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Abstract The current poor understanding of soluble iron (Fe) yield in atmospheric aerosols leaves two
observational facts having not yet been correctly simulated in numerical models: the high Fe solubility in
aerosols with low Fe content and, hence, the wide range of observed Fe solubility. Our observation at
Qingdao, a coastal city of China, revealed that soluble Fe was produced along with aerosol acidification
much more efficiently in fog than under other weather conditions. The median Fe solubility in fog aerosols,
5.81%, was 3.3 times of that in haze aerosols, 5.2 times of that in clear days, and 21.5 times of that in

dust aerosols. Involving fog processing in models may reduce the discrepancy in the atmospheric flux of
soluble Fe to the ocean between numerical simulations and field observations.

Plain Language Summary Aerosol soluble Fe depositing into seawater promotes marine
primary productivity, alters global ocean carbon storage, and ultimately affects global climate. Current
models largely underestimate the concentration of soluble Fe in aerosols, but the reason is not clear. Our
present results revealed the high efficiency of fog to drive the conversion of Fe from insoluble form to
soluble form in the atmosphere, a process that has been overlooked in models. To increase the simulation
accuracy, proper inclusion of fog processing in models is necessary.

1. Introduction

The input of soluble iron (Fe) from the atmosphere into surface seawater via aerosol particle deposition is a
key process to promote marine primary productivity and the biological fixation of nitrogen in seawater,
alters the distribution of carbon dioxide between the ocean and the atmosphere, and is thus ultimately con-
nected to global climate (Jickells et al., 2005). Soluble Fe in aerosols is derived from the primary emissions of
natural and anthropogenic sources (Mahowald et al., 2005; Matsui et al., 2018) and chemical conversions
from insoluble Fe in the atmosphere (Ito & Shi, 2016; Meskhidze et al., 2003; Scanza et al., 2018).

Field observations have revealed a very wide range of Fe solubility, the ratio of soluble Fe to total Fe in aero-
sol particles from 0.02% to 98% in both continental and marine environments, with an inverse hyperbolic
relationship between Fe solubility and total Fe content in aerosols; that is, the Fe solubility is generally
higher in aerosols with lower Fe content (Sholkovitz et al., 2012). Models with deliberate consideration of
aerosol sources and atmospheric processing have successfully captured the inverse relationship, but failed
to reproduce the higher values of Fe solubility found by observation and hence the full range of observed
solubility. Even the latest models are not able to reproduce the high Fe solubility observed over the
Southern Ocean, and the available model-simulated soluble Fe concentration was lower than the observed
by a factor of 15 on average (Ito et al., 2019).

The discrepancies between the model simulation results and observations indicate missing sources of
Fe-containing aerosols or inadequate processes producing soluble Fe in the models (Meskhidze et al., 2019).
By introducing pyrogenic Fe-containing aerosols into models, a recent study improved the comparability of
simulated Fe solubility to observations, although the soluble Fe concentration was still underestimated (Ito
et al., 2019). We analyzed the total and soluble Fe (defined as dissolved Fe by filtration through 0.45 um
pore-size filters after sonication for 1 hr in ultrapure water) in aerosol particles collected at the coastal city
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14.0 digested with 15.5 mol Lt HNO;. The solution was evaporated, and the
12.0 ® residue was dissolved in 0.33 mol L™* HNO; to 20 ml. Fe and other metals
< 100 - T in the prepared sample solutions were measured using an inductively
RN coupled plasma mass spectrometer (Agilent 7500c ICP-MS). The detection
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Figure 1. Concentrations of total and soluble Fe and Fe solubility, under
fog, haze, dust, and clear-weather conditions. The solid line and the dash

Fog

Haze Dust Clear

Weather conditions

those in the sample filters and was subtracted from the results for each
batch. Water soluble ions including S0,%~, NO5~, and oxalate in the aero-

sol samples were determined using an ion chromatograph. Details of the
sample collection, analyses, and quality control are available in Shi
et al. (2019) and Text S1.

line within the box mark the median and the mean, respectively. The

boundaries of the box mark the 25th and 75th percentiles. The whiskers
above and below the box indicate the 90th and 10th percentiles, and the
points indicate the 95th and 5th percentiles.

Weather conditions and the records of fog, haze, and dust during the sam-
ple collection were from the China Meteorological Administration. Fog
and haze are defined as air turbidity phenomenon with horizontal visibi-
lity less than 10 km, in which fog is due to suspended water droplets, and
haze is due to suspended mineral, smoke, salt, or their mixing particles. When the duration of fog or haze
exceeded 70% of the collection time of a sample, the sample was classified as a fog or haze sample. Air mass
backward trajectories calculated from the HYSPLIT model indicate that dust passed on 9 March and 8 April
(Figure S2) and the concentration of aluminum as a representative dust element in the samples collected on
those days exceeded 10,000 ng m™>, so these samples were classified as dust samples. Samples collected
when it was clear and there were no fog, haze, or dust were classified as clear-weather samples. With this
classification, there were 19 fog samples, 13 haze samples, 2 dust samples, and 51 clear-weather samples.
Here we focus on the results of fog samples in comparison to haze, dust, and clear-weather samples.

3. Results and Discussion
3.1. Fe Content and Solubility

The median concentration of aerosol total Fe was 2,720 ng m~>in fog periods, 5,130 ng m~ in haze episodes,
15,000 ng m > in dust episodes, and 3,180 ng m™> under clear-weather conditions (Figure 1). The total Fe
concentrations differed significantly according to weather conditions, except between fog and clear days
(p < 0.01, independent sample T test, Table S1). The median concentration of soluble Fe was 174 ng m™>
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in fog periods. In contrast, the concentration was 78.8 ng m™ in haze episodes, 40.5 ng m™ in dust episodes,
and 40.7 ng m™> under clear-weather conditions. The concentrations of soluble Fe in fog and haze were sig-
nificantly higher than under dust and clear-weather conditions. However, there was no significant differ-
ence in soluble Fe concentration between dust and clear-weather conditions even though the
concentration of total Fe in dust episodes was extremely high. Fe in the fog and haze aerosols at Qingdao
was mainly from local or regional anthropogenic emissions because of the stable weather conditions
(Figure S2). Therefore, the above results indicate high soluble Fe content in anthropogenic particles. This
conclusion was supported by the fact that the median concentrations of secondary ions such as SO,*~ and
NOj3™ in the fog and haze aerosols were 2.5-3.8 times higher than those under the clear condition. It was also
found that the dust did not cause remarkable enhancement of soluble Fe in comparison with the clear
condition.

The median Fe solubility in fog aerosols, including droplets and interstitial particles in the fog, was 5.81%,
which was 3.3 times higher than in haze aerosols (1.75%), 5.2 times higher than in aerosols in clear days
(1.11%), and 21.5 times higher than in dust aerosols (0.27%). Moreover, the Fe solubility had a negative cor-
relation with the visibility (r = —0.56, p < 0.01, Pearson correlation analysis) and a positive correlation with
the relative humidity (RH) (r = 0.63, p < 0.01) (Figure S3). The low visibility and high RH correspond to
foggy weather, while the high visibility and low RH correspond to clear weather.

3.2. Production of Soluble Fe in Fog

There are two processes that can lead to high Fe solubility in aerosol particles: high fraction of soluble Fe in
aerosol sources and efficient production of soluble Fe via chemical conversions in the atmosphere (Baker &
Croot, 2010; Myriokefalitakis et al., 2015; Zhuang et al., 1992). When fog occurred at Qingdao, the thermo-
dynamic structure of the air was stable, wind was weak, and air movement was stagnant (mean wind speed
=4 ms % mean mixing depth = 500 m), which were similar to the situation in haze periods. The chemical
composition of aerosol particles in the fog was dominated by particles from local emissions and possibly
regional transported ones (Figure S2). If the source of aerosol particles was the reason for the high Fe solu-
bility in fog aerosols, the solubility in the haze aerosols should have been similar to that in the fog aerosols.
The much higher solubility in fog suggests that atmospheric processing in fog droplets is the cause of this
solubility enhancement.

The major difference between aerosol particles in fog and other weather conditions is the presence of an aqu-
eous layer on particles in the fog, that is, fog droplets. Heterogeneous reactions in aqueous phase media are
usually much more efficient than on the surface of dry particles. The aqueous-phase reactions produce acidic
species such as sulfate and nitrate (Cartledge et al., 2015) and consequently lead to the acidification of the
aerosols and the conversion of Fe from insoluble form to soluble form (Li et al., 2017; Longo et al., 2016;
Shi et al., 2015). We simulated the aerosol pH using ISORROPIA-II, a thermodynamic equilibrium model
(Text S2), and found that the pH negatively correlated with SO~ and NO;~ and with the molar ratio of
the two components to total Fe (Acids/Total-Fe, Acids = 250,*~ + NO3™) (Figure S4). The soluble Fe posi-
tively correlated with NO;™ (r = 0.40, p < 0.01) and S0,% (r=0.58, p < 0.01), but did not with oxalate. This
result suggests that oxalate likely had a limited role in the conversion of aerosol Fe, although oxalate forma-
tion enhanced Fe solubility in valley fogwater (Mancinelli et al., 2006; Siefert et al., 1998). One possible rea-
son is that SO,*~ and NO;~ are the predominant salts produced in the polluted urban air at Qingdao.
Another possible reason is that only some Fe-rich particles may contain oxalate (Lin et al., 2019). Because
simulated pH was not available for all samples due to the limit of the model (Text S2), we used SO,%” and
NO;™ to represent the aerosol acidity.

We investigated the correlation of the Fe solubility with Acids/Total-Fe, which was defined as the aerosol
relative acidification with respect to Fe (Buck et al., 2006). Results showed that the correlation for fog aero-
sols largely differed from those for haze and clear-condition aerosols (Figure 2). The slope of the regression
line for the fog aerosols was 0.50, while it was about 0.10 for haze, dust, and clear-weather aerosols, indicat-
ing a 5 times greater efficiency of Fe conversion in the fog aerosols than in the aerosols under other weather
conditions.

The state of aerosol particle surfaces is dependent on the particulate composition and the ambient humidity.
Particles containing SO,*~ and NO; ™~ usually deliquesce, and the surface changes to wet or liquid state when
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® Fog RH. % the ambient relative humidity is above 60% (Liu et al., 2017). Particles
12]|® Haze e 20-40 with wet surfaces readily take up precursor gases that react to produce
e Dust | @@ ; gg:gg SO,*” and NO; ™, which in turn enable the particles to absorb more water
104 & @ @ 80-100 vapor. This positive feedback loop can alter the particles into liquid phase

Fe solubility, %

or allow the development of an aqueous layer on the particles with salts,
such as SO,*~ and NO5~, increasingly produced under humid and pol-
luted conditions. These changes will consequently lead to the increase
of soluble Fe in the particles. A laboratory study with simulated
cloud-water processes suggested the positive feedback between SO,
uptake and Fe dissolved on particle surface; that is, SO, was oxidized into
H,S0, under the catalysis of soluble Fe in mineral aerosols and the H,SO,
in return promotes further dissolution of Fe (Wang et al., 2019). In the fog

Figure 2. Fe solubility versus (2504 + NO;3 ™ )/Total-Fe with respect to
relative humidity under fog, haze, dust, and clear-weather conditions. The
black line depicts the linear regression for the fog aerosols after excluding

periods of the present study, the RH was about 85% on average and the
Acids/Total-Fe was about 15 nmol nmol™" (Figure 2), indicating high

(280,* + NO,)/Total-Fe, nmol nmor” aerosol acidification due to the catalysis of soluble Fe and, consequently,

substantial production of soluble Fe due to the acidification. Therefore,
we suppose that the feedback between the aerosol acidification and Fe cat-
alysis was a major reason for the high Fe solubility in fog aerosols. A

the two points outlined with red circles (Y = 0.50X + 0.43, R> = 0.4, recent study showed the formation of soluble Fe catalyzed by some poly-
p <0.01, n = 17), and the blue line is the linear regression for the non-fog  cyclic aromatic hydrocarbon (PAH) species alone in aerosols (Haynes &

samples (Y = 0.10X + 0.78, R* = 0.39, p < 0.01, n = 66).

Majestic, 2020), but this effect might not be comparable to that of
sulfate/nitrate in the present study because PAH contents in Qingdao
aerosols was usually at least two orders of magnitude lower than sulfate
or nitrate (Guo et al., 2003).

In the cases of haze and clear weather, eight of the 13 haze samples and 19 of the 51 clear-condition samples
were collected when the RH > 60%, with the respective average RH of 67% and 68%. The average
Acids/Total-Fe was 13 nmol nmol ™" in the haze periods and 11 nmol nmol ™ under the clear-weather con-
ditions, only slightly lower than that in the fog periods. However, the Fe solubility was about 2%, much lower
than that of about 6% in the fog periods. This solubility difference is attributed to the different RH, that is, the
greater liquid water content of fog droplets. The RH in the haze and clear days exceeded only a little the point
for the particles to deliquesce, reducing the water content in the particles relative to fog droplets. The lower
water content in the particles could largely limit the efficiency of the feedback mentioned above. Moreover,
the higher dust/liquid ratio due to low water content in particles could lead to lower Fe dissolution rate in
acidic solution and consequently suppress the production of soluble Fe (Ito & Shi, 2016).

When the RH was less than 60% (n = 42), Fe solubility in the samples was less than 3%, and the solubility of
about nine tenths of the samples was even lower than 2% (Figure 2). The particles did not deliquesce, and the
dry surface could not promote sulfate and nitrate formation as efficiently as in wet particles. Even in some
haze samples that had relatively high ratios of Acids/Total-Fe, the Fe solubility was only about 1.5%, 1.2
times higher than in the clear-weather conditions. These results suggest that the acidification of aerosol par-
ticles hardly affected aerosol Fe solubility when RH < 60%, regardless of the large values of Acids/Total-Fe.

3.3. Need for Fog Processes in Models

Numerical models have been developed to simulate the fluxes of total and soluble Fe deposition from the
atmosphere to the ocean with various schemes of Fe emission and dissolution. For the dissolution rate in
mineral dust, a constant was adopted in early models (Fan et al., 2006). The rate description was updated
into the dependence on pH, mineral composition, organic ligands (e.g., oxalate), and solar radiation in later
models, and combustion-derived aerosols with enhanced Fe solubility were recently incorporated into mod-
els (Ito et al., 2019; Johnson & Meskhidze, 2013; Luo et al., 2008; Myriokefalitakis et al., 2015, 2018; Scanza
et al., 2018). These improvements have made the models successful in capturing the major observed trends
of soluble Fe at many places. However, even the latest models are not capable of reproducing the high Fe
solubility in aerosols with low Fe content and the wide range of the solubility (Ito et al., 2019; Scanza
et al., 2018).

SHI ET AL.

40f 8



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL086124

Table 1

Comparisons of Total and Soluble Aerosol Fe Concentration (ng m_3) and Fe Solubility (%) Simulated by the IMPACT Model with the Present Observation Data in

Fog and Non-Fog Days at Qingdao

Model Observation Model/observation
Soluble
Samples Total Soluble Solubility Total Soluble Solubility Total Soluble Solubility Fe
Fog 508 +£222 9.69+8.78 1.65+1.00 3,210 + 1,520 220 + 160 6.57+329 021+021 0.09+0.16 0.28+0.19 49.4+ 384
Non-fog 728 +£914 169 +39.2 118 +£1.64 4,080 +2,600 50.1 £22.5 1.59+112 020+021 030+£056 1.09+1.98 544+ 89.0
All 679 £ 816 153 +34.8 128 +1.53 3,880 + 2,420  88.0 + 104 270277 020+021 026+0.56 091+198 53.3+80.3

Note. Soluble Fe~ (ng m_3) was estimated by multiplying the model estimated Fe solubility with the observed total Fe concentration in the field.

Ito et al. (2019) compared the aerosol Fe solubility simulated by four state-of-the-art models with those
observed in multiple field campaigns and reported that the results of the IMPACT model fitted the field data
better than the other three models. Here we compare the present data with the 24-hr averaged results simu-
lated with the IMPACT model (2.0° X 2.5°) in the grid cell covering Qingdao. The model-simulated concen-
trations were lower than our observations on average by 80 + 21% for total Fe and 74 + 56% for soluble Fe
(Table 1). To identify the possible reason for the discrepancy of the model-simulated soluble Fe from the
observed, we tuned the model results of total Fe to fit the observations and investigated how much the cor-
responding simulated values of soluble Fe could match the observed, which removed the model-observation
bias in total Fe concentrations so that differences between simulated and observed soluble Fe concentrations
were entirely due to the processes responsible for solubilization of Fe. We multiplied the observed concen-
tration of total Fe by the model simulated Fe solubility and got the corresponding simulated value of soluble
Fe, depicted as soluble Fe". Results showed that the soluble Fe" was 9 + 198% less than the observed, indicat-
ing the model could basically reproduce the soluble Fe concentrations in the aerosols on average. But this
apparent agreement was the result of the offset of the largely overestimated soluble Fe' in cases of haze
and dust by the largely underestimated soluble Fe" in cases of fog (Figure S5). In fact, the concentration of
soluble Fe' in the foggy days (49.4 ng m™> on average) was underestimated by 72 + 19% compared to the
observed.

The model-simulated Fe solubility was further compared with the observed solubility for each sample
(Figure 3). All simulated values of Fe solubility in the foggy days were much lower than the observed, with
the ratio of the simulated to the observed being far less than 1, indicating a substantial underestimation of Fe
solubility by the model under fog conditions. In contrast, 58 of the 66 values for non-fog samples had the
ratios close to 1 with the deviations <20%. The simulated values of RH were approximately consistent with
the observed RH. However, the simulated values of Acids/Total-Fe differed from and, in particular, were
much larger than the observed for the fog and haze periods (Figure 3). With the modeled total Fe tuned
to fit the observations, the simulated values of Acids/Total-Fe were consistent with the observed, because
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Figure 3. Min-max normalized scatterplots of observations versus simulations for (a) Fe solubility (r = 0.19, p = 0.08), (b)
Acids/Total Fe (r = 0.66, p < 0.01), and (c) RH (r = 0.92, p < 0.01). The solid line in each panel shows the 1:1 ratios, and
the two dotted lines represent +20% deviation between the observed and simulated values.
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of the low bias between the simulated 250, + NO;~ and the observed (Figure S6). These results indicate
that the large underestimation of the Fe solubility on average by the model was mainly caused by the inade-
quate simulation accuracy of the enhancement of Fe solubility under fog conditions, rather than by the lack
of enhanced heterogeneous uptake of acidic species and water (Wang et al., 2019). In the present cases, the
absence of fog as a special process driving the production of soluble Fe in the model leads to an underesti-
mation of the soluble Fe concentration and the Fe solubility by about 53-91% in the periods of fog
(Table 1). Fog is thus a process able to transform Fe from insoluble form into soluble form more efficiently
than the current understandings that has so far been overlooked in numerical models.

Fog occurs in various places under certain weather conditions, more frequently over oceans and coastal and
mountain areas (Gultepe et al., 2007). We investigated the frequency of fog occurrence in Qingdao from 2010
to 2018 based on the Micaps meteorology data issued by the Chinese Meteorological Administration and
found that the annual frequency in days ranged from 17% to 29%. That means the simulated concentration
of aerosol soluble Fe at Qingdao in 17-29% days in each year was underestimated, possibly by about 72%. A
study on fog occurrence at Chinese Great Wall Station, Antarctica, in the period of 1985-2006 found that the
annual frequency at the polar station was about 37% (Yang et al., 2007), showing that fog is also a frequent
phenomenon in Antarctica. The Southern Ocean was also affected by mineral dust from southern South
America (Patagonia), Australia, and southern Africa, as well as combustion emission from South America
and southern Africa (Hara et al., 2019; Ito & Kok, 2017). Regarding the significance of fog in producing solu-
ble Fe indicated by the present results, the inaccurate simulation of soluble Fe production by fog processing
is likely the reason for the underestimation of soluble Fe concentrations (and deposition flux) over the
Southern Ocean in current model simulations. Therefore, proper incorporation of fog processing for the pro-
duction of aerosol soluble Fe in models may help to reduce the discrepancy in the atmospheric flux of soluble
Fe to the ocean between the results of model simulations and field observations.

4. Summary

We quantified the contents of total and soluble Fe in aerosol samples collected at the coastal city Qingdao,
China. Results showed that aerosol soluble Fe in fog aerosols was produced much more efficiently than in
haze and dust aerosols, leading to much higher soluble Fe concentration and Fe solubility in fog aerosols
than in non-fog aerosols. The comparison with simulated results of the latest improved IMPACT model indi-
cated that the underestimation of aerosol soluble Fe by the model was mainly caused by the inaccurate simu-
lation under fog conditions. The model overestimated the soluble Fe concentration in haze and dust aerosols
and compensated somewhat the underestimation due to the absence of the fog enhancement. We propose
that fog enhancement is a missing process for the conversion of Fe from insoluble to soluble form in current
models, causing a potentially underestimation of aerosol soluble Fe in simulation results. In order to reduce
the large discrepancy between model simulation and field observation, proper inclusion of fog enhancement
of soluble Fe formation in the models is necessary.
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