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Abstract. Iron (Fe) plays a crucial role in the global biogeochemical cycle, marine ecosystems, and human health. Despite 

extensive research on Fe dissolution, the understanding of the mechanism of the Fe acidification process remains highly 

controversial. Here, we revealed significant differences in Fe acid dissolution between the upper mixing layer and the 25 

ground-level of a megacity. The results showed that air masses with elevated n[SO4
2−]/n[NO3

−] ratios (5.4 ± 3.7) yielded 

more enhanced iron solubility (%FeS, 8.7 ± 2.4%) in the upper mixing layer after atmospheric aging compared to those (1.6 

± 0.7 and 3.3 ± 0.4%, respectively) at the ground-level near source regions of acidic gases. Further analysis suggested that Fe 

dissolution is primarily driven by sulfuric acid in the upper mixing layer different from nitric acid at the ground-level, 

attributing to the aging processes of acidic species during long-range transport. %FeS also exhibits a clear size dependence: 30 

sulfuric-acid dominates in submicron aerosols (Dp <1 μm), leading to elevated %FeS (3.4 ± 3.8%), whereas alkaline mineral 

dust in supermicron particles (Dp >1 μm) neutralizes nitric acid and suppresses Fe dissolution (1.7 ± 2.2%). This finding 

highlighted that sulfuric acid dominates Fe acidification process in the upper layer and fine particles, but the contribution of 

nitric acid to Fe dissolution at the ground-level is equally important. Our study provides new data sets for testing 

atmospheric model’s capability to simulate dissolved Fe concentration and deposition and will help to improve the accuracy 35 

of Fe solubility predictions.  
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1 Introduction 

Iron (Fe) is an ubiquitous but essential element for life and plays a crucial role in the global biogeochemical cycle, 

marine ecosystems, and human health (Mahowald et al., 2009; Martin, 1990; Boyd and Ellwood, 2010). Despite its 

abundance in the earth’s crust, Fe is often a growth limiting factor, controlling primary productivity in up to one-third of the 40 

world’s oceans with high nutrient low chlorophyll (HNLC), thereby influencing carbon sequestration (Mahowald et al., 2009; 

Martin, 1990). Additionally, redox cycling of Fe affects the formation of reactive oxygen species (ROS) in aqueous reactions, 

causing adverse health effects (Vidrio et al., 2008; Chen et al., 2024a). The vital role of Fe in global climate change and 

human health underscores the need to understand the mobilization and dissolution of Fe during atmospheric transformations 

(Jickells et al., 2005; Martínez-García et al., 2014; Boyd et al., 2007; Fang et al., 2017).  45 

The acidification process of insoluble Fe-containing aerosols by acids (e.g., H2SO4 and HNO3) has been identified as the 

controlling factor in Fe solubility (%FeS) in particles (Baker et al., 2021; Ingall et al., 2018; Longo et al., 2016; Meskhidze, 

2005; Shi et al., 2015). In this process, acids condense on the surface of insoluble Fe-containing particles and elevate the 

aerosol acidity. Both laboratory studies (Cwiertny et al., 2008; Shi et al., 2015; Ito and Shi, 2016) and field observations (Lei 

et al., 2023; Oakes et al., 2010) have shown that the heterogeneous reaction of SO2 on the surface of mineral dust forms an 50 

extremely acidic environment that promotes Fe dissolution. Zhuang et al. (1992) initially proposed the hypothesis of the 

coupling and feedback mechanism between Fe and sulfur during the long-range transport of Asian dust, underscoring the 

crucial role of sulfuric acid in dissolving Fe. Similar findings have been documented during the transport of North Africa 

dust to the Atlantic Ocean (Zhu et al., 1997), in the North India Ocean (Bay of Bengal) (Srinivas et al., 2011), in major U.S. 

cities like Atlanta (Wong et al., 2020; Oakes et al., 2012), in offshore regions of China (such as the Yellow Sea) (Li et al., 55 

2017; Meskhidze, 2003) and its cities (Zhu et al., 2020), and even within simulated cloud processes (Wang et al., 2019; Chen 

et al., 2012). However, other studies also indicated that nitric acid can equally or more effectively promote Fe dissolution 

than sulfuric acid (Zhu et al., 1997; Sakata et al., 2023; Rubasinghege et al., 2010). For instance, recent work by Zhu et al. 

(2020) determined that nitric acid elevates %FeS in urban environments in eastern China, emphasizing its contribution to Fe 

acid dissolution.  60 

Despite extensive previous research on Fe dissolution, understanding the role of proton-promoted process remains highly 

controversial. Atmospheric acidification accelerates Fe dissolution, primarily depending on the type and relative abundance 

of acids and their aging process. Variations in emissions of acidic gases such as SO2 and NOx (=NO+NO2) will consequently 

affect the formation of H2SO4 and HNO3, creating an acidic environment (Rubasinghege et al., 2010; Ooki and Uematsu, 

2005). Moreover, the aging process of acidic species modulates atmospheric chemistry (e.g., aerosol acidity) during long-65 

range transport, thereby influencing Fe dissolution process (Baker et al., 2021; Li et al., 2017; Xu et al., 2023). To estimate 

proton levels, the atmospheric chemistry models consider thermodynamic processes involving the sulfuric acid and nitric 

acid systems (Ito, 2011; Myriokefalitakis et al., 2022). However, when the climate models simplify the proton-promoted 

dissolution scheme, proton concentrations are calculated solely from the ratios of sulfate to calcite (Hamilton et al., 2019). 
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This simplification cannot truly reflect proton levels and Fe dissolution rate under the regime shift from sulfuric acid to nitric 70 

acid (Ito and Xu, 2014). The accuracy of Fe simulation needs to be further verified. Under sustainable reductions of SO2 

emissions, NOx has replaced SO2 as the predominant inorganic acid source at the ground-level in most parts of China in the 

past ten years (Van Der A et al., 2017; Zheng et al., 2018; Geng et al., 2024).  Here, we raise the issue of whether the key 

chemical processes that dominate Fe dissolution differ between the near-surface and the upper mixing layer. However, 

current field observation has not well documented how Fe dissolution may change with varied heights in eastern China.  75 

To answer this question, we designed field observations in the upper layer of a mountain (Damingshan, DMS) and at the 

ground-level in a megacity (Hangzhou) to clarify how inorganic acids and their atmospheric aging influence Fe dissolution. 

By distinguishing air masses arriving at the two altitudes and examining their respective n[SO4
2−]/n[NO3

−] ratios, we 

systematically compared the acid aging processes and associated Fe acidification under these contrasting atmospheric 

environments. Our results reveal distinct %FeS levels between the upper layer and ground-level, driven by differing acid-80 

processing pathways: sulfuric acid-dominated aging in the upper layer (due to longer distance transport) versus nitric acid-

dominated processing at the ground-level.  

2 Data and methods 

2.1 Sample collection 

The field campaigns were conducted during the summer of 2021 in a mountain site (DMS, 30.03°N, 119.00°E, 1483 m) 85 

and in the megacity of Hangzhou (HZ, 30.30°N, 120.09°E, 6 m) (Figure S1). The mountain serves as a background 

environment and is sensitive to the transport of air pollutants from outside. Its high altitude makes it an ideal location for 

assessing the impacts of anthropogenic emissions in the upper layer. Since mixed-layer height (MLH) data were not 

available at DMS during the sampling period, we referenced MLH observations from Hangzhou. The results show that the 

MLH in Hangzhou remained below ~1500 m for most of the time (~92%; Figure S2, unpublished data). Given the relatively 90 

short distance between the two sites (~110 km), the MLH in Hangzhou is considered a reasonable proxy for that at DMS. 

Therefore, owing to its elevation (~1500 m), the mountain site can be considered representative of the upper mixing layer. 

The urban site in Hangzhou, with a population of 12.52 million by the end of 2023 (Hangzhou Municipal Government, 

2024), is one of the densely populated regions in the Yangtze River Delta (YRD).  

Sampling was conducted from July 17 to August 19, 2021 for DMS and from September 11 to 21, 2021 for HZ. A 95 

medium-flow total suspended particle (TSP) sampler (TH-16A, Wuhan Tianhong Instrument Co., Ltd, China) with a 

sampling flow rate of 100 L min–1 was deployed to collect aerosol particles on quartz filters. Prior to sampling, the filters 

were pre-combusted at 600 °C for 6 h to eliminate potential organic contamination. All samples were stored at –20 °C until 

further analysis. Ascribed to the rainy season in summer (June-October), the sampling was temporarily stopped due to rain 

events. Totally, seven samples were obtained from mountain site and seven samples were collected from Hangzhou city. 100 

Detailed sampling information is presented in Table S1 in the Supplement. A ten-stage cascade impactor (MOUDI 120R, 
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MSP corporation, USA), operating at a flow rate of 30 L min–1, was employed to collect size-resolved aerosol samples with 

cut points of 18, 10, 5.6, 3.2, 1.8, 1.0, 0.56, 0.32, 0.18, 0.10, and 0.056 μm. Three sets of samples were collected in DMS 

during the periods of July 29 to August 2, August 8-9, and August 18-19, 2021. Due to the maintenance of instrument, 

however, no MOUDI samples were collected in HZ. All instruments were installed on open ground in front of the 105 

monitoring site. 

2.2 Water-soluble inorganic ions 

The water-soluble inorganic ions (WSIIs), including SO4
2−, NO3

−, Cl−, Na+, NH4
+, K+, Mg2+ and Ca2+ in TSP and size-

resolved aerosols (MOUDI) were analyzed with an ion chromatography (DIONEX ICS-600). The detection limits of the 

measured SO4
2−, NO3

−, Cl−, Na+, NH4
+, K+, Mg2+ and Ca2+ are 0.021, 0.008, 0.010, 0.018, 0.006, 0.006, 0.009 and 0.022 μg 110 

mL−1, respectively. More information about the laboratory chemical analyses can be found in our previous studies (Liu et al., 

2022a; Zhu et al., 2020). To distinguish the contribution of anthropogenic emissions to sulfate, sulfate associated with sea 

salt was subtracted from the measured sulfate in this study. The mass concentration of the non-sea salt sulfate (nss-SO4
2−) 

can be estimated as follows: 

nss-SO4
2− = SO4

2− − 0.25 × Na+       (1) 115 

where SO4
2− and Na+ are the mass concentrations of SO4

2− and Na+, respectively. 0.25 is the mass ratio of SO4
2− to Na+ in 

pure seawater (Kunwar and Kawamura, 2014). Therefore, the sulfate used in the analysis is nss-SO4
2−. 

2.3 Measurements of total and dissolved Fe 

The total iron (FeT) in TSP and size-resolved aerosols were measured non-destructively using an energy dispersive X-ray 

fluorescence (ED-XRF) spectrometer (Epsilon 4, PANalytical, Netherlands). A standard reference material (SRM 2786, 120 

National Institute of Standards and Technology (NIST), USA) was used to calibrate the instrument before sampling analysis. 

The measured Fe concentrations were within the NIST certified values, with relative errors between measured and standard 

values below 10 %. Soluble iron (FeS) in the samples was measured using the ferrozine technique following the procedures 

of Zhu et al. (2022) and Zhi et al. (2025). Briefly, (1) two circular sections (radius = 8 mm) were cut and placed in 

polypropylene bottles with 20 mL of ammonium acetate solution (0.5 mM, pH ~4.3); (2) after 60 min of sonication, the 125 

extracts were filtered through a 0.22 µm PTFE syringe filter; (3) the pH of the solution was adjusted to ~1.0 using 150 µL of 

concentrated HCl and stored at 4 °C before further analysis; (4) starting to measure the solution, a 0.01 M ascorbic acid was 

added to the solution and held for 30 minutes to ensure the complete reduction of Fe(III) to Fe(II); (5) adding 0.01M 

ferrozine solution; (6) adjusted the solution to ~pH 9.5 using ammonium acetate buffer. The absorbance of the solution was 

measured at 562 nm (max light absorption) and 700 nm (background) (Oakes et al., 2012) by using an UV-Visible 130 

spectrophotometer (UV-Vis, Specord 50 Plus, Analytik Jena Instruments, Germany). Ultra-grade ammonium Fe(II) sulfate 
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hexahydrate (Sigma-Aldrich, St. Louis, USA) was used for Fe(II) standards. The concentration of Fe(II) obtained from the 

standard curve was the concentration of dissolved Fe.  

The quality assurance/quality control (QA/QC) procedures for soluble Fe measurement included the following steps: (1) 

the spectrophotometer was powered on and stabilized for 6–8 hours prior to use; (2) the instrument was calibrated using 135 

seven ammonium Fe(II) sulfate standards with concentrations of 5, 10, 20, 40, 60, 80, and 100 ng mL−1. The absorbance of 

each standard was measured at 562 nm (I562) and 700 nm (I700), and the absorbance difference (ΔI = I562 – I700) was correlated 

with Fe(II) concentration. When the coefficient of determination (R2) exceeded 0.995, the instrument was considered 

properly calibrated; (3) prior to sample analysis, a 0.1 mol L−1 HCl solution (pH = 1) was used as the reference; once the 

absorbance was displayed nearly to zero, the samples could be measured. (4) the soluble Fe detection limit (0.11 ng m−3) was 140 

determined as three times the standard deviation of filter blank values (n = 9); (5) blank samples were analyzed in the same 

way as field samples. All samples were corrected by subtracting the filter blank values. In this study, the calibration yielded 

an R2 of 0.9992 and the absorbance of reference solution displayed zero, indicating excellent instrumental stability and 

measurement reliability. Iron solubility was calculated using the following equation: 

%FeS (%) = 
FeS

FeT

 × 100%   (2) 145 

where FeS and FeT are the soluble Fe and total Fe, respectively. 

2.4 Aerosol pH estimation 

The ISORROPIA II thermodynamic equilibrium model (https://www.epfl.ch/labs/lapi/models-and-software/isorropia/) 

was applied to simulate aerosol pH and liquid waters in size-resolved aerosols by using inorganic chemical species (SO4
2−, 

NO3
−, NH4

+, Cl−, Na+, K+, Mg2+, Ca2+), ammonia (NH3), and meteorological factors (temperature and RH) (Fountoukis and 150 

Nenes, 2007), and it was calculated by following equation: 

pH = −log10 (
1000 × [Hair

+
]

ALW
)      (3) 

where [Hair
+ ] is the H+ per volume of air (μg m−3), ALW is the aerosol liquid water (μg m−3). Here, only aerosol water 

associated with inorganic species is considered, as previous studies have shown that organics contribute only a small fraction 

(~10%) to the total ALW (Bougiatioti et al., 2016; Wang et al., 2022). [Hair
+ ] and ALW can be derived directly from the 155 

model results. Due to the lack of concurrent ammonia (NH3) observations during the study period, we used NH3 (Model 

G2103, Picarro Inc., USA) from the summer of 2025 (13-26, July) to approximate the ammonia concentration levels in the 

mountain site (DMS). Although using data from a different period may introduce some uncertainty, this approximation is 

considered reasonable because the mountain is a high-altitude site (1500 m) with no significant local anthropogenic emission 

sources, and regional NH3 mainly originates from natural releases. Under similar seasonal conditions, variations in local NH3 160 

concentrations are expected to be minor. 
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3 Results 

3.1 Comparison of chemical composition and Fe solubility 

Figure 1a shows the time series of TSP mass concentrations at DMS and in HZ during the sampling period. The mean 

concentrations of aerosol particles reached 41 ± 17 μg m−3 at DMS and 86 ± 28 μg m−3 in HZ, respectively. The loading of 165 

TSP in the upper mixing layer (DMS) was much lower than that at the ground-level (HZ), indicating relatively clean 

conditions. The pie charts in Figure 1b show that sulfate accounted for 52% in the total measured inorganic ions at DMS, 

compared to 32% in HZ. In comparison, nitrate accounted for 33% of the measured inorganic ions in HZ, which is more than 

twice the fraction of nitrate (15%) in the upper mixing layer. Moreover, the average proportion of nitrate in HZ slightly 

higher than that of sulfate in the total measured inorganic ions during the sampling period, unlike at DMS, where sulfate 170 

accounted for a significantly higher proportion than nitrate (Figure 1b). Figure 1c shows the mean concentrations of FeT and 

FeS at DMS were 292.3 ± 86.4 ng m−3 and 25.6 ± 11.5 ng m−3, respectively, which were significantly lower than those of 

2094.9 ± 637.0 ng m−3 and 69.9 ± 24.8 ng m−3 in HZ. However, the %FeS at DMS was 8.7 ± 2.4%, 2-3 times higher than that 

of 3.3 ± 0.4% in HZ.  

 175 

Figure 1: Time series of (a) total suspended particle (TSP), (b) chemical species, and (c) total Fe (FeT), soluble Fe (FeS) and Fe 

solubility (%FeS) in the mountain site (DMS) and the megacity of Hangzhou (HZ), respectively. The labels in X-axis denote the 

sample number series (M1-M7 and H1-H7) of TSP at DMS and in HZ, respectively. 
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3.2 Size distributions of major chemical species and Fe 180 

Figure 2 illustrates the size distributions of SO4
2−, NO3

−, NH4
+, and Ca2+, FeT, FeS, and %FeS in the sized-resolved 

aerosols. Since there were no MOUDI samples available in Hangzhou, we solely used MOUDI samples collected at the 

mountain site as an example. We observed significant differences in the size distributions of major ions. The results showed 

that SO4
2− and NH4

+ both peaked at the 0.56–1.0 μm size bin (Figures 2a–2b). In contrast, NO3
− and Ca2+ peaked at 3.2–5.6 

μm or 10–18 μm size bins (Figures 2c–2d), respectively. Sulfate accounted for more than 60% of the measured inorganic 185 

ions in the submicron particles (Dp < 1 μm) at the mountain site, whereas nitrate contributed only 5% (Figure S3a), 

consistent with the high sulfate fraction observed in TSP at DMS (Figure 1b). In contrast, nitrate dominated in the 

supermicron mode (Dp > 1 μm), representing 39% of the total inorganic ions and exceeding the sulfate fraction (33%) 

(Figure S4b). 

We further explored size distributions of FeT, FeS and %FeS in the upper mixing layer (Figures 2e–2f). The size 190 

distribution of FeT exhibited a bimodal pattern with a major peak at 3.2–5.6 μm size bin in the supermicron particles and a 

minor peak (0.56–1.0 μm) in the submicron particles (Figure 2e). The main peak aligns with the size distribution of NO3
−. In 

contrast, the size distributions of FeS and %FeS exhibit similar peaks (0.56–1.0 μm) to those of SO4
2− and NH4

+ in the 

submicron fraction. The low %FeS in supermicron particles coincided with the size distributions of NO3
− and Ca2+ (Figures 

2c–2d). We further simulated aerosol particle pH using the ISORROPIA-II model. As shown in Figure S4, supermicron 195 

particles exhibited a higher pH (4.0 ± 1.9) compared to submicron particles (2.5 ± 0.2), indicating that submicron particles 

were more acidic and thus more conducive to Fe acid dissolution. The implications of acid processing on aerosol Fe will be 

discussed later. 
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 200 

Figure 2: Size distributions of (a) SO4
2−, (b) NH4

+, (c) NO3
−, (d) Ca2+, (e) FeT (black) and FeS (red), and (f) %FeS in the size-

resolved aerosols at the mountain site (DMS). The vertical bars represent one standard deviation for each diameter measurement. 

 

3.3 Typical features of Fe dissolution 

The ternary diagrams illustrate distinct features of %FeS and aerosol composition in two contrasting environments for 205 

TSP (Figure 3) and size-resolved aerosols (Figure 4, DMS only). As size-resolved aerosol samples were unavailable for 

Hangzhou, we simulated size-fractionated %FeS using the Integrated Massively Parallel Atmospheric Chemical Transport 

(IMPACT) model (Ito and Miyakawa, 2023; Ito et al., 2019; Ito and Xu, 2014). The model description and validation were 

presented in Figure S5 and Text S1 in the Supplement. Sulfate-rich particles cluster near the lower-right vertex, nitrate-rich 

particles near the top vertex, and ammonium- and calcium-rich particles near the left vertex of the ternary diagrams. In TSP, 210 

samples with high %FeS but low FeT predominantly occur near the sulfate vertex rather than the nitrate or ammonium–

calcium apexes (Figure 3), suggesting that sulfuric acid dominates Fe dissolution in the upper mixing layer. In contrast, 

Hangzhou TSP samples (Figure 3) exhibit high FeT and low %FeS, positioned near the center or upper regions of the ternary 
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diagram. These points are scattered toward the nitrate and ammonium–calcium apexes and are characterized by a high 

proportion of nitrate and alkaline species (i.e., ammonium and calcium).  215 

 

 

Figure 3: The ternary diagram of the relative abundances of sulfate, nitrate, and alkaline species (ammonium + calcium) in the 

total suspended particle (TSP) collected from the mountain site (DMS) and Hangzhou (HZ), respectively. The symbols (circles and 

squares) are colored by total Fe (FeT) in (a) and Fe solubility (%FeS) in (b). 220 

 

In terms of %FeS in size-resolved aerosols, sulfate-rich particles are primarily distributed in the submicron mode in the 

upper mixing layer (Figure 4b), whereas nitrate-rich particles mainly occur in the supermicron range. In contrast, IMPACT 

simulations for %FeS in size-resolved aerosols in Hangzhou (Figure S6) show nitrate-rich particles concentrated in the 

submicron mode, differing from the upper-layer pattern. This is consistent with the higher nitrate contribution to TSP 225 

observed at the ground level in Hangzhou (Figure 1b). 
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Figure 4: The ternary diagram of the relative abundances of sulfate, nitrate, and alkaline species (ammonium + calcium) in the 

size-resolved aerosols collected from the mountain site (DMS). The symbols (circles and squares) were colored by total Fe (FeT) in 230 
(a) and Fe solubility (%FeS) in (b). 

 

Figure S7 shows the correlation matrix of aerosol compositions (SO4
2−, NO3

−, NH4
+ and Ca2+), FeT, FeS, %FeS, and 

aerosol pH in the size-resolved aerosols collected in the upper mixing layer (DMS). In the submicron particles, FeT and FeS 

displayed significant linear correlations with SO4
2−, yielding positive correlation between SO4

2− and %FeS (p < 0.01) (left 235 

bottom panel in Figure S7), which is consistent with previous studies (Oakes et al., 2012; Wong et al., 2020; Zhuang et al., 

1992; Lei et al., 2023). Notably, no such correlations were found between NO3
− and FeT, FeS, or %FeS in the submicron 

particles. This finding indicated that the sulfuric acid was the leading contributor to Fe dissolution in the submicron particles. 

However, the correlations of aerosol compositions, FeT, FeS, %FeS, and aerosol pH in the supermicron particles showed a 

contrasting pattern compared to the submicron particles (right panel in Figure S7). These relationships between SO4
2− and 240 

FeS or %FeS were much weaker than those in the submicron particles. Moreover, SO4
2− and FeT showed no significant 

correlation in the supermicron particles, whereas NO3
− was correlated well with FeT but not with FeS or %FeS. This is mainly 

due to the fact that total Fe is mainly derived from coarse particles such as mineral dust, as found in previous studies 

(Cwiertny et al., 2008; Longo et al., 2016; Meskhidze, 2005). FeS and %FeS in the supermicron particles exhibited significant 

negative correlations (p < 0.01 and p < 0.05) with aerosol pH. This may suggest that the Fe dissolution processing is 245 

sensitive to proton levels in the supermicron particles (Zhang et al., 2022; Chen et al., 2024b). It is also possible that there 

are fewer data points to reveal the relationship between Fe dissolution and aerosol acidity. Although a significant correlation 

was observed between NH4
+ and %FeS, this does not necessarily indicate that NH4

+ directly promotes Fe dissolution. As 

shown in Figure S7, NH4
+ exhibits a strong positive correlation with sulfate, but not with nitrate, in both submicron and 
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supermicron particles. This pattern likely reflects the association of ammonium with sulfate during acid processing, rather 250 

than a direct pH-buffering effect. The potential role of NH4
+ in Fe dissolution is further discussed in a later section. 

4 Discussion 

4.1 Distinct aging processes of acidic species at two heights 

Previous studies have shown that the aging of acidic species influences both acid types and abundance in the atmosphere, 

thereby affecting Fe acidification (Hsu et al., 2010; Li et al., 2017; Srinivas et al., 2014). To delve deeper into the 255 

contribution of aging process of acidic species to Fe dissolution, the backward trajectories arriving at the upper mixing layer 

(DMS) and the ground-level (Hangzhou) and their corresponding molar ratios of sulfate to nitrate (n[SO4
2−]/n[NO3

−]) was 

investigated. As shown in Figure 5a, air masses reaching DMS primarily originated from the eastern ocean, passing through 

the megacities of Shanghai and Hangzhou. These trajectories traversed regions with relatively low NOx emissions and 

arrived at DMS after long-range transport, resulting in elevated n[SO4
2−]/n[NO3

−] ratios (5.4 ± 3.7), mostly exceeding 3. The 260 

increasing sulfate contribution with transport distance indicates significant aging of air pollutants during long-range transport 

(Longo et al., 2016; Itahashi et al., 2022; Chen et al., 2021). In contrast, air masses affecting Hangzhou mainly originated 

from the north, passing through nearby high-NOx emission regions (Figure 5b). Their shorter transport paths correspond to a 

relatively brief atmospheric residence time, yielding lower n[SO4
2−]/n[NO3

−] ratios (1.6 ± 0.7) and highlighting the dominant 

role of local emissions in nitric acid formation. 265 

General, the significant differences in n[SO4
2−]/n[NO3

−] ratios between the upper mixing layer and the ground-level 

indicate distinct aging processes. Compared to SO2, NOx has a shorter residence time in the atmosphere, and it is more 

quickly oxidized to nitrate (Chen et al., 2021). Consequently, ratios of n[SO4
2−]/n[NO3

−] tend to increase with the distance of 

long-range transport. This is explained by the long-range transport of air pollutants to DMS, where anthropogenic emissions 

are less or not anticipated. As shown in Figure S8, SO2 column mass densities at both DMS and HZ were significantly lower 270 

than those in the urban areas to the northeast, suggesting that local emissions were not the primary contributors to sulfate 

levels at these locations. Backward trajectory analysis further revealed that air masses arriving at the upper mixing layer and 

Hangzhou had travelled over regions with elevated SO2 levels prior to arrival, indicating that sulfate formation was largely 

driven by regional transport of upwind precursors. Additionally, as illustrated in Figure S9, the plume heights of air masses 

reaching the upper mixing layer and Hangzhou were predominantly below 1000 m, providing further evidence of aging 275 

process of particles intermingled with anthropogenic pollutants. 
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Figure 5: 48-h backward trajectories at 500 m a.g.l. (above ground level) and their corresponding n[SO4
2−]/n[NO3

−] molar ratios 

during the sampling period. (a) Mountain (DMS), and (b) Hangzhou (HZ). Each trajectory represents a single sample, and it is 280 
derived from the NOAA HYSPLIT Trajectory Model (available at https://www.ready.noaa.gov/HYSPLIT_traj.php, accessed on 

September 3, 2024). The base map shows the spatial distribution of daily averaged tropospheric NO2 column concentration with a 

spatial resolution of 0.25°×0.25° during the sampling periods. The data was obtained from Goddard Earth Sciences Data and 

Information Services Center (GES DISC) (available at https://giovanni.gsfc.nasa.gov/giovanni/, accessed on October 5, 2024). 

 285 

4.2 Fe dissolution driven by acid processing 

Although numerous studies have demonstrated that ligand-induced dissolution by organic acids can enhance %FeS 

(Deguillaume et al., 2005; Paris and Desboeufs, 2013), our results suggest that organic acids played a limited role in Fe 

dissolution (Figure S10 and Text S2 in the Supplement). Therefore, we focused primarily on the proton-promoted pathway. 

The molar ratio of acidic species (sulfate + nitrate) to total Fe is used as a proxy to qualitatively assess the impact of aerosol 290 

acidification on %FeS (Zhang et al., 2022; Shi et al., 2020; Liu et al., 2021; Zhu et al., 2022). Figure 6a shows that %FeS 

correlates strongly with (n[SO4
2−] + n[NO3

−])/n[FeT] (p < 0.01), indicating that Fe dissolution is enhanced by acid processing. 

These ratios were higher at the mountain site than at Hangzhou, reflecting a greater degree of Fe acidification in the upper 

mixing layer and explaining the vertical differences in %FeS. Previous studies have shown that %FeS is higher under high 

relative humidity (RH) due to more efficient heterogeneous reactions on aqueous surfaces compared to dry particles (Shi et 295 
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al., 2020; Zhu et al., 2022). Indeed, we found that the RH was normally higher (88.1 ± 5.8%) at DMS compared to RH at 

70.5 ± 9.3% in HZ. This suggests that the enhancement of aerosol water induced by high RH in the upper mixing layer 

provides an aqueous surface to foster Fe dissolution. Figure 7a presents Fe acidification process in the size-resolved aerosols. 

The results showed that the higher Fe acidification in submicron particles resulted in a relatively high %FeS (3.4 ± 3.8%) in 

comparison to those in the supermicron particles (%FeS = 1.7 ± 2.2%). This disparity aligns with the size-resolved aerosol 300 

acidity measurements, which showed that submicron particles exhibited lower pH (2.5 ± 0.2) than supermicron particles (4.0 

± 1.9). These results provide further evidence that stronger acid processing in submicron aerosols enhances Fe dissolution. 

 

 

Figure 6: Correlations between %FeS and certain inorganic ions. (a) (n[SO4
2−] + n[NO3

−])/n[FeT] versus %FeS, (b) n[SO4
2−] + 305 

n[NO3
−] versus %FeS, (c) n[SO4

2−] or n[NO3
−]/n[FeT] versus %FeS in Hangzhou (HZ), and (d) (n[Ca2+] + n[NH4

+])/(n[SO4
2−] + 

n[NO3
−]) versus %FeS in TSP, respectively. Solid circles and squares are colored by relative humidity (RH) in (a). In plot b, one 

point is not included in the correlation analysis ascribed to relatively low NO3
− and is indicated by the black circle. 
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4.3 Role of sulfuric acid versus nitric acid in Fe solubility 310 

To identify contributions of the sulfuric acid and nitric acid to %FeS, we performed an in-depth analysis of the response 

of iron dissolution to acid processing driven by acidic species. The sulfate-to-nitrate molar ratio (n[SO4
2−]/n[NO3

−]) serves as 

an indicator of the relative strength and dominance of inorganic acids. Figure 6b shows that %FeS exhibits a positive linear 

correlation with n[SO4
2−]/n[NO3

−] in the upper mixing layer but a weaker correlation in Hangzhou. This suggests that 

sulfuric acid plays a more important role in enhancing %FeS in the upper layer, consistent with the longer aging of air masses 315 

at high altitude (Section 4.1). Cwiertny et al. (2008) reported that an equivalent molar concentration of sulfuric acid 

dissolves ~32% more Fe from dust particles (Arizona Test Dust) than nitric acid. This might contribute to the differences we 

observed in our study between the sites but such an impact is not bigger enough to explain the large differences. To further 

quantify the contributions of the two acids in Hangzhou, we examined the molar ratios n[NO3
−]/n[FeT] and n[SO4

2−]/n[FeT], 

following previous studies (Zhu et al., 2020; Hsu et al., 2014). The analysis revealed a significant correlation between 320 

n[NO3
−]/n[FeT] and %FeS (r = 0.80, p < 0.05), whereas the correlation between n[SO4

2−]/n[FeT] and %FeS was weak (r = 

0.34, p > 0.05; Figure 6c). These results indicate that nitric acid likely dominates Fe acidification in urban aerosols, 

contrasting with the sulfuric acid-dominated Fe dissolution observed in the upper mixing layer.  

 

 325 

Figure 7: Scatter plots of (a) (n[SO4
2−] + n[NO3

−])/n[FeT] versus %FeS, (b) log10(n[SO4
2−] + n[NO3

−]) versus %FeS, and (c) 

(n[Ca2+]/n[NH4
+]) versus (n[SO4

2−] + n[NO3
−])/n[FeT]), respectively, in the size-resolved aerosols at DMS. Solid circles and squares 

are colored by aerosol pH, Ca2+ and %FeS in (a), (b), and (c), respectively. In plot a, two outliers are not included in the correlation 

analysis due to the relatively low FeT and are indicated by red circles. 

 330 

Similar analysis revealed a significant positive correlation (p < 0.01) between %FeS and the n[SO4
2−]/n[NO3

−] ratio 

across the size-resolved particles (Figure 7b). When n[SO4
2−]/n[NO3

−] exceeded 1 (log10(n[SO4
2−]/n[NO3

−]) > 0), high sulfate 

concentrations in submicron particles corresponded to the elevated %FeS. In contrast, when the ratio was below 1, %FeS in 

submicron particles was concentrated near the origin of the coordinate and did not exceed 3% (Figure 7b). This comparison 
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provides direct evidence that sulfuric acid plays a key role in enhancing Fe dissolution in the upper mixing layer, consistent 335 

with Section 4.2.  

Here we noticed that high Ca2+ concentrations were primarily associated with NO3
− levels and low %FeS in supermicron 

particles (Figure 7b), likely due to the buffering capacity of Ca2+, which partially neutralizes aerosol acidity and inhibits Fe 

dissolution. To quantify this effect, the ratio of (n[Ca2+] + n[NH4
+]) to (n[SO4

2−] + n[NO3
−]) was used to represent the 

buffering capacity of alkaline species in TSP at both heights (Figure 6d). The results showed that %FeS was negatively 340 

correlated with (n[Ca2+] + n[NH4
+])/(n[SO4

2−] + n[NO3
−]) ratios at two heights, indicating that Fe dissolution is partially 

suppressed by the presence of alkaline species. The mean ratios were generally below 1 in the upper mixing layer (0.9 ± 0.1) 

and above 1 at the ground level (1.3 ± 0.5), suggesting a weaker buffering effect aloft. Further analysis of the n[Ca2+]/n[NH4
+] 

ratio identified the dominant alkaline species: buffering was primarily driven by NH4
+ in submicron particles 

(n[Ca2+]/n[NH4
+] < 1) and by Ca2+ in supermicron particles (Figure 7c). 345 

 

 

Figure 8: Schematic representation of the atmospheric iron acid dissolution in the upper mixing layer and at the ground-level and 

its potential implications for human health.  

5 Conclusions and Perspectives 350 

Our study elucidates significant vertical differences in the pathways in which Fe is dissolved by inorganic acids between 

the upper mixing layer and at the ground-level (Figure 8). The dissolution of Fe depends mainly on the process of 
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atmospheric acidification and the availability of acids in the atmosphere. The longer aging process, leading to more sulfuric 

vs nitric acid-dominates Fe dissolution in the upper mixing layer, in contrast to those in the urban environment. This 

difference leads to the distinct %FeS by acid processing in the two heights. Notably, nitric acid-driven Fe dissolution 355 

deserves more attention considering that NOx has replaced SO2 as the dominant chemical species in most parts of China and 

some cities around the world (Geng et al., 2024; Van Der A et al., 2017; Ooki and Uematsu, 2005). It’s projected that the 

contribution of the elevated nitric acid to Fe dissolution tends to become important in megacities (Ooki and Uematsu, 2005).  

While the distinct contribution of sulfuric and nitric acids to Fe dissolution in the upper mixing layer and at the ground-

level is highlighted in this study, how this chemical pattern affects dissolved Fe concentration and deposition in numerical 360 

models has not been fully assessed by field observations (Liu et al., 2022; Ito, 2012). To better predict Fe dissolution and its 

impact on biogeochemical cycles, atmospheric chemistry models should place emphasis on the important contribution of 

nitric acid to Fe dissolution in the downwind locations (e.g., cities in the East Asia), where nitric acid replaces sulfuric acid 

as the dominant acidic species in the atmosphere (Itahashi et al., 2018; Uno et al., 2020). Our findings provide new data to 

test the ability of models to simulate these processes, helping to improve the accuracy of Fe concentration and dissolution 365 

predictions. 

Our focus should pivot towards the health implications stemming from Fe acidification. Previous researches have 

revealed that the magnetite (Fe3O4) nanoparticles produced by combustion or friction-derived heating can enter the brain 

directly and in turn cause damage to the human brain (Maher et al., 2016; Kirschvink et al., 1992; Lu et al., 2020). Moreover, 

the Fe toxicity and its valence states (Fe(II) and Fe(III)) can generate ROS in aqueous reaction, causing oxidative stress and 370 

adverse health impacts (Chen et al., 2024a; Abbaspour et al., 2014; Song et al., 2024). As far as we know, to what extent 

airborne concentrations of iron nitrate affect human health is yet to be determined. Given that cities are the most densely 

populated and economically connected areas, traffic-related metal emissions are projected to increase. Future studies should 

pay more attention to the linkages between ambient nitrate, Fe dissolution, and potential adverse health impacts in urban 

regions (Figure 8). 375 
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