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The underappreciated role of anthropogenic sources in
atmospheric soluble iron flux to the Southern Ocean
Mingxu Liu 1✉, Hitoshi Matsui 1✉, Douglas S. Hamilton 2, Kara D. Lamb3,4, Sagar D. Rathod5, Joshua P. Schwarz4 and
Natalie M. Mahowald2

The atmospheric deposition of soluble (bioaccessible) iron enhances ocean primary productivity and subsequent atmospheric CO2

sequestration in iron-limited ocean basins, especially the Southern Ocean. While anthropogenic sources have been recently
suggested to be important in some northern hemisphere oceans, the role in the Southern Ocean remains ambiguous. By
comparing multiple model simulations with the new aircraft observations for anthropogenic iron, we show that anthropogenic
soluble iron deposition flux to the Southern Ocean could be underestimated by more than a factor of ten in previous modeling
estimates. Our improved estimate for the anthropogenic iron budget enhances its contribution on the soluble iron deposition in
the Southern Ocean from about 10% to 60%, implying a dominant role of anthropogenic sources. We predict that anthropogenic
soluble iron deposition in the Southern Ocean is reduced substantially (30‒90%) by the year 2100, and plays a major role in the
future evolution of atmospheric soluble iron inputs to the Southern Ocean.

npj Climate and Atmospheric Science            (2022) 5:28 ; https://doi.org/10.1038/s41612-022-00250-w

INTRODUCTION
Iron is a crucial micronutrient limiting primary production in many
marine basins1–4. Atmospheric deposition to the open oceans is a
major source of new soluble iron, commonly used as a proxy for
iron that is bioavailable for ocean biota uptake. By changing
marine phytoplankton growth, atmospheric iron deposition
modulates ocean-atmosphere carbon dioxide (CO2) exchange
rates and sequesters CO2 to the deep ocean5–7. The prevailing
view that the global atmospheric soluble iron supply is
predominantly associated with natural dust emissions is evolving
given, the growing body of evidence showing that pyrogenic iron
from anthropogenic combustion (AN) and biomass burning (BB)
sources are important contributors to soluble iron deposition to
many open ocean regions because of their high fractional
solubility8–12.
The Southern Ocean, as the world’s largest high-nutrient–low-

chlorophyll (HNLC) region, plays an important role in controlling
atmospheric CO2 pressure and primary production there and is
most likely iron-limited13–17. Globally, the response of ocean
biogeochemistry in this region may be one of the most sensitive
to changes in the atmospheric iron deposition flux18. Atmospheric
iron deposited here originates mainly from the Southern Hemi-
sphere regions of Southern Africa, Australia, and South America.
Each region supplies dust, BB, and AN iron although with different
fractional contributions19. The individual contributions of these
major sources to soluble iron deposition to the Southern Ocean
remain an open question in part because of the limited
observations in this remote region, though many studies believe
that AN iron (mainly from fossil fuel combustion) contribution is
minor (possibly less than 10%) in the Southern Ocean20–22. Unlike
iron from dust and BB, AN iron depends completely on human
activities and thus varies significantly over time in response to
resource demands and societal priorities. Understanding the
anthropogenic contribution to soluble iron deposition is essential

for assessing both present and future responses of marine
carbon sinks.
A recently developed aircraft measurement23 dataset of

anthropogenically sourced iron oxides (mainly in the form of
magnetite) across the Pacific and Atlantic Oceans provides a new
constraint on the AN iron supply to the Southern Ocean. We
integrate this observational dataset with global aerosol modeling
to improve the estimates of AN iron concentrations and
deposition fluxes over the Southern Ocean (defined as ocean
basins to the south of 30°S in this study). Magnetite nanoparticles
in conjunction with other iron-bearing minerals of anthropogenic
origin are produced by a wide range of human activities including
fossil fuel combustion and iron smelting; hence in this work
magnetite is used as a proxy to evaluate anthropogenic iron
budgets in the atmosphere against the observations24. We use an
updated anthropogenic emission inventory for iron minerals25 to
model the AN iron atmospheric budget in a control simulation
(hereafter, CTRL), as well as a commonly used AN iron inventory
developed by Luo et al.26 (hereafter, Luo2008) for comparison. Our
results suggest that anthropogenic iron is much more important
than traditionally thought for present-day soluble iron deposition
in the Southern Ocean and for future changes owing to projected
reductions in anthropogenic emissions. This study has potential to
advance the understanding of the ocean biogeochemical
responses in the Earth system to changing human activities.

RESULTS
Observational constraints on the anthropogenic iron budget
in the atmosphere
Iron as magnetite accounts for about 70% of global total AN iron
emissions in the recently-developed anthropogenic iron emission
inventory (Supplementary Fig. 1)25. In addition to AN sources,
observed magnetite particles in the atmosphere also originates
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from mineral dust. The fraction of dust magnetite, however, has
been excluded in the observations by classifying the aerosol
populations into different sources (anthropogenic and mineral
dust) on a single particle basis23; thus the model-observation
differences of magnetite particles in this study should be
attributable only to anthropogenic sources. Here, we validate
the modeled AN iron abundance in three oceanic regions
encompassing both the middle and high latitudes of the Southern
hemisphere, namely the Southern Pacific (20‒50°S, 160°E‒135°W),
the Southern Atlantic (20‒50°S, 20‒60°W), and part of the high-
latitude Southern Ocean (50‒80°S, 140° E‒20°W), by using the
aircraft measurements of anthropogenic magnetite mass concen-
trations (Fig. 1). We compare magnetite concentration profiles
along the flight routes in each region between the observations
and the CTRL simulation. We find a good agreement between
modeled and observed magnetite concentration profiles over the
Southern Atlantic, although with an appreciable overestimation at
low altitudes (pressure greater than 600 hPa) (Fig. 1c). Meanwhile,
the CTRL simulation underestimates the magnetite concentrations
by a factor of 5‒10 in the middle and upper troposphere (≤400
hPa) over both the Southern Pacific and the high-latitude
Southern Ocean (Fig. 1b, d). By contrast, a reasonable model-
observation agreement has been achieved for black carbon
concentrations with their discrepancies mostly less than a factor of
2 (Supplementary Fig. 2), and therefore the large biases of

simulated magnetite concentrations are most likely associated
with the uncertainties embedded in the emission fluxes.
To address the underestimation of AN iron budgets over

southern Pacific Oceans, we perform three sensitivity simulation
experiments by separately imposing a factor-of-five enhancement
of the AN iron emissions from each of the three major continental
source regions (i.e., Southern Africa, Australia and surrounding
countries, and South America; see Supplementary Fig. 3 for their
locations). For the model-observation comparison in the high-
latitude Southern Ocean, we find that the gaps can be reduced
effectively by scaling upward the emissions from all source
regions (Supplementary Fig. 3), suggesting the potential under-
estimation of AN iron emissions across the Southern Hemisphere.
However, the enhancements of the emissions from Australia and
South America would severely degrade the model performance
over the Southern Pacific and the Southern Atlantic Oceans.
Hence, it appears that scaling up the emissions in Southern Africa
can achieve the best simulation of magnetite profiles (red dashed
lines in Fig. 1) across the Southern Ocean basins, though we
cannot rule out the possibility of the emission underestimation in
another two continental regions. The assumed scaling factor (x5.0
in this study) is tunable and linked to the model-observation gaps
of the magnetite mass budget across the Southern Hemisphere
(shown in Fig. 1). In the following analysis, we regard the
simulation result based on the enhanced AN iron emissions for

Fig. 1 Comparisons of magnetite concentration profiles. a Flight routes of eight series of aircraft campaigns during 2009‒2018. b–d
anthropogenic magnetite concentrations in observations and simulations over the Southern Pacific (20‒50° S, 160° E‒135° W), the Southern
Atlantic (20‒50° S, 20° W ‒60° W), and the high-latitude Southern Ocean basin (50‒80° S, 140° E‒20° W). The results of the CTRL (blue squares),
the CTRL_HIGH (red squares), and the Luo2008 simulations are compared with the observation data. Both simulation and observation data
were binned at intervals of around 160 hPa. Magnetite concentrations are shown at standard temperature and pressure (std.), 1,013 hPa and
0 °C. The column-integrated concentrations (μg m−2) for both the observations (obs) and simulation results (sim1= CTRL; sim2 = CTRL_HIGH;
sim3= Luo2008) are shown in the panels.
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Southern Africa (hereafter, CTRL_HIGH) as the best case in
modeling the AN iron abundance over the Southern Ocean.
Additionally, the use of AN iron emissions from the Luo2008

inventory26 leads to notably worse results of the comparison with
magnetite observations (Fig. 1), because AN iron emissions are
much lower in the Luo2008 inventory than in the inventories used
in CTRL and CTRL_HIGH. The Luo2008 simulation severely
underestimates, by up to two orders of magnitude, AN iron oxide
concentrations over the Southern Ocean, even when all modeled
AN iron are assumed to be present as magnetite. As this inventory
has been commonly applied in previous studies27,28, the resulting
estimates of anthropogenic contribution to total soluble iron
deposition have been therefore underestimated. Our new
observation constraints suggest that the role of anthropogenic
sources in atmospheric iron inputs to the Southern Ocean should
be revisited by using our improved AN iron emission inventory.

Contribution of anthropogenic sources to soluble iron
deposition
We next estimate the atmospheric soluble iron deposition to the
Southern Ocean from AN sources and evaluate its importance by
comparing it with dust and BB contributions based on the
present-day iron emissions from dust, BB, and AN sources (see
Methods). Soluble iron deposition is the product of the source-
specific iron deposition in our simulations and the corresponding
fractional iron solubility estimated in a global aerosol model with a
detailed iron processing (Supplementary Fig. 4)12. The simulated
iron solubility values show a reasonable agreement with available
near-surface observations over global oceans (Supplementary
Figs. 5–6).
Three different AN iron emission scenarios (i.e., CTRL,

CTRL_HIGH, and Luo2008) are involved in the calculation of
soluble iron deposition. We find that this range of AN iron
emissions results in a wide range of both AN soluble iron fluxes
and their fractional contributions to the total (the sum of dust, BB
and AN) soluble iron deposition in the Southern Ocean (Fig. 2a).
Compared to the CTRL simulation, the AN soluble iron deposition
flux to the whole Southern Ocean is more than doubled, from 2.5
to 6.5 Gg Fe yr−1, by the enhancement of AN iron emission in the
Southern Hemisphere (CTRL_HIGH). In comparison, the
Luo2008 simulates more than an order of magnitude lower flux
at 0.53 Gg Fe yr−1. Consequently, the total soluble iron deposition
to the Southern Ocean varies by above a factor of 2 from 4.6
(Luo2008) to 10.6 Gg Fe yr−1 (CTRL_HIGH). The AN iron fractional
contributions to the total deposition flux are 38%, 61%, and 11%
in CTRL, CTRL_HIGH, and Luo2008, respectively. The dominant
contributor shifts from the BB iron in Luo2008 and CTRL to the AN
iron in CTRL_HIGH. The dust soluble iron contribution (0.91 Gg Fe
yr−1) appears to be less important than either AN or BB iron owing
to its much lower fractional solubility at deposition (1.5% averaged
over the Southern Ocean), though mineral dust dominates the
total iron deposition (the sum of soluble and insoluble iron) in the
Southern Ocean.
The spatial-resolved AN contributions in the CTRL_HIGH case

are enhanced by up to one order of magnitude across much of the
Southern Ocean compared to the results in the Luo2008 case (Fig.
2). Our global modeling results reveal that the fractional
contributions of AN sources to the total soluble iron deposition
are pronounced in many ocean basins including the Southern
Ocean. In the CTRL simulation, the AN sources contribute to about
50% of the soluble iron deposition in the oceanic regions around
Southern Africa, Australia, and South America (Fig. 2b); further in
the CTRL_HIGH simulation, the AN iron contributions are elevated
in most of the Southern Ocean and reach up to 80% near
Southern Africa (Fig. 2c). The strong Southern Hemisphere
westerly winds (30‒60°S) would enhance the effects of the
emission enhancement in CTRL_HIGH on soluble iron deposition

by transporting iron emitted from Southern Africa long distances
to remote Southern Ocean regions. The proportional area where
AN iron is the largest source of soluble iron deposition in the
Southern Ocean increases substantially from 34% (CTRL) to 87%
(CTRL_HIGH). By contrast, in the Luo2008 simulation, the fractional
contributions of AN sources to soluble iron deposition across
the Southern Ocean are relatively minor, mostly within 0‒20%
(Fig. 2d).
The monthly AN deposition fluxes are elevated by a factor of 7‒

15 in the CTRL_HIGH case compared to those using the Luo2008
inventory, and consequently constitute much more fractions of
the monthly accumulated soluble iron deposition to the Southern
Ocean (Supplementary Fig. 7). While dust and BB activities have
the season-dependent nature, AN sources in the CTRL_HIGH
simulation provide relatively stable iron fluxes to the Southern
Ocean with small seasonal perturbations, though the AN
importance varies in different seasons due to seasonal fluctuations
of dust and BB iron deposition. In CTRL-HIGH, the AN contributions
are dominant in all seasons except in the local winter
(August–September), when the BB contribution is the largest.
This assessment of monthly AN iron contributions could improve
understanding of the daily-to-monthly responses of ocean primary
production to changes in iron availability by natural and human
activities29.

Future soluble iron deposition to the Southern Ocean
To understand the future evolution of soluble iron deposition
fluxes to the Southern Ocean in response to potential changes in
AN sources, we project future AN iron emissions (ca. 2100 CE)
separately for CTRL, CTRL_HIGH, and Luo2008 cases according to
the four Tier-1 shared socio-economic pathways (SSPs; see
Methods). Dust and BB emissions are assumed to be unchanged
relative to the present day. We also assume the fractional iron
solubility for AN, BB and dust sources to be unchanged as the
present-day data. The predicted percentage changes from the
present day to the future in AN soluble iron deposition to the
whole Southern Ocean are consistent among CTRL, CTRL_HIGH,
and Luo2008, within ‒30 and ‒90%, for the applied SSP
projections (SSP1‒26, SSP2‒45, SSP3‒70, and SSP5‒85). However,
the percentage changes of the total deposition flux (sum of AN,
dust, and BB) vary significantly (Fig. 3a); they are highest in
CTRL_HIGH (ranging from ‒21% to ‒55% depending on the SSP
scenarios) and lowest in Luo2008 (from ‒5% to ‒10%). The largest
absolute decreases of the total soluble iron flux among the
SSP scenarios in CTRL, CTRL_HIGH, and Luo2008 are 2.3, 5.9, and
0.46 Gg yr−1, respectively. These results suggest that the future
evolution of atmospheric soluble iron deposition varies with the
AN iron emissions at present day. The CTRL_HIGH simulation
results, which are supported by the aircraft observations, point to
a nonnegligible or even major role of AN iron in future changes in
atmospheric soluble iron inputs to the Southern Ocean.
We further examine the global distribution of the present-to-

future changes for each of the three present-day anthropogenic
emission inventories based on the SSP5 scenario, which repre-
sents the largest decrease of AN iron at the end of the Century
(Fig. 3). At a global scale, the percentage changes in total soluble
iron deposition fluxes to the Southern Ocean are closely
associated with the spatial pattern of the present-day AN percent
contributions (Fig. 2). In CTRL, changes are marked (< ‒30%) in
continental outflows near Southern Africa, Australia, and South
America, while in CTRL_HIGH, more than half of the Southern
Ocean region show a 50% or larger decrease of total soluble iron
deposition. Because the present-day AN contribution is much
lower in the Luo2008 simulation, the modeled present-to-future
changes in soluble iron deposition to the Southern Ocean are
relatively small (around ‒10%). These results suggest that AN iron
emissions are of great importance to impact the future
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atmospheric soluble iron deposition to the Southern Ocean, where
the sensitivity of ocean biogeochemistry to the atmospheric
soluble iron supply is likely high18.
Future changes in atmospheric soluble iron deposition to the

Southern Ocean rely on both the source contributions of iron from
dust, BB, and AN in the present day and their respective changes
from the present day to the future. The integration of observa-
tional constraints and the global aerosol modeling in this work
points to an important contribution (probably as high as 60%
based on the CTRL_HIGH simulation) of AN iron to total soluble
iron deposition flux to the Southern Ocean in the present day.
However, projections of future changes in both dust and BB
emissions are highly uncertain owing to the complex factors that
determine these emissions, including climate change, land use
and land cover change, and human activities. The intensity of
natural dust activity is expected to increase under a potentially
warmer climate30; thus, associated atmospheric dust iron fluxes to
ocean basins might also increase. Estimates of the magnitude and
sign of present-to-future changes in BB iron emissions also vary. In
estimates based on Tier-1 SSP scenarios, the global BC emissions
from open fires (as a proxy for BB iron) are projected to decrease

by 0.5‒35% between 2015 and 210031. Conversely, it has been
suggested that fire emissions will increase by 2100 as a result of a
warmer climate32,33. Though only the future AN iron evolution is
considered in this study, we infer that AN activities play a major
role in future changes of soluble iron deposition to the
Southern Ocean.

DISCUSSION
The identification of source contributions of dust, BB, and AN to
the atmospheric bioavailable iron supply in the present-day
climate is key for predicting ocean biogeochemical responses to
future changes in soluble iron deposition. However, the scare
observations of the atmospheric component of the iron cycle have
hindered our understanding of the major determinants of soluble
iron deposition fluxes to the oceanic region. No modeling studies
have provided a reliable representation of atmospheric iron three-
dimensional distributions over the Southern Ocean until now. This
study applies a new aircraft measurement data for AN iron oxides
(excluding those from mineral dust) to constrain the model
simulation of AN iron distributions over the Southern Ocean and

Fig. 2 Anthropogenic soluble iron deposition to the Southern Ocean. a Annual accumulated soluble iron deposition fluxes of AN
(anthropogenic), BB (biomass burning), and dust iron over the Southern Ocean (>30° S; marked in the top right of Fig. 2a) in the CTRL,
CTRL_HIGH, and Luo2008 simulations. b–d Global distribution of the percent contributions (%) of AN iron to the total soluble iron deposition
in each simulation.
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consequently to reevaluate the AN iron contribution to the
atmospheric soluble iron inputs to the ocean.
Our estimate with improved AN iron emission inventory

(CTRL_HIGH) enhances the AN soluble iron deposition to the
Southern Ocean by more than a factor of 10, which substantially
elevates its share in atmospheric soluble iron. Based on our
estimates of dust and BB irons, we show that AN iron accounts for
approximately 60% of annual atmospheric soluble iron deposition
directly to the Southern Ocean, compared to only 10% based on
the previous AN inventories (Fig. 4). This fraction depends on the
simulations of natural source (dust and BB) contributions, which
varied substantially in existing estimates (Supplementary Note 1).
If we follow some much higher contributions of iron from natural
sources like Scanza et al.28 and Hamilton et al.19 (see Supplemen-
tary Table 1), the resulting fractional contributions of AN iron from
our improved estimate are still appreciable, showing approxi-
mately one third of the total soluble iron deposition. Moreover,
unlike the season-dependent nature of dust and BB iron
emissions, the monthly AN iron deposition fluxes are relatively
stable throughout one year and potentially dominate the

atmospheric soluble iron inputs to the ocean basin in individual
months from our estimate. Therefore, this study concludes that
the role of atmospheric AN iron in the Southern Ocean should be
revisited, as previous studies have been not validated with the
observations for AN iron oxides and they always overlook its
contribution on the atmospheric soluble iron inputs.
More observational constraints and improved representation of

iron emissions and atmospheric processing in models are still
required to better reproduce the atmospheric component of the
global iron cycle, because the uncertainties, including the
modeling of iron emission fluxes, size distributions of iron-
bearing particles, and the fractional iron solubility, remain large
due to the limitation of observations in space and time (as
discussed in Supplementary Note 2). Note that many aerosol
models with advanced iron processing modules cannot reproduce
the observed near-surface high solubility (>10%) of iron in the
Southern Ocean, implying some important missing sources9,34.
The increases of Southern Hemisphere AN iron emissions for
better reproducing atmospheric AN iron vertical profiles have the
potential to provide more highly soluble iron in the high-latitude

Fig. 3 Present-to-future changes in soluble iron deposition. a The predicted changes in total soluble iron deposition in the Southern Ocean
(>30°S) from the present day (2010) to the future conditions (2100) in the CTRL, CTRL_HIGH, and Luo2008 simulations according to a suite of
projections (SSPs) of future anthropogenic emissions (SSP1‒26, SSP2‒45, SSP3‒70, and SSP5‒85). b–d Global distribution of the percent
changes predicted by each simulation using the SSP5–85 scenario, which represents the maximum percent changes of soluble iron deposition
over the Southern Ocean as a whole.
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Southern Ocean. In addition, biomass burning, such as Australian
wildfires, has also been recognized as a significant contributor to
bioavailable iron and subsequent biological productivity in the
Southern Ocean35. A large quantity of field observations on iron
chemistry over remote oceans are desirable to validate the iron
cycle in models.
Our findings will facilitate more informed assessment of future

responses of marine biogeochemistry and carbon sinks in the
Southern Ocean. As an important source of the oceanic iron cycle,
atmospheric supplies of new iron to the Southern Ocean are
thought to vary substantially from the past to the future due to
human activities, while other oceanic sources of iron, such as
hydrothermal vents or sedimentary, may be relatively
stable12,18,36. AN iron deposition is estimated to be substantially
reduced in future projections, and resulting total soluble iron
deposition in the future may also markedly decrease owing to its
probably large contribution (about 60% in our estimate) to the
atmospheric soluble iron deposition at present day. Meeting the
ambitious target to achieve global carbon neutrality by cutting
consumption of fossil fuels in the coming decades would
substantially reduce the anthropogenic emissions. Comprehensive
analysis of the impacts of reducing iron availability from AN
sources on net primary production are required in the context of
future changes in ocean mixed-layer depths by atmospheric
warming37. It is also important to further explore the iron-climate
feedbacks in the Earth system under a changing climate5. We
suggest ocean biogeochemical models and earth system models
fully considering the role of AN sources in the atmospheric soluble
iron inputs to the Southern Ocean based on this study.

METHODS
Global aerosol model simulations
We conducted global aerosol simulations using the Community Atmo-
sphere Model version 5 (CAM5)38 with the Aerosol Two-dimensional bin
module for foRmation and Aging Simulation version 2 (CAM-ATRAS)39–41

with modifications for iron particles. We added four iron minerals, derived

from anthropogenic sources, to the model, namely magnetite, hematite,
illite, and kaolinite, along with a biomass burning (BB) iron. All aerosol
components were assumed to be internally mixed, and resolved into 12
particle size bins from 1 to 10,000 nm in diameter. The CAM-ATRAS model
considers emissions, gas-phase chemistry, new particle formation,
condensation/coagulation, aerosol activation, dry/wet deposition, and
aerosol interactions with radiation and clouds. We have improved the
aerosol in-cloud wet scavenging processes for mixed-phase clouds, which
have been demonstrated, by the validation with many aircraft measure-
ments of black carbon concentrations, to result in a more reasonable
spatial distribution of black carbon concentrations over high-latitude
regions42.
The model was run using a horizontal resolution of 1.9° × 2.5° (latitude ×

longitude) with 30 vertical layers from the surface to ~40 km. In our
simulations, global monthly anthropogenic emissions of aerosols and
reactive gases in 2010 (present day) were taken from Hoesly et al43. based
on the Community Emissions Data System. Daily BB emissions of aerosols
and tracer gases were taken from the Global Fire Emissions Database
version 444. Dust emission fluxes were calculated online using the scheme
of Zender et al45. with modifications by Albani et al.46 and size distributions
of Kok47. The meteorological fields were nudged by using the Modern-Era
Retrospective analysis for Research and Applications Version 2 data. All
simulations in this study were run with present-day climatological data for
sea surface temperature and sea ice.

Present and future anthropogenic iron emissions
In the control (CTRL) simulation, the anthropogenic iron emission
inventory developed by Rathod et al.25 was used to model global-scale
atmospheric iron concentrations. The inventory used in the CTRL
simulation was developed by using a fuel- and technology- based
methodology for calculating combustion iron emissions from residential,
transportation, and industrial activities. The CTRL simulation was
performed for two time periods, 2008‒2011 and 2015‒2018; in each case,
the results for the last 3 years were used for the comparisons with the
atmospheric magnetite measurements over the Southern Ocean. In our
simulations, four iron-containing minerals (magnetite, hematite, illite, and
kaolinite with iron fractions by mass of 0.73, 0.70, 0.04, and 0.002,
respectively) were considered.
The global sums of the anthropogenic iron emissions were 1.6 Tg Fe

yr−1 as magnetite, 0.52 Tg Fe yr−1 as hematite, 0.11 Tg Fe yr−1 as illite, and

BB Dust AN

Fe emissions

Atmospheric
processing

Land Southern Ocean

Soluble Fe deposition

FeFe FeFe

CO2

Fe emissions

Atmospheric
processing

Land Southern Ocean

Soluble Fe deposition

FeFe

CO2

(a) Present Day (b)  Future (ca. 2100)

BB Dust AN 

Old estimate New estimate Present Future

Fig. 4 Schematic of soluble iron deposition to the Southern Ocean. a The improved contribution of anthropogenic (AN) iron in the total
soluble iron deposition in the present day. The simulation results are derived from the CTRL_HIGH case (i.e., new estimate of AN iron
deposition in the Fig. 4a) and the Luo2008 case (old estimate of AN iron). b The present-to-future changes in soluble iron deposition. Iron
emissions from biomass burning (BB) and dust sources are the same in the old and new estimates at the present-day conditions and are
assumed to be stable from the present day to the future.
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0.026 Tg Fe yr−1 as kaolinite. Note that the magnetite emission in this new
inventory was higher than our previous estimate (1.3 Tg Fe yr−1), which
was constrained by limited observations only in the Northern Hemi-
sphere8. Magnetite emissions from the Southern Hemisphere (90° S‒0°) in
our simulations were also higher (0.13 vs. 0.075 Tg Fe yr−1) than the
previous one (Supplementary Fig. 1). The magnetite particles in the CTRL
simulation had a global mean lifetime of 3.1 days, consistent with that in
the simulation by Matsui et al.8. Because iron as magnetite has the largest
share (~70%) of total anthropogenic iron emissions both globally and over
the Southern Hemisphere in the emission inventory, magnetite iron
dominated the atmospheric abundance of anthropogenic iron in the CTRL
simulation. The modeled global annual mean burdens of iron in the
atmosphere as the four anthropogenic iron-bearing minerals, i.e.,
magnetite, hematite, illite, and kaolinite, were 13, 4.3, 0.82, and 0.20 Gg,
respectively.
We find that magnetite concentration profiles in the CTRL simulation are

notably underestimated relative to the observations over the Southern
Pacific and the high-latitude Southern Ocean. To reduce this gap, we
scaled upward the emissions of all four anthropogenic iron minerals by a
factor of 5 separately in the Southern Africa, Australia, and Southern
America (shown in Supplementary Fig. 3), as magnetite originates from
diverse sources24 and probably serves as a proxy of anthropogenic iron
budgets in the atmosphere. We find that the scaling of AN iron emissions
in the Southern Africa can reduce the observation-simulation discrepancies
in most of the Southern Ocean, and thus use this case as a reasonable
upper limit of anthropogenic iron budgets over the Southern Ocean
(referred to as CTRL_HIGH).
We performed an additional simulation experiment using the anthro-

pogenic iron emission inventory developed by Luo et al26. (Luo2008),
which has been used by many previous studies27,48. Because the Luo2008
inventory did not provide information about iron speciation, anthropo-
genic iron was treated as a single species in this simulation. The global
total anthropogenic iron emissions used in the CTRL and
Luo2008 simulations were 2.2 and 0.66 Tg Fe yr−1, respectively. The size
distribution of anthropogenic iron emissions in all simulations followed the
sized-revolved observations of magnetite based on a power function49. It is
important to note that the emission sizes of iron-bearing particles affect
their long-range transport and lifetimes. Finer-sized iron minerals can be
more soluble because they have longer lifetimes and larger potential for
iron dissolution12.
To predict future changes in anthropogenic combustion iron emissions,

we scaled the present-day emissions to future conditions based on four
Tier-1 shared socio-economic pathways (SSPs) at 2100: SSP1‒26, SSP2‒45,
SSP3‒70, and SSP5‒85. We first calculated the ratios of projected black
carbon emissions from anthropogenic sources for each SSP scenario at
2100 to present-day emissions in each grid cell. Because fossil fuel
combustion is one of the major sources of both black carbon and
anthropogenic iron emissions, the projected changes in anthropogenic
iron from the present day to the future were assumed to be the same as
those of black carbon; thus, these grid-resolved ratios of black carbon
emissions were used to scale present-day anthropogenic iron emissions
from both the Luo2008 inventory26 and the new inventory of Rathod
et al25. to obtain their corresponding future emissions. In this case, the
present-to-future ratios of iron emissions from metal smelting for the new
inventory was not explicitly calculated and simply assumed as the same
with those from fossil fuel combustion. By considering four different future
scenarios, we were able to explore the possible ranges of future changes in
anthropogenic iron emissions.
Combustion iron emissions from open biomass burning were calculated

based on Luo et al26. The global sum of iron emissions from biomass
burning was estimated to be 1.07 Tg Fe yr−1. Dust iron emissions were not
treated in our model but we assumed a constant iron content of 3.5% in
dust5,50,51 for the calculation of atmospheric iron deposition. Estimates of
BB and dust iron emission fluxes remain uncertain and may significantly
alter the contributions of different sources on soluble iron deposition in
the Southern Ocean, as we discussed in Supplementary Note.

Calculation of soluble iron deposition flux
Soluble iron deposition fluxes to the oceans were calculated by multiplying
the monthly accumulated deposition flux of iron from each source
(anthropogenic combustion, biomass burning, and dust) in each grid cell
by the corresponding fractional solubility. The global grid-resolved
fractional solubility for iron that is deposited to ocean basins was provided
by a newly developed iron processing module in a CAM model that

represented the proton- and the organic ligand-promoted dissolution of
iron-bearing minerals19. In this dataset, the averaged fractional solubility of
iron at deposition across all grids in the Southern Ocean (>30°S) (shown in
Supplementary Fig. 4) was 7.3%, 16%, and 1.5% for anthropogenic, BB, and
dust sources, respectively, which were within a broad range of solubility
values reported in previous studies48,52–54. It should be mentioned that
these solubilities were used for both present-day and future simulations,
though they might change in future conditions due to changes in
atmospheric processing12,19. Incorporation of a detailed iron dissolution
scheme in our model in future studies will enable us to capture the effects
of future anthropogenic non-iron emission changes (e.g., in sulfur dioxide
and organics) on the fractional solubility of iron. We also used the same
solubility data as the CTRL simulation to estimate soluble iron deposition in
the CTRL_HIGH simulation. The related uncertainties are discussed in the
Supplemental Note 2.

Comparison with magnetite measurements
A global-scale aircraft measurement dataset of an anthropogenic-sourced
iron oxide23 was used to evaluate the modeled anthropogenic iron
budgets in the troposphere. The data comprised the observations from
eight series of flight campaigns over the oceans: four series during the
High-performance Instrumented Airborne Platform for Environmental
Research (HIAPER) Pole-to-Pole Observations (HIPPO 2‒5) research
campaigns in 2009‒201155 and all four of the Atmospheric Tomography
Mission (ATom 1‒4) in 2016‒201856. These observations were made by
using a modified single-particle soot photometer (SP2), and anthropogenic
iron-containing particles were identified from the SP2 measurements23.
The SP2 method is most sensitive to magnetite-like particles among all
kinds of anthropogenic iron oxides. In the campaign, about 100% of
magnetite mass was detected, while other minerals like hematite probably
have much lower detection efficiency within the sampling size ranges23.
The recent observations in East Asia have also indicated that the samples
of anthropogenic iron oxides observed by the SP2 were in the form of
aggregated magnetite nanoparticles24,49. Therefore, we conducted the
comparison of modeled anthropogenic magnetite with the observation
data. Moreover, because the SP2 used in those campaigns measured iron
oxide aerosols in the 180‒1290 nm size range (volume equivalent
diameter), we compared them only with the modeled magnetite in the
size bins between 230 and 1250 nm. We extracted the model results at
each time step (30min) and grid cell along the flight route, and then
averaged both the simulation and observation results over specific oceanic
regions covered during the eight flight campaigns to generate regional
mean vertical profiles of magnetite concentrations. The vertical profiles
produced from both simulations and observations were binned at intervals
of around 160 hPa because of the low number of particles observed in
each campaign. We also compared modeled black carbon concentrations
with the measurement datasets from these campaigns. The possible
uncertainties in the model-observation comparison of magnetite concen-
trations were discussed in the Supplemental Note 2.

DATA AVAILABILITY
HIPPO and ATOM campaign data can be found at https://esrl.noaa.gov/csl/groups/
csl6/measurements/ and https://espoarchive.nasa.gov/archive/browse/ATom. The
global simulation results of atmospheric soluble iron deposition that can be used
for ocean biogeochemistry modeling are publicly available at https://doi.org/10.5281/
zenodo.5229867.

CODE AVAILABILITY
The Community Atmospheric Model version 5 in the frame work of CESM1.2 is freely
available at https://www.cesm.ucar.edu/models/cesm1.2/. Codes developed for the
analysis of the model outputs are available from the corresponding authors upon
request.
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