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Abstract. This work investigated seasonal variation of aerosol iron (Fe) solubility for coarse (> 1 µm) and fine
(< 1 µm) particles at Xi’an, a megacity in northwestern China impacted by anthropogenic emission and desert
dust. Total Fe concentrations were lowest in summer and were similar in other seasons for coarse particles but
lowest in summer and highest in spring for fine particles; for comparison, dissolved Fe concentrations were
higher in fall and winter than spring and summer for coarse particles but highest in winter and lowest in spring
and summer for fine particles. Desert-dust aerosol was always the major source of total Fe for both coarse and
fine particles in all four seasons, but it may not be the dominant source of dissolved Fe. Fe solubility was lowest
in spring for both coarse and fine particles and highest in winter for coarse particles and in fall for fine particles.
In general, aerosol Fe solubility was found to be higher in air masses originating from local and nearby regions
than those arriving from desert regions after long-distance transport. Compared to coarse particles, Fe solubility
was similar for fine particles in spring but significantly higher in the other three seasons, and at a given aerosol
pH range, Fe solubility was always higher in fine particles. Aerosol Fe solubility was well correlated with relative
abundance of aerosol acidic species, implying aerosol Fe solubility enhancement by acid processing; moreover,
such correlations were better for coarse particles than fine particles in all four seasons. Fe solubility was found
to increase with relative humidity and acid acidity for both coarse and fine particles at Xi’an, underscoring the
importance of aerosol liquid water and aerosol acidity in regulating Fe solubility via chemical processing.
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1 Introduction

Deposition of aerosol particles is a major external source of
dissolved iron (Fe) in many open oceans (Boyd and Ellwood,
2010; Tagliabue et al., 2017), significantly affecting primary
productions in these regions (Moore et al., 2009; Tang et al.,
2021) and thus the global carbon cycle (Martin, 1990; Jick-
ells et al., 2005). Dissolved Fe has also been recognized as an
important source of reactive oxygen species in aerosol par-
ticles via mechanisms such as the Fenton reaction (Zhang
et al., 2008; Fang et al., 2017; Wang et al., 2022) and thus
may have adverse impacts on human health (Kelly, 2003; Ab-
baspour et al., 2014). In addition, dissolved Fe could catalyze
aqueous oxidation of SO2 (Martin and Good, 1991; Alexan-
der et al., 2009; Huang et al., 2014), leading to the formation
of sulfate, a major secondary species in aerosol particles. The
various impacts of aerosol Fe are largely determined by its
fractional solubility (often abbreviated as solubility), which
is the ratio of dissolved Fe to total Fe.

Due to the impacts of dissolved aerosol Fe on ocean
biogeochemistry and human health, a number of studies
have been conducted in the last 2–3 decades (Chen and
Siefert, 2004; Baker and Jickells, 2006; Kumar et al., 2010;
Sholkovitz et al., 2012; Mahowald et al., 2018; Meskhidze
et al., 2019; Zhu et al., 2020; Baker et al., 2021; Ito et al.,
2021), leading to significant advances in our knowledge of
aerosol Fe solubility and sources of aerosol-dissolved Fe. For
example, many studies (Baker and Jickells, 2006; Sholkovitz
et al., 2012) observed the inverse relationship between Fe
solubility and total aerosol Fe. It has been recently realized
that non-desert-dust sources, such as anthropogenic emis-
sions and biomass burning, can be important for dissolved
aerosol Fe in many regions (Sholkovitz et al., 2009; Ito et
al., 2019; Hamilton et al., 2020; Liu et al., 2022), though
their contributions to total aerosol Fe are usually minor. Fur-
thermore, atmospheric aging processes, such as acid process-
ing and organic complexation, may substantially enhance the
solubility of Fe in desert dust and coal fly ash (Paris et al.,
2011; Shi et al., 2012; Chen and Grassian, 2013; Li et al.,
2017).

Despite significant progress, it remains difficult for mod-
eling studies to reproduce the wide range of Fe solubil-
ity observed for ambient aerosols (Mahowald et al., 2018;
Meskhidze et al., 2019). The relative contribution of non-
desert-dust sources, versus desert dust, to dissolved aerosol
Fe is still rather uncertain (Myriokefalitakis et al., 2018; Ito
et al., 2019). In addition, the impacts of chemical process-
ing (especially organic complexation) on aerosol Fe solubil-
ity have yet to be quantified for ambient aerosols. Further
field measurements are needed to reduce the uncertainties in
aerosol Fe solubility in order to better understand the impacts
of aerosol Fe on marine biogeochemistry and human health.

Sources, compositions and physicochemical properties are
very different for coarse (> 1 µm) and fine (< 1 µm) parti-
cles (Seinfeld and Pandis, 2016). Therefore, aerosol Fe sol-

ubility may differ significantly and is regulated by different
sources or processes for coarse and fine particles, as found
by previous work (Sakata et al., 2022; Zhang et al., 2022).
In addition, both sources and chemical processes of aerosol
particles exhibit significant variability for different seasons,
consequently leading to seasonal variations in aerosol Fe
solubility. For example, desert-dust aerosol mainly occurs
in spring at Xi’an, where our present work was conducted,
while anthropogenic emission becomes more important in
winter (Cao and Cui, 2021); furthermore, higher temperature
in summer causes more ammonium to partition into the gas
phase and thus leads to higher aerosol acidity (Ding et al.,
2019; Zhou et al., 2022). As a result, examining the seasonal
variability of aerosol Fe solubility may provide clues for and
insights into factors which regulate Fe solubility. However,
seasonal variation of Fe solubility has only been explored by
a few previous studies (Chen and Siefert, 2004; Tao and Mur-
phy, 2019; Yang et al., 2020; Yang and Weber, 2022). In the
present work, we investigated seasonal variations of total Fe,
dissolved Fe and Fe solubility for fine and coarse particles at
Xi’an, a megacity in northwestern China severely affected by
anthropogenic emission and desert dust (Cao and Cui, 2021).

2 Methodology

2.1 Sample collection

Aerosol sampling in Xi’an took place during 1–30 April
2021 (spring), 12 July to 14 August 2021 (summer), 7 Oc-
tober to 7 November 2021 (fall) and 26 November to 31 De-
cember 2020 (winter). Xi’an has a population of∼ 13 million
and is located in the middle of the Guanzhong Plain, which
is surrounded by the Qin Mountains and the Chinese Loess
Plateau (Fig. S1 in the Supplement), favoring accumula-
tion of air pollutants and formation of severe air pollution
(Cao and Cui, 2021). In addition, Xi’an is adjacent to major
deserts in China and is thus frequently affected by desert-dust
aerosol.

Sampling in winter took place at an urban site (34.23◦ N,
108.89◦ E), which is close to a busy major road and is located
in residential and commercial areas (Cao et al., 2012), and
was carried out on a building roof (∼ 10 m from the ground)
at the Institute of the Earth’s Environment, Chinese Academy
of Sciences. Sampling in the other three seasons took place at
another urban site (34.37◦ N, 108.97◦ E), which is located in
residential areas (Chen et al., 2021), and was carried out on
a building roof (∼ 40 m from the ground) at Shaanxi Univer-
sity of Science and Technology. Meteorological parameters
(wind speed and direction, temperature and relative humid-
ity) and PM2.5 and PM10 mass concentrations were provided
by nearby environmental monitoring stations.

Coarse (> 1 µm) and fine (< 1 µm) aerosol particles were
collected onto Whatman 41 (W41) cellulose filters on a daily
basis (from 08:00 to 07:30 the next day) using a two-stage
aerosol sampler (TH-150C, Tianhong Co., Wuhan, China)
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with a flow rate of 100 L min−1. W41 filters, which were
used for aerosol sampling, were acid-washed to reduce back-
ground levels. After aerosol collection, filters were sealed
individually in clean plastic Petri dishes and then stored at
−20 ◦C for further analysis. Our previous work (Zhang et
al., 2022) described filter pretreatment, aerosol sampling and
filter storage in detail. In the present work, 28, 32, 30 and 36
pairs of filter samples were collected in spring, summer, fall
and winter, respectively.

In our work, mass concentrations of various species in air,
including PM2.5 and PM10 concentrations, are reported un-
der standard state conditions (at 0 ◦C and 1 atm) to remove
the effects of variations in temperature and atmospheric pres-
sure.

2.2 Sample processing and analysis

Sample analysis was detailed in our previous work (Zhang
et al., 2022; Li et al., 2023), and as a result, here we only
provide key information in brief. Every filter was equally
halved. The first half-filter, which was used to determine
total Fe, was digested in a Teflon jar using microwave di-
gestion; after residual acids used in digestion were evapo-
rated, the Teflon jar was cooled to room temperature and then
filled with 20 mL HNO3 (1 %). The solution was filtered us-
ing a polytetrafluoroethylene (PTFE) membrane syringe fil-
ter (pore size: 0.22 µm) and then analyzed using inductively
coupled plasma mass spectrometry (iCAP Q, Thermo Fisher
Scientific, USA). In total, 14 elements were determined, in-
cluding Fe, Al and Pb, and the recovery rates were found to
be 90 %–110 % for Fe using certificated reference materials
(GBW07454 and GSB07-3272-2015).

The other half-filter, which was used to determine dis-
solved Fe and soluble ions, was immersed in 20 mL ultrapure
water for 2 h, during which an orbital shaker (300 r min−1)
was used to stir the aqueous mixture. After that, the aque-
ous mixture was filtered using a PTFE membrane syringe
filter (pore size: 0.22 µm) and then divided further into two
parts. The first solution (∼ 10 mL) was analyzed by ion chro-
matography to measure soluble anions and cations; the sec-
ond solution (10 mL) was acidified to contain 1 % HNO3 (us-
ing 147 µL 67 % HNO3) and subsequently analyzed using in-
ductively coupled plasma mass spectrometry.

2.3 Aerosol acidity calculation

The ISORROPIA-II model (Fountoukis and Nenes, 2007)
was used in the “metastable + forward” mode to calculate
aerosol pH for coarse and fine particles, and input data in-
cluded concentrations of soluble anions (SO2−

4 , NO−3 and
Cl−) and cations (NH+4 , Na+, K+, Ca2+ and Mg2+), tem-
perature and relative humidity (RH). The effects of NH3(g)
and HNO3(g) were not taken into account as their concentra-
tions were not measured; this may cause some biases (likely
underestimation) in calculated aerosol pH (Guo et al., 2015;

Hennigan et al., 2015; Pye et al., 2020), but the overall trend
of aerosol pH would not be significantly affected. The re-
verse mode was not used in our work, as results calculated
using the reverse mode are very sensitive to uncertainties
in concentrations of common aerosol ions (Hennigan et al.,
2015). Coarse particles are generally expected to be less
acidic than fine particles, and it is not clear yet why simi-
lar and even lower aerosol pH was observed for coarse par-
ticles (when compared to fine particles) in spring and fall at
Xi’an (Fig. S14). This may be caused by biases in aerosol pH
calculation, and lower aerosol pH values were also reported
in previous work for coarser particles carried out in north-
ern Colorado, United States (Young et al., 2013). Concurrent
measurements of gaseous NH3, HNO3 and HCl would help
reduce uncertainties in calculated aerosol pH and have been
implemented in our following studies since July 2022.

2.4 Air mass back-trajectory analysis

The HYSPLIT (Hybrid Single-Particle Lagrangian Inte-
grated Trajectory)-4 model (Draxier and Hess, 1998) was
employed to calculate 48 h air mass back trajectories us-
ing meteorological data (horizontal resolution: 1◦× 1◦; time
resolution: 3 h) from the Global Data Assimilation System
provided by the National Centers for Environmental Predic-
tion. Back trajectories were determined with an arrival height
of 100 m a.g.l. and arrival times of 08:00, 14:00, 20:00 and
02:00 on the next day (Wang et al., 2020), and every day four
back trajectories were obtained. In total, 120, 136, 128 and
144 back trajectories were obtained in our work for spring,
summer, fall and winter, and all the back trajectories were
clustered using the cluster analysis method described else-
where (Baker, 2010).

3 Total and dissolved aerosol Fe

3.1 Meteorological conditions and aerosol
concentrations

The climate in Xi’an (and the Guangzhou Plain in gen-
eral) is mainly regulated by the East Asian monsoon. Dur-
ing our campaign, the prevailing wind directions were west
and southwest in spring, northeast in summer, southwest and
northeast in fall, and west in winter (Fig. S2); furthermore,
average wind speeds were > 2 m s−1 in summer and fall and
< 2 m s−1 in spring and winter. Median temperatures were
13.6, 27.0, 12.7 and 1.3 ◦C in spring, summer, fall and win-
ter, and median RH was found to be 85 %, 71 %, 83 % and
77 % (Table S1 in the Supplement). Precipitation mainly took
place in summer during our campaign in 2021, similarly to
previous years (Cao and Cui, 2021).

Table S2 shows PM2.5 and PM10 concentrations at Xi’an
in the four seasons. PM10 concentrations were in the ranges
of 15–243, 24–76, 22–151 and 41–212 µg m−3 in spring,
summer, fall and winter, and the average values were
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Figure 1. Seasonal variations of (a) total Fe and (b) dissolved Fe for fine and coarse particles.

93± 61, 51± 16, 70± 35 and 107± 39 µg m−3, suggesting
the highest levels in spring and winter and the lowest levels
in summer. PM2.5 mass concentrations were in the ranges of
11–62, 11–48, 13–97 and 13–156 µg m−3, and the average
values were 35± 14, 23± 8, 40± 24 and 80± 32 µg m−3,
suggesting the highest concentrations in winter and the low-
est levels in summer.

PM2.5 and PM10 concentrations were high in winter due
to accumulation of anthropogenic pollution, and the median
PM2.5 /PM10 ratio was 0.76. PM10 concentrations in spring
were significantly increased due to the impacts of desert-dust
aerosol, and the median PM2.5 /PM10 ratio was only 0.44.
Two major dust events occurred during our spring campaign
(12–17 and 27–30 April). During the two dust events the av-
erage PM10 and PM2.5 mass concentrations were 151± 57
and 42± 12 µg m−3, and PM2.5 /PM10 ratios became even
lower (0.20–0.31). Furthermore, the median PM2.5 /PM10
ratios were 0.44 in summer and 0.62 in fall.

3.2 Total aerosol Fe

Figure 1a shows the seasonal variation of total aerosol
Fe in coarse and fine particles measured by our work at
Xi’an. Total aerosol Fe concentrations were in the ranges
of 270–3095, 191–1992, 395–3492 and 269–3924 ng m−3

for coarse particles in spring, summer, fall and winter, and
the average values were 1504± 800, 950± 524, 1638± 830
and 1831± 866 ng m−3 (Table A1 in the Appendix); to-
tal aerosol Fe concentrations were in the ranges of 206–
12 144, 164–1591, 196–2631 and 257–4268 ng m−3 for fine
particles in spring, summer, fall and winter, and the av-
erage values were 3717± 3387, 721± 366, 958± 516 and
2058± 1037 ng m−3. Average total Fe concentrations were
measured to be 798± 466 and 801± 534 ng m−3 for coarse
and fine particles in winter (November–December 2019) at
Qingdao (Zhang et al., 2022), only 44 % and 38 % of the av-
erage values (1831± 866 and 2058± 1037 ng m−3) found in
winter (November–December 2020) at Xi’an by the present

work, mainly because during wintertime aerosol mass con-
centrations were much higher at Xi’an than Qingdao.

The average contributions of coarse particles to total Fe
in TSPs (total suspended particles) were 29 %, 57 %, 63 %
and 47 % in spring, summer, fall and winter, being lowest in
spring, when the influence of desert-dust aerosol was largest.
Statistical analysis (paired t test) suggested that, compared
to fine particles, total Fe in coarse particles was significantly
lower in spring (p < 0.01, α = 0.05) but significantly higher
in summer and fall (p < 0.01, α = 0.05); in addition, there
was no significant difference between coarse and fine parti-
cles in winter (p = 0.13, α = 0.05). The average contribu-
tions of coarse particles to total Al in TSPs were 26 %, 50 %,
54 % and 40 % in spring, summer, fall and winter, also being
lowest in spring. Furthermore, during dust periods (12–17
and 27–30 April), the average contribution of coarse parti-
cles was found to be 24 % for total Fe and 23 % for total
Al in TSPs, even slightly smaller than the average values in
spring. This is probably because, for desert-dust aerosol, Fe
and Al were enriched in fine particles, while the major com-
ponent in coarse particles was quartz (Journet et al., 2014);
nevertheless, further measurements are needed to better un-
derstand the size distribution of trace metals in desert-dust
aerosol.

Compared to other seasons, total Fe concentrations in fine
and coarse particles were lowest in summer (Fig. 1a), as
aerosol mass concentrations were also lowest in summer
(Sect. 3.1). Similarly, previous measurements on Huaniao Is-
land in the East China Sea (Yang et al., 2020) and over the
tropical and subtropical North Atlantic (Chen and Siefert,
2004) also found the lowest total aerosol Fe levels in sum-
mer. For the other three seasons (spring, fall and winter), the
total Fe in coarse particles was rather similar, while the total
Fe in fine particles was highest in spring and lowest in fall.
Overall, compared to summer and fall, the total aerosol Fe
was higher in spring and winter, when higher aerosol mass
concentrations were also observed (Fig. S3).
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Total Fe was very well correlated with total Al (0.87<
r < 0.96, p < 0.01) for both coarse (Fig. S4) and fine parti-
cles (Fig. 2) in all four seasons, suggesting desert dust always
as the dominant source of total aerosol Fe at Xi’an, regard-
less of particle size range and seasons. The median Fe/Al
values, the mass ratios of total Fe to total Al, were 0.975,
0.926, 1.269 and 0.940 in spring, summer, fall and winter
for coarse particles and 0.735, 0.796, 0.870 and 0.744 for
fine particles (Fig. S5). Fe/Al was found to be 0.911 and
0.741 for PM10 and PM2.5 generated using surface soil sam-
ples collected over several major deserts in China (Zhang et
al., 2014). We found that Fe/Al measured for coarse and fine
particles at Xi’an was similar to that reported for desert dust
(Zhang et al., 2014); coarse particles in fall might be one
exception (Fig. S5), showing slightly higher Fe/Al (median:
1.269) than desert dust.

3.3 Dissolved aerosol Fe

Figure 1b shows the seasonal variation of dissolved aerosol
Fe in coarse and fine particles at Xi’an. Dissolved aerosol
Fe concentrations were in the ranges of 1.0–17.5, 0.9–
22.0, 0.7–42.2 and 0.9–33.8 ng m−3 for coarse particles in
spring, summer, fall and winter, and the average values were
5.9± 4.5, 5.6± 4.0, 13.5± 12.2 and 14.5± 8.3 ng m−3; dis-
solved aerosol Fe concentrations were in the ranges of
1.1–21.4, 2.6–22.9, 2.1–33.7 and 5.0–89.5 ng m−3 for fine
particles in spring, summer, fall and winter, and the av-
erage values were 10.0± 5.5, 9.7± 5.6, 16.5± 10.1 and
22.7± 16.8 ng m−3. Average dissolved Fe concentrations
were measured as 7.7± 14.5 and 7.3± 7.6 ng m−3 for coarse
and fine particles in winter at Qingdao (Zhang et al., 2022),
only 53 % and 32 % of the average values (14.5± 8.3 and
22.7± 16.8 ng m−3) found in winter at Xi’an by the present
work, and one major reason is that total Fe concentrations
were significantly higher at Xi’an than Qingdao.

The average contributions of coarse particles to dissolved
Fe in TSP were 37 %, 36 %, 45 % and 39 % in spring, sum-
mer, fall and winter. Compared to fine particles, dissolved Fe
was significantly lower in coarse particles for all four seasons
(paired t test, p < 0.01, α = 0.05) at Xi’an, although the total
Fe in coarse particles was higher than or similar to fine parti-
cles (except spring, as discussed in Sect. 3.2). This indicated
that aerosol Fe solubility was lower in coarse particles than
fine particles, as further discussed in Sect. 4. Similar to our
work, Sakata et al. (2022) found that, over the Pacific, dis-
solved aerosol Fe concentrations in fine particles (< 1.3 µm)
were significantly higher than coarse particles (> 1.3 µm).

Compared to spring and summer, dissolved Fe concen-
trations were higher in fall and winter for coarse particles
(Fig. 1b); for fine particles, dissolved Fe concentrations were
highest in winter, followed by fall, and lowest in spring and
summer. Dissolved Fe concentrations were low in summer,
as total Fe concentrations were also low (Fig. 1a). Total Fe
concentrations were high in spring (Fig. 1a), but dissolved

Fe concentrations were low; this is because, compared to
other seasons, spring was most severely affected by desert
dust with low Fe solubility. Our previous study (Zhang et al.,
2022) investigated aerosol Fe at Qingdao in winter and found
that, compared to clean days, dissolved Fe concentrations
did not change significantly during dust days, although to-
tal Fe concentrations were remarkably increased. Therefore,
our previous (Zhang et al., 2022) and current studies imply
that the occurrence of desert-dust aerosol may not necessar-
ily lead to an increase in dissolved Fe concentrations in the
air.

As shown in Fig. S6, overall the correlation between dis-
solved Fe and total Al was quite weak at Xi’an, indicating
that desert dust may not contribute dominantly to dissolved
aerosol Fe, although it was always the major source of to-
tal aerosol Fe (Sect. 3.2). We also examined correlations
between dissolved Fe and several other species (Table S3).
Except for summer, dissolved Fe was well correlated with
secondary inorganic species (sulfate, nitrate and ammonium)
for coarse and fine particles, suggesting secondary formation
(i.e., conversion of insoluble Fe to dissolved Fe via chem-
ical processing) as an important source of dissolved Fe. In
addition, Fig. 3 shows that dissolved Fe was well correlated
with K+ (a tracer for biomass burning) in coarse and fine
particles in all four seasons (0.67< r < 0.96, p < 0.001),
and this may indicate biomass burning also as an important
source of dissolved aerosol Fe.

Furthermore, good correlations with dissolved Fe were
found in coarse particles for Pb, Zn and As in three seasons
(spring, fall and winter) and in fine particles for Pb (spring,
fall and winter), As (spring and fall) and Zn (fall). Aerosol
Pb and Zn are mainly emitted by vehicles and the iron–steel
industry (Chow et al., 2004; Cao and Cui, 2021), and the ma-
jor sources of aerosol As include coal combustion and metal
smelting (Tian et al., 2010). As a result, vehicle emission,
coal combustion, the iron–steel industry and metal smelting
also contributed to dissolved aerosol Fe at Xi’an.

4 Aerosol Fe solubility

4.1 Seasonal variation of Fe solubility

4.1.1 Seasonal variability

Figure 4 and Table A1 display aerosol Fe solubility at Xi’an
in different seasons. Fe solubility was in the ranges of
0.08 %–2.48 %, 0.13 %–2.44 %, 0.05 %–3.55 % and 0.09 %–
7.16 % for coarse particles in spring, summer, fall and win-
ter, and the median values were 0.38 %, 0.51 %, 0.62 % and
0.79 %; for fine particles, Fe solubility was in the ranges of
0.06 %–1.26 %, 0.34 %–3.02 %, 0.27 %–3.37% and 0.21 %–
9.65 % in spring, summer, fall and winter, and the median
values were 0.42 %, 1.35 %, 1.79 % and 1.17 %.

No significant difference in Fe solubility was found be-
tween coarse and fine particles at Xi’an in spring (paired t
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Figure 2. Total Fe versus total Al for fine particles in different seasons: (a) spring; (b) summer; (c) fall; (d) winter.

test, p = 0.17, α = 0.05). In addition, the median values of
Fe solubility were both < 0.5 % for coarse and fine particles
in spring, similar to desert dust (Schroth et al., 2009; Shi et
al., 2011b; Oakes et al., 2012b; Li et al., 2022), and this was
because Xi’an was frequently affected by desert-dust aerosol
in spring. In the other three seasons (summer, fall and win-
ter), Fe solubility was significantly higher in fine particles
than coarse particles (paired t test, p < 0.01, α = 0.05); fur-
thermore, in these three seasons the median Fe solubility was
> 1 % for fine particles and > 0.5 % for coarse particles. For
coarse particles, Fe solubility was highest in winter and low-
est in spring, while no significant difference was found be-
tween summer and fall (t test, p = 0.95, α = 0.05); for fine
particles, Fe solubility can be described by the following or-
der: fall > summer>winter> spring.

A number of field measurements (Hsu et al., 2005; Baker
and Jickells, 2006; Sedwick et al., 2007; Kumar et al., 2010;
Sholkovitz et al., 2012; Winton et al., 2015; Shelley et al.,
2018; Yang et al., 2023) found inverse dependence of Fe sol-
ubility on total Fe (and Al). As shown in Figs. 5 and S7, Fe
solubility was also observed in our work to decrease with to-
tal Fe for coarse and fine particles in three seasons (spring,
summer and winter), and such dependence can be fitted using
Eq. (1):

fs (Fe)= a×[Fe]−bT , (1)

where fs(Fe) is Fe solubility, [Fe]T is total Fe concentration,
and b represents the sensitivity of Fe solubility to relative
change in total Fe concentration. As shown in Figs. S8–S9,
such inverse dependence was also observed between Fe sol-
ubility and total Al in these three seasons. Several mecha-
nisms can qualitatively explain such inverse dependence, but
a consensus has not been reached yet (Mahowald et al., 2018;
Meskhidze et al., 2019).

However, no obvious relationship between Fe solubility
and total Fe (or total Al) was found in fall. Such inverse
dependence was not found in some previous studies either
(Paris et al., 2010; Oakes et al., 2012a) and was found for
fine particles but not for coarse particles at Qingdao in the
winter by our previous work (Zhang et al., 2022). Therefore,
one may conclude that the inverse dependence of Fe solu-
bility on total Fe (or total Al), though frequently observed,
is not a universal rule. It is not clear yet why such inverse
dependence was not observed in these studies.

A larger b value means that Fe solubility is more sensitive
to a relative change in the total Fe concentration. For our
measurements conducted at Xi’an, b values were determined
to be 0.30, 0.23 and 0.91 in spring, summer and winter for
fine particles (Fig. S7) and 0.52, 0.65 and 1.16 for coarse
particles (Fig. 5). One can see that the b values in winter
were much larger than those in spring and summer for both
fine and coarse particles; furthermore, in each of the three
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Figure 3. Dissolved Fe versus K+ for fine and coarse particles in different seasons: (a) spring; (b) summer; (c) fall; (d) winter. Blue symbols
represent fine particles, and brown symbols represent coarse particles. Cross symbols represent data points which are not included in fittings.

Figure 4. Seasonal variations of aerosol Fe solubility for fine and
coarse particles at Xi’an.

seasons (spring, summer and winter), the b value was larger
for coarse particles than fine particles.

4.1.2 Comparison with previous work

The median Fe solubility at Xi’an was 0.79 % and 1.17 % for
coarse and fine particles in winter, larger than those (0.34 %
and 0.66 %, respectively) found in winter at Qingdao (Zhang
et al., 2022). One reason is that in winter Xi’an was fre-

quently affected by haze pollution when aerosol Fe solubil-
ity was significantly increased (Shi et al., 2020; Zhang et al.,
2022; Zhu et al., 2022); in addition, our winter sampling at
Qingdao was severely affected by desert-dust aerosol (Zhang
et al., 2022), with very-low Fe solubility.

Several previous studies also investigated aerosol Fe solu-
bility in northern China. Similar to our current work, Chuang
et al. (2005) reported low Fe solubility (< 1 %) for TSPs dur-
ing spring at Dunhuang, a city in northwestern China. Av-
erage Fe solubility at Xi’an was reported to be 10.4 % for
TSPs (He et al., 2021) and 25.5± 11.3 % for PM2.5 (Lei
et al., 2023), 5.0± 3.8 %, 4.5± 2.6 % and 2.7± 1.5 % for
PM2.5 at three cities in northern China (Zhu et al., 2020) and
2.70± 2.77 % for TSPs at Qingdao (Shi et al., 2020). Com-
pared to our work, some other studies (Shi et al., 2020; Zhu et
al., 2020; He et al., 2021; Lei et al., 2023) reported higher Fe
solubility, mainly because different leaching protocols were
employed to extract dissolved Fe (Meskhidze et al., 2019;
Li et al., 2023): (1) sonication was used during extraction in
three previous studies (Shi et al., 2020; Zhu et al., 2020; He
et al., 2021), but not in our work; (2) the filter pore size Shi et
al. (2020) used (0.45 µm) was larger than that our work used
(0.22 µm); (3) the leaching solution used by Lei et al. (2023)
(acetate buffer, pH= 4.3) was more acidic than that we used
(ultrapure water).
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Figure 5. Fe solubility versus total Fe for coarse particles in different seasons: (a) spring; (b) summer; (c) fall; (d) winter.

4.1.3 Fe solubility during dust and haze events

At Xi’an, dust events (PM10> 100 µg m−3 and
PM10 /PM2.5 > 3) occurred in spring (12–17 and 27–
30 April). During the two dust events, average Fe solubility
was 0.17± 0.09 % and 0.18± 0.13 % for coarse and fine
particles, similar to that reported for dust particles collected
from dust source regions (Shi et al., 2011b; Oakes et al.,
2012b; Paris and Desboeufs, 2013; Li et al., 2022); during
non-dust periods in spring, average Fe solubility was found
to be 0.75± 0.66 % and 0.64± 0.27 % for coarse and fine
particles, higher than that observed for dust events. In fact,
much lower Fe solubility was also reported during dust
events at Qingdao (Shi et al., 2020; Zhang et al., 2022),
Jeju Island (Chuang et al., 2005) and Hokkaido (Ooki et al.,
2009) when compared to non-dust periods.

In this work we classified high-RH haze events as
those with PM2.5> 80 µg m−3, PM2.5 /PM10> 0.8 and
RH> 80 %. High-RH haze events at Xi’an only occurred
in winter (26 November–1 December and 5–7 December).
Average Fe solubility was measured as 2.03± 2.07 % and
2.16± 2.81 % for coarse and fine particles during high-RH
haze events, significantly higher than that observed for other
days in winter (0.69± 0.46 % and 1.18± 0.81 % on average,
respectively). Some previous studies (Shi et al., 2020; Zhu et
al., 2020, 2022; Zhang et al., 2022) also observed evaluated

aerosol Fe solubility during haze periods, attributed to in-
creased contribution of anthropogenic Fe with high solubility
and/or Fe solubility enhancement via chemical processing.

4.2 Influence of air mass sources on Fe solubility

Back trajectories obtained for our campaign were clustered,
and we further examined the dependence of Fe solubility on
air mass cluster types in different seasons. In spring (Fig. 6a),
air mass cluster C1 originated locally, and C2 originated from
the North China Plain with severe air pollution, while C3
and C4 represented air mass arriving from desert regions in
the north and northwest after long-distance transport (com-
pared to C1 and C2); as shown in Fig. 6b, Fe solubility in
coarse and fine particles was significantly higher for C1 and
C2 when compared to C3 and C4.

In fall (Fig. 6e), air mass cluster C1 originated locally, C2
was transported from desert regions in the north and north-
west, and Fe solubility was much higher for C1 than C2
(Fig. 6f). In winter (Fig. 6g), air mass cluster C1 originated
locally, while C2, C3 and C4 originated from desert regions
in the north and northwest, and the transport distance in-
creased from C2 to C4; as shown in Fig. 6h, Fe solubility
followed the order C1>C2>C3>C4, decreasing with an
increase in transport distance. In contrast to the other three
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seasons, no obvious dependence of Fe solubility on air mass
clusters was found in summer (Fig. 6d).

To summarize, our work found that, in spring, fall and
winter, Fe solubility at Xi’an was significantly higher when
air masses originated from local and nearby regions when
compared to those arriving from desert regions after long-
distance transport. The reason is that the contribution of an-
thropogenic emissions to aerosol Fe was elevated for air
masses originating from local and nearby sources (when
compared to air masses originating from desert regions), and
anthropogenic aerosol Fe had higher solubility than desert
dust (Schroth et al., 2009; Fu et al., 2012; Oakes et al.,
2012b). Similar to our work, over the Sargasso Sea aerosol Fe
solubility was much lower in Saharan air masses than North
American air masses (Sedwick et al., 2007).

4.3 Effects of chemical aging

Laboratory studies (Shi et al., 2011a; Chen and Grassian,
2013; Wang et al., 2018) suggested that chemical processing
by acids, such as H2SO4 and HNO3, could dissolve insoluble
Fe and thus enhance aerosol Fe solubility. Some field stud-
ies found that aerosol Fe solubility was positively correlated
with sulfate and/or nitrate (Shi et al., 2020; Zhu et al., 2020;
Liu et al., 2021; Zhang et al., 2022; Yang et al., 2023), in-
dicating enhancement of Fe solubility by atmospheric acid
processing.

Figure 7 plots Fe solubility at Xi’an versus
(2× [sulfate]+ [nitrate]) / [Fe] (in nanomole per nanomole,
referred to as relative abundance of aerosol acidic species),
the molar ratio of two major acidic species to total Fe in
aerosol particles. For coarse particles, aerosol Fe solubility
was well correlated with relative abundance of aerosol acidic
species in all four seasons (0.77< r < 0.91, p < 0.01).
For fine particles, good correlation was found in spring
(r = 0.84, p < 0.01), moderate correlation was found in fall
and winter (0.42< r < 0.53, p < 0.01), and no significant
correlation was found in summer (r = 0.35, p > 0.05). In
addition, as shown in Figs. S10–S11, correlations of Fe
solubility with [nitrate] / [Fe] were better than (or very
similar to) those with [sulfate] / [Fe] for coarse particles in
the four seasons, whereas no obvious trend was observed for
fine particles.

Overall, correlations between Fe solubility and relative
abundance of aerosol acidic species were always better for
coarse particles than fine particles (Fig. 7), indicating that
acid processing may be more important in Fe solubility en-
hancement for coarse particles when compared to fine parti-
cles. A previous study (Zhang et al., 2022) also found that
such correlation was better in coarse particles than fine parti-
cles in winter at Qingdao, a coastal city in northern China.
Nevertheless, as discussed in Sect. 4.1, Fe solubility was
higher in fine particles than coarse particles. This may imply
that primary emission of non-desert-dust Fe (anthropogenic
Fe) with higher solubility (Schroth et al., 2009; Oakes et al.,

2012b) was more important for Fe solubility enhancement in
fine particles than coarse particles.

It was suggested by laboratory studies (Chen and Grassian,
2013; Paris and Desboeufs, 2013; Wang et al., 2017) that at-
mospheric organic ligands, such as oxalate, could increase
aerosol Fe solubility via ligand-promoted dissolution. As
shown in Fig. S12, our present work found good correlation
between Fe solubility with [oxalate] / [Fe] (in nanomole per
nanomole) for coarse particles (0.70< r < 0.88, p < 0.01)
and moderate correlation for fine particles (0.40< r < 0.67,
p < 0.01) at Xi’an. Positive correlation between Fe solubil-
ity and oxalate was also observed previously in Atlanta, USA
(Yang and Weber, 2022), Toronto, Canada (Tao et al., 2022),
and Qingdao, China (Zhang et al., 2022).

We note that good correlation between Fe solubility and
aerosol oxalate does not necessarily mean Fe solubility en-
hancement by Fe–oxalate complexation. For example, it was
suggested that Fe could promote the formation of oxalate in
aerosol particles (Tao and Murphy, 2019; Zhang et al., 2019),
and thus good correlation between Fe solubility and ox-
alate could also imply enhanced formation of oxalate by dis-
solved Fe. In addition, similar to sulfate and nitrate, the major
source of oxalate in the troposphere was secondary forma-
tion (Myriokefalitakis et al., 2011; Kawamura and Bikkina,
2016), and in this aspect good correlation between Fe solu-
bility and relative abundance of oxalate could also indicate
the importance of secondary formation of dissolved aerosol
Fe (i.e., dissolution of insoluble Fe to dissolved Fe via aging
processes).

5 Discussion: roles of RH and aerosol acidity

Figure 8 reveals the importance of RH in regulating aerosol
Fe solubility. When RH was increased from< 60 % to 60 %–
70 %, a significant increase in Fe solubility was observed
for both coarse and fine particles. Sun et al. (2018) inves-
tigated hygroscopicity of aerosol particles collected in north-
ern China and found that most particles examined started to
become deliquesced when RH was increased to ∼ 60 %. The
deliquescenced RH reported for ambient aerosol particles
(Sun et al., 2018) coincided roughly with the RH threshold at
which a large increase in aerosol Fe solubility was observed
in our work. Previous studies (Shi et al., 2020; Zhu et al.,
2020, 2022) also highlighted that RH and thus aerosol liquid
water could substantially affect Fe solubility. For example,
Zhu et al. (2020) measured Fe solubility at four cities in east-
ern China in December 2017 and found that Fe solubility at
> 50 % RH was significantly larger than that at < 50 % RH.

In addition, as shown in Fig. 8, when RH was increased
from 80 %–90 % to> 90 %, median Fe solubility remarkably
increased from 0.67 % to 1.68 % for coarse particles. Simi-
larly to our work, Shi et al. (2020) also found that aerosol Fe
solubility at Qingdao was significantly increased under foggy
weather when compared to other weather conditions. There-
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Figure 6. The mean back-trajectory clusters obtained by HYSPLIT for (a) spring, (c) summer, (e) fall, and (g) winter; Fe solubility in fine
and coarse particles for different air mass clusters in (b) spring, (d) summer, (f) fall, and (h) winter. C1–C4 represent different air mass
clusters.
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Figure 7. Fe solubility versus (2× [sulfate]+ [nitrate]) / [Fe] for fine and coarse particles in different seasons: (a) spring; (b) summer;
(c) fall; (d) winter. Blue symbols represent fine particles, and brown symbols represent coarse particles. Cross symbols represent data points
which are not included in fittings.

Figure 8. Fe solubility in different RH (relative humidity) ranges
for fine and coarse particles (RH< 60 %: 18 d; 60 %<RH< 70 %:
23 d; 70 %<RH< 80 %: 48 d; 80 %<RH< 90 %: 28 d;
RH> 90 %: 10 d).

fore, both Shi et al. (2020) and our present work suggested
that high RH could promote Fe dissolution.

We further examined the impact of aerosol acidity on Fe
solubility, and the results are displayed in Fig. 9. For coarse
particles, an increase in pH did not lead to an apparent change
in Fe solubility as long as aerosol pH was < 5; however, Fe
solubility was greatly decreased when aerosol pH was in-
creased to > 5. For fine particles, Fe solubility in general de-
creased with increasing aerosol pH (from < 2 to > 5). Previ-
ous work carried out at six Canadian sites (Tao and Murphy,
2019) and Atlanta, USA (Wong et al., 2020; Yang and We-
ber, 2022), also reported higher Fe solubility at lower aerosol
pH. Similar to our previous work at Qingdao in the winter
(Zhang et al., 2022), our current study found that, for coarse
and fine particles at Xi’an, aerosol pH was mostly < 4 when
Fe solubility exceeded 1 % (Fig. S13). It should be pointed
out that for some samples collected at Xi’an, Fe solubility
could still be very low (< 1 %), even when aerosol pH was
low and RH was high (Fig. S13). In total, 34 samples for
coarse particles (9 in spring, 8 in summer, 12 in fall and 5
in winter) and 18 samples for fine particles (7 in spring, 6 in
summer, 4 in fall and 1 in winter) fulfilled the above condi-
tions (pH< 4, RH> 80 % and Fe solubility < 1 %). Fe min-
eralogy may possibly explain the observed low Fe solubility
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Figure 9. Fe solubility in different pH ranges for fine and coarse
particles at Xi’an.

despite high RH and aerosol acidity, and concurrent measure-
ments of Fe mineralogy could provide further clues.

In addition, as shown in Fig. 9, at a given pH range, Fe sol-
ubility was always higher in fine particles than coarse parti-
cles. If we assume at the same pH range that Fe solubility en-
hancement by acid processing was similar for fine and coarse
particles, the results displayed in Fig. 9 may imply that an-
thropogenic and pyrogenic Fe played a more important role
in Fe solubility enhancement in fine particles at Xi’an when
compared to coarse particles. Mcdaniel et al. (2019) found
that soluble Fe concentration was strongly correlated with
aerosol surface area for size-resolved aerosol samples col-
lected from several different regions and suggested surface
area as the main factor which affected Fe solubility; they fur-
ther suggested that this was because Fe solubility enhance-
ment by acid processing could be more effective for aerosol
particles with larger surface areas and thus smaller particle
sizes.

Our work found that at Xi’an aerosol pH values for both
coarse and fine particles were lower (t test, p < 0.01, α =
0.05) in summer and fall than in spring and winter (Table S4
and Fig. S14). Compared to summer and fall, lower temper-
ature in winter favored partitioning of ammonium in aerosol
particles and thus led to higher aerosol pH. Average temper-
atures were similar in spring and fall at Xi’an (Table S1),
but aerosol pH was higher in spring than in fall (Table S4).
Higher aerosol pH in spring at Xi’an, when compared to fall,
was caused by an increase in non-volatile cations in spring
due to the influence of desert-dust aerosol; in fact, we found
that the abundance of Ca2+ (relative to sulfate) was much
higher in spring for both fine and coarse particles. Mean-
while, Fe solubility was higher in summer (median: 1.35 %)
and fall (median: 1.79 %) than in spring (median: 0.42 %)
and winter (median: 1.17 %) for fine particles and was also
higher in summer (median: 0.51 %) and fall (median: 0.62 %)

than in spring (median: 0.38 %) for coarse particles. As a re-
sult, lower aerosol pH (and thus higher aerosol acidity) in
summer and fall may at least partly explain the observed
higher Fe solubility in these two seasons. Our results were
corroborated by a previous study (Yang and Weber, 2022),
which found that, compared to the cold season, higher Fe
solubility was found in Atlanta (Georgia, USA) in the warm
season when aerosol pH was lower.

6 Summary and conclusion

Our work investigated total Fe, dissolved Fe and Fe solubil-
ity for coarse (> 1 µm) and fine (< 1 µm) particles in four
different seasons at Xi’an, a megacity in northwestern China
impacted by anthropogenic emissions and desert dust. Total
Fe concentrations in coarse particles were lowest in summer
and similar in the other three seasons, while for fine particles
total Fe concentrations were lowest in summer and highest in
spring. Good correlations were found between total Fe and
total Al for both coarse and fine particles in all four seasons,
suggesting desert-dust aerosol as the major source of total Fe
regardless of particle size (below or above 1 µm) and season.

Dissolved Fe concentrations were higher in fall and win-
ter than in spring and summer for coarse particles; for fine
particles, dissolved Fe concentrations were highest in win-
ter, followed by fall, and lowest in spring and summer. Com-
pared to the other seasons, although total Fe concentrations
were evaluated in spring due to the impacts of desert dust, an
increase in dissolved Fe levels was not observed. This may
imply that the occurrence of desert-dust aerosol may not nec-
essarily lead to an increase in dissolved Fe concentrations,
as also revealed in our previous study (Zhang et al., 2022)
carried out at a coastal city in northern China. Dissolved Fe
was significantly lower for coarse particles (compared to fine
particles) in all four seasons, although the total Fe in coarse
particles was higher than or similar to fine particles in three
seasons (but not spring), implying higher Fe solubility in fine
particles. Overall, the correlation between dissolved Fe and
total Al was rather weak, suggesting that desert dust may not
contribute dominantly to dissolved Fe at Xi’an, although it
was always the major source of total Fe.

The highest Fe solubility was observed in winter for coarse
particles and in fall for fine particles; meanwhile, the low-
est Fe solubility was observed in spring for both coarse and
fine particles, with the median Fe solubility below 0.5 %.
Compared to coarse particles, Fe solubility was similar for
fine particles in spring but significantly higher in the other
three seasons. Inverse dependence of Fe solubility on total
Fe concentration was observed for coarse and fine particles
in spring, summer and winter, while there was no such de-
pendence for either fine or coarse particles in fall. Further-
more, aerosol Fe solubility was higher in air masses originat-
ing from local and nearby regions than those arriving from
desert regions after long-distance transport in three seasons
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(spring, fall and winter), while no apparent dependence of Fe
solubility on air mass origins was found in summer.

Our work found better correlation between Fe solubility
and relative abundance of aerosol acidic species for coarse
particles than fine particles in all four seasons, probably
suggesting that acid processing was more important for Fe
solubility enhancement in coarse particles. This may fur-
ther mean that non-desert-dust Fe (e.g., anthropogenic and
biomass burning Fe) was more important for Fe solubility en-
hancement in fine particles, since Fe solubility was higher in
fine particles than coarse particles. We also found that overall
Fe solubility increased with RH and acid acidity for coarse
and fine particles, underscoring the importance of aerosol liq-
uid water and aerosol acidity in enhancing Fe solubility via
acid processing. Our work further found that at a given pH
range aerosol Fe solubility was always higher in fine parti-
cles than coarse particles.

Appendix A

Table A1. Overview of total Fe (ng m−3), dissolved Fe (ng m−3) and Fe solubility (%) for fine and coarse particles in different seasons at
Xi’an.

Fine particles Coarse particles

Spring Range Median Average Range Median Average

Total Fe 206–12 144 2925 3717± 3387 270–3095 1626 1504± 800
Dissolved Fe 1.1–21.4 9.2 10.0± 5.5 1.0–17.5 4.2 5.9± 4.5
Fe solubility 0.06–1.26 0.42 0.48± 0.32 0.08–2.48 0.38 0.54± 0.59

Summer Range Median Average Range Median Average

Total Fe 164–1591 719 721± 366 191–1992 942 950± 524
Dissolved Fe 2.6–22.9 8.5 9.7± 5.6 0.9–22.0 4.6 5.6± 4.0
Fe solubility 0.3–3.02 1.35 1.46± 0.67 0.13–2.44 0.51 0.78± 0.63

Fall Range Median Average Range Median Average

Total Fe 196–2631 934 958± 516 395–3492 1651 1638± 830
Dissolved Fe 2.1–33.7 15.4 16.5± 10.1 0.7–42.2 10.3 13.5± 12.2
Fe solubility 0.27–3.37 1.79 1.80± 0.88 0.05–3.55 0.62 0.79± 0.67

Winter Range Median Average Range Median Average

Total Fe 257–4268 1942 2058± 1037 269–3924 1850 1831± 866
Dissolved Fe 5.0–89.5 17.4 22.7± 16.8 0.9–33.8 14.7 14.5± 8.3
Fe solubility 0.21–9.65 1.17 1.43± 1.58 0.09–7.16 0.79 1.03± 1.22
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