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Abstract. A range of bubble and sea spray aerosol gene+o the generation from artificial seawater devoid of organics.
rators has been tested in the laboratory and compared witfihe extent of the effect of organics on the aerosol proper-
oceanic measurements from the literature. We have showties varied depending on the method of particle production.
that the method of generation has a significant influence orrhe results of this work indicate that the aerosol generation
the properties of the aerosol particles produced. Hence, thenechanism affects the particles organic enrichment, thus the
validity of a generation system to mimic atmospheric aerosolbehaviour of the produced aerosols strongly depends on the
is dependent on its capacity for generating bubbles and pataboratory aerosol generator employed.
ticles in a realistic manner. A bubble-bursting aerosol gen- Comparison between bubble lifetimes in several labora-
erator which produces bubbles by water impingement wadory simulations and the oceanic conditions indicated that it
shown to best reproduce the oceanic bubble spectral shapespuld require a considerable extension of the dimensions of
which confirms previous findings. the currently used bubble-bursting laboratory systems in or-

Two porous bubblers and a plunging-water jet system wereder to replicate the characteristic oceanic bubble lifetimes.
tested as bubble-bursting aerosol generators for comparisoe analyzed the implications derived from the reduced bub-
with a standard nebulizer. The methods for aerosol pro-ble residence times in scaled systems, regarding marine sur-
duction were evaluated by analysing the bubble spectrunfactants adsorption on rising bubbles, and found that adsorp-
generated by the bubble-bursting systems and the submtion equilibrium is reached on a timescale much shorter than
cron size distribution, hygroscopicity and cloud condensa-the bubble lifetime in small-scale laboratory generators. This
tion nucleus activity of the aerosols generated by the differenimplies that adsorption of marine surface-active material is
techniques. Significant differences in the bubble spectrunmot limited by surfactant transport to the bubble surface.
and aerosol properties were observed when using different
aerosol generators.

The aerosols generated by the different methods exhibq |ntroduction
ited similar hygroscopicity and cloud condensation nucleus
activity behaviour when a sample of purely inorganic saltsMarine aerosol accounts for the majority of the global natu-
was used as a parent seawater solution; however, significamél aerosol flux and consequently, has an important impact
differences in the aerosol properties were found when usingn the Earth’s radiative budget and biogeochemical cycling
samples of filtered natural seawater enriched with biogenidO’Dowd et al, 2004 2007). Aerosol particles affect the ra-
organics. The presence of organics in the aerosol caused sugiative balance of the atmosphere by absorbing and scatter-
pression of the growth factor at humidities above 75% RHing in-coming solar radiation (direct effect) and by affecting
and an increase in the critical supersaturation with respecthe microphysical properties of clouds (indirect effect). The
indirect effect is a significant source of uncertainty due to the
complexity of the atmospheric interactions involved, as well
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Sea spray primary particles are produced as a result ohingsson et al.2006 Saul et al. 2006 Niedermeier et a/.
breaking wave processes occurring on oceans surfaces. WirgD08 Braban et al.2007). It is a common practice to use
generated waves breaking at wind speeds higher than4ms atomizers for the generation of laboratory marine aerosol
produce sea-spray droplets with sizes frathum to>25um  proxies from seawater sampleSvenningsson et al2006
(Lewis and Schwartz2004). Breaking waves dissipate up Rizig et al, 2006 Saul et al. 2006 McNeill et al, 2006
to 40% of their energy and up to 50% of the energy lossBraban et a].2007 Niedermeier et al2008 Taketani et aJ.
is expended in entraining air in the water bulk and creat-2009, while only in a few works the aerosol has been pro-
ing a dense plume of bubbleRdpp and Melville 1990). duced by bubble-bursting via aeration through glass frits or
The formed bubbles rise and burst upon reaching the surfaceliffusers Cloke et al, 1991 Martensson et al2003 Keene
thereby producing the so-called film and jet drops. Depend-et al, 2007 Tyree et al. 2007 Wise et al, 2009 Hultin et
ing on its size, a bubble can produce up to ten jet drops andl., 2009 or using water jetsGipriano and Blanchard 981,
several hundreds of film drops. The sea spray total numbeSellegri et al. 2006 Facchini et al.2008.
concentration is normally dominated by particles in the sub- Bubble bursting has been simulated in laboratory works
micron size range from 5 to 300 nm, with a decline in theto study the marine aerosol size distribution properties.
particle number with increasing sizEi(zgerald 1997). Martensson et a{2003 andTyree et al(2007) simulated the

The primary marine aerosol is composed of seawater enproduction of marine particles by bubbling seawater samples
riched in inorganic and organic chemical compounds as welthrough different porous medig&ellegri et al. (200§ com-
as with bacteria and viruse8dehme et aJ.1993. Both pared the bubble spectrum and the submicron aerosol size
natural (biogenic) and anthropogenic compounds, dissolvedlistributions generated by using a water recirculation system
in the near-surface layer of the ocean or as a thin film onand aeration through glass frits of different porosity. Some of
the ocean surface, may contribute to the content of mathese investigations also studied the effect of salinity, water
rine aerosols. Under breaking wave conditions, the primarytemperatureNlartensson et al2003 Tyree et al, 2007 Sell-
mechanism of transport of biogenic surfactants to the oceamgri et al, 20069 and organic matter by using organic proxies,
surface is by bubble scavenging. When the bubbles reach theuch as oleic acidTree et al. 2007 and sodium dodecyl
water surface, the organics concentrated on their surface aulphate (SDS)Sellegri et al. 2006).
ejected into the atmosphere along with dissolved inorganic Although most marine aerosol size distribution studies
constituents of seawater. Thereby, the seawater compositiomave given emphasis to the reproduction of particle forma-
bubble spectrum, bubble hydrodynamics and the formatiortion via bubble bursting, the majority of investigations on the
and chemical composition of the aerosol are closely interre-aerosol behaviour, such as halogen reactiisaban et al.
lated and interdependem(ce and Hoffmanl976 Tsenget 2007, N2Os uptake Gtewart and CoxX2004 McNeill et al,,
al,, 1992. Chemical analysis of sea spray particles collected2006 Saul et al. 2006, hygroscopic growth§venningsson
in field experiments has provided evidence for the presencet al, 2006 Niedermeier et al.2008 and cloud condensa-
of significant concentrations of biogenic organic matter in thetion nucleus activity $venningsson et aR00g Moore et al,
submicron size rangd¢ipffman and Ducgl977 Novakov et 2008 use atomizers as aerosol generators. The real process
al., 1997 Middlebrook et al.1998 Putaud et a).200Q Cav-  for marine aerosol formation greatly differs from the aerosol
alli et al,, 2004. Primary emission of biogenic organic mat- generation induced by the atomization mechanism; however,
ter originates from the metabolic activity of oceanic phyto- the extent to which the discrepancy between this technique
plankton and consists of a complex mixture of dissolved andand the real production processes can affect the aerosol be-
particulate species, including a variety of organic compoundshaviour has not been analysed. The reliability of laboratory
such as carboxylic acids, lipids, amino acids and carbohy-aerosol studies depends on the degree to which the aerosol
drates Aluwihare and Repetal999. The presence of this laboratory proxies are able to mimic the behaviour of real
organic material in seawater might influence the aerosol proaerosols. The properties of such aerosol proxies might be
duction mechanism, by affecting the bubble hydrodynamicsdependent on the generation mechanisms used in the labo-
and also the behaviour of the aerosol generated. Secondargtory; however, none of the previously conducted investi-
organic aerosol formed from biogenic gaseous emissiongations specifically addresses the performance of different
(Meskhidze and Neng2006, along with anthropogenic and laboratory methods as generators of marine aerosol.
terrestrial natural sourceStephanou1991), also contribute Although inorganic sea salt comprises a significant frac-
to the organic fraction found in marine aerosols. However,tion of the sea spray aerosol dry mass composition, organic
little is known on the effect of the organic matter on the be- matter can also contribute to the overall ma®Dowd et
haviour of atmospheric particleM¢Figgans et a).2006. al., 2007). During high biological activity periods organic

A number of laboratory investigations have been con-matter has been shown to be the dominant component of the
ducted in order to study a range of physical and chemi-non-water mass fraction in the submicron ambient marine
cal characteristics of marine aerosols, such as size distribuaerosol, comprising up to approximately 63% of the total dry
tion, reactivity, hygroscopicity and cloud activation proper- mass Q’'Dowd et al, 2004. The role of such organic mat-
ties Martensson et al2003 Stewart and Cax2004 Sven-  ter on the behaviour of the marine aerosol remains largely
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Table 1. Summary of experimental conditions for the bubble spec- Table 2. Summary of experimental conditions for the bubble spec-
trum and aerosol characterization measurements conducted wittium (1 water jet) and aerosol characterization measurements (8 wa-
spargers as bubble generatorg)gj=total air flow through the ter jets) in the small-scale plunging water jet system in this study.
porous mediaz=depth below water. Sweep air flow in the tank Q. =total water flow,v;=mean jet velocity at the water surface,
head space was3 Ipm. do=nozzle diameter, g-water jet diameter at the water surface,
which is assumed-dg, h=vertical distance from the nozzle to the
water surfacez=penetration depth. Inflow conditions are defined
by h/d; andFr=Froude numbers /(g dl)o'5 with g=gravity accel-

Bubble spectra meas.  Aerosol meas.

Qair (Ipm Qair (Ipm z(cm ' : 1
air (IPm) air (IPm) (cm) eration (9.81m3s2). Sweep air flow in the tank head space was

Glassfrit 5.2 8.4 10 5 5 ~3lpm.

Diffuser 7.6 8.1 8.5 8 11

Bubble spectra meas.  Aerosol meas.
(1 water jet) (8 water jets)

uncertain; hence, further laboratory investigations on sea Qu (IpTl) 1i12 11'55 1576 1411
spray aerosol containing biogenically derived organic matter gl E?nf) ) '1 1 1 0'4
are needed to clarify the effect of this material on the aerosol ho(cm) 10 10 10 '4
properties. 2(cm) 9 9 10 7

It is likely that both the amount and size fractionation of hidy 10 10 10 10
the organic matter incorporated into the marine aerosol are Fr 452 464 561 5.59

affected by the mechanism employed for aerosol generation.
The use of different aerosol generators may lead to the pro-
duction of aerosols with varying chemical composition and
thus, to a diverging interpretation of the experimental results clean filtered air through porous media: a sintered glass filter
Therefore, itis important to determine the impact of the gen-(l:isher Sci., 30 MM mean pore SiZE) and an aquarium diffuser
eration techniques on the laboratory synthesized aerosols. (Elite Aquarium air stone, unknown pore size). The glass
This work presents an experimental study based on thgintered filter and the aquarium diffuser were placed at 5cm
characterization of sea spray particles generated from artignd 11 cm below the water surface, respectively. Experimen-
ficial and natural seawater enriched with biogenic organictal conditions for the measurements with the glass frit and
matter by using different laboratory techniques. Air injec- the diffuser are summarized in Tatle
tion through porous bubblers and a plunging-water jet system A method consisting of the recirculation of water by
were tested as bubble-bursting aerosol generators and cortmeans of a peristaltic pump was additionally used as bubble-
pared with a standard nebulizer. The ability of the bubble-pursting aerosol generator. With this technique, air entrained
bursting techniques to reproduce the real oceanic bubblgy the water bulk, as a result of water impingement, is dis-
spectrum signature was analysed by means of a series of oprersed in a plume of bubbles that burst upon reaching the
tical bubble spectrum measurements. Measurements of sizgater surface. A single water jet was produced to character-
distribution, water uptake and cloud condensation nucleusze the bubble spectrum generated by water impingement. In
activity (CCN) of the aerosol produced from organics-free order to generate a statistically significant number of parti-
artificial seawater and natural seawater containing biogenig|les for the aerosol experiments, the water flow was divided
organics were conducted in order to elucidate the extent ton eight water jets by using a flow distributor. To ensure a
which the different techniques employed for aerosol produc-similar dynamical behaviour between the multiple water jet
tion influence the behaviour of the generated aerosols.  and the single water jet systems, dimensional scaling based
on hydrodynamic Froude similitude was appli€&hénson et
al., 2004). Similarity of the ratio of inertial to gravitational
forces (Froude numbeFr) and inflow conditions (ratio of
height over water to nozzle diameter) between hydrodynamic
systems implies equal void fractions and normalised bubble
Bubble-bursting experiments were performed using a PTFESPEctrum Chanson et al2004. The total water flow and the
tank (internal dimensions: 20.5 cm height, 19.5 cm width anddistance from the nozzles to the water surface were adjusted
h astohave similarinflow conditions and Froude number inthe
6L of sample, which resulted in a water depth of 11 cm. Single and multiple water jet systems. TaBlewhich sum-
Bubble-bursting aerosol formation was simulated by gen_manzes the _experlm_ental Condltlons for the_measurements
erating bubbles in the bulk of seawater samples using dir.conducted with the single and multiple water jets, shows the

ferent techniques (Figl). Two systems were employed hydrodynamic similarity between these two systems.
for the production of bubbles in the tank via injection of

2 Experimental

2.1 Aerosol generation

27.5cm length) of 11L capacity. The tank was filled wit
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HC fiter  HEPA fter Thorough cleaning procedures were applied in order to

D minimize the presence of contaminants in the system. An

" o e P isopropanol and deionised water solution was first recircu-
" 0 lated in the PTFE tank and air forced through the porous units

= T for an hour, followed by two sequential tank washes with 5L

[ | N of deionised water. Next, the tank walls and bubbling appa-
: - et | | ratus were rubbed with chloroform, rinsed and washed with
R-/\.v - deionised water. In order to rinse the pump tubing and the

porous bubblers, deionised water was recirculated through
the tank tubing and air was forced through the porous units
@ fowmeter — = wateriine immersed in water. Finally, the tank was washed twice with
‘;“ ;:'nfd"y Tt samping e 5L of deionised water.
The bubble paths and lifetimes in the small-scale systems
employed in this study (porous plates and water jets system)
are shorter than those expected in real conditions. Small-
----- scale physical models, although not providing the real bub-
ble path lengths, are valid and useful systems to study the
dynamic behaviour of bubble plumes. Laboratory systems
with a varied range of plume depths, including lengtiO—
15 cm are generally used to study the formation and hydrody-
namic evolution of bubble plumes in order to understand the
process occurring in oceanic conditiol@griano and Blan-
chard 1981 Hwang et al. 199Q Leifer et al, 2007). An
analysis of this aspect and associated implications, regard-
ing marine surfactants scavenging by rising bubbles, are de-
Fig. 1. Schematic of bubble spectrum experiments (ay the ~ Scribed in Sectst and5 of this paper.
plunging-water jet system an¢b) porous media bubblers.(c) For the nebulisation experiments a TOPAS atomizer
Experimental set-up for aerosol size distribution, hygroscopic-aerosol generator (ATM 226) was used. In the atomization
ity and CCN experiments (the schematic represented correspondsiethod a flow of compressed air is introduced in the liquid
to the plunging-water jet system). BMS=bubble spectrome-yessel through the atomizer nozzle, producing a high velo-
ter, I?MPS:diﬁerentiaI mobility particle sizer., DMA=differentiaI city jet at expansion. As a result of the Bernoulli effect, the
mobility analyzer, CCN=cloud condensation nuclei counter, 5q,,66ys solution is drawn from the atomizer vessel and sub-
CPC.:.part'Cle counter, T'TDMA:HygrOSCOp'C'tandem differential sequently, a high-velocity air flow breaks up the solution into
mobility analyzer, MFC=mass flow controller. . . ..
droplets, forming the aerosol. Atomization of deionised wa-

A chemicall . PTEE , be (M . ter and rinsing with isopropanol, chloroform and deionised
/P 78 emically Ireswg?nt cqmp?5|_te t_u eé aster ec)j(water were applied for cleaning the atomizer vessel and tub-
) was employed for water recirculation in order to avoi ing prior the nebulisation experiments.

contamination of the water samples and adhesion of surfac-
tants on the tubing wall. The water flow was controlled by 5 5 Materials and methods
setting the peristaltic pump rotating speed in a range of 20—

40rpm and monitored using a rotameter. The bubble plumexrtificial seawater was prepared from analytical grade salts
penetration distance ranged from 7 to 10cm, depending oRng dejonised water following the method described by
the water recirculation flow and the water jet system em-kagter (1967 so that the ionic mass ratios of NaCl~,
ployed (Table2). _ Mg?*, HCO; and S@~ were comparable to those in seawa-
For the aerosol experiments the PTFE tank was sealed angy The salt mixture contained, by mass, 73.6% NaCl, 14.5%
swept with a continuous air flow of 3Ipm. The humidity of MgCly, 11.5% NaSO; and 0.004% NaHC@ Seawater
t_he f_Iow directed from the tank to the aerosol characten;a-sam|O|eS of 35%. salinity were prepared by adjusting the solu-
tion instruments was reduced down to 32-42% RH by mix-tjgn, density to 1025 kg m3 at 18-20°C using a hydrometer.
ing the sample with a 5% volumetric dry air flow, monitored  Natyral seawater samples collected from North Atlantic
by a mass flow controller, and by using a Nafion gas dryer,yaters were enriched with biogenically-synthesized organic
The relative humidity of the sample was monitored with & matter by culturingThalassiosira rotuladiatom cells in the
Rotronics HygroClip SCOS sensor positioned downstréamgporatory. These samples were used to analyse the aerosol
of the Nafion dryer. The h_ur_mdlty was further reduced to hygroscopicity and CCN activity. Seawater samples were
RH<10% for the hygroscopicity measurements by means Ofg|jected near the Scotland coast (UK) from the Tiree pas-

agas dryer. sage (5637.7 N, 6°23.8 W) by pumping surface water from

CCD camera Peristaltic pump

PTFE TANK

Nafion dryer

HC filter HEPA filter ?
W%

Compressed air

PTFE TANK Peristaltic pump
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about 5m depth into 20 L carbouys. The seawater collectecdissuming a spherical bubble shape, while the sample volu-
was aged by exposing the plastic carbouys to the sunlight fome and bubble size calibration allowed the calculation of the
about 2—-3 months. During the ageing period, algae present ibubble size distribution.
the seawater grew consuming all the nutrients, and the bac- The measurements were made on the rising column of
teria present in the water used up the organic matter releasdsubbles at circa 3—8.5 cm below the water surface and each
by the algae. The aged natural seawater was filtered (GF/Fyubble spectrum was averaged on the images recorded over
Whatman) to remove algal and bacteria biomass. The sampl2 min. Artificial seawater solutions were used to perform
was subsequently amended with F/2 nutrients and either seéhese experiments with the different bubbling systems. The
lenite or silicate Guillard, 1975, and sterilised by autoclav- experimental set-up for the bubble spectrum measurements
ing (121°C for 15 min) in order to prepare the media for the is illustrated in Fig.la and b for the plunging-water jet sys-
algal culture. The algal cultures were grown in glass Erlen-tem and the porous bubblers, respectively. All experiments
meyer flasks fitted with gas permeable stoppers or 20 L polywere conducted at room temperature in the range 18220
carbonate carboys (Nalgene) at’Thwith a photon flux den-
sity of ca. 70 pmol PARm? s~1 supplied by cool-white flu- 2.4 Aerosol characterization
orescent lighting (Phillips, Netherlands) with a photoperiod
of 12:12 h (light:dark). Monitoring of algal growth was done The size distribution of the generated aerosols was measured
by measuring in vivo chlorophyll-a fluorescence every 2 daysusing a Differential Mobility Particle Sizer (DMPS). The
using a Turner Trilogy fluorometer. Harvesting of the organic DMPS consists of two Vienna design Differential Mobility
matter commenced at the point when the cultures in vivoAnalysers (DMAs) Williams, 1999 Williams et al, 2007):
chlorophyll-a measurement peaked. Following algal growthan ultrafine DMA for particles in the size range 3.4-34nm
in Erlenmeyer flasks, the cell biomass was removed by fil-and a standard DMA for particle sizes from 30-830 nm. Af-
tration through pre-combusted (4%0 for 8 h) glass fiber fil- ~ ter transmission through the DMAs, particles are counted
ters (GF/F; Whatman) and subsequently through deionisedusing condensation particle counters (CPC). The ultrafine
water rinsed and sterile polycarbonate filters (0.2 um; Milli- DMA was attached to a TSI 3025A CPC counter and the
pore). Large volume algal cultures (10-20 L) were subjectedstandard DMA to a TSI 3010 CPC particle counter. The
to cross-flow filtration (0.2 um; Schleicher and Schuell) to re- DMAs were operated in parallel and utilised a custom built
move algal and bacterial biomass. The algal organic materiagealed, recirculating sheath air system, which was humidity
was then stored at20°C and kept frozen until use. controlled and filtered. Particle size distributions in the di-
For analysis of the organic content, the seawater samameter size range from 3nm to 450-830 nm were obtained
ples were aspirated from the filtrate using acid-washed glasgs the average of 6 scans during a 60 min measurement pe-
pipettes to pre-combusted glass ampules or autosampler botiod.
tles and acidified with orthophosphoric acid and stored in the A dual-column continuous flow CCN counter (Droplet
dark at #C until analysis. Dissolved organic carbon concen- Measurement Technologies) combined with a Vienna de-
tration (DOC) analyses was conducted as per standard proc&igned DMA and a particle counter TSI 3010 CPC were em-
dures on a Shimadzu TOC-V CPH/CPN. The concentratiorployed to characterize the aerosol cloud condensation acti-
of the seawater samples enriched with organics was 512 puMtity. The DMA was used to generate monodisperse aerosol
DOC, which is on the order of concentration expected in seain the size range between 40 nm and 110 nm dry diameter.

water in areas of high biological activitytigkot, 1982 Lo- These particles were directed in parallel to the CPC and CCN
mas et al.2001). counters. The CCN counter sample flow was 0.5Ipm and

it was operated at different supersaturations for each parti-
2.3 Bubble spectrum measurements cle size in the range between 0.03% and 1%. The activated

fraction was determined from the ratio between the CPC and

The size distribution of bubbles generated in the tankCCN counts and the critical supersaturation was estimated as
was measured with an optical bubble spectrometer (TNO+the supersaturation at which 50% of the particles were acti-
miniBMS) in the diameter size range from 30 to 1140 um. vated.
The system consists of a CCD camera which records images Deliquescence curves of 100nm dry diameter particles
of the bubbles generated in the water bulk in a sample volumavere measured by means of a Hygroscopicity Tandem Dif-
of 110 mn# illuminated by a light source. The CCD camera ferential Mobility Analyzer (H-TDMA) in order to analyse
was equipped with a daylight blocking filter and a telescopethe aerosol hygroscopicity. The H-TDMA instrument used in
consisting of two lenses, with focal lengths 40 and 80 mmthis work consists of a bipolar neutraliser, a diffusion dryer,
(Leifer et al, 2003. a fixed voltage long column DMA that is used to select a

Images acquired by the CCD camera were analysed byarrow size range of ambient aerosol, a humidification sys-
image processing software to obtain the bubble size histem, a second DMA used to determine the growth of the par-
tograms. Bubble size was determined by discriminating theticles selected by the first DMA and a TSI 3760 CPC counter
bubble image from the background by image thresholding(Cubison et al.2005 Gysel et al.2009. A humidity below
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10% RH was used for particle size selection in the first DMA. and the use of diverse generation mechanisms may lead to
The DMAs used were of the Vienna design with a centralmorphologies different to that of pure NaCl particles. Trans-
column length of 0.28 m and a sheath flow rate of 6 Ipm. mission Electron Microscope images of particles generated
The experimental set-up for the aerosol characterizatiorfrom artificial and natural seawater by bubble bursting have
is depicted in Fig.1c, utilising the plunging-water jet as shown that the morphology of these particles differs from the
aerosol generation system. The sampling system for thavell-known cubic shape of NaCl particleg/(se et al, 2009.
other bubble-bursting methods was identical. Blank mea- In our hygroscopicity experiments with the H-TDMA in-
surements were conducted before the experiments by meatrument we can consider that the particles are dry at the hu-
suring the particle counts in the sample air flow from the tankmidity for particle selection (R 10%). Because of the high
head space in the absence of bubbles. Bubbling experimentsygroscopicity of sea spray particles, some water is probably
were initiated when the particle counts detected in the blankabsorbed on the particles at the relative humidity for size se-
air were zero. The measurements were corrected for particleection in the DMA used for the size distribution and CCN
losses by considering the calculated transmission efficiencyneasurements (32—-42% RH); however, it is not clear to what
from the tank to the instruments as a function of the particleextent the water absorbed by the particles at this humidity
size. Most particle losses (up to 75% loss) occurred in thecan induce a change to spherical shape. Although the on-
size range below 20 nm, as a result of diffusion. set of particle morphology change for sea spray particles has
Due to the limited amount of organics-enriched seawatebeen observed to occur at 45% RH, particle rounding does
available, the sample was not replaced during the duration ohot take place until 65% RH is reached/iée et al, 2009.
the aerosol experiments. Time series of particle size distridn order to account for the uncertainty in the morphology of
bution measurements did not reveal any significant changethe particles produced by the different generators employed
during the duration of the experiments (1 h). The longest ex-in this work, correction factors in the range from spherical
perimental times were those needed to obtain humidograméy =1) to cubic shapey=1.08) are applied, with the averaged
(about 5 h). In order to test if the changes in the concentratiordata evaluated with a factor gf=1.04.
due to bubbling could modify the aerosol properties, some of
the measurements were replicated, but no significant changes
were found in the properties of the aerosol generated. 3 Results

2.4.1 Particles morphology considerations 3.1 Bubble spectrum measurements

The shape and morphology of aerosol particles are rele3.1.1 Comparison of bubble-bursting generators
vant characteristics which might affect the aerosol sizing
methods, through their effects on particle drag and transinvestigations on the study of the number and size of sea
port properties. Particle size selection in DMA columns is spray particles produced by individual bubbles have demon-
based on the mobility diameter, ()i which is dependent on strated that the relative contribution of jet and film drops to
the particle shape. For spherical particles mobility diame-the aerosol production depends on the characteristics of the
ter is equivalent to volume diameter )t however, for non-  parent bubble size distribution (Spiel, 1997; Wu, 2002). La-
spherical particles this is not the case. boratory reproduction of the oceanic bubble spectrum would
The shape of the particles depends on their chemicatherefore be relevant for the generation of a representative
composition and generation mechanism. Different types ofmarine aerosol. In order to test the ability of the selected
compounds may form particles of diverse morphology andbubble-bursting methods for simulating the real oceanic bub-
aerosol particles containing the same compounds could exsle spectrum, the size distribution of the bubbles generated in
hibit different structure and shape, depending on differencesurtificial seawater was experimentally determined.
in particle generationRissman et al.2007). The shape The bubble size distribution obtained for the water recir-
of the formed particles might also depend on the temperaculation system, illustrated in Fi@, is characterized by a
ture range, the drying process and the addition of surfactantpeak within the 40—80 um diameter range followed by a less
(Iskandar et a).2003. pronounced mode at 400-600 um. The use of increasing wa-
For cubic particles, such as NaCl, a standard shape facter recirculation flow rates caused an increase in the bubble
tor of x=1.08 is generally applied in order to reconcile the number within the whole size range as a result of a higher
mobility and volume equivalent diameters. This correction air entrainment in the water bulk; however, the shape of the
is necessary to estimate the particles hygroscopic growthdistribution was preserved. The bubble spectra produced by
and the volume equivalent diameter, usually employed as inthe glass frit and diffuser are shown in F&.A bimodal dis-
put parameter for calculations based on thi&hker theory.  tribution characterized by a narrow peak at 30—-40 um bub-
Although NaCl is an important component in both the arti- ble diameter and a second broad mode between 200 and
ficial and natural seawater samples used in this work, it is300 um was generated by the aquarium diffuser, while a mul-
likely that the presence of organics and other inorganic saltsimodal spectrum was obtained for the glass sintered filter.
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Lo Lo L state. Oceanic measurements below breaking waves during
the acoustic phase present a higher number of large bubbles
than measurements under quiescent conditions. The bubble
spectrum power law exponents at acoustic conditions range
from 0.8 to 1.9 Deane and Stoke®002. On the other
hand, oceanic measurements in quiescent plumes which had
evolved from initial acoustic primary plumes present higher
power scaling law exponents, with values from 2.5to 5. The
evolution of bubble plumes by breaking waves has also been
studied in wind-wave channelcdifer and de Leeuy2006.
Leifer and de Leeuw2006 consider the occurrence of four
. stages in the life cycle of bubble plumes formed by breaking
, Water recirculation flow : waves: formation, injection, rise, and senescence. Besides
—&— 1.0lpm the time evolution of bubble plumes, spatial variations have
; é-g :22 also been found in oceanic bubble specBawyer, 2001,

' Terril et al, 2002; Baldy, 1988. Bubble concentrations have
e — been observed to increase toward the surface accompanied by
10 100 - 1000 - ° a decrease in the power law exponeéBw\yer, 2001 Baldy,
1988.

A number of observations of oceanic bubble spectra, along
with the experiments from the bubbling systems obtained in
Fig. 2. Bubble population distribution versus bubble diameter for this work are illustrated in Figd. Oceanic plumes below
the plume generated by the plunging-water jet system at differenbreaking waves have been represented with measurements
water recirculation flows. for the plunging jet system and spargers at the tank centre

in Fig. 4a, while oceanic quiescent plumes have been plot-

ted with our plunging water jet measurements at 110 mm
A common characteristic of these distributions is that theyfrom the impingement point in Figdh. The shape of the
present a high number of bubbles larger than 100 um, whichhubble spectrum produced by the plunging water jet system
is in agreement with previous observations of spectra prois in good agreement with the oceanic spectrum power-law
duced by glass fritsMartensson et 812003 Leifer et al,  profile. The power-law exponent values for this generator
2003 Sellegri et al, 200. The differences in the shape of at the tank centre and at 110 mm from the impingement
the bubble spectra generated by the diverse systems indicagint are within the range expected in acoustic and quies-
that different particle production rates and size distributionscent conditions, respectively. The comparison presented in
should be expected from the several aerosol generators useghis figure indicates that the bubble distribution generated

Oceanic bubble measurements typically peak in a rangdy the plunging-water jet system is more consistent with the
from 40 to 80 um diameter, with the bubble number decreaseoceanic measurements than those produced by the other bub-
ing with size following a power-law scaling with an expo- bling systems, since the typical power-law profile of the real
nent which varies between 0.8 and Ge@ane and Stokes  distribution is closely resembled. This finding is consistent
2002 Leeuw and Leifer2002. The existence of a sec- with previous measurements reportedLajfer et al.(2003
ond peak at 400-600 pm has also been reported in oceanandSellegri et al (20069 of bubble spectra generated by wa-
spectra in open oceanlé Leeuw and Coher2002. The  ter impingement and aerators inmersed in seawater.
oceanic bubble spectrum power-law scaling has been proven
to be related to the life cycle of bubbles generated by break3.1.2 Model bubble plume evolution
ing waves Deane and Stoke2002. The lifetime of wave-
generated bubbles is divided into two phases. The first stagéVe used a laboratory system that reproduces the physics of
takes place as the fluid jet is entrained in the water, and idbubble formation (i.e. water impingement) for an analysis
known as the acoustically active phase. Once bubble produosf the spatial variation of the bubble plume and its evolu-
tion is finished, the formed bubble plume becomes acoustion, to explore whether there is any correlation in the be-
tically quiescent and it evolves under the effect of turbu- havior of the laboratory plumes and those in real conditions.
lent diffusion, advection, buoyant degassing and dissolutioriTo this end, the spatial distribution of the bubble popula-
(Deane and Stoke2002. Deane and Stokdg2002 studied  tion in the plunging-water jet system was characterised by
the evolution of bubble plumes below whitecaps after break-measuring the bubble spectrum at different positions in the
ing wave events. They reported an increasing value of théank, at a constant depth of 4cm below the water surface.
bubble spectrum power-law exponent with time due to theFields of bubble number and mean bubble size obtained from
bubble plume transition from the acoustic to the quiescenthis analysis are depicted in Fi§a. The highest bubble
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Fig. 3. Bubble population distribution versus bubble diameter for the plume generated () tiguarium diffuser an¢b) glass sintered
filter at different aeration flows.
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Fig. 4. Comparison betweefa) bubble spectra obtained in the tank centre for the plunging-water jet system and spargers in this study and
oceanic bubble spectra below breaking waves(ahptbubble spectra measurements at 110 mm from the impingement point in the water jet
system and quiescent oceanic bubble spectralgpth,U10=wind speed at 10 m above the surface).

concentrations and the large bubbles appear to be conceim the number and size observed in the bubble spectrum field
trated near the impingement region, while the bubble hum-data in Fig.5a. In these measurements the power-law expo-
ber and mean size are reduced as the sampling point is disient increases gradually as the sampling point is displaced
placed from the plunging area. Figubb shows the spec- from the impingement region, where it presents a value of
trum of bubble plumes at different distances from the im-1.49, to 110 mm from the tank centre, where the exponent
pinging point. A reduction in the number of bubbles with value is 4.5. The value of the power-law exponent at the im-
size larger than 100 um and a shift of the peak of the distri-pingement area is in good agreement with observations near
bution to smaller sizes are observed as the distance from théne formation region@Peane and Stoke2002. Likewise,
water jetis increased. These trends account for the reductiothe power-law exponent of the bubble spectrum obtained at
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Fig. 5. (a) Spatial distribution of total number and mean size of bubbles generated by the plunging-waterjet system (1.8 Ipm water recir-
culation flow) and(b) bubble spectra at impingement, 55 mm and 110 mm from the tank centre. Error bars indicate the variability of the
measurements aslo standard deviation.

110 mm from the impinging zone is comparable to those o0f124 and 334 nm. The second to fourth lognormal modes in
bubble spectra measured in oceanic quiescent plumes, as wiee aerosol distributions generated by the spargers peak at
illustrated in Fig.4. Spatial evolution has been observed in smaller sizes than those of the plunging-water jet aerosol,
field measurements of bubble spectrum at different distancewhereas only the glass sintered filter measurement shows a
from the breaking wave zone at the water surfddewyer, significant fourth lognormal mode at 250 nm.

200]). These correspondences indicate that the bubble spec-

trum created below the plunging-water jet represents a bub- A foam of pseudo-stable bubbles, only observed when
ble plume in the acoustic stage, in which a continuous gen__bubb!lng with the glass sintered flI_ter and the plunging-water
eration of bubbles occurs, whilst measurements outside thift Might be related to the formation of this fourth mode of
plunging area correspond to bubble populations originatedarger particles. Furthermore, the higher significance of the

from a nascent bubble plume which has gradually evolved©Urth lognormal mode in the plunging-water jet measure-
from acoustic to quiescent conditions. ment, with respect to the distributions generated by the other

bubblers, could be associated with a mechanism patrticularly
3.2  Aerosol size distribution predominant in this system. A notable splashing, produced

from the impact of the water jet on the water surface, was ob-
Aerosol size distributions obtained from artificial seawater served for the plunging jet system. This could be related to
by using the different generation techniques are shown irthe formation of the fourth lognormal mode, directly, via the
Fig. 6. As the order of magnitude of particle production in generation of particles as a result of splashing, or through an
the systems studied is considerably different, the results haveffect on the bursting of bubbles reaching the water surface.
been normalized to the total particle number for comparisonThese observations are similar to findings ®silegri et al.
purposes. (2006. These authors found that the size distributions ob-

For a more accurate comparison of these multimodaltained by using a weir system were formed by three lognor-

curves, each size distribution was decomposed into an opmal modes with modal sizes45nm, 112 nm and 300 nm.
timum number of lognormal modes by applying least squareThe modal sizes of the second to third lognormal modes in
fitting to the experimental data, so that the total distributionthe distribution of the aerosol generated by our plunging wa-
results from the sum of the different lognormal modes. Fourter jet system are in good agreement with the modal sizes re-
modes were found in the size distributions generated by uported bySellegri et al(2006. An additional similarity be-
sing the bubble-bursting techniques, while only two modestween our results an8ellegri et al (2006 is the higher sig-
comprise the distribution of the atomized aerosol. The pro-nificance of the lognormal mode with modal siz800 nmin
perties of the measured size distributions are summarized ithe water impingement system with respect to the size distri-
Table3. The submicron particle size distributions generatedbutions of the aerosol generated by spargers. The formation
by the plunging-water jet system presents modes at 14, 4&f this lognormal mode has been suggested to be related to
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Fig. 6. Normalized particle size distributions of aerosols generated from artificial seawatay te plunging-water jet system (8 water

jets), (b) aquarium diffuser (8 lpm air flow),c) glass sintered filter (5 Ipm air flow) ar{d) atomizer. A shape factoy=1.04 was applied

to the presented data. Horizontal error bars indicate the uncertainty in the diameter selected by the DMA as function of the shape factor
correction in the range from spherical£1) to cubic (=1.08) shape. Vertical bars indicate the variability of the measurements obtained
from 6 scans during 1 h period dslo standard deviation.

Table 3. Characteristics of aerosol size distributions obtained from artificial seawater samples in this study in comparison with atmospheric
marine aerosol measuremenge(legri et al. 200§ (Dpg, geometric mean diameter (shape fagtes 1.04 for laboratory measurements);
og, geometric standard deviatioN/N; (%), lognormal mode particle number to total number ratio).

Mode 1 Mode 2 Mode 3 Mode 4
ng O'g N/N[ ng O'g N/Nt ng Ug N/N[ ng Og N/Nt
(nm) (%) (nm) (%) (nm) (%) (nm) (%)
Multiple plunging-water jet system 14 1.8 0.382 48 16 0317 124 14 0168 334 15 0.133
Glass sintered filter 20 1.7 0.089 41 1.5 0.452 87 1.8 0417 250 1.2 0.041
Aquarium diffuser 12 1.9 0.130 37 1.8 0.50 87 1.7 0348 286 1.4 0.015
Atomizer 35 16 0530 100 1.9 0.462

Field data (Sellegri et al., 2006) 15 1.5 0.072 35 1.7 0497 104 15 0283 203 15 0.148

forced bursting of pseudo-stable bubbles on the water surformation through air entrainment by breaking waves, burst-
face induced by the splashing produced by water impingeing of initial bubbles can form secondary bubbles near the
ment Sellegri et al.2006). water surface. The bursting of these groups of secondary

The occurrence of different modes in the aerosol distribu-bubbles, in addition to the bursting of the primary bubbles,
tions could be the result of diverse bubble bursting scalesmight contribute to the formation of the different modes com-
According to Leifer et al. (2000, in addition to bubble Pprising these particle size distributions.
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Fig. 7. (a) Normalized atmospheric sea spray size distribution fi®aflegri et al.(2006 and (b) comparison of primary particle size
distributions of aerosols generated from artificial sea water via bubble-bursting and atomization (shape=fa#y and the atmospheric
size distribution fronmSellegri et al(2006.

Figure7 shows the size distributions obtained in this study 3.3 Hygroscopicity and CCN activity
along with a submicron atmospheric particle size distribution
measured at the Mace Head Atmospheric Research Statiodygroscopic growth in the humidity range from 50 to 95%
under marine conditions byellegri et al(2006. The atmo- RH was measured for 100 nm dry diameter particles gen-
spheric particle size distribution was measured in a montherated from artificial seawater samples. Fig8ee shows
with low biological activity (January 2004), thus a low or- the hydration behaviour of particles produced from artificial
ganic content is expected in these oceanic waters. Deconseawater using the different aerosol generation techniques,
position of the oceanic measurement into lognormal modesilong with experimental and theoretical data for pure NaCl.
showed that the ambient size distribution also comprised four The error bars on the plunging-waterjet curve are indica-
modes. Although Fig7b indicates some similarities be- tive of the uncertainty in the diameter selected by the DMA,
tween the shape of the atmospheric measurement and thmalculated considering correction factors in the range from
primary distribution generated by our plunging-water jet sys-spherical f=1) to cubic shapex=1.08). A shape factor of
tem, it should be noted that comparison of primary and am-x=1.04 was applied to the presented data. Although not in-
bient aerosol cannot be made directly due to the presenceluded here for clarity, the same uncertainty range should be
in the ambient aerosol of components that originated fromconsidered for all the experiments.
secondary processes and other aerosol sources, like non-seawithout significant differences between the studied cases,
salt sulphate aerosol from anthropogenic ori@avoie etal.  observable water uptake already occurred at 50% humid-
2002. In addition, other factors such as water temperatureity, followed by a progressive growth with increasing RH
can affect the characteristics of the particle size distributionand a substantial water uptake in the 70 to 80% humidity
generated. Our measurements were conducted2t°C range. The characteristics of this humidogram are in agree-
while the field data corresponds to seawater@@ALabora-  ment with observations of ambient marine aerosdlgkler
tory experiments show evidence that a decrease in the watest al, 1972 Tang et al. 1997 and aerosols generated from
temperature leads to a reduction in the mean size of the emitartificial and natural seawater sampl€ziczo et al. 1997
ted particles $ellegri et al. 2006 Martensson et al2003. Wise et al, 2009. The hygroscopic properties of sea spray
From these experiments we conclude that the mechanisrparticles are consistent with what is expected from a multi-
for aerosol production affects the shape of the particle siz&ecomponent aerosol system. The presence of salts of low deli-
distribution and thus, in the intercomparison between differ-quescence point, such as MgCire considered to be respon-
ent laboratory studies both the influence of the seawater sansible for the water uptake occurring at RH lower than that of
ple and the particle production method should be taken intaNaCl (Cziczo et al. 1997, while the significant growth at
account. ~75% RH is related to the total dissolution of NaCl crystals.
Natural filtered seawater samples, enriched wWiktalas-
siosira rotulaexudate at 512 uM DOC concentration, were
prepared to compare the behaviour of particles produced by
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to the presented data. Error bars indicate the uncertainty in the diameter selected by the DMA as function of the shape factor correction in
the range from sphericak€1) to cubic (=1.08) particles.

the different aerosol generators. Figure 8b presents the hythe mean uncertainty in the determination of the critical su-
groscopic growth of the particles generated from seawatepersaturation taken aslo standard deviation. Although not
containing algal exudate along with the theoretical and ex-included in all cases in Fig. 9a—c for clarity of presentation,
perimental curves for NaCl. The existence of organic ma-the same uncertainty range should be considered for all the
terial in the sea spray particles suppresses the hygroscopixperiments.
growth in comparison with the artificial seawater measure- Whereas the measurements with artificial seawater in-
ments in all cases, although the magnitude of the observedicate no significant effects on the critical supersaturation
effects is dependent on the generation technique employedvith respect to the theoretical values for NaCl, the pres-
The main differences between the humidograms are observeghce of biogenic organics implies an increase in the critical
above 75% RH, with the plunging-water jet presenting thesupersaturation in all cases; however, the degree of this effect
highest growth suppression. The rest of the cases show a sinis dependent on the aerosol generation system employed.
ilar behaviour up to 87% RH, above which the humidogramsRelative variation in the critical supersaturation Sc with re-
for the aerators and the nebulizer diverfése et al.(2009 spect to the critical supersaturation for the case without or-
reported analogous findings to our results in their compari-ganics presented in Fig. 9d shows a large effect for the atom-
son of the morphological changes of growing sea spray parization experiments, with a notable increase in the critical su-
ticles generated from artificial and natural seawater using twgpersaturation with increasing patrticle size from 6% at 38 nm
different aerosol generators. These authors found that ther@l,e) to 43.8% at 96.3 nm (d). The change in the slope of
were no differences in the hygroscopic properties of particleghe curve for the atomization measurements (Bly. sug-
generated from organics-free artificial seawater by either atgests the occurrence of surface tension effects below 70 nm
omization or foam-bubble bursting; however, they observedor organic component size fractionation.
a difference in the onset of morphological change and round- The influence of organics on the critical supersaturation
ing of particles produced by the two generators when usingof particles generated in the bubble-bursting experiments
natural seawater. showed little size dependence, with 17% and 11% averaged
The CCN activity of particles generated from artificial sea- increase in the critical supersaturation, for the experiments
water and seawater containing organic exudate was charaaevith the plunging water jet and the porous bubblers, respec-
terized for dry particle diameters between 40 and 110 nmtively. Although the presence of surface-active organic ma-
Critical supersaturations obtained from these experiments arterial in the particles would induce a reduction in the surface
shown in Fig.9a, b, c, along with the theoretical curve for tension and, consequently, a decrease in the critical supersat-
NaCl. The horizontal error bars account for the uncertainty inuration according to the equilibriumdfler theory, the ob-
the selection of the particle diameter by the DMA as a func-served increase in the critical supersaturation might be due to
tion of the particle shape, and the vertical error bars indicatea dominance of the Raoult term because of the replacement
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Fig. 9. Critical supersaturation as a function of particle diametgg)(éor the aerosol generated froa) artificial seawater an¢b), (c)
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taken ast1o standard deviation.

of inorganic salts by organic compounds and surface to bulkhe particles organics enrichment. The sea-water-to air trans-
partitioning effectsI(i et al., 1998 Sorjamaa et al.2004). fer of surface active organic compounds has been shown to
A detailed analysis of the influence of the marine biopoly- be related to the scavenging of organic matter by the rising
mers on the particles CCN behaviour is beyond the scope obubbles, which is dependent on the bubble spectrum and the
this work and will be presented elsewhere. Nevertheless, iti€hemical properties of the material absorbed by the bubbles
clear that representative bubble-bursting and aerosol generéTseng et a.1992. It has been hypothesized that marine
tion mechanisms must be used to simulate these effects.  surfactant scavenging by rising bubbles depends on the bub-
ble path and that providing path lengths of the order of 1 m
in laboratory systems implies replicating the oceanic bub-
4 Considerations on the bubble path length and lifetime ~ bles lifetimes Keene et a/.2007. On the other handlyree
in bubble-bursting small-scale systems et al. (2007) assumed that the lifetime of oceanic bubbles
can been approximated to the order of wave periods (1-5s).
The discrepancies in the hygroscopicity and CCN activity In these previous works it has not been considered that the
of aerosols generated by the different systems used in thi§ceanic bubble lifetimes depend on the bubble sizsvis
study suggest that the mechanism producing the particlednd Schwartz2004 and on the interaction between bubbles
and’ probab'y’ the Specific Operating ConditionS, inﬂuenceat the h|gh VOid fI’aC'[ion Conditions in OceaniC bubble swarms
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(Lamarre and Melville1991). In this section we will analyze  2003. The superficial gas velocity in our measurements with
this aspect by comparing the estimated lifetimes of bubbleghe glass sintered filter is 0.03m’s thus we can assume
generated by the systems employed in the present study artlat the flow conditions correspond to the linear section of
others in the literature with the expected lifetimes of oceanicthe homogeneous regimRipeiro and Mewes2007). This
bubbles. flow regime is characterized by the formation of in-line trail-
To determine the velocity of bubbles produced in the labo-ing bubbles, whose motion is affected by wake effects which
ratory systems we will assume that the bubbles generated bgause the train of bubbles to rise faster than single bubbles
a vertical plunging water jet and spargers in seawater reacin still water Zhang and Far2003. The ratio between the
their terminal velocity rapidly after formation, as it has been rise velocity of a trailing bubblé/gs and the velocity of an
shown that bubbles generated in solutions of NaCl and surisolated bubbld/g is given byZhang and Faf2003:
factants attain their terminal velocity in less than 1 cm (Krzan

and Malysa, 20_09). The rise velocity of isolated but_)bles Ugt/ Uo= 1+@ [1—exp< Reg )} )
whose surface is covered with surfactants can be estimated 2 x/Dy,
as Batchelor 1967): ) ) - ]
wherex is the distance between the trailing bubbles. The dis-
2 4Dp(p—pg) 1 tance between the bubbles can be estimated from the number
073 pCqo (1) of bubbles in the bubble column generated from a pore on
the plate, which depends on the air flow through the porous
Cao= R1_2 (1+0.104Req) (2)  Mmedia:
€0 L _(A=DyNy) )
whereUj is the terminal rise velocity of the bubbles;, B " hNp—1
the bubble diametep is the density of the liquidp, is the
air density,Cqo is the drag coefficient anfleg is the bubble Np= Op (6)

Reynolds number. VpUgi
The bubble rise velocity in bubble clouds is affected by ) ) )
hindrance and wake effects exerted by surrounding bubble¥/N€reQ, is the mean air flow per poreys is the number of

(Simonnet et al., 2007). In bubble clouds, wake effects are?UPPles per unit length in the bubble column over a p¥ge,

frequently compensated by hindrance effects and the termilS the bubble volume, antlis the distance from the porous

nal velocity of bubbles is defined as a function of the ve- Plate to the water surface. The mean air flow per pore is de-
locity of the isolated bubble and the global gas void fraction €rmMined asQ ,=QairA ,/(A¢), where Qi is the total flow

(Ribeiro and Mewes2007 Richardson and Zak1954): through the plateA is the area of the porous platejs the
glass frit porosity, and4, is the mean pore area. We will
Unj = Uo(l—a)" 1 (3) adopt the definition of trailing bubble rise velocity indicated

by Eqg. (4) to calculate terminal velocities of bubbles gener-

where n is the Richardson-Zaki exponent, which is a ated by the glass sintered filtdvgs) in the conditions of our
function of the Reynolds number, ardis the void frac-  study.
tion. For the determination of the Richardson-Zaki expo- Figurel0shows the ratios of velocity and lifetimes of bub-
nent we will use the parameterization Bichardson and bles generated by our plunging jet system and the glass frit
Zaki (1954, which has been shown to be valid for bub- at two different bubbling air flows. A case with equal bubble
ble swarms forReg <300 and Morton numbex3.9 1010 path lengths 44t/zwj=1, with z=bubble path and subscripts
(Sankaranarayanan et,&006). gf=glass frit and wj=waterjet) and bubble path ratio as the

Void fractions generated by plunging water jets with the one used in the experimentg/zwj=5 cm/7 cm=0.71) are in-
dimensions used in this work are expected to $@.05 cluded to show the sensitivity of the bubble lifetime to this
(Chanson et al2004), thus we will assume that the velocity factor. The representation shows that the velocity of bubbles
of the bubbles generated by the plunging water jet is equal tavith sizes< 200 um is higher and, hence the lifetime lower,
the terminal velocity of an isolated bubble. for the glass frit than for the plunging water jet, as a result of

Several flow regimes as a function of the superficial gas vewake effects. This difference occurs in the size range where
locity are defined in the behavior of bubbly flows generated80—90% of the bubble population is found (Fi), bubble
by injecting air through spargers (Ruzicka et al., 2003). Inspectrum curves). Although the air flow through the glass
the homogeneous regime, non-coalescing and almost spheirit affects the velocity and lifetime of bubbles, the results
ical bubbles are generated continuously from the orifices ofare critically dependent on the bubble path length.
the porous plate. For low flow conditions, in the stable plate The bubble lifetimes calculated by using Eds.t6 (6) for
phase of the homogeneous regime, the void gas fraction inthe multiple water jet system (7 cm bubble path) and the glass
creases linearly with the superficial gas velocity because ofrit (5 cm bubble path) are illustrated in Fifj1, along with
negligible hindrance effects between bubbRaZicka et al. the mean residence times indicated in the workd\oke
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Fig. 10. Glass frit to plunging-water jet bubble rise velocity ratio Bubble diameter Dy, (um)

(Ugt/Uwj) and residence time ratiagt/s,j) for two different aer-
ation flows through the glass frit and bubble path ratigez,j=1

----- Oceanic plume (void fraction=0.2), z=0.5 m, U,,=4.6 m/s
Oceanic plume (void fraction=0.2), z=1 m, U,;,=5.8 m/s

and 0.71. Bubble population distributions generated by the glass frit | — - Oceanic plume (void fraction=02), 2=1.5m, Uy,=6.9 mis
. . ) . Isolated bubble in seawater, z=1 m
(5.2Ipm air flow) and the single plunging-water jet system (5Ilpm Isoated bubble in seawater, z=0.35 m
. . s P i ter jet,this st =0.07
water flow) are included for comparison. Glas i, this rsiﬁdy 5:3 0.05 (rfq, Qa,,=r5n}pm)

© mean bubble lifetime, Keene et al., 2007:
glass frits (z= 1.0-1.3 m, mean bubble size: 400 pm)
mean bubble lifetime, Tyree et al., 2007:
fine pore diffuser (vg=0.33 cm/s; z= 0.32-0.395 m, mean bubble size: 230 um)

et al. (ZOOD (32—39_5 cm bubble path, mean bubble diam- 0 mean bubble lifetimes for mean bubble sizes, this study
eter=230 um) andkeene et al(2007) (100-130cm bubble
path, mean bubble diameter =400 um).

For comparison, the lifetime of oceanic bubbles, calcu-Fig- 11. Comparison of estimated lifetimes of bubbles generated
lated using the equations for bubble swarms (1) to (3), and?y the plunging-water jet system and the glass sintered filter in this

considering characteristic cloud residence depths of 0.5 mStudy with lifetimes reported bi(eene et al(2007 andTyree et

1m and 1.5m, have also been included in Fig. In this al. (2007, and oceanic plume lifetimes at 4.6 m's 5.8ms 1 and

<1 . .
calculation only hindrance effects are considered, as bubgs'9 ms - wind speeds at a breaking wave everttiubble path,

. ~~U10=wind speed at 10 m above the surface). Lifetimes of isolated
ble Wake ef‘fec_ts in bubble CIOUd_S are Compe_nsated by hinphhies at 1m and 0.35m depths are included for comparison.
drance in the size range of oceanic bubbles (dianraétenm)

(Simonnet et a).2007. The considered cloud residence

depths, defined as the depth where the majority of bubble$or initial depths of 0.5 m and 1.5 m, respectivelyegvis and
reside, Correspond to wind Speeds of 46&] 5.8 ms‘l SChwartZ 2004 Above these critical Sizes, the Change in
and 6.9 mgll respective|y, as derived from parametriza- the bubble diameter fron$1—1.5m depth to the surface is
tions obtained from oceanic measurementSpgham etal.  <10% (Lewis and Schwartz2009, thus, we will assume
(2004. Although at moderate and high wind speeds condi-that the bubble size is not modified on the way to the sur-
tionS, cloud residence depths are frequenﬂy of the order Oface. Although bubbles below the critical size dissolve before
1m and higher Graham et a).2004, we have evaluated a reaching the surface, they also contribute to the transport of
case at 0.5m depth in order to include a conservative cas8urface-active material to the subsurface region before disso-
at low wind speed conditionsGfaham et a).2004. For lution. Hence, we have included the bubble size range down
the calculations we have considered a void fraction of 0.2,t0 60 pm diameter for the analysis.

as in breaking wave events a minimum void fraction of 0.2 Our calculations for oceanic lifetimes yield residence
near the water surface is expecteararre and Melville  times from 6 s for bubbles with 2 mm diameter to 3 min for
1991). Although we have analyzed the bubble size range80 um size at 4.6 nT$ wind speed (0.5 m depth), and from
above 60 pm, it should be noted that the critical bubble diam-12 s for bubbles with 2 mm diameter to 7 min for 80 um di-
eter (i.e. diameter below which bubbles reduce their size anémeter, at a wind speed of 5.8 mss(1m depth). This
dissolve before reaching the surface) is 80 um and 120 pnealculation is consistent with measurements which indicate
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that oceanic bubble clouds are long lasting and present lifeby the reduced inertial forces linked to plunging water jets of
times at breaking wave events in field conditions on the ordersmall dimensions. Available evidence suggests that the op-
of minutes Hwang and Teagy200Q Lamarre and Melville  timum system to reach the oceanic bubble lifetimes would
1994 Johnson1986. be the generation of a large-scale plunging water jet in large

According to our analysis, none of the compared worksvolume tanks £1001) as those employed Byacchini et al.
replicate the oceanic bubble lifetimes. Specifically, in our (2008. This would allow the recirculation of high water
study, it would require a tank depth ef3m in the experi- flows (e.g. 20 lpm, Facchini et al., 2008) and the generation
ments with the glass frit, to achieve lifetimes representativeof deep plumes with high speed water jets (e:g.ms1,
of oceanic bubbles-80 um at 1 m cloud residence depth. In Chanson et al2002 and thus, produce bubble plumes with
the work ofKeene et al(2007), considering their mean bub- depth penetrations 0.5 m and high void fractions which re-
ble size, their tank would require a path length of 2—2.6 mtard the bubbles motion to the surface. These high speed
to achieve the bubble lifetimes at low wind speed conditionsjets can be produced by adjusting the nozzle diameter and
and further extension to 4-5.2 m for replicating bubble life- height over water. As both the void fractions and the size
times characteristics of 1 m cloud residence depth. Extensionf the bubbles generated by large scale plunging jets are ex-
of the laboratory systems geometry to dimensions of this orpected to be representative of those of oceanic plu@lear(-
der imply operational limitations, particularly, when a lim- son et al.2004), the generation of plume depth€9.5m by a
ited amount of seawater sample is available. plunging water jet of these characteristics would ensure pro-

Calculations of rise time for isolated bubbles (void frac- ducing bubbles with lifetimes of the order of those in real
tion=0) at 1 m and 0.35 m depth have beenincluded inFHig. plumes. This type of generator is, nevertheless, only useful
for comparison withKeene et al(2007) and Tyree et al.  when large amounts of sample are available, thus they are ap-
(2007). The calculated isolated bubble rise times are consispropriate for in situ measurements with seawater. Due to the
tent with the parametrization dfewis and Schwart£2004), characteristics of our experiments, specifically regarding the
which yields lifetimes from 9 min for 60 um bubble diameter limitations in the production of organic-enriched seawater
to 5.7 s for 2 mm bubble size, for isolated bubbles in seawawith phytoplankton cultures, this type of large experimental
ter with absorbed surfactants at 1 m depth. These rise timesystem is not suitable for our study. Nevertheless, within this
are increased in oceanic conditions due to hindrance effectBmitation, physical models of reduced dimensions have been
existing in oceanic bubble swarmKeene et al(2007) and  demonstrated to be useful for studying the process of for-
Tyree et al(2007) experimental data indicate that the bubbles mation and evolution of oceanic bubble plumes and aerosol
produced in their simulations are faster than isolated bubblegroperties on a scaled basie{fer et al, 2007, Cipriano and
at 1 m and 0.35m depth, respectively. This is indicative of Blanchard 1981, Sellegri et al, 2006 Hultin et al, 2009.
low void fractions, characteristic of the stable plate phase inimplications derived from the limited lifetime in the labora-
the homogeneous regime (this is clearly the casByode et tory systems, regarding the adsorption of organics by rising
al. (2007, given their low superficial gas velocity), and sig- bubbles, are analyzed in the next section.
nificant wake effects at the operating conditions of these two
studies.

Our comparison indicates that providing bubble paths of5 Adsorption kinetics of marine surfactants on rising
the order of 1 m in systems with glass frits as bubble genera- bubbles
tors does not imply reaching the oceanic bubble lifetimes, as
the bubble motion in seawater depends on the bubbles sizd,he reduced bubble lifetimes in small-scale systems, com-
void fraction and interaction between bubbles. Large rapidpared with the real conditions, might imply limitations in the
bubbles are usually produced by glass frits and wake effect@dsorption of surfactants on the rising bubbles and, thus on
at low void fractions in these type of systems can accelerthe bubble and particles organic enrichment. For the case of
ate the motion of the produced bubbles. The use of spargensacteria adsorption on rising bubbles it has been found that
in the heterogeneous flow regime (i.e. large superficial gaghe bubbles enrichment is dependent on the bubble rising dis-
velocities) would increase the void fraction and this could tance Blanchard 1964. On the other hand, for the case of
retard the bubble motion by hindrandeuzicka et al.2003. surface-active material, theoretical and experimental analy-
This, however, would imply the production of increasing sis have shown that the adsorption equilibrium of cationic
bubble sizes, less representative of oceanic bubbles, whichurfactants (CTAB) on rising bubbles is achieved instanta-
would also lead to high mean bubble velocities. Hence, it isneously Morgan et al. 1992, which implies that adsorption
not clear if this flow regime would be effective for replicating is not limited by the transport of surfactants to the bubble
the realistic bubble lifetimes and bubble spectrum. surface.

The shallowness of plumes generated by small-scale In order to explore the adsorption of marine surface-active
plunging water jets systems as the one used in our study andompounds on rising bubbles, in this section we analyze the-
others in the literatureGipriano and Blanchard 981 Sell- oretically the evolution of the surface excess of surfactant at
egri et al, 2006 Hultin et al, 2009 is a limitation imposed  the interface of a bubble rising in& rotula algal exudate
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solution. For the analysis we will use the approach em-wherer is the time I'eq is the equilibrium surface excess and
ployed byMorgan et al(1992), which is based on the bound- Ty, is the saturation surface excess. This equation can be
ary layer theory for bubble adsorption developedleyich integrated if the equilibrium adsorption isotherm of the sur-
(1962. This approach considers mass transport by convecfactants on study is known. For surfactant concentrations in
tion induced by the hydrodynamic flow and diffusion from the liquid bulk phase below the critical micelle concentra-
the subsurface in equilibrium with the bulk solution to the tion, the interfacial surface excefsat a constant temper-
bubble surface. According tbevich (1962, the diffusion  ature can be described by the Gibbs isothermal adsorption
boundary layer around a bubble is defined as the region irequation Gibbs 1928:
which mass transport by diffusion is more important than 1 do
convection. Considering the diffusive flux equal to the con-I' = —— ——
vective flux around the bubble, the thickness of such bound- RT dinco
ary layer is defined byMorgan et al. 1992: whereo is the equilibrium surface tension at the air-water
interface. Neglecting interactions of the surfactant molecules
DD\ ¥? within the absorption layer, one can describe the adsorption
= (W) (7) of surface active materials at an interface using the Langmuir
isothermal equatiorL@ngmuir, 1917):

(11)

whereD is the diffusion coefficient, RPis the bubble diame-

ter andU is the bubble rise velocity. The diffusion coefficient I'eq=T'so c (12)
(cm?s~1) for large organic molecules in water can be calcu- cotar
lated by using the Stokes-Einstein EYogng et al, 2003: whereq; is the Langmuir parameter (concentration at half
T surface coverage). This equation is a good approximation for
D =9.96. 10*8__13 (8)  the equilibrium relationship between the surface exdggs
Hw Vor/g at the interface and the surfactant concentration in the liquid

. . : hase. A relationship between the interfacial tension and the
where T is the temperature (293K),, is the water vis- P . ! .
P ( You surfactant bulk concentration can be obtained by combining

cosity (cP) and\?org is the molar volume of the organic . L . .
compound. The molar volume was estimated by using athe Gibbs and Langmuir isotherms, which gives as a result

molecular weight of 1.99 kDa, value derived from fitting the the Langmuir-Szyskowski isotherrgkhin et al, 1999

virial equation of state to the surface pressure-molecular areg — 5, — R7TIn(1+1/ayco) (13)
isotherm of T. rotula exudate Fuentes et al.2010. The

molecular weight employed is consistent with the molec-whereoyg is the surface tension of pure water. Fitting the
ular mass value of 2.38kDa, corresponding to the phyto-Langmuir-Szyskowski adsorption isotherm to the surface
plankton biomass average elemental stoichiometry definedensionT. rotulaexudate concentration curve obtained by ax-
as GogH171042N16P S 3Mdo.05 (Fraga 200]) and withinthe  isymmetrical shape analysis yields valued'gf anday, of
range of mean molar mass of marine organics extracted fron3.6x 10-6 mol m~2 and 3.75 mol m?3, respectively Fuentes
natural seawater samplddggorzelski and Kogu0013. A et al, 2010. The value ofl'« used is consistent with the
density of 1550 kg m®, which is the average density of hu- range of saturation surface excess values determined from
mic like substanced)inar et al, 2006 was used for the cal- the adsorption of marine surfactants on the air-water inter-
culation. face Pogorzelski and Kogu2001h.

Since convection effects dominate beyond the boundary The evolution of the surface excess concentration with
layer thickness, the concentration at and beyond the boundime can be derived by using EdLQ), with the values of
ary layer may be taken to be constant and equal to the bullequilibrium surface exced&q obtained from the Langmuir
concentration. The surface excésshange can be expressed isotherm (Eq.12). The approach to equilibrium forF. ro-
as a function of flux to the interface by considering Fick’s law tula exudate at the concentration of this study is illustrated
as (Morgan et al.1992: in Fig. 12. For the determination of the exudate concentra-

tion corresponding to 512 uM DOC organic content we used
E — M 9) a biogenic molecule to carbon mass ratio of 1.87, as deter-
ot s mined from the phytoplackton biomass stoichiomeEmaga
wherecy is the concentration of organics in the bulk solution 2003 We find that the time required for equilibrium adsorp-
andc; is the concentration of organics in the bubble sub-tion on arising bubble is lower than 0.05ms, which is rapid
surface. Assuming that the bubble interface is in equilibrium©n the timescale of our experiments@.3s, Fig.11). The
with the subsurface following a Langmuir isotherm, the solu- ime t0 reach equilibrium decreases with increasing bubble

tion of this differential equation yield&{organ et al, 1992: size as a result of the higher transport by convection.induced
by the higher velocity of large bubbles. In our experiments,

B LE r—roin(1— r (10) the bubble surface excess is not expected to be transport lim-
" Dcp oo €d eq ited as equilibrium surface coverage is rapidly established,
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1.0 for comparison with a standard nebulizer. The systems for

aerosol production were evaluated by analysing the bubble
spectrum generated by the bubble-bursting methods and the
Bubble diameter size distribution, hygroscopicity and CCN activity of the
: ﬁgollmm aerosols generated by the different techniques.
__ a0 ﬁm The bubble spectrum obtained with the plunging-water jet
200 pum system resembled the real oceanic spectrum with a dominant
peak at 20—40 um and a typical oceanic power-law scaling
profile with exponents ranging from 1.4 to 4.5. Compari-
son of the power-law exponents with real spectrum measure-
ments near bubble formation indicated that the nascent plume
generated by the plunging-water jet mimics an acoustic bub-
ble plume which evolves to a quiescent state as it is dispersed
in the water bulk.
0.0 = T T T T The multimodal aerosol size distributions obtained with
0.00 0.01 0.02 0.03 0.04 0.05 the different generators were decomposed into single log-
time (ms) normal modes in order to compare and identify the diffe-
rent mechanisms contributing to the formation of the aerosol.
Three bubble-bursting related modes and one foam/splashing
Fig. 12. Prediction ofl"/T'eq ratio as a function of time for bub-  |g|ated mode were found in the bubble-bursting techniques

bles generated by a small-scale plunging water jetin a solution V_Vithdistributions, whereas only two modes comprised the ato-
5.77IMT. rotulaexudate concentration. The equate concentration ;. o particle size distribution. Differences between the
corresponds to 512 uM DOC organic content (biogenic molecule tosha e of the different particle size distributions is attributed
C mass ratio= 1.87Hraga 2001)). P : parti 1z€ distributi : tbu

to the different mechanisms employed.

thus the experimental system employed should be valid for Hygroscopic growth of partlcle§ genergtgq from artificial
this type of study. It should also be taken into account thatseawater o_cc_urred at lower relative humidities than that of
: NacCl, but similar growth to the pure salt was obtained above

the concentration of organic matter in the tank wil evolye 75% RH. No observable differences were found between the

o "hehaviour of the aerosol generated from artificial seawater
near the water surface, as a result of the diffusion of surfac—b the different techniaues. Hvarosconic arowth was sun-
tants to the air-water interfac8tefan and Szerl 999, thus, y ques. 1yg pic g P

the shallow bubble plumes produced in our study spend theiPreSS.ed with respect to the organics-free artificial seawater
e . . : experiments when the aerosol was generated from filtered
lifetime in the relevant region for organics adsorption.

. : seawater enriched with biogenic surfactants, although the ex-
According to these results the differences observed be: . .
i . . tent of this reduction was dependent on the aerosol genera-

tween the different bubble-bursting mechanisms would not . . .
tion technique applied.

be related to the different bubble paths. We suggest that the Likewise, the CCN activity of particles generated from ar-

h|gher_ number of bubbles generate(_i by the 8 water jets Sysfiﬁcial seawater did not show observable differences with
tem with respect to the spargers (estimated to be about double

amount with respect to the glass frit) might explain the dif- réspect to that of pure NaCl when using the different tech-

. - niques. However, the use of organics-enriched natural sea-
ferences observed in the hygroscopicity and CCN measure- . ; . o

) . water as parent solution produced an increase in the criti-
ments between the bubble-bursting systems. A higher num-

ber of bubbles imply more transport of organic matter to thecal supersaturation with respect to the case without organics.

water subsurfacestefan and Szerl999, which would lead The extent of this effect was dependent on the aerosol gen-
; . : erator employed. A large effect was observed for the atom-
to higher local organic concentration near the bubble burst-_ . ; ; . . "
. . : . . . ization experiments, with a notable increment in the critical
ing region and, hence, to higher particle organic enrichment, . S . . . )
. . supersaturation with increasing particle size with respect to
Further work with the same system and different bubble pro- . :
duction should be conducted in order to clarify this aspect the case W|thout organics. Reducgd effects were observed for
" the bubbling-bursting methods, with a 17% increase for the
plunging- water jet and 11% for the porous aerators.
6 Summary and conclusions Comparison between bubble-bursting scaled systems and
the oceanic conditions indicated that bubble lifetimes in the
Different laboratory marine aerosol generation techniquedaboratory systems are shorter than those in oceanic bubble
were evaluated in order to assess if the mechanism for bubswarms. In the case of plunging water jets this is due to
ble/particle production affects the properties of the gener-the low void fractions and shallow plumes generated, while
ated aerosol. Two porous bubblers and a plunging-watefor glass frits the low residence times are the result of low

jet system were tested as bubble-bursting aerosol generatoweid fractions and significant wake effects. It would require
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a considerable extension of the bubble path length in systemBowyer, P. A.: Video measurements of near-surface bubble spectra,
with spargers to replicate the oceanic bubble lifetimes. Avail- J. Geophys. Res., 106(C7), 14179-14190, 2001.
able evidence suggests that the best system to reproduce tBgaban, C. F, Adams, J. W., Rodriguez, D., Cox, R. E., Crowley, J.
oceanic bubble lifetimes is the generation of large-scale high- N, and Schuster, G.: Heterogeneous reactions of HOI, ICl and
speed plunging water jets, able to produce deep plumes and IBr on sea salt and sea salt proxies, Phys. Chem. Chem. Phys., 9,
large void fractions. 3136-3148, 2007. . )
. . L . . Cavalli, F., Facchini, M. C., Decesari, S., Mircea, M., Em-

Thgoretlca! gnalysns of the kinetics ofadsorptlon of marine ~pieo | Fuzzi S. Cebumis, D., Yoon, Y. J., ODowd, C.
organics on rising t_)ubbles showed tha_lt the time required for D., Putaud, J. P, and DellAcqua, A. L.: Advances in char-
adsorption equilibrium to be reached is lower than 0.05ms,  acterization of size-resolved organic matter in marine aerosol
which is rapid on the timescale of bubble residence in scaled over the North Atlantic, J. Geophys. Res., 109, D24215,
systems. The bubble surface excess is not expected to be doi:10.1029/2004JD005137, 2004.
transport limited as equilibrium surface coverage is rapidly Chanson, H., Aoki, D., and Maruyama, M.: Unsteady air bubble
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