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Abstract. Chemical reactions of dissolved gases in the lig-1 Introduction
uid phase play a key role in atmospheric processes both in
the formation of secondary atmospheric compounds and theithe chemical composition of cloud droplets results from
wet removal rate but also in the regulation of the oxidizing chemical and physical processes that include the dynamics
capacity of the troposphere. The behavior of gaseous specigst cloud formation, the composition and concentration of the
and their chemical transformation in clouds are difficult to aerosols that served as CCN (nuc|eation and impaction scav-
observe experimentally given the complex nature of clouds. enging), the transfer of volatile species across the air/water
During a winter field campaign at the summit of the Puy interface during the cloud lifetime and the chemical reac-
de Dome (central France, 1465ma.s.l), we have deployedions that can take place in the liquid phase. The transfer
an experimental set-up to provide a quantification of phaseefficiency to the condensed phase has considerable impact on
partitioning of both organic (CECOOH, HCOOH, HC,0,) the lifetime of some chemical substances as well as on oxi-
and inorganic (NH, HNOs, SOy, HCI) species in clouds. dant levels in the troposphere (Lelieveld and Crutzen, 1991,
We found that nitric and hydrochloric acids can be con- Lawrence and Crutzen, 1998). The most efficient mech-
sidered close to Henry’s law equilibrium, within analytical @nisms that control the solute composition and concentra-
uncertainty and instrumental errors. On another hand, fofion in cloud drops are nucleation scavenging for particles
NH3 and carboxylic acids, dissolution of material from the @nd gas-liquid equilibrium for gases. Nucleation scaveng-
gas phase is kinetically limited and never reaches the equil"d Of particles is often described by the Koehler theory: an
librium predicted by thermodynamics, resulting in significant 2erosol particle will or will not be activated to a cloud drop
sub-saturation of the liquid phase. On the contraly,i§su- ~ according to its diameter and chemical composition and to
persaturated in the liquid phase, in addition to the presenc&€ Super-saturation of water vapour (Pruppacher and Klett,

of significant aerosol-derived“Stransferred through nucle- 1997). This theory, however, appears to be limited to prop-
ation scavenging. erly describe the activation of organic aerosol particles in par-

Upon droplet evaporation. a sianificant part of most ticular in the presence of either slightly soluble compounds
P P P ' 9 P that dissolve at super-saturation lower than 1% or of elevated

species, including ', tends to efficiently return back into .
o concentrations of soluble gases that can depress the water
the gas phase. Overall, gas contribution to the droplet solute

. . vapour pressure on the droplet surface, shifting the activa-
concentration ranges from at least 48.5 to 98% depending 0902 radﬁjs at a given R.H t%wards smaller pa?ticles (Kul-
the chemical species. This is particularly important consider—mala et al., 1995). At p;es'ent prediction of the number of

ing that aerosol scavenging efficiencies are often calculatec&N serving as cloud condensation nuclei (CCN) under given

assuming a negligible gas-phase contribution to the SOIUtesuper-saturation is therefore highly uncertain. Generally, be-

: . . . Yveen 50 and 90% of particle mass is scavenged into cloud
the in-cloud interaction between particles and gases to pro- . ;

. ; ) ? drops through nucleation corresponding to 10 to 90% of the
vide an adequate modeling of multiphase chemistry systems

and its impact on the atmospheric acrosol and 0as phases particle number. After condensation of water onto the par-
P P gasp " ticle is initiated, the growth of the cloud droplet results in

solute concentrations that tend to decrease due to diffusional
Correspondence tK. Sellegri growth after droplet activation (Ogren et al., 1992; Ogren
(k.sellegri@mpi-hd.mpg.de) and Charlson, 1992; Flossmann et al., 1998; Flossmann,
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1994). Consequently, a large variability of solute concen-berger et al., 2000 ; Kasper-Giebl et al., 1999; Kasper-Giebl
tration in cloud droplets arises from different environmental et al., 2000; Limbeck and Puxbaum, 2000). In the present pa-
conditions. per, we propose an experimental methodology to de-couple
The scavenging of gases is often estimated by considereontributions from gaseous and particulate phase to the so-
ing Henry’s law equilibrium existing between the different lute composition and concentration in cloud samples. The
phases of the system between gas and aqueous phases foethodology is applied to the study of multiphase systems at
both aerosols and cloud droplets (Warneck, 1986, Schwartzhe observation site of Puy dedine (Central France) to esti-
1986, Lelieveld and Crutzen, 1991). This assumption, how-mate the phase partitioning of sulfur, ammonia, nitrate, car-
ever, does not appear to be fully supported by experimentaboxylic and dicarboxylic acids between gas and condensed
studies in fog and cloud systems. Deviations from theoret-phases and discuss the particulate and gaseous contributions

ical equilibrium of several orders of magnitude have beento the ionic concentration in cloud droplets.

found for gases such as $NH3 or HCOOH, showing ei-
ther sub- or super-saturation of the liquid phase of clouds

(Facchini et al., 1992a; Facchini et al., 1992b; Keene et al.2 Experimental methodology

1995; Laj et al., 1997; Munger et al., 1995; Noone et al.,

1991; Rao and Collett, 1995; Richards et al., 1983; Wini-2.1 Sampling strategy

warter et al., 1988; Winiwarter et al., 1994). Such deviations

are not easily explained neither by additional equilibrium nor The experimental strategy is based on separated sampling of
by in-cloud formation of new compounds (Winiwarter et al., the different cloud reservoirs, coupled with accurate mea-
1994), nor by sampling artifact due to long integration time surements of cloud microphysics (Fig. 1).

or droplet heterogeneity (Ricci et al., 1998, Pandis and Se-
infeld, 1991; Winiwarter et al., 1992). Mass-transfer lim-
itation across the droplet interface (Schwartz, 1986), sam-
pling cloud water during temporary clear-air breaks, inade-
quate description of cloud dynamics (Audiffren et al., 1996)
and/or analytical uncertainties may also result in significant
deviations from equilibrium. It is therefore important to as-
sess the extent to which the departures observed at different
sites represent the actual behaviour of chemical compounds
in clouds and to quantify the possible implications of non-
equilibrium for the cloud processing of chemical species in
the atmosphere. Overall, it is estimated that uncertainty in
describing the equilibrium can lead to significant errors in
estimating wet deposition of soluble gases (Lawrence and
Crutzen, 1998).

Because the rates of chemical transfer from both nucle-
ation scavenging and gas-liquid equilibrium are often highly

uncertain, estimating the solute composition and concentra- —

tion is not straightforward. Moreover, it is also difficult to
estimate the relative contribution of each process to the re-
sulting solute composition. Knowledge of this information,
however, is valuable not only to contribute to the understand-
ing of the chemical cycling of key atmospheric species but
also to validate multiphase atmospheric models. In past lit-
erature, these two mechanisms are often considered inde-
pendently from each other to derive estimates of scaveng-
ing efficiencies. For example, the gas contribution to droplet
concentration is commonly calculated under the assumption
that all material from particles larger then a specific critical
particle size is scavenged, as a result of the application of
the Koehler theory on an internally mixed aerosol §Krer

et al., 2000; Husain et al. 2000). On the contrary, aerosol
particle scavenging efficiencies are calculated by comparing
droplet and interstitial aerosol concentrations and assuming
negligible contribution of gases in the cloud droplets (Hitzen-

Atmos. Chem. Phys., 3, 1509-1522, 2003

— The Counterflow Virtual Impactor (CVI) is based on

the principle of the inertial sampling of droplets in a
counter-flow of pure and dry air (Ogren et al., 1985).
The size cut of the instrument is evaluated to 4x%

by a set of laboratory, in-situ and modeling calibration
experiments (Vocourt, 2002). Thus, all interstitial gases
and deliquesced aerosols which diameter is smaller than
5um are rejected while all droplets larger thep®
(hereafter referred as cloud droplets) are admitted into
the probe. Droplets selected by the CVI are then heated
to 25°C and thereby evaporated into residual particles.
Residual particles are sampled using a 12-stage low-
pressure cascade impactor (SDI 11 I/min), with cut size
diameters of 0.045, 0.086, 0.153, 0.231, 0.343, 0.591,
0.796, 1.060, 1.66, 2.68, 4.08, 8.3m.

The Round Jet Impactor (RJI) is a one-stage impactor
with a 50% cut-off close to am (Wobrock et al.,
2001). While all deliquesced particles and droplets
larger than 5um are impacted on a front plate and then
evacuated, particles smaller thanu (hereafter re-
ferred as interstitial particles) and interstitial gases are
allowed into the probe. Interstitial particles are then
sampled using 13-stage low-pressure cascade impactor
(ELPI130 I/min), with cut size diameters of 0.030, 0.060,
0.108, 0.17, 0.26, 0.40, 0.65, 1.0, 1.60, 2.5, 4.4, 6.8
and 9.9um. The sampled air was filtered using Teflon
0.2um porosity filters before entering the mist cham-
bers, at flow rates of 10 I/min. Interstitial gases are then
sampled with a modified version of the mist chamber
(MC) technique (Talbot et al., 1997). Soluble gases are
absorbed on mist droplets created by a capillary in a
sampling glass vessel. The sampling system was com-
posed of two separate mist chambers in order to enhance

www.atmos-chem-phys.org/acp/3/1509/
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Fig. 1. Experimental set up for sampling the different cloud reservoirs.

the collection efficiency of each component (tandem partitioning. Only after being separated by these devices, the
mist chambers unit). different cloud phases are sampled with cascade impactors
and mist chambers at room temperature (less tha@ Hiif-

— Droplets can also be sampled using a one stage Clougerence between room and outside temperature).
Droplet Impactor (CDI) adapted for high wind speeds,

similar to that used by Kruisz et al. (1993) with  Depending on the air temperature, the liquid phase sam-
a 50% cut-off at um. Complementary to the CVI pled with the Cloud Droplet Impactor was either found in
this sampler collects the bulk liquid phase and can bethe liquid state on the impacting collector or in the frozen
compared to the particulate residuals for the retrievalstate (after contact freezing of super-cooled droplets). The
of dissolved gases. The liquid-phase concentrationsvater was transferred either directly or after short melt-
(umoll;,},..) can be converted to atmospheric concen-ing into glass vials. All manipulations were performed un-
trations (nmol njif) using an integrated value of LWC der a horizontal laminar flow bench equipped with an ad-
over the sampling duration. This makes comparisonditional activated charcoal filter to limit interaction of sub-
with other cloud reservoirs much easier. For this pur- strates with HN@ or NH3 vapors possibly present in the
pose, LWC is measured with a Gerber probe PVM-100room. Most samples were collected during super-cooled con-
installed in a wind tunnel of the station, with a precision ditions. Upon freezing, a fraction of the gas dissolved in
of about 20%. the super-cooled droplets is transferred back to the gas phase
while another is retained in the ice matrix. The retention co-
These three devices (i.e. CVI, RJl and CDI) are operated agéfficient is defined as the fraction remaining in the ice. There
ambient temperature, which preserves the atmospheric phase still a lot of uncertainty on the retention coefficient even

www.atmos-chem-phys.org/acp/3/1509/ Atmos. Chem. Phys., 3, 1509-1522, 2003
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for the most common atmospheric gases. A low retention depending on the species (see Table 6). This gives us
coefficient would lead to an underestimation of the gaseous  an upper limit for the total uncertainty on these mea-
concentrations in super-cooled water. However, the retention ~ surement ratios (including flow rate, analytical uncer-
coefficient observed by Voisin et al. (2000) for HMCGHCI tainties, and respective sampling efficiencies).
and NH; is close to 1. This is confirmed by the fact that ) o
samples collected during warm events do not show higher Finally, absolute uncertainties on MC and 1B measure-
condensed-to-gas phase ratios than the other samples. We §¥Nts are needed to give a range of measured gas/liq parti-
not have any information on retention coefficients for organic ioning. From laboratory calibrations using permeation tubes
acids. and inter-comparisons between two sets of tandem-MC, un-
Because the methodology is based on comparing differen¢€rtainty on the gas measurements is estimated to 50% on
instrumentations connected to different inlets, it is important@verage, with higher uncertainty for compounds at low con-
to discuss the possible sampling artifacts and errors. Error§entrations such as nitric and oxalic acid, volatile chande
can occur from uncertainty on the flow rates, as well as arti-2nd SQ (up to 75%). We do not have any absolute calibra-
facts due to losses or modifications of particles or gazes durtion of the CDI measurements, because of the difficulty of es-
ing sampling. Because it is difficult to directly estimate these imating the sampling efficiency according to different speed
artifacts, we will estimate the consistency of our sampling@nd direction of wind during sampling. From the comparison

set up from the comparisons of results from each device folf CDI sample and CVI sample stated above and uncertainty
specific conditions. on CVI samples (15%), we estimate the uncertainty on CDI

N _ Mmeasurements to 30%.
— CVI/RJI: the complementarities of these two devices

can be checked with a third inlet sampling both in- 2.2 Field site and meteorological conditions
terstitial and residual phases (Whole Air Inlet, WAI).
All phases of the multiphase system are sampled into 8ampling was performed between 8 February and 1 March
stainless-steel duct. A windshield that lowers air speed2001 at the summit of the Puy dedbe (48N 2°E,
around the air inlet increases the duct sampling effi-1465ma.s.l.), France. Prevailing western winds allowed for
ciency. All parts of the inlet are heated to avoid ice for- the sampling of oceanic air masses, which had evolved over
mation when temperatures are near or lower tha®. 0 250 km of land, and whose characteristics are typical of a
Sampled droplets are gently evaporated maintaining dree-troposphere site during wintertime. Local contamina-
relative humidity between 40 and 60% in the duct re- tion at the site is extremely limited in winter, since the access
gardless of the outside conditions. During clear sky to the station is restricted to authorized personnel. The site,
conditions, aerosols sampled in the WAI are in agree-deta"ed in Wobrock et al. (2001), is part of several measur-
ment with the aerosols sampled in the RJI within 15%. ing networks that provide information on concentrations of
Also, during clear sky conditions, no aerosols are sam-several gases as well as on particle levels. It is equipped for
pled with the CVI meteorological and cloud microphysical measurements.

In this paper, we will report information from five different
cloud events. An overview of the measurements of interest
to this study is given in Table 1.

— CVI/CDI: Slight differences exist between the cut-off
sizes of the CVI and the CDI (&m for CVI and 7um
for CDI), thus an underestimation of the liquid-phase
concentration can arise in the CDI due to the fact that2. 3 Chemical analyses
small droplets are generally more concentrated than
larger ones (Laj et al., 1998; Schell et al., 1997). How- Polycarbonate filters (0,2m pore size) were used as im-
ever, on average, in a typical cloud droplet spectrum atpaction substrates. They were not coated in order to elim-
puy de Dome, the water mass comprised between 5 anthate analytical complexities associated with the use of
7 um is lower than 5% of the total mass. Under thesegrease. Bouncing of particles from one stage to another is
conditions, and assuming that smaller dropletg tm) limited due to the low concentration of particles (especially
are 20% more concentrated than larger ones (Schell én the super-m range) and the sampling RH maintained be-
al., 1997), this would lead to a difference in concen- tween 40 and 60%. Samples were stored in individual tight
tration of the order of 6% between droplet concentra- Petri dishes and kept frozen until analysis. About 15 blank
tion sampled in the CVI and in the CDI. To overcome samples were performed on a regular basis by loading the
the problem of confronting absolute concentrations ofimpactors in the field and performing extraction and chemi-
species obtained from instruments which conceptionscal analyses similar to those performed for regular samples.
differ fundamentally, we often based the discussion onFilter extraction and ion chromatography analyses were per-
relative rather than absolute differences. As will be seenformed inside a Class 1000 clean room to prevent from ex-
later, absolute concentration ratios involving CVI and ternal contamination. Polycarbonate filters were extracted
CDI match ratios of concentrations relative to a refer- in ultrapure water by 15 minutes soaking, while MC and
ence compound (CViref, CDIref) within 0.3 to 30%, CDI samples already in the water phase did not undergo any

Atmos. Chem. Phys., 3, 1509-1522, 2003 www.atmos-chem-phys.org/acp/3/1509/
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Table 1. Sampling conditions. Most cloud water samples were taken during super-cooled conditions. Variability is calculated as standard
deviations amongst samples of a cloud event

Impactor Date/hour Number of Number of Mean LWC Temperature K  Average H
sample CDI samples MC sample CL) converted to
pH (CDI)
1 12/02 22h 10 9 6 0.370.17 272,%1.2 4.6t0.5
14/02 10h 00
2 17/02 12h 40 11 2 0.440.09 268.2-0.6 4.H0.5
18/02 10h 00
3 22/02 15h 36 10 4 0.290.08 271.81.05 5.5:0.3
23/0211h 45
4 23/02 15-20h 8 1 0.270.05 270.x2.1 5.740.1
24/02 02—06 h
5 28/0200h 15 10 3 0.H0.06 267.40.3 4.2:0.4
01/03 10h 00

Table 2. Atmospheric detection limits calculated as twice the standard deviation on blanks for a typic%hﬁ&mie for impactor data, for
a typical 0.3 g3 LWC for CDI data; and for a typical one hour long sampling time for MC data

Nmolm=3 Ace  For HCICF HNO3/NOZ soﬁ— Ox  NHg/NH;

Aerosol 0.28 0.15 11 0.35 0.30 0.02 0.4
Liquid 0.049 0.038 0.07 0.11 0.14 0.006 0.21
Gas 0.30 0.38 2.0 0.42 0.52 0.22 5.7

pretreatment before analysis. All samples were analyzedluring chemical analysis. Because the liquid phase is ana-
by lon Chromatography using a DIONEX 100 chromato- lyzed several hours after sampling and despite the fact that
graph, equipped with a CS12 column for cations, and withsamples are kept frozen, oxidation can proceed either via
a DIONEX 500 chromatograph, column AS11 for anions. reaction with Q or H,O, resulting in complete '$ oxida-
Analyzed species of interest are €00, HCOO™, CI—, tion. This is confirmed by the absence of S@ the sam-
NO3, SOZ‘, Ox~ (Czoi_), Na" and NI-Q“. MSA~, NO,, ples and previous comparison between artificially oxidized
K+, Mg?t and C&* are also analyzed in order to derive the and non-oxidized mist chamber samples (Voisin et al., 2000).
H* concentration from the ionic balance. Further details onHowever, some traces of'Scan still be present in the lig-
the analytical procedure are given in Jaffrezo et al. (1998)uid phase, and S£xoncentrations measured in this work are
The precision of the analytical method is evaluated to 10%lower limits. The same problem is encountered in CDI sam-
for samples ten times the detection limit of ion chromato- ples, where SE is measured as the sum of’Sand &'
graph (based on analytical water blanks) and around 50% fospecies. On the basis of the total oxidation bf Species in
samples less than two times its detection limit. AtmosphericCDI samples, and volatilization of dissolved’ Sluring the
detection limits are derived from the analysis of blank val- evaporation of cloud droplets in the CVI, we evaluaté S
ues and defined as twice the standard deviation on blank fospecies in CDI samples with the following calculation:
particulate, liquid and gaseous samples. The mass conceny,, Vi VI
tration of particles was calculated by summing all impactorSCDl = <Dl T VI
stages. Thus detection limits for bulk particulate concen-The hypothesis that in our set up, at least a fraction of the
trations were the sum of the detection limits for individual gV gissolved in cloud droplets is oxidized (after sampling)
impactor stages, which are given in Table 2 for a typical i the bulk samples from the CDI but evaporates in the CVI
sampling volume of 25 thfor impactor data, for a typical il jater be confirmed from measurements (Sect. 3.3).
0.3 g/m? LWC for CDI data; and for a typical one hour long  Recent studies have questioned the use of mist chambers
sampling time for MC data. for the determination of HN@and volatile inorganic Cl con-
While SV species (HS§)+SO§_) are transferred fromthe  centrations due to their ability to stick to tubing and glass-
gas to the liquid phase during mist chamber measurementsyare (Neuman et al., 1999). The comparison of MC and de-
they are analyzed as $0 The implicit assumption is that nuders by Voisin et al. (2000) shows a reasonable agreement
all SV is oxidized to §' in the liquid samples waiting or for all species except HN§which was two times higher in

www.atmos-chem-phys.org/acp/3/1509/ Atmos. Chem. Phys., 3, 1509-1522, 2003
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the denuder tubes than in the MC. Consequently, the interof clouds. As expected, most of the mas®90%) consists of
stitial gas fraction presented in this paper might be underesNH, sof;, and NG . The contribution of carboxylic acids
timated, from being sampled with mist chambers. The gads lower than 2% of the total ionic mass while that of Cl
fractions of the total mass are thus lower limits also for theseis less than 5%. The CINa* ratio in the droplet residuals
two species. is lower than in the liquid phase. This confirms that most of
the CI” originally in the liquid phase volatilizes back to the
gas phase upon droplet evaporation. As for @hd organic
acids, the contribution of NDwith respect to S€ is often
proportionally higher in the liquid phase than in the residual
particles, showing significant contribution of the gas phase.

3 Results
3.1 Chemical composition of cloud phases

3.1.1 Liquid Phase of droplets
3.1.3 Interstitial gaseous phase

This section will deal with concentrations measured in the

liquid phase sampled with the CDI, i.e. droplet§¥ um.  Because sampling is performed in clouds, the presence of gas
SO;~, NH;, and NG account for more than 80% of the to- molecules in the interstitial air results from both their origi-
tal analyzed mass of ions while chloride and carboxylic acidsnal concentration before cloud formation and their ability to
account for 8 and 9%, respectively (arithmetic average). Suldissolve in cloud droplets. The concentrations are dominated
fate concentrations range from 4 to gthol =1, which is by NHz, HCOOH, and CHCOOH while concentrations of
very similar to levels found in clouds at most of the Euro- HCI, SO, HNO3, C,04H> never exceed 20 nmol™ but
pean altitude sites: between 27 to;#iol I~ measured at  for HCI in one sample, and are often below detection limits
Mt Sonnblick (Hitzenberger et al., 2000), Mt Jungfraujoch (Table 3). This is similar to other measurements performed
(Baltensperger et al., 1998) and Kleiner Feldberg (Wobrockin clouds showing lower interstitial concentrations of HNO
et al., 1994). The maximum values are an order of magnicompared to interstitial concentrations of organic acids (Fac-
tude lower than concentrations measured at Puy deé®  chini et al., 1992a ; Fuzzi et al., 1994). Also, the interstitial
during the CIME 1998 experiment and at Great Dun Fell, concentration of NH is variable depending on the intensity

(360 and 24@umol I-* respectively, Laj et al., 2001; Laj et of the agricultural source (Facchini et al., 1992; Fuzzi et al.,
al., 1997). Similar considerations can be made for;{Nimd 1994).

NO; concentrations (28—150molI~ and 12-93:mol I~* \oisin et al. (2000) performed similar measurements at
respectively), comparable to the concentrations measured #uy de me by during the winter 1998 (CIME experiment)
Kleiner Feldberg (18@mol I=* for both species; Wobrock et ysing the MC technique. Concentrations are in the same
al. 1994), but an order of magnitude higher than those mearange for HCOOH, CHCOOH and HCI. However, our mea-

sured at Jungfraujoch (16 and AfholI; Baltensperger  surements show higher concentrations ofNtd lower for
et al, 1998), and an order of magnitude lower than theqNO; and SG.

those measured at the Puy dérie or Great Dun Fell (90—
2000xmol I~ for NH, and 5-100@:mol -1 for NO;; Laj
et al 2001; Laj et al, 1997).

Concentrations shown in Table 3 have been converte . . e
qnterstltlal aerosol particles composition is calculated as the

from liquid concentrations to atmospheric concentrations; :
sum of impactor stages. They are mostly composed of the
they vary over large ranges (Table 3). Most samples are .

. A, . . . . . major ions S@‘, NO3 and NH}, but their concentrations
slightly acidic with a median cation/anion equivalent ratio . ; :
?Fe one order of magnitude lower than in the residual phase

of 0.88:0.16, as expected from previous measurements able 3), indicating efficient nucleation scavenging (Sellegri
PDD (Flossmann et al,, 2000). The @30‘2‘ equivalent t al., 2003b). Concentrations of organic acids are often be-

[)atlgl;?;igsf ;ToTléélzl;Ofgr'1th\évr|]<l|cer:r:2rcl|(:)§|3é%:ho(ze l:ﬁ/g?étri ow detection limits and those of Cldo not get higher than
y : 9 teq 0.4nmolnT3. In addition to the reduced mass of inorganic

io of th f1-2). T I i . . " .
ratio of the order o ). Two samples, corresponding tocompounds left in the interstitial phase, there is a clear de-

two fracti f th I t ic. X ; o .
o fractions of the same cloud event, are basic pletion of NG; compared to residual and liquid phases. This

3.1.2 Particulate droplet residuals can be seen comparing N8O, and NH;/NO; ratios in
interstitial, residual and liquid phases. At the Puy dmi2,

The chemical composition of droplet particulate residualsprocessing of aerosols mostly deals with gas-to-particle con-

measured during the five cloud events, calculated as the suwersion of HNQ rather than oxidation of'% to SV'. Conse-

of all impactor stages, is given in Table 3. Because the chemguently, HNG would not only contribute to acidification of

ical and physical properties of the aerosol at Puy @mBare  the cloud droplets but also of the residual aerosols. On the

discussed in details in Sellegri et al. (2003a), we will here re-contrary, no clear difference is measured between the propor-

strict the discussion to issues related to multiphase chemistryions of NHI and SCﬁ‘ in interstitial and residual phases.

3.1.4 Interstitial aerosol phase

Atmos. Chem. Phys., 3, 1509-1522, 2003 www.atmos-chem-phys.org/acp/3/1509/
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Table 3. (a)Atmospheric concentration (in nmolta) in the liquid phase of clouds measured with the CDI. Samples are averaged over the
entire period of the cloud event and corrected for LWC to convert fronthgd nmol i3, SV is calculated as [S§ cpi— S5 cwi] (b)

Residual aerosol concentrations (in nmai#h, as the sum of all impactor stags Interstitial aerosol concentrations (in nmott), as the
sum of all impactor stages (d) Concentration of gaseous species (in nApimthe interstitial phase of clouds. lonic ratios are calculated

ineqni3

(a) Liquid concentrations of droplets (CDI samples)

Event ~CHCOO™ HCOO~  CI- NO; SO C0%" NH;  NH;/SC;~ NOZ/SCL
1 0.9A41.16 1H14 5.9t5.5 10.4:105 3.#249V=12 018017 11.611.2 18 17
2 224096 2311 9392 856:637 2046.39V=8 065:0.15 62.512.2 15 2.1
3 0.62£0.57 0.64:0.7 0.44t0.3 4.G£3.2 1.#039V=022 013012 7.44.15 35 1.9
4 174078 1809  7.874 139109 62559V=28 0.26:009 20.310.3 16 11
5 15+21  1.0:1.0  4.0:38 143134 52369V=2  025:02 14.3:10.1 1.4 1.4
(b) Residual aerosol particulate concentrations (CVI+cascade impactor samples)
1 <dl 0.02 0.43 6.0 1.9 0.07 5.9 1.6 1.6
2 0.10 0.17 0.86 26.3 12.4 0.20 26.2 11 11
3 <dl <dl 0.51 35 0.88 0.09 6.0 3.4 2
4 0.03 <dl 3.3 8.0 34 0.11 121 1.8 12
5 0.03 0.03 0.51 4.7 3.2 0.08 7.4 1.2 0.7
(c) Interstitial aerosol particulate concentrations (RJI+cascade impactor samples)
1 <dl <dl <dl 0.61 0.52 0.05 1.3 13 0.6
2 <dl 0 0.14 1.7 12 0.07 4.2 1.8 0.7
3 <dl 0.08 <dl 0.68 =dl 0.05 11 - -
4 0.032 <dl 0.36 1.32 1.1 0.09 3.4 15 0.6
5 <dl 0.24 0.17 1.0 0.47 0.09 1.0 11 11
(d) Interstitial gaseous concentrations (RJI+mist chamber samples)
Event CHCOOH HCOOH \olatleCl — HNQ SO HyCy04 NH3
1 11413 5.8:3.9 5.A45.1 0.74£0.5 0.60 0.28 1&6.7
2 17+3.6 7.0.0.4 <dl(0.74) <di(0.39) 0.60 <dl(0.16)  39t8.8
3 76628  3.9t1.2 <dl(0.14) <dI(0.35) <dl (0.29) <dl(0.18)  52£23
4 10 55  <dl(0.46) <dl(0.32) <dl (0.0) <dl (0.03) 33
5 6.0+3.2 2.8t0.8 <dl(0.74) 1915 1.5£0.5 <dl (0.11) 2H17
PDD1998 137 14+8 2.112.6 6.94:6.0 1814 87
Voisin et
al. 2000

3.2 Measured and theoretical Gas/liquid partitioning

The molar partitioning of a chemical compouidbetween
interstitial gaseous phase and condensed ph&g¢sén be

expressed as:

These results are similar to those observed by Voisin et al.
(2000) for carboxylic acids, chloride and nitrate. On the

contrary, in our study, partitioning between jltdnd lig-
uid NHIis clearly shifted to the gas phase with 62% of the

species present as NHThis gas contribution is higher than

what was found by Voisin et al. (2000), Kasper and Puxbaum
(1) (1998) and Fuzzi et al. (1994) but similar to measurements of
Laj et al. (2001) at PDD. The partitioning of sulfur species is
clearly shifted towards the condensed phase. Such an en-
richment of the liquid phase is neither found by Fuzzi et
al. (1994), nor by Facchini et al. (1992), who rather found
a high gas-phase contribution. The reason for this feature
could lay in the fact that the SCconcentrations are much
higher at Kleiner Feldberg and Po Valley where these latter

I'qu'(.j _plhaie Wh'l_? 3fet4ate,lfqrn_1late, af‘d hate in thﬁ N studies were performed, than at Puy dén®, where they
t_erstltla P _ase_( able 4). ltis mteregtmg to note that Very, e e jower than the detection limit for most samples.
little variation is found among the different cloud events.

[Xliiq

R, =100
[X]liq + [X]int,gas

Whereliq refers to the liquid phase (collected in the CDI),

int,gas to the interstitial gas phase (from the RJI+mist cham-

ber) and all concentrations are in nmotfa R,, therefore,

is the fraction (in %) of the compound in the liquid phase.
Chloride, nitrate, 8 and oxalate are predominantly in the
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Table 4a. Measured Liquid/total fractionB, (%) from MC and CDI concentrations. Ranges take into account the 30% and 50% uncertainty
on CDI and MC concentrations, respectively. When gas concentrations are belowR}|, tiigher limit is 100%

Event CHCOO~  HCOO™ cl- NO3 sV C203~ NH,

1 8.1(4-19) 16(8-33) 51(33-73)  93(87-97)  67(49-84)  39(23-63) 39 (23-63)
2 11.5(6-25) 25(13-46) 93(85-100) 99.5(99-100) 93 (86-97) 80 (65-100) 62 (43-81)
3 7.5(4-17) 14.1(7-30) 76 (59-100) 92 (84-100)  43(23-66) 42 (25-100) 12.5(6-27)
4 14.5(7-31) 25(13-46) 94(89-100) 97.7 (95-100) 100 (79-100) 90 (80-100) 38 (22-27)
5 2010-39 26 (14-48) 84(72-100)  88(78-95)  57(38-77) 69 (51-100) 35 (20-62)

Voisin et 10 10 80 9 90

al. (2000)

Kasper and 39 54 56

Puxbaum, (1998)

Table 4b. Theoretical liquid/total fraction®, (%) calculated from the effective Henry's law constarit HRanges take into account the

uncertainty on the Henry’s law constant variability in the literature (see Table 5) as well as its temperature dependence variability, and also

the uncertainty of one unity of pH

Event CHCOO~ HCOO~ CI~ NOj sV C205~ NH,
1 24(16-46) 50(20-71) 100 100  3(1.0-9) 100 96 (89-99)
2 32(26-52) 50(28-68) 100 100 35(1.2-10) 100 99 (98-100)
3  56(36-84) 88(68-96) 100 100 3.8(1.3-11) 100 87 (69-95)
4 59(34-87) 91(59-97) 100 100 3.2(1.1-10) 100 81 (56-93)
5  11(8-21) 22(10-39) 100 100 2.8(0.9-8) 100  91(84-96)

It is possible to investigate whether the measured parti- Monocarboxylic acids and N;H exhibit a deficit in the
tioning corresponds to that predicted by Henry's law equilib- liquid phase as compared to theoretical values. Foj NH
rium. This calculation accounts for thermodynamic equilib- such sub-saturation of the liquid phase was already observed
rium and for the dissolution of species in the liquid phase (Ta-in Voisin et al. (2000). The subsaturation of the liquid
ble 5) and formally leads to an effective Henry’s law constantphase is likely resulting from mass transfer limitation be-
(i.e. H"). All enthalpies and equilibrium constants are cor- tween gaseous and liquid phase as proposed by Ricci et al.
rected for temperature effects according to Van't Hoff equa-(1998) and Winiwarter et al. (1994). However, we observe
tion, taking pH into consideration (except for oxalic acid for that for higher pH, both theoretical and measured liquid frac-
which the reaction enthalpy is not available in the currenttion of NHa/ NHI decreases.

literature). The range on the theoretical partitioning calcu-  op, the other hand,"6 is supersaturated in the liquid phase
lated in Table 5 are derived both from the uncertainty on pHshowing between 43 and 100% of th¥ & the liquid phase
_and from the uncertainty on the Henry’s law cgnstant found g opposed to the expected 2.8 to 3.8%. The apparent super-
in the literature. In order to compare theoretical and mea-gatyration of the liquid phase could be due to the fact that our
sured partlt_lonmg of chloride, soluble V(_Jlat|le chlon@e sam- measurements of interstitial gaseolé &e, as already men-
pled with mist chambers has been considered, in this sectioRgned, a lower limit and most of the time under the detection
to be mainly HCI. limit. The apparent super-saturation of the liquid phase could
also be due to a high amount of HCHO-bourl GIMSA).

The theoretical and measured|RRno,, and Ry are close  Measuring formaldehyde in order to evaluate if this hypoth-
to 100%, showing that most of the mass lies in the lig- €sis explains all of the apparent surper-saturation should be
uid phase. According to this calculation, all three speciesdone in further work.
can, therefore, be considered at Henry's law equilibrium,
within analytical uncertainty and instrumental errors. This 3.3 Degassing efficiencies upon droplet evaporation
result is especially interesting for oxalic acid since it is the
first experimental determination of its phase partitioning in Significant amounts of S£ HNOz, HCOOH, HCHO and
clouds. Since our measurements of gaseous tlai@ HCI H>0, evaporating from cloud droplets have been measured
are lower limits, there is a possibility for these species to bedirectly behind a CVI inlet (Flossmann, 1998; Laj et al.,
sub-saturated in the liquid phase. 2001; Noone et al, 1991). Cape et al. (1997) estimated that as
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Table 5. Solubilisation and dissociation constants used in the calculations of the Henry’s equilibrium shown in Table 4b. (1)R. Sanders,
Compilation of Henry’s law constants for inorganic and organic species of potential importance in environmental chemistry, 1999, available
at http://diotima.mpch-mainz.mpg.dafander/res/henry.html ranges correspond to the 25ile and 75ile on the compiled data (2) Marsh and

Mc Elroy, 1985 (3) Jacob, 1986 (4) Chameides, 1984 (5) Weast, 1984

Solubilisation K4 (298) -AH/R Ref

Mol.I=L.atnr 1 K

(25ile~75ile) (25ile-75ile)
HCI(g)=Hcl(l) 15-19 2000-9000 (1)
HCOOH(g)=HCOOH(l) 4x103-5.9x10° 5700 (1)
CH3COOH(g)=CH3COOH(l) 5.2x10°-8.8x10° 6300-6400 (1)
HNO3(g)=HNO3(L) 1.8x10°-8x10° 8700 (1)
SOx(9)=S0x() 1.2-1.23 2900-3100 (1)
HoCo04(g)=H2CoHa(l) 1.3x10°-3.8x108  — (1)
NH3(g)=NHz(l) 56-61 3925-4200 (1)
Dissociations K (298) -AH/R Ref

Mol.I=L.atn1 K
HCl=H*+CI~ 1.7 106 6889 )
HCOOH=HCOOH +HT 1.810-4 150 (4)
CH3COOH=CH3COO +Ht  1.810-5 46 (4)
HNO3=NOZ +H" 22 - (4)
SOp+Hp0=HSC; +HT 1.7 10-2 2090 (4)
HSO; =SS0 +HT 6.310-8 1510 (4)
HoCp04=H,Cy0, +HT 5.910-2 - (5)
HC,0, =Co05 +H*t 6.4 10-5 - (5)
NHgz+H,O=NH, +OH"~ 1.7 10-5 4325 ()

much as 25% of the cloud nitrate could be released as3HiNOgas phase ([N&] ,q,+=[Na'];i;). Then, Cxg.s can be ex-
as cloud droplets evaporated and Laj et al (1998) estimategressed as:

that 60 to 80% of the dissolved HN@nd NH; is degassing [X] part

from droplets upon evaporation. [Nat 1 pars
. P P . P L . , Cxgas =1— [Xl:q 3)

With our experimental set-up, it is possible to estimate Na* 11y

the gas fraction that has evaporated from the droplet SOIUte\rhis calculation method also avoids converting liquid con-

concentration € xas), Which is the fraction that did not un- centrations to atmospheric concentrations and thus limits the

de_rgo |rrever§|ble transformation. Th|s 'S done by Calcu'artifacts associated to the integration of LWC over the CVI
lating the particulate mass concentration difference between . . Lo
ampling period. The contribution of the gaseous phase to

+ i . .
CDI (gases+scavenged aerosols) and CVI (residual aeroso Re droplet solute concentration calculated using both rela-

only): tive and absolute concentrations only differs within analyt-
ical uncertainties (Table 6). Hereafter, an arithmetic aver-

[X],,m(nmolm‘3) age between both calculation methods will be used. The
Cxgas =1 (2) degassing is extremely variable among gases, ranging from

 [XTiig (nmol I=5* LW C (gm—3)* py;, (gl 1 .
[Xlrig( ) (@M 1iq (1) 48.5 to 98%, but quite stable among events.

) ) It is clear that the degassing of acetic and formic acids
Where[X],q,; derives from the cascade impactor data be-js quite efficient, as it appears that virtually all HCOOH
hind the CVI and X1;;, derives from the CDI data. and CHCOOH dissociated in water evaporates during the
This calculation is based on subtraction and division ofdehydration of cloud droplets to aerosols. Chloride shows
concentrations in the different cloud reservoirs. In order tothe highest degassing efficiency of all inorganic species with
avoid making comparisons between absolute concentrationsiore than 62% (and up to 89%) of the solute concentration
in the different cloud reservoirs, we can also work with rel- being released as volatile inorganic Cl during droplet evapo-
ative concentrations referred to a given species. In that caseation.
we have chosen Naas a reference species based on the hy- The presence of a high-degassed fraction of dissolved
pothesis that sodium is conservative and is not present in thé:zoﬁ‘ is more surprising as this chemical species is rarely
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Table 6. Lower limit of the gaseous contribution to the concentration of cloud droplets, calculated from the CDI and CVI data (%) in absolute
(Abs) as (CDI-CVI)/CDI and in relative (/Na) as (Cf{-CVINa)/CDIna

Event CHCOO™  HCOO- cl- NO3 VgVl C203~ NH,
Abs /Na Abs /Na Abs /Na Abs /Na Abs /Na Abs /Na Abs /Na
1 98 - 98 - 93 - 42 - 40 - 63 - 49 -
-2 95 94 93 90 91 87 69 58 39 16 70 58 58 42
3 97 99 97 98 - - 12 57 18 59 32 66 19 60
4 98 98 99 99 57 67 43 56 45 58 56 66 40 54
5 98 98 97 98 87 91 67 78 38 58 68 78 48 65

Median 97,7 984 968 978 820 817 426 572 394 576 630 66,2 484 57,2

found in the gas phase. The presence gﬁ)ﬁ? in the liquid and residual phases. However, I§IKSO‘21‘ is twice as low in
phase can be due to its production from another dissolvedhe interstitial aerosol phase compared to the residual aerosol
gas than HCyOq4, or from other particulate carbonaceous phase. Because both species are internally mixed in aerosols
species. More work is necessary on that issue but it seemiSellegri et al., 2003a), and thus should have similar particu-
clear that not all oxalic acid present in the liquid phase islate scavenging efficiencies in cloud droplets (Sellegri et al.,
found as a particulate residue. 2003b), we propose the hypothesis of a favored cloud pro-

Similarly to carboxylic acids, a large fraction of dissolved cessing of nitrate over sulfate under the conditions of the Puy
NH;3 returns back to the gas phase upon evaporation. Thele Dome.
amount of degassed NHaccounts for 52.8% of the dis-
solved fraction. This could be surprising, considering the3.4 Gas/liquid/particulate partitioning and phase origin of
fact that residual aerosols are acidic, and the liquid phase is  the liquid content
sub-saturated.

Because little S (in the form of HSOs) would be ~ The partitioning of HCOOHHCOO™, CHCOOH/
thermodynamically expected to evaporate from dehydrated®HsCOO™,  HCI/CI=,  HNOs/NO;,  SQ»/SVlig,
cloud droplets, the apparent evaporation oﬁSCDom liquid H2C204/CZOAZ[ and NH;/NHI between gaseous, lig-
droplets to cloud particulate residues is likely due to evapo-uid and interstitial particulate phases were found to be
ration of ¥ and not BSQy. Between 27 and 52% of'S  rather stable over the different cloud events. The averaged
present in the liquid phase degasses upon droplet evaporaepartition over the 5 cloud events is shown Fig. 2. In this
tion. This high percentage confirms the fact that at least digure, degassing efficiencies calculated as above (Eq. 2) are
fraction of 8V dissolved in cloud droplets are oxidized (after seen as lower limit of the gas contribution of species to the
sampling) in the bulk samples from the CDI but evaporatessolute concentration.
in the CVI. 27-52% degassing is relatively high consider- The major fractions of CECOOH/CHCOO~ and
ing the importance of the particulate phase and indicates thaddCOOH/HCOO™ are in the gas phase. Moreover, the lim-
the amount of S@converted to S is limited. Thisis cer-  ited amount of carboxylic acids present in the liquid phase is
tainly due to limited oxidant levels in the wintertime and pre- essentially originating form the gas phase. No production in
sumably to a high amount of'Spresent in a complexed form  the liquid phase seems to take place unless a significant con-
with HCHO (HMSA). Only one sample (sample 2) shows re- sumption occurs simultaneously, which is unlikely. In fact
duced degassing of S@ue to potential SPoxidation. This  acetic and formic acids are not found in particulate droplet
sample is clearly influenced by anthropogenic activities asresidues. In that sense, these species contribute to acidifica-
shown by the elevated concentrations of sulfate, nitrate, amtion of the liquid phase but do not have a major impact on
monium and carboxylic acids and the low pH. Unfortunately, cloud-processed aerosols.
we do not have an indication on;B; levels to understand  Contrarily to carboxylic acids, oxalic acid is mainly found
what favored &' formation. in the condensed phase (liquid and interstitial particles). Still,

As already mentioned, the stable K5O~ equivalent  33% of the total mass of the compound is found in the gas
ratio in the liquid residual and interstitial phases indicatesphase. Also the same percentage ofdissol\fgdi(: is orig-
that any $'-to-S’! conversion is paralleled by Nftonver-  inating from the gas phase.
sion to NH; upon evaporation, leading {&H4)2SO, for- Despite its high solubility, a large fraction (67%) of NH
mation in the processed aerosol. lies in the interstitial gaseous phase. This is contrary to

The degassing fraction of N close to 50%, roughly the partitioning of this species at Kleiner Felberg (Fuzzi et
corresponds to that calculated fof!' Qlegassing, and this is al., 1994), and could be due to elevated concentrations of
confirmed by a rather stable I\yDSOﬁ‘ ratio in the liquid NHj3, as already measured by Laj and coworkers (2001) using
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Fig. 2. Phase partitioning between the gas, particulate and liquid phases in cloud calculated from concentrations from the RJI+Cascade
Impactor (particulate), RJI+Mist chambers (intertitial gaz phase) and CDI (liquid phase). Further partitioning within the liquid phase between
the gas-originating fraction and the particle-originating fraction are calculated from the CVI/CDI comparison. Gas concentrations are below
detection limits for HCL, HNG@, SO, and HC,04 , and thus their concentration are assimilated to detection limits.

different techniques. Consequently, as much as half of dismospheric processes can successfully be studied with this
solved NI—11F originates from the gas phase. Our results showmethodology.

that a high pH, this contribution is lower, as expected from In agreement with the thermodynamic predictions,
thermodynamics. The studies of Laj et al. (1997) and Wini-HCI/CI~ is mainly present in the liquid phase, as the result
warter et al. (1994), showed that Ijﬂ-tsubsaturation in-  of volatile gaseous chloride for 80% of the liquid concentra-
creases with increasing pH. The pH dependence of the sultion. SV+SY! is also mainly present in the condensed phase
saturation could be an artifact resulting from the fact thatand especially in the liquid phase of droplets, as the result
transfer through nucleation scavenging is not pH dependentof high amounts of particulate ﬁo transferred to the lig-

All other inorganic species are mostly found in the con- uid phase by nucleation scavenging, but also for 48% of the
densed phase with an interstitial gas fraction of the total mas$iquid concentration as the result of $@issolution. This
smaller than 11%. The origin of the liquid phase fraction high dissolution of & leads to a super-saturation of the lig-
varies depending on the chemical compound. The contribuuid phase with respect to the $@tmospheric level, which
tion to liquid concentration from particulate phase is lowestis of the order of 200 ppt at Puy dedhe during winter.
for CI~ (14%). The contribution from the particulate phase  HNO3z/NOj also mainly lies in the liquid phase, in equi-
is higher for S@* and NG; (about 50%). This is not sur-  librium with the predictions from Henrys law. About 50% of
prising given their elevated concentration in the particulatethe liquid phase NQ evaporates back to the gas phase, indi-
phase, which could limit the gas dissolution. cating that at least this fraction of the liquid §Qriginates

from dissolved HNQ. In fact, there are indications that the

contribution of dissolved HN@to the concentration of the
4 Summary and conclusions droplets should be higher than these 50%, as a cleaf NO

enrichment of the residual aerosol phase is observed relative
The study of the behavior of several key atmosphericto SG;~ and NHJ, compared to the interstitial aerosols. In-
compounds was performed using complementary samplingloud gas-to-particle transfer of HN@ossibly plays a key
inlets, in the interstitial, residual and liquid phases of role in aerosol acidification and in the modification of their
a multiphase system. Partitioning of HCOOH/HCOO  hygroscopic properties (Sellegri at al. 2003b).
CH3COOH/CHCOO™, HCI/CI=, HNOs/NO;, SO/SV/ Despite its high solubility, a large fraction (67%) of NH
gV, H2C204/C20:‘,:‘ and NH/NH; on the site of the Puy lies in the interstitial gaseous phase and only half of lig-
de Ddme, for 5 cloud events was examined. Despite the facuid NHjlr originates from the gas phase. This leads to a
that liquid concentrations varied over a large ranges, phaselear deviation from Henry’s law equilibrium and to the sub-
partitioning of the different species show very consistent fig- saturation of the liquid phase, presumably due to mass trans-
ures for the different cloud events, tending to show that at-fer limitation. Assuming Henry’s law equilibrium would
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overestimate wet deposition. Contrary to the conditions en- molecular weight organic compounds in fog, Tellus 44B, 533—
p
countered in the Po Valley fog (Ricci et al., 1998), particulate 544, 1992b.
ammonium does not compensate for dissolvegi-each  Flossmann, A. 1.: A 2-D spectral model simulation of the scaveng-
equilibrium. Gaseous N& which seems to be in higher con- g of geaseous and particulate sulfate by a warm marine cloud,
centrations than in other high altitude sites, therefore plays a Atmosphe:ch.{Tsearch_, 32, ]?33_24?' 19?4{ 4 clouds. J. At
key role in neutralizing cloud droplets at Puy dérde. ossmann, A. |.: Interaction of aerosol particles and clouds, J. At
Th . fracti f CRCOOH/CHCOO- d mos. Sciences, 55, 879-887, 1998.

€ major irac |9ns 0 BC Hs an Flossmann, A.: Cloud Ice Mountain Experiement (CIME) Final
HQOOH/HCOO arein the_ gas_phase as Well' Mqrec_)ver’ the Report, Aubére, France, Laboratoire deétorologie Physique,
limited amount of carboxylic acids presentin the liquid phase 2gqq.

is essentially originating form the gas phase. The apparentuzzi, S., Facchini, M. C., Schell, D., Wobrock, W., Winkler, P.,
sub-saturation of the liquid phase is, again, presumably due Arends, B. G., Kessel, M., Bls, J. J., Pahl, S., Schneider, T.,
to mass transfer limitation. Oxalic acid is mainly found in  Berner, A., Solly, |., Kruisz, C., Kalina, M., Fierlinger, H., Hall-
the condensed phase (liquid and interstitial particles) but dis- berg, A., Vitali, P., Santoli, L., and Tigli, G.: Multiphase chem-
solved (-\204217 surprisingly originates mainly from the gas istry and acidity of clouds at Kleiner Feldberg, J. Atmos. Chem.,
phase. 19, 87-106, 1994.
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