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Abstract

The cloud properties and governing processes in Southern Ocean marine boundary layer clouds have emerged as a central issue

in understanding the Earth’s climate sensitivity. While the simulated cloud feedbacks in Southern Ocean clouds have evolved

in the most recent climate model intercomparison, the background properties of simulated summertime clouds in the Southern

Ocean are not consistent with measurements due to known biases in simulating cloud condensation nuclei concentrations. This

paper presents several case studies collected during the Capricorn 2 and Marcus campaigns held aboard Australian research

vessels in the Austral Summer of 2018. Combining the surface-observed cases with MODIS data along forward and backward

air mass trajectories, we demonstrate the evolution of cloud properties with time. These cases are consistent with multi-year

statistics showing that long trajectories of air masses over the Antarctic ice sheet are critical to creating high droplet number

clouds in the high latitude summer Southern Ocean. We speculate that secondary aerosol production via the oxidation of

biogenically derived aerosol precursor gasses over the high actinic flux region of the high latitude ice sheets is fundamental to

maintaining relatively high droplet numbers in Southern Ocean clouds during Summer.
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Abstract: The cloud properties and governing processes in Southern Ocean marine boundary 12 

layer clouds have emerged as a central issue in understanding the Earth’s climate sensitivity. 13 

While the simulated cloud feedbacks in Southern Ocean clouds have evolved in the most recent 14 

climate model intercomparison, the background properties of simulated summertime clouds in 15 

the Southern Ocean are not consistent with measurements due to known biases in simulating 16 

cloud condensation nuclei concentrations. This paper presents several case studies collected 17 

during the Capricorn 2 and Marcus campaigns held aboard Australian research vessels in the 18 

Austral Summer of 2018. Combining the surface-observed cases with MODIS data along 19 

forward and backward air mass trajectories, we demonstrate the evolution of cloud properties 20 

with time. These cases are consistent with multi-year statistics showing that long trajectories of 21 

air masses over the Antarctic ice sheet are critical to creating high droplet number clouds in the 22 

high latitude summer Southern Ocean. We speculate that secondary aerosol production via the 23 

oxidation of biogenically derived aerosol precursor gasses over the high actinic flux region of the 24 

high latitude ice sheets is fundamental to maintaining relatively high droplet numbers in 25 

Southern Ocean clouds during Summer.   26 

 27 
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Plain Language Summary:  The amount of warming the Earth will experience because of 28 

increasing carbon dioxide levels in the atmosphere is sensitive to the properties of clouds that 29 

occur over the Southern Ocean.  The atmosphere over the circumpolar Southern Ocean is poorly 30 

understood and presents significant challenges to climate models.  Here we document the 31 

properties of the ubiquitous Southern Ocean low-level clouds that exert a strong influence on the 32 

albedo of this region. We find that high cloud droplet number concentrations are associated with 33 

air masses that have taken paths over the high-altitude ice sheets.  The chemistry of the aerosol 34 

on which the cloud droplets form suggests that newly formed aerosols that have condensed from 35 

gasses emitted by phytoplankton in the highly productive waters near Antarctica are an important 36 

component of the cloud properties that must be correctly simulated in models.   37 

 38 

Main Point 1:  High cloud droplet number concentrations are associated with air masses that 39 

have recently passed over continental Antarctica. 40 

 41 

Main Point 2:  Cloud droplet number concentrations decrease with time as clouds evolve in 42 

over-water trajectories due to scavenging by precipitation. 43 

 44 

Main Point 3:  Katabatic flows bring high concentrations of cloud condensation nuclei to the 45 

marine boundary layer where they influence cloud properties. 46 

    47 

1 Introduction 48 

As one of the cloudiest regions on Earth, with cloud cover near 90% (Mace et al., 2009; 49 

Mace & Zhang, 2014), the high latitude Southern Ocean from roughly poleward of the Antarctic 50 

Circumpolar Current to the Antarctic Continent is a critical component of the Earth’s climate 51 

system.  In addition to fundamental oceanographic processes such as the uptake of atmospheric 52 

heat and carbon in the formation of the intermediate and deep-water masses (Armour et al., 53 

2016; Morrison et al., 2016), the albedo of the extensive cloud cover, particularly in summer, 54 

induces significant controls on the column energy budget of the region and influences the Earth’s 55 

climate (Zelinka et al., 2020; Gettelman et al., 2019).    56 

The high cloud cover of the Southern Ocean is primarily due to extensive marine 57 

boundary layer (MBL) clouds, most of which are liquid phase and subfreezing (Bodas-Salcedo et 58 
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al., 2016).  These clouds, while mostly nonprecipitating (Huang et al., 2016), generate both 59 

liquid- and ice-phase precipitation (Mace et al., 2021).  Because precipitation exerts controls on 60 

cloud cover (Albrecht et al., 1989), precipitation in these clouds continues to be a topic of active 61 

research (Kang et al., 2022).  However, cloud properties and the associated cloud albedo, as well 62 

as the precipitation processes, respond to a significant seasonal cycle in cloud condensation 63 

nuclei (CCN) that directly influence cloud droplet number concentration (Nd) (McCoy et al., 64 

2015; Kruger and Grasl, 2011; Mace et al., 2023, 2021).  Analyzing cloud properties derived 65 

from A-Train data, Mace and Avey (2017) find that the Summer Nd in the SO is approximately a 66 

factor of two higher in summer compared to winter.  While this seasonal cycle in Nd is thought to 67 

be associated with seasonally higher CCN associated with due to secondary aerosol production 68 

derived from the oxidation of biogenically-derived precursor gasses such as dimethyl sulfide 69 

(DMS) (Lana et al., 2012), aerosol measurements collected during recent campaigns have not 70 

directly observed new particle formation events. However, robust circumstantial evidence 71 

suggests that new particle formation of sulfur-based particles with a volatility similar to sulfuric 72 

acid in the SO free troposphere is widespread and frequent (McCoy et al., 2021).  73 

This hypothesis is consistent with prior studies suggesting that particle concentrations in 74 

the free troposphere in marine regions are controlled by sulfuric-acid-driven nucleation of 75 

nanoparticles resulting from the oxidation of oceanic dimethylsulfide transported upward.  76 

Downward transfer of these nanoparticles then supplies the marine boundary layer with CCN 77 

concentration. This mechanism of aerosol production has been observed (Clarke, 1993) and 78 

modeled (Russell et al., 1994; Raes, 1995) previously.  Most recently, laboratory work on 79 

sulfuric acid nucleation and further growth have demonstrated that these processes can survive 80 

evaporation and even grow during these transport processes and temperature transitions 81 

(Tiszenkel et al., 2019) 82 

 Trajectory analyses also point to a source of CCN from airmasses emanating from the 83 

Antarctic continent (Humphries et al., 2016; Twohy et al., 2021; Simmons et al., 2021).  84 

Specifically, the Antarctic continent in summer has been identified as a potential source of 85 

sulfate aerosol in work dating back to the 1980’s (Shaw, 1988).  Presumably, air masses with 86 

high DMS and oxidants are lofted over the high albedo and mostly cloud-free ice sheets in 87 

synoptic scale ascent, where most ambient aerosols are removed by precipitation.  New sulfate-88 

containing aerosol particles nucleate and grow during the time spent over the ice sheets in the 89 
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cold free-troposphere.  Katabatic flows then cause these newly formed aerosols to emerge into 90 

the marine boundary layer in the waters adjacent to the Antarctic continent (Simmons et al., 91 

2021).   92 

Using MODIS data, we recently showed that Nd in the East Antarctic sector of the SO 93 

exhibits strong latitudinal gradients during Summer, with the highest Nd in the waters 94 

immediately adjacent to the Antarctic Continent (Mace et al., 2023). These results agreed 95 

broadly with findings compiled from the Measurements of Aerosols, Radiation, and Clouds over 96 

the Southern Ocean (MARCUS) and the Clouds, Aerosols, Precipitation, Radiation, and 97 

atmospheric Composition over the Southern Ocean (CAPRICORN II) (McFarquhar et al., 2021) 98 

campaigns that collected data in this region during Summer 2018 (Mace et al., 2021).  The 99 

latitudinal gradient in Nd is a curious feature of the SO region. It seems consistent with the idea 100 

that the highest CCN concentration is found immediately adjacent to the Antarctic continent.  101 

Cloud and precipitation processing of the aerosol then decrease Nd with distance away from the 102 

Antarctic coast. However, the CCN concentration and Nd remain mostly above sea salt aerosol 103 

concentration, suggesting a source of new particles mixing into the MBL from the free 104 

troposphere (McCoy et al., 2021).  The extent to which the background CCN and Nd are 105 

maintained against cloud processing by mixing from the free troposphere, as suggested by 106 

Twohy et al. (2021) and McCoy et al. (2021), is unknown.    107 

The processes that maintan Nd in the summer SO are crucial to understanding the Earth’s 108 

climate sensitivity.  In the most recent climate model intercomparison project (CMIP6; Eyring et 109 

al., 2016), the high latitude SO had significantly less negative cloud feedback than in CMIP5 and 110 

earlier model intercomparison studies.  While this change in simulated cloud feedback was due 111 

partially to an observationally consistent decrease in ice-phase precipitation, the cloud feedback 112 

change occurred within a simulated background state in cloud properties that is unrealistic.  As 113 

shown by McCoy et al. (2021), the CAM6 model consistently underpredicts, by approximately a 114 

factor of 2, the Nd in comparisons to collocated measurements during the Southern Ocean Cloud 115 

Radiation Aerosol Transport Experimental Study (SOCRATES) campaign (McFarquhar et al., 116 

2021).  McCoy et al., (2021) trace this bias to an insufficient DMS oxidation mechanism in the 117 

model among other issues.  Since Nd and precipitation scale inversely in MBL clouds (Comstock 118 

et al., 2004), a correct simulation of Nd is a prerequisite to correctly predicting the precipitation 119 
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that is driving the negative feedback changes in CAM6 (Gettleman et al., 2019) poleward of 120 

about 50°S.   121 

This paper examines three case studies collected in the Australian East Antarctic sector of 122 

the SO from the Summer of 2018 during the MARCUS and CAPRICORN II campaigns.  Using 123 

a combination of surface-based cloud property diagnostics and aerosol in situ measurements, we 124 

examine MODIS-derived cloud properties along backward and forward trajectories.  We show 125 

that clouds forming in air masses recently descended in Katabatic flows from the high-altitude 126 

Antarctic ice sheets have significantly higher Nd than the mean for that latitude. The Nd then 127 

decreases with time as the air masses pass over the open ocean.  We then place these case studies 128 

within a larger context of MODIS data collected over 5 Austral Summers to show a consistent 129 

relationship between Nd and trajectories emanating from the Antarctic continental ice sheets.   130 

2.  Methods 131 

In this study, we combine data from the MARCUS and CAPRICORN II ship-based 132 

campaigns with MODIS level 2 data products extracted from overpasses along backward and 133 

forward airmass trajectories centered on the ships.  This combination of surface and satellite 134 

measurements linked by trajectory modeling allows us to exploit the synergy in the surface and 135 

satellite measurements.  While polar-orbiting satellite measurements provide spatial context, they 136 

only provide a single snapshot in time and have only limited information on the cloud field.  137 

Surface-based measurements fill in the missing temporal element and add significant detail but 138 

are limited spatially.  Using airmass trajectories derived from model output, we can combine the 139 

spatial information from MODIS with the much more detailed information from the surface to 140 

address the role of airmass history in governing cloud properties in the high-latitude Southern 141 

Ocean.    142 

a.  Ship Data 143 

The CAPRICORN II voyage occurred from 11 January to 21 February 2018 between 144 

Hobart, Tasmania, and the East Antarctic coastal region.   CAPRICORN II collected 145 

oceanographic data along transects between the 130°-150°E meridians by occupying some 88 146 

stations from 6 to 24 hours where oceanographic data were collected, followed by movement to 147 
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the next station several tens of km distant.  This approach was advantageous for atmospheric data 148 

collection, allowing for longer periods of measurements at latitudes infrequently sampled by 149 

voyages focusing on the highest latitudes.  On the other hand, the DOE ARM-funded MARCUS 150 

deployed instrumentation on the Aurora Australis that was conducting resupply of the Australian 151 

Antarctic stations (McFarquhar et al., 2019).  Since resupply was the primary objective of the 152 

ship, the Aurora Australis made best time between Hobart and the Australian stations in 5 153 

voyages starting in Hobart between November 2017 and March 2018.  For a more thorough 154 

description of these campaigns, see Mace et al. (2021) and McFarquhar et al. (2019, 2021).  The 155 

cloud and aerosol measurement instrumentation are described in detail in the supplemental 156 

material of McFarquhar et al. (2021).   157 

Cloud properties from the surface-based measurements are derived using a synergistic 158 

approach described in Mace et al. (2021).  Combining measurements from collocated and 159 

vertically pointing W-Band radars, optical elastic lidars, and microwave radiometers (MWR) on 160 

each ship, we derive Nd and cloud-top effective radius (re) of shallow cloud layers based in the 161 

MBL.  Our methodology allows for a liquid water path (LWP) constraint provided by the MWR 162 

(Turner et al., 2016), and the radar and lidar are combined to constrain Nd and re given the LWP.   163 

Constraints on Nd and re are possible by assuming that Nd is constant with height and the 164 

observed liquid water path is distributed subadiabatically, knowing the cloud geometry.  The 165 

LWP uncertainty is 20% for LWP more than 100 g m-2, scaling to 100% near the detection limit 166 

of 20 g m-2 while the re and Nd retrievals have uncertainty of 30% and 100%, respectively.  167 

 168 

b.  Airmass Trajectories 169 

We derive 120-hour airmass back and forward trajectories based on the ship location for 170 

specific case studies centered on the time of a MODIS overpass.   The trajectories are calculated 171 

using the National Center for Environmental Prediction’s (NCEP) Global Data Assimilation 172 

System (GDAS) (GDAS; Kanamitsu,1989) with the HYSPLIT program (HYSPLIT; Stein et al., 173 

2015) using the Stochastic Time Inverted Lagrangian Transport Model (STILT) (Fasoli et al., 174 

2018) in concentration mode for 100 particle tracers starting near the top of the marine boundary 175 

layer.  We use the STILT model in our analysis to gauge the extent to which the center of mass 176 

trajectory that we derive from the dispersion of the tracers is a viable description of the likely 177 

parcel track. We assume that as the particles disperse, the center of mass trajectory becomes less 178 
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informative of the likely path of the air mass. We use standard deviational ellipses to determine 179 

the extent of the particle dispersion within one standard deviation of the center of mass parcel 180 

trajectory. We assume that the trajectory is not informative after the ellipse area reaches 40,000 181 

km2, equivalent approximately to a circle with a 224 km diameter. However, we continue to use 182 

the trajectory for anecdotal information on airmass origin, recognizing the uncertainty. While the 183 

cutoff size of the ellipse is arbitrary, it is approximately twice the area of a MODIS analysis 184 

scene that we use for averaging. We reason that a trajectory uncertainty much larger than this 185 

significantly influences our knowledge of the likely location of the airmass and the cloud 186 

properties along the trajectory.  We run HYSPLIT/STILT for each case study, storing data in 1-187 

hour intervals with the parcel’s endpoint being the central latitude and longitude of the cloud 188 

scene.  189 

We use reanalysis data sets to describe the meteorology along trajectories from a 190 

combination of MERRA-2 reanalysis data and the GDAS model output. MERRA-2 is based on 191 

the MERRA system (GEOS-5.2.0) (Rienecker et al., 2011), with numerous updates described in 192 

detail in Bosilovich et al., 2015. GDAS provides analyses four times a day and forecasts using 193 

the Global Forecast System (GFS) (Abreu et al., 2012).  194 

c. MODIS Data 195 

The AQUA and TERRA satellites each pass over the high latitude SO region twice per 196 

day but only once during daylight, providing potentially two views of the cloud field separated 197 

by several hours (typically 4-6 hours).  Terra usually passes over around 00 UTC or mid-local 198 

morning, while Aqua passes closer to 06 UTC or in the early local afternoon.  Moderate 199 

Resolution Imaging Spectroradiometer (MODIS) level 2 cloud products (MOD06_L2) from 200 

MODIS of the AQUA and TERRA satellites provide effective radius (re) and optical depth (τ) 201 

during daytime from which LWP is derived (Platnick et al., 2003, 2015).  We then use the 202 

MODIS Level 2 retrievals of τ and re to calculate Nd with the method described by Grosvenor et 203 

al. (2018), who assume an adiabatically shaped cloud profile among other assumptions.  In Mace 204 

et al. (2023), we evaluate and use the method outlined in Grosvenor et al. (2018), where we 205 

examine the sources of error in the Nd computation from the MODIS retrievals concurring with 206 

the analysis in Grosvenor et al. (2018) that a pixel level uncertainty of approximately 80% is 207 

appropriate.   208 
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We use the same basic approach to sampling the MODIS data used in Mace et al. (2023), 209 

where the MODIS data are filtered by solar and view zenith angles, cloud type, and coverage.  210 

Every center-of-mass point along a trajectory is assigned a nearest MODIS scene in space and 211 

time where a scene is a set of 1-km MODIS pixels in 1° latitude by 2° longitude regions.  Only 212 

when the MODIS scene is reliably composed of low-level clouds as described in Mace et al. 213 

(2023) and is within 180 km and 4 hours of a trajectory point, do we use the scene in further 214 

analysis.  In a scene, we store the statistics of cloud properties (LWP, τ, re, and Nd).  Over a 215 

trajectory we tend to find clusters of 1 to 3 MODIS overpasses between 00 and 06 UTC each day 216 

allowing for a coarse time series of spatially averaged cloud properties along the trajectory paths.  217 

We also directly compare the cloud properties retrieved from MODIS with those derived from 218 

the ship-based remote sensors.  For this comparison, we typically focus on a 50 km diameter set 219 

of pixels centered on the ship.   220 

 221 
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 222 

 

 

Figure 1. Large-scale meteorology from MERRA-2 during the January 5 and 6  

case studies.  Location of the ship during the January 5 Terra overpass is marked with a red 

circle.  A red diamond marks the location of the ship on January 6.  a) 850 hPa geopotential 

heights (contours, meters), and 850 hPa temperatures (color shading), b) 1000 hPa 

geopotential height (contours, m) and 500-1000 hPa thickness (km), c) 250 hPa geopotential 

height (contours, m) and wind speed, d) 500 hPa Geopotential height (contours, m) and 

absolute vorticity 
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3. Case Studies 223 

 

 

 

Figure 2.  Terra MODIS imagery (3-color visible composite) collected at 0140 UTC January 

6, 2018.  Ship location shown by concentric 10 and 50 km circles. 
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We present three case studies - two from the Marcus Campaign and one from Capricorn 224 

II.  In choosing these case studies, we sought examples that illustrate the statistical findings in 225 

Mace et al. (2021 and 2023) and presented in Section 4 of this paper where cloud properties 226 

derived from satellite measurements demonstrate a gradient in cloud properties with distance 227 

from the Antarctic coast.  These case studies had high view-zenith MODIS overpasses of the 228 

ship that allows us to establish the validity of derived cloud properties by comparing the MODIS 229 

scene statistics with cloud properties derived from the surface-based data.  The first two case 230 

studies we present are derived from a consecutive 30-hour period during Marcus.  We present it 231 

as two case studies because the ship, while transiting northeast, sampled two distinctly different 232 

air masses that had very different histories and very different cloud and aerosol properties.  Case 233 

Study 1 is the 12-hour period from 00 UTC until 16 UTC on 1/5 while Case Study 2 begins at 234 

~20 UTC on 1/5 and extends until 05 UTC on 1/6.  Case study 3 is from the Capricorn II 235 

campaign and extends over a two-day period on the fourth and fifth of February 2018.   236 

 237 

3.1 January 5, 2018 - Marcus 238 

The first case study is from data collected on 5 January 2018 (hereafter 1/5) when the 239 

Aurora Australis was heading away from Casey Station on a return trip to Hobart.  The ship had 240 

recently spent nearly a week at Casey and collected atmospheric data as part of Marcus during 241 

the port period, as discussed in Mace et al. (2021) where we noted a persistent BL cloud deck 242 

with relatively high Nd in an offshore flow.  The large-scale atmospheric state at 00 UTC on 1/6 243 

features a jet stream oriented well north along 50°S, and a broad region of weak low pressure 244 

with little thermal contrast oriented in a broad trough along 60°S placing the Wilkes Land region 245 

of the East Antarctic Coast in a weak easterly flow.     246 

The cloud field observed by MODIS on Terra at 0140 UTC in the region of the Aurora 247 

Australis on 1/5 (Fig. 2) shows an extensive BL cloud field with the ship located south-east of a 248 

mesoscale cyclonic feature that was also observed in the MODIS Aqua overpass at 07 UTC on 249 

this day that gives the appearance of a terrain-induced coastal low.  A close examination of the 250 

image reveals many small-scale vortices in the near shore closed-cell stratocumulus likely 251 

associated with the easterly flow interacting with the complicated coastal geography.  Offshore, 252 

the closed cellular pattern appears to become more cumuliform with an open cellular structure 253 

north of the trough axis along 60°S.     254 
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The local meteorology observed by instruments on the ship and 6-hourly soundings (not 255 

shown) document an ~5 m/s northeasterly wind with surface temperatures near -2°C.    The 256 

potential temperature difference between the surface and the 850 hPa layer was 8°C.  The 257 

boundary layer was well mixed up to an inversion based near 1 km, and the clouds had a 258 

temperature near -10°C.  Photos and video recorded during this day (not shown) show calm seas 259 

with only scattered sea ice and mostly open water under a persistent low overcast. 260 
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 261 

 

Figure 3.  Marcus Surface measurements and derived cloud properties collected from aboard 

the Aurora Australis on January 5 and 6, 2018.  a) w-band radar reflectivity with ceilometer 

cloud base overlaid (purple), b) lidar copolar attenuated backscatter, c) visible extinction 

derived from the lidar data using the method of Li et al. (2011), d) effective radius (black) and 

liquid water path (red), e) cloud droplet number concentration (black) and hourly averaged 

CCN at 0.25% supersaturation (red circles).  MODIS overpass averages and standard 

deviations shown as blue circles with error bars to indicate standard deviation of 50 km domain 

centered on the ship.   
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A time series of remote sensing and derived cloud properties in Fig. 3 show an optically 262 

thick cloud layer that fully attenuates the lidar. We note that a transition in observed and derived 263 

cloud properties begin near 16 UTC on 1/5.  This transition period occurs as the ship transits 264 

northeastward and encounters an airmass with very different history as discussed below.  From 265 

 

Figure 4.  5-day Hysplit backwards and forwards trajectories from the Marcus ship 

location (star).  The solid and dashed curves show the center-of-mass trajectory from the tracer 

concentrations (gray).  Drop pins denote MODIS overpasses over water with color code 

corresponding to inset information at the bottom of the figure.  The ellipses denote the point in the 

trajectories where the concentration of tracers denote significant uncertainty in the center of mass 

trajectory (see text for explanation). 
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00 to 16 UTC, the layer base is near 600 m, with tops near 1 km.  The liquid water path (LWP) 266 

derived from the microwave radiometer suggests an approximate 2-hour periodicity in enhanced 267 

LWP that correlates with periods of episodic drizzle occurring during the high LWP part of the 268 

day.  The more extended period oscillations in LWP are also matched in the lidar-derived 269 

extinction.  On a much more rapid pace, we note oscillations in cloud droplet number Nd, re, and 270 

lidar-derived extinction.  These oscillations are approximately in phase with the drizzle events 271 

that had a timescale of 10-15 minutes.  Overall, extinction's high (low) values correlate with 272 

local maxima (minima) in Nd.  The re is anticorrelated with Nd, but these quantities are not 273 

independent in the retrieval algorithm.  We find that the MODIS retrievals are in reasonable 274 

agreement with the surface retrievals regarding the mean values and the variability.   The 275 

depolarization ratio of the lidar is poorly known below values of 0.4 due to a substandard 276 

window that was repaired on 13 January, so we infer liquid drizzle based on the Doppler velocity 277 

and the low radar reflectivity. 278 

CCN remains in the 250 cm-3 range throughout case 1 - well beyond the 75th percentile of 279 

CCN at 0.2% supersaturation for this latitude belt compiled from Capricorn II and MARCUS 280 

data reported in Humphries et al. (2021).  Nd ranges up to the values of the CCN in between 281 
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drizzle events to values as low as 80 cm-3 in regions near more intense drizzle where the 282 

extinction is also a minimum.  283 

Back trajectories (Figs. 4 and 5) show that the air mass had recently descended to near 284 

the sea surface, as depicted in downward vertical motions along the parcel trajectory late on 1/4.  285 

 

Figure 5.  Meteorological quantities and MODIS cloud properties from along the backwards 

and forwards trajectories depicted in Fig. 4.  OVP is the overpass time of the ship by MODIS 

Aqua on 07:20 UTC.  A) Parcel temperature and MODIS LWP, b) Total and snow 

precipitation rates and MODIS Nd, c) Parcel relative humidity and 10 m wind speed and 

MODIS re, d) large-scale vertical motion and parcel height.    
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Before this, the trajectories suggest that the air mass transited the Law Ice Dome during the 286 

previous 48 hours near 2 km altitude and temperatures near -15°C.  The MERRA-2 model 287 

suggests clear skies during the time over the Law Ice Dome, and this seems reasonable given the 288 

quiescent large-scale meteorology.  While the back trajectories are quite uncertain during the 289 

back trajectory, there is an indication that before being over the Law Ice Dome, the air mass had 290 

been at a higher elevation over the ice sheet and then descended to near sea level, passing over 291 

the Totten Ice Shelf.  Thus, it appears that the air mass had spent little time over the SO in the 292 

days before the case study period examined here.   293 

The first cluster of MODIS overpasses of the trajectory are those that passed over the 294 

ship on 1/5.  After that, two additional sets of overpasses occurred on 1/6 and 1/7.  The cloud 295 

properties derived along the forward trajectories clustered in time show reasonable consistency 296 

in the scene-averaged re, Nd, and LWP.  During the forward trajectory as the air mass continues 297 

roughly westward over the open ocean, the MODIS retrievals show little change in re although 298 

both LWP and Nd decreased over the ensuing three days.  Nd drops from near 200 cm-3 during the 299 

overpasses of the ship on 1/5 to values near 100 cm-3 in the cluster of overpasses on 1/7.  The 300 

MERRA-2 model suggests that light precipitation in the form of snow in the BL clouds increased 301 

after 1/5, consistent with decrease in Nd and LWP. 302 

 303 

3.2 January 6, 2018 - Marcus 304 

 305 

On the day following the 1/5 case study, January 6, 2018 (1/6), the Aurora Australis had 306 

progressed ~240 km to the northeast. They continued northeastward through open water with 307 

icebergs and wildely scattered sea ice notable on the video and still photography.  The winds had 308 

increased and ranged between 10-15 m s-1 from the northeast during the early UTC hours of 1/6. 309 

The sea state remained unremarkable with no apparent whitecaps that would indicate active sea 310 

salt aerosol production locally.  Surface temperatures were near and just below freezing, having 311 

warmed slightly from the previous day.   The sounding at 06 UTC (not shown) shows that the 312 

boundary layer had deepened considerably yet remained well mixed with the base of the marine 313 

inversion near 1.6 km.  The clouds observed by the ARM remote sensors (Fig. 3) show a marked 314 

contrast from the previous day with a transition in cloud properties that began at ~16 UTC and 315 

was complete by 00 UTC.  A persistent layer of BL clouds continues with bases now near 1.4 km 316 
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and with layer top at the bottom of the marine inversion at temperatures near -15ºC.  Higher 317 

radar reflectivities are noted in precipitation that, according to lidar depolarization above 0.4 318 

during events before 03 UTC, seems to be snow.  After 03 UTC, we cannot establish with 319 

certainty the phase of the lighter precipitation because of ambiguity in the lidar depolarization 320 

noted earlier.  The cloud field is variable before 03 UTC, with breaks in the lidar data and lower 321 

cloud bases in heavier precipitation.  Widely scattered clouds are observed below the bottom of 322 

the primary cloud layer. 323 

The variability in the cloud field is consistent with satellite imagery and photography 324 

recorded at the ship (Figs. 6 and 7).  The MODIS overpass at 0225 UTC places the ship in a 325 

region of mostly overcast cloud cover with the sea surface visible in various breaks in the cloud 326 

field in the vicinity of the ship.  A photograph (Fig. 7) taken at 0226 UTC at the approximate 327 

 

Figure 6.  As in Figure 2b but for the Terra MODIS overpass at 02:25 UTC on 1/6.  
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time of the MODIS overpass looks towards the northeast and shows thick boundary layer clouds 328 

with breaks in the layer.  329 

The derived cloud microphysical properties had also changed considerably from 1/5.   Nd 330 

is overall much lower, ranging between 10 and 50 cm-3 with substantial variability in regions of 331 

precipitation (Fig. 3).  These values of Nd are in broad agreement with MODIS, which records a 332 

mean of ~15 cm-3.  The effective radius is also larger than on 1/5 and is in the 20-30 um range 333 

from the surface, while MODIS retrieves a value near 20. um.  LWP is highly variable in and 334 

around precipitation, reaching several hundred g m-2.  After 03 UTC, the cloud properties 335 

become much more steady as the ship moves into the less variable cloud field to the northeast in 336 

Fig. 6.   However, light precipitation from the cloud continues. The derived cloud properties also 337 

continue to show markedly low Nd and high re, with the LWP now in the 50 g m-2 range, 338 

suggesting that the cloud properties feature low Nd and high re throughout this area and not just 339 

in regions of active precipitation.   340 

The 5-day back trajectories (Fig. 8) suggest that the air mass had exited continental 341 

Antarctica near the beginning of the 5-day period on January 1 and likely came from the region 342 

of the Amery Ice Shelf in what is known as Prydz Bay.  The trajectories are substantially 343 

 

Figure 7. Photograph taken from the Aurora Australis at 02:26 UTC on 1/6 near the 

time of the MODIS overpass.  Perspective is looking northeast.   
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uncertain. However, the majority of the individual trajectories do show this path.  Other parcels 344 

follow the coastline near the Amery ice shelf.  We can confidently say that the air had been over 345 

open water for most of the past five days.  There is a well-defined trend in MODIS cloud 346 

properties along the trajectory.  We pick up the first set of MODIS overpasses of open water 347 

early on January 3 and have 4 clusters of overpasses on each succeeding day until 1/6.  On 1/3 348 

the Nd was in the 200 cm-3 range (Fig. 9) with re near 8 um - similar to the values found on 1/5 in 349 

the air that had recently descended from the Law Ice Dome.  The Nd decreased, and the re 350 

increased in each successive set of overpasses until 1/6.  The LWP, on the other hand, shows a 351 

different trend.  MODIS records a Maximum LWP near 200 g m-2   early on 1/4 while a 352 

 

Figure 8.  As in Figure 4 except for 1/6.   
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minimum in LWP occurs 24 hours later.  While it borders on speculation, the precipitation 353 

(mostly snow) predicted by MERRA-2 seems to lag the LWP by about ½ day.   354 

It is interesting to note in Fig. 3  that the ship time series of CCN (0.25% supersaturation) 355 

during the 1/6 case study period.  Recall that 24 hours prior, CCN was in the 250 cm-3 range and 356 

close to the 90th percentile of CCN for this latitude band. While CCN is missing late on 1/5, the 357 

cloud properties transition from the high Nd and small re on 1/5 to what is observed on 1/6.  It 358 

seems clear that the air mass sampled by the Aurora Australis shifted from one that had recently 359 

emerged from continental Antarctica to an air mass that had experienced land multiple days prior 360 

that now had much lower CCN and Nd.   361 

 362 

 

Figure 9.  As in Figure 5 except for the 1/6 case study. 
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3.3 February 4 and 5, 2018 – Capricorn II 363 

We take our final case study from data collected during the Capricorn II campaign on 364 

February 4 and 5, 2018 (2/4, 2/5) when the R/V Investigator was conducting oceanographic 365 

measurements within 100 km of 65°S, 150°E.  The ship began a northward transit at 10 knots 366 

during midday on 2/5.  The large-scale meteorology (Fig. 10) at 00 UTC on 2/5 shows a highly 367 

amplified upper-level pattern with a trough axis along 170°E and a ridge along about 130°E.  A 368 

frontal system associated with the low pressure centered at 65°S, 170°E at 00 UTC 2/5 had 369 

 

Figure 10.  As in Fig. 1 except for the 2/4-2/5 case study.  The red circle marks the location of 

the R/V Investigator on 2/5 at 00 UTC.   
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passed over the ship on 2/3 at around 15 UTC, turning the flow out of the south.  By 00 UTC on 370 

2/5, this southerly flow extended through the entire troposphere.   371 

Weather at the ship evolved somewhat during these two days.  Surface temperatures 372 

remained between -2° and -4°C, and surface winds were steady out of the south at 10-15 m s-1.  373 

Photography collected from the ship shows only modest wind waves, given the ship’s proximity 374 

to the sea ice edge with very scattered white caps, suggesting the possibility of some local sea 375 

 

Figure 11.  As in Figure 3 except for the 2/4-2/5 Capricorn II Case Study 
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salt aerosol generation. A marine inversion was not evident in the 3-hourly soundings until 16 376 

UTC on 2/4 when it was based near 1.5 km with a temperature of -15°C.  The inversion 377 

strengthened as the pattern progressed, and surface pressure rose through 2/5.  By mid-day on 378 

2/5, a strong marine inversion with a 10°C potential temperature difference between the surface 379 

and 850 hPa was based near 1 km at a temperature of -10°C.   380 

 The BL clouds observed during this case study period (Fig. 11) were based near 500 m 381 

and, except for a period between 15 UTC and 23 UTC on 2/4, the clouds were below the 382 

detection threshold of the cloud radar on the R/V Investigator (~ -30 dBZe).  The lidar shows a 383 

mostly overcast cloud layer with some regions of broken clouds and optically thinner clouds 384 

where the lidar transmits through the layer.  Lidar depolarization ratios (not shown) in the sub-385 

cloud precipitation between 15 and 23 UTC appear to be primarily liquid except for two brief 386 

episodes of snow that correlate with maxima in the radar reflectivity of more than -10 dBZe 387 

between 15 and 16 UTC.  MODIS imagery collected at 04 UTC on 2/4 and 05 UTC on 2/5 (Fig. 388 

12) show the ship's position in relation to the cloud field.  Cloud streets that formed as the 389 

southerly flow encountered the sea surface and then evolved into closed cellular stratocumulus 390 

are evident from the sea ice region to the south of the ship location.  The cloud field remained 391 

consistent during this southerly flow period. 392 
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 Derived cloud properties (Fig. 11) are also remarkably steady during the case study 393 

period. Nd decreases from near 200 cm-3 in the early part of the period to near 100 cm-3 after the 394 

light precipitation event at 19 UTC. CCN at 0.25% supersaturation remains steady throughout 395 

the case study between 200-300 cm-3. This value of CCN, as the 1/5 case study presented earlier, 396 

is beyond the 90th percentile of CCN collected in this latitude belt. re follows Nd and remains at 397 

or below roughly 10 μm during most of the period. Except in the period with precipitation, the 398 

LWP remains in the 50-100 g m-2 range. Overall, the MODIS retrievals conducted from the 399 

overpasses agree reasonably with the surface-based cloud properties with high Nd and small re 400 

and LWP less than 50 g m-2 at the times of the overpasses. The MODIS Nd is well beyond the 401 

upper quartile of Nd recorded by MODIS during a 5-summer period examined in Mace et al. 402 

(2023). 403 

 

Figure 12.  As in Fig. 2b except for a MODIS Aqua overpass of the 2/4-2/5 case study.   
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 As shown in Fig. 13, the air sampled during the case study period had spent the previous 404 

48 hours transiting the high-altitude ice dome known as Dome C after it seemingly ascended 405 

from the Ross Sea.  At least according to the back trajectories, the parcel was well into the free 406 

troposphere near 5 km altitude during this transit of Dome C, where predicted temperatures were 407 

near -40C.  The air sampled at the ship had only been over the sea surface for a very short time 408 

after descending in a strong katabatic flow depicted in Fig. 14.  After passing over the ship, the 409 

forward trajectories show that the air mass continued northeast.  In addition to the overpasses 410 

near the ship, we find two additional sets of overpasses along the forward trajectory on 2/6 and 411 

2/7.  These show that the clouds evolved with increasing LWP and re and decreasing Nd to values 412 

of 70 cm-3 on 2/7.   413 

 

Figure 13.  As in Fig. 5 except for 2/5 at 23 UTC.   
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The Capricorn II data included a Time-of-Flight Aerosol Chemical Speciation Monitor 414 

(TOF-ACSM) that allows for inference of aerosol composition.  Humphries et al. (2021) present 415 

an analysis of the aerosol composition recorded as a function of latitude for recent Southern 416 

Ocean voyages.    We show the compositional breakdown of the aerosol for the 2/4-2/5 case 417 

study in Fig. 15.  We find that this aerosol mainly was (90%) sulfate and methanesulfonic acid 418 

(MSA).  Very low values of other chemical species are indicated, including chloride – a proxy 419 

for sea salt.  The sea salt and organic fraction of the aerosol composition in the 2/4-2/5 case 420 

study was less than half of that compared to the latitudinal average. 421 

 

Figure 14.  As in Fig. 5 except for 2/4 at 23 UTC.   
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 422 

4.  MODIS statistics 423 

The three case studies we present seem to convey a picture consistent with the statistical 424 

findings of Mace et al. (2021 and 2023) and the earlier results of Humphries et al. (2021 and 425 

2016) and going back to Shaw (1988) that air masses that have spent significant time over the 426 

Antarctic continental ice sheet emerge over the Southern Ocean with CCN concentrations in the 427 

200-300 cm-3 range – significantly higher than the latitudinal average (Humphries et al., 2021). 428 

To see how general this association is we examine MODIS data collected from Terra and Aqua 429 

 

Figure 15. Aerosol compositional fractions from TOF-ACSM for the 2/4-5 case study compared 

to the latitudinal band average.   
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during Austral Summers (December through February) between 2014 and 2019 south of 60°S 430 

(the same data set used in Mace et al. 2023), except that here we examine the sensitivity of Nd in 431 

a MODIS scene to the time since a back trajectory from that scene had encountered the Antarctic 432 

Continent.  This analysis includes a total of 123784 trajectories.  To demonstrate these 433 

relationships more clearly, we focus on the upper (100 cm-3) and lower (50 cm-3) Nd quartiles for 434 

all MODIS data in the Southern Ocean, as established in Mace et al. (2023).   435 

 

Figure 16. Occurrence of lower (a) and upper (b) Nd quartiles from MODIS data collected 

during the summers of 2014-2019.  c) shows the frequency of occurrence of low (blue) and 

red (upper) Nd quartiles as a function of total hours spent over continental Antarctica in the 

5-day back trajectory. d) shows the frequency of occurrence of the upper (red) and lower 

(blue) quartiles for over water scenes as a function of time since the back trajectory had 

encountered the Antarctic land mass.    
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The occurrence of the upper and lower Nd quartiles is strongly related to latitude (Fig. 436 

16), with the high Nd quartiles tending to be adjacent to coastal Antarctica.  Not surprisingly 437 

then, we also find that being in one or the other of the Nd quartiles is a strong predictor of the 438 

time since a back trajectory had encountered land (Fig. 16d).  On the other hand, and perhaps 439 

less obviously, the amount of time spent over continental Antarctica seems to be predictive of 440 

membership in either the high or low Nd quartile.  Nearly half of the low Nd quartile had not 441 

encountered land in the 5-day back trajectory, while only 25% of the high Nd quartile had been 442 

entirely over open water.  Of the back trajectories that had passed over the continent, 443 

membership in either quartile depends oppositely on the amount of time spent over land.  High 444 

Nd seems much more likely as time over the continent increases – rising sharply after 72 hours. 445 

On the other hand, low Nd is decreasingly likely as time over the continent increases.    446 

5.  Conclusions 447 

 While changes to model simulations of cloud feedbacks in the Southern Ocean are 448 

primarily responsible for the increased climate sensitivity of CMIP 6 (Zelinka et al., 2020), past 449 

work has documented that the cloud properties simulated in models are not consistent with 450 

observations of cloud properties Southern Ocean low-level clouds.  Because cloud properties are 451 

strongly linked to precipitation this lack of consistency between models and observations calls 452 

into question the validity of the increased climate sensitivity.  Fundamental to this is that the 453 

models seem to lack a mechanism to create the observed CCN concentrations (McCoy et al., 454 

2021) over the summertime Southern Ocean.  While the primary mechanism behind the high 455 

concentrations of CCN is likely related to aerosol nucleation and subsequent growth associated 456 

with sulfate precursor gasses emitted by  the highly productive ocean biology in the high 457 

latitudes, the exact mechanism for the CCN production has not been established and are not 458 

simulated in global models of CCN production (Dunne et al., 2016; Lee et al., 2013).  In this 459 

paper, we build on past work to show that air masses emerging into the MBL over the Southern 460 

Ocean after having spent time transiting the continental ice sheets of Antarctica during summer 461 

appear predisposed to have anomalously high CCN concentrations and produce clouds that have 462 

similarly anomalously high Nd.   463 
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Statistics derived from MODIS data demonstrate the relationship between time over 464 

Antarctica and high Nd clouds. These statistics are consistent with three case studies collected 465 

during ship-based observing campaigns in the Summer of 2018.  A case on January 5, 2018, 466 

from the Marcus campaign and the 2/4-2/5 case from Capricorn II were of air masses that had 467 

recently emerged over the Southern Ocean after spending multiple days over continental 468 

Antarctica and had Nd from both MODIS and surface-based retrievals well within the upper 469 

quartile of what we find from multi-year MODIS analysis (> 100 cm-3).  CCN observed at the 470 

surface in the case studies was also anomalously high relative to the mean in the southern high 471 

latitudes.  In both cases, the Nd along the trajectories decrease with time as the air masses transit 472 

over the open ocean and are diagnosed to no longer have Nd that would place it in the upper Nd 473 

quartile.  On the other hand, the air mass sampled in the 1/6 case from Marcus had not been in 474 

contact with land for at least five days, and Nd from both surface and MODIS put it well within 475 

the lower Nd quartile.  However, MODIS data from along the back trajectories suggest that Nd 476 

had decreased from values that placed it within the upper Nd quartile near the start of the 5-day 477 

back trajectory after the airmass likely emerged onto the Southern Ocean from the continental 478 

landmass.    479 

The relationship between summertime transits of air masses over the continent and the 480 

production of high CCN air masses has been described in the literature (Shaw, 1988; Humphries 481 

et al., 2016).  The highly productive waters of the Antarctic continental shelf produce copious 482 

precursor gasses beginning as DMS from phytoplankton along with oxidants such as BrO and 483 

IO.  These maritime air masses would also contain preexisting primary and secondary aerosols 484 

such as sea salt and organics.  Under synoptic scale conditions conducive to forced ascent, these 485 

air masses ascend the ice domes, where cloud and precipitation processes scavenge most of the 486 

ambient aerosol from these air masses.  The air masses with high concentrations of aerosol 487 

precursor gasses now devoid of ambient aerosol then spend multiple days in the free troposphere 488 

at cold temperatures and extremely high actinic flux, enabling new particle formation and growth 489 

(Raes, 1995).  Growth from the nucleation mode to CCN sizes would take several days, so long 490 

trajectories over the ice are favored.  The air masses, now with high CCN, descend off the ice 491 

sheets in katabatic flows to the Southern Ocean marine boundary layer, forming the high Nd 492 

clouds found in observations.   493 
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While aspects of this storyline are speculative (the new particle formation process has not 494 

been observed in the free troposphere over the ice sheets, for instance), the critical elements of 495 

the story are reasonably well documented in past literature or cases and statistics presented in 496 

this paper.  Additional observations are needed to establish this mechanism's validity more 497 

rigorously.  It is fortuitous that several upcoming campaigns into the Southern Ocean are planned 498 

during this decade (Mallet et al., 2023).   What is not planned but needed are airborne campaigns 499 

into the high latitudes to document the chemical pathways favored in taking aerosol precursor 500 

gasses to new particles that then grow into CCN and eventually seed the high albedo clouds 501 

observed by satellite and ground-based sensors.        502 
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Abstract: The cloud properties and governing processes in Southern Ocean marine boundary 12 

layer clouds have emerged as a central issue in understanding the Earth’s climate sensitivity. 13 

While the simulated cloud feedbacks in Southern Ocean clouds have evolved in the most recent 14 

climate model intercomparison, the background properties of simulated summertime clouds in 15 

the Southern Ocean are not consistent with measurements due to known biases in simulating 16 

cloud condensation nuclei concentrations. This paper presents several case studies collected 17 

during the Capricorn 2 and Marcus campaigns held aboard Australian research vessels in the 18 

Austral Summer of 2018. Combining the surface-observed cases with MODIS data along 19 

forward and backward air mass trajectories, we demonstrate the evolution of cloud properties 20 

with time. These cases are consistent with multi-year statistics showing that long trajectories of 21 

air masses over the Antarctic ice sheet are critical to creating high droplet number clouds in the 22 

high latitude summer Southern Ocean. We speculate that secondary aerosol production via the 23 

oxidation of biogenically derived aerosol precursor gasses over the high actinic flux region of the 24 

high latitude ice sheets is fundamental to maintaining relatively high droplet numbers in 25 

Southern Ocean clouds during Summer.   26 

 27 



2 

 

Plain Language Summary:  The amount of warming the Earth will experience because of 28 

increasing carbon dioxide levels in the atmosphere is sensitive to the properties of clouds that 29 

occur over the Southern Ocean.  The atmosphere over the circumpolar Southern Ocean is poorly 30 

understood and presents significant challenges to climate models.  Here we document the 31 

properties of the ubiquitous Southern Ocean low-level clouds that exert a strong influence on the 32 

albedo of this region. We find that high cloud droplet number concentrations are associated with 33 

air masses that have taken paths over the high-altitude ice sheets.  The chemistry of the aerosol 34 

on which the cloud droplets form suggests that newly formed aerosols that have condensed from 35 

gasses emitted by phytoplankton in the highly productive waters near Antarctica are an important 36 

component of the cloud properties that must be correctly simulated in models.   37 

 38 

Main Point 1:  High cloud droplet number concentrations are associated with air masses that 39 

have recently passed over continental Antarctica. 40 

 41 

Main Point 2:  Cloud droplet number concentrations decrease with time as clouds evolve in 42 

over-water trajectories due to scavenging by precipitation. 43 

 44 

Main Point 3:  Katabatic flows bring high concentrations of cloud condensation nuclei to the 45 

marine boundary layer where they influence cloud properties. 46 

    47 

1 Introduction 48 

As one of the cloudiest regions on Earth, with cloud cover near 90% (Mace et al., 2009; 49 

Mace & Zhang, 2014), the high latitude Southern Ocean from roughly poleward of the Antarctic 50 

Circumpolar Current to the Antarctic Continent is a critical component of the Earth’s climate 51 

system.  In addition to fundamental oceanographic processes such as the uptake of atmospheric 52 

heat and carbon in the formation of the intermediate and deep-water masses (Armour et al., 53 

2016; Morrison et al., 2016), the albedo of the extensive cloud cover, particularly in summer, 54 

induces significant controls on the column energy budget of the region and influences the Earth’s 55 

climate (Zelinka et al., 2020; Gettelman et al., 2019).    56 

The high cloud cover of the Southern Ocean is primarily due to extensive marine 57 

boundary layer (MBL) clouds, most of which are liquid phase and subfreezing (Bodas-Salcedo et 58 
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al., 2016).  These clouds, while mostly nonprecipitating (Huang et al., 2016), generate both 59 

liquid- and ice-phase precipitation (Mace et al., 2021).  Because precipitation exerts controls on 60 

cloud cover (Albrecht et al., 1989), precipitation in these clouds continues to be a topic of active 61 

research (Kang et al., 2022).  However, cloud properties and the associated cloud albedo, as well 62 

as the precipitation processes, respond to a significant seasonal cycle in cloud condensation 63 

nuclei (CCN) that directly influence cloud droplet number concentration (Nd) (McCoy et al., 64 

2015; Kruger and Grasl, 2011; Mace et al., 2023, 2021).  Analyzing cloud properties derived 65 

from A-Train data, Mace and Avey (2017) find that the Summer Nd in the SO is approximately a 66 

factor of two higher in summer compared to winter.  While this seasonal cycle in Nd is thought to 67 

be associated with seasonally higher CCN associated with due to secondary aerosol production 68 

derived from the oxidation of biogenically-derived precursor gasses such as dimethyl sulfide 69 

(DMS) (Lana et al., 2012), aerosol measurements collected during recent campaigns have not 70 

directly observed new particle formation events. However, robust circumstantial evidence 71 

suggests that new particle formation of sulfur-based particles with a volatility similar to sulfuric 72 

acid in the SO free troposphere is widespread and frequent (McCoy et al., 2021).  73 

This hypothesis is consistent with prior studies suggesting that particle concentrations in 74 

the free troposphere in marine regions are controlled by sulfuric-acid-driven nucleation of 75 

nanoparticles resulting from the oxidation of oceanic dimethylsulfide transported upward.  76 

Downward transfer of these nanoparticles then supplies the marine boundary layer with CCN 77 

concentration. This mechanism of aerosol production has been observed (Clarke, 1993) and 78 

modeled (Russell et al., 1994; Raes, 1995) previously.  Most recently, laboratory work on 79 

sulfuric acid nucleation and further growth have demonstrated that these processes can survive 80 

evaporation and even grow during these transport processes and temperature transitions 81 

(Tiszenkel et al., 2019) 82 

 Trajectory analyses also point to a source of CCN from airmasses emanating from the 83 

Antarctic continent (Humphries et al., 2016; Twohy et al., 2021; Simmons et al., 2021).  84 

Specifically, the Antarctic continent in summer has been identified as a potential source of 85 

sulfate aerosol in work dating back to the 1980’s (Shaw, 1988).  Presumably, air masses with 86 

high DMS and oxidants are lofted over the high albedo and mostly cloud-free ice sheets in 87 

synoptic scale ascent, where most ambient aerosols are removed by precipitation.  New sulfate-88 

containing aerosol particles nucleate and grow during the time spent over the ice sheets in the 89 
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cold free-troposphere.  Katabatic flows then cause these newly formed aerosols to emerge into 90 

the marine boundary layer in the waters adjacent to the Antarctic continent (Simmons et al., 91 

2021).   92 

Using MODIS data, we recently showed that Nd in the East Antarctic sector of the SO 93 

exhibits strong latitudinal gradients during Summer, with the highest Nd in the waters 94 

immediately adjacent to the Antarctic Continent (Mace et al., 2023). These results agreed 95 

broadly with findings compiled from the Measurements of Aerosols, Radiation, and Clouds over 96 

the Southern Ocean (MARCUS) and the Clouds, Aerosols, Precipitation, Radiation, and 97 

atmospheric Composition over the Southern Ocean (CAPRICORN II) (McFarquhar et al., 2021) 98 

campaigns that collected data in this region during Summer 2018 (Mace et al., 2021).  The 99 

latitudinal gradient in Nd is a curious feature of the SO region. It seems consistent with the idea 100 

that the highest CCN concentration is found immediately adjacent to the Antarctic continent.  101 

Cloud and precipitation processing of the aerosol then decrease Nd with distance away from the 102 

Antarctic coast. However, the CCN concentration and Nd remain mostly above sea salt aerosol 103 

concentration, suggesting a source of new particles mixing into the MBL from the free 104 

troposphere (McCoy et al., 2021).  The extent to which the background CCN and Nd are 105 

maintained against cloud processing by mixing from the free troposphere, as suggested by 106 

Twohy et al. (2021) and McCoy et al. (2021), is unknown.    107 

The processes that maintan Nd in the summer SO are crucial to understanding the Earth’s 108 

climate sensitivity.  In the most recent climate model intercomparison project (CMIP6; Eyring et 109 

al., 2016), the high latitude SO had significantly less negative cloud feedback than in CMIP5 and 110 

earlier model intercomparison studies.  While this change in simulated cloud feedback was due 111 

partially to an observationally consistent decrease in ice-phase precipitation, the cloud feedback 112 

change occurred within a simulated background state in cloud properties that is unrealistic.  As 113 

shown by McCoy et al. (2021), the CAM6 model consistently underpredicts, by approximately a 114 

factor of 2, the Nd in comparisons to collocated measurements during the Southern Ocean Cloud 115 

Radiation Aerosol Transport Experimental Study (SOCRATES) campaign (McFarquhar et al., 116 

2021).  McCoy et al., (2021) trace this bias to an insufficient DMS oxidation mechanism in the 117 

model among other issues.  Since Nd and precipitation scale inversely in MBL clouds (Comstock 118 

et al., 2004), a correct simulation of Nd is a prerequisite to correctly predicting the precipitation 119 
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that is driving the negative feedback changes in CAM6 (Gettleman et al., 2019) poleward of 120 

about 50°S.   121 

This paper examines three case studies collected in the Australian East Antarctic sector of 122 

the SO from the Summer of 2018 during the MARCUS and CAPRICORN II campaigns.  Using 123 

a combination of surface-based cloud property diagnostics and aerosol in situ measurements, we 124 

examine MODIS-derived cloud properties along backward and forward trajectories.  We show 125 

that clouds forming in air masses recently descended in Katabatic flows from the high-altitude 126 

Antarctic ice sheets have significantly higher Nd than the mean for that latitude. The Nd then 127 

decreases with time as the air masses pass over the open ocean.  We then place these case studies 128 

within a larger context of MODIS data collected over 5 Austral Summers to show a consistent 129 

relationship between Nd and trajectories emanating from the Antarctic continental ice sheets.   130 

2.  Methods 131 

In this study, we combine data from the MARCUS and CAPRICORN II ship-based 132 

campaigns with MODIS level 2 data products extracted from overpasses along backward and 133 

forward airmass trajectories centered on the ships.  This combination of surface and satellite 134 

measurements linked by trajectory modeling allows us to exploit the synergy in the surface and 135 

satellite measurements.  While polar-orbiting satellite measurements provide spatial context, they 136 

only provide a single snapshot in time and have only limited information on the cloud field.  137 

Surface-based measurements fill in the missing temporal element and add significant detail but 138 

are limited spatially.  Using airmass trajectories derived from model output, we can combine the 139 

spatial information from MODIS with the much more detailed information from the surface to 140 

address the role of airmass history in governing cloud properties in the high-latitude Southern 141 

Ocean.    142 

a.  Ship Data 143 

The CAPRICORN II voyage occurred from 11 January to 21 February 2018 between 144 

Hobart, Tasmania, and the East Antarctic coastal region.   CAPRICORN II collected 145 

oceanographic data along transects between the 130°-150°E meridians by occupying some 88 146 

stations from 6 to 24 hours where oceanographic data were collected, followed by movement to 147 
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the next station several tens of km distant.  This approach was advantageous for atmospheric data 148 

collection, allowing for longer periods of measurements at latitudes infrequently sampled by 149 

voyages focusing on the highest latitudes.  On the other hand, the DOE ARM-funded MARCUS 150 

deployed instrumentation on the Aurora Australis that was conducting resupply of the Australian 151 

Antarctic stations (McFarquhar et al., 2019).  Since resupply was the primary objective of the 152 

ship, the Aurora Australis made best time between Hobart and the Australian stations in 5 153 

voyages starting in Hobart between November 2017 and March 2018.  For a more thorough 154 

description of these campaigns, see Mace et al. (2021) and McFarquhar et al. (2019, 2021).  The 155 

cloud and aerosol measurement instrumentation are described in detail in the supplemental 156 

material of McFarquhar et al. (2021).   157 

Cloud properties from the surface-based measurements are derived using a synergistic 158 

approach described in Mace et al. (2021).  Combining measurements from collocated and 159 

vertically pointing W-Band radars, optical elastic lidars, and microwave radiometers (MWR) on 160 

each ship, we derive Nd and cloud-top effective radius (re) of shallow cloud layers based in the 161 

MBL.  Our methodology allows for a liquid water path (LWP) constraint provided by the MWR 162 

(Turner et al., 2016), and the radar and lidar are combined to constrain Nd and re given the LWP.   163 

Constraints on Nd and re are possible by assuming that Nd is constant with height and the 164 

observed liquid water path is distributed subadiabatically, knowing the cloud geometry.  The 165 

LWP uncertainty is 20% for LWP more than 100 g m-2, scaling to 100% near the detection limit 166 

of 20 g m-2 while the re and Nd retrievals have uncertainty of 30% and 100%, respectively.  167 

 168 

b.  Airmass Trajectories 169 

We derive 120-hour airmass back and forward trajectories based on the ship location for 170 

specific case studies centered on the time of a MODIS overpass.   The trajectories are calculated 171 

using the National Center for Environmental Prediction’s (NCEP) Global Data Assimilation 172 

System (GDAS) (GDAS; Kanamitsu,1989) with the HYSPLIT program (HYSPLIT; Stein et al., 173 

2015) using the Stochastic Time Inverted Lagrangian Transport Model (STILT) (Fasoli et al., 174 

2018) in concentration mode for 100 particle tracers starting near the top of the marine boundary 175 

layer.  We use the STILT model in our analysis to gauge the extent to which the center of mass 176 

trajectory that we derive from the dispersion of the tracers is a viable description of the likely 177 

parcel track. We assume that as the particles disperse, the center of mass trajectory becomes less 178 
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informative of the likely path of the air mass. We use standard deviational ellipses to determine 179 

the extent of the particle dispersion within one standard deviation of the center of mass parcel 180 

trajectory. We assume that the trajectory is not informative after the ellipse area reaches 40,000 181 

km2, equivalent approximately to a circle with a 224 km diameter. However, we continue to use 182 

the trajectory for anecdotal information on airmass origin, recognizing the uncertainty. While the 183 

cutoff size of the ellipse is arbitrary, it is approximately twice the area of a MODIS analysis 184 

scene that we use for averaging. We reason that a trajectory uncertainty much larger than this 185 

significantly influences our knowledge of the likely location of the airmass and the cloud 186 

properties along the trajectory.  We run HYSPLIT/STILT for each case study, storing data in 1-187 

hour intervals with the parcel’s endpoint being the central latitude and longitude of the cloud 188 

scene.  189 

We use reanalysis data sets to describe the meteorology along trajectories from a 190 

combination of MERRA-2 reanalysis data and the GDAS model output. MERRA-2 is based on 191 

the MERRA system (GEOS-5.2.0) (Rienecker et al., 2011), with numerous updates described in 192 

detail in Bosilovich et al., 2015. GDAS provides analyses four times a day and forecasts using 193 

the Global Forecast System (GFS) (Abreu et al., 2012).  194 

c. MODIS Data 195 

The AQUA and TERRA satellites each pass over the high latitude SO region twice per 196 

day but only once during daylight, providing potentially two views of the cloud field separated 197 

by several hours (typically 4-6 hours).  Terra usually passes over around 00 UTC or mid-local 198 

morning, while Aqua passes closer to 06 UTC or in the early local afternoon.  Moderate 199 

Resolution Imaging Spectroradiometer (MODIS) level 2 cloud products (MOD06_L2) from 200 

MODIS of the AQUA and TERRA satellites provide effective radius (re) and optical depth (τ) 201 

during daytime from which LWP is derived (Platnick et al., 2003, 2015).  We then use the 202 

MODIS Level 2 retrievals of τ and re to calculate Nd with the method described by Grosvenor et 203 

al. (2018), who assume an adiabatically shaped cloud profile among other assumptions.  In Mace 204 

et al. (2023), we evaluate and use the method outlined in Grosvenor et al. (2018), where we 205 

examine the sources of error in the Nd computation from the MODIS retrievals concurring with 206 

the analysis in Grosvenor et al. (2018) that a pixel level uncertainty of approximately 80% is 207 

appropriate.   208 
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We use the same basic approach to sampling the MODIS data used in Mace et al. (2023), 209 

where the MODIS data are filtered by solar and view zenith angles, cloud type, and coverage.  210 

Every center-of-mass point along a trajectory is assigned a nearest MODIS scene in space and 211 

time where a scene is a set of 1-km MODIS pixels in 1° latitude by 2° longitude regions.  Only 212 

when the MODIS scene is reliably composed of low-level clouds as described in Mace et al. 213 

(2023) and is within 180 km and 4 hours of a trajectory point, do we use the scene in further 214 

analysis.  In a scene, we store the statistics of cloud properties (LWP, τ, re, and Nd).  Over a 215 

trajectory we tend to find clusters of 1 to 3 MODIS overpasses between 00 and 06 UTC each day 216 

allowing for a coarse time series of spatially averaged cloud properties along the trajectory paths.  217 

We also directly compare the cloud properties retrieved from MODIS with those derived from 218 

the ship-based remote sensors.  For this comparison, we typically focus on a 50 km diameter set 219 

of pixels centered on the ship.   220 

 221 
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 222 

 

 

Figure 1. Large-scale meteorology from MERRA-2 during the January 5 and 6  

case studies.  Location of the ship during the January 5 Terra overpass is marked with a red 

circle.  A red diamond marks the location of the ship on January 6.  a) 850 hPa geopotential 

heights (contours, meters), and 850 hPa temperatures (color shading), b) 1000 hPa 

geopotential height (contours, m) and 500-1000 hPa thickness (km), c) 250 hPa geopotential 

height (contours, m) and wind speed, d) 500 hPa Geopotential height (contours, m) and 

absolute vorticity 
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3. Case Studies 223 

 

 

 

Figure 2.  Terra MODIS imagery (3-color visible composite) collected at 0140 UTC January 

6, 2018.  Ship location shown by concentric 10 and 50 km circles. 
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We present three case studies - two from the Marcus Campaign and one from Capricorn 224 

II.  In choosing these case studies, we sought examples that illustrate the statistical findings in 225 

Mace et al. (2021 and 2023) and presented in Section 4 of this paper where cloud properties 226 

derived from satellite measurements demonstrate a gradient in cloud properties with distance 227 

from the Antarctic coast.  These case studies had high view-zenith MODIS overpasses of the 228 

ship that allows us to establish the validity of derived cloud properties by comparing the MODIS 229 

scene statistics with cloud properties derived from the surface-based data.  The first two case 230 

studies we present are derived from a consecutive 30-hour period during Marcus.  We present it 231 

as two case studies because the ship, while transiting northeast, sampled two distinctly different 232 

air masses that had very different histories and very different cloud and aerosol properties.  Case 233 

Study 1 is the 12-hour period from 00 UTC until 16 UTC on 1/5 while Case Study 2 begins at 234 

~20 UTC on 1/5 and extends until 05 UTC on 1/6.  Case study 3 is from the Capricorn II 235 

campaign and extends over a two-day period on the fourth and fifth of February 2018.   236 

 237 

3.1 January 5, 2018 - Marcus 238 

The first case study is from data collected on 5 January 2018 (hereafter 1/5) when the 239 

Aurora Australis was heading away from Casey Station on a return trip to Hobart.  The ship had 240 

recently spent nearly a week at Casey and collected atmospheric data as part of Marcus during 241 

the port period, as discussed in Mace et al. (2021) where we noted a persistent BL cloud deck 242 

with relatively high Nd in an offshore flow.  The large-scale atmospheric state at 00 UTC on 1/6 243 

features a jet stream oriented well north along 50°S, and a broad region of weak low pressure 244 

with little thermal contrast oriented in a broad trough along 60°S placing the Wilkes Land region 245 

of the East Antarctic Coast in a weak easterly flow.     246 

The cloud field observed by MODIS on Terra at 0140 UTC in the region of the Aurora 247 

Australis on 1/5 (Fig. 2) shows an extensive BL cloud field with the ship located south-east of a 248 

mesoscale cyclonic feature that was also observed in the MODIS Aqua overpass at 07 UTC on 249 

this day that gives the appearance of a terrain-induced coastal low.  A close examination of the 250 

image reveals many small-scale vortices in the near shore closed-cell stratocumulus likely 251 

associated with the easterly flow interacting with the complicated coastal geography.  Offshore, 252 

the closed cellular pattern appears to become more cumuliform with an open cellular structure 253 

north of the trough axis along 60°S.     254 
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The local meteorology observed by instruments on the ship and 6-hourly soundings (not 255 

shown) document an ~5 m/s northeasterly wind with surface temperatures near -2°C.    The 256 

potential temperature difference between the surface and the 850 hPa layer was 8°C.  The 257 

boundary layer was well mixed up to an inversion based near 1 km, and the clouds had a 258 

temperature near -10°C.  Photos and video recorded during this day (not shown) show calm seas 259 

with only scattered sea ice and mostly open water under a persistent low overcast. 260 
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 261 

 

Figure 3.  Marcus Surface measurements and derived cloud properties collected from aboard 

the Aurora Australis on January 5 and 6, 2018.  a) w-band radar reflectivity with ceilometer 

cloud base overlaid (purple), b) lidar copolar attenuated backscatter, c) visible extinction 

derived from the lidar data using the method of Li et al. (2011), d) effective radius (black) and 

liquid water path (red), e) cloud droplet number concentration (black) and hourly averaged 

CCN at 0.25% supersaturation (red circles).  MODIS overpass averages and standard 

deviations shown as blue circles with error bars to indicate standard deviation of 50 km domain 

centered on the ship.   
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A time series of remote sensing and derived cloud properties in Fig. 3 show an optically 262 

thick cloud layer that fully attenuates the lidar. We note that a transition in observed and derived 263 

cloud properties begin near 16 UTC on 1/5.  This transition period occurs as the ship transits 264 

northeastward and encounters an airmass with very different history as discussed below.  From 265 

 

Figure 4.  5-day Hysplit backwards and forwards trajectories from the Marcus ship 

location (star).  The solid and dashed curves show the center-of-mass trajectory from the tracer 

concentrations (gray).  Drop pins denote MODIS overpasses over water with color code 

corresponding to inset information at the bottom of the figure.  The ellipses denote the point in the 

trajectories where the concentration of tracers denote significant uncertainty in the center of mass 

trajectory (see text for explanation). 
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00 to 16 UTC, the layer base is near 600 m, with tops near 1 km.  The liquid water path (LWP) 266 

derived from the microwave radiometer suggests an approximate 2-hour periodicity in enhanced 267 

LWP that correlates with periods of episodic drizzle occurring during the high LWP part of the 268 

day.  The more extended period oscillations in LWP are also matched in the lidar-derived 269 

extinction.  On a much more rapid pace, we note oscillations in cloud droplet number Nd, re, and 270 

lidar-derived extinction.  These oscillations are approximately in phase with the drizzle events 271 

that had a timescale of 10-15 minutes.  Overall, extinction's high (low) values correlate with 272 

local maxima (minima) in Nd.  The re is anticorrelated with Nd, but these quantities are not 273 

independent in the retrieval algorithm.  We find that the MODIS retrievals are in reasonable 274 

agreement with the surface retrievals regarding the mean values and the variability.   The 275 

depolarization ratio of the lidar is poorly known below values of 0.4 due to a substandard 276 

window that was repaired on 13 January, so we infer liquid drizzle based on the Doppler velocity 277 

and the low radar reflectivity. 278 

CCN remains in the 250 cm-3 range throughout case 1 - well beyond the 75th percentile of 279 

CCN at 0.2% supersaturation for this latitude belt compiled from Capricorn II and MARCUS 280 

data reported in Humphries et al. (2021).  Nd ranges up to the values of the CCN in between 281 
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drizzle events to values as low as 80 cm-3 in regions near more intense drizzle where the 282 

extinction is also a minimum.  283 

Back trajectories (Figs. 4 and 5) show that the air mass had recently descended to near 284 

the sea surface, as depicted in downward vertical motions along the parcel trajectory late on 1/4.  285 

 

Figure 5.  Meteorological quantities and MODIS cloud properties from along the backwards 

and forwards trajectories depicted in Fig. 4.  OVP is the overpass time of the ship by MODIS 

Aqua on 07:20 UTC.  A) Parcel temperature and MODIS LWP, b) Total and snow 

precipitation rates and MODIS Nd, c) Parcel relative humidity and 10 m wind speed and 

MODIS re, d) large-scale vertical motion and parcel height.    
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Before this, the trajectories suggest that the air mass transited the Law Ice Dome during the 286 

previous 48 hours near 2 km altitude and temperatures near -15°C.  The MERRA-2 model 287 

suggests clear skies during the time over the Law Ice Dome, and this seems reasonable given the 288 

quiescent large-scale meteorology.  While the back trajectories are quite uncertain during the 289 

back trajectory, there is an indication that before being over the Law Ice Dome, the air mass had 290 

been at a higher elevation over the ice sheet and then descended to near sea level, passing over 291 

the Totten Ice Shelf.  Thus, it appears that the air mass had spent little time over the SO in the 292 

days before the case study period examined here.   293 

The first cluster of MODIS overpasses of the trajectory are those that passed over the 294 

ship on 1/5.  After that, two additional sets of overpasses occurred on 1/6 and 1/7.  The cloud 295 

properties derived along the forward trajectories clustered in time show reasonable consistency 296 

in the scene-averaged re, Nd, and LWP.  During the forward trajectory as the air mass continues 297 

roughly westward over the open ocean, the MODIS retrievals show little change in re although 298 

both LWP and Nd decreased over the ensuing three days.  Nd drops from near 200 cm-3 during the 299 

overpasses of the ship on 1/5 to values near 100 cm-3 in the cluster of overpasses on 1/7.  The 300 

MERRA-2 model suggests that light precipitation in the form of snow in the BL clouds increased 301 

after 1/5, consistent with decrease in Nd and LWP. 302 

 303 

3.2 January 6, 2018 - Marcus 304 

 305 

On the day following the 1/5 case study, January 6, 2018 (1/6), the Aurora Australis had 306 

progressed ~240 km to the northeast. They continued northeastward through open water with 307 

icebergs and wildely scattered sea ice notable on the video and still photography.  The winds had 308 

increased and ranged between 10-15 m s-1 from the northeast during the early UTC hours of 1/6. 309 

The sea state remained unremarkable with no apparent whitecaps that would indicate active sea 310 

salt aerosol production locally.  Surface temperatures were near and just below freezing, having 311 

warmed slightly from the previous day.   The sounding at 06 UTC (not shown) shows that the 312 

boundary layer had deepened considerably yet remained well mixed with the base of the marine 313 

inversion near 1.6 km.  The clouds observed by the ARM remote sensors (Fig. 3) show a marked 314 

contrast from the previous day with a transition in cloud properties that began at ~16 UTC and 315 

was complete by 00 UTC.  A persistent layer of BL clouds continues with bases now near 1.4 km 316 
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and with layer top at the bottom of the marine inversion at temperatures near -15ºC.  Higher 317 

radar reflectivities are noted in precipitation that, according to lidar depolarization above 0.4 318 

during events before 03 UTC, seems to be snow.  After 03 UTC, we cannot establish with 319 

certainty the phase of the lighter precipitation because of ambiguity in the lidar depolarization 320 

noted earlier.  The cloud field is variable before 03 UTC, with breaks in the lidar data and lower 321 

cloud bases in heavier precipitation.  Widely scattered clouds are observed below the bottom of 322 

the primary cloud layer. 323 

The variability in the cloud field is consistent with satellite imagery and photography 324 

recorded at the ship (Figs. 6 and 7).  The MODIS overpass at 0225 UTC places the ship in a 325 

region of mostly overcast cloud cover with the sea surface visible in various breaks in the cloud 326 

field in the vicinity of the ship.  A photograph (Fig. 7) taken at 0226 UTC at the approximate 327 

 

Figure 6.  As in Figure 2b but for the Terra MODIS overpass at 02:25 UTC on 1/6.  
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time of the MODIS overpass looks towards the northeast and shows thick boundary layer clouds 328 

with breaks in the layer.  329 

The derived cloud microphysical properties had also changed considerably from 1/5.   Nd 330 

is overall much lower, ranging between 10 and 50 cm-3 with substantial variability in regions of 331 

precipitation (Fig. 3).  These values of Nd are in broad agreement with MODIS, which records a 332 

mean of ~15 cm-3.  The effective radius is also larger than on 1/5 and is in the 20-30 um range 333 

from the surface, while MODIS retrieves a value near 20. um.  LWP is highly variable in and 334 

around precipitation, reaching several hundred g m-2.  After 03 UTC, the cloud properties 335 

become much more steady as the ship moves into the less variable cloud field to the northeast in 336 

Fig. 6.   However, light precipitation from the cloud continues. The derived cloud properties also 337 

continue to show markedly low Nd and high re, with the LWP now in the 50 g m-2 range, 338 

suggesting that the cloud properties feature low Nd and high re throughout this area and not just 339 

in regions of active precipitation.   340 

The 5-day back trajectories (Fig. 8) suggest that the air mass had exited continental 341 

Antarctica near the beginning of the 5-day period on January 1 and likely came from the region 342 

of the Amery Ice Shelf in what is known as Prydz Bay.  The trajectories are substantially 343 

 

Figure 7. Photograph taken from the Aurora Australis at 02:26 UTC on 1/6 near the 

time of the MODIS overpass.  Perspective is looking northeast.   
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uncertain. However, the majority of the individual trajectories do show this path.  Other parcels 344 

follow the coastline near the Amery ice shelf.  We can confidently say that the air had been over 345 

open water for most of the past five days.  There is a well-defined trend in MODIS cloud 346 

properties along the trajectory.  We pick up the first set of MODIS overpasses of open water 347 

early on January 3 and have 4 clusters of overpasses on each succeeding day until 1/6.  On 1/3 348 

the Nd was in the 200 cm-3 range (Fig. 9) with re near 8 um - similar to the values found on 1/5 in 349 

the air that had recently descended from the Law Ice Dome.  The Nd decreased, and the re 350 

increased in each successive set of overpasses until 1/6.  The LWP, on the other hand, shows a 351 

different trend.  MODIS records a Maximum LWP near 200 g m-2   early on 1/4 while a 352 

 

Figure 8.  As in Figure 4 except for 1/6.   
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minimum in LWP occurs 24 hours later.  While it borders on speculation, the precipitation 353 

(mostly snow) predicted by MERRA-2 seems to lag the LWP by about ½ day.   354 

It is interesting to note in Fig. 3  that the ship time series of CCN (0.25% supersaturation) 355 

during the 1/6 case study period.  Recall that 24 hours prior, CCN was in the 250 cm-3 range and 356 

close to the 90th percentile of CCN for this latitude band. While CCN is missing late on 1/5, the 357 

cloud properties transition from the high Nd and small re on 1/5 to what is observed on 1/6.  It 358 

seems clear that the air mass sampled by the Aurora Australis shifted from one that had recently 359 

emerged from continental Antarctica to an air mass that had experienced land multiple days prior 360 

that now had much lower CCN and Nd.   361 

 362 

 

Figure 9.  As in Figure 5 except for the 1/6 case study. 
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3.3 February 4 and 5, 2018 – Capricorn II 363 

We take our final case study from data collected during the Capricorn II campaign on 364 

February 4 and 5, 2018 (2/4, 2/5) when the R/V Investigator was conducting oceanographic 365 

measurements within 100 km of 65°S, 150°E.  The ship began a northward transit at 10 knots 366 

during midday on 2/5.  The large-scale meteorology (Fig. 10) at 00 UTC on 2/5 shows a highly 367 

amplified upper-level pattern with a trough axis along 170°E and a ridge along about 130°E.  A 368 

frontal system associated with the low pressure centered at 65°S, 170°E at 00 UTC 2/5 had 369 

 

Figure 10.  As in Fig. 1 except for the 2/4-2/5 case study.  The red circle marks the location of 

the R/V Investigator on 2/5 at 00 UTC.   



23 

 

passed over the ship on 2/3 at around 15 UTC, turning the flow out of the south.  By 00 UTC on 370 

2/5, this southerly flow extended through the entire troposphere.   371 

Weather at the ship evolved somewhat during these two days.  Surface temperatures 372 

remained between -2° and -4°C, and surface winds were steady out of the south at 10-15 m s-1.  373 

Photography collected from the ship shows only modest wind waves, given the ship’s proximity 374 

to the sea ice edge with very scattered white caps, suggesting the possibility of some local sea 375 

 

Figure 11.  As in Figure 3 except for the 2/4-2/5 Capricorn II Case Study 
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salt aerosol generation. A marine inversion was not evident in the 3-hourly soundings until 16 376 

UTC on 2/4 when it was based near 1.5 km with a temperature of -15°C.  The inversion 377 

strengthened as the pattern progressed, and surface pressure rose through 2/5.  By mid-day on 378 

2/5, a strong marine inversion with a 10°C potential temperature difference between the surface 379 

and 850 hPa was based near 1 km at a temperature of -10°C.   380 

 The BL clouds observed during this case study period (Fig. 11) were based near 500 m 381 

and, except for a period between 15 UTC and 23 UTC on 2/4, the clouds were below the 382 

detection threshold of the cloud radar on the R/V Investigator (~ -30 dBZe).  The lidar shows a 383 

mostly overcast cloud layer with some regions of broken clouds and optically thinner clouds 384 

where the lidar transmits through the layer.  Lidar depolarization ratios (not shown) in the sub-385 

cloud precipitation between 15 and 23 UTC appear to be primarily liquid except for two brief 386 

episodes of snow that correlate with maxima in the radar reflectivity of more than -10 dBZe 387 

between 15 and 16 UTC.  MODIS imagery collected at 04 UTC on 2/4 and 05 UTC on 2/5 (Fig. 388 

12) show the ship's position in relation to the cloud field.  Cloud streets that formed as the 389 

southerly flow encountered the sea surface and then evolved into closed cellular stratocumulus 390 

are evident from the sea ice region to the south of the ship location.  The cloud field remained 391 

consistent during this southerly flow period. 392 
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 Derived cloud properties (Fig. 11) are also remarkably steady during the case study 393 

period. Nd decreases from near 200 cm-3 in the early part of the period to near 100 cm-3 after the 394 

light precipitation event at 19 UTC. CCN at 0.25% supersaturation remains steady throughout 395 

the case study between 200-300 cm-3. This value of CCN, as the 1/5 case study presented earlier, 396 

is beyond the 90th percentile of CCN collected in this latitude belt. re follows Nd and remains at 397 

or below roughly 10 μm during most of the period. Except in the period with precipitation, the 398 

LWP remains in the 50-100 g m-2 range. Overall, the MODIS retrievals conducted from the 399 

overpasses agree reasonably with the surface-based cloud properties with high Nd and small re 400 

and LWP less than 50 g m-2 at the times of the overpasses. The MODIS Nd is well beyond the 401 

upper quartile of Nd recorded by MODIS during a 5-summer period examined in Mace et al. 402 

(2023). 403 

 

Figure 12.  As in Fig. 2b except for a MODIS Aqua overpass of the 2/4-2/5 case study.   
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 As shown in Fig. 13, the air sampled during the case study period had spent the previous 404 

48 hours transiting the high-altitude ice dome known as Dome C after it seemingly ascended 405 

from the Ross Sea.  At least according to the back trajectories, the parcel was well into the free 406 

troposphere near 5 km altitude during this transit of Dome C, where predicted temperatures were 407 

near -40C.  The air sampled at the ship had only been over the sea surface for a very short time 408 

after descending in a strong katabatic flow depicted in Fig. 14.  After passing over the ship, the 409 

forward trajectories show that the air mass continued northeast.  In addition to the overpasses 410 

near the ship, we find two additional sets of overpasses along the forward trajectory on 2/6 and 411 

2/7.  These show that the clouds evolved with increasing LWP and re and decreasing Nd to values 412 

of 70 cm-3 on 2/7.   413 

 

Figure 13.  As in Fig. 5 except for 2/5 at 23 UTC.   
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The Capricorn II data included a Time-of-Flight Aerosol Chemical Speciation Monitor 414 

(TOF-ACSM) that allows for inference of aerosol composition.  Humphries et al. (2021) present 415 

an analysis of the aerosol composition recorded as a function of latitude for recent Southern 416 

Ocean voyages.    We show the compositional breakdown of the aerosol for the 2/4-2/5 case 417 

study in Fig. 15.  We find that this aerosol mainly was (90%) sulfate and methanesulfonic acid 418 

(MSA).  Very low values of other chemical species are indicated, including chloride – a proxy 419 

for sea salt.  The sea salt and organic fraction of the aerosol composition in the 2/4-2/5 case 420 

study was less than half of that compared to the latitudinal average. 421 

 

Figure 14.  As in Fig. 5 except for 2/4 at 23 UTC.   
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 422 

4.  MODIS statistics 423 

The three case studies we present seem to convey a picture consistent with the statistical 424 

findings of Mace et al. (2021 and 2023) and the earlier results of Humphries et al. (2021 and 425 

2016) and going back to Shaw (1988) that air masses that have spent significant time over the 426 

Antarctic continental ice sheet emerge over the Southern Ocean with CCN concentrations in the 427 

200-300 cm-3 range – significantly higher than the latitudinal average (Humphries et al., 2021). 428 

To see how general this association is we examine MODIS data collected from Terra and Aqua 429 

 

Figure 15. Aerosol compositional fractions from TOF-ACSM for the 2/4-5 case study compared 

to the latitudinal band average.   
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during Austral Summers (December through February) between 2014 and 2019 south of 60°S 430 

(the same data set used in Mace et al. 2023), except that here we examine the sensitivity of Nd in 431 

a MODIS scene to the time since a back trajectory from that scene had encountered the Antarctic 432 

Continent.  This analysis includes a total of 123784 trajectories.  To demonstrate these 433 

relationships more clearly, we focus on the upper (100 cm-3) and lower (50 cm-3) Nd quartiles for 434 

all MODIS data in the Southern Ocean, as established in Mace et al. (2023).   435 

 

Figure 16. Occurrence of lower (a) and upper (b) Nd quartiles from MODIS data collected 

during the summers of 2014-2019.  c) shows the frequency of occurrence of low (blue) and 

red (upper) Nd quartiles as a function of total hours spent over continental Antarctica in the 

5-day back trajectory. d) shows the frequency of occurrence of the upper (red) and lower 

(blue) quartiles for over water scenes as a function of time since the back trajectory had 

encountered the Antarctic land mass.    
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The occurrence of the upper and lower Nd quartiles is strongly related to latitude (Fig. 436 

16), with the high Nd quartiles tending to be adjacent to coastal Antarctica.  Not surprisingly 437 

then, we also find that being in one or the other of the Nd quartiles is a strong predictor of the 438 

time since a back trajectory had encountered land (Fig. 16d).  On the other hand, and perhaps 439 

less obviously, the amount of time spent over continental Antarctica seems to be predictive of 440 

membership in either the high or low Nd quartile.  Nearly half of the low Nd quartile had not 441 

encountered land in the 5-day back trajectory, while only 25% of the high Nd quartile had been 442 

entirely over open water.  Of the back trajectories that had passed over the continent, 443 

membership in either quartile depends oppositely on the amount of time spent over land.  High 444 

Nd seems much more likely as time over the continent increases – rising sharply after 72 hours. 445 

On the other hand, low Nd is decreasingly likely as time over the continent increases.    446 

5.  Conclusions 447 

 While changes to model simulations of cloud feedbacks in the Southern Ocean are 448 

primarily responsible for the increased climate sensitivity of CMIP 6 (Zelinka et al., 2020), past 449 

work has documented that the cloud properties simulated in models are not consistent with 450 

observations of cloud properties Southern Ocean low-level clouds.  Because cloud properties are 451 

strongly linked to precipitation this lack of consistency between models and observations calls 452 

into question the validity of the increased climate sensitivity.  Fundamental to this is that the 453 

models seem to lack a mechanism to create the observed CCN concentrations (McCoy et al., 454 

2021) over the summertime Southern Ocean.  While the primary mechanism behind the high 455 

concentrations of CCN is likely related to aerosol nucleation and subsequent growth associated 456 

with sulfate precursor gasses emitted by  the highly productive ocean biology in the high 457 

latitudes, the exact mechanism for the CCN production has not been established and are not 458 

simulated in global models of CCN production (Dunne et al., 2016; Lee et al., 2013).  In this 459 

paper, we build on past work to show that air masses emerging into the MBL over the Southern 460 

Ocean after having spent time transiting the continental ice sheets of Antarctica during summer 461 

appear predisposed to have anomalously high CCN concentrations and produce clouds that have 462 

similarly anomalously high Nd.   463 
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Statistics derived from MODIS data demonstrate the relationship between time over 464 

Antarctica and high Nd clouds. These statistics are consistent with three case studies collected 465 

during ship-based observing campaigns in the Summer of 2018.  A case on January 5, 2018, 466 

from the Marcus campaign and the 2/4-2/5 case from Capricorn II were of air masses that had 467 

recently emerged over the Southern Ocean after spending multiple days over continental 468 

Antarctica and had Nd from both MODIS and surface-based retrievals well within the upper 469 

quartile of what we find from multi-year MODIS analysis (> 100 cm-3).  CCN observed at the 470 

surface in the case studies was also anomalously high relative to the mean in the southern high 471 

latitudes.  In both cases, the Nd along the trajectories decrease with time as the air masses transit 472 

over the open ocean and are diagnosed to no longer have Nd that would place it in the upper Nd 473 

quartile.  On the other hand, the air mass sampled in the 1/6 case from Marcus had not been in 474 

contact with land for at least five days, and Nd from both surface and MODIS put it well within 475 

the lower Nd quartile.  However, MODIS data from along the back trajectories suggest that Nd 476 

had decreased from values that placed it within the upper Nd quartile near the start of the 5-day 477 

back trajectory after the airmass likely emerged onto the Southern Ocean from the continental 478 

landmass.    479 

The relationship between summertime transits of air masses over the continent and the 480 

production of high CCN air masses has been described in the literature (Shaw, 1988; Humphries 481 

et al., 2016).  The highly productive waters of the Antarctic continental shelf produce copious 482 

precursor gasses beginning as DMS from phytoplankton along with oxidants such as BrO and 483 

IO.  These maritime air masses would also contain preexisting primary and secondary aerosols 484 

such as sea salt and organics.  Under synoptic scale conditions conducive to forced ascent, these 485 

air masses ascend the ice domes, where cloud and precipitation processes scavenge most of the 486 

ambient aerosol from these air masses.  The air masses with high concentrations of aerosol 487 

precursor gasses now devoid of ambient aerosol then spend multiple days in the free troposphere 488 

at cold temperatures and extremely high actinic flux, enabling new particle formation and growth 489 

(Raes, 1995).  Growth from the nucleation mode to CCN sizes would take several days, so long 490 

trajectories over the ice are favored.  The air masses, now with high CCN, descend off the ice 491 

sheets in katabatic flows to the Southern Ocean marine boundary layer, forming the high Nd 492 

clouds found in observations.   493 
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While aspects of this storyline are speculative (the new particle formation process has not 494 

been observed in the free troposphere over the ice sheets, for instance), the critical elements of 495 

the story are reasonably well documented in past literature or cases and statistics presented in 496 

this paper.  Additional observations are needed to establish this mechanism's validity more 497 

rigorously.  It is fortuitous that several upcoming campaigns into the Southern Ocean are planned 498 

during this decade (Mallet et al., 2023).   What is not planned but needed are airborne campaigns 499 

into the high latitudes to document the chemical pathways favored in taking aerosol precursor 500 

gasses to new particles that then grow into CCN and eventually seed the high albedo clouds 501 

observed by satellite and ground-based sensors.        502 
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