product

Total utilization is a technique in which SO2 is circulated within the fumigation
chamber until almost completely absorbed into the treated commodity, resulting in
low levels of SO2 (typically less than 30 ppm) released during aeration (US EPA
2007). B. cinerea treatments almost exclusively employ total utilization. However,
L. hesperus treatments (up to 10,000 ppm) do not use total utilization and may result
in higher release concentrations during aeration (US EPA 2007). Therefore, US EPA
established product label revision requirements including maximum release concentrations of 30 ppm for warehouse treatments and 2 ppm for truck/trailer treatments
(US EPA 2007).
DPR maintains an extensive database of Pesticide Use Reporting (PUR)
records for applications of pesticides within California (DPR 2017c). The level of
information contained in each record depends on whether the pesticide application is
considered agricultural or nonagricultural under state regulations (DPR 2017c).
For example, agricultural pesticides are reported by application date and location
within the Public Land Survey System, which constrains spatial resolution of
agricultural pesticide applications to approximately 1 mi2 (Craig 2017). However,
nonagricultural pesticide uses (e.g., commodity fumigation of stored grapes) are
reported in monthly countywide summaries. Therefore, the spatial resolution of
nonagricultural pesticide application records is restricted to the county level. DPR
staff queried the PUR database on August 2, 2017 to identify sources of SO2
reported in California from January 1, 2010, to December 31, 2015 (DPR 2017d).
Figure 2 displays reported use of SO2 as a map of the cumulative total pounds of
SO2 applied (pounds of active ingredient) in California counties from January
1, 2010, to December 31, 2015, according to the PUR database (DPR 2017d). For
the top ten counties with the highest use of SO2, the total annual pounds applied
during 2010–2015 are displayed as a stacked horizontal bar graph (Fig. 3) and are
tabulated for reference (Appendix, Table 8). The statewide total pounds of SO2
applied as a pesticide ranged annually from approximately 120,000 to 250,000
pounds from 2000 to 2015, as shown in Fig. 4. The cyclic temporal trends in SO2
use shown in Fig. 4 may be inﬂuenced by winery operations. For example, wine
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Fig. 2 The cumulative total reported pounds of sulfur dioxide (pounds of active ingredient) applied
as a pesticide in California counties from January 1, 2010, to December 31, 2015, summarized by
total pounds applied

barrels may be emptied and treated with SO2 in 9–24 month cycles, depending on the
wine grape variety (A. Craig, personal communication, May 1, 2017). In California,
wines are aged for an average of 2 years (Bombrun and Sumner 2003). The top three
highest use years occurred during more recent years (2011–2015), indicating a
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Fig. 3 Cumulative total reported pesticide use of sulfur dioxide (pounds of active ingredient) in
California from January 1, 2010, to December 31, 2015, summarized by county and year

Fig. 4 Total annual pesticide use of sulfur dioxide (pounds of active ingredient) reported in
California from January 1, 2000, to December 31, 2015

potential recent trend of increasing use of SO2 as a pesticide in California. During
this period, there was also an increase (8%) in reported California grape acreage due
to increased acreage of table (29%) and wine (12%) grapes, although raisin ( 11%)
grape acreage decreased (CDFA 2014, 2015, 2016; DPR 2016b).
Figure 5 displays the average statewide total monthly use of SO2 in California
from 2010 to 2015 and shows that statewide use of SO2 was highest during July–
November. Figure 6 shows that reported SO2 use from 2010 to 2015 in California
was mainly for fumigations (96.04%). PUR records that indicated SO2 treatments on
grapes (53.02%), other fumigation (25.78%), commodity fumigation (12.97%),
wine grapes (0.11%), or commercial, institutional, and industrial areas (0.01%)
were considered to be reported uses for treatments of postharvest grape products
or winery equipment sterilizations and were combined as “fumigations.” Records
without an indicated crop name (4.16%) were also considered to be fumigations.
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Fig. 5 Average reported monthly pesticide use of sulfur dioxide (pounds of active ingredient) in
California from January 1, 2010, to December 31, 2015

Cumulative Statewide Sulfur Dioxide Use
from 2010-2015 by Crop or Site Use

Fumigations 96.04%
Structural Pest Control 3.31%
Landscape Maintenance 0.42%
Public Health Pest Control 0.15%
All Other Sites 0.07%

Fig. 6 Cumulative total reported pesticide use of sulfur dioxide (pounds of active ingredient)
reported in California from January 1, 2010, to December 31, 2015, summarized by site

Other site uses contributed approximately 4% of reported statewide SO2 use from
2010 to 2015 (Appendix, Table 9).

4 Environmental Fate and Degradation
SO2 is a highly water-soluble gas (Gammon et al. 2010) that, due to a high vapor
pressure (Table 1), will tend to partition in the atmosphere (US EPA 2007). Atmospheric SO2 contributes to visibility impairment and is a major precursor to ﬁne
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particulate matter (PM2.5), a pollutant of concern for environmental and public
health (US EPA 2014b). Unless removed by wet or dry deposition, atmospheric
sulfur-containing compounds may travel hundreds to thousands of kilometers from
their source (Smith et al. 2001; Seinfeld and Pandis 2016). Sulfur-containing
compounds can acidify precipitation and soils, damaging ecosystems, property,
and crops (US EPA 2014b; USDA 2011). SO2 used as a pesticide is expected to
enter the sulfur pool in the biosphere, participating in biogeochemical cycling
processes in sulfur reaction pathways as an essential element between the environment and living organisms (Grifﬁth et al. 2015; Moss 1978). However, anthropogenic SO2 emissions have substantial inﬂuences on sulfur cycle equilibria (Faloona
2009; Moss 1978).
The following bulleted list summarizes the role of SO2 in the global sulfur cycle,
as illustrated in Fig. 7:
1. SO2 used as a pesticide is expected to combine with other anthropogenic SO2
emissions (mainly from fossil fuel use) and natural SO2 emissions (mainly from
volcanic eruptions) in the atmosphere (Grifﬁth et al. 2015; US EPA 2008a). SO2
is removed from the atmosphere largely by oxidation to sulfur oxides (Faloona
2009; Seinfeld and Pandis 2016).
2. Atmospheric SO2 may be deposited directly to soils or vegetation in the process
of dry deposition (Al-Jahdali and Bisher 2008; US EPA 2008a).

Fig. 7 The role of sulfur dioxide in the sulfur cycle (Adapted from Encyclopedia Britannica 2008)
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3. Wet deposition occurs when atmospheric reactions oxidize SO2 to produce
sulfuric acid (H2SO4), which may deposit sulfates onto soil or surface waters
as acid rain (US EPA 2014c).
4. Heavy metals such as aluminum, manganese, iron, lead, or cadmium have a
greater afﬁnity for protons than soil cations and may therefore be leached from
soil in acidic conditions, which may harm (a) aquatic and (b) terrestrial organisms (Grifﬁth et al. 2015; USDA 2011; US EPA 2016a).
5. Sulfates in the soil may be (a) absorbed by plant roots (Havlin et al. 2005; USDA
2011) or may be (b) reduced to hydrogen sulﬁde (H2S) by plants or soil
microbes (Moss 1978; Strawn et al. 2015).
6. Depending on the soil microbial community present, dry deposition of SO2 to
soils may result in the production of sulfates (oxidation) or reduced sulfur
compounds (reduction) in soils during biodegradation (Strawn et al. 2015).
7. Soil microbial processes can also oxidize H2S to sulfur (Havlin et al. 2005). H2S
may also volatilize from anaerobic soils and oxidize more rapidly in the
atmosphere (Moss 1978).
8. Sulfur may be oxidized by aerobic soil microbes to produce sulfates (Havlin
et al. 2005).
9. Sulfates are available for absorption by plant roots and are converted to amino
acids, which become proteins within plant tissues (Havlin et al. 2005). Upon
decomposition, anaerobic microbial degradation of amino acids may produce
H2S (Dämmgen et al. 1998).
10. Eventually, soil sulﬁdes may be oxidized by combustion of fossil fuels or during
volcanic activity to release sulfur compounds including SO2 to the atmosphere
(Encyclopedia Britannica 2008; Dämmgen et al. 1998). Other sources of natural
SO2 emissions include oxidation of reduced sulfur species (e.g., H2S, dimethyl
sulﬁde, carbon disulﬁde, carbonyl sulﬁde, methyl mercaptan, and dimethyl
disulﬁde) largely produced by organisms in pelagic, coastal, estuary, or marsh
environments (US EPA 2008c).

4.1

Environmental Fate and Degradation in Air

Removal of SO2 from the atmosphere may result from oxidation, wet or dry
deposition, aqueous dissolution, or absorption by soil or plant surfaces (Alberta
Environment 2003; ATSDR 1998). Factors such as humidity, particulate matter
composition, aerosol pH, and concentrations of reactant species inﬂuence atmospheric removal rates (Alberta Environment 2003; Huang et al. 2016; Liang and
Jacobson 1999; Seinfeld and Pandis 2016). The residence time of SO2 in the
atmosphere is on the order of days (Grifﬁth et al. 2015; US EPA 2008a) and depends
upon altitude, location, and meteorological conditions, with shorter atmospheric
lifetimes closer to the Earth’s surface (US EPA 2008a).
Oxidation is the main removal process of SO2 from the atmosphere (Faloona
2009; Seinfeld and Pandis 2016). Rates of atmospheric SO2 oxidation reactions are
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inﬂuenced by photochemistry and temperature, such that the highest rates occur
during daytime temperatures and summer conditions, due to higher concentrations of
oxidants produced in photochemical reactions (Finlayson-Pitts and Pitts 1986).
Oxidation of SO2 increases the sulfur oxidation state from S(IV) to S(VI), producing
bisulfate (HSO4 ) and sulfate (SO42 ) ions (US EPA 2008a). Although there is
considerable regional variation, oxidation of anthropogenic SO2 emissions contributes 72% of sulfate aerosols globally (Forster et al. 2007; Blanco et al. 2014). Table 2
outlines various atmospheric SO2 oxidation pathways.
Oxidation of atmospheric SO2 involves homogeneous gas-phase reactions in air,
homogeneous aqueous-phase reactions in liquid droplets, heterogeneous gas-solid
reactions of gaseous SO2 on particle surfaces, or combinations of each (Alberta
Environment 2003). Atmospheric oxidation of SO2 produces sulfur trioxide (SO3)
and sulfates (ATSDR 1998; US EPA 2008a) and has been reported to result mainly
from aqueous-phase reactions (Hoyle et al. 2016). Over 70% of the atmospheric
oxidation of SO2 is estimated to occur in the aqueous-phase (Langner and Rodhe
1991), and approximately 20% of the atmospheric oxidation of SO2 is thought to
occur in the gas-phase (US EPA 2008a). However, oxidation reaction rates are
inﬂuenced by meteorological and other local conditions, including reactant concentrations (US EPA 2008a).

4.1.1

Oxidation: Homogeneous Aqueous-Phase

Upon aqueous dissolution, SO2 reacts with water to form products including HSO3
and SO32 ions (US EPA 2008a). The subsequent oxidation of S(IV) species
produces S(VI) species such as HSO4 and SO42 ions (US EPA 2008a). The
atmospheric oxidation of SO2 is dominated by aqueous-phase reactions (Faloona
2009; Langner and Rodhe 1991; Hoyle et al. 2016). Aqueous-phase oxidation of
SO2 to sulfate is mainly due to reaction with hydrogen peroxide (H2O2), O3, ˙OH, or
transition metal ion catalysts (e.g., iron, manganese, or copper), and in-cloud
oxidation is most often reported to be dominated by H2O2 (Harris et al. 2014;
Hoyle et al. 2016; Seinfeld and Pandis 2016; US EPA 2008a). Equation (2) shows
reaction of H2O2 with HSO3 (resulting from dissolution of SO2 and subsequent
production of HSO3 and SO32 , as shown in Eq. 1).
Aqueous-Phase Oxidation Reaction of Bisulﬁte Ions (HSO3 ) and Hydrogen
Peroxide (H2O2)
Homogeneous aqueous-phase oxidation of HSO3 from the dissolution of sulfur
dioxide in aerosols or cloud droplets in a reaction with H2O2 (US EPA 2008a).
HSO3

ðaqÞ

þ H2 O2ðaqÞ þ Hþ ðaqÞ Ð SO4 2

ðaqÞ

þ H2 OðlÞ þ 2Hþ ðaqÞ

ð2Þ

Liang and Jacobson (1999) reported that atmospheric oxidation of SO2 by H2O2,
O3, methyl hydroperoxide, and ˙OH are sensitive to environmental conditions
(i.e., pH, temperature, sunlight, and liquid water content). Table 3 shows factors

SO2 ! SO42

Catalyzed oxidation
(in liquid droplets and on
moist surfaces)
Catalyzed oxidation
(on dry surfaces)
SO2 ! H2SO4

NH3 + H2SO3 ! NH4+ + SO42
SO2 ! SO42

a

O2, H2O, metal ions, particulate carbon

H2O, smog, photochemically generated
reactive intermediates: ˙OH, HO2˙, RO˙,
NOx
Thermally generated reactive intermediates: O3, alkenes
NH3, O2
H2O2, O3, ˙OH, SO5 , HSO5 , SO4 ,
PAN, CH3COOH, CH3C(O)OOH,
HO2˙, NO3, NO2, N(III), HCHO, Cl2
O2, H2O, metal ions

SO2 ! H2SO4
SO2 ! H2SO4

Reactants or catalysts
Light, O2, and H2O

Net reaction
SO2 ! H2SO4

Oxidation (in liquid
droplets and on moist
surfaces)

Oxidation (in air)

Mechanism
Direct photooxidation
(in air)
Indirect photooxidation
(in air)

Wilson (1978), as cited by Alberta Environment (2003), unless otherwise noted
Eggleton and Cox (1978)
b
Liang and Jacobson (1999)
c
Seinfeld and Pandis (2016) and Bunce (1994)

Heterogeneous
gas-solid phase

Homogeneous
aqueous-phase

Reaction phase
Homogeneous
gas-phase

Table 2 Sulfur dioxide atmospheric oxidation reactions

Concentration of metal ions
or salts (iron, vanadium,
manganese)
Carbon particle concentration
(surface area)

Concentration of ammonia
pH, ionic strengthb, c,
temperatureb

Factors inﬂuencing reaction
rate
Sunlight intensity, concentration of SO2
Concentrations of ˙OH, HO2˙,
RO˙, organic oxidants, and
SO2
Concentrations of alkenesa
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Table 3 Dominant oxidants of sulfur dioxide in liquid droplets
pH range
a

0–5
5–6
4–8
6–8

Water content range (g H2O m 3)
(3 10 4)–9
(3 10 4)–9
1–9
(3 10 4)–9

Dominant oxidant
H2O2
H2O2 (if H2O2 depleted, OH may be signiﬁcant)
O3
O3

Liang and Jacobson (1999)
a
Held at a constant pH value

inﬂuencing photochemical oxidation of SO2 in tropospheric aerosols investigated
using a gas-aqueous photochemical box model. H2O2 was found to be the most
important oxidant in the aqueous-phase, except in aerosols of high water content and
initial pH. Aqueous-phase oxidation was reported to be more important in winter
vs. summer conditions (Liang and Jacobson 1999). In clouds, the rate of aqueousphase oxidation of SO2 by H2O2 has been estimated to be approximately 10% per
min, given an H2O2 concentration of 1 ppb (Seinfeld and Pandis 2016).
Harris et al. (2014) examined sulfate sources in an air parcel traveling through an
orographic cloud and reported that sulfate production in cloud droplets depends on
both time of day and particle size. Oxidation of H2O2 was dominant in larger
aerosols, and oxidation was enhanced by higher concentrations of H2O2 during the
daytime. The authors suggested that due to the self-limiting nature of O3 reactions
(as solution pH and reaction rate decreases with SO2 oxidation) and lower pH
dependence of transition metal ion-catalyzed aqueous-phase oxidation, the major
SO2 removal processes in clouds may ultimately depend upon a droplet-size sensitive process of activation and supersaturation as well as transition metal ion concentration and composition. Due to the exhaustion of H2O2 during rapid oxidation of
SO2, transition metal ion catalysis was found to result in the largest amount of SO2
oxidation in the cloud examined (Harris et al. 2014). Concentrations of other
reactants such as ammonium ions (NH4+) may also inﬂuence rates of dissolution
and oxidation of SO2 by increasing the solution pH (US EPA 2008a).

4.1.2

Oxidation: Homogeneous Gas-Phase

Homogeneous gas-phase reactions involve either direct photochemical oxidation of
electronically excited SO2 initiated by solar energy, indirect oxidation by photochemically generated reactive intermediates, or oxidation by thermally generated
reactive intermediates (Alberta Environment 2003).
Direct photolytic degradation of SO2 requires solar irradiation of wavelengths
that do not reach the troposphere (Dämmgen et al. 1998). However, direct photochemical oxidation may occur when tropospheric SO2 molecules electronically
excited by solar irradiation react with SO2 or O2 to form SO3 (ATSDR 1998;
Dämmgen et al. 1998). Direct photochemical oxidation is not considered an
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important degradation pathway due to low atmospheric concentrations of excited
triplet SO2, which is quenched by O2 (Cox 1973).
Photochemically generated compounds including hydroxyl radicals (˙OH),
perhydroxyl radicals (HO2˙), or hydrocarbon radicals can oxidize SO2 to HSO3˙
and SO3 in homogenous gas-phase reactions (Boubel et al. 1994). The reactive gas
intermediates are rapidly hydrolyzed with atmospheric moisture to form H2SO4
(Boubel et al. 1994). Oxidation of SO2 by photochemically generated species occurs
most often from reactions with ˙OH (Alberta Environment 2003; ATSDR 1998).
Equation (3) shows the reaction of SO2 with ˙OH to produce H2SO4. Gaseous
H2SO4 is extremely water soluble and has a very low vapor pressure; therefore,
participation of H2SO4 in the nucleation of new sulfate aerosols and the rapid
transfer of H2SO4 to aerosol particles and cloud droplets may contribute to acid
rain (US EPA 2008a; Seinfeld and Pandis 2016). Acid rain is the deposition of
sulfuric and nitric acids from the atmosphere in a mixture of wet and dry removal
processes (USDA 2011).
Photooxidation reactions involving species such as atomic oxygen (O),
ozone (O3), HO2, organic radicals, and the Criegee biradical (RCHOOH) are
negligible compared to reaction with ˙OH, either due to slow reaction rate with
SO2 or low atmospheric concentration of the reactants (Alberta Environment 2003).
Table 4 describes the homogeneous gas-phase oxidation of SO2 by various oxidants
and clearly shows ˙OH to be the dominant oxidizing species in the gas-phase
(Harrison 2001). Although the contribution of stabilized Criegee intermediates
(SCI) to atmospheric SO2 oxidation may be enhanced in certain conditions (Sarwar
et al. 2014), the inﬂuence of SCI on SO2 oxidation has been estimated to be 13% of
the diurnal loss rate of SO2 to ˙OH using rate constants representing upper limits
(Newland et al. 2015).
Atmospheric Oxidation of Sulfur Dioxide by the Hydroxyl Radical
Atmospheric oxidation of sulfur dioxide in a homogeneous gas-phase reaction with
the hydroxyl radical, where M is an atmospheric component which stabilizes the
reaction product, such as N2 or O2 (US EPA 2008a).
SO2 þ ˙OH þ M ! HSO3 ˙ þ M
HSO3 ˙ þ O2 ! SO3 þ HO2 ˙
SO3 þ H2 O ! H2 SO4

ð3Þ

Oxidation of SO2 may also be initiated by thermally generated reactive compounds including N2O5, NO3, and alkenes (Alberta Environment 2003). Eggleton
and Cox (1978) reported that N2O5 and NO3 oxidation of SO2 was negligible under
laboratory conditions and that oxidation in the presence of alkenes and ozone was
substantial only at high concentrations of alkenes. These authors also suggested that
oxidation by thermally generated reactive species is likely to be important only in
urban areas with high concentrations of alkenes.
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Table 4 Homogeneous gas-phase oxidation of sulfur dioxide
Oxidant
OH
Criegee biradical
O(3P)
RO2
HO2
O3

a

3

Concentration (cm )
5 106
1 106
8 104
3 109
1 109
2.5 1012

Rate constant (cm3 mol
s 1)
9 10 13
7 10 14
6 10 14
<1 10 18
<1 10 18
<8 10 24

1

Loss of SO2 (% h 1)
1.6
3 10 2
2 10 3
<1 10 3
<4 10 4
<7 10 6

Finlayson-Pitts and Pitts (1986) (as cited and adapted by Harrison 2001)
a
Concentrations typical of a moderately polluted atmosphere

4.1.3

Oxidation: Heterogeneous Gas-Solid Phase

The surface area of mineral dust particles can facilitate catalysis of SO2 oxidation
(Usher et al. 2002). Gaseous SO2 irreversibly adsorbs to particles as sulﬁte and
bisulﬁte and may then be oxidized by O3 (Usher et al. 2002), H2O2, or other trace
gases (Huang et al. 2016). These reactions are dependent upon pH, catalyst concentrations, and oxidant concentrations (Beilke and Gravenhorst 1978). Further, high
relative humidity may increase the importance of these reactions (Huang et al. 2016).
Particles that have been oxidized to sulfate are hygroscopic and form an aqueous
layer that may then react further with SO2 (Usher et al. 2002). However, this
mechanism may be of more importance in urban environments where heavy metal
concentrations are higher (Beilke and Gravenhorst 1978).

4.1.4

Volatilization and Inhalation Toxicity

The high vapor pressure of SO2 suggests that it will tend to partition in the air
(Table 1) and its formulation as a gas suggests potential off-site movement (US EPA
2013). SO2 and other sulfur oxide gases (SOx) are important atmospheric contaminants because of their direct health impacts and indirect impacts due to the formation of sulfate particles, which may increase visibility impairment and contribute to
particulate matter or acid rain (US EPA 2016a). Humans and terrestrial nontarget
organisms including invertebrates, mammals, birds, and plants may be exposed to
SO2 by post-fumigation releases of SO2 into the environment (US EPA 2013). The
US EPA requested that the registrants of SO2 products submit special studies on the
impacts of SO2 on terrestrial organisms by June of 2016 (US EPA 2014a), including
a honeybee inhalation study, an avian inhalation study, and a terrestrial plant study
of vegetation vigor (US EPA 2013). A common measure of chemical potency is the
LC50, which is the concentration of a chemical at which exposure for a speciﬁc
duration of time results in 50% mortality of experimental laboratory animals
(ATSDR 1998). Table 5 includes LC50 values for inhalation exposures to SO2 in
various mammals.
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Table 5 Toxicity tests of
mammalian inhalation
exposure to sulfur dioxide
(US EPA 2007)

Species
Mouse
Mouse
Rat
Guinea pig
Guinea pig

4.1.5

LC50 (ppm)
3,000
1,000
150
2,520
2,168
1,039
1,000
130

Duration
30 min
4h
847 h (~35 days)
1h
5h
24 h
20 h
154 h (~6 days)

Wet and Dry Deposition

Wet deposition is the combination of removal processes through which hydrometeors (rain, snow, fog, etc.) scavenge materials from the air, which is facilitated
by falling precipitation (“washout”) or in-cloud (“rainout”) processes (Alberta
Environment 2003; Seinfeld and Pandis 2016). SO2 is estimated to have an atmospheric lifetime of approximately 7 days with respect to wet deposition; however, the
highly variable nature of precipitation greatly inﬂuences rates of wet deposition
(US EPA 2008a). The size distribution of cloud droplets, rain droplets, and aerosols
also inﬂuences these rates (Seinfeld and Pandis 2016).
Dry deposition refers to the removal of gases or particles from the atmosphere and
transferal to land and sea surfaces without the inﬂuence of precipitation (Harrison
2001; Seinfeld and Pandis 2016). Dry deposition is believed to contribute only 15%
of the net loss of sulfate from the atmosphere due to wet deposition, although the
relative contribution widely varies by region (Faloona 2009; US EPA 2014c). The
atmospheric lifetime of SO2 with respect to dry deposition is between 1 and 7 days
(US EPA 2008a).
Deposition velocity is the rate at which substances are expected to deposit from
the air to various surfaces (Harrison 2001; Seinfeld and Pandis 2016), as described
by Eq. (4). Harrison (2001) listed deposition velocity values typical of different
surface types. The estimated deposition velocity of SO2 over various surfaces ranged
from 0.5 to 2.0 cm s 1 (ocean < soil < grass < forest). Atmospheric lifetime was
shown to be proportional to the boundary layer depth and inversely proportional to
deposition velocity (Harrison 2001). However, deposition velocity is a simple
representation of a number of more complex processes, including aerodynamic
atmospheric transport and molecular transport of gases or Brownian transport of
particles across a thin quasilaminar sublayer, followed ﬁnally by surface uptake
(Seinfeld and Pandis 2016).
Deposition Velocity Equation
The velocity of sulfur dioxide deposition is dependent on the speed of movement
of sulfur dioxide particles toward the Earth’s surface and particle concentration
(Harrison 2001; Seinfeld and Pandis 2016).
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Vg ¼

F
C

ð4Þ

Vg deposition velocity (m s 1), F ﬂux to surface (μg m 2 s 1), C atmospheric
concentration (μg m 3).
Acid rain is the combined contribution of wet deposition and dry deposition to the
removal of acidic compounds from the atmosphere (Seinfeld and Pandis 2016). In
the Eastern United States, acid rain has severely impacted many lakes and forests
(Gliessman 2007). The formation of acid rain and acid fog has historically been
problematic in Southern California and the San Joaquin Valley, likely due to
local atmospheric pollutants (related to transportation or energy extraction, respectively) and meteorological conditions inﬂuenced by the surrounding topography
(Gliessman 2007; CARB 1983, 1985). Mountain slopes may also experience
enhanced acid deposition on slopes where clouds are frequently intercepted, since
cloud droplets are generally ﬁve to ten times more concentrated than precipitation
(Seinfeld and Pandis 2016).

4.2

Environmental Fate and Degradation in Soil

The soil redox state determines the oxidation state of sulfur in soils. In aerobic soils,
SO2 is oxidized to sulfate (SO42 ). In contrast, SO2 is reduced to elemental sulfur
and sulﬁdes (S2 ) in anaerobic soils, producing H2S gas or thiol-containing organic
compounds (Strawn et al. 2015).
Atmospheric SO2 is oxidized in the atmosphere to H2SO4 and contributes to acid
rain, which causes widespread ecosystem impacts (Strawn et al. 2015). Plant toxicity
is largely due to the mobilization of aluminum, manganese, and iron ions (USDA
2011) by cation exchange in acidiﬁed soils (Strawn et al. 2015). Low soil pH and
high aluminum ion concentration inhibit the microbial decomposition of plant
matter and inhibit the growth of fungi, earthworms, and plants (USDA 2011). This
ultimately reduces the availability of essential nutrients (i.e., calcium, magnesium,
phosphate, and nitrate) in soils (USDA 2011).
Although acidic soils can be mediated by liming in agricultural settings, natural
landscapes such as forests and prairies are vulnerable to soil acidiﬁcation (Strawn
et al. 2015). The capacity of soils to buffer soil acidity by neutralizing acidic
rainwater is determined by the type of bedrock and the thickness and composition
of the soil (US EPA 2016a). Ecosystems with thin soils and poor neutralizing ability
(e.g., mountainous regions) are particularly vulnerable to acidic soils (CARB 2002;
US EPA 2016a).

4.2.1

Biodegradation

Once deposited onto soil, SO2 is either oxidized to sulfates or reduced to sulﬁde
depending upon the availability of oxygen and the microbial community
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(Grifﬁth et al. 2015; Eriksen et al. 1998). Therefore, soil factors that affect microbial
community composition and activity such as temperature, moisture, and pH also
affect these reaction rates (Eriksen et al. 1998). Volatilization of microbially produced reduced sulfur compounds is a minor degradation pathway for sulfur compounds in soils (Havlin et al. 2005). Once volatilized, however, rapid atmospheric
oxidation of compounds such as H2S may produce SO2 (Moss 1978), which
demonstrates processes of sulfur biogeochemical cycling.

4.3

Environmental Fate and Degradation in Water

SO2 is highly water soluble (Table 1) and upon dissolution results in a slightly acidic
solution (Eq. 1) dominated by HSO3 within the pH range from approximately 2 to
7 and dominated by SO32 at higher pH (Seinfeld and Pandis 2016). Solubility of
SO2 is increased at higher pH levels (Harrison 2001).
Sulfate ions are readily transferred from soils to surface waters and are very
mobile in the environment (Mason 2001). Farms may be contaminated by contributions of acid rain runoff to irrigation water, lowering pH and potentially impacting
crops (USDA 2011). The National Surface Water Survey has shown that many lakes
and streams suffer from chronic acidity, which has negative impacts on ecosystems
(USDA 2011). Episodic acidiﬁcation can occur when soils lack buffering capacity to
prevent acidiﬁcation caused by snowmelt or heavy precipitation (US EPA 2016a).
These exposures to high acidity may cause physiological stress, injury, or mortality
in various organisms (US EPA 2016a).

4.3.1

Aquatic Organisms

Acidiﬁcation of surface waters due to acid rain has been investigated over several
decades, with observations of ﬁsh declines reported as early as the 1920s in
Scandinavian lakes (Mason 2001). Freshwater acidiﬁcation causes various negative
impacts to ﬁsh, such as individual mortality, decreased population size, population
extirpation, and decreased biodiversity (USDA 2011). The reduced biodiversity of
aquatic ecosystems resulting from acidiﬁcation may extend up higher trophic levels,
including birds and mammals (Mason 2001). Acid deposition may be particularly
harmful to lakes banked by poorly buffered soils over granitic bedrock (Seinfeld and
Pandis 2016). Acidiﬁcation may be chronic; however, acidiﬁcation may also be
episodic, for example, if snowmelt or downpours temporarily decrease pH beyond
soil buffering capacity (CARB 2002; US EPA 2016a).
Fish and invertebrate mortality is caused by interference in the normal ionic
equilibria of essential ions including sodium, chloride, potassium, and calcium, as
well as increased uptake of mobilized aluminum ions (Mason 2001). Acid rain
runoff can leach aluminum from soil clay particles, which may then ﬂow into surface
waters (US EPA 2016a). Sulfate-mediated acidiﬁcation of aquatic systems can also
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mobilize other toxic metals such as lead and cadmium (Grifﬁth et al. 2015).
Acidiﬁcation is particularly harmful for organisms in developmental stages and
may prevent normal growth and population recruitment (Mason 2001). Sulfate
deposition can also increase mercury methylation rates in wetlands and aquatic
ecosystems and potentially increase concentrations of mercury in ﬁsh that may be
consumed by adults, pregnant women, or children (US EPA 2010).

5 Impacts to Vegetation and Crops
SO2 can damage plants and crops by causing foliar injury and decreasing growth,
yield, and plant diversity within a given community (US EPA 2014b). Impacts on
plant growth may occur directly from SO2 or indirectly through changes to soil
systems (USDA 2011). Plant leaves can absorb SO2 from the atmosphere and have
been found to contain elevated levels of sulfate near sources of atmospheric SO2
emissions (Al-Jahdali and Bisher 2008).
Relatively low concentrations of SO2 have resulted in foliar injury (0.5 ppm) and
severe stress (1–2 ppm) to plants (Havlin et al. 2005; US EPA 2007). In polluted
areas, the absence of lichens has been used as a bioindicator of SO2 pollution
(US EPA 2014b). Greenhouse experiments simulating low pH exposure from
California acid fogs have indicated that crop injury and increased disease susceptibility may occur (Musselman et al. 1988).
Wet deposition of SO2 as acid rain may affect seedling germination and may also
damage the tissues and waxy coatings of the leaves and needles of plants (Gliessman
2007). Trees and whole forests have been impacted by acid rain, which is a major
environmental problem in the Northern Hemisphere (US EPA 2013). However,
enforcement of the Federal Clean Air Act has resulted in substantial decreases in
measured ambient SO2 levels (US EPA 2016b). For example, there was a 69%
decrease in average national SO2 levels and a 48% decrease in average regional
(California and Nevada) SO2 levels from 2000 to 2015 (US EPA 2016b).

6 Impacts to Man-Made Materials
Deposition of SO2 can accelerate corrosion of metals, concrete, limestone, and other
materials due to the formation of H2SO4 (US EPA 2016a). Acid rain impacts
structures including buildings, statues, and monuments (US EPA 2010). Such effects
are considered public welfare impacts (US EPA 2008a).
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7 Persistence
Based upon reaction with the hydroxyl radical, the atmospheric lifetime of SO2 has
been estimated as approximately 7 days, with similar estimates (1–7 days) for dry
deposition (US EPA 2008a). Precipitation may decrease the atmospheric lifetime of
SO2 due to oxidation and deposition processes, resulting in an atmospheric lifetime
on the order of days (Grifﬁth et al. 2015; US EPA 2008a). Convection-driven vertical
transport of SO2 to the upper atmosphere can result in longer atmospheric lifetimes and
greater long-distance transport of atmospheric SO2 from source areas (US EPA 2008a).

8 Environmental Monitoring
Ambient air monitoring of SO2 as a criteria pollutant has been conducted nationwide
since 1979 (US EPA 2010). Monitoring is performed via an SO2 monitoring network
including State and Local Air Monitoring Stations (SLAMS) and National Air
Monitoring Stations (NAMS) at approximately 488 sites nationwide (US EPA
2010). These ambient air monitoring programs are operated primarily by state and
local agencies to compare measured air concentrations to the NAAQS and to make
air pollution data available to the public, among other research objectives (US EPA
2010).
US EPA (2008a) SO2 monitoring network data from 2003 to 2005 showed a
gradient of increasing SO2 concentrations from the West to the East Coast of the
United States. In the 12 metropolitan areas with at least 4 SO2 air monitoring
stations, reported mean annual concentrations ranged from approximately 1 ppb in
Riverside and San Francisco, CA, to 12 ppb in Pittsburgh, PA, and 14 ppb in
Steubenville, OH. During this period, the annual average concentration was 4 ppb,
with a maximum value of >700 ppb and 1-h maximum average concentrations
of 13 ppb. Estimated background concentrations of SO2 are relatively small
(<10–30 ppt) and are estimated to contribute <1% of total ambient SO2 concentrations in the United States. However, on the Northwest Coast, areas of high volcanic
activity may contribute to up to 70–80% of ambient SO2 concentrations, although
concentrations are typically below 2 ppb in these areas (US EPA 2008a).
According to CARB (2011a), California has been in attainment with SO2 standards since the late 1980s, with concentrations decreasing from as high as 230 ppb in
the 1970s to less than 50 ppb in the 1990s. In 2009, 1-h SO2 air concentrations
(ranging from 3 to 35 ppb) were reported at approximately one-tenth of the concentrations measured in the 1970s. CARB estimates that SO2 comprises 97% of the SOx
emissions detected; therefore, SOx emissions are presented as emissions of SO2
(CARB 2011a). Appendix, Table 10 summarizes the average annual 99th percentile
of the 1-h daily maximum SO2 concentrations detected from 2007 to 2009 (CARB
2011b). Since 1990, emissions of SO2 have decreased by 45% (CARB 2011a). The
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highest concentrations of SO2 were detected in the South Central Coast, San
Francisco Bay Area, and South Coast Air Basins (CARB 2011a).
Additionally, various Eulerian and Lagrangian atmospheric chemical transport
models are used to better understand atmospheric processes, interpret monitoring
results, or make regulatory decisions, as each approach to characterize ambient SO2
concentrations is restricted by inherent uncertainties and limitations (Seinfeld and
Pandis 2016; US EPA 2008c). Lagrangian models calculate air concentrations
within an air parcel as it moves in space and time, whereas Eulerian models calculate
air concentrations of a grid of air parcels that remain ﬁxed in space over time
(Seinfeld and Pandis 2016).

9 Conclusion
SO2 is a moderately persistent, highly water soluble atmospheric pollutant that will
tend to partition to the atmosphere where it may be transported, deposited, or
transformed. The main degradation route of SO2 is atmospheric oxidation, and sulfur
oxides may undergo long-distance transport until removed from the atmosphere by
wet or dry deposition. SO2 used as a pesticide will enter the sulfur cycle, in which
abiotic and biotic reactions cycle sulfur-containing compounds between the environment and living organisms. SO2 is used as a fungicide for cold storage of postharvest grape products and in wineries to prevent mold growth and is also used as an
antimicrobial to sterilize wine barrels and other equipment. In recent years, there has
been a slight increasing trend in both the acreage of grapes and the amount of SO2
used as a pesticide in California. Although agricultural contributions of SO2 emissions are estimated to be minimal compared to anthropogenic emissions from fossil
fuels, SO2 emissions from pesticide uses may contribute to the negative environmental and public welfare impacts of acid rain resulting from the oxidation of
atmospheric SO2 to sulfur oxides. The negative impacts of acid rain include toxicity
to aquatic organisms and ﬁsh, toxicity to terrestrial vegetation, and increased corrosion of manmade materials.

10

Summary

In California, uses of SO2 as a pesticide from 2010 to 2015 were primarily for
fumigations (96%), including treatments of post-harvest grape products and winery
equipment sterilizations. The highest reported total monthly use of SO2 in California
was observed during the months of July–November. The total annual use of SO2 as a
pesticide increased from 2010 to 2015, which may correspond to an increase in the
reported acreage of grapes in California during the same time period. Although the
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primary sources of atmospheric SO2 are anthropogenic emissions from the combustion of fossil fuels, SO2 emissions from pesticide uses of SO2 have the potential to
contribute to the impacts of SO2 pollution. Atmospheric SO2 participates in the
sulfur biogeochemical cycle, which involves reactions between sulfur-containing
compounds that cycle between abiotic and biotic components of ecosystems. The
oxidation of atmospheric SO2 to sulfur oxides may contribute to the environmental,
public welfare, and other impacts of SO2 pollution.
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Appendix
Table 6 Sulfur dioxide product formulations and uses
Product
(DPR
registration
no.)
Airgas sulfur dioxide
(89867-2AA)
The fruit
doctor
(11195-1AA)

Formulation
Pressurized
liquid,
sprays,
foggers
Pressurized
liquid

%
SO2
99.9

100

Other
ingredients
(%)
Inert ingredients
(0.1%)
–

Uses
Wine barrel and cork sanitizer

Wine barrel and cork sanitizer,
postharvest grape fungicide
(cold-storage rooms/fumigation
chambers or refrigerated trucks/
containers/railcars)

DPR (2017b), US EPA (2016d)
a
Air concentration below which no respiratory protection device required

Reentry
levela
(ppm)
2

2
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Table 7 Sulfur dioxide product application rates and requirements for grape fumigation
Minimum
hold time
prior to
Minimum shipment
treatment (if gassed
Treatment interval
>3 times)
type
(days)
(h)
Pre-ship- 7–10
12
ment
storage

Extended
storage

2–3

12

Initial
fumigation
concentration
(%)
0.75–1

0.75–1

Maintenance
fumigation
concentration
(%)
0.25–0.5

0.02–0.04

“The Fruit Doctor” product label (Snowden Enterprises 2016)

Grape
variety
Seeded
Seedless
(except
Thompson
seedless)
Thompson
seedless
Seeded
Seedless

Maximum
number of
treatments
20
15

12
NA
NA

2010
66,420
61,250
17,210
14,250
14,660
2,570
3,720
1,300
1,350
2,120
3,180
760
2,550
191,340

a

DPR (2017d)
Rounded to the nearest 10 pounds

County
Kern
Tulare
Fresno
Napa
Sonoma
Mendocino
Madera
Monterey
Stanislaus
San Luis Obispo
Solano
Santa Barbara
All other counties
Statewide total

2011
73,330
49,290
25,380
24,780
17,840
14,020
2,340
2,930
3,820
4,570
1,510
790
5,420
226,020

2012
54,200
48,320
17,200
25,850
17,020
3,240
2,400
3,370
1,100
2,010
350
1,270
1,700
178,030

2013
92,290
68,380
32,610
22,340
15,390
1,340
3,130
2,640
3,000
1,730
1,360
940
1,960
247,110

2014
69,150
71,650
31,870
25,430
13,520
1,640
3,020
3,490
2,710
1,880
1,170
640
1,800
227,970

2015
64,590
96,590
27,680
23,460
13,890
2,870
4,850
4,710
3,190
2,380
0
950
2,850
248,010

Annual average
70,000
65,910
25,330
22,690
15,390
4,280
3,240
3,070
2,530
2,450
1,260
890
2,710
219,750

Total
419,980
395,480
151,950
136,110
92,320
25,680
19,460
18,440
15,170
14,690
7,570
5,350
16,280
1,318,480

% of total
31.9
30.0
11.5
10.3
7.0
1.9
1.5
1.4
1.2
1.1
0.6
0.4
1
100

Table 8 Total cumulative pesticide use of sulfur dioxide (pounds of active ingredienta) reported in California from 2010 to 2015, summarized by county
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DPR (2017d)
a
Rounded to the nearest 10 pounds

Crop or site use
Grapes
Fumigation, other
Commodity fumigation
No crop name indicated
Structural pest control
Landscape maintenance
Public health pest control
Grapes, wine
Regulatory pest control
Research commodity
Vertebrate pest control
Commercial, institutional, or industrial areas
Rights-of-way
Rangeland (all or unspeciﬁed)
Statewide total

2010
89,750
42,810
43,890
3,490
10,720
50
<10
310
290
0
0
30
0
0
191,340

2011
119,060
74,980
2,050
22,350
5,040
30
2,000
100
230
50
120
10
<10
0
226,020

2012
89,570
57,460
23,170
0
1,940
4,830
0
820
<10
200
0
30
<10
0
178,030

2013
115,720
56,570
39,940
19,800
14,370
560
0
150
<10
0
0
<10
0
0
247,110

2014
111,300
49,630
54,950
350
11,620
30
0
80
10
0
0
0
0
<10
227,970

2015
173,650
58,390
6,960
8,850
10
40
0
40
30
0
0
20
<10
0
248,010

Annual average
116,510
56,640
28,490
9,140
7,290
920
330
250
90
40
20
20
<10
<10
219,750

Total
699,050
339,840
170,960
54,840
43,700
5,540
2,000
1,500
560
250
120
90
<10
<10
1,318,480

% of total
53.02
25.78
12.97
4.16
3.31
0.42
0.15
0.11
0.04
0.02
0.01
0.01
<0.001
<0.001
100

Table 9 Total cumulative pesticide use of sulfur dioxide (pounds of active ingredienta) reported in California from 2010 to 2015, summarized by crop or site
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Table 10 Sulfur dioxide 1-h federal design values (continued on next page)a, b
Air basin
Mojave Desert

County
San
Bernardino

North Coast
North Central
Coast
Sacramento
Valley

Humboldt
Santa Cruz
Sacramento

Salton Sea
San Diego

Imperial
San Diego

San Joaquin
Valley
San Francisco Bay
Area

Fresno
Alameda
Contra
Costa

San
Francisco
Santa Clara
Solano
South Coast

Los Angeles

South Central
Coast

Orange
Riverside
San
Bernardino
San Luis
Obispo

Site name
Trona-Athol and Telegraph
Victorville-14306 Park
Avenue
Eureka-Jacobs
Davenport

SO2 1-h federal design
value (ppb)
10
6
5
11c

North highlands-Blackfoot
Way
Sacramento-del Paso Manor
Calexico-Ethel Street
Chula Vista
Otay Mesa-Paseo International
San Diego-1110 Beardsley
Street
Fresno-1st Street

4c

Berkeley-6th Street
Oakland-West
Bethel Island Road
Concord-2975 Treat Blvd.
Crockett-Kendall Avenue
Martinez-Jones Street
Pittsburg-10th Street
Richmond-7th Street
San Pablo-Rumrill Blvd.
San Francisco-Arkansas Street

12c
13c
8
14
25
18
20c
18
14c
15c

San Jose-Jackson Street
Benicia-East 2nd Street
Vallejo-304 Tuolumne Street
Burbank-W. Palm Avenue
Los Angeles-North Main Street
Los Angeles-Westchester
Parkway
North Long Beach
Costa Mesa-Mesa Verde Drive
Riverside-Rubidoux
Fontana-Arrow Highway

5c
26c
8
8c
7
15c
20
7
7
6

Nipomo-Guadalupe Road

35

4c
10
7
22c
17
9c

(continued)
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Table 10 (continued)
Air basin

County
Santa
Barbara

Site name
El Capitan Beach
Exxon Site 10-UCSB West
Campus
Goleta-Fairview
Las Flores Canyon #1
Lompoc-HSandP
Lompoc-S H Street
Vandenberg Air Force BaseSTS Power

SO2 1-h federal design
value (ppb)
4
4
3c
6
2
4
3

a

CARB (2011b)
Data were extracted on November 23, 2010 from AQMIS Merged. The 2009 SO2 1-h federal
design values were calculated based on the 3-year average of the annual 99th percentile of the 1-h
daily maximum concentrations (2007, 2008, 2009). The federal 1-h SO2 standard is 75 ppb and was
effective August 23, 2010. All SO2 1-h federal design values in California are below the standard of
75 ppb
c
Sites do not meet the US EPA/s completeness criteria. No monitoring data are available for the
following air basins: Great Basin Valleys, Lake County, Lake Tahoe, Mountain Counties, Northeast
Plateau
b

References
Alberta Environment (2003) Sulphur dioxide: environmental effects, fate and behaviour. Alberta
Environment Science and Standards Branch. http://aep.alberta.ca/air/legislation/ambient-airquality-objectives/documents/SulphurDioxideEffectsFateBehaviour-2003.pdf.
Accessed
3 May 2017
Al-Jahdali MO, Bisher ASB (2008) Sulfur dioxide (SO2) accumulation in soil and plant’s leaves
around an oil reﬁnery: a case study from Saudi Arabia. Am J Environ Sci 4(1):84–88. https://
doi.org/10.3844/ajessp.2008.84.88
Ashar NG (2016) Chemical and physical properties of sulphur dioxide and sulphur trioxide. In:
Advances in sulphonation techniques, Springer briefs in applied sciences and technology.
Springer, Berlin. https://doi.org/10.1007/978-3-319-22641-5_2
ATSDR (1998) Toxicological proﬁle for sulfur dioxide. US Department of Health and Human
Services, Public Health Service, Agency for Toxic Substances and Disease Registry. https://
www.atsdr.cdc.gov/toxproﬁles/tp116.pdf. Accessed 3 May 2017
Beilke S, Gravenhorst G (1978) Heterogeneous SO2-oxidation in the droplet phase. Atmos Environ
12(1–3):231–239. https://doi.org/10.1016/0004-6981(78)90203-2
Blanco G, Gerlagh R, Suh S, Barrett J, de Coninck HC, Diaz Morejon CF, Mathur R,
Nakicenovic N, Ofosu Ahenkora A, Pan J, Pathak H, Rice J, Richels R, Smith SJ, Stern DI,
Toth FL, Zhou P (2014) Drivers, trends and mitigation. In: Edenhofer O, Pichs-Madruga R,
Sokona Y, Farahani E, Kadner S, Seyboth K, Adler A, Baum I, Brunner S, Eickemeier P,
Kriemann B, Savolainen J, Schlömer S, von Stechow S, Zwickel T, Minx JC (eds) Climate
change 2014: mitigation of climate change. Contribution of Working Group III to the ﬁfth
assessment report of the Intergovernmental Panel on Climate Change, pp 351–411. https://
www.ipcc.ch/pdf/assessment-report/ar5/wg3/ipcc_wg3_ar5_chapter5.pdf. Accessed 29 May
2017

K. Craig
Bombrun H, Sumner D (2003) What determines the price of wine? The value of grape
characteristics and wine quality assessments. University of California Agriculture and Natural
Resources, Agricultural Issues Center Brief. http://aic.ucdavis.edu/pub/briefs/brief18.pdf.
Accessed 2 Aug 2017
Boubel RW, Fox DL, Turner DB, Stern AC (1994) Fundamentals of air pollution, 3rd edn.
Academic Press, San Diego
Bunce N (1994) Environmental Chemistry, 2nd edn. Wuerz Publishing Ltd., Winnipeg, 376 p
CARB (1983) Characterization of reactants, reaction mechanisms and reaction products leading to
extreme acid rain and acid aerosol conditions in southern California. California Environmental
Protection Agency, California Air Resources Board. https://www.arb.ca.gov/research/apr/past/
a0-141-32.pdf. Accessed 9 May 2017
CARB (1985) Characterization of reactants, reaction mechanisms and reaction products in atmospheric water droplets: fog, cloud, dew, and rainwater chemistry. California Environmental
Protection Agency, California Air Resources Board. https://www.arb.ca.gov/research/apr/past/
a2-048-32a.pdf. Accessed 9 May 2017
CARB (2002) Episodic acidiﬁcation of lakes in the Sierra Nevada. California Environmental
Protection Agency, California Air Resources Board. https://www.arb.ca.gov/research/apr/past/
a132-048.pdf. Accessed 4 Apr 2017
CARB (2011a) Recommended area designations for the 2010 federal sulfur dioxide (SO2) standard: staff report. California Environmental Protection Agency, California Air Resources Board.
https://www.arb.ca.gov/desig/so2e1.pdf. Accessed 15 Nov 2017
CARB (2011b) SO2 1-h design values for all sites in California. California Environmental
Protection Agency, California Air Resources Board. https://www.arb.ca.gov/desig/so2a2.pdf.
Accessed 15 Nov 2017
CDFA (2014) California grape acreage report, 2013 summary. California Department of Food and
Agriculture.
https://www.nass.usda.gov/Statistics_by_State/California/Publications/Fruits_
and_Nuts/2014/201403grpac.pdf. Accessed 24 Apr 2017
CDFA (2015) California grape acreage report, 2014 summary. California Department of Food and
Agriculture.
https://www.nass.usda.gov/Statistics_by_State/California/Publications/Fruits_
and_Nuts/2015/201503grpac.pdf. Accessed 24 Apr 2017
CDFA (2016) California grape acreage report, 2015 summary. California Department of Food and
Agriculture.
https://www.nass.usda.gov/Statistics_by_State/California/Publications/Fruits_
and_Nuts/2016/201604grpac.pdf. Accessed 24 Apr 2017
Cox RA (1973) Particle formation from homogeneous reactions of sulphur dioxide and nitrogen
dioxide. Tellus 26(1–2):235–240. http://journals.co-action.net/index.php/tellusa/article/
viewFile/9782/11401
Craig K (2017) Advanced processing of pesticide use reports for data analysis conducted by the
Environmental Monitoring Branch’s Air Program. Memorandum dated October 12, 2017 to
Edgar Vidrio. California Environmental Protection Agency, Department of Pesticide Regulation. http://www.cdpr.ca.gov/docs/emon/pubs/ehapreps/analysis_memos/pur_memorandum_
ﬁnal.pdf. Accessed 17 Nov 2017
Dämmgen U, Walker K, Grünhage L, Jäger H (1998) The atmospheric sulphur cycle. In: Schnug E
(ed) Sulphur in agroecosystems. Kluwer Academic, Dordrecht, pp 39–73
DPR (2009) Sulfur dioxide use in wineries. California Environmental Protection Agency,
Department of Pesticide Regulation. http://www.cdpr.ca.gov/docs/county/cacltrs/penﬂtrs/
penf2009/2009atch/attach1201.pdf. Accessed 3 May 2017
DPR (2011a) Registration for special local need for distribution and use only within California.
California Environmental Protection Agency, Department of Pesticide Regulation. http://www.
cdpr.ca.gov/docs/label/pdf/sln/244770.pdf. Accessed 30 May 2017
DPR (2011b) Section 24(c): special local need registrations. California Environmental Protection
Agency, Department of Pesticide Regulation. http://cdpr.ca.gov/docs/registration/guides/
section24c.pdf. Accessed 30 May 2017

A Review of the Chemistry, Pesticide Use, and Environmental Fate. . .
DPR (2016a) What you need to know about winery use of sulfur dioxide. California Environmental
Protection Agency, Department of Pesticide Regulation. http://www.cdpr.ca.gov/docs/dept/
factshts/so2.pdf. Accessed 3 May 2017
DPR (2016b) Summary of pesticide use report data 2015: indexed by commodity. California
Environmental Protection Agency, Department of Pesticide Regulation. http://www.cdpr.ca.
gov/docs/pur/pur15rep/comrpt15.pdf. Accessed 10 May 2017
DPR (2017a) Pesticide registration. In: A guide to pesticide regulation in California. California
Environmental Protection Agency, Department of Pesticide Regulation. http://www.cdpr.ca.
gov/docs/pressrls/dprguide/chapter3.pdf. Accessed 3 May 2017
DPR (2017b) Product/label database. California Environmental Protection Agency, Department of
Pesticide Regulation. Database queried by DPR staff on March 10, 2016. http://www.cdpr.ca.
gov/docs/label/labelque.htm
DPR (2017c) Pesticide Use Reporting. In: a guide to pesticide regulation in California. California
Environmental Protection Agency, Department of Pesticide Regulation. http://www.cdpr.ca.
gov/docs/pressrls/dprguide/chapter9.pdf. Accessed 3 May 2017
DPR (2017d) Pesticide Use Reporting (PUR). California Environmental Protection Agency,
California Department of Pesticide Regulation. PUR Database queried by DPR Staff on August
2, 2017. http://www.cdpr.ca.gov/docs/pur/purmain.htm. Accessed 2 Aug 2017
Eggleton AEJ, Cox RA (1978) Homogeneous oxidation of sulphur compounds in the atmosphere.
Atmos Environ 12(1–3):227–230. https://doi.org/10.1016/0004-6981(78)90202-0
Encyclopedia Britannica (2008) The sulfur cycle. Encyclopedia Britannica Online. https://www.
britannica.com/media/full/572740/111671. Accessed 4 May 2017
Eriksen J, Murphy MD, Schnug E (1998) The soil sulphur cycle. In: Schnug E (ed) Sulphur in
agroecosystems. Kluwer Academic, Dordrecht, pp 39–73
Faloona I (2009) Sulfur processing in the marine atmospheric boundary layer: a review and critical
assessment of modeling uncertainties. Atmos Environ 43(18):2841–2854. https://doi.org/10.
1016/j.atmosenv.2009.02.043
Finlayson-Pitts BJ, Pitts JN Jr (1986) Acid deposition. In: Atmospheric chemistry: fundamentals
and techniques. Wiley, New York, pp 645–693
Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, Haywood J, Lean J,
Lowe DC, Myhre G, Nganga J, Prinn R, Raga G, Schulz M, Van Dorland R (2007) Changes
in atmospheric constituents and in radiative forcing. In: Solomon S, Qin D, Manning M, Chen Z,
Marquis M, Averyt KB, Tignor M, Miller HM (eds) Climate change 2007: the physical science
basis. Contribution of Working Group I to the fourth assessment report of the Intergovernmental
Panel on Climate Change, pp 129–234. https://www.ipcc.ch/publications_and_data/ar4/wg1/en/
ch2s2-4-4-1.html. Accessed 29 May 2017
Gammon DW, Moore TB, O’Malley MA (2010) Toxicology of sulfur dioxide. In: Krieger R,
Doull J, Hodgson E, Mmaibach H, Reiter L, Ritter L, Ross J, Slikker W Jr, von Hemmen J (eds)
Hayes’ handbook of pesticide toxicology, 3rd edn. Elsevier, London, pp 1889–1900
Gliessman S (2007) Humidity and rainfall. In: Engles E (ed) Agroecology: the ecology of sustainable food systems. CRC Press, Taylor & Francis, Boca Raton, pp 67–79
Grifﬁth CM, Woodrow JE, Seiber JN (2015) Environmental behavior and analysis of agricultural
sulfur. Pest Manag Sci 71(11):1486–1496. https://doi.org/10.1002/ps.4067
Harris E, Sinha B, van Pinxteren D, Schneider J, Poulain L, Collett J, D'Anna B, Fahlbusch B,
Foley S, Fomba KW, George C, Gnauk T, Henning S, Lee T, Mertes S, Roth A, Stratmann F,
Borrmann S, Hoppe P, Herrmann H (2014) In-cloud sulfate addition to single particles resolved
with sulfur isotope analysis during HCCT-2010. Atmos Chem Phys 14(8):4219–4235. https://
doi.org/10.5194/acp-14-4219-2014
Harrison RM (2001) Chemistry and climate change in the troposphere: atmospheric acids. In:
Harrison RM (ed) Pollution: causes, effects, and control. Royal Society of Chemistry,
Cambridge, pp 92–95. https://doi.org/10.1039/9781847551719-FP001

K. Craig
Havlin JL, Beaton JD, Tisdale SL, Nelson WL (2005) Sulfur, calcium, and magnesium. In:
Yarnell D (ed) Soil fertility and fertilizers: an introduction to nutrient management. Pearson
Prentice Hall, Upper Saddle River, pp 219–243
Hoyle CR, Fuchs C, Järvinen E, Saathoff H, Dias A, El Haddad I, Gysel M, Coburn SC, Tröstl J,
Bernhammer AK, Bianchi F, Breitenlechner M, Corbin JC, Craven J, Donahue NM, Duplissy J,
Ehrhart S, Frege C, Gordon H, Höppel N, Heinritzi M, Kristensen TB, Molteni U, Nichman L,
Pinterich T, Prévôt ASH, Simon M, Slowik JG, Steiner G, Tomé A, Vogel AL, Volkamer R,
Wagner AC, Wagner R, Wexler AS, Williamson C, Winkler PM, Yan C, Amorim A,
Dommen J, Curtius J, Gallagher MW, Flagan RC, Hansel A, Kirkby J, Kulmala M,
Möhler O, Stratmann F, Worsnop DR, Baltensperger U (2016) Aqueous phase oxidation of
sulphur dioxide by ozone in cloud droplets. Atmos Chem Phys 16(3):1693–1712. https://doi.
org/10.5194/acp-16-1693-2016
Huang L, Zhao Y, Li H, Chen Z (2016) Hydrogen peroxide maintains the heterogeneous reaction of
sulfur dioxide on mineral dust proxy particles. Atmos Environ 141:552–559. https://doi.org/10.
1016/j.atmosenv.2016.07.035
Langner J, Rodhe H (1991) A global three-dimensional model of the tropospheric sulfur cycle.
J Atmos Chem 13(3):225–263. https://doi.org/10.1007/BF00058134
Liang J, Jacobson MZ (1999) A study of sulfur dioxide oxidation pathways over a range of liquid
water contents, pH values, and temperatures. J Geophys Res 104(D11):13749–13769. https://
doi.org/10.1029/1999JD900097
Mason CF (2001) Water pollution biology: acidiﬁcation. In: Harrison RM (ed) Pollution: causes,
effects, and control. Royal Society of Chemistry, Cambridge, pp 92–95. https://doi.org/10.1039/
9781847551719-FP001
Moss MR (1978) Sources of sulfur in the environment: the global sulfur cycle. In: Metcalf RL,
Pitts JN, Stumm W (eds) Sulfur in the environment; part I: the atmospheric cycle, Environmental science and technology. Wiley, New York, pp 23–50
Musselman RC, McCool P, Sterret JL (1988) Acid fog injures California crops. Calif Agric 42(4):
6–7. https://ucanr.edu/repositoryﬁles/ca4204p6-68791.pdf. Accessed 29 May 2017
Newland MJ, Rickard AR, Mohammed SA, Vereecken L, Muñoz A, Ródenas M, Bloss WJ (2015)
Kinetics of stabilized criegee intermediates derived from alkene ozonolysis: reactions with SO2,
H2O and decomposition under boundary layer conditions. Phys Chem Chem Phys
12(6):4076–4088. https://doi.org/10.1039/C4CP04186K
Nriagu J (1978) Production and uses of sulfur. In: Metcalf RL, Pitts JN, Stumm W (eds) Sulfur in
the environment; part I: the atmospheric cycle, Environmental science and technology. Wiley,
New York, pp 1–21
Ruth JH (1986) Odor thresholds and irritation levels of several chemical substances: a review.
Am Ind Hyg Assoc J 47:A142–A151. https://www.ncbi.nlm.nih.gov/pubmed/3706135
Sander R (2015) Compilation of Henry’s law constants (version 4.0) for water as solvent. Atmos
Chem Phys 15(8):4399–4981. https://doi.org/10.5194/acp-15-4399-2015
Sander SP, Abbatt J, Barker JR, Burkholder JB, Friedl RR, Golden DM, Huie RE, Kolb CE,
Kurylo MJ, Moortgat GK, Orkin VL, Wine PH (2011) Heterogeneous chemistry. In: Chemical
kinetics and photochemical data for use in atmospheric studies: evaluation no. 17. JPL Publication 10-6. National Aeronautics and Space Administration (NASA), Jet Propulsion Laboratory, California Institute of Technology, pp 535–616. http://jpldataeval.jpl.nasa.gov/pdf/JPL%
2010-6%20Final%2015June2011.pdf
Sarwar G, Simon H, Fahey K, Mathur R, Goliff W, Stockwell WR (2014) Impact of sulfur dioxide
oxidation by stabilized criegee intermediate on sulfate. Atmos Environ 85:204–214. https://doi.
org/10.1016/j.atmosenv.2013.12.013
Seinfeld JH, Pandis SN (2016) Atmospheric chemistry and physics: from air pollution to climate
change, 3rd edn. Wiley, Hoboken. doi: https://doi.org/10.1021/ja985605y
Smith SJ, Pitcher H, Wigley TML (2001) Global and regional anthropogenic sulfur dioxide
emissions. Glob Planet Chang 29(1–2):99–119. https://doi.org/10.1016/S0921-8181(00)
00057-6

A Review of the Chemistry, Pesticide Use, and Environmental Fate. . .
Smith SJ, Aardenne JV, Klimont Z, Andres RJ, Volke A, Delgado Arias S (2011) Anthropogenic
sulfur dioxide emissions: 1850–2005. Atmos Chem Phys 11(3):1101–1116. https://doi.org/10.
5194/acp-11-1101-2011
Snowden Enterprises (2016) The fruit doctor: compressed sulfur dioxide (Product label). https://
www3.epa.gov/pesticides/chem_search/ppls/011195-00001-20160401.pdf. Accessed 15 May
2017
Strawn DG, Hinrich LB, O’Connor GA (2015) Properties of elements and molecules. In: Soil
chemistry, 4th edn. Wiley, Oxford
US EPA (2007) Reregistration eligibility decision – inorganic sulﬁtes. Ofﬁce of Prevention,
Pesticides and Toxic Substances, Ofﬁce of Pesticide Programs. https://archive.epa.gov/pesti
cides/reregistration/web/pdf/inorganicsulﬁtes.pdf. Accessed 6 May 2017
US EPA (2008a) Source to dose. In: Integrated science assessment (ISA) for sulfur oxides – health
criteria. United States Environmental Protection Agency, Washington, pp 47–112. https://cfpub.
epa.gov/ncea/isa/recordisplay.cfm?deid¼198843. Accessed 15 May 2017
US EPA (2008b) Introduction. In: Integrated science assessment (ISA) for sulfur oxides – health
criteria. United States Environmental Protection Agency, Washington, pp 34–46. https://cfpub.
epa.gov/ncea/isa/recordisplay.cfm?deid¼198843. Accessed 15 May 2017
US EPA (2008c) Annex B: additional information on the atmospheric chemistry of SOx. In:
Integrated science assessment (ISA) for sulfur oxides – health criteria. United States
Environmental Protection Agency, Washington, pp 245–262. https://cfpub.epa.gov/ncea/isa/
recordisplay.cfm?deid¼198843. Accessed 15 May 2017
US EPA (2010) Final Regulatory Impact Analysis (RIA) for the SO2 National Ambient Air Quality
Standards (NAAQS). United States Environmental Protection Agency. https://www3.epa.gov/
ttnecas1/regdata/RIAs/fso2ria100602full.pdf. Accessed 30 May 2017
US EPA (2012) Estimation programs interface suite™ for Microsoft® Windows, v 4.11. United
States Environmental Protection Agency. https://www.epa.gov/tsca-screening-tools/episuitetm-estimation-program-interface. Accessed 12 May2017
US EPA (2013) Registration review: preliminary problem formulation for ecological risk, environmental fate, endangered species, and drinking water assessments for sulfur dioxide (PC Code
077601) and sodium metabisulﬁte (PC Code 111409). United States Environmental Protection
Agency, Ofﬁce of Prevention, Pesticides, and Toxic Substances. https://www.regulations.gov/
document?D¼EPA-HQ-OPP-2013-0598-0004. Accessed 17 May 2017
US EPA (2014a) Sodium metabisulﬁte and sulfur dioxide ﬁnal work plan: registration review case
numbers 7019 and 4056. United States Environmental Protection Agency, Ofﬁce of Pesticide
Programs, Washington, pp 1–8. http://www.regulations.gov/#!documentDetail;D¼EPA-HQOPP-2013-0598-0014. Accessed 30 May 2017
US EPA (2014b) Report on the environment: sulfur dioxide emissions. United States Environmental Protection Agency. https://cfpub.epa.gov/roe/indicator.cfm?i¼22. Accessed 17 May 2017
US EPA (2014c) Report on the environment: acid deposition. United States Environmental
Protection Agency. https://cfpub.epa.gov/roe/indicator.cfm?i¼1. Accessed 17 May 2017
US EPA (2015) 2011 national emissions inventory, version 2 technical support document. United
States Environmental Protection Agency. https://www.epa.gov/sites/production/ﬁles/2015-10/
documents/nei2011v2_tsd_14aug2015.pdf. Accessed 6 May 2017
US EPA (2016a) Effects of acid rain. United States Environmental Protections Agency. https://
www.epa.gov/acidrain/effects-acid-rain. Accessed 6 May 2017
US EPA (2016b) Sulfur dioxide trends. United States Environmental Protections Agency. https://
www.epa.gov/air-trends/sulfur-dioxide-trends#soreg. Accessed 17 May 2017
US EPA (2016c) Sulfur dioxide. Ofﬁce of pesticide programs. Reregistration case: inorganic sulﬁtes,
case #4056. United States Environmental Protection Agency. https://ofmpub.epa.gov/apex/pesti
cides/f?p¼CHEMICALSEARCH:3:::NO:1,3,31,7,12,25:P3_XCHEMICAL_ID:3969. Accessed
17 May 2017
US EPA (2016d) Pesticide Product Label System (PPLS). United States Environmental Protection
Agency. https://iaspub.epa.gov/apex/pesticides/f?p=PPLS:1. Accessed 5 May 2017

K. Craig
USDA (2011) Technical evaluation report: sulfur dioxide-crops. United States Department of
Agriculture, USDA National Organic Program. https://www.ams.usda.gov/sites/default/ﬁles/
media/Sulfur%20dioxide%20smoke%20bombs%20report%202011.pdf. Accessed 6 May 2017
Usher CR, Al-Hosney H, Carlos-Cuellar S, Grassian VH (2002) A laboratory study of the
heterogeneous uptake and oxidation of sulfur dioxide on mineral dust particles. J Geophys
Res 107(D23):ACH16-1–ACH16-9. https://doi.org/10.1029/2002JD002051
Wilson WE (1978) Sulfates in the Atmosphere: A Project Report on Project MISTT. Atmos
Environ 12(1–3):537–547. https://doi.org/10.1016/0004-6981(78)90235-4

