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Abstract.  

Atmospheric deposition of aerosol iron (Fe) can stimulate marine primary productivity by supplying dissolved Fe (d-Fe) to 

the surface ocean, thereby potentially influencing the global climate. Aerosol Fe solubility (Fesol%) is closely linked to its 15 

bioavailability, and previous studies have shown that Fesol% generally increases as aerosol Fe concentration decreases. 

However, the mechanism underlying this widely observed inverse relationship remains unresolved. In this study, aerosol 

observations from East Asia, the North and South Pacific, and the Atlantic were compiled, and the ratios of total Fe to total 

Al (T-Fe/T-Al) and dissolved Fe to dissolved Al ([d-Fe]/[d-Al]) were used to estimate the contributions of mineral-derived 

and anthropogenic Fe to aerosol d-Fe, as well as the Fesol% of each source fraction. Aerosol d-Fe was found to be derived 20 

predominantly from mineral dust in many oceanic regions. In addition, both mineral-derived Fe and anthropogenic Fe 

showed inverse relationships between concentration and solubility. If the inverse relationship between Fe concentration and 

Fesol% were controlled mainly by simple two-component mixing between low-solubility mineral particles and highly soluble 

anthropogenic Fe, the Fesol% of each source fraction would not be expected to vary systematically with concentration. 

Instead, the results suggest that atmospheric chemical processing, together with depositional removal during transport, 25 

progressively increases the solubility of Fe remaining in aerosol particles. The ability to estimate the sources and dissolution 

processes of aerosol Fe from such fundamental concentration data may help improve the parameterization of aerosol Fe 

dissolution in global climate models. 
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1 Introduction 30 

Aerosol particles play a central role in the biogeochemical cycling of the Earth's surface environment. One key 

process is the fertilization of the oceans by aerosol-derived iron (Fe) (Jickells et al., 2005; Mahowald et al., 2009; Kanakidou 

et al., 2018). In high-nutrient, low-chlorophyll (HNLC) regions, primary production is limited by the scarcity of dissolved 

iron (d-Fe) in surface waters (Martin and Fitzwater, 1988; Martin, 1990; Martin et al., 1994; Boyd et al., 2007). The addition 

of d-Fe to these regions stimulates the biological pump, thereby influencing the cycling of carbon, nitrogen, sulfur, and Fe 35 

(Charlson et al., 1987; Krishnamurthy et al., 2009; Jin et al., 2008). Aerosols are recognized as a major source of d-Fe to the 

surface ocean, and numerous studies have examined this contribution (Baker et al., 2006a, 2006b, 2013, 2020; Buck et al., 

2006, 2010a, 2010b, 2013; Chance et al., 2015; Shelley et al., 2018; Marsay et al., 2022; Sakata et al., 2022; Kurisu et al., 

2021, 2024). These studies indicate that the fractional Fe solubility (Fesol%) in aerosols is primarily governed by (i) 

differences in Fesol% among emission sources (e.g., mineral dust, volcanic ash, anthropogenic aerosols) and their relative 40 

abundances, and (ii) chemical alterations, including proton-promoted, ligand-promoted, and photoreductive Fe dissolutions. 

However, the relative importance of these factors of Fesol% remains poorly constrained (Mahowald et al., 2009, 2018; Olgun 

et al., 2011; Sholkovitz et al., 2012; Ito et al., 2019; Baker et al., 2021). 

Limited knowledge of the seasonal variability of Fesol% further contributes to this uncertainty. The supply of 

aerosol Fe from East Asia to the North Pacific is modulated by seasonal variations in both natural and anthropogenic sources. 45 

Mineral dust loading typically peaks in spring (Uematsu et al., 1983; Zhu et al., 2020; Kawai et al., 2021), whereas 

concentrations of several anthropogenic pollutants increase in winter due to higher residential fuel combustion (Ma et al., 

2017; Zhang et al., 2018; Kurokawa and Ohara, 2020). Previous work suggests that anthropogenic Fe (anthro-Fe) generally 

exhibits higher Fesol% than mineral dust, implying that seasonal changes in their relative contributions influence Fesol% 

overall. Aerosol pH, which controls Fe dissolution rates, particularly for proton-promoted processes, also varies seasonally 50 

in response to temperature and humidity changes (Guo et al., 2016; Tao and Murphy, 2019a; Song and Osada, 2020; Pye et 

al., 2020; Zheng et al., 2020). Consequently, Fesol% is also expected to exhibit seasonal variability. Given that most Fe in 

marine aerosols originates from continental regions, long-term observations in both marine and continental atmospheres are 

essential for identifying the controlling factors of Fesol%. However, studies covering longer than one year are scarce, even at 

land-based sites, and conducting such long-term observations during research cruises is particularly challenging. Moreover, 55 

only limited attempts have been made to compile existing measurement data to systematically evaluate the seasonal 

variability of Fesol% and the mechanisms governing it in marine aerosols. 

To understand the seasonal variability of Fesol% in aerosols collected from both terrestrial and marine atmospheres, 

as well as to elucidate the controlling factors, it is essential to compile existing data and discuss them in detail. This study 

compiled a global dataset from previous observational work and associated measurements of total and dissolved Fe and Al 60 

concentrations and their solubilities. The dataset encompasses East Asia (Duvall et al., 2008; Li et al., 2015; Kurisu et al., 

2019; Hsieh et al., 2023; Sakata et al., 2023, 2025; Seo and Kim, 2023), the North Pacific (Buck et al., 2006, 2013; Marsay 
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et al., 2022; Sakata et al., 2022; Kurisu et al., 2024), the South Pacific (Buck et al., 2013, 2019; Sakata et al., 2022; Perron et 

al., 2020a, 2021), and the Atlantic Ocean (Baker et al., 2006a, 2006b, 2013, 2020; Buck et al., 2010a, 2010b; Chance et al., 

2015). We included Al data because a plot of the enrichment factor of total Fe (EFT-Fe = (T-Fe/T-Al)aerosol/(T-Fe/T-Al)crust) 65 

plotted against the molar ratio of d-Fe to dissolved Al ([d-Fe]/[d-Al]) is a useful tool for identifying emission sources of T-Fe 

and d-Fe (Sakata et al., 2023). We first calculated monthly means of T-Fe and T-Al concentrations and solubilities to 

characterize seasonal variabilities. We then estimated the contribution of anthropogenic-derived d-Fe to total aerosol d-Fe, 

and separately evaluated the Fesol% of mineral dust and anthropogenic aerosols to assess the seasonal variability of their 

atmospheric alteration processes. Finally, we reanalyzed the compiled data using standardized metrics, including EFT-Fe and 70 

[d-Fe]/[d-Al], to investigate the factors controlling Fesol%. This reanalysis aimed both to clarify spatiotemporal patterns 

linked to these controlling factors and to identify key gaps that should be addressed in future observational studies. 

 

2 Methods 

2.1 Data compilation of total and dissolved Fe and Al concentrations 75 

This study primarily utilized data reported in previous observations, supplemented by our unpublished data from size-

resolved aerosol samples collected in the Pacific Ocean. Detailed descriptions of the sampling and analytical procedures for 

these unpublished data are provided in Section S1 of the Supplementary Information. For data compilation, only samples for 

which concentrations of T-Fe, T-Al, d-Fe, and d-Al were concurrently available were included. In certain studies, d-Fe and 

d-Al concentrations were derived based on their corresponding Fesol% or Alsol%. All compiled data were acquired through 80 

filter-based collection methods. Aerosol particles were sampled using cellulose, quartz fiber, or PTFE fiber filters (Buck and 

Pytan, 2012; Morton et al., 2013; Sakata et al., 2018). Although the choice of filter material may influence measured Fesol% 

and Alsol%, this effect is generally limited to a few percent, which is minor relative to the observed variability. Therefore, 

differences in sampling substrates were not accounted for in this study. While the majority of previous studies collected total 

suspended particulates (TSP), size-fractionated aerosol samples were occasionally utilized. In this study, coarse and fine 85 

aerosol particles are defined as those with aerodynamic diameters greater than or less than 2.5 m, respectively. Samples 

were predominantly preserved by freezing at –20°C or by storage in a desiccator at ambient temperature under dry 

conditions (approximately 20% relative humidity). 

Given the variability in acid digestion and extraction protocols for Fe and Al across studies, specific criteria were 

established for data compilation. A critical consideration was whether hydrofluoric acid (HF) was incorporated in the 90 

digestion process. It is known that the incomplete digestion of Si-O bond present in aluminosilicates, due to the omission of 

HF, leads to an underestimation of the T-Fe and T-Al concentrations that are substituted or trapped within it. Therefore, in 

this study, we only compiled, and concentrations obtained from aerosol samples digested with acids that included both 
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HNO3 and HF, following the methodology of Morton et al. (2013). These elemental concentrations were primarily 

determined by inductively coupled plasma mass spectrometry (ICP-MS) or inductively coupled plasma optical emission 95 

spectroscopy (ICP-OES), with occasional utilization of X-ray fluorescence analysis (XRF) in the absence of total acid 

digestion. 

Extraction solutions (e.g., ultrapure water, weak or strong ligand solutions), extraction methodologies (batch versus 

flow-through), and extraction durations varied among the referenced studies (Sholkovitz et al., 2012; Baker and Croot, 2010; 

Clough et al., 2020; Perron et al., 2020b). In this study, Fe extracted by ultrapure water and ammonium acetate buffer were 100 

uniformly classified as d-Fe, with the same approach applied for Al. Most aerosol samples from East Asia and the Pacific 

were extracted using ultrapure water, whereas a subset of Atlantic samples underwent extraction using ammonium acetate 

buffer at pH 4.7. Despite prior reports indicating that ammonium acetate extraction yields approximately 1.4 times greater Fe 

concentrations than ultrapure water (Perron et al., 2020b), no correction factor was applied in the present analysis. 

 105 

2.2 Enrichment factor of Fe 

To evaluate the sources of T-Fe in aerosol particles (i.e., mineral Fe or anthro-Fe), the enrichment factor of Fe (EFT-Fe) 

in aerosol particles is calculated by the following equation: 

EFT−Fe  =  
(T−Fe/T−Al)aerosol

(T−Fe/T−Al)upper continental crust
  (Eq. 1) 

where (T-Fe/T-Al)aerosol or upper continental crust are mass ratio of T-Fe relative to T-Al ratio in aerosol particles and the average 110 

upper continental crust (UCC), respectively. Considering that T-Fe/T-Al ratio of the UCC varies among literatures, the EFT-

Fe for all aerosol particles were recalculated. In this study, the mean T-Fe/T-Al ratio of 0.52 ± 0.12 in five studies was 

employed with the consideration of variability of the T-Fe/T-Al ratio in the upper continental crust (Turekian, 1961; Taylor, 

1964; Taylor and McLennan, 1995; Wedepohl, 1995; Rudnick and Gao, 2003). While EFT-Fe greater than 10 is generally 

used to indicate a significant contribution from anthro-Fe (T-Fe/T-Al > 5.18), this study employed a lower threshold of 2.0 115 

(T-Fe/T-Al: 1.04). This decision was made because even after accounting for the T-Fe/T-Al ratio and twice its standard 

deviation in source samples of Asian dust, Saharan dust, and other mineral dust, a statistically significant difference 

remained compared to twice the T-Fe/T-Al ratio of upper continental crust (Liu et al., 2022). 

 

2.3 Data compilation of total and dissolved Fe and Al concentrations 120 

2.3.1. Principle for a diagram between the EFT-Fe and [d-Fe]/[d-Al] ratio 

The [d-Fe]/[d-Al] ratio and EFT-Fe in aerosol particles vary depending on emission sources and the dissolution processes 

of aerosol Fe (Sakata et al., 2023). The dominant sources of T-Fe and d-Fe in aerosol particles can be categorized into five 
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groups (Figure 1). EFT-Fe (vertical axis) is elevated by the influence of T-Fe-rich anthropogenic aerosols, whereas [d-Fe]/[d-

Al] (horizontal axis) fluctuates mainly due to mineral dust dissolution processes, including proton-promoted and ligand-125 

promoted dissolutions, and the input of highly soluble anthro-Fe. Aerosol samples strongly influenced by mineral dust are 

predominantly plotted within areas (i) and (ii), both characterized by EFT-Fe below 2.0. These areas differ based on the 

dissolution mechanisms of mineral dust: proton-promoted dissolution in area (i), where [d-Fe]/[d-Al] ranges from 0.1 to 1.0, 

and ligand-promoted (e.g., oxalate) dissolution in area (ii), where [d-Fe]/[d-Al] exceeds 1.0. Aerosol particles plotted in 

areas (iii) and (iv) are influenced by anthro-Fe, indicated by EFT-Fe greater than 2.0, with the distinction between these areas 130 

being the solubility of the anthro-Fe. In area (iii), insoluble anthro-Fe is primarily thought to stem from sources like non-

exhaust vehicle particles (e.g., brake pad wear) and steel slag, which exhibited high T-Fe/T-Al ratio compared to mineral 

dust. The Fesol% of these anthro-Fe (<0.01%) is markedly lower than that of fresh mineral dust (Fesol%: 0.1–1.0%) (Halle et 

al., 2013; Shupert et al., 2021; Cui et al., 2025). As a result, although anthro-Fe contributes to enhance T-Fe/T-Al ratio, it has 

little impact on [d-Fe]/[d-Al] ratio. Therefore, [d-Fe]/[d-Al] ratio of aerosol particles in area (iii) is similar to mineral dust. In 135 

contrast, the anthro-Fe in area (iv) is easily dissolved, leading to an increase in the [d-Fe]/[d-Al] ratio. The readily soluble 

anthro-Fe discussed here encompasses exhibiting high Fesol% at the time of emission, and the initially insoluble anthro-Fe 

plotted in area (iii) that subsequently increased its solubility through atmospheric chemical processing. Finally, aerosol 

particles in area (v) originate from aluminosilicate glasses primarily emitted during combustion processes, including coal 

burning and municipal solid waste incineration, and are characterized by a [d-Fe]/[d-Al] ratio below 0.10. Assuming a binary 140 

mixing between areas (i) and (iv) in Figure 1, the fractions of d-Fe derived from mineral dust (Fmineral-dFe) and anthro-Fe 

(Fanthro-dFe) in aerosol particles are estimated by the following equations: 

𝐹𝑚𝑖𝑛𝑒𝑟𝑎𝑙−𝑑𝐹𝑒 + 𝐹𝑎𝑛𝑡ℎ𝑟𝑜−𝑑𝐹𝑒 = 1  (Eq.2) 

([
d−Fe

d−Al
])

aerosol
= ([

d−Fe

d−Al
])

mineral
× 𝐹𝑚𝑖𝑛𝑒𝑟𝑎𝑙 + ([

d−Fe

d−Al
])

anthro
× 𝐹𝑎𝑛𝑡ℎ𝑟𝑜 (Eq. 3) 

A key limitation of this approach is the selection of appropriate representative [d-Fe]/[d-Al] for mineral dust and anthro-Fe. 145 

Representative [d-Fe]/[d-Al] ratios of mineral dust in East Asian/North Pacific and Atlantic aerosols were determined 

utilizing the values derived from Asian dust (= 0.24 ± 0.20, Duvall et al., 2008) and Saharan dust (= 0.11 ± 0.06, Desboeufs 

et al., 2001, 2024; Shi et al., 2011a). The mean [d-Fe]/[d-Al] ratio of fine aerosol particles collected in East Asia exceeding 

1.5 was adopted as the representative [d-Fe]/[d-Al] ratio for anthro-Fe, yielding a value of 2.67 ± 1.88 (Sakata et al., 2023).  
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 150 

Figure 1. Relationships of emission sources of T-Fe and d-Fe with [d-Fe]/[d-Al] ratio and EFT-Fe. This figure was partially 

modified from Sakata et al. (2025). 

 

2.4 Principle for a diagram between the EFT-Fe and [d-Fe]/[d-Al] ratio 

The Fesol% and Alsol% were calculated by the following equations: 155 

Fesol% = (
d−Fe 

T−Fe
)

aerosol
× 100 (Eq. 4) 

Alsol% = (
d−Al 

T−Al
)

aerosol
× 100 (Eq. 5) 

In this study, Fesol% of mineral dust and anthropogenic aerosol (mineral-Fesol% and anthro-Fesol%, respectively) were 

evaluated separately. Mineral-Fe and anthro-Fe concentrations were determined using the following equations:  

Mineral Fe (ng m−3) = Total Al × (
T−Fe

T−Al
)

aerosol
 (Eq. 6) 160 

Anthro Fe (ng m−3) = Total Fe − Mineral Fe (Eq. 7) 

The d-Fe concentrations dissolved from mineral dust and anthro-Fe (mineral-dFe and anthro-dFe, respectively) were 

calculated by multiplying the d-Fe concentration by Fmineral and Fanthro, respectively. 

Mineral dFe = dFe × 𝐹𝑚𝑖𝑛𝑒𝑟𝑎𝑙−𝑑𝐹𝑒 (Eq. 8) 

Anthro dFe = dFe × 𝐹𝑎𝑛𝑡ℎ𝑟𝑜−𝑑𝐹𝑒 (Eq. 9) 165 

Finally, mineral-Fesol% and anthro-Fesol% were calculated using the same equation as Eq. 4. 
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3. Results and Discussion 

3.1 Overview of global dataset 

This compiled dataset integrates aerosol samples collected in East Asia with marine aerosol samples observed over the 170 

North and South Pacific, and Atlantic for which T-Fe, d-Fe, T-Al, and d-Al concentrations were all available. In total, the 

dataset includes 1,096 samples (East Asia: 428; North Pacific: 233; South Pacific: 91; Atlantic: 361), comprising TSP from 

all four regions and size-resolved coarse aerosol particles and fine aerosol particles from East Asia and the North Pacific 

where such measurements were available. Table 1 summarizes, for TSP in each region and basin, the dominant sources of T-

Fe and d-Fe, as well as T-Fe concentration, d-Fe concentration, Fesol%, and Fanthro-dFe. Across the full dataset, T-Fe 175 

concentrations ranged from <0.1 to 14166.7 ng m-3 (mean: 278.1 ± 860.7 ng m-3; median: 33.3 ng m-3). High-T-Fe samples 

occurred mainly in East Asia, whereas samples from the North Pacific and South Pacific were concentrated in the low-T-Fe 

range; Atlantic samples showed an intermediate distribution (Table 1). d-Fe concentrations ranged from <0.1 to 212.7 ng m-3, 

with the highest value observed in the Atlantic (Table 1). Although East Asian aerosols showed the highest mean d-Fe 

concentrations, the contrast with marine aerosols was much smaller than that for T-Fe, suggesting that d-Fe concentrations in 180 

marine aerosols cannot be explained solely by the transport flux of Fe-bearing aerosols from continental source regions. 

Fesol%, which strongly affects d-Fe concentrations, showed a wide range from 0.01% to 99.95% (mean: 9.76 ± 

15.2%; median: 4.57%). Mean Fesol% was lowest in East Asia and higher in the North Pacific, reflecting the strong influence 

of East Asian outflow. By comparison, Fesol% in the South Pacific and Atlantic was lower than in the North Pacific, 

suggesting that these regions are less strongly affected by processes that enhance Fesol%. As in previous studies, Fesol% 185 

increased as T-Fe concentration decreased in all regions (Figure 2a; Sholkovitz et al., 2012; Mahowald et al., 2018). This 

inverse relationship was observed commonly over both land and ocean, indicating that it is a globally shared characteristic 

(Figure 2a). Previous studies suggest that this relationship mainly reflects (1) preferential removal of coarse mineral dust 

with low solubility relative to fine anthro-Fe with higher solubility, which increases the relative importance of anthro-Fe as 

aerosol concentrations decrease, and (2) increased Fesol% through chemical processing during atmospheric transport 190 

(Mahowald et al., 2018). The sources of d-Fe in aerosols from each region and basin were evaluated using the [d-Fe]/[d-Al]-

EF diagram. Many samples had T-Fe/T-Al ratios less than 2.0 and [d-Fe]/[d-Al] ratios less than 1.0, suggesting that T-Fe 

was derived mainly from mineral dust and that d-Fe was produced primarily through proton-promoted dissolution of those 

particles. Moreover, mean Fanthro-dFe was less than 10% in all regions and basins, indicating that mineral dust-derived d-Fe is 

globally important for Fe supply to the ocean.  195 
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Table 1 Basin-scale summary of aerosol Fe (T-Fe and d-Fe ranges), Fesol%, and Fanthro-dFe in East Asian and marine TSPs. 

Area 
T-Fe 

source(s) 
d-Fe source(s) 

T-Fe range 

(ng m-3) 

d-Fe range 

(ng m-3) 

Fesol% 

(%) 

Fanthro-dFe 

(%) 

East 

Asia 

TSP and 

coarse: 

Mineral 

dust 

Fine 

aerosol:  

Mineral 

dust + 

anthro-Fe 

TSP and coarse:  

Fe dissolution from mineral 

dust 

Fine aerosols: 

Fe dissolution from mineral 

dust and antro-Fe emitted as 

insoluble Fe 

Range: 15.6-

14166.7 

Mean: 1101.3 ± 

1861.7 

Range: 0.6-

98.0 

Mean: 12.6 

± 27.0 

range: 0.1–

17.5% 

Mean: 3.5 ± 

3.2 

7.9 ± 10.3 

N. 

Pacific 

Asian 

outflow of 

mineral 

dust 

Fe dissolution from mineral 

dust: 

Fesol% in coarse aerosols was 

enhanced by chemical 

alteration in the marine 

atmosphere 

 

episodic anthro-Fe supply 

from shipping 

Range: 0.2–

764.5 

Mean: 50.0 ± 

104.4 

Range: 

<0.1–45.9 

Mean: 4.5 ± 

7.3 

Range: 0.4–

74.2 

Mean: 13.9 ± 

14.4 

Range: 6.1 ± 

10.4 

(max 73.7) 

Atlantic 
Saharan 

dust 

Fe dissolution from mineral 

dust: 

cloud processing in high 

alitude 

Anthro-Fe mostly insoluble 

Range: 0.2–

5650.0 

Mean: 387.2 ± 

922.9 

Range: 

<0.1–212.7 

Mean: 6.9 ± 

23.4 

Range: 0.1–

50.8 

Mean: 6.2 ± 

6.8 

Range: 5.1 ± 

9.7 
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 200 

Figure 2 (a) Inverse plot of T-Fe with Fesol% and (b) [d-Fe]/[d-Al]-EFT-Fe diagram in aerosol samples compiled by this study.  

Table 1 Basin-scale summary of aerosol Fe (T-Fe and d-Fe ranges), Fesol%, and Fanthro-dFe in East Asian and marine TSPs. 

Area 
T-Fe 

source(s) 
d-Fe source(s) 

T-Fe range 

(ng m-3) 

d-Fe range 

(ng m-3) 

Fesol% 

(%) 

Fanthro-dFe 

(%) 

S. 

Pacific 

Mineral 

dust and 

volcanic 

influence 

near Heard 

Island 

Coastal Australia aerosols 

affected by anthro emissions 

acidified aerosols. 

Volcanic influence near Heard 

Island 

Range: 0.1–

129.8 

Mean: 17.6 ± 

25.3 

Range: 

<0.1–8.3 

Mean: 1.0 ± 

1.6 

Range: <0.1–

100  

Mean: 8.5 ± 

12.5 

(excluding 

outlier: 

range: <0.1–

41.9;  

Mean: 7.3 ± 

6.4) 

Up to 20% 

near 

Australia. 

Apparent high 

values near 

Heard Island 

are driven by 

volcanic ash 

(not anthro-

Fe). 

References. East Asia: Duvall et al., 2008; Kurisu et al., 2019; Hsieh et al., 2023; Sakata et al., 2023, 2025; Seo and Kim, 

2023. The North Pacific: Buck et al., 2006, 2013; Marsay et al., 2022; Sakata et al., 2022; Kurisu et al., 2024. The Atlantic 

Ocean: Baker et al., 2006a, 2006b, 2013, 2020; Buck et al., 2010a, 2010b; Chance et al., 2015. The South Pacific: Buck et 

al., 2013, 2019; Sakata et al., 2022; Perron et al., 2020a, 2021. 
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3.2 East Asian aerosols 

3.2.1 Monthly trends of Fe and Al concentrations 

Elevated T-Fe and T-Al concentrations were primarily observed from March to May (Figure 3a), consistent with the 205 

seasonal trend of Asian dust transport from the Gobi and Taklamakan Deserts, which peaks in spring (Uematsu et al., 1983; 

Zhu et al., 2020; Kawai et al., 2021). T-Fe concentrations correlated strongly with T-Al concentrations in TSP samples 

(Figure S1a), and the mean EFT-Fe (1.6 ± 1.6; monthly mean: 1.2–1.9) was below 2.0.  

The d-Fe and d-Al concentrations in TSP ranged from 0.6 to 98 ng m-³ and from 1 to 101 ng m-³, respectively (Figure 

S1b). d-Fe concentrations were positively correlated with d-Al concentrations, suggesting that the two dissolved metals are 210 

influenced by similar processes (Figure S1b). Both d-Fe and d-Al concentrations tended to be higher in spring, consistent 

with the seasonal patterns of T-Fe and T-Al (Figure 3b). This indicated that the atmospheric loading of mineral dust and 

anthropogenic aerosols was an important factor influencing d-Fe variability. However, no significant correlations were found 

between T-Fe and d-Fe, or between T-Al and d-Al (Figures S1c and S1d), indicating that total elemental loading alone 

cannot explain the variability in dissolved metal concentrations. In contrast to T-Fe and T-Al, fine aerosol particles exhibited 215 

higher mean concentrations of d-Fe and d-Al (15 ± 37 ng m-³ and 22 ± 61 ng m-³, respectively) than coarse aerosol particles 

(0.8 ± 1.2 ng m-³ and 1.5 ± 1.9 ng m-³, respectively). These findings highlighted the important role of fine aerosol particles in 

supplying Fe to surface seawater via atmospheric deposition. 

 

Figure 3. Monthly mean concentrations of (a) T-Fe and T-Al and (b) d-Fe and d-Al in East Asian TSP. 220 
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3.2.2 Factors controlling Fesol% of East Asian TSP 

The annual mean Fesol% in East Asian TSP was 3.5 ± 3.2% (range: 0.1–17.5%), with higher values generally observed 

in summer (Figure 4a). Anthro-Fe likely contributed to the seasonal variation of Fesol% because Fanthro-dFe also increased 

during summer. However, the annual mean Fanthro-dFe in TSP was still limited to 7.9 ± 10.3%. Consistently, most East Asian 

TSP samples fell within regions (i) and (iii), indicating that T-Fe was derived mainly from mineral dust and insoluble anthro-225 

Fe, whereas d-Fe was supplied primarily through proton-promoted dissolution of mineral dust rather than anthro-Fe (Figure 

3a). 

To investigate the mechanism underlying the inverse relationship between Fesol% and T-Fe concentration, we examined 

how mineral-Fesol% and anthro-Fesol% varied with their respective Fe concentrations. If this inverse relationship were 

governed solely by mixing between mineral dust with low Fesol% and highly soluble anthro-Fe, neither mineral-Fesol% nor 230 

anthro-Fesol% would be expected to depend on concentration. In contrast, both increased as Fe concentration decreased. 

These results indicate that the inverse relationship between Fesol% and T-Fe in East Asian TSP cannot be explained by 

simple source mixing alone, but instead reflects enhanced Fe dissolution of both mineral dust and anthro-Fe during chemical 

processing in atmospheric transport. Consistent with this interpretation, Japanese TSP collected during the Asian outflow 

season showed substantially higher solubility than Chinese and Korean TSP: the mean bulk Fesol% was 4.9 ± 3.6% in 235 

Japanese TSP, compared with 2.5 ± 2.5% in Chinese and Korean TSP. The same tendency was observed for mineral-Fesol% 

(6.6 ± 3.7% vs. 3.2 ± 4.1%) and anthro-Fesol% (3.1 ± 4.6% vs. 0.6 ± 1.1%). Together, these results support progressive 

solubilization of both mineral-Fe and anthro-Fe during transport from the East Asian continent. 

Anthro-Fe in TSP could be further divided into two groups. One group exhibited lower Fesol% than mineral dust, 

whereas the other overlapped with mineral dust over a similar Fe concentration range. The boundary between these groups 240 

was defined as the lower 5th percentile limit of the power-law relationship between mineral-Fe concentration and mineral-

Fesol%. The former group showed anthro-Fesol% values below 1% (mean: 0.3 ± 0.2%), with some high-concentration 

samples exhibiting extremely low solubility of <0.1%. This characteristic is consistent with non-combustion anthro-Fe, 

including brake-pad debris, tire-wear debris, and steel slags derived from road dust (Halle et al., 2013; Shupert et al., 2021; 

Cui et al., 2025). By contrast, the latter group had a mean anthro-Fesol% of 4.0 ± 5.7%, exceeding the mean mineral-Fesol% in 245 

East Asian TSP (2.4 ± 4.1%), which is consistent with the generally higher solubility expected for anthro-Fe derived from 

high-temperature combustion. Notably, even in high-anthro-Fe samples strongly influenced by fresh aerosol particles, 

anthro-Fesol% remained mostly around 1%. This suggests that these particles were not emitted in a highly soluble form, but 

instead became solubilized from an initially low-solubility state through chemical processing during atmospheric transport 

(Sholkovitz et al., 2009; Ito et al., 2021). 250 
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Figure 4. Diagrams between [d-Fe]/[d-Al] and EFT-Fe in (a) TSPs, (b) coarse aerosol particles and (c) fine aerosol particles 

and their magnified figures. (d) Monthly trends of Fmineral and Fanthro-dFe in TSP, coarse and fine aerosol particles.  

 255 

3.2.3 Factors controlling Fesol% of East Asian coarse aerosol particles 

The mean Fesol% in coarse aerosol particles was 1.0 ± 1.1%, and Fesol% was higher in summer. As well as TSPs, 

coarse aerosol particles were mainly plotted in area (i) and (iii), indicating that T-Fe in East Asina TSPs was mainly 

originated from mineral dust and insoluble anthro-Fe, and d-Fe was derived from proton-promoted dissolutions of mineral 

dust (Figure 4a). The contribution of anthro-Fe to d-Fe in coarse aerosol particles was consistently low throughout the year, 260 

averaging only 2.4 ± 3.9% (Figure 5b).  

Even in coarse aerosol particles, mineral-Fesol% increased as mineral-Fe concentration decreased (Figure 5b). Because 

there is little need to assume multiple initial Fesol% endmembers for mineral dust, this inverse correlation is interpreted as 

having been formed not by simple mixing, but by a combination of chemical processing during transport and depositional 

removal. Indeed, the mean Fesol% of mineral dust in coarse aerosol particles was 2.3 ± 2.9%, slightly exceeding the range 265 

reported for fresh mineral dust (Duvall et al., 2008; Shi et al., 2011a; Desboeufs et al., 2001). However, mineral dust in 

coarse aerosol particles mainly exists as crystalline aluminosilicates and contains relatively high proportions of alkaline 
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minerals such as calcite (CaCO3), making it less susceptible to strong acidification than fine aerosol particles. Acidification 

of Fe-bearing aluminosilicates is generally considered to proceed only after the buffering capacity of CaCO3 has been 

consumed, yet CaCO3 is known to remain even in coarse particles transported from the Gobi and Taklamakan to Japan 270 

(Meskhidze et al., 2005; Fairlie et al., 2010; Takahashi et al., 2009; Miyamoto et al., 2020). Therefore, substantial 

solubilization by aerosol acidification is unlikely in coarse aerosol particles, and the slight increase in observed Fesol% is 

likely attributable to partial transformation of Fe in chlorite and biotite into ferrihydrite and Fe(II, III)-sulfates (Takahashi et 

al., 2011; Sakata et al., 2025). 

By contrast, the Fesol% of coarse aerosol particles (1.0 ± 1.1%) was lower than mineral-Fesol% (2.3 ± 2.9%), suggesting 275 

a contribution from low-solubility anthro-Fe. In fact, in Figure 4e, most anthro-Fe in coarse aerosol particles was distributed 

below the boundary line separating combusted and non-combusted anthro-Fe, with a mean anthro-Fesol% of 0.1 ± 0.2%, and 

an extremely low value of 0.05 ± 0.05% for the lower group. These particles are thought to correspond mainly to non-

combustion anthro-Fe, such as resuspended non-exhaust vehicle particles and slag derived from steel-industry storage areas 

(Harrison et al., 2012; Kajino et al., 2020; Kurisu et al., 2019, 2026). Because this Fe mainly exists as Fe oxides and is less 280 

soluble than Fe in aluminosilicates under weakly acidic to neutral conditions, its contribution to d-Fe in coarse aerosol 

particles is likely small (Journet et al., 2008; Halle et al., 2013; Shupert et al., 2021; Cui et al., 2025). 
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Figure 5. Monthly trends of Fesol%, mineral-Fesol%, and anthro-Fesol% in East Asia for (a) TSP, (b) coarse aerosol particles, 

and (c) fine aerosol particles. The red and black lines indicate the anthro-Fesol% enhancement associated with non-285 

combustion-derived and combustion-derived anthro-Fe, respectively. Scatter plots of Fe concentration versus 

Fesol% for (d) TSP, (e) coarse aerosol particles, and (f) fine aerosol particles. The solid black lines in panels (d–f) 

denote the boundary separating non-combusted and combusted anthro-Fe. 

 

3.2.4 Factors controlling Fesol% of East Asian fine aerosol particles 290 

The annual mean bulk Fesol% in fine aerosol particles was 21.1 ± 23.6%, approximately one order of magnitude 

higher than that in coarse aerosol particles (1.0 ± 1.1%) (Figure 4b, c). In fine aerosol particles, both mineral-Fesol% (mean: 

27.9 ± 28.0%) and anthro-Fesol% (mean: 16.0 ± 22.3%) exceeded 10%, indicating that both mineral dust and anthro-Fe 

contributed substantially to d-Fe. On average, 21.0 ± 26.3% of d-Fe in fine aerosol particles was derived from anthro-Fe.  

Both mineral-Fesol% and anthro-Fesol% increased with decreasing their Fe concentrations in fine aerosol particles, 295 

providing clear evidence for solubilization during atmospheric transport (Figure 4f). This likely reflects the large specific 

surface area of fine aerosol particles and their greater susceptibility to reactions with acidic species and organic ligands. 

Among these processes, aerosol acidification is particularly important, because the pH of fine aerosol particles is typically 

more than one unit lower than that of coarse aerosol particles, which retain CaCO3 (Guo et al., 2018; Pye et al., 2020). 

Consistent with this interpretation, single-particle analysis has identified sulfate coatings on both mineral dust and anthro-Fe 300 

in fine aerosol particles, and Fe(III)-sulfate has been detected in TSP and fine aerosol particles in Japan (Sullivan et al., 

2007; Li et al., 2017; Zhu et al., 2022; Takahashi et al., 2013; Sakata et al., 2025). Moreover, Fe(III)-sulfate forms under 

highly acidic conditions (pH < 3.0), and CaCO3 is absent from fine aerosol particles in Japan, suggesting that acidification in 

poorly buffered fine aerosol particles strongly promoted Fe dissolution (Meskhidze et al., 2005; Fairlie et al., 2010; 

Miyamoto et al., 2020; Sakata et al., 2022). Seasonal patterns also support this interpretation: in both coarse and fine aerosol 305 

particles, mineral-Fesol% and anthro-Fesol% were elevated in summer, consistent with lower aerosol pH and higher [nss-SO4
2-

]/[T-Fe] ratios during that season (Tao and Murphy, 2019b; Pye et al., 2020; Song and Osada, 2020; Sakata et al., 2025). 

Taken together, these results indicate that acidification is the dominant factor controlling the solubilization of Fe-containing 

particles in fine aerosol particles. 

In contrast to coarse aerosol particles, anthro-Fe in fine aerosol particles was predominantly distributed above the 310 

boundary separating combusted and non-combusted anthro-Fe (Figure 4f). The group above the boundary showed a high 

mean anthro-Fesol% of 22.2 ± 24.0%, consistent with anthro-Fe derived from high-temperature combustion (Kurisu et al., 

2021). Nevertheless, samples with anthro-Fesol% higher than 30% were not common even in the high-anthro-Fe 

concentration range, suggesting that anthro-Fe from solid-fuel combustion and high-temperature industrial processes, such as 

coal combustion and steel production, contributed more strongly than anthro-Fe from liquid-fuel combustion, such as heavy 315 

oil and gasoline combustion (Sedwick et al., 2007; Schroth et al., 2009; Oakes et al., 2012; Ito et al., 2021). By contrast, the 
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group below the boundary frequently showed anthro-Fesol% values of <0.1%, with a mean of 0.9 ± 0.8%, indicating the 

influence of non-combustion anthro-Fe, such as NEV particles, as also inferred for coarse aerosol particles (Kajino et al., 

2020; Sakata et al., 2025). Because the maximum anthro-Fesol% in this group was only 3.7%, it was likely composed of Fe 

species that are intrinsically resistant to atmospheric solubilization. These results suggest that combustion-derived and non-320 

combustion-derived anthro-Fe differ markedly in atmospheric reactivity. 

 

3.3 The North Pacific Ocean 

3.3.1 Monthly and spatial trend of T-Feand d-Fe concentration 

T-Fe and T-Al concentrations in North Pacific TSPs ranged from 0.2 to 764.5 ng m-³ and 0.4 to 1320.7 ng m-³, 325 

respectively. T-Fe was strongly correlated with T-Al, and the slope of the regression line was comparable to the T-Fe/T-Al 

ratio characteristic of mineral dust (Figure S2a). This suggests that T-Fe in North Pacific TSPs was primarily derived from 

mineral dust, consistent with the near-unity mean EFT-Fe value (1.3 ± 1.2). Concentrations of d-Fe and d-Al ranged from 0 to 

45.9 ng m-³ and 0.1 to 70.8 ng m-³, respectively, with d-Fe showing a strong correlation with d-Al (Figure S2b). The mean 

[d-Fe]/[d-Al] ratio of 0.39 ± 0.29 aligns with values for mineral dust subjected to proton-promoted dissolution. These results 330 

indicate that both T-Fe and d-Fe in North Pacific TSPs largely originated from mineral dust. 

Distinct from East Asian aerosols, North Pacific aerosols exhibited strong correlations between d-Fe and T-Fe 

concentrations, as well as between d-Al and T-Al concentrations (Figure S2c). This suggests that the amount of d-Fe 

supplied to the North Pacific is primarily controlled by the total transport flux of T-Fe-containing aerosols. Shipboard 

observations revealed that T-Fe and d-Fe concentrations in the marine boundary layer decreased with increasing distance 335 

from East Asia (Figures 5a and 5b), indicating the deposition of T-Fe and d-Fe-containing particles from the atmosphere to 

the ocean during transport. Furthermore, the highest T-Fe and d-Fe concentrations were observed in spring, coinciding with 

the period of mineral dust transport from the Gobi and Taklamakan deserts (Figures 6a and 6b). 

This spatial and seasonal pattern is broadly consistent with satellite-derived dust aerosol optical depth (DAOD), a proxy 

for the atmospheric column abundance of mineral dust (Song et al., 2021). Satellite observations also show enhanced surface 340 

seawater chlorophyll a following dust events over the North Pacific (Luo et al., 2020; Yoon et al., 2022), suggesting that 

continental mineral dust is an important source of d-Fe supporting biological primary production in this region. These results 

highlight the importance of understanding both the seasonality of Fe emission sources and the processes controlling Fesol% in 

North Pacific aerosols. 
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 345 

Figure 6. Spatial distributions of (a) T-Fe concentration, (b) d-Fe concentration, (c) Fesol%, and (d) Fanthro in the North 

Pacific TSP samples.  

 

 

Figure 7. Monthly trends of (a) T-Fe concentration, (b) d-Fe concentration, (c) Fesol%, and (d) Fanthro-dFe in the North Pacific 350 

TSP samples.  
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3.3.2 The impact of anthro-Fe on Fesol% in the North Pacific aerosols 

Figure S3a shows the relationship between [d-Fe]/[d-Al] and EFT-Fe in North Pacific TSP samples. Consistent with the 

mineral dust dominance described above, most samples were distributed within the proton-promoted dissolution regime for 355 

mineral dust (area (ii) in Figure S3a). Nevertheless, several samples exhibited EFT-Fe values greater than 2.0, indicating that 

anthro-Fe contributed to T-Fe in North Pacific aerosols. Moreover, 67 of the 155 samples had a detectable anthro-Fe 

contribution to d-Fe (Fanthro-dFe > 0). Among these, 37 samples had Fanthro-dFe values above 10% (maximum: 73.7%), 

indicating that anthro-Fe was a non-negligible contributor to d-Fe in at least some North Pacific aerosols. 

Following the same approach used for East Asia, anthro-Fe was further classified into combusted anthro-Fe (33 360 

samples) and non-combusted anthro-Fe (34 samples) according to whether anthro-Fesol% overlapped with mineral-Fesol% at 

similar Fe concentrations (Figure 7a). Most samples below the boundary were collected from February to May, when East 

Asian outflow is strong, suggesting a substantial influence of continental anthropogenic emissions. Their mean anthro-Fesol% 

was 1.0 ± 0.8%, and although anthro-Fesol% increased slightly with decreasing concentration, the maximum value was only 

2.7%. These particles occurred in both coarse aerosol particles and fine aerosol particles, and their persistently low solubility 365 

resembled that of non-exhaust vehicle particles such as brake-pad debris (Figures 7b and 7c). Accordingly, non-combusted 

anthro-Fe, including NEV particles, likely remains largely insoluble even after long-range transport over the marine 

atmosphere and probably contributes little to d-Fe supply in the North Pacific. 

By contrast, samples above the boundary showed a high mean anthro-Fesol% of 23.2 ± 26.5%. These particles occurred 

predominantly in fine aerosol particles, with only minor contributions in the coarse fraction (Figures 7b and 7c), suggesting a 370 

primary association with high-temperature combustion sources. During February to May, when East Asian outflow is 

strongest, anthro-Fesol% in this group tended to be lower than the overall mean, consistent with a substantial contribution 

from East Asia-derived solid-fuel combustion, for which anthro-Fesol% at emission is not necessarily high. In contrast, 

during summer, particularly in September when the influence of Asian outflow weakened, combusted anthro-Fe often 

showed anthro-Fesol% values higher than the mean for samples above the boundary. This pattern likely contributed to the 375 

enhanced influence of anthro-Fe in TSP during this period (Figure 6c). One plausible seasonal source is heavy-oil 

combustion from ship traffic along the major shipping route linking East Asia and North America. A previous modeling 

study estimated that approximately 40% of d-Fe in North Pacific aerosols was derived from ship emissions (Ito, 2013), and 

ship emissions are known to contain highly soluble Fe at emission (Fesol% > 30%; Schroth et al., 2009; Oakes et al., 2011). 

Thus, ship-related anthro-Fe may efficiently enhance Fesol% in summer. However, because d-Fe concentrations in North 380 

Pacific aerosols were lower in summer than in other seasons (Figures 6b and 6d), the annual contribution of ship-related 

anthro-Fe to total d-Fe deposition is likely limited. 
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 385 

Figure 8. Inverse relationships between T-Fe, mineral-Fe, and anthro-Fe and their respective Fe solubilities in (a) TSP, (b) 

coarse aerosol particles, and (c) fine aerosol particles collected in the North Pacific. Black solid lines show the 

boundary separating  non-combusted and combusted anthro-Fe 

 

3.3.3 The impact of chemical alterations on Fesol% in the North Pacific aerosols 390 

The mean Fesol%, mineral-Fesol%, and anthro-Fesol% of North Pacific TSP were higher than those of East Asian 

aerosols during winter and spring, when Asian outflow is strongest (Table 2). This indicates that East Asian outflow aerosols 

undergo further chemical alteration during transport over the North Pacific. Comparison of coarse aerosol particles and fine 

aerosol particles showed that both mineral-Fesol% and anthro-Fesol% increased in coarse aerosol particles during transport 

from Japan to the North Pacific, whereas values in fine aerosol particles remained largely unchanged. A similar pattern was 395 

observed for Alsol%, an indicator of mineral dust alteration, which was also higher in coarse aerosol particles from the North 

Pacific than in those from East Asia (Table 2). These results suggest that chemical aging continues in coarse aerosol particles 

during marine transport, whereas Fe dissolution in fine aerosol particles is already close to completion by the time the 

aerosols reach Japan. Given that fine aerosol particles generally exhibit higher reactivity than coarse aerosol particles 

because of their larger specific surface area, the marked increase in Fesol% and Alsol% specifically in coarse aerosol particles 400 

is particularly notable and requires additional explanation. 

The similar Fesol% values of fine aerosol particles in East Asia and the North Pacific suggest that most Fe dissolution 

in this size fraction has already occurred during transport within East Asia (Table 2). This interpretation is consistent with 

kinetic models showing that Fe dissolution proceeds rapidly at first and then approaches a plateau, as well as with previous 

applications of such models indicating that Fe dissolution in fine aerosol particles over the Sea of Japan and the North 405 

Pacific is already close to the plateau stage (Shi et al., 2011b, 2015; Maters et al., 2016; Sakata et al., 2022, 2025). Thus, 

further transport over the marine atmosphere would not be expected to produce a large additional increase in Fesol%. At the 

same time, cloud processing should promote ferrihydrite precipitation if only inorganic Fe speciation is considered, implying 
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that some mechanism must stabilize dissolved Fe during marine transport. A likely mechanism is complexation with organic 

ligands. Wu et al. (2023) showed that the Fesol% of fine aerosol particles collected on Matsu Island remained high for 30 410 

days in seawater amended with deferoxamine, whereas it dropped to below 1% without deferoxamine. In addition, Fe(III)-

HULIS has been detected in fine aerosol particles over the North Pacific (Sakata et al., 2022; Kurisu et al., 2024). Because 

such complexes remain soluble over a wide pH range, complexation with marine organic matter likely helps preserve d-Fe 

during cloud processing and may also facilitate transfer of soluble Fe to the ocean. 

 415 

Table 2. Annual means of Fesol%, mineral-Fesol%, and anthro-Fesol% in TSP, coarse aerosol particles, and fine aerosol 

particles collected in East Asia and the North Pacific (%). The parentheses show the mean Fesol% in aerosol 

particles collected from winter to spring (December to May). 

  TSP Coarse aerosol particles Fine aerosol particles 

  East Asia 
North 

Pacific 
East Asia 

North 

Pacific 
East Asia 

North 

Pacific 

Fesol% 

Annual 

Sample 

No. 

3.5 ± 3.2 

N: 139 

13.9 ± 14.4 

N: 155 

1.0 ± 1.0 

N: 110 

9.2 ± 12.8 

N: 31 

21.0 ± 23.6 

N: 181 

24.3 ± 24.9 

N: 47 

Winter-

spring 

Sample 

No. 

2.8 ± 2.7 

N: 91 

10.5 ± 6.5 

N: 73 

0.8 ± 0.7 

N: 57 

6.0 ± 4.6 a 

N: 10 

16.3 ± 19.3 

N: 86 

13.1 ± 16.4 

N: 20 

Mineral-

Fesol% 

Annual 

Sample 

No. 

4.7 ± 4.5 

N: 137 

16.3 ± 16.6 

N: 155 

2.3 ± 2.9 

N: 110 

8.9 ± 11.0 

N: 31 

27.9 ± 28.0 

N: 181 

28.5 ± 28.7 

N: 47 

Winter-

spring 

Sample 

No. 

3.8 ± 4.2 

N: 91 

13.4 ± 10.7 

N: 73 

2.8 ± 2.7 

N: 57 

4.8 ± 10.0 a 

N: 10 

22.5 ± 23.4 

N: 86 

15.2 ± 18.1 

N: 20 

Anthro-

Fesol% 

Annual 

Sample 

No. 

1.7 ± 4.1 

N: 91 

12.1 ± 21.8 

N: 69 

0.1 ± 0.2 

N: 45 

11.3 ± 30.2a 

N: 10 

16.0 ± 22.4 

N: 56 

26.2 ± 32.0 

N: 23 

Winter-

spring 

Sample 

1.0 ± 2.0 

N: 81 

5.4 ± 8.9 

N: 44 

0.1 ± 0.1 

N: 21 

0.9 ± 3.0a 

N: 3 

12.3 ± 20.1 

N: 181 

17.4 ± 27.5a 

N: 8 
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No. 

Alsol% 

Annual 

Sample 

No. 

2.9 ± 2.4 

N: 139 

10.5 ± 9.3 

N: 155 

2.2 ± 2.5 

N: 110 

11.8 ± 16.2 

N: 31 

16.3 ± 15.0 

N: 181 

20.2 ± 17.0 

N: 47 

Winter-

spring 

Sample 

No. 

2.5 ± 2.6 

N: 91 

8.5 ± 5.1 

N: 73 

1.5 ± 1.8 

N: 57 

11.4 ± 15.3 

a 

N: 10 

13.2 ± 11.7 

N: 86 

13.5 ± 13.1 

N: 20 

aThe italicized values are based on a very small number of samples (N ≤ 10); therefore, these values should be 

regarded as indicative. 

 

By contrast, aerosol acidification is unlikely to be the main reason for elevated Fesol% in coarse aerosol particles over 

the North Pacific, because previous modeling studies have suggested that calcite buffering remains effective during transport, 

and charge-balance calculations likewise indicate that coarse aerosol particles over the North Pacific do not contain 

sufficient acidity to exhaust the buffering capacity of calcite (Meskhidze et al., 2005; Ito and Feng, 2010; Fairlie et al., 2010; 420 

Sakata et al., 2022). Instead, ligand-promoted dissolution appears more plausible. Several coarse aerosol samples were 

plotted in area (ii) of the [d-Fe]/[d-Al]–EFT-Fe diagram, where d-Fe is interpreted to be supplied mainly by ligand-promoted 

dissolution of mineral dust, and these samples showed a high mean Fesol% of 39.9 ± 22.4%. Although the number of such 

samples was limited, this pattern suggests that organic ligands in the marine atmosphere can substantially enhance Fe 

dissolution in coarse aerosol particles during transport. This interpretation is supported by experimental results showing that 425 

the Fesol% of coarse aerosol particles from Matsu Island increased from a few percent to about 10% when exposed to a 

simulated marine organic ligand under seawater pH conditions (Wu et al., 2023). These results indicate that Fe in coarse 

aerosol particles retains the capacity for further dissolution by organic ligands, although more direct observational evidence 

is still needed to constrain the importance of this process over the North Pacific. 

 430 

3.4 The Atlantic aerosols 

3.4.1 Spatial and monthly trend of T-Fe and d-Fe concentrations  

The T-Fe and T-Al concentrations in the Atlantic TSPs ranged from 0.2 to 5650.0 ng m-3 and from 0.8 to 7485.0 ng m-3, 

respectively. The high concentration of T-Fe was mainly found in the coastal region of the Saharan Desert extending to 20–

30°W between 10–20°N (Figure 8a). T-Fe concentration in the Atlantic TSPs was correlated with T-Al concentration and the 435 

slope of its regression line (0.60) closely matched T-Fe/T-Al ratio of mineral dust. Indeed, the mean value of EFT-Fe was 1.5 

± 1.7, indicating that mineral dust is the most dominant source of T-Fe in the Atlantic TSPs. 
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Concentrations of d-Fe and d-Al ranged from <0.1 to 212.7 ng m-3 and from <0.1 to 336.6 ng m-3, respectively. The d-

Fe concentration in Atlantic TSPs was correlated with d-Al concentration, indicating that these dissolved metal 

concentrations were controlled by similar processes (Figure S4b). However, unlike T-Fe, the highest d-Fe concentrations 440 

were not observed in the coastal region of the Sahara Desert, but mainly in the region between 20–30°W and 10–20°N 

(Figure 8b). This result suggests that, unlike North Pacific aerosols, d-Fe and d-Al concentrations in Atlantic aerosols were 

not controlled simply by mineral dust loading, as also reflected by the weak correlations of d-Fe with T-Fe and d-Al with T-

Al (Figures S4c and S4d). The relatively low d-Fe concentrations in the coastal Saharan region are therefore attributable to 

the low Fesol% of freshly emitted mineral dust. Some Atlantic aerosols were also plotted in area (iii), whereas almost none 445 

fell in area (iv) (Figure S3b), implying that anthro-Fe in Atlantic aerosols was predominantly present in an insoluble form 

and contributed little to d-Fe. 
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Figure 9. Spatial distributions of (a) T-Fe concentration, (b) d-Fe concentration, (c) Fesol%, and (d) Fanthro-dFe in the Atlantic 

aerosols. 450 

 

Unfortunately, Atlantic TSP samples collected from February to April are not available in this dataset. However, shipboard 

observations showed that T-Fe and T-Al concentrations were clearly higher in winter than in summer (Figure 9a), consistent 

with previous ground-based observational studies at Cape Verde, located offshore of the Sahara Desert (Carpenter et al., 

2010; Fomba et al., 2013; Patey et al., 2015). In contrast, satellite observations of DAOD indicate a summer peak, which is 455 

also consistent with the seasonal variability of dust deposition fluxes recorded by sediment traps in seawater (Yu et al., 2019; 
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van der Does et al., 2021). This discrepancy is most likely explained by seasonal differences in the transport altitude of 

Saharan dust. During summer, the northward shift of the Intertropical Convergence Zone (ITCZ) leads to the convergence of 

moist air from the south and dry air from the north between 15°N and 22°N, forming the Saharan Air Layer (SAL), which 

lifts mineral dust to altitudes of 5–7 km and transports it westward over the Atlantic Ocean (Adams et al., 2012; Muhs et al., 460 

2013). In winter to spring, mineral dust is transported mainly in the lower troposphere and is therefore readily captured by 

shipboard and ground-based observations. As a result, DAOD and wet deposition to the ocean are enhanced in summer, 

whereas the signal in near-surface observations becomes weaker (van der Does et al., 2021). Therefore, in the Atlantic Ocean, 

particularly in regions offshore of the Sahara, it may be difficult to comprehensively understand aerosol Fe supply processes 

based solely on shipboard and ground-based observations. 465 

 

Figure 10. Monthly variations of (a) T-Fe and T-Al concentrations, (b) d-Fe and d-Al concentrations, (c) Fesol%, mineral-

Fesol%, and anthro-Fesol%, and (d) Fmineral and Fanthro-dFe in the Atlantic aerosols. 
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3.4.2 The impact of anthro-Fe on Fesol% 470 

The annual mean Fesol% of Atlantic TSPs was 6.2 ± 6.8% (range: 0.1–50.8%), and Fesol% tended to be higher in 

summer (Figure 9c). High Fesol% values (>10%) were predominantly observed in the coastal regions of Europe and North 

America (Figure 8c). Previous studies have reported negative Fe isotope signatures attributable to combustion-derived 

anthro-Fe in these regions (Conway et al., 2019). However, comparison of Figures 8c and 8d shows that the locations of high 

Fesol% do not necessarily coincide with those of elevated Fanthro-dFe, suggesting that combustion-derived anthro-Fe is not a 475 

primary driver of the spatial variability in Fesol% over the Atlantic. 

This interpretation is further supported by the source apportionment results for anthro-Fe. Most anthro-Fe in Atlantic 

aerosol samples was distributed below the boundary line, with a mean anthro-Fesol% of 1.0 ± 1.7%. This indicates that 

anthro-Fe in Atlantic aerosols was dominated primarily by non-combustion-derived, low-solubility Fe. In contrast, relatively 

soluble combustion-derived anthro-Fe, represented by samples plotted above the boundary line, was rare, with a mean 480 

anthro-Fesol% of 14.5 ± 22.2%. A similar pattern was observed in both coarse and fine aerosol particles (Figures 10b and 

10c). These results suggest that anthro-Fe contributed little to the direct increase in d-Fe or to the enhancement of bulk 

Fesol%. Therefore, the seasonal and spatial variability of Fesol% in Atlantic aerosols was more likely controlled by the aging 

state of mineral dust than by anthro-Fe input. 

 485 

Figure 11. The inverse relationship of T-Fe, mineral-Fe, and anthro-Fe with their respective concentrations in (a) TSP, (b) 

coarse aerosol particles, and (c) fine aerosol particles collected in the Atlantic. The solid black lines show the 

boundary separating on-combusted and combusted anthro-Fe. 

 

3.4.3 The impact of chemical alteration on Fesol% 490 

The monthly average Fesol% of Atlantic aerosols tended to be higher in summer than in other seasons (Figure 9c). The 

same trend was found in the latitude band most affected by the Sahara Desert (Equator to 30°N). The East Asian region 
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shows comparable seasonal variability in Fesol% (Figure 4a–4c), which has been attributed primarily to the temperature 

dependence of aerosol pH. In contrast, the Sahara-affected latitude band experiences relatively minor annual temperature 

effects, suggesting that other factors contribute to the observed seasonal variability of Fesol%. 495 

A likely explanation is the seasonal difference in the transport altitude and atmospheric processing of Saharan dust. In 

winter, mineral dust is transported mainly below 3 km. Because there are no heavily polluted regions between the Sahara 

Desert and the Atlantic Ocean, the dust is not strongly aged by atmospheric pollutants such as sulfate and nitrate (Fitzgerald 

et al., 2015). Furthermore, relatively low precipitation in winter likely suppresses wet deposition and chemical alteration in 

cloud water. Consequently, Atlantic aerosol samples collected near the surface in winter exhibited higher Fe concentrations 500 

but lower Fesol%. During summer, by contrast, mineral dust is predominantly transported above 3 km, where precipitation is 

higher. In particular, the increase in precipitation from August to October (Varela-Lopes and Molion, 2014) likely promotes 

the incorporation of mineral dust into cloud water, where aqueous-phase reactions driven by proton-promoted and ligand-

promoted dissolution may enhance Fesol%. However, under the moderately acidic conditions of Atlantic cloud water (pH > 

4.0; Shah et al., 2020), Fe dissolution is not expected to be as substantial as in more acidic regions, even in the presence of 505 

organic ligands (Bibi et al., 2011; Paris et al., 2011; Paris and Desboeufs, 2013; Bray et al., 2015). Observations using 

aerosol time-of-flight mass spectrometry also confirmed that mineral dust over the Atlantic undergoes chemical alteration by 

oxalate in cloud water (Fitzgerald et al., 2015). Thus, summer cloud-water processing likely enhances Fesol% in Atlantic 

aerosols, but not to the extent observed in the North Pacific, where aerosol acidity is often much stronger, as reflected by the 

lower mean Fesol% of Atlantic aerosols (5.9%) than of North Pacific aerosols (15.1%). 510 

 

3.5 The South Pacific Ocean 

The T-Fe and T-Al concentrations in South Pacific TSPs ranged from 0.1 to 129.8 ng m-3 and 0.2 to 207.2 ng m-3, 

respectively, with the highest values observed in coastal regions (Figure 11a). T-Fe was strongly correlated with T-Al (slope 

= 0.92), and the mean EFT-Fe was 1.9 ± 1.4 (range: 0.1–7.6). The EFT-Fe in the South Pacific TSPs was slightly higher than in 515 

North Pacific and Atlantic TSPs but still close to unity. EFT-Fe tended to be elevated in the marine area southeast of Australia, 

especially around Heard Island (Figure S5), likely reflecting the influence of volcanic bedrock on the island (Perron et al., 

2021). Overall, however, T-Fe in South Pacific TSPs was derived mainly from mineral dust.  

The concentrations of d-Fe and d-Al ranged from <0.1 to 8.3 ng m-3 and <0.1 to 12.6 ng m-3, respectively, and showed a 

strong correlation (r = 0.77). Fesol% ranged from <0.1 to 100% (mean: 8.5 ± 12.5%); excluding one sample with Fesol% of 520 

100%, the maximum was 41.9% and the mean was 7.3 ± 6.4%. The mean [d-Fe]/[d-Al] ratio in South Pacific TSPs was 0.73 

± 1.30, higher than those in North Pacific and Atlantic TSPs (0.39 ± 0.29 and 0.25 ± 0.48, respectively). High Fanthro-dFe 

values, characterized by elevated [d-Fe]/[d-Al], were mainly detected near Heard Island, where EFT-Fe was also high (Figure 

S5). Given the basaltic volcanic rocks on Heard Island, this enrichment is more plausibly explained by volcanic source 

composition than by enhanced anthropogenic input (Perron et al., 2021). 525 

https://doi.org/10.5194/egusphere-2026-1613
Preprint. Discussion started: 8 April 2026
c© Author(s) 2026. CC BY 4.0 License.



27 

 

TSP samples with Fesol% exceeding 10% were mainly observed along the Australian coast. Previous studies reported 

that elevated Fesol% on the southeastern coast reflects anthro-Fe from urban areas together with aerosol acidification driven 

by anthropogenic SO2 and NOx (Perron et al., 2020a). Consistent with this interpretation, our [d-Fe]/[d-Al] analysis suggests 

that up to ~20% of d-Fe in this region was derived from anthro-Fe. In northern and northeastern Australia, high Fesol% has 

also been linked to biomass burning (Perron et al., 2020a). However, previous studies suggest that Fe associated with 530 

biomass burning mainly reflects resuspended dry soil rather than direct Fe emission (Andreae et al., 2001; Kurisu and 

Takahashi, 2019), and observations at Gun Point indicate that the elevated Fesol% is driven not by direct d-Fe emission but 

by chemical interactions between Fe and organic matter emitted during fires (Winton et al., 2016). Consistent with this, TSP 

samples from northeastern Australia showed [d-Fe]/[d-Al] ratios above 1.0 despite EFT-Fe values below 2.0 (Figure S3c), a 

pattern consistent with ligand-promoted dissolution of mineral dust. High Fanthro-dFe values were also observed in 535 

southeastern Australia, where volcanic rocks with high T-Fe/T-Al ratios have been reported. This suggests that the elevated 

[d-Fe]/[d-Al] ratio in this region may likewise reflect source-composition effects rather than anthropogenic input, although 

further investigation is needed.  

 

Figure 12. Spatial distribution of (a) Fesol% and (b) Fanthro-dFe in the South Pacific aerosols. (c) inverse relationship between 540 

Fe concentration and its Fesol%. 

 

4. Implications 

This study estimated Fanthro-dFe in marine aerosol particles based on the [d-Fe]/[d-Al] ratio. As a result, the contribution 

of anthro-Fe to d-Fe in the marine TSP samples was not large (North Pacific: 6.1 ± 10.4, Atlantic: 5.1 ± 9.7%). Although 545 

high Fanthro-dFe was occasionally found in North Pacific TSPs influenced by ship emissions, Fanthro-dFe in the pelagic region 
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was lower than coastal regions. Complementing our findings, Fe isotope analysis of d-Fe in marine aerosols consistently 

indicates large and small anthropogenic contributions to d-Fe in coastal and in the pelagic regions, respectively (Labatut et 

al., 2014; Conway et al., 2019; Kurisu et al., 2021, 2024). In contrast to these observational results, modeling studies showed 

the remarkable contribution of anthro-Fe to d-Fe (Fanthro-dFe > 20%, Hamilton et al., 2019; Rathod et al., 2020, 2024; Ito et al., 550 

2021; Ito and Miyakawa, 2023). This discrepancy of Fanthro-dFe between models and observational data can partly be 

attributed to the lower dissolution rates of Fe in mineral dust adopted in the models compared to field measurements. In 

many models, the dissolution rate of mineral dust is often set to a maximum of around 10%. However, our results showed 

that mineral-Fesol% in fine aerosol particles were often higher than 10% (North Pacific: 28.5 ± 28.7%, Atlantic: 11.3 ± 

16.7%). Given that fine aerosol particles displayed higher d-Fe concentrations compared to coarse aerosol particles, and that 555 

anthro-Fe is primarily found in fine aerosol particles, an underestimation of mineral-Fesol% in fine aerosol particles likely led 

to an overestimation of Fanthro-dFe. 

To better understand the sources of d-Fe in marine aerosols and their chemical alteration processes, observational studies, 

focusing on the [d-Fe]/[d-Al] ratio and Fe isotope ratios, are essential. These studies help us grasp the factors influencing 

Fanthro-dFe, Fmineral-dFe, mineral-Fesol%, and anthro-Fesol% variability. While representative values for mineral dust are 560 

established for both [d-Fe]/[d-Al] and Fe isotope ratios, large uncertainties persist regarding representative values for anthro-

Fe and the variability among different emission sources. Constructing a robust database of [d-Fe]/[d-Al] and Fe isotope 

ratios for individual anthropogenic emission sources (e.g., coal combustion, steel industry, biomass burning, and non-

combusted anthro-Fe) is crucial because the representative values of [d-Fe]/[d-Al] and Fe isotope ratios for anthro-Fe affect 

the calculation results of Fmineral-dFe and Fanthro-dFe.  565 
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