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Abstract 

Cloud-radiation interactions over the Southern Ocean are not well constrained in climate models, in part due to uncertainties 10 

in the sources, concentrations and cloud-forming potential of aerosol in this region. To date, most studies in this region have 

reported measurements from fixed terrestrial stations or a limited set of instrumentation, and often present findings as broad 

seasonal or latitudinal trends. Here, we present an extensive set of aerosol and meteorological observations obtained during an 

austral summer cruise across the full width of the Southern Ocean south of Australia. Three episodes of continental-influenced 

air masses were identified, including an apparent transition between the Ferrel atmospheric cell and the polar cell at 15 

approximately 64° S, and accompanied by the highest median cloud condensation nuclei (CCN) concentrations, at 252 cm-3. 

During the other two episodes, synoptic-scale weather patterns diverted air masses across distances greater than 1000 km from 

the Australian and Antarctic coastlines, respectively, indicating that a large proportion of the Southern Ocean may be 

periodically influenced by continental air masses. In all three cases, a highly cloud-active accumulation mode dominated the 

size distribution, with up to 93 % of the total number concentration activating as CCN. Frequent cyclonic weather conditions 20 

were observed at high latitudes and the associated strong wind speeds led to predictions of high concentrations of sea spray 

aerosol. However, these modelled concentrations were not achieved due to increased aerosol scavenging rates from 

precipitation and convective transport into the free troposphere, which decoupled the air mass from the sea spray flux at the 

ocean surface. CCN concentrations were more strongly impacted by high concentrations of large-diameter Aitken mode 

aerosol in air masses which passed over regions of elevated marine biological productivity, potentially contributing up to 56% 25 

of the cloud condensation nuclei concentration. Weather systems were vital for aerosol growth in biologically influenced air 

masses and in their absence ultrafine aerosol diameters were less than 30 nm. These results demonstrate that air mass 

meteorological history must be considered when modelling sea spray concentrations and highlight the potential importance of 

sub-grid scale variability when modelling atmospheric conditions in the remote Southern Ocean.  

1 Introduction 30 

Aerosols have an important role in radiative forcing both through direct absorption and scattering of incident solar radiation 

and through their indirect effects on cloud formation, structure and lifetime (Haywood and Boucher, 2000; Albrecht, 1989). 

However, they have been identified as the largest source of uncertainty in the global radiation budget (Myhre et al., 2013). 

Oceans cover 70 % of the Earth’s surface and thus aerosols within the marine environment are of particular importance for 

climate models. To illustrate this, Rosenfeld et al. (2019) recently proposed that 75 % of the uncertainty in the cooling effect 35 

of marine boundary layer (MBL) clouds may be associated with the influence of aerosols on cloud area and lifetime. General 

circulation models exhibit persistent biases in the levels of cloud-based radiative forcing estimated for the Southern Ocean, 

with insufficient reflected shortwave radiation particularly occurring behind cold fronts and during the austral summer 

(Williams et al., 2013; Protat et al., 2017).  
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The Southern Ocean receives minimal anthropogenic influence, so the relatively pristine conditions offer a valuable 

opportunity to investigate the interlinked atmospheric and oceanic processes that govern the natural marine environment. The 

main sources of aerosol to the Southern Ocean boundary layer are well known and include sea spray aerosol (SSA) generated 

from wind shear and bubble bursting, non-sea salt sulfates (nss-SO4) formed from the condensation of volatile biogenic 

precursor gases, and the long range transport of anthropogenic shipping emissions or continental aerosols from the surrounding 5 

land masses. However due to its vast extent and the logistical challenges involved with performing in-situ measurements in 

such remote and harsh conditions, observations from this region are very limited. To address this gap, recent years have seen 

a surge in sampling expeditions (e.g. Fossum et al., 2018; O'Shea et al., 2017; Stephens et al., 2018; Protat et al., 2017; Schmale 

et al., 2019; Dall’Osto et al., 2017; Humphries et al., 2016) with a focus on quantifying the aerosol production sources in this 

region and their contribution to cloud condensation nuclei (CCN). 10 

The Southern Ocean represents a wide band of open ocean that encircles the globe between approximately 40–70° S and is 

largely uninterrupted by land masses. Its location, straddling the transition between the Ferrel and Polar atmospheric circulation 

cells, gives rise to a relentless eastward procession of cyclonic low-pressure systems, which particularly develop in the southern 

Indian Ocean and to the south of Australia (Simmonds et al., 2003). Their associated high wind speeds and wave heights 

promote the generation of SSA, which contribute a major fraction of the global aerosol mass loading (Vignati et al., 2010). 15 

SSA are composed of an internal mixture of inorganic salts and biogenic organic material (Cravigan et al., 2019; Ault et al., 

2013). Typically they form coarse-mode aerosol with mean diameters in the range of approximately 200–500 nm (Quinn et 

al., 2017; Lewis et al., 2004), although substantial number concentrations have been observed at smaller sizes, containing 

enhanced organic fractions (Andreae and Rosenfeld, 2008). Due to both their size and hygroscopic nature, these aerosols are 

highly effective cloud condensation nuclei (CCN), rapidly adsorbing water to activate as cloud droplets when exposed to 20 

relatively low water supersaturations (SS). These same properties limit their lifetime in the marine boundary layer, leading to 

relatively low number concentrations. In turn, they often represent a small fraction of total CCN concentrations. However 

recent studies from the Southern Ocean have reported significant and varied SSA contributions to CCN number concentrations 

of between 19–32 % at 0.15 % SS (Schmale et al., 2019), up to 65 % at 0.1 % SS (Quinn et al., 2017) and 60–100 % at 

<0.32 % SS (Fossum et al., 2018). These inconsistent and widely spread results illustrate the need for further investigation into 25 

the causes of this variability. 

In addition to tempestuous atmospheric conditions, the Southern Ocean also hosts extensive upwelling of nutrient-rich waters 

along the Antarctic coastline and the Antarctic Convergence. The high levels of biological activity in these locations generates 

an increased flux of dimethyl sulfide (DMS) into the atmosphere, with the potential for increased production of nss-SO4 or 

methanesulfonic acid aerosol (Simpson et al., 2014). This nss-SO4 production depends significantly on precursor 30 

concentrations and favourable meteorological conditions (Bianchi et al., 2016), while the resulting size distribution of nss-SO4 

aerosol is affected by the surface area concentration of other aerosols that can act as condensation sinks (O'Dowd and de 

Leeuw, 2007). In both the tropics and the Southern Ocean, cloud-based convective transport of air masses into the free 

troposphere has been shown to result in new particle formation (NPF) (Clarke et al., 1998; Williamson et al., 2019). The colder 

air temperatures of the free troposphere promote partitioning into the aerosol phase, while the in-cloud wet scavenging of CCN 35 

removes competing condensation sinks. Depending on the precursor concentrations, when entrained back into the MBL in the 

cloud outflow regions, these newly formed aerosol can greatly increase nucleation or even Aitken mode aerosol number 

concentrations. Conversely, if meteorological conditions do not support this convective transport and removal of condensation 

sinks, any nss-SO4 is more likely to partition to existing aerosol, increasing the mean size of the aerosol distribution. 

The strong weather systems present in the Southern Ocean could be expected to promote NPF. In support for this, Fossum et 40 

al. (2018) reported Aitken mode number concentrations that were substantially higher than the accumulation mode in 

characteristic Southern Ocean air masses, while the reverse was true for air masses from the Antarctic continent. Conversely, 

Dall’Osto et al. (2017) and Humphries et al. (2016) both reported episodes of nucleation mode aerosol concentrations that 
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were three times higher within the sea ice zone than from the open ocean. In the latter case, the air mass originated in the 

Antarctic free troposphere and as such, the precursor source was not immediately apparent. Throughout two thirds of their 

circumnavigation of Antarctica, Schmale et al. (2019) observed slightly higher aerosol number concentrations for aerosol with 

diameters smaller than 80 nm. However, since the observations were averaged across each leg of the voyage, it is difficult to 

directly examine the impact of changes in air mass or meteorological conditions. 5 

These discrepancies do not stop at physical observations. Current global climate models operate over spatial grids that can 

span hundreds of kilometres per grid box and sub-grid variability within these boxes can significantly limit the accuracy of the 

model, particularly for aerosol parameters such as CCN (Lin et al., 2017; Weigum et al., 2016). Given the highly dynamic 

conditions within the Southern Ocean, and the limited and sometimes conflicting observations reported to date, further 

investigation is required to identify the main factors contributing to aerosol variability.  10 

This study presents in-situ aerosol and meteorological measurements from the Cold Water Trial (CWT) voyage in the austral 

summer over a full latitudinal transect of the Southern Ocean, between Hobart, Australia and the marginal ice zone. To our 

knowledge, it represents the first comprehensive dataset focused on this region of the Southern Ocean. We examine 

characteristic changes in the aerosol number size distribution and identify air masses or aerosol sources that likely contributed 

to these changes. In particular, we examine the variation in CCN concentrations between each air mass and investigate the 15 

contributing sources. Several episodes of long-range transport of continental aerosol are identified. Ultimately, we show that 

synoptic-scale weather systems both directly and indirectly have an important influence on aerosol properties by promoting or 

inhibiting SSA and secondary aerosol generation. 

2 Measurements 

2.1 Voyage overview 20 

The measurements were conducted during the first voyage of RV Investigator into polar waters, over a three-week period from 

January – February 2015. The ship travelled southward from Hobart to the marginal ice zone, primarily along the 146th line of 

longitude, reaching a maximum latitude of 65° S before returning along a similar course (Fig. 1). Aerosol sampling was 

performed through a common sampling inlet mounted on a mast, located approximately 18 m above sea level at the bow of 

the ship and co-located with a suite of meteorological instruments. Sample air was drawn through this inlet at a flow rate of 25 

approximately 420 L min-1. The sample passed through a 161.5 mm stainless steel tube to a manifold in the bow of the ship, 

8 m below the mast in the ship’s bow. Most aerosol instruments sampled from this manifold through 3/8” stainless steel tubing. 

The remaining flow was passed through a 32 mm stainless steel tube to a manifold in a second laboratory and the ACSM 

sampled from this secondary manifold through 1/4” stainless steel tubing. 

Additional details regarding this ship and its sampling facilities are discussed in (Humphries et al., 2019). As this was a trial 30 

voyage of a new research vessel, navigational records are unavailable for several periods of up to 18 hours. Location 

coordinates were interpolated assuming a constant ship velocity throughout these times. 

2.2 Primary in situ measurements 

Aerosol size distributions were measured over the diameter range 4–673 nm with two TSI 3080 Scanning Mobility Particle 

Sizers (SMPS). One was configured with a TSI 3085 Nano Differential Mobility Analyser (DMA) and a TSI 3776 Ultrafine 35 

Condensation Particle Counter (CPC), while the other used a TSI 3081 Long DMA and TSI 3010 CPC. The combined sample 

flow rate was 2.5 L min-1 and was dried with a membrane dryer (Nafion MD-700) upstream of both instruments. Size 

distributions were obtained with a time resolution of 5 minutes.  
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For comparison, a Neutral Cluster and Air Ion Spectrometer (NAIS) was used to obtain size distributions of ultrafine aerosol 

with diameters between 2–42 nm. The lower size limit offered by this instrument makes it well suited for observing aerosol 

nucleation events and any subsequent growth of the newly formed aerosol into the Aitken size range. The NAIS was operated 

with a 4 min time resolution and a sample flow rate of 60 L min-1 to minimise diffusional losses. No sample drying was applied 

for this instrument due to the high flow rate. 5 

Cloud condensation nuclei (CCN) concentrations were measured with a Droplet Measurement Technologies single growth 

column CCN counter (Model CCN-100), operated at a supersaturation (SS) of 0.5 %. For comparison, total number 

concentrations (N10) of aerosol with diameters larger than 10 nm were measured with a TSI 3772 CPC.  

Chemical analysis of non-refractory submicron aerosol was generated by an Aerodyne Time of Flight Aerosol Chemical 

Speciation Monitor (ACSM) and a full description of its design and operation is given in Fröhlich et al. (2013). An integrated 10 

Nafion membrane drier maintained the relative humidity at <40 % in the ACSM inlet. Measurements were averaged to a 1-

hour time resolution and a collection efficiency of 1 was applied to reflect high aerosol acidity observed throughout the voyage. 

The instrument’s size-dependent inlet transmission is at a maximum for vacuum aerodynamic diameters between 100–450 nm 

(Jayne et al., 2000; Liu et al., 2007) and therefore the composition measurements best represent primary marine aerosol and 

accumulation mode aerosol. SSA can be challenging to quantify from ACSM measurements. Most compounds present in SSA 15 

are refractory and are not efficiently vaporised in the ACSM. Since NaCl is typically the most abundant compound, 

Ovadnevaite et al. (2012) demonstrated that the NaCl+ ion signal could be used to estimate sea salt mass concentrations by 

applying a scaling factor of 51. The same scaling factor has been used in this study since there were no independent measures 

of sea salt mass concentration and the ACSM was not calibrated against sea salt or a NaCl laboratory standard. In Sect. 3.3, as 

an alternate evaluation of the scaling factor, the resulting sea salt concentrations have been contrasted against modelled values 20 

derived from wind speed.  

2.3 Supporting measurements 

Black carbon (BC) and carbon monoxide (CO) concentrations were measured with a Thermo Fisher Scientific 5012 Multi-

Angle Absorption Photometer (MAAP) and an Aerodyne Research Inc. infrared Laser Trace Gas Monitor, respectively. The 

trace gas monitor was not adequately calibrated and, on average, the CO measurements were 19 ± 5 ppb higher than the 25 

estimated reference concentrations given by the Global Greenhouse Gas Reference Network (GLOBALVIEW-CO, 2009). 

This indicates that the measurements were not quantitatively accurate but correlations between BC and CO were examined 

when identifying periods contaminated by ship emissions. Atmospheric radon concentrations were obtained from a 700 L dual-

flow-loop two-filter radon detector, described in Chambers et al. (2018), providing a signature of air masses that have passed 

over land. Sea surface chlorophyll-a (Chl-a) concentrations were sourced from the MODIS-Aqua Level-3 Binned dataset 30 

maintained by the NASA Goddard Space Flight Centre Ocean Biology Processing Group (OBPG, 2018). These represent 

monthly-average sea surface concentrations at 4-km spatial resolution. 

Seven-day backward air mass trajectories were estimated using the HYSPLIT Lagrangian dispersion model (Stein et al., 2015). 

The modelled trajectories were based on Global Data Assimilation System (GDAS) meteorological data, gridded at a 1° spatial 

resolution. Back trajectories were obtained for each hour of the voyage, and associated parameters were recorded including 35 

surface Chl-a, rainfall and air mass altitude relative to the boundary layer mixing height (e.g. Fig. S1). The accuracy of these 

back trajectories is inherently restricted by the accuracy of the model and the limited spatial and temporal resolution of the 

underlying meteorological data. In light of this, ensembles of 27 trajectories have been obtained for each hour of the voyage. 

The HYSPLIT modelling system generates ensembles by applying spatial offsets to the meteorology for each trajectory 

(Draxler, 2003). The offset is approximately 250 m in the vertical direction, so all trajectories were propagated from this initial 40 

altitude above sea level. The median boundary layer depth was 1200 m along the voyage track, so it has been assumed that 
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trajectories initiated at an altitude of 250 m offer a reasonable representation of the air masses sampled at the ship, within the 

limitations of the model. For each ensemble, all associated parameters were averaged at each time step along the back trajectory 

as a best estimate of the air mass position and conditions. In support of the back trajectories and for identification of synoptic 

weather systems, mean sea level pressure charts were accessed from the Australian Bureau of Meteorology weather maps 

archive.  5 

3 Data analysis 

3.1 Identification of ship emissions 

Due to the position of the sampling inlet at the bow of the ship, gas and particle phase measurements were excluded where 

wind directions were from the rear of the ship, defined as between 120–240° relative to the ship’s heading. Further 

contamination from ship exhaust was identified by applying a 1-hour rolling mean to the BC concentrations. At this time 10 

resolution, the MAAP had a nominal detection limit of 8 ng m-3 and clean marine air masses often exhibited concentrations 

below this limit (Fig. 2(c)). Since the aim of this study was to assess the characteristic air masses present in the Southern 

Ocean, data was excluded where the 1-hour mean concentration was above 30 ng m-3, where the 1-minute BC concentration 

was above 150 ng m-3 or where the air mass back trajectories crossed the ship’s path and may have captured its plume. Other 

studies have reported BC concentrations from Southern Ocean air masses that range between 1–70 ng m-3 (Cravigan et al., 15 

2015; Kim et al., 2017; Humphries et al., 2019; Schmale et al., 2019). Therefore, the selected limit was well within this range 

and allowed periods associated with long-range transport of continental air masses to be retained, while minimising local 

contamination from the ship. After applying the above thresholds, the remaining BC measurements were manually assessed 

for correlation with radon and CO, which were treated as proxies for continental emissions and local combustion respectively. 

3.2 Particle diameter mode fits 20 

After removing ship-contaminated measurements, the remaining distributions often exhibited local minima at 30 and 80 nm, 

separating peaks corresponding to the nucleation, Aitken and accumulation modes. A modified version of the lognormal mode 

fitting scheme discussed in Modini et al. (2015) was applied to the 1-hour average particle size distributions. Up to three 

lognormal modes were fitted using the above minima as bounds for the respective means and their spread was limited to the 

range 1.1 – 1.7, or 1.1 – 1.5 for the nucleation mode. At diameters <7 nm the distributions became persistently noisy due to 25 

low particle counts, while at diameters >300 nm the distributions were often broadened by contributions from SSA aerosol. 

These diameter ranges were excluded from the fitting process. 

SSA is generated through multiple production pathways that lead to a very broad range of diameters, extending from ultrafine 

(Cravigan et al., 2015) to supermicron-sized aerosol (Grythe et al., 2014). The resulting distribution can be approximated with 

a single broad characteristic SSA mode (Quinn et al., 2017). To avoid bias from other non-SSA aerosol, this mode is often fit 30 

to the tail of the aerosol size distribution at diameters >500 nm. In this study, size distributions only extended to a maximum 

diameter of 673 nm. The SSA mode could not be adequately constrained by this narrow range of diameters. Therefore, the 

other fitted modes likely contain some proportion of SSA aerosol and represent an upper bound on their true contribution to 

the aerosol distribution. 

The mode fitting was performed using the “minpack.lm” non-linear least squares minimisation package in the R software 35 

environment (Scrucca et al., 2016). In each case, the number of fitted modes was selected using the Bayesian Information 

Criterion, an estimator of model accuracy that penalises the complexity of the model to avoid overfitting. 
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In some cases, the fitted nucleation mode became sufficiently broad or exhibited mean diameters that prevented meaningful 

separation of the Aitken and nucleation modes. In these cases, both modes were combined and assigned to the nucleation or 

Aitken mode, dependent on whether the combined peak diameter was larger or smaller than 30 nm. In this study, both modes 

will be collectively termed ultrafine aerosol when distinguishing them from accumulation mode aerosol or SSA. 

As will be discussed in Sect. 4.2.1, the volume concentration of the Aitken mode aerosol can be a useful predictor of their 5 

contribution to CCN0.5% number concentrations. At the Aitken size range, aerosol number concentrations are poorly correlated 

with CCN because CCN activation potential is strongly dependent on particle size (Dusek et al., 2006). In contrast, the aerosol 

volume concentration weights the number concentration with a cubic dependence on particle diameter, devaluing contributions 

from small diameter aerosol that are less likely to have a role as CCN. These volume concentrations were determined by 

integrating over both the Aitken and nucleation modes in the number size distribution, assuming spherical-shaped aerosol. The 10 

nucleation mode was included to account for the periods when the two modes could not be adequately separated but where 

their combined mode extended into CCN-relevant sizes. 

3.3 Evaluation of SSA measurements 

There were no independent measures of sea salt mass concentration and the ACSM was not calibrated against laboratory 

standards for this species. So to evaluate the suitability of the NaCl+ scaling factor (see Sect. 2.2), the sea salt mass 15 

concentrations were estimated using the sea salt source function given by Ovadnevaite et al. (2012). This source function was 

developed based on measurements from an Aerodyne High Resolution Time of Flight Aerosol Mass Spectrometer, employing 

the same approach for scaling the NaCl+ signal. While the ACSM does not share the same resolution, the two instruments are 

otherwise highly similar making this source function the most ideally suited for comparison with the ACSM measurements. 

The source function depends on the sea-surface mass flux of submicron sea salt in ng m-2, given as a function of wind speed 20 

(U10) at 10 m above sea level and for U10 ≥ 3.7 m s-1. At wind speeds below this limit, the flux is assumed to be zero due to a 

lack of whitecapping (Callaghan et al., 2008). 

Ovadnevaite et al. (2012) observed decreased sea salt fluxes during periods of increasing wind speeds and increased flux for 

decreasing wind speeds. As a result, the authors presented separate wind-dependent flux parameterisations for each case, and 

the following parameterisation based on the total dataset with no differentiation between increasing or decreasing wind speed: 25 

𝐹 = 0.003 × 𝑈10
2.7 + 0.47 (1) 

The resulting submicron sea salt mass concentration (CSS) was then given by: 

𝐶𝑆𝑆 =
𝐹×𝑡

𝐻𝑀𝐵𝐿
 (2) 

HMBL is the marine boundary layer height in metres, and t is the filling time in seconds. Ovadnevaite et al. (2012) found that a 

2-day filling time gave the best agreement. This reflected the approximate frequency of passing synoptic systems or changes 30 

in air mass observed during the CWT cruise, so in this study the filling time was taken to be the time since the air mass last 

subsided from the free troposphere into the MBL prior to reaching the ship, up to a maximum of 48 hours. Over the same time 

interval, U10 was taken to be the surface wind speed at each hour along the air mass trajectory, to reflect the wind conditions 

where the aerosol production was taking place. 

The sea salt concentrations modelled with Eq. (1) overpredicted the observed data in most cases, but broadly reproduced many 35 

of the trends (Fig. S2). The worst predictions occurred when there was substantial rainfall during the 48-hour fill time. In 

contrast, the best agreement was found during the final 3.5 days of the cruise, where sea salt concentrations were high and air 

masses experienced stable dry conditions within the MBL for >48 hours prior to reaching the ship. During this period, the 

modelled concentrations overpredicted the in-situ measurements by 61 %, on average. 

The sea salt flux parameterisation for decreasing wind speed was disregarded since it would have further inflated the model 40 

concentrations. Much better agreement was obtained using the parameterisation corresponding to increasing wind speeds, 
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which overestimated the observed concentrations by only 13 %, on average (Fig. S2). Given this relatively close agreement 

during ideal conditions for SSA production, the modelled results offer support for the accuracy of the scaled sea salt 

measurements. Furthermore, it suggests that wind speeds in this region were increasing or variable, leading to an under-

developed sea state with lower SSA production rates than would be expected for constant or decreasing wind speeds. This 

highlights the impact of air mass meteorological history and synoptic-scale weather conditions on SSA concentrations. 5 

3.4 Classification of air masses 

There were few instances of “steady-state” conditions in which the aerosol properties remained largely unchanged over 

extended periods of time. However, on several instances, the aerosol size distribution became significantly biased towards 

either the Aitken or accumulation mode and the modal diameters abruptly shifted. The rapid onset of these changes suggested 

a change in air mass origins. The likely sources of these distinct air masses or aerosol production sources were investigated by 10 

examining the corresponding air mass back trajectories, radon concentrations and the associated aerosol chemical composition. 

4 Results and discussion 

4.1 General observations 

Throughout the voyage, the median air and sea surface temperatures were 4.7 °C (IQR: 2.9-8.7 °C) and 3.9 °C (IQR: 2.6-

8.9 °C), respectively. Median wind speeds observed at the ship were 12.0 m s-1 (IQR: 9.5-13.9 ms-1) and frequent synoptic-15 

scale weather systems were observed passing the ship throughout the voyage, particularly at latitudes south of 50° S. 

As shown in Fig. 1, the sea surface Chl-a concentrations indicated several regions of elevated biological productivity in this 

sector of the Southern Ocean. The most intense concentrations were localised along the Antarctic coastline, however 

significantly elevated concentrations were also located near the Kerguelen Plateau. This is an underwater volcanic plateau in 

the vicinity of the Kerguelen, Heard and McDonald Islands, that acts as a hotspot for marine biological activity during the 20 

austral summer months. 

Throughout the voyage, CCN0.5% concentrations were strongly variable (Fig. S3(b)), with an overall mean of 189 ± 65 cm-3. 

To examine the sources of this variability, it is helpful to consider the particle size distributions shown in Fig. 2(a). The highest 

total aerosol number concentrations and the greatest number contributions from Aitken and nucleation mode aerosol, were 

typically associated with maritime Southern Ocean (mSO) air masses. These periods were often characterised by long fetches 25 

over the open ocean to the south west and radon concentrations that averaged 43 ± 17 mBq m-3, in good agreement with the 

Southern Ocean background concentration of 50 mBq m-3 given in Chambers et al. (2018).  

The long south-westerly fetches were frequently disrupted by the passage of synoptic and mesoscale weather systems. This 

was notably observed on 4th – 6th, 8th – 9th and on 11th February. On all three occasions, the aerosol number concentrations 

decreased, the size distributions became biased towards the accumulation mode and radon concentrations increased above the 30 

marine background (Fig. 2). Air mass trajectories and radon concentrations indicated that the first period was influenced by 

continental and coastal Australian air masses (cAU), while the latter two received air masses from continental Antarctica (cAA). 

Aerosol properties observed from each air mass are shown in Table 1. They are further subdivided into discrete episodes for 

each air mass in Table S1 and are discussed in more detail in the following sections. 

4.2 Characteristics of the mSO air mass 35 

Across the four mSO sampling periods, the mean N10 concentration of 540 ± 200 cm-3 was almost double the concentrations 

observed from the continental air masses. Schmale et al. (2019) reported a similar relative change in number concentration 
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between measurements in the mid-latitudes of the Southern Ocean and those taken close to the Antarctic continent during the 

ACE-SPACE circumnavigation of Antarctica. The difference was driven by substantially higher Aitken and nucleation mode 

fractions, as shown in Fig. 3. On average, 57% of non-SSA aerosol in the mSO air mass was attributed to the nucleation mode 

and this increased to over 90% during a brief intense burst of nucleation mode aerosol on 6 th February 2015. The marine 

nucleation and Aitken mode aerosol concentrations were highly variable, rarely remaining constant for more than a few hours 5 

at a time (Fig. 4). The NAIS particle spectra did not reveal any instances of newly-formed sub-10 nm particles growing into 

the nucleation range, so the NPF events must have occurred some distance from the ship. At a mean of 26 nm, nucleation mode 

aerosol were typically at least twice as large as in the continental air masses, at times transitioning into the Aitken size range 

(Fig. S3) and suggesting a greater availability of aerosol precursors during NPF events or increased condensational growth 

associated with these marine air masses. 10 

For comparison, similar short-lived sub-20 nm modes were reported by Covert et al. (1996) and Bates et al. (1998) during 

austral summer voyages in the Pacific and Australian sectors of the Southern Ocean, respectively. In the latter case, nucleation 

mode concentrations typically did not exceed those of the Aitken mode. However their cruise did not extend to latitudes south 

of 55 °S and this reflects the latitudinal distribution of Aitken contributions observed during the CWT cruise. In contrast, 

during a concurrent cruise in 2015 through the Atlantic sector of the Southern Ocean, Fossum et al. (2018) did not observe a 15 

significant proportion of nucleation mode aerosol in most marine air masses and saw minimal variability in the Aitken mode 

diameter. Their analysis centred around periods of steady state conditions and as a result, may have excluded transient episodes 

of NPF and favoured air masses in which the aerosol population had undergone substantial cloud processing, leading to 

relatively invariant Aitken diameters.  

4.2.1 Influences on marine CCN 20 

CCN0.5% concentrations were quite similar across the four mSO sampling periods, averaging 189 ± 67 cm-3. The accumulation 

mode number concentrations were strongly correlated with CCN0.5% (Pearson’s correlation coefficient of 0.824, p-value of 

< 2.2 × 10-16), explaining 68 % of the variability in CCN0.5% in mSO air masses. The remaining variability can be attributed to 

fluctuations in SSA concentrations or contributions from Aitken mode aerosol with sufficiently large diameter to activate as 

CCN0.5%. As discussed in Sect. 3.2 and Sect. 3.3, SSA number concentrations could not be adequately constrained and so the 25 

observed sea salt mass concentration was used as a proxy. The contribution from Aitken mode aerosol depended on both the 

aerosol diameter and number concentration. Independently, these two parameters were poorly correlated with CCN0.5%. The 

correlation was improved by combining them to give the ultrafine aerosol volume (Sect. 3.2), which was weighted towards 

aerosol sizes that were more likely to be CCN active.  

After subtracting the accumulation mode contribution, the remaining CCN0.5% were strongly correlated with sea salt mass 30 

concentrations during mSO-IV and, to a lesser extent, during mSO-III (Fig. 5). While both mSO-II and mSO-III shared similar 

correlation coefficients, the former period exhibited the widest range of non-accumulation mode CCN0.5% and the narrowest 

range of sea salt concentrations, and therefore the apparent trend was not physically meaningful. 

The strong correlation observed for mSO-IV can be attributed to the fact that concurrent CCN0.5% and sea salt measurements 

were only available during a brief 15-hour window which coincided with the passage of a cold front across the path of the 35 

ship. During the 48 hours prior to reaching the ship, the corresponding air masses experienced median wind speeds of up to 

12.6 m s-1, leading to sea salt mass concentrations of up to 0.86 μg m-3. Similarly, a cold front passed the ship shortly before 

the start of mSO-III. During the initial 9 hours of this sampling period, the 48-hour median wind speeds reached as high as 

15.6 m s-1, but the maximum observed sea salt mass was 0.62 μg m-3. The discrepancy between these two cases can be 

attributed to differences in rainfall history along the air mass trajectories, with 48-hour rainfall totals that were up to an order 40 

of magnitude higher in mSO-III than mSO-IV (Fig. S4). 
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Comparing the two sampling periods more broadly, the mSO-III sampling period occurred at higher latitudes where weather 

systems are typically more frequent and intense. The mass-based source function predicted much higher sea salt concentrations 

than were observed throughout mSO-III (Fig. S2) due to persistently higher wind speeds, which reached a maximum of 

19.4 m s-1. However, only 10 % of the air mass back trajectories for this period remained within the MBL with rainfall rates 

<0.25 mm h-1 during the final 48 hours prior to reaching the ship. By comparison, 83 % of the back trajectories met these 5 

requirements for mSO-IV, leading to much closer agreement between the modelled and observed concentrations.  

Given that the mass-based source function was developed on the basis of steady state SSA concentrations measured during 

periods of stable wind speeds, it is likely that the unfavourable conditions during mSO-III prevented the SSA aerosol from 

building towards the concentrations predicted by the model. Furthermore, these findings suggest at least two days of historical 

meteorology should be considered for each sampled air mass when estimating SSA production rates and concentrations over 10 

the Southern Ocean.  

In contrast to SSA, the ultrafine aerosol volume concentrations were strongly correlated with the non-accumulation mode CCN 

during most mSO sampling periods, with a weaker response during mSO-III (Fig. 6). These strong correlations were driven by 

three episodes of particularly high ultrafine aerosol volume that occurred on 2nd, 6th and 13th February 2015 (Fig. S5(a)). The 

associated air mass trajectories were averaged for each episode and altitude profiles were generated to investigate the 15 

atmospheric conditions which lead to each event (Fig. S6). 

Each case was characterised by relatively low altitude air masses which remained at an average of 240 ± 80 m above sea level, 

facilitating the uptake of biogenic emissions from the ocean surface. They each spent at least 12 hours above regions of 

increased biological productivity, indicated by ocean surface Chl-a concentrations well above the regional mean of 0.24 mg m-

3, before encountering cold fronts that strongly compressed the boundary layer. The intervening transport times between the 20 

biologically active regions and the frontal systems ranged from approximately 48–100 hours, comparable to the estimated 

lifetime of DMS in the remote MBL (Langley et al., 2010; Barnes et al., 2006). The subsequent strong compression of the 

MBL likely increased the vapour pressures of DMS oxidation products, leading to increased condensational growth and the 

observed increases in the Aitken mode diameters.  

Of these three episodes, the largest Aitken mode aerosol were observed on 6th February. Due to the passage of the front, the 25 

air masses were transported into the free troposphere, returning to the MBL less than 27 hours prior to reaching the ship (Fig. 

S6(d)). During this time, rainfall rates peaked at 0.56 mm h-1. As a result, both observations and modelled estimates of sea salt 

mass concentration were low throughout this episode (Fig. S2), measured at an average of 0.13 ± 0.05 μg m-3. Therefore, 

assuming minimal contribution to CCN0.5% from SSA, Aitken mode aerosol contributed up to 181 cm-3 or 56% of total CCN0.5% 

during this period. For comparison, the highest SSA concentrations were observed on 12th February and were associated with 30 

non-accumulation mode CCN concentrations that increased to 77.6 cm-3 (Fig. S5(b)). Due to a coincident increase in ultrafine 

aerosol volume concentration, it is unclear how much of the increase in CCN0.5% can be directly attributed to SSA. At most, 

SSA may have contributed 34% of the total CCN0.5%. This is consistent with the contribution from SSA at high latitudes as 

reported in Quinn et al. (2017) and supports their finding that nss-SO4 represent the dominant source of CCN0.5% even in the 

remote Southern Ocean. 35 

Air mass trajectories associated with the 6th February enhancement of the Aitken mode showed high sea surface Chl-a 

concentrations in the vicinity of the Kerguelen Plateau (Fig. S6(c)). Strong peaks in nucleation mode aerosol concentrations, 

observed on 3, 7 and 10 February (Fig. 4), also coincided with air mass trajectories that passed over or close to the Kerguelen 

Plateau (e.g. Fig. S7). However, although they passed over similar concentrations of sea surface Chl-a, they generally did so 

at almost twice the altitude of the air masses associated with Aitken mode aerosol and likely experienced lower flux rates of 40 

biogenic emissions. In addition, they did not encounter such pronounced compression of the MBL in a suitable timeframe after 

passing the high Chl-a region and were not transported into the free troposphere at any point along the trajectory. As a result, 

it seems that they developed sufficient concentrations of nss-SO4 precursors to trigger NPF within the MBL, but could not 
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support the same degree of condensational growth into the Aitken diameter range and therefore had negligible impact on CCN 

concentrations. 

4.3 Continental and coastal Australian air masses (cAU) 

The cAU air masses were encountered as the ship moved southward between 54.2 °S and 58.5 °S. During this time, the back 

trajectories indicated air masses circulating around a persistent high-pressure system which was centred approximately 5 

1000 km south of the Australian mainland (Fig. 8). Radon, BC and organic aerosol concentrations initially rose above the 

marine background level (Fig. 2 and Fig. S8), peaking at hourly means of 220 mBq m-3, 0.027 μg m-3 and 0.18 μg m-3, 

respectively. The interpretation of this elevated radon concentration has been discussed in detail by Chambers et al. (2018) 

and it suggests that the air mass was influenced by terrestrial emissions. However given that the radon concentrations were 

approximately an order of magnitude lower than is commonly seen over major land masses (Chambers et al., 2011) and the 10 

trajectories spent approximately 54% of their 7-day duration in the free troposphere (Fig. S9), they likely represented long 

range transport of aged and diluted terrestrial emissions.  

N10 concentrations were approximately halved compared to the mSO air masses, including almost complete loss of the 

nucleation mode. However the accumulation mode concentrations increased to dominate the size distribution (Fig. 7) and both 

the Aitken and accumulation modes exhibited the largest mean diameters of the voyage (Table 1 and Fig. S3). Overall, the net 15 

result was a slight increase in CCN0.5% relative to the mSO air masses, with a median concentration of 200 cm-3.  

4.4 Continental Antarctic air masses (cAA) 

The cAA air masses were encountered when the ship was within 400 km of the Antarctic coastline, between the latitudes of 

64–65.1° S, and during the northward transit between the latitudes of 57.5–60.1° S, at approximately 1000 km from the 

Antarctic coast. Each cAA period was preceded by strong low-pressure systems centred at approximately 60° S, which diverted 20 

the air masses northwards from over the Antarctic continent and towards the ship. (Fig. 9 and Fig. 10). The air masses 

consistently followed the typical katabatic wind regime (Humphries et al., 2016), remaining within the free troposphere while 

over the continent and then rapidly subsiding into the MBL as they moved offshore over the coastal region (Fig. S10).  

The continental influence on the cAA-I air masses was supported by mean radon concentrations of 82 ± 25 mBq m-3. This was 

consistent with the increase in summer-autumn radon concentrations at latitudes above 64° S, as reported by Chambers et al. 25 

(2018), through a combination of increased coastal emissions (due to exposed rocks and soils) and subsidence of terrestrially-

influenced tropospheric air over Antarctica. As with the cAU air mass, the majority of aerosol were in the accumulation mode 

(Fig. 11, Table S1), in close agreement with cAA observations given by (Fossum et al., 2018). For cAA-I, this led to median 

CCN0.5% concentrations that were 25% higher than any other air mass, at 252 cm-3. 

The transitions between the mSO and cAA-II air masses were more gradual, with a greater proportion of the back trajectories 30 

passing over the coastal region (Fig. 8). In addition, the increased distance to the ship lead to more dilution and mixing within 

the MBL, resulting in radon concentrations that were only slightly elevated above the marine background, at a mean of 

62.5 mBq m-3. Nonetheless, the period shared very similar N10 concentrations, nss-SO4 mass concentrations and a dominant 

accumulation mode as cAA-I (Table S1, Fig. S3 and Fig. S8). 

The transitions between mSO and cAA-I air masses were well defined during both the southward and northward transits, with 35 

pronounced and persistent changes particularly in N10 and Aitken number concentrations, as well as meteorological parameters 

such as air temperature and absolute humidity (Fig. S11). They occurred across a latitude range of approximately 64.0–64.5° S. 

During a nearby cruise in the early austral spring of 2012 and in the same region, Humphries et al. (2016) observed a similar 

abrupt transition at 64.4° S and attributed this to a shift between the Ferrel atmospheric cell and the polar cell. It is interesting 

to note that while they reported comparable N10 concentrations in the polar region, these decreased to a mean of 194 cm-3 at 40 
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lower latitudes, rather than increasing as was seen during the CWT voyage reported on here. This may reflect greater seasonal 

variability in the Southern Ocean compared to polar waters, with lower oceanic productivity in the early spring leading to 

reduced rates of aerosol formation and growth to diameters above 10 nm. Nonetheless it is difficult to draw conclusions from 

these two datasets in isolation, highlighting the need for further latitudinal and seasonal studies in this region. 

5 Conclusions 5 

We have presented the first comprehensive study of aerosol properties targeting the full latitudinal width of the Southern Ocean 

south of Australia. The voyage was carried out during the austral summer of 2015 and extended to the edge of the marginal 

ice zone at 65° S. Despite the short 2-week timeframe of this study, synoptic scale weather systems interrupted the usual mSO 

air masses on three occasions, drawing continental-influenced air masses from Australia and Antarctica over 1000 km into the 

Southern Ocean. In line with observations by Humphries et al. (2016), a pronounced change in aerosol number concentrations, 10 

size distributions, CCN activity, air mass trajectories and other meteorological parameters offer support for a transition into 

the polar atmospheric cell at an approximate latitude of 64° S.  

During cAA-I, increased accumulation mode aerosol in the continental outflow led to 25 % higher CCN concentrations than 

the voyage mean. All other air masses exhibited similar median CCN0.5% concentrations, but with substantially higher 

variability in the mSO air masses. Increases in SSA were directly linked to this variability for only two 10-hour episodes during 15 

the northward transit. In part, this was attributed to the competing influence of strong secondary aerosol production caused by 

high levels of summer-time marine productivity. However, the frequent synoptic-level weather systems in the Southern Ocean 

are typically accompanied by rainfall and convective transport into the free troposphere. We suggest that SSA rarely reach 

their wind speed-dependent equilibrium concentration unless the air mass remains within the MBL and is not exposed to 

substantial rainfall (e.g. >0.25 mm h-1) for approximately 48 hours. 20 

During this voyage, secondary aerosol production and growth of the Aitken mode diameter had a stronger influence than SSA, 

leading to non-accumulation mode CCN concentrations that were up to 200% higher than the corresponding peaks seen during 

SSA-influenced episodes. However, although there were several regions of high biological productivity in this sector of the 

Southern Ocean, Aitken mode aerosol only exhibited growth to CCN-relevant diameters in three instances. These periods were 

marked by low air mass trajectory altitudes, several hours of exposure to a region of high biological activity, sufficient time 25 

for gas phase photochemistry to occur and finally strong compression of the MBL during the passage of a cold front which 

promoted NPF or aerosol condensational growth. In the absence of a cold front, or when it coincided with a biologically 

productive region, high concentrations of nucleation mode aerosol were formed with minimal impact on CCN. 

The wind-mediated SSA model predicted the highest concentrations of SSA at high latitudes where cyclonic conditions were 

most frequent. However, the impact of these weather systems on air mass altitudes and aerosol wet scavenging rates 30 

significantly limited the observed SSA concentrations and in fact the highest concentrations were observed during stable 

weather conditions, more commonly seen at lower latitudes. Clearly, air mass meteorological history must be carefully 

considered when predicting SSA concentrations. 

These results highlight the fundamental role of synoptic-level weather systems in promoting or inhibiting SSA and CCN-

relevant secondary aerosol. Given the current scarcity of data from the Southern Ocean, and the over-representation of summer-35 

time voyages, there is a clear need for a greater body of data. This would allow examination of whether the aerosol population 

exhibits such variability during other seasons and therefore its dependence on biological activity. It would also be valuable to 

assess the frequency, duration and characteristics of the long-range transport events. 

6 Data availability 

The underlying research data can be accessed upon request to the corresponding author (Zoran Ristovski; 40 
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Figure 1: Voyage track (red line) of the RV Investigator during the CWT voyage. The colour scale represents the mean chlorophyll-

a concentrations for February 2015, derived from MODIS satellite images. A logarithmic scale has been used and has been limited 

to the range 0.03–7 mg m-3 to enhance visual detail. White regions represent unavailable data due to sea ice or persistent cloud cover, 

and a region of high marine biological activity has been marked in the vicinity of the Kerguelen Plateau. 5 

 

Figure 2. Time series of (a) aerosol size distributions, (b) atmospheric radon concentrations and (c) BC concentrations throughout 

the Cold Water Trial voyage. Periods influenced by different air masses are labelled and delimited by dotted lines. Blank regions 

represent periods of instrument maintenance or contamination from ship emissions which have been excluded from analysis. The 

smoothed black lines in (b) and (c) represent rolling six-hour averages to assist in identification of temporal trends. Periods 10 
influenced by ship emissions have been removed from the BC concentrations and the dotted horizontal line gives the BC detection 

limit of 8 ng m-3. 
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Table 1: Physical properties observed for the three air mass classifications, including continental Antarctic (cAA), continental 

Australian (cAU) and maritime Southern Ocean (mSO). The values represent the median for each air mass, with the interquartile 

range provided in parentheses. 

Air mass cAA cAU mSO 

Number concentrations 

N10 (cm-3) 308 (291–329) 239 (166–259) 492 (408–664) 

CCN0.5% (cm-3) 224 (198–252) 200 (127–225) 188 (145–228) 

CCN0.5% activation ratio 0.71 (0.62–0.80) 0.80 (0.72–0.89) 0.40 (0.28–0.55) 

Size distributions 

Nucleation concentration (cm-3) 32 (15–75) 13 (10–15) 240 (120–490) 

Aitken concentration (cm-3) 74 (65–81) 65 (43–77) 190 (110–280) 

Accumulation concentration (cm-3) 180 (150–210) 170 (130–180) 140 (100–170) 

Nucleation peak diameter (nm) 13 (11–17) 23 (22–25) 21 (19–27) 

Aitken peak diameter (nm) 37 (36–39) 51 (45–57) 37 (34–42) 

Accumulation peak diameter (nm) 102 (96–115) 172 (169–181) 121 (111–129) 

Nucleation mode spread 1.36 (1.28–1.50) 1.33 (1.10–1.45) 1.33 (1.25–1.45) 

Aitken mode spread 1.28 (1.24–1.34) 1.45 (1.34–1.57) 1.3 (1.24–1.35) 

Accumulation mode spread 1.58 (1.53–1.67) 1.62 (1.53–1.70) 1.59 (1.49–1.70) 

Composition 

Org (ng m-3) < 50* 80 (50–110) < 50* 

SO4 (ng m-3) 130 (100–140) 180 (120–250) 100 (70–130) 

SSA (ng m-3) 60 (20–120) 90 (40–170) 140 (80–30) 

Continental / anthropogenic influences 

Radon (mBq m-3) 74 (56–94) 73 (60–89) 42 (31–54) 

BC (ng m-3) < 8* 10 (8–15) < 8* 

* Below detection limit 
 5 

 

Figure 3: Mean number size distribution for sub-micron aerosol during periods of mSO air masses. The coloured lines are fitted log-

normal distributions representing contributions from nucleation (blue), Aitken (brown) and accumulation (green) mode aerosol to 

the observed total size distribution (black points). 
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Figure 4: Aerosol number concentrations in the nucleation (blue), Aitken (brown) and accumulation (green) modes, as derived from 

the fitted size distributions. Periods influenced by different air masses are labelled and delimited by dotted lines. Blank regions 

represent missing data due to contamination from ship emissions or instrument maintenance. 5 

 

 

Figure 5: Correlations between non-accumulation mode CCN0.5% and sea salt mass concentrations derived from ACSM 

measurements. The point shapes represent the four periods affected by marine air masses, while the colour scale represents the 

corresponding volume concentrations of ultrafine aerosol. The Pearson’s correlation coefficients (and p-values) were 0.169 (0.30), 10 
0.495 (3.4×10-3), 0.516 (1.5×10-3) and 0.929 (5.6×10-7) for each air mass in chronological order. 
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Figure 6: Correlations between non-accumulation mode CCN0.5% and total ultrafine aerosol volume concentration. The point shapes 

and colours represent the four periods affected by marine air masses. The Pearson’s correlation coefficients (and p-values) were 

0.888 (4.3×10-15), 0.942 (3.2×10-16), 0.580 (2.1×10-4), and 0.888 (1.1×10-12) for each air mass in chronological order. 

 5 

 

Figure 7: Mean number size distribution for sub-micron aerosol during a period likely influenced by continental and coastal 

Australian air masses. The coloured lines are fitted log-normal distributions representing contributions from nucleation (blue), 

Aitken (brown) and accumulation (green) mode aerosol to the observed total size distribution (black points). 
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Figure 8: Probability distribution of air mass coordinates throughout all back trajectory ensembles from the cAU sampling period. 

The colour scale reflects the proportion of trajectories which passed through each location, with the highest density of trajectories 

found in the dark red region, which coincided with the approximate centre of a high-pressure system. The ship’s voyage track is 

represented in red and the ship was located at a mean latitude of 56° S during this period. 5 

 

 

Figure 9: Probability distribution of air mass coordinates throughout all back trajectory ensembles from the cAA-I sampling period. 

The colour scale reflects the proportion of trajectories which passed through each location, with the highest density of trajectories 

found in the dark red region. The ship’s voyage track is represented in red and the ship was located at a mean latitude of 64.5° S 10 
during this period. 
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Figure 10: Probability distribution of air mass coordinates throughout all back trajectory ensembles from the cAA-II sampling 

period. The colour scale reflects the proportion of trajectories which passed through each location, with the highest density of 

trajectories found in the dark red region. The ship’s voyage track is represented in red and the ship was located at a mean latitude 

of 59° S during this period. 5 

 

 

Figure 11: Mean number size distribution for sub-micron aerosol during two sampling periods influenced by continental Antarctic 

air masses. The coloured lines are fitted log-normal distributions representing contributions from nucleation (blue), Aitken (brown) 

and accumulation (green) mode aerosol to the observed total size distribution (black points). 10 

 


