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[1] Iron is hypothesized to be an important micronutrient for ocean biota, thus
modulating carbon dioxide uptake by the ocean biological pump. Studies have assumed
that atmospheric deposition of iron to the open ocean is predominantly from mineral
aerosols. For the first time we model the source, transport, and deposition of iron from
combustion sources. Iron is produced in small quantities during fossil fuel burning,
incinerator use, and biomass burning. The sources of combustion iron are concentrated in
the industrialized regions and biomass burning regions, largely in the tropics. Model
results suggest that combustion iron can represent up to 50% of the total iron deposited,
but over open ocean regions it is usually less than 5% of the total iron, with the highest
values (<30%) close to the East Asian continent in the North Pacific. For ocean
biogeochemistry the bioavailability of the iron is important, and this is often estimated by
the fraction which is soluble (Fe(II)). Previous studies have argued that atmospheric
processing of the relatively insoluble Fe(III) occurs to make it more soluble (Fe(II)).
Modeled estimates of soluble iron amounts based solely on atmospheric processing as
simulated here cannot match the variability in daily averaged in situ concentration
measurements in Korea, which is located close to both combustion and dust sources. The
best match to the observations is that there are substantial direct emissions of soluble iron
from combustion processes. If we assume observed soluble Fe/black carbon ratios in
Korea are representative of the whole globe, we obtain the result that deposition of
soluble iron from combustion contributes 20–100% of the soluble iron deposition over
many ocean regions. This implies that more work should be done refining the emissions
and deposition of combustion sources of soluble iron globally.
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1. Introduction

[2] Iron is a critical nutrient for organisms in the ocean
because of its role in primary productivity and has been
hypothesized to limit phytoplankton productivity in high-
nitrate, low-chlorophyll (HNLC) ocean regions [e.g.,
Martin et al., 1991]. Additionally, nitrogen-fixing organ-

isms (diazotrophs) in the ocean are thought to have higher
iron requirements than most ocean biota, and the high iron
inputs to the North Atlantic may be related to the high
nitrogen fixation in that ocean basin [Capone et al., 1997;
Falkowski et al., 1998]. In the open ocean, new iron
deposited from the atmosphere is thought to be important,
and most previous studies have assumed that mineral
aerosols are the source [e.g., Fung et al., 2000]. On average,
desert dust aerosols contain 3.5% iron [Duce and Tindale,
1991], primarily as relatively insoluble ferric iron (Fe(III))
in aluminosilicate form [e.g., Zhu et al., 1997].
[3] The bioavailable fraction of iron is of primary impor-

tance to biogeochemistry, but it is not yet known what
fraction is bioavailable. Previous studies [e.g., Jickells and
Spokes, 2001; Mahowald et al., 2005a, 2005b] assumed that
soluble iron in the form of Fe(II) is bioavailable, and we use
this assumption. In the source regions, iron in mineral
aerosols it not very soluble [e.g., Fung et al., 2000], but
downwind observations show it is soluble [e.g., Jickells and
Spokes, 2001]. It is thought that atmospheric processes,
perhaps related to pollution, can convert iron to become
more soluble in the atmosphere [e.g., Jickells and Spokes,
2001; Mahowald et al., 2005a, 2005b; Luo et al., 2005; Fan
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et al., 2006]. The specific mechanisms proposed vary from
natural and anthropogenic organic acids, to nitrates and
sulfates, and some emphasize the importance photooxida-
tion in the presence of acids in cloud water [e.g., Jickells
and Spokes, 2001; Zuo and Hoigné, 1992; Zhuang et al.,
1992] (see Mahowald et al. [2005a, 2005b] for a more
thorough review). Some studies have emphasized the role of
organic acids in complexing with the iron to maintain it as
soluble [e.g., Willey et al., 2004]. Although previous papers
have mentioned the possibility of combustion sources of
soluble iron [e.g., Siefert et al., 1997; Chen and Siefert,
2004], one recent paper has argued that soluble iron comes
predominately from combustion sources based on an ob-
served high correlation between soluble iron and black
carbon (from combustion) at Cheju, Korea [Chuang et al.,
2005]. Another study highlighted the possibility that bio-
mass burning may be an important source of new iron to the
ocean [Guieu et al., 2005], and a very new paper also argues
for a combustion source of soluble iron to the waters near
Bermuda [Sedwick et al., 2007]. Here for the first time we
model the sources, transport, and deposition of iron from
combustion sources to evaluate their importance. In order to
determine whether iron from combustion is potentially
important, we modeled the emission, transport, and deposi-
tion of iron, and the estimated emissions values are on the
high end.
[4] For this study we will focus on understanding the

soluble iron fraction observed at Cheju, Korea [Chuang et
al., 2005], as well as globally. This data represents a new set
of observations, much closer to both dust and combustion
sources than most of the observations available. We will test
several hypotheses for the sources of observed soluble iron
at Cheju using the model: atmospheric processing of dust
particles, atmospheric processing of combustion iron, direct
emissions of soluble iron from dust, and direct emissions of
soluble iron from combustion processes. From these results
we will estimate whether combustion sources of total iron or
soluble iron can be neglected, as previously assumed [e.g.,
Jickells and Spokes, 2001; Mahowald et al., 2005a, 2005b].
For this study we will build from our previous study, which
looked at several different mechanisms for the conversion of
iron to soluble iron and use the one which best matched the
observations [Luo et al., 2005].
[5] Our goals for this paper are to (1) estimate for the first

time the total emissions of iron from combustion processes,
(2) determine whether the correlations by Chuang et al.
[2005] can be explained using a model including transport
and chemistry phenomenon, (3) estimate particular regions
where combustion iron may be important, and (4) provide
soluble iron deposition maps for global ocean biogeochem-
istry models.
[6] This paper is organized in four sections. Section 2

describes the methodology, including a description of the
model and observations used in the study. Section 3 presents
the results, and section 4 contains a summary and discussion.

2. Methodology

[7] The chemical transport model used to simulate iron is
the Model of Atmospheric Transport and Chemistry

(MATCH, version 4.2) [Rasch et al., 1997], driven by
National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
data set [Kistler et al., 2001; Mahowald et al., 1997]. The
horizontal resolution of the model is T62 (�1.9 �
1.9 degree) and 28 vertical levels from surface to 10 mb.
[8] The model simulates sources, simple chemistry, and

deposition of sulfur aerosols, carbonaceous aerosols, and
sea salt aerosols [Barth et al., 2000; Rasch et al., 2000].
Emissions of sulfur species in the model include anthropo-
genic emissions of SO2 and SO4 and oceanic emissions of
dimethyl sulfide (DMS). Anthropogenic emissions of SO2

were obtained from the Global Emissions Inventory Activ-
ity (GEIA) emission inventory [Benkoviz et al., 1996],
which is representative of 1995 emissions. Distributions
of oxidant species (e.g., OH, H2O2, and O3) come from
climatologies [Rasch et al., 2000]. Black and organic
carbon aerosols are modeled following Rasch et al. [2001]
and Collins et al. [2001] and are emitted as hydrophobic
aerosols. With a 1.2-d e-folding timescale, they are con-
verted to hydrophilic aerosols, subject to wet deposition.
Both hydrophobic and hydrophilic aerosols are subject to
dry deposition processes. We include more details about the
simulation of the dust and other iron containing aerosols
below. Comparisons with observations for dust used correct
day. For the combustion the results discussed below are the
average of 1-year simulation from 1 January 2001 to
31 December 2001, with one additional month of spin-up
not used for analysis. Comparisons with observations made
during that year use the correct day. Comparisons with
observations for other years use the appropriate monthly
average. There are extensive comparisons of the dust
simulations described here in the literature [e.g., Luo et
al., 2003; Mahowald et al., 2002; Hand et al., 2004; Luo et
al., 2005], but fewer comparisons for the sulfate and black
carbon (BC) simulations: Therefore the online supplement
contains figures (Figures S1–S4) which demonstrate that
the model is doing a good job simulating these compounds
at observational sites globally.1

[9] The modeling cases described below are summarized
in Table 1. The different modeling cases can be linearly
added together to simulate the potentially more realistic case
that there are multiple sources of total and soluble iron.

2.1. Modeling of Total Iron

2.1.1. Mineral Aerosol Sources
[10] For the simulation of mineral aerosols or dust we use

the Dust Entrainment and Deposition model [Zender et al.,
2003] within MATCH driven by NCEP winds. This com-
bination has been extensively compared to observational
data in previous studies [Mahowald et al., 2002; Luo et al.,
2003; Hand et al., 2004; Luo et al., 2005]. This dust source
parameterization is based on wind tunnel studies (see
Zender et al. [2003] for a complete description). In order
to include the effects of vegetation and varying soil erod-
ibility this model includes the preferential source descrip-
tion of Ginoux et al. [2001]. Both dry deposition and wet

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GB002964.
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deposition are included as loss processes for all aerosols
[Rasch et al., 2000]. Dry depositional processes for dust
aerosol are simulated following Seinfeld and Pandis [1996]
and include turbulent deposition and gravitational settling,
with the latter dominating for large particles. We chose a
globally constant particle size distribution at the sources, but
allow four size bins to separately be transported and evolve
[Mahowald et al., 2002; Luo et al., 2003; Zender et al.,
2003]; the mass source fractions are 0.1 for the class 0.1–
1 mm and 0.3 for the classes 1–2.5, 2.5–5.0, and 5.0–
10 mm, where the sizes are diameters of the particle. Within
each bin we assume lognormal distributions in aerosol sizes
[Zender et al., 2003]. This case is the DUST model case in
Table 1.
[11] In addition to the ‘‘natural sources’’ modeled here,

we conduct one sensitivity study, where we include a
proposed anthropogenic dust source from Chin et al.
[2003]. They proposed a source in China from human land
use, and we include this source as a preferential source area
in our simulation as a sensitivity test, calling this case
FE_ANTHRO.
[12] We assume that dust is 3.5% iron [Duce and Tindale,

1991]. Assuming a spatially heterogeneous fraction of iron
in the source areas only changes our iron deposition
amounts by less than 50% [Hand et al., 2004; Mahowald
et al., 2005a, 2005b], smaller than other uncertainties in this
study.
2.1.2. Total Iron Emissions From Combustion
[13] Emissions of iron from combustion sources were

calculated using the Speciated Particulate Emission Wizard
(SPEW). This program calculates emissions by combining
fuel consumption data given by the International Energy
Agency [1998a, 1998b], tabulated emission factors, and
estimated technology prevalence. Bond et al. [2004] de-
scribed this program and the resulting inventories of black
and organic carbon. Information added to SPEW for this
study included fraction of aerosol with diameters above
1 mm (supermicron), removal efficiencies for supermicron
aerosols by particulate controls, and fractions of Fe in
submicron and supermicron aerosols.
[14] Percentages of Fe found in fine and coarse particulate

matter are given in Table 2. Our goal in this paper is to
assess whether combustion sources of iron are potentially
important, so we estimate Fe emissions that are on the high
end of a reasonable range. For the most important process,
coal burning, the lower end estimates of iron emissions

would be a factor or two lower, but for some processes it
could be an order of magnitude. Thus our estimates are
probably within a factor or two for the total emissions of
iron. These values were multiplied by mass of fine and
coarse particulate matter emissions calculated by SPEW.
For coal combustion in stokers or residential applications,
fine particulate matter is primarily carbonaceous. We as-
sumed that mineral matter made up all material that was not
black carbon, organic carbon, or hydrogen and oxygen
associated with the carbon. We then multiplied the mineral
matter emission rate by the fractions in Table 2. Coarse
particles from coal combustion are usually mineral matter
[Flagan and Friedlander, 1978], and we applied the ele-
mental fractions to the entire coarse-mode emission.
[15] Most of the iron (>75%) comes from coal combus-

tion from either power plants or industry in both the fine
and coarse modes with the remainder coming from residen-
tial heating (coal or biofuel). About 85% of the emissions of
iron are simulated here to be in the coarse mode. Because
coal burning is so important, especially for coarse-mode
particles, more accurate estimates of anthropogenic contri-
bution will require using regionally specific values of ash
content. Vehicle emissions of iron are negligible. Control
efficiencies, based on technology in each region, were
regionally specific, but these could be refined with addi-
tional information in the future.
[16] The iron emission rates were found to be very

sensitive to assumed control technology, which was poorly
known. In SPEW, differences in combustion practice among
world regions are handled by specifying the fraction of fuel
burned in different technologies. Each specified technology
is a combination of combustion type and end-of-pipe
emission controls. The fraction of particulate matter re-
moved by control devices, and the division between differ-
ent technologies, are major uncertainties in the amount of
mineral matter emitted. Calculated uncertainties in mineral
matter emissions and, correspondingly, in combustion iron
are about a factor of 4–5 for both fine and coarse particles.
The uncertainties of largest magnitude are in emissions from
coal combustion. Total mineral matter emissions are actu-
ally more uncertain than those of black carbon, because all
coal combustion produces mineral matter emissions, while
only small combustors are thought to produce black carbon.
Thus lack of knowledge about coal combustion practice has
a much greater effect on mineral matter emissions. Uncer-
tainties in Asia are of greater absolute magnitude than those
in better characterized world regions, but the relative values
are similar. Emissions from uncontrolled or small installa-
tions are responsible for this similarity. Although those
installations may comprise a smaller fraction of the fuel
combusted in North America and Europe, their contribution
to the regional total is significant, and lack of characteriza-
tion leads to large uncertainty.
[17] For the iron combustion sources we assume that the

submicron iron is transported similar to black carbon in the
model, but the coarse mode iron is distributed into the dust
size bins in the following fashion: 20% in bin 2, 30% in bin
3, and 50% in bin 4, on the basis of observational estimates
of the size distribution of particles emitted from coal
combustion [McElroy et al., 1981; Linak et al., 2000].

Table 1. Model Case Names

Case Name Constituent Modeled

FE_DUST total iron from dust
FE_ANTHRO total iron from land use dust source
FE_COMB total iron from combustion
SOLFE_DUST_AP soluble iron from dust, due to atmospheric

processing
SOLFE_COMB_AP soluble iron from combustion, due to atmospheric

processing
SOLFE_DUST_EM soluble iron from dust, from emissions
SOLFE_COMB_EM soluble iron from combustion, from emissions
SOLFE_COMB_BC soluble iron from combustion, based on black

carbon (BC)
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Sensitivity studies show that the results are not qualitatively
affected by the exact distribution in the coarse size bins (not
shown).
[18] As shown in Table 2, there are limited emission

estimates of Fe from biomass burning [Yamasoe et al.,
2000]. The literature suggests there may be some iron
associated with dust particles being entrained in large
biomass burning fires [e.g., Gaudichet et al., 1995; Guieu
et al., 2005], as well as iron that was in the plant material
being entrained into the atmosphere during burning. In
addition to the estimates from Yamasoe et al. [2000], we
have available additional observations in the Amazon that
we will use to estimate the iron emissions from biomass
burning. We will focus on measurements made at Rondônia
(11�S, 62�W) [Fuzzi et al., 2007] because this region is 2–
3 d downwind of the biomass burning regions and thus
should contain aerosols representative of what will be
deposited over ocean regions.
[19] The aerosol sampling and analysis techniques were

described in some detail by Fuzzi et al. [2007] and are only
briefly described here. Aerosol samples were collected for
the fine- and coarse-mode fraction separately using stacked
filter units and high-volume dichotomous samplers. Ele-

mental analysis was conducted using particle-induced X-ray
emission analysis. Black carbon concentrations were
obtained by an evolved gas analysis [Novakov et al.,
1997]. Ninety fine and ninety-one coarse daily averaged
values were used for this analysis.
[20] In order to obtain an estimate of the iron emissions

from biomass burning. we correlate iron with black carbon,
whose main source is biomass burning. The correlation
coefficients (R) are 0.78 and 0.68 for the fine and coarse
fraction, respectively, and these values are statistically
significant at the 99% level. The slope of the Fe to BC
relationships (shown in Figure 1) is 0.02 for fine-mode and
1.4 for coarse-mode aerosols. The spatial and temporal
extent of biomass burning is modeled based on the work
of van der Werf et al. [2003], which uses satellite data and a
terrestrial carbon model to estimate carbon and aerosol
releases from biomass burning during specific years. For
this study we use the average monthly mean over 1997–
2004. Fine-mode iron from combustion is modeled similar
to black carbon in the model, while coarse-mode iron is
modeled similar to the largest two size bins of dust
(described above). The sum of the biomass burning and

Table 2. Emission Factors for Iron in Industrial Combustion Sources (Percent by Mass)

Source Citation Fine Coarse Notes

Fossil Fuels
Coal: power/industrial Olmez et al. [1988] 7.6% 8.1%

Smith et al. [1979] 4.5% -
Mamane et al. [1986] 7.5% 9.4%

value used 7.5% 9%
Coal: residential T. C. Bond (unpublished data, 2005) 0.1% 0.1%
Coal briquettes T. C. Bond (unpublished data, 2005) 1.6% -
Oil boiler Olmez et al. [1988] 1.6% 2.95%

Mamane et al. [1986] 1.7% -
Hildemann et al. [1991] 0.13% -

value used 1.6% 3%
Gasoline engines Kleeman et al. [2000] - - a

Diesel engines Kleeman et al. [2000] - - a

Industrial Processes
Blast furnaces Mamuro et al. [1979a] 16% 16% b

Coking Mamuro et al. [1979b] 0.6% 0.6% b

Biofuels
Agricultural wastes Andreae and Merlet [2001] 0.2% -

- -
Wood Andreae and Merlet [2001] - - a

T. C. Bond (unpublished data, 2005) 0.2% -
Animal waste No data found
Charcoal No data found

Waste
Incinerator Olmez et al. [1988] 0.22% 1.7%

Biomass Burning
Cerrado flaming fire Yamasoe et al. [2000] 0.077%
Cerrado smoldering fire Yamasoe et al. [2000] 0.045%
Tropical forest flaming fire Yamasoe et al. [2000] 0.031%
Tropical forest smoldering fire Yamasoe et al. [2000] 0.048%
Georgia prescribed burn Lee et al. [2005] 0.8%
Typical tropical fire Here and Fuzzi et al. [2007] 0.15% 3.4%

value used (Fe/BC ratio) 0.02 1.4 c

aFe not reported; we assumed that it would have been if significant.
bNo size-fractionated data available.
cUnits are different on this line (Fe/BC ratio instead of % mass).
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industrial sources of iron described in this section is
modeled in the FE_COMB cases (Table 1).

2.2. Soluble Iron Modeling

[21] In this paper, we consider two different mechanisms
for soluble iron from each of our two source types (dust or
combustion): atmospheric processing and direct emission.
These cases are indicated in Table 1 as SOLFE cases.
2.2.1. Atmospheric Processing Production of
Soluble Iron
[22] In this paper, we simulate the processing of the

atmospheric combustion iron to become more soluble using
the Hematite hypothesis approach (HP case from Luo et al.
[2005] as described by Luo et al. [2005] following the ideas
of Meskhidze et al. [2003], and including the impact of
clouds as well (case CP + HP from Luo et al. [2005]).
Notice that this case performed better than the cases we
examined using organic acids or other mechanisms [Luo et
al., 2005]. For the CP case we modify the rate coefficients
from Luo et al. [2005] by reducing them by a factor of 10 to
better match the cruise observations of soluble iron: Previ-
ously, our CP case had too much soluble iron compared to
observations. This is similar to the ideas of Fan et al.
[2006], but included in a much simpler way. In the work of
Luo et al. [2005] we look at several different processes that
might be responsible for atmospheric conversion of iron
from insoluble to soluble form, and this case is one of the
best in comparisons with observations in our previous study
[Luo et al., 2005]. Below we describe the CP + HP
processes.
[23] We estimate the effects of cloud processing on

soluble iron by assuming that the conversion to soluble
iron occurs once insoluble iron comes into contact with a
cloud [Siefert et al., 1997; Saydam and Senyuva, 2002].
This case assumes that the clouds are always sufficiently
acidic to process the iron to become more soluble, and the
important process to model is whether the iron is in a cloud
or not. The decay rate (Kcld) was computed with
equation (1)

Kcld i; jð Þ ¼
C i; jð Þ

Cavg

,

tOBS ð1Þ

where C(i, j) represents the fraction of a grid box that is
cloudy in the model at each level, and Cavg is the average
fraction in the tropics around 10�N (Cavg = 0.05). (= 0.05).
We picked the tropical cloud fraction because that is the area
of most of the dust transport. Ôobs is estimated from
observations different transport times downwind from the
sources [Hand et al., 2004]. For this study we reduce the
decay rate by a factor of 10 from that by Hand et al. [2004]
or Luo et al. [2005] to better match the cruise observations
of soluble iron.
[24] Meskhidze et al. [2003] argue, using an aerosol

equilibrium box model, that the acidity of the aerosol is
critical to the conversion of Fe(III) to Fe(II), and that
anthropogenic sulfate plays an important role in modulating
acidity in the Pacific. In order to test their hypothesis in a
global model, we simplify the reactions considerably, look-
ing only at hematite in dust as a source of iron. Following
their hypothesis, we implement a mass balance equation for
dissolved Fe (equation 2):

d FE IIð Þ½ �

dt
¼ W Fehemð Þ � Rhem � dust½ � ð2Þ

where (Fe(II)) is the soluble concentration, (Dust) is the
mass fraction of the mineral aerosol (g/g), WFehem is the
number of moles of Fe in a mole of hematite (2); and Rhem

is the hematite dissolution rate (moles of dissolved hematite
(g of dust)	1 s	1). For Rhem we adopt the formulation of
Lasaga et al. [1994], similar to Meskhidze et al. [2003]
(equation (3)):

Rhem ¼ Kr Tð Þ � a Hþð Þ
m
� f DGrð ÞAhem Whem ð3Þ

where Kr is the temperature (T) dependent reaction
coefficient (moles dissolved m	2 of mineral s	1), a(H+) is
the H+ activity, m is an empirical parameter, f is a function
of Gibbs free energy (DGr), and accounts for the variation
of the rate with deviation from equilibrium [Cama et al.,
1999], Ai is the specific surface area of mineral aerosols in
units of m2 g	1, and Wi is the weight fraction of the mineral
in dust in units of g of mineral (g of dust)	1. The equation
f(DGr) = 1 was used in our simulation. Values for hematite
are m = 0.5; Ai = 100 (m2/g); and Wi = 5%; while reaction
coefficient Kr depends on the total amount of the hematite

Figure 1. Iron verus black carbon for the observations in the Amazon [from Artaxo and Maenhant,
1990; Mahowald et al., 2005a, 2005b] for fine-mode (a) and coarse-mode (b) aerosols.
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already dissolved, following Meskhidze et al. [2003],
Azuma and Kametani [1964], Blesa et al. [1994], Cornell
and Schwertmann [1996], Zinder et al. [1986], and Skopp
[2000]:

Stage I 0 to 0:8% of total oxide dissolvedð Þ

Kr ¼ 4:4� 10	12 exp 9:2� 103 1=298	 1=Tð Þ
� �

Stage II 0:8 to 40% of total oxide dissolvedð Þ

Kr ¼ 1:8� 10	11 exp 9:2� 103 1=298	 1=Tð Þ
� �

Stage III 40 to 100% of total oxide dissolvedð Þ

Kr ¼ 3:5� 10	12 exp 9:2� 103 1=298	 1=Tð Þ
� �

ð4Þ

[25] For the pH value calculation we simply set pH = 7.5
when concentration of Ca is larger than the concentration of
SO4, and pH = 2 when concentration of SO4 is larger than
the concentration of Ca, and assume that 6% of dust is
soluble Ca. Kr was calculated depending on the amount of
hematite dissolved and temperature. By assuming all the
iron is in hematite (while it may also be in other forms, such
as alumisilicates) we may be overestimating the conversion
of iron to soluble iron.
[26] The case where soluble iron is determined from this

mechanism is called the AP (atmospheric processing) case
in Table 1 and is applied to both dust and combustion
sources in the model simulations.
2.2.2. Direct Emission of Soluble Iron
[27] In addition, we model cases where the soluble iron is

assumed to be determined at emission and does not evolve
with time and use soluble iron estimates from the Chuang et
al. [2005] data in order to estimate these solubilities. We do
this in two different ways for combustion sources. For both
combustion and dust sources we use the observations to
estimate a soluble fraction emitted. We also assume a simple
ratio between iron and BC, on the basis of the observations,
for a second combustion case.
[28] The data at Cheju and data collected closer to the

dust source in Asia (Dunhuang) are consistent with a

different soluble iron fraction in dust than in combustion
sources. Average soluble Fe/total Fe at Dunhuang in China
is 0.45%, ranging from 0.05% to 1%. We use 0.45% soluble
iron for the FE_DUST total iron case in order to generate
the SOLFE_DUST_EM (emission) model case in Table 1
for all bin sizes.
[29] In order to estimate the solubility of the combustion

source, we use the data at Cheju, but only for non-dust-
dominated days. We eliminate the obvious dust event days,
and remove the next 25% to eliminate combined dust and
pollution events and average the highest 75 percentile of the
soluble iron data (to get rid of low values from dust events),
and obtain a soluble iron percentage from combustion
sources of 4.0%, almost 10� higher than the average
soluble iron percentage close to the dust sources (0.45%).
This is similar to the high solubilities deduced from nondust
sources by Baker et al. [2006]. We multiply this solubility
by the iron in the combustion source (FE_COMB) to get the
soluble iron case SOLFE_COMB_EM in Table 1. Notice,
here we are assuming that Fe(II) would be stable in the
atmosphere, which may not be a good assumption.
[30] Finally, because of the high correlation between

black carbon and soluble iron in the observations (0.4 as
reported here from the Cheju data), we use the observed
slope between soluble iron and black carbon, and model
black carbon distributions to deduce soluble iron distribu-
tions. This slope is 0.02 soluble iron/black carbon. We thus
model the black carbon in the model and use that concen-
tration or deposition multiplied by 0.02 in order to estimate
the soluble iron in this case, called SOLFE_COMB_BC in
Table 1.

2.3. Total and Soluble Iron Measurements

[31] In order to assess whether the modeled iron distribu-
tions are reasonable, we compare to different previously
published sets of measurements. One set comes from the
study of Chuang et al. [2005] and shows soluble iron, total
iron, and other constituents taken at the Dunhuang and
Cheju site during Ace Asia. This measurement definition of
soluble iron includes all iron that can pass through a 0.2
micron filter. This will include some colloidal iron, which is
likely to be bioavailable to phytoplankton [e.g., Chen et al.,
2003; Nishioka et al., 2005; Parekh et al., 2004].
[32] The second set is a compilation of iron solubility data

taken from eight cruises compared to model results by Luo
et al. [2005] and is described in more detail there. Figure 2
shows the location of the different cruises used here to
compare against data. Table 3 shows the different cruises
used in this study and the appropriate reference for more
details on the measurement method.
[33] For most of our analysis we use the consistent

measurements taken during 2001–2003 of Fe(II) [Chen
and Siefert, 2003, 2004]. However, the Southern Ocean
cruises of Baker et al. [2003] tended to show the most
disparity between observations and different model cases
[Luo et al., 2005]. Therefore we use a crude method to
convert from ‘‘labile’’ iron measured by Baker et al. [2003,
2006] to a value equivalent to Fe(II) by multiplying by 0.5,
as found in comparisons of data in the Luo et al. [2005]

Figure 2. Cruise tracks for soluble and total iron data
shown in this study. Data is taken from Baker et al. [2003,
2006], Chen and Siefert [2003, 2004], and Chen [2004], as
described in more detail in the text.
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study. This will allow us to include the Baker et al. [2003,
2006] measurements in a semiquantitative way.

3. Results and Discussion

[34] Combustion and mineral aerosol sources of iron have
different geographic distributions, reflecting their different
sources (Figure 3). Combustion iron sources from industri-

alized processes are concentrated in East Asia, Europe, and
the east coast of North America, while biomass burning
sources of iron occur largely in the tropical regions. Mineral
iron sources are predominantly from the arid subtropics,
such as north Africa, the Arabian Peninsula, Australia,
and East Asia. Total iron emissions from mineral dust
are 55 Tg/a, while iron from biomass burning and other
combustion sources is around 1.07 and 0.66 Tg/a, respec-
tively. Thus in terms of source and deposition, the mineral
aerosols dominate combustion sources of iron by a factor
above 30, on the basis of the assumptions used here. As
discussed in section 2, the emissions of total iron from
combustion are quite uncertain, and if it proves important,
these emission estimates should be refined.
[35] Figure 4 shows the distribution of total iron deposi-

tion from combustion (FE_COMB) and mineral aerosol
(FE_DUST) sources and the percentage of deposition from
combustion. The lifetime of combustion iron is 3.24 d
which is smaller than dust iron lifetime of 5.26 d. This is
partly because of the different size distribution for combus-

Table 3. Soluble and Total Fe Cruise Measurements

Cruise Name Location Citation

MP01 North Atlantic Chen and Siefert [2004]
MP02 North Pacific Chen and Siefert [2004]
MP03 North Atlantic Chen and Siefert [2003]
MP05 North Pacific Chen [2004]
MP06 North Pacific Chen [2004]
MP08 equatorial Atlantic Chen [2004]
MP09 North Pacific Chen [2004]
JCR Atlantic transect Baker et al. [2003]
Polarstern Atlantic transect Baker et al. [2006]

Figure 3. Annually averaged combustion iron (FE_COMB) and desert dust (FE_DUST) iron sources.
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Figure 4. Modeled combustion iron (FE_COMB) (a) and desert dust iron (FE_DUST) (b) deposition to
oceans, and the percentage of the total deposited iron which comes from combustion (FE_COMB)/
(FE_COMB + FE_DUST).
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tion iron, but mostly because it is emitted in wetter regions.
In broad areas surrounding source regions the combustion
source of iron represents up to 50% of the iron deposition.
Over the Pacific and Atlantic oceans, away from the coast,
the combustion source tends to be less than 5% of the total
deposition, with a fraction above 20% close to the Asian
continent. Thus this analysis would suggest that for total
iron deposition to the open oceans, combustion sources are
not important.
[36] We start our discussion by comparing to the daily

averaged values at Cheju, since these are the measurements
which motivate this study. Chuang et al. [2005] argue that
combustion sources of soluble iron may be important, on
the basis of observed correlations between soluble iron and
black carbon (0.4, statistically significant at the 95%), and
the observed lack of correlation between soluble iron
and total iron (	0.2, not statistically significant) at Cheju,
Korea (33�N, 126�E) (see Table 4; these values are slightly
different than those reported by Chuang et al. [2005],
because of different data being included). At this station
there is approximately one month of data (26 individual
daily averages). Here we compare our model results to their
observations (Figure 5 and Tables 4, 5, and 6). Our results
suggest that the model has some ability to capture the day-
to-day variability in pollution, at Cheju, since the R of total
iron, sulfate, and black carbon in the model versus obser-
vations are 0.6, 0.3, and 0.4, respectively (for statistical
significance, see Table 6). This ability to capture the daily
averaged variability means that we are capturing episodic
pollution events as they come over from the Asian mainland
and is typical of correlations at stations that are well

captured by the model (e.g., for comparison, see daily
averaged correlations of dust by Mahowald et al. [2002,
2003]). The ability to capture variability in total iron is not
dependent on the inclusion of the combustion sources iron,
since iron associated with dust dominates in the model
simulations (Tables 5 and 6). The contribution of different
sources of iron to the emissions and deposition to oceans is
shown in Table 7.
[37] The model is not able to capture the absolute mag-

nitude of the total iron reaching Cheju during April and is
low by almost a factor of 7 (Figures 5 and 6). The model is
biased low in general (Figure 5), and the failure of the
model to capture the seasonal cycle in 2001 makes the bias
even worse. The model is a factor of 3 lower in the annual
average when the correct years are compared in the model
versus observations (0.63 versus 0.21 mg/m3; see Figure 6).
We explored whether fixable model errors could account for
this discrepancy. Chin et al. [2003] hypothesized that there
was an anthropogenic source of dust. Including this source
in our model (FE_ANTHRO) does not improve the model’s
ability to capture either the seasonal cycle (Figure 6) or
daily averaged variability in total iron (R = 0.15, not
statistically significant, Table 6). We also explored whether
the model was offsetting the transport of the dust slightly or

Figure 5. Model and data comparison for the Cheju data for March and April of 2001 for the cases of
FE_COMB + FE_DUST compared to observed total iron (a); SOLFE_COMB_AP + SOLFE_DUST_AP
compared to observed soluble iron (b); SOLFE_COMB_BC compared to observed soluble iron (c); and
modeled BC vs. observed BC.

Table 4. Observed Correlation Coefficients (R) at Chejua

Total Fe Soluble Fe BC

Soluble Fe 	0.21 - -
BC 0.42 0.40 -

aBold results are significant at the 95% level.
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not resolving the emissions from Korea (by one or two grid
boxes), but this did not seem to resolve the April concen-
tration problem. Downwind at the Midway and Hawaii
stations, and closer to the source regions, the model captures
the dust concentration and depositions [Luo et al., 2003,
Figures 4 and 5; Hand et al., 2004, Table 2 and Figure 16;
Luo et al., 2005, Figure 5]. Thus we presume that there is a
problem in the absolute magnitude of the dust reaching
Cheju during April, but do not tune the annually averaged
deposition to the Pacific basin.
[38] Next we look at the model’s ability to capture the

observed daily averaged variability at Cheju in soluble iron.
In the observations, there are peaks in the measurements, as
plumes of high dust and pollution events move across the
sampling site, and these are clearly seen in the daily
averaged observations. For the model simulations the suffix
AP means that soluble iron comes about through atmo-
spheric processing alone; the suffix EM means iron has a
certain soluble fraction at emission and that this does not
change during its atmospheric lifetime (see Table 1 and
section 2 for more details). Comparisons of soluble iron
between the observations and model-derived values based
on atmospheric processing (SOLFE_COMB_AP +
SOLFE_DUST_AP) show that the model is not able to
capture the observed variability in the soluble iron using
atmospheric processing (R = 	0.4, Table 6). The model
does not get sufficient soluble iron (SOLFE_COMB_AP +
SOLFE_DUST_AP) reaching Cheju by a factor of 10,
although this is consistent with too little total iron reaching
the site. The modeled soluble iron from atmospheric pro-
cessing (SOLFE_COMB_AP + SOLFE_DUST_AP) does
not correlate with the modeled black carbon (R = 0.02,
Table 5), as it does in the observations. This suggests that

atmospheric processing alone of soluble iron, as represented
in our model, is not accurately capturing the relevant
processes at this station over this limited time period.
[39] Cases SOLFE_COMB_EM and SOLFE_DUST_EM

(where soluble iron amounts are determined at emission) are
also unable to capture the variability in Cheju (Table 6).
However, the modeled black carbon based soluble iron
(SOLFE_COMB_BC) correlates at a moderate level with
the observed soluble iron (R = 0.56, statistically significant
at the 95% level) and gets approximately the right amount
of black carbon (within 40% of the averaged value). This
case would also have a high correlation between BC and
soluble iron in the model (R = 1.0). We use a ratio of 0.02
soluble iron to BC in this case, based on observations at
Cheju. We may be overestimating biomass burning sources
of soluble iron using this method, since we deduced a total
iron to black carbon ratio of 0.02 for the fine fraction from
data in Brazil (section 2.1.2), and we are thus implying all
the iron is soluble. However, it may also be that iron emitted
during biomass burning is very soluble. As far as we know,
the ratio of soluble to total iron for biomass burning
emissions has not been directly measured. The iron that
emitted from biomass burning was partially in the plant
material burned (and partially in more insoluble soil par-
ticles entrained by the plume), and presumably was bio-
available at that point. We observe quite significant amounts
of zinc in aerosols emitted by biomass burning, and this Zn
appears in ratios that are similar to the ratios observed in
plant composition. A similar pathway could be true for iron,
with the Fe that was embedded in the plant being emitted as
aerosol particles during biomass burning. This suggests that
Fe from biomass burning may have a higher soluble ratio
than Fe from soil dust. Of course, if much of the iron

Table 5. Modeled Correlation Coefficients (R) at Chejua

FE_COMB + FE_DUST SOLFE_COMB_AP + SOLFE_COMB_AP SOLFE_COMB_BC

FE_COMB 0.86 0.45 0.51

FE_DUST 0.995 0.66 0.00
BC 0.0 0.02 1.0

SOLFE_COMB_AP 0.58 0.77 0.51

SOLFE_DUST_AP 0.58 0.995 	0.05

aBold results are significant at the 95% level.

Table 6. Model/Data Correlation Coefficients (R) at Chejua

Observed Total Fe Observed Sol Fe Observed BC

Model BC 	0.19 0.56 0.36
FE_COMB + FE_DUST 0.60 	0.28 0.60

FE_ANTHRO 0.15 0.16 0.41
FE_COMB 0.42 0.02 0.71

FE_DUST 0.61 	0.33 0.57

SOLFE_DUST_AP 0.22 	0.43 0.16
SOLFE_COMB_AP 	0.06 	0.05 0.32
SOLFE_DUST_EM 0.61 	0.33 0.57

SOLFE_COMB_EM 0.42 0.02 0.71

SOLFE_COMB_BC 	0.19 0.56 0.36
Scenario 1: SOLFE_COMB_AP + SOLFE_DUST_AP 0.20 	0.39 0.19
Scenario 2: SOLFE_COMB_BC + SOLFE_DUST_EM 	0.16 0.51 0.34
Scenario 3 (sum of 1 and 2) 	0.15 0.50 0.35

aBold results are significant at the 95% level. The R for SOLFE_COMB_EM is the same as FE_COMB, since they have the same variability and
only differ by a constant. Similarly, the R for SOLFE_DUST_EM are the same as FE_DUST, and the R for BC is the same as SOLFE_COMB_BC.
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emitted from biomass burning is associated with the soil
dust incorporated into the biomass burning plumes, than we
would not expect higher solubility. This must be tested with
observations.
[40] Although combustion iron does not appear to corre-

late well with soluble iron, as shown by the SOLFE_
COMB_EM case, it is possible that only certain sources
produce soluble iron, and this is not captured by our current
emission modeling. Black carbon is indicative of incom-
plete combustion, which may occur in a reducing atmo-
sphere; the same combustion conditions could produce
soluble iron. One simple explanation could be that black
carbon is indicative of incomplete combustion. Soluble iron
(Fe(II)) could also be indicative of incomplete combustion,
since Fe(II) is less oxidized than the less soluble Fe(III).
Thus BC and Fe(II) may be correlated in the data because
they have similar sources, and a different distribution of
sources than total iron sources from combustion. This
hypothesis needs further testing. In addition, the emissions
from sources that have incomplete combustion are not well
characterized, and thus our emission estimates are more
uncertain for those cases.
[41] Finally, we can also assume that soluble iron is both

emitted and atmospherically processed, thus giving us three
scenarios to compare against observations (also summarized
in Tables 6 and 7): scenario 1, atmospheric processing of
insoluble iron produces soluble iron (SOLFE_COMB_AP +
SOLFE_DUST_AP); scenario 2, soluble iron is emitted
directly (SOLFE_COMB_BC + SOLFE_DUST_EM); and
scenario 3, soluble iron is both emitted and atmospherically
produced (SOLFE_COMB_AP + SOLFE_DUST_AP +
SOLFE_COMB_BC + SOLFE_DUST_EM). Scenario 3 is
the linear combination of scenarios 1 and 2. We have
already shown that scenario 1 is inconsistent with the data

at Cheju using our model, so we include that for comparison
only (Table 6).
[42] The total amount of soluble iron deposited to differ-

ent ocean basins changes under different scenarios
(Figure 7), and the inferred importance of combustion sour-
ces of iron changes from not very important (scenario 1),
to over 50% and thus quite important (cases 2 and 3).
In scenario 1 the importance of combustion is similar to
what is seen in Figure 4, as expected. In scenario 2, over
much of the ocean, over 50% of the soluble iron comes from
combustion sources of iron. In scenario 3, over most of the
oceans, soluble iron deposition has a 20% or more contri-
bution from combustion sources of iron. This includes the
potentially iron limited basins of the eastern equatorial
Pacific and much of the south Atlantic and Indian oceans,
although this is less true in the southernmost parts of the
Southern Ocean. The globally averaged deposition of sol-
uble iron is 0.41 and 0.018 Tg/a from the atmospheric
processing of dust and combustion total iron, respectively
(scenario 1; see Table 8). While the globally averaged total
iron deposition is above 30 times larger for dust than
combustion sources (FE_DUST versus FE_COMB), the
globally averaged soluble iron deposition assuming atmo-
spheric processing is around 20 times larger for dust than
combustion (SOLFE_DUST_AP versus SOLFE_
COMB_AP) (Table 8). This is potentially linked to the
smaller particle sizes of combustion iron, the increase in
processing because of the emissions of sulfur in the same
location, or the higher cloud amounts along the deposition
pathways (storm tracks versus desert regions). In scenario 2
the globally averaged deposition of soluble iron is 0.25 and
0.21 Tg/a from dust (SOLFE_DUST_EM) and combustion
(SOLFE_COMB_BC) sources, respectively, and for case 3
it is 0.66 and 0.22 Tg/a for dust (SOLFE_DUST_AP +
SOLFE_DUST_EM) and combustion (SOLFE_COMB_AP +
SOLFE_COMB_BC) sources of soluble iron, respectively.
So in all three scenarios considered here, dust sources of
soluble iron dominate globally, but not in all regions, as
seen in Figure 7 and Table 8.
[43] A compilation of total iron observations (from the

cruise tracks shown in Figure 2) show that the model is able
to simulate total iron over many orders of magnitude
(Figure 8), no matter whether combustion sources are

Table 7. Combustion and Dust Aerosol Budgeta

Dust, Fe
Industrial

Combustion, Fe
Biomass

Burning, Fe

Emission 54.76 0.663 1.07
Deposition to ocean 11.86 0.083 0.149

aUnit: Tg/a.

Figure 6. Monthly mean modeled and observed concentrations of iron at Cheju for different cases
considered here.
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Figure 7. Modeled soluble iron deposition and fraction from combustion shown for scenario 1 (a and b)
(SOLFE_COMB_AP + SOLFE_DUST_AP), scenario 2 (c and d) (SOLFE_COMB_BC +
SOLFE_DUST_EM) and scenario 3 (e and f) (sum of scenario 1 and 2).

Table 8. Total and Soluble Iron in Each Scenarioa

Description Soluble Iron Case Names
Total Iron Tg/a, Fraction From

Combustion
Soluble Iron Tg/a, Fraction

From Combustion

Scenario 1 atmospheric processing SOLFE_COMB_AP + SOLFE_DUST_AP 56.5 (0.03) 0.43(0.04)
Scenario 2 emissions SOLFE_COMB_BC + SOLFE_DUST_EM 560.5(0.03) 0.46 (0.46)
Scenario 3 atmospheric processing

plus emissions
SOLFE_COMB_AP + SOLFE_DUST_AP
+ SOLFE_COMB_BC + SOLFE_DUST_EM

560.5(0.03) 0.89 (0.26)

aIn the final two columns the fraction coming from combustion is in parentheses.
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included or not. This is consistent with the model’s ability to
capture dust distributions globally [e.g., Luo et al., 2003;
Hand et al., 2004; Luo et al., 2005]. For soluble iron it is
not really possible to determine which of the scenario’s
cases best match the limited observations (Figure 9): None
of the scenarios presented here do a particularly good job of
capturing spatial variability (R = �0.2 for all cases), similar
to previous studies [Luo et al., 2005; Fan et al., 2006]. The
way we have modeled them here, scenario 2 is too low
compared to observations (Figure 9), but scenarios 1 or 3 fit
the cruise data fairly well; however, this is quite sensitive to
our assumptions. However, the Cheju data is inconsistent
with scenario 1 in our model. Thus scenario 3 is consistent
with existing cruise data (Figures 8 and 9) and the station
data at Cheju (Figure 5), although scenario 2 could be
correct as well.
[44] Baker and Jickells [2006] show that there is an

inverse relationship between iron solubility and the size of
particles. Unfortunately, this observation does not help us
discriminate between the processes considered here and
understand whether combustion sources of iron are impor-
tant. Smaller particles have a longer residence time, and
therefore are more processed, and have a higher solubility as
seen by Hand et al. [2004]. However, smaller dust particles
could also be more soluble, because of differences in
mineralogy [e.g., Claquin et al., 1999], and combustion
particles will tend to be smaller than dust particles, and be
more soluble.
[45] If, indeed, combustion sources of soluble iron are

important, this implies large changes in soluble iron dis-
tributions since preindustrial times. We explore this by

assuming that 90% of the combustion in the model did
not occur during the preindustrial climate (Figure 10)
(without changing the climate forcing the simulation), and
we use both scenarios 2 and 3 for this change. Figure 10
suggests a large perturbation to important regions of the
ocean from the combustion source of soluble iron in the
current climate relative to the preindustrial climate, if
scenario 2 or 3 is true. In the case of scenario 2, over most
of the oceans, deposition of soluble iron has doubled since
preindustrial times, while in scenario 3, deposition of
soluble iron has increased by 20% over much of the oceans,
and by 50% over the eastern equatorial Pacific, southern
Atlantic, and Indian oceans.

4. Summary and Conclusions

[46] For the first time we explicitly model the iron
produced during combustion: both from industrial and
biomass burning sources. Industrial sources of iron are
deduced based on literature values of the emission factors
and a model of combustion sources globally [Bond et al.,
2004]. Emissions of iron from biomass burning is based on
observed ratios of iron to black carbon in the Amazon and
biomass burning estimates based on the combination of
satellite observations of fires and terrestrial carbon models
[van der Werf et al., 2003]. These estimates suggest that as
previously assumed, iron from mineral aerosols dominate
the global average and most of the ocean deposition.
However, far from dust regions and close to industrial
regions or biomass burning regions, iron from combustion
sources may be important.

Figure 8. Comparisons of total iron concentrations for the different model cases for the cruises shown
in Figure 2, FE_COMB + FE_DUST (a); FE_COMB (b); FE_DUST (c).
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[47] Previously, most studies have assumed that soluble
iron (presumably related to the bioavailable fraction) is from
mineral aerosols [e.g., Jickells and Spokes, 2001;Mahowald
et al., 2005a, 2005b]. Because soil soluble iron fractions are
so small, researchers proposed that atmospheric processing
of iron was responsible for the larger downwind solubilities
[Zhu et al., 1992; Jickells and Spokes, 2001; Hand et al.,
2004; Mahowald et al., 2006; Luo et al., 2005; Fan et al.,
2006]. Observations at Cheju, Korea, which are much closer
to combustion and dust sources than previous soluble iron
measurements, are inconsistent with our modeling of solu-
ble iron processing in the atmosphere. Chuang et al. [2005]
suggested that these observations are most consistent with a
combustion source of soluble iron. Here we test that
assumption using a model that can simulate pollution
transport and events at the observing stations. Only by
assuming that soluble iron is not correlated with total iron
emissions can our model simulations match the Cheju
observations Instead, we assume that soluble iron (Fe(II))
emissions are related to black carbon emissions, perhaps
because of incomplete combustion being important for
emissions of both. Fe(III) is the insoluble and more oxidized
alternative to Fe(II). The relationship between Fe(II) and BC
assumed here is based on only 26 daily averaged measure-
ments at Cheju, Korea, and thus should be improved in
future studies.
[48] Assuming that soluble iron is emitted directly by

combustion and that only a small amount of soluble iron is
included in emitted dust (and no atmospheric processing
takes place) implies that over most of the oceans, combus-
tion sources of soluble iron dominate. Alternatively, one can

assume that soluble iron is emitted directly and that atmo-
spheric processing of total iron also takes place. In this case,
combustion-soluble iron represents greater than 20% of the
soluble iron deposition over much of the open oceans. The
limited available observations cannot distinguish between
these cases, while the observations at Cheju are not consis-
tent with the atmospheric processing case alone.
[49] In addition to providing maps of soluble iron depo-

sition which can be used in ocean biogeochemical models,
this study has identified regions where combustion iron may
be important. Some regions that are likely to be iron limited
(e.g. eastern equatorial Pacific or the Southern Ocean which
are far from dust sources) are especially regions where the
inputs of soluble iron from combustion may be important.
This implies that humans may already be perturbing the
availability of iron in iron-limited regions by a large factor
(Figure 10). Unfortunately, because of the loss of the core
top during extraction of marine sediment cores, we do not
have the ability to test whether there have been changes in
dust deposition or productivity over the last century. One
location where we do have some evidence for a shift in
ecosystem response is at the Hawaii Ocean Time series
[Karl et al., 2001]. It is possible that shifts in the soluble
iron amounts associated with industrial activity in Asia may
be playing a role in changes in the ecosystem dynamics in
the Pacific Ocean, although this region is not the most
strongly impacted by combustion sources of iron according
to our study.
[50] These results suggest that ignoring direct anthropo-

genic emissions of iron, as in previous studies, may result in
substantial underestimates in the impact of humans on

Figure 9. Comparisons of soluble iron concentrations for the cruises shown in Figure 2, for the
scenarios 1 (SOLFE_COMB_AP + SOLFE_DUST_AP), 2 (SOLFE_COMB_BC + SOLFE_DUST_EM)
and 3 (sum of scenario 1 and 2).

GB1012 LUO ET AL.: COMBUSTION IRON

14 of 17

GB1012



atmospheric soluble or bioavailable iron, especially in
HNLC regions. We consider this a first study modeling
combustion iron and soluble iron; our main result is that
more refined studies are justified to better understand the
role of humans in modulating deposition of bioavailable
iron.
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