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Abstract. Acidification of dust aerosols may increase
aerosol iron (Fe) solubility, which is linked to mineral properties. Combustion aerosols can also elevate aerosol iron solubility when aerosol loading is low. Here, we use an atmospheric chemical transport model to investigate the deposition of filterable iron and its response to changes in anthropogenic emissions of both combustion aerosols and precursor gases. By introducing three classes of iron-containing
minerals into the detailed aerosol chemistry model, we provide a theoretical examination of the effects of different dissolution behaviors on the acid mobilization of iron. Comparisons of modeled Fe dissolution curves with the measured
dissolution rates for African, east Asian, and Australian dust
samples show overall good agreement under acidic conditions. The improved treatment of Fe in mineral dust and its
dissolution scheme results in reasonable predictive capability for iron solubility over the oceans in the Northern Hemisphere. Our model results suggest that the improvement of
air quality projected in the future will lead to a decrease
of the filterable iron deposition from iron-containing mineral dust to the eastern North Pacific due to less acidification
in Asian dust, which is mainly associated with the reduction of nitrogen oxides (NOx ) emissions. These results could
have important implications for iron fertilization of phytoplankton growth, and highlight the necessity of improving
the process-based quantitative understanding of the response
of the chemical modification in iron-containing minerals to
environmental changes.

1

Introduction

Bioavailable iron (Fe) is an essential nutrient for primary
production in marine ecosystems. Mineral dust and combustion aerosols are a key external source of bioavailable iron to
surface waters in open oceans (Raiswell and Canfield, 2012;
Schulz et al., 2012). Modeling studies have examined the impact of land-use change, climate change and CO2 increases
on future dust deposition, but future impacts of environmental changes in air quality on bioavailable iron inputs to oceans
have not been considered (Mahowald et al., 2009). The coatings of dust with soluble materials (e.g., sulfate and nitrate)
may enhance their dry and wet scavenging over polluted areas and thus reduce the deposition of iron to the remote
oceans (e.g., Fan et al., 2004). Therefore, the reduction of
air pollutant gases may decrease the deposition of iron over
polluted areas and thus increase its deposition over the remote oceans. More importantly, the response of bioavailable
iron deposition to environmental changes is not well understood. The measurements for potentially bioavailable iron are
commonly made following filtration through 0.2 or 0.45 µm
filters. We use the term “filterable” iron here for potentially
bioavailable iron in all sizes of mineral dust passing the filters in order to emphasize that this fraction includes ferrihydrite colloids, nanoparticles and aqueous species (Raiswell
and Canfield, 2012). Studies using “ultrafiltration” in addition to a membrane pore diameter of ≈ 0.025 µm are assumed to measure dissolved iron only (Deguillaume et al.,
2005). With decreasing crystal sizes, the dissolved iron fraction (i.e., the fraction of total aerosol iron that passes through
0.025 µm filters) of iron oxides increases and can approach

Published by Copernicus Publications on behalf of the European Geosciences Union.

3442

A. Ito and L. Xu: Atmospheric filterable iron deposition to the oceans

the dissolved iron fraction of ferrihydrite (Kraemer, 2004).
In this manuscript we use the terms iron solubility for the filterable iron case and dissolved iron fraction for the dissolved
iron case. Large uncertainties in the aerosol iron solubility
(i.e., the fraction of total aerosol iron that passes through 0.2
or 0.45 µm filters) hamper accurate simulations of the effects
of changes in iron deposition on marine productivity and climate (Mahowald, 2011).
Higher iron solubility is often observed for iron-containing
aerosols at lower loading than dust aerosols near the source
regions (Chen and Siefert, 2004; Baker and Jickells, 2006;
Sholkovitz et al., 2012). Two prominent hypotheses, which
we explore to explain the enhanced iron solubility, are atmospheric processing and source composition (Mahowald et al.,
2009; Baker and Croot, 2010). Zhuang et al. (1992) have proposed that a strong acidity in aerosols can eventually lead to
the production of bioavailable iron from mineral dust. Global
transport models have used a parameterization of the Fe dissolution rate in dust to fit the observations of iron solubility (Hand et al., 2004; Fan et al., 2006; Han et al., 2012). A
chemical transport model that implemented an explicit iron
dissolution scheme of hematite in dust aerosols suggests that
doubling SO2 emissions can induce a significant increase in
acid mobilization of iron and deposition to the remote Pacific
(13 % on average) (Meskhidze et al., 2005; Solmon et al.,
2009). In our atmospheric chemistry transport model simulations, the inclusion of the alkaline minerals (e.g., CaCO3 and
MgCO3 ) in aqueous chemistry substantially limits the iron
dissolution of hematite in dust aerosols during the long-range
transport to the North Pacific Ocean (Ito and Feng, 2010).
These model simulations might highlight the importance of
atmospheric processing of iron-containing aerosols emitted
from soils, but responses of iron mobilization to changes in
anthropogenic emissions largely remain uncertain.
Iron-bearing minerals include crystalline iron oxides (e.g.,
hematite and goethite), clay minerals (e.g., illite, kaolinite,
and smectite), ferrihydrite, and other poorly crystalline iron
phases (Shi et al., 2012). Here, we use iron oxides as a general term for the various iron oxide, iron oxyhydroxide and
amorphous iron hydroxide phases. The dissolution of iron
under acidic conditions from soils and dusts occurs in two
distinct stages over timescales of hours and weeks (Desboeufs et al., 1999; Mackie et al., 2005; Cwiertny et al., 2008;
Shi et al., 2011a). Accordingly, iron in dust can be partitioned into three classes broadly defined in terms of dissolution rates: readily released, slowly released and refractory.
Since the fractions of readily and slowly released iron in dust
aerosols may differ among different source regions, understanding the extent to which dissolution of iron from these
different regions occurs would better inform predictions of
the supply of bioavailable iron to the ocean (Mackie et al.,
2005; Shi et al., 2011a).
Model studies have applied different dissolution rates of
minerals, different concentrations of minerals, and different
contents of Fe in minerals to estimate the amount of iron
Atmos. Chem. Phys., 14, 3441–3459, 2014

dissolved from different types of minerals (i.e., hematite, illite and smectite) (Ito and Feng, 2010; Johnson et al., 2010;
Ito, 2012). However, the calculated Fe dissolution rates are
much slower than those obtained from the laboratory experiments for different dust source samples (Mackie et al., 2005;
Shi et al., 2011a). In addition to the variables considered in
the models, diverse mineral source materials, different acid
types, and photochemical reactions affect Fe dissolution rates
(Cwiertny et al., 2008; Journet et al., 2008; Fu et al., 2010).
The faster dissolution of iron in the laboratory experiments
may be associated with iron nanoparticulate (< 0.1 µm) and
poorly crystalline iron oxides on aluminosilicate particles
(Shi et al., 2011a; Raiswell and Canfield, 2012). The dissolution of iron oxyhydroxide, goethite (α-FeOOH), depends
critically on the size of the particles and type of acids (Rubasinghege et al., 2010). The differences in Fe dissolution of
different sizes of hematite nanoparticle aggregates can be ascribed to differences in the fraction of aggregate surface area
that is reactive (Lanzl et al., 2012). The solubility of iron
oxides is also enhanced by the formation of soluble Fe complexes in high concentrations of oxalate in solution (Pehkonen et al., 1993; Xu and Gao, 2008; Cwiertny et al., 2009;
Paris et al., 2011; Lanzl et al., 2012). If the oxalate-promoted
iron dissolution scheme is applied to mineral aerosols, the effect of organic acids on iron dissolution could be a potentially
important process to be considered in global models (Luo
et al., 2005; Luo and Gao, 2010; Johnson and Meskhidze,
2013). If the oxalate significantly promotes the iron dissolution, high iron solubility would be observed during high oxalate concentration. However, it is inherently difficult to substantiate the causation based on filed measurements, because
high oxalate concentration and iron solubility are likely associated with anthropogenic emission sources (Takahashi et al.,
2013; Wozniak et al. 2013). Besides acid mobilization in the
aqueous phase, enhanced dissolution of iron oxides in ice is
proposed as a pathway of bioavailable iron production (Kim
et al., 2010; Jeong et al., 2012). However, analysis of snow
samples collected in Japan suggested relatively low iron solubility of Asian dust (0.20–0.57 %) (Ooki et al., 2009). Atmospheric chemical transport models are useful to understand
the effect of each factor involved in the dissolution process
and to validate the laboratory results for their applications
under ambient atmospheric conditions.
The initial composition of the aerosol materials can be a
critical control on the observed high iron solubility, especially when considering the combustion aerosols (Chuang et
al., 2005; Sedwick et al., 2007). The emission of aerosols
from combustion processes could be the most important contributor to the elevated iron solubility values observed at
low aerosol iron loadings over the oceans (Sholkovitz et al.,
2012). Analysis of single iron-containing particles combined
with bulk iron solubility measurements sampled from a variety of emission sources and urban sites showed a positive
relationship between iron solubility and the sulfur content
(Oakes et al., 2012). Iron in oil fly ash is mainly present
www.atmos-chem-phys.net/14/3441/2014/
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as ferric sulfate salt (Fe2 (SO4 )3 q 9(H2 O)) and nanoparticles,
and thus is highly soluble (Schroth et al., 2009; Fu et al.,
2012). These species might be formed via high-temperature
combustion followed by a sulfuric acid condensation before
filtration (Sippula et al., 2009). Fly ash could be emitted with
a large amount of acidic pollutants and thus mobilized due to
acidification. Since the plume chemistry for the co-emitted
species is a sub-grid-scale phenomenon in our coarse-scale
model, we simply prescribed the Fe solubility for each combustion aerosol (i.e., oil fly ash, coal fly ash, and biomass
burning aerosols) when it is emitted (Ito and Feng, 2010;
Ito, 2012, 2013). Previous global model studies have demonstrated that the contributions of combustion aerosols to filterable Fe deposition are highly sensitive to uncertainties
in iron solubility (Luo et al., 2008; Ito, 2012). Our atmospheric chemistry transport model suggested that oil combustion from shipping mainly contributed to high iron solubility (> 10 %) at low iron loading (< 100 ng m−3 ) over open
oceans, rather than the other combustion sources from continental industrialized regions (Ito, 2013). The model results
further suggested that shipping in 2100 contribute 30–60 %
of the filterable iron deposition over the high-latitude North
Atlantic and North Pacific (Ito, 2013).
Here, we use the global chemical transport model to investigate the effect of changes in anthropogenic sources of
combustion aerosols and precursor gases on filterable iron
input to the oceans. In previous studies, we used the model
to investigate several factors associated with uncertainties in
future projections of the filterable iron deposition from variations in the dust alkalinity (Ito and Feng, 2010), the intensity of forest fires (Ito, 2011), the iron solubility in biomass
burning aerosols (Ito, 2012), the dust size distribution (Ito et
al., 2012), and the iron solubility of fossil fuel combustion
aerosols (Ito, 2013). Determination of iron dissolution for
different types of minerals requires two key parameters of
Fe dissolution rate and mineral concentration. We examine
Fe dissolution rates for the readily released iron in dust under acidic conditions that are 1–2 orders of magnitude larger
than those for more crystalline and larger-size iron oxides,
based mainly on the laboratory experiments for specific mineral samples (Journet et al., 2008; Shi et al., 2011b) and for
soil and dust samples (Mackie et al., 2005; Shi et al., 2011a).
Here, the readily released iron is defined as rapidly released
iron from mineral dust under highly acidic condition and may
be associated with aggregates of iron nanoparticulate and
poorly crystalline iron oxides. We use both an updated version of the chemical transport model (Xu and Penner, 2012)
and a mineralogical database (Nickovic et al., 2012). To assess model assumptions for iron dissolution, the calculated
iron solubility is evaluated against a compilation of measurements from cruise ships over the oceans in the Northern
Hemisphere (Chen and Siefert, 2004; Baker et al., 2006a, b;
Buck et al., 2006, 2010; Sedwick et al., 2007; Aguilar-Islas
et al., 2010; Hsu et al., 2010; Witt et al., 2010; Sholkovitz et
al., 2012). The model provides the filterable iron supply from
www.atmos-chem-phys.net/14/3441/2014/
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dust sources to the oceans in association with future changes
in air quality based on the Intergovernmental Panel on Climate Change (IPCC) Representative Concentration Pathway
(RCP) 4.5 emission scenario (Thomson et al., 2011). Section 2 describes the modeling methods and the numerical experiments that were performed. The sensitivity of iron solubility and filterable iron deposition in different simulations as
well as comparisons of the model with observations of iron
solubility are conducted in the Sect. 3 followed by the summary of our findings in the Sect. 4.
2
2.1

Model approach
Model description

The global chemical transport model used in this study is
a version of the Integrated Massively Parallel Atmospheric
Chemical Transport (IMPACT) model that includes aerosol
chemistry (Rotman et al., 2004; Liu et al., 2005; Feng and
Penner, 2007; Ito and Feng, 2010; Ito, 2011, 2012, 2013;
Ito et al., 2012; Xu and Penner, 2012). The model simulates the emissions, chemistry, transport, and deposition of
major aerosol species, including mineral dust, black carbon,
particulate organic matter, particulate inorganic matter, sulfate, nitrate, ammonium and sea salt aerosols, and their precursor gases. The model is driven by assimilated meteorological fields from the Goddard Earth Observation System
(GEOS) of the NASA Global Modeling and Assimilation
Office (GMAO). The GEOS-5 meteorological fields have
been archived with a 6 h temporal resolution (3 h for surface
quantities and mixing depths) on a horizontal resolution of
0.5◦ × 0.666◦ with 72 vertical layers. Simulations have been
performed at a horizontal resolution of 2.0◦ × 2.5◦ with 59
vertical layers from December 2003 to December 2004. We
analyzed the simulation results that used the meteorological
fields for the year 2004.
In our standard model (Experiment 1), the filterable Fe
concentration in aerosols depends on the source material
(i.e., soil or fly ash), mineralogy (e.g., hematite, illite and
smectite), and acidity of mineral dust. The emission data
sets for combustion-generated iron such as those from fossil fuel combustion and biomass burning are taken from the
emission inventory described by Ito (2013). We use the arithmetic mean of the Fe content in combustion aerosol particles
(Ito and Feng, 2010). The net emission factors of iron for
each category of fossil fuel use are listed in Tables 1 and 2
of Ito (2013). We prescribe iron solubility in oil combustion aerosols (79 %) (Schroth et al., 2009), coal combustion
aerosols (11 %) (Desboeufs et al., 2005; Chen et al., 2012),
and biomass burning aerosols (18 %) (Bowie et al., 2009).
Iron loadings as well as the filterable iron loadings of fossil fuel combustion aerosols are constrained in our model by
observations (Ito, 2013).
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Emissions of dust are calculated online, based on the surface wind speed and soil wetness from the GEOS-5 meteorological fields (Ito et al., 2012). The size-resolved dust
emission scheme is based on that developed by Ginoux et
al. (2001) and is revised using the size distribution at emission of Kok (2011). Mineral dust and sea salt aerosols are
predicted in four size bins (radius: < 0.63, 0.63–1.25, 1.25–
2.5, and 2.5–10 µm). Carbonaceous aerosols are composed
of black carbon and organic matter, while inorganic matter
(e.g., iron) from combustion sources is treated as a separate
tracer (Ito and Feng, 2010). An online sulfur model is applied
to predict the concentrations of sulfur dioxide (SO2 ), sulfate aerosol (SO2−
4 ) for the nucleation (radius < 0.05 µm) and
accumulation (radius > 0.05 µm) modes, hydrogen peroxide
(H2 O2 ), and dimethyl sulfide (DMS) (Liu et al., 2005). Sulfate may also become coated on other aerosol types by condensation, coagulation, and through the formation of sulfate
in drops (Herzog et al., 2004). An online nitrogen chemistry
model is applied to predict the concentrations of NOx (≡ NO
+ NO2 ), NO3 , N2 O5 , and HNO3 (Feng and Penner, 2007).
Aerosol pH is calculated from the internal particle composition (H+ and H2 O) for each size bin by the thermodynamic
equilibrium module (Jacobson, 1999). Activity coefficients
correct for the deviation from ideal behavior of a solution.
The thermodynamic equilibrium module includes interactive
computation of mean mixed activity coefficients. The activity of ion pair with hydrogen ions is considered in solving
each equilibrium equation.
2.2

Aging process of mineral dust and combustion
aerosols

The chemical composition of mineral dust and combustiongenerated aerosols can change dynamically from that in the
originally emitted aerosols due to reactions with gaseous
species. A number of revisions to the chemistry from our
previous version (Ito, 2013) were made for the present study.
Here, five types of aerosols (i.e., dust, sulfate, carbonaceous
aerosols from fossil fuel combustion, carbonaceous aerosols
from biomass burning, and sea salt) were assumed to be
externally mixed in each size bin for the computation of
aerosol chemistry, while nitrate and ammonium were internally mixed within each aerosol type (Xu and Penner, 2012).
The simulation of externally mixed aerosols is important because the gas-phase precursors are allowed to be separately
taken up by the urban-derived pollution particles, thus limiting the formation of sulfate, ammonium and nitrate on dust
particles (Song et al., 2007). The dynamic aerosol treatment
for sulfate aerosol and its interaction with non-sulfate aerosol
components follows that developed by Herzog et al. (2004).
The surface coating of sulfate on dust, combustion-generated
aerosols and sea salt occurs as a result of the condensation
of sulfuric acid gas on their surfaces, coagulation with pure
sulfate aerosol, and formation in aqueous reactions within
cloudy regions of the atmosphere (Liu et al., 2005). The hetAtmos. Chem. Phys., 14, 3441–3459, 2014

+
erogeneous uptake of nitrate (NO−
3 ) and ammonium (NH4 )
by each aerosol for each size bin is interactively simulated
in the model following a hybrid dynamical approach (Feng
and Penner, 2007). The thermodynamic equilibrium module
solves any number of aqueous–ion, aqueous–solid, ion–ion,
ion–solid, solid–solid, gas–solid, gas–aqueous, and gas–ion
equilibrium equations simultaneously for the fine mode (radius < 0.63 µm), while a dynamic method is adopted to calculate the mass transfer-limited aerosol concentrations in larger
particles (radius > 0.63 µm).
The aging of dust and combustion-generated aerosols from
hydrophobic to hydrophilic enhances their dry and wet deposition. Dry deposition of aerosol particles uses a resistancein-series parameterization following Zhang et al. (2001).
Gravitational settling is also taken into account. Hygroscopic
growth of mineral dust, combustion-generated aerosols and
sea salt uses the Gerber (1991) scheme, including the particle growth due to sulfate, ammonium and nitrate associated
with the particles (Liu et al., 2005; Xu and Penner, 2012).
Wet deposition scavenging parameterization is based on the
wet scavenging scheme described by Mari et al. (2000) and
Liu et al. (2001). Scavenging efficiencies for mineral dust
and combustion-generated aerosols are calculated based on
the amount of sulfate, ammonium and nitrate coated on the
particles (Liu et al., 2005; Xu and Penner, 2012).
The dust alkalinity depends on dust mineralogy, dust particle size, meteorological conditions, and transport pathway
of dust particles. Since volatile CO2−
3 in the alkaline carbonates (e.g., CaCO3 ) is replaced by less volatile NO−
3 and nonvolatile SO2−
,
the
pH
buffering
capacity
of
the
original
dust
4
particles is compromised during long-range transport (Song
et al., 2007). A comprehensive analysis of chemically aged
individual Asian dust particles suggests that the reactivity of
silicate particles to be mixed with nitrate, sulfate, and water
is enhanced by the presence of internally mixed CaCO3 as a
minor mineral (Song et al., 2013).

2.3

Mineral dust composition

Mineral dust is composed of variable amounts of clay minerals (e.g., illite, kaolinite, and smectite), carbonates (e.g.,
calcite), quartz, oxides (e.g., hematite), feldspars, and evaporite minerals (e.g., gypsum) (Claquin et al., 1999; Raiswell
and Canfield, 2012). Hereinafter, hematite and goethite are
referred to together using the common name HEM unless
otherwise specified (Claquin et al. 1999; Nickovic et al.,
2012). In atmospheric dust samples, clay minerals were often observed in the form of aggregates (Lafon et al., 2006).
The size-resolved composition (volume percent) of mineral
dust exhibited small compositional variations between different sizes (Kandler et al., 2007, 2009). An updated global
database of soil minerals (Nickovic et al., 2012) was used
to estimate the emissions of each mineral in dust aerosols
by multiplying the total dust emission by the effective mineral content for four size bins of dust carried by the model.
www.atmos-chem-phys.net/14/3441/2014/
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The database contains the mean mineral composition in clayand silt-sized soil particles as well as clay and silt fractions
in soils within each 1 km grid cell (Nickovic et al., 2012).
Clay- and silt-sized soil particles are particles with sizes less
than 2 µm and between 2 and 50 µm, respectively. The emitted effective mineral fractions were calculated as weighted
means with respect to the clay and silt contents in soils using a 1 km × 1 km grid. The data set was regridded to the
2.0◦ × 2.5◦ grid resolution. Following Nickovic et al. (2013),
the mean effective mineral fractions of clay and silt soil particles were uniformly assigned to all aerosol size bins for
dust aerosols. The dust size distribution at emission follows
the mass fractions of emitted soil particles in Kok (2011).
We use the same effective mineral fractions for all sizes of
aerosol particles, but these species (e.g., illite, smectite, calcite, hematite, and gypsum) are represented by specific tracers for each size bin. Since the dust pH is calculated for each
bin separately, the dissolution rates are different among different size bins of mineral dust.
The calculated HEM content in the emitted dust (0.6 %
for the percentage of Fe by weight) was significantly smaller
than the average value of the Fe content (3.5 %) in upper
crustal materials (Taylor and McLennan, 1985). The lower
HEM content derived from the charts of the mineralogical
composition of soil types may be associated with the extrapolation method of sparse data to large areas, its small content, and the difficulty in measuring the soil HEM content
(Claquin et al., 1999). HEM was assumed to be coated on the
particles, and its mineral content was extrapolated by the relationship between the HEM content and the redness in soils
(Torrent et al., 1983; Claquin et al., 1999). The X-ray diffraction (XRD) was used to quantify the soil HEM content (Torrent et al., 1983). However, the conventional XRD is often
not sensitive enough to detect iron oxides (Shi et al., 2012).
Electron-microscopy observations of dust particles show
that iron is present as iron oxide grains in and on silicate
particles as well as Fe-containing silicate (Formenti et al.,
2011). Iron-containing aluminosilicate particles can occur as
surface coatings (20 % by volume) but most likely as heterogeneous inclusions (Kandler et al., 2009). The heterogeneous
iron minerals associated with aluminosilicate particles might
be formed by the oxidation of iron-containing aluminosilicate in the crust (Deboudt et al., 2012). The size of these Fe
inclusions is typically about 100 nm (Deboudt et al., 2012),
which can penetrate filters (200 or 450 nm) when the mineral surface is dissolved. Cloud processing of dust after acid
mobilization of iron might also form Fe nanoparticles of ferrihydrite (Shi et al., 2009). An increase in the fraction of total
Fe that is in the form of ferrihydrite has been observed during the transport of Asian dust from western China to eastern
China and Japan (Takahashi et al., 2011). Keeping in mind
that the Fe content in clay minerals can be highly variable
(Shi et al., 2012), the values for the Fe content are taken from
the measurements by Journet et al. (2008): 11 % for smectite
(2.55–23 %), 4.0 % for illite (3.4–4.7 %), 0.24 % for kaolinwww.atmos-chem-phys.net/14/3441/2014/
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ite, and 0.34 % for feldspar (0.13–0.54 %). As a result, the
calculated mean value of the total Fe content in the emitted dust was 3.2 % by weight. The averaged Fe content in
dust precursors (2.8 ± 0.5 %) and dust aerosols (2.9 ± 0.4 %)
is in good agreement with that of measurements (Lafon et
al., 2004, 2006; Formenti et al., 2008; Lazaro et al., 2008;
Shi et al., 2009, 2011a, b) (Table 1). Most iron is associated
with aluminosilicates of smectite (48 %) and illite (29 %),
rather than HEM (20 %). On a global average basis, 23 %
of iron (i.e., sum of the HEM and readily released Fe) in total iron content is associated with iron oxides on mineral dust
(i.e., free iron), which can be extracted by chemical reagents
(Mehra and Jackson, 1960; Lafon et al., 2004). Note that free
iron includes ferrihydrite, hematite and goethite on the mineral surface. The removal treatment of amorphous coatings
and crystals of free iron oxides has almost no destructive effect on iron silicate clay minerals (Mehra and Jackson, 1960).
Thus the remaining iron may include iron in the crystal lattice of silicates or iron oxides in clay that is not measured
as free iron on clay (Karickhoff and Bailey, 1973; Deboudt
et al., 2012). The larger fraction of free iron in total iron
could be linked to the lower potential iron solubility (Shi
et al., 2011b). The averaged ratio of free iron (i.e., sum of
the HEM and readily released Fe on mineral dust) to total
iron (44 ± 25 %) for dust precursors and local aerosols is in
good agreement with that of measurements (44 ± 19 %) (Lafon et al., 2004, 2006; Shi et al., 2011b). Thus we associate
the HEM in the inventory with a crystalline and micrometersized iron oxide, and use the term “micro-HEM” to refer to
these particles hereinafter.
2.4

Iron dissolution scheme

Iron dissolution in dust aerosols due to atmospheric chemical
processing is calculated from an online simulation of aerosolphase chemistry (Ito and Feng, 2010; Ito, 2012). The iron dissolution is treated explicitly as a kinetic process depending
on the pH, the mineral composition of iron-containing soils,
the reactivity of iron species, the ambient temperature, and
the degree of solution saturation. For dust aerosols, the rate
of Fe dissolution (RFei ) in mineral i (moles of filterable iron
per gram of dust per second) can be empirically described by
the following Eq. (Lasaga et al., 1994):
RFei = N Fei × Ki (T ) × a(H + )mi × fi × Ai × Wi ,

(1)

where NFei is the stoichiometric number of moles of Fe per
mole of mineral i, Ki is the temperature (T )-dependent reaction coefficient (moles m−2 s−1 ) for mineral i, a(H+ ) is the
H+ activity, mi is the reaction order with respect to aqueousphase protons, fi accounts for the effect of the solution saturation state on the dissolution rate (Cama et al., 1999), Ai
is the specific surface area of the mineral in units of m2 g−1 ,
and Wi is the weight fraction of mineral i in the total dust in
units of grams of mineral per gram of dust. The function fi
Atmos. Chem. Phys., 14, 3441–3459, 2014
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Table 1. Iron oxide content in dust precursors and dust aerosols.
Data

FeA/FeT(%)1

(FeA + FeD)/FeT(%)2

FeT(%)3

1.7 ± 2.1 (N = 10)6
2.4 ± 1.1 (N = 10)6

44 ± 19 (N = 14)6
44 ± 25 (N = 14)6

3.7 ± 2.2 (N = 14)6
2.8 ± 0.5 (N = 14)6

1.7 ± 0.8 (N = 3)6
2.8 ± 0.3 (N = 3)6

44 ± 12 (N = 9)6
25 ± 6 (N = 9)6

3.8 ± 1.0 (N = 6)6
2.9 ± 0.4 (N = 6)6

Dust precursors
Measurements4
Model
Dust aerosols
Measurements5
Model

1 Ratio of the readily released Fe (FeA) to total iron (FeT).
2 Ratio of free iron (FeD) to total iron. Free iron includes ferrihydrite, hematite and goethite on the mineral surface.
3 Total Fe content in the dust.
4 Measurements for dust precursors and local aerosols (Lafon et al., 2004, 2006; Shi et al., 2011b).
5 Measurements for nonlocal aerosol, dry and wet deposition (Lafon et al., 2004, 2006; Formenti et al., 2008; Lazaro et

al., 2008; Shi et al., 2009, 2011a).
6 The parentheses represent the number of data points (N ).

is given by
fi = 1 − Qi /Keqi ,

(2)

in which Qi is the dissolution activity quotient estimated at
each time step and Keqi is the equilibrium constant measured. The net dissolution rate under acidic conditions in
Eq. (1) can be combined with Eq. (2) (0 ≤ fi ≤ 1) and simplified for Fe species, j , by the following equation:
−nj

RFej = kj × (1 − (aFe3+ × aH+ )/Keqj ),

(3)

in which kj is the “far-from-equilibrium” (i.e., fj = 1) dissolution rate (moles g−1 s−1 ), aFe3+ is the concentration of
Fe(III) in aerosol water (mol L−1 ), and nj is the stoichiometric ratio.
Results of laboratory experiments for the release of Fe
with time showed that the rate of Fe released increases significantly with decreasing pH from 4 to 1 (Desboeufs et
al., 1999; Mackie et al., 2005, 2006; Cwiertny et al., 2008;
Shi et al., 2011a). The rate is independent of pH for extremely acidic solutions (pH < 1) (Mackie et al., 2006). Thus
we set pH = 1 for the calculation of Fe dissolution rates when
pH < 1. Here we hypothesize that the observed pH dependence in the mineral aerosol dissolution data can be captured
by different dissolution behaviors between different mineral
properties. The faster reacting iron oxides (e.g., ferrihydrite
and nanoparticulate) on aluminosilicate dissolve rapidly under highly acidic conditions (pH < 2), while clay minerals
slowly release iron nanoparticulate via the formation of a
leached layer (Mackie et al., 2006; Journet et al., 2008; Shi
et al., 2011a). The rest of iron is refractory iron. Thus three
types of iron are distinguished in our model (Table 2):
1. Readily released Fe (e.g., ferrihydrite and nano-HEM
aggregates on aluminosilicates): we assume two different Fe species of ferrihydrite and nano-HEM aggregates on illite and smectite, respectively, to emulate
Atmos. Chem. Phys., 14, 3441–3459, 2014

the dissolution curves of the “fast” and “intermediate”
Fe pools in Shi et al. (2011a) (Fig. 1 and Table 3).
We estimate the reaction coefficient of the ferrihydrite
(nano-HEM) aggregates on illite (smectite) to reach
1.2 % (0.3 %) fractional iron solubility after 1 h at
pH = 2 (Journet et al., 2008). The temperature dependence of Ki (T ) follows the Arrehenius Eq. (Lasaga
et al., 1994). The activation energy for the dissolution of iron oxides is used (76 kJ mol−1 ) (Meskhidze et
al., 2005). A first-order dependence on pH for protonpromoted dissolution of hematite nanoparticle aggregates (i.e., m = 1.0) is used for iron oxides (i.e., ferrihydrite, nano-HEM and micro-HEM) (Lanzl et al.,
2012). The equilibrium solubility of ferrihydrite and
nano-hematite is obtained from the laboratory measurements (Bonneville et al., 2004). Since there is a
lack of data for specific iron species in the mineralogical map, the fraction of total iron that is readily released iron at acidic pH is set to the potential
Fe solubility associated with illite (2.7 %) and smectite (5.0 %) (Shi et al., 2011b), keeping in mind that
these values can be highly variable (Shi et al., 2012).
To represent water-soluble iron in soils, we prescribe
the readily released iron attached on kaolinite (i.e., iron
solubility at 4.3 %) and feldspar (i.e., iron solubility at
3.0 %) where Fe is in the form of impurities (Journet et
al., 2008). The ratio of the sum of the readily released
iron to total iron in dust precursors (2.4 ± 1.1 %) is in
good agreement with the measurements (1.7 ± 2.1 %)
(Shi et al., 2011b).
2. Slowly released Fe (e.g., heterogeneous inclusion of
iron in aluminosilicates): although Fe can be present
inside dust particles as a substitution element in the
crystalline lattice of aluminosilicate, a high proportion
(62 % by number of particles) of iron-containing aluminosilicate particles are observed to be an internal
www.atmos-chem-phys.net/14/3441/2014/
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Table 2. Global iron emission (Fe Tg yr−1 ) estimated for different types of iron-containing mineral dust.
Type of Fe

Type of mineral

Fe emission

Readily released Fe
Slowly released Fe
Refractory Fe

Illite, smectite, kaolinite, feldspars
Illite, smectite
HEM, kaolinite, feldspars

3 (3 %)∗
60 (77 %)∗
17 (22 %)∗

Total Fe

78

∗ The parentheses represent the percentage of each type of Fe to total Fe.

mixture of aluminosilicate with iron oxide grains
(Deboudt et al., 2012). We applied each dissolution rate of minerals, each effective mineral content, and each content of Fe in minerals to estimate
the amount of iron released from each type of illite and smectite (Ito and Feng, 2010; Ito, 2012).
The parameters used to calculate dissolution rates
of illite (K0.6 Mg0.25 Al2.3 Si3.5 O10 (OH)2 ) and smectite
(Na0.6 Al1.4 Mg0.6 Si4 O10 (OH)2 ) are listed in Table 1 of
Ito (2012). Here, most iron in illite (97 %) and smectite (95 %) is assigned to slowly released iron, since the
dissolution of iron associated with illite and smectite
is generally slow in the model. Although precipitation
of secondary phases could decrease clay mineral dissolution rates in some systems (e.g., extremely acidic
(pH < 1), near-neutral, and alkaline solutions), this process is likely negligible under the acidic conditions
(Köhler et al., 2005). We assume that iron can be released from clay minerals in the form of filterable iron
(< 200 or 450 nm in solution), when the mineral surface is dissolved (Ito and Feng, 2010; Ito, 2012). The
dissolution curves of the slowly released Fe are consistent with the laboratory experiments for the “slow”
Fe pool during a typical aerosol lifetime (Shi et al.,
2011a) (Fig. 1). Note that the lifetime of dust aerosols
is between 2 and 7 days for most models (Huneeus et
al., 2011).
3. Refractory Fe (e.g., crystalline and micrometer-sized
iron oxides): a high proton (H+ ) concentration is required to destabilize the strong Fe–O lattice bonds.
Iron in the crystalline and micrometer-sized HEM can
be slowly released over geological timescales, which
are much longer than the times over which aerosols
are exposed to highly acidic conditions. A previous
study treated hematite dissolution as a three-stage kinetic process (Meskhidze et al., 2003), depending on
the total amount of the hematite dissolved. We have
applied this iron dissolution scheme to the major iron
oxides in our previous version (Ito and Feng, 2010).
Here, we set the rate constant to 1.8 × 10−11 × exp
[9200(1/298–1/T )] (moles m−2 s−1 ), which is the
fastest stage of hematite dissolution among the three
stages (Meskhidze et al., 2003). It takes about 1 h
www.atmos-chem-phys.net/14/3441/2014/

at pH = 2 to reach 0.01 % fractional iron solubility,
which is consistent with the operationally defined mass
fraction of filterable iron from the laboratory measurements (Journet et al., 2008). The specific surface
area of 9 m−2 g−1 for the commercial hematite sample (Journet et al., 2008) is consistent with that for
the microhematite (9.14 m−2 g−1 ) made in the laboratory (Shi et al., 2011b). Thus we apply this scheme to
the micro-HEM and regard it as refractory iron in total
iron, because its dissolution rate is very slow under atmospherically relevant pH conditions. Kaolinites contain Fe oxides as impurities (Mermut and Cano, 2001).
Most iron in kaolinite (96 %) and feldspar (97 %) is assigned to refractory iron.
In summary, our iron mobilization scheme successfully emulates the iron dissolution kinetics of mineral dust under the
acidic conditions. The dissolution curves used in our standard simulations (red in Fig. 1) are in good agreement with
the measured dissolution rates (black in Fig. 1) at pH = 2 and
pH = 3, and initially for pH = 1. Although the model estimate deviates from the measurement after several hours at
pH = 1, this pH condition is very rare for mineral dust in
the atmosphere, because alkaline gases and carbonate minerals neutralize the acidic species in most cases. Iron at the
initial condition is primarily insoluble iron. The amount of
water-soluble Fe (< 0.1 % in total Fe by weight) is set by the
readily released iron content of kaolinite and feldspar in dust
at emissions. Iron is rapidly released from ferrihydrite and
nano-HEM aggregates on illite and smectite under acidic pH
until the system reaches equilibrium with respect to iron in
the ferric form. As the acidity decreases from pH = 2 (red in
Fig. 1b and e) to pH = 3 (red in Fig. 1c and d), the Fe dissolution rate for iron oxides is reduced due to the saturation
effect of Fe3+ in solution on the net dissolution rate in addition to slower far-from-equilibrium dissolution rate due to
weaker protonation onto the surface of iron oxides (Eq. 3).
After the initial rapid releases, the subsequent release of iron
to solution occurs more slowly via dissolution of the clay
mineral surface, which is consistent with that for Australian
dust (Mackie et al., 2005, 2006). If the slowly released iron
(77 % of the total Fe by weight on a global mean basis) is
completely released to solution from the mineral dust, the release of iron effectively ceases, leaving only refractory iron
Atmos. Chem. Phys., 14, 3441–3459, 2014
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Fig. 1. Comparison of filterable Fe molar concentration per mass
concentration of dust in solution (µmol g−1 ) predicted from rate
constants used in this study and the measured dissolution rates for
African dust samples at (a) pH = 1, (b) pH = 2 and (c) pH = 3, and
for Asian dust samples at (d) pH = 1, (e) pH = 2 and (f) pH = 3.
The red curves are calculated using Eq. (1) at each hour. The mineral composition in the dust source regions is calculated from the
effective mineral map. The black curve is calculated using the fitting curve to the measured data (Shi et al., 2011a) at each hour. No
measurement is available for African dust at pH = 3.

(22 % of the total Fe by weight) in and on dust particles. The
slowly released iron is mainly composed of iron oxides in
fine-grained materials internally mixed with aluminosilicate
particles at emission (Deboudt et al., 2012).
In Fig. 2, we compare the modeled Fe dissolution rate from
Australian dust under acidic condition (pH = 2.15) with the
measurement by Mackie et al. (2005). Overall, the Fe dissolution rate is in good agreement with that for Australian dust
at diluted conditions (< 20 mg L−1 ) where amount of Fe release was related only to the time of extraction (Mackie et al.,
2005). The overestimate in iron solubility after 3 h may result
from the lack of spatial variability of the mineral speciation
of specific iron compounds in the iron map.
2.5

Sensitivity experiments

In the model each type of Fe is assigned separate tracers
to analyze the effect of each component on iron and filterable iron deposition. After the standard simulation (Experiment 1), dust aerosol was separately treated from the sum
of dust and combustion aerosols to isolate the effect of dust
on estimates of iron and filterable iron deposition in Experiment 2 and Experiment 3 (Table 4). Further, the readily released Fe was separately treated from the sum of readily released, slowly released and refractory Fe to isolate the effect
of the readily released Fe on estimates of iron solubility and
filterable iron deposition in Experiment 3. This experiment
used iron concentrations as in Experiment 2, but used filterable iron from readily released Fe only.

Atmos. Chem. Phys., 14, 3441–3459, 2014

Fig. 2. Comparison of Fe solubility (%) predicted from rate constants used in this study and the measured dissolution rates for
Australian dust samples at pH = 2.15. The red curve is calculated
using Eq. (1) at each hour. The mineral composition of the dust
aerosol near Buronga, in the Mallee region of southwest New South
Wales and northwest Victoria, Australia, in March is taken from
the model estimates using the mineralogical map. The black curve
for [dust] = 20.2 mg L−1 is calculated using the fitting curve to the
measured data (Mackie et al., 2005) at each one hour. The initial
Fe solubility of 1 % probably represents Fe released during the 24 h
equilibration in distilled-deionised water at pH ≈ 4.5 (Mackie et al.,
2005).

To estimate the response of filterable iron deposition
to improvement of air quality projected in the future, we
used the anthropogenic emissions of the primary sources
of combustion-generated aerosols and precursor gases (SO2 ,
NO2 , and NH3 ) for 2100 together with each case of experiment for iron-containing mineral aerosols (Table 5). Specifically, we examine the sensitivity of dust deposition to scavenging efficiencies. Moreover, we examine the sensitivity of
Fe solubility to dust acidification. The IPCC emission scenario RCP4.5 prescribes that pollution control levels increase
over time in all countries as a function of income (Thomson
et al., 2011). The ratios of the emissions from fossil fuel combustion in 2100 to those in 2000 were 0.19 for SO2 (Fig. S1a
in the Supplement), 0.43 for particulate organic matter, and
0.48 for black carbon in RCP4.5. The ratios of total emissions in 2100 to those in 2000 were 0.64 for NO2 (Fig. S1b
in the Supplement) and 1.1 for NH3 (Fig. S1c in the Supplement). The iron emissions from combustion sources are
assumed to change linearly with the emissions of carbonaceous aerosols from RCP4.5 for Scenario 1 (Ito, 2013). We
www.atmos-chem-phys.net/14/3441/2014/
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Table 3. Constants used to calculate iron dissolution rates for iron oxide aggregates on clay minerals.
NFe1j

Mineral

Fe species

Chemical form

Illite

Ferridydrite

Fe(OH)3

1

Smectite

Nano-HEM

Fe2 O3

2

Rate constant Kj (T )2
1.17 × 10−9 exp
[9.2 × 103 (1/298–1/T )]
8.78 × 10−10 exp
[9.2 × 103 (1/298–1/T )]

m3j

A4j

Keq5

n6j

W Fe7j

1

205

4.17 × 101

2.75

1.09 × 10−3

1

125

3.31 × 100

2.85

5.36 × 10−3

1 N Fe is the stoichiometric number of moles of Fe per mole of Fe species j .
j
2 K (T ) is the temperature-dependent reaction coefficient (moles m−2 s−1 ) for each Fe species aggregates on each mineral.
j
3 m is the reaction order with respect to aqueous-phase protons (Lanzl et al., 2012).
j
4 A is the specific surface area of Fe species in units of m2 g−1 (Bonneville et al., 2004).
j
5 K eq is the equilibrium constant (mol2 kg−2 ) (Bonneville et al., 2004).
6 n is the stoichiometric ratio (Bonneville et al., 2004).
j
7 W Fe is the weight fraction of the iron to mineral in units of g of iron (g of mineral)−1 (Journet et al., 2008; Shi et al., 2011b).
j

Table 4. Summary of iron emission sources used in sensitivity experiments.

Experiment 1
Experiment 2
Experiment 3

Dust∗

Combustion

All types
All types
Readily released Fe

All sources
Zero
Zero

Scenario 1
Scenario 2
Scenario 3

SO2

NO2

Other anthropogenic
sources

2100∗
2100∗
Present day

2100∗
Present day
2100∗

2100∗
Present day
Present day

∗ Iron-containing minerals include the readily released, slowly

∗ Future changes in anthropogenic emissions are based on RCP4.5 (Thomson et al.,

released, and refractory Fe, corresponding to those in Table 2.

2011).

also examined a sensitivity simulation in which only SO2
(NO2 ) emissions from fossil fuel combustion decreases by
2100, but other emissions were kept the same as those for
2000 in Scenario 2 (Scenario 3). The differences between the
present-day emissions and Scenario 2 (Scenario 3) can isolate the response of filterable iron deposition to SO2 (NO2 )
emission changes.
Future projections of dust deposition to the ocean are
largely uncertain (Mahowald et al., 2009). In our approach,
the effects of climate change, land-use change and CO2 increase on natural sources such as soil-derived dust and wild
fires are not taken into account. Thus present-day estimates
for mineral aerosols from arid and semiarid regions as well as
combustion aerosols from biomass burning are used together
with anthropogenic emission changes. Further research is
needed to improve our understanding of the processes that
alter dust and combustion-generated aerosol emissions due
to climate, land-use, and CO2 changes for future projections.
We also note that the changes in meteorological conditions
from 2000 to 2100 that could change aerosol chemistry and
deposition are not taken in account.
2.6

Table 5. Summary of emission scenarios used in sensitivity experiments.

Observational data set

To assess model assumptions for iron dissolution, the calculated iron solubility is evaluated against a compilation of
measurements from cruise ships over the oceans (Fig. 3). In
Fig. 3, the western and eastern North Pacific Ocean is highwww.atmos-chem-phys.net/14/3441/2014/

lighted for a comparison analysis (green and blue boxes, respectively). The daily average model results were calculated
from hourly output at the surface to compare with ambient measurements along the cruise tracks (Chen and Siefert,
2004; Baker et al., 2006a, b; Buck et al., 2006, 2010; Sedwick et al., 2007; Aguilar-Islas et al., 2010; Hsu et al., 2010;
Witt et al., 2010; Sholkovitz et al., 2012). A direct comparison of daily values between the global simulation and measurements from a variety of cruises is problematic. There are
significant differences in the periods of aerosol collection, in
the size segregation of the aerosol, and in the leaching solutions used to quantify an operationally defined mass concentration of filterable iron in the aerosol samples from different studies (Morton et al., 2013). The lack of consistency
in experimental design makes it difficult to compare the results of different researchers, but the combined data show
a consistent inverse relationship between the iron solubility and aerosol iron loading over the global scale that appears to dominate any effects due to methodological differences (Baker and Croot, 2010; Sholkovitz et al., 2012). If
mineral aerosols are subject to a strong modulation due to
the aging process that influences the overall iron solubility,
one would expect higher solubility for more polluted conditions, but with some variability associated with the chemical aging times, the ambient levels of acidic and alkaline
gases, the mineral source profiles (e.g., the reactivity of iron
species and its content), and the meteorological conditions
Atmos. Chem. Phys., 14, 3441–3459, 2014
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Fig. 3. The locations of ship cruises are represented using square
symbols in red over the oceans from 2001 to 2008 (Chen and
Siefert, 2004; Baker et al., 2006a, b; Buck et al., 2006, 2010; Sedwick et al., 2007; Aguilar-Islas et al., 2010; Hsu et al., 2010; Witt et
al., 2010; Sholkovitz et al., 2012). The delimited areas in green and
blue boxes are the western North Pacific (40–60◦ N, 140–185◦ E)
and the eastern North Pacific (40–60◦ N, 185–230◦ E), respectively,
and are used to calculate deposition estimates listed in Tables 6 and
7.

(e.g., temperature, humidity and pressure). Thus one way of
assessing the sensitivity of iron solubility to environmental
changes is to evaluate the variability in iron solubility under a variety of conditions. Here, we compare the model results to observations in the Northern Hemisphere only, because the amount of acidic trace gases may not be high
enough to promote mineral-iron dissolution in the Southern
Hemisphere (Johnson et al., 2010; Ito, 2012). Furthermore,
other solubility-enhancing processes (e.g., multiple cycles
of weathering, abrasion and uplift in the dust source region
along its pathway to the ocean) and sources (e.g., savanna
and forest fires) may be relatively more important for areas with low levels of atmospheric pollutants (Mackie et al.,
2008; Ito, 2011, 2012).
3
3.1

Results and discussion
Iron emission and deposition from dust

The total emission rate of global mineral dust (2480 Tg yr−1
from Exp5) is higher than that of the median (1123 Tg yr−1 )
used in other simulations (Huneeus et al., 2011), partly
due to different dust size distributions adopted in the emission mechanism (Ito et al., 2012). The geographical distribution of iron emission rates for readily released, slowly
released and refractory Fe is compared in Fig. 4a, b and
c. North Africa, the Middle East/central Asia, east Asia
and North America are the major dust source regions
(> 100 ng m−2 s−1 ) in the Northern Hemisphere (Fig. 4d).
The ratio of each type of Fe to total Fe generally shows little
variability between different source areas, compared to the
Atmos. Chem. Phys., 14, 3441–3459, 2014

Fig. 4. The ratio (%) of the iron emission rate of (a) readily released
Fe, (b) slowly released Fe, and (c) refractory Fe to the total Fe from
dust, and (d) the total iron emission rates (ng m−2 s−1 ) from dust
(Experiment 2).

differences in the ratios between different Fe types. Slowly
released Fe is the largest source of iron in iron-containing
minerals (Experiment 2), providing 77 % (by weight) of the
total iron from dust emissions, followed by refractory (22 %)
and readily released (3.2 %) (Table 2). Since we use the same
mineralogical map and similar content of total iron in different minerals as in Nickovic et al. (2013), the ratio of refractory to total Fe indicates a similar plot of the ratio of the
HEM content to total Fe as that in Nickovic et al. (2013). In
particular, there is a belt in the Sahel with rather high values
of the ratio (0.2–0.8) and in north Africa, parts of Algeria,
Libya and Egypt (0.2–0.4). These values can be compared to
the values in the remaining Saharan region (0.1–0.2).
The geographical distribution of iron deposition rates for
the different Fe sources of readily released, slowly released
and refractory Fe is compared in Fig. 5a, b and c. Asian dust
is transported by the prevailing westerly wind over industrialized regions, where air pollutants (e.g., SO2 , NO2 , and
NH3 ) are emitted, and then mainly deposited to the North
Pacific (0.1–5 ng m−2 s−1 ), while African dust is mostly deposited in the North Atlantic (0.1–20 ng m−2 s−1 ) (Fig. 5d).
Deposition of iron from dust over the remote oceans such as
the equatorial Pacific (< 0.1 ng m−2 s−1 ) is smaller than that
near the source regions. Our model results (Experiment 2)
indicate that the majority of iron is supplied to open oceans
from slowly released Fe (> 60 %) (Fig. 5b). The contributions
of iron from readily released Fe to the total deposition are
generally within 5 % (Fig. 5a).
3.2

Aerosol iron solubility

The histogram of the aerosol iron solubility is plotted on a
log10 scale for illustrative clarity in Fig. 6 for three model
www.atmos-chem-phys.net/14/3441/2014/
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Fig. 5. The ratio (%) of the iron deposition rate of (a) readily released Fe, (b) slowly released Fe, and (c) refractory Fe to the total
Fe from dust, and (d) the total iron deposition rate (ng m−2 s−1 )
from dust (Experiment 2).

experiments (red), together with the observations (black).
The number of data points, the mean bias in iron solubility
between the model results and observations, the root mean
square errors, and the ratio of the modeled and observed
standard deviation are also listed in Fig. 6. The observations show a wider variability in iron solubility under different conditions (Fig. 6a). Experiment 1 considers all types
of iron-containing minerals, including mineral dust and combustion aerosols (Fig. 6b). Experiment 2 (Fig. 6c) neglects
the Fe sources from the combustion aerosols which were included in Experiment 1. The main mechanisms leading to
higher iron solubility are the high iron solubility associated
with combustion aerosols and the acid mobilization of iron
associated with aluminosilicate particles. The former process
is able to produce high iron solubility at low iron loading.
Thus elevated iron solubility values (up to 78 %) are found
when the combustion aerosols are included (Experiment 1),
compared to the case that only includes dust (Experiment 2).
The latter process is able to release water-insoluble iron in
soils to solution in the form of ferrihydrite colloids, nanoparticles and aqueous species during the long-range transport.
As a result, the model results from Experiment 1 and Experiment 2 are quite successful in simulating the enhanced
iron solubility (1–10 %). The averaged iron solubility from
Experiment 2 (4 ± 2 %) is in good agreement with the observations (6 ± 8 %). These results indicate that iron associated with clay minerals can play an important role in controlling the iron solubility (0.1–10 %). Moreover, the significant
range in predicted iron solubility values (0.1–10 %) due to
atmospheric chemical processing will have a large impact on
the range of model-based estimates of filterable iron deposiwww.atmos-chem-phys.net/14/3441/2014/
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Fig. 6. Histogram (number of data points on vertical axis vs. iron
solubility on horizontal axis) for (a) observations (black) from 2001
to 2008 (Chen and Siefert, 2004; Baker et al., 2006a, b; Buck et al.,
2006, 2010; Sedwick et al., 2007; Aguilar-Islas et al., 2010; Hsu et
al., 2010; Witt et al., 2010; Sholkovitz et al., 2012) and for model
results (red) from (b) Experiment 1, (c) Experiment 2, and (d) Experiment 3 over the oceans in the Northern Hemisphere. The number of data points (N), the mean bias between the model results
and observations (Bias), the root mean square errors (RMSE) and
the ratio of the modeled and observed standard deviation (sigma)
are also shown. The daily average model results were calculated
from hourly output at the surface to compare the model with ambient measurements along the cruise tracks. Experiment 1 includes
all types of filterable Fe from combustion and dust sources. Experiment 2 (Experiment 3) includes all types of filterable Fe (readily
released Fe only) from dust only.

tion and its response to changes in anthropogenic emissions
of acidic trace gases.
Our sensitivity experiments in Experiment 2 (Fig. 6c) and
Experiment 3 (Fig. 6d) demonstrate the effect of readily released iron sources on the prediction of iron solubility. Experiment 2 considers that readily released, slowly released
and refractory Fe can exist in and on clay minerals (Table 3). Experiment 3 neglects the filterable Fe from slowly
released iron (and the refractory iron) that is included in Experiment 2. Our model results indicate that readily released
iron on mineral dust (Experiment 3) did not contribute to an
increase in Fe solubility (0.3 ± 0.3 %), compared to the additional inclusion of iron in aluminosilicates (Experiment 2),
which led to a better agreement with observations. These are
mainly because fi calculated for iron oxides (i.e., ferrihydrite, nano-HEM and micro-HEM) is close to zero in most
cases except over the heavily polluted regions. These results
suggest that the solution saturation effect in dust aerosol water can be a critical control on the observed enhancement in
Atmos. Chem. Phys., 14, 3441–3459, 2014
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iron solubility from arid soils when considering the Fe dissolution of iron oxides.
Although our standard model (Experiment 1) captures the
observations of iron solubility reasonably well, the contribution of readily released Fe could be conservative to some
extent, because our dissolution scheme is primarily based on
the laboratory experiments with no organic ligands. Paris et
al. (2011) examined the effect of oxalate on iron dissolution from dust surrogate samples collected from the Sahara.
Their results after 1 h at pH = 4.7 showed that the iron solubility increased from 0.0025 to 0.26 % when oxalate concentration was increased from 0 to 8 µM. The value of 0.26 %
due to oxalate-promoted Fe dissolution during cloud processes is generally smaller than the model-predicted values
in deposited mineral dust due to proton-promoted Fe dissolution in aerosol water (global average to the ocean is 2.8 %
in Fig. 7d), particularly in the Northern Hemisphere. Since
filterable iron includes iron in aqueous phase, colloids, and
nanoparticles in our model, whether iron in the forms of colloids and nanoparticles is transformed to iron-organics complexes (and thus dissolved iron) or not in cloud water will not
affect the calculated filterable iron deposition, if the readily
released Fe at emissions is a minor component in mineral
dust. We note that the value of 0.26 % at pH = 4.7 is larger
than the water-soluble Fe content at emission in our model
(global average at emission is 0.08 %), which is consistent
with iron solubility in agricultural soils (less than 0.1 % at
an extraction pH of 4.65) (Sillanpää, 1982). Thus the effect
of organic acid is potentially important in pristine regions
where inorganic acids concentrations are too low to promote
Fe dissolution from mineral dust particles but the organic
acids concentrations are high enough. Acknowledging that
our model prediction is not a complete picture, the chemical
form of iron in aerosol and cloud water for investigations of
photochemical reduction and ligand-promoted iron dissolution will be explored by using a multiphase process model
that predicts aqueous oxalate formation in a future version of
our model. Although the exchange of Fe between different
chemical forms in solution is not characterized specifically,
our simulations provide the first estimate of filterable iron
deposition in association with future changes in air quality.
3.3

Filterable iron deposition from dust

The geographical distribution of filterable iron deposition
rates for the different sources of readily released and slowly
released iron are compared in Fig. 7a and b. Refractory iron
is not shown in Fig. 7, because the filterable iron deposition
from refractory iron is negligible. Our model results (Experiment 2) indicate that Asian dust supplies less filterable iron
into the North Pacific (0.001–0.05 ng m−2 s−1 ) than does
African dust into the North Atlantic (0.01–1 ng m−2 s−1 )
(Fig. 7c). The spatial pattern of the ratio of the filterable iron
deposition of each type of Fe to the total deposition into the
oceans (Fig. 7a and b) mainly reflects the differences in their
Atmos. Chem. Phys., 14, 3441–3459, 2014

Fig. 7. The ratio (%) of the filterable iron deposition rate of (a)
readily released Fe and (b) slowly released Fe to the sum of readily and slowly released Fe, (c) total filterable iron deposition rate
(ng m−2 s−1 ) from dust (Experiment 2), and (d) ratio (%) of the
filterable iron deposition to total iron deposition from dust (Experiment 2).

Fe deposition rates (Fig. 5). However, the filterable iron deposition results in weaker regional gradients, with high fluxes
in the western North Pacific (0.01–0.05 ng m−2 s−1 ) and low
to the eastern North Pacific (0.001–0.01 ng m−2 s−1 ), which
reflect more filterable iron released from the dust as it travels
from the east Asian desert regions.
To quantify the importance of the atmospheric chemical transformation of iron in mineral aerosols, we show the
model-predicted (filterable Fe/total Fe) (%) deposited mineral dust (Fig. 7d). In general, Fe solubility values remain low
near the dust source regions but increase downwind as acidic
trace gases enhance iron mobilization. The high Fe solubility
values are predicted over the regions characterized by low
concentrations of dust and high amounts of anthropogenic
pollution in the Northern Hemisphere. On the other hand,
Fe solubility values remain low over regions in the Southern Hemisphere. Our iron solubility for mineral dust is generally higher than the dissolved Fe fraction for hematite in
dust aerosols predicted by Johnson and Meskhidze (2013),
which partly reflects the different definitions of potentially
bioavailable iron between filterable iron and dissolved iron.
Our modeled Fe solubility values are highly dependent on
the predicted pH of mineral aerosols (Fig. S2 in the Supplement). In our model, the aerosol pH in the coarse particles
(radius: 1.25–10 µm) is higher than that in the fine particles
(radius: < 1.25 µm).
The model results shown in Fig. 7 suggest that slowly released Fe minerals in smectite and illite provide the dominant source of the deposition of filterable iron to the oceans
(> 80 %), while readily released Fe contributes 4–20 % of the
www.atmos-chem-phys.net/14/3441/2014/
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filterable iron deposition to the Pacific downwind from Asian
dust source regions. The monthly averaged ratio of the sum
of the readily released iron and filterable iron from slowly
released iron to total iron (2.8 ± 0.3 %) in dust aerosols from
Experiment 2 is larger than the measurements for the dust
storm events (1.7 ± 0.8 %) (Shi et al., 2009, 2011a) (Table 1). On the other hand, the monthly averaged ratio of
free iron (i.e., sum of the readily released iron, macro-HEM,
and filterable iron from slowly released iron) to total iron
(25 ± 6 %) from Experiment 2 is significantly smaller than
that of measurements for nonlocal aerosol, dry and wet deposition (44 ± 12 %) (Lafon et al., 2004, 2006; Formenti et al.,
2008; Lazaro et al., 2008; Shi et al., 2009, 2011a). However,
the measurements of the dust storm particles from the desert
areas of northern China and parts of Mongolia indicated similar magnitudes of different ratios (i.e., 24 % for Beijing and
52 % for Zhenbaitai) (Lafon et al., 2004; Shi et al., 2011a).
Various factors can contribute to the differences and similarities for nonlocal aerosols. The main potential cause of difference in the ratio of free to total iron is due to the lack of specific Fe oxides, especially goethite, in the mineralogical map
(Lafon et al., 2004, 2006). More observations are needed to
improve our understanding of the emission and transformation processes of iron-containing mineral aerosols.
3.4

Sensitivity of deposition to emissions of air
pollutants

We compared the average deposition rate of iron and filterable iron from dust and combustion aerosols in Scenario 1
(Fig. 8a and 8b) to that for the present day (Experiment 1).
The spatial pattern of iron and filterable iron deposition rate
from the sum of dust and combustion sources to the oceans
in Scenario 1 (Fig. 8a and b) is similar to the pattern from
dust only (Fig. 5d and Fig. 7c). However, the filterable iron
deposition rate from dust and combustion sources (Experiment 1) into the the high-latitude North Atlantic and North
Pacific (0.01–0.05 ng m−2 s−1 ) is larger than that from dust
only (Experiment 2), which reflects higher iron solubility
(80 %) of the oil combustion aerosols (Ito, 2013). In order
to quantify the effects of the dust sources on the total input
of filterable Fe into the ocean, the deposition from dust is
compared to that from combustion aerosols (Table 6). The
model results indicate that the majority of iron is transported
from arid and semiarid regions to the subarctic North Pacific
(97–98 %), while a significant fraction of filterable iron is
supplied from combustion sources (29–54 %). Consequently,
the improvement of air quality projected in the future will
lead to a decrease of the total filterable iron deposition to
the western North Pacific from 5.2 to 4.7 Gg yr−1 (−10 %)
due to less acidification in Asian dust (Fig. S2 in the Supplement). At the same time, continuing growth in global shipping and no regulations regarding particle emissions over the
open ocean led to the increase of the total filterable iron dewww.atmos-chem-phys.net/14/3441/2014/
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Fig. 8. Annually averaged deposition rate (ng m−2 s−1 ) of (a) iron
(Fe) and (b) filterable iron from the sum of dust and combustion
aerosols in Scenario 1 (Experiment 1). Responses of (c) iron and (d)
filterable iron depositions to changes in all anthropogenic emissions
(i.e., combustion-generated iron, carbonaceous aerosols, SO2 , NO2
and NH3 ) from 2000 to 2100 (Scenario 1). The results of the iron
and filterable iron deposition to the western North Pacific Ocean
(40–60◦ N, 140–185◦ E) and the eastern North Pacific (40–60◦ N,
185–230◦ E) are shown in Table 6.

position to the eastern North Pacific from 2.7 to 3.0 Gg yr−1
(11 %) (Ito, 2013).
The deposition rates of iron and filterable iron from dust
are separated from combustion aerosols (Experiment 2 and
Experiment 3). We compared the ratio of the average deposition rate of iron and filterable iron from dust in Scenario 1 to that for the present day (Experiment 2 and Experiment 3) (Fig. 9a, b and c). Future improvements in air
quality decrease the scavenging of dust by reducing the soluble materials on the surface of dust over polluted regions, and
thus slightly increase the deposition of iron to the North Pacific Ocean (1.0–1.1). The deposition flux of filterable iron
decreases substantially, especially for readily released Fe
(0.3–0.7 over the North Pacific), because the acid mobilization of iron is weakened by the reduction of pollutant emissions. We calculated the iron and filterable iron deposition
from dust over the subarctic North Pacific (40–60◦ N, 140–
230◦ E) (Table 7). Improvements in air quality (Scenario 1)
marginally increase the deposition of iron to the subarctic
North Pacific from 261 to 265 Gg yr−1 , but result in substantially larger reduction in the deposition of filterable iron
to the subarctic North Pacific for Experiment 2 from 5.2 to
4.4 Gg yr−1 (−15 %) and that for Experiment 3 from 0.68 to
0.35 Gg yr−1 (−48 %). The stronger response for readily released Fe mainly reflects the effect of the solution saturation
state on the dissolution rate (i.e., decrease of fi in Eq. (1)
due to decrease of aH+ in Eq. 3). Consequently, the contribution of readily released Fe to total filterable iron deposition
decreased from 13 to 8 %.
Further, we investigated the response of filterable iron deposition from dust to changes in only SO2 (NO2 ) emissions
from 2000 to 2100 (Fig. 9d–g). In our model, sulfate is
Atmos. Chem. Phys., 14, 3441–3459, 2014
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Table 6. Depositions of iron and filterable iron (Gg yr−1 ) from mineral dust and combustion sources to the western and eastern North Pacific
(Experiment 1)1 .
Present day

Future (Scenario 1)

Dust

Combustion

Dust

Combustion

187 (97 %)2
3.7 (71 %)2

5.7 (3.0 %)2
1.5 (29 %)2

191 (98 %)2
3.1 (65 %)2

4.5 (2.3 %)2
1.7 (35 %)2

2.2 (2.9 %)2
1.2 (45 %)2

76 (97 %)2
1.4 (46 %)2

2.5 (3.1 %)2
1.6 (54 %)2

Western North Pacific
Iron
Filterable iron

eastern North Pacific
Iron
Filterable iron

74 (97 %)2
1.5 (55 %)2

1 The amounts of iron and filterable iron deposition to the western and eastern North Pacific are

calculated from the results of deposition rates shown in Fig. 8. The future scenario, Scenario 1, uses all
anthropogenic emissions (i.e., combustion-generated iron, carbonaceous aerosols, SO2 , NO2 and
NH3 ) in 2100.
2 The parentheses represent the percentage of each source to total deposition.

Table 7. Deposition of iron and filterable iron (Gg yr−1 ) from dust to the subarctic North Pacific∗ .
Present

Scenario 1

Scenario 2

Scenario 3

Scenario 1/
(Present)

261

267

265

265

1.02

5.2
0.68
13 %

4.4
0.34
7.6 %

5.2
0.59
11 %

4.4
0.35
8.0 %

0.85
0.49

Iron
Experiments 2 and 3
Filterable iron
Experiment 2
Experiment 3
(Experiment 3)/
(Experiment 2)

∗ The amounts of iron and filterable iron deposition to the subarctic North Pacific (sum of the western and eastern)

are calculated from the results of deposition rates shown in Fig. 9. The future scenario, Scenario 1, uses the
anthropogenic emissions (i.e., carbonaceous aerosols, SO2 , NO2 and NH3 ) in 2100. The future scenario, Scenario 2,
uses the anthropogenic SO2 emission in 2100 and others in 2000. The future scenario, Scenario 3, uses the
anthropogenic NO2 emission in 2100 and others in 2000.

largely in the accumulation mode (radius < 1 µm), while nitrate is mainly associated with dust in the coarse mode. As
a result, the aerosol pH in the fine mode (radius < 0.63 µm)
is generally lower (more acidic) than the coarse mode (radius > 0.63 µm) (Fig. S2 in the Supplement). Since the majority of dust deposition occurs in the coarse mode, the response of filterable iron deposition to the reduction in SO2
emissions (and no change in other emissions) is smaller than
that to the reduction in NO2 emissions (and no change in
other emissions). The reduction in NO2 emissions leads to
the slight decrease in the filterable iron deposition from dust
to the western North Pacific (0.8–0.9), but to a substantial
decrease from the readily released Fe in the filterable iron
deposition (0.3–0.7). In the subarctic North Pacific (Table 7),
the changes in the filterable iron deposition can be mainly associated with the NO2 emission changes alone (Scenario 3),
because most of the dust mass resides in the coarse mode,
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even though the solubility of iron in the coarse mode is lower
than that in the accumulation mode.

4

Conclusions

The knowledge of the specific mineral properties (e.g., chemical composition, specific Fe content, and its dissolution
rate) is a key factor in reducing uncertainties in the prediction of the iron solubility. In this study, the scavenging efficiency of dust particles depends on the surface coating of
these aerosols by sulfate, nitrate and ammonium. In the aging process, filterable iron in dust was released in solution,
based on the reactivity of different types of iron associated
with mineral properties as a function of aerosol acidity. The
iron dissolution curves estimated in our simulations were in
good agreement with the laboratory measurements. We conducted comparisons of the iron solubility from the model
www.atmos-chem-phys.net/14/3441/2014/
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Fig. 9. The ratios of (Scenario 1) / (Present) for iron (Fe) deposition from dust (a) Experiment 2 and Experiment 3 represent the
changes due to changes in the anthropogenic emissions (i.e., carbonaceous aerosols, SO2 , NO2 and NH3 ) from 2000 to 2100. The
ratios of (Scenario 1) / (Present) for filterable iron deposition from
dust (b) Experiment 2 and (c) Experiment 3 represent the changes
due to changes in the anthropogenic emissions (i.e., carbonaceous
aerosols, SO2 , NO2 and NH3 ) from 2000 to 2100. The ratios (%)
of (Scenario 2) / (Present) for filterable iron deposition from dust
(d) Experiment 2 and (e) Experiment 3 represent the changes due
to the change in only SO2 emission from 2000 to 2100. The ratios
of (Scenario 3) / (Present) for filterable iron deposition from dust (f)
Experiment 2 and (g) Experiment 3 represent the changes due to
the change in only NO2 emission from 2000 to 2100. The results of
the iron and filterable iron depositions to the subarctic North Pacific
Ocean (40–60◦ N, 140–230◦ E) are shown in Table 7.

with cruise-based observations to evaluate whether the use
of this parameterization in a model could provide reasonable
predictive capability for assessments of the potential impact
of future anthropogenic activity on the bioavailable iron cycle.
Our model demonstrated that the improved treatment of Fe
in mineral dust and its dissolution scheme resulted in reasonable predictive capability for iron solubility over the oceans
in the Northern Hemisphere. It should be noted that the direct comparison of the daily averages of iron solubility to
validate the model is inherently difficult, especially at low
iron solubility during dust events. The model results suggest
that the iron as heterogeneous inclusions in aluminosilicate
dust could be released in the form of ferrihydrite colloids,
nanoparticles and aqueous species during the long-range
transport and thus potentially provide an important bioavailable source of iron to the oceans in the Northern Hemisphere.
Although readily released Fe produce filterable Fe more
quickly under highly acidic conditions (pH < 2), slowly rewww.atmos-chem-phys.net/14/3441/2014/
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leased Fe appears to be important at higher pH values during
long-range transport. This difference is likely linked to the
dominant mechanism of iron dissolution in mineral aerosols.
Two key underlying problems have nevertheless been identified. The major problem is a lack of spatial variability in content of specific Fe species in the Fe map. Practically, we assume that the major iron oxides were the Fe nanograins (typically 100 nm) in aluminosilicate particles while iron oxides
on aluminosilicate particles were mostly in the form of microaggregates of nano-HEM or micro-HEM. The chemical
formulation of each type of iron, its formation process and
its dissolution rate are active research topics. The mineralogical map needs to be combined with chemical composition
of clay minerals and specific type of Fe species in the future.
Further research is needed to understand the spatial variability of the mineral speciation of specific iron compounds for
the partitioning of each mineral into size-segregated particles
in the atmosphere. The lack of organic ligands in our model is
also an important source of uncertainty. The amount of iron
associated with clays can be highly variable, and its dissolution/precipitation may strongly depend on the organic ligands in water. Further modeling and laboratory experimental studies are needed for the Fe dissolution kinetics of ironcontaining minerals and the pH effect on the Fe solubility
under atmospherically relevant conditions of organic acids
concentrations and pH.
It has been suggested that increases in iron deposition from
desert dust since 1870 are likely to have fertilized ocean
biota, enhanced nitrogen fixation, and resulted in a negative radiative forcing of −0.07 ± 0.07 W m−2 (Mahowald,
2011). Iron-fertilized diatom blooms may sequester carbon
for timescales of centuries in ocean bottom water and for
longer in sediments (Smetacek et al., 2012). Thus, understanding how ocean uptake of carbon dioxide will be modified in the future is an important issue for projecting climate change. We applied the changes in anthropogenic emissions of combustion-generated aerosols and precursor gases
from 2000 to 2100 (RCP4.5) in our global chemical transport model in order to examine the chemical modification
of iron-containing aerosols to environmental changes in air
quality that influence both the release of iron associated with
mineral dust and the emissions of combustion aerosols. Our
model response to the changes in anthropogenic emissions
showed the negative sign of the change in filterable iron deposition to the western North Pacific (−10 %) if environmental policies are successful. On the other hand, due to the increase in global shipping emissions, our model response was
the positive sign (11 %) in the eastern North Pacific. Consequently, the spatial pattern of filterable iron deposition to
the subarctic Pacific showed remarkably little gradient from
Asian dust source regions, in contrast to that calculated with
a globally uniform solubility approximation. The effects of
environmental changes on the filterable iron deposition from
both the dust and combustion aerosols need to be considered
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comprehensibly in order to correctly predict the change in
the bioavailable iron deposition in the future.
Supplementary material related to this article is
available online at http://www.atmos-chem-phys.net/14/
3441/2014/acp-14-3441-2014-supplement.pdf.
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