Reviewer 1

This is a very nice paper that should be publishbdve minor suggestions.

This work reposts on results of experiments wheoelyction rates of the OH radical (R(OH) )
are measured in cloud water samples. Air mass saegions for the cloud water samples are
identified. Major chemical species thought to ciimite to R(OH) are also measured and used in
a model to calculate R(OH). These results are tloempared to the measurements. Additionally,
the authors use the same experimental setup engptoyaeasure cloud water R(OH) to measure
OH production in samples of single components, (N©, NO,” and HO,) in pure water. The
results from these synthetic experiments are thesd un the model and compared to the
measured production rates.

The measurements being made are complex and @a#tyit appears the authors have done the
experiments with great care. The data analysethareugh. The data quality seems reasonable;
the results are in general agreement with othedietu but there is limited data to assess the
guality of these experiments.

We would like to thank the reviewer for her/hisairst in our work and the valuable remarks. In
the revised manuscript all the corrections areciagid in blue.

1. The data interpretation is somewhat confusing dedldgic of the Discussion section was
somewhat unclear. | had to read through it a femesi to understand the analyses approach. |
suggest an attempt should be made to clarify #sian. | also don't really see the logic of it;
which | would summarize as follows: -measure R(HOjeal cloud water samples. -compare to
model that was run using measured N®Os, H,O,, and Fe -based on the finding that the
discrepancy between model and observations is stigbe cloud samples with highest Fe, the
authors conclude the large range in discrepanduésto the model over-predicting R(HO) from
Fe. The reason? The model does not correctly stedia-organic complexes (only considers
oxalate, but much more Fe is likely complexed withidentified organic species, whereas
Ferrozine analytical method includes all Fe-org plaxes in the measurement of Fe, which is
used in the model). -rerun the model with no Ferdmution at all to predict R(HO) - find model
R(OH) is too low. - rerun the model with new syribe(single species) photolysis rate
measurements for NQ NOs', H,O,, but still without Fe contributions.

Reply

In a first step we compared experimental and meddéHO founding discrepancies. In order to
better simulate and assess individually the coumtioln of the main photochemical sources to the
generation of HO, new photolysis rates for nitmtgate and hydrogen peroxide were determined
experimentally. Originally, the photolysis rates fbese compounds are calculated by the model
using experimental quantum yields, absorption esessions extracted from the literature and
the experimental actinic flux of the lamp. The cddted value is then subject to uncertainties and
can present some differences to what is observdtienaqueous photochemical reactor. The
experimental values were implemented in the M2C2lehanstead of the original calculated
ones. This lead to better agreement between sietuéatd modelled RO.

Nevertheless higher differences estimated calegatihe bias error ngfo. mod - R:‘O. exp) /
R:'O, exp in (%)) were found in samples with iron concatibns > 0.1 uM where the median of



the bias error was > 61%. In fact, the model carsidnly iron species under aqua-complexes or
iro-oxalate complexes (in the case of Fe(lll)).the case of aqua-complexes, their photolysis
represents a strong sources of hydroxyl radicaleNbeless iron is expected to be complexed by
organic compounds in cloud waters that are still cloaracterized. In order to support this
hypothesis iron photoreactivity was considered egligible (as expected for iron complexes)
and a good agreement between experimental and leddesults was found.

2. Conclude better agreement between model — meaf(@#) suggests that model over-
predicts Fe contribution and most important speisié$0..

The last two steps in the sequence are interegdiutghe logic is not clear to me.

Why, for example, do the authors believe their plysis rates, which were based on overly
simple experiments, versus what was originallyhim thodel (is there a reason)?

Reply

The M2C2 model calculates the photolysis ratesguskperimental quantum yields, absorption
cross-sections extracted from the literature amdetkperimental actinic flux of the lamp. These
data considered in the model are subject to uringds. The experimental J values correspondto
the effective photodegradation o§®, NO,” and NQ" in the reactor; therefore, we think that the
experimental photolysis rates better representeiperimental conditions than the calculations
by the model. However, the photolysis rates catedldy the model are realistic since they are in
the same range of order (model : 1.52 ¥ H} vs. experiment: 2.5 x 10s* for the HO,
photolysis rates for example).

3. There is no discussion why such a simple expm@rireshould be representative of what occurs
in a chemically-complex cloud drop.

Reply

The main objective of the experimental photolysites calculations is to assess the contribution
of each photochemical source to the hydroxyl rddicamation. The next step is to consider
these experimental values in the M2C2 model thasiders explicit aqueous phase chemistry
(see table SM1) to simulate cloud water chemistry.

3. Another analyses could be to assume the originaletahotolysis rates are correct for NO
NOs, H,O, and adjust the free Fe levels (i.e., the fractbferrozine-determined Fe(ll)+Fe(lll)
that is not complexed) to achieve good agreememtdss modeled and measured R(OH). Data
on both oxalate and TOC is available and coulchblided in this type of analysis.

Reply

Ferrozine method allows us to determine all Fe(h)l Fe(lll) considered as free, aquacomplexes
and complexed with other organic compounds. TosasHige impact of iron complexation on
hydroxyl radical rates, new simulations are perfedmmn the model, we consider 0%, 25%, 50%,
75% and 100% of the initial concentrations of irBart of the iron is therefore free or complexed
by oxalate. The simulations are performed withdhginal model photolysis rates.
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Figure 1. Distribution of the bias error for the whole cloud water samples for the reference case (100%)
and considering different level of iron amounts (from 75% to 0%). The bias error is defined by theratio (
R' .mod- R exp)/ R expin (%). The bottom and top lines correspond to the 25" and 75"

percentiles, respectively. The full line represents the median values. The ends of the whiskers are the 10"
and 90" percentiles.

As shown on Figure 1, decreasing the iron amowmh f£00% to 0% leads to an underestimation
by the model of hydroxyl radical formation ratescmmparison with experimental data (median
of the bias error from 22% to 42%, respectivelytfeg iron amount equal to 100% and 0%). The
figure suggests that iron photoreactivity cannotcbasidered as the main sources driving the
hydroxyl formation rates in our cloud water samplesr this reason, the adopted approach was
to modify the photolysis rates in the model thatgent uncertainties in their calculations.
Moreover, with this new approach, the strong oueregion by the model of the hydroxyl
formation rates due to the iron photolysis is nefgld. The main uncertainties in the hydroxyl
radical formation are related to the iron phototedy that strongly depends on its
complexation. In fact, actually, only iron-oxalatemplexes are considered in cloud chemistry
models (Weller et al., 2014). Considering the atb@0% of the organic matter in real cloud
samples are unknown, the presence of other orgemmsplexes is expected with various
photochemical stability. However, it is quiet diffilt to correlate the iron photoreactivity with the
TOC due to the lack of the characterization ofdhganic matter.

Weller, C., Tilgner, A., Brauer, P., and Herrmahh;, Modeling the impact of iron-carboxylate
photochemistry on radical budget and carboxylatgratation in cloud droplets and patrticles,
Environ. Sci. Technol., 48, 5652-5659, 10.1021/664@3, 2014.



Reviewer 2

Overall comments:

Bianco et al. collected cloud waters (mostly maongin) at a relatively high mountain site and
studied their chemical compositions and photochahiarmation of hydroxyl radical (OH). The
measurements of chemical species were done withino2rs after collection of those samples,
which is pretty impressive. A fair number of sangplere also studied to discuss the OH
formation and their sources. The reviewer beliedas the results presented in the manuscript,
such as OH formation rates, OH sources, contributd different OH sources and Fe(ll)
measurements are interesting and add valuablemiatayn to the atmospheric chemistry
community. However, the reviewer also found sevengtakes and mis-interpretation of the
results in the manuscript.

Thus, the reviewer recommends publication of theésascript in Atmos. Chem. Phys. after the
comments as listed below are incorporated in this@d manuscript. Detailed comment:

We would like to thank the reviewer for her/hisairst in our work and the valuable remarks. In
the revised manuscript all the corrections areciagid in blue.

1. Pg. 13932, equation (1), RtHO = Y*RtTAOH is nothig It should be RtTAOH =
Y*RtHO, since Y is the reaction yield between OHlaM, forming a fluorescent TAOH, and
has a value between 0.15-0.25. To obtain RtHO, RtfiAshould be divided by Y, namely RtHO
= RtTAOH /Y.

Reply
The wrong equation form has been corrected. FoHRf@lculations we used the right form.

2. Pg. 13932, equation (2) should be [OH]ss = (RITAQKDH, TA*[TA]*Y}. Actually,
calculation of [OH]ss by this equation is fundanadigt a mistake. This [OH]ss is for the
conditions with added TA (2 mM), not for the cloudter samples by themselves. Since OH
formation rates are different among cloud watergas) [OH]ss appears to show some variation,
but the major sink for the OH is always TA for #ile samples. Thus, OH scavenging rate
constant for the experimental condition is alwa@ddk TA*[TA] = 4.0¥109*2*10-3 = 8*106 s-1.

It is not possible to calculate [OH]ss from a sendDH formation rate study when high
concentration of TA or any probe is added to thegas. So, please re-consider the discussion
on [OH]ss.

Reply

Concerning equation (2) we have corrected our kestaporting now the right equation.

We agree with reviewer's comment concerning the JgdCralculations. In the presence of an
excess of TA all photogenerated hydroxyl radicaés expected to react with TA (and not with
other naturally occurring scavengers). Under sumiditions the HO steady-state concentration
values should be different from the values expeatedioud water due to the higher value of

Ko TA[TA] compared to the value found considering the reégtof hydroxyl radical with

naturally occurring scavengers present in cloucersatindicated as CWSk , . ws [C\NS] . The



main goal of such measurement was to compare @gtaialues with those found in rain and
cloud waters (see Table 3). Finally [HO]ss showddietermined as'Ry/kuo cws [CWSI]. The
use of different TA concentration would be neededider to determine the concentration of
[HO]ss in samples considering the value at [FA) following thekinetic approach reported by
Anastasion and McGregor (2001).

For these reasons the data concerning the steatdyesincentration of HO and related discussion
were erased.

3. Pg.13929Line 19-20, in acidic solution (HCI 37%)pd3 it have to be very acidic? | wonder
what the pH was.

Reply

HCI solution was used to obtain an acid pH as requfor the nitrite detection method as
reported by Kieber and Seaton. The reaction betwWesnzine and nitrite was performed in
acidic conditions.

4. Pg. 13929, Line28, (free or complexed). The semtemas not somehow clear to me. Do
authors suggest Fe(ll) is free but Fe(lll) is coaxald? | would guess both Fe(ll) and Fe(lll) can
have complexed species, not just Fe2+. | appreciat#ication of the sentence.

Reply

Detection method is based on the formation of hlstand strong absorbing complex between
Fe(ll) and ferrozine. Considering an excess ofofare in solution, we can argue that all free and
complexed iron can be detected using this methodtHer words, the adopted method allows us
to determine all Fe(ll) and Fe(lll) considered eeef aquacomplexes and complexed with other
organic compounds.

In order to clarify this point a new sentence wddeal in section 2.3.
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Abstract. The oxidative capacity of the cloud aqueous phas@vestigated during three
field campaigns from 2013 to 2014 at the top ofghg de Déme station (PUY) in France.

Forty-one cloud samples are collected, and theespanding air masses are classified as

highly marine, marine and continental. Hydroxylicadl (HO) formation rates R, .) are

determined using a photochemical setup (Xenon lrapcan reproduce the solar spectrum)
and a chemical probe coupled with spectroscopitysisathat can trap all of the generated
radicals for each sample. Using this method, thieined values correspond to the total
formation of HO without its chemical sinks. These formation rades correlated with the
concentrations of the naturally occurring sourcésH®’, including hydrogen peroxide,
nitrite, nitrate and iron. The total hydroxyl ragdidormation rates are measured as ranging
from approximately 2 x I8 to 4 x 10" M s?, and the hydroxyl radical quantum vyield

formation (@) is estimated between ttand 1¢. Experimental values are compared

with modeled formation rates calculated by the nhaafe multiphase cloud chemistry
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(M2C2), considering only the chemical sources @& kiydroxyl radicals. The comparison
between the experimental and the modeled resufigests that the photoreactivity of the
iron species as a source of H@ overestimated by the model, andC4d photolysis

represents the most important source of this radimtween 70 and 99%) for the cloud

water sampled at the PUY station (primarily maiane continental).

Keywords
cloud water, photochemistry, hydroxyl radidal situ measurements, cloud chemistry model

1 Introduction

In the atmosphere, many trace gases are transfdognéte hydroxyl radical (HO, which is
considered the most efficient environmental oxidémy., Seinfeld and Pandis, 2006).
Evaluating the production of this short-lived sjgscis crucial because it determines the fate
of many chemical compounds. In atmospheric watapsirand aqueous particles, the
hydroxyl radical also controls the fate of inorgamind organic species (Herrmann et al.,
2010). The HO- mediated oxidation of organic compounds in theemus phase can lead to
the formation of shorter but often multifunctiomabanic species and, ultimately, to complete
mineralization (Charbouillot et al., 2012). Complehemical reactions catalyzed by H&n
also occur in the aqueous phase forming accretiodugts such as oligomers (Altieri et al.,
2008; Carlton et al., 2007; Perri et al., 2009; €aal., 2011; Ervens and Volkamer, 2010; De
Haan et al., 2009). These alternative chemicalvpayh are efficient processes to convert
organic compounds into Secondary Organic AeroSiBAs) (Ervens et al., 2011).

The sources of hydroxyl radicals in the aqueousetsrongly differ from those in the gas
phase because of the presence of ionic speciematal ions. Aqueous phase reactants that
produce HO present high concentrations in water drops ande@ag particles, likely
enhancing the HOphotochemical production in the condensed phabis fadical can be
generated in the aqueous phase by direct photaf$igdrogen peroxide (#D,) (Herrmann

et al., 2010; Yu and Barker, 2003), iron complefi@sguillaume et al., 2005), nitrate (ND
(Zellner et al., 1990) and nitrite ions (NP (Zafiriou and Bonneau, 1987). The other
significant source of HOIn cloud water is the uptake from the gas phasakaki and Faust,
1998). The relative importance of the different toxyl radical sources depends on the
chemical composition of the aqueous phase, whidisiz strongly variable (Deguillaume et

al.,, 2014). HO is further scavenged in the aqueous phase, phrayi dissolved organic
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compounds. Evaluation of this sink is difficult bese the dissolved organic matter is
diverse, complex and poorly characterized (Herektes., 2013).

Uncertainties in HOsinks and sources make its concentrations in qthesi water highly
difficult to estimate. For this estimation, modelsscribing the multiphase cloud chemistry
have been developed and have considered the rigaatithe gas and aqueous phases along
with the mass transfer between the two phases fjErekeal., 2014; Long et al., 2013; Tilgner
and Herrmann, 2010). These numerical tools allow #stimation of the steady-state
concentration of HO ([HO']s9, which is a crucial quantity to understand thée faf
atmospheric pollutants (Arakaki et al., 2013). Targe of the maximal HQconcentration
varies from 10° to 10'2 M, depending on the "chemical scenaribg.( emission/deposition
and the initial chemical conditions) used in thedelong study. The amounts of organic
matter and iron are key parameters controlling [th®"]ss These models are expected to
underestimate the radical sinks because organiesgars cannot be exhaustively described
in the aqueous chemical mechanism (Arakaki eRal 3).

In this study, we propose the investigation of kiyelroxyl radical formation in real cloud
water sampled at the puy de Déme mountain (Frafiée).hydroxyl radical formation rate is
qguantified for 36 cloud water samples collectedirdur3 field campaigns (2013-2014).
Because the main photochemical sources (hydrogexige, iron, nitrite and nitrate) are also
qguantified, we can calculate their relative conttibns to the production of the hydroxyl
radicals. For this purpose, the contribution to tiyelroxyl radical formation rate of more
concentrated inorganic photochemical sources isstiyated separately in synthetic solution.
In parallel, the model of multiphase cloud chenyistM2C2) is used to simulate HO
formation rates. This model considers explicit amse chemical mechanisms, and a
"simplified" version of the model is used to repuod the bulk water irradiation experiments
(lamp spectrum) under variable physico-chemicalddwns (pH, initial concentrations of
HO' sources) corresponding to the cloud water sampleég comparison between the
modeled and experimental H@roduction rates facilitates quantification of treious HO
sources and enables validation of the model toothpre the oxidative capacity of the

atmospheric aqueous phase.

2 Materials and Methods

2.1 Chemicals
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Hydrogen peroxide (30% in water, not stabilizedgiam nitrate (purity >99%) and ferrozine
(purity >97%) were obtained from Fluka, while sadiuitrite (purity >98%) and terephthalic
disodium salt (purity >99%) were purchased fromLRtm and Alfa Aesar, respectively. All
of the other chemicals (purity reagent grade) dsethe analysis were obtained from Sigma-
Aldrich.

Solutions are prepared with deionized ultra-pureatee milli-Q water from Millipore
(resistivity = 18.2 M2 cm) under a laminar flux hood. Moreover, glasstamers and
injection material are washed three times withadfiure water before use. If necessary, the
pH values are adjusted with perchloric acid (1 NJ &laOH (1 N) using a JENWAY 3310
pH-meter within £ 0.01 pH unit. All of the solutisrare stored under dark conditions, and the

final preparations are performed in a room equippigd a sodium lamp (589 nm emission).
2.2  Cloud water sampling

Cloud water is sampled at the puy de Déme (PUWastg48°N, 2°E; 1465 m a.s.l.) in the
Massif Central region (France). Three campaignsiwed during autumn 2013 from October
14" to November 8, during spring and autumn 2014 from March®a® April 5" and from
November 4 to 19". During these periods, the station was primarilgated in the free
troposphere; thus, the air masses from variousingrigvere not influenced by the local
pollution (Hervo, 2013).

The cloud droplet sampling is performed by a oagestcloud droplet impactor (Deguillaume
et al., 2014). With the air flux used, the lowemili of the aerodynamic diameter is
approximately um (Brantner et al., 1994). The impactor used fa $itudy is constructed of
stainless steel and aluminum, and cloud dropletsaltected by impaction onto a rectangular
aluminum plate with an average sampling time of hwars. Cloud water samples are filtered
using a 0.45um PTFE filter within 10 minutes after sampling ttineénate all of the
microorganisms and particles that can interferé Wit spectroscopic analysis.
Measurements performed immediately after cloudectithn are conductivity, redox potential,
pH, UV-visible spectroscopy, 40, and iron concentrations. lon chromatography (IGjalt
organic carbon (TOC), and nitrite analysis are mieiteed less than 24 hours after sampling.
At each stage, sampling and analyses are perfowitedhe greatest precaution to minimize

all possible external contaminations, and the #mist are stored at 277 K under dark
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conditions. Hydroxyl radical formation ratesR:().) and polychromatic quantum yields

(@, ) are calculated using polychromatic wavelengths.

2.3 Physico-chemical measurements

Different parameters are monitored, including pBnductivity and redox potential, which
are measured using a Hanna multiparameter instiunidre UV-Vis spectrum of the
collected cloud water is determined with an Agilehéchnologies Cary 60 UV-vis
spectrophotometer. The TOC concentration is detexthiwith a TOC 5050A analyzer
(Shimadzu). Hydrogen peroxide concentration isvesiéd using p-hydroxyphenilacetic acid
(HPAA, purity > 98%) and horseradish peroxidase@P@olid containing 150-200 units per
mg), according to the spectrofluorimetric quanéfion method (Miller and Kester, 2002).
The formation of the dimer of HPAA is correlatedtiwithe concentration of hydrogen
peroxide and is detected using a Varian Cary Eelifisorescence Spectrophotometer setting
excitation wavelengths at 320 nm, while emissioneigistered from 340 and 500 nm. The
maximum signal is quantified at 408 nm. The scaa i2600 nm mill, and a bandpass of 10
nm is set for excitation and emission. Nitrite iogsncentration is determined by
derivatization with 2,4-dinitrophenylhydrazine (DNP (purity > 97%), in acidic solution
(HCI 37%). The UV-absorbing derivative (2,4-dinpifeenilazide) is detected by HPLC. The
HPLC system (Waters Alliance) equipped with a diaday detector is used with an Eclipse
XDB-C18 column (Agilent, 4.6 x 150 mm,Bn), and an isocratic method is adopted, using
40% acidified water (0.1% phosphoric acid) and 6@8&thanol. The flow rate is 1 mL min
and 2,4-dinitrophenilazide is eluted with a retenttime of 4.1 min (Kieber and Seaton,
1995) and detected at 307 nm. Fe(ll) and Fe(llipcemtrations are determined by the
spectrophotometric method by complexation withdeime (purity > 97%), as described by
Stookey (1970). Fe(ll) and Fe(lll) represent thédative state of the iron speciesdopted
complexation method allows us to determine all IFethd Fe(lll) species present in solution
(i.e., considered as free, aquacomplexes and aglermvith other organic molecules).
Ascorbic acid (purity reagent grade) is used agedecing agent to determine total iron. The

complex absorption is measured with a Varian C& Scan Spectrophotometer at 562 nm.

It has been previously demonstrated that filtratidoes not modify the soluble iron

guantification in natural cloud water samples (Ralsiet al., 2006; Vaitilingom et al., 2013).
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It is not possible to measure particulate iron beeathe ferrozine method cannot solubilize
solid phase iron (the contact time between acidagents and particulate iron is too short).
Moreover, the iron particle is expected to be lesactive than the solubilized iron;
consequently, its contribution can be neglecte@kAki and Faust, 1998).

lon chromatography (IC) analysis is performed eryipigp a DIONEX DX-320 equipped with
an lonPac AG11 (guard-column 4 x 50 mm) and andon®S11 (analytical column 5 x 250
mm) for anions and a DIONEX ICS-1500 equipped withlonPac CG16 (guard-column 4 x

50 mm) and an lonPac CS16 (analytical column 5Gr2) for cations.

2.4 Statistical analysis

Principal component analysis (PCA) and hierarchichistering analysis (HCA) are
performed with R-3.1.2 software (R Core Team, 2048)ng the FactoMineR package
(version 1.28, (Lé et al., 2008). This statistiaaalysis provides a synthetic representation of
experimental data as a function of the correlatibbesween variables considered and
similarities present among the analyzed sampless. fEchnique allows the determination of
information contained in a set of multivariate datummarizing it in a few linear
combinations of the variables (Deming et al., 1988LA data are grouped by similarity,
considering all of the information contained in tih&ta set. HCA is a statistical method to
qualitatively study the composition of cloud waterd can be used to identify the grouping
variables that are not well detectable using o®AP

2.5 Irradiation experiments

To evaluate the contribution of each possible ptiwonical source (nitrate, nitrite or

hydrogen peroxide) to the hydroxyl radical formatim cloud water, synthetic solutions

doped with a single source of oxidant are irradiatequantify their contribution to the total

generation of hydroxyl radicals in a more compleadinm.

The photochemical device is composed of a Xenorplaguipped with a water cooler to

avoid the increase of temperature due to the iedraadiations and a mirror to reflect the light
vertically. A Pyrex filter was located before theactor for filtering of light at wavelengths

below than 290 nm, corresponding to the lowest Veanggths of the solar emission spectrum.

The reactor is a 40 mL cylindrical Pyrex contairmroled by water circulation at a
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temperature of 278 + 2 K to limit thermal reactioBamples are continuously stirred with a
magnetic stirrer using a Teflon bar to ensure hamedy.

In Fig. 1, the emission spectrum of the lamp reedrdsing fiber optics coupled with a
charge-coupled device (CCD) spectrophotometer (©deptics USD 2000+UV-VIS) is
reported. The energy was normalized with the aotgtoy results using a paranitroanisole
(PNA)/pyridine actinometer (Dulin and Mill, 1982pver the wavelength range of 290 to 600
nm, a total flux of 157 W A is measured. The intensity values of the sun éomissnder
clear sky and cloudy conditions at the puy de Démauntain in autumn 2013 are also

presented in Fig. 1.
2.6 Hydroxyl radical formation rate and quantum yield determination

The hydroxyl radical formation rate is determinesing terephthalate (TA) (terephthalic
disodium salt, purity > 99%) as a probe (Charbotilet al., 2011). Formation of
hydroxyterephthalate (TAOH) is quantified using ardn Cary Eclipse Fluorescence
Spectrophotometer, setting excitation wavelengti32@ nm, while the emission maximum is
measured at 420 nm. The scan rate is 600 nnt,naind a bandpass of 10 nm is set for
excitation and emission. Terephthalate is a ugghbe because it allows the determination of
hydroxyl radical formation rates in the presencdlafrescent dissolved organic matter. The
concentration of the probe is in a large excess\{® compared with the concentration of
organic matter to trap all of the photogeneratedrdwyyl radicals and then to estimate a value
for the hydroxyl radical formation rate not affettey depletion of HOby other sinks.

The reaction between TA and the hydroxyl radicaldie to the formation of fluorescent

TAOH and non fluorescent secondary products (Riljolows:
TA+ HO - TAOH+ product (R1)

The degradation rate of TAR',) and formation rate of hydroxyl radicaRgo.) and TAOH

(R!,on) €an be expressed as follows:

fox 2% 1
R.@' WA y ( )

| With
R{'jA = IS-{O',TA[ HO:|[ Tﬁ} (2)
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wherek . =4.0x 1 M st is the second order rate constant of the reabtween HO

and TA (Charbouillot et al., 2011), and [TA] is thrtial concentration of terephthalate and
y is the TAOH formation yield calculated as a fuantbf solution pH. This value is found to
be linearly correlated with the pH value and isrested between the values of 0.15 and 0.25

over the pH range of 4 to 7.

Other radicals, such as sulfate (SPor chlorine/dichlorine (CICI,™), can react with TA,
leading to the H-abstraction as first chemical tieac However, their direct generation is
nearly exclusively due to the electron transferctiea from the corresponding anioheg,
SO and Cl, respectively) to the hydroxyl radical. Moreoveonsidering that the second
order rate constant of aromatic compounds withdilebloride radical anion and the sulfate
radical is expected to be one or two orders of ritade lower than that with hydroxyl radical
(Neta et al., 1988), and considering a relatively kconcentration of sulfate and dichlorine
radicals in our cloud samples, the TA reactivity b& attributed exclusively to the HO

-

The quantum yield of hydroxyl radical formatio®Is, ,,,..) i defined as the ratio between

the formation rate of HO(R:O. ) and the number of absorbed photons in Einsteirupdr

time in the overlap range of 290 to 60Q &ndA,) (Eg. 3).
This value evaluates the photochemical processi@ifty independent of the experimental
photochemical conditions.

f
O o = @

where }, can be calculated from the following equation:

lq= ji‘lz 1o(1)(1-10" APy, 4

where § (photons nf sY) is the incident photon flux corresponding to Eamp emission and
Absis the absorption of cloud water (normalized cdesng the optical path length of 5 cm

inside of the thermostated reactor).

2.7  Back-trajectory plots
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Backward trajectories of collected air masses aeutated using the HYSPLIT (hybrid
single-particle Lagrangian integrated trajectoryydel with the GDAS1 meteorological data
archive and the model of vertical velocityhttp://ready.arl.noaa.gov/HYSPLIT.php
Backward trajectories are calculated for 72 hobrsiler and Rolph, 2012).

2.8  Model description

The M2C2 combines detailed multiphase chemistry@lwith the parameterization of the
microphysics (Leriche et al.,, 2001; Leriche et &Q00; Deguillaume et al., 2004).
Particularly, the detailed chemistry of,®, chlorine, carbonates, NOsulfur, transition
metal ions (iron, copper, manganese) and the awidadf volatile organic compounds
(VOCs) is included. Photolysis rates are calculatethe gaseous and aqueous phases, and
the pH is calculated following the "Htoncentration. Numerical results consist of follagy
the time evolution of the concentrations of eacénaical species and calculating at each time
step the relative contribution of chemical readdiam the production/destruction of chemical
compounds.

In this study, a simplified version of the modeluised. The cloud chemical mechanism is
restricted to inorganic chemistry {8, nitrogen, iron) that leads to the H@rmation (see
Table SM1 for details about the considered reas}iohhe complexation of iron by oxalate is
also considered in the model because it can imeeréth the HO formation rates (Long et
al., 2013). Laboratory irradiation experiments a#nulated with the M2C2 model
considering its chemical module and neglecting agibysical processes and mass transfer
parameterizations. Temperature and pH remainedamanguring the simulation time. We set
the pH for each cloud water sample to the valupsrted in Table SM2, and the temperature
is fixed at 278 K, which corresponds to the tempeeaof the irradiated solutions. The
simulated irradiation intensity is held constantl &mmogenous throughout the experiment.
The actinic flux of the experimental lamp is diged in the tropospheric ultraviolet-visible
(TUV) model in 156 non-regular intervals over a e®ngth range of 120 to 750 nm
(Madronich and Flocke, 1999). The photolysis ratethe chemical species are calculated in
TUV according to the experimental quantum yieldsl asorption cross-sections and are
indicated in Table SM1. Experimental chemical caonions (Table SM2) are used to
initialize the model (KHO,, nitrite, nitrate, iron). Moreover, oxalic acid ¢®nsidered as an

organic complexant during the Fe(ll)/Fe(lll) cyclehe formation rate of HOs calculated by
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the model considering the modeled contribution axfhereaction producing HQluring one

hour of experiment.

3 Results and Discussion
3.1 Classification of cloud samples

Recently, physicochemical parameters and concémgabf the major organic and inorganic
compounds of cloud samples collected over the testyears at the puy de Dome are
measured and statistically analyzed by PCA (Deguitle et al., 2014). Along with the
corresponding back-trajectory plots, 4 differentegaries of air masses reaching the summit
of the PUY could be distinguished, as follows: ptd, continental, marine and highly
marine. Highly marine clouds exhibited high concations of N& and Cl, and the marine
category presented a lower concentration of ions rbare elevated pH, while the two
remaining clusters, classified as “continental” ammblluted”, are characterized by the
second-highest and highest levels of NHNO;, and SQ7, respectively.

In Table SM2, the measured physico-chemical coniposbf the cloud water samples is
reported for this study. We use the same statistinalysis to classify these cloud water
samples as Deguillaume et al. (2014). PCA is peréor using the pH and the concentration
of sulfate, nitrate, chloride, sodium and ammonians as variables. Fig. 2 reports the scores
plot for samples used for the previously reportiadsification as a function of the attributed
class and for the new samples. Three types ardifiddn as follows: () highly marine, (2
samples) characterized by pH values of 5.0 and re€pectively, high concentration of
chloride and sodium and low concentrations of tefraitrite and ammoniumji] marine
cloud waters (28 samples), showing pH values betwéd and 7.6 and very low
concentrations of anions and cations, aiiijg ¢ontinental samples (11 samples), with pH
values from 4.1 to 6.9 and a medium concentratfamtmates, sulfates and ammonium, while
sodium and chloride concentrations are very low.ddmple could be classified as polluted
cloud water because polluted cloud waters have lobanacterized by concentrations of
nitrates, sulfates and ammonium higher than 350,ai@@ 330 uM, respectively. This
statistical analysis confirms that the majoritytbé collected samples are of marine origin.

This statistical analysis is confirmed by the béefectory plots from the HYSPLIT model,

10
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showing that most of the air masses reaching tyadpuDéme arises from the west sedter,

from the Atlantic Ocean.
3.2  Determination of the hydroxyl radical formation rates and photolysis rates

The concentration of the main photochemical souofd3O® for each sample is reported in
Table 1. Particularly, the Fe(ll) and Fe(lll) contations are below the detection limit (0.01
pM) for the majority of the collected samples. Thighest value found for the Fe(ll)
concentration is 0.7 uM, while it is 0.6 uM for RB( corresponding to typical values found
for marine origin cloud waters (Parazols et alQ&0 The HO, concentration values range
between 6 and 50 pM, nitrate is evaluated betweean@ 220 pM, while the nitrite

concentration is between 0 and 1.4 pM.

The RfHO. was measured in pure water doped with differentcentrations of hydrogen
peroxide, nitrate and nitrite on the same ordemafnitude as the collected natural samples.
The conditions were those used for natural cloudpsas (see Sect. 2.6). A linear correlation
between Fﬂjo. and the concentrations of photochemical precursofeund (Fig. 3). The
photolysis rate (J) (§ is then estimated from the slopes and are repanteTable 4. For
H.0,, the J value is half of the experimental slopeabee HO, provides two HO radicals.

The hydroxyl radical formation rateR('O.) is determined for 36 samples, and its value is
estimated between 3.3 x ¥0and 4.2 x 18° M s™. Higher values are obtained for cloud

water samples of continental origin, while the eslifound for marine and highly marine

cloud waters are less than 1.4 x4 s™. The quantum yield of the formation of hydroxyl
radicals under polychromatic irradiation betwee® 2&d 400 nm @55 .. see eq.(3)) is

estimated as between1@nd 1. (Table 2).

To our knowledge, only a scarce number of dataaamdlable in the literature concerning

measurements of hydroxyl radical formation ratﬁfo() and formation quantum vyield

(") in real cloud waters (Table 3). Faust and Alled9@) measured the photoformation

rates of HO (ranging from 1.3 to 8.3 x M s*) under monochromatic light (313 nm) and
hydroxyl radical quantum yield (between ~ 5 x*Hhd 10%) of six continental cloud water
samples. Anastasio and McGregor (2001) investigdieghotoreactivity of two cloud waters

from the Tenerife Islands to compare the obtairedas with fog waters. The authors found

11
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R' ranging between 3.0 and 6.9 x'f® s* that are approximately order of magnitude

higher than those reported in this study for madloaid waters, and the differences can be
attributed to the air mass origin, as suggestedFayst and Allen (1993). The authors
suggested that long-range terrestrial aerosol asdtignsport in continental clouds could
provide an additional source of hydroxyl radicatsnpared with other marine or remote

clouds.

3.3 Modeling the hydroxyl radical formation rates

We simulate the hydroxyl formation ratﬁf,o. mod, using the model along with the relative

contribution (%) of each chemical source (Table $MB Fig. 4, the differences between the

modeled and experimental Hdormation rates are estimated calculating the laasr

((R', mod - R! exp) / R'  expin (%)). Globally, for the whole cloud water saepl(black

boxplot), the model can reproduce the range of oredshydroxyl radical formation rates
with a slight model underestimation (median of bies error equal to -23%). However, if the
cloud samples are discretized as a function oéuéfit iron concentration ranges (boxplots in
color), then the model tends to overestimate thdrdwyl radicals formation for iron
concentrations (Fe(ll) + Fe(lll)) more than 0.1 puiér concentration of iron between 0.1 and
0.4 uM (8 cloud samples), the median of the biesr és 61% whereas for iron concentrations
over 0.4 uM (5 cloud samples), the median reaclb@€862 For cloud samples in which the
iron concentration is 0.4 uM, the modeled contitutto the hydroxyl radical formation of
iron (Fenton reaction and photolysis of aqua-comgdg can reach 80% (Table SM3). In the
model, Fe(lll) is partially complexed with oxalicid, but the majority of iron for these cloud
samples is simulated as aqua-complexes (mainly H§{Gand Fe(OHy"). Therefore, iron
can act as a significant H@ource due to its efficient photolysis (Reacti®is R8, R9,
Table SM1) and the Fenton reaction wit§O- (Reactions R11, Table SM1).

However, in atmospheric natural water, the chentoatposition of organic matter is still not
very well characterized (Herckes et al., 2013).t Rdrthis organic matter is expected to
efficiently complex metals in cloud water (OkoclidaBrimblecombe, 2002). Due to missing
information about the iron speciation and compliexain natural cloud water, the model
probably overestimates the free Fe(lll). Moreowam organic complexes are not expected to
directly generate hydroxyl radicals but primarilgntribute to the oxidative capacitja
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Fe(ll) generation and the Fenton process. To etalinds hypothesis, we decide to consider
the iron as totally complexed by the organic mattexsent in natural cloud waters. As a first
general approximation, we consider iron as nottieaén the model. The new simulations
show that the majority of the simulated values (y®¥the hydroxyl radical formation rates
are now underestimated by the model (median dbideeerror equal to -40%) (Fig. 5).

Based on the laboratory irradiation experiments.(26 and Fig. 3), new photolysis rates
from nitrite, nitrate and hydrogen peroxide arevipasly estimated from the hydroxyl radical
formation rates (Table 4). For nitrate ang the values calculated by the model are lower
than the experimental ones; the experimental pysitorates are higher by a factor ~1.5 for
H,0, and ~2 for nitrate. For nitrite, the experimemghbtolysis rate is approximately half of
the modeled value. These discrepancies shouldapparéixplain the underestimation of HO
formation by the model. Therefore, we consider éxperimental photolysis rates in the
model, and a new comparison of modeled’ H@mation rates with experimental values is
shown in Fig. 5. The median of the bias error B Bith the 28' and 7% percentiles at -50

and 60%, respectively. Table SM4 reports the distion of the relative contributions of
H>0,, NO; and NQ’ photolysis to the modeleBﬁjo. . While the median value of the nitrite
and nitrate contributions is calculated by the madeequal to 1 and 5%, respectively (Fig.
6), the main HOcontributor is HO, photolysis (median value of 93%, with the"2tnd 7%’
percentiles at 85 and 96%, respectively). Thisltesiggests that #D, is the key compound
that drives the oxidative capacity of our cloud evasamples when iron concentrations are

relatively low or when iron is suggested to beltgpteomplexed by organic matter.
4 Conclusion

In this study, we compare experimental and model@d formation rates for 41 cloud water
samples with contrasted chemical compositions d#ipgnon the origin of the air masses.
This approach helps to elucidate the complex acgpbotoreactivity of natural cloud water
that is expected to drive the oxidative capacitypdfimental data are obtained considering
only the HO formation sources with addition of an excess afnaital probe leading to the
measurements of total generated "H@dicals. The first comparison with the M2C2 model
shows that the model can reproduce the order ohinate of measuredﬂjo. (from 1.1 x 10
110 4.2 x 10°M s* and from 1.1 x 18" to 2.4 x 10° M s* for experimental and modeled

values, respectively). Some discrepancies appeaaimples containing iron concentrations
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over 0.4 uM in which the model overestimates th&trioution of iron(lll)-aqua complexes to
the HO production rate. Ultimately, the aqueous chemioalchanism in the model was
modified considering new photolysis rates fopOg nitrite and nitrate estimated by
laboratory irradiation experiments. As a sensifiv@st, iron reactivity was also suppressed in
the model to account for the total complexatioiirofi. The modeled production rates of HO
with the updated mechanism are closer to the exmatal values. This supports the
hypothesis that iron could be strongly complexedhgyorganic matter in natural cloud water.
These complexes could be more stable and lessrglctive, leading to less H@roduction
than that calculated by theoretical models in whigily the photochemistry of Fe(lll)-
carboxylate is considered (Weller et al., 2014Yhis context, evaluation of the complexation
of iron by organic compounds in the cloud aqueduasp and the photoreactivity of these
complexes should be pursued in the future. Thedtqgreactivity provides significant data to
understand the specific role of iron species anahengenerally, the oxidant capacity of this

medium.
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Table Caption

Table 1.Concentration of main sources of hydroxyl radical in samplaeis. 41 samples have been
analyzed. BDL: below detection limit (0.01 uM for iron and 0.05 uM foe N®IM: not measured.

Table 2. Hydroxyl radical formation rate F{éo- )and hydroxyl radical polychromatic quantum yield

formation @Puo (200-400nm) Values estimated from cloud water samples. NM: not medsivar:
Marine, H-Mar: highly marine and Cont: continental influence. &trer on R:O. are derived at the

1-c level simply from the scattering of experimental data.

Table 3.Hydroxyl radical formation ratesR:O.) and polychromatic quantum yieldp(, . Yfound in

literature and in this work.

Table 4. Modeled photolysis rates calculated by the modaiusexperimental photolysis rates
obtained from experiments reported in Fig. 3.
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601 Table 1.Concentration of main sources of hydroxyl radical in samplaadsl 41 samples have been
602 analyzed. BDL: below detection limit (0.01 uM for iron and 0.05 uM foe N®IM: not measured.

iron o NO; NO; iron H,0, NO; NO,
Sample | (UM)”I (H2M§ M) M) | Sample | (UM)HI (M) (UM) (HM)
1 NM NM 12.3 16.7 0.46 22 BDL BDL 52.3 131.9 0.72
2 NM NM 9.0 6.1  1.44 23  BDL BDL 494 1331 0.5
3 NM  NM 15.1 9.9 0.40 24 BDL BDL 8.1 7.5 BDL
4 NM  NM 14.0 14.2 0.30 25 0.08 0.02 6.7 21.2 0.15
5 NM  NM 13.0 14.7 0.38 26 0.40 0.20 6.8 39.7 BDL
6 NM  NM 7.8 2.6 BDL 27 0.70 0.20 6.6 75.6 BDL
7 NM  NM 6.2 1.7 BDL 28 0.70 030 7.2 73.8 BDL
8 NM  NM 9.7 6.9 BDL 29 0.01 0.10 8.0 24.7 0.27
9 NM  NM 8.2 8.2 BDL 30 BDL 0.16 8.8 19.7 0.52
10 NM NM 10.2 2.3 BDL 31 BDL 0.45 9.1 20.7 0.61
11 NM NM 17.2 5.6 BDL 32 BDL BDL 13.1 21.4 0.07
12 BDL 0.57 18.0 24.7 0.28 33 BDL 0.10 2.1 6.1 BDL
13 BDL 0.12 246 23.7 1.10 34 0.09 BDL 84 10.3 0.47
14 BDL 0.11 12.0 19.0 BDL 35 BDL BDL 2.2 15.1 0.51
15 BDL BDL 14.5 19.0 0.23 36 BDL 0.03 2.1 20.3 BDL
16 BDL BDL 9.1 21.3 0.10 37 BDL 0.03 2.1 185 BDL
17 BDL 0.11 16.2 219.6 0.05 38 0.07 BDL 2.4 135 0.34
18 0.10 0.01 16.2 205.6 0.07 39 0.04 BDL 3.1 20.8 BDL
19 BDL BDL 14.9 20.0 0.12 40 BDL 0.01 5.7 39.1 BDL
20 BDL BDL 15.7 374 0.19 41 BDL 0.02 5.3 46.5 0.16
21 BDL BDL 22.2 72.6 0.42
603
604
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605  Table 2.Hydroxyl radical formation ratelﬂo. (M s™) and hydroxyl radical polychromatic quantum
606 yield formation {uo" (200.400nm) Values estimated from cloud water samples. NM: not measMizd
607  Marine, H-Mar: highly marine and Cont: continental influence. &irer on Rjo. are derived at the

608 1-c level simply from the scattering of experimental data.

290-4001m)|
f - (O f . 290- 400

sample] Ry, M s HO Class| samplg R}, M s?) P M| Class
1 (3.30£0.23)x10| 1.27x1C° Mar 22 (3.37+0.01)x 18 2.5x10° Cont
2 NM NM Mar 23 (4.16+0.01)x 18 1.8x10° Cont
3 NM NM Mar 24 (5.10£0.01)x 18 NM Mar
4 (1.40+0.01)x108%  1.0x10? | H-Mar 25 (2.42+0.08)x18" 1.9x10° Cont
5 (1.24+0.02)x10%  6.0x10° | H-Mar 26 (1.41+0.01)x18¢ 3.4x10° Cont
6 (2.7740.01)x10Y  1.5x10* Mar 27 (4.95+0.01)x18" 1.5x10° Cont
7 (5.60+0.06)x18Y  9.0x10° Mar 28 NM NM Cont
8 (2.48+0.01)x10Y  2.9x10° Mar 29 (8.48+0.04)x18" 1.3x10° Mar
9 (2.20+0.02)x18Y  1.8x10° Mar 30 (8.430.02)x 18" 1.2x10° Mar
10 (2.93+0.02)x18!|  2.4x10° Mar 31 (6.11+0.21)x 18" 5.1x10° Mar
11 (6.77+0.02)x18"|  2.7x10° Mar 32 NM NM Mar
12 | (6.10+0.19)x1d 1.7x10" Mar 33 (3.27+0.23)x 16" 1.3x10° Mar
13 (4.66+0.01)x18!|  1.5x10" Mar 34 (2.73+0.01)x18" 8.5x10° Mar
14 (2.81+0.01)x18!  2.0x10* Mar 35 (3.60+0.30)x18" 6.0x10° Mar
15 (1.09+0.04)x18"|  9.0x10° Mar 36 (5.97+0.12)x18" 9.6x10° Mar
16 NM NM Mar 37 (2.41+0.04)x18 8.4x10° Mar
17 (6.0520.44)x18"|  4.1x10° Cont 38 (5.760.13)x18 2.7x10° Mar
18 (3.39+0.20)x18"|  3.2x10° Cont 39 (2.69+0.04)x18 1.1x10° Mar
19 (8.11+0.02)x18!|  1.9x10° Mar 40 (1.27+0.01)x18¢ 2.6x10° Cont
20 (8.46+0.01)x18!|  8.4x10° Mar 41 (1.09+0.01)x18¢ 5.1x10° Cont
21 (1.54+0.01)x18¢|  1.5x10° Cont

609
610
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611 Table 3. Hydroxyl radical formation rates R:O., M shand polychromatic quantum yield

612 (®,-)found in literature and in this wark

foMms? D, References
Rio on
. ) (Albinet et al.,
Rain water 20-65x19 2010)
Cloud water 13-83x1§ *6 Xaltogigl'r?mx 10
(Faust and
Allen, 1993)
Fog 0.9-6.9 x 18
Aqueous (Arakaki et al
extracted aerosol 0.4-3.8x13° 3.0x10°-1.7 x 1C 2006) "
particles
(Anastasio and
Cloud water 31-6.9x16 McGregor,

2001)

] i (Arakaki and
Cloud water 03-59x1§ 5.1x10'-3.0x10 Faust, 1998)

Cloud water at o 13x10°-1.0x1C _
the PUY station 02~ 42 %10 Polychromatic This work
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615 Table 4. Modeled photolysis rates calculated by the modebkusexperimental photolysis rates

616 obtained from experiments reported in Fig. 3.

Modeled photolysis ratesExperimental photolysis rates
J () J ()

H,0, 0 M- 2HO 1.52 x 1¢° (2.50 +0.11) x 18
HNO, 0™~ HO + NO 6.16 x 10°
NO; + H,00™- HO + NO + HO 9.98 x 10° (5.15+0.30) x 18
NO; + H,00™- HO + NG+ HO 6.71 x 10° (1.23+0.04) x 18
Fe* + H,O0OM- HO + Fé" + H 1.24 x 16
Fe(OH)* OM- HO + Fé' 2.81 x 1¢'
Fe(OH); O™M- HO + Fé' + HO 353 x 10"

617

618
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Figure Caption

Fig. 1. Absorption spectra of different cloud water sarafleft axis) and the right-hand axis
shows the emission spectrum of the adopted Xemop t@aching solutions over the range of
290 t0600 nm (total flux intensity = 157 W3ncompared with the sun emission spectrum
(dashed line) for a sunny (353 W4rand a cloudy day (90 W fijnin October 2013.

Fig. 2. Scores plot obtained by PCA analysis of 137 sasnfderresponding to 73 cloud
events) collected before 2013 and grouped in ftagses in function of previously described
classification (Deguillaume et al., 2014) and 4thgkes (numbered from 80 to 120) collected
during 2013 and 2014. These new data corresporid tdoud events and are indicated in
black triangles. Statistical analysis is perfornusihg 6 selected variables (pH, [WeCI],
[SO4?], [NO31, and [NH;']). The scree plot obtained from autoscaled datavshthat two

selected principal components (PC) containing & t@riance of about 81%.

Fig. 3. Scatter plot of hydroxyl radical formation rates. hydrogen peroxide, nitrate and
nitrite concentrations using 2 mM of TA at pH 5.8der Xenon lamp irradiation. The solid

line is the linear fit, and dashed lines denotedd® confidence of the linear fit.

Fig. 4. Distribution of the bias error for the whole clowdter samples (black) and for cloud
samples discretized as a function of different icmmcentration ranges (in color). The bias

error is defined by the ratioR . mod - R .exp) / R .expin (%). The number of samples

analyzed is indicated above each box plot. Theobotand top lines correspond to thé"25
and 7% percentiles, respectively. The full line represethie median values. The ends of the

whiskers are the 1band 98 percentiles.

Fig. 5. Distribution of the bias error for the whole clowdter samples for the reference case
and for two sensitivity tests performed with thedab (i) the iron chemistry (photolysis of

Fe(lll) and the Fenton reaction) is neglected mnfodel; (ii) the iron chemistry is neglected,
and the new photolysis rate constants obtained fexperimental measurements are

implemented in the model. The bias error is defibgdthe ratio K. mod - R!_. exp) /

Ri..exp in (%).The number of samples analyzed is indicabdve each box plot. The
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bottom and top lines correspond to thd" 2fd 7%' percentiles, respectively. The full line

represents the median values. The ends of the aiisiske the T0and 98' percentiles.

Fig. 6. Distribution of relative contributions of modelddO® formations rates for each
photochemical source §8,, NO;” and NQ photolysis) for the whole cloud water samples.
Model outputs are obtained from the sensitivityt ties which the iron chemistry is not
considered, and new photolysis rate constants fexperimental measurements are
implemented in the model. The number of samplel/aed is indicated above each box plot.
The bottom and top lines correspond to th® agd 7%' percentiles, respectively. The full

line represents the median values. The ends afitiiekers are the fand 98' percentiles.
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663  Fig. 1. Absorption spectra of different cloud water samples égi$) and the right-hand axis shows
664  the emission spectrum of the adopted Xenon lamp reaching solatienthe range of 290 to600 nm
665  (total flux intensity = 157 W if) compared with the sun emission spectrum (dashed line) for a sunny
666 (353 W n) and a cloudy day (90 W fhin October 2013.

667

28



668

669
670
671
672
673
674
675

6
® [ J
4 ] °
. L © Continental
° ® . e Polluted
- ® Highly marine
X © Marine
S v This work
R %
N
4
Vv
o
Vo )
v ®
° ®
T T T
2 4 6 8

PC1 (50.57%)

Fig. 2. Scores plot obtained by PCA analysis of 137 samples collecteck [2§d3 and grouped in
four classes as a function of the previously described clztsifi (Deguillaume et al., 2014) and 41
samples collected during 2013 and 2014. These new data correspond twd®wnts and are
indicated in black triangles. Statistical analysis is perormasing 6 selected variables (pH, Na
[CI, [SO4], [NOs], and [NH,]). The scree plot obtained from autoscaled data shows that two

selected principal components (PC) containing a total variance of about 81%
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Fig. 3. Scatter plot of hydroxyl radical formation rates. hydrogen peroxide, nitrate and nitrite
concentrations using 2 mM of TA at pH 5.0 under Xenon lamp iriadiathe solid line is the linear
fit, and dashed lines denote the 90% confidence of the linear fit.
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Fig. 4. Distribution of the bias error for the whole cloud water dasblack) and for cloud samples

discretized as a function of different iron concentration rafigesolor). The bias error is defined by
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respectively. The full line represents the median values. The ends of thenstsiee the ¥band 9¢'
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Fig. 5. Distribution of the bias error for the whole cloud water saspbr the reference case and for
two sensitivity tests performed with the model: (i) the iron abegn(photolysis of Fe(lll) and the
Fenton reaction) is neglected in the model; (ii) the ironnibiey is neglected, and the new

photolysis rate constants obtained from experimental measurearentaplemented in the model.

The bias error is defined by the ratiRé(T mod - RJO. exp) / R:'O. exp in (%).The number of samples

analyzed is indicated above each box plot. The bottom and top limrespmrd to the Z5and 7%’
percentiles, respectively. The full line represents the mediaes/arhe ends of the whiskers are the
10" and 9¢' percentiles.
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Fig. 6. Distribution of relative contributions of modeled M@rmations rates for each photochemical
source (HO,, NOs and NQ photolysis) for the whole cloud water samples. Model outpus
obtained from the sensitivity test in which the iron chemistrygiot considered, and new photolysis
rate constants from experimental measurements are implamentthe model. The number of
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