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• 95% of iron is complexed by strong
organic ligands, likely produced by
microorganisms.
• Fe complexes stability constants are much
higher than those used in cloud chemistry.
• The presence of strong organic ligands
induces an increase in hydroxyl radical
production.
• The analysis of sources and sinks of •OH
highlighted that complexed iron does not
deplete HO•2/O•−
2 .
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A B S T R A C T

Iron (Fe) plays a dual role in atmospheric chemistry: it is involved in chemical and photochemical reactivity and serves
as a micronutrient for microorganisms that have recently been shown to produce strong organic ligands. These ligands
control the reactivity, mobility, solubility and speciation of Fe, which have a potential impact on Fe bioavailability and
cloud water oxidant capacity.
In this work, the concentrations of Fe-binding ligands and the conditional stability constants were experimentally measured for the ﬁrst time by Competitive Ligand Exchange-Adsorptive Cathodic Stripping Voltammetry
(CLE-ACSV) technique in cloud water samples collected at puy de Dôme (France). The conditional stability constants, which indicate the strength of the Fe-ligand complexes, are higher than those considered until now in
cloud chemistry (mainly Fe-oxalate). To understand the effect of Fe complexation on cloud water reactivity,
we used the CLEPS cloud chemistry model. According to the model results, we found that Fe complexation impacts the hydroxyl radical formation rate: contrary to our expectations, Fe complexation by natural organic ligands led to an increase in hydroxyl radical production. These ﬁndings have important impacts on cloud
chemistry and the global iron cycle.
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1. Introduction

work, the detailed cloud chemistry model CLEPS 1.1 (Cloud Explicit
Physico-chemical Scheme) was completed by considering the real natural
speciation of Fe to evaluate its effect on the cloud oxidant capacity. Discerning the equilibrium between species is therefore essential to understand the
biogeochemical cycle of this element (Johnson and Meskhidze, 2013).
Moreover, evaluating the different chemical forms of Fe is crucial since it
plays a key role in chemical and photochemical cycles that drive cloud oxidant capacity (Deguillaume et al., 2005; Bianco et al., 2020).

Determining the concentrations of trace elements and their speciation
in cloud water is of ecological interest because atmospheric deposition is
one of the main nutrient sources for nutrient-poor environments. Iron
(Fe) is particularly important in this context since it is essential for photosynthesis and is the limiting element for phytoplankton growth in most oceanic regions (Buesseler et al., 2008). Fe is present in atmospheric waters at
concentrations that vary from ng to μg L−1; this Fe partly results from the
dissolution of atmospheric aerosols (Deguillaume et al., 2005). The Fe solubility is accelerated when the acidity increases, but the nature of the solid
matrix and photochemistry govern the kinetics of dissolution (Tapparo
et al., 2020; Sherman, 2005). In atmospheric water, Fe can be trapped in
crystalline inorganic structures such as dust particles and thus, it is not bioavailable for microorganisms. Fe can also be present as soluble complexes,
which can easily enter the microbial metabolism.
In cloud water, Fe is mainly found in two oxidation states: Fe(II) and
Fe(III). Acidity, redox potential (Bianco et al., 2020) and organic
compounds govern Fe(III) reactivity, mobility, solubility and speciation
in natural waters (Deguillaume et al., 2005; Liu and Millero, 2002;
Passananti et al., 2016; Gledhill and Buck, 2012a). In addition,
photochemistry controls the Fe redox chemistry through Fenton and
photo-Fenton cycles (Willey et al., 2000; Sigg et al., 2001; Deutsch
et al., 2001; Warneck, 2000). Recent studies have demonstrated the
viability of microorganisms and their metabolic activity in cloud waters
(Skidmore et al., 2000; Toom-Sauntry and Barrie, 2002; Amato et al.,
2007), enabling them to produce siderophores, which are ligands with
high afﬁnity for Fe (Vinatier et al., 2016; Amato et al., 2019).
Until now, oxalate has been commonly considered in cloud chemistry
models as the dominant organic ligand of Fe(III) because of its elevated conditional stability constant (Kcond = 9.4) (Tapparo et al., 2020; Herrmann,
2003). Other Fe-binding ligands, such as exopolymers, siderophores or
humic substances, which have higher Kcond values, are not currently considered in cloud chemistry models because of the lack of experimental data
about their concentrations and Kcond. In cloud waters, Fe(III)-organic complexation may affect the formation of photogenerated hydroxyl radicals,
•
OH (Bianco et al., 2015; Huang et al., 2012), because when Fe is trapped
in a complex, its reactivity is modiﬁed. Cloud chemistry models usually
overestimate the production of •OH by Fenton and photo-Fenton reactions
when considering only Fe as aqua-complexes (Bianco et al., 2015). Consequently, stronger Fe-binding ligands must be considered to model realistic
Fe speciation and more relevant cloud oxidant capacity (Herrmann et al.,
2015; Herckes et al., 2013).
For the ﬁrst time, we determined the Fe-binding ligand concentrations
and Kcond in cloud waters sampled at the puy de Dôme station (PUY,
France). This work is crucial for improving cloud chemistry models that
simulate multiphasic cloud processes, considering the explicit chemistry
of transition metal ions that controls the cloud oxidant capacity. In this

2. Materials and methods
2.1. Classiﬁcation of cloud water samples and air mass origin
Cloud water samples were collected at the top of puy de Dôme
(45.7722°N, 2.9648°E; 1465 m a.s.l.) in the Massif Central region
(France) within the framework of PUYCLOUD observation service
(https://www.opgc.fr/data-center/public/data/puycloudd). The procedure is described in the Supplementary information (SI) Sections in SI-S1
and SI-S2. Six cloud events collected between 2013 and 2016 (Table 1
and Table S1) were studied in this work. Within this analytical context
(Deguillaume et al., 2014; Renard et al., 2020), samples collected at PUY
are classiﬁed into four categories: highly marine, marine, continental and
polluted. Among the 6 cloud samples, two were identiﬁed as marine
(CW2 and CW4), and four were identiﬁed as continental (CW1, CW3,
CW5 and CW6). In addition, the back trajectories of air masses computed
with the CAT model (Fig. S1) corroborate these origins (Baray et al.,
2020). In general, the marine category showed lower concentrations of
ions, than the continental and polluted categories, which showed higher
−
2−
concentrations of NH+
4 , NO3 and SO4 . This classiﬁcation is helpful for
the analysis, since in a previous work, the •OH formation rate was shown
to be correlated with the air mass origin. In particular, at PUY, Fe concentrations were lower for the marine class than for the continental one
(Bianco et al., 2015).
2.2. Competitive Ligand Exchange-Adsorptive Cathodic Stripping Voltammetry
(CLE-ACSV)
Fe-complexing capacity in cloud waters was characterised using Competitive Ligand Exchange-Adsorptive Cathodic Stripping Voltammetry
(CLE-ACSV) (SI-S3 and S4). Fe-complexing capacity has been previously
measured in seawater (Aldrich and van den Berg, 1998), lake waters
(Nagai et al., 2007) and rainwaters (Cheize et al., 2012), as well as for single
model ligands (González et al., 2019). This technique allows us to measure
the concentrations of Fe-binding ligands and the conditional stability constants of the Fe complexes KCond, Fe3+Lig, which enables the classiﬁcation as
strong L1-type ligands (logKCond, Fe3+Lig > 22) or as weak ligands of L2 and
L3-type (logKCond, Fe3+Lig ~21–22 and <21, respectively) (Gledhill and
Buck, 2012b). The experimental determination of this value allows for

Table 1
Chemical parameters and Fe speciation results measured for the different cloud water samples collected at PUY. TdFe refers to the Fe measured in the sample without ﬁltration and acidiﬁed at pH < 2. Fe′ is the labile Fe (inorganic Fe(II) + Fe(III)). LFe is the concentration of Fe-binding ligands in solutions, log Kcond are expressed for the free iron
(Fe3+) and labile Fe (Fe′). The percentage of Fe complexed (Fe-L). DOC = dissolved organic carbon. NM = not measured.
Cloud samples
Samples

CW2

CW4

CW1

CW3

CW5

Category

Marine

Marine

Continental

Continental

Continental

Continental

pH
TdFe (nM)
Fe′ (nM)
Oxalate
LFe (nM)
logKCond, Fe3+
logKCond, Fe′
%Fe-L

5.4
47 ± 3
1.58
8.2 ± 0.2
97 ± 22
21.8 ± 0.4
8.6 ± 0.4
96.7

4.9
40 ± 6
1.87
0.4 ± 0.1
135 ± 75
21.5 ± 0.4
8.3 ± 0.4
95.4

4.9
115 ± 3
0.91
3.2 ± 0.1
215 ± 42
22.3 ± 0.7
9.1 ± 0.7
99.2

5.2
226 ± 9
10.75
2.2 ± 0.1
378 ± 25
21.3 ± 0.4
8.1 ± 0.4
95.2

5.4
323 ± 6
0.89
2.6 ± 0.1
430 ± 91
22.7 ± 0.1
9.5 ± 0.1
99.7

4.8
95 ± 5

a

Saturation of organic ligands with Fe prevents the determination of LFe and other parameters for sample CW6.
2

CW6

a

1.9 ± 0.1
a
a
a
a
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with consistently lower values in the marine origin clouds (Bianco et al.,
2020). These concentrations are in the same or slightly higher range of previous studies: polluted clouds collected in China and Italy had TdFe concentrations ranging between 1 and 2.5 μM (Li et al., 2013; Liu et al., 2012; Cini
et al., 2002), while continental clouds collected in Germany, Pakistan and
Arizona, showed values slightly below 1 μM (Plessow et al., 2001; Fomba
et al., 2015; Ghauri et al., 2001; Hutchings et al., 2009).
LFe concentrations ranged from 97 ± 22 nM to 430 ± 91 nM (Table 1
and Fig. 1). Only CW6 showed saturation of organic ligands with Fe, preventing any estimation of the LFe concentration and KCond, Fe3+. The LFe levels
in marine clouds were lower than those in continental clouds (Fig. 1). The
ligands presented logKCond, Fe3+ values ranging from 21.3 ± 0.4 to 22.7 ±
0.1, causing all the samples to be ranked as L1 or L2-type ligands
(Table 1). These results showed that 95.2–99.7% of Fe is complexed by organic ligands (Table 1) and suggest that, in contrast with the current estimation, Fe(III) is preferentially complexed by strong organic ligands such as
siderophores (logKCond, Fe3+ > 21) rather than by carboxylic acids such as oxalate (logKCond, Fe3+<10). Siderophore-type compounds are typically produced by microorganisms for Fe acquisition in Fe-poor environments
(Rue and Bruland, 1995; Witter et al., 2000; Butler, 1998; Mawji et al.,
2011; Buck et al., 2010; Poorvin et al., 2011; Hider and Kong, 2010).
Vinatier et al. (2016) showed that 42% of the 450 bacterial and yeast
strains identiﬁed in cloud water were able to exude siderophores. These results are supported by the high abundance of γ-Proteobacteria in the marine
cloud samples; these bacteria are the most active in siderophore production
(Vinatier et al., 2016). Amato et al. showed the production of siderophores
through a metatranscriptomic analysis of three cloud water samples
(Amato et al., 2019). Our results highlight that the chemical and photochemical reactivities of Fe in the atmospheric aqueous phase have to be
reconsidered due to the role of these binding ligands produced in situ.
The ﬁndings of this work are extremely important since Fe chemistry
strongly impact cloud reactivity: Fe in cloud water is present as a complex
with high stability constant, similar to the ones observed for siderophores
and higher than the ones measured for oxalate and carboxylic acids. The
complexation of Fe by siderophores makes it available for microbial
metabolism in cloud water but also in other environments, after wet and
dry deposition, casting new shadows on the understanding of Fe biogeochemical cycle. On the other hand, Fe reactivity is inﬂuenced by the presence of microorganisms, which have consequently a strong impact on its
aqueous reactivity and therefore on cloud water oxidant capacity.

Fig. 1. TdFe concentrations (in orange) and natural Fe-binding ligands (LFe) (in
green) in nM measured in the cloud water samples collected at PUY.

comparison with natural organic ligands, even if it does not provide any information about the chemical structure (Luther et al., 2001), and can be implemented into models to study Fe speciation.
Total dissolved Fe (TdFE), labile Fe (Fe′; is the sum of inorganic Fe(II)
and Fe(III) species), Fe-binding ligands (LFe), logKCond, Fe3+Lig for free Fe3+
and the percentage of Fe-organically complexed (%FeL) are reported in
Table 1 and Fig. 1.
2.3. Modelling set-up
CLEPS 1.1 is a cloud chemistry model that enables the prediction of the
aqueous phase concentrations of chemical compounds originating from
particle scavenging, mass transfer from the gas phase and in-cloud aqueous
chemical reactivity (Rose et al., 2018). A detailed description of this model
is reported in SI-S5. This tool is speciﬁcally adapted for predicting the complexation and reactivity of Fe and organic ligands (siderophores and oxalate),
which originate from the dissolution of activated aerosols. Table S2 presents
the HxOy (sum of H2O2, •OH and HO•2/O•−
2 ) and Fe aqueous chemistry considered in the CLEPS model that is analysed hereafter. The concentrations and
chemical budgets can be retrieved for all the gaseous and aqueous species described in the model. This model helps to discriminate the role of the various
chemical and physical processes in the cloud system.
A gas phase spin-up simulation (7.5 days) was run to realistically initialize the gas phase concentrations before cloud formation (Table S3). The
cloud simulation lasted 2 h (12 PM to 2 PM), and the physical conditions
(notably the microphysical properties of the cloud) were kept constant.
Summertime conditions were selected, with the simulation starting on
June 1st, since it corresponds to optimal photolytic conditions and because
4 cloud events were collected during the summer period. Two distinct cloud
simulations were performed: marine and continental scenarios that were
carried out according to the average concentrations of ions detected at
PUY for air masses of marine and continental origin (Renard et al., 2020).
More details on the simulations are reported in SI-S5.

3.2. Modelling study of Fe speciation and its effect on cloud water oxidant capacity
To understand the effect of Fe complexation on cloud water oxidant
capacity, we conducted a model study using CLEPS 1.1 (Mouchel-Vallon
et al., 2017), using new developments reported in SI-S5 (Rose et al., 2018).
The concentrations of Fe were selected according to the experimental
results of the marine and continental scenarios, as reported in Table 1. Fe
was initialized as Fe(II), which was rapidly converted into Fe(III), and it
reached equilibrium with the ligands (oxalate and LFe). This choice is supported by the fact that Fe(II) in clay minerals and in silicates is shown to
be more soluble (Crusius et al., 2011) and soluble Fe is mostly present as
Fe(II) in aerosol particles in both ﬁne and coarse mode (Gao et al., 2019).
Sensitivity tests performed with initialization of Fe as 1) 100% Fe(II),
2) 100% Fe(III) and 3) 50% Fe(II) and 50% Fe(III) show that the chemical
equilibrium between species, governed by reactions 14–51 in Table S2, is
reached after few seconds. The LFe concentrations were evaluated on the
basis of the results shown in Table 1. Oxalate (Oxa) was initialized at
3 μM in agreement with the average concentration in the samples, without
distinction between marine and continental scenarios, and was largely in
excess compared to Fe and LFe concentrations.
Four different cases were simulated and analysed for the two chemical
scenarios:

3. Results and discussion
3.1. Experimental determination of total Fe and Fe(III)-binding ligands in cloud
water
The cloud water samples presented TdFe values ranging from 40 ±
6 nM to 323 ± 6 nM. The highest concentrations of TdFE were measured
in continental clouds. The marine clouds had a mean value of 44 ± 4
nM, lower than that of continental clouds (178 ± 126 nM). TdFe levels
had been previously measured at PUY and ranged from 100 to 910 nM,

1- “No Oxa, No LFe”: the initial concentrations of Oxa and LFe were set
to 0.
3
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2−
initialized with Oxa (in the forms H2C2O4, HC2O−
4 , and C2O4 ) concentrations equal to 0. However, Oxa is produced throughout the simulation by aqueous reactivity, reaching concentrations of 3 μM and
0.5 μM in the marine and continental scenarios, respectively (Fig. S2).
Dismissing the chemistry of oxalate to stop its aqueous production
would make the simulation unreliable, as it is too different from the reality. We decided to avoid modifying the chemistry of organic compounds in the model, considering the small impact of oxalate on Fe
speciation and cloud oxidant capacity.
Fig. 2 depicts the relative concentrations (in percentage) of Fe(II),
Fe(III), Fe-Oxa and Fe-L for each scenario and case. The values were
extracted 1 h after cloud formation (at 1 PM). Fe speciation does not
vary signiﬁcantly during the cloud lifetime since the redox reactivity
of Fe rapidly reaches equilibrium after a few minutes. In the presence
of LFe, with and without Oxa, more than 95% of Fe is complexed with
LFe and is stabilised in this form. There was an exception for the case
in the continental ST1 (Fig. 2c), in which the Fe concentration was
higher than the LFe concentration. On the other hand, when there is
no LFe, the predominant form of Fe is Fe(II), even if the concentration
of Oxa is more than 10 times greater than the concentration of Fe
(marine case, Fig. 2a). This is due to the efﬁcient photolysis of FeOxa, which leads to Fe(II) (Table S2, R73 to R75).
Fe(III) was unstable at the considered pH (5.0 and 5.8 for continental
and marine, respectively), and its concentration was very low, on the
order of 10 nM for the continental case and 65 nM for ST2, always in the
absence of LFe. Under the simulated conditions (daytime conditions and
chemical scenarios), Fe(III) can only exist in cloud water complexed with
strong organic ligands; otherwise, it is rapidly photo-reduced to Fe(II).
The model results also showed that, in the absence of LFe, Fe(II) is more

2- “Oxa, No LFe”: the initial concentration of Oxa was set to 3 μM, while
the LFe concentration was set to 0.
3- “No Oxa, LFe”: the initial concentration of Oxa was set to 0, while the
LFe concentration was set as reported in Table S4.
4- “Oxa, LFe”: the initial concentrations of Oxa and LFe were set as reported in Table S4.
These 8 simulations allowed us to evaluate the effect of the two ligands
(Oxa and LFe) on Fe speciation. Two additional sensitivity tests were performed for the continental scenario, with the four different cases.
1- Sensitivity test 1 (ST1): Continental [Fe] × 2; compared to the continental case, the Fe concentration was doubled while the concentration of
the LFe was kept constant.
2- Sensitivity test 2 (ST2): Continental [Fe] 1 μM [LFe] 1.77 μM (same Fe/
LFe ratio as the continental case); the Fe concentration was higher and
similar to those measured on continental sites (Fomba et al., 2015).
Sensitivity tests were performed to evaluate the speciation of Fe when
its concentration was higher than the LFe concentration (ST1) and to assess
the impact of Fe speciation on cloud reactivity (ST2). The continental scenario was chosen as a starting point for the sensitivity tests because continental air masses more frequently show high Fe concentrations than do
marine air masses. A total of 16 simulations were thus performed and
analysed (see Table S5 for summary).
We ﬁrst evaluated the speciation of Fe in the aqueous phase. Fe
is mainly found in 4 different forms in the CLEPS model: Fe(II) (as Fe2+),
Fe(III) (as Fe3+ and aqua-complexes Fe(OH)2+ and Fe(OH)+
2 ), Fe-Oxa
(Fe(C2O 4 ) +, Fe(C2O 4 ) 2− and Fe(C2 O 4) 3−
and Fe-L. Two cases were
3

Fig. 2. Relative concentrations (in percentage) of Fe(II), Fe(III), Fe-Oxa and Fe-L for each scenario and case. The values are extracted 1 h after the cloud formation (at 1 PM).
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signiﬁcant source of •OH through its reactivity with ozone (Table S2,
R10–11). For continental and marine scenarios (Fig. 3a and b), the presence
of ligands leads to an increase in the HO•2/O•−
2 concentrations. The same
ﬁnding was observed for the continental case (Fig. 3b) based on ST1 and
ST2 (Fig. 3c and d) sensitivity tests. At the end of the simulation, the difference in the HO•2/O•−
2 concentration varied between a 31% and 92% increase for the marine and continental scenarios, respectively. These
differences were up to 2.7 and 7 times higher than the initial concentrations
of ST1 and ST2, respectively. This result is of particular importance since
highly variable •OH concentrations are simulated by cloud chemistry
models, which demonstrates high degree of uncertainty in the •OH sources
in the aqueous phase (Barth et al., 2021).
Sources and sinks of •OH can be analysed in detail. Fig. 4 depicts the
sources of •OH for the marine scenario and for ST2. The cases “No Oxa,
No LFe” (grey columns) and “No Oxa, LFe” (white columns) are taken into
account. At ﬁrst glance, the mass transfer (•OH radicals from the gas
phase are transferred to the aqueous phase) and the reaction of ozone
with HO•2 are the main sources of •OH in the aqueous phase (Table S2,
R10 and R11), contributing 96–99% with and without LFe. The next sources
in order of importance are H2O2 photolysis and the Fenton reaction, which
can be considered negligible in the •OH chemical budget, with a contribution always lower than 5%. The H2O2 photolysis contribution can reach
3.7% of the •OH production rate in scenario ST2 without LFe, and the maximum for the Fenton reaction (4.2%) is reported for the same case and scenario. Fenton reaction is almost negligible because Fe is complexed by LFe
and, consequently, the Fe(II) concentration is low. Fe complexation impacts
the •OH formation rate through its crucial role in the reaction of ozone with
HO•2, which is much higher when Fe is complexed and cannot deplete HO•2.
We noticed an increase in the production rate of •OH by this reaction for
ST2.

likely to be found than the Fe-Oxa complex. This is due to the photolysis of
Fe-Oxa complexes that is considered in the model (Table S2), which leads to
Fe(II) formation.
Fenton and Fe3+-photolysis redox cycles, based on Fe chemistry, are crucial for the •OH formation rate (Deguillaume et al., 2005). The importance of
these cycles naturally led us to investigate the impact of Fe complexation by
LFe on cloud water oxidant capacity. At ﬁrst glance, looking at the Fe redox
cycle, we can expect that if Fe is free, it can react photochemically, and a
higher concentration of •OH should be observed. Conversely, if Fe is complexed (Fe-L), we expect a lower concentration of •OH because it is not available for Fenton (Reaction R18, in Table S2) and photo-Fenton (Table S2, R15)
redox cycles that are sources of •OH. Passananti et al. (2016) also determined
the formation rate of Fe(II) for the irradiated complex at pH 4.0 and 6.0, ﬁnding values on the order of 10−9 M s−1. The values were two orders of magnitude lower than those observed for the Fe-Oxa complex, conﬁrming a
stronger interaction between Fe and the organic ligand in the complex,
which in this case was pyoverdine.
However, the oxidant capacity of cloud water is complex and implies
the presence of other highly reactive species. Fe is directly involved in the
Fenton reaction, with reaction with H2O2, or indirectly by reacting with
peroxyl/superoxide radical anions (HO•2/O•−
2 ). Fig. 3 reports the
concentrations of •OH and HO•2/O•−
2 , whose equilibrium is governed by
pH (pKa = 4.88). Surprisingly, the results for both marine and continental
scenarios (Fig. 3a and b) show that the •OH concentrations are enhanced in
the presence of LFe. At the end of the simulation, the •OH concentrations
were 28% and 51% higher for the marine and continental cases respectively, in the presence of LFe. This difference was enhanced in ST1 (69%)
as the •OH concentration more than doubled in ST2. This is because Fe is
an important source of •OH, but it also efﬁciently consumes HO•2/O•−
2 .
When Fe is complexed by LFe, it cannot react with HO•2/O•−
2 , which is a

Fig. 3. Evolution with time of •OH concentration (mol L−1), full line, and HO•2/O•2− concentration (mol L−1), dashed line, for the four scenarios and four cases presented in
this work. The legend is reported as insert in the plot b).
5
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Fig. 4. Comparison of the sources of •OH for the case “No Oxa, No LFe”, in grey, and “No Oxa, LFe”, in white, for the marine scenario (a) and for the sensitivity test ST2 (b).
Boxplots have been performed considering •OH production ﬂuxes in the aqueous phase over the whole cloud period. Values below 10−11 mol L−1 s−1 are not reported in the
plot and considered as negligible.

A.B., A.G.G.; Writing—review and editing; A.B., A.G.G., H.P., L.D.,
G.S., A.-M.D., G.M., M.C.; Funding: L.D., A.-M.D., G.M., G.S. All authors
agreed with the submission of the manuscript. All authors have read and
agreed to the published version of the manuscript.

3.3. Atmospheric implications
The ﬁndings presented in this work lead to an important reconsideration of Fe chemistry and photochemistry in the atmospheric aqueous
phase. Until now, Fe has been considered to be complexed by carboxylic
acids, such as oxalate, or, in a few works, amino acids. Only recently,
have researchers shown the potential production of siderophore compounds by microorganisms isolated from clouds and studied their
photoreactivity (Passananti et al., 2016; Vinatier et al., 2016). Here, we
present the ﬁrst measurements of strong ligands, with binding constants
comparable to those of siderophores, in cloud water, and we show that Fe
is strongly complexed by organic ligands, which clearly affect its reactivity.
Model results are in agreement with the experimental observations and
conﬁrm that more than 95% of Fe is complexed by strong organic ligands
in clouds. Furthermore, the atmospheric deposition of Fe(III) as an organic
complex may have a crucial impact on the bioavailability of Fe and should
be considered in the assessment of its biogeochemical cycle. This result has
a crucial implication: to survive in a harsh environment such as the atmosphere, microorganisms produce molecules to trap Fe, which consequently
modify cloud water oxidant capacity. In this work we used CLEPS model to
predict hydroxyl and peroxyl radical concentrations. To our knowledge,
only few experimental studies evaluated the hydroxyl radical steady state
concentrations in cloud waters: Lallement et al. (2018) and Anastasio and
McGregor (2001) presented values of 7.2 ± 5.0 × 10−16 M and 7.2 ±
5.0 × 10−16 M, respectively, for some samples. These values are lower
than the one predicted by CLEPS in this work but also lower than values
predicted by other cloud chemistry models (Barth et al., 2021). This difference may be due to the absence of compounds with more than 4 carbon
atoms in cloud chemistry models that can scavenge •OH. The environmental
conditions (summertime) were also chosen to get optimal photochemical
conditions for •OH production in the CLEPS model. Microbial metabolism
has already been shown to be responsible for H2O2 depletion (Wirgot
et al., 2017; Vaïtilingom et al., 2013), and the results presented in this
work corroborate the need to consider microbial metabolism to better describe atmospheric chemistry.
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