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Abstract

Abstract

This work investigates marine aerosol physibemical propertiesg.g. size and
chemistry) and its Cloud Condensation Nud€CN properties under natural
background conditions.l&k cabon (BC), a tracdor anthropogenic pollutiopwas
used to classify Southern Ocean air mass cleanlingdssie the studyfocused on
anthropogenic influences and was compared to the North Easn#dlawhich is
closer to pollution source®espite this, lhe lowest prevailing BC mass concentration
levels weresimilarfor eitherocean (0.1 ng m?) with extreme pollution levels above
80 ngm2for about 0.3 % of the time over botbbservation periods

In order to elucidate the relative contributio ¥ W LINJA YloduBe@seapkay R
YR Wa S O aofpRriicBefbsoB toanarine cloud droplet formaticmnovel
detailed analysisf droplet activation critical supersaturatiorersuscriticaldiameter

was conducted in remote environmental marine aie.(maritime polar and modified
continental Antarctic air masses) in parallel rwdelled chemicaljhomogenous
aerosols The analysis revealed that, for realistic marine boundary layer cloud
supeasaturations, primary CCN contribute¢ L % to the estimated cloud droplet
concentration (as determined lifite Hoppel intermodaminimum)at wind speeds <

16 m $ At higher wind speeds, primary marine aerosol could contribute up to 100
% of estimated clud droplet concentration

It was observed that witin air masses enriched with sspray CCN, theontribution

of secondary (mainly neseasaltsulphate)particles to cloud droplet concentration
was significantly reduced despite a higher availabilitysolphate CCNFurther
analysis revealedhighly correlatel inverse linear trend betweeactivatedseaspray
particlesandthe percentageof activatedsulphateparticles In practice, the addition

of seasalt CCN appeared to suppress the activation hfteate CCNAn ensemble of
three 1D microphysical droplegrowth and activation parcel models corroborated
this suppression effect and found that under favourable conditions, as much as a
~100 % enhancement in cloud droplet concentration were predicted the
avaihbility of seasalt nucleidecreasedandvertical updraftincreased
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Motivation and study objectives

1. Motivation and studybjectives

You can know the name of a bird in all the languages of the world, but when
you're finished, you'll know absolutely nothing whatever about the bird... So
let's look at the bird and see what it's doing -- that's what counts.

Richard P. Feynman

Rapid climate change, recognised torbainly caused by human pollutigStocker,

2013, poses a large threat to human security, disproportionately affecting
indigenous and impoverished communities wewete. In order to develop efficient

policiesto mitigate climate change, accurate knowledggthe causes and effects of

climate change are needed. Climate forecast accuracy is only as precise as our
dzy RSNRUGIFIYRAY3I 2F 9 NIKQa OfAYI (S aeaidsSy:s
water vapour through the atmosphere. Aerosol effects on dldarmation cause

large uncertainties in predicting the balance of reflected and absorbed solar radiation

0 KNRB dzZa3 K 9 I NJi(&tecker, POARTa dntéks@idEhe role ddir pollution

(or anthropogenic aerosoj Y OK I yIAy 3 9 NI KQa Of AYlFGS:
aboutthe natural state ofil KS | SNR a2t Ay O 2-feéiBaik systg¢m 9 I NI K
when unperturbed bypollution. Because the marine environment is the largest
adzNF I OS & 2 dzNID Seedback $ydtelNib, &pecinl atiehtibryshoiildbe given

to marine aerosolMarine aerosol an have varying physichemical effects on cloud
condensation nuclei (CCN) and ice nuclei (IN) which ultimately impact aetosd|
interactions.

Overall, this project aims to investigate marine aerosol influences on the chemical
and physical nature ofleud condensation nuclei activation and thereby further our
understanding of the complicated nature of aerestdud interactions in the marine
environment. The aim is achievely advancing our understanding on cloud
condensation nuclei (CCN) through the analysis of data collected during the PEGASO
campaign in the Southern Ocean (austral summer, JarAo@byuary 2015yia a

cloud condensation nuclei chamber (CCNC) and a suite oér oitsitu
instrumentation measuring physical and chemical particle characteristics. Other
marine datasets were also used in this research, including measurements collected
during the BACCHUS campaign on the coast of thehNEast Atlantic (August
Septemler 2015).



Motivation and study objectives

The objectives of this research are:

x Toelucidate the nature of marinaerosolover remote oceanandits
perturbation byair pollution

x To characterise the cloud nucleating properties of remote natural marine
aerosols andietermine the relative contribution of different natural sources
and processes to the actual cloud condensation nuclei (CCN) population

x To evaluate the coupling, competition and sensitivity between primary and
secondary CCN activation.
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2. Review of the current state of
knowledge

2.1 Aerosol definitions, sources, and composition

Aerosols ara combination 6gases anairborne particlesthe particlesmay be liquid

or solid, of varying size with size dependence often associated with their chemical
composition or source, see Figure 2.1. This research principally focusses on the
physto-chemical properties ofloud nucleating particlemémelyliquid nucleation)

with a dry (relative humidity < 40 %) particle diameter on the order pimlor less.
Larger sized particles are also important cloud droplet nuclei, given a high enough
buoyancy (or low enough settling velocity) to get mixed up to cloud base. However,
larger particles are far less numerous than particles of Q.0Lm size, hag a huge
surface area, and are highly effective cloud nuclei based on size alone, so chemical
composition does not often affect nucleating ability. Cloud droplet seed patrticles are
referred to as cloud condensation nuclei (CCN) where liquid water activatiours,
which is when water vapour condenses onto the CCN rapidly forming a water droplet
more than ten times its original size. Ice nuclei particles (INP) refers to the same
process except sokghase ice formation on particles occurs. Pégtisizes a
described in four main mode categories: the nucleation mdte Aitken mode, the
accumulation mode, and the coarse mode. No single mode has a clear sia#é cut
although ranges are often used. In this worle tthode ranges are approximatedy
diameter <0.03um for the nucleation mode0.03um < diameter < 0@um for the
Aitken (Aitken, 18801918 mode, 0.0 um < diameter < Jum for the accumulation
mode, andadiameter > Ium for the course mode (Figure 2.1 the natural marine
environment, large particles are often ssalt and are hygroscopic so will readily
absorb water even in subsaturated conditiofiewis and Schwartz, 200@'Dowd

and de Leeuw, 2007 Other largeor supermicron aerosahcludes airborne water
droplets, bacteria, fungal spores, pollen,datust particles Dust has been detected

in the marine environment from long range transp@réennings et al., 199Duce and
Tindale, 199}, and speculations have been made thlatst can even be settled out
onto the marine surface and fsuspended through wave crashing and bubble
bursting(Gavin Cornwell et al., 20L71.arge particles leave the atmosphere relatively
quickly, often when undergoing atmospheric settling before cloud droplet nucleation,
or are precipitated out after nucleation.
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Figure 2.1. The general breakdown of aerosol particle type by size ranges and nomenclature. This
graph is adapted from a similar graphHimds (1982

Aerosol generation

Particles entering the atmosphere directly as fragments of a bulk parent primary
material are called primary aerosol. In the marine environment thigois wave
crashing or bubbkbursting at the marine surface, which is mostly dushearstress

of wind over the marine layefWoodcock et al., 19538lanchard, 1963Monahan,
1968 or to cavitation from artificial wave breaking from human industry (i.e. ship
traffic), but there are also benthic sources of bubbles from the gaseous releases at
the sea flooWoolf, 200). Bubblebursting results in two major primary aerosite
ranges and chemistry. The first, which is associated with smaller particles, happens
when the bubble film bursts into many tiny droplets containing scavenged surfactants
and particulate matter that would have been suspended on the bubble surface
(Woolf, 1997 forming primary particles. The second is through the formation of-a jet
drop which occurs when a bubble bursts and allows water to rush into the freed space
producing a large drop fosimilar chemistry to bulk seater. The jetdrop is
assocated with larger sized primary partés, and was originally thought to represent

a smallnumber fraction of aerosol(Lewis and Schwartz, 2008lanchard and
Woodcock, 195)¢ A ecent stug (Wang et al., 201)7has shown thatjet drops
produced from thebursting of ultrafine bubblesould producea substantial number

of submicrometre primary partles (~2843 % of the submicrometre fraction,
depending on seawater chemistrmyhich is more tha originally estimatedLewis and
Schwartz, 2004Blanchard and Woodcock, 1952ll primary marine aerosol (PMA)
are also referred to as sea spray aerosol (SSA), and usuallyisempgombination of
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seasalt, particulate organic matter (POM)and organic matter (OM) surfactants
present in the seaater.

Aerosol particles formedia gasto-particle conversion arealled secondary. The
mechanisms for secondary particle formation include new particle formation (NPF),
condensation of vapours, and aqueepisase oxidation in cloud or out. Cloud
processing, in which aqueous solution chemyisiccurs, is considered the most rapid
mechanism for the formation of secondagerosolin the marine environment
(O'Dowd et al., 2000b Thesecondaryproduct of aqueous phasheterogeneous
oxidation of atmospheric SGs sulphate (S£), which is foundn high abundance in
atmospheric aerosolWhen organic vapour concentrations are high, such as in the
Arctic, the condensation of vapours has been shown to be an important mechanism
for secondary aerosol formatioBurkart et al., 201 NPF, a secondary formation
process in which gaseous precursors form molecular clusters, usually requires a low
condensation sink, or else the newly coalesced particles will evaporate before
becoming stable. If a newly formed particle can reach a diameter ~6 nm, then its rate
of loss is reduced to such a degree that particles of this size often remain a patrticle
and continue to grow in sizZ®'Dowd et al., 2002bNPF has been shown to be a large
souce of partite formation globally, with reaction pathays ranging widely based

on the environmentin which it is occurring. Attention has turned to the changing
polar scenery induced by global warming offering more opportunities for (Ki2®

et al.,, 2013 in permafrost melt zones. On the whole, lexslatility molecules are
necessary to create stable particle clusters, usually through ternary reactions as
binary reacton rates are too slow to overcome losses from stronger condensation
sinks(Kulmala et al., 2000 Coastal environments have been identified as strong
sourcesfor NPFthrough the formation of iodinexide compounds(Sellegri et al.,
2016 Allan et al., 20150'Dowd et al., 20020'Dowd et al., 2002aFurther particle
growth can occur through Brownian scavenging (coagulation) and cloud droplet
coalescence, which can often lead to a combination of primary and secondary
composite partites.

Partide Chemistry

The general compositional fractions of aerosol are well studied globally, and source
apportionment is quickly identifying which local sources eontributingfractionally

to measured aerosol in smaller regional scalestge scale natural emissions of
aerosol can be trackedsing satellite retrievals. Figure 2.2 shows a momentary
capture of themodelledwind dispersal of both primary (i.e. dyseasalt, and black
carbon) and secondary aerosol (i.e. sulphate), while organic carbon can be primary or
secondary. The marine environment produces SSA and sulplasted secondary
marine aerosol (SMA) and is one of the largest natural contributors tmaterosol.
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The marine environment itself covers major swaths of the surface area of the earth,
estimated at 71 %. In terms of aerosol generation, it contributes heavily to global
natural primary and secondary aerosol emissions. Where natural sources are
estimated to produce a few thousand Teragrams (Tg) per year (yr) of aerosol,
anthropogenic emissions are only estimated in the hundreds of Tg €. yle Leeuw

et al., 2011 Klimont et al., 201} The marine environment alone puts out 3.5 ¥ 10

Tg yrt of seaspray aerosol (SSA), where there is ~10%ym of SSAG. de Leeuw et

al., 2013 and ~3 mmol myr! of sulphur volatile§Charlson et al., 1987

hurricane — *

typhoons

Figure 2.2Modelled wind dispersal ofag quantities of dust (red), sesalt (blue), sulphate (white)
and black and organic carbon (green) around the world. Reproduced from NASAdallagher-
photo.com/2013/09/12/aportrait-globalaerosolsnasal).

2.2 Aerosol cloud formatioandinteractions

While water vapour is the largest climate forcer in the atmosphere, aerosol particles
play an important role in water vapw cycling within the atmospheréndirectly and
directly modifying the climate. Parties interact with incoming shosvave solar
radiation and can alsaffect outward longwave global radiation. This dissertation
research is focussed on possilplarticle effects to the shorwave radiation rather
than longwave. Theaerosoldirect effect occurs through theadiation interaction

with the particles as they exist in the atmosphere at relative humidity. Relative
humidity (RH), expressed as a percentage, measure of the amount of water
vapour that air can hold at a given temperature and pressure. When relative humidity
is < 100 % we refer to the air as subsaturated, conversely when 100 % we refer

to it as supersaturated. For many particles such@&,$he ambient subsaturated RH
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is often great enough fathe formation ofhaze aerosathrough some water uptake
increasy 3 I LJ- NI A phs8icar® & AILE NI Y Rf SQ&a RANBOI
dependent on its refractive index, shape, adémeter, although the scattering
properties of an aerosol population are also dependent on tmembersize
distribution of its particles. The larger the scattering impact the larger the aerosol
optical depth (AOD)The number contribution flux c8SAwhich is réated to wind
speed, gynificanty affects the direct scattering properties of marine aerosol, due to
the powerlaw relationship between AOD and wind spgétlicahy et al., 2008 1n

the North East Atlantic, scating properties are proportional to the square of the
wind speed independent of season. However, seasonal high biological activity often
leads to half of the scattering of low biological activity peri@daishya et al., 2032
Vaishya et al. (20)attributed this scatteringdifference tothe presence of a high
fraction of submicrometre organic mattelThe organic matter particles reduced the
refractive index of the particles, explaining ZOof the reduction in scattering alone.
Another 22% of the reductn in scattering could be explained when considering the
changedsize distributionduring high biological activity coupled with the lowered
refractive index of the organic matter particles

The aerosol indirect effecbccurs throughradiation interaction with cloud droplet

particles, whichexist in the atmospherén supersaturated reginmge Once aerosols

meet supersaturated conditions, which force the condensation of water onto

I @1 Af+FofS adz2NFI 0OSa &adzOK Fa | SNRaz2vwby> (KS:¢
condensation. Grown patrticles are now considered clduaplets andaffect optical

properties of a cloud through their cloud droplet number concentration (CDNC) and
effective radius (B. The indirect effectdi(st andsecondespectively) are desitred

08 (KS&aS LINPLISNIASad® ¢KS FANBRIGI AYRANBOI
(Twomey, 1974 refers to cloud optical deptfthe density of cloud droplets within

the cloud which is directly proportional to the refleaty surface area of the droplets

The second indirect effect refers to the clo@#gmospheric lifetime, which is a

measure of how long the clou@eflectance will last. The cloud lifetime is sensitive

to both synoptic meteorological conditions and dynaahicloud microphysical
interactions but is also determined by cloud droplet racdbusurface areaThe cloud

droplet radius is sensitive to water vapour availability which is controlled through
CDNC, i.e. by the first indirect effe¢hcreasing CDNC sHhdureduce the overall

droplet radii, increasing net cloud droplet surface area and leading to more
reflectance of incoming sho#vave radiation.Both indirect effects are important
O2YLRyYySyia 2F RSUSNNYAYAYy3I 9 MleKabads ySiG 1
modulate solar reflection. The marine surface is a dark absorbing layer, so the added
albedo of lowlevel clouds has a particularly profound effect on the marine radiative
budget. The Intergovernmental Panel on Climate Change (IPCC) estima2@4For

reveal that aerosol effects on clouds could have a profound negative forcing impact,
however the estimation still has a high uncertainty (see Figure 2.3), in part due to the
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complicated nature of aerosaloud interactions, and also due to the uncertainty in
the field ofin-cloud aerosol productionStodker, 2013. Cloud adjustments due to
aerosols (combined with aerosol direct forcing) could be the largest negative forcing
FSSROoIFO]l Ay GKS 9FNIKQa NIYRAIFGAGS 06dzZRISG P L7
in stronger negative forcing, this colddlance some of the positive radiative forcing
from anthropogenic emissions and result in a lower net atmospheric warming effect.
However, the negative forcing could also be quite small, which would result in more
rapid atmospheric warming. The indicatidnom the Fifth IPCC report is that
information is lacking about aerosoloud interactions resultingni low levels of
confidence Figure 2.3), making the study of these interactions of utmost importance
for accurate climate forcing predictions.

In terms of aerosotcloud interactions, many physical principles and chemically

mediated reactions come together to regulate the formation of clouds through

dynamical processes. First, you have the shpgleicle dynamics and then secondly

the aerosol population aa larger system, although neither are mutually exclusive.

The singleparticle cloud interaction can be described as cloud droplet activation

which is the free and rapid addition of water vapour onto the existing particle, also

known as condensation, incremg the particle size 16@ld and becoming

W OQUADI SRQd ¢KA& Ad YSRAFGSR 6KSy (GKS Sl dz
temperature, idarger thanthe saturation vapour pressure after which condensation

occurs more readily than evaporation.
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Figure 2.3. Radiative forcing breakdown of the Earth (in 2011 relative to 1750) reproduced from
Stocker (201B Best estimates are shown in black diamonds with uncertainty intervals and level of
confidence on the right (\Mery high, Fhigh, Mmedium, Llow, and Vivery low).

The pocess of cloud droplet formation is described by Kdéhler theory through
equilibrium thermodynamicg¢Kdhler, 193% The theory brings together the Kelvin
effect which describes the change in saturation vapour pressure over a curved surface
andRadzf 1 Qa f+¢ GKAOK RSAONROSAEa (GKS STF¥FSOUa
the saturation vapour pressure of the droplet (see Section 3.5.2 for equations and
further explanation). The hygroscopicity of chemically homogenous aerosol will
follow theoretical curves oéctivation (see Kohler Theory in Section 3.5.2) based
surface tension effects anthe water activity of the solute. Theoretical models such

as AM (Wexler and Clegg, 200€legg et al., 19984a) or the AIOMFACZuend et al.,

20171 Zuend et al., 2008use initial parameters to calculate the solute and solvent
activities of aqueous phase solutions, which are then used to find critical
supersaturation of activation by dry particle siz€loud droplet formation is
dependenton the environmental temperatug, chemical composition and size of the
seed particle. Most particleshich activate will form cloud droplets, however smaller
sized patrticles will only form cloud droplets if kinetic limitations are overcome when
appropriately long supersaturations aressained, or else these activated particles
can evaporatgMcFiggans et al., 2006These kinetic limitations are shown to be
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more important for larger populaties of hydrophobic CCN paits, and are often
negligible in clean marine conditionsdenes et al. (200zhave shown that chemical
effects during this activation proceshange droplet number enough tval the
changes in droplet numbdrom increased ambient particle concentrations alohe
variable updrafts &ter soluble organic carbon (WSOC) can lead to increased
activation through the lowering of surface tension,(and film forming compounds
were found to either lower or rais€EDNC depending on the distribution of the film
among particle sizes. In the piieusly mentioned study, due to low CCN
concentrationsfound in marine environmentdjlm forming compoundswere not
seen to have a large impact on marine aerosol. Ladeadnevaite et al. (201)a
showed that primary marine organics in the North East Atlantic, which has been
earlier shown through tank experimentation to be mostly waitesoluble organic
matter (WIOM)(Facchini et al., 2008can be associated with high CCN activation
efficiency.

Cloud droplet formation on a single particle ¢®ntingent on environmental
supersaturation, which has more to do witlrger scale dynamical processes
Meteorological conditions, such as press(iPg temperature T), wind speedy), and
vertical updraft (v), are often the most deciding factors in cloud peak supersaturation
(the largest supersaturation reached during cloud formation). However, given
measurements over a short timescale, with relaty constant meteorological
conditions P, TandU), w becomes the deciding factam cloud peak supersaturation
and is often the largest controlling factorin regional systems with invariant
meteorology Within a cloudy is not constant, small eddy vances near cloud base
can results in aerosol exposure to a range of peak supersaturalibesegional scale

is often more important for parameterigans, modelling or forecastingso the
average cloud peak updrafts are usked analysis of the aerosglopulation In the
marine environmentsupersaturations are usually observedanedian value dd.3

%or less in tropical region@loppel et al., 1986Roberts et al., 20Qd._eaitch et al.,
1996, which is expected from therevalence ofshallow convectiorover most
oceans. Higher supersaturations can frequently occur during cyclonic activity or
frontal passges While meteorological factors set the range of possible cloud peak
supersaturations other factors further determine the maximum reached
supersaturation; CCN number concentration, size, and chemistry play an important
role (McFiggans et al., 200©'Dowd et al., 2000'Dowd et al., 1997D'Dowd and
Smith, 1993Hoppel et al, 1994.

Higher supersaturations can be reached when CCN concentrations arg(luwekson
et al., 2010, reducing the water scavemy by particle activation and keeping the
partial pressure of the water vapothigher. In the Southern Ocean, ambient vertical
updrafts have been measured directly in a wide ran@e84 ¢ 0.79 m st averaging
0.06 = 0.39 m-5(Snider et al., 2017 It should be noted that when positive vertical
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updrafts occur they do so within a positive standard deviat®nider et al. (2017
found mean marine updrafts to beG4 m s?, corresponding to a range offettive
supersaturations with an upward limit estimated at 0.57 % and an average of ~0.09
%. The low mean supersaturatioftaind in the southern latitudes compared to the
tropical regions may be due to differences in meteorological conditions. Changes in
supersaturation couldhave huge repercussions in the cloud reflectance and lifetime,
altering the climate forcing effects of marine stratocumulus clouds for submicron
marine aerosol, with concentrated particle counts highly sensitive to supersaturation
fluxes.

Aerosolchemistryandsizecan also have an effeon particle activation which in turn

can alter cloud peak supersaturation. Since Kéhler theory invblv#rschemical and
physicakerms for activation, CCN and INfgroscopicityare related to both particle
composition and relative sizeParticle hygroscopicity is complicated and while
particle activation can be largely determined by g2asek et al., 20Q6activation of
smaller Aitken and accumulation mode particles are mainly determined by chemical
composition As smaller particles are most numerous in the atmosphtbiefraction

of particles which act as CCN comparechvilNP may have more to do with chemical
composition.Chemical properties that make effective CCN are not consistent with
boundary layer (warm cloud) INP. For example, dust, mainly feldspar type dust, is one
of the most activation efficient INP typéatkinson and Whale, 20),3out it does not
contribute to CCN populations$Seasalt, rather than dust, particles are one of the
most active CCN. Although it is an ineffectual INP at relatively warm temperatures (>
-20°C), it can be as effective as mineral dustaBC(Wagner et al., 2008Bothdust

and seasalt particlesare known to exist at a varied range of sizes, but which have a
proclivity to be found dominating the mass (volume) at large sizes. This often gives
them compettive advantages at scavenging available water vapour during early
activation stagesThe addition of aerosols to the atmosphere means less liquid water
vapour per droplet nucleus, which may lead to increased detection of-lange
transported giant partles as well as increased detection of soudependent
partides(Sorooshian et al., 20)5

The climate effects of crystalline versus liquid droplets differ, and as such both CCN

and INP concentrations are important to contextualise. CCN andati¥iation
characteristics are presented in different wagsving to the independent and
dependent factors which are of most importance to possible climate efféc@N
characteristics areften presented as a function of dry particle diameter (classically
radius, although diametehas recently begun to dominate the fieldand critical
supersaturatiorallowing for the distinction of sizdependent activation efficiencies

A size and chemistig SLISY RSy (I (Btethéis sl Ki8itlkEwei$, 200 has

0SSy dzaSR G2 RSaONA 6-RohlerthboryfnavigthaBisy NP hod OA G &
often represented though icesurface active area or number concentration as a
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function of temperature (Figure 2.4as cloud temperature is often the most deciding
factor in INP concentratian
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Figure 2.4. CCN (a) and INP (b) representations of activation efficiency by chemical composition.
Graph a) is reproduced frorRetters and Kreidenweis (280and shows &Dgs data for pure
compounds, organic mixtures and orgaimorganic mixtures.Data for (a) are taken from
Svenningsson et al. (200®inar et al. (2005 andPetters et al. (2006 The3:7 organic:inorganic
YAEGdzZNE A& (KS & Szkhiningkds & al. (200dkashddings indiddde WesF A (¢
values for each particle type, as shown in the legend. Shaded area indicates reported range of values
for ammoniumsulphate(Table 1 irPetters and Kreidenweis (20))7Kappa values were computed

T 2 N30.072 Iirtand T =298.15 Ksraph b) is reproduced frostkinson and Whale (20)3howing

the nucleation site density for-f€ldspar and natural dust®ata for (b) is frm picolitre experiments
extended to higher temperatures by use mwicroliter-sized droplets, with a fit provided (In(ns)=
1.038T+275.26, valid between 248 and 268 K). Experimertdtgpar concentrations in weight
percent are provided in the key. Tempéree uncertainties for microlie experiments (not shown)

were estimated at +0.4K and uncertainty in ns (not shown) is estimated a®a:28everal natural

dust samples (N12 and C09) are compared. The mineralogical compositions of the dusts used in those
samples are unknown, but feldspar mass content in natural soils typically varies betWweand 25

%. Hence, ns values are scaled assumifgdd<par is present at betweend% and 2%%6 of the natural
Rdzad LI NIAOEt S&aQ adNFI OSo

Importantly, cloud processingn marine nonrprecipitating clouds is thought to be
responsible for the transfer of material from the gasparticle phase and the growth

of particles from the Aitken (0.08 um dry particle diameter) to accumulation mode
(0.15 pm dry particle diametefHoppel et al., 1986 Marine aerosol numbesize
distributions are often bimodal with one dominant peak in both the Aitken and
accumulation mode. Marine aerosol that have been esgmbto nonprecipitating
clouds show increased mass associated with CCN particles consistent with the
agqueousphase processing of @ SQ (Hoppel et al., 1994 which confirm cloud
droplet activation as a mechanism of particle growth.ilAsstrated in Figure 2.5,
Hoppel TheoryHoppel et al., 198@[proposes that in a welnixed marine boundary
layer (MBL) an initial (monomodal) numbksee distribution will be exposed to a MBL

cloud supersaturation which will activate all particles with critical diameters
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(chemistry dependentgreater than that associated with the cloud supersaturation.
These particles then grow in mass with the addition of ®@ugh aqueousgphase
processing, and once evaporated appear as a secondary mode of larger sized
particles. Meanwhile, the noeactivaied droplets remain as interstitial aerosol in
cloud and do not change drastically in mass (and therefore size) and remain at the
same size and number concentration after exposure to the-pi@tipitating cloud
environment as beforeexposure (Figure 2.5).ofdpel Theoryproposes that the
bimodal marine distribution formed after processing in Amcipitating clouds
(often in multiple cycles) can be used to predict the effective fmitled) marine
boundary layer cloud supersaturation using the modal minifapfpel minimum)
found between the Aitken and accumulation mode. The supersaturation can be
inferred from particle composition, and was found to be ~ 4% 0.25 % in the
tropical marine boundary laygHoppel et al., 1995

------- interstitial particles

—— activated particles
O Hoppel Minimum
600
£
a
8 400 - cloud processing
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Figure 2.5. Hoppel Theory overview of the formation of a bimodaldstebution from an initial
distribution after being exposed to neprecipitatingcloud(s)(both full distributions are shown in black

as a function of mobilitgiameter in logscale).In the bimodal distribution the number of particles is
conserved, but the particles at diameters > Hoppel minimum (shown as a circle) are grown large upon
activation (red mode) and the particles at diameters < Hoppel minimum resdaifithe same size
(dotted black mode).

2.3 Marineaerosoland climate

Asdiscussed in Section 2.2, aerosms directly and indirectly interact with incoming
solar radiation. Over a dark absorbing marine surface, even optically thin layers of
low-leve cloud coverage can have a significant impact on the overall albedo of the
ocean surface. Haze layers, directly scattering incoming shortwave solar radiation,
have a similarly significant impact. The degree to wipdmary marine aerosol
(PMA or secondary marine aerosoBWMA serve as good haze or cloud paei
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depend on their hygroscopic properties which are ultimately controlled by their
physiachemical characteristics.

SMA has been suggested tothe major componat in amarine aerosol atmospheric
negative feedback loop, counteracting greenhogses climate forcerglLovelock,
1972. The original proposed negative feedback system the CLAW hypothesis,
named after its authorgCharlson et al., 19§ycentred on the marine sulphur cycle

in which dmethylsulphide (DMS), a degraded form of the phytoplankton osmolyte
(whose presencenly exists in certain species of phytoplanktfeller, 1989Liss et

al., 1993 Nightingale and Liss, 2003 and whose production is hypothetically
regulated by light and temperature, is oxidisgde conversion yield of DMS is 9%

into methanesulphonic acid (MSA) and%5nto S@(Chen et al., 2008to eventually
form non-seasalt sulphate (ns$Q), an important secondary CG®harlson et al.,
1987 Lovelo& and Watson, 1982The increase in CCN leads to an increase in cloud
droplet concentrations and related reflectivity of leevel clouds (a net radiative
cooling effect), thus cooling the climate down and completing the negative feedback
loop. However it is still unknown whether environmental changes from increased
cooling (or from other environmental factors such as increasing atmosphetic CO
concentrations) will incur positive or negative responses in DMS production, due to
the complexity of its generation in natuf@yers and Cainey, 20D AqueousDMSP
concentrationsare directly related to (agueous) DMS concentrations which are
subsequenly ventilatedinto the atmospherethrough air-sea exchangéLiss et al.,
1997). The associated phytoplankton blooMmMSP concentrationsare species
dependent(Liss et al., 1993s well as bloom phase dependgmtith more DMSP
produced during demise phasef)iss et al., 1997 creating variation in th®©MS
contribution of any given bloom at any timgme autotrophicspeciesvhich would

be high in Chh, such as dinoflagellates and coccolithophores, produce more DMSP
than other bloom species,ush as diatomgLizotte et al., 2017Liss et al., 1993
Studies havefurther shown a connection between water depth and DMSP
concentration (Lizotte et al., 201p seemingly supporting eslence for a solar
radiation relationship to DMSP (and therefore DMS producti&v)jdencehasalso
been provided that oceanic DM®ncentrations correlatéo climate forcingn terms

of solar radiationdose (Vallina and Simé, 200 7leading to an increase [@CN in
warmer climategHegg et al., 199Ayers and Gras, 199Despite this, the existence

of the originally proposedeedback has been challenged the contributions to
marine CCN are more complex than originally believed (Quinn and Bates, 2011).

The involvement of seaalt, a PMA coponent, was originally ruled out of any
feedback loop due to assumed insufficient particle concentrations and inability to
reach the clod base due to largsizes (Charlson et al., 1997Later, an alternative
feedback system based on increasing wind speeds driving the production-salsea
CCN was proposdtatham and Smith, 1990nitial studies oeasaltaerosolfound
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that it dominated mass concentrations, rather than number, and were correlated to
wind speedMonahan, 1968Blanchard, 1968 However, recenstudieshave proved
that seasprayis also contributing to the number of small particgiees, going down

to even 15 nm in diametg)Cravigan et al., 201®vadnevaite et al., 2013b

2.3.1Marine aerosol composition

Due to the nature of cloud droplet activation and the cleclomate effect, size
dependent particle chemistryis important in cloud activation, herefore,
differentiating the numbersize distribution®f different chemical constituentsithin

the aerosol ppulationis importantfor understandngtheir influence on clouds. It is
widely accepted that the Aitken mode is dominated by SMA, namehks@s&uinn

et al.,, 2000 Quinn et al., 19980'Dowd et al., 1997a The accumulation mode
number dominance can swing between SMA and PMA depending in most cases on
wave-state dependent seaalt contributions, which can be seen in theasalt mass
concentration. For oceanic regions experiencing prolonged wind speeds exceeding 15
m s, it is very likely that an accumulation mode would be fractionally dominated by
PMA. Semalt is responsible for the majority of cloud nucleating pagichnd light
scattering in the Southern Oced@kurphy et al., 1998

Experiments have attempted to isolate the S8ramely sessalt) modes from
ambient numbersize distributions, both using methods which assume a monomodal
SSA sizdistribution (Quinn et al., 2017Modini et al., 201%and also assuming a
multi-modal size distributiofFossum et al., 20)}8Seasalt itself is extremely wave
state dependent, and multiple versions of wisdeed related flux parameterisation
exist for ambient fitted se®alt aerosol and also lab generated s=dt aerosol
(Ovadnevaite et al., 2014K5. de Leeuw et al., 201Clarke et al., 20Q8Vartensson

et al., 2003 Salter et al., 2016 While lab generation often resulta poor overlap
between lab and ambient observations, lab measurements can testhiberetical
sensitivity of certain parameters, such as temperature dependency. Many lab studies
have found that increasingeasurfacetemperature reduces SSA particle pration,
whichis mainly accounted for bgecreasesn production of smaller sizeplarticles
although larger size particles are often seen to slightly increase in production
(Martensson et al., 200Bowyer et al., 199 abori et al., 201, Sellegri et al., 2006

The order of magnitude of these changes diffavidely, as well as the particle
diameter which marks this change, whidan be attributed to differences in
methodology the seasalt production mechanispand also dynamic or statgea
surfacetemperature changefr-or exampleysing sessalt(Sigma Aldrich, S988&ater
Salter et al. (2004showed thatincreasing (static) temperatures result in large
decreases in concentration of plungijeg produced SSA particles withy diameter
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< 1 pm(from -1.3°C to 9°Qheseab studies (Martensson et al., 200Bowyer et al.,
199(Q Zabori et al., 201, XSellegri et al., 20Q6alteret al., 2014 produce results which
conflict with ambient measurements and resultargarameterisations which show
the opposite temperature dependence of increasing number concentrations with
increasingeasurfacetemperature(Ovadnevaite et al., 20148aeg et al., 2011 A
recent lab investigatiorfForestieri et al., @18) into seasalt number concentration
dependenceagreeswith the monotonic dependence on seaurface temperature
(moderate increases in number concentration with temperatu@)served in
ambient studies Thesame study also noted that seater composion may play an
equally large role in determining sealt numberconcentration, which may bea
partialcause of the discrepancies in the other laboratory studeedifferent seawate
types wereused The composition of the seater in terms of salinityand organic
surfactantcomposition can affecthe physical properties of bubble formation and
burstingspecifically as surfactants affect bubble stabi({iBarrett, 1967. Forestieri
et al. (2018 experimented with four seaater conpositions: NaCl water,reef
seavater, filtered seavater, and filteral and autoclaved reef seater. The study
found that temperature trends werebserved in the artificial seawater but that the
real seavater had more complex and random temperature depencierikely due to
the some physical or chemical evolution or change in the swdatge organic
compounds with time.

It has been shown in multiple studies that the distributionS8A (or sesalt)is not
monomodal but having upwards a¥é modegqSalter et al., 201,30vadnevaite et al.,
2014h Fuentes et al., 201Qb and that this distribution can change depending on
seasurface tempeature, surface turbulenceand seawater compositioalthough

the latter has thestrongesteffect on the numberand distributionof the modes
(Forestieri et al., 2018 Seasurface temperature sensitivity increases with increasing
size, and may have a larger impact on the fraction of SSA particles acting as CDNC
then on the total SSA numbdéForestieri et al., 2008 Changes to sesalt number
concentration anchumber-sizedistributions (accumulation mode) have been shown
to affect modellel CDNGhrough the use of a cloud parcel mod€&'Downd et al.,
19999. Seawater alinity can als@ffect SSA generatiobut as salinitydoes not vary
greatly over thes 2 NX R Q &his 2ffe@ ik I¢sioned, except in areas of-smamelt

or heavy rainfall, where an unmixed layer of fresh water could occur. Ocean
circulation can also affect the composition of the surface water through upwelling
and downwelling both caused by direatial surface winds. Upwelling will result in
rising deeper water leading to increased concentrations and production of organics
while downwelling will result in sinking of the surface water, decreasing the
concentration of organic§Smith and Konferenzen, 199KarpBoss et al., 2004
Different SSA (or sesalf) flux parameterisationtake different dependencies into
account, and a comparison of the major parameterisations can be sdégure 2.6.

Do to the differing measurement condiie and possible changes in seawater
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composition, it is difficult to determine which of any parametrisation is better.
However, parameterisations which result in multiple SSA modes better represent
ambient marine measurements.
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Figure 26. Reproduced frm Ovadnevaite et al. (2013pthe graph shows a comparison of the sea
spray aerosol source function derivéd Ovadnevaite et al. (2014DSSASSSF) with other SSSF
(Martensson et al., 2003 ewis and Schwartz, 2008larke et al., 20Q8Vlonahan et al., 1986Smith

et al., 1993Nilsson et al., 2001Gong, 2003Leeuw et al., 200Reid et al., 2001Geever et al., 2005

Tyree et al., 2007/Norris et al., 2008Norris et al., 2012Petelskiand Piskozub, 200&eene et al.,

2007), evaluated for wind speed U10 = 8 th @r U22 = 8 m*$ for Geever et al(2005).Also shown

are central values (curves) and associated uncertainty ranges (bands) from review of Lewis and
Schwartz (2004), which denote subjective estimates by those investigators based on the statistical wet
deposition method (green), the steadyate deposition method (blue), and taking into account all
available methodsgrey); no estimate was provided forsix 0.1 pm. Lower axis denotes radius at 80

% relative humidity, &, except for formulations of Nilsson et al. (2001), Martensson e2a03), and

Clarke et al. (2006) which are in terms of dry particle diametey, Bpproximately equal toderand

those of Geever et al. (2005), Petelski and Piskozub (2006) (dry deposition method), and Norris et al.
(2008), which are in terms of ambiergdius, Rmb. Formulations of Tyree et al. (2007) are for artificial
seawater of salinity at the two specified bubble volume fluxes. Formulations of Nilsson et al. (2001)
and Geever et al. (2005) of particle number production flux without size resolatienplotted
arbitrarily as if the flux is independent ofng over the size ranges indicated to yield the measured
number flux as an integral over that range. (Figure and caption modified from de Leeuw et al).(2011)
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Aerosol number concentrations and cheal fractions change with altitude, having
hugely different concentrations and fractions above and below cloud. Typical sub
cloud concentrations range from 50000 particles cri and are affected both by
meteorology and season. Aerosol surface fluxed enemistry are also subject to
seasonal sensitivity, where spring and summer generally bring higher concentrations
of organoesulphate and organic species, whereas winter brings more storms and
higher concentrations a$easalt (Figure 2.7)These seasonatends can have large
impacts on aerosol chemistry, ultimately impacting how the marine aerosol affects
the regional and global climate.
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Figure 27. Chemical size breakdown and chloroplaylmaps in winter (a) and summer (b),
reproduced fromO'Dowd et al. (2004 Organic matter at the sesurface. SeaWiF&rived seasonal
average (5year) seasurface chlorophyll concentrations in winter (a) and spring (b), illustrating low
biological activity in North Atlantic waters during winter and high activity in spring (courtesy of
SeaWiFS Project, SA/Goddard Space Flighener and ORBIMAGEJ)he location of Mace Head is
shown in a. Marine air masses arrive at Mace Head after at least 96 h transit over the ocean from the
Arctic and northwest Atlantic. Chemical composition of marine aerosols. Shmvavarage size
segregated chemical compositions and absolute mass concentrations for North Atlantic marine
aerosols sampled with a Berner Impactor, faxlsiological activity (a) and high biological activity (b)
periods. The concentrations of WSOC, WHDE BC are reported as mass of organic matter (see
Cavalli et al. (2004or a full discussion).

The relative reflectance or absorbance of incoming shortwave solar radiation b
secondary marine aerosol (SMA) often relates toftiaetion and distribution of OM
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within the aerosol population. Theegional and seasonahriations of organics in
marine aerosol continues to be investigat&lringhigh biological activity, sespray
particles are enriched in organic matter witie seasalt fraction being significant at
larger size, but OM dominating smaller particle mg@®owd et al., 20040'Dowd

and Smith, 1993Murphy et al.,1999. h Q5 2 g R (284 showed that organic
fractions in marine aerosol are seasonally linked to marine biological blooms, often
changing from a 15 #oomcontribution in winter to a 63 % contribution in summer.

In the North Eat Atlantic, chlorophyda (Chta) has been positively correlated with
OM (Rinaldi et al., 200jiven a sufficienttimé I 3 A& AY INRPREXDFRD h QF
later demonstrated that seapray OM fraction (OM) is variable and also dependent

on biological activity. The same study showed that monthly-aClmhean
concentrationsare significantly correlatedo OMss (r>0.9), which contrasts to a
previous studyQuinn et al., 2014where a simukneous correlation between sea
spray OM and Cld was not observed. A low correlation between simultaneous
YSIFaAdzZNBYSyda ol a St dzQaors exfhaRingdhat the Qigh2 6 R S |
correlation coincides with the demise of the bloom, rather than the growth phase.
Further quantification of the relationship between planktdrilooms and OM
fractions in seaspray has been shown in the South Indian Ocean through direct
measuremeniCeburnis et al., 2036and also though the measured enhancement

of the indirect effect by marine ONMcCoy ¢ al., 2015. Ceburnis et al(2016
showed that primary production yields particulate organic carbon (POd4rbon
isotope 6 ¥C)light), which is distinct from dissolved organic carbcarfonisotope
heavy) in that the latter has undergone atmospheric aging and lacks oceanic variance.
The study also conalied that the OM fraction in sespray increases given turbulent
surface wate conditions in areas where primary production is high (e.g-aChl
concentrations are high). McCoy et #015 reported that modelled biogenic
primary and secondary sourcesrrelated well over time with changes in satellite
derived CDN@ the Southern Oceamstimating that biogenic sourcascrea® the
mean reflected skar radiation in summe(10 W n¥). While the addition of CCN is
reported as correlated to biological activig@vadnevaite et al., 201)and clearly
impacts regioal cloud coveragéruger et al., 2014McCoy et al., 201)5the aerosol

cloud system remains extremely complex.

Marine aerosol israrely chemically homogenous over all sizes, although some
homogeneity can exist over the Aitken and accumulation mode size réngaent
aerosolcan beexternally mixed, meanindnat at a given sizparticles are chemically
distinct from each other, or internally mixed, meaning that through secondary
processing an aerosol of a given size is a mixdtiohemical species (often a mixture

of primary and secondary aero3oh completdy internally mixed aerosol population
would have particles with the same composition (or agglomerate compaosition)
regardless of size, such that every chemical species comprising the particles would be
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found in equal proportions in every particle. A coniplg externally mixed
population would have particles at similar size with completely different chemical
constituents. In reality, sampled aerosol is a combination of internal or external
mixtures (due to an abundance of primary and secondary aerosol esuvehich
varies with size dependencBetermining whether ambient aerosol is externatly
internally mixedhas been difficult to resolve. Lab studi@atheret al., 2013 have
shown that particles in clean marine aitions can be internallynixed (Figure 2.8),

and measurements taken in the ArctiKirpes et al., 20)7and Southern Oceans
(Gaston et al.,, 20)8have shown that internal mixgtes are prominent when
secondary aerosol concentrations are high. Both studies include measurements of
L2t fdziSR I SNRPaz2fs ¢gKAOK aSSya (2 NBIOG KSGSN
The mixing state of marine aerosol in pristine field conditions lieen harder to
ascertain, although it has been suggested that clpuatcessed marine aerosol would
always have some degree of internally mixed spe@ésrphy et al., 1998 Other
laboratory studies have stipulated that different aerosol formation pathways (i.e.
large and ultrafine bubbléoursting producing jet drop and fildrop aerosol) of sub
micrometre SSA would result in externally mixed péticof different chemical
composition(Wang et al., 201)7 The mixing state of the aerosol matters because it
affects how aerosols react as a population to activate into clduaplets or be
effective haze particles. Asliscussed previously, homogenous, dw I S NP & 2 f
populations will have similar critical supersaturations. As such, depression of the
maximum cloud peak supersaturation through competitive activation over the same
dry particle size will not occur, as is tbase with noFhomogenous sulphate sesalt
partide populations (O'Dowd et al., 19990 The more aerosols available for
condensation, the less water vapour available per particle. &wamg of available
water vapour occurs over time, starting in sgaturated conditions. Larger and more
hygroscopic particles (in accordance with th&mdependentDc) will absorb water
vapour. Seasalt, large highly hygroscopic marine primary parsaiéfectively reduce

the peak cloud supersaturation as it selectively scavenges available water vapour
prior to and during CCN activatidf.however, seasalt is internally mixed with other
chemical species homogenously across the si#tes, the critical diameter of
activation can belecreased, reducing the effects of the selective early activation.

One method of determining the mixing state of the aerosols is through single particle
analysis, which has been deployed both in the lab and in the &egiK{rpes et al.
(2017; Prather et al. (20183. The disadvantage of this method is that not every
particle is sampled, anthe analysis may not be representative of the air sample.
Polluted marine systems in the Arcti@ve been shown to haveternally mixed
aerosols from persisterdnthropogenic transportedhazeand may therefore suffer
from reduced CCN activation efficienmympared with nascent SSBther methods

to estimate the mixing state of aerosols have used-s&®lved masspectrometry
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to estimate the mixing, or CCN siasolved analysis to determine the hggropicity
of different aerosol size§-ossum et al., 2038
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Figure 28. This graph shows external and internal mixture types of lab generated marine particles
by size and mass fraction, reproduced frémather et al. (2018 (A) Sizeesolved chemical mixg

state for R1 (sePrather et al. (201)3Fig. 2). Integration of two single particle analysis methods [TEM
with energydispersive Xay (EDX) analysis < 562 nm and ATOFMS > 562 nm] shows the existence of
four major particle types. (B) STXM chemical spatial maps of thenwest dominansubmicrometre
particle types (types 2 and 4) highlight the differences in the inorganarganic ratios (Left),
abundance of chlorideQentrg, and carboxylates (Right).

Another large area of uncertainty within the field is the fractafrmarine boundary
layer (MBL) CCN which are produced from atmospharicainment,which usually
refers to large scale movements of air from the free troposphere (FT) into the marine
boundarylayer. The composition of cloud droplets (especially at cloud top nearest
the FT) alters theevaporation of droplets at cloud top, which is important for
accurately represaing cloud radiative propertieSanche et al. (201yshowed that
disregarding the evaporation cycling processes of droplets around thedadauds

can result in an overestimation of the short vearadiative flux at cloud ta@Pimary
marine aerosol is usually within th&BL although transfer higher into the
atmosphere can occur, with SSA being reasonably transported (by simulation) into
the troposphere(Wise et al., 201 Conversely,maller sizedpartidesfrom the FT

can subsidelown nto the boundary layer and mixith surface generated particles

In this way the FT is both a source and sink for MBL aerGtake et al. {999,
proposed that a significant source of MBL aerosol was from the subsidence of
particles formed aloft by NPF processes in FT cloud outflow regitet®shevski et

al. (1999 calculated that the contribution of padles from the FTto marine
boundary layer were between 639 % but that the MBL aerosol mass was
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dominated by seaalt particles (68 %) A study(Dadashazar et al., 20LIboking

at the interfacebetween theFT (above cloud) and boundary layer (below claftl)
the Californian coasshowed that NPF was highest at the entrainment interface
layer, consistent with findings fro@larke et al. (1998The same study also showed
that sub-cloud aerosol had overall lower particle concentrations when comptoed
the FT or the entrainment interface layer, but higher fractions of larger particle
diameters. Aditionally, thicker clouds coincided with the lowest concentrations of
sub-cloud aerosol with particle diameters < 110 nBuring the Ace& Lagrangian
studies,Hoell et al. (200)) studied the evolution of air masses in relation to boundary
layer height This study suggested that when gradients between the bounldamr

and FT form, on certain occasions with changes in boundary layer height, the FT can
become a source or sink for MBL aerosol.

As the composition of FT aerosol can differ drastically ftbenmarine boundary
layer, with larger incidences of pollution aerosol, the results of processes in the
entrainment layerhas the potential tachange aerosetloud interactions andffect
interstitial aerosol populations within cloud through gradient centration
movements.However, the mixing of clean FT air into the boundary layer does not
necessarily impact strongly on MBL cloud propertiéghile the contribution of small
partides from the FTcannot be neglected in the MBEhe contribution to CDNC
populations may be much lower.DBIC are not directly proportional to CN
concentrations andend to be more related to accumulation mode CCN. FT particles
are usually smaller and would impact less on CIHNlence presented i@'Dowd

et al. (2012 suggest that entrainment does not influence the concentrati@sed
fluxes of marine aerosolThroughthe use ofchemical fingerprinting and isotope
analysisthe nonmarine aerosol componenigereisolated out andvere not found

to impact heavily on mass concentrations. The analysis of coupled cloud layer
measurementsvia ground based sensinghow @rrelation exiss between number
concentrationfluxes of sukcloud polluted CCN and cloud optical thickn@a=if3ler

et al.,, 201§. The @od agreement between marine boundary layer particle and
remote-sensing measurements strengthens the idea that the larger submicron CCN
in the subcloud layer have more to doith cloud droplet activation than mixinga
entrainment of FT aerosol.

2.3.2Pollutionin the marine environment

The main tropospheric polluters in the marine environment are ship related
combustion (or other industrial activity related combustion), humamted activity

on islands, andongrangetransport of continental pollutants. Black carbon (BC), a
resultant partide of incomplete combustion, is ubiquitous to anthropogenic pollution
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and can be used as a tracer for anthropogenic contaminaiolff and Cachier,

1998 O'Dowd et al., 1993 and is also responsible for major direct solar radiation
absorption (Rananathan and Carmichael, 2008n 2015, ship emissions were
estimated to contribute a total of 5.3 x 10¢ 8.0 x 18°g of BGComer et al., 201)7

66 KAOK OFy 06S I @SNr3ISR 20SNJ 6KS hOSIyQa
to be 6 x 10% ng m® s!). Aerosol mass spectrometry and photometry
instrumentation is used taneasurethe tracers of this human activitin natural

marine emissions.

In the context of climatdeedback systems and aerossbud-interactions, the origin

of aerosols must be hidy constrained to differentiate betweematuraland polluted
aerosol population propertiedue to the linear relationship found in the S. Pacific
Ocean during the VAMOS Ocean Cloud Atmosphere Land Study (VOCALS) regional
expetiment between BC and orgamtatter (OM),Shank et al. (20)2proposed that

BC concenttions are not effective in distinguishimgatural marine aerosol from
polluted aerosol. Thereforehe study proposed thaDM measured in the North East
Atlantic mayalsobe anthropogenic in origin. This would have large implications for
studies previousi reportiing on clean marine OMuch agvadnevaite et al. (201)a
Ovadnevaite et al. (201}pandCavalli et al. (2004vhich usedBClimits (in part) to
distinguishclean marine fronre-circulatedpolluted or continentally influenced air
masses. HoweverQ'Dowd et al. (2014 showed through a muktomponent
analysis, OM and BC measurements were not correlated when employing the
established clean sector techniquéhe O'Dowd et al. (2014study demonstrates

that Mace Head research station (MHEQNn be considerea reliable station for
studyingnatural marine aerosol from the North East Atlantic

Marine biological production is related to nutrient availability, and therefore
somewhat dependent on the deposition of trace elements onto the sea surface.
Continental transporof dust (iron) and anthropogenic aerosol (nitroggmpvides
trace element deposition which can be used as nutrients fuelling phytoplankton
blooms (Duce and Tindale, 1991The transport of anthropogenic a@sol is
associated to marin@roduction of organics because it has been shown to increase
the solubility of iron leading to easier uptake by bi¢Baker et al., 201;8Baker and
Croot, D10), and also because many low latitude oceanic regions aregstr poor

and the addition of this trace element has been shownstonulate biological
production(Duce et al., 2008lickells and Moore, 20)5Therefore the influence of
anthropogenic aerosol mainfluence the oceanic system armhusechanges to
measured marine aerosol by increasing or changing marine biological production in
surface seawater so accidental correlations between OM and BC (a tracer for
anthropogenic transport) shouldot be discardel without consideration of regional

air transport patterns.
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While pollution itself is widespread and subject to global transport, the frequency
of occurrence of high incident atmospheric pollution can be different depending on
the ocean in question. Thedth Atlantic has been shown to be heavily influenced
by anthropogenic sources during early win{€'Dowd et al., 1998 When it comes

to the high latitude marine regions, the Arctic marine region ¢@more heavily
polluted than the Antarctic marine region. The Arctic region is affected by BC from
short and longrange transport(Dorothy and James, 20P5due to the effects of
strong late winter early summer northward transpoKBarrie, 198%which results

in a ratural level of BC around 20 ng®im the summer(Gogoi et al., 2006 However,
median measurements of the North East Atlantic show < 10 Adomthe summer
months (unpublished datirom Mace Head MAARSstrumentmeasurements from

the summer of 2017) which may indicate a sevarange in BC mass concentrations
in the North East Atlantic compared with the Arctic regiolke Antarctic m@ane
region appears to & lessinfluenced by pollution, somewhat owing to the lack of
industrial activity in the Southern Hemisphere compared with the Northern
Hemisphere and the Antarctic circulation. Marine BC measurements in the S. Ocean
report BOmass concentration measuremen(using a mixture of BC instrumends)

the order of ~1 ng M (Shank et al., 2012Weller et al., 2013Chylek et al., 2015
Wolff and Cachier, 1998

As mentioned above, thenthropogenic influencdiffers for every Oceartherefore,

BC values typical 6P Of 8 Ny @ LINR & U A fiuSt@e dstablledYfdr aver$ a
instrument and locationFor exampleGrigas et al. (20)7employed the use of
frequency distributions for BC mass concentrations and ddakt the lognormal
modes to statistically assign pollution classifications. This method has also been
implemented in this research.

2.3.3Marinecloud condensation nuclel

Marine cloud condensation nuclei are a sgtoup of marine aerosols,
contextualised by thekelihood that they will nucleate into cloud droplets at varying
supersaturations. Marine CCN are studied, in large part, to better predict marine
CDNC. CDNC size distribution and chemistry is difficult to directly measure from the
ground, wheeas CCN areasily measured at thground. CDNC measurements can
be derivedvia satellite imagery or ground based laser optical measurements, but
the source of the CDNC is hard to asagriCurrentstudies are looking to elucidate
the formation of cloud droplets from potential nuchesingtop-down (satellite) and
bottom-up (groundbased) measurementasing modern experimental methods
However,many limitations, including the coupling state of the nna cloud layer,
make thesestudies difficultto reconcile The lack of closure between tafown and
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bottom-up studies, emphasises the need for continuaesitu measurements of
CCN.

Marine inorganics such as sealt and sulphatepeing highly hygroscop have

relatively unchanging growth kinetics between the sub and supersaturagites

Marine CCN is often comprisedmdn-seasalt sulphate 1fssSQ), seasalt, or some

other combination of SMA potentially internally mixed with sszdt. Generally, se

salt CCN have the highest activation efficiency, with a CCN ddmggdscopicity
parameterS @I f dzS (cAldulatét fom T+ 898.15 K, and a constant surface
tensionof pure water [ T H &) githogh¥ 2Y¥8 SdldesSare often used in
models(e.g.1.12 inSnider et al. (200)&and1.16in Burrows et al. (2018 Sulfuric acid

(HSQv faz2z KFa | f1FNBS FOGAQGlIGA2Y STFTAOA
cdculated from the AIOMFAC model (see supplementary material @eadnevide

et al. (2017 to 0.9 from AIM (seePetters and Kreidenweis (2007 Ammonium

sulphate (AS, or (\jSQU ¢ @ f dzSa |t 42 NIwiSluedB i 6 SSy
0.58 and 0.61 respectivefgalculated for T = 298.15 K, and a constant surface tension
ofpurewater T TH®®PpxNMRA¥dza ¢ @I fdzSa | NB dzaSR
SQ aerosol, with recent model studies using 0.§Burrows et al., 2018 suggesting

a suppression of activation efficiency from what is theoretically calculated for fully
neutralised sulphate species. This may be effective staghtly polluted marine
conditionswhere organicvapoursmay condense onto existing particlésvering
hygroscopicity of already highly hygroscopiarticles but is not idealfor clean

conditions

Summerbiological activitymeans increasedMScorrelated CCNSanchez et al.,
2018 and increased primaryrganic matter enrichment m sea spray aerosol

(h Q52 6 R S {). Otgéni® Mmatter JOM) can have widely varying properties,
often showing reduced hygroscopicity. Marine organics comevin rhajor types,

often referred to as water soluble or water insoluble organic carbon/matter (WSOC
and WIOC respectively). WSOC has fairly hygroscopic properties, however, WIOC
being more numerous in PMA than the lat{&acchini et al., 20Q08see also, Figure

2.7) isgenerally hydrophobic, but may have dichotomous effects in water uptake. It
has been shown that OM in PMA in the North East Atlantic can have low growth
factors in subsaturated conditions but show increased CCN activation e€fycie
supersaturated conditions. The increased activation leads to an increase in CDNC of
~ 500 cr? in marine stratocumulugOvadnevaite et al., 201)aThese higly CCN

active particles, thought to be marine hydrogels, seem to be biogenic species
dependent. Laboratory studie@®awson et al., 20)6observed a hydrogel proxy
leading to little enhancement of sesalt activation but found that the salt
significantly increasedhe activation potential of the OM. Other mesocosm
experiments found negligible change in CCN concentration with bloom activity
(Schwier et al., 203 TCollins et al., 2016
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There is evidence to suggest that whamall secondary marine particles (40 nm in
dry mobility diameter) are- 55 %M (or 20% depending on the type @M) their
CCN activation efficiency will significantly increéBgadnevaite et al., 7). It is
unclear whethemll species of OM might also display some of these properties when
coating other partites.Other studiesnot restricted to clean marine conditiorave
shown that aerosol influenced by coastal pollutiGanthropogenic OMgan have
RSONXBI & SR (Ghston €f al. 2D1B\Wifigithere are chemical differences
between anthropogenic and bgenic OM, these studies differ widely in their BC
mass concentrations with the former containing aerosol with < 5 ngamd the
latter having upwards of 300 ngHfior oceanic air masses, suggesting thateased
activation efficiency fromOM may only beeffective when BC concentrations are
significantly low enougho suggest similarly low values of anthropogenic OM.
Conversgly, high concentrations o&nthropogenic pollution leads to increased
particle concentrationsvhich should result in increases iDRQRamanathan et al.,
2005 Seinfeld, 2008Twomey, 1973 Additionally, a study off of the North Pacific
coast seems to suggest that cloud processingasbonaceous material increases
their hygroscopicitf{AsaAwuku et al., 2015 so the @e of the anthropogenic OM
must also be considered.

2.4 Ice nuclating particles

Thus fay the activation potential of liquid phase cloud droplets (CCN activation
potential) in the marine environmentas been discussechowever isolating
effective INP inwvarm ¢ -30°C) solid phase activation is incredibly important for
accurately predicting the albedo effect of clouds. Cloud glaciation can alter the
radiative scattering effects of clouds, and also the lifetime of clouds:l&wesV liquid
cloud scattering reflects incoming shortwave radiation while allowing outgoing
long-wave radiation. However, losevel clouds can also be mixptiase (composed

of supercooled liquid and ice) when temperatures are sufficiently low (< 0°C). The
scattering efect of ice crystals differs from that of spherical droplets (described by
theaAS &2t dziA2y (2)aadake h&ddibydeperiigntnn Grjsaly a
morphology making them hard to model as many meteorologiegdendent
morphologiesexist (Figure 29 Ifmodels assume losevel mixedphase clouds are
composed of liquid droplets over ice crystals the results show a serious
misprediction of cloud albed{sun and Shine, 1994The cloud lifetime can also be
aFFSOGSR UGUKNRdAAK | a3t OA lgiadiagoy indugtR A NI O (i
precipitation through the ice phase, offsetting the indirect effect of liquid clouds
(Lohmann, 200 It should be noted that INP concentrations can be extremely low
and still cause a cloud to transition from liquid to ice phase, given the correct
temperature regime, due to large crystal fracturing and the process of riming
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(Hallett and Mossop1974 Sun et al., 2010 Observed precipitatiorrates can be
explained by a concentration of 1 INP particlecat -10°C(Zeng et al., 20091t
should be noted thatpollution aerosol does rtocontribute significantly to INP
concentrations (published data from the BACCHUScollaborative project,
summarised in deliverable D5(Bohmann et al., 2013.

Plates,, Columns Plates
0_3_ [ ar
: :
i I
| I
o [ I
= : : Dendrites
o I I
=l i ' Sectored
= \ B
§ Dendritas: Q A
“ (.14 ]
Y sl
| i
Pl
. -
[ Solid
I plates
0 - . :
0 -15 -20 -25 -30 -35

Temperature (°C)

Figure 2.9. Ice crystal morphology as a function of ice supersaturation and ambient temperature,
reproduced from the University of Manchester, Centre for Atmospheric Science, Wébsigzsig.

A review study on INP in 201Rlurray et al., 201 concluded that mineratiust
sources made up the majority of INP at temperatures beld®?C, and that above
this temperature threshold, only biological material could serve as effective INP. A
satellite observation stud¢Choi et al., 201 found an inverse relationship with the
fraction of supercooled droplets (a20°C) to lofted dust concentraitns, indicating
that dust may be an effective glaciation inducétkinson and Whale (20}3
showed that feldspar minerals were the most important componeftdust
particles inwarm temperature (<15°C) ice nucleation. Another study showed that
atmospheric geing (exposure to @ could also effectively increase the INP
activation potential omineralpartideswhile reducing the ice nucleation of dush

the deposition modéKaniji et al., 201)3 suggesng more complicated ice nucleation
patterns for atmospherically aged ambient particles
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Marine INP are less numerous than continental INRCluskey et al. (2018a
showed that SSA has a factor of 1,000 less ice nucleating sites by surface area than
mineral dust. However, marine phytoplankton exudates and other OM are likely
sources of warntemperature INP (Wilson et al., 2015 occurring in the lower
stratosphere, and with a relative lack of dust in the environment, may be a likely
catalyst for INP formation in mixed phase and jd&se cloudsINPexist in the
marine envionment on the order < 1 x 0cnm3 (< 0.1 ) at-15 °qDeMott et al.,
2016), so detection can be an issue. Yet@wel mixed phase clouds persist over
the N. Atlantic where boundary layer temperats can be anywhere froa20°C to
slightly above freezing. Studies also show that biological production can increase
the number concentration of INPs by up to a factor of 10 at warraergeratures

(-15 < T <10 °C)INP concentrations show sensitivity & range of sulfreezirg
temperatures {10 °C) and seeater composition which suggests multiple
temperaturedependent INP element types naturally oc§DeMott et al., 201&

INP OM can be found as dissolved organic carbon (DOC) or particulate (POC)
(McCluskey et al., 2018abut determining which is respasible for warm ice
nucleation has been hard to isolate. POC is linked seasonally with primary
production and the decay cycle of phytoplankton blogmsmprising of heat labile
molecules and microbesohg term marine INP measurement studies are lacking in
the literature, providing little information on INReasonalityin the marine
environment. Longerm marine sampling measurements (and subsequent heat
treatment analysisjvould be a possible way to isoldiee seasonaDOQmolecules

that are not heat laile) and POC ieeucleating fraction Also lacking, are size
dependent INP measurements for the marine environment, although studies of
continental INP with size resolution have shown that 6&814% of particlesactive

at -25 °Care > 1 um in aerodynamdiameter, with 42 17 % active at > 2.5 um
(Mason et al., 201% demonstrating a proclivity of larger sized continental INP to be
more active. This would be consistent with known continental activation regimes
and does not necessayrireflect the marine INP properties, especially since it has
been shown that fragments of, rather than whole bacteria (a likely marine INP), are
more practical INP in chamber experime(siski et al., 2018
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3. Methods and measurements

The focus of this section is to outline the aerosol measurement syataindata
analysis methodemployed in acquiring ancharacterising the sample data studied
in thisdissertation It also detailseveralother systems which were run in parallel
providingfurther data to aid in a comprehensive analysis. Current state of the art
aerosol measurements can be performed few ways and with a number of
techniquesthanks to an array of systems. The following-seltions describe the
specific instrumentation, acquisitions settingsd techniques used to gather the
main physical parameters of intergsincluding aerosol particledensity, size
distribution, and chemical composition.

3.1 Sampling locations

Data usedn the main findings of thistudy come from field measurements framo
sampling sites, the Southern Oced@PEGASO Cruise) and tNerth East Atlantic
(Mace Head Rsearch Station)Both sites are described in detail in the following
sections. Common instrumentation and analysis techngftem each campaign or
site location carbe found in Section 3:3.5. Specificnstrumentation or changes in
techniques may be fouhin the respective results chapter.

3.1.1PEGASO Cruise, Southern Ocean (Jafreb 12, 2015)

The first measurement location, the Southern Ocean, was a ship cruise path. The
PEGASO (Planktalerived Emissions of trace Gases and Aerosols in the Southern
Ocean)ruise took place othoard the research vesseéfiesperideswhich traversed

the Scotia Sea and Drake Passage region of the S. Ocean, between the tip of S.
America and the Antarctic Peninsyfaigure 3.1)The cruisewas organised by the
Barcelonalnstitute of Marine Sciencg and joined by the National University of
Ireland Galway, in an effort to elucidate regional aerosol processes through the
investigation of biological, physical, and chemical componentshef Antarctic
marine environment. Thenain findingsf the campaign aresported by5 | £ £ Qh & (i 2
al. (2017). Theportion of thecruiseused in this rese&h, whose path can bseen in

Figure 3.1, toolplace between Jan"2and Feb 1%, 2015, departing from Ushuaia

and returning to the same cityDuring the cruisestandard meteorological
parameters were monitored and recordeuhd aerosol sampling of nascent aerosol
wasrun continuously with brief bubbkank experimentation interrupting ambient
sampling throughout. Ambienderosol measurements were taken from a laminar

29

S



Methods and measurements

flow aerosolRSRA O 1 SR al YLJ Ay 3 RaxDdidnetep, with ad y
PM s cut-off at a flow rate of 5 L mity where overall residence time of particles in
the main duct was 40 seconds prior to sampling by instruments. Instrumentation
included a highkresolution timeof-flight aerosol mass spectromat HRToFAMS
from Aerodyne Research Inc., a TSI model 3080 scammobgity particle sizer
(SMP$with TSI model 3010 condensation particle coun®&PCflow 1 L mirt, range
0.01¢0.5 pm), a single particle soot photomet&8R2 commercially availablerom
Droplet Measurement Technologies, Inc. (DMT), and the continflous
streamwise thermagradient CCN counteCCNELcommercially available from DMT
(Roberts and Nenes, 200Bose et al., 2008During tank experimentation, the same
instrumentation setup was enployed however, the main duct was replaced by a
duct connected to the tank chamber. The chamber itself hedadice samples
(melted) mixed with oceansampled water which was aerosolised via
waterfall/plunging jet. The same experimental tank-sgtcan be found described in
Schwier et al. (2095The tank was run with zero air for 60 mias prior to starting

the jet. Ocean water collected for the experiment@astaken with a Conductivity,
Temperature, and pressure of seawater (Depth) instrum@&iD from beside the
cruise ship at four meés depth.

The cruise encountered three major air mass typeatitime polar(mP),continental
AntArctic(cAA)and maritimetropical (mT).Graphical depictions and descriptions of
the encountered air masses can toeind in Chapter 5.
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Figure 3.1. Sampling locations overlaid opaatial world map. The PEGASO cruise path is marked
with the red line,and MHD is marked on theap with a pink circle Both sites are shown in higher
resolution on the right side of the graph.

3.1.2Mace Head Atmospheric Research Station, North East
Atlantic

The second measurement location, the Mace tHaamospheric research station
(MHD), is located &3.3253° N, 9.9044° W, on the west coast of Ireland. The MHD
facility, shown in Figure 3.1, &scontinual monitoring aerosol lab exposed to marine
aerosol flow from the North Atlantiand continental aerosol flow from Ireland and
Europe. Further discussil of air masses encountered at MHD can fband in
Chapter 4. Samplewe taken fromtwo main community ducwhich pull air from a

10 m tower (~20 m abovemeansealevel). One duct is strictly for necbarse mode
(NCM ductimeasurements ands 10 cm in dameter made of stainless ste@lith a
nominalflow of ~ 150 L mit, allowing for isokinetic samplirtg severalinstruments
simultaneouslyvia feedsoff the NCM duct. The flow in this NCM duct is provided by
a blower and maintained using a control vatiging regular flow checks. The other
duct, suitable for coarse measurements (CM duct), is similar in diametenbadé
from aluminium and hooked up to a vacuum rather than blower pump.
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Aerosol sampling at MHD is classified by sector criteria. Sampeosd is
O2yaARSNBR YINAYS ¢KSy Saapleddenssal nét 8eting NJ ONR (1 SN
thesecriteriafall A y (i 2 G KS Wikdofcategbry THE daitérit triicdh
sector includes a wind direction (WD) between 13090° relative tanagnetic North,
wind speeds (WS) > 0.5 m, @and black carbon (BC) mass concentrations < 15-ng m
3 as measured by a model 5012 mudtigle absorption photometeMAAP Thermo
Fisher Scientific Inc., Waltham, MA) described in more diet&kction 3.4Previous
studies at MHD have clean sector criterion which rely on total particle concentrations
< 700 cr? in conjunction with BC mass concentrations < 50 ng(Rinaldi et al.,
2010 Rinaldi et al., 2009 Other studies have relied on a three step procesgLdf
checkingthat BC mass concentrations remained at marine ambient ley2)sair
mass trajectories were marine in origin, af@) carbon monoxide concentrations
remained consistent with the ambient marine background and showed no influence
of biomass burningO'Dowd et al., 2004Cavalli et al., 2004However, later analysis

of MHD data confirmed that the criteria of WI¥S, and BC mass concentration were
enough to ensure marine conditiorf&rigas et al., 2010'Dowd et al., 2014 This
criterion in conjunction with the use of air mass trajectory analysis, discussed in
Section 3, is used in this study to determindean marine conditions at MHD.
Additionally, clean sector aerosol sampled at MHD does not experience major coastal
effects, outside of an enhancement of the number concentration of nucleation mode
particles, such that clean sector marine air can be taksmepresentative of the
remote North East AtlantiO'Dowd et al., 201 4Rinaldi et al., 2009

{FYLX Sa YSSGAy3a WHfftQ |yR WLRffdzbBRQ aSO02N.
MHD. The all sector categoily a blanket statement for when no criteria wased

and aerosolwas sampled indiscriminately. The polluted criterion is mven BC

mass concentrations are > 50 nggnowever an additional continental criterion can

be added limiting the WD to between 4%35°. Filter sampling of the sectors can be

setup by sectorcontrolled pump systems. The MHD Clean Sector Sampler

(descrbed inRinaldi et al. (200)puses a 0 and 5V logic signal to control the power

to a pump when preprogramed sector criteria are met dictating when aerosol should

be sampled.

3.2 Supporting instrumentation

3.2.1Condensation particle counter

Aerosol particle counting can be realised in thieron range quite effectively using
optical probe techniques. Aerosol particle sizes in thersidyon range, however,
lie below the detection limit of most optical measurement systems and in these
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instances condensation particle counter (CPC) technigpegommonly employed.

A CPC operateby condensng vapours onto the particles passing through the
instrument. The condensation process grows these particles to droplets of large
enough size to be detected by an optical particle counter. Condensatiorach

must happen on all particles of sizes within its operating limits. The -tzessrd
optical counter relies on the scatter of light from the focussed beam as particles pass
through it to count the density of particles per volume of air. Butanol b&3e@s are
employed for the data presented here, although primarily a TSI model 3010 and 3772
were used in conjunction with other instrumentation. These CPCs operate at a flow
rate of 1.0 L midand have a lower detection limit of 10 nm (particle diame}eamd

have an upper count limit of 2@articles cm?(model 3010) or slightly higher (model
3772). The 50 % cuatff diameter is 10 nm, howevergferring to Figure 3.2 (the
counting efficiency curve for the 3772 system as provided by (TSI, 2014,
counting losses can occur up to 30 nm particle diam#tat can be corrected for
Butanol is ideal focondensation because of its high volatility lsitelatively benign

from a toxicity standpoint, relative to other volatiles. During periods of the study,
inter-comparisons were regularly performed between units at MHD, where each unit
must be within 10 %f the average measurements to pass. The aerosol distribution
for smaller particles (2 20 nm) are countedvia an ultrafine CPC (model 3025 or
3776) in conjunction with a mobility sizer, however [d8anc-SMPS data wasot
widely usedin this dissertationthese CPCs will not be described in detalil.

3772 CPC Counting Efficiency
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3.2.2Particle sizingy electri@al mobility diameter

In this dissertation, aerosalumber density measured from the CPCs are used in
conjunction with differential mobility analysers (DMA) to measure the-szelved
aerosol concentration. The DMA operates by employing a usantrolled
electrostatic field applied to the charged aerosol sample as it is injected into a laminar
flow along the length of the DMA column, akown in Figure 3.3. A high voltage
centralrod in the middle of the flovereates an electric field ancertain particles of

a distinct electricatmobility move through an inlet opening. Particles emaller
electricatmobility are not curved fast enough into the inlet and particles whiekre
excessivelyarge electricatmobility move too quicklytowards the rod (Figure 3.3
Particle sizing is dictated by the DMA transfer function which predicts the range of
dry particlesizes(by electricaimobility) allowed to pass through the DMA by each
set voltage. This is based on the ratio between the sample anatlstar flow. The
transfer function idriangular, centred at mobility

» — Q)
With full width at half max height, such that,
Yo W — 2

Wherel is the sheath flow ratd) is the sample flow rate, ,i , and0 is the outer

and inner radius and length of the DMA classifier aerosol chamber aisdthe
applied rod voltagg¢Knutson and Whitby, 1975In general operationthe ratio of
flows used to control the fii width of the transfer functionis typically set

atd j O 19, for the DMA system at MHDhis transfer function applies for fixed
voltage DMA use, like that used in conjunction with the cloud condensation nuclei
counters described in Section 32 Scanningvoltage DMA uses, such as for a
scanning mobility particle sizéEMPS)need some correction because the scanning
DMA transfer functiorfor the SMPSloes not have a nicely fixed shape like that of
the static voltage transfer functionwhich is ued to size segregate CCN
measurements discussed in Section 3.313)is results imetrieved particle size and
concentrationerrors which areless pronouncedor ambient aerosol with a wide
particle size distribution, althoughe errorscan be reduced with increased time per
scan(Collins et al., 2004 The DMA transfer function produces a spread atipkes
sizes about the target size for a given DMA highagedrive value, as dictated by
the ratio of air flows. Increasing the sheath to sample flow ratio of the DMA can
decrease the spread of the particles which enter the so called monodisperseesampl
outlet.

34



Methods and measurements

Laminar
Flow Filter

Monodisperse

Polydisperse
Aerosol In
Aerosol Out

(A

-]
-
-
-

Excess
Air Out

Air In

Sheath

Figure 3.3. Schematif aerosol flow through a DMAgproduced fromthe FUNDAMENTALS OF
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SPECTROMETERS literature provided by TSI on their website
http://www.tsi.com/uploadedFiles/ Site Root/Products/Literature/Application _Notes/Review on

CPC and SMPS_ dR3-USweb.pdf?id=32305TSI, 2013

Mobility diameter is based on a parti@eaerodynamic movemerindthe charge of

the particle. A neutraliser, also known as a bipolar chargeB@KmSI model 3077A,
with radioactivity of 370 MBq which reduces with age, rated for a flow up to 5L min
1) is placed before the sample inlet to the DMIe radioactive (be}asource emits
ionisation radiation which changes the charges of the aerosol passing through the
charger and results in an assortment of both negative and positive ions with differing
charge magnitudes. The residence time through the charger (and assbciate
plumbing) is sufficient for an equilibrium charge state of the particles to be reached.
The equilibrium charge state effectively grougd around achargeneutral state,
althoughsingly doubly and triply charged particl@ersist in significant fractits. The
fraction of equilibrium multiply charged particles (positive and negative) are well
described by the Fuchs stationastate-charge distribution(Fuchs, 1968 Due to

both the fraction of multiplycharged particlesandthe retrieved particle size errors
from the transfer function, particles with a range efectricalmobility may pass
through the DMA. Thisesults inconcentrationerrors, in which more particles are
counted than exist at thatlectricalmobility size, or converselyefver, where
particles of thatelectricatmobility size did not get through due to multiple charging.
Therefore, charge correctionare automatically applied in certain instrument
programming(e.g. SMPS systems) or anadeduring data processing (e.g. for the
systems described in Section 3.3.1 & 3.30B)particles sampled through the DMA,
and are described iWiedensohler (1988 Fuchs (1968 TheFuchsstationarystate-
charge distribution(Fuchs, 1968showsonly ~ 120 % of particles being singly
charged, where decreasing particle size goes along with decreasing fractions of singly
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charged particlesAdditionally,lower concentrations @ result inhigher counting
uncertainty ( ¢), with the relationship,

no PTURZo= (3)

The charge corrections must be considered for nebulised particleandyient
particles with critical oeambient modal diametersdm > 0.1um (Roseet al., 2008
Petters et al., 2007 Ambient sampleshat are not exposed to bipolar chargers
having longer atmospheric lifetimes, often have less diverse charging states than
newly generated aerosol, so these corrections often make little difiegeto the
counted aerosol.

The numbessize distributions of submicrometre aerosol (dry mobility diametd3 (

>20 nm) are ultimately found using a scanning mobility particle sizer (SMPS). This
combines the DMA and CPC systems to electrically size and twursampled
particles. The custom built SMPS used in this study used a TSI model 3081 DMA, and
model 3010 CPC. The SMPS has an aerosol flow rate of 1'LTiménnumber size
distributions of aerosol witlilm < 20 nm are measured with a T&iInGcSMPS witta

model 3085 DMA and model 3025 ultraft@#C, using an aerosol sample flow of 1.5

L mint. The SMPS instruments utilise DMA voltage up and down scanning to establish
the particle size concentration of the aerosol. The SMPS uses equadiydogd bins

(logn dm £ 0.0156) to filter the relative concentration of the aerosol frakmof 19.7

¢ 502 nm. ThédNanacSMPS employs a similar technique, but for a smehef 3¢ 20

nm.

3.2.3Aerosol Mass Spectrometer

The chemical composition of measured (A@fractory) aerosol was determined
using the Aerodyne High Resolution Time of Flight Aerosol Mass Spectrometer (HR
ToFAMS, or AMS, Aerodyne Research Inc., Billerica, MA). The instrument which is
described in DeCarlo et @1006), is capable of retrieving sizesolved chemida
composition. The AMS has a 1 perodynamic vacuum diametety) 50% cutoff

which can be converted to an equivalent mobility diamgeeCarlo et al., 2004f
577nm,a) Q j J ,where is an AM$elated shape factor = 0.8,
and” is the density ofNaCl (a proxy foseasalf) = 2.165 g cmi. HRToFAMS
ammonium nitrate calibrations were performed routinely following the methods
described by Jimenez et @003 and Allan et a(2003. All measurements
mentioned here were performed with a time resolution of 5 minutes, unless
otherwise specified, with a vaporizentgerature of about 600 °C. The composition
dependent collection efficiency, which refers to the fraction of dry particles bouncing
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off of the AMS vaporiser relative to wet particles sticking to and being vaporised by
it (Middlebrook et al., 201R was applid for the measurement periods discussed in
this study. Seaalt concentrations were measured following the method described
in Ovadnevaite et a[2012). Briefly, seasalt mass concentrations were determined
by using the’Na**CF ion fragment as a signature for ssealt and scaling by a factor

of 51.Toprevent excess thermal ionisation of Nahich could disrupt the accuracy

of the measurementtuning of the instruments voltage bias (increase ot0.2 V) is
necessary. This method, is yet the most robust for AMSsa#tameasurements,
although it maintains a 206 seasalt measurement uncertainty, however, care
should be taken in polluted enviraments where Cl displacement by nitric or sulfuric
acid is likely. The scaling factor applied to #f¢a*>CIF would underestimate the total
seasalt mass as it would not extend to this pollution processedssdta However,
off-line measurements using stdard ion chromatography methods, confirmed that
the AMS correlated to offine measurements (correlation coefficient= 0.93 and?

= 0.87) perhaps in part because Cl replacement does not seem to occur heavily in the
North East Atlantic.

3.3 Cloud condnsation nuclei counter

CCN are measured using the Continublev Streamwise Therm@radient Cloud
Condensation Nuclei Chamber (CCNC). The design was propo&sbdays and
Nenes (200bto enhance cloud condensation nuclei (CCN) measurements by taking
a direct count of the CCN number concentration in sampled air at a given
supersaturation, by passing sample aeroslrough a column chamber. The
chamber, through temperature control, keeps a constant supersaturation through
its centreline promoting activation of any CCN which have a critical supersaturation
(S) equal to or lower tharthe set chamber supersaturatices they pass along the
length of the column, these are then detected byaptical particle counter (OPC)
(Figure 3.4). \Whout condensation, particles do not grow to a sufficient size to be
detected by the OPC, arkese particlepass through the CCN uncounted. The OPC
uses aiode laser with a wavelength of 660 nm as the light source, counting a sizing
NI y3S F2NJ I Ol A Gl (i SRDragletiNasuteiméniTecBndlogiespT p (0 2
2012). The OPC uses 20 sizing bins supposedly to allow for more information about
particle growth,although recent MHD experiments indicate that the siginity of

the OPC is not sufficient to use as a measure of relative droplet groettlieen
different chemical species of equd. The theory of operation is discussed in detail
by Roberts and Nenes (20Pand relies on the concept that the diffusion of water
vapour is faster than the diffusion of heat. As sample aerosolgsdksough the
centreline of the column, a g@ersaturated condition is met, as controlled by the
temperature difference between the top and bottom of the column. Since the
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column temperature is controlled so that T3 > T2I>(see Figure 3.4), atpoint C

in the centreline, the actual partial pressuof water vapour is equal to the actual
partial pressureat point B on the column wall. However, point C is at a lower
temperature corresponding closer to point A on the column {gdle Figure 3.4).
This is essentially allowing water vapour to travehirwarmer conditions to colder
ones and become supersaturated and condense onto the sample aerosol. This
principle of operation includes the necessity for all points on the wetted inner
column wall to be fully saturated. In operation, proper use of destitbr deionised
water is needed to avoid possible mineral or surfactant deposition on the column
wall. Improper storage of the instrument through incomplete drying, or exposure to
air, can result in the crumbling of the inner column paper. Regular cabiora
required to make sure that the instrument is operating to reach the expected
supersaturation.
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Figure 3.4. A diagram of airflow through the CCNC instrument adapteduotrerts and Nenes (20D5
and the basic theory of column centreline supersaturation adapted from the DMT Inc. Cloud
Condensation Nuclei (CCN) Counter Manual for Siiglemn CCNs; DE&X086 Revisiof2.

Studies have addressed CCNC experimental accuracy through the use -of post
collection correctiongRose et al., 2008 ance et al., 20Q8imiting error in the CCN
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instrument measurement accuracy to only £dbetween different lab runand £ 5

% between fielduns. Attempts to universalize the theoretical values and
parameterisations(Lance et al., 20Q6Petters and Kreidenweis, 2007of critical
supersaturation per particle type, used in cadibon, have also been studied.
However different approaches in activation modelling and thermodynamic
parametrisations hee been shown to incur deviations in results as high as 25 % for
(NH)2SQ, and 12 % for NaCl condensation nuclei, (which are twohefmost
commonly used calibration solutiongRose et al., 2008 These deviations are
thought to be due to differences in the representation of the water activity of the
agueous salt solutions.h€refore, all relevant parameters relating to water activity
modelling used for calibration or comparison, along with the relevant methods must
be cited clearly.

3.3.1Calibration

In this work, calibrations were performedegularly during intensivemonth-long
campaigns, once at the beginning and end of the campaign. The calibration was
performed using the setip described irRose et al. (200&nd shown in Figure 3.5.
Sizesegregated spersaturation scans were performed for 11 different4ogrmally
spaced particle dry mobility diameted) sizes (20, 26, 33, 42, 54, 70, 90, 115, 148,
190, and 244 nm). For eaah, the CCNC then ran through approximatelye
supersaturations betweerd % and 0.1 %, with a dwell time at any one of these
supersaturation®f ~120 seconds. During any run the first supersaturation cycle was
a duplicate to allow time for column temperature stabilisation and the data from this
initial supersaturation was disaded. The first 60 seconds of eagh scan was also
discarded so that column temperature stabilisation and plumbing time lags between
CPC counting and CCNC counting could be corrected for. Ammonium sulphate
(MERCK, Darmstadt, Germany) was used in conjunaiith deionised water in a TSI
atomizer (model 3076) to generate the calibration aerosol. The relative humidity of
the resulting aerosol was kept below 25 dsjnga 50 strand TSI nafion tubmédel
PD06060F24MSSwith filtered dry sheath air flow whichad passed through silica
gel. Overall concentrations were held between 130®O0 particle cni using a
dilution arrangementto minimise the impact of quantum effects of splitting small
guantities of aerosolandto remain below particle counts which would effectively be
hydration limited by the maximum water vapour available through the CCNCs wetted
columns.
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Calibration data is then analysed. Quality control flags are placed on any data which
is outside of the ideal operating limits of the CCNC and CPC (e.g. abnormal flow,
temperature stabilisation issues of the column, etc.). Data of the ratio between the
measured CCN concentrationbld) and total aerosol concentrationdNdy are
plotted against thedmrange for each supersaturatistan(see Figure 3)6This data

is corrected for possible counting discrepancies between the CPC and CCN in each
case. First sigmoid fits,

" (4)

described by a half maximum valug) and rate €), arefitted to scans of 0.4 1 %
supersaturations and allowed to reach a height) (fblding the absolute minimum at
zero. Each sigmoid fit should ideally be reaching Uiy, however if the either the
CPC or CCNC was ewmrundercounting then some shift from unity is expected. The
mean of H values (k) for the sigmoid fits for supersaturations > 0.4 %, and all data
is then normalised to this shift ¢HH2), such thatunity is reached for higher
supersaturations of ammonium sulphate. Lower supersaturations are not used
because counting discrepancies may be exacerbated for particlagyekize due to

a proclivity formore multiply charged particlesleading to normonotonic NccaNen
activation curvegPetters etal., 2007. The need for charge corrections is determined
using the graphical methods presentedRose et al. (2008 After neutral charges,
which will not make it through the IA system, doubly charged patrticles are the
most numerous. This can be viewed in tRecNen spectrum by a double plateau
before the critical diameter, referred to asshoulder in Figure 3.6. this shoulderis
greater than 0.1, a correction must be djga. The fraction of doubly charged
particles, NccNcN2, is approximately equal to the height of the shoulder. The
fraction of singly charged particle®NdcMNcn1, can be found by,
z ]

z i

O JoO

(®)

Sigmoid fittings are then created for all supersaturations scans. The half mas point
of the sigmoid curveare the critical diameters of activationDf) found for the
ammonium sulphate calibrain relative to the supersaturation scan, which is the
associated critical supersaturatiors), The supersaturation linke®: points are
graphed against each other in ledogio space. For a chemically homogenous
solution such as ammonium sulphate, thewe should appear linear in this graphical
space(Petters and Kreidenweis, 2007

The range of supersaturations plotted against critical diameters are fit inrlspsece
with a regression line. This line becomes the resultant slope created by the CCN
column during calibration. Comparison between theoretical values for ammonium
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sulphateS-Dc curves are compared to the calibration results, althoughmust be
converted to anequivalent volumediameter @leq). A combination of theoretical
values from the AP3 Koéhler mod@&ose et al., 2008and AIOMFAQZuend et al.,
2008 model hae been usedTheoretical models used for calibration should be
calculated at theemperatureof the sampled aerosaluring labcalibration (although

the change irg from 298.15 k to 293.15 K was only < 0% TheAIOMFAC model
assumed a constant surfad@ Sy aA 2y 2T wI3daNB Ngnk forSthel
calculation The AP3 model takes its water activity from the Aerosol Inorganics Model
(AIM) (Clegg et al.,, 1998a), and surface tension coefficients for aqueous salt
solutionsfrom Seirfeld and Pandis (199&nd solution density parameterisations
from Tang and Munkelwitz (1994 Deviations in critical supersaturation and
diameter between the two models are relativegmall 6ee Figure 3.7)so the
difference to the calibration of CCNC critical diameter makes a small difference, on
the order of a 100 of a supersaturation. For eaéh, corresponding supersaturation
values on the resultant slope from the CCNC calibration are compared with the
corresponding theoreticals, value found at the samé.. ThisS Aad (GKS GaNBI f ¢
supersaturation reached by the CCNC for the set change in temper@I@T1) in

the CCNC column. The resultant r@alalues are applied to sample data as the actual
supersaturation experienced by the CCN as they traverse the CCNC column. Unless
explicitly stated otherwise, calibrated data were compared against the ‘A&l

and are shown with the 298.15 K theoretical values as comparison when plotting
monodispersed CCN data.

MHD is a continuous monitoring station, such that at least one of the CCNCs are in
operation at any time. Calibrations of the instruments are parfed regularly,
although the MHD aerosol lab remains mostly in controlled laboratory conditions (T
~20°C). Lonterm data is processed using a combination of relevant calibrations.
Data gathered after modifications to the instrument necessitate new catiitom
supersaturation values. Relevantalibrated supersaturations and associated
uncertainties for thiglissertation can be found in Appendix ATheactivation curves
(such as irFigure 3.6) are usetb find the uncertaintyfor each supersaturation by
taking the average of the deviations from unity for each individual data point along
the upper plateau of the curve.
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text.

3.3.2Polydispersedetup

TheCCNC can be run in tvmodes The first, referred to apolydispersednode, is

the default mode andmeasures total CCN concentration at a range of set
supersaturation (Note: this is different from the calibrated supersaturations). The
second, discussed the following section, is referred to as the monodispersed mode
and requires the addition of further instrumentation and programminghe
polydispersedmode is convenient for tracking trends in the number of CCN as a
function of time and supersaturationPolydispersedmode is the primary MHD
operation mode for longerm monitoring.In this mode the inlet of the CCNC pulls
0.5 L mint of sample air through into the inlet manifold where it is divided into 0.050
L mint of sample air, and 0.45 L mif filtered and humidified sheath flow air. The
CCNC cycles throudive supersaturations (0.75, 0.5, 0.35, 0.25, and 0.1 %) for a
duration of 5 minutes per supersaturation, making the time resolution for aNidh
supersaturation spectrum 25 minutes.
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3.3.3Monodispersed setip

The second mode is monodispersgdferring to particle sizeywhich measures the
total CCN concentration at a certain supersaturation for a fixed size aerosol as
controlled bya DMA. The monodispersed mode is used to resolve aheient
activation potential of CCN. In much of the same way as is done in the calibration,
aerosol critical activation diameters can be calculated to resolve bothresstdved

and overall aerosol hygroscopicity. The physicaiugetor measuring CCN inamo-
dispersed mode is physically the same as the calibration except for the following:

CCN are sampled (from the NCM duct at MHD) from the environment rather than
generated in lab (although lab generation can be sampled for experimentation).
There is no iution system(see Figure 3.550 overall number is controlled by the
environment you aresampling.Relative humidity is kept as low as possible but
allowed up t0o30 %, due to physical restrictions in lotgym off-site monitoring.
Lastly, supersaturatioand size spectra are generated by first fixing a supersaturation
and then cycling through 12 different lognormally spaced sizes (20, 283242, 54,

70, 90, 115, 148, 190, and 244 nm). As with the calibration runs, the first 20 nm size
scan is not usd for longer san resolution, but when measured; scrapped in data
analysis but serves to allow CCNC column temperature stabilisation between
supersaturation switches. The supersaturation spectratain the same five distinct
supersaturations as withhe polydispersednode (0.75, 0.5, 0.35, 0.2&nd 0.1 %).
Depending on different campaigns, higher time resolution may be necessary, so the
duration for the scan obne size could be in the range of 800 seconds, making
total time resolution for the mondispersed mode in the range of 8 B00 minutes.
Monodispersed setp and calibration setip both employ a DMA TSI model 3081
with a sample to sheath flow ratio of 2:10, which must be kept constant for the
transfer functionembedded in the software

3.4 Black carbomstrumentation

The single particle soot photometer (SP2) and a Thermo scientific model 5012
multiangle absorption photometer (MAAP) were both deployed as atmospheric BC
monitoring instruments. The instrumentaeasuredifferent massconcentrations
however have been shown to be reliable, following the same time trends with low
time-resolution (~ 1 hourfWeller et al., 2018 The SP2 operates as siegparticle
analyser, effectively capable of counting every partitlee MAAP, collects a sample

on a filter spot and measures the light absorption which is subsequently converted
into BC concentration by applyimg attenuation crosssection.
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The MAAP armally operates at a flow rate of 10 L miat a time resolution of 5 min.
The instrument measures transmittance and reflectance at two angles to calculate
absorbance (using a mass attenuation cresstion of 6.6 rag* at 670 nm), the
method is describd further in Pezold and Schonlinner (2094 Black carbon
concentration is calculated by taking into account the forward and backward emitted
radiation fields using a data inversion algorithm. The algorithm, using a radiation
transfer method, accounts for multiple dtering processes within the deposited
aerosol, between the particles and the filter itself. The instrument integrates in real
time resulting in negative values fave minute resolution, depending on the overall
aerosol loading of the tape before reachimg threshold saturation and being
replaced by new tape section. For accuracy605min averages of the data may be
necessary at low loadings.

The SP2, manufactured Byoplet Measurement Technologies, Jweas provided by

the Centre for Atmospheric Bnce, School of Earth and Environmental Sciences, at
the University of Manchester. The SP2 samples at a flow rate of 0.12-Lamih
employs a techniquéStephens et al., 20030 induce incandescencea focused

laser beam on every refractory particle which passes throudre.SP2 operates by
detecting the incandesceae of absorbing material aspas®sthrough the focussed
laser beam (1060 nm). Most absorbing materiall&ek carbon (BC), although other
metals are also absorbing. Nabsorbing material is vaporised before
incandescence of the absorbing material occurs (sometimes delaying incandescence
if the nonabsorbing material is coating the absorbing core). When ideacence
occurs, absorbing material emits light at a colour indicative of its boiling point
temperatures. As metals and BC have easily discernible boiling point temperatures
the four detectors (some detecting 3|DO nm and some detecting 68D0 nm)
allowthe instrument to distinguish between them during measuremehising the
intensity of the signalthis allows measuring of the refractory BC mass, number
concentrations and BC core size. Calibrations and data quality checks were
performed according tohte technique outlined byvicMeeking et al. (20000f the

two methods, the SP2 gives superior information both in particle number, size, and
BC type. Reconciling measurements from either must be done with parallel
observations and operates on the assumption that the 88&/ers unbiased BC
concentration.Such aranalysis is performed i@hapter 4.

3.5 Interpreting data
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3.5.1Air Mass Analysis

Tracking air mass movements

Overall, air mass movements were trackealckwards in timeusing the HYSPLIT
trajectory databasejn NOAA archiveg¢Stein et al., 2015Rolph, 201% Most
trajectories were calculated as air mass back trajectories reaching back 120 hours
before the arrivd of the sampling point. Trajectories were calculated for¢5I00
meters above sea level, and both the air mass trajectory height and estimations of
the height of the marine boundary layer were pulled from the HYSPLIT model. These
can be found overlaid ovarious maps in this thesis. Air mass back trajectories were
used to determine air mass type by origin and source influence.

Estimation of aerosol exposure to biological activity

As an indicator of biological activity, &hlis an important proxy for nrane
productivity and biomass abundance. To represent the relative exposure of the
sampled aerosol to biologically rich waters, HYSPLIT trajectory model outputs were
overlaid onto satellite retrieved Glal concentrationsto estimate the mean ocean
Chta concentration traversed by the air mass bachjectory path. A detailed
description of the retrieval of these Gahlmaps can be found iRossum et al. (20)8
andappendix A oRinaldi et al. (2013 Briefly described here, multiple sensors from
satellite imaging (SeaWiFS, MERIS, M@Qi&, and VIIR8ne-series) were used to
retrieve daily mean satellite sesurface Chh concentrations (mg ). Gaps in the
data, due to environmental factors such as clouds or-iseawere resolved by
employing multichannel singular spectral analysis-@8A)Kondrashov and Ghil,
2006) in the Chla mean concemations.Chta mapsused wereat 0.1°resolution, and

air mass trajectoriesat hourly resolution.Weighted (when applicable) aerosol
exposure to biologically productive waters can be calculatBtk mean Ché
concentration was calculated by first taking the accumulated concentration within
pixels under the air mass badtajectory path for the 72 hours prior to arriving at the
ship, less the last three hours, and then taking the mean of all-tragctory
accumulated mean concentrations over the period (trajectories showed minimal
vertical varation of the air mass over the periods selected). The last three hours are
neglected to avoid introducing a bias into the dataset since significant secondary
particle formation could not be expected to have occurred over thmaetcale before
reaching thaneasurement location. Additionally, for the PEGASO crilnseship was
likely to be inthe immediate vicinity of a bloommaking it especially relevant to
discard the last three hours of trajectory overl&jo additional diurnatonsideration

was used in assessing @héxposure as the cruise experienced-238 hours of
daylight (depending on the latitude of the ship and day of the manth)

46



Methods and measurements

Definition of steady state conditions for analysis

Air masses are associated with synosit@le meteoradgical systems and exhibit
conserved meteorological parameters (e.g. equivalent potential temperature and
total water mixing ratio) which are typically invariant within the air mass. Notable
changes in the meteorological parameters at a particular locar@normally more
associated with large scale dynamics (e.g. frontal passage), representing a change in
air mass, rather than small scale dynamical processes (e.g. entrainment and surface
fluxes) that eventually transform the air mass with time. Simitapseudoesteady

state meteorological parameters being characteristics of air mass origin, atmospheric
composition variables (e.g. gases and aerosols) are also expected to possess pseudo
steadystate characteristics Aerosol spectral properties associatedth air masses

in this dissertation were selected and analysed on the basis of periods of relatively
stable or invariant meteorological and atmospheric composition characteristics.
Stability in duration, meteorological parameters, size distribution parameters (e.g.
modal $ze and number concentration), and chemical composition were required for
pseudasteady state consideration.

Data gathered during the PEGASO cruss® during other measurement periods,
were analysed through air mass classification based on pssig@day state stability.

An arbitrary target of relative stability over durationsadhthours was sought as the
minimum requirement for selection and inclusion into the air mass characterisation
database, although some inclusion of periods with stability éer hours occurred.

In addition to relatively invariant meteorological parameters, size distribution
parameters (e.g. modal size and number concentration) were required not to vary
more than 20 % from the mean. A similar requirement was afforded tosaéro
chemical composition, particularly neseasalt sulphate (ns§Q). Finally, a further
selection criterion was that the badkajectories had to indicate advection of the air
over the same source region frotie start to the end of the period.

3.5.2Kohler theory

The process by which water vapour molecules condense to form cloud droplets is
described by Kohler theory. This theory involves the Kelvin effect, by which changes

in the saturation vapour pressure are related to the radius of the curvature of the
NP LJX S yR wi2dz §Qa f1 ¢ 6KAOK NBfIl 0Sa
(Fuentes et al., 2010&ruppacher, 199'Hinds, 1982 A cloud droplet is an aerosol
particle surrounded by water molecules. Once the CCN has activated it is a cloud
droplet and has both a physical component associated with its shape and size, and

a chemical component associated with the chemical makeumefsolute. If the

CCN was soluble, the solute is a homogenous mixture, if it was insoluble the solute
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would be heterogeneous. The droplet itself must maintain a partial vapour pressure
greater than the saturation vapour pressure (equilibrium partial pressf a flat
surface,Ps) in order to prevent molecules from leaving the droplet surface; the
smaller the droplet the smaller the partial vapour press(Hends, 1982

The Kelvin effect, describes the change in saturation vapour pressure due to the
curvature of a surface.

I 1T— — (6)

- Q7 (7)

Where, P is actual vapour pressuré? is the saturated vapour pressurg,is the
surface tensione is the molar volumer is the radius of the dropleRis the ideal
gas constantT is the temperature at equilibrium vapour pressure (Hinds, 1982).

Raodzft 1 Qa [ 6 RSaONMApieSsare ai &®mpodtemM@in doltitiond I LJ2 dzNJ
Where the equilibrium vapour pressure of any component is proportional to its
mole fraction in the solution such that,

0 00 (8)
Or
Q ; v
"o O )
Where 0°is the vapour pressure of pure componéfa is the mole fraction of
component’Gn mixture of solution, and is the vapour pressuref componenttn
a gaseous mixture above the solution. Aleq;sis the equilibrium vapour pressure

over an aqueous salt solutiosatw, IS the equilibrium vapour pressure over pure
water, andaw is the water activity at a given temperature(Hruppacher, 1997

Such that, the two can be combined into what is known @ilé¢ Theory. Which
describes the propertiesf an activated droplet due to its chemical make and
diameter.

11 (10)

Where0 is the droplet water vapour pressurd, is the corresponding saturation
vapour pressure over a flat surfade, is the molecular weight of pure watet, is
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the density of pure water, is the droplet surfae tensiong is the moles of solute,
andO is the droplet diameter.

Or to get the saturation ratics| for subsaturated and supersaturated conditions as,
i ©zAgp— (11)

Where the subscript, w, denotes water specific components and D is the droplet
diameter (Fuentes et al., 2010a The theory predicts the behaviour of CCN
activation based on external and internal conditions.

3.5.3T-Kdhler theory and aerosol hygroscopicity

As mentioned numerous times, there is a need for consistent tools forrétieal
analysis of dataand for inter-comparison. ¢-Kohler theory allows for the
comparative study of aerosol hygroscopicity. It utilises a single paranteteo,
describe the relative activation potential of partisléThe approximation fof Ol y
be described asHg. 10in Petters and Kreidenweis (20))7

{ — (12)

o) z (13)

Where Dy is the dry diameters: is the critical supersaturatioror the (critical)

saturation ratio (§ which is often expressed as a percenta§¢ ¢iven by = s ¢

1), and, 7 is the surface tension of the solution/air interface which is held fixed at

0.072 Jri¥. This approximation is only valid wh&< 1.0% and® >0.2. Outside

these bounds, the approximation begins to fail, as the slope of particles at low
hygroscopicity begin to curve. In thegstancesHj. 14 can be used to determine

¢. For intercomparison unless otherwise specified, 238.15 K. Monodispersed

CCNC data can easily be found using the aboveO | £ O dzf % aindDeiryplackzi A y 3
ofDid | 26SHSNE G(KS ¢ FLIWINREAYLFGA2Y OFy 068
to growth factor (GF) related data.

(14)

I C

Where the GF is represented &"@nd RH is expressed as a fractiéq. (11in
Petters and Krellenweis (200)). The€ approximaion for the saturation ratio )
over an aqueous solution droplet of diameté&,can also be extended down the
subsaturated regimesgl) for which
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e CAQDT (15)

The critical supersaturation can be calculated as the maximum of the above curve
for a given kappa and dry particle diameter. H&xés the wet droplet diameter
which must be expressed as a range to solve for the maxiwf the curve fg. 6in
Petters and Kreidenweis (20))7

Marine inorganics are more easily predictaging theS | LILINREA Y| GA2Y X
due to the diferent nature of marine organics in the subsaturated and
supersaturated regimes, tlrebehaviour can be hard to describe with a single
parameter.

3.5.4Degree of neutralisation

The degree of neutralization (D@J), defined as the molar ratio of measured NH
to the quantity of NH" needed to fully neutralize the observed major inorganic anions
in the aerosol, was calculated when applicable using thel6FRFAMS composition
data. DOMo ranges from O to 1 where D@d = 0 means no neutralization (i.e.,
sulphdae and nitrate in dissolved acidic form) whereas a R@N 1 means all
measured SPand NQ exists as ammonium sulphate and ammonium nitrate
components, respectively. The D@Nvalue is calculated by ionic balance as

$/ . —_— (16)

where¢ ¢ and¢  denote the molar amounts of the indicated ionic species
determined for a specific sample. The measured nitrate amounts were small
compared to both the sulphate and ammonium molar amounts. Bhé .
determined from field data can then be used in conjuactwith predictions from the
AIOMFAGQGNodel (see Appendix B.1) fagueous particles consisting of ammonium
sulphate mixed with sulphuric acid, providing a comparison of the CCN properties at
the same$ / . as well agver the fullrange o6 / . possibé.

3.5.5Monodispersed CCidtal concentration calculadin, and
percent contributions

When CCN are measured for maligpersed particle mobility diametersvithout
another CCNC instrument running jpolydispersedmode), time trends of total
ambient CCMumbers as a function of sepsaturation are not measured o resolve
total Nccy hourly CCN critical dry diameters were applied to SMPSdgigbution
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data. It was assumed that, for pseudteady periods, critical dry diameters derived
from the CCNC nasurements would represent the resaway activation dry
diameter. Particles greater than this diameter would readily activate under a certain
peak supersaturation level. Totalctw were derived from summing SMPS data
collected for particle diameters greatehan D. as a function b supersaturation
percentage §. For the PEGASO cruise datasbEcn determined at 0.8 %
supersaturation can be considered a maximum value of marine CCN, (i) since derived
marine Necnstart reaching a maximum limit at supersatumais as low as 0.5 @gee

Figure 57) and (ii) because the ambient marine cloud base will not typically exceed
0.8 % supersaturatiofwomey, 1959Twomey and Wojciechowski, 1969

Following Hoppel Theor{Hoppel et al., 1986 the inter-modal minimum is the
critical diameter of free activation experienced by amas®l population at cloud
base. The intemodal minimum is caused by a cloud peak supersaturatiua

which can be quantified by finding the correspondi&dor the intermodal, D¢, on

the CCN ambient aerosol curves. As the ambient CCN curve isdratfezl average
sizedependent physice&hemical aerosol population properties, thg for different

chemical species &eakmay be different from the ambient.

For the PEGASO cruise dataB®fA is considered here to be chemically represented
by the theoetically derivedS-Dc curve of NaCl, and SMA is represented by the
DONho determined partially neutralised sulphate. This simplification is reasonable
based on the small fractions of OM (exdihg MSA) in either merged air masase
(described in Chapteb) compared with the inorganic components, which may
otherwise affect the hygroscopic properties of the aerosol. Using the nussizer
distributions of the aerosol, and thB:; of SMA and PM respectivelythe number
contribution of the different aerosol fyes which would be considered activated into
cloud dropletscan be calculated. Firdhe SMPS dates constrainedy fitting a sea

salt distribution In this dissertation sesalt distributiongrom the North EastAtlantic
(Ovadnevaite et al., 2014lare used for the Southern Ocean datasethe absence

of anambientmulti-modalseasalt distribution fromthe SouthernOceanUsing one
spectral shape from a wind speed of 6.3 M which is similar to the average nd
speed recorded throughout the PEGASO cr(#3e5 m 8), the distributionis scaled
based on mass calculations from tHRToFAMS. Howeverthe HRToFAMS has a
PMaerodynamic vacuum cdff which must be converted to an equivalent mobility
diameter (DeCarlo et al., 2004or mass based scalin§oherical particle volume
equivalentis derivedusing the density of sesalt (2.17 g crd). Theaerodynamic
vacuum ctroff diameter of 1 um then equates toraobility equivalent diameter of
0.0544 uymThe scaled sesalt distributions are subtracted from the overall number
size distributions with the remainder being assumed as the SMA number
contribution. Using theD. for either, the normalised numbesize distributions of sea
salt (PMA) and SMA, respectively, are converted to absolute number and summed
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up for mobility diameters ®. The total activated number is similarly the sum of the
numbersize distribution for sizes > intenodal minimum. The percent contribution

of PMA is determined as the fraction of activated PMA patrticles to the total activated
number. Values derived for th calculation and the percent contributiofrdm the
PEGASO cruise datagetn befound in Table 5.4nfP 1 is omitted for lack of CCN
data, andmP4 is omitted due to large intemodal minimum errors from number size
distribution data instability). The far-modal minimum calculation has an inherent
uncertainty of £ 5 %, which owes to the combination of a + 10 % uncertainty in the
SMPS sizbinning which is somewhat reduced in the later fitting of the ambient data.
The uncertainty of the CCN counter is.82D% forSeakvalues. Due to the nature of
the contribution calculation and the relatively steady nature of the PMA distribution,
the maximum deviation i or Seakfrom either uncertainty would only result in a £

8 % contribution change.
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4. Results t black carbon
measurementsn marine environments
suggesthe persistence aflean
conditions

In this chapter BC measurements taken from a single particle soot photometer (SP2)
are used to assess the permeation of air pollution over remote oceans. Black carbon
(BC) as a tracer for anthropogenic pollution is measured by the SP2, throughout the
PEGASO cruise of the Scotia Sea region. The remote oceanic region has been reported
to have a high fraction of pristine days during the austral summer maithmilton

et al., 2014, making it an ideal marine environment to observe what should be clean
marine conditions. @er SP2 measurements from thel@hernOcearreportedthat

clean marine conditions only persist when BC mass concentrations A& ng ¥,

and with CO at < 56 ppliShank et al. 2092 By way of comparisonSP2
measurements from continental sources in the Northern Hemisphere measure 300
¢ 50 ng mPon average for urbaand remote sites respectiveficMeeking et al.,
2010. To assesthe marine backgroun@C mass concentrations of remote nmei
environments, the BC mass concentrations are analysed as frequency distributions.
In this way, the permeation of pollution (using the tracer BC) can be evaluated both
as a function of persistence and overall mass contribution.

BC mass concentrationofn the Southern Ocean PEGASO cruise are found to have
a persistent mode of very low concentrations (<0.4 nd) mf BC mass in pristine
marine conditions. A second available SP2 dataset, from a short campaign at Mace
Head research station (MHver Apri 24-24 2015 is alsanalysed (see kthods

for details about MHIp and found to a have a similarly persistent but low BC
concentrationsThese results are reported in the following section with more detail.

4.1 ThecleanSouthern Ocean confirmed by SP2
measurements

ThePEGASO campaiglhowed for measurements to be taken from typical Southern
Ocean source regions and included aerosol from maritime tropical, maritime polar,
and continental Antarctic air masses. The air snback trajectories which crossed
the path of the research vessel are shownFigure 4.1The trajectories were
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calculated in relation to the movement of the ship, with a starting height of 50 m
above sea levelevery 12 hours for a backwards run time @& hours.Typically,
maritime tropical air masseshat advected over the shipduring the cruise
experiencel some modification from the South American contineidenced by
increased BC mass concentrations

-120 -100 -80 -60 -40 -20

-120 -100 -80 -60 -40 -20

Figure 4.1. Overlain air mass back traje@s(AMBT)on cruise region. Eadajectory shows the

relative air mass path (white f  O1 f Ay S&a0 TH K2dzNBE LINA2NI 62 ONRaaiy3
above sea level (ASL). The height of the trajectory relative to sea level is shown in greysdale, and

the most part reflects thamost ofthe trajectories stayed well below 500 m ASL.

During thecruise 5711 minutes (952 hours or 39.66 days) of SP2 data were recorded,
of which 40931 minutes (682 hours or 28.4 days) wereamiouslycontaminated

by local pollution from the research vessel nor involved in lab generated sampling
These 28.4 days are used as the ambient Southern Ocean measureftentsass
concentration of BC (ng &) measured in Antarctica by location candsen in Figure

4.2. Fomost ofthe traversed path, BC levels remained below 1 ny fiimes when
larger concentrations occurred have been attributed to either local (Island human
activity), transported pollution (from the South American continerdj possible ship
pollution. The period of midhigh BC concentration~(80 ng n? average with
sustainedconcentrationsabove 4 ng m lasting 1¢ 3 hours) between the Shetland
and S. Orkney Islands had air mass back trajectories which revealed the air
movements advecting across the Shetl Islands before arriving at the research
vessel. The periods of high BC €400 ng n average lasting 612 hours), which
occurred within 10 latitude and longitude of the Sandwich Islands, can be largely

54



Results 1 black carbon measurements in marine environments suggest the
persistence of clean conditions

attributed to long range transport (30 to 2/hours prior) of aerosol advecting over
Argentina to meet the ship. However, local pollution from other unknown vessels has
not been ruled out. Additionally, measurements taken around King George Island
were considered polluted (~50 ng3) inline with results fromWeller et al. (2018

which suggest BC annual mass concentrations are higher here than at other coastal
stations.

-50 -50
-55 -55
-60 -60
-65 -65

-70 -60 -50 -40 -30

Figure 20 ¢ K S cruis& patii@zshown on a latitudengitude map, with continental borders

shown in green. The BC concentration is shown in a linear greyscale, where white represents a BC

mass concentration of 0 ng-frand black represents +17 ng3mit should be notedhat BC was

sometimes measured in excess of 1000 ng, mowever the scale is used to demonstrate the

frequency and location for which the measurements were less than 1 -hgTime red dotted line

indicates parts of the cruise in which no ambient data weailable, or for which ambient data was
SELR&ASR (2 GKS NB&aSHNOK @SaasStQa 26y aKALI SEKI dzi

The 28.4 days of ambient Southern Ocean BC data from the Scotia Sea region can be
used to assess the persistence of BC pollutichisyremote oceanic region. The BC
mass concentration data is plotted as a frequency distribution (Figure 4.3) and
lognormally fitted using theGOR B (Version 6.37WaveMetrics, Lake Oswego, OR,

USA multipeakfitting2 package(WaveMetics, 201%. The frequency distributions

were calculated in 1000 equwlstepped bins in logspace, as concentrations were
measuredrom zeroto over1000 ng . Each bin was normalised to ki widthin

linear space, then using a baseline of 0, lagmal modes were fitted to the
distribution iteratively to minimise residuals. The parameters of these modes were
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then used to describe the 35percentile of the modal BCFor a lognormal
distribution € Yg), ‘the difference between theBC concentrationof the 93"
percentile (ss99 and the modatoncentration(Goodd A & O2 Y(HIAIR $ISB R 1 °

G, i (17)

b

Theresulting fittedfrequency distributionand modesare presented in Figure 4.3,
with lognormal modes describedumericallyin Table 4.1with the most frequent
occurrencesof BC mas®ften below 1 ng ni. Thefitted ambient measurements
reveal that aerosol in the Southern Ocean during austnrahmeris most frequently

(93 % of the timg permeated byBC mass concentration <39.ng nm. To a lesser
extent, three modes were detectedvith varying degrees of pollutionThe first,
occurring for approximately 7 % of the time, showed BC concentrations between 0.4
ngm3and5ngni(Table4.1l) yR ¢gAff 0S O2yaARSNBR WOfSIyQ
is it polluted). Tie secondnode contained BC mass concentration$ af81 ng nv,

and the last containe&1 ¢ 612 ng n?. The latter two modes occurred ~ 0.3 % of the
time with negligible measurements of BC ssaoncentrations in exces612 ng m

3, Since, populated islands were founddausean increase in BC concentrations of a
~50 ng n¥, contaminationfrom islandsshould beaccounted forin the Suthern
Ocean region. The frequency of detection of this contamination was < 0.3 % for the
cruise, which traversed close to the Islands. Therefore, this frequency occurrence
may be biased high for measurements in the rematet8ern Ocean. However, for
coastal research stations in and around Antarctica this may be a constant source of
pollution which may artificially increase background BC observatimsg. pollution

can also be a major source of contamination, not just to the environment but to
measurements abad research vessels. This pollution must be considered in post
measurement analysis. Such contamination was identified and discarded in this
study, but some small fraction of local orceculated ship contamination may have
missed detectionAdditionally, the Southern Oceamvas observed to have very low
ambient concentrations of BC, wiBiC concentrations above 612 ng®mccurring

less than 0.001 % of theruise duration
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Figure 43. Frequencylistribution plot of AD dataset from the SP2 instruméwbrmalised frequency
of occurrence (%) are shown agaisf mass concentrations for biegually spaced in logspace
Fitted lbgnormal modes are shown. Top of the graph shows the lognormal modeguosiith
geometricstandard deviatioro g) underneath.

4.2 OMis not correlated t&B8C in clean conditions

Evaluating the prevalence dC mass concentrationa marine air enableshe
separation of air into that affectetly pollution andnot affected This is important
for organic materiglwhich can be marine or anthropogenic in origamd which has
source dependent aeros@roperties Studies have also shown that anthropogenic
transport of trace elements (such as nitrogand iron) and subsequendeposition
onto the ocean surface can lead to increased marine bicddgroductionBaker and
Croot, 2010 Duce et al., 2008 With the right environmental conditionsuch as
oceanic upwellingSmith and Konferenzen, 19pan area such as the Western Coast
of South America may experience frequenmntinental transport and upwelling
which could result i@ correlation between anthropogenic pollution and subsequent
marine OM concentrationsvhich are in fact related but not simultaneously
correlated in time However, simultaneous high tirresolution mesurements of BC
(a tracer of anthropogenic aerosol) and OM aftengterm prevailing clean
conditionsor oceanic downwellinghould not be correlatedThe extent to which
submicron organic mass (OM), exclusive of methanesulphonic acid, should be
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consideed marine in origin in thedtithernOcean has been questionéghank et al.,
2012 on the basis of high correlations between OM and BC mass concentrations.
The somewhat polluted and pristine observations periods of the Southern Ocean
datasetare evaluatedo test the degree to which OM (as a function of BC) can be
considered mane in origin.

OM mass concentration (ug# from the $uthern Ocean is compared against BC
mass concentration€SP2 measurementsand the ratio oOM:BCis also compeed
against BC (Figure4). The data is capped at a moderately cldiamt of < 5 ngm3
(Table 4.1), andlso a pristindimit of 0.4 ng n?. Parallel OM measuremenfsom
and HRToFAMS for thecleanand pristine periodswere used for comparison. The
comparison of OM to BC for theo®hern Ocean data yields no correlation?(R
0.002, for OM and OMBC alike), supporting the idea that measured OM in pristine
moderately clean conditions is, in fact, marine in origin.

Three years oMAAP (see Section 3.éjuivalent BC (EBC) data and high resolution
time-of-flight aerosol mass setrometer data gathered aMHD (2009 ¢ 2011)
(O'Dowd et al., 201/s used as a basis for comparison agaionsti&rn Ocean data.

The MHD data is defined as being clean and pristinevaisof < 50 ng n{ and < 15

ng md, respectively(Grigas et al.,, 2097 The Southern Ocean has not been
categorised similarly with muliear data, althougl®hank et b (2012 has reported

that clearrconditions are met only wheB8P2 measureBC mass concentrations are

< 1.8ng m?3. Therefore,pristine and clean limitare set according to the cleanest
(approximately < 0.44g m?®) and second cleanest (approximatelysng m®) modes
presented in Table 4.ftom the PEGASO cruise SP2 databBlee¢ differences in the
limits between each ocean are owed to a combination of factors including different
instrumentation (dscussed further in the Section 4.3)cean environmentsand
sampling durationAs can be seen in Figure 4.4, the Southern Ocean data is similar
to data from the North East Atlantic under clean conditions. The Southern Ocean
data contained lower BC mass concentrations which can be explained by the
differencesin BC instrumentationwhere theSouthern Oceameasurementsvere
taken by arSP2vhichmeasures incandescent mass the MAAPused in the North

East Atlantiavhich measures optically absorbing mashe MAAP measuring higher
BC mass concentrations has@been reported in intecomparison studiegSlowik

et al., 2007Raatikainen et al., 20)50M measurementi the Southern Oceanere

much lower overall than those reported frorhé North EastAtlantic by almost an
order of magnitude. This was then propagated into the OM/BC ratios which were
higher overall in the Southern Ocearargge OM plumesvere not observed during

the cruise in the Southern Ocean during clean conditions, wikial opposition to
observations in the North East Atlantic where relatively large plumes of OM occur in
clean conditions (Figure 4.4). Observations of large OM plumes in the Southern
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Ocean were concurrent witBC plumeswhich may be why correlations lveten OM
and BC in the Southern ocean have been erroneously extended to the North East
Atlantic(Shank et al., 2022

Table 4.1. Parameters from the lognormal mode fittings of the frequency distribbyigreak (pk)

Mode positions@0 | g&fe in terms of the BC mass concentration in n§ while the amplitude

of the mode (Amp) is in % occurrence and is not the height of the mode but rather the amplitude as
described irHinds (1982 The BC concentration for which 96 0of the mode is accounted faGoe,

see Methods) is in ng

Mode G g Amp Coso
Antarcticapk 1l  9.56E02 2.01 6.54+00 0.39
Antarctica pk 2 1.05 2.34 1.25E01 491
Antarctica pk 3 16 2.52 5.43E03 80.6
Antarctica pk 4 173 1.77 4.42E04 612

MHDpk 1 9.86E02 1.45 1.30E+00 0.29
MHDpk 2 0.66 3.44 3.24E+00 4.53
MHDpk 3 7.5 1.40 2.33E01 211
MHD pk 4 28 1.53 3.09E02 85.3
MHDpk 5 170 1.66 1.32E02 566
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Figure 4.4. Comparison between the OM (ug) moncentration and OM:BC (ng¥ng m®) ratios of
Southern Ocean (left panels) which were taken as clean levels for B@ s5(black circles) and
pristine for BC < 0.4 ng-hfred circles), and MH fro®@'Dowd et al. (201¢4eproduced (right panels).
Southern Oceamlata points are shown in open black circles. Crosses represer®'ibewdet al.

(2019 data, where the red crosses denote BC < 15 rig Tihe MH data shows equivalent BC (EBC)
from an MAAP, so likely BC concentrations are biased high as compared with the Southern Ocean
SP2 data.

4.3 ThecleanNorth East Atlanticonfirmedby
SP2 measurements and MAAP comparison

While it might be expected that marine BC mass concentrations in the North Atlantic,
being in the Northern Hemisphere, would be higher than that of the Southern
Hemisphere, no comparison of parali##?2 instrument masurements obackground

BC levels have been reported. At Mace Head (MHD) research station, a coastal North
Atlantic Station, 51 % of measured air masses adhere to the clean sector wind
direction(Jenningsetal., 2003> | yR 2F (K2aSsz GKS @l ai

60

YI 22 NA



Results 1 black carbon measurements in marine environments suggest the
persistence of clean conditions

criteria (BC < 15 ngfvia MAAP)(Grigas et al., 20371t should benoted thatthese

BC mass cwentrationslimits werecalculated by a MAAP through the conversion of
optically absorption, and these concentrations shooédarger than concentrations
measured with an SR2s the latter measures BC particlea laser incandescence
O'Dowd et al. (2014showed that when applying both wind direction and BC criteria,
maritime measurements from the Nortlast Atlantic exhibit marineaerosol
propertiesunperturbed byanthropogenic influences, seemingly supporting an idea
that the North Atlanticoften hasa relatively low background level of BC. To the
' dzi K2NBQ (1y26fSR3ASST KA afrorh Macé He&d reBdamid (
station,and for the greater sukpolar North East Atlantic region.

Figure4.5. Air mass back trajectories atvn for April 2¢ 20 at 12-hour intervals (red lines). Each
trajectory is projected 72 hours from 15 m above sea level fitece Head research station (MHD)
Top right of the graph shows detailed overlay of the Mytographic location relative to other Irish
cities.

The MHDcampaigrnwas impacted by several differeair massesandinclude both a
maritime polar (nP) and maritime tropicalrT) air mass, as wedls amaritime Arctic
(mA) and continental polarcP® air mass. Some of thearine air masses were
modified by continental Eurpe, such as withmT air masses pasy over $uthern
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Ireland.Air mass backrajectories calculated from MHEt a starting height of 50 m
above sea levekevery 12 hours for a backwards run time of 72 hoars,shown in
Figure 4.5.

270

190 480 .
BC total 50,615 ng m

Figure4.6. Percentage ofotal BC mas$oading (concentrationby wind direction @°-36C°) for the

month of April 2015 at Mace Head atmospheric research station [§MH otal black carbon mass
concentrationmeasured over the entire measurement periodsiwown at thebottom. The percent

of the total BC madsadingmeasured(radial linesin %) by each ONVD increment is shown in blue

as a function of WD. The NIt Of Sy aSOi 2 NE A & ¢330 ynhichRsSnigaRd 6 ST 6SSYy wmd
in thicker black lines.

The full(SP2BCdataset for themonth of April2015 isshown in Figure #.as atotal

BC mass concentratidoadingwind rose,andalso as a time series Figure4.7. The

wind rose shows the percentage total measured BC from a certain wind direction as
a functon of the gross total BC concentration measured over the whole péefian

the wind rose it is apparent that a large percentage (~28 %) of the total black carbon
mass came from the marine sector direction with 15 % coming from between 195
215°. Approxirately 36 % of the total BC (18,220 ng)ncame from directly inland
(Figure 4.5 Over the observation period, about 50,614.5 ng®mf BC was
cumulatively measured, with the 0.1 ng3tWD ~ 290°) and 680 ng(WD ~ 124°)
being the lowest and highesbhrly averaged concentration over the period (Figure
4.7).The wind rose only indicatébe total mass BC loading by wind direction, but
does not relay the duration or magnitude of high BC concentration measurements
measured by the SPfheaning a long perd of low BC concentrations from one wind
direction can appear similar to a very short period of high BC concentration.
However, this information is relayed in the time series (Figure 4.7) which shows both
wind direction and BC concentratioBased on thair mass trajectories a portion of
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the BC mass from the marine sector can be attributed to recirculation from the Irish
coast.This is a commonly encountered air trajectory movement in Ireland due to the
normal track ofAtlantic depressioswhich causes @jonic activityLamb, 1972 The
cyclonic activity,centred over Ireland or the North East Atlantic, leads the
recirculation of continentally modified aiout into the ocean, where it then
approaches MHD from the marine wind direction seciidte time trends of BC and
wind direction (Figure 4.7) confirm periods of frequent South Westerly winds which
were wihin the marine sector but coincided with concentrations on the order of 10
¢ 1000 ng r?. The larger concentrations mostly coincideith cyclonic activitwhich
circulatesair down from the north over the United Kingdom anbr) mainland
Western Europeut over the Atlantic again where it approaches MHD from the south
west. This cyclonic activity is growing more common with increasing vigour of global
circulation yearlfSweeney, 1986

MAAP — Hr min SP2 — Hr — min

‘/w' . 3 "N'".-hﬂr‘ s
= ]08 . o \"; " . v (- ‘3“"". POl st

— T T
06/04/2015 11/04/2015 16/04/2015

MHD Datetime

Figure4.7. Time series dMHDBC data and wind direction (WD) data for Aprg 20, 2015 during
the MHD campaign On top, BC data from the SP2 (blackourly averagedgreyt 1-minute
resolution) and MAAP (regihourly averaged, pirnk 1-minute resolution) are shown. The green line
straight across indicateg ng m2. On the bottom, WD data is shown in degré®s with the blue
shadedarea denoting clean sector WD.

Clean sctor analysis at MHD follows stringent criteria wheetsure the sampling of
clean marine air. These criteria include wind direction {X9800°), atotal particle
concentration (¢h > 20 nm) below G0 cm®, postanalysis assessment of trajectories
to enaure no advection over land within -8 days previous, and BC mass
concentrations below 15 ng fras measured by and MAAP (or 50 n§as measured

by an aethalometeCeburnis et al., 2031This analysis has already established that
wind direction alone is not an effective filter for pollution (Figure 4.6). HoweWer, t
SP2 MHD datasgetpresented here as marinas only filtered for WD on the
assumption thatwhat can reachMHD through the oceanic sector WiEpuld be
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measured from a remot¢he remote North EastAtlantic. Thesedata, plotted as a
frequency distribution (Figuré.8) andfitted with lognormal distributions, show four
concentration modesEach modeelates to a grouped range of BC concentrations
which occur, or are measured, at MHD and can each be considered here to represent
different sources of BOhe lowestmeasured BC moddescribed to be within the

95" percentile (see Eq. 1Mcluded concentrtions<0.29ng m3, which occurred 34

%of the time. The highest occurrence at 55 Wéthin the WD criteriacame from the
second lognormal mode betwednh29ng m® and 5 ng n¥. The next mode, § 21 ng

m3, occurred for just over 10 % of timehe lastwo modesoccurred for a combined

1.1 % of the timextending up to 8.g mand then up to 56&g m?3, for 0.8 % and

0.3 % of the time respective(frable 4.1)Unlike the data presented iGrigas et al.
(2017, which took all sector data frotrive years of MAAP measurements at MHD,
the frequency distributions of the clean sector analysis used just over 150 hours of
hightime-resolution dati. Thus, while the four modes arecorded in Table 4.1, the
efficacy of a frequency distribution analysis on this length of data may be somewhat
lesened, and therefore, thé&rigas et al. (20)pollution categorisation is used over
the modal frequenciepresented herdor comparisordiscussed later in this analysis
Since theGrigas et al. (20)7pollution categorisation is for MAAP based mass
concentrations whichikely overestimate the mass concentrations measured by the
SP2, a correction between tHdAAP and SPstrumentsshould be made and is
calculated fom the intercomparison of théwo instruments running sinmtaneously

at MHD (Figure 4.7) discussed further. on

Similar to the Southern Ocean results, the lowest BC mass concentration mode in the
North EastAtlantic is centrecon a mode peak db.10 ngm3. While this mode was
observed nearly 3x more often in the@hern Ocean than the birth EastAtlantic,

this is to be expectedrhe month of April in the Atlantic may be considered one of
the most polluted months in the Atlantic, having some of the lowaesurrences of
pristine days at ~ 1 day per montHamilton et al., 2014 The model studyiHamilton

et al. (2014, reports that the North East Atlantic in another month, suclAagust,
could have anywher&dom 2-10 days of pristine weather. Since April compared with
August could reasonably have a third of the pristine days, it would stand to reason
that the frequency occurrence of pristine air in North East Atlantic during August
would have thrice the frequency. This implies that the North East Atlantic summer
would experience a similar occurrence of tBE mass concentratianode peak of
0.10 ngm as the Southern Ocean in austral summédre Evidence of both oceans
having simérly low modal concentrationgand likely BC sourcesupports the
assumption that the low BC mass concentration mode centred at ~0.131gay be
considered a baseline for global clean marine conditichscomparison of the
Southern Ocean and MHD fittéequency distribution®f the SP2 BC measurements
can be seen in Figure%.
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Figure4.8. Frequency distribution plot of MHBC mass concentration measuremefitsm the SP2
instrument.The graph showBCmass concentrations for bins lognormally spa¢didgBC =~0.06g
m?3in depth). Lognormal modes are shovgeparate from the combine frequency distribution with
the lognormal mode positiomnd geometricstandard deviatior(" g) shown at top
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Figure 4.9. Comparison between the fitted frequertigtributions of three sets of BC data. The
distribution for Antarctica is represented in red. The MHD data is represented by two distributions
of the SP2 data, filtered for clean WD (green) and unfiltered (black). The actual frequency distribution
data which was fitted is shown in lighter shades of the aforementioned colours. Fitted distributions
for Antarctica and MHD clean WD data are shown with peak modes.
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Comparing SP2 and MAAP parallel measurements

While only 36 % of the MHIBP2observation periodwas compliant with wind
directions clean sector criteria, the full month of data was also analysed as a
frequency distribution(Figure 4.9). The full month differs from the oceanic sector
WD data in that there ifcreasedrequency ofmore pollutedmodes.Additionally,

a comparison can be made betwesimultaneousMAAPmeasurementsluring that

time. The BC datasets from Mace Head (SP2 and MAAP)aweraged hourly to
reduce noise from the MAAP time series (time series raw and averaged can be seen
in Figure 47). The hourly datasets of the SP2 and MAAP were then correlated using
a linear regression method, which resolves Pearson correlation coefficients (r) and fit
equations.

The trend of SP2 data against MAAP data (Figl® 4hows decreasg agreement

with increasingmass concentrations. The MAAReasures black carbon optically
through the absorption of radiation. \\dm nonBC absorbing parties are present

the MAAP overestimates BC concentration due to interference with thiler
absorbing matte(Cappa et al., 2008Due to the interference overestimation could

be the result of calibration conversion for absorption to mass in the MAAP if it is
calibrated preferentially for clean conditior(Slowik et al., 2007 Therefore, the
trend between SP2 and MAAP data must be fit with separate linear regressions to
accurately compare BC concentration regimes between the two instrumémts.
cleaner conditions (<30 ng# the MAAP overestimates by a smaller fraction, but is
offset by about 2.3ng m?®from measurements made by the S@Rue line in Figure
4.10) @nversely, in more pollutio(>30 ng n¥) the MAAPtends tooverestimateBC
more but without a significantoffset (red and black lines Figure 4.10)o
accommodate thisn the analysis presented here, linear regressions viiefeom O

¢ 30 ng e (to represent clean conditions), ¢ 150 ng n? and 15@ 13071ng m?®
(maximum data point) detection on the MAAP lec& he results show relatively good
agreement ineach casevith r = 990 = 0.987and r = 0.985 for the lowep higher
concentration regressionsrespectively From these it is seen that the MAAP
overestimated Bdifferently for each BC concentratioegime.At the two lower
concentration regimes the MAAP overestimates Higtke less than a third, while at

the highest concentrationregime (red line in Figure 4.10) overestimates BC by a
little less than halflt is important to note that at BC conetations associated with
pristine conditions (MAAP measuring < 15 ng)rthe small offset in the linear
regression trendepresents a significant change in BC concentration measured by
the SP2. For this reason the pristine and clean limits must be treated separately for
comparison.

The (approximately) 44 % overestimatioithe BC mass concentration by the MAAP
appears exteme but another comparison of an MAAP to SPRaatikainen et al.

66



Results 1 black carbon measurements in marine environments suggest the
persistence of clean conditions

(2015, reported an even more extreme ovestimation of the MAAP measurements
(from 0¢ 700 ng n¥) by 500% of the SP2 measurements. That study could onlifyust
the overestimation with the assumption that some large fraction of the absorbent
material (possibly brown carbon) being optically measured by the SPZighd
volatility or low absorption at the wavelength used by the SR@wever, a 506
overestimation of mass by the MAAP as compared with the SP2 has also been
reported inSlowik et al. (2007 and this overestimation is proposéa be the result

of calibration conversion for absorption to mass in the MAAP. The calibration
standard used for the SP2 may also not be ideal for BC found in the North East
Atlantic andmay combine with the MAAP calibration to reasonably explain a portion
of the overestimation, although no more than about a 3® difference, as an
instrumental calibration issue would be consistent over all the linear fits.

According taGrigas et al. (20)7pristine air occurs at MBlwhen BC concentrations

< 15 ng n? as measured by the MAAR is estimated that on average this
corresponds to an SP2 reading @# or ~ 7ng n®, implying that the first two
frequency SP2BC modegsee Table 4.1) in the North Atlantic clean wind sector
dataset can be considered pristine. More conversions from MAAP sector
classifications to SP2 can be seen in Table 4.2. Applyinfuttiisr to the SP2BC
frequency modesneasured at MHDBhe third mode would straddle the pristine (BC
<7 ng m3) and clean classificatio ig m®< BC < 34 ng #). The fourth peak falls
into the moderately polluted category, with the final peak falls into the polluted
category. The statistical grouping of BCss)x@oncentrations (from a clean sector
wind direction of 1907 300°) based upon this categorisation is shown in Figure
4.11a, which also showthe frequency of occurrence of the classification. Based on
clean sector wind direction alone, this study firthiat springtime aerosol is either
within the pristine or clean marine air category 65 % of the time at MHD, and in
general (without clean sector wind direction criteria) springtime aerosol is within
those classifications 2.5 % of theme (see Figure 41b).
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[150,1371] SP2 = 0.56(MAAP) + 8.63 r=0.985
[0,150] SP2 = 0.69(MAAP) - 0.11 r=0.987
[0,30] SP2 = 0.65(MAAP) -2.33 = 0.990
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Figure 410. Comparison of the SP2 and MAAP measurements running simultaneously at Mace Head
for the month of April 2015. Green points are for averaged hour resolutata A 1:1 fit line is shown

in back dashesRed line isa least squardit linear regression for data on the range of MAAP BC
concentrations of 15@ 1371 ng ¥, where theblackline is the same but for concentratiohglow

150 ng n?, and the blue line foconcentrations of ¢ 30 ng m®. Comparison is not linear over all
concentrations, so this is used to derive relatB€concentrationover different regimesif MAAP
concentration is 15 ng ™ then SP2 concentration ~rig m?®, and where the MAAP concentration
would read 50 ng i, the SP2 would read 4&g m?.

Tabk 4.2. The classification of air masses arriving attMtém BC mass concentration data. The
classifications were derived I§yrigas et al. (20)based uporfive years of MAAP data from MM

Using SP2 and MAAP comparisons the equivalent mass concentrations as measured by an SP2
instrument are reported.

BC sector Pristine  Clean moderately polluted extremely
classification polluted polluted
Grigas et al. <15 15-50 50-300 300-1000 > 1000
(2017) MAAP
SP2 equivalent <7 7-34 34-177 177-570 > 570
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Figure4.11 a)Black carbon concentrations are shown with statistical grouping by box plot (left axis)
and by frequency obccurrence (right axigpr WD clean data. b)l&ck carbormassconcentrations

are shown with statistical grouping by box plot (left axis) &mel percent contribution to total BC
mass measuredright axis)for all MHD SP2 data. Both plots aas a functio of BC sector
classification (see Table 6.2) defined3drigas et al. (20)and adapted to SP2 concentrations.

4.4 How prevalent is BC in the remote mari
environment?

Overall, the Buthern Ocean proved reasonably devoid of persistent intense
pollution, with 93% of atwo-month campaign showing less than 0.4 ng’ wf BC
mass (this wouldranslate to about 4.2xg m®reading on the MAAP).l&nd activity
was shown to influence the ambient aerosdth ~ 50 ng n¥ of BC measured by the
SP2 (~73 ng t MAAP), making locasources responsible for enhancing BC
concentrationup to levels which exceed clean air criteria even bytiNEastAtlantic
(MHD) standard.

MHDis also clean for large periods in spring with an average exposure of the marine
North EastAtlantic environment to 35 % of the time of moderatejyextremely
polluted periods. The rest of the time can be considered clean, being pristimegg(<
m3) about 41 % of the timé&Vhen intercomparing the simultaneous MAAP and SP2
measurements at MHD, different linear fits were used for different BC mass
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concentration regimes. The clean concentrations (<30 ipghave a slightly different
y-intercept to the moderately clean concentrations (<150 ng)nand this alters
concentrations on the order of 1 ng-#or less, such as with 0.4 ng mEach
relationshipis described by a different linear fitBGpr] = 0.65[BGuaad ¢ 2.33 for
BGuaar< 3 ng m?, [BGr] =0.69-BGuaad - 0.11 for B@iaar< 150 ng i, and BGr}]
= 0.56-BGuard +8.63 for 150 ng n¥ < BGaar In pristine conditions an SP2

measurement okeroBC would be equivalent to a MAAP measurement of 3.6 ng m
3

The Southern Ocean SP2 measurements are of the same magnitude as those
reported by other studiesShank et al. (20)2reported a maximum cleacondition

BC concentratioof 1.8 ng n?in the $uthern Pacfic area where our study found a
cleancondition BC concentration d@.4 ng n¥ for the Scotia Seamplyingthat BC

mass concentrations may range within the Southern Ocean region. The Neumayer
station reported nearly constant loAgrm yearly BC measurements of ~2 ng m
(MAAP)YWeler et al., 2013and would be equivalent to an SP2 readingaminally

zero. This would suggetitat coastal stations like these experiersienilarlevels of
pollution as compared witkhe open ocean around Antarctica.

The Northern and Southern Hemlseres experience fferent levels of pollution

due, perhaps, to a combination of seasonal differences andrtreased industrial
activity and population of the Northern Hemisphere. However, this study shows that
remote Oceans, such as the North Easeit and Southern Ocean experience
similarly low levels ofBC pollution (0.1 ng n¥). Discrepancies in frequency of
occurrence should be ignored as the different seasonal measurement periods create
inequity in the comparison between the two remote océarsystems.Each BC
concentration mode in the frequency of occurrence graphs (e.g. Figure 4.9)
represents a different source of BC. The overlapping position of the modes in the
two oceans is suggestive of similar BC sources, having equally small comoentra
modal positions regardless of hemisphere. This implies that the North East Atlantic
can be as pristine as the Southern Oceaaditionally, during periods of pristine BC
mass concentration conditions (<0.4 ng)nno correlation was found betweedM

and BQr? = 0.002) in the Southern Ocean, matching similar results ofcoorelation
(r>=0.006) for pristine periods observed over the NdethstAtlantic. This suggests
that whilelimits of clean marine conditions may vary, once applied correctlyjmear
aerosol can be considered to be free of anthropogenic influence.
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5. Results 2 summertimeaerosol
physiceachemical properties and links to
cloud activation in the Southern Ocean

This chapter focuses on aerosol properiiethe Souhern Ocean, around Antarctica,
through the Drake Passage and Scotia Sea regios.Southern Ocean is area
natural laboratory to studynarine aerosol production and sources as demonstrated
by the previous chapter. This chapter seeks to characterisesipliemical
properties of the summertime aerosol in the Scotia Sea region of the Southern
Ocean. This location was originally chos its proximity to the Weddell Sea, which
experiences intensive beldim-ice algal blooms where increasgmoduction of
secondary marine aerosol has been measu@towd et al., 1997a&emmelink et

al., 2008 Zemmelink etl., 2009. Increased concentrations @&iMSP, te precursor
form of aqueous DMS, ka been reported for phytoplankton species in colder
temperatures (likely acting as a cryoprotectafiarsten et al., 1996and in ice
covered watergGalindo et al., @15). As the Weddell Sea is one of the coldest seas
in the world, temperature related increases in DMSP production are extremely
relevant.In summer, some of the sheet ice breaks and becomes pack ice and a
water-air interface is establishedMSPalso has a strong dependence on bloom
species type, where multiple species of dinoflagellates anttadhophoes are
associated with greater DMSP production and diatom blooms aenaissociated
with negligible concentrations of DMSHEzotte et al., 2012 A study(Lizotte et al.,
2017 conducted in the Southern Ocean region during the austral summer reported
that sampled blooms dominated by dinoflagellates and coccolithophores had DMSP
concentrations which significantly cetated to Chia measurements, suggesting
that in these seasonal blooms, DMSP production may be tracked using autotrophic
biomass.Due to both the absencef continental contamination andilso the
abundance of blooms ithe Scotia Sea and Weddell Sea regtbe Southern Ocean
offers unique measurement opportunities to study the effects of biological activity
on CCN properties.

This chapter presents data gathered from a suite efiin instrumentation on a sea
expedition around the Drake Passage of Bauthern Ocean from Januar{®2o
February 12, 2015. A detailed description of the instrumentation -sgt can be
found in Section 3.1.1The following is an investigation of the aerosol physio
chemical traits ofboth onsite labgenerated seaspray andambient aerosol.
Physical and chemical properties of PMubcloud ambient prticles are
characterised fosteadystate air masses encountered during the cruise.
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5.1 CCN imegionalair masses

This section characteriseteadystate aerosolproperties associated with different

air masses in the oceanic region. Analysis of the data revealed 12 pstatty state
periods, shown in Figure 5.1 (and further described in Table 5.1), from which 2 main
prominent air masses were identified and orss prominen{W¥ LJ4 Sstziiga G I G S Q
defined in Section 3.5.1). Théwo predominant air masses were continental
Antarctica ¢AA and maritime polar riP), while the less frequent air mass was
maritime tropical (n'T) which waggenerally associated with potkd incursions from

South American outflow, as shown in Figure 5.2.

The CCNG@sed during the cruisevas calibrated as describeid Section 3.3.1.
Following arguments made in Rose ef2008), charge corrections were not deemed
necessary since no sigmoidshoulder appeared in the datarhe CCNC cycled
through five water supersaturations which after calibration were found to be 0.08,
0.29, 0.47,0.82, and 1.48 %. Critical dry diameters fostlpsrsaturation rage were
obtained at a minimm time resolution of one hour.

5.1.1Physicechemical aerosol properties @A\Aair masses

ThecAAair masses formed over Antarctica are amongst the coldest and driest in the
world. During this cruisecAA air masses encountered were sourced from the
Antarctic plateaux flowing Northward in the katabatic outflowing wind driven by the
subsiding free troposphere (FT) air in the hpglssure polar region above the
plateaux. ThecAAoutflow traverses initiallyice surfaces which evolve into broken
pack ice as the air advects out over the Weddell 8aajouteto the open oceanic
waters. In summer, as the pack ice replaces the winter sheet ice, the bidlggich
waters are exposedpresumably enabling the sear flux of partites and gases.
HYSPLI{Stein et al., 2018trajectories reveal thathe air flowover the Weddell Sea
wasgenerally associated with stagnant higlessure systems taking, at times, up to
90-120 hours to penetrate through to the open waters. All teAperiods discussed
herewere affected bythe passge over the Weddell Sebefore reachng the ship, so
they are, strictly speaking, modified\A These periods shothe highest Chl mean
concentrationalong the trajectory pathgésee Section 3.5.1) arade likely influenced

by biologically productive watera the Weddell Sea.

Each air mass hosted aerosol with distinctive characteristics associated with that

particular air mass, therefore both theAA cases andmP cases were each

O2yaz2t ARIGUSRE NBaLISOUGAGStesr Ayidz2z I NBLNBaSy!
comparisonshown in Figure 5.3. Thiadividual periods included in the consolidated
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datase are displayed in Figure 5.1, whdfree cAAcase is combinedAAperiods 1, 2,
3, and 4, and where thePcase is combinethPperiods 1, 3, 4, and 5).
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Figure5.1. Aerosol chemical and physical characterization, each presented period listed in chronological order by air massoBdias fiecolumns, descriptor, A, B, C,
and D. The descriptor lists period number followedaby air mass modification then the steasdtate duration of the period. [A] Clalsatellite daily retrievals with overlaid

air mass backrajectoriesextracted from HY SPL(Rolph, 2016Stein et al., 2016 In dotted red, PEGASO cruise ship path. In blue, 120 hr back trajectory ending 100m AGL
directly above the ship location. There are three trajectories, representing the air mass origin at the stas, amdidénd of the period. Chlsatellite retrievals are at 0.1°

x 0.1° resolution, where the darkest green represents close to 0 rigamd nearly white represents 3 mg¥average Chkh in that pixel Chla scale on the top left and the
average Ché concentration during the period under the trajectories on the top right corner. [B] Particle number (black) and volume ig@uaisisibutions: number
distribution variance during the period is shown in grey. On top are the total average number of gdxitfé (N), and total average particulate volume [fiomi?] (V).

[C] Pie chart of chemical mass fractions (OM: organic matter, SSake®N: organic nitrogen). On top, submicron particle mass [figfoliowed by black carbon mass
[ng n®] (BC). Orbottom, degree of neutralization (DON) where 1 means that all sulphate and nitrate exist as ammonium sulphate and amnatii(Adams et al.,
1999. [D] CCN activation efficiency curves. Graph shows critical supeaton against critical dry diameter; the slope derived from the measurements during the period
is shown in black (supersaturation uncertainty presented by vertical error bars), and the predicted slopes of partiadljzadutvased on DON) sulphuaicid from the
AIOMFAC model shown in red while the NaCl line shown in olive brown predicted by APZRaséeatt al., 2008The intermodal minimum point, extracted from the leg
normal fit of number-sizedistributions, shown in blue with 2% size error. At top, the number of particles larger than the imedal minimum.
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Table5.1. Lognormal parameter fits for number and volume size distributions. Particle size, modal

& LINB | R hgroscapiity paf@meter ) for fitted number size distribution peaks shown on

left. Fitted particle volume and spread peaks shown on right. Dashed lines represent the lack of more
LISF1a Ay GKS @2f dzyS i NAal@s inlicaielthal pgimrmalyytiEd dpeala A 4 & A y 3
diameters were outside of sizes resolved by CCNC.

N V
Peak, nm 1 T Peak,nm 1
cAAl 24.4 1.3 0.48 - -
40.8 1.2 0.48 - -
101.5 1.5 0.50 130 1.4
- - - 230 1.4
cAA2 28.7 1.2 0.40 - -
46.2 1.2 0.46 - -
111.1 1.4 0.59 186 1.6
- - - 480 1.1
cAA3 44.1 1.2 0.43 - -
109.1 1.4 0.47 129.3 1.3
- - - 214.2 1.4
cAA4 40.6 1.3 0.38 46.7 1.2
118.6 15 0.48 184.5 15
mP1 40.5 1.3 0.34 49.6 1.3
147 1.4 0.53 212 1.4
- - - 455 1.2
mP2 45.4 1.2 0.52 - -
109.5 1.5 0.61 211.4 1.7
- - - 562.7 1.4
mP3 27.1 1.2 0.51 - -
43.2 1.2 0.73 - -
114 1.5 1.43 160.4 1.4
322.8 1.2 - 534.8 1.6
mP4 39.5 1.3 0.42 49.8 1.3
126.1 1.5 1.06 2315 1.6
304.2 1.5 - 589.3 1.4
mP5 22.5 1.2 - - -
45.9 1.3 0.47 53.3 15
139.6 1.4 - 198 1.4
- - - 456.6 1.2
mTmod. 43.2 1.3 0.52 - -
1 74 1.3 0.58 94.1 1.3
118 1.6 0.57 208.7 1.4
mT2 46.8 1.3 0.55 57.3 1.3
127.2 1.4 1.03 159.3 1.3
343.7 1.2 - 391.6 1.4
mT3 425 1.4 0.48 57 1.4
136.3 1.4 - 177.6 1.3
371 1.2 - 465.2 1.4
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Sheet Ice AN Pack Ice
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Figure5.2 Map of Southern Ocean region, ship course marked in red. Movement of air masses from
three principal source regions shown in blue arrows; continental Antacig (maritime PolarroP)

from the West, and maritime tropicai(T) or modifiedmT, both from north and northwest of60°
latitude. Approximate summer regions of pack ice (green striped) and lasting sheet ice (black striped)
in the Weddell Sea are shown.

For thecAAcase average, the total aerosol and CCN concentrat{at the highest
measured supersaturation of 0.8 %) were 270 + 40°@nd 217 + 31 cri
respectively. The submicron size distribution was bimodal, exhibiting-adiogal
Aitken mode distribution with modal diameter peaking at 42 nm and anlagnal
accumulation mode distribution with modal diameter peaking slightly larger than 100
nm (see Table 5.2). THatter mode contributed 70 % of the submicron number
concentration. When the bimodal distribution is fitted wilitig-normal modes, the
inter-modal mnimum can be accurately calculated to be 56 nm (see Table 5.3). The
cAAair mass average mass concentration was 0.60 + 0.16gvith black carbon
concentrations of 0.17 ng #ronfirming the pristine nature of the air, and DERINDf

0.17 pointing to aquite acidic aerosol. Sesalt mass fraction derived from the AMS
reveals a very modest 16 % contribution (0.095 pg) to the total PM mass, and
even smaller contribution from OM (2 %Most of the chemical composition is
comprised of ns$Q (61 % bymass), ammonim (4 %), andnethanesulphonic acid
(MSA 15 %).

The associated critical diameter curve (Bev Dc), or activation lines, fotAAaerosol
indicates a chemically homogeneous aerosol as a function of size but with activation
efficiency slightly less than ammonium sulphate (i.e. there is a ~12 % deviation in the
S for the environmental sample compared to that theoretically calculated
partially neutralised sulphuric acid at 27 nm, and a ~7 % deviation at 105 nm). The
activation lines depend on the hygroscopicity parametemwhich in our case is
derived from CCN activation measurements; however,-@&iNed*-values display

a variance, dependent on particle size (the Kelvin effect) whereby smaller Aitken
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mode particle sizes show the largéstvariance. This variance arises ‘#Kohler
theory, as' is associated with the water activity of a droplet rather than its size. This
sectionof the Southern Ocean study uses sophisticated water activity vs. composition
resolved values based on the Aerosol Inorg&higanicMixtures Functional groups
Activity Coefficients (AIOMFAQpdel (AppendiB.1). Thiscan be seen for a species
like ammonium sulphate for whicl -values differ from the accepted value of 0.61
(Petters and Kreidenweis, 200#ith sizedependencgOvadnevaite et al., 20).7For

the cAAactivation efficiency curve, small differences betwdgishow variations i

(~7 % difference if at 27 nm up to ~14 % difference ©at 104nm, see Table 5.2)
which are not within the bounds of the expected variations and point to some slight
chemical inhomogeneity in the measured size rande.deviations may arisé ©-
values when the chemical composition of the aerosol is size depenflergtiues are
listed with respect to the particle diameteby) for modal numbeisize distribution
peaks (Table 5.1 and 5.2).

On theS-Dc plot (Figure 5.3)the intermodal minimum (takenrbm the aerosol size
distribution and thought to represent the average critical activation diameter for the
activation of the size distribution into ambient clouds) occurs at a critical
supersaturation of ~ 0.40 %. Using the theoretically derived activatiorves of
partially neutralised sulphate as a comparison, the interdal minimum occurs at a
Dc on the measured environmental activation curve well above the corresporiding
on the theoretically derived curve. This means that &t the inter-modalminimum

of the measured aerosol is larger than tG®f aerosol composedntirely of partially

or completely neutralised sulphate at that same size.

This is a reduction activation potential from that of ammonium sulphate patrticles.
As this is iopposition to the increase in activation potentials that would be affected
by seasalt and/or (NH).SQ - H.SQ aerosol, thereduction is instead likely due to a
mixture of (watersoluble) organics and Neutralising MSA (see Figure 5.4). This
analysis (see Section 3.5.5) suggedts ltontribution of primary seapray aerosol to
ambientcAACCN abundance.
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Figureb.3. Physical and chemical propertiesaA(Weddell Sea influenced) air masses (a) mufihir masses (b). All data from each steathbte case are lumped together

into an air mass average. Bottom left: Median numbizie distribution (black) and volumetréize distribution (blue), witld, the SMPSlerived dry particle diameter.
Shaded grey area represents'255" percentile range with the total particle number and corresponding volume concentrations noted at the top. Bottom righp,On to
the ratio of N to all particles greater than 20 nm, on bottom, the total number of CCN for varying supersaturation. Shaded rangsatiusafiens represent typical
values for marine stratocumulus clouds. Tefi: CCN activation efficiency as a function of critmgersaturation and particle diameter, on top, the Inteodal minima

point indicated in blue, with 10 % SMPS sizing error (the blue shaded region corresponds to the sfkeatlieb considering SMPS sizing errors) and the total number
concentration @ particles at sizes greater than the interodal minima. In black, fitted CCN activation curve obtained from the measurements with corresponding error
bars. The red line represents partially neutralized sulphate according to the DON indicated (usimg afiki$Q + (NH)2SQ), the olive brown line represents NaCl, and

the purple dashed line represents ammoimautralised MSA (i.e. NHVISA salt) where all lines are based on predictions by the AIOMFAC model. Top right: Pie chart of
chemical mass fractionsvith the total mass concentration, average black carbon concentration, andnép@ited on top. The smaller pie chart is the breakdown of the

non-seasalt aerosol species.
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When a cloud forms on an initial monomodal distribution (or an existing bahod
distribution), the activated droplets selectively grow in (dry) size as the droplets act
as dilute aqueous chemical reactors converting 8@ sulphate (Hoppel et al.,
1994). In a bimodal numbesize distribution where this process has occurred, the
inter-modal minimum can be regarded as the average aerosol sarpleOther
growth processes leading to bimodality, such as coalescence and Brownian
scavenging, are not considered here following arguments mad®'bpwd et al.
(2000P. Namelydue to the cloudiness of theegion (Figure 5.5 and 5.6), low palé
concentration, and the large sized diameter of the modes. Essentially, during cloud
RNRLJX SG F2NXNI A2y S | -dinktér Side ofthé manenjodaly 2 dzil
aerosol distribution and these are activated nuclei that grow in nuclei mass
aqueous phase sulphate production in the cloud. On exit from the cloud, the
emerging aerosol is bimodal, with the activated nuclei forming a laggeneter
(accumulation) mode. Hence all particles larger tbaare regarded as having been
activated intocloud droplets previously and all particles smaller tharare non
activated interstitial aerosol and remain as an Aitken mode. Using this approach, we
can evaluate that, for the average oAAaerosol forming a cloud, thB: is 56 nm,
resulting from a pek supersaturation o&F non 3> f SFRAYy3I (2 (K
droplets cm? from a total aerosol population of 270 cin Combining this approach
with the activation curvanalysis (see Section 3.5.5), we calculate that for the range
of peak supersattations (0.34 % 0.45 %) observed in theAAcases, 213 % of the
activated CCN are PMA (see Table 5.4).

0.1 - NH;-MSA
«1 — NaCl
4: — AS ‘HzSO4
2 3 4 5 67809 >
_ 100
D, (nm)

Figure5.4. CCN activation efficiency as a functidncdtical supersaturation and diameter. Two
merged cases;AAandmP, shown in black antdlue respectively. AIOMFAC mogbekdicted values
of NaCl in olive brown, sulphate varying degree of neutralization in pink covering the.Da@ige
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from HSQ to (NH)2SQ (dark pink), and ammonineutralised MSA (i.e. NHMSA salt) in dashed
purple.

|||) 2015-01-16 (Lat -80 to 45 deg, Long -103 t0 35 deg) == = |V) 2015-01-31 (Lat -80 10 45 deg, Long -103 10 -35 deg)

Figure 5.5 Satellite images taken from NASA  World(ASA, 2018
(nttps://worldview.earthdata.nasa.gov/) for four separate days in January 201an(i§ (i) Jan 7,

(i) Jan 18, and (iv) Jan 31 Images show daily resolution of the cloudiness in the region and are
representative of the cloud cover occurring for the extent of the PEGASO cruise. Each image is at ~5
km resolution and shows@mposite of each day at latitudes fro80 to-45 degrees and longitudes

from -103 to-35 degrees.
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Figure5.6. Satellite monthly mean composites of liquid cloud optical thicknegd &nd the monthly
standard deviation lottom) globally. Image taken of January 2015 from MODIS L3 monthly
collection 6.1, [https://modisatmos.gsfc.nasa.gov/imagesfiBonthly-browseINASA, 2017

5.1.2Physicechemical aerosol propertieis mP air masses

ThemP air masses formed over cold unfrozen polar marine waters, around 60 °S
latitude. These air masses are moist but constrained in terms of total water content
by the cold environment. During Antarctic summer, the polar regions above ~65 °S
latitude are charaterised by prevailing easterlies near the ocean/land surface, while
at mid-latitudes (30 °¥ 60 °S) westerlies prevail (see, e.g., observational data and
model predictions byBroeke et al. (1997 The mP air masses during the cruise
typically advected with the westerly prevailing winds as part of the Circumpolar
Antarctic Circulation. ThePair massesometimes return south as returningPair
masses following short excursions to the north. From the selected periods in this
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study, allmPtrajectories are consistently open ocean trajectories even though some
may have advected relatively close to, or quavastal waters.

By way of contrast to theAAaerosol, themPaerosol had an average total number
concentration of 460 + 223 c#f{i.e. double that in the continental air) while activated
CCN at the highest measured supersaturation (0.8 %) was 420ch6&he marine
aerosol possessed a dominant Aitken mode at about 42 nm dry mobility diameter,
but in contrast to thecAA aerosol had an amplitude four times that of the
accumulation mode, which peaked at 140 nm. The im@dal minimum was found

at 82 nm corresponding to critical supersaturation of 0.19 % on &&: CCN
activation curve (Figure 5.3b). It iBnportant to note that the Aitken mode at
approximately 42 nm was remarkably stable regardless of variation in modal
amplitude or accumulation mode peak diameter. Also, in sharp contrast tcAlfe
aerosol, total mass was 1.02 + 0.45 pg(compared to ©.60 ug n¥in thecAAcase)

and the volumetric size distribution peaked at 210 nm and 480 nm, although the
larger peak was fit with available data and may in fact peak at a larger diameter. The
mP air mass had an average black carbon mass concentrafiOnl@ ng n, also
indicating pristine air, however D@blwas 0.51 suggesting more neutralised aerosol.
More seasalt, not surprisingly, was evident in the marine aerosol with the AMS
derived mass concentrations showing a total mass concentration oPQug8n?, of
which 28% was sea&alt. Chemical contributions in theP aerosol were otherwise
dominated by nss$SQ (44 %), MSA (12 %), ammonium (7 %), and OM (7 %jnFPhe
air masses at 0.3 % supersaturation activated ~ 200 CCRNaooh at 0.8 %
supersatuation approximately 400 CCN cnwere activated, changing thedMNcn

ratio from 0.4 to 0.7. The ratios are lower than the equivale®faerosol, pointing

to a lower fraction of the aerosol activating in thePair.

Table5.2 Lognormal fit parametes for number and volume size distributions. Particle dry diameter
(peak diameter, nm), spread)( ¢, and equivalent -value for pure ammonium sulphate at that
particle size (Ag°¢) for fitted number peaks shown on left. Particle volusiee distribution(peak
diameter, nm) and spreadt ] of the fitted peaks shown on right. Empty spaces indicate that
corresponding peaks have an amplitude too small to be fitted reliably. @mputed assuming a
constant surface tension of 0.072 N'm

N \Y

Peak, nm 1 ¢ ASqC Peak, nm 1

CAA 26.8 1.28 0.41 0.44 - -

41.5 1.20 0.45 0.57 - -
104.2 1.53 0.55 0.63 193.0 1.60

mP 42.2 1.32 0.47 0.57 - -
138.7 1.52 0.99 0.64 212.1 1.38
- - - - 483.3 1.29
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In the critical activatiorurve (Figure 5.3bthe slope is characteristic of a sizarying
chemical composition for the CCN, suggesting different CCN species activating at
different supersaturations and critical diameters. This is seen as the activation line of
the environmental sample deviates fromparallel slope associated with any of the
different homogeneous chemical species or fixed compositions and diverges from the
sulphate species line, with a D&Nof 0.5, towards the NaCl activation line. The
measured ambient critical CCN activation custiews an inferred 23 % contribution

of primary sources at the intemodal minimum. For the larger nuclei around 55 nm

< Dc< 200 nm,S lies between that of standard values for sealt and ammonium
sulphate, with a corresponding hygroscopicity parameteCCN activation 6f= 0.99

at 140 nm, while the activation of particles below 50 nm require a hi§yér= 0.47

at 42 nm (assuming a constant surface tension of 0.072N Ror the average ohP
aerosol, theDc is 82 nm, corresponding to a peak sugsuration ofS ~0.19 %,
leading to the probable activation of 170 droplets from a total aerosol population

of 460 cn?. For the suite ofnPcases, the relevant range &fwas calculated as 0.19

% to 0.31 %, with an@51 % PMA contribution to the activated CCN or cloud droplet
population inmP air (see Table 5.4). Thd % casenP 3, corresponds to a wind
speed of 16 m-5Swhich was the highest wind speed during anyaslgstate case
sampled.

Table 5.3 Inter-modal minima points and corresponding parameters listed according to their
occurrence: inteimodal diameter, number of particles at the intarodal diameter, critical
supersaturation corresponding to intenodal mnimum and number of particles above intarodal
minimum diameter.

Dint-mod N at Dht-mod min, S, N>int-mod min

min, NM cm? % cm3
cAAl 55.3 3.8 0.41 212.3
CAA2 61.0 2.7 0.35 165.4
cAA3 54.0 2.5 0.45 208.5
CcAA4 65.0 3.0 0.34 175.9
re.mP1 78.2 2.2 - 142.0
mP2 63.9 4.4 0.31 221.3
mP3 68.8 15 0.20 65.3
mP4 82.1 3.7 0.18 191.0
mP5 81.7 5.0 0.19 263.6
mTmod. 1 - - - -
mT2 78.7 6.3 0.20 253.1
mT3 83.4 4.8 0.17 207.0
CasecAA 55.9 3.2 0.40 201.9
CasanP 81.8 3.4 0.19 169.8

87



Results 2 summertime aerosol physiechemical properties and links to cloud
activation in the Southern Ocean

5.1.3Physicechemical aerosol properties mT air masses

Maritime tropical (nT) air masses were least frequently observed, typically emerging
from the South Atlantic (or Pacific) stimpical highpressure region and at times,
these air masses could briefly traverse South America lending to a modified (tropical)
marine air mass whitinvariably, becomes polluted from South American outflow.
The observednTincursions exhibited characteristics very Ik@air masses, as both
represent maritime conditions, except one periatn 1) that showed a very low
percentage of primary aerostading, with an elevated black carbon concentration
(30 ng n¥) and the largest overall particle concentration (1,1653%mT 1 can be
classified as amT anthropogenically modified air mass. TheT air mass total
number concentrations varied from 5640 cm?®, with little variation of CCN
number concentrations at 0.8 % supersaturation, excluding pollutiodified mT

air masses (Figure 5.7). Ttveo un-modified mT periods show number and volume
sizedistributions very similar tonPaerosol, with a domiant Aitken mode compared

to the accumulation mode. However, the difference in the number concentration
between Aitken and accumulation modes was less, being almost double as opposed
to quadruple inmPperiods. The only fully modifieth T period also appea as the

only monomodal pseudsteady state period observed. TheT air mass chemical
composition was similar tenP periods, except with a smaller fraction of MSA and
increased fraction of OM. Generally, the BC concentration is higher than what is
consideed pristine for themPair masses in the Scotia Sea region (< 0.2 Rghut

still clean (< 0.5 ng ™ for marine aerosol. ThicciNenrevealed distinct fractions

for 0.3 % supersaturation ranging from 0.3 to 0.6, but reached 1 at 0.8 %
supersaturation(Figure 5.7). ThemTair masses show similar lksgale slopes on the
S-Dc curves tomPair masses in terms of activation efficiency (Figure 5.1)nbuL
followed an activation efficiency like neutralised sulphate and had increased
activated fractions likeAAaerosol (Figure 5.7), whiab a typical behaviour for such
low concentrations of seaalt (~0.02 pg ).

5.1.4Seasalt events

Selectingsteady state scenariosfor the reasons described abovessults in an
exclusion of notable component of the dataset that do not meet Hesteady state
conditions. Consequentlyonly one period with wind speed over 10 rh ;1P3 with

16 m st wind, is incluéd in the analysis, yet wind speeds up to 25-hwere not
uncommon.Unsurprisingly, high wind speed periods were not stesidye due to
high wind energy and rapid movements, but of interest to this study, due to high sea
salt concentrationsThe cruiseaverage, and median, was ~10 rhvgith a standard
deviation of 4 m$, whereas the median for the steady state cases was 7.5 with
similar standard deviation (Figure 5.8).
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Overall during the study, the maximum observed ambientsaa submicrommass
peaked at a concentration of 2.09 pg3mwhereas nss$SQ mass concentration
reached only 1.12 pg fh Additionally, observations ofperiods (Figure 5.9) that just
missed the criteria for steadstate classification show major ssalt mass events
(Event 14), where the seaalt PM mass concentration exceeded 1.0 ug®.nwe
acknowledge the nonlinearity between submicron particle mass and number
concentration and studied the most stable cases (Event 1 and 4) in detail to resolve
seasalt and nss$SQ numbersize distribution particle concentrations and activated
droplet concentrations. We observed 420 particlesdmEvent 1, which had a mean
seasalt mass concentration of 1.5 pug®(~170 particles crf) with a nssSQ mean
mass concentration of 03lpug m® (=250 cn¥), the highest seaalt to nssSQ ratio.
Event 2 had 460 particles chwith a relative mean seaalt and ns$SQ mass
concentration of 0.61 ug rhand 0.41 pg i, respectively. Event 3 had the largest
particle concentration at 540 cfy with 0.9 pg n? of seasalt and 0.3 pg rof nss

SQ. Event 4 had the lowest number concentration at 140 particles’,cout a
relatively high ratio of mean sesalt mass to nsSQ with absolute concentrations

of 0.92 pg ¥ (=110 cn?) and 0.12 pg M(~30 cm?®). We calculate that, in these high
seasalt:nssSQmass events, sesalt contributes 6@ 100 % of the activated droplet
concentration at a peak supersaturation <39.% (Table 5.4), exemplifyilRMA,
namely seesalt, as a serious contributor to overall mass and CDNC.

mT 8
mT 9
mT 10
+ mP
cAA

02 04 06 08 1.0

Supersaturation (%)

Figure5.7. On top, the ratio of CCN to all particles greater than 20 nm, listed by air mass source
region. On bottom, the total number of CCN for varying supersammatshaded range of
supersaturations represent typical values for marine stratocumulus clouds.

89



Results 2 summertime aerosol physiechemical properties and links to cloud
activation in the Southern Ocean

Table5.4. Values used for PMA number contribution calculation. im@dal minimum (k) values
gave corresponding cloud peak supersaturatiogafSbased onambient $-Dc curves. The same
curves resolved the critical diameters of SMAvAPand PMA (Bua which were used in conjunction
with numbersize distribution data to find the number of activated SMA and PMA particles and find
the percent contribution oPMA (% PMA) to the cloud droplet number. The number concentration
of PMA and SMA has an associated +5.cm

act
0
Seak %0 Dsmanm  Dpmanm ac(t:r?;/lA’ T\rﬂé’ PI\/;A
cAA 1l 0.41 50.7 41.3 185 27 12.7
CAA 2 0.35 58.6 45 150 15 9.1
CAA 3 0.45 48.4 38.2 205 4 1.9
cAA 4 0.34 59.9 45.9 170 6 3.4
mP 1 - - - - - -
mP 2 0.31 61 48.9 203 18 8.1
mP 3 0.2 81.8 64.8 32 33 50.5
mP 4 - - - - - -
mP 5 0.19 85 66.3 216 47 17.8
CasecAA 0.40 51.8 41.7 175 25 12.4
CasanP 0.19 86.8 69.3 130 39 23.0
El 0.30 63.8 50.4 63 102 61.8
E4 0.32 61.8 48.8 0 62 100.0
0 Average wind
Median 8.4 m's
SD3.8
i Gust wind:
Median 9.8 nvs
.o r SD 4.5
8
|
" M
0 : whi""**‘#;

Wind Speed Avereage m/s  Wind Speed Gust m/s

Figure5.8. Frequency distributions of wind (grey) and gust (byrey) measurements taken on the
research ship during ambient sampling periods used in this analysis.
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Figure5.9. Seasalt Event analysis shown for SMPS;TdR AMS, and CCNC data shown. The left panel showing number (N) and volume (V) size distributions @f Event 1
(E14), Black and grey solid and dashed lines represent tiebersize distributions while the coloured solid lines represent the volume distributions. The middle panel
shows AMS chemical fractions of all four events with total mass concentration at the bottom of eattapierespectively. The right panel sho@EN activation efficiency
curves of seaalt events with critical supersaturation plotted against critical dry diameter; the slopes derived from the measuremerggtiRiperiods are shown. The
AIOMFAC model predicted NacCl line, in olive brown, andulghuric acid to neutralized sulphate230 ¢ (NH:)-SQ) range are shown.
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5.2 Antarctic ice samples

Additionally, ice samples from the Antarctic Sea zone were aerosolised in bubble
tank experimens (see Methods)n orderto evaluatethe seaice inflience on CCN
properties. Detailed analysigan befound in Appendix B.2. The results of these
experiments showed that some highly CCN activation efficient particles were
generated in the submicrometre sizange from the sedce (Figure B2). However,
these CCN parties had no regional impact as they did not affect the ambient CCN
spectra for thecAAair masses which advected over the Weddell Sea region (Figure
B3).

5.3 What do summertime Southern Ocean CCN
reveal?

In contrast to other oceanic waters (e.g. the North Atlantic), the continental air

comprised quite a lovecomplexity aerosol population. Despite advecting over the

Weddell Sea paeke region, thecAAair comprised almost exclusively of biogenic

sulphate products (nssSQ and MSA, and their neutralised variants) and close to

insignificant values of organic aerosol. Similarly, thE air carrying the most

WY NARGAYSQ FSNRPaz2t O2YLINRA&SE &EsatyDihet 2F aA YA
species (e.g. orgamnitrogen, primary organic matter) were present in such minute

guantities that their ability to influence atmospheric processes of note seems to be

limited, if anything, to potential involvement in nucleation and cluster growth

processes.

On average, tb CCNumber concentratiorin mPair masses wasffectively double

the concentrations foundn cAAair massesat a supersaturation of.8 %. However,

at a lower supersaturation of8.:3% mPair masses exhibited similar CCN abundance
ascAAair massespf approximately 200 CCN cixin mPandmTaerosol, about 75 %

of the aerosol number population resided in the Aitken mode (which can be
considered uractivated CCN) in contrast thAaerosolwhere 70 % resided in the
accumulationrmode (which can be considered activated C@#ppel et al., 1994

As reported previouslys | £ £ Qh & ( 2), dverall, thelapgestobsermed SMA
component in all air massesvas nssSQ, and seasalt dominated tle PMA
component. At low supersaturations of the order of 0.2 %, sea&alt tended to
dominate the activated fraction particularly under high winds mPair massesthe
CCN activation efficiency closely followed that of puresaaformostparticles with
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Dy > 200 nm, confirming that CCN particles at low supersaturation were principally
PMA in origin. The fraction of CCN that were PMA decreased with incréasing
gradually reduced to about 20 % or less at the irterdal minima below with CCN

were almost entirely SMAowever, due to the sizdifferentiated composition of
marine aerosolsthis is to be expectedrhe concentration of CCN is typically reported
over a wide supersaturation typically ranging from 04lto 1% (Twomey, 1959
Twomey and Wojciechowski, 196®iudson et al., 203,0Hudson et al., 2015
Nevertheless, our results suggest that average supersaturations larger than 0.45 %
were not relevant in this region, based on the estimations of critical supenaiaon

from the intermodal minima of the numbesize distributions (Table 5.3).

These results illustrate that when realistic marine boundary layer cloud
supersaturations are considered (e.g. ~0.25 %, rather than 1 %EMA dominates
the number fracton of activated cloud droplets at the higher end of realistic
supersaturations. Howevesgasaltcanalsocontribute significantly to thectivated
droplet concentrationchallenging theconclusions fronQuinn et al. (201)/stating

that nsssulphate is theonly major contributor to marine CC most oceanic
regions More effort needs to be made to deconvolve the numbraction of seasalt
particles contributing to (relevant) CCN in the marine environment. This becomes
especially important when considering that the susceptibility of the global eloud
radiation system is such that a-P® % change in cloud properties (e.g. cloud extent
and alkedo)would be sufficient to counteract the radiative perturbation awarded by
a doubling of C®(Slingo, 199Pand we contend that, while SMA is often the
controlling force for CDNC} gelevant supersaturation, sesalt can have a profound
effect on activated droplets, susceptibility and thus, global albedo.

5.4 Comparing Southern Ocean CCN to the North
East Atlantic

This section compares the Southern Ocean monodispersed CCN data, presented
above, with that ofa case study dflorth Eas{NE)AtlanticCCNmeasured from Mace
Head research station (MHD), located on the West coastetdnd (see Methods,
3.1.2). Sizesegregated (or monodispersed) CCN data isumobperationally at MHD,

due to attention and manual interaction required, tlefore, these data are only
available for brief periods supporting some intensive measurement campaigns. Due
to instrument failures, further maintenance, and pollution periods, parallel
measurements of monodispersed CCN data with size and chemical datther
limited. The data from a summer case studyAngust 2015 during a research
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campaign (BACCHUS campaign) is compared against those from the Southern Ocean
presented for the austral summer in the previous chapldre case studies of the NE
Atlantic presented here represent typical conditions of their air mass type for the
summer season based on the aerosol chemigfdvadnevaite et al., 2014a
Therefore, the case studies provide some good examples of NE Atlantic CCN
behaviour in the summer month of August.

The MHD dcility is described ifull in Section 3.1.2, the data presented here is from
the MHD facility and follows the procedures and conditions previously outlined.
Campaign specific calibration results were used for the August 2015 CCN data, with
supersaturatims and uncertainties reported in Table Al. Eveye analysed for this
section had aBC mass concémtion that remainedless than 15 ng mfor the
duration of the periodAll BC measurements came from the MA@Weraged over

30 minutes)and all chemical measurementgere from the HRToF AMS, both
described in Section 3.4. All dateesented herearein UTC local time. This chapter
has calculated-values, all of which werealculated from Eq. 12 and 13 in Section
3.5.3, usingl = 293.15which was the sampling temperatuesadassuming a surface
tension of pure water = 0.072 N-‘mCCN data is presentesingDc, which is the
critical (dry mobility) diameter. ®oretical (NaCl, and (N}2SQ) values oD. were
converted from volume equivalent diameter to mobility diameter for graphical
comparisonfollowing DeCarlo et al. (2004f 2 NJ T O lu$ing dtfape (faktéry &
02 NNB Qb 2 ymediupapZ 1.04) fronHinds (1982

-40 -20
Summer A & B

Figure5.10. Air mass back trajectories from HY SPhIGutated for120 hrsat a starting height of 50
m AMSL are shown for treummer periods A (in pink) and(B blue). Eachperiod showsa new
trajectory every éhour.

94



Results 2 summertime aerosol physiechemical properties and links to cloud
activation in the Southern Ocean

Twocases were analysed frothe BACCHUS campaign which took place at MHD in
August 2015. One of these periods (Summeo\&)-laps with a period discussed in
McCluskey et al. (2018b therein called M1. However, the bulk of that published
work is concerned with ice nucleating particles and does not discuss CCN. The first
period (Summer A) occurred froAugust §' 22:55¢ 61 14:15 and is anPair mass
(Figure 5.10) with a median wind speed of ~ 7-ntke second period (Summer B)
occurred fromAugust 9 11:43¢ 19:10, 2015 and is@aT air mass (Figure 5.1@)ith

a median wind speed of ~ 8 m.feriodnumbersize distribution (lognormai fitted
modes described in Table 5.5), chemieald BC data can be found in Figure 5.11.
The summer NE Atlantic periods comprise of a much larger concentrati@Qiof
(Figure 5.11) in comparison to the Southern Ocean. Comparing the NE Atlantic
periods tothe mergedmP Southern Ocean case (Figure m|a3)igher mass fraction

of OMis found (14; 44%more),corresponding tdigherapproximate absolutenass
concentrationsof OM (0.25- 0.84 ug 1 respectivel). MSA 4 specific type oDM)

has a largenass fractiorpresence in the Southern Oceahaking this into account

as part of the OM fractiorthe Southern Ocean displayed about 18&qualling 0.19

ug m3 of OM (including MSA) and the NE Atlantic showechrage of 26 - 52 %
(equalling 0.3 ¢ 0.95ug n13).

Bcc EEvsa [0 w4, Bl No, [ oM [ seasat [ so,
A 3 .
1600 — N: 887 cm Sun?mer A fitted 0.8%
] ] ;
g y
£ 800 6.1%
3 i 3 0.7%
© 400 4.7%
) ; 6.8%
0 T R N A T T 1
2 3 4 5878 2 3 45 3
Oy W] 01 1.49 ugm ", DON,, 0.30
B 3 )
1600 — N: 560 cm = -~ Summer B —— fitted
1200
)
3, 4
©
z
pd
©
3
1.81 ygm , DON,,, 0.34

Figure 5.11. Numbesize distribution data and chemical mass fractions for the summer North East
Atlantic cases sampled at Mace Head research station in 2015 and 2017. The left column shows the
median SMPS data for each case in dotted lines, with thedfittata shown in a thick solid line.
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Shaded areas between the lighter lines represent th&-Z5" percentiles, with total mean number
concentration written at the top. The right column shows the H#=AMS norrefractory chemical
data and MAAP BC mass centrations as pie charts of the mass fractions. The absolute mass
concentrations and DQOMN are written at the bottom, with a colour key on the rightmost of the
figure.

The monodispersedCCN data for the summer periods are shownFigure 5.12.
Summer Aand B both show activation efficiency between that of ammonium
sulphate and seaalt at dm < 30 nm. For particles larger than 30 nm the CCN
activation behaviour follows that of sulphate, lessoning in activation efficiency
around 50 nm, before returning telightly better activation. Both cases appear to be
chemically inhomogeneous at different particle size modes. When both cases are
fitted into one CCN slope, the data shows an activation efficiency curve that slightly
decreases in efficiency with increagisize. However, overall the CCN curve suggest
that particles are activating like ammonium sulphate. Around the nucleation mode
there is a slight enhancement of CCN activatefficiency and in the Aitken
accumulation mode there is a slight suppressiorCaN activatiomfficiencyfrom

that of ammonium sulphate (Figure 5.12). Thealues for the fit line at 40 nm and
100 nm (extrapolated) dry critical diametei3:;( were 0.55 and 0.54 respectively (at

T = 293.15 K)he intermodal minimum for Summer A waat 86nm (dm) and for
Summer B was at 118 nrd+). Using the fitted ambient summer NE AtlanfieD.

CCN curve this suggest a relevant cloud peak supersaturation < 0.3 %.

S [%]

@ Summer A
& Summer B
» | = Summer fitted slope
= AS AP3 model (298K)

NaCl ATOMFAC model (208K)

— k0.1 (298K)
T T
3 4

=
>
-1
jral
0

D, [nm]

Figure 5.12CCN activation curves for MBDmmermarine data. Individual datpoints are plotted
as markers with error bars representing the uncertainties in theessaturations The black line is
the fitted slope of the plotted dataThe predicted slopes acimmonium sulphate (A$)om the AP3
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model (Rose et al., 200&nd NaClfrom the AIOMFAC mod€uend et al., 2008are shown inred
and olive brown, respectively

A comparison of the CCN properties betweBouthern Ocean austral summer
marine aerosol and NE Atlantic summer case study aerosol are shown in Figure 5.13.
It is important to note that this comparison uses the average of two case studies of
the NE Atlantic summer which lacks periods with largectfoms of seasalt which
reached a maximum of 0.§% n3 during the BACCHUS campaign, and reached mass
fractions of ~ 55 %during a period of instability)The Southern Ocedfitted CN
trends reflect a particle population whighcreasein CCN activatio efficiency with
increasing diameter. Conversely, the summer NE Atlantic case shows CCN activation
that is almostiike a homogenous nsSQ population, with a very slight decrease in
activation efficiency with increasing diameter (Figure 5.83haller paticles in the
mPSouthern Ocean case appear to activate similarly to particle composed ofsan NH
MSA combination, gradually activating more and more likessdia Smaller particles

in the NE Atlantic marine case, activate at a higher activation effiziehan
ammonium sulphate, gradually decreasing in activation efficiency.

—— AS AP3 model (298K) NaCl AIOMFAC model (298K)
—_— k~0.1 ---- NH;-MSA

Se (%)

—— summer S.0.
== summer N.E.A.

T T T T T T ]
3 4 5 6 7

D, (nm)

Figure 5.13. A comparison of C&NDc curves between Southern Ocean (S.O.) and North East Atlantic
(N.E.A.) submicrometre summer CCN populations. &Chcurves of the overall trend the North
East Atlantic marine summer case study (solid black line) ananthenerged summer Southern
Ocean case (dadashed black line) are shown. Theoretical curves (all for 298.15 K, and a constant
surface tension of 0.072 M) of ammonium sulphate (AS) (maroon line) from the AP3 m@izde

et al., 2008, NaCl (olive brown line) and WMSA (dashed purple line) calculated from the AIOMFAC
model (Zuend et al., 2011Zuend et al., 2008 and a theoretical line for & ~ 0.1 (green line)
calculated fronf -Kohler theory(Petters and Kreidenweis, 2007
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In the Southern Oceangesondary aerosols contribute the most to overall particle
concentrations when wind speeds are below ~ 10 ) Isut it is the varying
interaction of primary and secondary aerosol whichangesthe cloud nucleating
ability of the aerosol populatiorover different environments. However, PMA
number concentratiorfractions do not have to be larger even half that oSMA
number concentratioriractions to effectively reduce the indirect effe@specially if
updraft velocityis small

A major difference between the North Atlantic atite Southern OceamP casess

the OMcontribution, which waggreater in the North Atinticcasesven with similar
wind speeds to the&Southern Ocean. The larger presence of @il be related to

the different bloom dynamics between the two oceans, with the North East Atlantic
having clearly defined phases of booms over the summer monthghen8outhern
Ocean having relatively constant blooms all austral summer. Different bloolhs wi
have variable impacts on seater composition (e.g. on DMSP concentrations
(Lizotte et al., 201yand other trace elemenjsand different phases will affect the
organic components in the seawater (e.g. viruses, bacteria, cell structures, etc.). It
has also beeemonstratedthat DOM is subducted quickly in the Southern Ocean
but is ubiquitous in North Atlantic surface seawatidansell and Carlson, 200The
short study presented here ggest that the North East Atlantic aerosol population is
more complex than the Southern Ocean.
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6. Results 8 sea-salt suppression of
sulphate nucleactivation

The results of the previous chapter suggested that the propensity of totabclo
droplet number concentration (CDNC) was to decrease with higher number
contributions of seesalt in the Southern Ocean. The result was pointing tostee
saltas being aontrolling factor in determininghe fraction of particles activating
into droplets, which also resulted in noticeable differences in numbiee
distributions of the ambieninPand cAAaerosol in the Southern Oceafhe cloud
parcel model(s)s, therefore, deployed in this chapter to assess and quantify this
effect.

In the analysis presented in Chapter 5, st contributed significantly tahe mP
aerosol mas$~28%, representing 0.283 ug ) compared with the mass fractions
in the cAAcases (~166, representing 0.096 ugh Thereductionin critical cloud
peak sipersaturation §&) also shown in the results of Chapter 5 (Table 5)
suspected to be linked to the higher fraction of st particles present in the
marinecasesE.g. the carse mode seaalt (or PMA in general) activation scavenges
available wate vapour and, thus, suppresses tt& As air is reaching peak
supersaturation, seaalt particle activation competes with SMA particle activation
in the accumulation and Aitken mode. As these largerssdparticles activate they
scavenge available watevapour effectively reducing the vapour pressure and
supressing cloud peak supersaturation as a function of the number concentration of
activated patrticles.

The conceptof competitive activation between PMA and SMAwell established
(O'Dowd et al., 199910'Dowd et al., 1997b0'Dowd et al., 1999aLiquid water
availability for activation is limited by the environmental conditions of the air mass.
During cloud dynamical processssnilarlysized paticles exposed tahe cloud
peak supersaturatiomay not freely activate, due to the uptakewéter vapourby
more hydroscopicparticles(Nenes et al.2001). O'Dowd et al. (1999hypothesized
that, in the marine environmentseasalt and sulphate particles often compete for
activation, with pure se&alt or interndly mixed seasalt winning the battle. This is
based on its low critical supersaturation amobre efficientgrowth in subsaturated
regimes prior to activationAdditionally, sessalt extends from the ultrdine to
supermicron size mode, meaning th#tsea-saltis presen} some seasalt particles

will activate at almost any realistic supersaturation. The ultrafinessgamode ¢m

< 0.1 um), when considered in models, leads to a 50 % increase of CCN at 0.2 %
supersaturation in marinair compared to modelled CCN without the ultrafine sea
salt mode (Pierce and Adams, 20p&Martenssonn et al. (2090 moddled the
effects of seasalt in the formation of the Aitken and accumulation modes, finding,
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among other things, that sesalt simulated in the Aitken mode from an ultrafine
flux is important for accurately simulating the ambient numbsee distributions
and CDNC measured in the marine environment.

6.1 Can the ambient sulphate accumulation mode
be explained by heterogeneous in cloud sulphate
production yiaSQ oxidation)?

Before continuing with the extended analysis, the iateodal minimum, or Hoppel
minimum, analysisechnique from Chapter 5 mubk confirmed as a viable approach
not just using the theory of activation dynamics but also by the sulphate production
chemistry. Hoppel et al. 1986, proposes thlaé minimum inthe size distribution
between the Aitken mode and the accumulation mode is produced by chemical cloud
processing in whichredominantly nssSQnuclei, at sizesdown to the
aforementionedinter-modal minimumare activated into cloud droplets. The
resulting aqueous droplet solutiomsovide excellent chemical reactors for
hostingaqueousphase oxidation of S(nto sulphate, thereby increasing the
dissolved mass in the cloud raplet and, on evaporatiodeaving
residualparticleswhose dry size has increased by about a factor-8{@Q'Dowd et

al., 2000 This process ithought to be the only way to form a distinct SMA
accumulation mode particlen the absence of high fraction of condensi@M
vapours or extraordinarily high $E>SQ concentrations.Consequently we can
conceptualise the source of potential CCN (being near the Aitken mode size range) as
a monomodaldistribution. The activationprocess splits the SMA Aitken mode into
two components, one which grows into the accumulation mode and the other which
is essentially a cropped Aitken mode with a smaller number concentraipar(d
modal diameter. So,when modelling theeffect, the orignal Aitken mode must be
constructed. The accumulation mode represents the activated nuclei. The total
number of partites is conserved (within 1% of ambient measuremenincertainty)
during the transformation into separate modes.

The ambient Southern Ocean data hagteurrentAitken mode atln = 43 nm, taking

this as theapproximate positioning of themonomodal reservoir of potential CCN, the
growth of these particles isonsidered The data shows that a significant portion of
SMA patrticles are found in the accumulation mode, with the total SMA number
concentration for themP cases on the order of 16400 cn?, and for thecAAcases

on the order of 20eB00 cnve. Total sulphate concerdtions were on the order of ~

0.4 ug mfor both air mass types. Studies of MBL chemistry and subsequent sulphate
production are available in the literature. A relevant stu@Dowd et al., 2000a
modelled cases of varying sulphate and-salt numbersize distributions to evaluate
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the heterogeneous sulphate production. One case with a high g#ticle
concentration of 158 cm (which is near to the Southern Ocean calculated SMA
concentrations) wa modelled using various S@mospheric concentrations. The
modelled output gave the mass of produceds$Om the heterogeneous aqueous
phase oxidation of S@a process which occurs on the order of seconds and in some
cases millisecondd} is estimated that in the Southern Ocean, as with other remote
oceanic regions, SQAnixing ratios would be about 2B0 parts per trillion (ppt).
Linearly extrapolating the results from the highs$@rticle concentration case to this
atmospheric concemation of S@, it is found that approximately 0.2 g Hrof
sulphate would be produced in the aqueous droplets of the cloud residual nidute.
equates to most of the particles deast doublingin dry diameter size upon
evaporation of the dropletThis is consistent with the resultant accumulation mode
found in the Southern Ocean ambient cases, where there would 3o increase

in particle diameter. InO'Dowd et al. (2000a it is also shown that sulphate
production in the aqueous phase of aeted droplets is 31 orders of magnitude
greater than sulphate production in wet tactivated sulphate or segalt aerosol.
Additionally, growth scale for sulfuric acid condensation can be estimated using
equations found iMD'Dowd et al. (2000b A conservative estimate of condensation
growth is made using the upper limit of the Aitken mode size rangk,of 63 nm,
andassuming thaall available S£vapour has been converted to equivalent amounts
of equilibrium state KHSQ vapour. It is estimated that it would take about-85 days

for a 63 nm dry diameter particle to grow by condensation g8® vapours to 100

nm in size. If you extend this estimate to the peak mode Aitken diameter of 43 nm,
the time scale would lengthefurther. Therefore, theHoppel minimum analysis
approach appears viable for the presented environmental conditions, and thus can
be extended for further analysis

6.2 Suppression analysis of ambient Southern
Ocean data trends

In the extended analysis tfie PEGASO cruise dataset, the same prahagsumption

is made: that the Hoppel mechanism of activation and subsequent production of
sulphate leading to dry particle diameter growtHoppel et al., 1986applies to the
bimodal distributions from the pseudsteadystate casegsee arguments made in
Section 6.1).Aus, in the marine environment the intenodal minimum between the
Aitken and accumulation mode is representativetd critical diameter of activation

(D) of the aerosol population as a whole. TB#&PS sizdistribution spectra
represens the result of a possible range of iterative cloud processin@((Tloud
events considering a single marine sour@&uppacher and Klett, 1978 of a
population of partites.In terms of the particle populatiorthe Aitken modecan be
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conceptualised as theourceof potential CCN, and the accumulation moakethe
actual activated nuclei.

As the system we are observing (the Southern Ocean) is relatively simple being made
up of mostly seaalt, and sulphate with other secondary paleis, and without
strong influene of primary OMsee Chapter 52MA can be considered to be sea
salt for differentiation of the particle sizéistribution modes.For the extended
analysiof the pseudoesteady state periods identifieich Chapter 5 (Figure 5.190me
cases were altered celiminated when more stringent steaebtate criteria were
adhered to.Cases belonging tmT incursion periods were cut from analysige to
their anthropogenic influenceCase&AAl was also separated into tvamual duration
periodscAAla and 1bwhere the former had significantly higher fractions of sedt
possibly due to more exposure time along the open ocean rather than just the
Weddell Sea. Each case was then analysed following the concépadni et al.
(2015, seekingo differentiate PMA from SMA in ¢éhcase size distribution€ontrary

to assumptions made bylodini et al. (201%and Quinn et al. (201)/a multimodal
distribution for PMA was assumadther than a monomodalAsmP 4 hada less
stableparticle sizedistribution, it was not aalysed Dueto the brevity of the cruise

it was assumed thaall cases were equally possible to be encountdrethe same
fraction of time during the summer months in the regiorhus, he averages of all
cases were analysed edAandmPtypical distrilutions, as wellThe fraction of both
SMAor PMA particles which were assumed as to be activated (following methods in
Section 3.5.5) are shown in Table 6.1 for each case. The trends betweealisea
activation and CDNC of the ambient cases are plottdeignre 6.1.
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Figure 6.1Linear representation of the link between theitical supersaturationg, %) and number

of PMA which activate into cloud droplets (PMA Activated) (Left); critical diamdbeyrarfd S

(Middle); and the fraction of SMA which then activate into cloud droplets (Fraction SMA activated)
andDcO WA AKGO® ¢KS GKNBS Ay SvaikshaiBhehp & e/ giabii@lary I A S
significant for p < 0.01) and show eadi? and cAAcases as openrcies, with the blue closed circles

showing the results of the average case examples.
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The order of the panels in Figure 6.1 simulates the independent and dependent
variables which are affected by the activation of PMA particles. Cloud peak
supersaturation is plotted as a function of PMA activation (Figure 6.1 left panel), as it
should be affected by the PMA patrticle activation. This is seen as a linearly decreasing
trend (Figure 6.1) withee S NA 2y Q& O2 NNEB t D.g1ABnficad atP F FA OA
< 0.01)ltillustrates that for theeight cases presented here, fourPand fourcAA a
modest increase in PMA activation, from 2-€droplets to 20 cn? droplets reduces

the peak supersaturation from 0.4 % to 0.2 %. This reducti&iscompared against

the derived cloud critical diameter from the intemodal minima Dc) of the cases
considered, as the&s should be a controlling factor in what sized particles freely
activate, triggering the Hoppel Mechanism. Figure 6.1 (middle pahelys that a
reduction in§ from 0.4 % to 0.2 %hcreased. from 55 nm to 78 nnfr =-0.964 p <

0.01). The final plot in Figure 6.1 (right panel) shows a comparison of the cloud peak
critical diameter with the derived fraction of SMA. If the reservoiBMfA particles is
relativelyconstant,then the number of particles which can activate should be directly
linked to the critical diameter of activation. The reduced critical diameften{ 55

nm to 78 nn), in turn, reduceshe percentage of SMActivated fom ~80 % to ~40 %
(r=-0.846, p<0.01

Table 6.1Calculated values from ambient measurements are listedase.Number concentrations

listed should be taken with a standard deviation of 2%nfihe critical diameter of activation or the
inter-modal minimum (BR), was compared to ambient CCNI% slopes to find the cloud peak
supersaturation (§. This was then used in conjunction WRHKOMFAQZuendet al., 201)theoretically

derived NaCl CCN-B: curves to find the corresponding PMA activation diameters@a salt). Total
number (N), activated number (CDNC), and total and activated numbers of SMA and PMA respectively
are also listed.

Cose B S epna am ame e om omt o
cAAlb 551 0409 414 291 200 288 197 3 2
cAA2 61.0 0.348 450 224 161 215 154 11 7
CAA3 53.2 0456 37.7 239 206 237 204 3 2
cAA4 65.0 0.338 459 284 173 283 173 6 4
mP1 79.1 0.257 55.0 434 142 416 132 22 14
mP2 63.8 0.308 488 319 218 310 210 13 8
mP3 71.0 0.188 674 129 60 108 47 25 14
mP5 776 0212 624 644 263 611 247 35 20
cAAavg. 59 0.38 43.4 263 187 256 190 6 4
mPavg. 71 0.242 586 387 176 362 159 25 15
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Thisisthe first experimental evidencghowingmonotonicallydecreasingsMAcloud
droplet concentrationswvith higher PMA activated fractiod.hese results are more
extensive than those presented @'Dowd et al. (1999showingthe effects of sea
salt onnssSQ at varying updraftsising one case study. These trends show multiple
ambientcases wherghis effectis being enactedn the marine environmentn fact,
on average, there ia2.5 % suppression of SMWmberactivationper PMAparticle
activated. The averagactivated PMA concentration irmP air was 14 + 4.7 cth
Comparing this to when there was effectively no-sadt, using the relationships in
Figure 6.1 it can be estimated that the activation of PMA partieléissuppress 4
times as many SMA CCN from activatiOgaverage, the presence of Bttivated
PMA nuclei cndwill reduce the cloud droplet concentration from 198 €to 142 cm
3droplets.

To look for a suppression of (SMA) cloud droplet concentrations with increasing sea
salt concentration, satellite measurements over the Southern Ocean were retrieved.
These image products reveal that cloud effective radius for January 2005 tie
order of 510 microns) over and immediately north of the Weddell Sea ice region than
the lower latitude operocean while cloud optical depth shows aféld decrease as

you move from the Weddell Sea region to North of the pack ice region (Figure 6.2).
These trends are inverted in the aerosol sgat extinction maps of the region where
seasalt aerosol optical depth increaseddd as you move away from the higher
latitudes and out towards the open Oceahhis implies that over the Weddell Sea
region,where seasalt is present in lower concentration than the open ocean directly
north of it, more cloud droplets are formed, in turn, reducing the available water
vapour per droplet resulting in smaller droplets. This corroborates the ambient trends
in Figue 6.1 whereby increases in sealt number concentration (PMA
concentration) leads to decreases ip 8ffectively reducing the amount of liquid
water and leading to a lower concentration of larger cloud droplets. This relationship
is investigated furthewith the use of a cloud parcel modelthe next section.
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c)

Figure 6.2MODIS retrievals of the PEGASO cruise region from Decerbéruary 2015a) MODIS
productseasalt optical depth. i) Cloud (liquid water) droplet effectivadius. Larger effective radii

are encountered over the open ocean irrespective of marine productivity while lower effective radii
are seen nearer the coast and over the Peninsula and Weddell See area where PMA is at a minimum.
(¢) Liquid water cloud mtical depth. Both cloud products are from MODIS at a 1° resolution and
averagedoverthe month of January 2015. The high optical depth values correspond to the regions
where effective radius is low, and the fraction of activated nuclei is high (i.eltbence of seaalt).

6.3 Simulating ambient dataa parcel modés)

To investigate the Hoppel mechanism of droplet nucleatitme process of
activationvia monomodal SMA and multimodal PMA initiatasssimulated using a
1-D microphysical droplet aietation model for natural marine condition®kather
than use one model to test the activation, threéddkloud microphysical modetse
used for comparison. Two of the models wseumericalapproach to calculations,
and oneuses ananalyticalapproach The AnalyticalParcel Model {A-PM), is
describedin Snider et al. (2017 with an earlier version describad Shider et al.
(2003, there referred to as th&/Wyo parcel moddt ¢ KPM uses -Kohlertheory
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(see Section 3.5.3p describe water activity of the aqueous dropl€ne cloud
microphysical Numericdarcel Model(iN-PM), written in Fortran, uses iani
balance to estimate water activity anglas run for allsteadystate PEGASEases

and a description can be found in Q5 2 ¢ R S ). Thd mhoded nsdsdad
combination oflagrangianmicrophysical equations for the formulation of droplet
growthin a rising adiabatic parc@Pruppacher and Klett, 197,8vhich accounts for

the equlibrium activation of particles. Water activity is based on ionic disassociation
and associated coefficients are determined by built in formulati@itzer, 199)
while other coefficients follow the methds of AbdutRazzak and Ghan (200The
other numerical modelemploys similar formulations, however in place of water
activity parametrisation by ionic balance, it uses th&dhler approximation of
water activity as a function of droplet size. This model is written in PythgiiP{(V1),

and is open source code calleByrcel (http://github.com/darothen/pyrce)
(Rothenberg and Wang, 2013 K -P¥wasrun as a control test foaccuracy
between the numerial models, as an exercise in model irb@mparison.All
models were run for the same initial parameters (P = 920 hPa, T = 278.15 K, RH =
98.5 %, accommodation (condensation) coefficient @P6 (1.0), and the
assumption of either bisulphate or sulfuricid as the main SMA constituent
depending on the DOMN of eachpseudasteadystate case.

In the modelsmultimodal PMA distributions were used as input, derived from the
source function found i©vadnevaite et al. (2013bThe seasalt aerosol population
comprises five modes (Table 6.2) over the-gubron size rang€Ovadnevaite et al.,
2014bH. One mode at 230 nm (and another more minor at 830 nm), although not so
evident in number spacajominates the mass of the sesalt population as can be
seen when plotted in mass or volume space. The peak of the number size distributions
for seasalt occurs around 90 nm dry mobility diameter with two further smaller
diameter modes evidenfThesmallest mode, at ~18 nmis almost equal imagnitude

to the 90 nm pealat surfacelevel wind speeds < 20 mt.s

The cloud parcel microphysical models used in this study all requiredlimfput
parameters icluding T, Rypdraft velocity W)~  wx) " g aefosol particle modes, and
SAGKSNI LI NI A Of S -valurs/PoiGhei®-PM;, thig &ak in e fgrm 8fNJ T
YA EAY 3 N(huinbegof disgsBociating ion3 for S@and 2 for Nag) while for

the SN-PMandA-PMA (i 6 & A y-valu&s® T RIKMEMhRoFy)The input
parameters outside of the particle numbsize distributionsare listed in Table 6.3,
while theinputs ofthe SMA initiator (lognormal) mode isted in Table 6.4 for the
Y2RSt 02 YLJ] NRM Payle 6iddis thie &tSBting case SMA based number
concentration and amplitude, but these values were varied for the model
comparison.
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Table 6.2. Seaalt modal parameters used for scaling for sadt initiator for parcel models. The
modes are based on a 6.3 m wind Peed parametrisation irDvadnevaite et al. (2013bPeak
location (x0), peak geometric LINJ d), Bnd peak amplitude (A) are shown.

Cases| Mode 1| Mode 2| Mode 3| Mode 4| Mode 5
x0 0.018 0.041 0.09 0.23 0.83
g 1.42 1.28 1.42 1.54 1.87
A 27.6 11.5 31.5 8.8 2.5

Table 6.3 The N-PM input variables and example of input used for comparisort keBPM. The
parameters were slightly changed when comparing totAé°M.

Parameter Usedvalue ¢ A-PM comparison
relative humidity, % 98.5 (98.5)
activity coefficient 5.0

osmotic coefficient 1.0 (1.0)
accommodation coefficienf)r 0.96 (0.96)
condensation coefficient 1.0(1.0)
Temperature, K 258.15273.15 (283.15)
Pressure, hPa 920.0 (900)
updraft velocity, m/s 0.1-0.5 (0.070.3)
mixing ratio, used to calculate molecular weightsafphate 0.8 (0.8)
number of size distribution pots (SS = sesalt) 100 (200)
number of size distribution points (S = sulphate) 300 (200)
¢-value of sulphate (ammonium sulphatgSQ) 0.60.9 (0.6)
¢-value of sessalt 1.12 (1.12)

Table 6.4 SMA monomodal input parameters of the case used to compare the cloud parcel models
[23y2N¥IE tSFE]1 t20FGA2Y gopeakanpliudd§A)andFiga nadhemNi O
concentration yield of the peak (NJhe last columns show the scaling usedthe seasalt number
distribution and resultant seaalt particle number (cif). The seaalt distributions had 5 modgsee

Table 6.2)These lognormal distributions were generatesingEj. 18.

Case x0 g A | NSQ | Seasaltscaling| N seasalt
mP X | 0.051| 1.46| 290| 385 x0.961 67
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Totest the sensitivity of each modéand associated differences between thera)

base case was used fan mPlike aerosol populationjescribed in Table 6.4. The test

was run using the same initial parameters and tbgults are shown in Figure%.The

model calculated resultant cloud peak supersaturati® @6) andcloud droplet

number concentration (CDNC) are shown. All models calculate CDNC lpatbed 0

number of activated droplets or droplets of siz8 pmin diameter. It was found that

the difference betweenthe modelscould bequite large(~40 %), with the iINPM

showing the largest difference from either of the other two, by achieving higher

maximum supersaturations and therefore CDNC per updraft. For exaatpeSQ@

based particle number concentration of 200 particles%ihe calculateds, of the

¢ bPMshowed a&32-37 %differencefrom the iINNPM and only -4 %difference from

0 K S-PM. The difference betweentheiN a | Yy R {vil& basedamodels is

not surprising, astheied  a SR | LILINR I OK gAft fA]1Ste& @ASEtR
0FaSR FLIINRIFOK® 5AFFSNBYyOSa Ay (KS 2dziLizi I N
FYR ydzYSNAOIE Y2RSt @ | 2 #B)ASiNEed lés&@urtidley | £ @ GA OF f
per S than the numerical model. These results illustrate that the type of model being

used can lead to notable differences in absoldteid droplet number concentrations

or supersaturation, however, they all maintain simaeativationkinetic trends.

~
~ 05—
050 < S~
0.45 T~ 0.4 - o
040 iNeMo 3
S updraft (ms ) o
50357 el o] @ 0.3 iN-PM
0304 ~_ _ 1 — -03 - - _ _ _ updraft (ms”)
= 1 — - = — =0.07
25 T
0.25 A~ kA-PM 02 — _03
1 updraft (ms")
— 0.1 | kA-PM
2- _ - 0.3 ] - updraft (m sﬁl)
- —~ - —
2 PR Y s L —rd
S 100 . d _,,A’-:".— = updraft (m s_l) 8’ 100_: /
SHEE B == 0.1 > d 7 -
a - e == 0. =) 12 -
O ;— 7 - T 03 © > -
Ve -
IS S
_‘_—"' 34
B T T | | | T T | |
0 100 200 300 400 0 100 200 300 400
-3 -3
Ngg, (em ) Ngp, (cm )

Figure 6.3. (Left) Intecomparison of model results of cloud peak supersaturaf®mo)and cloud
droplet number concentration (CDNC €)rfor three parcel model types is shown. TheAM, ¢ A-
PM, and*N-PM are compared at 0.In s! and 0.3 m 3 updraft and varying SOnumber
concentrations (Noj. (Right) Inteicomparison of two model types, theiRM and A-PM, at 0.07m

st and 0.3 m 3 and varying SOnumber concentrations (8J). The different updrafts are
represented by different coloursnal the different models are represented by differing line format.
The grey shaded area marks measured ambiek @8DNCand S values.
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The difference between thé activity and ion activity models has not been
extensively studied in this reaech, howeve, it should be considered that the use of
two simple 1D cloud parcel models can neither accurately describe the ambient
aerosol nor show results with < 40¥%ferenceto each other. The question must be
asked, why? The aerosol described in this systetess complicatedhan that of
aerosol in other systems (such as the North East Atlantic). The models, while using
different solvers embedded itmeir programming, onlyruly differ by the theoretical
representation of water activity* fvalues, versus ionic composition and dissociation
of ions).The differencedikely arise during simulation of theubsaturated regime.
Specifically, the different water activity parametations may behave differently in
the subsaturated regimeTheoretically,-Koéhler theory can be extended down to
subsaturated conditions(Petters and Kreidenweis, @@, however a study
O2 YL} NAYy 3  Galded tisinl éxfeRmental measurements in the
supersaturated regime (from CCN measurements) and the subsaturaggiime
(from hygroscopicity measurements of GF) could not reach clo§omen et al.,
2010. This may imply that during the initiation of the model, when the initial droplet
radii are approximated bi{éhler or*-Kéhler theory in the subsaturated regiméget
latter may be approximated incorrectly. This would cause theseffseen in the
trends,while maintainingnodelaccuracy in activation kinetics in the supersaturated
regimes. These 1D models are often used in the creation and testing of
parametrisatioms (Martenssonn et al., 20t@onant et al., 2004Fountoukis et al.,
2007, O'Dowd et al., 1999a0 a40 %difference between isess than ideal foEDNC
when considering cloud radiative properties in the natural environment.

6.4 Modelling suppression with saalt
distributions extending into the Aitken mode

All three tested models show similar trends but dissimilar absolute values for the
alYS ol airO A yhdded modélsiwverd ey sinilaran modelled output,
the next section focusses on comparing thetid | y-RM dutput using the
steadystate cases (Section 6.2) as inputhis is to minimise differences that may
arise between the numerical and analytical approach while highlighting the
RATFSNBEyYyOSa oS ghasedaftivity piodaTdassess whicy & thé two
numerical models better represented the actual absolute values, the models were
tested against ambient data for validation.

A reverseengineeing of the SMAAitken monomodal distributions which would
theoretically be produced inhe marine environment from a single source, was
performed First, an assumption is made that upon cloud formationgaativated
particles {m < Dc) will experience very little aqueous phase chemistry and no
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significant increase in the dry particle sizéhef, the changes in numbeize
distribution spectrum as a functioof cloud droplet nucleation and subsequent
growth can beconsidered (Figure 6.4). As the particles grow in wet droplet diameter
(D), the production rate of sulphate increaséy orders of magnitude, thereby
increasing mass significantiythe activated droples (regime (i) to (i) in Figure 6.4).
After subsequent evaporation out of cloud, the activatgitken modedroplets will
have increased in mass and thereby dry particle size. Hawthase particles which

did not activate, did not experience similar amounts of sulpteddition and have

not significantly changein mass. Upon evaporation these particles should return to
a similar dry size. Therefore, when considering a dry padisteibution, the smaller
diameter particles should remain unchanged in slope, amplitude, and position
(within uncertainty boundsif these particles have critical activation supersaturation
larger than those experienced in cloud. For the ambient casesidered here, this
refers to the left side of the Aitken mode for the bimodal marine distributions. Then
it follows that for fitting the SMA monomodal distributions for model input, the
monomodal distribution should reasonably match the left of the Aitkande
shoulder of the ambient distribution while conserving total SMA particle number
(Nsma. Holding Nsuwa fixed, lognormal fittings can be adjusted to fit the
aforementioned criteria using the distribution functigHinds, 1982

— A — c@no (18)

where thenormaliseddistribution (——) at a given dry mobility particle diameter

O, was fit using, , the geometricspreadw, the peak position, an@d a r) the
amplitude of the peakif the fitting should not match the Aitken shoulder than there
will either be a surplus or deficiency of-aetivated particles. A surplus could possibly
be explained by NP&vents;however, a deficiency cannot be accounted iforthe
post-activation and subsequent growth numbsize distribution spectrum.

To find out which of the two numerical modelsN-PM and®N-PM) is better at
capturing the relationshipbetween PMA activation, critical supersaturation, and
SMA activatiorobservedin the ambient data, each model was run for tekame
initiators relevant to the ambient casé€Table 6.5)No intermodal minimum D)
value exists for the output of the models, as different chemical species are
represented separatelyTo show thesame trends depicted for suppression in the
ambient cases, criticaliameter of activation of the SMA modB{ SMA) was used

to compare against critical supersaturation and the fraction of activated SMA
particles. Neither model accurately represents theeasured trends seen in the
ambient dataset fully. ThiN-PM better predictsCDNGFigure 6.5)yet showdittle
changein S despite large changes in CDN&@ reproduces the ambient fraction of
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SMA CDNC trendbigure ). The®N-PM better reproducesS: (Figure ) but fails

to show good agreement with the ambient CDNC calculé&ggure 6.5)Both CDNC
and § are important to the idea ofupersaturationsuppression, however, while
CDNC may varg is adirect measure of changem cloud dynamical parasters
rather than CDNGQvhich is an indirect measur& herefore, the'N-PM is the more
robust of the two at being able to describe suppression of the cloud peak
supersaturationwhile CDNC accuracy less ideal
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Figure 64. Activation spectrum o#&n adiabatic lifting parcel in 4-D model Pyrce), using 20 bin
sections, with starting temperature of 268.15 K, at 0.3 tvertical velocity.(a) (left) the
temperature and supersaturation vertical profile@ight) Dropletradius as a function of parcel
height. The ativation of droplets can be seeén particles which are at larger diameters at maximum
height. Three regimes are highlighted bglourcoded horizontal lines, with black (gferring to the
time at cloud base &fore droplet activation, red (ii) at droplet activation, and blue(ii) at cloud top
after droplet activation, respectively. (b) The relative wet droplet diamdgfgr the three regimes
are shown as a function of SMA number concentratiogmgh
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Table6.5. SMA monomodal input parameters of the PEGASO ambient cases for the cloud parcel

models] 23y 2NXIf tSI1 20 GA 2y, pdaknamplituddSAnp), a8 A S i NA O & LINE
number concentration yield of the peak (Njhe last columns shothe scaling used on the sesalt

number distribution for wind speed 6.3 mt from Ovadnevaiteet al. (2014 and resultant seaalt

particle number concentration (cf). The sesalt distributions had five modesee Table 6.2 hese

lognormal distributions were generated using the Eq(H#ds, 1982

Cases| x0 g A N | Seasalt scaling| N seasalt
cAAlb | 0.063| 1.53| 291 | 288 X0.005 3
cAA2 | 0.076| 1.6 | 217 | 215 X0.021 11
CAA3 | 0.071| 1.44| 240| 234 X0.005 3
CAA4 | 0.056| 1.45| 287 | 284 X0.012 6
mP1 | 0.046| 1.41| 422| 416 X0.043 22
mP2 | 0.063| 1.4 | 314| 311 X0.025 13
mP3 | 0.052| 1.38| 110| 109 X0.048 25
mP5 | 0.056| 1.46| 618| 611 X0.067 35
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Figure6.5. CDNC relationship between calculated (measured) and modelled from ambighiesh
Ocean cases. The-PMis shown as square markers, and fihPM are shown as closed circles with
averageof each air mass{Pand cAA caseshown in ogn circles. A 1:1 line is shown in red, with
the fitted relationship between measures and modelled of each model also shown. The linear
relationship of the PNPM is shown as a solid line while thé-PM is shown as a dashed line.
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Figure 66. Calculated (or measured) and modelled values are shown as functions of different
parameters with both iN°M and®N-PM model results. (Leftg and activated PMA (or sesalt)
relationship, (middle) SMB: and &, and (right) percent fraction of SMA actiedtand SMA.. In

all plots the measured data and respective uncertainties are represented by the blue shaded region
with associated fitted trend lines in red, while-M are displayed as boxes afid-PM are closed
circles. The error bars associated withch model are based on either the sensitivity or standard
deviation of the model. The trersdn the right two graphs are for trends using the intmodal
minimum ©) rather than the SMAX and are the same trend lineshown in the leffmost graph

panel in Figure 6. However the blue shaded region corresponds to the measured SMA

6.5 Model sensitivity to mvironmental
parameters andgeasaltnumber concentration

There is a clear trend ithe ambient steadystate cases showing the suppressive
effect of PMA activation on cloud peak supersaturation and the resultant reduction
of SMA nucleactivation (Figure 6.1), whiatan be replicated by parcel models to
some exten{Figure 6.6). Wi K (i KS d2MShe2tdr-madel Sinimdanalysis
technique (developed from the Hoppel mechanism assumption) will be testeal
viable method for reconstructing MBL cloud supersaturation and processing.
Moreover, using a full sesalt spectrum and a monomodal SMA distributidine
extension of the suppression hypothe@¥Dowd et al., 1999nto the Aitken mode

will be tested. Two cases are focused on: the average of the sstathmPandcAA

air mass aerosol populations (different from theerged cases in Chapter 5).

The main features dhe average size distributions for tiePandcAAair masses are
as follows: m the mPair mass, the minimum in the size distribution suggesis of
71 nmwith two accumulation mode peaks at 136 + 5 nm and 190 + S5mihgicAA
there are twoaccumulation mode peakat109 + 5 nmand 174 £ 5 nmvith the size
distribution minimaat 59 nm(Figure 6.7).In both cases theaccumulation mode is
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