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Abstract 17 

Volatility-hygroscopicity tandem differential mobility analyser (VH-TDMA) measurements 18 

were used to infer the composition of sub-100 nm diameter Southern Ocean marine aerosols 19 

at Cape Grim in November and December 2007. This study focuses on a short lived high sea 20 

spray aerosol (SSA) event on 7-8 December with two externally mixed modes in the 21 

Hygroscopic Growth Factor (HGF) distributions (90% RH), one at HGF > 2 and another at 22 

HGF ~1.5. The particles with HGF > 2 displayed a deliquescent transition at 73-75% RH, and 23 

were non-volatile up to 280°C, which identified them as SSA particles with a large inorganic 24 

sea salt fraction. SSA HGFs were 3 – 13% below those for pure sea salt particles, indicating 25 

an organic volume fraction (OVF) of up to 11 – 46%. Observed high inorganic fractions in 26 

sub-100 nm SSA is contrary to similar, earlier studies. HGFs increased with decreasing 27 

particle diameter over the range 16 – 97 nm, suggesting a decreased OVF, again contrary to 28 

earlier studies. SSA comprised up to 69% of the sub-100 nm particle number, corresponding 29 

to concentrations of 110-290 cm-3. Air mass back trajectories indicate that SSA particles were 30 

produced 1500 km, 20-40 hours upwind of Cape Grim. Transmission electron microscopy 31 

(TEM) and X-ray spectrometry measurements of sub-100 nm aerosols collected from the 32 

same location, and at the same time, displayed a distinct lack of sea salt. Results herein 33 

highlight the potential for biases in TEM analysis of the chemical composition of marine 34 

aerosols.  35 
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 36 

Key points: 37 

• Characterisation of high concentration sea spray aerosol (SSA) event. 38 

• Sub-100 nm SSA organic volume fraction of up to 11 – 46% and size 39 

independent. 40 

• Free tropospheric entrainment coincided with enhanced SSA concentrations. 41 

Keywords:  42 

marine aerosol, sea spray, CCN, hygroscopic growth, deliquescence, Cape 43 

Grim, entrainment.  44 

Index terms:   45 

Aerosols and particles (0305), Air/sea constituent fluxes (0312), Constituent 46 

sources and sinks (0322), Troposphere: constituent transport and chemistry (0368), 47 

Clouds and aerosols (3311). 48 
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1. Introduction 50 

The remote marine aerosol, free from direct continental influences, plays an important role in 51 

the global climate by directly scattering incoming solar radiation and acting as cloud 52 

condensation nuclei (CCN) [Andreae and Rosenfeld, 2008]. Recent modelling has 53 

highlighted the need for a greater understanding of aerosol forcing in pristine environments, 54 

indicating that natural emissions make up 45% of the variance in aerosol forcing since 1750 55 

[Carslaw et al., 2013]. Sea spray aerosols (SSA) are an important marine aerosol class. They 56 

are primary particles produced from the bursting of bubbles at the oceans surface or from 57 

wind shear. Observations at or near cloud level have indicated that SSA can contribute 58 

significantly to the marine CCN. For example, SSA formed 20% of the total potential CCN at 59 

supersaturations between 0.2 and 0.43 during a recent study in the mid-latitudinal Pacific 60 

Ocean [Blot et al., 2013]. Despite the climatic importance of primary marine aerosols there 61 

are significant uncertainties regarding the production mechanisms and chemical composition 62 

of the sub-100nm diameter SSA. In particular, the factors that control SSA concentrations in 63 

the atmosphere and the organic enrichment of sub-100nm diameter primary marine aerosols 64 

relative to water biology are poorly understood [Gantt and Meskhidze, 2013]. 65 

Recent studies have simulated the production of SSA in-situ and under controlled laboratory 66 

conditions by bubbling air through seawater [Modini et al., 2010], by continuously plunging 67 

water [Fuentes et al., 2010], and/or through wave action [Prather et al., 2013]. These 68 

methods have consistently detected a dominant mode in the SSA number distribution at sizes 69 

less than 100 nm dry diameter [Fuentes et al., 2010; Modini et al., 2010; Bates et al., 2012] 70 

with the exception of the wave chamber method, where a dominant mode centred at 160 nm 71 

was observed [Prather et al., 2013]. All of the systems produce particles down to 10 nm in 72 

diameter. When scaled to real oceanic conditions, the bubble chamber data generally suggest 73 

SSA should consistently form the largest fraction of the total marine aerosol in remote 74 



 5 

environments [de Leeuw et al., 2011]. In addition, a recent parameterisation has suggested the 75 

presence of an SSA flux mode at approximately 20 nm [Ovadnevaite	
  et	
  al.,	
  2014]. Despite 76 

this, observations of sub-100 nm diameter SSA particles in the marine boundary layer (MBL) 77 

are relatively scarce, even under high wind conditions. It is not understood why this is the 78 

case [Berg et al., 1998; Kreidenweis et al., 1998; Zhou et al., 2001; Lewis and Schwartz, 79 

2004; Swietlicki et al., 2008], although loss processes such as wet deposition likely play an 80 

important role [Blot et al., 2013]. 81 

Tandem Differential Mobility Analyser (TDMA) data illustrate the scarcity of SSA 82 

observations well. TDMA techniques are well suited to the study of remote marine aerosols 83 

since they are able to differentiate the main marine aerosol types i.e. SSA, non-sea salt 84 

sulfates (nss-sulfates) in external mixtures of particles with diameter as small as 8 nm 85 

[Väkevä et al., 2002; Swietlicki et al., 2008]. TDMA studies suggest that nss-sulfates 86 

dominate the ambient, sub-100 nm diameter, marine aerosol outside the surf zone [Berg et 87 

al., 1998; Fletcher et al., 2007; Swietlicki et al., 2008; Allan et al., 2009; Good et al., 2010b]. 88 

A more scarce externally mixed SSA component is also observed [Berg et al., 1998; Fletcher 89 

et al., 2007; Swietlicki et al., 2008]. When SSA are observed, they comprise 11-40% of the 90 

sub-165 nm number fractions at Mace Head, Ireland (North Atlantic) [Bialek et al., 2012], 91 

11-14% of the sub-100 nm number fractions in the West Atlantic [Swietlicki et al., 2000], 12-92 

15% in the Pacific [Berg et al., 1998] , 23% in the open Southern Ocean [Berg et al., 1998] 93 

and 1-15% at Cape Grim, Australia (Southern Ocean) [Gras and Ayers, 1983; Fletcher et al., 94 

2007] An exception to this pattern is the very high proportions of sub-100 nm SSA (95-95 

100%) observed in the Arctic, but only in 3-7% of all measurements at 35 and 50 nm [Zhou 96 

et al., 2001]. 97 

The Southern Ocean is a particularly interesting region for SSA due to the higher than global 98 

average wind speeds and thus strong potential for SSA production. Further observations of 99 
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the marine aerosol at Cape Grim using electron microscopy and X-ray spectroscopy of 100 

individual particles identify number fractions of SSA of 5-25% in the 50-150 nm size range. 101 

These fractions correspond to SSA number concentrations of the order of 30 to 100 cm-3 102 

[Murphy et al., 1998a; 1998b]. Values for the open Southern Ocean range from 1 to 150 cm-3 103 

for particles greater than 80 nm diameter [Bates et al., 1998; Kreidenweis et al., 1998; 104 

Murphy et al., 1998b; Lewis and Schwartz, 2004]. Observations of sub-100 nm SSA in the 105 

Southern Ocean are sparse and studies report widely varying SSA concentrations, from 1 to 106 

171 cm-3 [Bates et al., 1998; Kreidenweis et al., 1998; Murphy et al., 1998b; Lewis and 107 

Schwartz, 2004].  Further observations of sub-100-nm SSA particles are required to assess 108 

the importance of the Southern Ocean as a source of SSA and thus CCN.  109 

The chemical composition of SSA under different oceanic and meteorological conditions is 110 

also an active area of research. It is known that nascent SSA is comprised of internally and 111 

externally mixed inorganic (sea salt) and organic fractions. Table 1 summarises results from 112 

some recent studies, which examined the composition of nascent SSA. TDMA analyses of 113 

laboratory generated SSA particle composition reveals internally mixed organic mass 114 

fractions on the order of 5-27% for sub-200 nm particles [Modini et al., 2010; Fuentes et al., 115 

2011]. Off-line chemical composition measurements of ambient [O'Dowd et al., 2004; 116 

Rinaldi et al., 2010] and laboratory generated [Keene et al., 2007; Facchini et al., 2008] SSA 117 

particles have identified much larger organic fractions of up to 80% for sub-200 nm particles 118 

in the North Atlantic. Ambient TDMA observations in the North Atlantic (Mace Head) 119 

displayed externally mixed non-hygroscopic particles, consistent with primary organics with 120 

a small sea salt component, contributing up to 75% of the Aitken mode ambient particle 121 

number [Ovadnevaite et al., 2011]. Flux measurements [Ceburnis et al., 2008] and an 122 

increasing ambient organic mass with decreasing particle size [O'Dowd et al., 2004; Facchini 123 
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et al., 2008] have provided evidence that the large observed organic fraction is predominantly 124 

primary, with a relatively small contribution from secondary organics. 125 

Primary marine organics have also been observed using particle analysis by laser mass 126 

spectrometry at Cape Grim [Middlebrook et al., 1998; Murphy et al., 1998a]. These authors 127 

argued that a small sodium sulfate fraction in these particles and the presence of iodine, 128 

which was correlated with organic concentrations, indicated relatively freshly emitted SSA. 129 

This is consistent with simultaneous depletion of iodine and chlorine and accumulation of 130 

sodium sulfate from the marine boundary layer observed at Cape Grim, which suggest a 131 

primary iodine source [Murphy et al., 1997]. Average organic mass fractions in SSA were 132 

approximately 10% for particles between 1.6 and 3 µm in diameter [Middlebrook et al., 1998; 133 

Murphy et al., 1998a]. This organic mass fraction was variable ranging from 5 to 50% and 134 

authors suggest it may have been enhanced at the lower end of the observed size range, ~170 135 

nm. These results are broadly consistent with observations of a residual component, the 136 

difference between the ionic and gravimetric mass, which comprised 21% (0.23 µg/m3) of the 137 

Southern Hemisphere mid-latitudes submicron mass [Quinn et al., 2000]. A submicron 138 

carbon mass concentration of 0.23 µg/m3 was also observed via proton elastic scattering 139 

analysis at Cape Grim, suggesting a similar organic component [Andreae, 1982]. 140 

Adsorption theory predicts that during rough sea conditions the enhanced concentration of 141 

surfactant organic matter at the ocean surface saturates the SSA adsorption process. A 142 

surfactant organic matter film of approximately the same thickness develops on SSA 143 

independent of particle size and will therefore form increasing fractions of total particle 144 

volume as particle size decreases [Oppo et al., 1999]. The majority of size-resolved SSA 145 

organic volume or mass fraction measurements have supported this theory through the 146 

observation of increasing primary organic fractions in SSA with decreasing particle size 147 
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[O'Dowd et al., 2004; Rinaldi et al., 2009; Quinn et al., 2014]. However, this trend has not 148 

been observed in all experiments [Modini et al., 2010]. 149 

Externally mixed organics have also been explicitly identified in SSA. X-ray analysis of 150 

transmission electron microscopy (TEM) samples and single particle mass spectrometry 151 

measurements for ambient marine and wave chamber aerosols have indicated external 152 

mixtures. These external mixtures are dominated by organics with contributions from organic 153 

particles to the overall sub-100 nm particle population, ranging from approximately 80 to 154 

100% [Bigg and Leck, 2008; Leck and Bigg, 2010; Prather et al., 2013]. Of particular note 155 

are the ambient observations from Cape Grim, which are characterized by an absence of sea 156 

salt in the sub-100 nm particle fraction. These particles are hypothesised to be primary 157 

particles from the sea surface microlayer [Bigg, 2007; Leck and Bigg, 2010]. A small fraction 158 

of individual 0.2 to 2µm, externally mixed bacterial cells have also been identified in TEM 159 

samples over the Southern Ocean [Pósfai et al., 2003]. 160 

A seasonal trend has been observed in the organic enrichment of SSA particles at Mace Head, 161 

with higher organic fractions thought to be largely comprised of a primary organic fraction, 162 

observed during the biologically active summer months [O'Dowd et al., 2004]. However, 163 

recent research suggests the ever-present pool of oceanic dissolved organic matter (DOM), 164 

composed primarily of saccharides, proteins and processed, recalcitrant organic molecules, 165 

provides sufficient matter for organic enrichment of SSA to occur even in non-productive 166 

regions [Burrows et al., 2014; Quinn et al., 2014]. These studies and the observations of high 167 

internally and externally mixed organic fractions in small SSA particles lead to the 168 

suggestion that organics will dominate sub-100 nm SSA composition in most oceanic 169 

conditions. This raises questions about the importance of sea salt in sub-100 nm SSA. The 170 

previously mentioned TDMA studies indicate externally mixed SSA with large by sea salt 171 

fractions, however the precise organic fraction of the SSA component is unknown [Berg et 172 
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al., 1998; Fletcher et al., 2007; Swietlicki et al., 2008]. In addition recent cloud level studies 173 

in pristine conditions also identify sea salt particles down to 40 nm in diameter from 174 

atmospheric and in-droplet sampling using TEM [Twohy et al., 2013] and volatility 175 

techniques [Blot et al., 2013]. These observations provide an indication that sub-100nm sea 176 

salt plays a role in marine cloud formation.  177 

Here we present observations from a unique, short lived and particularly strong SSA event, 178 

which occurred in clean Southern Ocean air masses over 2 days in summer 2007 at the Cape 179 

Grim Baseline Air Pollution Station (BAPS) on the north-west tip of Tasmania, Australia. 180 

We use aerosol hygroscopicity and volatility measurements to identify sub-100nm SSA 181 

composition and discuss the conditions under which this SSA was produced and transported 182 

to Cape Grim. The case study does not necessarily provide an indication of the long-term 183 

average sub-100 nm aerosol composition at Cape Grim. This unique SSA event was selected 184 

as a case study because it contributes to our understanding of the chemical composition of 185 

sub-100 nm ambient SSA and the factors that control SSA concentrations in the atmosphere. 186 

2. Experimental methods 187 

2.1.  Cape Grim Baseline Monitoring Station 188 

From 22 November 2007 to 11 December 2007 aerosol observations were undertaken at the 189 

Cape Grim BAPS on the north-west tip of Tasmania, Australia. These observations were 190 

aimed at examining the properties of the naturally occurring marine aerosol. Here we focus 191 

on measurements taken from 7 – 8 December, when a particularly strong SSA event was 192 

observed from the station.  193 
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The Cape Grim BAPS is situated 94 m above sea level, well located for examining clean air 194 

from the Southern Ocean. Winds from the south-west, the baseline sector (190° to 280°), 195 

typically traverse across several thousand km of the Southern Ocean [Gras, 2009]. Modelling 196 

of air flow around the Cape Grim station indicates that sampling from the 10 m inlet (104 197 

metres from sea level) delivers air with a source height over the near ocean ranging from 10 198 

to 30 m, when the air is from the baseline sector, suggesting that observations are unlikely to 199 

be influenced by local sources such as wave breaking [Baines and Murray, 1994]. In addition 200 

to the wind direction a minimum wind speed of 7 km/hr (1.94m/s) was used in this study to 201 

determine baseline conditions, this is consistent with previous aerosol monitoring at Cape 202 

Grim [Gras, 2009]. Total particle number and radon concentrations are also commonly used 203 

as indicators of baseline conditions in Cape Grim and these measurements are reported along 204 

with our results. 205 

2.2.  Instrumentation 206 

Total aerosol concentrations were measured using two condensation particle counters 207 

(CPCs), a TSI 3010 and 3025 (TSI, Shoreview, MN). The 3010 CPC has a detection size 208 

limit of 10 nm at the lower end of its range, while the 3025 has a detection size limit of 3 nm. 209 

The number of 3-10 nm diameter particles can be obtained from the difference in the 210 

concentrations reported by these two instruments providing information on the concentration 211 

of nucleation mode particles.  Aerosol size distributions from 15 to 737 nm were obtained 212 

using a scanning mobility particle sizer, consisting of a TSI 3071 Differential Mobility 213 

Analyser and TSI 3776 CPC. Black carbon concentrations, inferred from light absorption, 214 

and radon concentrations were measured as markers for continental air and pollution at a time 215 

resolution of 60 min. Details of light absorption and radon measurements at Cape Grim can 216 

be found in Gras [2011] and Zahorowski et al. [2004]. 217 
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Further aerosol properties and compositional information were obtained with a custom-built 218 

VH-TDMA [Johnson et al., 2004]. The VH-TDMA is a particle sizing instrument that selects 219 

particles based on mobility diameter, conditions them, and then measures the resulting 220 

particle size distributions using two parallel scanning mobility particle sizers (SMPS), each 221 

with a TSI 3010 CPC. The temperature difference between the saturator and the condenser 222 

was set to 21°C in both 3010 CPCs and the counting efficiencies updated accordingly to 223 

extend the lower size limit of the CPCs down to 5nm diameter [Mertes et al., 1995]. The VH-224 

TDMA combines humidification and volatilisation conditioning to examine hygroscopic 225 

properties of the aerosol fraction remaining after volatilisation. It can be used to distinguish 226 

between two components of sub-micron heterogeneously mixed particles, and is especially 227 

useful in distinguishing between components displaying significantly different hygroscopic 228 

properties [Johnson et al., 2004]. The VH-TDMA provides valuable information on the 229 

mixing state of marine particles, which is of particular interest with recent studies 230 

highlighting the importance of externally mixed organics [Leck and Bigg, 2005b; 2010; 231 

Collins et al., 2013; Prather et al., 2013]. 232 

The VH-TDMA measured sub-100 nm mode particles and was run in several operating 233 

modes: 234 

1. Volatility mode. For a fixed preselected particle size the humidity was kept constant 235 

at relative humidity (RH) 90% and the temperature of the thermodenuder was 236 

scanned from room temperature to 280°C. During this mode the particle volume 237 

fraction remaining (VFR) can be calculated from the first SMPS using: 238 

𝑉𝐹𝑅 =
𝑑!!

𝑑!!
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Where dT is the particle diameter at temperature, T and di is the initial particle dry 239 

diameter. The growth factor (VH-GF) observed by the second SMPS is due to both 240 

volatility and hygroscopic growth and is given by: 241 

    𝑉𝐻 − 𝐺𝐹 = !!",!
!!

 242 

Where d90,T is the particle diameter after being exposed to 90%RH and passing 243 

through the thermodenuder set to temperature, T. Changes in the HGF observed 244 

during this temperature scan can result from the evaporation of non-refractory 245 

components in the thermodenuder (e.g. organics, sulfate).  246 

2. H-TDMA mode. When the thermodenuder was kept at room temperature the 247 

instrument operated as a standard H-TDMA. In H-TDMA mode two further modes of 248 

operation were utilised: 1) HGF mode where the instrument was operated at fixed 249 

90% RH, and 2) deliquescence mode where the RH was ramped from 60 to 90% in 250 

steps as small as 0.5% [Johnson et al., 2008]. Deliquescence curves provide clearer 251 

differentiation between different inorganic salts (e.g. ammonium sulfate and sodium 252 

chloride) and internally mixed inorganic-organic particles than is possible from HGF 253 

measurements at a single RH.  254 

2.3.  Data analysis procedures 255 

The HGF is defined as the ratio of humidified particle diameter to dry particle diameter and is 256 

commonly measured at 90% RH. HGF provides information on particle composition [Berg et 257 

al., 1998; Zhou et al., 2001; Swietlicki et al., 2008]. Previous studies have generally 258 

partitioned the marine sub-100 nm aerosols into four HGF classes, used to provide guidance 259 

on what chemical species are likely to be present in the aerosol. The aerosol composition is 260 

inferred from the known HGFs of common species [Tang and Munkelwitz, 1994] and H-261 

TDMA field data [Swietlicki et al., 2008]. 262 
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1. Nearly hydrophobic aerosols, with growth factors ranging from approximately 1.0 to 263 

1.1, are composed of marine organics or are influenced by anthropogenic sources 264 

[Berg et al., 1998; Swietlicki et al., 2000; 2008; Bialek et al., 2012]. 265 

2. Less hygroscopic aerosols, with growth factors ranging from approximately 1.1 to 266 

1.3, are often composed of marine organics [Ovadnevaite et al., 2011; Bialek et al., 267 

2012]. 268 

3. More hygroscopic aerosols, with growth factors ranging from approximately 1.35 to 269 

1.85, are commonly dominated by nss-sulfates [Swietlicki et al., 2000; Ovadnevaite et 270 

al., 2011; Bialek et al., 2012]. 271 

4. Sea salt aerosols (inorganic SSA), with growth factors of more than 1.85, 272 

observations of sub-100 nm sea salt is not common and the ideal conditions for their 273 

development is uncertain [Zhou et al., 2001; Fuentes et al., 2010; Modini et al., 2010; 274 

Bialek et al., 2012]. 275 

Inferring chemical composition purely from particle HGFs can be problematic since different 276 

internal mixtures can result in the same HGF. For example, sea salt and sulfate particles 277 

could both be classified in the more hygroscopic class when internally mixed with less 278 

hygroscopic material. In this study HGFs are examined alongside particle volatility and 279 

deliquescence data, providing a more complete picture of particle composition and mixing 280 

state. 281 

All VH-TDMA data were inverted using the TDMAinv algorithm [Gysel et al., 2009]. The 282 

resulting growth factor probability distributions were used to determine the median HGF for 283 

each mode. The 95% confidence interval in the median or the experimental uncertainty of 284 

±3% [Modini et al., 2010], whichever value was greater, was applied to represent the 285 

uncertainty. Uncertainties ranged from ±3% at between 22 and 55 nm to ±6% at 16 nm. To 286 

estimate the change in CCN concentration with changing particle composition, the κ 287 
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parameter was calculated using the measured HGFs for a range of particle diameters [Petters 288 

and Kreidenweis, 2007]. A critical dry diameter, beyond which particles are activated as 289 

CCN, for each super-saturation was calculated and size distributions used to determine the 290 

fraction of particles exceeding the critical diameter.  291 

2.4.  Back trajectory analysis 292 

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model [Draxler and 293 

Rolph, 2013] was used to identify the air mass properties associated with observations of high 294 

SSA concentrations. These back trajectories were computed using meteorological data from 295 

the NOAA/NCEP Global Data Assimilation System (GDAS) [Kanamitsu, 1989]. Using 296 

HYSPLIT we obtained 7-day back trajectories for each hour of the campaign, these were 297 

compared to particle measurements at Cape Grim, particularly SSA concentrations. Of 298 

interest in the baseline sector was the modelled back trajectory altitude, relative humidity, 299 

rainfall and mixing height. 6 hourly surface wind speed data observed from the Cross-300 

Calibrated Multi-Platform (CCMP) data set were extracted along the back trajectories. The 301 

CCMP data set includes cross-calibrated satellite winds derived from a variety of satellite 302 

instrumentation on a 0.25° grid e.g. QuikSCAT, SeaWinds, Windsat [Atlas et al., 2013]. 303 

In addition the UK Met Office Numerical Atmospheric-dispersion Modelling Environment 304 

(NAME) was used to create back trajectory probability plots and ensure clean marine 305 

background air origin [Jones et al., 2007].  306 

 307 
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3. Results and Discussion 308 

3.1.  Event characterisation 309 

Size distribution data from the 7 – 8 December 2007 indicate there was a developing 310 

accumulation mode from 13:00 to 15:00 on 7 December, coincident with enhancement of an 311 

Aitken mode, resulting in an increase in total particle concentrations from approximately 450 312 

to 900 cm-3 (Figure 1). Following this a bimodal marine aerosol size distribution was 313 

observed [Sellegri et al., 2001; Lewis and Schwartz, 2004; Heintzenberg et al., 2011] 314 

containing a larger Aitken mode, initially with a peak at 23 nm, and an accumulation mode 315 

with a peak at 145 nm.  This suggests previous cloud processing of the aerosol had occurred, 316 

with those particles over 70 nm having previously been activated and readily growing into the 317 

accumulation mode, whilst smaller particles remained inactivated leading to a Hoppel 318 

minimum at 70 nm [Hoppel et al., 1986]. On 8 December, the peak of the Aitken mode grew 319 

slowly from approximately 23 nm in the morning to approximately 60 nm at 18:00. Total 320 

particle concentrations increased substantially after 10:00 (Figure 1), primarily driven by an 321 

increase in the concentration of 3 – 10 nm nucleation mode particles. These particles may 322 

have contributed to the Aitken mode growth observed in the afternoon on 8 December 323 

through coagulation. 324 

Modelled back trajectories show a clean, Southern Ocean origin for air masses arriving at 325 

Cape Grim during the period from 19:00 7 December to 07:00 8 December (Figure 2). Local 326 

wind speed and direction at Cape Grim from 12:00 7 December to 06:00 8 December were 327 

also indicative of air masses arriving almost entirely from the clean marine sector (Figure S4) 328 

[Gras, 2009]. After 06:00 local wind direction shifted slightly north resulting in intermittent 329 

baseline conditions. By 10:00 baseline conditions had finished completely. Consistent with 330 

the local meteorological data at 07:00 – 10:00 8 December there was a slight shift in the path 331 
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of the modelled back trajectories demonstrating the air mass came closer to the Australian 332 

mainland near the major city of Melbourne. From 12:00 7 December to 18:00 8 December 333 

black carbon concentrations ranged from 1.3 to 10 ngm-3, and radon concentrations ranged 334 

from 27 to 80 mBqm-3, which is consistent with the values observed for baseline periods at 335 

Cape Grim [Zahorowski et al., 2011]. 336 

Entrained particles from the free troposphere are a possible cause of the increases in particle 337 

concentrations observed on 8 December. This is consistent with previous studies at Cape 338 

Grim by [Gras et al., 2009], where peaks in the concentration of 3-10nm particles were 339 

observed following the passage of cold fronts. Gras and co-workers have convincingly 340 

argued the concentration enhancements are due to nanoparticle-rich free tropospheric air 341 

rapidly mixing to the surface in the turbulent postfrontal atmosphere. Enhancements of 342 

approximately 100 cm-3 and peaks of 300-500 cm-3 are typically observed 9—11 hours after 343 

the passage of a front, and are separated by 8-11 hour intervals. Synoptic charts (Figure S6) 344 

and observed pressure (Figure S3) indicate that a cold front passed Cape Grim at 345 

approximately 05:00 7 December. Immediately following the front concentrations of 3-10 nm 346 

particles were initially greater than 150 cm-3 due to continental influences. By 11:00 the wind 347 

direction settled into the baseline sector and concentrations were low, 50 cm-3. Hourly 348 

average nanoparticle concentrations of 70 to 170 cm-3 occurred from 15:00 7 December until 349 

10:00 on 8 December, consistent with the postfrontal observations by [Gras, 2009]. Sharp 350 

increases in concentration to peaks above 1000 cm-3 were observed after 10:00 8 December. 351 

These enhancements are larger and sharper than those previously observed in postfrontal 352 

conditions at Cape Grim. The sharp concentration peaks correspond with the end of baseline 353 

conditions as defined by wind speed and direction and the shifting of the air mass trajectory 354 

closer to the major city of Melbourne, which suggests that they could be the result of 355 

intermittent intrusions of anthropogenically-influenced air. Despite the sharp increases in 356 
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nucleation mode particle concentrations radon and black carbon concentrations remained low 357 

until approximately 18:00. This is potentially because the lower time resolution black carbon 358 

and radon measurements failed to capture the sharp, intermittent concentration increases. 359 

After 18:00 8 December particle, black carbon and radon concentrations (Figure S1) all 360 

increased signifying the complete establishment of polluted conditions at Cape Grim. 361 

3.2.  Hygroscopic growth factors 362 

The VH-TDMA was run mainly in the H-TDMA mode during the 7 – 8 December event. 363 

Observations of sub-100 nm particle hygroscopicity at 90% RH from the afternoon of 7 364 

December (16:30) to the afternoon of 8 December (15:00) indicate an external mixture of at 365 

least two distinct types of aerosols, one in the more hygroscopic mode with raw growth factor 366 

of 1.45 to 1.65, and another in the sea salt mode with growth factor 1.95 to 2.1 (see Figure 3A 367 

and Figure S5). HGF corrections due to shape and Kelvin effects are described in the 368 

remainder of this section. The observed HGFs are consistent with an external mixture of 369 

predominantly nss-sulfates and SSA. These will subsequently be referred to as the nss-sulfate 370 

and SSA modes, respectively. Strong justification for these mode assignments is presented in 371 

the following sections. 372 

The HGF probability distribution (Figure S5) was used to estimate the number fraction of 373 

particles in each mode. Figure 1C shows the time series of the SSA mode number fraction. 374 

Small fractions of externally mixed sea salt were initially observed between 15:00 and 16:30 375 

7 December. By approximately 05:30 on 8 December SSA number fractions reached as high 376 

as 69%. The increase in the proportion of the SSA mode (15:00 7 December to 05:30 8 377 

December) coincided with postfrontal enhancements in nanoparticle concentrations (section 378 

3.1). The number fraction of SSA particles decreased after 06:00 8 December, corresponding 379 

with a shift in wind direction signalling intermittent baseline sector measurements. After 380 
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10:00 baseline conditions had ended completely and after 18:00 no SSA particles were 381 

observed. During the peak of this event SSA particle number fractions were variable but 382 

almost exclusively greater than 0.2. 383 

When the SSA mode fraction reached its maximum value measurements of the HGF at 384 

different sizes were conducted between 7:30 and 8:40 on 8 December. Considerable fractions 385 

(24-50%) of SSA particles were detected at all particle sizes examined between 16nm and 97 386 

nm diameter. Figure 3A shows the HGF of the two modes as a function of particle size as 387 

well as the Kelvin and shape corrected HGFs for both modes. Freshly emitted SSA has a non-388 

spherical shape and can be described with the NaCl shape correction factor [Niedermeier et 389 

al., 2008; Wise et al., 2009; Modini et al., 2010]. SSA can become more spherical via 390 

atmospheric processing [Laskin et al., 2012] and a higher organic content [Laskin et al., 391 

2012; Ault et al., 2013]. In this study a case with no shape factor adjustment (i.e. spherical 392 

SSA), and a case with a size dependant shape-factor for NaCl, ranging from 1.20 to 1.23, was 393 

applied to the SSA mode to provide a lower and upper limit for the HGF of the SSA. A 394 

constant shape factor of 1.02 was applied to the sulfate mode [Biskos et al., 2006b; 2006c] 395 

 In addition, for the comparison of HGFs across particles of different sizes the influence of 396 

the Kelvin effect had to be negated. This was achieved by converting HGFs measured at 90% 397 

RH to bulk growth factors (i.e. where water activity = RH = 90%) using a single parameter 398 

representation of hygroscopic growth, κ [Petters and Kreidenweis, 2007]. The Kelvin 399 

corrected, and shape and Kelvin corrected HGFs are referred to as ‘K corrected’ and 400 

‘K/shape corrected’ HGFs in Figure 3A. 401 

The Kelvin corrected HGF for the SSA particles, without shape factor correction, ranged 402 

from 2.05 ± 0.09 at 95 nm to 2.3 ± 0.1 at 16 nm. The measured Kelvin and shape corrected 403 

HGF for the SSA mode ranged from 2.3 ± 0.1 at 95 nm to 2.5 ± 0.2 at 16 nm. Kelvin and 404 
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shape corrected HGFs for 16 nm SSA and nss-sulfate particles exceeded the HGFs for 405 

artificial SSA and laboratory (NH4)2SO4, respectively. This suggests that the ambient 406 

particles were more spherical than laboratory analogues. Overnight HGFs were higher than 407 

observed during size resolved measurements on the morning of 8 December (triangle 408 

compared to circle markers Figure 3A), this may indicate a change in the SSA morphology. 409 

Assuming that the suppression of the Kelvin corrected SSA HGFs (without shape factor 410 

correction) is entirely due to the presence of an internally mixed organic component, an upper 411 

bound for the organic volume fraction can be calculated via the Zadanovkii-Stokes-Robinson 412 

(ZSR) assumption [Stokes and Robinson, 1966; Chen et al., 1973]. ZSR calculation were 413 

made using measured SSA HGFs (without shape factor correction), an artificial sea salt HGF 414 

of 2.35 and a HGF for the organic fraction of 1 and 1.5 [Peng et al., 2001; Gysel et al., 2004; 415 

Mikhailov et al., 2004; Fuentes et al., 2011]. Assuming an organic growth factor of 1, the 416 

average sub-100 nm organic volume fraction was 26%, ranging from 11% at 16 nm to 37% at 417 

95 nm. An assumed organic growth factor of 1.5 yielded an average sub-100 nm organic 418 

volume fraction 33%, ranging from 14 to 46%. 419 

Alternatively aging of the SSA could have enhanced the sulfate component to the detriment 420 

of more hygroscopic species such as NaCl. Thus, the suppression of HGFs relative to 421 

artificial sea salt is possibly due to an ambiguous combination of inorganic sea salt ageing 422 

and the presence of both primary and secondary organic components. Therefore, the 11 – 423 

46% SSA organic volume fractions should be considered as upper limit estimates. 424 

3.3. SSA number concentrations 425 

The size dependent SSA number fractions observed between 7:30-8:40 am 8 December were 426 

multiplied by the average total aerosol size distribution during this time period to estimate the 427 
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SSA size distribution up to 100 nm diameter, (Figure 3B). Lower and upper bound estimates 428 

of the SSA size distribution were derived based on the range of total particle concentrations 429 

(284 - 363 cm-3) and SSA number fractions (at the single particle size at which most 430 

measurements were taken, 95 nm, 26 – 49 %) measured during the time period 7:30 to 8:40. 431 

The lower and upper bound size distribution estimates correspond to integrated sub-100 nm 432 

SSA particle concentrations of 41 and 109 cm-3, respectively.  433 

The integrated sub-100 nm SSA concentrations estimated for the period 7:30 – 8:40 8 434 

December were scaled by measured SSA number fractions (Figure 1C) to estimate integrated 435 

sub-100 nm SSA particle concentration over the entire 2-day event (Figure 1E). This scaling 436 

procedure assumes that the shapes of the SSA and total particle size distributions were 437 

constant from 7 – 8 December, which is not strictly true (Figure 1A), so these calculated 438 

concentrations should be considered as approximate estimates only. The peak SSA number 439 

fraction of 0.69 observed at approximately 05:30 8 December corresponds to sub-100 nm 440 

SSA particle concentration in the range 110 – 290 cm-3. 441 

3.4. Volatility 442 

To further confirm that the observed highly hygroscopic particles were SSA with a large sea 443 

salt fraction the VH-TDMA was run in volatility mode from 9:10 to 10:15 on 8 December. A 444 

particle size of 56 nm was preselected and the temperature of the thermodenuder was ramped 445 

from room temperature to 280°C. The VFR and VH-GFs at 90% RH of the non-volatile 446 

particles remaining at each temperature step were examined.  The number fraction of the SSA 447 

mode during this period was up to 0.4 based on the HGF probability distribution. The VFR 448 

showed a population of particles evaporating at 160-200°C. This corresponded with a 449 

reduction in the VH-GF of particles in the more hygroscopic mode (HGF 1.5) (Figure 4). 450 

This combined volatility and hygroscopic behaviour closely matches that observed for 451 
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laboratory generated ammonium sulfate [Fletcher et al., 2007; Swietlicki et al., 2008], which 452 

is also displayed in Figure 4. At 280°C particles in the SSA mode had a VFR of 0.90 ± 0.05, 453 

the VFR of artificial SSA at this temperature is 0.93 ± 0.03 [Modini et al., 2010]. This, in 454 

combination with the very high HGF, is strong evidence for SSA with a very small volatile 455 

organic or enhanced sulfate fraction, but does not exclude the presence of non-volatile 456 

organics (Figure 4). 457 

3.5. Deliquescence 458 

Dependence of the HGF on relative humidity was examined by two separate deliquescence 459 

scans conducted between 22:00 7 December and 00:00 8 December. During this period the 460 

number fraction of SSA mode particles was up to 0.15 (Figure 1). Three distinct populations 461 

of particles were observed in the deliquescence scans (Figure 5), For one group of particles 462 

there was a prompt increase in growth factor to 1.8 at 73-75% RH. This is consistent with the 463 

deliquescence of sea salt [Berg et al., 1998; Biskos et al., 2006a]. Furthermore, the HGFs 464 

above 75% RH of these particles closely matched those of modelled and measured sodium 465 

chloride and sea salt [Fletcher et al., 2007], as already discussed above with reference to the 466 

continuous HGF measurements at 90% RH. The deliquescence, volatility and growth factor 467 

of this mode provides compelling evidence that it is SSA, with a large (>50% by volume) 468 

inorganic sea salt component. 469 

For another group of particles reasonably prompt deliquescence was observed at 470 

approximately 78-80% RH, which matches the deliquescence RH of ammonium sulfate 471 

[Biskos et al., 2006b; Fletcher et al., 2007]. In addition the HGF for this mode above 79% 472 

RH closely matched that modelled for ammonium sulfate [Fletcher et al., 2007]. The third 473 

group of particles did not display prompt deliquescence and was characterised by a 474 

continuous increase in growth factor from 1.3 at 65% RH to 1.4 at 80 % RH. This behaviour 475 
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is consistent with nss-sulfates containing an ammonium to sulfate ratio less than that for 476 

ammonium sulfate, referred to as partially neutralised nss-sulfates. One such nss-sulfate is 477 

ammonium bisulfate, which has a deliquescence RH of 40% RH [Tang and Munkelwitz, 478 

1994; Fletcher et al., 2007].  479 

There was a distinct increase in the proportion of ammonium sulfate to the detriment of the 480 

partially neutralised sulfate fraction over the time between the two deliquescence scans, 481 

shown in Figure 5. Additional growth factor measurements at 74-76% RH were used to 482 

separate the partially neutralised sulfate and ammonium sulfate, and to calculate the number 483 

fraction of partially neutralised nss-sulfates. These number fractions are shown in Figure 1D. 484 

At 12:00 7 December the aerosol was composed entirely of partially neutralised sulfate 485 

particles. Between 18:00 and 00:00 the fraction of partially neutralised nss-sulfates decreased 486 

from 0.6 to 0 (Figure 1). At 15:00 nanoparticle concentrations increased and sparse HGF 487 

measurements indicate that the SSA was first observed between 15:00 and 22:00. This 488 

suggests that the ammonia, SSA and nucleation mode particles all arrived in the same air 489 

mass.  490 

4. Implications 491 

Hygroscopic growth, volatility and deliquescence measurements of sub-100 nm ambient 492 

marine particles at Cape Grim during this event identified high concentrations of SSA with a 493 

large proportion of inorganic salts (greater than 50% by volume) down to 16 nm in diameter. 494 

The SSA number fraction reached a maximum of 0.69 early on 8 December 2007, which 495 

corresponds to sub-100 nm SSA concentrations of 110-290 cm-3. The full SSA size 496 

distribution most likely peaks at a diameter greater than 100 nm [Prather et al., 2013; Lewis 497 

and Schwartz, 2004]. Therefore total SSA concentrations were likely substantially higher 498 

than the sub-100 nm SSA concentrations reported here. Previous observations in the Southern 499 
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Ocean have observed SSA concentrations for particles greater than 80 nm in diameter of up 500 

to 170 cm-3 [Kreidenweis et al., 1998]. High SSA concentrations will enhance CCN 501 

concentrations, with possible climate implications. 502 

4.1.  Sea spray composition 503 

Very few ambient marine observations are characterised by sub-100 nm SSA fractions of 504 

greater than 0.5, with measurements particularly scarce in the Southern Hemisphere (Table 505 

2). Previous summertime studies of ambient SSA in the north Atlantic [O'Dowd et al., 2004] 506 

and in situ, artificially produced SSA in the north Pacific [Quinn et al., 2014], observed an 507 

increasing SSA organic fraction, up to approximately 80%, with decreasing particle size . The 508 

ambient SSA organic fraction was identified as predominantly primary, however did contain 509 

a secondary organic component [O'Dowd et al., 2004; Ceburnis et al., 2008]. Results from 510 

our study are not consistent with relationships observed in O'Dowd et al. [2004] and Quinn et 511 

al. [2014]. Contrary to the above studies the observed organic volume fraction from the HGF 512 

measurements was up to 11 – 46 %, and increased HGFs with decreasing particle sizes down 513 

to 16 nm in diameter suggested a decreasing organic fraction. The results herein are broadly 514 

consistent with submicron organic mass fractions of 5-50% previously observed in the 515 

Southern Ocean [Quinn et al., 2000; Middlebrook et al., 1998; Murphy et al., 1998a; 516 

Andreae, 1982]. Other studies looking at sub-100 nm SSA artificially produced in-situ in the 517 

North Pacific [Bates et al., 2012], have observed a HGF suppressed by 10% relative to 518 

artificial sea salt and independent of the particle size. SSA observed in this study displayed 519 

similarly suppressed HGFs and were also non-volatile (to 280 °C), suggesting that if there are 520 

any internally mixed organic components they were non-volatile. This study provides a 521 

unique characterisation of hygroscopic and volatile properties of summertime sub-100 nm 522 

SSA with a dominant (greater than 50%) inorganic component. 523 
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TEM images of 50nm particles collected between 08:00 and 16:00 8 December 2007 are not 524 

consistent with sea salt or ammonium sulfate and resemble organic particles thought to be 525 

from the surface ocean microlayer [Leck and Bigg, 2010]. These particles appeared to be 526 

made up of aggregates of 5 nm particles held together in a transparent matrix [Leck and Bigg, 527 

2010]. In addition high resolution X-ray spectrometry of particles during this period 528 

identified calcium as the element detected with the highest concentration, along with sulfur. 529 

Sodium was near absent in the TEM-samples indicating that little to no sea salt was present 530 

[Leck and Bigg, 2010]. A similar composition was observed by the same authors in other 531 

oceans using the same methodology [Leck and Bigg, 2005a; Bigg and Leck, 2008; Leck and 532 

Bigg, 2008]. The chemical composition, both in terms of the organics observed but even 533 

more important in terms of the inorganic composition, reported by [Leck and Bigg, 2010], is 534 

in contrast with the observations herein. We have shown clear evidence of a large fraction 535 

(~50%) of highly hygroscopic (HGF~2), refractory (up to 280°C) sub-100 nm particles that 536 

deliquesced around 74% RH. This combination of properties provides unambiguous evidence 537 

of the presences of large numbers of sub-100 nm SSA with a large proportion (greater than 538 

54% by volume) of inorganic salts. It is unclear whether the absence of sea salt in TEM 539 

samples resulted from misattribution of sea salt due to the presence of a non-volatile organic 540 

component or an absence of sea salt particles resulting from inadequate sampling statistics 541 

(only 10 particles sampled on 8 December 2007 are discussed by Leck and Bigg [2010]; 4 542 

imaged by TEM, and 6 analysed by X-ray spectrometry). These results bring into question 543 

the applicability of TEM data to provide quantitative and representative data on the 544 

composition of atmospheric aerosols, and could have consequences for observations in other 545 

ocean basins. 546 

Observations of primary marine aerosols have been undertaken using a wide range of 547 

techniques and indicate great spatial and seasonal variation in composition. Simultaneous 548 
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measurements using online and offline methods are rare and this study highlights the 549 

potential for biases in analysis techniques to influence marine aerosol measurements, which 550 

are already complicated by spatial and seasonal variations. Further inter-comparison studies 551 

are needed to appropriately quantify the composition of sub-100 nm SSA. 552 

4.2.  SSA source 553 

Air mass back trajectories for periods during which the highest proportion of SSA were 554 

observed at Cape Grim were characterised by relatively high altitude, and thus low pressure 555 

and temperature, as well as low relative humidity and rainfall (Figure 6). There were two 556 

high surface wind speed periods in the back trajectories spanning the high SSA event. The 557 

first was 20-40 hours preceding the arrival of the air mass at Cape Grim and involved wind 558 

speeds of 10.2 - 19.9 ms-1. The second was approximately 100 hours upwind of Cape Grim 559 

and involved wind speeds of 12 - 18.5 ms-1. The high surface wind speed periods correspond 560 

to locations approximately 1500 km and 3200 km west and south-west of Cape Grim, 561 

respectively. Ocean surface wind speeds were similar for back trajectories from 15:00 7 562 

December to 17:00 8 December, suggesting that the SSA production was relatively constant 563 

for these back trajectories. 564 

Peak SSA concentrations corresponded with a minimum in atmospheric turbulence at Cape 565 

Grim, the boundary layer depth falling from 1060 m at 17:00 on 7 December to 650 m at 4:00 566 

on 8 December. This indicates that the relatively constant source of SSA was ejected into an 567 

increasingly compressed boundary layer, which resulted in increased SSA concentrations 568 

from 7:00 on 7 December to 4:00 on 8 December. Following this the boundary layer rose and 569 

the SSA concentrations dropped again. Back trajectories corresponding to the highest SSA 570 

fractions had periods above the boundary layer, particularly from 110 to 140 hours before the 571 
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air mass reached Cape Grim (Figure 6). This suggests that the arrival of air masses with high 572 

SSA concentrations at Cape Grim coincided with sulfates from the free troposphere.  573 

There was no precipitation associated with the high surface wind event 1500 km west of 574 

Cape Grim. This supports cloud level measurements in the Pacific where increased SSA 575 

production during high wind speed events were observed to be offset by even modest 576 

increases in precipitation [Blot et al., 2013]. 577 

4.3.  Contribution to CCN 578 

Meteorological observations, back trajectory modelling and nanoparticle measurements all 579 

indicate that increased SSA concentrations were associated with entrainment of air from the 580 

free troposphere. The size distribution of particles over the period when SSA was observed 581 

indicates the presence of a Hoppel minimum at 63 to 82 nm (Figure 3B). The Hoppel 582 

minimum is apparent in the total aerosol size distributions, but is unclear in the SSA size 583 

distributions (Figure 3B). Although it is unclear whether there were SSA particles that were 584 

previously activated into cloud droplets, the high measured HGFs indicate that the SSA 585 

particles could make a contribution to the cloud level CCN in this region during periods with 586 

sufficient updraft velocity.  587 

To examine the enhancement of CCN concentrations due to the high SSA fractions observed 588 

during the SSA event sub-100 nm HGFs were used to estimate single hygroscopicity 589 

parameters (κ) for both the SSA and nss-sulfate modes [Petters and Kreidenweis, 2007]. The 590 

κ parameters were then used to calculate CCN concentrations at 25°C. Two cases were 591 

considered to investigate the effect of high SSA fractions on CCN concentrations. The first 592 

case is an external mixture of 40% nss-sulfate and 60% SSA, representing nominal values for 593 

the peak of the high SSA event. The second case was 100% nss-sulfates representing 594 
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conditions with no sub-100 nm SSA. Using the calculated κ values the critical diameter was 595 

calculated as a function of supersaturation. CCN concentrations were calculated by 596 

integrating the size distributions above the critical diameter. The CCN activation ratio is the 597 

ratio of CCN concentration to condensation nuclei (CN) concentration.  CN concentrations 598 

were calculated by integrating the entire size distribution. An average size distribution for the 599 

period 6:00 to 9:00 8 December 2007 was used for the high SSA mode case and an average 600 

over 10:00 to 15:00 7 December for the case with no sub-100 nm SSA. The total integrated 601 

concentrations for the high SSA particle case and no SSA particles case were 347 and 368 602 

cm-3, respectively. Therefore the enhancements in absolute CCN concentrations shown in 603 

Figure 7A were due to the increased proportion of SSA, rather than an increase in overall 604 

particle concentrations. 605 

The supersaturation at which a population of particles were initially activated into droplets 606 

can be estimated by applying the particle diameter at the Hoppel minimum as the critical 607 

diameter for droplet formation [Blot et al., 2013]. Estimated supersaturations range from 0.25 608 

to 0.38% and 0.13 to 0.2% using the κ calculated from the HGFs for the nss-sulfate and SSA 609 

modes, respectively. This provides a guide for the typical cloud supersaturation in the 610 

Southern Ocean south of Australia during the study period. Enhancement of the CCN 611 

activation ratio is observed with the presence of sea salt (Figure 7). The enhancement in the 612 

CCN activation ratio is 8.4% at 0.2% supersaturation and 8.7% at 0.4% supersaturation. It 613 

should be noted that the skill of subsaturated H-TDMA measurements to represent CCN 614 

concentrations is an ongoing research question. For example Good et al. [2010a] identified an 615 

increase in the disagreement between measured CCN number concentration and that 616 

calculated using H-TDMA methods with supersaturations below 0.2%. Nevertheless an 617 

enhancement in CCN with increasing sea salt is to be expected due to its hygroscopic 618 
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properties. Determination of the influence of the enhancement of CCN concentrations on 619 

cloud properties requires further modelling. 620 

5. Conclusions 621 

Large concentrations of sub-100 nm SSA particles ranging in size from 16 to 97 nm diameter 622 

were observed at Cape Grim, Tasmania in clean, marine conditions on 7 – 8 December 2007. 623 

Two externally mixed modes were observed in the HGF distributions, the SSA mode with 624 

very high HGFs and another mode with moderate HGFs. The moderate HGF mode displayed 625 

volatility consistent with ammonium sulfate and prompt deliquescence at 79-80% RH, 626 

providing strong evidence that this mode is dominated by nss-sulfates. The SSA particles 627 

were refractory (up to 280 °C) and they deliquesced promptly at 73-75% RH, which further 628 

confirmed their identity as SSA particles with a large proportion of inorganic sea salt. The 629 

HGFs at 90% of the ambient SSA particles were suppressed relative to those for pure sea salt, 630 

which suggests the inorganic sea salt may have been internally mixed with a non-volatile 631 

organic component. Continuous HGF measurements provided a temporal characterisation for 632 

the SSA event. Number fractions of the SSA mode peaked at 69%, corresponding to an 633 

estimated sub-100 nm SSA concentration of 110-290 cm-3. 634 

Measurements of sub-100 nm inorganic SSA are scarce, particularly for the Southern 635 

Hemisphere. The observation and characterisation of 16 to 97 nm diameter SSA is a unique 636 

set of measurements. Based on the measured HGFs, the organic volume fraction of the SSA 637 

was calculated to be 11 – 46%. This result is contrary to summertime primary marine aerosol 638 

observations from the North Atlantic and Pacific Oceans [O'Dowd et al., 2004; Facchini et 639 

al., 2008; Quinn et al., 2014], which show a greater sub-100 nm organic fraction. 640 

Additionally, these previous studies observed increased organic enrichment with decreasing 641 

particle size. In this study, HGFs increased with decreasing particle size, which indicates the 642 
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possibility of a reduced organic fraction at smaller sizes. Discrepancies in observed size 643 

dependant organic SSA fraction suggest that organic enrichment is not necessarily spatial 644 

uniform during periods of high biological activity. Simultaneous TEM and X-ray 645 

spectrometry of sub-100 nm mode aerosols collected from the same location, and at the same 646 

time, displayed a distinct lack of sea salt and appear to be made up of organic aggregates and 647 

microgels [Leck and Bigg, 2010]. As strong evidence of the existence of a large sea salt 648 

fraction (high HGF, non volatile up to 280°C, deliquescence at 75% RH) has been presented 649 

in this study we highlight the potential biases of other techniques in analysis of the chemical 650 

composition of marine aerosols. Further inter-comparison studies are needed to properly 651 

quantify the composition of sub-100 nm SSA. 652 

Analysis of air mass back trajectories indicated that the SSA particles observed at Cape Grim 653 

were produced 1500 km upwind in the Southern Ocean during high wind speed events (12-20 654 

ms-1). The arrival of SSA particles at the site coincided with moderate increases in 3-10 nm 655 

particle concentrations (hourly averages of up to 170 cm-3), which were likely due to the 656 

entrainment of air from the free troposphere following the passing of a cold front [Gras et al., 657 

2009]. We suggest the dropping boundary layer on the morning of 8 December could have 658 

contributed to an enhanced SSA number fraction. Although this event does not provide 659 

information on the long-term sub-100 nm particle composition at Cape Grim it provides 660 

details on the ambient SSA composition and the factors that control SSA concentrations in 661 

the atmosphere.  662 
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Table 1: Organic fraction observed from nascent SSA measurements. 923 

Source	
   Location	
   Season	
   Measurement	
  
technique	
  (s)	
  1	
   Particle	
  size	
   Organic	
  

Fraction	
  2	
  
Weighting	
  
factor	
  

Quinn	
  et	
  al.	
  
2014	
  

North	
  West	
  
Atlantic	
   Autumn	
   CCNc	
   100nm	
  ;	
  40	
  nm	
   40%;	
  80%	
   volume	
  

Facchini	
  et	
  al.	
  
2008	
  

North	
  East	
  
Atlantic	
   Summer	
   IC,	
  TOC,	
  EGA,	
  

HNMR	
   125-­‐250nm	
   77%	
   mass	
  

Prather	
  et	
  al.	
  
2013;	
  

Collins	
  et	
  al.	
  
2013	
  

North	
  East	
  
Pacific	
   Autumn	
   TEM-­‐EDX,	
  AMS,	
  

CCNc,	
  DASH-­‐SP	
   60-­‐180	
  nm	
   OC	
  26%	
  
SS-­‐OC	
  55%	
   number	
  

Keene	
  et	
  al.	
  
2007	
  

North	
  West	
  
Atlantic	
   Autumn	
   IC,	
  TOC	
   130	
  nm	
   80%	
   mass	
  

Modini	
  et	
  al.	
  
2010	
  

South	
  west	
  
Pacific	
   Summer	
   VH-­‐TDMA	
   71-­‐77	
  nm	
  

8%	
   volume	
  

4%	
   mass	
  

Fuentes	
  et	
  al.	
  
2011	
  

Model	
  
equatorial	
  
Atlantic	
  
seawater	
  

-­‐	
   H-­‐TDMA,	
  CCNc	
   40-­‐240	
  nm	
   8-­‐37%	
   volume	
  

1. CCNc (cloud condensation nuclei counter), IC (ion chromatography), TOC (total organic carbon), EGA 924 

(evolved gas analysis), HNMR (proton nuclear magnetic resonance), TEM-EDX (transmission electron 925 

microscopy with energy dispersive x-ray), AMS (aerosol mass spectrometry), DASH-SP(). 926 

2. All assumed to be internally mixed with sea salt except for [Prather et al., 2013], which indicates an external 927 

mixture of organics (OC) and sea salt internally mixed with organics (SS-OC). 928 

 929 
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 930 

Figure 1: Time series of particle size distributions (A), particle number concentration (B), 931 

number fraction of SSA mode particles (C), number fraction of partially neutralised (pn) nss-932 

sulfates (D) and the concentration of sub-100 nm SSA (E) from 12:00 7/12/07 to 18:00 933 

8/12/07. Particle number concentrations measured using TSI3010 CPC (blue), TSI3025 (red) 934 

and the difference between TSI3025 and TSI3010 (green). SSA mode defined by HGF>1.85 935 

at 90% RH. Horizontal bars in C show periods when particle deliquescence (Del.) and 936 

volatility (Vol.) were being measured. Partially neutralised (pn) nss-sulfate measured as 937 

number fraction of more hygroscopic mode at 74-76% RH. Sub-100 nm SSA estimated from 938 

size dependant very high HGF fraction and size distribution. 939 



 39 

 940 

Figure 2: Air origin probability density maps for the Cape Grim monitoring station, 4am 941 

8/12/2007 to 1 pm 8/12/2007 [Jones et al., 2007]. 942 

 943 

Figure 3: HGF at 90% RH for the SSA (red, pink and grey) and nss-sulfate (blue and light 944 

blue) particles at mobility diameters from 16 to 97 nm (A). Dark markers are Kelvin and 945 

shape factor corrected, light markers are raw HGFs and grey markers are Kelvin (not shape) 946 

corrected SSA. Kelvin and shape corrected growth factors for 95 nm particles observed 947 

A

B



 40 

overnight are represented by triangles. Size distributions for average total (green) and sub-948 

100 nm SSA (red) particles (B). All observations taken between 07:30 and 08:40 8 949 

December. Range in size distributions represents variation in concentration and SSA fraction 950 

between 07:30 and 08:40. 951 

 952 

 953 

Figure 4: Volatility of 56 nm ambient marine aerosol observed during high SSA mode event 954 

on 8 December 2007 at Cape Grim. Temperature scan undertaken between 09:10 and 10:15 8 955 

December 2007. Normalised number fraction indicated by colour scale. Growth factor is ratio 956 

of heated, humidified (90% RH) particle diameter to initial particle diameter, 56 nm. 957 

Volatility of laboratory generated (NH4)2SO4 particles displayed for reference. 958 

 959 

  960 
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 961 

Figure 5: Deliquescence of 95nm ambient marine aerosol particles at Cape Grim, 22:00-962 

23:00 (A) and 23:00-23:59 (B) 7 December 2007. Normalised number fraction indicated by 963 

colour scale. Modelled (NH4)2SO4 and laboratory measured artificial SSA (not shape 964 

corrected) are indicated by white circles and black lines, respectively [Fletcher et al., 2007]. 965 

Deliquescence relative humidity (DRH) for NaCl [Biskos et al., 2006a] and (NH4)2SO4 966 

[Fletcher et al., 2007; Johnson et al., 2008] indicated with white lines. 967 

  968 
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Table 2: Selected sub-100 nm primary marine aerosol observations. SSA fractions are 969 

maximum fractions indicated in study. SSA fraction in TDMA studies identified by HGF, 970 

and therefore generally contain a large fraction of inorganic sea salt.  971 

Source	
   Particle	
  
Diameter	
  (nm)	
   Location	
   Season	
   Method	
   Sea	
  spray	
  

fractiona	
  

Bialek	
  et	
  al.	
  
[2012]	
   35-­‐165	
   Mace	
  Head/	
  

North	
  Atlantic	
   All	
   H-­‐TDMA	
   11-­‐40%	
  

O'Dowd	
  et	
  al.	
  
[2004]	
   60-­‐125	
   Mace	
  Head/	
  

North	
  Atlantic	
   Spring/Summer	
  
Filter	
  samples,	
  

Ion	
  
chromatography	
  

64%	
  b	
  

Mårtensson	
  et	
  

al.	
  [2003]	
  

35	
   Tenerife/	
  West	
  
Atlantic	
   Summer	
   H-­‐TDMA	
   11%	
  

50	
   Tenerife/	
  West	
  
Atlantic	
   Summer	
   H-­‐TDMA	
   12%	
  

73	
   Tenerife/	
  West	
  
Atlantic	
   Summer	
   H-­‐TDMA	
   14%	
  

Fletcher	
  et	
  al.	
  
[2007]	
   100	
  

Cape	
  Grim	
  
(Southern	
  
Ocean)	
  

Summer	
   VH-­‐TDMA	
   15%	
  

Berg	
  et	
  al.	
  
[1998]	
  	
  

	
  

35	
   Pacific	
  Ocean	
   Spring	
   H-­‐TDMA	
   15%	
  
50	
   Pacific	
  Ocean	
   Spring	
   H-­‐TDMA	
   13%	
  
75	
   Pacific	
  Ocean	
   Spring	
   H-­‐TDMA	
   12%	
  
50	
   Southern	
  Ocean	
   Spring/summer	
   H-­‐TDMA	
   23%	
  

Zhou	
  et	
  al.	
  
[2001]	
   35	
   Arctic	
  Ocean	
   Summer	
   H-­‐TDMA	
   100%	
  

	
   50	
   Arctic	
  Ocean	
   Summer	
   H-­‐TDMA	
   95%	
  
This	
  study	
   16-­‐97	
   Cape	
  Grim	
   Summer	
   VH-­‐TDMA	
   69%	
  

a Number fraction unless otherwise stated. SSA fraction identified as SSA due to the presence 972 
of a sea salt component (from HGF, see Section 2.3), unless otherwise stated. 973 

b Mass fraction, SSA assumed to be comprised of sea salt and water insoluble organic matter 974 
[O'Dowd et al., 2004; Ceburnis et al., 2008; Facchini et al., 2008], dominated by organics 975 
(<10% sea salt). 976 

  977 
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 978 

Figure 6: Hourly back trajectories (7 day) for the high SSA mode event 7-8 Dec. Back 979 

trajectory map (A), altitude (B), relative humidity (C) and mixing ratio (D) shown on top, left 980 

to right. Surface wind speed (E), pressure (F), relative humidity (G) and rainfall (H) shown 981 

on bottom left to right. Back trajectories during the high SSA event are coloured by hourly 982 

averaged SSA fraction measured at Cape Grim and all other trajectories during the 983 

measurement campaign are shown in grey.  984 
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 985 

Figure 7: CCN concentrations (A) and activated fraction, ratio of CCN conc. to CN conc. (B). 986 

60% SSA aerosol/40% sulfate (red line) is bounded (red shading) by the CCN activated 987 

fraction calculated using minimum and maximum κ from HGF measurements at all measured 988 

sizes (including uncertainty). 100% sulfate aerosol (blue line) is bounded (blue shading) by 989 
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the CCN activated fraction calculated using minimum and maximum κ from HGF 990 

measurements at all sizes (including uncertainty). All calculations for 25°C. 991 


