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[1] We use observations of the oxygen-17 excess (A'’O) of sulfate in the Arctic to
quantify the sulfate source from aqueous SO, (S(IV)) oxidation by O, catalyzed by
transition metals. Due to the lack of photochemically produced OH and H,O, in high
latitudes during winter, combined with high anthropogenic SO, emissions in the Northern
Hemisphere, oxidation by Os is predicted to dominate sulfate formation during winter
in this region. However, A0 measurements of sulfate aerosol collected in Alert, Canada,
are not consistent with O3 as the dominant oxidant and indicate that a S(IV) oxidant with

near-zero A'’O values (O,) is important during winter. We use a global chemical
transport model to interpret quantitatively the Alert observations and assess the global
importance of sulfate production by Fe(III)- and Mn(II)-catalyzed oxidation of S(IV) by
0,. We scale anthropogenic and natural atmospheric metal concentrations to primary
anthropogenic sulfate and dust concentrations, respectively. The solubility and oxidation
state of these metals is determined by cloud liquid water content, source, and sunlight. By
including metal-catalyzed S(IV) oxidation, the model is consistent with the A'’0
magnitudes in the Alert data during winter. Globally, we find that this mechanism
contributes 9—17% to sulfate production. The inclusion of metal-catalyzed oxidation does
not resolve model discrepancies with surface SO, and sulfate observations in Europe.
Oxygen isotope measurements of sulfate aerosols collected near anthropogenic and dust
sources of metals would help to verify the importance of this sulfur oxidation pathway.

Citation: Alexander, B., R. J. Park, D. J. Jacob, and S. Gong (2009), Transition metal-catalyzed oxidation of atmospheric sulfur:
Global implications for the sulfur budget, J. Geophys. Res., 114, D02309, doi:10.1029/2008JD010486.

1. Introduction

[2] Sulfate is a major component of the atmospheric
acrosol and drives the formation of new aerosol particles
through nucleation. The implications for scattering of solar
radiation and for cloud microphysics represent one of the
largest uncertainties in current assessments of climate change
[Solomon et al., 2007]. Sulfate is mainly produced within the
atmosphere by oxidation of SO,, which is itself directly
emitted (fossil fuel combustion, industrial processes, volca-
noes) or produced within the atmosphere by oxidation of re-
duced sulfur species such as dimethyl sulfide (DMS) emitted
by oceanic phytoplankton. SO, is then lost from the atmo-
sphere through dry deposition at the surface or oxidation to
sulfate. The oxidation of SO, can take place in the gas phase
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[Stockwell and Calvert, 1983] and in the aqueous phase
[Schwartz, 1987].

[3] The primary oxidants for atmospheric oxidation of SO,
on the global scale are thought to be OH, H,0O, and O5. Gas-
phase oxidation of SO, by OH

SO; + OH + M — HOSO; + M
(Rl) HOSO, + 0O, — HO; + SO;
SO; + H,O + M — H,S04 + M

produces H,SOy4(g) that can nucleate new particles under
favorable conditions, increasing aerosol number density and the
population of cloud condensation nuclei (CCN) [Andronache
etal., 1997; Kumala et al., 2000; Weber et al., 2001]. Sulfate
produced in the aqueous phase is present in larger particles
and does not lead to nucleation of new particles. Aqueous-
phase sulfate formation involves dissolution of SO, followed
by acid-base dissociation of SO, - H,O to HSO3 (pK,; =1.9)
and SO3~ (pKa = 7.2). We refer to total dissolved SO, as
S(IV) = SO, - H,0 + HSO3 + SO3™. Oxidation of S(IV)
takes place by dissolved H,O,

(R2a) HSO; + H,0, < SO,00H™ + H,0

(R2b) SO,00H™ + H" — H,S0;4
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and dissolved O;

(R3) 03 +S02™ — 0, + 803~

S(IV) can also be oxidized in the aqueous phase by other
oxidants including O, catalyzed by Fe(Ill) and Mn(II)
[Hoffmann and Jacob, 1984], NO, [Lee and Schwartz,
1983], NO; [Feingold et al., 2002], and HNO, [Dentener et
al., 2002; Warneck, 1999]. These other oxidants are thought
to be of little importance on a global scale, although they may
be significant regionally. HOCl and HOBr have been pro-
posed as potentially important S(IV) oxidants in the marine
boundary layer [Vogt et al., 1996; von Glasow et al., 2002],
but there is so far no observational evidence.

[4] A comparison of 11 large-scale atmospheric sulfate
aerosol models (COSAM), found that models tend to predict
surface level sulfate aerosol mixing ratios mostly within 20%
of observations, while surface SO, mixing ratios were over-
predicted by factors of two or more [Barrie et al., 2001].
Suggested reasons for the large discrepancy in surface SO,
concentrations include uncertainties in vertical mixing
[Barrie et al., 2001] and emission height of SO, [deMeij
etal.,2006] in source regions, and uncertainties in aqueous-
phase sulfate production rates [Kasibhatla et al., 1997,
Roelofs et al., 2001]. Large uncertainties also exist in the
wet scavenging of sulfur species [Rasch et al., 2000; Roelofs
et al., 2001; Rotstayn and Lohmann, 2002].

[5] Comparisons of observations with global model results
suggest that SO, oxidation is underestimated in winter source
regions because of too little cloud or a missing oxidation mech-
anism [Barrie et al., 2001; Feichter et al., 1996, Kasibhatla
etal., 1997]. Kasibhatla et al. [1997] found that the addition
of'a nonphotochemical oxidation pathway for converting SO,
to sulfate in the boundary layer with a pseudo first-order rate
constant of 1-2 x 106 s~ provides the most reasonable
method of bringing model SO, calculations into better agree-
ment with North American (EMEFS) and European (EMEP)
measurements. Field studies in polluted environments in
winter have suggested that aqueous-phase S(IV) oxidation
by oxygen catalyzed by transition metal ions is the dominant
sulfate formation pathway [Jacob et al., 1984, 1989; Jacob
and Hoffimann, 1983].

[6] The oxygen isotopic composition of sulfate aerosols
reflects the differing oxidation pathways of secondary sulfate
formation [Savarino et al., 2000], and enables quantitative
determination of the relative importance of different oxida-
tion pathways leading to sulfate aerosol formation [4/exander
et al., 2002, 2005; Lee and Thiemens, 2001; McCabe et al.,
2006; Savarino et al., 2003]. Recent oxygen isotope mea-
surements of sulfate aerosols collected at Alert, Canada
(82.5°N, 62.3°W) indicate that metal-catalyzed oxidation of
S(IV) by O, in the aqueous-phase is significant during winter
[McCabe et al.,2006]. Metal-catalyzed S(IV) oxidation is the
only known mechanism that can explain the oxygen isotope
observations at Alert during winter (nonphotochemically
derived source of sulfate with A'’O near 0%o) [McCabe et al.,
2006]. It has been known for several decades that the tran-
sition metals Fe(Ill) and Mn(II) catalyze the oxidation of
S(IV) to sulfate by O,. However, this chemistry is usually
omitted in global atmospheric chemistry models because of
the large uncertainties in atmospheric dissolved Fe(III) and
Mn(II) concentrations [ Graedel et al., 1986], and because it is
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thought to be important only in regionally polluted environ-
ments. Here, we include Fe(IIl)- and Mn(II)-catalyzed S(IV)
oxidation by O, in a global chemical transport model, GEOS-
Chem, which includes the oxygen isotope tracers [Alexander
et al., 2005]. Details of the metal-catalyzed S(IV) oxidation
mechanism in the model are provided in section 5. Using the
isotopic measurements in Alert, Canada by McCabe et al.
[2006] as a constraint, we examine the importance of this
oxidation pathway on the global scale.

2. Isotopic Constraints on Sulfur
Oxidation Pathways

[7] Kinetic and equilibrium processes such as isotopic
exchange or diffusion fractionate oxygen isotopes according
to the following relation [Matsuhisa et al., 1978)].

RV R18\ 032
w = (ap) W

where R* = [0]/['°O] is the isotopic ratio (x = 17 or 18),
measured relative to an international reference standard (Rp).
The standard used for oxygen is Standard Mean Ocean Water
(SMOW). The relationship (1) is termed mass-dependent
fractionation. Any process that does not follow equation (1)
is termed mass-independent (or anomalous) fractionation and
is characterized by the A'’O value where [Farquhar et al.,

2000]
ATO(%) = 10° [(2—:1;) - (2—;) m}- )

For mass-dependent fractionation, A'’O = 0%o. Atmo-
spheric H,O and O, have A0 at or near 0%o [Lyons,2001;
Thiemens, 1999]. OH and SO, have A'70 = 0%, throughout
the troposphere due to isotopic exchange with water vapor
[Dubey et al., 1997; Holt et al., 1981], which erases any
source-derived isotopic signature.

[s] Both atmospheric Os and H,O, have positive A'’O
values. Photochemical model calculations by Lyons [2001]
constrained with laboratory data [Janssen et al., 1999;
Mauersberger et al., 1999] indicate A'’O = 35%, for surface
03, increasing to 38%o at the tropopause. These values are at
the upper end of surface measurements (25—35%o) [Johnston
and Thiemens, 1997; Krankowsky et al., 1995]. Due to po-
tential sampling artifacts from these difficult measurements
[Brenninkmeijer et al., 2003], we assume an average tropo-
spheric A'’0 value for O5 equal to 35%o based on calcu-
lations by Lyons [2001]. H,O, measurements from rainwater
in La Jolla, CA show a range of 1.3-2.2%o [Savarino and
Thiemens, 1999] with an average of 1.7%o. The photochem-
ical model calculations by [Lyons, 2001] indicate A'70 =
0.9-1.8%0 for tropospheric HO,, the precursor of H,O,,
which is consistent with the H,O, measurements. Other po-
tential S(IV) oxidants, such as HNO,4, NO3; and HOBr/HOCI,
are expected to have large A'’O values similar to nitrate
(20—40%o0) because of the influence of O3 in their formation
pathways.

[9] Once SO, forms in the atmosphere through direct emis-
sion or oxidation of reduced sulfur species, it quickly ex-
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changes its oxygen atoms with abundant water vapor in the
atmosphere, erasing any source signature in the oxygen iso-
topes [Holt et al., 1981]. The A'70 value of sulfate is thus
dependent only on the oxidation pathway of SO, to sulfate
[Savarino et al., 2000]. We note that the lack of a source
signature in the oxygen isotopic composition of sulfate
depends on its formation from the oxidation of SO,. It is
thought that the majority of sulfate formation originating
from the oxidation of DMS proceeds via SO,; however,
the importance of DMS oxidation reactions in the aqueous
phase that can produce sulfate via another intermediate (e.g.,
methanesulfonate [Zhu et al., 2006]) remains to be quanti-
fied. Whether or not sulfate formation from the oxidation
of DMS proceeds via SO, has implications for the oxygen
isotopic composition of sulfate, as other intermediates may or
may not equilibrate isotopically with water to erase the source
signal.

[10] Laboratory experiments show that a positive A'’O in
sulfate originates from aqueous-phase oxidation of SO, by
H,0, and O3 through simple transfer of the isotopic anomaly
from the oxidant to the sulfate product [Savarino et al.,2000].
Assuming A0 values for H,0, and O equal to 1.7%o and
35%o respectively, the product sulfate A0 values are as
follows:

R2 : HSO; + H,0; — A Og0z- = 0.9%,
R3: 503 + 05 — A Ogor- = 8.8%.

Other sulfate sources including gas-phase oxidation by OH in
the troposphere, metal-catalyzed oxidation by O,, and pri-
mary sulfate are mass-dependently fractionated (A'’0 = 0)
[Lee et al., 2002; Savarino et al., 2000]. Halogen S(IV)
oxidation does not transfer the oxygen from the halogen, but
rather promotes the hydrolysis of aqueous sulfate [ Fogelman
et al., 1989], leading to an expected A'70 = 0%o [McCabe
et al., 2006]. The A'’O value of sulfate formed by HNO,
and NOs is expected to be similar in magnitude to oxidation
by O3 (R3). Sulfate in the atmosphere does not undergo
further isotopic exchange.

3. Atmospheric Iron (Fe) and Manganese (Mn)

[11] Atmospheric Fe and Mn have both anthropogenic
(primarily coal combustion [Luo et al., 2008]) and natural
(mineral dust) sources, with the mineral dust source dom-
inant globally [Salomons and Forstner, 1984; Siefert et al.,
1998]. Concentrations of Mn and Fe in the global atmo-
sphere are highly variable in time and space, ranging from
<1 ng m* to >1,000 ng m > in the northern hemisphere
[Chen and Siefert, 2004; Kubilay and Saydam, 1995; Liu
et al., 2002; Sedwick et al., 2007], with concentrations of
Fe typically one order of magnitude greater than Mn [Baker
et al.,2006; Hao et al., 2007; Sedwick et al., 2007].

[12] Measurements of the soluble fraction of Fe in the
atmosphere vary greatly, from <1% to 80% [Bonnet and
Guieu, 2004; Chen and Siefert, 2003, 2004; Johansen et al.,
2000; Siefert et al., 1998; Spokes et al., 1994]. Fractional
solubility values on the low end are observed near dust source
regions, with higher solubility in more remote or anthropo-
genic source regions [Baker et al., 2006; Desboeufs et al.,
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2005; Hand et al., 2004]. Although fractional Fe solubility as
high as 80% has been reported [Chen and Siefert, 2004],
averaged values away from dust source regions are typically
between 5-25% [Baker et al., 2006; Sedwick et al., 2007;
Siefert et al., 1998]. For comparison, the median solubility
of Fe in Saharan dust aerosol was measured to be 1.2%
[Baker et al., 2006]. The solubility of Mn (25—100%) tends
to be higher than Fe [Baker et al., 2006; Desboeufs et al.,
2005; Deutsch et al., 1997; Hofmann et al., 1991; Siefert
et al., 1998], with similar fractional solubility in dust, re-
mote and anthropogenic source regions [Baker et al., 2006].
The solubility of both Fe and Mn have been shown to in-
crease with decreasing pH [Guieu et al., 1994; Mackie et al.,
2005], and metals from anthropogenic sources are more
soluble than metals from natural sources [Desboeufs et al.,
2005]. Laboratory experiments show that Fe solubility is a
strong function of pH, with highest solubility seen under low
pH conditions (pH = 2-3) [Spokes et al., 1994]. Laboratory
experiments that increased pH to simulate neutralization by
ammonia and crustal materials resulted in almost complete
removal of Fe from the solution phase. In contrast, Mn was
irreversibly solubilized [Spokes et al., 1994].

[13] The speciation of Fe is important since only Fe(IlI)
can catalyze S(IV) oxidation. Iron in cloud water exists as
both Fe(Il) and Fe(Ill), with a series of oxidation and re-
duction reactions cycling between the two species. Measure-
ments of the fraction of total iron present as Fe(Il) show
considerable variation, from a few percent to 90% [Rao and
Collett, 1998, and references therein]. Partitioning between
Fe(I) and Fe(Ill) varies diurnally (from <2% to ~100%)
[Siefert et al., 1998], with the highest fraction of Fe(II) found
during the day because of photochemical reactions reducing
Fe(IIl) to Fe(Il) [Siefert et al., 1998; Zhu et al., 1997].

[14] Mn is mainly present in atmospheric aqueous solu-
tions in the Mn(II) and Mn(III) oxidation states [Berglund
et al., 1993]. Thermodynamic calculations [Deutsch et al.,
1997; Hofmann et al., 1991] indicate that Mn will exist in
equilibrium totally as Mn(II) because of the instability of
Mn(III) under atmospheric conditions, except for the pos-
sibility of a short-lived Mn(III) intermediate during the S(IV)
oxidation mechanism. Laboratory experiments indicated that
Mn(III) is a necessary intermediate in the Mn(II)-catalyzed
oxidation of S(IV) in aqueous solution, taking place by a free
radical mechanism [Berglund et al., 1993].

[15] Large uncertainty exists in the reaction rates of
Fe(Ill)- and Mn(Il)-catalyzed S(IV) + O, [Hoffmann and
Jacob, 1984; Martin and Hill, 1987a], and the reaction is
thought to be inhibited by increasing ionic strength, the
sulfate ion, various organics, and self-inhibited [Kotronarou
and Sigg, 1993; Martin and Hill, 1987a, 1987b; Podkrajsek
et al., 2006; Tursic et al., 2003; Zuo and Zhan, 2005]. The
presence of both Fe(Ill) and Mn(II) enhances the reaction
rate synergistically, so that the overall reaction rate is greater
than the sum of the individual rates [Berglund et al., 1993;
Chughtai et al., 1993; Coichev et al., 1992; Grgic et al.,
1992; Martin, 1984]. Studies of other transition metals such
as copper [Graedel and Weschler, 1981; Grgic et al., 1991],
cobalt [Bengtsson and Bjerle, 1975] and nickel [Graedel
and Weschler, 1981] have been performed; however, Fe
and Mn are thought to be the most efficient transition metal
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catalysts for S(IV) oxidation [Berglund et al., 1993; Weschler
et al., 1986; Yermakov et al., 1997].

4. GEOS-Chem Model

[16] Weuse the GEOS-Chem global 3-D model of coupled
aerosol-oxidant chemistry [Park et al., 2004] to simulate the
sulfate A'70O observations from Alert. The model (version
7.04; see http://www-as.harvard.edu/chemistry/trop/geos/
geos_versions.html) uses assimilated meteorological data
from the NASA Goddard Earth Observing System (GEOS)
including winds, convective mass fluxes, mixed layer depths,
temperature, precipitation, and surface properties. Meteoro-
logical data have 6-hour temporal resolution (3 hours
for surface variables and mixing depths). Meteorological
fields have 1° x 1° horizontal resolution with 48 sigma
vertical levels (including seven below 1 km for a column
based at sea level). For input into GEOS-Chem we degrade
the horizontal resolution to 2° x 2.5° (4° x 5° for the
sensitivity simulations) and vertical resolution to 30 sigma
vertical levels. The McCabe et al. [2006] observations oc-
curred continuously from July 1999—June 2000. We con-
duct simulations for the year 2001 after a 6-month model
spin-up.

[17] The sulfur simulation is as described by Alexander
et al. [2005]. Sulfate produced by each oxidation pathway
is transported as a separate “‘tracer’ in the model with a
corresponding A'’O value. Total sulfate and A'’O are
determined locally by addition. Anthropogenic sources of
sulfur in the model total 66.1 Tg S year '. This anthro-
pogenic sulfur is emitted as SO, except for 3% as primary
SO3™ (5% in Europe) [Chin et al., 2000]. Anthropogenic
emissions of SO, in the model is for 1998 and is obtained
by scaling the gridded, seasonally resolved inventory from
the Global Emissions Inventory Activity (GEIA) for 1985
[Benkovitz et al., 1996]. Natural sources include oceanic
phytoplankton (19.6 Tg S year™' as DMS), volcanoes
(5.5 Tg S year—! as SO,), and biomass burning (1.2 Tg S
year—! as SO,). All emissions are distributed vertically by
mass in the local mixed layer.

[18] The simulation includes 19 chemical species trans-
ported in the model: dimethyl sulfide (DMS), SO, sulfate (as
seven separate tracers), methanesulfonic acid (MSA), am-
monia (NH3), ammonium (NHy), particulate nitrate (NO3),
hydrogen peroxide (H,0,), sea salt, and dust. The model
includes gas-phase oxidation of DMS by OH to form SO, and
methanesulfonic acid (MSA), and DMS oxidation by nitrate
radicals (NOs) to form SO, as described by Park et al. [2004]
with reaction rates from DeMore et al. [1997] and yields of
SO, and MSA from Chatfield and Crutzen [1990]. Aqueous-
phase reactions of DMS are not included in the model. Sulfate
formation from oxidation of SO, takes place in the gas phase
by OH, in alkaline sea-salt aerosols by O3, and in cloud
droplets by H,0,, O5, and O, (metal catalyzed). Cloud liquid
water content is calculated in each cloudy grid box using a
temperature-dependent parameterization [Somerville and
Remer, 1984]. The cloud volume fraction in each grid box
is specified by an empirical function of the relative humid-
ity [Sundqvist et al., 1989]. In-cloud oxidation of S(IV)
occurs at temperatures above 258 K. A cloud pH of 4.5 is
assumed. In-cloud chemistry is sensitive to assumptions
about cloud pH and freezing, and in that context the
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Alert oxygen isotope data are useful in providing support
for the transition metal-catalyzed versus O; oxidation
pathways.

[19] To calculate the metal-catalyzed S(IV) oxidation
chemistry in cloud water, we use the following rate expres-
sion [Martin and Good, 1991].

w = 750[Mn(I1)][S(1V)] + 2600[Fe(II1)|[S(1V')]

+ 1.0 x 10" [Mn(11)][Fe(1)][S(IV)] (3)

where all concentrations are in units of mole 17'. This
equation accounts for the synergistic effects of the simulta-
neous presence of Mn(Il) and Fe(Ill). The simulation of
Mn(II) and Fe(Ill) is described in the following section.

[20] We use monthly mean oxidant (OH, O;, NOj3) con-
centration fields and H,O, production rates and photolysis
frequencies to calculate oxidation of DMS, SO, and MSA,
and total inorganic nitrate (HNO5(g) plus acrosol NO3) con-
centrations from a coupled aerosol-oxidant simulation as
described by Park et al. [2004]. Total inorganic nitrate from
the coupled aerosol-oxidant simulation is partitioned be-
tween the gas and particulate phases using the ISORROPIA
thermodynamic equilibrium model (version 1.3) [Nenes et al.,
1998]. Nitric acid (HNO3(g)) uptake competes with SO,
uptake for available sea-salt alkalinity which is used to
calculate pH-dependent S(IV) + O; oxidation in sea-salt
aerosols as described by Alexander et al. [2005].

[21] The simulation of dust aerosol uses a combination of
two dust mobilization schemes (GOCART and DEAD) as
described by Fairlie et al. [2007], resulting in dust emissions
and burden of 1689 Tg year ' and 25.8 Tg respectively. Wet
deposition of aerosols is as described by Liu et al. [2001] and
includes contributions from scavenging in convective up-
drafts, rainout and washout from convective anvils and large-
scale precipitation, and return to the atmosphere following
re-evaporation. Dry deposition velocities for coarse-mode
aerosols (>1 pm diameter) are computed with the size-
dependent scheme of Zhang et al. [2001] integrated over
each model size bin and accounting for hygroscopic growth
as a function of relative humidity [Gerber, 1985]. Dry de-
position velocities for all other species are computed with
a standard resistance-in-series scheme based on Weseley
[1989] as described by Wang et al. [1998].

5. Model Simulation of Atmospheric Iron (Fe)
and Manganese (Mn)

[22] Since Mn and Fe emissions and concentrations are not
directly simulated in the model, we scale their atmospheric
concentrations to mineral dust and primary sulfate. We scale
soil-derived Fe and Mn concentrations based on observations
of the chemical composition of mineral dust. Soil-derived Fe
([Felsoin) 1s scaled to modeled dust concentrations, assuming
Fe represents 3.5% of total dust mass based on average Fe
content of the Earth’s crust [Taylor and McLennan, 1985].
The mineral content of soils varies considerably from place to
place [Claquin et al., 1999]. Observations of the Fe content of
mineral dust aerosol collected in Barbados (North African
dust sources) varied from ~1-4%, with an average of 3.4%
[Zhu et al., 1997]. We perform an additional simulation
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Table 1. Description of Assumptions for Emissions, Solubility Efficiencies, and Speciation of Iron (Fe) and Manganese (Mn) for Each

Model Simulation With Metal-Catalyzed S(IV) Oxidation®

Anthropogenic Soil Fe (Mn) Fractional Fractional
Fe (Mn) Emissions ~ Emissions Fractional Mn Fe(III) Mn(II)

Model Simulations (Tg year 1 (Tg year ") Fractional Fe Solubility Solubility Partitioning Partitioning
Base 0.198 (0.020) 59.1 (1.2)  10% (anthropogenic) 1% (soil) 50% 10% (sunlight) 90% (no sun) 100%
High anthropogenic 0.660 (0.066) 59.1 (1.2)  10% (anthropogenic) 1% (soil) 50% 10% (sunlight) 90% (no sun) 100%
Low dust 0.198 (0.020) 16.9 (0.3)  10% (anthropogenic) 1% (soil) 50% 10% (sunlight) 90% (no sun) 100%
High Fe solubility 0.198 (0.020) 59.1 (1.2)  25% (anthropogenic) 1% (soil) 50% 10% (sunlight) 90% (no sun) 100%
High Mn solubility 0.198 (0.020) 59.1 (1.2)  10% (anthropogenic) 1% (soil) 100% 10% (sunlight) 90% (no sun) 100%

“All sensitivity studies were conducted at 4° x 5° horizontal resolution and 30 vertical layers.

assuming Fe represents just 1% of total dust mass to explore
the sensitivity of metal-catalyzed S(IV) oxidation to our as-
sumed dust-scale factor (see Table 1). Observations of the
Fe/Mn ratio in mineral dust samples ranged from 14 (Arizona
dust) to 59 (Sahara dust) [Desboeufs et al., 2005]. The
Saharan dust Fe/Mn ratio [Desboeufs et al., 2005] is similar
to the average Fe/Mn ratio of the Earth’s crust (Fe/Mn = 58)
[Taylor and McLennan, 1985]. We scale soil-derived Mn
([Mn],oi1) as a factor of 50 lower than [Fe]goj.

[23] Anthropogenic metals ([Mn]antmro and [Felanmro) are
scaled to primary anthropogenic sulfate ([SO4]primary)
because of their similar sources (primarily coal combustion)
and sinks (wet and dry deposition). Anthropogenic Mn
([Mn]anenro) 1s scaled to primary anthropogenic sulfate
([SO4]primary) based on estimates of [Mn]ynmeo concentra-
tions in Alert and Iceland (63°N, 20°W) utilizing the
relationship between Mn and Al concentrations in soil at
Alert, Canada ([Mn].i//[Allsoi1 = 0.0065) [Sirois and Barrie,
1999]. We chose these locations because of their availability
of both Mn and Al aerosol observations year round (unfor-
tunately simultaneous measurements of aerosol Mn and Al
closer to source regions are not available). Concentrations of
anthropogenic Mn were determined by subtracting out the
soil component ([Mn]neo = [Mn] — 0.0065[Al]soq1) [Sirois
and Barrie, 1999]. Our assumption that [Fels,; = S0[Mn]se;
results in the relationship: [Felsi/[Allsoi = 0.325. For
comparison, the Fe/Al ratio in dust aerosols from various
regions (Sahara, Asia and Amazonia) ranges from 0.30—
0.72, with Sahara dust on the lower end of this range
[Formenti et al., 2001; Guo et al., 2002; Mahowald et al.,
2005]. The soil contribution of Mn dominates in Alert (91%
annual average, 64—99% range), while the anthropogenic
contribution tends to dominate in Iceland (62% annual
average, 32—77% range). The ratio of modeled [SOu4]primary
to measured [Mn],n¢ro Varies over two orders of magnitude
(2-300). We make a conservative estimate of modeled
[Mn],neo by using the ratio at the high end of this range
([804]primary/[Mn]anthro = 300) Anthropogenic Fe ([Fe]anthro)
is assumed to be 10 times that of [Mn].nmo based on
observations of atmospheric fly-ash particles [Desboeufs et
al., 2005].

[24] Luo et al. [2008] did a more sophisticated treatment of
combustion sources of iron in a global model by estimating
emissions from both industrial and biomass combustion in
size-segregated acrosols. Their industrial source estimate was
based on literature values of mineral matter emission factors
and a model of global combustion sources [Bond et al.,
2004]. Since the goal of their paper was to assess whether
combustion sources of iron are potentially important, they
used high-end estimates of industrial Fe emission factors.

Coal combustion dominated the industrial source of iron
(>75%) which is concentrated in East Asia, Europe and the
east coast of North America. The biomass burning source was
estimated on the basis of observed ratios of iron to black
carbon in the Amazon [Fuzzi et al., 2007] and is concentrated
in tropical regions. Although we neglect the biomass burning
source of Fe and Mn, we don’t expect this to play an im-
portant role in S(IV) oxidation because of the predominantly
tropical location of emissions, where photochemical oxida-
tion (by OH and H,0,) of S(IV) dominates year round. Their
industrial source of Fe (0.663 Tg year ') is over 3 times
larger than ours (0.198 Tg year'). We perform a sensitivity
study increasing our anthropogenic emissions of metals to be
similar to that of Luo et al. [2008] by using a scale factor of
[SO4]primary/[MN]anthro = 90 in order to explore the sensitivity
of metal-catalyzed S(IV) oxidation to our assumed anthro-
pogenic metal emission factors (see Table 1). Their estimated
uncertainty of combustion Fe emissions (industrial and
biomass) is a factor of 4—5, with the largest uncertainty from
coal combustion due partly to the sensitivity to poorly known
emission control technologies. Their comparison of sim-
ulated total (combustion and dust) Fe with observations in
Cheju, Korea (33.5°N, 126.5°E) reveals a low bias; however,
the dust source is predicted to dominate in this location
most of the year. For comparison, their dust source of Fe
(54.8 Tg year ') is similar to ours (59.1 Tg year ).

[25] Figure 1 (top and middle) shows annual average
calculated [Mn]; and [Mn]anmro at the surface for our base
simulation (see Table 1 for a description of the model
simulations). The mineral dust source dominates atmospheric
Mn and Fe concentrations on the global scale. [Fels; is
50 times higher than [Mn].;;, and [Fe]anro i 10 times higher
than [Mn],hthro (not shown). The anthropogenic source dom-
inates (>50%) in regions of high anthropogenic emissions
and small dust sources such as eastern North America and
parts of central and western Europe (Figure 1, bottom).

[26] We compare simulated Mn and Fe concentrations with
observations in a remote region (Alert), anthropogenic source
regions (Europe and China), and near a major dust source
(Gobi desert). Figure 2 compares observations of total Mn
([Mn]ota1), anthropogenic Mn ([Mn]anihro), S0il Mn
([Mn]sei1), and soil fraction ([Mn]soi/[Mn]iora) at Alert,
along with model calculations. The observations are plotted
as monthly means, with the error bars representing the full
range of measurements during that month. [Mn]; calcu-
lations fall within the range of observations for all months of
the year except for a slight overestimate in March. Calcula-
tions of [Mn] .o Underestimate observations January —May,
and are at the low end of the range of observations for the rest
of the year. [Mn],; calculations fall within the range of
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Figure 1. Modeled annual mean global (top) natural and
(middle) anthropogenic Mn concentrations (ng m ) at the
surface, along with the percent of anthropogenic Mn com-

pared to total Mn concentrations (bottom).

observations for all months, except for a slight overestimate
in March. [Mn],,;; dominates total Mn concentrations in both
the observations and model simulations, particularly during
summer, but the model overestimates the soil fraction year
round.

[27] Our sensitivity study with a high-end anthropogenic
metal emissions factor similar to Luo et al. [2008] also gives
good agreement with observed [Mn], at Alert, similar to
our base simulation. Comparison with [Mn],nro Shows that
our simulation with high anthropogenic emissions tends to
underestimate observations of [Mn],nmo at Alert, though less
so than our base simulation (11-87% underestimate, com-
pared to 70—94% for our base simulation). In contrast to our
base simulation, the high anthropogenic simulation tends to
underestimate the soil fraction except during spring (MAM).
The sensitivity simulation using lower emissions of dust-
derived metals underestimates observations of [Mn],.; at
Alert by 33-98%, and underestimates the soil fraction by
5-65% except during spring (20—70% overestimate).

[28] Table 2 compares seasonal-mean modeled Mn and Fe
with observations at European EMEP sites where Mn and/or
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Fe observations are available (n = 17 and n = 5 sites,
respectively), and in a coastal suburban (Qindao) and desert
(Mingin) location in China. The model tends to overestimate
both Mn and Fe at the EMEP sites (which are all in central
and northern Europe) by a factor of 1.4—2.7. The anthropo-
genic fraction of Mn and Fe tends to dominate (generally
>50%) at these EMEP sites, suggesting an overestimate of
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Figure 2. Monthly mean total, anthropogenic, and soil Mn
concentrations for the model (solid squares) compared to
observations from the year 2000 (open diamonds) and 2001
(gray diamonds) at Alert, Canada. The error bars on the ob-
servations represent the total range of observations for each
month. Also shown is the soil fraction of total Mn con-
centrations for 2001.
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Table 2. Comparison of Observed and Modeled Seasonal Mean Mn and Fe Concentrations (ng m™~>) From European EMEP Sites

and a Suburban (Qindao) and Desert (Mingin) Site in China

Fe (Mn) Observations Fe (Mn) Model Fe (Mn)
(ng m %) (ng m %) Model/Observations Reference
EMEP (central and northern Europe) www.emep.int
Spring 82.8 (3.9) 126.1 (806) 1.52.2)
Summer 67.4 (3.7) 67.4 (5.3) 1.5(1.4)
Autumn 72.5 (4.4) 72.5 (8.8) 2.7 (2.0)
Winter 65.8 (4.3) 96.4 (9.5) 1.5 (2.2)
Mingin, China (35.6°N, 103.1°E) Liu et al. [2002]
Spring 3600.0 (79.0) 6725.8 (135.0) 1.7 (1.9)
Summer 2900.0 (63.0) 1728.3 (35.0) 0.60 (0.56)
Qindao, China (35.4°N, 120.2°E) Hao et al. [2007]
Spring 2880.0 (65.8) 2706.9 (58.5) 0.94 (0.89)
Summer 1541.3 (44.4) 253.3 (8.0) 0.16 (0.18)
Autumn 2996.8 (72.0) 876.4 (21.3) 0.29 (0.30)
Winter 3788.1 (133.5) 185.8 (8.8) 0.05 (0.07)

anthropogenic metals in this region. Model comparison with
observations in Qindao [Hao et al., 2007] shows good
agreement in spring (within ~10% for both Mn and Fe),
with model calculations underestimating the observations
during the rest of the year. Spring is the only time of year
when the anthropogenic component of metals does not
dominate at this location in the model, suggesting an under-
estimate of anthropogenic metal emission rates in this region.
Our simulation with higher anthropogenic emission factors
similar to Luo et al. [2008] also underestimates Mn (Fe) in
Qindao by a factor of 0.2—-0.5 (0.1-0.3), except during
spring (10—-20% overestimate). The simultaneous overesti-
mate in Europe and underestimate in suburban China high-
lights the limitations of our approach applying a global-scale
factor of [SO4]primary/[Mn]anthro, as regionally varying emis-
sions control technologies may impact the relative emission
rates. The regionally varying discrepancies may also be due
in part to an outdated emissions inventory. Model comparison
with observations in Minqin [Liu et al., 2002] indicate that the
model overestimates Mn and Fe by a factor of 2.2 and 2.3
respectively during spring, and underestimates by 50% for
both species during summer. The dust source dominates
(~99%) in this location during both spring and summer in
the model. Our sensitivity simulation with lower dust emis-
sions underestimates Mn (Fe) in Mingin by a factor of 0.1
and 0.6 (0.1 and 0.7) in summer and spring, respectively.
[29] The solubility and speciation of Fe and Mn is impor-
tant for S(IV) oxidation. If cloud liquid water is available, we
assume that 50% of [Mn]i, 18 dissolved in cloud water,
which is within the range (25—100%) of available obser-
vations [Baker et al., 2006; Desboeufs et al., 2005; Deutsch
etal., 1997; Hofmann et al., 1991; Siefert et al., 1998]. We
assume that 100% of the dissolved Mn is in the Mn(II)
oxidation state based on thermodynamic calculations by
Deutsch et al. [1997] and Hofmann et al. [1991]. For Fe, we
assume that 10% of [Fe]anthro and 1% of [Fe]so; 1s dissolved
if cloud liquid water is available (similar to Bopp et al.
[2003], Fung et al. [2000], and Wu and Boyle [2002]). We
use a solubility fraction of 1% for [Fe];,; based on measure-
ments of the median solubility (1.2%) of Fe in Saharan dust
aerosol [Baker et al., 2006]. The choice of 10% for [Fe]anmro
is based on the higher solubility of Fe from anthropogenic
activities compared to that in mineral dust, and is within the
typical range of 5-25% observed away from dust source

regions [Baker et al., 2006; Sedwick et al., 2007; Siefert et al.,
1998]. We also perform two simulations assuming higher
solubility efficiencies (100% and 25% for Mn and anthropo-
genic Fe, respectively) to test the sensitivity of metal-
catalyzed S(IV) oxidation to our solubility assumptions
(see Table 1). The oxidation state of dissolved Fe depends
on sunlight. If there is sunlight, 10% of dissolved Fe is in the
Fe(IIT) oxidation state. If there is no sunlight, 90% of Fe is in
the Fe(IIl) oxidation state. The partitioning between Fe(Il)
and Fe(III) is based on the observed range of the Fe(Il) frac-
tion (<2—~100%), and the diurnal cycling favoring Fe(III) at
night [Siefert et al., 1998].

[30] Calculated concentrations of annual mean dissolved
Mn(II) and Fe(IIT) have a very large range (0— 10 M), but are
mostly between 0.1-1 uM (0.01-0.1 uM) in the Northern
Hemisphere (Southern Hemisphere) boundary layer (<2-km
altitude). Measurements of soluble Mn in fog and rainwater at
sites on the east and west coasts of the U.S. and in Germany
range from ~0.0002—0.2 uM [Deutsch et al., 1997; Hofimann
etal., 1991; Siefert et al., 1998]. Soluble Fe concentrations in
rainwater from Germany were ~0.5 uM [Hofmann et al.,
1991]. Very few speciated measurements are available, and
such measurements are uncertain due in part to the difficulties
associated with isolating the species of interest from complex
matrices, and that most of the speciation techniques available
disturb the equilibria existing between various chemical
species [Pickering, 1996]. Most studies report observations
of Fe(Il), not Fe(Ill) [Behra and Sigg, 1990; Siefert et al.,
1998; Zhu et al., 1997; Zhuang et al., 1992a, 1992b, 1995].
Observations of Fe(Ill) range from 0-9 puM at locations
mostly in the Los Angeles area [Erel et al., 1993; Pehkonen
etal., 1992; Rao and Collett, 1998].

6. Model Evaluation of Metal-Catalyzed S(IV)
Oxidation in Alert, Canada

[31] Figure 3 (top) shows monthly mean nssSO;~ A'’O
observations [McCabe et al., 2006] and model calculations at
Alert, Canada. Model calculated values from a simulation
with no transition metal chemistry (gray squares) consistently
overestimate the A'’O values, by a factor of 3 during winter
and a factor of 2 during summer. The large A'’O values
calculated during winter result from S(IV) oxidation by Os,
similar to Feichter et al. [1996]. S(IV) oxidation by O;
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Figure 3. Monthly mean observations (open diamonds
with shaded error bars) and model calculations in Alert,
Canada, from the model simulation with no metal-catalyzed
S(IV) oxidation (gray squares) and the simulation with metal-
catalyzed S(IV) oxidation (solid squares). (top) nssSO7~
A0 [%o]. (middle) nssSOF~ concentrations [ng m—3].
(bottom) Fraction of total sulfate from the metal-catalyzed
S(IV) + O, oxidation pathway.

dominates during winter in the model because of low OH
and H,O, concentrations resulting from the lack of sunlight.
Including metal-catalyzed S(IV) oxidation in the model
significantly lowers the calculated A'’O values in winter,
and has a negligible effect in summer. The calculated A'’O
values generally fall within the uncertainty in the observa-
tions, except for a tendency to overestimate by ~0.5%o (factor
of 2) during summer.
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[32] The sulfate A'7O calculations from the sensitivity
study using high-end anthropogenic metal emission rates
similar to Luo et al. [2008] tend to underestimate the
observed A'’0O values during winter by 0.5%o (~0.4%o
lower than our base simulation). Our simulation using a Fe
dust mass fraction of 1% shows no significant change in
calculated sulfate A'O values at Alert compared to our base
simulation (less than 0.2%o difference), suggesting that an-
thropogenic metals dominate metal-catalyzed S(IV) oxida-
tion in this region. Likewise, our sensitivity simulations using
higher solubility efficiencies for Fe and Mn result in A'70
values similar to our base simulation (less than 0.2%o differ-
ence), suggesting that the largest uncertainty in our estimates
of metal-catalyzed S(IV) oxidation in this region is from
unknown anthropogenic metal emission rates.

[33] Figure 3 (middle) shows monthly mean sulfate con-
centration observations and model calculations for the year
2001 at Alert, Canada. All model simulations reproduce the
observed seasonality with concentrations higher in winter
than in summer. The strong seasonality of aerosol concen-
trations in the Arctic is due to the intensification of meridi-
onal transport from the midlatitudes during winter and spring
[Iversen and Joranger, 1985; Quinn et al.,2007]. In addition,
stable thermal stratification in the boundary layer and low
precipitation during winter months leads to significantly
longer atmospheric residence times from October to May
[Sirois and Barrie, 1999]. All simulations tend to underesti-
mate (overestimate) sulfate concentrations in winter (summer),
with slightly better agreement during winter for the simula-
tions with metal-catalyzed oxidation of S(IV).

[34] Figure 3 (bottom) shows model calculated monthly
mean fractions of total sulfate formed by the metal-catalyzed
oxidation pathway at Alert, Canada. Sulfate formed via the
metal catalysis pathway dominates (~40—-60%) total sulfate
at Alert during winter (~50—70% using anthropogenic
emission factors similar to Luo et al. [2008]). McCabe et al.
[2006] estimated a 10—18% contribution from the metal-
catalyzed oxidation pathway during winter. Their estimate is
biased low because they are comparing their measurements
with global model results averaged north of 40°N latitude
[Feichter et al., 1996], which will underestimate the relative
contribution of ozone as a S(IV) oxidant locally at Alert.
Summertime fractions are low (<10% for all simulations).

7. Impacts on the Global Sulfur Budget

[35] Table 3 shows the global atmospheric burden (Tg S),
lifetime (days), and loss frequency (day ') of SO, and sulfate
for the model simulations with and without metal-catalyzed
S(IV) + O, chemistry, along with the importance of each
sulfate production pathway (Tg S year '). Metal-catalyzed
oxidation of S(IV) decreases the SO, burden by 7—12%
globally by increasing aqueous-phase oxidation and thus
decreasing its lifetime. In-cloud oxidation by H,O, domi-
nates atmospheric sulfate production in all simulations.
Metal-catalyzed S(IV) oxidation accounts for 9—17% of total
sulfate production globally. Total in-cloud sulfate production
increases by 3—6%, to account for 56—59% of total sulfate
production. The global atmospheric sulfate burden increases
by <10% for each simulation.

[36] Figure 4 shows the annual mean fraction of total
sulfate at the surface formed through metal-catalyzed oxida-
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