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Abstract. Renewal of ultrafine aerosols in the marine bound- it is of the order of at least 1000 times more likely to result
ary layer may lead to repopulation of the marine distribution from molecular iodine photolysis than diiodomethane pho-
and ultimately determine the concentration of cloud conden-olysis. A hypothesis for molecular iodine release from in-
sation nuclei (CCN). Thus the formation of nanometre-scaletertidal macroalgae is presented and the potential importance
particles can lead to enhanced scattering of incoming radiaef macroalgal iodine particles in their contribution to CCN
tion and a net cooling of the atmosphere. The recent demonand global radiative forcing are discussed.
stration of the chamber formation of new particles from
the photolytic production of condensable iodine-containing
compounds from diiodomethane (gH), (O’'Dowd et al., )
2002; Kolb, 2002; Jimenez et al., 2003a; Burkholder andl Introduction
Ravishankara, 2003), provides an additional mechanism to ) ) o )
the gas-to-particle conversion of sulphuric acid formed in Fo!lowmg extensive studies into coastal agrqsol fqrmatlon
the photo-oxidation of dimethylsulphide for marine aerosol (O'Dowd et al., 1999, 2002) and recent insights into the
repopulation. CHil, is emitted from seaweeds (Carpenter et productlon of |od|n¢-cqnta|n|nq particles from chamber stud-
al., 1999, 2000) and has been suggested as an initiator of paf€S ©f the photo-oxidation of diiodomethane (O’Dowd et al.,
ticle formation. We demonstrate here for the first time that ul- 2002; Kolb, 2002; Jimenez et al., 2003a; Burkholder and
trafine iodine-containing particles are produced by intertidalR@vishankara, 2003), it has been proposed that the atmo-
macroalgae exposed to ambient levels of ozone. The parti§pher'c OXIda.tIOI’.] of macroalgal iodocarbon emissions yleld.
cle composition is very similar both to those formed in the condensable iodine vapours and form the observed new parti-
chamber photo-oxidation of diiodomethane and in the oxida-Cl€S- Incubation studies of kelps at Mace Head Atmospheric
Research Laboratory (389 N, 9°54 W), the site of many of

tion of molecular iodine by ozone. The particles formed in i ! -
all three systems are similarly aspherical. When small, thosdh® ultrafine particle measurement campaigns, have already

formed in the molecular iodine system swell only moderately Shown that CHiz is the dominant organic iodine species re-
when exposed to increased humidity environments, and swelfas€d from the common rocky shore algae Laminaria digi-
progressively less with increasing size; this behaviour occurd@t@ and Laminaria saccharina. @kireadily photolyses to
whether they are formed in dry or humid environments, in Yield _|od|ne atoms at ambient Il_ght Ievels_. The subseq_ue_nt
contrast to those in the Gib system. Direct coastal bound- reac_tlon_s of iodine have been widely studied and uged in in-
ary layer observations of molecular iodine, ultrafine parti- Vestigations of marine boundary layer halogen cycling (Mc-
cle production and iodocarbons are reported. Using a newly 199ans et al., 2000). The iodine monoxide radical (I0) is
measured molecular iodine photolysis rate, it is shown that/ormed by reaction of iodine atoms with ozone and estab-

if atomic iodine is involved in the observed particle bursts, lishes a rapid steady state with iodine atoms owing to its rapid
photolysis. Condensable iodine species are produced by the

Correspondence tds. McFiggans 10 self-reaction and by the reaction of 10 with the hydroper-
(g.mcfiggans@umist.ac.uk) oxy radical (HQ) or nitrogen dioxide (N@). The products
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‘ Flow Vaives — To investigate the coastal formation of new iodine-containing
particles from intertidal macroalgae, we conducted a series

_ _ _of flow reactor experiments, exposing Laminaria digitata
Fig. 1. Schematic of the laboratory apparatus. Dry, scrubbed a'macroalgal samples cropped from intertidal rock pools to a
was bubbled through double deionised water and any particles Wergow of moderately ozonised air. Laminaria digitata speci-

filtered out before passing through the primary reactor containingmenS were cropped from the infralittoral zone at the Mace

the Laminaria sample. Ozonised air was bubbled through doumj—lead site. The specimens were placed in a 10 L reactor ves-
deionised water to remove free radicals and likewise scrubbed o Ite. pec W P ! v

particles prior to introduction either before or after the primary re- sel gnd exposed toan ozon!sed §tream of pharcoal sc;rubbed,
actor. The reactors were kept in the dark or exposed to ambient lighParticle-free air under ambient light conditions and in the
levels. All joints were glass or stainless steel. The exhaust from thedark. The ambient light conditions were variable, but out of
primary reactor was passed into a secondary vessel to increase tigirect sunlight in a sea container on moderately bright lightly
reaction time before analysis of the particles formed. clouded days. The experiments were conducted over a period
from 5min to 2 days from cropping. The exhaust from the
reactor was sampled using a TSI model 3081 scanning mo-
of these reactions have been proposed to condense on prhility particle sizer (SMPS), a TSI model 3025 condensation
existing supercritical embryos (so-called thermodynamicallyparticle counter and an Aerodyne aerosol mass spectrometer
stable clusters, TSCs) leading to sufficiently rapid growth to(AMS) (Jayne et al., 2000; Allan et al., 2003). The SMPS
significantly increase their lifetime with respect to coagula- was used in two ways; i) scanning the voltage on the cen-
tion. This stabilisation thereby increases their probability of tral rod to measure the full distribution and ii) maintaining
growing to sizes where they can act as CCN. The TSCs ara series of constant voltages to deliver a range of monodis-
assumed to be supercritical in their nucleation mechanismperse aerosol to the AMS. The AMS was used to measure
conceptually downstream of the saddle-point on their freefull mass spectra of both the polydisperse distribution and
energy surface and so more likely to grow in their nucleat-the monodisperse size cuts and to build aerosol time-of-flight
ing vapours than evaporate. It has been postulated (Pirjola gnhass distributions of individuak/z fragments (Jimenez et
al., 2000) that significant numbers of TSCs may exist in theal., 2003b).
clean marine boundary layer in the homogeneous nucleation Two additional series of experiments were carried out. The
of HoSOs-H20-NH3. However, it has been established that first on samples of Laminaria hyperborea (Gunnerus) Foslie,
ambient ammonia and sulphuric acid were unable to explairalso widespread around the Mace Head coastline, cropped
condensational growth to observable sizes and that additiondrom the Menai Straits between the North Wales mainland
species were required (O’Dowd et al., 1999). Indirect in situand the Island of Anglesey (383 N, 4°11 W) and the sec-
measurements have indicated that ultrafine particles are naind on samples of L. digitata (Huds.) Lamour (and also
sulphate dominated and may indeed contain iodinék®d®  on L. saccharina (L.) Lamour) sampled near the Scottish
et al., 2002). It has been hypothesised therefore that gaseousssociation for Marine Science laboratory at Dunstaffnage,
iodine compounds formed in the photo-oxidation of ;LH  near Oban, Scotland (587 N, 5°26 W). The samples were
emitted from coastal macroalgae, condense onto ammoniuraropped intact, transported in drums of seawater to UMIST
sulphate clusters leading to an enhanced number of CCN imnd were kept at°® in cold room tanks exposed to a 16 h
the marine boundary layer. However, it was discovered aslay/8 h night light cycle. No attempt was made to replicate
long ago as 1928 (Dangeard, 1928; Kylin, 1929) that natu-the solar light spectrum and the cold room lights used con-
ral release of “free” iodine §) from kelps, a process known ventional tungsten filament lamps. The seawater was fre-
as “iodovolatilisation”, occurred leading to the higher iodine quently replenished with filtered seawater from the location
content of air in coastal areas (Dangeard, 1957). Consistenwhere they were cropped. The samples ranged from 15 to
with this, very recent observations of molecular ioding i 20cm for Dunstaffnage Laminaria saccharina samples up
the coastal boundary layer (Saiz-Lopez and Plane, 2004) ab 1.5m for Menai Strait Laminaria hyperborea. Experi-
Mace Head indicate that,Irather than iodocarbons, may be ments were conducted on both whole macroalgal plants and
the dominant source of coastal reactive iodine. This study in-cut strips of frond. The particle production rate was not
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Table 1. Truth table showing the system response to ozone introduction position and light conditions. The ozone mixing ratios are represen-

tative values for the experiments measured when particle production has essentially ceased. In many cases particle production was observe
at very much lower mixing ratios (a few tens of ppb), though this was not always repeatable, being dependent on the number of previous

exposures, light levels etc. The light levels were not controlled in these experiments and depended solely on the ambient ifsaation. 1

2° represent primary and secondary vessels respectively.

1° 2° Particles

1 Seaweed @in/ppb  h  Ozin/ppb h

2 i Yes/100 ./ No No i
3 v Yes/100 ./ No v v
4 J No v Yesl200 ./ i
5 4 No v Yes/100  No No
6 J Yes/100  No No J i
7 J No No  Yes/100 ./ i
8 4 No Vv No Vv No
9 J Yes~500 No No No No
10 Seawateronly Yes500 ./ No No No

noticeably affected, only the time for which the particle pro- air passed directly over the sample —i.e. post-mixing of even
duction continued at a given ozone concentration; normallyelevated ozone concentrations with ozone-free air that has
whole plants were used, allowing for longer experiments.passed over the seaweed will not lead to particle formation
The algal tissue was neither damaged during the croppingvithin the residence time between the post flow reactor ozone
process nor showed visible sign of damage throughout thénlet and the sampling instruments. However, addition of a
experiments. Only under extreme experiments with manysecondary reaction vessel, which increased the post-exposure
hours of exposure to high ozone concentrations, repeatetesidence time, led to significant particle detection whether
over several days, was there discolouration and dryness. the ozonised air was introduced prior to, or after, the primary

These latter two series of experiments allowed variation in"6actor. This suggests that any particles formed from pre-
the geometry of the experimental setup ensuring eliminatiorPursors released by the seaweed do not have time to grow to
of potential artefacts in the original experiments, but other-2 Sizé which can be detected by the particle counter when
wise provided data entirely consistent with the experimentsth€ 0zone was introduced after the seaweed reactor under the
conducted in situ at Mace Head. Figure 1 shows a schemati@fdinal experimental configuration —i.e. they remain signif-
of the experimental apparatus. An ozone analyser (Monitoﬂcantly smaller than 3 nm in the shorter residence time corre-

Labs ML8810) and a more directly adjustable ozone gen_sponding to the tubing between the primary reactor and par-

erator (PenRay model SOG-2) were used to more accurateIS}Cle det(_actors. However., the increased (several minutgs) res-
control and measure the ozone concentration. Together, thed@e€nce time corresponding to the secondary reactor is com-
experiments provide the first direct evidence for ultrafine par_parable to or greater than the transit time across the intertidal

ticle production from coastal macroalgae under atmospheri@®n€ at Mace Head. Itis proposed that in both the labora-
and close to atmospheric conditions. Total flow rates in thel®Ty €xperiment and the open coastal atmosphere, the transit

experiments were largely determined by the required flow!iM€ Plays an important role in the growth of particles to a

rates for the sampling instrumentation but ranged from 0.4 to>/2€ detectable by instrumentation. Indeed, in general it was
2 5L min-L. The flows in the zero air and ozonised air lines found that, as the characteristic residence time in the sys-

were independently controlled, but in all cases pre-scrubbed€™ decreased (by increasing the gas flow rate), the thresh-
through charcoal and filtered for particles. Both flows were old ozone concentration required to form detectable particles

bubbled through water; the ozone line to scrub hydroxyl rad_iljcreased. This is ex_pected, since the smaller the residence
icals and the air line to maintain a humid flow to ensure thatlime the greater required rate of condensable vapour produc-

the Laminaria did not dry out. A range of ozone mixing ra- ion to form particles of detectable size.

tios from zero to around 300 parts per billion (ppbv) was used | hortantly, it must be recognised that these experiments

for the experiments. involve living biological systems and the factors controlling
Table 1 is a “truth table” summarising the system responsethe Laminaria iodine metabolism are not entirely understood.

to experimental conditions. It can be seen that no particlesActive control of these factors was therefore not attempted

were formed in the absence of either light or ozone. It wasother than to ensure measurable experimental conditions in-

initially found that no particles were formed unless ozonisedcluding flow rates, gas concentrations, humidity and either
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number of exposures and varied between plants. The results
presented are those from fresh or fully recovered specimens,
meaning that the particle properties illustrated in Table 1 (and
Figs. 2 to 5) are those produced during the initial exposure
stage of the experiment. In the experiments where ozone was
directly flowed into the primary reactor, the steady-state mix-
ing ratio of ozone for a given lamp exposure and flow rate in
an empty primary reactor was initially significantly lower on
addition of a Laminaria specimen; for example, only a few
ppb measured at outlet compared with 200 ppb for an empty
reactor. The mixing ratio in the reactor reached this tempo-
rary steady state after some 10 min depending on flow rate,
as did the measured particle size distribution. The particle
production diminished after several tens of minutes exposure
to such high ozone levels. Elevated ozone levels have been
‘ used experimentally to trigger cell death (Rao et al., 2000).
| The reduction and eventual cessation of particle production
510 20 30 40 50 60 would be entirely consistent with the triggering of cell death
D (nm) apart from the fact that at least partial (and often full) recov-
p ery of the particle production was observed after switching
. o ~ offthe ozone lamp for several hours. For example, switching
Fig. 2. The average of seven aerosol mob_lllty size d|§tr|b_ut|ons off the lamp after an afternoon experiment and re-exposing
measured by the SMPS over several days with four Laminaria samg, specimen to 0zone the next morning led to particle pro-
ples exposed to the same elevated ozone level (around 300 ppb) ang .. — .
uction on the same scale as the initial exposure the previous

illuminated by ambient daylight at Mace Head. The bars show the f Th ble f .
maximum and minimum concentrations at each size. It can be seeff ternoon. e recovery was repeatable from specimen to

that the distributions are extremely repeatable under these condSPecimen. Often, high ozone exposure for even 12h would
tions. not prevent recovery. Surprisingly, particle formation was

observed on exposure of rehydrated dead dried Laminaria

japonica specimens to ozone, though no recovery was evi-
light or dark. The light level was that provided by a partially dent after suspended exposure. This demonstrates that recov-
glazed laboratory roof and thus was not controlled over a peery, though not precursor release, requires live macroalgae.
riod of several months. The results presented simply contrasThe ozone levels reported are those after the reactor once par-
the system behaviour when exposed to daylight and whenicle production has ceased entirely, hence representing the
blacked out by a darkroom curtain — no control of light level “potential” ozone concentration throughout the experiment —
was used in these experiments due to the configuration. Adthat which would be present in the absence of macroalgae or
ditional contributions to the variability may have been due particle production chemistry. Most importantly, as already
to the increasing age of the specimens since being croppestated, it was not necessary to expose the specimen to ozone
throughout the experimental programme. The experimentso initiate particle formation. Similar levels of particle pro-
were carried out over several months on different samplesiuction were observed flowing the ozone into the secondary
cropped at the same time, however no qualitative and lit-reactor, the Laminaria only exposed to zero air. The com-
tle quantitative difference in the particle forming ability was parable response indicates that the particle precursor is not
found using the same conditions at the beginning and end obnly released as a result of ozone exposure but that ozone is
the programme. The resulting behaviour in terms of, for ex-required in the particle formation mechanism itself. In a sim-
ample, absolute particle concentrations formed or represeritar fashion, the ozone levels reported in these experiments is
tative ozone concentrations for particle detection varied bethe ozone concentration after particle production has ceased.
tween experiments but followed the trends described abové\ mass budget analysis between ozone consumed and par-
and presented in Table 1. ticles formed is being incorporated into an ongoing investi-

It was noted that multiple additions of the same 0zone con-gation into the details of the particle production and growth

centration to either the primary or secondary reactor to themechanism.
same individual plants produced continually reducing num- Size distribution measurements showed that the numbers
bers of particles. It was also noted that the plants “recov-and sizes of particles formed were extremely repeatable with
ered” with time, such that re-exposure to the original ozonethe total aerosol number and volume increasing with in-
concentration led to increased numbers again. The absolutereased ozone concentration. Figure 2 shows the average of 7
magnitude of the decline and the time required to recoverdistributions taken with different specimens over three days
were again variable and depended on the exposure time, th#uring the Mace Head measurements at the same elevated

dN/dlo gDp

o

—_
(=}
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4
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Fig. 3. A typical positive ion mass spectrum taken with the AMS of particles formed from the exposure of Laminaria digitata to 500 ppb of
ozone at Mace Head. The major iodine fragments are identified. All the major mass fragments are consistent with being derived from iodine
oxides or iodine-containing oxyacids.

ozone concentration (of the order of 300 ppbv); the error bargirely eliminate the participation of sulphur or nitrogen con-
indicate the extent of the macroalgal specimen-to-specimemaining species in the particle formation process, the scrub-
variability. bing and filtration of the flowstream should have minimised
the influx of condensable material into the system.
Increasing the ozone concentration further (to around
500 ppbv) with the increased residence time, it was possi-
ble to grow the aerosol to sizes significantly greater than
the lower size cut-off of the AMS, limited by the configura-
tion of the aerodynamic lens inlet. Zhang et al. (2002) have By positioning the SMPS upstream of the inlet, it was
used computational fluid dynamic calculations to describepossible to introduce monodisperse size cuts into the AMS.
the transmission through a single orifice and have expande@uilding mass distributions of selected iodine mass frag-
this to model the aerodynamic lens system used in this studynents as a function of vacuum (more correctly “free molec-
showing that it has a lower size cut off of 30nm. Figure 3 ular”) aerodynamic diameter, it was then possible to esti-
shows a typical mass spectrum of particles formed in the exmate the effective density of the particles by equating the
posure of L. digitata to ozone. It can be seen that all the mamodal aerodynamic diameter to the mobility diameter of the
jor mass fragments are consistent with being derived frommonodisperse cut. Figure 4a shows the mass distribution of
iodine oxides or iodine-containing oxyacids, as they were inthe I and [ fragments #:/z fragments 127 and 254) in
the chamber study of the photolysis of &l (O'Dowd et 120 nm mobility diameter particles. Figure 4b shows plots
al., 2002; Jimenez et al., 2003a) and that the same fragmentsf the aerodynamic mode diameter of these fragments for a
are present (I, HI*, 10T, HIO™, 103, HIOZ, I3 and bO*).  range of mobility diameters. The slope of the plots shows
Although the plot in the figure does not show fragments be-that the effective density, a measure of the material density
low m/z 100, them/z fragments corresponding to sulphate and the shape of the particles is of the order of 3.5g&m
(SO', SO, SO, HSOY and HSO; at 48, 64, 80, 81 and  This is lower than the density of higher oxides of iodine such
98 respectively) and nitrate (NOand NOEr at 30 and 46)  as hOs (4.78 gcnT®), indicating particle asphericity if they
were absent indicating that there was little mass contributiorare made of such materials. For details of this analysis, the
in the aerosol from either species. Although this cannot enteader is referred to Jimenez et al. (2003a).
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Fig. 4. (a) The aerodynamic size distribution of mass fragmentis /at=127 and 128 corresponding t6 Bnd l;r for a mobility size cut at
120 nm. Derived from a range of these mass distributions selected at different molgbitislspws the aerodynamic mode diameter plotted
against the mobility diameter. The slope of the plot gives the effective density. See text and Jimenez et al. (2003a).

2.2 Particle formation in the reaction of molecular iodine made studies of the reaction rate and products in the |
with ozone O3 reaction under light and dark conditions. The products
were not tracked in the current study, but the concentration
of reactants are comparable to those used in the Vikis and
A sequence of experiments was conducted to investigat®/acFarlane (1985) studyy(from 1 to 10x10* and Q of
the formation of particles in the light and dark reactions of 1 to 100« 10 molec. cnt3 respectively compared with 6 to
molecular iodine with ozone. The experimental apparatuszox 104 and 3 to 1% 10'%). These concentrations are sub-
was slightly modified to pass air across the headspace of gtantially higher than those measured in the atmosphere (see
small trap containing crystalline iodine at a known tempera-sect. 3 below), but are used to produce high concentrations
ture, thus controlling the molecular iodine vapour pressure of particles of sizes suitable for analysis with the instrumen-
Again, particles formed mixing this airstream with ozonised tation detailed below. In addition, the atmospheric measure-
air were sampled with a variety of instrumentation, and againments are integrated long-path observations and therefore it

extremely high and repeatable particle number concentrajs expected that local molecular iodine concentrations will be
tions were observed throughout a range of ozone and iodingnych higher.

concentrations. The particle composition was found to be

very similar in these and the seaweed exposure experiments The seaweed experiments were all conducted under humid
to those formed in the chamber photo-oxidation of G  conditions with moist Laminaria specimens. The molecu-
consistent with the particles comprising almost exclusivelylar iodine experiments were conducted under both dry and
iodine oxides and oxy-acids. Figure 5 shows the mass speanoist conditions. In all experiments, the particles were sig-
tra from each of the three systems — it is evident from the rel-nificantly more compact and dense than those formed in the
ative fragment intensity that the particles formed in all sys- CHxl, chamber photo-oxidation. Those formed under dry
tems have extremely similar composition. In the exposureconditions in the chamber study possessed distinct fractal
of molecular iodine to ozone, particles were formed both inmorphology. This was not so evident for the particles formed
the presence and absence of light, contrary to atmospherim the current study. Particles were captured on holey car-
observations, the seaweed experiments and the findings dfon film coated copper mesh grids (Agar Scientific). Trans-
the chamber study. However, particle formation in the darkmission Electron Microscope (TEM) imaging and analysis
was less intense than at ambient light levels, requiring exwas carried out using a JOEL 2000EX instrument, operating
tremely high ozone and iodine mixing ratios; much higher at 200 kV, with associated X-ray microanalyser. The X-ray
than may be expected in the atmosphere (of the order of ppranalysis will not be presented here, as this is the subject of
— for a discussion of the vapour pressure of molecular iodinefurther studies. Figure 6 shows a TEM image of a particle
and the control of iodine concentration used in this experi-formed in the light reaction of molecular iodine and ozone;
ment, see Saiz-Lopez et al., 2004). Reducing the iodine anthose formed in the seaweed experiments are equally com-
0zone concentration towards ambient levels, particle producpact. It appears that the particles formed in the reaction of
tion in the dark became undetectable. Vikis and MacFar-molecular iodine with ozone do not clearly exhibit the de-
lane (1985), Sunder et al. (1985) and Sunder and Vikis (1987yree of fractal morphology inferred from the gl chamber
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1¢ UMIST McMurry, 1986). This instrument relies on measuring the
I, change in size of a particle by monitoring the change in its
: electrical mobility after increasing the humidity of its envi-
o ﬁ, .1 1L ronment. In the HTDMA, a Vienna-type differential mobil-
. | i . :
150 200 250 200 ity analyser (DMA) (Winklmayr et al., 1991) selects a near-

m’z (Daltons) monodisperse distribution of dry particles10% RH) from
the polydisperse distribution sampled from the reactor out-

Fig. 5. Mass spectra from each of the three systems iy/GHx- put. The monodisperse size cut of particles is then exposed

posed to ozone in the study reported in O’'Dowd et al. (2002) andf©® @ controlled humidity environment before being passed
Jimenez et al. (2003a), i) Laminaria digitata and iii) iodine vapour into the second DMA. Rapid and accurate humidity control is

exposed to ozone, this study. It can be seen that the mass spectra@thieved through mixing of dry and saturated airflows using
the particles formed in each system are extremely similar. A scatcomputer controlled variable flow pumps. Particles taking
ter plot of the major mass fragments in each system is shown inup water normally exhibit growth in the humid environment.
the top .p.anell. It may be inferred that the particles have the sameghe second DMA is scanned over an appropriate size range
composition in each case. and the size-selected particles are counted using a conden-
sation particle counter (CPC) (TSI model 3760). A plot of
size from the second DMA versus CPC particle count will
experiments, possessing a more compact agglomorate formen give a distribution determined by the change in size of
consistent with the effective density of those formed passinghe original monodisperse population and a broadening ef-
ozone over Laminaria macroalgae. This may be more due t@ect due to the instrument transfer function. In order to re-
the differences between the formation conditions in the flowmove this broadening effect of the two DMAs, a modified
and chamber experimental configuration than in the chemoptimal estimation method (OEM) after Rodgers (2000) was
istry and it is not possible to positively identify the partici- used, ensuring that the reported distribution reflected only
pating species from these particle morphology differences. the particles’ change in size (this procedure is the subject of
In order to investigate the behaviour of the particles whena detailed Technical Note; Cubison et al., personal communi-
exposed to water vapour, a hygroscopicity tandem differ-cation, 2004). Figure 7 shows dry to 90% RH growth factor
ential mobility analyser (HTDMA) was used (Rader and (GFp) distributions measuring the particles produced in both

www.atmos-chem-phys.org/acp/4/701/ Atmos. Chem. Phys., 4, 701-713, 2004
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Fig. 7. Growth factor of particle formed in the light (left panel) and dark (right panel) reactions of molecular iodine and ozone. The growth
factor is the ratio of the mobility sizes measured at 90% relative humidity ard @%o. It can be seen that those particles that have grown
to larger dry sizes in both experiments exhibit lower growth factors. In the light experiment, where particles of 60 nm diameter were formed
in sufficient numbers to be sampled, a significant proportion of these particles were shown to shrink on exposure to high humidity. This
is consistent with those formed on exposure of;GHo ozone. One possible explanation is the collapse of aspherical particles due to
capillarity effects as exhibited by soot agglomerates.

the light and dark reactions of with Os. It can be seen that 10 nm particles in the Vakeva et al. (2002) study were found
very similar trends apply. Rather than growing due to an in-to swell less than our 20 nm particles. This appears contrary
crease in the bound water content of soluble material in thdo the trend in the current study, but it would be expected that,
particles with increasing humidity, the particles appear to beas the Kelvin term becomes appreciable (below 10 to 15 nm)
less hygroscopic the larger the dry size. This trend is consisthe growth factor will be suppressed with decreasing size. A
tent across all sizes in the dark reaction (almost no particlesnaximum in growth factor will occur at a dry size above that
were formed larger than 35nm diameter in the dark reacwhere the Kelvin term dominates, but below that where the
tion, even with extremely elevated &nd G levels). Inthe  particles become significantly less compact.

light reaction, growth factor distributions were statistically

indistinguishable at the lower sizes from those of the parti-

cles formed in the dark reaction. At larger sizes (mobility

diameter 60 nm), beyond the largest formed in the dark re-

action, the particles actually shrank significantly in the more

humid environment. The implication is that the particles col- I !
lapse more completely due to capillarity forces when theyP0th the air and ozone lines. GaseousSky was expected
to be below the threshold required for nucleation. It can be

are larger, indicating that they become less compact with in- o ; 5
creasing size. This reflects the mode of growth of the par_concluded that iodine species alone are responsible for both

ticles. In contrast to the findings from the chamber studiesth® nucléation and condensational growth of particles in the

of Jimenez et al. (2003), this trend was the same whether thEXPeriments. This is borne out by the absence of any signifi-
particles were initially formed in a dry or a humid environ- c@ntmass of non-iodine fragments in the mass spectra of par-

ment. However, it is not known whether the hygroscopic be-ticles grown up to.detectable s'izes' (with higher than ambient
haviour of particles formed in the experiment in a flow re-  0Z0N€ concentrations). Certainly, in the seaweed system, no
actor or in the CHl, chamber experiments was closer to that MaSS spectrometric signal characteristic of any sulphate frag-

of those formed by Laminaria in coastal airmasses. Vakevdl€Nt was detected above the instrumental noise indicating
etal. (2002) reported measurements made during Mace Hea%‘at there is no S|gn_|f|cant amount of sulph_ate mass. Whilst
particle bursts. It is not straightforward to make comparisons't cannot be categorically stated that there is no sulphate nu-

between results from the field measurements and the labor&€Us upon which the iodine species condense, it may be con-
tory studies. The field measurements were made with a sosidered unlikely. Since large numbers of particles are formed

called UF-TDMA on smaller particles than those examined at ambient ozone concentrations (too small to have their com-
in the laboratory. In any case, the nucleation mode particle@0Sition probed but large enough to be detected and sized),

were of low growth factor during particle bursts. In our study here iS no reason to suspect that a thermodynamically sta-

and that of Jimenez et al. (2002), the growth factors wereble sulphate cluster is required for nucleation to occur. It
' only remains to ascertain whether the condensation of iodine

also found to be low and to decrease with increasing size, o _
collapsing more readily on absorption of water. The 8 andcontaining vapours on such clusters competes with homoge-

neous iodine oxide nucleation in the open atmosphere.

In all experiments, particle-free scrubbed air was used in
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3 Daytime observations of molecular iodine in the ma- 30.00 -
rine boundary layer

As discussed above and as shown in Fig. 5, it is not pos-

sible to unambiguously attribute the formation of new par- > 20.00 -
ticles to a particular precursor solely based on discrepan- &
cies between the properties of particles formed in the lab- =

oratory ozonolysis experiments. Suspecting that there wass

a possible inorganic source of iodine atoms playing a role @ 10.00 -
both in cycling of reactive halogens and in the production 2

ppt

of particles, it was decided to search for a variety of iodine- "% |

containing species using differential optical absorption spec- I

troscopy (DOAS). During the North Atlantic Marine Bound- 0.00 ‘u) ‘ !l ‘
ary Layer Experiment (NAMBLEX) at Mace Head the long- 2408 26- 28-08 0-08
path DOAS instrument was used to measure ambient concen Date

trations of gaseous molecular iodine. The instrument con-  _10.00 -

sists of a Newtonian telescope and a 0.5m Czerny-Turner

spectrometer coupled to a two-dimensional charge couplegtig. 8. DOAS measurements of from each of the three daytimes

detector. The transmitting Newtonian telescope was locate@vhen spectra were recorded in thentavelength region (red trace).

in a cottage on the shoreline at Mace Head and the light bear®n 25 and 26 August 2002, the levels efWere frequently above

was folded back to the transmitter by a retro-reflector situatedhe detection limit (blue trace), reaching peak mixing ratios in ex-

4.2 km away on Croaghnakeela Island, providing an effectivecess of 25 parts per trillion (ppt).

optical path of 8.4 km over the sea surface. The spectral re-

gion between 535-575 nm was utilised for spectral analysis

of I, with a resolution of 0.25 nm. In addition to recording at-  In order to find out whether these levels produce signifi-

mospheric spectra (i.e. the light beam from the retro-reflectoicant iodine atom fluxes, it is necessary to calculate their rate

array plus scattered sunlight), spectra of the scattered surf dissociation under daytime marine boundary layer condi-

light and the xenon lamp were also taken. This enabled a protions.

cess spectrum to be derived, which is the atmospheric spec-

trum minus the scattered light spectrum. This spectrum was

then converted into differential absorption spectra by usingd Determination of the photolysis rate of molecular io-

a Fast Fourier Transform (FFT) routine (Allan et al., 2001)  dine and coastal zone iodine atom flux

Spectra were recorded for 30 min for eaghmrieasurement.

The concentrations were then derived using a least squareghe photolysis rate of molecular iodine was directly de-

singular value decomposition routine comparing the atmo-termined in the laboratory by an optical absorption tech-

spheric spectra with a set of reference spectra. The molecularique (Saiz-Lopez et al., 2004) in order to confirm the rates

iodine reference spectrum was obtained from the correspondsalculated from the absorption cross-section, measured or

ing cross-section measured in the laboratory (Saiz-Lopez emnodelled actinic flux and reported quantum yield. With

al., 2004) adapted to the instrument function of the DOASthe light intensity at one solar constant in these experi-

spectrometer. ments, the observed first-order destruction ratepfcbr-
Owing to the extensive range of species being investigatedesponding to its photolysis, was 0.14s In this same

across a broad range of wavelengths with different diurnalstudy, a newly measured high resolutigrabsorption cross-

patterns, theJ absorption region was not continuously mon- section fromi=182 to 750 nm was reported. This is in good

itored. Instead, the regions of interest were stepped througagreement with the more coarsely resolved measurement of

sequentially. An extensive dataset of molecular iodine specTellinghuisen (1973). Using a two-stream radiative trans-

tra were taken over a period of a month (Saiz-Lopez andfer model (see McFiggans et al., 2000), previously reported

Plane, 2004). However, most of these were at night. Sincevalues of unity for the 4 quantum yield (Rabinowitch and

particle bursts are almost exclusively observed during theéVood, 1936) and the new absorption cross-section, a mid-

daytime, the most relevant measurements are obtained frorlay, mid-latitude, midsummer photolysis rate yielding 2 io-

the daytime spectra. Figure 8 shows the measurements frogiine atoms was calculated to be in very good agreement at

each of the three daytimes when spectra were recorded if.15s L.

the b wavelength region. It can be seen that on two of the Diiodomethane has previously been identified as the mea-

days, 25 and 26 August 2002, the levels,ofiere frequently  sured iodocarbon providing the greatest iodine atom flux.

above the detection limit, reaching peak mixing ratios in ex-Using the DOAS measured,| measurements of Gitb

cess of 25 parts per trillion (ppt). made at~20m asl, approximately 50 m from the high tide
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Fig. 9. lodine atom flux from the photolysis of Bnd CHl» at Mace Head on 25 and 26 August 2002 (note that there were no measurements
of CHol, after dawn on 26 August). It can be seen that there was at least three orders of magnitude greater atomic iodine flux from the
photolysis of the available molecular iodine than from the photolysis aflgiHbn many occasions this difference was much greater.

mark using a Perkin ElImer Turbomass GC-MS (Wevill and is likely therefore that any particles comprising mainly io-
Carpenter, 2003) and wavelength resolved surface actinicline oxides are derived from molecular iodine, not organic
flux levels measured by spectral radiometry (Edwards andodine.

Monks, 2003) it is possible to directly compare the iodine

atom flux at Mace Head whenever there was overlap from . . .

the measurements. Figure 9 shows such a comparison (note A hypothesised mechanism for coastal new particle
that only where the time series were continuous were mea- Production

surements ava|lable).' It can be seen th?t t.hefe was at IeaE%lminaria species accumulate iodine to levels up to 30000
three orders of magnitude greater atomic iodine flux from

: . - times more concentrated than seawatel retal., 1998).
the photolys_|s of the available molecul_ar |0d|_ne 'Fhan from They exchange the iodine with the seae\:vrra(fee} depending (zn the
th:Spg]Ot;l]yS'rse:Je(r:u: tzsﬁg T&agz ﬁgf:j'?ﬁ; t{;}i i'gﬁqregfgo oxidising environment of the plant. The reader is referred to
W mu thgtth bOAS mu reisiwell mix dl lon E[)h ! rk'upper et al. (1998), for a discussion of the factors affecting
assumes ,a. © casuretsiwe xed 2IONGINE ;s transfer. Once the iodine species have diffused across
Instrument's light path and that GH is yvell mlxe_d upto the the cell membrane into the apoplast, they are in free diffu-
?ggplgnr?e'n;e:nz[ zng mﬁ'] gfﬂg?]zllsguffe 'hs ?1%':2)(; Irrrlutart]reelsn:)ir;heswe contact with the surrounding seawater. The studies of
plath Zthe c,:alculai(tled l:juomic ioé{line fl\lIva flrjom molecular iodine Dangeard (1928) and Kylin (1929) showed that iodovolatili-
could be a further factor of 20 to 50 times greater (thoughSatlon took place in the apoplast and required oxygen. More

this may be partially offset by iodocarbons being more Con_recently It has been shown Ugper et al., 1998) that the ox-
centrated in the lowest few metres rather than mixed up t (dation of iodide (I') by hydrogen peroxide in the apoplast

. . ) ) 9eads to the formation of hypoiodous acid (HOI). It is known
t_he ;ampllng h(_e|ght). S|.nce the GC/MS mea_su_req n SeIecfhat HOIl and 1 establish an equilibrium with molecular io-
tive ion mode, it is possible that other organic iodine com-

pounds are present which may significantly contribute to thedlne In aqueous solution (Truesdale, 1995):

iodine atom flux. However, although both iodoform (GHI  HOI + 1~ + HT «— 12+ H20 1)
and iododibromomethane (CHlBrhave been identified in As the water recedes, the kelp beds are uncovered such that

seawater around incubated seaweeds, no species more pho[- :
. ) N at low tide, complete plants may be exposed, covered onl
tolabile than CHI> have been isolated in the atmosphere. It P b y P y

with a film of water. The plants will also be exposed to the
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oxidising atmosphere. The oxidative formation of HOI in the et al. (2003), Jimenez et al. (2002) and the current study
apoplast will lead to a strong iodine solution in free diffusion no TSCs were needed to form the particles, in all cases no
with the thin water film. This will lead to displacement of the pre-existing aerosol were introduced into the laboratory sys-
equilibrium towards molecular iodine. Being of limited sol- tems. Pre-existing seasalt and probably sulphate aerosol will
ubility and relatively volatile, the molecular iodine will then always be present in the coastal atmosphere and may pro-
equilibrate between aqueous solution and the gas phase. Aride a condensation sink for the precursor iodine oxides. It
additional contribution to thexlrelease is that the oxidative is well established that heterogeneous nucleation is favoured
stress on the seaweed during low tide atmospheric exposur@ver homogeneous since the energy barrier is lowered by a
may lead to directJd formation on oxidation of T by H,O2 pre-existing soluble or insoluble nucleus. The competition
(Luther et al, 1993). This may lead directly to atmosphericfor iodine oxide vapours with the pre-existing accumulation
emission. The crucial requirement is thavblatilises before  mode aerosol may not be won by a homogeneous process
it can react with organic material in the seawater. Whicheversuch as those leading to particle formation in the current stud-
mechanism is responsible for forming the it is postulated ies, but may be won by a process of stabilisation of back-
that low tide enables it to escape from the water film beforeground TSCs. lodine-containing particles may therefore par-
it has a chance to react with organic material. This cannoticipate in climate forcing in one of two ways: iodine species
happen at higher water. Either mechanism fordlease is may be involved in stabilisation of TSCs, or particles formed
consistent with this study, and resolution of this question isfrom only iodine species may directly lead to CCN forma-
beyond the scope of this study. On the basis of the evidencéon. lodine-only particle formation must then be investi-
presented here, it is suggested that the molecular iodine regated in competition with condensational growth of iodine
leased into the atmosphere in this way photolyses to provideompounds onto TSCs to establish whether it is possible for
the majority of the available iodine atoms that react with at-iodine chemistry to lead to an enhanced number of particles
mospheric ozone leading to the formation of iodine monox-crossing the coagulation barrier and hence to assess the effect
ide. The self-reaction of iodine monoxide leads to the for-on CCN population and radiative forcing. This is the subject
mation of higher oxides, the subsequent polymerisation ofof an ongoing study.
which lead to clusters, growing by further condensation to
form the iodine containing particles. Burkholder et al. (2003)
have explored a subset of this mechanism (the clustering of The main fate of algal emissions of iodine
OIO only) in their study of the photolysis of GFand CHl»
and find that published 10 and OIO concentrations are in-In the laboratory experiments, the formation of particles re-
capable of explaining the observed particle bursts. A morequires that the macroalgal samples are exposed to ozonised
extensive clustering mechanism based on an extension of thair or that ozone is mixed in to air that has directly passed
current work is the subject of ongoing laboratory and mod-over the specimen. Passing air over submerged samples does
elling studies. not lead to particle formation. However, Laminaria species
occur mainly in the sublittoral zone down to 20 m depth of
water and the vast majority of Laminarial biomass is only
6 Comment on possible effect on climate change infrequently exposed to the atmosphere. lodine accumula-
tion will occur predominantly at depth and iodine release
Considered alongside the results from the chamber studyas HOI in equilibrium with $) will occur into the water
it is unlikely that particles observed in the coastal bound-column where it will react with dissolved organic material
ary layer are formed from diiodomethane photo-oxidation, (DOM) to yield iodocarbon species including gk. This
given the relative iodine atom flux from molecular iodine. sublittoral production of dissolved iodocarbons, in addition
More importantly, laboratory experiments indicate that in- to open ocean release from microalgae, will greatly exceed
tense particle formation does not appear to rely on iodinedirect emission of inorganic iodine into the atmosphere in
containing compounds condensing on sulphate TSCs undehe infralittoral zone at low tide. This study shows that the
ambient conditions. Since this is the mechanism that hagoastal new particle bursts result from molecular iodine re-
been proposed for TSC stabilisation, it is not certain thatleased directly into the atmosphere from Laminaria macroal-
macroalgal iodine particles will contribute to cloud conden- gae. The regional and global implications of these parti-
sation nuclei or affect global radiative forcing in this way. cles must be evaluated. However, this will be a minor fate
In order to investigate whether there is such a contribution toof marine emissions of iodine. The ability of photolabile
CCN number, the exact formation route for the “iodine-only” iodocarbons (the major reservoir of free iodine from algal
particles must be established. In particular the role of inor-emissions), or their breakdown products, to escape the water
ganic iodine compounds, specifically molecular iodine, mustcolumn and the mechanism for this release will determine
be investigated. the ability for reactive iodine to participate in both ozone
This is not to say that the requirement for TSCs in the destruction cycles and the formation of new particles in the
ambient atmosphere is resolved. Whilst in the Burkholdermore remote marine environment. These processes must be
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extensively studied to evaluate the atmospheric implicationKupper, F. C., Schweigert, N., Ar Gall, E., Legendre, J.-M., Vilter,

of algal iodine emissions. H., and Kloareg, B.: lodine uptake in Laminariales involves ex-
tracellular, haloperoxidase-mediated oxidation of iodine, Planta,
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