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Abstract

New particle formation (NPF) is a key atmospheric proegssh may beesponsible for a major fraction of the total aerosol
number burdeat the global scalencluding inparticularcloud condensation nuclei (CCNYPF has beenbserved in various
environments around the world, but some specific conditions, such as those encountered in volcanic plumes, remain poorl
documented in the literature. Yet, understandingh natural processes is essential to bdt&ne preindustrialconditions

and their variabilityin climate model simulationsHere we report observations of NRerformed atthe high-altitude
observatoryof Maido (265m a.s.l., La Réunion Island) betweehdhnuary and 31December 2015. During this time period,

3 effusive eruptions of the Piton de la Fournaise, located ~ 3%way from the station, were observed and documented,
resulting in29 days of measuremeim volcanic plumeconditionsto be compared witB50f n ¢plomeday®. This dataset is,

to our knowledje, the largest ever reported for the investigation of N mosphericvolcanic plume conditions, and allowed
for the first timea statistical approacto characterize the process and also assesslégance with respect to ngiume
conditions NPFwas observed d#0% of the plume days vs 7166thenonplume days during trémonths when the eruptions
occurredThe events were on average detected earlier on plume days, most likely benefiting from largesatmpoanirsors
availableat the sitgorior to nucleation hourd he overall effect of the plume conditions on the particle growth rate was limited
However,with the exception of Septembgarticle formation rates werggnificantlyhigher on plume day3.he sgnature of

the volcanic plume mthe aerosol spectra updp= 600 nm was further investigated based on the analysis and fitting of the
particle size distributions recordedandoff-plume conditionsThe spectra recorded prior to nucleation hpirabsence of
freshly formed parti@s,featureda significant contribution of particld&ely formedvia heterogeneous processes at the vent
of the volcano(and assimilated t@olcanic primary particlesYo the concentrations of the 2 accumulation modes on plume
days. Later on in theorning, he concentrationof the nucleation and Aitken modes showed important variabargume
dayscompared to everttays outside of plume conditiariBhe pectra recorded on event daysand offplume conditions

were further used to provide aaverage size distribution of the particles of volcanic origiich clearly highlighted the
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dominant contribution of secondary over primary parti¢®86) to the total concentration measured on NPF eventwidyis
volcanic plumeln a next stepparticularattention was paid tde concentration of particlegth d, > 50 nm ¢ ), used as a
proxy for potential CCN populatiohe contribution of secondary particles to the increase ofvas the most frequent in
plume conditions, and the magriiof the increaseas also more importaoin plume daysompared to noplume days.
Last, n order to further evaluate the effect of volcanic plume conditions on the occurrence of NPF, we analysed the variations
of the condensation sink (CS) andb:§@y], previously reported to play a key role in the proc&sgr the investigated months,
higher CS(calculated prior to nucleation holirsere observeih plume conditionsand coincided with higl$QG, mixing
ratios Thosemost likely compensated for thstrengthened loss rate of the vapoand favoured the occurrence dfPF,
suggesting at the same time a key rolélg8Qu in the processThis last hypothesis was further supported by the correlation
between the formation rate ofr@n particles § ) and H.SQy], and by the fair approximation of that wasobtained by the
mean ofa recent parameterisation of the binary nucleatibr,SQ, 1 H2O. This last result was of high interest as it also
demonstrated that in absence of direct measurement®EOjHand sub3 nm particles concentratioastimates o6y could be
obtained fromthe knowledge of S©mixing ratios only8Finally, the use of the parameterisation also highlighted the
contribution of different nucleation pathways, charged and neutral,tbgeinvestigatedH,SQ4] range, with ion induced

nucleation dominating cluster formation {6t.SQ] below ~ 8x16 cnv3.

1 Introduction

Aerosol particles are a complex component of the atmospheric system whichtadtecair quality and climat&.hey have

been the focus ofgrowing number of studieduring the last decadgsut our knowledgef their sourcesproperties, including

their ability to interacwi t h ot her at mospheric components andremansoci a
nonethelessincompleteln specific,while particles are known taffect the formation of clouds, and in turn their properties
(Albrecht 1989; Rosenfeld et ak014) the radiative forcing associated totheseeffeatss ual | 'y r ef erecetddo )t o
is known with astill large uncertaintyfMyhre et al., 2013)Better understanding and quantification of this indirect effect
requires, in particular, more accurate information on secondary aerosol particle sources, and in turn on new pariarie format
(NPF). Indeed, measurementenducted in various environmerggggest that NPRight bean important source afloud
condensation nucleCCN) (e.g. Kerminen et al., 2012; Rose et al., 20Whjch is further supported byodel investigations
(Merikanto et al., 2009lakkonen et al., 20t Zordon et al., 20)7However despite significant improvement of instrumental
techniquedor the characterisation of the newly formed particles and their precursors (Junninen et al., 2010; Vanhanen et al.,
2011; Jokinen et al., 2012nodel predictionsirestill affected by our limited understanding of NP addition, he scarcity

of observationamakes it all the more uncertain in hdamdreach environments, or in specific conditions, such as those
encounteed in volcanic plume

Volcanic eruptions are one of the most important natural soursesm specifigasesandaerosol particles in the atmosphere.

A variety of gaseous specibave been identified in volcanic plumesnong which halogens (Aiuppa et, @009 Mather,
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2015 andsulphurdioxide 0;), which can be further oxidized to sulfuric acie@dy). SO, is releasedn significantamount

in particularduring eruptive periodbut alsofrom passivedegassingAndres and Kasgnoc, 1998pbock, 20007 ulet et al.,
2017, and t was reported that all together, volcanoes contribigteificantly tothe globakulphurbudget, which istherwise
dominated by anthropogenic sour¢eenner et al., 2001 and references the&aimfield and Pandis, 200& olcanic aerosols
are injected in the atmosphere both as primary or secondary pafiutefarmercanbefragments of asiwhich, despite their
relatively large sizes (up to few microns) (Robock, 2000), can be transported over long distances in the atfHespbet

al., 2013. Primary sulphate aerosols of volcanic origin were also eviddncedar source measuremertsaductecht Masaya
volcanoby Allen et al. (2002who were however not able to identify their precise mechanisms of formatgearapathways
were later suggestddr the formation of HSQO, at the ventincluding catalytic oxidation of SQOnside the volcanic dome
(Zelenski et al.2015) high temperature chemistry in the gas phase (Roberts et al., 2818ll as aqueous productioh
H.SQufrom SQ (Tulet et al., 2017)H.SOQy produced by the mean of the aforementioreattionss expected to contribute to
the formation and growth of particl@s the close vicinityof the volcanowhich are in turrassimilated to primary volcanic
aerosolsSecondary particles, on the other hamdult from gas to particle conversipmocessesincluding NPF that take
place outside of the volcanic dome under atmospheric temperature and pressure

The occurrence dfIPF in volcanic plume conditiongas suspectet take placén several earlier studies.g. Deshler et al.,
1992; Robock, 2000Mauldin et al., 2008 but the firstdedicatedstudywasconductedby Boulon et al. (2011), during the
eruption of the Eyjafj#ajokull which happenedn spring 2010Indeed, 8ing measurementserformedat thehigh-altitude
station of puy de Déme (1465 m a.s.l., France)ailthorslinked the occurrence of NP#® unusually high levels of 13Oy
corresponding to model prediction$ the Eyjafjallajokull plume transport to puy de Dénaed highlighted a remarkably
elevatedparticle formation ratén these conditiondVhile H;SO; concentrations were derived from a proxy in this last study,
Sahyoun et al. 2019 recently reported new evidenaad quantification of the NPBrocess in theassiveplumes of Etna and
Strombolj and supported the key role of$Os using direct measurememeérformed with a statef-the-art mass spectrometer
onboardthe French researdircraft ATR42. The rarity of studies dedicated to the observation of NP~altanic plume
conditions is illustrated by the absence of any related topic in the recent review by Kerminen et al. (2018), despltéothe nee
understanding such natural preses. Indeed, those might have dominated NPF and CCN formation in the pristine
preindustrial era, when anthropogenic emissions were much I@wemcomplete knowledge of the preindustrial conditions

is responsible for a significant fraction of the unaity on the impact of aerosols on climate, since these conditions form the

baseline to calculate the radiative forcing caused by anthropogenic emissions in climate model simulations (Carslaw et al

2013; Gordon et al, 2016, 201%).specific,substantialincertainties in the pradustrial baseline cloud radiative state related
to theactivity of continuously degassing volcanoesrereported bySchmidt et al. (2012).

Despite providing new and highly valuable informatidrgstudiesby Boulon et al. (2011) and Sahyoun et 209 however
had some limitations. Indeed, they were bb#sed orshortdatasets, which did not allow for any statistical appraach
evaluate the relevance of the process proper comparison witthhe occurence ofNPF outside of plume condition#lso,

airborne measurements conducted in the close vicinity of Etna and Stromboli allowed Sahyo@9#94db ihvestigate the
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presence of the newly formed particles soon dfteremissiorof their precursorsrom the vent of the volcanoep to few
tens ofkilometres They were however unfortunately not abledocument properithe evolution ofthe particle size
distributionalong thevolcanicplumes, butanalysednstead the particle concentration in relatMeroad size rangg®.57 10
nm, 10i 250 nm) In addition, as mentioned earlier, this study was focussed on passive plumes, i.présehee of a limited
concurrent emission of primary particles by the volcanGesducting similar investigation @blcaniceruptionplumes isy
the waymore difficult due to the unexpected aspect of active erupfi@aisng the advantage gfoundbased measurements
and broaderinstrumental setypBoulon et al. (2011) were in contrast abdestudy the time variationf the particle size
distributionbetween 2 nm and 20 um, and, in turn, to evaluate the strength of the reported NPF events in terms of particle
formation and growth rateMeasurements wet®weverconductedafter thevolcaniceruptionplumeof Eyjafjallajokull had
travelled several thousands kifometres and most likelyunderwentsignificant modifications due to the occurrence of
chemical processes and dilution during transport

In this context, the objectigef the present work greto providenew olservations of NPF ia volcaniceruptionplume with
detailed analysis of the event characteristics, including the capacity of the newly formed particles to reach CCN tgizes, and
assess the relevance of the procgik respect to noiplume conditionsFa that purposewe used measuremera$ the

particle number size distribution and S@ixing ratiosconducted athe MaidoobservatoryZ165m a.s.l..La Réuniorisland

Baray et al., 2013)etweenlanuary ¥andDecember 3%2015 Duringthis period,3 eruptions othe Piton de la Fournaise

which islocatedin thesoutheasterrsector of the islan(see Fig. 1.a from Tulet et 22017) wereobserved and documented
resulting in29 days of measurement in plume conditions that could be compare@d&@ifimon-plume ciys. This dataset is,

to our knowledge, the largest ever reported for the investigation of NPF in volcanic plume conditions.

2. Measurements and methods
2.1Measuremenst

Measurements were performed at the Maido observatory located onhiaREland, in the Indian Oceé2i.080° S, 55.383°

E) between Januarysland December 312015 This high-altitude station (265 m a.s.l.) is surrounded by lush tropical
vegetation on the east side (natural amphitheatre of Mafate) and highland tamarin forest on the wéstisideminateshe

coast where the nearest urban areas of Saint Paul and Le Port are loca@&f @0 000 inhabitants, 13 and 15 km away
from the station, respectively). The observatags built in 2012, and since then it has been progressively equipped with a
growing instrumental setugedicated to the monitoring of the upper troposphere and the stkagospherencluding both
in-situ and remote sensing technigudgasurements conducted at Maido are of great inteirest the observatoig one of

the very few multinstrumented stations in the tropiesid more particularly in the Southern herhisge.Evidence of this is

the involvement oftte gationin several international networksich asNDACC (Network for the Detection of Atmospheric
Composition Changeand ACTRIS (Aerosol Cloud and Trace gases Research Infrastructamd) in theGAW (Globd

Atmospheric Watch)egionalnetwork whichall ensure the quality of th#ata collectedt this site. In addition the proximity
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of the Piton de la Fournaise, located in soeitheastern region of the island39 km awayfrom Maido,gives a strategic
position to the station for the particular investigation of volcanic plume conditidrish are in the scope of the present work
More detailedinformation aboutthe facility can be found in Baray et al. (2013) and Foucart et al. (20dd@yding a
desciption of the large and local scale atmospheric dynamiigsh affect the observations performed at the 8iteoverview

of the monitoring of the volcanic plume performed at Maido during the eruptions of the Piton de la Fournaise observed in 2015
is in adlition available in Tulet et al. (2017).

The instrumental setup used in the present work was previously described in the companion study by Foucart et al. (2018’
The aerosol size distribution between 10 866 nm was measured with a custbuilt Differential Mobility Particle Sizer
(DMPS), with a time resolution of 5 mirRarticles ardirst charged to equilibrium using a¥6B bipolar charger, after which

they enter hie DMPS, which includes a TStype Differential Mobility Analyzer (DMA) operating in a closed loop and a
Condensatiorarticle Counter model TSI 301Dhe instrumentvasoperated behind a Whole Air Inlgtigher size cubff of

25 um for an average wind speed of 4 1), sand measurememirotocolswere defined with respect to th&CTRIS
recommendationsegarding bothhe flow rates and RH (Wiedensohler et al., 20TRg particle size distributions measured

with the DMPS were used to detect the occurrence of NPF amdldalate the event characteristicsuch as the particle
formation and growth rates (see Se&tP), and tofurther evaluate the potential of the newly formed particles to reach CCN
relevant sizes. DMPS data was also used to calculate the condensati@@jinhichdescribes the loss rate of gaseous
precursors on prexisting particlegKulmala et al., 2012). In addition to DMPS, an Air lon Spectrometer (Airel, Estonia,
Mirme et al., 2007) was operated at Maido between May and October 2015. Thecli®&s two DMA which allow
simultaneous detection of negative and positive ions and charged particles in the mobility range.0.@dt3/* s?,
corresponding to mobility diameter 842 nmin NTP-conditions(Mékela et al., 1996)Fach analyser is workingith a flow

rate of 90 L mirt (sample flow rate of 30 L mihand sheath flow rate of 60 L mijin order to reduce diffusion losses in the
instrument, and measurements were conducted through an individual short inlet (30 cm) to further limit the loss ogions in th
sampling line. AIS datavascollected with a time resolution & min andwasanalysedn the present work to get further
insight into the timing of the early stages of the NPF process.

SO mixing ratios used to monitor the occurrence of volcanic plume conditions at Maido measuredvith a UV
fluorescence analyséFhermo Environmentdhstrument TEI 43pperated byATMO-Réunion (formerly referred to @&RA,
Observatoire R®wthatomaresalitisn ofdld miffhé detection limit of the instrument was about 0.5 ppb,
which is above the usual $@ixing ratios encountereat Maido outside of the eruptive periodstué Piton de la Fournaise

(see Fig. Al in Foucart et al. 2018).

Finally, meteorological parameters recorded with a time resolution of 3 s were used as ancillary data. Global radiation was
measured with a Sunshifyranometer (SPN1, Delfa Dvices Ltd., resolution 0.6 W i), and other variables of interest
including temperature, wind speed and directamd relative humidity (RH) were recorded using a Vaisala Weather
Transmitter WXT510.
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An overview of the data availability for all abovementioned instrumbeteeen January$land December 312015 is
provided in Foucart et al. (201Big. 2).

2.2 Particle formation and growth rates

As previously reported in Foucart et al. (2018),ftvenation rate of 12 nm particles () expressed in crhs®was calculated
based on DMPS data following Kulmala et al. 12D

b —— 36OV R L

where( (cnt3) is the number concentratiaf particles in thediameterrange 1219 nm,6 € & "Q¥?) represents the
coagulation sink of 12 nm particles on larger particles @  (nm h?) is the particle growth rate between 12 and 19 nm.
The second and third terms on the righnd sile of Eq. (1) thus represent the loss rate of particles in the rarigerir® due

to coagulation on prexisting larger particles and condensational growth outside of the size resectively Together with

the production termd , these loss terms w&mine the time evolution of the particle concentration in the rang9 Irén,
denoted as——. "OY was estimated from DMPS data based on the

(2005).Briefly, the times # when the maximum conctation successively reaatheach of the DMPS size lsbetween 12

and 19 nm were first determined by fitting a normal distribution to the concentration time series of €&} bin.was then
obtained by fitting a linear least square fit through thealues previously identified\Note that the use af ¢ & "Qff all
particles in the range between 12 and 19 nm might cause some overestimation of the actual coagulation losses|eat in tur

to high estimates af .

In order to get further inght into the early stages of the NPF processl in absence of direct measurement of3utm
particles,vy andOY were used to derive the formation rate of 2 nm particlgSdgliowing theequationfrom Lehtinen
et al. (2007):

0 — 2)
where,

r — — p 3)
and,

a (4)

In Eq. (2) and (4)) ¢ & "@EWresents the coagulation sink of 2 nm patiadn larger particle€quation (2) is based on the

assumption that the particle growth rate is constant over the raind® 2im, which is most likely not the case, as particle

il



10

15

20

25

30

growth rates are usually reported to increase with particle diaftedudi et al., 2011)jncluding high altitudesites(e.g.
Rose et al., 2015)n order to further investigate the effect of the particle growthaatthe prediction ob with Eq. (2), ve
have performed a sensitivity studyhe ternf  ¢& & 0 € &YQhereafter referred to as Fgawvas foundto vary between
~5.0x10°%and~ 1.2x10°% nm st (10" and 9" percentilesrespectively, and he"OY  obtained during the events of interest,
i.e. observed iMay, August, September and Octolieze Sect.3 for more details about the selected petiadyefoundin
the rangebetweeriOY = 7.8 nm htand'OY = 42.7 nmh? (10" and 9" percentiles respectively. Considering the
abovementioned lower limit dfact, varying"O'Y betweernOY and"OY did not affect the calculation af, and
repeating the same procedure Withy 72 and'OY x2 leadto the same resulConsideringthena casewith Fact in the
high end of observed valudgse. ~1.2x10° nm s, varying "O'Y betweerdOY andOY resulted in dactorof ~ 1.6
in the calculation ob , andrepeating the test with the more extreme val@¢ 2 and'O'Y x2 only increased thfactor
to ~3.0. All in all, this sensitivitystudydemonstratethatthe accuracy of the particle growth ratay has a limited effect on

the calculation ob with Eg. (2) in the conditions of the present analysis

2.3 Detection of the volcanic plume

Four eruptions ofhe Piton de la Fournaise veeobserved in 2015he first in February, the secondMuay, the thirdat the
very beginning of August, andhe last,from the end of August to late Octobd&fiore details about the exact dates and
characteristics of the eruptions can be found in Tulat.€2017).Figure 1.a presents the timeseries of the ®Qing ratio
measured at Maido between May and December 2015, and highlights as well the eruptive periods of the Piton de la Fournais
observediuring this periodTulet et al., 2017)whichlogically coincide with the detection of high s@vels at the station.
More specifically, he Maido was considered to be in volcanic plume conditidrenat leasthreeof thehourly average of

the SO, mixing ratiomeasured betweers®0 and11:00LT (UTC +4) werexl pph which corresponds to tf8¥th percentile

of SO mixing ratio on noreruptive daysThe relatively low SO, mixing ratios observed outside of the eruptive periods
mostly below the detection limit of the instrumenafflect the lowpollution levels characteristic ofighinsular stationlocated

at high altitude in a regiorarelysubject to significant influence of pollution from continental origihe specific time period
between 06:00 and 11:00 Was chosen becausentludes lhe usual nucleation hours at the ¢#tee Sect3.1.2 and Foucart

et al., 2018), as the main purpose of the present work is to evaluate the effelttaoic plume conditions on NPH his
classificationslightly differs from that introduced earlier by Eoart et al. (2018), who did not restrict flemedetection to
morning hoursbut focussed instead on daytime values. when global radiatiowas> 50 W n¥?, and required only one
hourly average of the SQOnixing ratioxL ppbto assess the occurrencEplume conditionsAlso, in order to avoid any
misclassificatiorof the daysall data between®and 17" of February were excluded from the analysis, since the lack pf SO
measurement prevented from a proper identification of the plume conddiohdaido during this eruptive period
Consequently, only the last three eruptions of the year 2015, which occurred in May and over the perie@®&abastare

discussed in the present work.
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Intotal, ¥days were classi fied aasvenempionadceterighrmaongvéhicht wasekctusded frogy t h e
further analysis due to DMPS malfunctionirgl these29 dayswere previouslyclassified as plume daysy Foucart et al.

(2018), whoidentifiedin total 44 plumedays with available DMPS measuremeélttie diffeence in theclassificationsarises

from the different time windowinvestigatedh the twostudies, i.emorning nucleation hours (this study) vs daytime (Foucart

et al., 2018)and from the criterion on the number of hourly averages of the SO2 mixingktgtiob needed for the plume
detection In fact, plume conditionsvere detected after 11:00 LT oroBthe 15additional plume days reported by Foucart et

al. (2019, and theplume conditions lasted during only 1 or 2 hours on the remaining Tlagsnajority of the29 plume days

(22/29) were identified during the longest of the eruptions of the Piton de la Fournaise observed in 2015, which occurred
betweerend ofAugust and lte OctoberSix of the remaining plume days were detedtdday, and the last day was identified

during the very short eruptioobservedin late Julyi early August.In the end after filtering the data for instrument
malfunctioning and / or absence of aserements (71 days in totép plume daysnd 250 nofplume days were included in

the analysis. Th&5 remainingdays with lateor shortplume occurrengenill only be shortlydiscussedn Section 3.1.1

In addition to the abovementionethssification, we further analysed the characteristics of the plume days in terms of 1) the
duration ofthe plume conditions detected at Maido (fr@&mo 5 hours between 06:00 and 11:00 LT) and 2)ekel of the

hourly average SOmixing ratiosmeasuredluring the same time perio@ihe plume was detected during the 5 hours of the

time window of interest on 20 of tH9 days,and during 4 and 3 hours on 5 and 4 days, respecti@elycerning the SO

levels, they vded significantly from day todayAsani ndi cat or of the fAistrengthod of th
day the median of the S@ourly averagexl ppb identified between 06:00 and 11:00 LT. Baf the 29 plume days, the

median SQlevel was found between 1 and 2 pphd17 days showd median levelrelativelyhomogeneously distributed in

the range between 2 and 14 ppb. Higher mediam3%ng ratioswere observed on the remaining days, up to 249 ppbeon

20" of May. Based on this analysis, and in orderto evaluatesngwee c i f i cal ly the effect of T#fs
(regarding both the duration of the plume conditions and the magnitude of thev8I3) we further defined a setdass of

pl ume days, hereafter r.dliestrongqlde daysverdefinédsas plume days ot whiohel) thika y s
plume conditions lastdfrom 06:00 to 11:00 LT, with 2) the median of the-3@urly averagex5 ppb.In total, 14 days were
classified as strong plume days based on these crivia.that these daygere included in the statistiesported for plume

days in the next sections, and were in addition highlighted separfitelyhresholdof 5 ppb was chosen asléd to a fair
compromise between the number of days to be classified as strong plumetdakisve wantedto keep significantfor the
relevance of our analysianda mixing ratioof SO, significantly higherthanthat measured during neeruptive periodskor
comparisonb ppb corresponds to intermediate mixing ratios reported for poliueghcities Mallik et al., 2014) As an
illustration, Fig 1.b and ¢ present the negative ion and particimbersize distributionaneasured on two NPF event days

detected during the eruptive period in May, in reg(lay 29" and strong (May Z) plumeconditions respectively
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2.4 Sulfuric acid concentrationin the gas phase

In the absence of direct measuren®gniie used a proxy to estimate the concentratiogasfeoussulfuric acid.To our
knowledge, there is nepecificproxy dedicated to the rathenusual volcanic plume conditigrso we considered instead the
expressions from Petaja et al. (2009) and Mikkonen et al. (2@high have already been widely used in nucleation studies.
The two proxies have the common feature to consider the oxiddt®®,dy OH as the only source 0,50, and do not
include the contribution of other oxidants possibly emitted together withirStbe volcanic plume, and possibly prone to
contribute to HSQO, production, as discussed earlier by Berresheim et al. (Z0d#)e coastal atmosphere. T proxies
however differin their construction, as Pet&ja et al. (2009) used data collsckelgin the boreal forestyhile Mikkonen et

al. (2011)usedmeasurements from different locations, includihg urban area dhtlanta, where, to a certain extent, SO
mixing ratiosareresembling those measured at Maido in plume conditBesides the variety of measurement conditions,
the expression from Mikkonen et al. (2011) also considers more parameters, including thatteengependant reaction rate
between S@and OH as well as the relative humidityhich can fluctuate a lot and reach high values at mountain sites such
as Maido. Given the above, the proxy developed by Mikkonen et al. (2011) was finally used inghepoels.However,

since the relevance dhis proxy could not be evaluated volcanic eruption plume conditions, neither from available
measurements naxisting literature one should keep in mind the potential limits of using such parametrization when

interpreting theelatedresults

3. Results
3.1 NPF analysisin the volcanic plume
3.1.1 Frequency of occurrence

As mentioned in SecP.3, 29 plume days were identified at Maido as a consequence & ¢hgptions of the Piton de la
Fournaisewhich could bedocumented in 2018Besidesthe plume days250 days with no influence of the volcanic plume
were identified and included in the analysis (days with plume conditions detected in the afterabort plume occurrence
were excluded]5 daysin total, see Sect. 2.3 for more detgils) t hese days wil |l beplhieme.addyys
Figure2 shows themonthly NPF frequencyseparately for plume and ngiume dayswith a specific focus on May, August,
September and October 2015, whihe eruptions were observedote that statistics for ngolume days were previously
reported for all months in 2015 by Foucart et al. (20T8)r results suggest that volcanic plume conditions favour the
occurrence of NPF at Maido sinakthe plume days were classified as NPF event déhsthe exception o8 days classified

as undefined in Septembéeading tohigher NPF frequencies in plume conditions compared tephame days over the
months highlighted on Fi@ (90% vs 71%. Focussing on the strong plume days, 12 were classifietvest days and the
remaining 2days were classified as undefinéd the annual scaleé.e. whenincluding all months in the calculatiotihe NPF

frequencywas raisedrom the already remarkably higlalue of67% when excluding the plume dats69%when considering
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both plume and neplume days. Such values are among the highest in the literature, similar to those previously reported for
the highraltitudestation of Chacaltay@240 m a.s.).Bolivia) (64%, Rose et gl2015) and the South African savannah (69%,
Vakkari et al., 2011), slightly lower compared to theyiorted for the South African plateau, where NPF events are observed
on 86% of the day&Hirsikko et al., 2012)

In addition, aquick aralysis was also performed dme 8 daydor which the volcanic plume was detected afterrttagning

hours during which nucleation is usudltjtiated (see SecB.1.2 for more details about the timia§NPP. With the exception

of one day classified as undefined in October, all other daysolemsified adNPF event days, but there was no clear evidence

of an effect otheflated plume conditions on the ongoing evertigygered earlier during the dayigh SO, mixing ratios (up

to several hundreds ppb)associated to plume conditiowere alsaneasured during the night, kibeywere not accompanied

by anyobviousparticle formationnor growth processt Maidq supporting a determinant role of photochenyistr these

secondary particle formatigerocesses.

3.1.2 Timing of the events

As a first investigation of the specificities of NPF in plume conditionspevéormed a simple analysi$ the starting time of

the NPF events on plume and Aolnme days. The starting time of an event was defined visual inspectioas thetime
whenthe 1.52.5 nm ions concentration measured with the Aighificantly increasg Only the events simultanedys
detected with the AIS and the DMPS were included in this analysis, and the dataset was not limiteAugdageptember
October, but included instead all available AIS data betweervtaidand end of October. In total, #ents observed on
nonplume days andQevents detected in plume conditions were documented.

The median starting time of NPF in nptume conditions was found at 08:BT [25" percentile: 08:1%.T; 75" percentile:
09:06 LT]. Earlier rising time of theluster concentration was obsenauplumedays around 07:4 LT [07:18LT; 08:16

LT]. In addition, we also calculated the median time laps between sunrise and beginning of NPF, since the starting time o
NPF was most likely affected by the change inrsantime over the course of the investigated period. Median time laps
between sunrise and rising timetbé cluster concentration washburs andL1 minutes[1 hour and55 minutes 2 hours and

26 minuteg on nonplume days, with a minimum of 54in obseved onMay 18", andwasabout45 minutesshorter in plume
conditions, being hour and26 minutes[57 minutes 1 hour and38 minute$, with a minimum of 29 min obtained on August
28", These observations suggest taplume dayswvhenprecursors related to volcanic plume conditioeseavailable prior

to sunrise in a sufficient amount, photochemistgsthe limiting factor for NPF to be triggered. In contrast, on-pabme
days,NPF was certainly limited by the availability cbndenable specigswvhich were most likely transported from lower
altitude by the mean of convective processes taking place after stunieer discussion on th@ecursors involved in the

processs reported in Séc3.2.2.
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3.13 Particle formation and growth rates

Figure3 shows the formation rate of 2 and 12 nm partialeaidv , respectively), as well as the particle growth rate between
12 and 19 nm"QY ). Note that statistics reported for plume days do include datatfrestrong plume dayshich are

in addition highlighted separatelBesides the high values observed on some of the strong plumendiésis,exceed those
measured on regular plume day@yY showed an important variabilitas reflected by the monthly intquartileranges,
which were on average of the order of 80% of the corresponding medianswith the exceptiorof May, the monthly
medians ofOY  were higher onnonplume days compared to plume da§fSig. 3.a). The overall effect of the plume
conditions orthe particle growtlthusappeared to be limitedhis observation is most likely related to the fact that not only
the amount of precursor vapours (including for instance S€e Fig. 1.a) was increased in the volcanic plume, but also the
number concenéition ofthe particles to growfrom both primary and secondary origin,adso reflected in the variations of
the CS (Sect3.2.1) andliscussed later iBect 3.3.1

In contrast, the effect of plume conditionas more pronounced on the particle formatiates, botlior 0 andb (Fig. 3.b

and c) Indeed, with the exception of September, wkbkghtly lower medianvalues were founéh plume conditions,the
particle formation rates wemn averagéncreasedn plume dayswith the most importardifference observed in May, when
medianb and0 were increased by a factor-efl7 and 7.5, respectively, in plume conditioHewever mostof the values
obtained on strong plume days wsimilar tothose measured durimggularplume dayf the sane month Higher particle
formation rates observed on plume days indicate that particles were constantly formed in the volcanic plume alongthe transpo
pathway to Maido, showing that nucleation and growth taking place over a distance of the ordemoégiiekrs like a
regional scale homogeneous process, which can be described with the usual equatieAkrgeglldd in SecR.2. A rough
estimate for the transport time of the particles nucleated in the vicinity of the volcano to the Maido obsemwbhtoptained

by dividing the distance between the sites by the median wind speed measured on NPF ex3koeay$.8 m s'a 6 hours.

This indicates thanisuch conditionghe' 2 reported on Fig3.awereoftensufficient(> 8 nm h') for the newly formed
particles(~ 1 nm)to grow up to CCN relevant sizes § nm, see SecB.3.2 during their transport, further explaining the
observation of théypical banana shape of the evebisth on plume and neplume days. Similar analysis was repeated with
the 7%" percentile of the wind speedeasured on NPF event dagsdm s'), and, again, the observed growth was often fast
enough(> 13nm h?) for the particles to reach 50n during the corresponding ~h8urs45 minutestrip to Maido.

These observations suggest tlugspite a limited effeain particle growthplume conditions do affect NPF, both in terms of
frequency of occurrence and particle formation retewever, assessing the real effect of these specific conditions on the
particle formation and growth is challenging.dpecific as previously highlightein the companion study by Foucart et al.
(2018) , the particle growth rates calculated from high
atmospheric dynamics around these sites, and may in particular be overestimated duentuthent transport of growing

particles to the sitdnfluenceof the volcanic plumen larger particlesncluding CCN relevant sizes, is further investigated
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in Sect. 3.3., while the next sectiorfdsussed on the analysis of key atmospheric compopesisusly reported tmfluence

NPF, both in terms of frequency of occurrence and characteristics

3.2 Effect of key atmospheric components on the NPF process

NPF has been previously reported to be influenced by various atmospheric parameters, iscladnagliation, temperature

(Dada et al., 2017)as well as RH, which effect on the process is certainly the less evident to predict and understand (e.g.
Birmili et al., 2003; Duplissy et al., 2016l the frame of the present analysihe median dium variations of the
abovementioned parameters reported on Fig(is the Supplementajydid not highlight any specificity for the events
observedn plume days, and displayed similar behaviawand offplumeconditions

In addition to the aforementioned meteorologicatiables which are thought to influence directly the production of the
nucleating and growing vapours as well as the survival of the newly formed clostersactorswere shown to affect NPF,

such asdr instancehe loss rate of theondensingompounds on prexisting particlesThe effect ofthe volcanic plume on

this last parameter is discusdszlow, while the role of k5O, expected to play a determining role in #wents observed on

plume daygBoulon et al., 2011; Sahyoun et al., 2019), is investigated in the following section

3.2.1 Condensation sink

As recalledn Sect. 2.1the condensation sink represents the losofgisecursor vapours on pexisting larger particlesind

is thus expeted to affect directly the amount pfecursorsavailable for NPFIn order tofurtherinvestigate the effect of this
parameter on the occurrenceNPF and avoid any interference with the CS increase caused by the newly formed particles
themselveswe foaus here on the C&bservedrior to usual nucleation hourbetween 05:00 and 07:00 LT

Figure4.a.shows the monthly median of the CS calculated over the abovementioned time period, separately for plume, strong
plume and noiplume days, evergnd norevent days. Note that strong plume days were included in the statistics reported for
plume days, and were also highlighted separaf@tg comparison of neplume NPF event and nevent days did not
highlight any clear tendency over the monthetdrest for this study. Indeed, comparable median CS were observed in August
regardless the occurrence of NPF later during the day, higher vadveswcontrast obtained ewent days in May, while the
opposite was observed in September and Octahest likely related to biomass burning activity in South Africa and
Madagascaduring austral sprin¢Clain et al., 2009Duflot et al., 2010; Vigouroux et al., 2012 heoverallnumber of non

event days included in the statistics was however limited, aimdj comparable time window Foucart et al. (20rEorted
thatCSwason average higher on NPF event days compared t@want daysvhen including all the data from 20IBhese
contrastingresultsare representative dfie observations from high altituddservatoriest a larger scaJevhere both the
location of the sitg theirtopographyand the fast changing conditions related to complex atmospheric dyremideely to
influencethe effect of the CS on the occurrence of NFPEeed, Boulon et a(2010) and Rose et al. (2015) reportict CS

was on average positively correlated with the occurrence ofatiRihgfraujoch3580m a.s.l., Switzerland) and Chacaltaya,

respectively These observatiorsiggest that thavailability of the precursors wasften limiting the process at these sites,
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which seeredto be fed with vapoursansported togethevith pre-existing particles contributing to the Ci8.contrast, the
CS was observed to be on average lower on NPF event days compareet@modays gbuy de D6me, wich could be in
a less precursdimited environmentue toits lower altitude(Boulon et al., 2011)

Despite an important variability of the reported valuke, median CS obtained on plume dagse on averagkigherthan
thoseobservedon nonplume days, with the largest difference in Maye CSreported forstrong plume days were even
higher, with mediarvalueson average increased by one order of magnitude compared-pjurmoe event day&ip to 30 times
higher in May. One might have expected thosehancedCS to inhibit NPFat Maidg which was instead more frequent in
plume conditions compared nonplumedays(Sect. 3.1.L This nonintuitive result is most likely explained ligeincreased
mixing ratios of SQ(Fig. 4.b), and in turn [HSQy], whichwere concurrently measurexh strong plume day#\ssuming that
H.SQu was contributing tdNPFin such conditions, as previousiyggestedby Boulon et al(2011)and Sakioun et al (2019,
increasedsO, emissiongrobablycompensatfor the strengthenedbss rate of theondensingrapoursinvolved in particle
formation and growtton plume daysand eventually let NPF occun addition, he balance between the amoah80; and
the magnitude of th€S most likely influened the strength of the observed everaad explained in specifithe variable
trends highlighted earlier in the comparison ofpiheticle formation ratesalculatedon plume and noiplume daygseeSect.
3.1.3, Fig. 3.b and c)ndeed, as reported previousliie largest CS increase observed betweenphane and plume NPF
event daysccurredn May, when SQ mixing ratios were also the highest (Fig, @)th a median 026.7 ppb [2% percentile:
1.1 ppb; 78 percentile: 12@& ppb]calculated during nucleation hoy(@6:00 and 11:00 LT We maythus hypothesizéhat
theresulting conditions were highly favourable to NPF, and not lealgt tohigh NPF frequencyfig. 2), but also tcstronger
events, with increaseagphrticle fornation ratesompared to noplume dayqFig. 3.b and c)In September and Octobé¢ng
median CS measured in plume conditions were comparable to that observed in May (Fig. 4.a) niixing@atios were in
contrast lower during nucleation hours, with naed around 3.4 ppb [1.5 ppb; 5.6 ppb] and 3.8 ppb [1.9 ppb; 16.9 ppb],

respectively. This most likely resulted in less favourable conditions for NPF than in May, which in turn did not enhance the

particle formation rates compared to qpainme daysHigherCS observed on plume days also supggtitie fact that in plume
conditions,as suggested in the previous secttbe,number of particles to gromasincreased compared to npilume days,
and the concurrerstrengtheningf the precursor source rate was average not sufficient to result in faster particle growth.
Nonetheless, while it was possible to evidetime abovementionetlendswith our statistical approacione should keep in

mind thatboth the occurrence and characteristics of NPF are likddg @ffected at very short time scatkee tothe variable

nature of the volcanic eruptierDeeper investigation of the effect of the volcanic eruption plume on NPF would thus require

more detailed analysis of tleeent to event variability, whiclvas however beyond the scope of the present work.
Theorigin of the particlesresponsible fomcreased CS prior to nucleation hours on plume event days remains undeitain
the high S@mixing ratios whichweremeasured concurrently suggest a volcanic origithfeseaccumulation modparticles
(see Sect3.3.1 for more details about the shape of the particle number size distriblitiergresence of accumulation mode
particles emitted as primary ash have seldomly been reported in the literature, as tireimiation used for volcanic studies

is not adapted for measuring such small sitreghe case of thei®n de la Fournaisehe existenceof suchparticles was

13



10

15

20

25

30

however very unlikelylndeedthis basalticvolcanowas reportedio only emit negligibleamount of ashwhich were observed
in the form of Pel ebs hairs dur i ndfpresentwewsuld dave dxpected ¢he u p t
fragmentsof ashto alsocause mincrease of the particle mass in the coarse mode, which wabwiotis during the eruptions
observedn 2015(Tulet et al., 2017)Other nocturnal sources atrosols at the vent of the volcano arahsportof these
particlesto Maidowerein contrasimore probableA first possibleproductionpathway is related to ¢hfact that te Piton de

la Fournaise is characterized bywsualwater loadingreflected byhigh HLO/SG ratios (Tulet et al., 2017)In specific, there

is continuous formation of liquid water at the vehthe volcanpgaseou$0O; can thus belissolved into the dropletieading

to aqueous formation ¢1.SQx, whichlikely furthercondense onto prexisting particlesfter evaporation of the cloud in the
vicinity of the Piton de la Fournaise (Tulet et al., 20CAtalytic oxidation of S@inside the volcanic dome was alsgported

as a potential source of8I0s by Zelenski et al. (2015) based on measurements conducted at Bezymianny \Filealhg.
Roberts et al. (2019) receniyggestetligh temperature chemistry as a source &® precurses in the neasource volcanic
plume using model simulationS'he abovementionedoarticles originally formed or transformedia heterogeneous
mechanisms occurririg the very close vicinity of the vent, will be, despite the transformations they prdhethigrundergo
during theirtransportreferred to asolcanicprimary particledereafteras opposed to secondary particles resulting from gas
to particleconversion processéisat take place further from the volcanic dofibis nomenclature is consistewith earlier
results from Allen et al. (2002), who reported the presence of primary sulphate aerosols at MasayaNwsasocalled
primary particlesare also likely to participate in daytime particle concentration, together with photocherdibzghy

secondary formation pathways.

3.2.2 The role of sulfuric acid

As previously mentioned in Sect. 2.4, sulfuric acid concentrations were obtained fromiX&4® ratios using the proxy by
Mikkonen et al. (2011)H.SOQx has often been reported to playeykole in the early stage atmospheridNPF (Sipila et al.,
2010; Kulmala et al., 2013; Yan et al. 2018), and in particulanliphurrich volcanic plume conditiondfauldin et al., 2003;
Boulon et al.2011; Sahyoun et aR019, thus motivating our specific interest in this study.

Figure5.ashows allb derived during the NPF events detected in plume conditions as a functios8aiJHighest [HSOy]
were mostly observed on strong plume daysl coincided wittthe highest0 , but overall, the relationship betweerand
[H2SQOy] did not appear to be significantly different on strong plume days compared to regular plume corditoest to
further investigate theonnectiorbetween the cluster particle formation ratd #me abundance of.BQs, 0 wasfitted with a
simple power moded Q "O"Y ,in a similar way as previously done in earlier studies (Kulmala et al., 2006; Sihto et
al., 2006; Kuang et al., 2008; Sahyoun et2019. Whenconsideringall data in the fittingorocedure, i.e. including strong
plume days, paramete@andowere found to bd.14x10'° and1.16, respectivelyThe correlation betweein and [HSQy]
was moderatéR2 = 0.23), but significant, as indicated by tlserrespondig p-value (p =2.35x10%%). As a reminderthe p-
value is commonly used to quantify tk&tistical significanceand indicatesn the context of this studthe maximum

probability for the correlation observed betweeand [H:SOy] to resultfrom a coincidence
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The values calculated f@andmwere slightly different from those reported by Kuang et al. (2008) for a set of 7 stations,
including 2 insular marine sites in the Pacific Ocean and 5 urban or rural continental sites locatekeim Manerica and
Europe, where the authors systematically focil the range 1.98.04 andQbetween ~10'4 and 16'%. These values were
however calculated from a limited number of events for each site (from 1 to 9 events per site), and werératarived
correlation between (instead ofd in the present work) and measured$@y] (instead of proxyderived in ours study). Also,

none of the NPF events investigated by Kuang et al. (2008) occurred in volcanic plume conditions. Overall stienzdale

on plume days at Maido were in contrast more consistent with those recently reported by Sahyo20¥) &laged on

aircraft measurements conducted in the passive plume of Btnd 84 x1(, %= 1.12), despite slight differences in the
aralysis. Indeed, Sahyoun et @009 used direct measurements o8] and investigated the link between,F04] and

U g instead of0 . Also, instead of fitting all derivedl s, the dataset was first binned with respect teS[Bh] (bins of equal

length, 0.25x1®cm?), after which mediam g were calculated for each bin and finally fitted using a power model. As a
sensitivity study, and in order to provide a more consistent comparison with the results reported by Sahy@i 9t ale (

applied similar fitting method; only difference was in the binning procedure, as we used bins with an equal number of data
points instead of equal length. The results of this analysis are shown @2Figthe SupplementaryApplying the fit on
median0 ledto comparable fitting parametef&€ 4.36 x10, (o= 1.09), but the resulting correlation betweeand [HSQy]

appeared to be significantly stronger (R2 = 0.88, p = 5.59x1e also investigated the impact of the number of bins on the
final paraneters and goodness of the fit (TaBlein the Supplementajybut varying the number of bins between 10 and 30

did not led to major differences.

In order to get further insight into the nucleation mechanism likely to explain the observed eeeadsljitwonally compared

the formation rates derived from DMPS measurements with that predicted by the recent parameterization developed by
Maattanen et al. (2018), which describes neutral andhiducedbinary nucleation oH,SQ:-H>O. We used the Fortratode

included in the supplementary electronic material of the paper, and, in a first approach, we run the matielavs regeof
thetemperature, relative humidity and CS calculated dumingeation hoursroplume eventlays We used an average value

of 3 cm?® s for the ion pair production rate, consistent with previously reported values from different sites, including-the high
altitude station of puy de D6me (Rose et al. 2013 and references therein). Otherwise, all settings and parametees were tho
set by default in the Fortran code. As evidenced on FigtHedotal formation rate of 2 malusters wasostly explainedy

ion induced nucleatiofor [H,SQy] below~ 8x1E cm?, while neutral pathways seemedetglain the observatiorat larger

sulfuric acidconcentrations

Deeper analysis of the contribution of binary nucleation to the observed events was then performed, and for that purpose th
model by Maatténen et al. (20183as run for each NPF event, with the corresponding temperature, relative humidity and CS
levels.Figure5.b showsfor the same dataset asFig. 5.3, the ratio betweet derived from DMPS measurements (referred

to asv andvu predicted by lte parameterization (referred totas ), which included both neutral and iemduced

nucleation pathwaysn addition, we also binned the data with respect 58] (10 bins with equal number of points) and
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calculated the median ratio  ¥0 in each binAs evidenced oifrig. 5.b, 64% of the calculated ratios were < 1, which

was unexpected since particle formation rates resulting from the binary nucleatigB@EHHO should not exceedl

This resultwas most likely related td) the use of proxygerived [HSQy] in the calculation of) and 2) the factthat

0 was not derived from direct measurement of 2 nm particles butifroamdOY , which might have led to additional
uncetainty. However, despite iinconsistencyFig. 5.b illustrates our ability to prediét from SQ mixing levels with a
relatively fair accuracy especially for [HSQy] in the range between 1.5x@nd &1 cn3. Indeed, the medianof

VR (V' highlighted on Fig5.b indicates thab wason average within a factor ef3of 0 for [H,SOj] < 1¢°
cnt. Higher discrepancies were in contrast observefHsB Q] > 10° cnré, which may stem from a reducecedictive ability

of the proxy by Mikkoneret al. (2011¥or the highestSQ, mixing ratios since such valuesare not used in theonstruction
of the proxy or from the binary nucleation parameterization not being fully adapted to the volcanic plumenerant
Nonethelessdespite the abovementioned limits, adieve that théastresuls areof high interest, becauskeyshow that in
absence of direct measurement of$84] and sub3 nm particles concentration, the knowledge of 8txing ratios can lead
to afair approximation of) 8

All together, these results suggest that highes ®@ing ratios observed on plume dagisl contribute to the NPF events
observed in such conditionis agreement with earlier results from Bouloraket(2011) and Sahyoun et a&019. However
the contribution of other compounds to the proasssd notbe excluded based on the availableaskett andadditional
measurements would be needed to further investigate this aspect, including in spedfimdasurement of the chemical
composition of the clusters as well as their precur&ush measurements would also allow more detailed evaluation of the

proxy by Mikkonen et al. (2011) for the prediction o&8€y] in volcanic eruption plumeonditions.

3.3 Particle growth up to climate relevant sizes in the volcanic plume

The previous sectionagdedicated to the analysis of NPF occurrence and characteristics in volcanic plume conditions. In this

section, we further investigate the effectsath process on the shape of the particle size distributiorinfitatiing all sizes
between 10 and 600 nm, atigen focussing more specifically on largeough particles to act as CC8incetheresults we
have reported so famly revealed limited sigature of strong plume conditions on NPF characteristics, we will no longer put
any specific focus on tlse particular days in this last sectidiney will however still be included in the statistics reported for

plume days

3.3.1 General features of aeras particle size distributions

The effect of NPF and/or plume conditions on the particle number size distribution was investigated based on the hourly

median particle spectra measured with the DMPS in different conditions between 07:00 and 16i§0d).TT his time period
was selected as, besides usdBFhours, it ale includes one hour prior to nucleatidmours which allowedo studythe main

features othe particle size distributioim the differentconditions(plume and noiplume)without fresh influence diPF, as
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well as several hours tovestigatehe change of the spectraused byarticlegrowth processs Note thatin order to increase
the statistical relevance of the results (especially for-examt days), the analysis wast restricted to Mayugust
SeptembeOctober andall available datavasincludedin the analysisAll median spectra were in addition fitted with four
Gaussian modedncluding nucleation, Aitken and 2 accumulation modesich parameters are shown Big. 7 and also
reported in Tablé&1 of the Appendix.

As previously mentioned, the median spectra recorded at QT:00e. prior to nucleation hourgave a unique opportunity
to compare the main featurefthe particle number size distributirecorded implume and noiplume conditionsn absence
of fresHy nucleated particleS he spectra measured on Rolnme dayg¢both event and neaventdayg displayedcomparable
shapesas well as similar concentratignahile higher concentrationgere incontrast measured in plume conditioAs
discussed in Section 3.2.hese differences, which were the most pronounceithé® accumulation modesvere most likely
explained by theresence of particles originating from heterogeneous processes agetithigh temperatures #te vent
during the eruptive periods, and assimilated to volcanic primary particteed, in plume conditions the population of the
first accumulation mode (modal diametet00 nm) was on average aroug@Dcnt3, against 580 cn® on nonplume days,
indicating the presence 820-245 cnt® additional primary particles originating from the volcano on plume degiowing
similar reasoning, the contribution of volcanic primary particles to the concentration of the second atiaumalde (modal
diameter ~190 nm) was aroun#i18-132 cns. Hence there wason averagelmosta six-fold increase in the accumulation
modes particle number concentratialue to the emission of primary volcanic particRegarding the diameters of the@des,
they did not appear to be significantly affected by the different atmospheric conditions.

Despite some variatiarof the particleconcentrationn the different modeghe shape of the spectrum observed at 07:00 LT
remainedthe samehroughout the investigated time window on rewent daysThe concentrations dhe Aitken and first
accumulatiormodes were increased by a factor of ~ 2 between 07:00 LT and 13;6bhT130 to 310 crhand 55 to 112
cnt’, respectivelyandconcurrerly the concentration dhe second accumulationode was multiplied by ~ 4rom 32 to 142
cnt?, probably due tehe transport of prexisting particles from lower altitudeurisingly, the most important variation was
observed for the concentration b&nucleationmode,with a 5fold increasedrom 18 to 86cm® between 07:00 LT and 12:00
LT despite the absence of NPFhese concentrations were however significantly lower comparedsedbserved on NPF
event daysup t05700cnT® in plume conditionsAlso, in contrast with NPF event days, the diameters of the modes, including
in specific that othe nucleationmode, remainedtablethroughout the investigated time wind¢modal diameter 45nm, ~

36 nm, ~83 nm and 164 nm forthe nucleation, Aitkenfirst and second accumulation modes, respectiyvéigjcating the
absence o& growth process characteristic of NPF.

Consistent with previous observations reported in Seti2,3the starting of NPRvas seen at 08:00 LT on event days
(regardless the sarrence of plume conditions) from a visual analysis of the specitlavagurtherconfirmed by the increase
of the particle concentratidn the nucleationmode which lasted until 11:00 LTThe most significant change was observed
in plume conditionswith a thousandold increase of thaucleation modgarticle concentration in 4 hoyrsom 5 to 500

cnt’, i.e. two orders of magnitude stronger than that obseoredonplumedays(from 25 to 1700 cr), consistent with the
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higher particle formation rates observet plume days (see Se8.1.3. After 11:00 LT,the particle concentratiom the
nucleationmode was observed to decreadewn to 300 cn® and 990 cnii at 16:00 LT,on plume and noplume days,
respectivelymost likely becausef the growth of particlesutside of tik mode as well agheirloss on larger particlaébrough
coagulation processeSoncurrentncrease of thenodaldiameterwas also observegetween 07:0@nd 13:00 LTon plume
days, from 120 26 nm, and slightly later, between 09:00 and 16:00, bh nonplume days, from 10 to 30 nrfyrther
illustratingthe simultaneous formation and growth of the particles.

Still focussing orNPFevent days,ie changsobservedn theparametersf the Aitken and2 accumulatioomodes were less
pronouncedhan for the nucleation mod#/ith the exception of the slight difference observed at 07:0Qhel Aitkenmode
displayed similar diameters on plume and4piume dayswith only limited variations over the invegtited time window
especially on noplume days (3-45 nm and 3846.5 nm, on plume and ngrilume days, respectively)lhe initial
concentration of the Aitken modeeasured in plume conditions walgyhtly higher than omon-plume day€270vs 180 cm

9), indicating that in addition to accumulation mogmarticle sizes,primary particles as small as40 nm might have been
produced by the volcan@he increasef theparticle concentrationbserved until 13:004:00 LT wasalsomore pronounced
on plume day$~ 7-fold increase in plume conditiongp t01800 cm®, vs ~4-fold increase on neplume daysup to 750 cm

%), indicating the presence of 2050 cn® additionalparticles in the Aitken mode due to theesence of the plumé& his
observatiorwas consistent wititheenhanced production of particlpseviously reported for lower sizésplume conditions
asthe particlesin the Aitkenmodemost likelyresultedfrom the growth of smaller particlesiginating fromthe nucleation
mode As already metioned the concentrations ofie 2 accumulatiormodes measured at 07:00 LT were both significantly
higher on plume day&00and150cnt3, for the first and second accumulation mode, respecticely)pared to noplume
days(80 and 18 cm, respectively)mostlikely due to additional sources of particles at the veth@f/olcanaluring eruptive
periods (see Se@.2.1) Later on the transport of primary particles originating from the urban areas located at lower altitude
as well as the growth dhe newly formed particles most likely contributed to the concentration increase obsenthd for
accumulatiormodes during the course of tHay, up to770and690cnts, respectively, on plume days, against 445 and 130
cnt® on nonplume daysWith the hypotlesis that vertical transport from the boundary layer was the same on plume and non
plume days, we could evaluate that the volcanic plume secondary aerosol formation contrib@28ldor*and ~560cnT3

in the first and secondaccumulation modes, respirely. Concerning the diameter of the modésat of the second
accumulatiormodeshowed limited variations on plume dg$85200nm), being closed to that observed on pome days
(191 nm) In contrast, the initiadliameter othe first accumulatiomodewas higher on neplume dayg97 vs 81.5nm)and
also showed a more pronounced incragséo 146 nnover the investigated time period.

Altogether, one can infer from these measurements a distritaftiba particles of volcanic origimcluding the contributions

of both primary and secondaagrosolsFollowing the above analysithe comrentrationof the so calledsolcanic primary
particles was calculatddr each modas the difference between the camications measured at 07:00 LT on plume and
plume days, anthe values obtained at 07:00 LT in plume conditions were used for thechtracteristics of the modése.

sigma and modal diameteh) addition, thecorcentrationof secondary aerosphrticles of volcanic origimvas calculatedor
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each modes the difference between the maximum concentrmtibeerved on plumeventdays and that observed on non
plumeeventdays which were found between 11:00 and 14:00depending on the modes and conditjahe values obtained

at 12:00 LT in jume conditionswhenthe effect ofsecondary aerosol formatiam the spectrunvas on average the most
pronouncedwere used for the other characteristics of the mdgesulting aerosol spectrum is reported on Bjgwith the
detailed contributions ofolcanic primary and secondary particles for each modeor@lary aerosglarticles formed due to

the presence of the plursentributedd3% of the total concentration observed on plume event dtsarlydominating all the

modes but the firshccumulatiormode for which the contribution ofolcanic primary particlesvas more significantThe
presence of a secondary contribution to the accumulation modes is likely the result of the growth of particles frommthe Aitke

mode, due to the presence of more coisdble gases

3.3.2Investigation of the formation of potential CCN during NPF events

Theincreaseof potential CCNconcentratiorduring NPF was investigated using DMPS measurements, in a similar way as
done earlier by Rose et al. (2017) for the kediitude station of Chacaltay#ollowing theapproactoriginally developed by
Lihavainen et al. (2003}t is based on the hypothesis that the lower cloud droplet activation didinetef aerosol particles

is in the range 50 150 nm forthetypical supersaturation&sS)encounteed in natural cloudsincluding those forming at high
altitude (Juényi et al., 2011; Hammer et al., 201#)pr instance, direct CCN measurements conducted dtighealtitude
station ofpuy de Déme with a dedicated chamfRoberts and Nenes, 2008howed that particles in the rang@150 nm

were activatedit SS 0.24%, also reported to be representative-cbird SSat the site (Asmi et al., 2012ollowing this
basicassumption, the concentration of potential C&M beassimilatedo the particle concentratian measured above

any givenQ in the rangéb0- 150 nm.Sensitivity studies arasually performed using ntiple activation diametersvhich

reflect the effect of botkthe properties of the particlieself (such as the chemical comjptian) and atmosphericonditions

(such as the supersaturadiomthe ability of a particle to activate into a cloud droéety. Kerminen et al. 2012 and references
therein. We usedn a first approaclthe same activation diameters (50, 80 and 100 nm) as Rose et al. (2017), and we based
our analysis on both the time serieshi concentratiorof particles larger than these threshdlusreafter referred to as |,

0 and0 |, for 50, 80 and 100 nm, respectively) and the overall shape of the event reflecteaddnyabpondingurface

plot. This indirect method based @MPS measuremently provides estimations of potential CCN concentrations instead
of real concentrationas measured by CCN chambers (Roberts and Nenes,, 200&ver, for simplicity, we refer to these
potential CCN as CCN hereafter.

This last analysis was not restricted to the months when thaniolactivity was detected, a3 NPFevent days identified

in 2015 were included in the analysis (I&hplume days an@6 plume days)As reported earlieby Foucart et al. (2018)

the growth of particles 807 100 nm was observed as a common feature of a large majority of the investigated days besides
NPF, regardless the occurrence of plume conditionaddition highbackground concentratismverefrequentlyseen above

~ 50 nm,most likely caused by theansport ofpre-existingparticles to the statio.heinfluenceof these phenomena on the

variations ofi and0  was obviousand often hindered the identification @toncurrenimpact of NPFon the particle
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concentration increase at these sikegontrast, ie background concentration was ofsggnificantly lower at 50 nm, which
made it easier teanambiguouslyassesshe growth ofthe newly formedbarticles up to 50 nmFurther evaluabn of the
contribution of NPF to the formation of COMas thudinally performed using this single activation diamesssuming)

was a good proxy for the concentration of particles likely to act CCN, or to become CCN after experiencing further growth
The increase af  observed during the events watsributed (at least partly) to NPF of days,15 of them being plume
days and the remaining 55 being fdome daysOn the otherl23 event days included in the analysis, the contribution of
NPF to the increase 6f was more uncertain, but could rm excludedResulting frequencies of NPF contributing to the
increaseof > 50 nm CCN were thus 38 for norplume daysnd58% for plume daygFig. 9.a). The increase af observed
during NPF was in addition quantified: , the maximum ofy  observedduring the evenivas compared t6 ,
calculated ashetwo-houraverage ofi  between 05:00 and 07:00 Ljior to nucleation hourdNote that for a given NPF
event, thadentification of( was limitedto the time period 07:0019:00 LT, because of the fast change of air masses
and / or wind direction which is often observed at Maifter 19:00 LT(see Fig.S3in the SupplementajyThe absolute
increase ofy was further calculated as thiferencebetween) and0 , and he medianCCN productiors
observedn the different conditionare reported on Fi@.b. The mediarof the( absolute increasgbserved on neevent
days was around20 cnv3, and was significaht enhanced onwent days, being around 1600 ‘€mn nonplume days and
3720cn® in plume conditionsThe morepronouncedaoncentration increase observed on event days, and in specific in plume
conditions,wasexplained bythe multiplication of the sourcegf such particles on those specific days. Indeednonrevent
days, the variations df observed at Maidwereprobablycausedexclusivelyby the transport of prexistinglargeparticles
originatingfrom the nearest urban ared#$is processvas itself ightly connected téhe dynamics of the boundary layer and
associateavind patternresulting in maximum concentrations around 13:00 LT (i.e. 09:00 UTC), as evidenced @u.Fim
event daysthediurnal variation ofy  was strengthened due to @ncurrenformation of secondary aerosols, i.e. including
the formation and growth of new particles as well as the groWgre-existing larger particlementionedearlier (Fig.9.d).
Additional contribution ofdrge particleformedvia heterogeneous pcesses close to the verithe volcandand denoted as
volcanicprimary particlesn the present wojkwas finally highly probable in plume conditions, as discussed in $&ct and
3.3.1. Thislast hypothesis was further supported by the increaseel igW) observedduring the nighton plume days
compared to other days (Figd).

In a similar way as done previously Rose et al. (2017)we made an attempt to decouple the contributionghef
abovementioned CCN sourcess event days-orthat purposethe transporof pre-existing large particleBom the boundary
layerwas first assumed to have similar magnitudewent and nomvent days, regardless the occurrence of plume conditions
We also made the assumption ttfeg cortribution of volcanic primary particleglid not vary significantlyalong the dayn
plume conditionsand was thus systematically removed when calculating the difference between and(

Following theséhypothesesthe contribution of secondary aerosolshe observe@CN population was estimated from the

difference between the median of the absolute increase observed on event dagsrésulting frontransportof particles
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fromthe boundary layer arsbconary aerosoformatior) and that of nomevent daysrésulting frontransporonly). Resulting
concentrations attributed to secondary aerosols wer&80 cnr® and ~ 3300 cnt® for non-plume and plume eventdays,
respectively and dominated the increaselof observed on event daysrom these average concentrations weld also

infer the formation of secondary aerosols prone to act as CCN in plume condititns, 2120 cnt® additional particles
detectedon plume daysompared to noplume days This strongerincreaseof the CCN concentratiowas most likely
explained bythe largeramount ofcondensable vapours available in plume conditior@duding in specific sulfuric acid, as
evidenced on Figd.c. Indeed, the most significafit increases coinded with high [HSQy], suggesting that the growth of

more particles to CCN relevant sizes was favoured during NPF events occurring in the presence of large am&ait of H
caused by the eruption¥he increase ob due to secondary aerosol formation in the presence of the plume was also
consistent and of the same order of magnitude as the increase of the particle concentration reported in similar conditions fo

the Aitken and accumulation modes in the previous @ecti

4. Summary and @nclusions

We investigated the occurrence of NPF in volcanic plume conditions at the Maido obsebestedyon measurements
conducted between Januar§f dnd December 312015. During this time period, dffusive eruptions of thePiton de la
Fournaiselocated ~39 km away from the statipmere observed, ande were able to detect volcarptume conditions at
Maidoduring 3 of the 4 eruptiontn total,29fipl ume days o wer e idningtratidsimesdredaluicgo r d i |
morning hours (6:00 7 11:00 LT, i.e. including usual nucleation hoyrajnong whicl4dd ay s c¢cl assi fi ed as
days owereammp ar ed wiptl hu ne5 Whiafata@et is, to our knowledge, the largest ever reported for the
investigationof NPF in volcanic plume conditions, and allowed for the first time a statistical approach to characterize the
process and also assesgéigvancenith respect to noplume conditions

Focussing on the monttduring which the volcanic plume was detecegdMaido (May, August, September and October),

NPF was observed 080% of the plume days vs 71% the nonplume daysOn plume days, when higher amounts of
precursorgsuchas SQ) were available prior to sunrise due to teeurrence oplume conditions, NPF seemed to be mainly
limited by photochemistry, and was triggered early after sunrise. The process was in contrast observed |lafg@ume non
days, most likely due to the lack of precursors before their transport from lower alfterdguarise, as a result of convection.

With the exception of September, particle formation rates, botndv , were on average significantly increased on plume
days.In contrast, dspite high values 6OY reported on strong plume daybketoverall effect of plume conditions on

particle growthbetween 12 and 19 nappeared to be limitednost likely because the number concentration of particles to
grow was significantly raised in plume conditipasreflectedalsoby thelargerCSobserved oplume days

Signature of the volcanic plume on the aerosol spectra up to 600 nm was further investigated based on the analygis and fittin
of the particle size distributions recorded in the different conditibhe.spectra measured prior to nucleation hours (07:00

LT) gave a unigue opportunity to compare the main features of the particle number size distributions recorded in plume anc
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non-plume conditions in absence of freshly nucleated particles. Main differameee observed fahe two accumulation
modes which were more densely populated in plume conditions compared iplunoe days, most likely because of the
contribution ofparticlesformedvia heterogeneous processes at the vettiteofolcanaluring erupive periodsandassimilated

to primary volcanic particles in the present worke particlesize distributioronly experienced limited changes on rerent
days,but significant variations of the particle concentration were in contrast observibe focleation and Aitkemodes on
NPF event daysdiween 08:00 and ~11:00 L&speciallyin plumeconditions An average size distribution of the particles of
volcanic origin was further inferred from the measurements performed on event days in-phoneffonditions. The
contribution of secondary particles to the total concentration was ag@@fhdand clearly dominated that of primary particles
for all but the firslaccumulation mode concentration, for which primary particles contributed signifi¢ad¥).

Specific attention wafurtherpaid tothe concentration gfarticles >50 nm(0 ), assuming they could be used as a proxy for
potential CCN populatio hevariationsof 6 werelimited on norevent days, and attributedainlyto theverticaltransrt

of preexisting particles from thboundary layergvaluated to ~ 420 cfn The contribution of secondary particles to the
increase off wasmorefrequent in plumehan oftplume conditions and the magnitude of the increakee to secondary
aerosofformationwas ~3300cnT3 compared te- 1180 cn?® on non-plume days

In order to investigateleeperthe influence of volcanic plume conditions on the occurrence of NPF and related effects on
particle concentrationye first investigated the variations séveral atmospheric parameters (temperature, relative humidity
and global radiation). Similar patterns were observed in anglaffie conditions, without any specificity for the events
observed on plume daysitAntion wasthenpaid to the variations ohe condensation sink (CS) and.8@], previously
reported to play a key role in the procdasorder to avoid any interference with the CS increasesed by the newly formed
particles themselves, we focussed on thesl@fBitly prior to nucleation hourd.he comparison of neplume NPF event and
nonevent days did not highlight any clear tendency over the months of interest for this study. In contrast, the median CS
obtained on plume days were on average higher than those observedotimmelaysincrease®O, mixing ratiosmeasured
concurrently in plume conditiomaost likely compensated for tistrengthened loss rate of the vapamdlet NPFhapperin

the form of stronger events (with respecbtoand0 ) compared to noplume dayssuggeshg at the same time a key role of
H>SQu in the processonsistent with recent observations in the plumes of Etna and Stromboli (Sahyou0diSalin order

to test this last hypothesise derivedH.SQy] from SG, mixing ratiosusinga proxy available in the literature (Mikkonen et
al., 2011).Despite a moderate strength, the correlation betweand[H,SO4] was found to be significantn addition we
alsoevaluated the contribution bfnary nucleation of bE5Os T H,O to the obsered eventsisingtherecent parameterization
by Maattanen et al. (2018yVithin the uncertainties associated to our calculationsshesved thain plume conditions
predictedd from calculatedH,SQy concentrationwere fair approximations af derived from the measured , indicating
that H.SQu was the main nucleating species in the plufifés result also highlighted the possibility to get relatively good
estimates ofy in absence of direct measurement o£384] and sub3 nm particles cocentration, but only from the

knowledge of S@mixing ratio8The use of the parameterization finally gave insights into the pathways responsible for the
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formation of 2nm cluster in plume conditionand highlighted in specifithe dominant roleof ion-inducednucleation for

[H2SQy] below ~ 8x18 cnt®, while neutral pathways were in contréist most efficient above this threshold.

All together, ourobservationshowthat, based on one year of datalcanic plume conditions favour tf@mation ofparticles

that frequently growo CCN sizewwi t hi n t he f i r st 4Thequantifioation of theeontrilmution af primays v e
vs secondary aerosol formation within a volcagigptionplume on a statistical basis contributedédter undersinding of

this natural process, which might have contribigigphificantlyto NPF and CCN formation in the pristine preindustrial era
Nonetheless, our studgshould be complemented in the future wittligectanalysis of the precursor vapours involvedtia t
processasour approach to assess the rolélgs O, was based on calculations amd camot exclude the contribution other
compoundssuch as for instance halogens, and in particular iodine compounds, wdrnehreviouslyidentified in volcanic
plumes(Aiuppa et al., 2009andalsoreported to contribute to NPF in coastal zof&ipila et al., 2016)

5. Data availability

DMPSdata are accessible from the EBAS webditep(//ebas.nilu.nd/ AlIS and SQ@data can be provided upon request.
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Figure 1 a. Timeseries of the S@nixing ratio measured between May and December 2015 at Maido. The shaded areas highlight the three
eruptive periods of the Piton de la Fournaise observed during this perbebdttive on (lower part) andgarticle(upper parthumber size
distributiors showing @ NPF event occurring on a regular plume day, on Md§ 29Same as b. for the event detected on M4y il

strong plume conditions. For b. andion data was derived from AIS measurements, wialgicle concentratisweremeasured with th

DMPS. Note the different colour scales for ion and particle measurements.
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Figure 2 Frequency of occurrence of NPF at Maido. Statistics are shown separately for plume-phdeodays, and total frequencies
are also reported. Numbers on the plot iaté¢ for plume and neplume conditions, the total number of days included in the statistics.

\-Non -plume days [lPlume days ¢ Strong plume events}

70 T T T : 102 : - 102 .
a. b. re. ¢
¢ |
60 - 1 ®
50 ¢ 1 5
@ 10 5 ,
—_ T 4 = —~
40+ 3 1 U;V’ ;’"’
g 3 ¢ E 4 5 E
ol 4 9 = 2 2
@307 1 T =
9
2 10°
20
10
0 : : . 107" ! ]
May August Sept. Oct. May August Sept. Oct. May August Sept.  Oct,
Month Month Month

Figure 3 Monthly medians and percentiles of the NPF event characteristics observed on plume-pluneatiays at Maido. a. Particle
growth ratebetween 12 and 19 n (=| ). Formation rate of b. 124 ) and c. 2 nm k) particles. The bars represent the median of the
data, and the lower and upper edges of the error bars indi¢aam@5 9 percentiles, respectively. Data collecteustrong plume days are
included in the statistics reported for plume days and are also highlighted separately. Numbers on each plot indicate afod plon
plume conditions, the total number of NPF events included in the statistics.
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Figure 5 a. Correlation between the formation rate of 2 nm partidiésand [HSQ:] on plume days. A power fit was performed on all

available datapointsThe formation rates calculated from the parametrization by M&atanen et al. (2018), which describes the binary
20 nucleation of HSQOs 7 H20, are also shown, separately for chargedo( and neutral gIneutral) 2 nm clusters. The total formation rate

(& total) was additionally calculated as the sum2dbd and 3 neutral.b. Ratio between the 2 nm particle formation rates derived from

DMPS measurementssfghy and tte total formation ratederived from the parameterizati¢dharan) as a function of [E5Qy]. Data was also
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binned with respect to [#$Qy (10 bins with equal number of pomts) am 1med|ans (squares) as well as the 25th/75th percentiles (error
bars) of the ratio in each bin are presen& , RRES.
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Figure 8 Size distribution of the particles of volcanic origin reconstruatgidg the spectra measured on plume andphome event days.

The contributions of primary (i.e. formed/transformea heterogeneous processes in the very close proximity of the vent) and secondary
aerosols are shown separately for each mode on thewspeatd are further highlighted on the pie chaftse contribution of primary
aerosols was evaluated based on the spectra measured at 07:00 LT irptumdeffonditions, while the contribution of secondary aerosols
was deduced from thmaximum concenttaons measured for each mode in andpdffme conditionsbetween 11:00 and 14:00 LT
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