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Abstract 1 

Ice particles present at temperatures warmer than -9°C were encountered in unexpectedly 2 

high number concentrations (up to 54 L-1) by an instrumented aircraft over the Southern 3 

Ocean (SO), off the southwest coast of Tasmania, Australia, on 07 September 2013. The 4 

sampled clouds were precipitating, characterized by mixed-phase, open-cellular shallow 5 

convection. These clouds were present within a large-scale environment characterized by 6 

cold air advection, in a pristine air mass for over 72 hours. Using a Cloud and Aerosol 7 

Spectrometer, aerosol particles (diameters > 0.6 μm) size and number concentrations were 8 

measured and ice nucleating particle (INP) number concentrations were estimated with a 9 

recognized ice nuclei parameterization scheme. The estimated INP number concentrations 10 

were in the range of 10-5-10-1 L-1 at temperature above -9°C, which is up to three orders of 11 

magnitude less than the ice number concentrations typically observed. The high ice number 12 

concentrations are largely consistent with the theoretical values when ice crystals are 13 

produced via a splinter production. The evidence suggests that secondary ice processes 14 

(likely the Hallett-Mossop mechanism) were playing a key role in generating the high ice 15 

number concentrations observed. Satellite observations from an A-Train overpass in the 16 

neighborhood during the flight period reveal a qualitatively consistent story, with patchy, 17 

mixed-phase (but predominantly supercooled liquid water) clouds observed at cloud-top 18 

temperatures around -6°C. Using back trajectory calculations, these clouds are tracked over 19 

23 and 46 hours with A-Train observations. The presence of these clouds is found to be 20 

common over the SO during this period of time. This suggests that the ice particles present in 21 

a relatively warm temperature range could potentially be commonplace, within the 22 

widespread (up to thousands of kilometers) shallow convective cloud fields over the SO. 23 

These clouds may have important implication for the energy budget and precipitation 24 

production over this climatically important region. 25 

 26 

Key words: Southern Ocean; mixed-phase clouds; secondary ice processes; aircraft 27 

measurements; A-Train satellites28 
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1. Introduction 29 

Mixed-phase clouds, in which supercooled liquid water (SLW) and ice crystals coexist within 30 

the same volume of air, are commonly observed in the lower troposphere, particularly over 31 

mid- and high-latitude oceans (e.g. Shupe et al., 2001; Korolev et al., 2003; Field et al., 2004; 32 

McFarquhar et al., 2007; Huang et al., 2012a). The formation and development of ice 33 

particles in mixed-phase clouds have a critical influence on cloud radiative properties, 34 

lifetime, and precipitation efficiency (Dong and Mace, 2003; Zuidema et al., 2005). However, 35 

progress in understanding the formation and evolution of mixed-phase clouds is hindered by 36 

difficulties in observing and characterizing the many complex interactions that lead to the 37 

glaciation, and dynamics of these clouds.  38 

Primary ice nucleation may begin to form ice in clouds at temperatures as warm as -4°C in 39 

the presence of suitable ice nucleating particles (INPs, e.g. Cantrell and Heymsfield, 2005; 40 

Hobbs and Rangno, 1985, 1990). Early observations reported, in some instances, fair 41 

agreement between the observed ice number concentration and the number of INP (e.g. 42 

Cooper, 1986; Mossop, 1985a); however, numerous studies have reported orders of 43 

magnitude higher ice number concentrations (e.g. Blyth and Latham, 1993; Harris-Hobbs and 44 

Cooper, 1987; Hobbs and Rangno, 1985, 1990), which suggests the potential importance of a 45 

secondary ice production mechanism.  46 

Among the several secondary processes that have been proposed, splinter ejection during 47 

riming of ice crystals, known as the Hallett-Mossop (H-M) mechanism (Hallett and Mossop, 48 

1974; Mossop and Hallett, 1974; Mossop, 1976), is probably most commonly invoked. The 49 

initial in-situ observations that underpin the H-M hypothesis were made in small maritime 50 

cumulus clouds off the coast of Tasmania, within an environment of south-westerly airstream 51 

with a long over-sea trajectory (Mossop et al., 1970). Initial and subsequent experiments have 52 

shown that ice particles are produced during riming within the temperature range from -3 to -53 

8°C, when small droplets (diameter D d 13 ¼m) and large drops  (D e  24 ¼m, particularly 54 

SLW) coexist with graupel particles (Saunders and Hosseini, 2001). The proposal of the H-M 55 

mechanism has inspired numerous follow-on studies. Observations from various locations 56 

across the globe have cited the H-M process to explain the observed ice number 57 

concentrations (e.g. Hogan et al., 2005; Ovtchinnikov et al., 2000; Heymsfield et al., 2014; 58 

Taylor et al., 2015). Other ice multiplication processes, such as fragmentation of delicate 59 

crystals by mechanical influences (Pruppacher and Klett, 1997), ice-ice collisions (Takahashi 60 
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et al., 1995), breakup and shedding of crystals during sublimation (Bacon et al., 1998; 61 

Oraltay and Hallett, 2005), ice nucleation on drop residuals (Beard, 1992) and circulation 62 

induced INP entrainment (Prenni et al., 2007), have also been proposed. A comprehensive 63 

overview of the current state of the science on secondary ice production is provided by Field 64 

at al. (2016), Chapter 7 of the upcoming American Meteorological Society Monograph. 65 

The Southern Ocean (SO), remote from local anthropogenic influences, is renowned for the 66 

strongest, annually-averaged wind speed (Vinoth and Young, 2011), the most frequent 67 

precipitation (Ellis et al., 2009) and, in particular, the largest fraction of liquid and mixed-68 

phase clouds among the global oceans (Hu et al., 2010). Frontal glaciated clouds are only 69 

observed to account for ~ 12 % of the total cloud cover over this region (Mace, 2008). These 70 

clouds have been receiving increasing attention in recent years, largely due to their poor 71 

representation in climate models and reanalysis products, and consequently, the outstanding 72 

uncertainties and biases in the simulated radiative budget (Trenberth and Fasullo, 2010). 73 

Spaceborne and limited in-situ observations have reported that the SO is dominated by clouds 74 

in the temperature range of 0 to -20°C (e.g. Huang et al., 2012b), where SLW is prevalent 75 

(e.g. Morrison et al., 2010; Huang et al., 2012a; Chubb et al., 2013; Grosvenor et al., 2012). 76 

Recent research has hypothesized that the poor representation of SLW in climate models 77 

contributes substantially to the biases in the simulated clouds (Bodas-Salcedo et al., 2016). 78 

However, it remains an open question as to what extent SLW dominates the cloud 79 

thermodynamic phase over the SO. In addition, the spatial-temporal variability in sources, 80 

chemical composition, and INP over this region further contribute to significant observational 81 

and modelling uncertainties (Burrows et al., 2013). 82 

Precipitation processes over the SO are even more poorly understood. Limited information on 83 

cloud microphysics has been gathered from the few historical field campaigns, such as the 84 

Aerosol Characterization Experiment (ACE-1, Bates et al., 1995) and the Southern Ocean 85 

Cloud EXperiments (SOCEX I and II; Boers et al., 1998), which had other science objectives. 86 

By comparing station records at Macquarie Island (54.50°S 158.94°E), reanalysis data sets 87 

and CloudSat retrieval products, Wang et al. (2015) reveals that mixed-phase precipitation is 88 

commonly present over the SO, and that light precipitation accounts for ~ 82% of the total 89 

precipitation fraction. These findings imply that microphysical processes in mixed-phase 90 

clouds likely play a critical role in precipitation production in this region, particularly during 91 

winter.    92 
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Open mesoscale cellular convection (MCC, Wood and Hartmann, 2006; Wood, 2012), which 93 

is typically observed in the cold sectors of mid-latitude cyclones (e.g. Field and Wood, 2007) 94 

or in cold-air outbreaks over oceans (Atkinson and Zhang, 1996), prevail along the SO storm 95 

track (40-60°S). This cloud morphology, which is most pronounced during winter (occurring 96 

~ 50% of the absolute time), is a significant contrast to that over the high-latitude SO where a 97 

closed MCC cloud regime is dominant nearly all year round (Muhlbauer et al., 2014). Both 98 

observations and modelling studies suggest that open MCC cloud fields differ significantly 99 

from closed MCC cloud fields, with the former being associated with heavier drizzle (e.g. 100 

Stevens et al., 2005; Ackerman et al., 1993; Wang and Feingold, 2009) and less shortwave 101 

reflectance and transmissivity (Muhlbauer et al., 2014). Even light precipitation typical of 102 

marine stratocumulus can profoundly impact the radiative properties of marine low clouds 103 

(e.g. Wood et al., 2012) via a modification of cloud microphysical characteristics such as 104 

cloud effective radius and droplet number concentration. Thus, a better appreciation of 105 

physical processes that are shaping the cloud morphologies is a necessary step towards an 106 

improved representation of cloud forcing in climate models. 107 

The major objective of this study is to explore the potential role of secondary ice production 108 

in open cellular convection over the SO through a focused case study using both in-situ and 109 

satellite observations. We will evaluate the airborne measurements that suggest that the 110 

observed ice number concentrations exceed what would be expected given the ice nuclei 111 

concentrations in this region. We test if these excessive concentrations could be the result of 112 

secondary ice production. Computations of back-trajectories are also performed to help 113 

identify the air mass history, as well as establishing the wider synoptic context within which 114 

secondary ice processes may occur. It is worth noting that the difficulties of determining 115 

secondary ice production from in situ measurements and the need for more diverse 116 

measurements have been highlighted in Field et al. (2016). As such, this study can be a 117 

component of more comprehensive attempts to explore the prevalence of secondary ice 118 

production over the SO, and to characterize and understand the nature of clouds and 119 

precipitation over this region. 120 

2. Data and Methodology 121 

2.1. Aircraft Observations 122 
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An ongoing collaborative effort between Monash University and Hydro Tasmania in 123 

Australia has been the exploration of the SO cloud and precipitation characteristics during 124 

Austral winter (May-October). An instrumented Cessna Conquest aircraft, operated by Hydro 125 

Tasmania, was the measurement platform for this project (e.g. Huang et al., 2015). A central 126 

objective of this project is the evaluation of cloud and precipitation retrieval products from A-127 

Train (Stevens et al., 2002) satellite observations over the SO. As such, many of the flight 128 

tracks were aligned with the A-Train satellite overpasses.  129 

Instruments aboard the aircraft include a Droplet Measurement Technologies (DMT) Cloud 130 

Aerosol and Precipitation Spectrometer (CAPS, Baumgardner et al., 2001) that incorporates a 131 

hot-wire liquid water sensor, a single particle light scattering Cloud and Aerosol 132 

Spectrometer (CAS) that measures particles within the nominal size range of 0.6-50 μm in 30 133 

size bins, and a Cloud Imaging Probe (CIP-25), an optical array probe that is used to record 134 

2-D images of larger particles (50 μm-1.55 mm) in 62 size bins with a 25 µm resolution. Bulk 135 

cloud water content is also measured using a Science Engineering Associates (SEA, Tolland, 136 

CT, USA) WCM-2000 Multi-Element Water Content System (Lilie et al., 2005). This sensor 137 

has two independent cylindrical hot-wire elements (0.5 and 2 mm in diameter, conventionally 138 

named WCM-021 and WCM-083, respectively) for in-situ liquid water content, and a 139 

scooped 4-mm element for total water content (ice plus liquid). Ambient and dew point 140 

temperatures are measured using a Meteolabor TP-3S (Meteolabor AG, Switzerland) that is 141 

mounted inside a reverse flow housing to avoid wetting of the sensing element by cloud 142 

hydrometeors. The data presented were made at a temporal resolution of one second, which 143 

corresponds to a spatial scale of approximately 100 m at a typical aircraft true air speed. All 144 

aircraft instruments have been calibrated according to the manufacture instructions and the 145 

data are quality controlled. Details of data processing techniques and uncertainty estimates of 146 

the CAPS and WCM-2000 measurements can be found in Appendix A1-A4. 147 

In addition, we further introduce the calculated variable r32, which is defined as the ratio of 148 

the third to the second moment of the hydrometeor size distribution derived from the CAS 149 

(r32(CAS)) and the CIP (r32(CIP)) measurements, respectively. For spherical cloud drops, this is 150 

simply the effective radius; when used in clouds containing non-spherical ice particles it is a 151 

useful indicator of the particle size that is optically important. Similarly, number 152 

concentrations measured by the CAS and the CIP were presented separately. To be consistent 153 

with the convention in the cloud physics community, number concentrations measured by the 154 
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CAS (i.e. scattering probes) were presented in cm-3 while number concentrations measured 155 

by the CIP (i.e. imaging probes) were presented in L-1.  156 

While this in-situ data set proved valuable for studying clouds and precipitation over the 157 

measurement-sparse SO, there are some notable limitations due to the lack of several key 158 

measured parameters within the project framework. First, measurements of vertical wind 159 

velocities were not made and the reliability of the derived horizontal winds is questionable 160 

due to the coarse resolution of reported aircraft headings, particularly during turning. 161 

Secondly, measurements of aerosol particle properties were not made, other than size and 162 

concentration of particles larger than 0.6 µm. In addition, recent studies (e.g. Korolev and 163 

Isaac, 2005; Korolev et al., 2011; Lawson, 2011) suggest that shattering of large ice crystals 164 

on probe tips and inlets may result in the presence of artificially generated small ice particles 165 

on measurements by instruments such as the CAS and CIP. The tips on the arms of the CIP 166 

that are designed to mitigate shattering (Korolev et al., 2010) were not installed prior to 2014; 167 

further, the interarrival times that may help with phase identification for small particles were 168 

not recorded for the CAS. Although some of the particles measured by the CAS may be 169 

shattered ice crystals, it is the general consensus in the published literature (e.g. Field et al., 170 

2007) that this becomes an important issue only when ice crystals that are larger than 100 µm 171 

are present in significant concentrations. In the present study, those regions of clouds with 172 

significant concentrations of ice crystal with diameters greater than 100 µm are identified and 173 

the CAS measurements are treated with caution.   174 

Some of the aforementioned caveats are partially overcome by complementing the cloud 175 

water content derived from the CAPS with those from the SEA WCM-2000 sensors. For the 176 

purpose of cloud phase partitioning, an “ice fraction (µ)” can be derived using measurements 177 

from the SEA WCM-2000, following the method developed by Korolev et al. (2003, 178 

hereafter K03) which was derived from the Nevzorov probe, a sensor similar to the WCM-179 

2000. In K03, µ is defined as  180 

µ = 𝑊𝑖𝑐𝑒 
𝑊𝑖𝑐𝑒 +𝑊𝑙𝑖𝑞 

                                                           (1) 181 

where Wice and Wliq are the ice and liquid water contents derived from the measurements by 182 

the Nevzorov probes. The same principle is applied in our study to the SEA WCM-2000 183 

measurements. Details of the calculations are provided in Appendix A3. Following K03 we 184 
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define “clouds” using the threshold value of total water content WTWC > 0.01 g m-3. For the 185 

purposes of our study, clouds with µ < 0.1 are defined as ‘liquid’, clouds with 0.1 d µ d 0.9 186 

as ‘mixed phase’ and clouds with µ > 0.9 as ‘ice’. It should be noted that while we adopt the 187 

same methodology as K03 for the calculations of Wice and Wliq, the coefficients for the 188 

Nevzorov and the SEA WCM-2000 sensors are not necessarily identical given that the shapes 189 

of the sensors are somewhat different. More dedicated studies are needed to better understand 190 

any discrepancies between the measurements from the WCM-2000 and CAPS. This is 191 

particularly necessary for the WCM-2000 probe, which is a relatively new sensor and has not 192 

received the same level of critical evaluation as other cloud instruments like the CAPS and 193 

Nevzorov probes. Nevertheless, in the present study, we only use µ  as a qualitative indicator 194 

to constrain the cloud phase partition. Quantitative analysis is not the emphasis in this study 195 

but will be explored in future work.  196 

2.2. A-Train Satellite Observations 197 

We use cloud and aerosol retrieval products from three A-Train (Stephens et al., 2002; 198 

L’Ecuyer and Jiang, 2010) satellites – the Moderate Resolution Imaging Spectroradiometer 199 

(MODIS, Platnick et al., 2003) aboard Aqua, CloudSat (Tanelli et al., 2008), and the Cloud-200 

Aerosol Lidar And Infrared Pathfinder Satellite Observations (CALIPSO, Winker et al., 201 

2009). MODIS level-2 cloud products offer a range of retrieved cloud properties such as 202 

cloud-top temperature, cloud thermodynamic phase, cloud effective radius, cloud optical 203 

thickness, etc., with a spatial resolution of 1×1 km2 or 5×5 km2 at nadir, depending on the 204 

channels from which the cloud properties are retrieved. The two active remote sensors - the 205 

Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on CALIPSO and the Cloud 206 

Profiling Radar (CPR) on CloudSat provide vertical distributions of clouds, aerosol, and 207 

precipitation properties along the sub-satellite tracks. We use the CALIPSO Vertical Feature 208 

Mask product (VFM, version 3.01) which contains a classification of cloud and aerosol 209 

feature within a vertical profile, retrieved primarily from lidar attenuated backscatter and 210 

depolarization ratio (Hu et al., 2009; Omar et al., 2009). We use the CPR radar reflectivity 211 

from the CloudSat Geometrical Profile product (“2B-GEOPROF”, Marchand et al., 2008), 212 

thermodynamic variables from the “ECMWF-AUX” product (Partain, 2007), and surface rain 213 

rate produced by the 2C-COLUMN-PRECIP product (R04, Haynes et al., 2009). The later 214 

contains complementary information produced by the European Centre for Medium-Range 215 

Weather Forecasts (ECMWF). A known issue with CloudSat is that radar bins within 750 m 216 
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of the ocean surface suffer from surface clutter contamination (Marchand et al., 2008). 217 

Accordingly, the CPR may provide only limited insights for cloud properties within the 218 

boundary layer. As will be demonstrated later this issue does not affect the analysis of this 219 

study. Nevertheless, CloudSat is arguably the best spaceborne active sensor for global 220 

precipitation detection for the period studied.  221 

2.3. Calculations of Back Trajectories 222 

Back trajectories of the air parcels are calculated using the HYbrid Single Particle Lagrangian 223 

Integrated Trajectory Model (HYSPLIT; Draxler and Rolph, 2013) via the Air Resources 224 

Laboratory (ARL) of the National Oceanic and Atmospheric Administration (NOAA). In our 225 

case, the referenced meteorological data are obtained from the Global Data Assimilation 226 

System (GDAS). The ARL processes and archives this product as a 3-hourly, global, 1°×1° 227 

resolution data set on 21 prescribed pressure levels. The model was run in vertical motion 228 

mode and trajectories were initialized at locations where the mixed-phase clouds were 229 

observed by the aircraft. Calculations were performed at levels of 500, 1000, 2000 and 3000 230 

m above sea level (a.s.l.), respectively. The initialization time for each level was the closest 231 

hour to the time that the aircraft was in mixed-phase clouds, and the total time-span of the 232 

trajectories calculated was 72 hours. In order to account for the uncertainties in the initial 233 

conditions, ensemble runs which include 26 additional trajectories were also performed. 234 

These runs were initialized at horizontal perturbations of one grid point, which is the standard 235 

configuration recommended by the ARL portal. 236 

3. Observations and Analysis 237 

3.1. Meteorology and Flight Overview 238 

The mean sea level pressure (MSLP) analysis at 0600 UTC 07 Sep 2013 is shown in Figure 239 

1(a). A cold front was approaching the southeast region of Australia, exposing Tasmania to 240 

the post-frontal air mass. Another cold front was travelling eastwards over the far south of the 241 

SO. The back trajectory calculations (Figure 2) reveal a south-westerly airstream with a long 242 

over-sea history, suggesting a pristine/baseline condition (Gras, 1995). There was an A-Train 243 

overpass at ~ 0425 UTC 07 Sep 2013 along the west coast of Tasmania. The MODIS true 244 

colour imagery (Figure 1b) reveals a widespread presence of a highly inhomogeneous open 245 

MCC cloud field over the vast post-frontal area. As the aircraft was restricted by Air Traffic 246 
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Control, our flight area was largely confined within a radius of ~ 100 nautical miles (~ 180 247 

km) from Hobart Airport (-42.83°S, 147.50°E). As such, the flight path in this case was not in 248 

optimal alignment with the satellite ground track; nevertheless, the aircraft sampled the 249 

clouds within the nearest neighbourhood possible (~ 50 km east of the A-Train ground track) 250 

in order to optimize the comparison between the observations. An overview of the aircraft 251 

flight path overlaid on the MODIS cloud-top temperature image is shown in Figure 3(a). It is 252 

evident that the sampled clouds are largely representative of the cloud field in the broader 253 

post-frontal area, as observed by the satellites. 254 

As noted previously, the geolocations, meteorological conditions, and cloud morphologies 255 

encountered during this flight are highly comparable to those examined in the previously 256 

mentioned study by Mossop et al. (1970). 257 

3.2. In-situ Observations and Analysis 258 

The time series of the in-situ measurements of thermodynamical and cloud microphysical 259 

properties for the whole flight are shown in Figure 4. The aircraft conducted a series of runs 260 

at a number of selected altitudes, with the central objective of sampling various parts of the 261 

clouds. The three segments where distinct cloud microphysical properties were measured are 262 

highlighted. Right before and after the cloud survey periods, two ~15-min airborne soundings 263 

(descent and ascent, respectively) were performed at ~ 1000 ft/min (~ 5 m/s) to document the 264 

thermodynamic structure of the atmosphere.  265 

Temperature and wind profiles from the two airborne soundings (undertaken at ~ 0315 UTC 266 

and 0550 UTC, respectively) are shown in Figure 5. Both soundings were characterized by 267 

south-westerly winds at 7-10 ms-1. The air mass in the lowest 2 km a.s.l. was neutrally stable 268 

and sub-saturated, indicative of shallow convection. No clear inversion was detected during 269 

the downward sounding (S1), whereas a saturated layer was observed with a capping 270 

temperature inversion (of about 5°C) during the upward sounding (S2). The soundings were 271 

performed within roughly the same geographical area, although S2 was ~ 50 km to the 272 

northeast of S1. Considering the fast-moving system with a wind speed of ~ 7-10 ms-1 and 273 

soundings ~ 3 hours apart, it is estimated that S1 was slightly closer to the front compared to 274 

S2. This may partly explain the discrepancies seen in the profiles. Cloud-top temperatures 275 

(CTTs) from the two soundings and several other penetrations through the clouds during the 276 
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flight varied between -6 and -9°C, largely in line with the MODIS CTTs over the broader 277 

area of the observations (Figure 3a).  278 

The in-situ cloud microphysical properties differ considerably in the cloud samples 279 

penetrated by the two soundings. This does not exclude the possibility that the aircraft had 280 

exited through the side of what might actually be a deeper convective cell. During S1 (Figure 281 

6, S1), a geometrically thin (~ 150 m) cloud sample  with cloud top at ~ 1700 m (~ -6°C) was 282 

detected. This layer (‘A’) was observed to consist of “quasi-spherical” particles  only (note 283 

that the digitization by the CIP limits the ability to determine with 100% accuracy if the 284 

particle is liquid or ice but that the quasi-spherical images at these temperature are most 285 

likely SLW), with Wliq(CAS) and NCAS peaking at 0.8 g m-3 and 100 cm-3 near the cloud top 286 

(Figure 7, S1). The relatively high NCAS in this layer is further illustrated by the particle size 287 

distribution (PSD, Figure 8), which reveals a peak concentration (~ 100 cm-3) at ~ 15 µm, 288 

suggesting a “pre-drizzle” state of these clouds. It is unlikely that ice shattering is making a 289 

noticeable contribution to the CAS concentrations since the CIP does not show any 290 

significant concentrations of crystals greater than 100 µm except in the lowest layer where 291 

the CAS concentrations are small. More drizzle-size particles were observed by the CIP as 292 

the aircraft continued to descend, accompanied with an increase in the particle size and 293 

decrease in liquid water content (‘B’ and ‘C’). After a ~25s break, another thin layer was 294 

detected between 1.4 and 1.5 km a.s.l. at warmer temperatures (~ -3 to -4°C). This layer was, 295 

however, primarily mixed-phase (µ > 0.4), with the CIP recording a large number of fresh ice 296 

crystals (column and hollow like habits) and few spherical particles (which were most likely 297 

supercooled drizzle) concurrently falling out of the cloud base. This layer is associated with a 298 

broadened distribution in the particle size spectrum, leading to the NCIP values being recorded 299 

up to 15 L-1. The maximum lengths of the columnar ice crystals, according to the CIP, are 300 

typically within a range of 0.5-1.5 mm.   301 

During S2, the observed cloud (CTTs ~ -9°C) was mostly dominated by supercooled drizzle-302 

like particles (Figure 7, S2). No distinguishable ice-like particles were detected by the CIP 303 

during this penetration. Wliq(CAS) and NCAS peaked at ~ 0.33 g m-3 and 36 cm-3, whereas 304 

Wliq(CIP) and NCIP peaked at ~ 0.05 g m-3 and 38 L-1 (Figure 6, S2). Differing from S1, the 305 

PSDs from different layers of the clouds were more comparable, with an increase number of 306 

drizzle-size particles being detected towards cloud base (Figure 8). It is noted that 307 

Wliq(CAS+CIP), Wliq(WCM_021) and Wliq(WCM_083) were rather consistent during S2, while WTWC was 308 
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measurably higher than the other liquid water measurements. In fact, this discrepancy seems 309 

to be repeated throughout the entire flight. It is unclear why the WTWC values are 310 

systematically larger (at least in this presented case), although it could be speculated that this 311 

may in part be due to the scooped 4-mm total water probe being more efficient in collecting 312 

large precipitating particles than the cylindrical hot-wire liquid water probes, and/or the 313 

conservative estimate of liquid water content from the CIP measurements in heavy 314 

precipitation (see details in A4).  315 

The cloud survey period is composed of three segments (Figure 4f). The first two segments 316 

(SEG-1 and SEG-2) were essentially an “in-cloud” survey where measurements were made at 317 

a fixed attitude of ~ 2 km, through approximately the middle of the cloud fieldbased on the 318 

observation during S1. The time series of the cloud microphysical properties during SEG-1 319 

are shown in Figure 9. Note that the aircraft sampling was biased towards the larger cells that 320 

were considered to be most visible to the satellites. Due to an unexpected loss of 321 

communication with the air traffic control, there was a short break (~ 15 min, indicated in 322 

Figure 4a) between SEG-1 and SEG-2 where the aircraft had to make an ascent into clear air 323 

(at ~ 3.5 km a.s.l.) in order to resume communication. During SEG-1, two consecutive 324 

transects (~ 10-min each) were performed with reverse headings, whereby a well-defined 325 

convective cell (~ 2 km in diameter) was sampled twice, as reflected by the symmetric 326 

structure of the time series in Figure 9. The sampling was performed at ~ 1.8 km and between 327 

the -4 and -6°C isotherms. A closer examination reveals that the edges of this cloud cell 328 

(point ‘A’, ‘B’, ‘C’, ‘H’) were primarily liquid phase, where Wliq(CAS), Wliq(WCM_021), and 329 

Wliq(WCM_083) were reasonably consistent, varying between ~ 0.8 and 1.2 g m-3. Some heavily 330 

rimed particles were also captured (e.g. strip C and J in Figure 10). There was a sharp 331 

transition to the center of the cell (point ‘D’, ‘E’, ‘F’,' ‘G’), which was dominated by mixed 332 

phase and/or all ice, with fresh ice crystals being evident in the CIP images (Figure 10). The 333 

majority of the particle images were columns, some of which were rimed, covering a wide 334 

range of sizes. The NCIP was observed up to 40 L-1 (with a 60-s average up to 18 L-1) during 335 

SEG-1 in the cloud with µ e  0.9. A more conservative estimate of the ice number 336 

concentration with spherical particles (potentially water droplets) removed suggests a 337 

maximum of 26 L-1 (with a 60-s average up to 15 L-1) in this cloud. The differences in 338 

particle size characteristics in various parts of the cell can be better quantified with r32 339 

(Figure 9c), which showed a general increase when moving from the liquid-dominated to the 340 

ice-dominated part of the cell, with r32(CAS) increasing from ~ 12 to 15 µm, and r32(CIP) from ~ 341 
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100 to 500 µm. The mean image area ratio (defined as the particle area divided by the area of 342 

the circumscribed circle) weighted by the count in each bin also changed from ~ 0.8 in the 343 

liquid-dominated to ~ 0.5 in the ice-dominated part, suggesting a transition from more 344 

spherical features to more non-spherical features. Cloud microphysical properties measured 345 

during SEG-2 (not shown) are very similar to those from SEG-1, despite some expected 346 

differences in the cell size of the sampled clouds. The NCIP was observed up to 54 L-1 (with a 347 

60-s average up to 14 L-1) during SEG-2 (Figure 4c). The conservative estimate of the ice 348 

number concentration also reached 25 L-1 (with a 60-s average up to 11 L-1) in this segment. 349 

Segment 3 (SEG-3) was an excursion where multi-level legs were flown at different altitudes 350 

– namely “above the sea surface (L1, ~ 200 m a.s.l.)”, “below cloud base (L2, ~ 750 m 351 

a.s.l.)”, “within clouds (L3, ~ 1400 m a.s.l.)”, and “above cloud top (L4, ~ 2300 m a.s.l.)”, as 352 

shown in Figure 11. Cloud cells sampled during SEG-3 were quite broken, with the 353 

horizontal dimensions (1-3 km) much smaller than those sampled during SEG-1 and SEG-2. 354 

Along L1 and L2 (point ‘A’, ‘B’ and ‘C’), only large spherical particles were present in the 355 

CIP images (Figure 12), which were presumably raindrops. The r32(CAS) (r32(CIP)) varied 356 

largely between ~ 9 and 14 µm (~ 200 and 600 µm). The CIP-derived instantaneous rain rate 357 

during L1 and L2 was calculated up to ~ 11 mm h−1. The CIP-derived rain rate averaged at 358 

CloudSat resolution (1.7 km) was ~ 1.5 mm h−1. The in-cloud measurements along L3 at ~ -359 

4°C (point ‘D’, ‘E’ and ‘F’) were dominated by small SLW drops, with r32(CAS) reported in the 360 

range of 9-13 µm, and r32(CIP) being mostly below 150 µm. The in-cloud NCAS was in the 361 

range of 30-70 cm-3, whereas NCIP was primarily below 12 L-1. The conservative estimate of 362 

ice number concentration is very low, with a maximum of ~ 3 L-1. The mean particle 363 

oblateness were generally greater than 0.7 in this segment. The CIP-derived instantaneous 364 

rain rate was up to 1.5 mm h−1. There was little evidence of ice-like particles in the CIP 365 

images, although one of the images displays a few large, smooth ellipsoidal particles, which 366 

were likely to be rain drops. This may explain the non-zero values of the estimated ice 367 

number concentration. 368 

In order to better appreciate the particle size characteristics, a composite of the normalized 369 

PSDs observed by the CAS and the CIP probes within the three segments is shown in Figure 370 

13, for mixed-phase and liquid water dominated clouds, respectively. As noted, the mixed-371 

phase clouds are generally characterized by higher number concentrations of larger particles 372 

and lower number concentrations of smaller particles, as opposed to the liquid water 373 
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dominated clouds. Also, the PSDs measured from the CAS appear to be flatter for mixed-374 

phase clouds, whereas a peak of the mean size centred at ~ 25 µm (corresponding to a mean 375 

number concentration of ~ 125 cm-3) is noticed for liquid water dominated clouds. These 376 

characteristics seem to suggest an ice scavenging effect on the smaller liquid drops in the 377 

mixed-phase conditions, although a potential false response of the CAS in ice clouds cannot 378 

be ruled out. 379 

3.3. Satellite Observations  380 

The A-Train overpass was ~ 50 km upwind of the sampled area (Figure 3a). CloudSat 381 

traversed through a line of shallow convective cells, consistent with those sampled by the 382 

aircraft. Most of these clouds were precipitating, as suggested by the CPR reflectivities. Tthe 383 

maximum column radar reflectivity > -15 dBZ indicates precipitating clouds with a rain rate 384 

above ~ 0.02 mm day-1 (Haynes and Stephens, 2007; Stephens et al., 2010). The maximum 385 

and average surface rain rates along the CloudSat track from 43 to 45°S were 8.1 and 0.21 386 

mm h-1, respectively, according to the CloudSat precipitation product. The ECMWF 387 

temperatures at cloud tops were ~ -4°C (slightly warmer than the measured CTTs), with a 388 

capping inversion present near cloud tops. The CALIPSO VFM product returns a range of 389 

categories. The aerosol classes were heavily dominated by “marine clean”, although 390 

“polluted dust” was also infrequently reported. Note, however, that a known issue of the 391 

CALIPSO aerosol product is that the lidar ratio (defined as the extinction to backscatter ratio) 392 

that is used to determine aerosol subtypes is poorly characterized over a marine environment 393 

(e.g. Kiliyanpilakkil and Meskhidze, 2011). Measurements and model calculations show a 394 

wide range of lidar ratios (20-90 at the 532-nm channel) for clean marine aerosols. As such, 395 

there is a potential that the “polluted dust” (with lidar ratio typically of 55 ± 22) is simply a 396 

misclassification of coarse marine aerosols, such as sea spray. This issue is assessed with the 397 

back trajectory analysis presented in Section 3.4. The retrieved cloud phase was dominated 398 

by liquid (primarily SLW). “Unknown phase” and “ice phase” (including the class of 399 

“horizontally oriented ice”) were also occasionally reported. Note that CALIOP is highly 400 

sensitive to small liquid water droplets that are present near cloud top, and that the VFM 401 

product does not include a “mixed phase” category. As such, when an “unknown” or “ice” 402 

phase is reported, we are almost certain that these clouds are primarily glaciated. The MODIS 403 

CPOP product, on the other hand, suggests a widespread presence of “liquid phase” clouds. 404 

“Ice phase” and “uncertain phase” are also reported, albeit much more sparsely. It is also 405 
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interesting to note that the “non-liquid” cloud phases reported by the MODIS CPOP are 406 

generally close to the center of the cloud cells, which is similar to the in-situ observations. 407 

Focusing on the “liquid phase” clouds, the cloud droplet number concentrations estimated 408 

from the MODIS observations (using a modified version of the Bennartz (2007) method as 409 

used in Huang et al., (2016)) fall primarily in the range of 5-50 cm-3 in the sample area, with 410 

notable inhomogeneity. Bearing our aircraft sampling bias in mind, both the CALIPSO and 411 

MODIS products seem to demonstrate reasonable consistencies with the in-situ cloud phase 412 

measurements. Despite these consistencies, it should be noted that the MODIS images of this 413 

case consist of a large number of “partly cloudy” or “cloud edge” pixels, which are 414 

considered to be poor candidates that suffer from large uncertainties or result in failed 415 

retrievals of some microphysical variables, such as effective radius and cloud optical 416 

thickness (Wolters et al., 2010; Zeng et al., 2012). Therefore, a detailed quantitative 417 

analysis/comparison of these properties with in-situ observations is not a focus for this case.  418 

3.4. Air Mass History and Aerosol Properties 419 

Figure 2 shows the ensembles of the back trajectories at various altitudes for the air mass 420 

sampled by the aircraft. The reliability of the vertical wind component can be problematic 421 

(e.g. Weller et al., 2014), especially for regions like the SO with sparse meteorological input 422 

data (Siems et al., 2000; Harris et al., 2005). Thus, in addition to the 3-D wind field, we also 423 

performed the calculations employing the isentropic approximation. The results (not shown) 424 

suggest that while the vertical profiles could differ significantly between the two approaches, 425 

the general horizontal advection characteristic appeared reasonably robust. Overall, the back 426 

trajectories suggest that the air mass over the lower troposphere of the SO can be 427 

characterized by cold air advection, with a pristine/baseline air mass for well over 72 hours. 428 

The air was weakly descending below 2 km and showed very little spread between the 429 

ensemble members. In general, we see little (if any) signature of long-range transport of 430 

continental aerosols from the 72-hour trajectories, suggesting that the majority of the aerosols 431 

are likely of marine origin. This is consistent with recent studies suggesting that marine 432 

organic material may be an important source of INP over the SO (e.g. Wilson et al., 2015; 433 

DeMott et al., 2016). 434 

While it is not possible to directly infer any potential ice-nucleating particles and their 435 

number concentrations from our limited in-situ observations, it may be reasonable to expect 436 

that the INP active warmer than -10°C is very scarce, given the pristine nature of the air 437 
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mass. It has been reported in the literature that the INP concentrations over the SO are 438 

notably low, typically in a range of 0.01- 0.1L-1 at temperatures below -15°C (e.g. Bigg, 439 

1973; Burrows et al., 2013; Wilson et al., 2015). Given that the CAS measures particle size 440 

down to ~ 0.6 µm, which is the upper tail of the accumulation mode aerosols and giant 441 

nuclei, it is useful to examine the aerosol properties measured by the CAS in clear air 442 

(defined as WTWC < 0.01 g m-3) and below and above cloud, as these aerosols are potential 443 

cloud condensation nuclei (CCN) and INP. DeMott et al. (2010, hereafter D10) proposed an 444 

INP parameterization scheme which incorporates both aerosols and temperatures to estimate 445 

INP concentrations. The relation is expressed as: 446 

𝑁𝐼𝑁𝑃,𝑇𝑘 =  𝑎(273.16 − 𝑇𝑘)𝑏(𝑁𝑎𝑒𝑟,0.5)(𝑐(273.16−𝑇𝑘)+𝑑)                              (2) 447 

where a=0.0000594, b=3.33, c=0.0264, d=0.0033, Tk is cloud temperature in degree Kelvin, 448 

Naer,0.5 is the number concentration (cm-3) of aerosol particles with diameters larger than 0.5 449 

µm, and NINP,Tk is the estimated INP number concentration (L-1) at Tk. The D10 450 

parameterization requires a concentration of aerosol particles with diameters greater than 0.5 451 

µm (Naer,0.5) as they suggest that INP particles are most commonly observed within this size 452 

range. D10 further suggests that this scheme outperforms older parameterizations that are 453 

based on temperature alone. Grosvenor et al. (2012) also employed the D10 parameterization 454 

to estimate the INP concentrations using in-situ measurements over Antarctica, finding that 455 

the estimates with this scheme compared the most favourably with the observations at 456 

heterogeneous ice formation temperatures. Following Grosvenor et al. (2012), we use the 457 

aerosol concentration above 0.6 µm measured by the CAS as a surrogate for the Naer,0.5 458 

parameter for the INP estimations. We also apply an upper limit of 2 µm while the maximum 459 

possible sampled aerosol size in D10 was 1.6 µm. This is a compromise as an exact match of 460 

the size range is not possible given the channels available from the CAS.  461 

The clear air Naer,0.5 measured by the CAS and the associated INP concentrations (NINP, Tk) 462 

estimated with the D10 scheme are shown for the two soundings in Figures 6(e) and (j). 463 

Overall, the clear air Naer,0.5 below cloud base is within the range of 1-10 cm-3, while the 464 

values drop down to 0.01-0.1 cm-3 above cloud. The aerosol profiles in the boundary layer are 465 

comparable for the two soundings, whereas the Naer,0.5 concentrations immediately above the 466 

cloud are higher during S1. Accordingly, the estimated NINP,Tk is estimated to be within a 467 

range of 10-5-10-1 L-1 (at temperatures of -6 to 0°C) in the boundary layer and 10-2-10-1 L-1 468 
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above cloud (at temperatures of -9 to -6°C). These estimated values are largely consistent 469 

with those reported in the literature over the SO (e.g. Bigg 1973; Burrows et al. 2013; Wilson 470 

et al. 2015). The Naer,0.5 and NINP,Tk in clear air within the three segments are also examined 471 

(not shown). Overall, the values are consistently low. The Naer,0.5 and NINP,Tk values are 472 

largely below 3 cm-3and 10-1 L-1(at temperatures between -10 and -5°C), respectively.   473 

It should be noted that sea salt aerosols may contribute significantly to the aerosol total 474 

numbers for particle sizes greater than 0.5 µm in the marine boundary layers (O’Dowd et al., 475 

1997; D10). However, sea salt aerosols are not known to have any role in ice nucleation in 476 

the temperature range we considered (D10). As such our Naer,0.5 may be an overestimate. 477 

Also, measurements immediately below or above cloud were often accompanied by high 478 

relative humidity, in which case the Naer,0.5 may be overestimated due to swelling effects of 479 

smaller aerosols. On the other hand, the CAS probe cannot measure particle sizes between 480 

0.5 and 0.6 µm, meaning that our Naer,0.5 may tend towards an underestimate, compared to 481 

what would be expected if measurements within this size range were available. All these 482 

uncertainties contribute to the difficulties of measuring Naer,0.5 and may have an compensating 483 

effect on the overall error of the estimations. 484 

3.5. Extended Analysis of Air Mass History 485 

In addition to the observations presented above, it is possible to extend the back trajectory 486 

calculation to further explore the history of the air mass and associated cloud properties. This 487 

analysis is assisted with two additional A-Train overpasses occurring ~ 23 and ~ 46 hours 488 

upwind of the in-situ measurements (Figure 2a), based on the back trajectory calculations. 489 

Retrieved cloud properties of these two overpasses are shown in Figure 14 and 15, 490 

respectively. The most immediate feature, as shown in the MODIS imagery (Figure 14a and 491 

15a), is a transition from a closed MCC cloud field to a widespread open MCC cloud field, as 492 

the air mass travels east and northwards. The stratiform clouds were preferentially present 493 

over colder sea surface temperatures (SSTs, SST < 4°C) with much weaker SST gradients 494 

(Figure 14c and 15c), while the broken cumulus clouds were typically found over warmer 495 

SSTs, with the break-up starting at regions where relatively strong SST gradients were 496 

present. The transition in the cloud morphology is further accompanied with a similar pattern 497 

in the cloud phase transition (Figure 14b and 15b). The stratiform clouds were dominated by 498 

SLW within the temperature range of -10 to -20°C, whereas the open MCC clouds were 499 

dominated by a mix of “liquid”, “ice” and “uncertain” phase that were intermittently 500 
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distributed (note that a “mixed phase” category is not produced by the MODIS standard cloud 501 

product in collection 6). The open MCC cloud morphology is similar to that present in Figure 502 

3, albeit the ambient temperatures were generally colder at higher latitudes.  503 

During these two A-Train overpasses, CloudSat and CALIPSO only traversed the open MCC 504 

cloud fields, which were, once again, precipitating, as suggested by the CPR (Figure 14d and 505 

15d). The CloudSat maximum and average surface rain rates along the track on 06 Sep were 506 

19.7 and 0.7 mm h-1, respectively. The surface rain rate was not available for the overpass on 507 

05 Sep as the precipitation was diagnosed as mixed phase for which the surface rain rate was 508 

not produced by the CloudSat algorithms. For both cases, cloud tops were observed up to ~ 3 509 

km. CALIPSO phase categorizations (Figure 14e and 15e) are largely consistent with the 510 

MODIS CPOP retrievals. Ice was reported in appreciable quantities in the widespread (up to 511 

thousands of kilometres) open-cellular cloud fields in the temperature range of -5 to -15°C, 512 

according to both MODIS and CALIPSO products. While some cirrus clouds were also 513 

detected by CALIPSO above 4 km, the fractional cover is small (49-51°S in Figure 14e and 514 

50-52°S in Figure 15e). Thus, it is unlikely that the ice observed at the lower altitudes could 515 

be explained by a classic “seeder-feeder” effect, where the lower-level liquid clouds are 516 

seeded by the ice crystals falling out of the overlying cirrus.  517 

Overall, the analysis of the air mass history suggests that: (1) the open MCC clouds have 518 

been tracked over 46 hours with A-Train observations and the presence of these clouds is 519 

common over the SO during this period of time, and (2) according to the satellite 520 

observations, the open MCC, which is commonly present as mixed-phase clouds, tends to 521 

form preferentially over strong SST gradients (more unstable environment), while the closed 522 

MCC (stratiform clouds), which is often present as SLW clouds, tends to form over the 523 

colder ocean with weak SST gradients (more stable environment).  524 

4. Discussions 525 

The ice number concentrations observed from the aircraft measurements were one to three 526 

orders of magnitude larger than the INP number concentrations (NINP,Tk) estimated with the 527 

D10 parameterization scheme and in comparison with the values typically reported in the 528 

literature over the remote SO region. Considering the low NINP,Tk values, the uncommonly 529 

high ice number concentration measured by the aircraft and little evidence of a classic 530 

“seeder-feeder” mechanism, it is not unreasonable to speculate that the high ice number 531 
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concentrations observed in such a warm temperature range is produced via a secondary ice 532 

mechanism, as originally proposed by Hallett and Mossop (1974) and the follow-on studies. 533 

As discussed before, the H-M mechanism is the most widely studied and quantified 534 

secondary ice production mechanism, among several others (each with different required 535 

conditions). The H-M is known to be active in the temperature range of -3 to -8°C, and 536 

requires the presence of graupel and cloud droplets smaller than 13 µm and drops larger than 537 

24 µm in diameter. Also, an expected product of H-M is the large concentrations of columnar 538 

ice crystals. As shown in Figure 8, droplets sizes within the required ranges were observed in 539 

reasonable quantities during the flight. In addition, columnar ice crystals were observed to be 540 

ubiquitous in the glaciated regions (Figure 10). Given that all these known conditions were 541 

met, it was likely that the secondary ice production was actively operating via the H-M 542 

pathway. 543 

To quantitatively assess whether the H-M process could be responsible for the large number 544 

concentrations of ice particles observed by the aircraft, we adopt the approach of Harris-545 

Hobbs and Cooper (1987, hereafter HC87) to estimate the splinter production rate. To do this, 546 

ice crystal size distribution, measured with the CIP measurements in the vicinity of the H-M 547 

region during SEG-1 and 2 were used. Following HC87, we restrict our analysis to crystals 548 

whose sizes are within the range of 62.5-162.5 µm (taking into account the available CIP 549 

channels) to avoid effects of nearby droplets on crystal growth rates at large crystal sizes and 550 

to minimize the corrections for variable depth-of-field. Assuming that ice particles constantly 551 

grow in a water saturated environment, these crystals would have a linear growth rate of ~ 1.4 552 

μm s−1 at ~ -6°C (as described by Ryan et al., 1976). Accordingly, the time required for 553 

crystals to grow from 62.5 to 162.5 is (162.5-62.5) μm /1.4 μm s−1 = 71.4 s (equation (5) in 554 

HC87). If we assume that ice splinters are the only source of ice crystals moving through this 555 

size range, then the splinter production rate is ´ N/Ä (equation (4) in HC87), where ´ N is the 556 

number concentration of crystals in the size range of 62.5-162.5 µm and Ä is the time taken 557 

for the ice crystals moving through this size range (i.e. 71.4 s). In our case, ´ N/Ä is calculated 558 

to be in the range of 30-70 m-3 s−1. This result is largely consistent with the splinter 559 

production rate measured in Crosier et al. (2011), where ice multiplication was observed in a 560 

weakly convective cell embedded in supercooled mid-level stratus over the UK. As described 561 

in Section 3.2, the evidence of ice multiplication was observed at ~ 2 km (Figures 4 and 9), 562 

which was ~ 0.4 km above the cloud base (Figure 6). If we assume that the ice multiplication 563 
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occurred in a weakly convective condition with an updraft of 1 m s−1, with the calculated 564 

splinter production rate of 30-70 m-3 s−1, the ice number concentration that should be reached 565 

at 2 km is calculated to be in a range of 10-30 L-1. This is comparable to the range of the ice 566 

number concentrations observed in the H-M zone, which suggests that the observed ice 567 

number concentrations in our case are largely consistent with the theoretical calculations 568 

where the ice crystals are assumed to be produced via a splinter production.   569 

Moving beyond the ice multiplication, it is unclear why there was such a large contrast 570 

between S1 and S2, and between SEG-1 and SEG-3 in terms of the observed cloud phase 571 

compositions. It is possible that the evolution of the air mass during the flight might have a 572 

fundamental impact; however the lack of vertical velocity measurements prohibits a more 573 

quantifiable explanation. Cloud age may be another key controlling factor: it is likely that the 574 

liquid clouds sampled during S2 and SEG-3 (within the H-M temperature range) had already 575 

experienced precipitation (i.e. they were at a “post-precipitation” state), given their low, in-576 

cloud NCAS values. In contrast, the mixed-phase clouds sampled in S1 and SEG-1 might be 577 

evolving towards a mature state. Unfortunately, direct observations that could be used to 578 

assist an estimate of the cloud age were unavailable in our case. 579 

5. Concluding Remarks 580 

Uncommonly high number concentrations (up to 54 L-1) of ice particles present in cloud 581 

temperatures warmer than -9°C were encountered by an instrumented Cessna Conquest 582 

aircraft over the Southern Ocean (SO), off the southwest coast of Tasmania, Australia. The 583 

observed ice number concentrations were one to three orders of magnitude larger than the 584 

INP number concentrations estimated with an ice nuclei parameterization scheme and the 585 

values typically reported in the literature over this remote region. The sampled cloud field 586 

was characterized by open-cellular, shallow convection, present in a large-scale environment 587 

defined as cold air advection, with a pristine/baseline air mass for well over 72 hours. The 588 

open cellular clouds were observed to be precipitating. Satellite observations from an A-Train 589 

overpass in the near neighborhood during the flight period reveal a qualitatively consistent 590 

story, with the presence of mixed-phase (but predominantly SLW) clouds with cloud-top 591 

temperatures at ~ -6°C. Further analysis of the air mass history shows that ice particles found 592 

in a relatively warm temperature range could potentially exist in appreciable quantities, 593 

within the widespread (up to thousands of kilometers) shallow convective cloud fields over 594 

the SO. 595 
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Although the lack of in-situ measurements of simultaneous ice, droplet, INP and aerosol 596 

composition was a significant limiting factor for a detailed study on cloud microphysics, the 597 

direct in-situ evidence of ice particles in uncommonly high number concentration is 598 

remarkable, given the pristine nature of the air mass over this region and the low INP 599 

concentrations we estimated and typically reported in the literature. The hypothesis that the 600 

poor representation of SLW contributes substantially to the simulated cloud and radiative 601 

biases in climate models over the SO (e.g. Bodas-Salcedo et al., 2016; McCoy et al., 2015) 602 

has gained increasing traction over the past years. Yet a comprehensive understanding of the 603 

formation and persistence of SLW is still lacking. An open question remains as to the 604 

conditions and extent (e.g. spatiotemporal variability) under which SLW dominates the 605 

mixed-phase clouds and precipitation in the SO. The presented case suggests that secondary 606 

ice production (likely the H-M process) has the potential to be commonplace in the remote, 607 

pristine SO. It is interesting to note that the integral story of these findings is in broad 608 

agreement with the in-situ measurements obtained from the Antarctic Peninsula and Larsen 609 

Ice Shelf, where high ice concentrations are commonly observed in the H-M temperature 610 

range and SLW is more frequently encountered at colder temperatures (Grosvenor et al., 611 

2012). 612 

It is intriguing to note that, qualitatively, the A-Train satellite products seems to demonstrate 613 

some skill in observing the microphysical nature of the SO clouds that compare favourably 614 

with the in-situ measurements. The A-Train observations tracked over 23 and 46 hours prior 615 

to the in-situ observations show that  a link is present between the mesoscale cloud 616 

morphologies (e.g. cellularity) and the fine-scale cloud microphysics (e.g. cloud phase). As 617 

such, these satellite observations offer the potential for a climatological description of 618 

secondary ice production with respect to seasonality, cloud type (particularly for shallow 619 

convective clouds given their prevalence), cloud depth, and the development of precipitation 620 

over the SO. A better understanding and characterization of precipitation processes of these 621 

clouds is necessary for closing the water and energy budget in this climatically important 622 

region. 623 

Despite the preliminary nature of this study, our analysis ties in with the early proposal of the 624 

H-M mechanism over the SO (Hallett and Mossop, 1974; Mossop and Hallett, 1974; Mossop, 625 

1976), and reinforces the role of secondary ice production that may potentially be important 626 

in clouds and precipitation development in this region. We propose three key questions that 627 
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should be the focus of future research: (1) what is the source of INP for these clouds, (2) why 628 

aren’t these INP present at higher elevations/colder temperatures where solid SLW layers 629 

have been observed previously (e.g. Chubb et al. 2013; Grosvenor et al. 2012), and (3) how 630 

important are (warm) ice processes for the development of precipitation in these clouds? 631 

Dedicated field campaigns with multi-observational and instrumental platforms are critical to 632 

address these outstanding questions. 633 
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Appendix 634 

A1. CAPS Measurements and Uncertainties 635 

The measurement uncertainties and limitations of light scattering and imaging spectrometers, 636 

such as the CAS and the CIP, respectively, have been evaluated in many studies and are 637 

summarized in the book by Wendisch and Brenguier (2014) and a new monograph to be 638 

published by the American Meteorological Society (Baumgardner et al., 2016). The sizing 639 

accuracy of the CAS is ±20% for water droplets and ±30% when measuring ice crystals. The 640 

uncertainty in number concentration is ±15% when measuring < 300 cm-3. The root sum 641 

squared error in derived liquid water content is 38% and 54% for ice water content. The CIP 642 

sizing accuracy is the same for droplets or ice crystals, but varies with size, with an average 643 

uncertainty of 25%. The concentration uncertainty is also size dependent but is also on 644 

average estimated to be 20%. The largest uncertainties are for particles < 100 μm because of 645 

particles that are detected but are out of focus and whose images are larger than the physical 646 

size. This can produce as much as a 50% positive bias. The propagated error in derived 647 

liquid/ice water content is ±48%; however, this does not account for the uncertainties in the 648 

assumed volume and density of ice crystals. 649 

A2. SEA WCM-2000 Measurements and Uncertainties 650 

Unlike the CAPS, the SEA WCM-2000 is a relatively new probe that has not received the 651 

same level of scrutiny. This instrument is designed to minimize the issues that the older 652 

model hotwire probes have, i.e. decreased sensitivity for larger droplets (Biter et al., 1987; 653 

Strapp et al., 2003) and the response of the liquid water content sensor to ice crystals (Cober 654 

et al., 2001). Although Lilie et al. (2005) show wind tunnel measurements that suggest that 655 

the WCM-2000 does not roll off until much larger drop sizes than other hotwire instruments; 656 

it is very likely that the WCM-021 sensor will respond to ice crystals similar to the hotwire 657 

with the same dimension. This means that in mixed-phase clouds, the separation between 658 

liquid and solid phase may still be biased. 659 

A3. Calculations of Wice and Wliq from WCM-2000 Measurements 660 

Following Korolev et al. (2003, K03), Wice (ice water content) and Wliq (liquid water content) 661 

are calculated using equations (A1) and (A2) below 662 
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𝑊𝑇𝑊𝐶 = Ɛ𝑙𝑖𝑞𝑇𝑊𝑙𝑖𝑞 (𝑊𝐶𝑀) + 𝑘Ɛ𝑖𝑐𝑒𝑇𝑊𝑖𝑐𝑒 (𝑊𝐶𝑀)                                     (A1) 663 

𝑊𝐿𝑊𝐶(083) = Ɛ𝑙𝑖𝑞𝐿𝑊𝑙𝑖𝑞 (𝑊𝐶𝑀) + 𝛽𝑊𝑖𝑐𝑒 (𝑊𝐶𝑀)                                         (A2) 

where WTWC and WLWC (083) are the total- and liquid-water contents measured by the WCM-664 

2000 total water and liquid water (2-mm) sensors, respectively; Ɛ𝑙𝑖𝑞𝑇 and Ɛ𝑖𝑐𝑒𝑇 are the 665 

integrated collection efficiencies of liquid and ice particles for the total water sensor; Ɛ𝑙𝑖𝑞𝐿 is 666 

the integrated collection efficiency for liquid droplets for the liquid water sensor; 𝛽 is the 667 

coefficient accounting for the residual effect of the ice on the liquid water sensor; k is the 668 

correction coefficient for the difference between expended specific energy of water 669 

evaporation and ice sublimation. Following K03, we assume Ɛ𝑙𝑖𝑞𝑇, Ɛ𝑖𝑐𝑒𝑇 and Ɛ𝑙𝑖𝑞𝐿  to be unity. 670 

k is calculated from equation (5) and (6) in K03, which is 1.12. 𝛽 is estimated to be 0.142, 671 

which is derived from a number of other flights in our project when measurements were 672 

made in clouds with temperatures < -25°C, where the observed clouds are assumed to be 673 

completely glaciated. Note that the value of 𝛽 may vary in different types of clouds, due to 674 

the differences in the size, habits and bulk density of particles. 675 

A4. CIP Data Processing 676 

Particle images from CIP measurements are processed with the ‘SODA’ program (version 2) 677 

developed by the US National Center of Atmospheric Research. To determine the CIP 678 

number concentration, the calculation of sample volume is important. The mathematical 679 

expression of the CIP sample volume (SV) is given by equation (A3):  680 

𝑆𝑉 =  𝑆𝐴 × 𝑣 × 𝑡                                                          (A3)                                                   681 

where SA is the sample area, v is the probe speed which has been synchronized with the true 682 

air speed (TAS) in our case, t is the sampling time. The sample area (SA) is the product of the 683 

depth of field (DOF, defined as the length along the laser beam) and the effective array width 684 

(EAW, defined as the width of the sample area perpendicular to the DOF and air flow. In our 685 

study, the 'center-in' technique (Heymsfield and Parrish, 1978) is used for calculating the 686 

sample area. The ‘centre-in’ technique is preferable for quasi-symmetric or symmetric 687 

particles like raindrops, graupel, hail, dendrites and rimed aggregates whose centers are 688 

located within the detector array.  689 
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To minimize the sampling uncertainties, cloud particles that are not properly imaged are 690 

rejected (Korolev, 2007; Heymsfield and Parrish, 1978), using a number of the built-in 691 

functions within the program. The default rejection criteria are: (1) Area ratio < 0.1; (2) 692 

particle size outside of measurement size range. The area ratio is defined as the shaded 693 

particle area divided by the area covered by the area of a circumscribed circle (McFarquhar 694 

and Heymsfield, 1996). It gives a measure of the sphericity of a particle, which gives an 695 

indication of particle phase. Most liquid phase particles have area ratios > 0.8. Given the 696 

relatively large uncertainties associated with the measurements from the first couple of bins, 697 

we specify the starting bin size at 62.5 µm for all the computations. Therefore, ice and liquid 698 

water concentrations are only counted for particles that are larger than this size, which means 699 

that newly nucleated ice particles may be undetected in this study. However, in mixed phase 700 

clouds ice particles grow rapidly, which means that they should become detectable fairly 701 

quickly (commonly in a falling distance of ~ 90 m, as suggested by Mitchell and Heymsfield, 702 

2005). For more reliable sizing, larger bin sizes are used (by combining several bins with the 703 

natural resolution) to get sufficient particle counts in each bin. 704 

Large particles that impact on the forward surface of a probe arm can break into many pieces 705 

and then be imaged by the probe. This could result in an overestimate of the concentration of 706 

small particles. To estimate the total number concentration (NCIP), a “shattering correction” 707 

(Field et al., 2006) is applied to identify and remove any artefacts. The basis of the algorithm 708 

is a bimodal Poisson probability density function that describes the distribution of interarrival 709 

time (Ä); where particles occurring in a peak with a larger mode Ä1 correspond to naturally 710 

occurring particles and those in a peak with a smaller mode Ä2 correspond to shattered 711 

particles. The algorithm uses a flexible cutoff depending on the overall particle concentration 712 

for the processed time period. Further elaboration and analysis of limitations of the 713 

interarrival time algorithm is described in Korolev and Field (2015) and an overview of the 714 

algorithms available for shattering correction is provided in the monograph by McFarquhar et 715 

al. (2016). It is suggested that there has been no general consensus currently on the 716 

superiority of any algorithms. As such, differences in observed size distributions are expected 717 

depending on the approaches used. Nevertheless, we expect the “shattering correction” and 718 

the default rejection criteria to be able to reject most of the shattered artefacts. . To estimate 719 

liquid water content with the CIP, stricter processing criteria are applied, which include: (1) 720 

“all-in” – only particles that are fully imaged and do not touch an edge of the array are 721 

examined; (2) “water processing” – stricter roundness criteria is applied to limit processing to 722 
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particles that may be liquid water, including the Korolev (2007) size correction which 723 

reduces the size of the“out of focus” images, particles with (a) area ratio < 0.4, (b) area ratio 724 

< 0.5 and occupying 10 pixels or larger, (c) size greater than 6 mm, and (d) corrected particle 725 

size outside of size-bin range are rejected; (3) “stuck bit correction” – only looking for diodes 726 

that are either continuously on or continuously off and correct for the errors by using 727 

neighbouring diodes. 728 
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