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ABSTRACT

MARINE ICE NUCLEATING PARTICLES: SOURCES, COMPOSITION, EMISSIONS, AND

MODEL PARAMETERIZATIONS

Sea spray aerosol has received increasing attention over the last decade as a source of ice nu-

cleating particles (INPs) to the atmosphere. Sparse measurements in remote marine regions in-

dicate both marine INP concentrations and ice nucleating efficiency are several orders of mag-

nitude lower than those of mineral or soil dusts, which dominate the INP budget on a global

scale. The Southern Ocean (SO) surrounding Antarctica is thought to be the only region where

marine INPs are the predominant INP type due to its remoteness from continental and anthro-

pogenic aerosol sources and persistent strong westerlies that help isolate the region, although

several recent studies have suggested this may also be true of the high Arctic seasonally or in-

termittently. INPs are critical for initiating cloud glaciation at temperatures warmer than ∼-36

◦C and can thus have an outsize effect on cloud phase and related climate feedbacks due to

their relative scarcity. This is particularly true over the polar oceans, where low and mid-level

mixed phase and supercooled clouds are ubiquitous and especially sensitive to aerosols due to

the generally low background particle concentrations.

The research presented here aimed to improve our understanding of the factors influencing

marine INP emissions and the sources and composition of INPs in remote marine regions, as

well as to evaluate and improve current INP model parameterizations. This was accomplished

using observations made in the Southern Ocean, one of the few remaining pristine aerosol envi-

ronments, during the Southern Ocean Cloud Radiation Aerosol Transport Experimental Study

(SOCRATES) aircraft campaign on the NSF/NCAR G-V, and the second Clouds, Aerosols, Pre-

cipitation, Radiation and atmospherIc Composition Over the southeRN ocean (CAPRICORN-2)

ship campaign on the R/V Investigator in 2018. Ambient observations were supplemented by

measurements from the CHaracterizing Atmosphere-Ocean parameters in SOARS mesocosm
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experiment (CHAOS) in the new Scripps Ocean-Atmosphere Research Simulator (SOARS) wind-

wave channel. CHAOS measurements allowed for isolation of the role of wind speed in marine

INP production, which had not previously been characterized through controlled experiments.

SOCRATES and CAPRICORN-2 are notable for collecting the first vertically resolved INP

measurements over the Southern Ocean, including the first in situ observations in and above

cloud in the region. Both aerosol and INP concentrations showed excellent agreement between

G-V and R/V Investigator observations during overflights of the ship, supporting the use of such

a multi-platform measurement approach for future campaigns interested in aerosol and INP

vertical profiles. New techniques for estimating marine aerosol surface area and the number

of particles >0.5 µm, key quantities often used in INP parameterizations, were developed based

on lidar and nephelometer measurements. A new parameterization for marine INPs is pro-

posed, which uses both wind speed and activation temperature, and reduces bias compared

to the existing parameterization based solely on temperature. Marine boundary layer (MBL)

and above cloud INP concentrations from the same SOCRATES flight support the hypothesis

suggested by several modeling studies that marine INPs dominate at low altitudes, and mineral

dust becomes increasingly important with height. Unexpectedly, enhanced INP and aerosol

iron concentrations, but low iron solubilities, were observed for samples collected south of 60

◦S during CAPRICORN-2. Antarctica is suggested as a potential source of both biological and

inorganic INPs to the Southern Ocean marine boundary layer through the emission of mineral

and soil dusts from ice-free areas. Similar high latitude dust sources in Iceland and Svalbard

have been observed to contribute to INPs in the Arctic atmosphere, and are anticipated to in-

crease in importance as the climate warms.
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1. Introduction

Sea spray aerosols (SSA), along with mineral and soil dusts, represent the largest sources of

natural aerosols, and play important roles in the climate system through direct interactions

with radiation, as well as indirect effects through aerosol-cloud interactions (e.g. Lewis and

Schwartz 2004; O’Dowd and de Leeuw 2007; Andreae 2007; Grythe et al. 2014; de Leeuw et al.

2011; Carslaw et al. 2017; Cochran et al. 2017; Ginoux et al. 2012; Kok et al. 2023). SSA are pro-

duced through two main mechanisms: 1) primary marine aerosol (PMA) is generated from

sea spray and bubble bursting at the ocean surface and 2) secondary marine biogenic parti-

cles are formed through condensation of reaction products from gas-phase precursors such as

dimethyl sulfide (DMS) (e.g. Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007; Quinn et al.

2017; Sanchez et al. 2021b; Twohy et al. 2021). Inorganic sea salt dominates PMA mass, whereas

secondary marine aerosols include sulfur and carbonaceous components (Cochran et al. 2017;

Quinn et al. 2017). Mineral dust aerosols are solid, inorganic particles derived from the weath-

ering of rocks, and are typically aerosolized through mechanical means (Kok et al. 2012; 2023).

Dust composition varies depending on the mineralogy of the source region, but include species

such as illite, kaolinite, quartz, carbonates, feldspar, and metals such as iron oxides (Perlwitz

et al. 2015; Kok et al. 2023). Agricultural and soil dusts can contribute up to 25% of the global

dust loading, and additionally contain organic species (Ginoux et al. 2012).

Aerosols contribute the largest uncertainty to global radiative forcing estimates, with natural

aerosols responsible for a significant portion of this (Forster et al. 2021; Carslaw et al. 2013; An-

dreae 2007). As the natural (pre-industrial) aerosol burden and its effects are largely unknown,

our ability to constrain and predict the influence of anthropogenic aerosols on climate sen-

sitivity (Kiehl 2007), radiative forcing, and cloud processes (Andreae 2007) has been hindered

(Carslaw et al. 2013). Uncertainties in pre-industrial aerosol loadings and composition manifest

in uncertainties in baseline simulations needed to assess future climatic changes (Carslaw et al.

2013; 2017). As a result, regions such as the Southern Ocean (SO), which earth system models
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suggest have experienced only weak influences of anthropogenic aerosols, serve as important

proxies for pre-industrial aerosol conditions (Hamilton et al. 2014), and a good location to test

aerosol-cloud interactions in models.

The Southern Ocean is a vast band of water surrounding Antarctica and separating it from

other Southern Hemisphere landmasses. Its remoteness from continental and anthropogenic

aerosol sources and persistent strong westerlies help isolate the region, and both in situ obser-

vations (e.g. Quinn et al. 2017; Mace et al. 2020; Humphries et al. 2021; Uetake et al. 2020) and

modeling studies (e.g. McCoy et al. 2015a; Hamilton et al. 2014) have indicated the predom-

inant aerosol sources are local. The SO influences oceanic and atmospheric circulation and

heat transport on both local and global scales (Rintoul 2007; Hwang and Frierson 2013). In ad-

dition, improving our understanding and simulations of Southern Ocean clouds has emerged

as a critical piece of representing the overall climate system (e.g. Trenberth and Fasullo 2010;

Kay et al. 2016b; Tan et al. 2016; Bodas-Salcedo et al. 2013; 2016; Frey and Kay 2017; Gettelman

et al. 2020; McFarquhar et al. 2021). Following Trenberth and Fasullo’s (2010) initial demonstra-

tion of systematic positive biases in CMIP3 model estimates of absorbed shortwave radiation

poleward of 55◦S, many studies have focused on cloud and radiation measurements, simula-

tions, and reanalyses in this region. This radiation bias induces subsequent warm biases in sea

surface temperature (SST) year-round, and leads to associated errors and uncertainties in pre-

dicting other model outcomes, such as the position of the Southern Hemisphere jet (Ceppi et al.

2012; 2014) and climate sensitivity (Trenberth and Fasullo 2010; Tan et al. 2016).

In polar regions, low-level clouds exert an important influence on surface radiative fluxes,

the sign and magnitude of which depends on the incoming solar flux, surface albedo, and cloud

phase (Kay et al. 2016a). Over the Southern Ocean, the cloud shortwave effect dominates and

cloud radiative forcing is generally negative (Kay et al. 2016a; Bodas-Salcedo et al. 2013). The SO

is one of the cloudiest regions on Earth, with low cloud cover (<3 km) approaching or exceeding

80% year round (Mace et al. 2009). Low and midlevel clouds are particularly important for the

radiative budget of the SO, but have historically been poorly represented in earth system models
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and reanalyses (Bodas-Salcedo et al. 2013; 2016; Kay et al. 2016b; Naud et al. 2014). Infrequent

and limited in situ observations, uncertainties in satellite cloud retrievals at high latitudes, and

the inability of some satellite retrievals (e.g. CloudSat) to observe very low and thin clouds

has made rectifying this problem difficult (McFarquhar et al. 2021; Mace et al. 2020; Alexander

and Protat 2018). Spurred by these issues, a suite of field campaigns were conducted in the SO

over the last 5 years, and also prompted updates to cloud processes in individual CMIP6 (Cou-

pled Model Intercomparison Project Phase 6) models relative to their CMIP5 (Phase 5) counter-

parts. These improvements have increased predictions of supercooled liquid water (SLW) and

reduced radiation biases in the region, improving agreement with observations (Bodas-Salcedo

et al. 2019; Gettelman et al. 2020), although are likely also responsible for the higher equilib-

rium climate sensitivities (ECS) observed in many CMIP6 models relative to CMIP5 (Zelinka

et al. 2020). Future ECS is predicted to strongly depend on the cloud phase feedback over the

Southern Ocean, so improving our understanding of processes that influence cloud phase in

this region is critical (Bjordal et al. 2020).

If total condensate in a cloud is fixed, liquid drops tend to have a smaller diameter but be

more numerous than ice crystals (Tan et al. 2016; Korolev et al. 2017). As a result, supercooled

liquid or mixed phase clouds are optically thicker and have a higher albedo than fully glaciated

clouds. In addition to the direct radiative differences, the development of precipitation and

thus cloud lifetime depends strongly on ice phase processes (Korolev et al. 2017). One such

process is ice nucleation, or the initiation of ice particle formation in clouds, and will be the

focus of this dissertation. Ice nucleation in the atmosphere occurs through two main pathways:

1) homogeneous freezing of cloud drops below ∼-36◦C, and 2) heterogeneous ice nucleation,

which occurs when an ice nucleating particle lowers the activation energy to form a critical

ice embryo (Kanji et al. 2017). Heterogeneous ice nucleation at temperatures warmer than -

35◦C is the most relevant for glaciation of mixed phase clouds. Several pathways, including

immersion freezing, deposition, and contact freezing, are known to occur in the atmosphere,
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with immersion freezing (freezing initiated by an INP inside a liquid drop) the most important

for mixed phase clouds (Kanji et al. 2017), such as are common over the SO.

In the immersion freezing mode, mineral and soil dusts are the dominant INP types glob-

ally, due to their high ice nucleation activity (Hoose and Möhler 2012; Testa et al. 2021) and large

emission rates (Ginoux et al. 2012). Biological ice nucleators (pollen, fungal spores, some bac-

teria) can be important at temperatures warmer than -10◦C in some regions (Garcia et al. 2012;

Pummer et al. 2015; Wilson et al. 2015; Kanji et al. 2017). More recently, marine INPs have been

identified as a distinct category (see DeMott et al. 2016), and shown to include marine diatoms

and their exudates (Wilson et al. 2015; Rosinski et al. 1987), as well as marine macromolecules

(McCluskey et al. 2018b). Marine INP concentrations are generally 1-2 orders of magnitude or

more lower than continental measurements at equivalent temperatures (DeMott et al. 2016),

with SO measurements (McCluskey et al. 2018c; Schmale et al. 2019; McCluskey et al. 2023) at

the lower bound of those reported from other ocean regions (DeMott et al. 2016; Welti et al.

2020). Observed low INP numbers, its remote location, and modeling studies (Burrows et al.

2013; Vergara-Temprado et al. 2017; McCluskey et al. 2019) support the idea that the SO INP

population is dominated by marine SSA and distinct from that found in the northern hemi-

sphere, though direct field confirmation is still needed. Recent observations that mineral dust

dominates over locally-sourced marine INPs in the Canadian Arctic (Irish et al. 2019) means

measurements of pristine marine aerosols (Hamilton et al. 2014) from the Southern Ocean are

invaluable in understanding the role of marine INPs in mixed phase cloud processes. The un-

usually high proportion of supercooled liquid water in SO clouds (Morrison et al. 2011; Chubb

et al. 2013; McFarquhar et al. 2021) is consistent with low numbers of INPs in this region and in-

dicates that INP concentrations and composition may strongly control cloud phase and precip-

itation formation over the SO, as also suggested by recent modeling studies (Vergara-Temprado

et al. 2018). Modern INP observations over the Southern Ocean are limited in extent (McCluskey

et al. 2018c; Schmale et al. 2019; Welti et al. 2020; Tatzelt et al. 2022; Kremser et al. 2021; McFar-
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quhar et al. 2021; Miyakawa et al. 2023) and data from recent campaigns will greatly enhance

our ability to understand the role they play in SO clouds.

The following chapters of this dissertation aim to 1) contribute to knowledge of SSA emis-

sions, abundance, size distributions, and vertical profiles in marine environments, 2) assess the

properties, sources, and role of marine INPs in cloud formation over the Southern Ocean, and

3) improve and evaluate current INP model parameterizations. To address these areas, 4 key

questions will be explored:

1. Can marine aerosol surface area be accurately estimated with remote sensing measure-

ments?

2. What factors (seawater temperature, wind speed) influence the emission of marine INPs?

3. How can marine INPs be best parameterized in models?

4. What are the sources of INPs in the Southern Ocean marine boundary layer, and what are

the implications for clouds?

Chapter 2 focuses on measurements of marine aerosols, and evaluates how marine aerosol sur-

face area can be best estimated with remote sensing measurements of bulk optical properties.

Aerosol surface area is used in many models’ INP parameterizations, as well as influencing par-

ticle light scattering, hygroscopic growth, and reactivity. Chapter 3 presents measurements of

INPs from simultaneous aircraft and ship campaigns conducted over the SO in Austral summer

2018, which include the first in situ observations in and above cloud in the region. Vertical INP

profiles provide information about variation in particle sources with altitude, as well as supply-

ing the first measurements to validate existing INP model simulations. Chapter 4 summarizes

results from a 2022 mesocosm study in a breaking-wave simulator, which aimed to isolate in-

dividual factors (seawater temperature, wind speed) that may influence marine INP emissions.

Chapter 5 builds on results from Chapter 3, utilizing INP composition measurements and back

trajectories to assess sources of INPs over the SO and implications for changes under future

climates. Chapter 2 (Moore et al. 2022) is published in the Journal of Geophysical Research:
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Atmospheres, and Chapter 3 is in review in the same journal; they are both reproduced here

without changes to the published and submitted versions, respectively. Chapters 4 and 5 are in

preparation for submission following submission of this dissertation.

6



2. Estimation of Sea Spray Aerosol Surface Area over the

Southern Ocean Using Scattering Measurements

2.1 INTRODUCTION

The Southern Ocean (SO) is a vast region of water surrounding Antarctica, separating it

from the other Southern Hemisphere landmasses. Its remoteness from continental and an-

thropogenic aerosol sources and persistent strong westerlies help isolate the region, and both

in situ observations (Humphries et al. 2021; Mace et al. 2020; Quinn et al. 2017) and model-

ing studies (Hamilton et al. 2014; McCoy et al. 2015a) have indicated that the predominant

aerosol sources in the boundary layer are local. As a result, the SO may serve as a proxy for

pre-industrial marine aerosol conditions (Hamilton et al. 2014) and is a good location to test

aerosol-cloud interactions in models. Aerosols directly influence atmospheric radiative forcing

through scattering and absorption of solar radiation, as well as indirectly through aerosol-cloud

interactions such as nucleation of cloud droplets and ice crystals. They contribute the largest

uncertainty to global radiative forcing estimates, with natural aerosols responsible for a signifi-

cant portion of this, making observations in areas free of anthropogenic influences, such as the

SO, critical (Andreae 2007; Carslaw et al. 2013; Kiehl 2007). However, difficulty in reaching the

SO, coupled with frequent storms and high winds, have led to a paucity of direct aerosol, cloud,

and precipitation observations relative to other regions (McFarquhar et al. 2021).

Aerosols in the SO marine boundary layer (MBL) are primarily of marine origin, and of two

types: 1) primary marine aerosol (PMA) generated from sea spray and bubble bursting at the

ocean surface and 2) marine biogenic particles that form through condensation of reaction

products from gas-phase precursors such as dimethyl sulfide (DMS) (Lewis and Schwartz 2004;

Quinn et al. 2017; Sanchez et al. 2021b; Twohy et al. 2010). PMA, which is dominated by sea salt,

is thought to control the optical properties and direct aerosol radiative forcing in the Southern

Ocean (Quinn et al. 1998). Secondary marine biogenic aerosols, which can include sulfur and
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carbonaceous components, frequently dominate the cloud condensation nuclei (CCN) budget

in the SO MBL, although PMA also contributes significantly to CCN concentrations, particu-

larly under high wind conditions (Fossum et al. 2018; Humphries et al. 2021; Quinn et al. 2017;

Sanchez et al. 2021b; Twohy et al. 2010). The ice nucleating particle (INP) budget for the SO is

not as well constrained as that of CCN, although growing evidence suggests it is also dominated

by local marine aerosols (Burrows et al. 2013; McCluskey et al. 2018c; McFarquhar et al. 2021;

Vergara-Temprado et al. 2017). Low level marine clouds are particularly sensitive to changes in

aerosol loading, size, and composition, due to their generally low droplet concentrations. The

SO is one of the cloudiest regions on Earth, with low cloud cover (<3 km) approaching or ex-

ceeding 80% year round (Mace et al. 2020), and SO clouds are more likely to be supercooled

than those at similar temperatures in the Northern Hemisphere (Alexander and Protat 2018;

Chubb et al. 2013; Huang et al. 2012). Despite their prevalence, global climate models (GCMs)

struggle to simulate cloud coverage and cloud phase in the region (Kay et al. 2016a; McFarquhar

et al. 2021). A variety of methods have been used to parametrize ice nucleation in both global

and cloud-resolving models, and to compare the relative efficiencies of particle types at nucle-

ating ice. One of the most common methods involves normalizing INP concentrations with a

more frequently measured value, such as particle surface area or number (DeMott et al. 2010;

2015; Hoose and Möhler 2012; Kanji et al. 2017; McCluskey et al. 2018a; Niemand et al. 2012;

Ullrich et al. 2017). In addition to use in INP parameterizations, aerosol surface area is an im-

portant observational quantity, influencing light scattering, hygroscopic growth, and reactivity

(Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007).

The need for observations of particle number and surface area concentrations, both to di-

rectly compare to modeled values, as well as to evaluate and improve marine INP parameteri-

zations, was the primary motivation for this study. Particularly over the SO, measurements of

aerosol size distributions are infrequent and limited in spatial and temporal extent. Estimat-

ing aerosol properties using light scattering observations from nephelometers and lidars is ap-

pealing because of their autonomous operation and higher availability of measurements. Two
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techniques for retrieving marine aerosol surface area from bulk optical measurements will be

evaluated here for the Southern Ocean. The first, proposed in DeMott et al. (2016), uses ambi-

ent aerosol scattering coefficients from a three-channel nephelometer, and the second utilizes

lidar aerosol backscatter profiles (Mamouri and Ansmann 2016), and are described further in

Sec. 2.2.3.4 and 2.2.2. To our knowledge, neither of these methods have been previously applied

to observations from the Southern Ocean marine boundary layer. Two campaigns that occurred

concurrently in 2018, the Southern Ocean Cloud Radiation Aerosol Transport Experimental

Study (SOCRATES, hereafter SOC) aircraft campaign and the second Clouds, Aerosols, Precip-

itation, Radiation and atmospherIc Composition Over the southeRN ocean (CAPRICORN-2,

hereafter CAP-2) ship campaign, provide a unique opportunity to assess these techniques with

co-located aerosol size distribution measurements that were used to validate proposed conver-

sion parameters (Sec. 2.3.2 and 2.3.3).

2.2 METHODS

2.2.1 Overview of CAPRICORN-2 and SOCRATES Campaigns

The SOC and CAP-2 campaigns occurred simultaneously during January-March 2018 in the

Southern Ocean region south of Tasmania with the goal of providing in-situ measurements to

improve and validate climate model simulations of marine boundary layer processes, clouds,

and aerosols over the Southern Ocean. The SOC campaign used the NSF/NCAR G-V aircraft

to make measurements of cloud and aerosol properties in the MBL, within clouds, and above

clouds in the region. Complementary MBL measurements were conducted during CAP-2 on the

RV Investigator (voyage IN2018_V01), an Australian Government research platform operated by

the Commonwealth Science and Industrial Research Organisation (CSIRO). Flight tracks for all

15 SOC flights and the ship track for CAP-2 are shown in Figure 2.1. These measurements were

made during late austral summer into early austral autumn. Detailed descriptions of the goals,

measurements, and preliminary findings for these campaigns are described in (McFarquhar
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Figure 2.1: Track of the RV Investigator (CAP-2) and flight tracks from the NSF/NCAR G-V (SOC) are
shown in purple and gold, respectively.

10



et al. 2021). Coordinated overflights of the ship by the aircraft within the marine boundary layer

occurred in a select number of cases, and these will be highlighted in Sec. 2.3.1.

2.2.2 Use of lidar profiles to estimate aerosol surface area and particle number

Mamouri and Ansmann (2015; 2016, hereafter MA) proposed a methodology for deriving

vertical profiles of dry aerosol surface area, SAdry, and number, Ndry, from lidar backscatter

profiles and AERONET (Smirnov et al. 2009) observations. Expected uncertainties are in the

range 25%-50%. Throughout this manuscript, all measurements reported as “dry” were made

below the efflorescence relative humidity (ERH) of sea salt, which is about 45-48% (Tang et al.

1997), and typically below 30%. We explored the use of the MA parameterizations for estimat-

ing aerosol surface areas (SAs) and concentrations of particles larger than 500 nm (N500) during

CAP-2. Briefly, their methodology involves using Level 2.0 AERONET inversions and correlating

surface areas or number concentrations inferred from the inverted volume size distributions

with aerosol optical thickness (AOT) at a particular wavelength. The resulting correlations con-

stitute a relationship between column extinction and column aerosol surface area or number,

and were derived for three aerosol types: marine, desert dust, and continental (meaning pol-

lution). Lidar ratios representative of the expected aerosol type are used to calculate vertical

particle extinction profiles from backscatter data, which are then converted to aerosol SA or

N500 profiles using the AERONET-extinction relationship for the relevant aerosol type and de-

sired parameter.

To derive a representation appropriate for marine aerosol, which is most relevant for the

present study, MA used AERONET data from Ragged Point, Barbados, from 2007-2015, after

screening for AOT500 nm < 0.07 and total Ångström exponent (å; computed for the wavelength

pair 440 nm and 870 nm) between 0.25 and 0.6. These criteria removed periods affected by

biomass burning emissions and long-range transported dust, which are annual occurrences in

the Caribbean region (Corona-Núñez et al. 2020; Prospero et al. 2014). MA derived conversion

parameters for three lidar wavelengths: 355 nm, 532 nm, and 1064 nm. A 355-nm lidar was de-
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ployed during CAP-2 (Sec. 2.2.3.5) and this wavelength will be the focus here. Since AERONET

measures ambient aerosol, the inverted surface areas and number concentrations must be cor-

rected to dry (less than the sea salt ERH) using an assumed diameter growth factor to be fairly

compared to the dry, in-situ observations presented here. For this purpose, a growth factor of 2

was used by MA, corresponding to that expected for sea salt at relative humidities (RH) ∼80%,

assumed representative of a typical nonprecipitating marine boundary layer. Therefore, wet

surface areas were scaled by a factor of 4 to arrive at dry surface areas for marine (denoted by

subscript m) particles, SAm,dry, assuming no vertical variation in RH in the marine boundary

layer:

S Am,dr y (z) =
cs,m

4
×σm(z) (2.1)

with SAm,dry in µm2 cm-3, the conversion factor cs,m in µm2 cm-3 Mm, and lidar extinction pro-

files σm(z) at the applicable wavelength in Mm-1. For a wavelength of 355 nm, cs,m/4 is reported

as 0.52±0.09. To derive dry N500, the AERONET number distributions are integrated for ambient

sizes >1000 nm diameter to account for hygroscopic growth:

N500,m,dr y (z) = c1000,m ×σm(z) (2.2)

with N500,m,dry in cm-3 and C1000,m in cm-3 Mm; at 355 nm, C1000,m=0.05±0.01. These values are

summarized in Table A.1.

2.2.3 Aerosol Measurements during CAPRICORN-2

2.2.3.1 RV Investigator Aerosol Inlet

The aerosol laboratory on the RV Investigator contained a suite of instruments for mea-

suring aerosol properties. These included sub- and super-micron aerosol size distributions,

aerosol scattering, aerosol chemical composition, cloud condensation nuclei number concen-

tration, fluorescent biological particles, and total aerosol number concentration. The RV In-

vestigator has a custom-designed aerosol sampling inlet, with the intake located approximately
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18.4 m above sea level at the bow of the ship. The whole inlet is stainless steel, with an inner di-

ameter of 16 cm, which tapers to a 4 cm conical intake. Ambient air is sampled into the conical

intake section at ∼440 L min-1, which is oriented horizontally to limit the amount of precipi-

tation entering the inlet, and automatically adjusts to orient into the wind (forward 180◦ only).

The inlet then travels vertically down the foremast into the aerosol lab, which is located directly

underneath the inlet at the bow of the ship, to minimize particle losses. Inside the aerosol lab,

approximately 9 m from the intake, is a sample manifold with instrument pickoffs for aerosol

sampling. All aerosol instruments considered in this study were located inside the aerosol lab

and sampled from the aerosol sampling manifold. Particle transmission efficiency through the

aerosol sampling inlet, including dependence on wind speed and ship motion, has not been

fully characterized. Theoretical calculations of transmission efficiency for all data presented

here (Sec. 2.2.3.3) are shown in Fig. A.1 and utilized the von der Weiden et al. (2009) Particle

Loss Calculator and Paul Baron’s Aerocalc spreadsheet (Brockmann 2011). These calculations

assumed a constant aspiration angle of 0◦, and a wind velocity of 10 m s-1, which is the average

for the CAP-2 campaign.

2.2.3.2 Ship Exhaust Contamination and Continental Aerosols

The largest sources of particle contamination on board the RV Investigator are exhaust from

diesel combustion from the engines and waste incineration. These waste streams are emitted

from separate but co-located flues approximately 50 m aft of the aerosol intake, and at a similar

height to the sampling inlet (Humphries et al. 2019). Following the technique presented in

Humphries et al. (2019), a time series of predicted exhaust influence on measurements during

the CAP-2 voyage was created and used to exclude periods of likely exhaust influence from all

data presented here. Based on Alexander and Protat (2019), all aerosol measurements north

of 47◦S were also excluded from this analysis, as the region close to Tasmania occasionally has

contributions from continental aerosols.
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2.2.3.3 Particle Size Distribution Measurements

Submicron and supermicron aerosol size distributions were measured directly using a TSI

Scanning Mobility Particle Sizer (TSI, SMPS 3080) for aerosols in the range 15-660 nm and a TSI

Aerodynamic Particle Sizer (TSI, APS 3320) for aerosols between 500 nm and 20 µm. A single-

jet impactor was located immediately before the SMPS inlet to remove particles larger than the

upper scan size. The SMPS size measurements were calibrated before, after, and at two-week

intervals during the voyage against polystyrene latex spheres (PSLs) of known sizes. No ad-

justments were made to the measured electrical mobility sizes, as they agreed with the known

PSL sizes to within ±5 nm during each calibration. SMPS distributions with total number con-

centrations <50 cm-3, as well as all data at sizes <25 nm were removed due to poor counting

statistics and increased noise, respectively. The APS was located approximately 1 m from the

sampling manifold, and the inlet minimized bends to reduce losses of supermicron particles.

The APS aerodynamic size measurements were calibrated against PSLs of known size and den-

sity (ρ=1.05 g cm-3) at weekly intervals during the voyage, as well as before and after the cam-

paign. Both aerosol streams were dried with silica gel diffusion driers prior to measurement to

below the ERH of sea salt, ∼45-48% (Tang et al. 1997). For submicron size distribution mea-

surements using the SMPS, particles were additionally dried within the instrument due to the

introduction of dry sheath air at a 10:1 ratio to the sample flow, and so were assumed to repre-

sent aerosol physical dry diameters without additional corrections. Distributions suspected to

be influenced by ship exhaust contamination (Sec. 2.2.3.2) were removed from further analysis,

as were any distributions where the instrument inlet RH exceeded 30%.

The SMPS and APS measurements were merged into continuous size distributions following

the removal of ship exhaust and high-RH scans. SMPS distributions were averaged to 30-min

resolution to reduce noise, then the SMPS sizes were adjusted for shape factor (χ) following

DeCarlo et al. (2004) Eq. 25, using χSMPS=1.05 for sea salt particles with 0.025nm < D <500

nm (Zieger et al. 2017) and assuming the slip correction factors cancel, since the adjustment

is small. The APS distributions were averaged to the same 30-min resolution, then a size-
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correction factor was applied to convert the APS sizes from Da to physical dry diameter, ac-

counting for particle density (ρp), shape factor, and hygroscopic growth factor (HGF). An APS

diameter correction factor of 0.68 was used, which is based on the density of dry sea salt, ρp=2.2

g cm-3 (Lewis and Schwartz 2004), shape factor measurements of artificial sea salt particles with

D>500nm (Zieger et al. 2017, χ=1.03), and HGF∼1 for sea spray aerosols (SSA) below the ERH.

Next, the SMPS and APS distributions were combined using a smoothing spline in the overlap

region, and this merged distribution was interpolated onto an even diameter grid with logarith-

mically spaced bins. Finally, the merged distributions were corrected for expected inlet losses

as described in Sec. 2.2.3.1, and 3-4 lognormal modes were fit to each distribution. All CAP-2

distributions were initially fit with 3 modes, and an additional coarse mode was added if the

3-mode fit did not match the SMPS/APS data within 50% in the region between 2-3 µm, which

was found to have the strongest influence on the estimated PMA mode width. Occasionally,

some distributions required a fourth Aitken mode instead, which was similarly determined by

a mismatch between the initial 3-mode fit and the SMPS/APS data of >50% in the size range

0.03-0.035 µm. If adding an additional mode did not improve the coefficient of determination,

the fit was reverted to a 3-mode lognormal to penalize overfitting. Lower weights were applied

in the 0.4-0.6 µm range during fitting to de-emphasize instrument uncertainties in the overlap

region, and sizes >3 µm were highly weighted during lognormal fitting to capture the coarse

mode and retrieve an accurate mode width. Limits were applied to the mode size and geomet-

ric width during fitting, based on Quinn et al. (2017) and Modini et al. (2015), and are reported

in Table A.2. The sum of the third and fourth (if needed) coarse modes were considered to rep-

resent primary marine aerosol, which is further discussed in Sec. 2.3.1 The inlet transmission

efficiency applicable to the APS was used, since minimal losses (<5%) are expected for particles

in the SMPS size range (Fig. A.1). The merged distributions were cut off at 5 µm dry diameter;

above this, the expected transmission efficiency drops below 40%, making the correction highly

uncertain (Fig. A.1). In total, merged aerosol size distributions were calculated for 1075 30-min

periods during CAP-2; a contour plot of the number distributions is given in Fig. A.2. Particle
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surface area and volume distributions were then calculated for each merged number distribu-

tion assuming all particles were spherical, as were the number concentrations of particles larger

than 500 nm dry diameter (N500).

2.2.3.4 Use of bulk scattering coefficients to estimate aerosol surface area

DeMott et al. (2016, hereafter D16) proposed a method for retrieving dry marine aerosol sur-

face area from ambient bulk aerosol scattering coefficients (bsp), using a three-channel neph-

elometer. In the absence of available nephelometer data from CAP-2, theoretical Mie calcu-

lations based on the merged aerosol size distributions were used to assess this technique for

retrieving dry marine aerosol SA. In this study, theoretical scattering distributions and inte-

grated scattering were estimated for each size distribution at wavelengths corresponding to an

Ecotech Aurora 4000 Polar Nephelometer (450 nm, 525 nm, 635 nm), assuming spherical parti-

cles and using a refractive index of n=1.5 (Tang et al. 1997). Ångström exponents (å) were then

calculated for each wavelength pair from the calculated scattering coefficients using:

å =

−log
(

b
λ1
sp /b

λ2
sp

)

log (λ1/λ2)
(2.3)

where λ1 and λ2 refer to different measured wavelengths (Seinfeld and Pandis 2016). Follow-

ing the methodology of D16, the blue/red å was used to assign an effective aerosol scattering

efficiency, Q, under the assumption that the particles being measured can be characterized as

having a single effective scattering size. D16 utilized a step function for Q, where if the ambi-

ent red/blue å>1, Q was assigned as 3 (submicron particles dominate scattering), and if å<1, Q

was assigned as 2 (supermicron particles dominate scattering) (Table A.1; DeMott et al. 2016;

Mulcahy et al. 2009). The same step function was applied to the dry scattering measurements

from CAP-2, which will be discussed further in Sec. 2.3.2. The integrated aerosol surface area

can then be estimated from the blue bsp and the calculated scattering efficiency:

S Ascat = 4

(

b450nm
sp

Q

)

(2.4)
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In D16, the estimated aerosol surface areas were then adjusted for hygroscopic growth using

the measured RH and assumed HGF. During CAP-2, the aerosol size distributions were mea-

sured dry, all theoretical calculations were performed for 0% RH, and no further adjustments

were made. Aerosol surface areas calculated using Mie theory and the D16 estimates of Q were

compared to those inferred directly from the number distributions to evaluate this technique

for dry marine aerosols in Sec. 2.3.2. Particularly for sea salt, particle nonsphericity is an im-

portant consideration that influences optical properties and was not explicitly considered in

the Mie calculations presented here. Bi et al. (2018) provide a comprehensive assessment of the

influence of RH, assumed particle mixing state, and nonsphericity on sea salt optical proper-

ties. For visible wavelengths (and their size distributions), they found a spherical assumption

overestimates scattering by a maximum of about 10%, and at 66% RH, the overestimation is a

maximum of about 12%. As a result, our Mie scattering calculations may overestimate scatter-

ing by up to 10%, and a consequent overestimation of Q by the same amount (Eq. 2.4).

2.2.3.5 Lidar

The MA method of retrieving aerosol surface area and N500 from lidar profiles was evalu-

ated for the Southern Ocean using the Leosphere RMAN 510 Raman UV polarization lidar (355

nm) deployed on the RV Investigator during CAP-2, which provided profiles of height-resolved

backscatter along the voyage track (Alexander and Protat 2019; McFarquhar et al. 2021). The

elastic lidar equation was solved using the Rayleigh returns during clear-sky intervals (Fernald

1984). Only profiles retrieved at night were retained, due to the improved signal-to-noise ra-

tio and profile-to-profile stability of the lidar’s backscatter signal. Lidar particle linear depo-

larization ratios were consistently less than 5% throughout CAP-2, indicating hydrated marine

aerosols were the primary aerosol type observed (Alexander and Protat 2019). The near-surface

mixed layer mean lidar ratio (S=20 sr) observed during CAP-2 and the preceding CAPRICORN-1

voyage (similar region) was used for all profiles to estimate height-resolved aerosol extinction

coefficients from the backscatter measurements (Alexander and Protat 2019). These were then

converted to dry aerosol surface area and N500 profiles using the MA marine aerosol conver-
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sion factors, as described in Sec. 2.2.2. Since MA assumed a constant HGF of 2, whereas the

ambient RH is variable, the influence of the HGF value used to derive dry aerosol surface areas

was explored using RH measurements collected on the foremast of the RV Investigator, followed

by calculating an expected HGF for SSA using the Extended Aerosol Inorganic Model (E-AIM;

Clegg et al. 1998; 2021) for each lidar profile.

To enable comparisons between the lidar-derived aerosol surface area and N500 and those

from in-situ aerosol instruments (Sec. 2.2.3.3, 2.2.3.4), lidar-derived values at an altitude of 300

m were used, which is the lowest level at which the lidar’s overlap function is essentially unity. To

minimize differences in the air masses observed by the in-situ and remote-sensing instruments,

only lidar profiles where the boundary layer was well-mixed were considered. Formally, the in-

version height, identified by radiosondes launched from the ship, was required to be at least 500

m in altitude to ensure lidar data collection within the well-mixed boundary layer. Additionally,

the inversion strength of retained profiles was at least 5 K km-1, and the change in potential

temperature between the surface and inversion height was <4 K. Adjusting these thresholds had

minimal effect on the lidar profiles selected, since a well-mixed near-surface layer and strong

temperature inversions at the top of the boundary layer are often present during clear-sky con-

ditions over the Southern Ocean (Alexander and Protat 2019). These thresholds and the other

requirements discussed above resulted in the selection of 157 2-minute (approximate averaging

time) lidar profiles. Aerosol parameters at 300 m derived from the lidar profiles were averaged

to the same 30-min intervals as the merged number distributions (Sec. 2.2.3.3) to facilitate

comparisons between the different estimates, resulting in 17 30-min periods.

The impact of particle nonsphericity on backscatter (and hence lidar ratios) can be consid-

erable. Alexander and Protat (2019) have shown the effects of lidar ratio on a dried sea spray

(nonspherical) aerosol layer, and found they can be readily detected by the RMAN 510 through

shifts in depolarization, in addition to sharp increases in derived lidar ratios (see e.g. Alexander

and Protat 2019, Fig. 5). In this manuscript, we limited the analysis to lidar retrievals at 300 m,

since Alexander and Protat (2019) showed that nonspherical sea salt layers in this region were
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primarily found in dehumidified decoupled layers above the mixed layer, and the lidar obser-

vations near the surface were consistent with the presence of spherical particles.

2.2.4 Radiosondes

Radiosondes were launched from the RV Investigator every 3-6 hours during CAP-2, for a

total of 234 successful releases (Vömel and Brown 2018). Vertical profiles of temperature, hu-

midity, and wind were collected for each launch, up to a median altitude of 17.9 km. We deter-

mined the altitude of the temperature inversion at the top of boundary layer as the altitude of

the maximum vertical gradient in potential temperature between 250 m and 3000 m (Alexan-

der and Protat 2019). Since radiosondes were launched regularly throughout the campaign, we

assume that the thermodynamic profiles sampled by the radiosondes are comparable spatially

and temporally with observations made by the lidar directly above the ship.

2.2.5 Microtops II Sun Photometer

A portable Microtops II sun photometer instrument was deployed during CAP-2 as part of

the AERONET Maritime Aerosol Network (MAN; Smirnov et al. 2009), and was used to col-

lect Ångström exponent (440-870 nm) and AOT (440, 500, 675, 870 nm) data during clear-sky

periods. The AOT measurements at 440 nm were extrapolated to 355 nm to match the lidar

wavelength (Sec. 2.2.3.5). As occasionally several measurements were taken sequentially, any

measurements collected within 30-min were averaged, to enable comparison with the CAP-2

merged size distributions (Sec. 2.2.3.3). If a radiosonde sounding (Sec. 2.2.4) was available

within 6 hours, each Microtops AOT measurement was converted to extinction (Mm-1) using

the boundary layer inversion height retrieved from the sonde profiles and assuming particles

were well mixed vertically within the MBL. If there was no sounding within 6 hours, the AOT

measurement was excluded from further analyses.
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2.2.6 Aerosol Measurements during SOCRATES

Aerosol measurements on the G-V (UCAR/NCAR - Earth Observing Laboratory 2005) con-

sidered here consisted of optical detection of submicron particles using two ultra-high sensitiv-

ity aerosol spectrometer (Droplet Measurement Technologies, UHSAS) instruments (0.06 - 1.0

µm particle diameters), optical detection of supermicron particles up to 50 µm using a wing-

mounted cloud droplet probe (Droplet Measurement Technologies, CDP; Lance et al. 2010),

and physical collection and sizing of impacted supermicron particles (0.7-16 µm dry diame-

ter) using the Giant Nucleus Impactor (GNI; Jensen et al. 2020). One UHSAS instrument was

mounted on the wing of the G-V and one sampled in the cabin via a counterflow virtual im-

pactor inlet that was also operated for isokinetic total air sampling (Hartery et al. 2020). We

primarily employed data from the wing mounted UHSAS, CDP, and GNI instruments for this

study.

The wing mounted UHSAS data were considered to represent dry particle distributions. As

also discussed by Sanchez et al. (2021b), we expected that the use of deicing heaters would

lower the relative humidity to which particles were exposed to below 40% in the optical cavity,

akin to how the same heaters affected particles in the passive cavity aerosol spectrometer probe

(PCASP) measurements discussed by Strapp et al. (1992). Striking in the UHSAS measurements

in SOC was an apparent particle mode near 0.6-0.7 µm, as shown in Sec. 2.2. Sanchez et al.

(2021b) hypothesized that this feature was a consequence of remnant unevaporated water (a

deliquescent mode) on the largest particles sensed by the UHSAS. We have since observed that

this mode also appears in the UHSAS distributions measured from the CVI inlet inside the G-V

cabin (not shown here), which were also assumed to represent dry measurements by Hartery

et al. (2020). This suggests that instead of residual water, the feature is a shattering artifact from

the inlets, or, more likely, is related to how marine aerosols are sized by the UHSAS. Recent

work (Kupc et al. 2018; Moore et al. 2021) has demonstrated that sea spray aerosols, which are

expected to have refractive indices much lower than those of the commonly-used PSL calibra-

tion particles, will be undersized by the UHSAS. When combined with lower response sensitivity
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at sizes above 500 nm, such unexpected features may appear in the UHSAS distribution. This

topic requires further study and is not further considered here.

Data from the CDP and GNI were merged with the UHSAS to generate distributions to dry

sizes >10 µm, in order to capture all surface area and volume modes for primary SSA. The first

and last three bins of the UHSAS data, and the first two bins of the CDP data, were omitted from

these merged distributions since they have low counting efficiencies, and in the case of the

CDP, also large variability in Mie scattering. The GNI data reported here represent spherical-

equivalent dry sizes of particles collected on slides during flights. The GNI particle sizing pro-

cedure, which involves re-humidification of particles to estimate their dry mass on the basis of

their wet size and reference to sea salt data from Tang et al. (1997), is fully described in Jensen

et al. (2020). Since both the UHSAS and GNI data are reported dry, it was necessary to adjust

the CDP data for water uptake. The CDP data were considered to represent humidified aerosol

sizes, in equilibrium with ambient RH, since it is an open-path instrument. The CDP bin sizes

were first corrected following Lance et al. (2010), and then further decreased in size based on

hygroscopic growth factors predicted for proxy sea salt particles using E-AIM (Clegg et al. 1998;

2021). Sea salt will dominate particle mass at dry sizes above 1 µm and influences of organics

on water uptake should be small. Data from the VCSEL water vapor sensor (SouthWest Sciences

and UCAR/NCAR-Earth Observing Laboratory 2008; Zondlo et al. 2010) on the G-V (cabin top-

mounted inlet) were was used to estimate the appropriate HGF for each CDP size distribution

based on the ambient relative humidity. We note that the differences between using E-AIM for

adjusting the CDP data to dry size versus the reference data in Jensen et al. (2020) could lead to

a difference of no more than 5% in dry size between the CDP and GNI.

Thirty-six periods of level G-V flight in the lower marine boundary layer (150 – 300 m MSL)

in SOC, covering latitudes from about 49-61◦S, were identified for analyses of aerosol distribu-

tion data. For each pass, typically 8-10 minutes, relative humidity and horizontal wind speed

were averaged, and total CDP concentrations were examined to assure that there was no cloud

contamination. Each merged size distribution was then fit with two or three lognormal modes,
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using the same criteria as described in Sec. 2.2.3.3 for the CAP-2 distributions, except the Aitken

mode was not fit, since the UHSAS does not extend to small enough sizes. The sum of the mid-

dle and largest (if needed) modes were considered to represent primary marine aerosol, which

is further discussed in Sec. 2.3.1. A gap in data availability was always present between the CDP

or GNI data in the supermicron regime and the submicron UHSAS data. For all flights where

GNI data were available, it was consistently noted that the CDP and GNI distributions agreed

quite closely after adjustments were made to correct the CDP bin sizes.

2.3 RESULTS

2.3.1 Comparison of SOCRATES and CAPRICORN-2 aerosol measurements

An example aerosol number distribution from SOC RF04 on January 24, 2018, is shown

in Fig. 2.2a, which includes the average single-mode PMA fit by Sanchez et al. (2021b) using

only the G-V wing-mounted UHSAS data, in addition to the PMA fit used in this study. Unlike

Sanchez et al. (2021b), the peak of the narrow mode ∼0.6-0.7 µm in the UHSAS data was ignored

during fitting in this study, as including it artificially decreases the mode width and forces the

mode size into that range. While there is reasonable agreement between both studies at sizes

up to 1 µm, our results indicate inclusion of the CDP and GNI data are necessary to clearly de-

fine the significant coarse mode present, which becomes increasingly important for estimating

PMA surface area and volume concentrations. A broader PMA distribution is consistent with

those reported in the North Atlantic by Saliba et al. (2019) using a similar fit routine as Sanchez

et al. (2021b). It also agrees well with the regional Southern Ocean distributions of Hartery et al.

(2020) describing “sea spray particles” (defined as the distribution humidified to 80% RH) that

were composed by combining SOC G-V cabin-based UHSAS data with particle measurements

from a separate ship voyage south of New Zealand. Fig. 2.2b shows a similar example from

CAP-2, during the SOC RF12 overpass of the RV Investigator on February 18, 2018, which also

has a much broader PMA mode than the Sanchez et al. (2021b) fit, in agreement with the SOC

results. In accordance with many recent studies of marine aerosols (Hartery et al. 2020; Lewis
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and Schwartz 2004; Modini et al. 2015; Saliba et al. 2019; Sanchez et al. 2021b), the majority of

size distributions for both campaigns only required a single PMA mode to achieve a coefficient

of determination for the entire lognormal fit >0.9 (86% for CAP-2 and 84% for SOC).
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Figure 2.2: Example size distributions from a) SOC RF04 merged aerosol number distribution for a 9-
minute marine boundary layer pass at 165 m and b) CAP-2 merged aerosol number distribution during
the SOC RF12 overpass. In panel a) UHSAS data are given by filled black circles, CDP data by filled gray
squares, and GNI data by open gray squares. The SOC lognormal fit is shown in the solid gold line and
PMA estimate in the dashed magenta line. In panel b) SMPS data are given by filled black circles, APS data
by filled gray squares, the CAP-2 lognormal fit in the solid purple line, and PMA estimate in the dashed
purple line. The average single-mode PMA fit from Sanchez et al. (2021b) is shown in both panels in solid
blue for comparison, and has been scaled by the number concentration of each PMA mode.

Direct comparisons between CAP-2 and SOC MBL size distributions were possible on two

research flights: RF04 (Jan. 24, 2018) and RF12 (Feb. 18, 2018). Given the large speed difference

between the ship and aircraft, as well as the different averaging intervals used for their size dis-

tribution measurements, G-V and CAP-2 distributions were counted as overpasses if there was

any temporal overlap between their respective averaging intervals. Additionally, the midpoint

of the G-V MBL level leg was required to be within 30 km of the average RV Investigator posi-

tion during their respective time windows. G-V distributions represent averages of 8–10-minute

level legs in the MBL (Sec. 2.2.6), and CAP-2 distributions are 30-min averages, as described in
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Sec. 2.2.3.3. Two G-V overpasses were identified using these criteria, and typically two CAP-2

distributions were identified that overlapped with each G-V overpass. Lognormal fits to G-V

and CAP-2 aerosol size distributions during these overpasses are shown in Fig. 2.3. Although

the mode positions and shapes differ slightly, good agreement in number concentration is seen

in both cases for sizes >0.06 µm, which is the minimum size measured by the UHSAS on the

G-V. This suggests the ship-board measurements were representative for the MBL and were not

unduly influenced by being close to the ocean surface. For sizes >2 µm, the CAP-2 distributions

underpredict particle number, which is likely due to supermicron particle losses not captured

by the calculations of inlet transmission efficiencies (Sec. 2.2.3.1), or to spatial mismatch be-

tween the ship and aircraft. Comparisons of the total number of particles, surface area, and

volume from the G-V, versus those for particles <5 µm (Fig. A.3a,d,g) were used to estimate

particle losses unaccounted for in the CAP-2 inlet modeling. Strong linear relationships were

found between particle number (R2=1; Fig. A.3a) and surface area (R2=0.96; Fig. A.3d) <5 µm

and integrated quantities, and a moderate relationship was found between particle volume <5

µm and total volume (R2=0.37; Fig. A.3g). This exercise indicates the CAP-2 measurements

are likely to have accurately captured particle number, underestimated particle surface area by

∼15%, and underestimated particle volume by ∼60% due to poor inlet transmission of particles

>5 µm. Similar trends were seen when particles with 0.5<D<5 µm were correlated with D>0.5

µm (Fig. A.3b,e,h), and when PMA with D<5 µm were correlated with total PMA (Fig. A.3c,f,i).

The best-fit linear relationships shown in Fig. A.3 were used to correct the integrated CAP-2

number, surface area, PMA, and volume concentrations to better represent atmospheric con-

centrations, and these corrected concentrations are used throughout this study for integrated

quantities.

Normalized histograms of integrated particle number, surface area, PMA, and volume con-

centrations for all CAP-2 (following additional loss corrections based on Fig. A.3) and SOC size

distributions are shown in Fig. A.4. Ranges of all quantities are similar across the two cam-

paigns, as are the mode positions, with the best agreement for aerosol surface area (Fig. A.4c).
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Figure 2.3: Comparisons of SOC and CAP-2 aerosol number distributions during G-V overflights of the
RV Investigator in the MBL. From SOC flights a) RF04 and b) RF12. CAP-2 data are shown in solid black
and SOC MBL data in solid gold lines, with the PMA fits for both campaigns denoted by dashed lines.
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For CAP-2, the median surface area concentration is 22.9±11.1 µm2 cm-3, and for SOC it is

25.9±12.6 µm2 cm-3 (± one standard deviation for each). CAP-2 has a larger median number

concentration than SOC (Fig. A.4a; CAP-2: 207±120 cm-3; SOC: 136±80 cm-3) and a greater

fraction of distributions with aerosol number >400 cm-3, which is expected due to the SOC

instruments being unable to capture the Aitken mode, where a significant fraction of particle

number is seen in CAP-2 (Fig. 2.3). SOC, on the other hand, has a larger median volume concen-

tration (Fig. A.4d; CAP-2: 7.0±5.3 µm3 cm-3; SOC: 10.3±6.6 µm3 cm-3) and more distributions

with volume concentrations above 15 µm3 cm-3. In addition to differences in instrumentation,

some discrepancy in aerosol volume may be due to the different regions and conditions tar-

geted by the SOC flights compared to CAP-2. Overall, the good agreement between CAP-2 and

SOC for particle surface area and volume concentrations supports the utility of the corrections

presented in Fig. A.3 to account for losses of >5 µm particles within the CAP-2 inlet.

Fig. 2.4 shows total and PMA particle number, surface area, and volume concentrations as a

function of wind speed for both field campaigns. Wind speeds shown here are averages during

each size-distribution interval from the RV Investigator met station on the ship foremast and

measurements from the G-V (corrected for air speed) for CAP-2 and SOC, respectively. Follow-

ing Sanchez et al. (2021b)S, power law relationships were fit to the PMA particle number, SA,

and volume concentrations (Fig. 2.4b,d,f) as a function of wind speed, and are reported in Ta-

ble A.3. PMA concentrations during CAP-2 exhibited a similar correlation with wind speed (Fig.

2.4b; R2=0.43), as has been seen previously in the Southern Ocean (Sanchez et al. 2021b) and

North Atlantic (Saliba et al. 2019). PMA volume concentrations during SOC were more highly

correlated (R2=0.60) with wind speed than during CAP-2 (R2=0.32), which may be related to

different temporal and spatial sampling rates and coverage of the G-V and RV Investigator, as

well as instrument size restrictions that varied by campaign. The PMA number (Fig. 2.4b) versus

wind speed relationships predicted in this study fall between those of Sanchez et al. (2021b) and

O’Dowd et al. (1997). Sanchez et al. (2021b) only used SOC UHSAS data to estimate PMA, so it

is not surprising that including the coarse mode captured by the GNI and CDP (Fig. 2.2) during
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SOC, and by the APS in CAP-2, increases the predicted number concentration of PMA. O’Dowd

et al. (1997) used an exponential, rather than power law, model to predict PMA. It agrees well

with the relationships derived in this work up to ∼10 m s-1, and then rapidly diverges at higher

wind speeds. In addition to the differences in functional form, the higher number concentra-

tions predicted by O’Dowd et al. (1997) may be due to their use of particle numbers at 80% RH,

rather than the dry distributions used in this work and Sanchez et al. (2021b), as more small

particles may grow to large enough sizes to be measured at higher RH. The exponential re-

lationship derived by Saliba et al. (2019) during the NAAMES campaign in the North Atlantic

underpredicts PMA from CAP-2 up to wind speeds of ∼20 m s-1, particularly around 13-18 m s-1

due to the shape of the exponential function.

Saliba et al. (2019) also explored the relationship between PMA mode diameter and atmo-

spheric and oceanic parameters such as wind speed, seawater particle attenuation, and sea

surface temperature (SST). Fig. A.5 shows similar relationships for CAP-2 between PMA mode

diameter, wind speed, and SST. SST values reported here are measurements from the inlet of the

flow-through seawater system on the RV Investigator. For the 14% of distributions with 2 PMA

modes, the mode diameter representing the mode with the larger number concentration was

plotted. In agreement with Saliba et al. (2019), no relationship was found between PMA mode

diameter and wind speed (Fig. A.5a), however, there was also no clear relationship between

mode diameter and SST for CAP-2 (Fig. A.5b), unlike NAAMES. It should be noted, however,

that the majority of SST observations during CAP-2 were at temperatures less than 5 ◦C, and the

SST variation during CAP-2 was driven by latitudinal changes, rather than seasonal variability,

as in NAAMES.

PMA number, surface area, and volume concentrations exhibited weak and generally in-

significant correlations with latitude (Fig. A.6). Nominally, SOC and CAP-2 have relationships

of opposite sign between all aerosol quantities and latitude, although it should be noted the

maximum latitude of the G-V was 61 ◦S, whereas the RV Investigator reached the marginal ice

zone at 66.5 ◦S, in addition to there being almost 30 times fewer MBL distributions collected
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during SOC. Sanchez et al. (2021b) noted differences between the CCN latitudinal relationships

for the SOC and CAP-2 campaigns, and attributed them to differences in sampling strategies

and range covered, which is likely also the case here for PMA. The northern and southern tran-

sect of CAP-2 had very different PMA number concentrations north of 55 ◦S, and highly variable

concentrations south of 60 ◦S, which appear to have led to insignificant (p>0.05) latitudinal

correlations for this campaign. This suggests that meteorological conditions, ocean biogeo-

chemistry, SST, or other factors are more closely related to MBL PMA concentrations over the

Southern Ocean than latitude, although further study is needed. Wind speed alone explained

up to 60% of PMA concentration variance (Fig. 2.4), supporting this hypothesis. The impact of

wind direction, which may reflect differences in warm or cold advection, has not been investi-

gated in this study.

2.3.2 Evaluation of the D16 method for estimating marine aerosol surface area

from scattering coefficients

The D16 method for retrieving dry marine aerosol surface area from bulk scattering coef-

ficients (described in Sec. 2.2.3.4) was applied to CAP-2 using Mie calculations based on the

merged aerosol size distributions. For data shown in this section only (Figs. 5-7; Fig. A.7-A.9),

only the inlet loss corrections presented in Sec. 2.2.3.1 and not the additional corrections de-

rived from Figure S3 were applied, since the Mie calculations require size-resolved aerosol size

distributions, and the corrections derived from the G-V data (Fig. A.3) are only applicable to

integrated quantities. This is not expected to significantly alter the results presented here, as

scattering is dominated by particles smaller than 2 µm, and good agreement in particle number

is seen between CAP-2 and SOC below this size (Fig. 2.3).

Normalized frequency distributions of Ångström exponent from the CAP-2 Mie calculations

are shown in Fig. A.7. All three å (blue/red, blue/green, green/red) distributions are bimodal,

with the largest mode centered around 0-0.25, and ranging from -0.2 to ∼0.8. A smaller and very

broad mode occurs at larger å values, centered around 1.3 for all wavelength pairs. This bimodal
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Figure 2.4: Particle a-b) number, c-d) surface area, and e-f) volume concentrations versus wind speed.
Panels a,c,e) have total concentrations and b,d,f) show PMA concentrations and best fit power law func-
tions. CAP-2 is in black (power law fits in dashed gray), SOC G-V marine boundary layer passes in gold
(power law fits in dashed gold). The blue curve in (b) is the PMA fit from Sanchez et al. (2021b), the ma-
genta curve in (b) is the PMA fit from O’Dowd et al. (1997), and the green curve in (b) is the PMA fit from
Saliba et al. (2019).
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shape can also be seen in the “clean marine” å frequency distribution reported by Mulcahy et al.

(2009) for Northern Hemisphere marine aerosols from Mace Head, Ireland. The smaller mode

centered at å=1.3 is more pronounced in the Mace Head data, which may reflect the larger bin

size used in their distribution (0.2 vs 0.1 for CAP-2), in addition to differences caused by higher

average wind speeds in the Southern Ocean than North Atlantic (Zheng et al. 2016), seasonal

variation in sea spray production, or other factors. The CAP-2 Mie å calculations are also in

agreement with nephelometer measurements of Ångström exponent from coastal marine sites

in NOAA’s Federated Aerosol Network (Andrews et al. 2019), as well as ship-based measure-

ments collected near Hawaii during ACE-Asia, which reported å=0.16 ± 0.60 for air masses clas-

sified as marine (Carrico et al. 2003).

This dataset provides an opportunity to test whether the simple step function used in D16

to select Q based on å reproduces observed surface area (Eq. 2.4). A comparison between

aerosol surface area from the merged CAP-2 size distributions and those estimated using the

D16 method applied to Mie calculations based on the same distributions is shown in Fig. 2.5.

The points with low å values (<∼0.5), which were assigned an effective scattering efficiency of

Q=2 based on the D16 criteria, cluster around the 1:1 line, as expected, with a maximum devi-

ation of 25%. Those points with å>1, and assigned Q=3 by D16, underestimate dry aerosol sur-

face area by a factor of 2 or more. To explore the reason for this discrepancy, effective aerosol

scattering efficiency was calculated for each size distribution using Eq. 2.4, by replacing SAscat

with the measured dry aerosol surface area and solving for Q. The results for each wavelength

pair are shown in Fig. 2.6a as a function of the Mie-calculated Ångström exponent. For the ma-

jority of the points, which cluster around å=±0.25, Q=2 is a reasonable approximation, which

explains the good agreement in Fig. 2.5 for those distributions with å<0.5. However, for distri-

butions with å>1, the calculated Q varies from about 0.5-1.5, rather than the Q=3 that would be

assigned by D16.

The bimodal å distribution was investigated further in Fig. 2.6b-c, which again show Q

calculated from Mie scattering calculations and the dry aerosol surface area against the Mie
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Ångström exponent, although only for the blue/red wavelength pair. Fig. 2.6b is colored by

wind speed in 5 m s-1 bins, and Fig. 2.6c by latitude of the RV Investigator in 5◦ bins. å=0.8

was selected based on Fig. A.7 to separate the two modes of the Ångström exponent distri-

bution and is indicated by the dashed lines in Fig. A.7 and Fig. 2.6. Distributions with å>0.8

primarily occur at low wind speeds and high southern latitudes. This can be seen even more

clearly in Fig. A.8, which shows frequency distributions of wind speed and RV Investigator lati-

tude separately for aerosol distributions with blue/red å<=0.8 and å>0.8. Previous work (Saliba

et al. 2021; Schmale et al. 2019; Twohy et al. 2021) has demonstrated a large proportion of CCN

in the Southern Ocean region are biogenic, and likely derive from the high chlorophyll-a wa-

ters present in the marginal ice zone, where enhanced DMS fluxes have been observed (Webb

et al. 2019). DMS fluxes peak in mid-summer, the same season as CAP-2, and were estimated

by Webb et al. (2019) to be sufficient to nucleate particles in the MBL near the West Antarctic

Peninsula 63% of the time. Nucleation of ultrafine particles has been observed in other regions

of the Antarctic coastal MBL (e.g. Humphries et al. 2015; Jokinen et al. 2018; Jung et al. 2020;

Yu and Luo 2010) in summertime, and biogenic gases are also hypothesized to contribute to

condensation and the growth of particles to CCN-sizes (Twohy et al. 2021). Lower wind speeds

near the Antarctic continent, in addition to the suppression of sea spray formation around the

marginal ice zone (Nilsson et al. 2001) can lead to fewer large primary marine aerosol particles

and lower aerosol surface area near Antarctica (Humphries et al. 2015).

Sanchez et al. (2021b) used HYSPLIT (Rolph et al. 2017; Stein et al. 2015) back-trajectories to

classify particle regimes during SOC, and found many of the back-trajectories for the “aged”

particle type originated near or over the Antarctic coast, coinciding with regions previously

shown to have elevated DMS and other phytoplankton-derived VOCs (e.g. Alroe et al. 2020;

Humphries et al. 2016). HYSPLIT back-trajectories run using the same method as Sanchez et al.

(2021b) provide an evaluation of the degree of marine influence (Sanchez et al. 2021a) of the

aerosols measured during CAP-2, defined as the fraction of a 5-day back-trajectory (initialized

at 200 m above the location of the RV Investigator) that passed over the ocean. Fig. 2.7 shows
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the CAP-2 ship track with aerosol Ångström exponent indicated by marker size and the degree

of marine influence indicated by marker color. Periods with å>0.8 are concentrated at high lat-

itudes, as also seen in Fig. 2.6 and Fig. A.8. The majority of the periods with marine influence

<20% also occur at high Southern latitudes. This supports the findings of Alroe et al. (2020) and

Chambers et al. (2018) that air masses with continental influence, either Antarctic or long-range

transport, extend a considerable distance from the Antarctic continent and can influence mea-

sured aerosol properties. Some of the periods with high å>0.8 have a small degree of marine

influence (<20%), but others are predominantly marine (>80% marine influence), indicating a

mix of sources in this region. CAP-2 aerosol size distributions exhibited similar influences from

submicron particles as å (Fig. A.9). Periods with larger Ångström exponent predominantly have

PMA fractions, defined as the fraction of total particle number attributed to PMA, of <5%, in-

dicating a large number of small accumulation/Aitken mode aerosols are present. As also seen

in Fig. 2.7, periods with å>0.8 have a wide variety of fractional marine influence, but a higher

proportion of periods with marine influence <20% than those periods with å<0.8. Based on

these findings, we hypothesize that the distributions with å>0.8 that primarily occur near the

Antarctic coast are dominated by submicron biogenic, continental, or long-range transported

particles, which control the scattering in this region due to lower PMA formation. This is sup-

ported by Humphries et al. (2021), who found the ratio of CCN to total particles increased south

of 65 ◦S, as well as the relative contribution of sulfur to submicron aerosol mass. As a result,

we have set å=0.8 as an upper limit for defining distributions which are primarily comprised of

PMA throughout this study.

An exponential relationship of the form Q = a × ebå was found to best describe the correla-

tion between dry marine aerosol scattering efficiency and Ångström exponent, and the best-fit

function between QGreen and blue/red å is shown on all three panels of Fig. 2.6. For those dis-

tributions with å<0.8, thought to represent PMA-dominated regimes, the average Q (Q=2.00)

agrees exactly with the Q=2 assigned by D16. However, Q ranges from ∼1.0-2.7 for these dis-

tributions, which induces an uncertainty of ±50% when aerosol surface area is estimated us-
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ing Q=2 for any distribution with å<0.8. Distributions with å>0.8, which would primarily be

assigned Q=3 by D16, have Q ranging mostly from 0.5-1.5. Some discrepancy between the D16-

assigned Q values and those calculated directly are to be expected, since the å thresholds in

D16 correspond to ambient-humidity scattering coefficients, whereas all the CAP-2 data are dry.

Because of these differences, we propose that instead of the step function used by D16 to as-

sign scattering efficiency, the exponential relationship shown in Fig. 2.6
(

Qg r een = 2.15×e−0.80å
)

be used to predict Q from å when estimating marine aerosol surface area from dry scattering

measurements. Since this relationship was derived from Mie-calculated scattering coefficients,

rather than nephelometer observations, further validation against nephelometer data will be

needed. Table A.1 summarizes the differences between the D16 method for estimating marine

aerosol surface area and the one proposed here.

2.3.3 Evaluation of the MA method for estimating particle surface area and

coarse mode number concentrations using lidar extinction

The Southern Ocean is considered one of the most pristine marine regions on earth, and

also has a unique meteorological environment with persistent high winds, high wave heights,

and associated high concentrations of sea spray in the boundary layer (e.g. Wang et al. 2015b).

Therefore, as a first step, we explored whether MA’s existing marine-aerosol parameterization

(Sec. 2.2.2) was applicable to this region. We used Level 2.0, Version 3 inversion data from

the 2-year deployment of an AERONET CIMEL sun photometer during the Macquarie Island

Cloud and Radiation Experiment (MICRE; Marchand 2020; McFarquhar et al. 2021). The fre-

quent cloudiness in the region, however, resulted in only 25 data points, and these were not

representative of all seasons: 23 inversions were for data from September-December (Austral

spring and early summer). Only 7 of the inversions met the MA criteria (Fig. A.10). However,

fourteen of the total points had å < 0.2, suggestive of a dominant coarse mode likely associated

with sea spray, despite AOT500 nm as large as 0.16 (Andrews et al. 2019; Carrico et al. 2003; Mulc-

ahy et al. 2009). In Fig. A.11, we applied the MA methodology to all available MICRE data points
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to compute the total wet aerosol surface area and superimposed the MA correlation. MICRE

data with low å appear to be reasonably represented by the MA fit at 355 nm, although most of

the points meeting the MA criteria are not. Additionally, for points near AOT355 nm = 0.07, it is

apparent that surface area varied by a factor of 2 for the same AOT.

A Microtops II sun photometer was present on the RV Investigator as part of the AERONET

Maritime Aerosol Network (MAN) and provided measurements of Ångström exponent and AOT

during CAP-2 (Sec. 2.2.5). Although full AERONET inversions are not available from MAN mea-

surements, the MA technique was further assessed using these open ocean Microtops data,

coupled with the aerosol size distributions from CAP-2. Extinction at 355 nm, estimated from

Microtops AOT using boundary layer inversion height (BLH) retrieved from radiosondes re-

leased from the RV Investigator (Sec. 2.2.4), had linear relationships with both aerosol surface

area and N500 (Fig. 2.8). AOT at 355 nm (Fig. A.12) had a stronger linear correlation with both

aerosol surface area and N500 than did extinction, which is likely due to variability and uncer-

tainty in estimates of BLH needed to calculate extinction. BLH of radiosondes launched during

CAP-2 varied from 0.53-4.98 km, with a median of 2.07 km. The median value is consistent with

the M2-M4 and C1-C2 categories discussed in Truong et al. (2020), which includes soundings

from the CAP-2 campaign in addition to several others over the Southern Ocean during 2016-

2018. As the CAP-2 surface area and N500 already represent dry values, no further adjustment to

the conversion factors shown in Fig. 2.8 were needed to account for HGF. Notably, the conver-

sion factors between extinction and dry aerosol surface area (cs,m,microtops/4=0.106 ± 0.022

µm2 cm-3 Mm) and N500 (C1000,m,microtops=0.0182 ± 0.0036 cm-3 Mm) derived using the Mi-

crotops data are a factor of 4.9 and 2.8 smaller, respectively, than those presented in MA for

marine aerosols at 355 nm.

Radiosondes up to 6 hours before or after a Microtops measurement were used to convert

Microtops AOT to extinction, which introduces additional unaccounted-for uncertainty, since

the boundary layer structure may change during that interval. To assess the influence of un-

certainty in BLH, the conversion parameters were also derived from Microtops AOT355 nm
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Figure 2.8: Correlations of extinction at 355 nm estimated from the MAN Microtops measurements with
(a) total aerosol surface area and (b) N500 during CAP-2. Aerosol surface area and N500 are from merged
aerosol size distributions.

converted to extinction using the median CAP-2 BLH of 2.07 km instead of estimates from in-

dividual sondes. This gives an aerosol surface area parameter of 0.173± 0.021 µm2 cm-3 Mm,

and an N500 parameter of 0.0292 ± 0.0042 cm-3 Mm, which, although larger than the Microtops

parameters derived from individual sondes, are still significantly smaller than the MA param-

eters, by factors of 3.0 and 1.7 for aerosol surface area and N500, respectively. In addition to

excluding data north of 47 ◦S (Sec. 2.2.3.2), which can be influenced by continental aerosols,

all periods where the CAP-2 Mie-calculated red/blue å>0.8 were removed (Sec. 2.3.2), to iso-

late periods where PMA is expected to be the dominant aerosol type. The remaining points

have AOT500 nm ranging from 0.036 - 0.127 and å440-870 nm from 0.07 - 0.58. These agree well

with other measurements of AOT and å for marine aerosols (Andrews et al. 2019; Carrico et al.

2003; Mulcahy et al. 2009), in addition to Mie calculations based on the CAP-2 size distributions

(Sec. 2.3.2). It is possible that since observations including dust are much more common in

the MA marine aerosol dataset than over the Southern Ocean, their å (0.25<å<0.6) and AOT

(AOT500 nm <0.07) restrictions may have removed observations with significant coarse mode

38



marine aerosol, which often has å<0.25, and even å<0, as well as AOT500 nm >0.1 (e.g. Mulc-

ahy et al. 2009). This could help explain the differences between their conversion parameters

and those derived using the CAP-2 Microtops data. The å and AOT values from all the studies

mentioned here, as well as this dataset, are summarized in Table A.4.

The MA method was applied to the lidar data from CAP-2 (Sec. 2.2.3.5) using the 1) original

MA marine aerosol conversion parameters at 355 nm, 2) MA parameters adjusted to account

for ambient surface RH for each measurement (aerosol surface area only), and 3) new parame-

ters derived from the CAP-2 Microtops measurements and aerosol size distributions (Fig. 2.8).

For 2), representative HGFs for sea salt were calculated with E-AIM (Clegg et al. 1998; 2021) for

each lidar profile using the average surface RH measured from the RV Investigator during each

period, and used to scale the MA aerosol surface area conversion parameter (Sec. 2.2.2) to re-

flect the ambient boundary layer RH, rather than assuming an HGF of 2. Table A.1 contains a

comparison between all of these methods and their respective conversion parameters. A time

series of aerosol surface area at 300 m estimated from lidar extinction using all three conversion

parameters is shown in Fig. A.13 for each clear-sky profile. When compared to the SMPS + APS

observations, both MA parameters overestimate dry aerosol surface area for most lidar profiles,

while the Microtops parameter tracks changes in dry aerosol surface area more closely. This

can be seen more clearly in Fig. 2.9, which shows the correlation between lidar-estimated and

aerosol size distribution measurements of dry aerosol surface area and N500. The original MA

parameters overestimate SA by a factor of ∼3-5, and N500 by ∼1.5-3 times. Adjusting the MA SA

conversion parameter based on ambient RH typically increased the estimated dry SA and wors-

ened the agreement by a small amount. The surface RH during CAP-2 was usually less than

the 80% assumed in Mamouri and Ansmann (2016), although HGFs up to 2.6 were observed

for ambient RH ∼90% in a few cases, leading to improved correlations for those periods. The

agreement was much better for both aerosol SA and N500 using the Microtops-derived parame-

ters, which are distributed close to the 1:1 line in both cases. Since the calculation of extinction

from lidar backscatter (Sec. 2.2.3.5) requires an assumed lidar ratio, only periods where the con-
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current CAP-2 Mie-calculated red/blue å<0.8 are shown in Fig. 2.9, to isolate PMA-dominated

aerosol distributions (Sec. 2.3.2).
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Figure 2.9: Comparison of CAP-2 (a) dry aerosol surface area and (b) N500 from the merged size distribu-
tions with those estimated from the lidar at 300 m using the MA method. Data using the MA parameters
are shown in green, those using MA parameters adjusted for ambient RH in gold, and those using the MA
method with conversion parameters derived from the CAP-2 Microtops in purple.

Both the Microtops and lidar datasets are limited to clear-sky conditions, which are infre-

quent in the predominantly cloudy Southern Ocean, resulting in few data points being available

for both deriving the conversion parameters (Fig. 2.8) and testing them (Fig. 2.9). Additionally,

the lidar profiles presented here did not cover the full range of wind speeds observed, with a me-

dian of 6.1 m s-1 and a maximum of 10.0 m s-1. The Microtops observations covered a slightly

larger range of wind speeds, with a median of 7.5 m s-1 and a maximum of 16.0 m s-1. This effect

is clear in Fig. A.14, which shows normalized frequency distributions of lidar-estimated and size

distribution measurements of aerosol surface area and N500. The largest SA obtained from the

Microtops conversion parameters is 14.8 µm2 cm-3, whereas for the merged size distributions

it is 56.4 µm2 cm-3. This unfortunately limits the ability to assess the new aerosol SA and N500

conversion parameters across the whole range of expected conditions over the Southern Ocean,
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although based on this initial analysis, they perform better for this region than those presented

in MA.

2.4 CONCLUSIONS

Measurements of aerosol size distributions from the Southern Ocean marine boundary

layer were presented from the Southern Ocean Cloud Radiation Aerosol Transport Experimen-

tal Study (SOC) aircraft campaign and the second Clouds, Aerosols, Precipitation, Radiation and

atmospherIc Composition Over the southeRN ocean (CAP-2) ship campaign, which occurred

concurrently in austral summer 2018. Close agreement was seen between size distributions

measured on the G-V and RV Investigator during overflights for particles up to 2 µm, and cor-

rections were presented to account for large particles not sampled efficiently by the RV Investi-

gator aerosol inlet based on wing-mounted instruments from the G-V. Lognormal mode fitting

was used to estimate the PMA number concentration for both campaigns, which are broadly

consistent with previous measurements of sea spray aerosol in the Southern Ocean (Hartery

et al. 2020; Sanchez et al. 2021b) and North Atlantic (Saliba et al. 2019). Wind speed explains

up to 60% of the variance in PMA concentrations (Fig. 2.4), whereas latitude had no significant

relationship with PMA for either campaign (Fig. A.6).

Aerosol surface area is commonly used to parameterize ice nucleation in models and is also

important for light scattering and particle reactivity. Direct measurements are scarce over the

SO, and two techniques for inferring dry marine aerosol surface area from light-scattering were

evaluated here. The method presented in DeMott et al. (2016), which utilizes ambient scattering

coefficients from a three-channel nephelometer, was applied to Mie-theory calculations based

on aerosol size distributions measured during CAP-2. The assignment of an effective scattering

efficiency Q=2 for distributions with å<1 is a reasonable approximation (within±50%), although

assuming Q=3 for distributions with å>1 leads to an underestimate of dry aerosol surface area

by a factor of 2 or more. Instead of the step-function used to assign Q in D16, we suggest a new

relationship between dry marine aerosol scattering efficiency and Ångström exponent, which

41



explains 80% of the variance between Q and å for -0.2<å<2. Additionally, we propose å=0.8 as

the cutoff between distributions dominated by PMA (å<0.8) and those dominated by secondary

biogenic marine aerosol (å>0.8). The relationships derived here will need to be further assessed

with ambient nephelometer data, as these were unavailable for CAP-2 or SOC, and also for re-

gions other than the Southern Ocean.

Lidar backscatter profiles have previously been shown to reproduce aerosol number and

surface area concentrations in other environments (Mamouri and Ansmann 2016), and we have

evaluated their use for the Southern Ocean with CAP-2 lidar (355 nm) and aerosol measure-

ments. The marine aerosol conversion parameters at 355 nm presented in MA were found to

overestimate dry aerosol surface area by a factor of ∼3-5, and N500 by ∼1.5-3 times. Adjusting

the MA conversion parameters based on measured RH typically worsened the agreement by a

small and insignificant amount. A new set of conversion factors between ambient extinction

and dry SA or N500 were derived from Microtops AOT measurements during CAP-2. The Mi-

crotops parameters improve the estimation of both SA and N500 at 355 nm, reducing aerosol

SA by 4.9 times and N500 by 2.8 times relative to the MA factors. However, the clear-sky lidar

profiles available during CAP-2 had a maximum wind speed of 10.0 m s-1, whereas 30-minute

average wind speeds of >22 m s-1, and gusts up to 46 m s-1, were observed during the campaign.

Based on this initial analysis, the Microtops parameters perform better than the MA parame-

ters for the Southern Ocean region, but they should be evaluated further over a broader range

of conditions.
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3. Characterizing Ice Nucleating Particles over the Southern

Ocean using Simultaneous Aircraft and Ship observations

3.1 INTRODUCTION

The Southern Ocean (SO) surrounding Antarctica is frequently covered by vast tracts of low-

level clouds, which have emerged as a key component in simulating regional and global cli-

mate, particularly the regional radiative budget (e.g. Bodas-Salcedo et al. 2013; 2016; Frey and

Kay 2017; Gettelman et al. 2020; Tan et al. 2016). Satellite retrievals suggest a greater occur-

rence of mixed-phase clouds containing supercooled liquid water (SLW) over the SO than at

equivalent latitudes in the Northern Hemisphere (Chubb et al. 2013; Morrison et al. 2011), and

recent in situ observations confirmed the ubiquity of supercooled liquid clouds and lack of ice

to -20 ◦C (McFarquhar et al. 2021). In situ observations, although limited, also indicate more

frequent drizzle and less ice over the SO compared to Arctic supercooled and mixed-phase

clouds (Chubb et al. 2013). Despite observed differences between SO and Northern Hemisphere

clouds, almost all model parameterizations have been developed with Northern Hemisphere

data due to the lack of direct observations over the SO (Bromwich et al. 2012).

Until recently, earth system models, including those participating in CMIP5 (Coupled Model

Intercomparison Project Phase 5), and reanalysis products overestimated the occurrence of ice

and had insufficient liquid cloud cover over the SO, leading to a large shortwave radiation bias

in the region (Bodas-Salcedo et al. 2013; Gettelman et al. 2020; Kay et al. 2016a;b; Naud et al.

2014). This imbalance was hypothesized to be due to over-prediction of cloud glaciation and

ice precipitation processes (Frey and Kay 2017; Kay et al. 2016a; Mace et al. 2020; McFarquhar

et al. 2021; Tan et al. 2016; Vergara-Temprado et al. 2018). Improvements in individual CMIP6

(Coupled Model Intercomparison Project Phase 6) models increased SLW and reduced radia-

tion biases, improving agreement with observations (Bodas-Salcedo et al. 2019; Gettelman et al.

2020). Updated model representations of clouds are also responsible for higher equilibrium cli-
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mate sensitivities (ECS) in many CMIP6 models compared to their CMIP5 counterparts due to

corresponding changes in shortwave cloud forcing, likely driven by increases in SLW in CMIP6

models (Zelinka et al. 2020). The cloud phase feedback over the Southern Ocean is anticipated

to strongly influence simulated future ECS (Bjordal et al. 2020), so understanding processes that

affect cloud phase in this region is critical.

Cloud condensation nuclei (CCN) and ice nucleating particle (INP) budgets and sources for

the SO are not fully constrained, although the dominant source for CCN is local (Humphries

et al. 2021; Quinn et al. 2017; Twohy et al. 2021). The typically small droplet numbers of low ma-

rine clouds make them sensitive to changes in aerosol concentration, size, and source. Low INP

concentrations, coupled with scavenging and deposition in drizzle, can limit primary ice pro-

duction and contribute to high supercooling in liquid and mixed phase clouds. This has been

observed in several marine regions in the Northern Hemisphere (Rosenfeld et al. 2013), and may

also be occurring in the Southern Ocean. Vergara-Temprado et al. (2018) provided support for

this hypothesis using the United Kingdom Met Office Global Unified Model, based on modeled

INP concentrations. Secondary ice production has been observed in SO clouds >-25 ◦C, with

sometimes large discrepancies between measured ice crystal and INP number concentrations.

However, a large proportion of clouds do not contain measurable ice concentrations (Järvinen

et al. 2022). These observations indicate INPs may potentially play a large role in SO cloud

phase, with downstream effects including cloud lifetime, precipitation, radiation budgets, and

even ECS.

Historically, INPs have been thought of as large, insoluble particles with surface structures

that have specific sites that promote the freezing of ice (Pruppacher and Klett 2010). These

sites, known as active sites, typically scale with particle surface area and so are more numerous

in larger particles (see Kanji et al. 2017). This approach has been used to derive model pa-

rameterizations for ice nucleation as a function of activation temperature by normalizing INP

concentrations with a more commonly measured value, such as particle surface area or number

concentration (DeMott et al. 2010; 2015; Hoose and Möhler 2012; Kanji et al. 2017; McCluskey
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et al. 2018a; Niemand et al. 2012; Ullrich et al. 2017). This approach requires the aerosol type

or mixture to be known, since INP efficiency varies widely among particles of differing com-

position (e.g. Kanji et al. 2017). Strong relationships between INP concentrations and particles

>0.5 µm have been observed for mineral dust (DeMott et al. 2015), which is supported by the

dominant supermicron mode of mineral and soil dust size distributions (Maring et al. 2003). In-

creasing awareness and study of additional categories of INPs, such as biological ice nucleators,

which can be soluble and/or as small as ∼10 nm, has challenged these assumptions about INP

prerequisites (e.g. Kanji et al. 2017; Pummer et al. 2015; Wilson et al. 2015).

On a global scale, mineral and soil dusts are the dominant heterogeneous INP types in the

immersion freezing mode due to their efficient ice nucleating ability (Hoose and Möhler 2012;

Testa et al. 2021) and high emission rates (Ginoux et al. 2012). Marine INPs have been identi-

fied as a distinct category (see DeMott et al. 2016), and shown to include marine diatoms and

their exudates (Rosinski et al. 1987; Wilson et al. 2015), as well as marine macromolecules (Mc-

Cluskey et al. 2018b). Very recent laboratory studies indicate supermicron aerosol may be an

important marine INP (Mitts et al. 2021), however, no assessment of the atmospheric transport

of such particles was conducted and ambient observations have yet to confirm this. Marine INP

number concentrations are generally 2-3 orders of magnitude or more lower than continental

measurements (DeMott et al. 2016), as are marine INP active site densities (McCluskey et al.

2018a).

Measurements of SO INPs are sparse, with initial measurements conducted by (Bigg 1973;

1990), and the remainder comprised of data from several cruises, one aircraft campaign, and

one study at the Australian Antarctic Division’s (AAD) Macquarie Island station, all in the last

decade (Kremser et al. 2021; McCluskey et al. 2018c; McFarquhar et al. 2021; Miyakawa et al.

2023; Schmale et al. 2019; Tatzelt et al. 2022; Welti et al. 2020). Many of the measurements

were also limited to the surface and to INPs active at temperatures of -15 or -20 ◦C due to either

instrumental constraints or a particular focus on warmer mixed phase clouds (Welti et al. 2020).

All of the measurements from the 1980s onwards are at the lower bound of those reported from
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other ocean regions (DeMott et al. 2016; Welti et al. 2020). There is now a consensus, supported

by the observed low INP numbers, its remote location, and modeling studies (Burrows et al.

2013; McCluskey et al. 2019; Vergara-Temprado et al. 2017), that the SO INP population in the

marine boundary layer is dominated by sea spray aerosol (SSA) and distinct from that found

in the Northern Hemisphere. This is unlike the northern high latitudes, where mineral dust

has been shown to dominate over locally sourced marine INPs in regions such as the Canadian

Arctic (Irish et al. 2019).

3.2 METHODS

3.2.1 Southern Ocean Measurement campaigns

Measurements presented in this study were collected during the Southern Ocean Cloud Ra-

diation Aerosol Transport Experimental Study (SOCRATES, hereafter SOC) aircraft campaign

and the second Clouds, Aerosols, Precipitation, Radiation and atmospherIc Composition Over

the southeRN ocean (CAPRICORN-2, hereafter CAP-2) ship campaign. Both campaigns were

conducted simultaneously during Austral summer (January-March) 2018, based out of Hobart,

Tasmania and are fully described in McFarquhar et al. (2021). SOC measurements utilized the

NSF/NCAR G-V aircraft (UCAR/NCAR - Earth Observing Laboratory 2005) and collected cloud

microphysical and aerosol observations within the marine boundary layer (MBL) and up to

the free troposphere as far south as 62◦S. CAP-2 collected complementary MBL measurements

aboard the RV Investigator (voyage IN2018_V01), an Australian Government research platform

operated by the Commonwealth Science and Industrial Research Organisation (CSIRO). A map

indicating the locations of the 15 SOC research flights and the CAP-2 track are given in Fig. B.1.

The SOCRATES campaign is noteworthy for collecting the first in situ observations of INPs in

and above cloud in this region.
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3.2.2 Aerosol Measurements

The collection and analysis of particle size distribution measurements during CAP-2 and

SOC were fully described in (Moore et al. 2022) and will only be briefly covered here. Inte-

grated particle number, surface area, and volume concentrations are used as normalization

metrics and inputs to parameterizations for estimating INP concentrations, as discussed in Sec.

3.3.2. Measurements of single particle composition during SOC using offline elemental analysis

(Twohy et al. 2021) are similarly used as parameterization inputs (Sec. 3.3.4).

3.2.2.1 CAPRICORN-2 Aerosol Size Distributions

Particle size distributions were generated by merging observations from a TSI Scanning Mo-

bility Particle Sizer (TSI, SMPS 3080; 15-660 nm) and a TSI Aerodynamic Particle Sizer (TSI, APS

3320; 500 nm – 20 µm) averaged over 30-min intervals. Silica gel diffusion driers were used to

dry particle streams to below the efflorescence relative humidity (ERH) of sea salt (45-48%; Tang

et al. 1997) and the resulting particle data are described as “dry” throughout this manuscript.

SMPS and APS sizes were converted from their native mobility and aerodynamic diameters, re-

spectively, to volume equivalent diameters prior to merging (Moore et al. 2022). Ship exhaust

and waste incineration represent the largest sources of particle contamination for aerosol mea-

surements on the RV Investigator and were excluded from the data set using a time series of

predicted exhaust influence on measurements following Humphries et al. (2019). Theoreti-

cal particle transmission efficiency calculations (Moore et al. 2022) were applied to merged

size distributions to correct for primarily supermicron particle losses inside the RV Investiga-

tor aerosol sampling inlet. Distributions were cut off at 5 µm dry diameter, as above this size

the theoretical transmission efficiency drops below 40% and the correction becomes highly un-

certain. Three-four lognormal modes were fit to the resulting merged distributions following

Quinn et al. (2017) and Modini et al. (2015), and primary marine aerosol (PMA) estimated as

the sum of the third and fourth (if applicable) coarse modes (Moore et al. 2022). Integrated

particle number, surface area, and volume concentrations were then calculated for each total

distribution and the PMA modes, assuming spherical particles. Comparison of total integrated
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quantities with those for particles <5 µm from the G-V measurements (see Sec. 3.2.2.2), which

were obtained from wing-mounted instruments with minimal or no inlet losses, were used to

derive additional corrections for losses not accounted for in the CAP-2 inlet modeling. These

corrections were applied to all CAP-2 integrated aerosol measurements presented here. Due

to a lack of available nephelometer data for CAP-2, theoretical scattering distributions at 450

nm, 525 nm, and 635 nm were estimated for each size distribution using Mie theory, using a

refractive index of n=1.5 (Tang et al. 1997) and assuming spherical particles (Moore et al. 2022).

Ångström exponents (å) were then calculated for each wavelength pair from the integrated scat-

tering coefficients. Blue/red å≤0.8 was found to work well as a tracer for aerosol size distribu-

tions dominated by primary marine aerosol during CAP-2 (Moore et al. 2022), which will be

discussed further in Sec. 3.3.1.

3.2.2.2 SOCRATES Aerosol Size Distributions

Average aerosol distributions were generated by merging observations from a wing-

mounted ultra-high sensitivity aerosol spectrometer (Droplet Measurement Technologies, UH-

SAS; 0.06 – 1.0 µm) and a wing-mounted cloud droplet probe (Droplet Measurement Technolo-

gies, CDP; 1-50 µm; Lance et al. 2010). For some distributions, primarily in the MBL, measure-

ments of supermicron particles from the Giant Nucleus Impactor (GNI; Jensen et al. 2020) were

also available. UHSAS distributions were considered to represent dry particles due to the use

of deicing heaters that lowered the RH in the optical cavity to <40% (Moore et al. 2022; Sanchez

et al. 2021b). The GNI technique involves collection of impacted particles onto glass slides, fol-

lowed by microscopic imaging to calculate the spherical-equivalent dry sizes of collected parti-

cles (Jensen et al. 2020). CDP bin sizes were first adjusted following Lance et al. (2010) and then

corrected for water uptake using hygroscopic growth factors calculated for sea salt proxies us-

ing E-AIM (Clegg et al. 1998; 2021). Following the same method as the CAP-2 observations, after

merging the UHSAS, CDP, and GNI data (if available), each distribution was fit with lognormal

modes and PMA estimated, although the Aitken mode was ignored in the SOC measurements

because the UHSAS doesn’t extend to small enough sizes to constrain it.
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The distributions presented in Moore et al. (2022) represented averages of ∼8-10 min level

legs in the lower MBL (150-300 m MSL). Additional level legs above cloud and in the upper tro-

posphere (>5000 m) were identified in this study during INP observation periods (Sec. 3.3.4).

For INP observations less than 10 min in duration, level legs up to 10 min were identified where

“level legs” were defined as periods with <5% deviation from the midpoint altitude, based on the

INP measurement period. For INP observations longer than 10 min in duration, aerosol mea-

surements were averaged over the INP measurement period regardless of altitude variations so

that all observed variability was captured in both measurements. To avoid cloud contamination

of the aerosol distributions, any points with cloud condensed water >0.01 g m-3 were removed

prior to averaging. Estimates of cloud condensed water were made with several instruments

during SOCRATES; here we define “in-cloud” periods when either the wing-mounted CDP or

tunable diode laser hygrometer, which sampled behind a counterflow virtual impactor inside

the G-V cabin (CVI; Noone et al. 1988; Twohy et al. 2010) reported cloud condensed water >0.01

g m-3.

Since PMA estimates based on lognormal mode fitting alone are unlikely to be meaningful

outside of the MBL, merged distributions for the above cloud and upper troposphere periods

were instead generated by first applying a lowpass (smoothing) filter to the average UHSAS,

CDP, and GNI (if available) distributions to reduce noise. Then, a smoothing spline was fit to

the smoothed distributions, interpolating onto the same logarithmically spaced bins as the log-

normal fits to the MBL distributions described in Moore et al. (2022). The merging process

was conducted using surface area distributions, since they are more sensitive in the size region

between the UHSAS and CDP or GNI. Finally, integrated particle number, surface area, and

volume were calculated for each distribution. The same procedure was applied to the MBL pe-

riods identified in Moore et al. (2022) and compared to the results of the lognormal fitting to

verify both methods produce equivalent results. For both integrated surface area and number

concentration of particles larger than 500 nm dry diameter (n500), points cluster around the

1:1 line, with maximum deviations of 57% for aerosol surface area and 67% for n500 (Fig. B.2).
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Mie calculations were used to calculate theoretical scattering distributions and Ångström ex-

ponents (å) for each merged size distribution, following the same procedure as in Moore et al.

(2022).

3.2.2.3 SOCRATES Aerosol Composition Analysis

Particles were collected via impaction onto carbon-coated electron microscope grids dur-

ing SOCRATES in two dry diameter ranges: 0.1-0.5 µm and 0.5-5 µm, as fully described in Twohy

et al. (2021). Collections were made downstream of the CVI inlet in clear air below and above

cloud, and of cloud droplet residuals in-cloud. Single-particle size, morphology, and elemen-

tal composition were determined with analytical Scanning Transmission Electron Microscopy

(STEM) using Energy Dispersive X-ray Spectroscopy (EDS). Particles were then classified into

8 categories, including crustal/dust, sulfur, organic, metals, sea-spray with high sodium, and

sea-spray with high sulfur content (Twohy et al. 2021). In this study, the sum of the crustal/dust

and metal categories above and below cloud were used as parameterization inputs to estimate

INP concentrations (Sec. 3.3.4).

3.2.3 Ice Nucleating Particle observations

Measurements of INPs active in the immersion freezing mode were made in real time with

Colorado State University (CSU) Continuous Flow Diffusion Chambers (CFDCs) at tempera-

tures below -25◦C, and via offline analyses of aerosol filter samples using the CSU Ice Spec-

trometer (IS) from -10 to -30◦C. Ice crystals that activated within the CFDC were also collected

and analyzed by STEM/EDS to assess the composition and size of INP residuals (Twohy et al.

2021).

3.2.3.1 Continuous Flow Diffusion Chamber Measurements

The Continuous Flow Diffusion Chamber (CFDC) is an online instrument used to mea-

sure primary INP number concentrations in an aerosol stream (DeMott et al. 2015; Rogers

1988; Rogers et al. 2001). Two concentric, cylindrical walls are coated with ice and thermally
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controlled to establish a temperature and humidity gradient between the walls in the upper

“growth” region of the chamber, allowing aerosol particles to activate into ice crystals and grow.

The HIAPER (CFDC-1H) version of the CFDC used in SOC (Barry et al. 2021b) and a duplicate

version used during CAP-2 (McCluskey et al. 2018c) both have total residence times of ∼7 s

based on their sample volumetric flow rate of 1.5 lpm. Ice crystals are detected optically with

an OPC at the base of the chamber and distinguished by size from aerosol or activated cloud

droplets. For both SOC and CAP-2, water supersaturated conditions, typically 104-108% RH,

were maintained in the growth region, which forces activation of aerosols into cloud droplets

prior to ice nucleation, giving results similar to offline immersion freezing techniques (DeMott

et al. 2016). Prior to entering the chamber, the aerosol stream is dried to below the frost point,

and supermicron aerosols that might interfere with optical detection of ice crystals are removed

by passing the aerosol stream through two identical single-jet impactors in series. For SOC, im-

pactors with a 2.4 µm cut size were used; during CAP-2 1.5 µm impactors were used to limit in-

terferences from highly hygroscopic, supermicron sea spray aerosols. Low INP concentrations

during both campaigns limited operating temperatures to -25 ◦C and below, with the majority

of measurements collected ∼-30 ◦C. Measurement periods of approximately 10 minutes were

alternated with 5-min periods measuring HEPA-filtered air to provide instrument background

counts, which vary by operating temperature and environmental conditions. INP concentra-

tions presented here have been background-corrected using adjacent filtered-air periods, as de-

scribed in (Moore 2020) and (Barry et al. 2021b). Calculation of confidence intervals and assess-

ment of statistical difference between sample and background periods follow (Krishnamoorthy

and Lee 2012) and are also detailed in (Moore 2020) and (Barry et al. 2021b). concentrations are

reported at standard conditions (STP; 0 ◦C and 100 kPa).

During CAP-2, the CFDC sampled from the same RV Investigator aerosol sampling inlet as

the SMPS, APS, and other aerosol instrumentation (Moore et al. 2022). In addition to direct am-

bient measurements, an aerosol concentrator (MSP Corporation Model 4240) was employed

upstream of the CFDC to pre-concentrate ambient aerosol and enhance INP number concen-
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trations prior to measurement, as in previous ground-based (Tobo et al. 2013) and ship-board

(McCluskey et al. 2018c) studies. The aerosol concentrator inlet was constructed from 1” stain-

less steel tubing and followed the same path as the main aerosol inlet down the RV Investigator

foremast and into the aerosol lab at the bow of the ship. INP concentration factors for measure-

ments made with the aerosol concentrator were calculated through comparison to ambient INP

measurements made at the same temperature (±2 ◦C) and within 30 minutes. These concen-

tration factors were used to scale measurements made with the aerosol concentrator to their

equivalent ambient concentration. Theoretical particle transmission efficiency calculations for

the CFDC ambient and concentrator inlets (Fig. B.3; Brockmann 2011; von der Weiden et al.

2009) indicate >90% for the ambient and >85% transmission efficiency for the concentrator in-

let at sizes up to 1.5 µm, and so no particle loss corrections were applied to measured INP con-

centrations. Unlike the aerosol size distribution measurements (Sec. 3.2.2.1), the CFDC data

were not filtered to exclude ship exhaust, as previous measurements have indicated very low

IN efficiency of particles emitted from diesel engines (Schill et al. 2016), and inspection of INP

concentrations showed no significant differences between adjacent measurements when one

was influenced by ship exhaust and the other was not. This is consistent with previous ship-

board measurements for temperatures above -26◦C (Irish et al. 2019; McCluskey et al. 2018c;

Welti et al. 2020).

On the G-V, the CFDC sampled from both the HIAPER modular inlet (HIMIL inlet; Stith et al.

2009) in clear air regions above and below clouds, and from a counterflow virtual impactor (CVI)

inlet within clouds (Noone et al. 1988; Twohy et al. 2010) to detect INPs within cloud residu-

als. Particle transmission efficiencies for the HIMIL inlet have been previously characterized as

>94% for submicron particles (Stith et al. 2009), and no corrections were applied to the CFDC

data, which has an upper limit of 2.4 µm aerodynamic diameter. CVI transmission efficiencies

were modeled by Twohy et al. (2010) using computational fluid dynamics software, and used

to correct the in-cloud CVI data presented here for particle enhancements in the inlet. Some

measurements in cloud-adjacent regions were also made using the CVI inlet in clear air, with
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the counterflow turned off (“total mode”). CVI enhancements in total mode are highly size

dependent, and expected to range from ∼1.1-3.5 for the particle sizes sampled by the CFDC

(Twohy et al. 2016). Since INP sizes during each measurement are unknown, but likely variable

(Twohy et al. 2021), no correction has been applied to the total mode CVI measurements from

SOCRATES.

3.2.3.2 Ice Spectrometer Measurements

Aerosols were collected onto pre-cleaned 0.2 µm, 47mm track-etched polycarbonate mem-

brane filters (Whatman Nucleopore filters, GE Healthcare Life Sciences) in either pre-sterilized

aluminum inline filter housings (Pall) on the G-V, or disposable, sterile, open-faced filter units

(Nalgene sterile analytical filter units, Thermo Fisher Scientific) on the RV Investigator. During

CAP-2, filters were mounted on deck beneath a rain hat for alternating 24 and 48 hr periods

at approximately 23 m above sea level. In order to limit ship exhaust contamination, the fil-

ter pump was powered with a sector sampler, which provided power to the pump only when

the wind speed relative to the ship was between 10 and 80 knots, the ship-relative wind direc-

tion was from the forward 90◦ (relative wind directions greater than 45◦ and less than 315◦ were

excluded), and the total particle concentrations measured by a CPC were stable and less than

2000 cm-3. On the G-V, filters sampled from the same HIMIL as the CFDC (Sec. 3.2.3.1) above

or below cloud. Due to the low INP concentrations, each SOC filter was collected for multiple,

approximately level legs at similar altitudes, but different locations throughout a flight. Sepa-

rate filters were collected in the MBL and above cloud to assess changes in INPs with altitude.

Filters where >5% of the collection period was in-cloud based on cloud condensed water mea-

surements (Sec. 3.2.2.2) have been excluded from results presented here. Filters were stored

frozen (-80 ◦C) following collection and during transport (via a liquid nitrogen dry shipper) back

to CSU, and at -20 ◦C thereafter. Blank filters were collected throughout the voyage and during

the research flights and processed identically to the samples.

The CSU Ice Spectrometer (IS) was used to measure immersion freezing INP temperature

spectra from liquid suspensions of particles collected onto filters during CAP-2 and SOC. The
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current version of the IS was described in Hiranuma et al. (2015) and DeMott et al. (2018c).

Aliquots of sample suspensions, typically 32 or 48 droplets of 50 µL, were dispensed into sterile

96-well PCR trays (Optimum Ultra, Life Science Products) and then placed into temperature-

controlled aluminum blocks and cooled at approximately 0.33 ◦C min-1. Freezing was detected

optically using a CCD camera, with the number and position of frozen droplets (wells) recorded

at 1 Hz. The minimum analysis temperature for each sample or blank was determined by com-

parison with a 0.1 µm-filtered DI water negative control and was typically between -27 and -30

◦C. Calculations of INP concentrations in the liquid suspension were made following Vali (1971),

which were then converted to concentrations in ambient air, expressed at standard conditions

(STP; 0 ◦C and 100 kPa). Uncertainties are reported as binomial sampling confidence intervals

(95%) as in Agresti and Coull (1998). The limit of detection (LOD) was taken as the upper 95%

confidence interval for 0 droplets frozen out of a sample, corresponding to 3-4 frozen wells for

these filter collections. As a result, samples were considered above the LOD once 4-5 wells had

frozen, leading to an upper temperature limit of about -17 ◦C. Measured concentrations were

corrected using the average background number of INPs from 6 (SOC) or 5 (CAP-2) blank filters

and are not reported if blank-corrected values fell below zero.

An earlier version of the SOC IS filter dataset was presented in Järvinen et al. (2022) as a

comparison to in-cloud measurements of ice crystal number concentrations, and the concen-

trations were used in McCluskey et al. (2023) and Zhao et al. (2023) to evaluate CAM6 INP pre-

dictions (Sec. 3.2.4). Preliminary CAP-2 filter results were shown in McFarquhar et al. (2021),

along with previous measurements made in the Southern Ocean. The blank-correction proce-

dure reported here represents an improved statistical methodology from what has been pre-

viously reported (e.g. Barry et al. 2021b; DeMott et al. 2018c), providing more accurate 95%

confidence intervals on blank-corrected data and improved LOD estimations. The midpoint

concentrations are identical to previous methodologies and are directly comparable.
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3.2.3.3 INP Size and Composition Analysis

Following the OPC at the outlet of the CFDC chamber is a single-jet impactor with a 50% cut-

size of 4 µm aerodynamic diameter, which was used to collect ice crystals that nucleated inside

the CFDC chamber during both SOCRATES and CAPRICORN-2 (Barry et al. 2021b; McCluskey

et al. 2014). Similarly to the total particle collections during SOC (Sec. 3.2.2.3), the CFDC STEM

impactor was fitted with Cu grids (coated with formvar and C), and the collected ice crystal

residuals were analyzed with STEM/EDS to determine residual size, morphology, and composi-

tion (Twohy et al. 2021). In this study, only the size measurements of INPs will be discussed. Six

samples from CAP-2 and four samples from SOC were collected, with collection temperatures

that ranged from -27 to -32 ◦C and n=87 total particles analyzed; the collection locations are

shown in Twohy et al. (2021) Fig. 3.1. Since all the CAP-2 and the majority of the SOC INPs were

collected in the MBL, the overall sample is expected to be dominated by particles from the MBL.

Indirect inference of INP sizes was also possible based on the INP concentration factors

calculated from CAP-2 ambient CFDC measurements versus those made using the aerosol con-

centrator (Sec. 3.2.3.1). The aerosol concentrator primarily acts on particles >0.5 µm diameter,

with a concentration factor that is highly size dependent up to ∼1 µm aerodynamic diameter

(Tobo et al. 2013). For particles 0.5-1 µm aerodynamic diameter, the measured INP concentra-

tion factor thus provides indirect evidence of INP size. Due to the very low INP concentrations

present over the Southern Ocean MBL (Fig. 3.1), measurements of INP concentration factor

were limited to ≤-25 ◦C, and predominantly ∼-30 ◦C. Concentration factors of the aerosol con-

centrator as a function of particle diameter were derived from sequential measurements of am-

bient aerosol particles with and without the aerosol concentrator upstream of an Aerodynamic

Particle Sizer (TSI, APS 3321) for particles between 500 nm and 20 µm aerodynamic diameter.

They are shown in Fig. B.4, where the particle sizes have been converted from aerodynamic

to physical dry diameter, using the APS diameter correction factor derived for CAP-2 particle

measurements (Moore et al. 2022).
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3.2.4 SOCRATES CAM6 Model Simulations

A simulation of aerosols during SOCRATES was conducted with the atmospheric compo-

nent of CESM2 (Community Earth System Model version 2), CAM6 (Community Atmosphere

Model version 6), as described and presented in McCluskey et al. (2023). The CAM6 simula-

tion used the standard 32 vertical levels (surface to 3 hPa), a 30-min time step with 10-min

microphysical sub-step, and horizontal resolution of 0.9◦ latitude by 1.25◦ longitude. It was

performed using a “nudged”, or specified dynamics, configuration, with winds and tempera-

tures from the MERRA2 reanalysis product with a 24-hr relaxation timescale (Gettelman et al.

2020). For comparison to the in situ observations, CAM6 output were at 1-min resolution and

co-located with the measurements using the G-V position and altitude to determine the near-

est model gridbox. For co-locations with the IS measurements, model data were averaged along

the G-V track during the filter collection period.

CESM2 uses the 2-moment modal aerosol model MAM4 (Liu et al. 2016), which includes

six aerosol species: sea salt, mineral dust, black carbon (BC), primary organic matter (POM),

sulfate, and secondary organic aerosol (SOA). Aerosols are emitted into 4 modes with contri-

butions that vary by aerosol type, with a fixed modal width and a modal diameter that evolves

during the simulations. Inorganic sea spray fluxes are estimated based on whitecap area as a

function of wind speed (Monahan and Muircheartaigh 1980) and sea surface temperature in

two size ranges: 0.02 to 2.8 µm (Mårtensson et al. 2003) and 2.8-10 µm (Monahan et al. 1986).

Mineral dust fluxes are based on wind speed and soil aridity (Zender et al. 2003), and both min-

eral dust and sea salt emissions are interactive with model meteorology. The remaining aerosol

species (BC, POM, sulfate, and SOA) are emitted based on CMIP6 emission inventories (Gettel-

man et al. 2019). In this analysis, only out of cloud (ambient/interstitial) aerosol was used, and

similarly to the observations (Sec. 3.2.2), aerosol surface area concentrations were calculated

from the simulated number size distributions assuming spherical particles.

McCluskey et al. (2019; 2023) concluded the best approach for predicting INP concentra-

tions over the Southern Ocean using CAM and existing parameterizations was to sum the sea
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spray INP contribution using the marine organic aerosol parameterization (M18) from Mc-

Cluskey et al. (2018a) and the mineral dust INP contribution following the DeMott et al. (2015)

parameterization (D15). The simulated CAM6 INP concentrations presented in this study use

this approach. Simulated sea salt aerosol surface area concentrations and the number concen-

tration of mineral dust particles larger than 500 nm were used as parameterization inputs for

M18 and D15, respectively.

3.3 RESULTS AND DISCUSSION

3.3.1 CAPRICORN-2 and SOCRATES Marine Boundary Layer INP observations

The most comprehensive historical measurements of Southern Ocean INPs are those of

Bigg (1973; 1990). Since then, measurements of INPs, primarily immersion freezing assays of

aerosol filters, have been collected during several campaigns in different regions of the South-

ern Ocean, and are collated in Welti et al. (2020) and McFarquhar et al. (2021). As previously

noted for the CAPRICORN-1 (2016; McCluskey et al. 2018c) and Antarctic Circumnavigation Ex-

pedition (ACE, 2016-2017; Schmale et al. 2019; Tatzelt et al. 2022; Welti et al. 2020) campaigns,

modern measurements are one to several orders of magnitude lower than the original obser-

vations presented in Bigg (1973). During CAP-2, average IS measurements of filters at -20 ◦C

are approximately 2 orders of magnitude lower than those collected during 1969-1972 across

all latitudes sampled. Measurements at temperatures above -15 ◦C from CAP-2 were below the

detection limit, which prevents additional direct comparisons. Slightly elevated INP concentra-

tions were observed at -25 ◦C during CAP-2 at the northern and southern ends of the voyage (not

shown), though all latitudinally-averaged values agree within their estimated uncertainties. Fu-

ture measurements should evaluate this latitudinal variability during seasons other than austral

summer.

INP measurements collected in the marine boundary layer from both IS filters and CFDC

observations during SOCRATES and CAPRICORN-2 are compiled in Fig. 3.1. As discussed in

Sec. 3.2.3.2, the INP filter measurements included in this study represent updated versions of
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the datasets, with improved confidence interval and LOD estimates. All panels in Fig. 3.1 show

INP observations as a function of temperature; Fig. 3.1a has measured INP concentrations and

the remaining panels display INP concentrations normalized by measured aerosol concentra-

tion metrics for comparison to model parameterizations, which will be discussed further in

Sec. 3.3.2. Normalization of INP concentration with particle number gives activated fraction,

Nn (Fig. 3.1b), normalization with particle surface area gives the surface active site density, Ns

(Fig. 3.1c), and normalization with particle volume gives the volume active site density, Nv (Fig.

3.1d). The activated fraction presented in this study uses the number concentration of aerosols

larger than 500 nm (n500), which has been used in several previous INP model parameteriza-

tions (e.g. DeMott et al. 2015; Tobo et al. 2013). While the surface active site density is typically

abbreviated as ns, Ns will be used throughout this manuscript to distinguish it from n500. Best-

fit exponential functions (black lines in Fig. 3.1b-d) are given by Equation 3.1:

Nx(T ) = e(a·T+b) (3.1)

where Nx is the activated fraction (Nn500), surface active site density (Ns), or volume active site

density (Nv), T is temperature (◦C), and a and b are fit parameters. Fit parameters and R2 values

for functions shown in Fig. 3.1 are listed in Table B.1. The median-lognormal fitting process

suggested by Li et al. (2022) was attempted, but the relatively small number of available mea-

surements at warm temperatures prevented robust estimates of the lognormal fit parameters.

instead, regression parameters were calculated with all the available data, using the least abso-

lute residuals method to reduce the impact of extreme values far from the median (e.g. Bassett

and Koenker 1978).

Good agreement is seen with previously published INP measurements from the Southern

Ocean during the CAPRICORN-1 campaign (McCluskey et al. 2018c, blue shading in Fig. 3.1a,c).

Due to the more stringent blank-correction procedure applied to this IS dataset than previ-

ous ones (Sec. 3.2.3.2), there is no direct overlap with the warm-temperature results from ACE

(Schmale et al. 2019, gold shading in Fig. 3.1a), although they are at the high end of those
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Figure 3.1: INP (a) number concentration, (b) normalized by n500 (Nn500), (c) normalized by aerosol
surface area (Ns) and (d) normalized by aerosol volume (Nv) temperature spectra during SOC and CAP-
2 in the MBL. CAP-2 CFDC (purple squares), CAP-2 filter (green circles), SOC CFDC (gold diamonds),
and SOC filter (orange stars) are shown in (a), and in (b-d) when simultaneous aerosol observations
were available for normalization. In (a) and (c), the blue shading indicates the range of values observed
during CAPRICORN-1 (McCluskey et al. 2018c). The gold shading in (a) shows observations made during
the ACE campaign (Schmale et al. 2019). In (b), the grey dashed line shows the DeMott et al. (2015)
parameterization for dust based on n500, using the mean n500 value observed during CAP-2. In (c), the
grey dotted line indicates the Ullrich et al. (2017) parameterization for dust Ns, and the blue dot-dash
line shows the Ns parameterization from McCluskey et al. (2018a) for North Atlantic clean marine air.
The dashed magenta line in (d) indicates the Mitts et al. (2021) lab-based parameterization for marine
Nv. Non-grey symbols have an å≤0.8 and 5-day back trajectory ocean fraction >75% to identify samples
dominated by marine aerosol; grey symbols do not meet at least one of these criteria. Solid black lines in
(b-d) indicate the best-fit exponential functions (Eq. 3.1, Table B.1) to the non-grey symbols.
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reported for CAPRICORN-1. Additional results from ACE presented in Welti et al. (2020) and

Tatzelt et al. (2022) have not been included, as they were not corrected for field blanks, which

are a significant fraction of the measured concentrations, particularly at colder temperatures

(Tatzelt et al. 2022, Fig. S5 and S8). The lack of blank correction may also explain the higher

INP concentrations reported from ACE measurements relative to those from CAPRICORN-1,

CAP-2, and SOC, although differences in sampling time and location likely also play a role. Pa-

rameterizations for dust INPs based on global INP data and number concentrations of aerosols

larger than 500 nm (DeMott et al. 2015) or aerosol surface area concentrations (Ullrich et al.

2017) overpredicted the observations from SOC and CAP-2, corroborating the growing consen-

sus that the majority of boundary layer-INPs in this region are local, and of marine origin (Bur-

rows et al. 2013; McCluskey et al. 2018c; 2019; 2023; Vergara-Temprado et al. 2017; Welti et al.

2020). The Ns-based marine INP parameterization proposed by McCluskey et al. (2018a) using

data collected at Mace Head Research Station in Western Ireland is consistent with the expo-

nential best-fit line derived using this dataset between -25 and -27 ◦C, but has an increasing

high bias at warmer temperatures. The more conservative blank-correction procedures used

for this study relative to past campaigns (Sec. 3.2.3.2) may have contributed to the lower slope

obtained by McCluskey et al. (2018a). Similarly, the Mitts et al. (2021) parameterization for Nv

based on laboratory measurements has a lower slope than the fit derived from this dataset, and

as a result was found to lie at or above the upper bound of CAP-2 and SOC measurements for

temperatures warmer than -20 ◦C, and above the best fit line at all temperatures.

The role of air-mass history and particle source on INP observations was explored using

Ångström exponent (å; Moore et al. 2022) and HYSPLIT (Rolph et al. 2017; Stein et al. 2015) back

trajectories. å≤0.8 (Sec. 3.2.2.1) was previously found to work well as a tracer for aerosol size

distributions dominated by primary marine aerosol during CAP-2, and was further supported

by the degree of marine influence calculated from HYSPLIT back trajectories (Moore et al. 2022).

The degree of marine influence was defined as the fraction of a 5-day back-trajectory that

passed over the ocean (Sanchez et al. 2021a). Non-grey points in Fig. 3.1 have both å≤0.8 and
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a HYSPLIT marine influence >75%; grey points did not meet at least one criterion to be con-

sidered marine-dominated. While these metrics worked well to classify SOC and CAP-2 aerosol

measurements, there were no discernable differences in INP concentrations or normalized val-

ues for marine-dominated periods versus the remaining measurements. Similarly, using pri-

mary marine aerosol number, surface area, or volume (Fig. B.5) to normalize INP concentra-

tions produced the same results as using total quantities.

3.3.2 Parameterizing marine INP concentrations

For marine INPs, two parameterizations based on field measurements have been published;

one uses aerosol surface area (M18; McCluskey et al. 2018a), and the other SSA organic carbon

mass (W15; Wilson et al. 2015) to predict INP concentrations, in addition to activation temper-

ature. The TOC-based parameterization of Wilson et al. (2015) used INP measurements and

organic carbon mass concentrations of sea surface microlayer (SML) samples from the Arctic

and North Atlantic Oceans to estimate INPs in the organic component of sea spray aerosol.

W15 was evaluated in McCluskey et al. (2018a) for North Atlantic marine atmospheric INPs and

found to overpredict INP concentrations at -15 and -20 ◦C by a factor of 4 to 100. Using the

same observations, M18 developed an alternative parameterization based on measurements of

ambient INPs in SSA at Mace Head, Ireland, which specifically aims to describe organic-coated

sea salt particles and not INPs active at warm temperatures, which may be associated with mi-

crobes. Both W15 and M18 were evaluated using E3SMv1 (Energy Exascale Earth System Model

version 1) simulations of INPs during the March 2016-March 2018 Macquarie Island Cloud Ra-

diation Experiment (MICRE) campaign (Raman et al. 2023). Unlike for the CAPRICORN-1 and

SOCRATES campaigns (McCluskey et al. 2019; 2023), W15 produced the best agreement with the

MICRE atmospheric INP observations (DeMott et al. 2018a; McFarquhar et al. 2021). However,

MICRE observations were also found to be higher than those from open ocean SO measure-

ments, including during ACE (Tatzelt et al. 2022) and the Measurements of Aerosols, Radiation,

and Clouds over the Southern Ocean (MARCUS) campaign (DeMott et al. 2018b; McFarquhar
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et al. 2021). This discrepancy is likely due to local processes enhancing INP concentrations at

Macquarie Island (Raman et al. 2023). Since SOC and CAP-2 measurements are in good agree-

ment with those from CAPRICORN-1, and W15 predicts higher INP concentrations than M18,

we adopt the approach of (McCluskey et al. 2019; 2023) and use M18 instead of W15 here. Very

recent laboratory experiments suggest that for marine INPs, the active site density may be pro-

portional to particle volume rather than surface area (Mitts et al. 2021), however, field confir-

mation of this is lacking.

The utility of different normalizations for predicting INP concentrations over the SO are

demonstrated in Fig. 3.1. Measurements from CAP-2 and SOC collected in the marine boundary

layer were normalized by the number of particles larger than 500 nm (Nn500; Fig. 3.1b), aerosol

surface area (Ns; Fig. 3.1c) and aerosol volume (Nv; Fig. 3.1d) when simultaneous aerosol mea-

surements were available. While aerosol surface area reduced the spread (in orders of magni-

tude) of observations the most, none of the normalizations applied here capture the variability

in observed INP concentrations. This suggests parameterizations exclusively based on aerosol

physical characteristics are only modestly useful in predicting marine INP concentrations, as

also concluded by Tatzelt et al. (2022). To further investigate possible INP parameterization in-

puts, a Spearman’s rank correlation analysis was performed between selected environmental

variables, aerosol physical characteristics, and concentrations of INPs in binned temperature

ranges; the results are shown in Fig. B.6. No strong correlation was found between a single en-

vironmental or aerosol metric that applied for every temperature range of INPs, however, mod-

erate but significant correlations (p<0.05) were found with both wind speed and aerosol surface

area for temperatures colder than -21 ◦C. Tatzelt et al. (2022) performed a similar analysis be-

tween ACE INP concentrations and aerosol number and mass, but did not find any significant

relationships between INP and aerosol measurements. However, it should be noted that they

did not test for correlations with aerosol surface area, and they only had one INP measurement

temperature colder than -21 ◦C.
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SSA concentrations are known to increase with wind speed due to enhanced aerosol for-

mation through wave breaking and bubble bursting (e.g. O’Dowd and de Leeuw 2007). This

relationship was also observed for INP concentrations in the MBL during SOC and CAP-2 (Fig.

B.7a). INP data used in Fig. B.7 were limited to INPs active at temperatures <-27 ◦C to reduce

the influence of temperature on the observed relationship, since freezing temperature exerts

an outsized impact on measured INP concentrations. The wind speed range for the INP mea-

surements shown in Fig. B.7 was 4-23 m s-1, which covers the majority of the observed range

in the MBL during CAP-2 (0.1-28 m s-1), though it should be noted measurements were limited

to austral summer. Previous research into marine INPs has focused on organic and biological

species (DeMott et al. 2016; McCluskey et al. 2018b; Wilson et al. 2015), as soluble salts are not

expected to contribute to heterogeneous ice nucleation in the immersion freezing mode, which

is the most relevant nucleation mode for low and mixed-phase clouds (e.g. Kanji et al. 2017).

Although limited to coastal measurements in the North Atlantic and North Pacific, Gantt et al.

(2011) found the organic mass fraction of sea spray aerosol was inversely correlated with wind

speed. Taken together, this would predict, if anything, negative correlations between normal-

ized marine INP concentrations and wind speed. However, normalizing the INP concentrations

by n500, aerosol surface area, or aerosol volume (Fig. B.7b-d) did not remove the positive wind

speed dependence, even though all three aerosol parameters are themselves positively corre-

lated with wind speed (Moore et al. 2022). Figure 3.2 demonstrates that the positive correlation

between INP concentration and wind speed extends across the full INP temperature range mea-

sured during SOC and CAP-2 and was similarly unaffected by normalization. Together, Fig. B.7

and Fig. 3.2 suggest marine INP emissions are not strictly proportional to SSA production, but

instead are enhanced at higher wind speeds through an unknown mechanism. This finding

may help explain why parameterizing marine INPs based solely on aerosol physical parameters

has not explained as much of the observed variability as for other INP types, particularly dust.

Given the unexpected relationship found between INP concentrations and wind speed, we

tested whether adding wind speed as an additional variable improved the marine INP param-
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Figure 3.2: INP (a) concentration, (b) Nn500, (c) Ns and (d) Nv temperature spectra during SOC and
CAP-2 in the MBL. All CFDC and filter measurements are shown as circles and colored by the average
wind speed during each measurement period. The shading, parameterizations, best-fit lines, and ma-
rine aerosol classification are identical to Fig. 3.1.
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eterization developed by McCluskey et al. (2018a). Following the approach of Niemand et al.

(2012), Ns for Southern Ocean marine INPs was parameterized using an exponential relation-

ship to activation temperature, with an additional exponential term for wind speed:

Ns(T,U ) = e(a·T+b)
+e(c·U+d) (3.2)

where Ns is the surface active site density (m-2), T is temperature (◦C), U is wind speed (m s-1),

and a, b, c, and d are fit parameters. CAP-2 and SOC data used to derive the fit parameters

were limited to the non-grey points shown in Fig. 3.2, namely, data collected within the marine

boundary layer and with å≤0.8 and 5-day back trajectory ocean fraction >75% to isolate marine

aerosol. The fit parameters were determined to be: a=-0.66±0.17, b=-3.11±5.11, c=0.51±0.09,

and d=6.75±2.03 for this dataset. Modified normalized mean bias (Bn) was reduced from 0.54

to -0.18 by using the best-fit exponential to the SOC and CAP-2 marine boundary layer data

instead of the parameterization derived from the North Atlantic (M18), as anticipated by the

different slopes seen in Fig. 3.1c. Using wind speed alone to predict Ns does a poor job repro-

ducing the observations, with an increased bias Bn=1.07. Wind speed and temperature together

performed the best, with a bias Bn=0.09, supporting its potential utility as a marine INP param-

eterization (Fig. 3.3).

3.3.3 Southern Ocean Marine INP size

As discussed in Sec. 3.2.3.3, both direct and indirect measurements of INP size were con-

ducted during SOC and CAP-2, based on electron microscopy analysis of ice crystal residuals

and INP concentration factors calculated during CAP-2. Measured INP concentration factors

during CAP-2 had a maximum value of 37 and a median of 8.3, which are indicated in Fig. B.4

by the grey shading and grey dashed line, respectively. For reference, the average INP concen-

tration factor measured by Tobo et al. (2013) at a forested site in Colorado was 103, suggesting

larger INPs were present than over the SO. Comparison with the aerosol concentrator calibra-

tion data implies the INPs measured by the CFDC during CAP-2 were dominated by particles
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Figure 3.3: Predicted versus observed Ns during CAP-2 and SOC. Data shown are all from the MBL and
are limited to observations with å≤0.8 and 5-day back trajectory ocean fraction >75% to isolate marine
aerosol. Grey diamonds show a single-exponential fit using only temperature (Bn=-0.18), and black
squares only wind speed (Bn=1.07). Non-grey circles show a 2-exponential fit (Eq. 3.2) to both wind
speed and temperature and are colored by measurement temperature (Bn=0.09). Red triangles use the
Ns parameterization from McCluskey et al. (2018a) for clean marine air (Bn=0.54). The solid black line
indicates a 1:1 relationship, and a factor of 10 deviation is shown by the dashed black lines.
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<600 nm. CFDC ice crystal residuals collected during CAP-2 and SOC were as small as 0.1 µm;

as previously discussed, the maximum size considered was 1.5 µm (Twohy et al. 2021). Ice crys-

tal collections during CAP-2 utilized the aerosol concentrator, so the residual size distribution

was corrected for size-dependent enhancements using the calibration data shown in Fig. B.4, as

well as for size-dependent losses in the impactors upstream of the CFDC columns (Sec. 3.2.3.1),

assuming residuals had the hygroscopicity and density of sea spray aerosols. The corrected me-

dian INP residual size was 0.18 µm, which agrees quite well with the 0.3-0.4 µm predicted from

the median INP concentration factor measured during CAP-2 (Fig. B.4), given both have large

uncertainties. The smaller than expected sizes of Southern Ocean INPs is consistent with the

lack of correlation observed by Tatzelt et al. (2022) between ACE INP concentrations and aerosol

number or mass, as well as the generally poor or modest relationships found in this study (Sec

3.2; Fig. B.6).

It should be noted that both analyses were limited to particles <1.5 µm due to the CFDC up-

stream impactors necessary to limit interferences from supermicron SSA in optical detection

of ice crystals. Another potential complication is the use of measured concentration factors at

relatively cold temperatures (≤-25 ◦C) to infer the median size of the overall marine INP pop-

ulation. Mason et al. (2016) found supermicron INPs dominated in most of their continental

and coastal sites between -15 and -25 ◦C, and typically measured larger median sizes at warmer

temperatures. While biological INPs can be as small as ∼10 nm (e.g. Kanji et al. 2017; Pummer

et al. 2015; Wilson et al. 2015), many bioaerosols are present in the coarse mode, and typically

have warm onset temperatures if active as INPs (e.g. Hoose and Möhler 2012; Kanji et al. 2017).

Although the characteristic size distribution or mode size of ambient marine INPs is unknown,

good correlation with aerosol surface area (DeMott et al. 2016; McCluskey et al. 2018a), pref-

erential emission in jet drops over film drops (Wang et al. 2017), and recent laboratory studies

indicating supermicron marine INPs dominate below -14 ◦C (Mitts et al. 2021) had suggested

the majority of marine INPs are >500 nm, if not larger. However, the excellent agreement be-

tween CFDC measurements, which sampled INPs <1.5 µm (CAP-2) or <2.5 µm (SOC), and the IS
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filter measurements, which captured larger particles, suggest the CFDCs were collecting most

available INPs during CAP-2 and SOC (Fig. 3.1, 3.5). Future studies of size dependent INP con-

centrations in remote marine environments are needed to comprehensively assess the size dis-

tribution of marine INPs.

3.3.4 Altitude dependence

While modeling studies (Burrows et al. 2013; McCluskey et al. 2019; 2023; Vergara-Temprado

et al. 2017) have provided insights into the expected vertical distribution of INPs in this region,

SOCRATES measurements represent the first in situ observations in and above cloud to validate

these results. Although temporally variable, the studies cited predict an increasing influence of

mineral dust with height on average. Simulations of the CAPRICORN-1 field campaign (Mc-

Cluskey et al. 2019) also suggested INP concentrations at -25 ◦C would decrease with height

through the boundary layer and up to 3-4 km, then increase at higher altitudes. Some evidence

supporting this structure is seen in Fig. 3.4a, which shows the CAP-2 and SOC INP concentra-

tions as a function of altitude. A minimum in mean INP concentrations colder than -27 ◦C

was seen between 2-4 km, with higher values in the MBL and around 6 km. The very lim-

ited observations above 6 km did not support the continued increase in INP concentrations

with height predicted by McCluskey et al. (2019). When normalized by aerosol concentrations,

Nn500, Ns and Nv were consistently higher above cloud and in the upper troposphere (>5000 m)

than in the marine boundary layer, particularly Nn500. This finding is consistent with model-

ing results predicting different sources of INPs below and above-cloud. It also agrees with TEM

measurements of single particles collected during SOCRATES flights, which found significantly

increased abundances of crustal and metal particles >0.5 µm above cloud versus in-cloud or in

the MBL (Twohy et al. 2021). Above cloud and upper tropospheric Nn500 were consistent with

the DeMott et al. (2015) parameterization for dust (Fig. B.8b), but Ns values were still 1-2 or-

ders of magnitude lower than the Ullrich et al. (2017) dust parameterization (Fig. B.8c). This
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discrepancy between the effectiveness of dust aerosol number- and surface area-based param-

eterizations has been reported previously for this region (McCluskey et al. 2019; 2023).

Figure 3.4: INP (a) concentration, (b) Nn500, (c) Ns and (d) Nv during SOC and CAP-2 as a function of
altitude. Data in the MBL shown as circles, above cloud as diamonds, and upper troposphere (>5000
m) data as triangles. Non-grey symbols for the MBL data (circles) have å≤0.8 and 5-day back trajectory
ocean fraction >75% to isolate marine aerosol; grey symbols do not meet at least one of these criteria. All
symbols are colored by measurement temperature.

About half of the SOC research flights collected paired filter samples, with one in the MBL

and one above cloud. Examples from RF05 (1/25-1/26/18) and RF14 (2/21-2/22/18) are shown

in Fig. 3.5, along with SOC CFDC data separated into MBL and above-cloud measurements, in-

cloud data on the CVI, and simulated CAM6 INP concentrations (Sec. 3.2.4) co-located with the
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SOC observations (McCluskey et al. 2023). When available, CAP-2 CFDC data during G-V over-

passes of the RV Investigator are also shown for comparison. Due to the very different speeds

traveled by the ship and aircraft, measurements were counted as overpasses if they occurred

within 30 minutes of each other, and the G-V was within 150 km of the RV Investigator dur-

ing the measurement. Within uncertainty, the MBL and above-cloud measurements agreed for

both flights shown here (Fig. 3.5a-b), as well as the in-cloud observations, which was typical for

all of the flights with paired filters. When normalized by n500 (Fig. 3.5c-d) or aerosol surface

area (Fig. 3.5e-f), some separation between the MBL and above-cloud measurements occurred

for most flights with available data, with the largest separation for Nn500. Both the McCluskey

et al. (2018a) clean marine parameterization and the exponential fit derived in this study pre-

dict MBL Ns well on a flight-by-flight basis, while the dust-specific parameterization of Ullrich

et al. (2017) uniformly overpredicts Ns, as seen throughout this work.

Simulated total INP concentrations from CAM6 have variable agreement with the co-

located SOCRATES IS and CFDC measurements. As described in Sec. 3.2.4, CAM6 INP con-

centrations are the sum of the sea spray INP contribution, based on simulated SSA surface area

using M18, and the dust INP contribution, using the number of simulated mineral dust parti-

cles larger than 500 nm and the DeMott et al. (2015) parameterization. Overall, the agreement is

better for observations in the MBL, while simulated above-cloud INP concentrations are biased

low, although there is significant variation among flights. The low bias of CAM6 above-cloud

values relative to observations is typically reduced when considering Ns (Fig. 3.5e-f) instead of

INP concentrations (Fig. 3.5a-b). This suggests that in addition to the surface level biases in

aerosol surface area, low biases in accumulation mode aerosol aloft, and large uncertainties in

particle composition aloft observed by McCluskey et al. (2023), there may also be a low bias in

simulated aerosol surface area above cloud, which is partially compensating for the underesti-

mation of INPs in CAM6.

Fig. 3.5a-b and 3.5c-d include two lines indicating the DeMott et al. (2015) INP param-

eterization for dust. Since D15 is specific to dust INPs but there were not continuous size-
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Figure 3.5: INP (a-b) concentration, (c-d) Nn500, and (e-f) Ns temperature spectra for SOCRATES flight
RF05 (1/25-1/26/18) on the left and RF14 (2/21-2/22/18) on the right. Data in the MBL are shown as light
blue symbols, and measurements above cloud in black. SOC filter measurements are circles, SOC CFDC
are diamonds, simultaneous CAP-2 CFDC measurements are crosses (if available), and simulated CAM6
INP concentrations are open symbols (panels (a-b) and (e-f) only). If available, SOC CFDC observations
in-cloud on the CVI are shown as purple diamonds in panels (a-b). In panels (a-b) and (c-d), the blue and
black dashed lines indicate the DeMott et al. (2015) parameterization for dust based on n500 in the MBL
and above cloud, respectively. In (e-f), the black dotted line indicates the Ullrich et al. (2017) parameter-
ization for dust Ns, and the light blue dot-dash line shows the Ns parameterization from McCluskey et al.
(2018a) for clean marine air. Solid grey lines in (c-d) and (e-f) indicate the best-fit exponential functions
to all the MBL data with non-grey symbols (Same as Figure 3.1).

71



resolved measurements of dust concentration, the required dust n500 inputs were estimated

using STEM measurements of aerosol composition averaged over SOC (Sec. 3.2.2.3; Twohy

et al. 2021). The total n500 values measured during each SOC filter collection were scaled us-

ing the average fraction of particles >0.5 µm that were categorized as crustal or metal types

during SOC (0.5 for above-cloud and 0.02 for MBL) to provide an estimate of dust n500. The

dashed blue and black lines in Fig. 3.5a-b indicate the dust INP concentrations predicted by

D15. Fig. 3.5c-d shows D15 normalized by the total n500 measured during each flight, to pro-

vide a fair comparison to the SOC INP measurements, and thus represents the predicted Nn500

if all the INPs present were dust, but SSA contributes to n500. Excellent agreement was seen

between both parameterization estimates and their respective filters when normalized by total

n500 (Fig. 3.5c-d). More variable agreement was seen for absolute INP concentration estimates

(Fig. 3.5a-b), though most agree with the measurements within uncertainty. In addition to a low

bias relative to the SOC observations, CAM6 typically underpredicts INP concentrations relative

to D15, especially above cloud (Fig. 3.5a-b). Although not explored in McCluskey et al. (2023),

this is consistent with the underprediction of dust concentrations observed in E3SMv1 (Raman

et al. 2023), as well as an increasing contribution of dust to INP concentrations with height.

While this exercise does not provide direct evidence of the INP types present during SOC, it

does support the results shown in Fig. 3.4 and Fig. B.8 that different types of INPs dominate at

different heights. Furthermore, if the average amount of dust measured by STEM during SOC

was present uniformly across the SO, D15-estimated dust INPs would be sufficient to account

for all or nearly all INPs measured, at all heights. This finding emphasizes the vast differences in

nucleation efficiency or site density between marine INPs and dust, and shows how even small

amounts of long-range transported dust can significantly influence SO cloud properties, as also

noted by McCluskey et al. (2023).
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3.4 SUMMARY

The Southern Ocean Cloud Radiation Aerosol Transport Experimental Study (SOCRATES)

aircraft campaign, the second Clouds, Aerosols, Precipitation, Radiation and atmospherIc Com-

position Over the southeRN ocean (CAPRICORN-2) ship campaign, and affiliated projects in

2017-2018 were motivated by a lack of observations and understanding of cloud, aerosol, pre-

cipitation, and radiative processes and interactions in the Southern Ocean region (McFarquhar

et al. 2021). This study presents measurements of INPs collected over the Southern Ocean

in austral summer 2018, along with comparisons to CAM6 model simulations. Simultaneous

aircraft and ship campaigns provided the first vertical distribution measurements of INPs in

the region, including the first in situ observations in and above cloud. Our results confirm

recent findings from the ACE (Schmale et al. 2019; Tatzelt et al. 2022; Welti et al. 2020) and

CAPRICORN-1 (McCluskey et al. 2018c) campaigns that INP concentrations in the SO marine

boundary layer are lower at all latitudes than measurements made by Bigg (1973)in the late

1960s and early 1970s. The good agreement between CAP-2 CFDC data and SOC measurements

during overpasses (Fig. 3.5) shows promise for future campaigns that might employ a similar

multi-platform approach to understand vertical profiles of aerosols and INPs.

Modeling studies (Burrows et al. 2013; McCluskey et al. 2019; 2023; Vergara-Temprado et al.

2017) predicted marine INPs would dominate at low altitudes in the SO, with an increasing in-

fluence of mineral dust INPs with height. Paired MBL and above cloud measurements from SOC

support this hypothesis (Fig. 3.5). Below- and above-cloud INP concentrations typically agree

within uncertainty, however, higher ice nucleation efficiency was found above cloud, consis-

tent with significantly enhanced dust concentrations observed in above cloud single-particle

composition measurements (Twohy et al. 2021). The outsized impact dust INPs can have on

SO cloud properties is also demonstrated in Fig. 3.5. Due to the vastly higher nucleation ef-

ficiency of mineral dust compared to marine INPs, dust INP concentrations predicted by the

D15 parameterization were sufficient to account for almost all INPs measured, both in the MBL

and at higher altitudes. However, this was based on bulk aerosol composition measurements
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and would require the average SOC dust n500 fraction to be present uniformly over the SO. As

a result, the D15 predictions in Fig. 3.5 can only be interpreted as a broad verification of the

relatively low nucleation efficiency of marine INPs, which still likely dominate primary ice nu-

cleation in the SO MBL.

Both direct measurements of collected INP residuals and indirect inferences from enhance-

ment factors measured using an aerosol concentrator suggest INPs in the MBL, at least those in

the sub-2.5 µm range, are dominated by particles <500 nm. Small INP sizes are consistent with

the minimal correlations observed between ACE INP concentrations and aerosol number or

mass (Tatzelt et al. 2022), as well as the only modest relationships found in this study between

INP concentrations and environmental or aerosol metrics (Fig. B.6). However, both aerosol

surface area and wind speed exhibited moderate correlations (p<0.05) for INP concentrations

<-21 ◦C during SOC and CAP-2. Surprisingly, the correlation with wind speed remained after

normalizing the INP concentrations by n500, aerosol surface area, or aerosol volume, suggest-

ing marine INP emissions are not strictly proportional to SSA production (Fig. 3.2, Fig. B.7).

Following the approach of Niemand et al. (2012), a new parameterization for marine INPs is

proposed, which includes wind speed in addition to activation temperature, and has reduced

bias when compared to the existing parameterization of McCluskey et al. (2018a). This param-

eterization captures the observed mean behavior well, but there is still significant unexplained

variability in INP concentrations remaining (Fig. 3.1, 3.3). One of the assumptions underlying

the Niemand et al. (2012) and M18 approach is that the active site density is constant, or equiv-

alently, the number of INPs per aerosol surface area is fixed. Marine INPs appear to violate this

assumption, and wind speed, among other factors, plays a role in how INPs are distributed with

aerosol surface area in the remote SO MBL.
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4. Wind-driven Emission of Marine Ice Nucleating Particles in

the Scripps Ocean-Atmosphere Research Simulator (SOARS)

4.1 INTRODUCTION

Sea spray aerosols (SSA) are marine-derived particles comprised of mixtures of inorganic

salts and organic compounds, with the exact composition and mixing state varying based on

particle size, production mechanism, and the underlying biology and geochemistry of the

source seawater (e.g. Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007; de Leeuw et al.

2011; Cochran et al. 2017). Along with mineral and soil dusts, SSA dominates atmospheric

aerosol mass, and contributes ∼30% to globally-averaged total aerosol optical depth (AOD)

(O’Dowd and de Leeuw 2007; Bellouin et al. 2013). Primary marine aerosol (PMA) are gener-

ated through wind stress at the ocean surface, either through the direct tearing of breaking wave

crests (spume drops) or as a result of bubble bursting (film and jet drops) following air entrain-

ment during wave breaking (Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007; Deike et al.

2022). Oxidation of dimethyl sulfide (DMS) and other biogenic volatile organic compounds

(BVOCs) emitted from the ocean can lead to the condensation of gas-phase species and for-

mation of secondary marine aerosol (SMA) (Lewis and Schwartz 2004; Quinn et al. 2017; Naik

et al. 2021). Given their ubiquity in the atmosphere, SSA are an important contributor to both

the magnitude and uncertainty of aerosol radiative forcing (Carslaw et al. 2013; 2017; Andreae

2007; Forster et al. 2021).

The indirect radiative impact of both PMA and SMA through their role as cloud conden-

sation nuclei (CCN) has received considerable attention from observational, laboratory, and

modeling studies (e.g. Andreae 2007; Quinn et al. 2017; Pierce and Adams 2006; Modini et al.

2015; Mayer et al. 2020; McCoy et al. 2015a; Heinze et al. 2019; Grythe et al. 2014; Gryspeerdt

et al. 2023). Spurred by observations in remote ocean regions and laboratory mesocosm stud-

ies (Rosinski et al. 1987; Bigg 1973; 1990; Knopf et al. 2011; DeMott et al. 2016), the contribu-
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tion of marine aerosols to the ice nucleating particle (INP) budget, and thus indirectly to cloud

phase, has become an increasing focus in recent years (e.g. Burrows et al. 2013; McCluskey et al.

2018a;b;c; 2019; 2023; Schmale et al. 2019; Wilson et al. 2015; Tatzelt et al. 2022; Irish et al. 2017;

2019; Alpert et al. 2022; Steinke et al. 2022; Raman et al. 2023; Mitts et al. 2021; Welti et al.

2018; 2020; Hartmann et al. 2020; 2021; Zhao et al. 2021; Vergara-Temprado et al. 2017; 2018;

Raatikainen et al. 2022; Miyakawa et al. 2023; Lin et al. 2022; Kawana et al. 2023; Ickes et al.

2020; Huang et al. 2018; Creamean et al. 2019). INPs are critical in initiating cloud glaciation

at temperatures warmer than ∼-36 ◦C and thus exert a large influence on cloud properties re-

lated to phase, such as lifetime, precipitation formation, and radiative forcing (e.g. Kanji et al.

2017). Additionally, mixed-phase clouds, which contain both liquid and ice, play major roles in

determining cloud feedbacks (McCoy et al. 2015b; 2016), global cloud radiative properties (Ce-

sana and Storelvmo 2017), and equilibrium climate sensitivity (Zelinka et al. 2020; Bjordal et al.

2020), and are especially sensitive to aerosols in clean conditions, such as over the ocean.

Measurements of ice nucleation in marine environments were first made in the late 1950s

and 1960s (see Ickes et al. 2020, Table 1). Since then, a few studies have suggested whole phy-

toplankton cells or marine bacteria may be the ice nucleating components of SSA (Knopf et al.

2011; Beall et al. 2021; Fall and Schnell 1985; Wilbourn et al. 2020). However, the majority of

studies indicate marine macromolecules, phytoplankton exudates, or other biogenic, organic

species are the ice nucleating components based on their generally small size (<0.2 µm) and

relationship with biological activity (Wilson et al. 2015; Rosinski et al. 1987; DeMott et al. 2016;

Irish et al. 2017; Schnell and Vali 1976; Knopf et al. 2011; Ladino et al. 2016; Alpert et al. 2022; Mc-

Cluskey et al. 2018b; Wang et al. 2015a). Based on laboratory and mesocosm experiments, sev-

eral studies have also inferred different components may be active at different temperatures, as

well as at different times throughout the onset and decay of phytoplankton blooms (McCluskey

et al. 2018b; DeMott et al. 2016; Ickes et al. 2020). In addition to the small and ubiquitous marine

organic INPs, a second category of more intermittent, larger, and heat sensitive marine INPs

that are active at warmer temperatures has been identified (McCluskey et al. 2018b; Ickes et al.
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2020; Hartmann et al. 2020; van Pinxteren et al. 2020). These may be associated with microbes

or cellular debris, but have not been definitively identified. Very recent laboratory studies have

pointed to the importance of supermicron SSA as a marine INP (Mitts et al. 2021), however, no

assessment of the atmospheric transport of such particles was conducted and ambient obser-

vations have yet to confirm this.

INP concentrations in remote marine regions are generally several orders of magnitude

lower than those in continental areas (DeMott et al. 2016; McCluskey et al. 2018a; Tatzelt et al.

2022; Welti et al. 2020). Based on normalization by particle number or surface area, marine

INPs are also significantly less efficient at nucleating ice than species such as mineral or soil

dusts (Kanji et al. 2017; DeMott et al. 2016; McCluskey et al. 2018a). Despite this, in remote areas

such as the Southern Ocean, marine INPs are hypothesized to be the dominant contribution to

the INP budget due to the lack of continental influence (Burrows et al. 2013; Vergara-Temprado

et al. 2017; 2018; McCluskey et al. 2019), and may dominate seasonally or intermittently in other

regions such as the high Arctic (Ickes et al. 2020; Huang et al. 2018; Creamean et al. 2019; Hart-

mann et al. 2020; 2021). Atmospheric concentrations of the small, organic marine INP type

were parameterized using observations from Mace Head in the North Atlantic (McCluskey et al.

2018a), and subsequent implementation in CAM5 (Community Atmosphere Model version 5)

and CAM6 (version 6) compared well to observations made in the Southern Ocean (McCluskey

et al. 2019; 2023). Other recent modeling work has focused on the intermittent, high tempera-

ture marine INPs (Steinke et al. 2022), or freezing kinetics of background SSA particles (Alpert

et al. 2022). Despite these efforts, the fundamental processes controlling the emission of marine

INPs from the sea surface to the atmosphere remain largely unknown.

Significantly more is known about the factors influencing the production of sea spray, al-

though there is still huge variability in simulated SSA fluxes among models, especially in polar

regions (de Leeuw et al. 2011; Lapere et al. 2023; Deike et al. 2022; Grythe et al. 2014). Numerous

parameterizations for sea spray size distribution functions have been proposed (e.g. Monahan

and Muircheartaigh 1980; Monahan et al. 1986; de Leeuw et al. 2011; Lewis and Schwartz 2004;
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Gong 2003; Mårtensson et al. 2003; Meskhidze et al. 2013; Ovadnevaite et al. 2014; Grythe et al.

2014; Sofiev et al. 2011; Jaeglé et al. 2011; Salter et al. 2015), with the choice influencing not only

emitted SSA number and mass, but also the simulated radiative budget and aerosol-cloud in-

teractions once implemented in models (Johnson et al. 2020; McCoy et al. 2015a; Grythe et al.

2014; Barthel et al. 2019). Although wind speed is the dominant influence on SSA production

(Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007; de Leeuw et al. 2011), other factors in-

cluding sea surface temperature (Mårtensson et al. 2003; Sellegri et al. 2006; Salter et al. 2014;

2015; Forestieri et al. 2018; Liu et al. 2021; Saliba et al. 2019; Sellegri et al. 2006; 2023; Barthel

et al. 2019; Jaeglé et al. 2011; Zábori et al. 2012; Ovadnevaite et al. 2014; Schwier et al. 2017;

Christiansen et al. 2019; Zinke et al. 2022; Hartery et al. 2020), salinity (Mårtensson et al. 2003;

Zábori et al. 2012; Nilsson et al. 2021; May et al. 2016; Ovadnevaite et al. 2014; Zinke et al. 2022),

and seawater biology and chemistry (O’Dowd et al. 2004; Sellegri et al. 2006; Fuentes et al. 2010;

Wang et al. 2015a; McCoy et al. 2015a; Schwier et al. 2017; Burrows et al. 2018; Saliba et al. 2019;

Christiansen et al. 2019; Sellegri et al. 2023) have also been shown to influence production. Con-

flicting and sometimes contradictory results for the magnitude and even sign of the impact of

each of these variables has been observed in laboratory and field measurements, which has not

aided evaluation of the numerous available SSA source parameterizations.

The new Scripps Ocean-Atmosphere Research Simulator (SOARS) wind-wave channel at the

Scripps Institution of Oceanography was designed to tackle some of these outstanding ques-

tions about the production and atmospheric impacts of SSA. This study focuses on first results

from the SOARS channel during the CHaracterizing Atmosphere-Ocean parameters in SOARS

(CHAOS) mesocosm campaign, conducted for two months in 2022. The overarching goal of

CHAOS was to understand and reduce uncertainty in two factors known to affect SSA produc-

tion: sea surface temperature (SST) and wind speed. Improvements over previous wave chan-

nel experiments (Prather et al. 2013; Wang et al. 2015a; Sauer et al. 2022) include the ability to

initiate wave breaking through wind stress, increasing atmospheric relevance. This study will
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touch on SSA production in SOARS, but primarily address the role of wind speed in emissions

of marine INPs, which have not previously been characterized through controlled experiments.

4.2 METHODS

4.2.1 Production of Sea Spray Aerosols in SOARS

Measurements described in this study were collected during the CHaracterizing

Atmosphere-Ocean parameters in SOARS (CHAOS) study, which was conducted during July-

August 2022. SSA were produced in the new Scripps Ocean-Atmosphere Research Simulator

(SOARS) wind-wave channel at the Scripps Institution of Oceanography (SIO), which is shown

schematically in Figure C.1. The SOARS channel is 2.5 m wide, 2.5 m tall, and 36 m in length,

with a nominal water volume of 103,680 L when filled. This is approximately 9 times the wa-

ter volume of the glass wave channel described in Sauer et al. (2022), which was used during

the preceding SeaSCAPE campaign. Waves are generated with a paddle driven by a TEFC (To-

tally Enclosed, Fan-Cooled) electric motor, up to a maximum height of 1.2 m. In contrast to

the glass channel, wave breaking is driven by air flow generated from wind turbines at the front

of the SOARS channel and recirculated through the sealed headspace and return vents. A sub-

merged polycarbonate ramp, or "beach", at the end of the channel dissipates residual wave

energy and reduces interference at the main wave breaking location, about halfway down the

channel. At low wind speeds, HEPA filters and other user-selectable filters (i.e. activated char-

coal) can be lowered in-line with the air stream in the recirculation vents to remove particles

and organic compounds. A "tent" constructed of plastic sheeting was built around the paddle

during CHAOS to minimize particle or VOC contamination of the SOARS headspace through

paddle motion. HEPA filters with fans blowing through them maintained positive pressure in-

side the tent.

Water to fill the SOARS channel is sourced from the Pacific Ocean at the nearby Scripps Pier.

Seawater is pumped up from the end of the pier, roughly filtered with an aluminum screen to re-

move large detritus, and then travels the length of the pier in a gravity flume (Sauer et al. 2022).
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Unlike SeaSCAPE, the water volume required to fill the SOARS channel necessitated using the

same plumbing and holding tanks as the nearby Birch Aquarium and other SIO labs instead of

pumping water directly out of the gravity flume and transporting by truck to the channel. At the

pier entrance, seawater is fed into a large settling tank and then filtered through high capacity

sand filters prior to being pumped into several large holding tanks, before finally being gravity-

fed to labs and other facilities. The SOARS channel is filled using either gravity or adjustable-

speed water pumps (typically ∼90 gal min-1) and optionally passed through additional filters

and/or UV-sterilized. During CHAOS, seawater was not filtered or UV-sterilized, and the chan-

nel was gravity-filled without pumps. Two separate fills of the SOARS channel were conducted

during CHAOS: July 9-August 12, 2022 and August 13-September 8, 2022. Water temperature

can be controlled between -1.6 and 30 ◦C, and air temperature between -15 and 30 ◦C. Neither

were controlled during CHAOS, and were instead allowed to vary according to the ambient tem-

perature. The channel contains built-in sensors at several locations for measuring air and water

temperature, atmospheric CO2 concentration, and water salinity and turbidity. Since the entire

SOARS channel is indoors, there are 2 optional lighting mechanisms. 6 solar tubes centered on

the middle 1/3 of the channel can provide up to 10% of ambient light, which penetrates the full

depth of the channel. 40000 W of PAR LEDs can provide supplemental lighting during night

or stormy conditions. Neither were utilized during CHAOS, as no intentional biological growth

was stimulated.

The SOARS paddle can be programmed to generate wave packets of variable wavelength

and amplitude. During CHAOS, two wave packets were superimposed to form 5 wave crests, of

which 2 break; this pattern was repeated for the duration of each sampling period. Prior to each

sampling period, the headspace air was filtered at a low wind speed to remove particles. Then

the wind turbines were set to generate the desired wind speed, and the paddle started to create

waves. Occasionally, the wind turbines were run without the paddle, which can generate SSA

at high enough wind speeds. The wind turbine RPM setpoints were calibrated using a sonic

anemometer installed inside the channel with no waves generated. Wind speeds were mea-
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sured at 0.6 m above the water surface and extrapolated to a value at 10 m (U10) following Hsu

et al. (1994). White cap coverage was calculated from still images collected at high resolution

for every measured wind speed. For each wave packet amplitude, there is a single wind turbine

setpoint which generates a white cap fraction representative of open-ocean conditions, based

on the relationship described in Monahan and Muircheartaigh (1980). During CHAOS, the wave

packed amplitude was fixed at 1.3, which yields an open-ocean equivalent white cap coverage

at a wind turbine setpoint of 1550 rpm, corresponding to an extrapolated U10 of 18.5 m s-1.

Measurements collected during CHAOS were made at wind turbine speeds of 850, 1200, 1300,

1400, 1600, and 1800 rpm, which correspond to U10 of 9.89, 14.19, 15.42, 16.64, 19.10, and 21.55

m s-1. Measurements made at 1600 rpm (19.10 m s-1) are considered to represent open-ocean

breaking wave conditions, through comparison with Monahan and Muircheartaigh (1980). For

all other wind speeds measured during CHAOS, the fixed wave amplitude meant the white cap

coverage is not comparable to open-ocean conditions and only the relative influence of wind

speed alone can be assessed.

4.2.2 Ice Nucleating Particle Measurements

Ice nucleating particle measurements were conducted at all wind speeds. A Colorado State

University (CSU) Continuous Flow Diffusion Chamber (CFDC; Section 4.2.2.1) was used to cap-

ture online measurements at high temporal resolution (∼15 min), and aerosol filter samples

were collected and subsequently analyzed with the CSU Ice Spectrometer (IS; Section 4.2.2.2)

to provide INP temperature spectra down to -30 ◦C. Chemical pre-treatments of aerosol fil-

ter suspensions allowed INPs produced in SOARS to be classified by broad composition (Sec-

tion 4.2.2.3), and Atomic Force Microscopy was used to assess INP morphology and phase state

(Section 4.2.2.4). Water samples were collected daily from SOARS and seawater ice nucleat-

ing entity (INE) temperature spectra were also measured using the IS, as a complement to the

aerosol results (Section 4.2.2.2). CFDC measurements (Section 4.2.2.1) presented here exclude

the first 15 minutes of each sampling period to allow particle concentrations to reach an approx-
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imate steady-state. IS filters (Section 4.2.2.2) were started ∼15 min into each sampling period

for the same reason.

4.2.2.1 Continuous Flow Diffusion Chamber

Real-time measurements of INP concentration were collected using a CSU Continuous Flow

Diffusion Chamber (CFDC), a vertically oriented, ice-thermal diffusion chamber (DeMott et al.

2015; Rogers 1988; Rogers et al. 2001). The HIAPER (CFDC-1H) version of the CFDC used dur-

ing CHAOS has been previously described in detail and will only be briefly discussed here (e.g.

McCluskey et al. 2018c; Moore 2020; DeMott et al. 2023; Moore et al. 2023). Prior to entering the

top of the CFDC chamber, the sample aerosol stream drawn from SOARS was dried to below the

frost point with diffusion driers, then passed through two sequential single-jet impactors (50%

aerodynamic diameter cut size D50=2.4 µm) to remove large aerosols. Within the chamber, par-

ticles are first exposed to near steady state humidity and temperature conditions conducive

to the activation of cloud droplets and ice crystals, followed by a water-subsaturated region to

evaporate haze and cloud droplets back to aerosol sizes. Ice crystals are then detected opti-

cally at the base of the chamber using an optical particle counter (OPC) and distinguished by

size from aerosols and any remaining cloud droplets (Barry et al. 2021b). The upper region of

the chamber was held under water supersaturated conditions (typically 104% to 108%) for this

campaign to emphasize the immersion freezing mode of ice nucleation and give comparable

results to offline techniques (DeMott et al. 2016; 2017; 2018c; Barry et al. 2021b).

The aerosol lamina temperature was held at -25 ◦C or -30 ◦C during CHAOS to maximize

the instrumental signal to noise ratio and accommodate limited sampling durations at each

wind speed. Paired measurements of the sample air stream (10 min) and HEPA-filtered air (5

min) were used to quantify instrument noise (DeMott et al. 2017). All measurements presented

here have been corrected for CFDC background using adjacent filtered-air periods, as in Moore

(2020) and Barry et al. (2021b). This correction is achieved using a Poisson model incorporating

the detection rates of INPs during ambient and filtered-air measurements. Confidence intervals

on INP concentrations and statistical differences between sample and filtered-air periods are
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assessed at the same time as the background correction, and follow Krishnamoorthy and Lee

(2012). All concentrations are converted to standard conditions to allow for direct comparisons

between measurements at varying temperatures (STP; 0 ◦C and 100 kPa).

Nucleated ice crystals were collected for offline analysis following the OPC at the base of the

CFDC chamber and analyzed using Atomic Force Microscopy to ascertain differences in INP

morphology and phase state with wind speed (Section 4.2.2.4). Ice crystals were collected onto

substrates using a single-jet impactor with a 50% cut-size of 4 µm aerodynamic diameter (Barry

et al. 2021b; McCluskey et al. 2014).

4.2.2.2 Ice Spectrometer Measurements

Aerosols produced in SOARS were collected onto pre-cleaned 0.2 µm pore size, 47 mm di-

ameter track-etched polycarbonate membrane filters (Whatman Nucleopore) in pre-sterilized

aluminum inline filter housings (Pall), using the protocols described in Barry et al. (2021a).

Filter samples represent approximately PM10 collections, although significant vibrations and

vertical movement of the sampling inlet was observed at higher wind speeds, with unknown

effects on particle line losses. Sample flow rates were held at ∼5 std lpm (slpm) and the sample

stream passed through a silica gel diffusion drier prior to particle collection to prevent satu-

ration/wetting of the filters. Filter collection volumes ranged from 182 to 855 std L, with the

higher volumes representing longer sampling durations at lower wind speeds to increase parti-

cle mass. Blank filters were collected regularly by installing filters in housings and connecting

to the same tubing used for SSA sampling, without airflow. Seawater was sampled from ei-

ther the rear end of the SOARS channel (beach) or underneath the aerosol sampling manifold,

approximately halfway up the water column, using a peristaltic pump and silicone tubing to

minimize cell rupture for biological measurements. Filters and seawater were either analyzed

immediately or stored frozen (-20 ◦C) prior to analysis.

Offline measurements of INP and INE immersion freezing temperature spectra were made

using the CSU Ice Spectrometer (IS), which has been comprehensively described in its present

form elsewhere (Hiranuma et al. 2015; DeMott et al. 2018c; Hill et al. 2023). Aerosol filters were
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re-suspended in 8 mL of 0.1 µm filtered DI water, then 50 µL aliquots of either seawater or

aerosol suspensions were dispensed into sterile 96-well PCR trays (Optimum Ultra, Life Sci-

ence Products). Dilutions of each sample were used to extend the measurement temperature

range; these were made in 0.1 µm filtered DI water for aerosol filter suspensions and 0.1 µm fil-

tered artificial seawater (NeoMarine, Brightwell Aquatics) for seawater samples. The trays were

then placed into temperature-controlled aluminum blocks inside the IS, and cooled at ∼0.33 ◦C

min-1. Freezing events were detected optically from CCD camera images collected at 1Hz. A 0.1

µm filtered DI water or artificial seawater negative control was included with each IS measure-

ment and used to correct sample results for INPs present in the water used for resuspension

and dilution. INP concentrations in the aerosol suspensions or seawater were calculated fol-

lowing Vali (1971), then converted to concentrations in SOARS headspace air for aerosol filters

(reported at STP; 0 ◦C and 100 kPa). Confidence intervals were derived following Agresti and

Coull (1998), and the LOD determined as in Moore et al. (2023). The average background num-

ber of INPs from the collected blank filters (4) were used to adjust filter sample concentrations;

measurements are not reported if blank-corrected values fell below zero (Moore et al. 2023).

Temperature spectra of seawater samples have been adjusted by +2 ◦C to account for freezing

point depression due to salinity.

4.2.2.3 Chemical Composition of INPs in the Ice Spectrometer

Inferences about INP composition are possible using chemical pre-treatments of aerosol fil-

ter suspensions or seawater prior to analysis with the IS. Heat treatments are used to assess the

contribution of biological INPs to a total sample population (Hill et al. 2016; Suski et al. 2018),

as INPs produced by fungi and bacteria are often proteinaceous (Pummer et al. 2015) and de-

natured by heating. Aliquots of either re-suspended particles from aerosol filters or seawater

were immersed in boiling water for 20 min before being cooled to room temperature and then

analyzed with the IS as normal (Section 4.2.2.2). The difference between the pre- and post-heat

treated sample represents the biological INP contribution. The proportion of refractory, typi-

cally mineral, INPs are identified through oxidation experiments that remove organic material
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(Hill et al. 2016; McCluskey et al. 2018a). Sample aliquots are digested for 20 min with 10% hy-

drogen peroxide while immersed in boiling water, with two UVB fluorescent bulbs (Exo Terra)

illuminating the samples to generate hydroxyl radicals. After cooling, catalase (MP Biomedicals,

PN 100429) is added to remove any excess hydrogen peroxide and prevent unknown but oth-

erwise significant freezing point depression (Hill et al. 2016). The INP temperature spectrum

remaining after oxidation is inferred to be the mineral (or other inorganic) component, and the

difference between pre-and post-oxidation spectra corresponds to organic INPs.

4.2.2.4 Single Particle Atomic Force Microscopy of INPs

INPs collected in the CFDC were deposited onto hydrophobically coated (Rain-X) silicon

substrates (Ted Pella, Inc.) and stored in clean Petri dishes inside a laminar flow hood (Nu-

Aire, Inc., NU-425-400) at ambient temperature (20-25 ◦C) and pressure prior to analysis (Kalu-

arachchi et al. 2022a;b; Lee et al. 2020). Samples collected at four wind speeds (∼10, 17, 19, and

22 m s-1) were analyzed to assess the distribution of physicochemical properties under varied

wind stress. A molecular force probe 3D AFM (Asylum Research, Santa Barbara, CA) was used

to image individual INPs at ambient temperature (20-25◦C) and pressure, as described in prior

studies (Lee et al. 2020; Ray et al. 2019). A custom humidity cell was used to control RH be-

tween 20% and 60%. Prior to AFM measurements at a particular RH, samples were allowed to

equilibrate for at least 10 minutes to ensure thermodynamic equilibrium with the surrounding

water vapor (Lee et al. 2020; 2017; Madawala et al. 2021). Silicon nitride AFM tips (MikroMasch,

model CSC37, tip radius of curvature∼10 nm, nominal spring constant 0.5-0.9 N m-1) were used

for AFM imaging and force spectroscopy measurements (Lee et al. 2017; Madawala et al. 2021).

AFM AC (intermittent contact) imaging mode was used to collect 3D height images of individ-

ual INPs to determine their morphology, and to quantify their volume-equivalent diameter, as

described previously (Ray et al. 2019; Kaluarachchi et al. 2022b). For morphological analysis,

approximately 50 individual particles were studied for each sample, with volume-equivalent

diameters ranging from 0.05 – 1.0 µm. Particles were classified into six main types: rounded,
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core-shell, prism-like, rod, aggregate and irregular. Example images of particles at 20% RH in

each category are shown in Figure C.4.

Organic particle phase state was identified for samples at 20% and 60% RH, as in previous

studies (Lee et al. 2017; 2020). These RH values were selected as benchmarks based on previous

phase state studies on sucrose that showed solid-to-semisolid and semisolid-to-liquid phase

transitions at ∼20% and 60% RH, respectively (Lee et al. 2017; Ray et al. 2019; Madawala et al.

2021). Briefly, AFM force spectroscopy (i.e., force plots), was performed on individual core-shell

particles at a particular RH by probing within the shell region of each particle. At least five force

plots were collected for each individual particle at both 20% and 60% RH, with a maximum force

of 20 nN and scan rate of 1 Hz. The viscoelastic response distance (VRD) and relative indenta-

tion depth (RID), or ratio of the indentation depth to the particle height, were then quantified,

which can be related to the viscosity of the material (Lee et al. 2020; Kaluarachchi et al. 2022a).

A previously reported framework based on VRD and RID measurements was then utilized to

identify the phase state of each particle at 20% and 60% RH (Lee et al. 2017). A total of 5, 19, 12

and 13 individual core-shell particles were studied for the ∼10, 17, 19 and 22 m s-1 wind speed

conditions, respectively (Table C.1).

Since the total number of individual particles that can be realistically studied with AFM is

somewhat limited, a probability distribution analysis to assess the statistical significance of the

AFM results was employed (Kaluarachchi et al. 2022b; Cappa et al. 2021; 2022). Briefly, the

probability distribution curves associated with the likelihood of sampling one of the six particle

morphology types, or one of the three phase states, were generated using a Markov chain Monte

Carlo method for a “true” population of 10,000 particles. The resulting distributions were fit

with Gaussians to provide standard deviation estimates for both morphology and phase state

measurements.
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4.2.3 Aerosol Size Distribution Measurements

While several dedicated instruments were used to measure aerosol size distributions during

CHAOS, the results are not yet available. Instead, data from the OPC at the base of the CFDC

chamber was used here to provide aerosol concentrations and size distributions for particles

larger than ∼300 nm. CFDC operation requires the incoming air stream to be dried to below the

frost point at the given measurement temperature (typically -25 ◦C or -30 ◦C), so aerosols enter

the CFDC at dry sizes. However, particles will deliquesce, and some will activate into cloud

droplets under the water supersaturated conditions present in the top section of the CFDC

chamber. Any particles not activated into ice crystals will evaporate in the water-subsaturated

region at the bottom of the chamber (Section 4.2.2.1), which is held at ice saturation. Follow-

ing Murphy and Koop (2005), the saturation vapor pressures with respect to ice and water were

calculated during each period based on the measurement temperature, as well as the resulting

RH. Dry particle sizes were estimated assuming spherical, sea salt particles with a hygroscopic

growth factor (HGF) of 1.7 for the 70-75% RH range calculated (Zieger et al. 2017). The CFDC

OPC was calibrated against polystyrene latex spheres (PSLs) and glass beads of known sizes and

refractive indices, and size distributions calculated assuming a refractive index of n=1.5 for sea

salt (Tang et al. 1997). Particle surface area and volume distributions were calculated for each

number distribution assuming particle sphericity, as were number concentrations of particles

larger than 500 nm dry diameter (N500).

4.3 RESULTS AND DISCUSSION

4.3.1 SSA and INP production at Varying Wind Speeds

Measurements of both SSA and INPs were made at 6 U10 wind speed equivalents (9.89, 14.19,

15.42, 16.64, 19.10, and 21.55 m s-1) during CHAOS. Normalized histograms of integrated par-

ticle number, number >500 nm diameter (n500), surface area, and volume concentrations are

shown in Figure 4.1 for all measured wind speeds. As expected from numerous previous mea-

surements (e.g. Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007; de Leeuw et al. 2011),
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particle concentrations generally increased with wind speed in the SOARS channel. However,

wide distributions with significant overlap were observed in the intermediate wind speeds of

∼15-19 m s-1. This variability occurred for measurements collected both days or weeks apart

and on the same day, if wind speeds were repeated, and the source is unknown. Particle con-

centrations reported for the Southern Ocean (Moore et al. 2022) in a similar wind speed range

(0-25 m s-1) did not display this clear multimodal behavior, although wind speeds likely varied

during measurement periods. A previous study of wind profiles in a wind-wave tank (Vollestad

and Jensen 2021) found that while the horizontal wind speed displayed the expected, approxi-

mately logarithmic profile, secondary flows due to the confined channel were found to impact

the observed vertical velocity structure. Modification of the near-surface wind and turbulence

due to the presence of waves has been observed in wind-wave tanks (Zavadsky and Shemer

2012; Villefer et al. 2021) and in models (Chen et al. 2019), and varies with the fetch (Lamont-

Smith and Waseda 2008), as well as the presence of swell in addition to wind-waves (Villefer

et al. 2021). As a result, the extrapolated U10 values should be treated as approximations. Vari-

ation in secondary flow structure is a possible explanation for some of the variability seen in

particle concentrations at the same nominal wind speed during CHAOS.

The range of observed values for particle number, surface area, and volume were also much

larger during CHAOS than CAP-2, by factors of ∼3.3, ∼26, and ∼5, respectively. At least some of

these differences are likely a result of the differences in time scale and fetch, with open ocean

measurements closer to steady state, and integrated over a larger area. The enhancement in

particle number is underestimated here, since the CFDC OPC can only measure particles >∼300

nm, while particles as small as 25 nm contributed to measured concentrations in Moore et al.

(2022). Preliminary size distribution measurements (not shown) suggest the size distribution

shape and mode size is similar across wind speeds in SOARS, with enhanced supermicron par-

ticle production at higher wind speeds. At wind speeds below 18.5 m s-1, the fixed 1.3 amplitude

waves generated by the SOARS paddle led to higher whitecap coverages than would be antic-

ipated in the open ocean, and for the highest 21.55 m s-1, whitecap coverage was lower than
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open ocean values (Monahan and Muircheartaigh 1980). This likely led to an overestimation

of particle production at low wind speeds and underestimation at the highest; as a result, the

range reported here may be too small and consequently even higher relative to ambient mea-

surements. Additional tests are currently underway to study particle production when the wave

amplitude is varied along with the wind speed to match open ocean whitecap fractions, which

may reduce some of the large observed variability in particle production at some wind speeds

during CHAOS.

Figure 4.1: Normalized frequency distributions of particle (a) number, (b) number >500 nm diameter
(n500), (c) surface area, and (d) volume concentrations at each measured wind speed during CHAOS.
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Figure 4.2: INP (a) number concentration, (b) normalized by n500 (Nn500), (c) normalized by aerosol
surface area (Ns) and (d) normalized by aerosol volume (Nv) temperature spectra during CHAOS. CFDC
measurements are indicated by squares and IS filter observations by circles; both are colored by the wind
speed during each measurement period. The purple shading in each panel indicates the range of each
value observed during CAPRICORN-2 (Moore et al. 2023). The orange shading in (a) shows observations
made during the ACE campaign (Schmale et al. 2019). In (b), the grey dashed line shows the DeMott et al.
(2015) parameterization for dust based on n500, using the median n500 value measured during 19.10 m
s-1 wind speed periods. In (c), the grey dotted line indicates the Ullrich et al. (2017) parameterization
for dust Ns, and the blue dot-dash line shows the Ns parameterization from McCluskey et al. (2018a) for
North Atlantic clean marine air. The dashed magenta line in (d) indicates the Mitts et al. (2021) lab-based
parameterization for marine Nv.
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A summary of the INP results from CHAOS, along with relevant model parameterizations,

are displayed in Figure 4.2, which shows INP measurements from the CFDC (Section 4.2.2.1)

and IS filters (Section 4.2.2.2) as a function of temperature. Similar observations made in the

Southern Ocean marine boundary layer during the Southern Ocean Cloud Radiation Aerosol

Transport Experimental Study (SOCRATES, hereafter SOC) aircraft campaign and the second

Clouds, Aerosols, Precipitation, Radiation and atmospherIc Composition Over the southeRN

ocean (CAPRICORN-2, hereafter CAP-2) ship campaign are shown in each panel in the light

purple shading (Moore et al. 2023). Figure 4.2a shows measured INP concentrations, while the

other panels show different normalizations commonly used in models (Figure 4.2b-c) or sug-

gested for marine INPs (Figure 4.2d). Figure 4.2b displays INP concentrations normalized by

n500 (Nn500), which has been used previously for dust (DeMott et al. 2015) and biological INPs

(Tobo et al. 2013) due to observed relationships with supermicron aerosol. Figure 4.2c is nor-

malized by aerosol surface area, which has been widely used for multiple INP types, including

marine INPs (Niemand et al. 2012; Ullrich et al. 2017; McCluskey et al. 2018a). Normalization by

aerosol volume was suggested by Mitts et al. (2021) for marine INPs on the basis of laboratory

experiments, but measurements from the Southern Ocean (Moore et al. 2023) did not support

a similar relationship for ambient data.

INP concentrations and normalized values are roughly consistent with CAP-2 and SOC mea-

surements (Figure 4.2), which themselves agreed well with previous observations from the

Southern Ocean and mid-latitude North Atlantic (Moore et al. 2023; Schmale et al. 2019; Mc-

Cluskey et al. 2018c; Tatzelt et al. 2022). INP concentrations during CHAOS were on the high

end of Southern Ocean values, especially at the coldest temperatures (∼-30 ◦C) and wind speeds

above 18 m s-1. A lack of overlap in measurement temperature between CHAOS and the South-

ern Ocean observations of Schmale et al. (2019) (ACE campaign) prevents direct comparison,

but ACE measurements are also higher than other reported values for the same region (Moore

et al. 2023; McCluskey et al. 2018c) and as a result more similar to the CHAOS data (Figure 4.2a).

As anticipated, the DeMott et al. (2015) n500-based parameterization (Figure 4.2b) and Ullrich
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et al. (2017) Ns parameterization (Figure 4.2c) for dust INPs overestimate CHAOS values by ∼2

orders of magnitude. Nn500 and Ns during CHAOS are at the low end of Southern Ocean ob-

servations (Figure 4.2b-c), although interestingly, the Nv normalization has an almost identical

range as the CAP-2 values (Moore et al. 2023). This suggests a different shape to the particle size

distribution in the SOARS channel than the Southern Ocean MBL, since all of the aerosol con-

centrations are enhanced in SOARS relative to ambient measurements (Figure 4.1), but only Nv

has the same range as ambient observations. It is likely that loss mechanisms such as dry and

wet deposition are lower in SOARS, where the aerosol was sampled from 0.6 m above the water

surface, compared to the CAP-2 measurements, where the aerosol inlet intake was 18.4 m above

sea level. This may alter the measured particle size distributions in SOARS, especially at larger

sizes most relevant to calculation of aerosol volume. Similarly to the CAP-2 results (Moore et al.

2023), the Mitts et al. (2021) Nv parameterization has a lower slope than the CHAOS dataset,

and is near the upper bound of measured values at all temperatures.

CFDC concentrations generally increase with wind speed, while variability is reduced fol-

lowing normalization by aerosol concentrations, as expected if INPs are emitted proportionally

to SSA (Figure 4.2). However, it is clear from the time series of CFDC data presented in Fig-

ure C.2 that on some days, INP concentrations were the same at all wind speeds (8/17/22), or

the same up to a wind speed threshold of ∼18 m s-1 (8/9/22, 8/18-8/19/22). Other days did not

sample enough wind speeds to assess this variation. INP concentrations measured from the

aerosol filters did not have a clear relationship with wind speed (Figure 4.2a). This difference

may be due to the different averaging times of the CFDC (∼5 minutes) versus the IS filters (2-3

hr), or the different inlet orientations or locations. The CFDC sampled ∼2 m upstream of the

filters, with a vertically oriented inlet, whereas the IS filters used a horizontal inlet facing into

the wind. The consistently higher values measured by the CFDC suggest particle losses in the

IS filter inlet may have influenced the measurements, and/or particles >2.5 µm were not the

dominant INP size.
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Figure 4.3: Box plots of observed (a) INP concentration, (b) Nn500, (c) Ns and (d) Nv as a function of wind
speed during CHAOS. Observations are separated into 3 ◦C temperature bins (indicated by color), with
CFDC measurements shown as open boxes and IS filter data as shaded boxes.
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Normalized INP concentrations for both instruments generally decreased with increasing

wind speed, especially above ∼18 m s-1, although decreases were more modest for the CFDC

than the IS. This can be seen more clearly in Figure 4.3, which displays the same data from Fig-

ure 4.2 as a function of wind speed in 3 ◦C temperature bins, with CFDC and IS filter ranges

indicated by box plots. Also clear in Figure 4.3 is the inter-sample variability observed during

CHAOS for samples collected at similar wind speeds and temperatures. INP concentrations in

the Southern Ocean MBL were found to increase with wind speed, and to retain the same wind

speed dependence after normalization by aerosol number, surface area, and volume (Moore

et al. 2023). The opposite relationship was observed during CHAOS, and further suggests par-

ticle losses in SOARS are lower than for typical ambient measurements due to the proximity of

the sampling inlet to the water surface. Thus, the results from CHAOS may be more representa-

tive of interfacial fluxes rather than marine boundary layer or cloud-base values. As previously

discussed in relation to measured particle concentrations, the fixed 1.3 amplitude wave height

used during CHAOS may also be obscuring the true INP-wind speed relationships, which re-

quires further measurements with co-varying wave amplitude and wind speed to resolve. Sea-

water INE concentrations were stable throughout CHAOS (Figure C.3) and agree well with pre-

vious measurements from the Scripps Pier, as well as the North Indian Ocean (Beall et al. 2022)

and mid-Atlantic (Gong et al. 2020), and are higher than observations from the Southern Ocean

(McCluskey et al. 2018c) or Barents Sea (Hartmann et al. 2021) by 1-2 orders of magnitude. The

INE stability across multiple fills of the SOARS channel and over time with the same water indi-

cates the observed INP-wind speed relationships were driven by wind and wave breaking rather

than biological activity in this experiment.

4.3.2 INP Composition and Phase State Changes under Increasing Wind Speeds

The fractional composition of INPs (Section 4.2.2.3) as a function of wind speed is shown in

Figure 4.4 for three temperature ranges: -19 to -23 ◦C, -23 to -26 ◦C, and -26 to -29 ◦C. Collected

INPs were largely unaffected by heat treatments, although modest reductions at temperatures
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<-23 ◦C were observed for a few samples at low wind speeds (∼10 m s-1). On several days, espe-

cially at the end of the second water fill (8/16/22-8/19/22), heat treatments led to increased INP

concentrations over the untreated filters, which is uncommon but was observed by McCluskey

et al. (2018b) during a laboratory-simulated phytoplankton bloom grown in a Marine Aerosol

Reference Tank (MART; Stokes et al. 2013). This was suggested to be a result of lysis of microbial

cells upon heating, releasing IN-active material, or the dissolution and redistribution of organic

material between particles, leading to a net increase in the number of particles with IN-active

organic material. This contrasts with results also presented in McCluskey et al. (2018b) for a

phytoplankton bloom grown in the SIO glass channel during the IMPACTS (Investigation into

Marine Particle Chemistry and Transfer Science) campaign (Wang et al. 2015a), where larger

proportions of biological INPs were inferred to be released in response to increased seawater

biological activity.

At low wind speeds (<15 m s-1), especially early in the campaign, heat-stable organic INPs

were the dominant INP type, corresponding to the DOC-INP type described in McCluskey et al.

(2018b). This is in accordance with a number of laboratory (McCluskey et al. 2018b) and field

(Wilson et al. 2015; Rosinski et al. 1987; Ladino et al. 2016; Alpert et al. 2022) measurements,

although other studies have inferred the dominance of proteinaceous or heat-labile material

(Irish et al. 2017; Knopf et al. 2011; Wang et al. 2015a). By contrast, at higher wind speeds, inor-

ganic or refractory INPs were the dominant type observed. At wind speeds >15 m s-1, nearly all

peroxide-treated filter samples had higher INP concentrations than the untreated samples, and

many of these corresponded to the heat-treated samples with enhanced INP concentrations de-

scribed above. All of the samples with enhanced concentrations following peroxide digestion

(inorganic fractional composition >1 in Figure 4.4) had a characteristic shape to their tempera-

ture spectra, an example of which is shown in Figure 4.4d. In contrast to the typical log-linear

marine INP spectra (DeMott et al. 2016), dramatic increases are seen in peroxide-treated results

at warm temperatures, which flatten out ∼-23 ◦C and meet or approach the untreated spec-

tra around -27 ◦C. This is reminiscent of INP temperature spectra identified as biological (Hill
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et al. 2016; Suski et al. 2018), which have large warm temperature INP populations which are

reduced to log-linear spectra following heating and/or peroxide digestion, only inverted. This

has not been reported before for marine INPs, but is hypothesized to be the result of enhanced

release of large particles at high wind speeds in SOARS, which may contain multiple INPs. The

production of spume droplets through the tearing of wave crests, which produces particles pre-

dominantly >10 µm and is increasingly active for wind speeds exceeding ∼9 m s-1 (Monahan

et al. 1986; Sofiev et al. 2011), is the most likely mechanism consistent with the observed wind

speed dependence. The atmospheric lifetime of such particles is very short, which may ex-

plain why this has not been observed in ambient measurements or laboratory studies with low

wind speeds. Organic material in seawater, including carbohydrates, lipids, and proteins, are

well known to self-assemble into microgels which can range in size from <10 nm (single macro-

molecule) to µm-sized colloidal gels (Chin et al. 1998; Verdugo 2012). INPs could be trapped

in this gel matrix, emitted as large spume drops, and then released following the breakdown of

the organic material during peroxide digestion. If so, the composition of the INPs themselves

cannot be inferred from these results, since they could be either inorganic contaminants (dust)

which are stable against peroxide digestion, or heat-stable organics which the 20-min digestion

used here is not long enough to both release from their gel matrix and break down.

Additional information about the composition of INPs produced in SOARS was provided

by AFM analysis of submicron ice crystal residuals collected in the CFDC (Section 4.2.2.4). Six

particle categories were identified based on 3D height images of particles collected at 4 wind

speeds (∼10, 17, 19, and 22 m s-1): rounded, core-shell, prism-like, rod, aggregate and irreg-

ular (Figure C.4). These are similar to the categories identified for ice crystal residuals during

SeaSCAPE (DeMott et al. 2023), except rod and irregular particles were not identified in the glass

channel. Some of the particles in these classes are morphologically similar to known contami-

nants from the SOARS channel itself, and will not be further discussed here. Rod and prism-like

particles did not display a clear relationship with wind speed (Figure 4.5). Rounded particles

had relatively higher abundances at low wind speeds (<18 m s-1), while core-shell particles in-
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Figure 4.4: Box plots of biological (green) and inorganic (orange) INP fractional composition as a func-
tion of wind speed for IS filter measurements at (a) -19 to -23 ◦C, (b) -23 to -26 ◦C, and (c) -26 to -29 ◦C.
Panel (d) shows an example IS filter temperature spectra from 8/5/22 (19.10 m s-1), with base measure-
ments in black, heat-treated in red, and peroxide-treated in purple.
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creased in relative contribution with increasing wind speeds. Similar collections of SSA pro-

duced during CHAOS had identical relationships between relative contributions of core-shell

and rounded particles with wind speed as the ice crystal residuals, suggesting the INPs are sub-

sets of all the observed SSA particle morphologies. The SSA particles collected were also ana-

lyzed for elemental composition by scanning electron microscopy coupled with energy disper-

sive X-ray spectroscopy (SEM-EDX) as in Ault et al. (2013) and functional group characterization

using atomic force microscopy-Photothermal Infrared spectroscopy (AFM-PTIR) following Or

et al. (2018). SEM-EDX indicated rounded SSA particles were organic carbon throughout, while

core-shell particles had a cubic NaCl core and organic shell. Rounded particles had more di-

verse organic functional groups (fatty acids, complex sugars and in some cases traces of sulfates

and carbonates), and their composition was similar at both 9.89 and 19.10 m s-1. Core-shell par-

ticles were dominated by aliphatic compounds at 9.89 m s-1, with the addition of fatty acids and

complex sugars at 19.10 m s-1.

Viscoelastic response distance (VRD), which is related to the viscosity of the material (Lee

et al. 2020; Kaluarachchi et al. 2022a), as well as particle phase state (Lee et al. 2017; 2020) was

quantified for core-shell ice crystal residuals at 20% and 60% RH (Table C.1). As anticipated due

to the hygroscopicity of SSA, the fraction of semisolid shells increased between 20 and 60% RH

at all wind speeds. Below 18 m s-1, the shell region of core-shell particles was predominantly

solid at 20% RH, while at higher wind speeds, shells were more often semisolid even at low

RH. VRD measurements were only possible on semisolid shells, and were similar at both 20%

and 60% RH for a given wind speed, but were higher for wind speeds >18 m s-1. The increased

abundance of semisolid shells with higher VRD is consistent with lower viscosity and the pres-

ence of more oxygenated chemical species in the shell region of core shell particles at higher

wind speeds. Interestingly, an increase in VRD was also observed for heterogeneously aged INP

core-shell particles during the SeaSCAPE campaign (DeMott et al. 2023).
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Figure 4.5: Percentage of particles from each morphological category observed during CHAOS at four of
the measured wind speeds (∼10, 17, 19, and 22 m s-1). For each sample, the individual particles (N = 50
for each sample) characterized were in the volume-equivalent diameter range of 0.05 – 1.0 µm.
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4.4 SUMMARY

Initial results from the CHAOS campaign were presented here, which focused on the role

of wind speed in the production of SSA and INPs, using the new SOARS wind-wave channel

at the Scripps Institution of Oceanography. As expected from numerous field and laboratory

measurements, SSA concentrations increased with increasing wind speed (Figure 4.1). En-

hanced particle concentrations were observed relative to Southern Ocean MBL measurements

in a similar wind speed range (Moore et al. 2022) by factors of ∼3.3, ∼26, and ∼5 for particle

number, surface area, and volume, respectively. INP concentrations were broadly consistent

with previous measurements from the Southern Ocean (Moore et al. 2023; McCluskey et al.

2018c; Schmale et al. 2019) and North Atlantic (McCluskey et al. 2018a), although atmospheric

concentrations were biased high and normalized concentrations biased low relative to ambi-

ent results (Figure 4.2). This is likely related to the low sampling height during CHAOS (0.6 m),

which may capture more large particles than are typically sampled during ship-board or coastal

campaigns where aerosol inlets may be 20+ m above sea level and/or offset from the shore. As

a result, measurements from CHAOS likely represent interfacial values and may not be directly

comparable to MBL or cloud-base measurements.

INP concentrations also generally increased with wind speed, as was observed in the South-

ern Ocean MBL (Moore et al. 2023). However, normalized INP concentrations decreased with

increasing wind speeds during CHAOS, while the opposite relationship was observed in Moore

et al. (2023) for the Southern Ocean (Figure 4.2, Figure 4.3). In addition to the low sampling inlet

height and consequently lower particle losses, the fixed 1.3 amplitude wave height used dur-

ing CHAOS may help explain this discrepancy. Further measurements where wind speed and

wave amplitude are both varied to produce white cap fractions representative of open ocean

conditions (Monahan and Muircheartaigh 1980) are required to separate these mechanisms.

Additionally, the large spread and highly variable particle concentrations observed for both SSA

and INPs during CHAOS complicated analysis and should be addressed through detailed esti-

mates of particle losses within the SOARS channel and inlets, and more systematic sampling of
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wind speeds than was possible during CHAOS due to time constraints. Seawater INE concen-

trations during CHAOS were stable and consistent with previous measurements at the SIO pier

and in other regions (Beall et al. 2022; Gong et al. 2020; McCluskey et al. 2018c; Hartmann et al.

2021), indicating changes in atmospheric INPs were driven by wind speed and wave-breaking

mechanics rather than variations in seawater chemistry or biology (Figure C.3).

Heat-stable organic INPs were the dominant composition at wind speeds below 15 m s-1

(Figure 4.4), which corresponds to the DOC-type marine INP described in McCluskey et al.

(2018b). A number of field measurements have also identified similar small, heat-stable ma-

rine INPs (Wilson et al. 2015; Rosinski et al. 1987; Ladino et al. 2016; Alpert et al. 2022), although

a second category of larger and protinaceous (heat-labile) marine INPs has also been observed

in both field and laboratory measurements (McCluskey et al. 2018b; Irish et al. 2017; Knopf et al.

2011; Wang et al. 2015a). At high wind speeds, peroxide-treated filter samples almost uniformly

had higher INP concentrations than untreated samples (Figure 4.4d), which has not been pre-

viously seen for marine INPs. We hypothesize that spume droplet production at higher wind

speeds, coupled with the low height of the SOARS sampling inlet, may have allowed for the

sampling of larger, aggregate particles containing multiple INPs, which were broken up through

peroxide digestion. The composition of INPs emitted in such gels is unknown, since results

from CHAOS are consistent with dust or other inorganic contaminants that are unaffected by

peroxide digestion, or heat stable organics which are only released from the larger particle and

not broken down due to the 20-min digestions performed here. The very short atmospheric

lifetime of large (>10 µm) spume droplets may explain why this has not been seen in ambient

measurements or laboratory experiments without wind (Wang et al. 2015a; McCluskey et al.

2018b).

AFM 3D height images of collected ice crystal residuals were used to identify 6 dominant

particle morphologies, which were similar to residual classifications during SeaSCAPE (DeMott

et al. 2023). Rounded particles were the most abundant morphology at wind speeds <18 m s-1,

and core-shell particles dominated at higher wind speeds (Figure 4.5). The abundance of core-
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shell particles with semisolid shells increased with wind speed, while the viscosity of the shells

simultaneously decreased. This is consistent with an increasing contribution of oxygenated

chemical species in the shells, which was also noted as an outcome of heterogeneous aging

of INPs during SeaSCAPE (DeMott et al. 2023). It is possible the decreased viscosity and more

complex chemical composition at high wind speeds is related to the enhancement in INP con-

centration following peroxide digestions through increased water solubility of the shells, as was

observed during SeaSCAPE for aged SSA (Kaluarachchi et al. 2022a).

The CHAOS campaign represents a first attempt at using the new SOARS wind-wave chan-

nel to isolate individual factors impacting SSA and INP emissions from seawater. Additional

experiments with co-varying wind speed and wave amplitude are ongoing, although only SSA

concentrations are being measured. This is intended to generate realistic white cap fractions at

all wind speeds and increase comparability with ambient data. Both SSA and INP concentra-

tions measured by the CFDC increased with wind speed during CHAOS, as expected. IS mea-

surements of INP concentration demonstrated a less clear trend with wind speed, which may

be due to the use of separate inlets with different particle losses, although this still remains to

be verified. The very low sampling height during CHAOS (0.6 m) relative to ambient (several to

20+ m) may have led to decreased losses of large particles, and requires further study before the

comparability of such interfacial measurements to ambient marine boundary layer observa-

tions can be assessed. A mechanism involving spume droplet production of aggregate particles

was proposed to explain the unexpected results of peroxide digestions of IS filters collected at

high wind speeds, which requires further observations to evaluate.
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5. Sources and Composition of Southern Ocean Ice Nucleating

Particles during CAPRICORN-2 and SOCRATES

5.1 INTRODUCTION

Mixed phase clouds, which contain both liquid droplets and ice crystals, occur in the atmo-

sphere between 0◦C and ∼-38◦C. They are ubiquitous in polar regions, particularly at low and

mid-levels (e.g. Cesana et al. 2012; McFarquhar et al. 2021; Tan et al. 2016) and have a large in-

fluence on Earth’s energy budget (Bjordal et al. 2020; Tan et al. 2016; Cesana et al. 2022). Cloud

phase, particularly at high latitudes, has been identified as a key component in predicting fu-

ture equilibrium climate sensitivity (Bjordal et al. 2020) and for improving radiation biases in

global models (Cesana et al. 2022; Tan and Storelvmo 2019). The initiation of ice in mixed phase

clouds is dependent on aerosols known as ice nucleating particles (INPs), which can have an

outsize effect on cloud phase and related climate feedbacks due to their relative scarcity. The

size, composition, and surface characteristics of INPs controls the temperature at which they

freeze (Kanji et al. 2017; Hoose and Möhler 2012; DeMott et al. 2016). As a result, INPs from dif-

ferent sources vary in ice nucleating efficiency, contributing to regional or seasonal differences

in cloud phase, as well as model biases (Vergara-Temprado et al. 2018; Tan et al. 2016; Tan and

Storelvmo 2019).

The ice nucleating abilities of mineral and soil dusts have received considerable attention,

and in most areas are the dominant INP type due to their generally effective ice nucleating abil-

ity and large emission rates (see Kanji et al. 2017, and references therein). Marine INPs have

garnered increasing interest after their relatively recent identification as a distinct INP class

(see DeMott et al. 2016). The few measurements of INP concentrations in remote marine re-

gions have indicated significantly lower levels than over or near the continents (DeMott et al.

2016; McCluskey et al. 2018a; Tatzelt et al. 2022; Welti et al. 2020; Moore et al. 2023), as well

as much lower ice nucleating ability (by 2-3 orders of magnitude) for marine INPs compared
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to dust (Kanji et al. 2017; DeMott et al. 2016; McCluskey et al. 2018a). The Southern Ocean

(SO) is thought to be the largest area where marine INPs dominate the overall budget, due to

the remoteness from land surfaces and persistent strong westerlies that act to isolate the re-

gion from continental influences (Burrows et al. 2013; Vergara-Temprado et al. 2017; 2018; Mc-

Cluskey et al. 2019). Several studies have suggested marine INPs may also dominate in the

high Arctic seasonally or intermittently (Ickes et al. 2020; Huang et al. 2018; Creamean et al.

2019; Hartmann et al. 2020; 2021), although other measurements have indicated mineral dust

(Irish et al. 2019) or non-locally sourced biological INPs (Porter et al. 2022) were the dominant

INP type. Very recently, the potential role of high-latitude dust (HLD) sources (Tobo et al. 2019;

Sanchez-Marroquin et al. 2020) or thawing permafrost (Creamean et al. 2020; Barry et al. 2023a)

as a source of INPs to the Arctic atmosphere has begun to be explored. However, HLD has not

yet been evaluated as a possible missing INP source for the Southern Ocean.

Glaciogenic and other high-latitude dust sources can be regionally or globally significant,

but are often overlooked in both observations and compilations of global dust flux estimates,

and not accounted for in earth system models (Bullard et al. 2016; Meinander et al. 2022). A

combination of global models, trajectory analysis, and limited observations have been used to

develop dust budgets for the Southern Ocean and Antarctica (e.g. Neff and Bertler 2015; Li et al.

2008). The primary regions estimated to contribute to atmospheric dust concentrations are

South America, particularly Patagonia, and Australia, with New Zealand being identified more

recently as a potential source (Neff and Bertler 2015). Antarctic sources are often neglected in

such budgets, since they are typically smaller in scale and more sporadic, but the total magni-

tude is completely unconstrained (Bullard et al. 2016). In addition, the katabatic and föhn winds

likely responsible for lofting Antarctic dusts are not usually included in global models due to a

lack of parameterizations for these subgrid-scale processes (Bullard et al. 2016). Glacier retreat

is anticipated to increase the land area exposed to wind action, as is the switch from marine-

terminating to land-terminating glaciers, and as a result, high latitude dust sources are expected

to increase in the future (Bullard 2013).
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Several Antarctic regions, including the McMurdo dry valleys and nearby McMurdo Ice

Sheet, parts of the Antarctic peninsula, and several coastal locations have been identified as

dust sources (Kavan et al. 2018; Diaz et al. 2018; Meinander et al. 2022). Brechtel et al. (1998)

and Kreidenweis et al. (1998) reported air masses of Antarctic origin had different particle char-

acteristics, including mode sizes and number concentrations, than clean marine air masses

sampled at Macquarie Island in the Southern Ocean. Those measurements were limited to

submicron particles and did not explicitly measure dust, but still demonstrate that Antarctic

outflow may alter the typical SO aerosol population. Measurements of radon-222 have pro-

vided additional constraints relevant to aerosol transport in the region (Chambers et al. 2018;

Kreidenweis et al. 1998). Radon-222 has an almost exclusively terrestrial source and can be used

to infer the degree of continental influence on a measured air mass. Coastal Antarctic and re-

mote SO measurements from Chambers et al. (2018) indicated a mix of marine boundary layer

(MBL) synoptic transport from Australia and New Zealand, free tropospheric intrusion events in

the vicinity of the polar front, and local Antarctic sources. Simultaneous particle measurements

were also used to infer an influence of Antarctic katabatic outflow on SO aerosol properties ex-

tending 100-200 km from the coast. Some of the air contained in these events originates from

free-tropospheric subsidence over the Antarctic continent (Chambers et al. 2018), and provides

a potential mechanism for long range transported particles from continental regions to influ-

ence the Southern Ocean MBL. Bhattachan et al. (2015) suggested dust lofted from Taylor Valley

in the McMurdo Dry Valleys could be deposited over large swaths of the Southern Ocean on the

basis of forward trajectory modeling. An evaluation of simulated surface level dust concen-

trations against observations determined they are underpredicted at southern high-latitudes

(Huneeus et al. 2011). This was briefly discussed in McCluskey et al. (2019), who noted that

simulated dust INPs in the Southern Ocean may be underpredicted as a result.

Another potential mechanism for Antarctic influence on SO INPs is direct bioaerosol emis-

sions from the Antarctic continent, similar to the contribution of biogenic INPs from coastal

Russia to recent measurements made in the central Arctic (Porter et al. 2022). However, evi-
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dence of biological INPs in Antarctica are mixed. INP activity at warm temperatures (>-15◦C)

has been demonstrated for isolated cultures of Antarctic diatoms and bacteria (Parker et al.

1985), although a more recent survey of Antarctic sea-ice bacteria and one virus concluded

none were important for immersion freezing (Junge and Swanson 2008). Christner et al. (2008)

analyzed INP concentrations in Antarctic snow samples, and found all the INPs active warmer

than -9◦C were biological, based on their susceptibility to heating. The ice nucleation activity

(INA) of known IN-active Pseudomonas strains, including one isolated from Antarctic glacier

melt, was explored by Attard et al. (2012). The glacial melt strain had significantly higher INA

than mineral dust when normalized by particle surface area, and the INA at moderate super-

coolings (∼-10◦C) was robust against exposure to UV-A radiation, acidification, or joint NO2/O3

exposure, indicating it may retain INA during and after atmospheric transport. Recent mea-

surements of DNA diversity over the Southern Ocean found little contribution of Antarctic soil

bacteria, despite some sample back-trajectories passing over or near ice-free areas of Antarctica

(Uetake et al. 2020). However, the Antarctic soil samples used as a reference were from a single

location far from the sampling region, and further study is needed.

The potential of Antarctica to influence Southern Ocean MBL clouds through the emission

of INPs is explored in this study using data collected during the Southern Ocean Cloud Radia-

tion Aerosol Transport Experimental Study (SOCRATES) and the second Clouds, Aerosols, Pre-

cipitation, Radiation and atmospherIc Composition Over the southeRN ocean (CAPRICORN-2)

campaigns in 2018. A combination of ice nucleating particle and aerosol trace metal measure-

ments provide details on particle composition at varying latitudes between Australia and the

Antarctic marginal ice zone. The addition of air mass back trajectories and CALIPSO satellite

aerosol type classifications assist with interpretation of aerosol and INP sources during these

campaigns.
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5.2 METHODS

5.2.1 Southern Ocean and Antarctic Measurements

This study utilized atmospheric measurements collected during the 2018 Southern Ocean

Cloud Radiation Aerosol Transport Experimental Study (SOCRATES, hereafter SOC) aircraft

campaign and the second Clouds, Aerosols, Precipitation, Radiation and atmospherIc Compo-

sition Over the southeRN ocean (CAPRICORN-2, hereafter CAP-2) ship campaign. An overview

of the campaigns and data are given in McFarquhar et al. (2021), and detailed descriptions

of the aerosol size distribution and INP observations used here are presented in Moore et al.

(2022) and Moore et al. (2023), respectively. The NSF/NCAR G-V aircraft (UCAR/NCAR - Earth

Observing Laboratory 2005) used for SOC was based in Hobart, Tasmania, and made obser-

vations of clouds and aerosols from ∼150 m ASL to the free troposphere, and from Tasmania

down to 62◦S. Complementary measurements in the MBL were made on the RV Investigator

(voyage IN2018_V01), an Australian Government research platform operated by the Common-

wealth Science and Industrial Research Organisation (CSIRO), which transited from Hobart to

the Antarctic marginal ice zone (66.5 ◦S) during CAP-2. Antarctic soil samples from the edge of

Shackleton Glacier (Diaz et al. 2021; Dragone et al. 2022) were analyzed for INP activity (Sec-

tion 5.2.2,Section 5.2.2.1) to assess the possibility of Antarctic mineral or soil dusts influencing

Southern Ocean INP budgets.

5.2.2 Aerosol and INP Measurements

Aerosol size distribution and INP measurements were obtained on both the RV Investigator

(CAP-2) and G-V aircraft (SOC), and both data collection and results are described thoroughly

in Moore et al. (2022) and Moore et al. (2023). During SOC, aerosol measurements were made

using a wing-mounted ultra-high sensitivity aerosol spectrometer (UHSAS, Droplet Measure-

ment Technologies) and cloud droplet probe (CDP, Droplet Measurement Technologies; Lance

et al. 2010), as well as physical collection and sizing of impacted supermicron particles (0.7-16

µm dry diameter) using the Giant Nucleus Impactor (GNI; Jensen et al. 2020). Data from all
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three instruments were merged into aerosol number size distributions at ∼10 minute intervals,

to match the length of G-V level legs below and above cloud. Any points with cloud condensed

water >0.01 g m-3 were removed to avoid cloud contamination of aerosol distributions (Moore

et al. 2023). CAP-2 aerosol distributions were constructed by merging measurements from a TSI

Scanning Mobility Particle Sizer (TSI, SMPS 3080; 15-660 nm) and a TSI Aerodynamic Particle

Sizer (TSI, APS 3320; 500 nm - 20 µm) at 30-minute intervals. Size distributions were filtered

to remove ship exhaust, and corrected for particle losses in the aerosol sampling inlet based

on theoretical calculations (Moore et al. 2022). Aerosol distributions from both SOC and CAP-2

were integrated to calculate total particle number, and particle surface area and volume con-

centrations estimated assuming spherical particles. All aerosol distributions and concentra-

tions are reported dry.

Offline analysis of aerosol filter samples using the CSU Ice Spectrometer (IS; Hiranuma

et al. 2015; DeMott et al. 2018c) provided INP temperature spectra from -10 to -30◦C for both

campaigns (Moore et al. 2023). Aerosols were collected onto pre-cleaned 0.2 µm pore-size, 47

mm diameter track-etched polycarbonate membrane filters (Whatman Nucleopore filters, GE

Healthcare Life Sciences). During CAP-2, filters were mounted on deck beneath a rain hat at

∼23 m above sea level, in disposable, sterile, open-faced filter units (Nalgene sterile analytical

filter units, Thermo Fisher Scientific). The filter pump was powered by a sector sampler to limit

ship exhaust contamination; power was provided to the pump only when the wind speed rel-

ative to the ship was between 10 and 80 knots, the ship-relative wind direction was from the

forward 90◦, and total particle concentrations were stable and less than 2000 cm-3 (Moore et al.

2023). On the G-V, filters were loaded in pre-sterilized aluminum inline filter housings (Pall) and

sampled from a HIAPER modular inlet (HIMIL inlet; Stith et al. 2009) in clear air. Filters where

>5% of the collection was made in cloud (cloud condensed water >0.01 g m-3) were excluded

from analysis. After collection, filters from both CAP-2 and SOC were frozen, then transported

back to CSU using a liquid nitrogen dry shipper and stored frozen (-20 ◦C) until analysis. Par-

ticles collected onto filters were resuspended in 0.1 µm filtered DI water and then analyzed in
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the IS, as described in Moore et al. (2023). Blank filters were collected during both campaigns

and stored and processed identically to the samples. Sample filter INP concentrations were

corrected using the average background number of INPs from 6 (SOC) or 5 (CAP-2) blank filters

and are not reported if blank-corrected values fell below zero. Antarctic soil and aeolian dust

samples were re-suspended in 0.1 µm filtered DI water and analyzed identically to the aerosol

filter samples.

5.2.2.1 INP Chemical Composition

In addition to the "base" INP temperature spectra reported in Moore et al. (2023), chemical

pre-treatments of collected aerosol filters and Antarctic soil/dust samples prior to IS analysis

were used to infer INP composition and assess possible sources. Ice nucleating particles pro-

duced by bacteria and fungi are often proteins (Pummer et al. 2015), and heating the sample is a

simple way to denature these proteins and infer the contribution of biological INPs to a sample

(Hill et al. 2016; Suski et al. 2018). Aliquots of sample re-suspensions are immersed in boiling

water for 20 min before cooling to room temperature and analyzing with the IS using standard

procedures. The biological INP contribution is then given by the difference between the INP

temperature spectra pre- and post-heat treatment. Oxidation experiments are used to selec-

tively destroy organic materials, leaving behind refractory (typically mineral) INPs (Hill et al.

2016; McCluskey et al. 2018a). Sample aliquots are digested with 10% hydrogen peroxide while

immersed in boiling water for 20 min. UVB fluorescent bulbs (Exo Terra) are used to illuminate

the samples and generate hydroxyl radicals. Any residual hydrogen peroxide is removed after

cooling the sample to room temperature through the addition of catalase (MP Biomedicals, PN

100429), which prevents freezing point depression, and the sample is then analyzed on the IS as

normal (Hill et al. 2016). The difference between the pre- and post-oxidation INP spectra repre-

sents the contribution of organic INPs, and the temperature spectrum remaining after peroxide

digestion is inferred to be the mineral (or other inorganic) component.
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5.2.2.2 Aerosol Trace Metal Observations

Aerosol trace metal concentrations were measured from particles collected on bulk aerosol

filters during CAP-2, as described in Perron (2020) Chapter 4. Thirteen samples were collected

on acid washed Whatman 41 (W41) cellulose filters (Morton et al. 2013; Cutter et al. 2017),

punched to 47 mm to fit Savillex PFA filter holders compatible with the RV Investigator filtration

manifold. Particles were sampled from the same aerosol inlet used for the other particle mea-

surements during CAP-2 (Section 5.2.2) and described in Moore et al. (2022). Ambient air was

subsampled at ∼1 m3 h-1 through conductive Teflon tubing to reduce particle losses, and the fil-

tration manifold was placed in a HEPA-filtered laminar flow hood to minimize contamination.

A similar sector sampler to the one used for INP filter collection was utilized to minimize ship

exhaust contamination; the filter pump was activated for wind speeds between 8 and 80 km h-1

and ship-relative wind directions of 270-90◦. Due to low particle concentrations, each filter was

collected to reach a minimum of 45 m3 of air (21-98 hr), rather than the 20 m3 used for previous

Australian coastal measurements (Perron et al. 2020a). Collected filters were folded in half and

stored frozen in double sealed plastic bags prior to analysis. Procedural blank filters were loaded

into the sampling manifold for 2 min with the pumps off and used to correct sample filters for

background due to handling. Aerosol filters were thawed at room temperature and then a three-

step leaching protocol was employed to determine the soluble (SX) and labile (LX) fractions, as

well as total concentration (TX) of each analyzed trace metal (Perron et al. 2020a;b). The soluble

and labile fractions are suggested to represent lower and upper bounds on the bioavailability

of each measured species, which has implications for both oceanic primary productivity and

the sources of the aerosols (Perron et al. 2020a;b). Trace metal concentrations were measured

using Sector Field Inductively Coupled Plasma-Mass Spectrometry (SF-ICP-MS, Thermo Fisher

Scientific ELEMENT 2) within 3 days of sample preparation (Bowie et al. 2010). Enrichment

factors (EF) for each element were calculated as the mass ratio of a trace metal to aluminum in

the aerosol sample (aer), relative to the same ratio in the upper continental crust (UCC), using

UCC abundances from McLennan (2001):
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EFX =
(X /Al )aer

(X /Al )UCC
(5.1)

where EFX is the enrichment factor of a trace metal X and Al is the aluminum concentration. EFs

can help differentiate particles from different sources (Shelley et al. 2015), with EF>10 indicative

of non-mineral sources (Shelley et al. 2017).

5.2.3 CALIOP Lidar Aerosol Sub-type Identification

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument is an active li-

dar installed on the joint NASA/CNES (Centre National d’Etudes Spatiales) Cloud-Aerosol Lidar

and Infrared Pathfinder Satellite Observation (CALIPSO) satellite (NASA 22). CALIOP produces

lidar measurements at 2 wavelengths, 532 and 1064 nm, and the 532 nm signal is further sepa-

rated into orthogonally polarized components. For this study, the aerosol subtype classification

as part of the Level 2 Vertical Feature Mask (VFM) product (Version 4-20) was utilized, which

defines six aerosol types: clean continental, clean marine, dust, polluted continental, polluted

dust, and smoke (Omar et al. 2009). The CALIOP VFM product has variable resolution at differ-

ent altitudes. Only VMF features at altitudes <8.2 km were considered here, which has 1/3 km

horizontal and 30 m vertical resolution. Each "box" was considered a single sample for statis-

tical purposes, and samples with unidentified aerosol subtypes were ignored. No data affected

by low laser energy were included in the analysis, and both day and night data were used to

increase sampling statistics (NASA 22). CALIOP VFM data were used to identify the presence of

dust, sea spray, and other aerosol types over the Southern Ocean during CAP-2 and SOC. Avail-

able VFM data were subset to overlap with the time period and location of the campaigns, and

included retrievals between -70 to -30 ◦S, 110 to 180 ◦S, and January 1 - February 20, 2018. Data

were separated into two altitude ranges: 0-2 km and 2-8.2 km, to approximate the MBL and free

troposphere, respectively. Given the narrow swath width (5 km) of CALIOP, overpasses of the RV

Investigator were considered to have occurred if CALIOP identified dust below 2 km, and the
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swath passed within 100 km of the ship. Nine overpasses were identified which fit this criteria,

which are listed in Table D.1.

5.2.4 Back Trajectory Calculations

Potential particle sources for INP and trace metal filters collected during CAP-2 were inves-

tigated using back trajectories calculated with the Hybrid Single-Particle Lagrangian Integrated

Trajectory (HYSPLIT) model (Rolph et al. 2017; Stein et al. 2015). GDAS reanalysis at 0.5◦ reso-

lution was used as the meteorological input, as in Sanchez et al. (2021b). Backwards trajectory

ensembles (10 days) were released at five of the overpass locations identified in Table D.1 (Sam-

ple numbers 1, 2, 4, 5, 9), where CALIOP identified dust below 2 km in the proximity of the RV

Investigator. The back trajectories and frequency of trajectories passing through a given 0.5 x

0.5 ◦ model grid box are shown in Figure D.5 for each overpass. Neff and Bertler (2015) found

10 day forward trajectories were sufficient for particles from potential dust source regions in

Patagonia, Australia, Southern Africa, and New Zealand to reach the Southern Ocean.

5.3 RESULTS AND DISCUSSION

5.3.1 INP composition and aerosol iron solubility

INP concentrations at -26.5 ◦C measured from aerosol filters during CAP-2, as well as the

inorganic INP contribution to the total, are shown in Figure 5.1a overlaid on the path of the

RV Investigator. This temperature was selected to maximize both the number of available mea-

surements and the possible contribution of mineral dust, which is an increasingly important ice

nucleator at lower temperatures (Kanji et al. 2017). Both total concentration and the inorganic

fraction are seen to vary with latitude, with northern samples displaying the highest concen-

trations and generally low inorganic fractions. Filters from the central Southern Ocean have

the lowest concentrations but a large inorganic contribution to the INP budget, and filters from

near Antarctica have moderate INP concentrations and moderate-high inorganic fractions. En-

hancements in INP concentrations near Antarctica were unexpected, as marine (organic) INPs
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are thought to dominate the INP budget in this region due to its isolation from continental air-

masses (Burrows et al. 2013; Vergara-Temprado et al. 2017; 2018; McCluskey et al. 2019).

A similar pattern was observed by Perron (2020) for aerosol iron (Fe) concentrations, with

high values observed near both Australia and Antarctica, and low concentrations between 50

and 60 ◦S (Figure 5.1b). This was coupled with increased iron solubility in the middle lat-

itudes, which together were used to infer that different aerosol sources dominated in these

broad latitude bands (Perron 2020). The solubility of trace element micro-nutrients, includ-

ing iron, determines the bioavailability of the material and is a key factor influencing marine

phytoplankton growth (e.g. Boyd et al. 2000), and may also indicate its source or path through

the atmosphere. Atmospheric transport increases iron solubility through a variety of mecha-

nisms, including gravitational settling, photoreduction, and reactions with acidic species (Shi

et al. 2012). Low iron concentrations coupled with increased solubility between 50 and 60 ◦S

is indicative of long-range atmospheric transport leading to solubilization of Fe and/or more-

soluble Fe sourced from anthropogenic combustion (Liu et al. 2022), and is consistent with the

prevailing westerlies and lack of land in the central SO. Enhanced concentrations and reduced

Fe solubility south of 60 ◦S presents more of a puzzle, since it suggests a closer source of dust

than the known SO source regions of South America, Australia, and New Zealand (Neff and

Bertler 2015; Li et al. 2008; Bullard et al. 2016). We suggest Antarctica may be an intermittent

source of dust aerosol to the Southern Ocean MBL, and one that may increase in the future

under a warming climate (Bullard 2013; Meinander et al. 2022).

Trace metal enrichment factors (EF; Section 5.2.2.2) using aluminum as the reference crustal

material can provide additional information about particle source, with EF<10 indicative of

mineral sources (Shelley et al. 2015; 2017). Iron EFs were predominantly less than this threshold

(Figure 5.1c) during CAP-2, indicating primarily mineral and soil dust sources, including sam-

ples at high latitudes. Three samples between 49 and 63 ◦S had EF∼20, suggesting the iron in

the central latitude band was likely from a mixture of dust and anthropogenic particles that had

undergone long-range transport (Perron 2020). An abnormally elevated iron EF∼120 north of
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Figure 5.1: INP concentrations at -26.5 ◦C (a) and aerosol iron concentrations (b-c) overlaid on the track
of the RV Investigator during CAP-2. Symbols are positioned at the midpoint latitude and longitude of
each filter collection. Symbol size reflects total concentration, and color indicates the fractional contri-
bution of inorganic INPs (a), the labile iron fraction (b), or the iron enrichment factor (c).

50 ◦S probably reflects anthropogenic emissions from Australia, while the iron EF∼120 in con-

junction with elevated EFs for manganese (Mn) and cobalt (Co) seen at 62.5 ◦S may be a result

of either aerosolization of Fe-rich particles from ice or soil in Antarctica, or perhaps a contri-

bution from anthropogenic emissions from an Antarctic base or vessel. Co-enrichment in Mn

and Fe have been reported for sea ice (Lannuzel et al. 2016), snow (Raiswell et al. 2018), and

in glacial meltwater (Kim et al. 2015) relative to seawater, but the potential for aerosolization is

unknown.

INP concentrations at all measured temperatures (Figure 5.2a) demonstrate the same pat-

tern observed at -26.5 ◦C (Figure 5.1a), with the highest concentrations north of 52 ◦S and

smaller concentrations in the middle and southern latitude bands. Inorganic INP contribu-

tions are uniformly high at temperatures below -23 ◦C between 52 and 60 ◦S, consistent with

the long-range mineral dust source suggested by the iron solubility and EF (Figure 5.1b-c). At

warmer temperatures, the peroxide-treated IS spectra (Section 5.2.2.1) were below the instru-

ment detection limit, and as a result the inorganic contribution could not be inferred. The

contribution of biological INPs is highest across all temperatures for samples collected north

of 52 ◦S (Figure 5.2c). Inorganic and biological INP contributions are highly variable south of
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Figure 5.2: Box plots of (a) INP concentration, (b) INP inorganic fraction, and (c) INP biological fraction
in the northern (<-52 ◦S), middle (-60 to -52 ◦S) and southern (>-60◦S) latitude bands. Both concentration
and fractional composition are separated into ∼3 ◦C temperature bins, indicated by color. Box plots of
(d) aerosol iron and (e) labile iron fraction are shown on the right, separated into the same latitude bands.
Box color indicates samples with EF<10 (yellow) and EF≥10 (red).
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60 ◦S, which does not rule out bioaerosol or dust contributions from Antarctica. The inverse

relationship between fractional iron solubility and concentration (Figure 5.2d-e) observed for

the northern and southern latitude bands has been previously observed and attributed to dry

deposition, due to increased solubility of smaller particles with a larger surface area to volume

ratio (Chen and Siefert 2004; Baker and Jickells 2006). The enhanced solubility of aerosol iron

in the 52-60 ◦S latitude band is striking in Figure 5.2e, and further corroborates the hypothesis

that Fe sources are different for all three latitude bands.

5.3.2 Identification of dust with CALIOP

Aerosol type classifications from the CALIOP vertical feature mask (Section 5.2.3) are shown

in Figure D.1, separated into 0-2 km and 2-8.2 km altitude ranges. The relative contributions

of sea salt and dust in both height categories are remarkably consistent with measurements of

aerosol composition for particles >0.5 µm during SOCRATES (Twohy et al. 2021), given that the

CALIOP results were averaged over a much larger domain and time span. Figure 2b of Twohy

et al. (2021) is reproduced in Figure D.2 for a direct comparison between the two datasets.

Below cloud sea spray and dust fractions were ∼85% and ∼2% respectively, during SOC, with

CALIOP estimations of 68% and 4% for the 0-2 and 2-8.2 km bins. Above cloud (Twohy et al.

2021) observed ∼2% sea spray and ∼50% dust; CALIOP values are 3% and 41%, respectively.

This provides support that 2 km is an appropriate threshold for dividing the MBL and free tro-

posphere during CAP-2. However, it should be noted that the categories used for aerosol type

classification varied between Twohy et al. (2021) and the CALIOP VFM product, so exact com-

parisons would require re-defining the SOC categories to more closely align with CALIOP. The

CALIOP dust and clean marine aerosol types are visualized in Figure D.3 as a function of both

latitude and altitude. Sea spray fractional contribution maximizes at ∼52 ◦S in the MBL, which

is expected based on wind-driven production (e.g. Lewis and Schwartz 2004; O’Dowd and de

Leeuw 2007; de Leeuw et al. 2011), and is uniformly low above 2 km. Dust fraction above 2 km

steadily increases from ∼0.1 at 40 ◦S to almost 50% at 67 ◦S. This seems likely to indicate free-
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tropospheric subsidence at high southern latitudes as observed by Chambers et al. (2018) using

Radon-222, and may indicate dust at high altitudes is representative of long-range transport.

Dust at low altitudes has a bimodal distribution, which peaks north of 40 ◦S and south of 60 ◦S,

although only reaching∼15% of the total aerosol burden in both cases. This result unfortunately

cannot be used to distinguish between long-range transport followed by subsidence versus lo-

cal Antarctic emissions. This is broadly consistent with modeling studies which have predicted

marine INPs dominate at low altitudes over the SO, and an increasing influence of mineral dust

INPs above cloud (Burrows et al. 2013; McCluskey et al. 2019; 2023; Vergara-Temprado et al.

2017). This was supported by vertically resolved measurements collected during SOC (Moore

et al. 2023), although it was noted that even small amounts of mineral dust, such as were ob-

served by CALIOP, can have an outsized impact on cloud properties due to the much higher ice

nucleation efficiency of mineral dust compared to marine INPs (Kanji et al. 2017; McCluskey

et al. 2018a; Moore et al. 2023).

5.3.3 INP sources

The concentration and frequency of atmospheric dust transport at all latitudes, including in

cold climates, is tied to wind. Aeolian sediment transport depends on wind velocity and turbu-

lence, as well as surface characteristics such as roughness and moisture content (Bullard 2013).

The wind speed threshold needed to loft dust in northern glaciated regions has been estimated

at 5-10 m s-1 (Bullard et al. 2016), which typical coastal Antarctic wind speeds reach and exceed

(Parish and Bromwich 2007). In addition to the frontal and pressure gradient winds that drive

subtropical dust emissions, density and thermal gradient-generated katabatic and föhn winds

are important for high latitude dust emission. Such winds typically dissipate within 10-20 km

of the ice margin, but are likely the most significant causes of dust lofting in Antarctica (Bullard

2013; Bullard et al. 2016). The threshold wind velocity required for sediment entrainment in

Victoria Valley (McMurdo Dry Valleys) was estimated at 5.3 m-1 (Speirs et al. 2008), which is

lower than in warm desert regions. This is consistent with temperature-dependent changes
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in air density that also increase sediment transport rates in cold environments (Wolfe 2022;

Mckenna Neuman 2003). Intense and frequent katabatic winds have been observed at sites

near the sampling region of CAP-2, including Port Martin along the Antarctic coast and Terra

Nova bay (Bromwich 1989; Parish and Bromwich 2007). Although stronger and more persistent

in winter, mean Austral summer wind speeds exceed 10 m-1 in many coastal areas (Parish and

Bromwich 2007), suggesting wind conditions above the dust entrainment threshold occur year-

round. Simulated wind field projections indicate small and largely insignificant decreases in

wind speed over Antarctica through 2100 (Bintanja et al. 2014), so conditions conducive to dust

lofting are likely to only increase in frequency through expansion of ice-free areas as the surface

temperature warms.

Measurements of potential Antarctic sources of biological INPs have largely been limited to

bacteria and phytoplankton cultures from seawater (Parker et al. 1985), sea-ice or glacial melt

(Junge and Swanson 2008; Attard et al. 2012), or analysis of snow samples (Christner et al. 2008).

Mixed results were found, with some species identified as IN-active. Uetake et al. (2020) found

little contribution of Antarctic soil to DNA diversity over the Southern Ocean during CAP-2,

although only one soil sample was used as a reference, and from a location far from the sam-

pling region. A few soil samples from the ice-free edges of Shackleton glacier (Diaz et al. 2021;

Dragone et al. 2022) were analyzed for INP activity in this study, and the results are shown in

Figure 5.3. Both microbial diversity and soil geochemistry were found to vary strongly with el-

evation in these soil samples, and two samples were selected for INP analysis from each of the

three geochemical zones (lower, middle, upper) identified in Diaz et al. (2021) to span the an-

ticipated range of INP concentrations. INP concentrations decreased with height, along with

organic carbon (Diaz et al. 2021) and microbial diversity (Dragone et al. 2022). Samples at the

lowest elevations were surprisingly active, with onset temperatures (∼-5 ◦C), concentrations,

and spectral shapes similar to the ice-active fungus Mortierella alpina (Fröhlich-Nowoisky et al.

2015) and Arctic permafrost (Barry et al. 2023b). Soils from the middle and upper elevations had

more log-linear INP temperature spectra, but still reached concentrations of 107-109 g-1 soil at
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-30 ◦C, comparable to the range observed in Alaskan permafrost samples by Barry et al. (2023b).

Concentrations at -20 ◦C ranged from 104 g-1 for high elevation to 109 g-1 for low elevation sam-

ples. Shackleton Glacier low elevation soils have comparable concentrations to soil samples

from natural and agricultural grasslands and forests in central North America (107-109 g-1) at

-20 ◦C (Hill et al. 2016). At -10 ◦C, the low elevation samples (107-108 g-1) are more active than

those measured by O’Sullivan et al. (2014) from arable agricultural fields in the UK (106 g-1),

although the middle and high elevation Shackleton Glacier soils are much less active (<104 g-1).

Figure 5.3: INP temperature spectra of six representative soil samples from the lower, middle, and upper
regions of Shackleton Glacier (Diaz et al. 2021; Dragone et al. 2022) are shown in (a). The lower elevation
samples from Shackleton Glacier are displayed again in (b), along with previously reported spectra from
IN-active soil fungus M. alpina (Fröhlich-Nowoisky et al. 2015) and recently collected Arctic permafrost
cores (Barry et al. 2023b) for reference.

While aerosolization of soil from Shackleton Glacier has not been directly observed, these

results suggest the potential for highly active, warm temperature INPs to be emitted from

Antarctica, with a likely larger role as the climate warms and further ice-free areas are exposed

(Bullard et al. 2016; Meinander et al. 2022). INP concentrations at such temperatures were well

below the detection limit for the aerosol samples from CAP-2, so more targeted INP sampling
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using a high-volume sampler, ideally coupled with DNA source tracking (i.e. Uetake et al. 2020),

would be required to confirm this hypothesis. Significant numbers of INPs active at colder tem-

peratures (<-23 ◦C) indicate these soils could also be responsible for the inorganic INP contri-

bution seen in the CAP-2 filters at high latitudes (Figure 5.2b).

Back trajectories corresponding to CALIOP identifications of dust in the lower atmosphere

(0-2 km) near the RV Investigator are shown in Figure D.5 for five of the overpass locations listed

in Table D.1 and shown relative to the INP samples in Figure D.4. The two overpasses identified

in the northern latitude band (<52 ◦S; Figure D.5a-b, j-k) are indicative of long-range trans-

port, with potential sources including Southern Africa and Patagonia, and some influence from

coastal Antarctic air masses for overpass 9. The remaining 3 locations were all south of 60 ◦S,

and were predominantly influenced by Antarctica, including both the high elevation interior

and coastal areas. Trajectory ensembles for overpasses 2 (Figure D.5c-d), 4 (Figure D.5e-f), and

5 (Figure D.5g-h) remained at low elevations for the vast majority of the 10-day back trajecto-

ries, and could therefore be consistent with both subsidence of long-range transported particles

or local Antarctic emissions. Perron (2020) found similar results for HYSPLIT back trajectories

initialized from the midpoint sampling locations of the trace metal filters. Trajectories north of

50 ◦S were largely influenced by Australian outflow, samples between 50 and 60 ◦S were domi-

nated by long-range transport, and the southernmost trajectories mainly received Antarctic air

masses.

5.4 SUMMARY

Ice nucleating particle concentrations in the remote Southern Ocean marine boundary

layer, particularly at high southern latitudes, were anticipated to be dominated by local ma-

rine emissions of organic INPs on the basis of modeling studies (Burrows et al. 2013; Vergara-

Temprado et al. 2017; 2018; McCluskey et al. 2019) and observed low INP concentrations (Mc-

Cluskey et al. 2018c; Schmale et al. 2019; Tatzelt et al. 2022; Moore et al. 2023). While INP

concentrations were consistent with previous Southern Ocean and North Atlantic observations
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(McCluskey et al. 2018a;c) during CAP-2 (Moore et al. 2023), unexpectedly high concentrations

near the Antarctic continent prompted analysis of the potential emission of INPs from Antarc-

tica.

Aerosol trace metal measurements and back trajectories suggest particle sources in the

Southern Ocean can be divided into three roughly 10 ◦ latitude bands during the CAP-2 voyage.

Aerosol samples collected north of ∼50 ◦S have relatively higher INP and iron concentrations,

low-moderate iron solubilities, and were influenced by a mixture of Australian and long-range

transported air masses. Samples between ∼50 and 60 ◦S are characterized by the lowest INP

and Fe concentrations, but large INP inorganic contributions and high iron solubilities, consis-

tent with long range transport and atmospheric processing of particles, or sources with higher

Fe solubility (Liu et al. 2022). Filters collected south of ∼60 ◦S have similar Fe concentrations

to the northernmost samples but lower Fe solubility, coupled with moderate INP concentra-

tions and a mix of biological and inorganic INPs. HYSPLIT back trajectories indicate significant

Antarctic influence, but cannot distinguish between subsidence of long-range transported par-

ticles and local Antarctic emissions. CALIOP was able to identify dust in the lower atmosphere

(0-2 km) in the vicinity of the RV Investigator, including south of ∼60 ◦S. Surprisingly, the rel-

ative contribution of dust below 2 km approaches 15% near Antarctica, but similarly cannot

definitively identify the source.

Dust emissions have been observed in several regions of Antarctica, including the Antarc-

tic peninsula, McMurdo dry valleys, McMurdo ice sheet, and several coastal locations (Kavan

et al. 2018; Diaz et al. 2018; Meinander et al. 2022), but the seasonality and mass is completely

unconstrained. Modeled forward trajectories suggest dust from Taylor valley in the McMurdo

dry valleys could reach large areas of the Southern Ocean (Bhattachan et al. 2015), although

measurements of sediment on sea ice in McMurdo Sound (Chewings et al. 2014; Atkins and

Dunbar 2009) show little influence from the dry valleys. Dust from ice cores at the high eleva-

tions is dominated by long range transport from Australia, South America, southern Africa, and

New Zealand (e.g. Bullard et al. 2016). However, measurements in coastal areas have shown
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accumulation rates over 100 times higher than those recorded at high elevation or in global

dust models (Chewings et al. 2014; Winton et al. 2014). Gao et al. (2013) inferred local Antarctic

dust sources in coastal East Antarctica on the basis of higher iron concentrations than over the

nearby Southern Ocean and the presence of coarse mode Fe only along the coast. At the Talos

Dome ice core site in the Ross Sea sector of East Antarctica, Delmonte et al. (2013) found local

Victoria Land high-elevation sources contributed to the measured dust deposition.

Taken all together, the high INP and iron concentrations and low Fe solubilities observed

in the Southern Ocean south of 60 ◦S, identifications of dust in the MBL near Antarctica from

CALIOP, and back trajectories indicating significant Antarctic influence, we suggest Antarctic

coastal or potentially even higher elevation sites (Shackleton Glacier, Victoria Land) are acting

as a source of INPs to the Southern Ocean. This is supported by the studies mentioned above,

which have observed dust emissions from a variety of Antarctic regions (Kavan et al. 2018; Diaz

et al. 2018; Meinander et al. 2022; Gao et al. 2013; Delmonte et al. 2013). Highly active INPs with

warm onset temperatures (∼-5 ◦C) were found in low-elevation soils from the ice-free edges

of Shackleton Glacier (Diaz et al. 2021; Dragone et al. 2022) and indicate biological INPs could

potentially also be emitted from Antarctica. Both biological and dust INPs have the potential

to significantly alter Southern Ocean cloud microphysical and radiative properties (Frey and

Kay 2017; Kay et al. 2016a; Mace et al. 2020; McFarquhar et al. 2021; Tan et al. 2016; Vergara-

Temprado et al. 2018). Such high-latitude INP sources have been observed in Iceland (Sanchez-

Marroquin et al. 2020) and Svalbard (Tobo et al. 2019), and are likely to increase in importance

as the climate warms (Bullard et al. 2016; Meinander et al. 2022).

122



6. Conclusions and Future Directions

6.1 RESEARCH SUMMARY

The results presented in this dissertation summarized recent field and mesocosm mea-

surements of sea spray aerosols and ice nucleating particles, and assessed both generation

and the atmospheric consequences of such emissions. Low clouds in remote marine environ-

ments such as the Southern Ocean are highly sensitive to particle number, size, and compo-

sition due to their generally low droplet concentrations. When combined with the ubiquity of

cloud cover over the SO (Mace et al. 2020) and high proportion of supercooled liquid water

(McFarquhar et al. 2021), the potential for INPs to influence cloud phase and the resulting ra-

diative properties has enormous implications for global climate. The need to better understand

cloud-aerosol-precipitation-radiation interactions in the Southern Ocean region motivated two

large, international field campaigns in austral summer 2018: the Southern Ocean Cloud Radi-

ation Aerosol Transport Experimental Study (SOCRATES) aircraft campaign, and the second

Clouds, Aerosols, Precipitation, Radiation and atmospherIc Composition Over the southeRN

ocean (CAPRICORN-2) ship campaign (McFarquhar et al. 2021). Results from these ambient

observations were supplemented by measurements from a mesocosm experiment at the new

Scripps Ocean-Atmosphere Research Simulator (SOARS) wind-wave channel at the Scripps In-

stitution of Oceanography (CHAOS; CHaracterizing Atmosphere-Ocean parameters in SOARS)

to assess the role of wind speed in marine INP production, which had not previously been char-

acterized through controlled experiments.

Chapter 2 (Moore et al. 2022) focused on measurements of sea spray aerosols and the rela-

tionship between their physical and optical properties. In particular, two existing parameteri-

zations used to estimate marine aerosol surface area from lidar (Mamouri and Ansmann 2016)

and nephelometer (DeMott et al. 2016) measurements were evaluated against in situ observa-

tions of aerosol surface area from size distributions collected during SOC and CAP-2. Aerosol
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surface area is a key quantity for model evaluation of aerosol fields, as well as influencing light

scattering, hygroscopic growth, and reactivity (Lewis and Schwartz 2004; O’Dowd and de Leeuw

2007). In addition, INP model parameterizations often rely on normalizing INP concentrations

with a more commonly measured quantity, such as particle number or surface area concen-

trations (DeMott et al. 2010; 2015; Hoose and Möhler 2012; Kanji et al. 2017; McCluskey et al.

2018a; Niemand et al. 2012; Ullrich et al. 2017). The DeMott et al. (2016) method uses scatter-

ing coefficients from a three-channel nephelometer to assign an effective scattering efficiency

(Q) for each measured size distribution. This was found to underestimate aerosol surface area

during SOC and CAP-2 by a factor of 2 or more if å>1. A new relationship was instead proposed

between Q and å, which explains 80% of the variance between Q and å for -0.2<å<2 based on

CAP-2 and SOC measurements. å=0.8 was also found to separate size distributions dominated

by PMA (å<0.8) from those dominated by secondary biogenic marine aerosol (å>0.8) on the ba-

sis of HYSPLIT back trajectories. Over the Southern Ocean, Mamouri and Ansmann (2016)’s

method of estimating aerosol number and surface area from lidar backscatter overestimates

surface area by a factor of ∼3-5, and N500 by a factor ∼1.5-3 using their 355 nm marine aerosol

conversion parameters. This may be a result of the need to filter the AERONET Barbados ob-

servations used to generate the MA parameters to remove biomass burning and dust, which

are more common in the Caribbean than over the SO (Corona-Núñez et al. 2020; Prospero et al.

2014). New conversion factors between extinction and aerosol surface area or N500 were derived

using Microtops AOT measurements from CAP-2, reducing overestimates by factors of 4.9 and

2.8 for surface area and N500, respectively, relative to the MA 355 nm marine aerosol parameters.

Chapter 3 (Moore et al. 2023) presented INP measurements from the concurrent SOCRATES

and CAPRICORN-2 campaigns, along with comparisons to CAM6 model simulations. Notably,

SOC and CAP-2 represent the first vertical distribution measurements of INPs in the Southern

Ocean, including the first in situ observations in and above cloud in the region. Excellent agree-

ment was seen between measurements made on the G-V during the few overpasses of the RV

Investigator when the aircraft was within the marine boundary layer. SOC and CAP-2 results
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also confirmed findings from the recent ACE (Schmale et al. 2019; Tatzelt et al. 2022; Welti et al.

2020) and CAPRICORN-1 (McCluskey et al. 2018c) campaigns that SO INP concentrations in the

MBL are uniformly lower than those of Bigg (1973). MBL and above cloud INP concentrations

from the same SOC flight support the hypothesis suggested by several modeling studies (Bur-

rows et al. 2013; McCluskey et al. 2019; 2023; Vergara-Temprado et al. 2017) that marine INPs

dominate at low altitudes, and mineral dust becomes increasingly important with height. Size

measurements of collected ice crystal residuals from the CFDC and indirect inferences based

on aerosol concentrator enhancement factors suggest MBL INPs are predominantly <500 nm.

This was unexpected based on strong relationships with large aerosols observed for other INP

types (DeMott et al. 2015; Tobo et al. 2013), but consistent with weak or modest relationships

observed between INP concentrations and aerosol number, mass, or surface area during both

CAP-2 and ACE (Moore et al. 2023; Tatzelt et al. 2022). Another unforeseen finding was that

MBL INP concentrations exhibit a positive relationship with wind speed, even following nor-

malization by aerosol number, surface area, or volume. This suggests another reason surface

area-based Ns parameterizations such as McCluskey et al. (2018a) capture mean behavior but

not variability in INP temperature spectra is that the active site density is not constant for ma-

rine INPs, or at least not after emission to the atmosphere.

Chapter 4 summarizes initial results from the CHAOS campaign, conducted in the new

SOARS wind-wave channel at SIO in La Jolla, CA. The aim was to isolate individual factors such

as seawater temperature and wind speed that may influence INP emissions and carefully vary

them in a controlled laboratory setting. Due to several technical issues, only wind speed vari-

ations were accomplished during the CHAOS campaign, but additional measurements of SSA

flux variability are ongoing. INP concentrations were broadly consistent with Southern Ocean

(Moore et al. 2023; McCluskey et al. 2018c; Schmale et al. 2019) and North Atlantic (McCluskey

et al. 2018a) observations, although biased high, and also increased with wind speed, as during

CAP-2 (Moore et al. 2023). SSA number, surface area, and volume concentrations were several

to a few tens of times larger than was observed for similar wind speeds in the Southern Ocean
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MBL (Moore et al. 2022). Normalized INP concentrations were biased low, and also decreased

with wind speed (only slightly for CFDC measurements), unlike CAP-2 observations (Moore

et al. 2023). Prior to CAP-2, all normalized INP concentrations were anticipated to have no

relationship with wind speed, since wind is the primary driver of variability in SSA emissions

(Lewis and Schwartz 2004; O’Dowd and de Leeuw 2007; de Leeuw et al. 2011). The discrepancy

between CAP-2 and CHAOS may be related to one or a combination of reasons briefly discussed

below. First, the low sampling height in SOARS (0.6 m) compared to typical ambient measure-

ments, where inlets may be 20+ m above the ocean surface, likely resulted in decreased particle

losses at large sizes. Wave height during CHAOS was fixed at an amplitude of 1.3, meaning

only one wind speed (19.10 m s-1) yielded white cap fractions comparable to open ocean con-

ditions (Monahan and Muircheartaigh 1980), with unknown consequences for SSA production.

Finally, CAP-2 results may be a reflection of atmospheric processing of particles, where CHAOS

measurements were performed on freshly emitted SSA. Regardless of the mechanism(s), mea-

surements from CHAOS likely represent interfacial values and may not be directly comparable

to MBL or cloud-base measurements as a result. Unexpectedly, peroxide-treated filter samples

collected at wind speeds >19.10 m s-1 almost uniformly had significantly higher INP concentra-

tions than untreated samples, especially at warm temperatures, which has not previously been

observed. Spume droplet production, which produces particles >10 µm above a wind speed

threshold of ∼9 m s-1 (Monahan et al. 1986; Sofiev et al. 2011) is suggested to be the most likely

explanation. Lower losses of large particles in SOARS may have allowed aggregate particles

with multiple INPs to be sampled, which were then broken apart during peroxide digestion of

the samples. Atomic force microscopy measurements of ice crystal residual viscosity suggests

viscosity decreases at higher wind speeds. This may be compatible with the peroxide-treatment

results, if decreasing viscosity leads to increased water solubility of the shells, as was observed

during SeaSCAPE for aged SSA (Kaluarachchi et al. 2022a).

Chapter 5 expands on the INP measurements presented in Chapter 3, using INP compo-

sition, aerosol iron concentrations, back trajectories, and satellite aerosol measurements to
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discuss possible sources of INPs to the SO MBL, and some implications for changes under a

warming climate. As discussed in Moore et al. (2023), the range of INP concentrations observed

during CAP-2 and SOC was consistent with previous measurements (McCluskey et al. 2018a;c;

Schmale et al. 2019). However, the observation that INP concentrations increase south of 60 ◦S

relative to those made between 40 and 50 ◦S precipitated the hypothesis that Antarctica may

serve as a source of INP emissions. A combination of back trajectories and aerosol trace metal

measurements were used to divide the Southern Ocean into northern (<-52 ◦S), central (-60 to -

52 ◦S) and southern (>-60◦S) latitude bands. Aerosols in the northern band were influenced by a

mixture of Australian air masses and long-range transport, and were characterized by high INP

and aerosol iron concentrations and moderate iron solubilities. The central band exhibited INP

and iron properties consistent with predominantly long range transport and atmospheric pro-

cessing. In addition to high INP concentrations, filters collected in the southern band had high

iron concentrations but low Fe solubility, and back trajectories were dominated by Antarctic air

masses. CALIOP aerosol type classification identified dust at low levels (<2 km) near Antarctica

during the CAP-2 and SOC campaigns, but could not distinguish between subsidence of long-

range transported particles and local Antarctic emissions. But in conjunction with high INP

and iron concentrations and low Fe solubilities in this band, as well as Antarctic influence in the

back trajectories, it seems probable that Antarctic dust emissions are being lofted to the South-

ern Ocean and serve as INPs. Although the amount is unconstrained, dust emissions have been

observed in several regions of Antarctica (Kavan et al. 2018; Diaz et al. 2018; Meinander et al.

2022), and a modeling study suggested dust from the largest ice-free region could be deposited

over large portions of the Southern Ocean (Bhattachan et al. 2015). Observations of iron (Gao

et al. 2013) and deposited dust (Delmonte et al. 2013) inferred a local Antarctic contribution at

two different coastal areas. Soils from the ice-free edges of Shackleton Glacier (Diaz et al. 2021;

Dragone et al. 2022) were tested for INP activity and found to contain high concentrations of

INPs with warm onset temperatures (∼-5 ◦C), supporting the potential for Antarctic mineral or

soil dust emissions to influence clouds offshore. Sources of high latitude dust are increasing
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under a warming climate (Bullard 2013; Bullard et al. 2016; Meinander et al. 2022), so even if

this source is not active now, it is likely to become increasingly important in the future.

6.2 CONCLUDING THOUGHTS AND FUTURE WORK

The overarching goal of this dissertation was to assess sources and properties of marine

INPs and their role in determining cloud phase and radiative properties in order to improve

and evaluate current INP model parameterizations. This was accomplished through observa-

tions in the remote Southern Ocean, one of the few remaining pristine aerosol environments

(Hamilton et al. 2014), as well as controlled laboratory experiments to isolate individual fac-

tors influencing marine INP emission. Aerosol and especially INP observations are limited in

the Southern Ocean, even though low and mid-level clouds in this region play a key role in the

radiative budget (Bodas-Salcedo et al. 2013; 2016; Kay et al. 2016b; Naud et al. 2014). Recent

updates to the microphysical schemes and cloud processes of several CMIP6 models have re-

duced biases in supercooled liquid water and radiation biases in the SO (Bodas-Salcedo et al.

2019; Gettelman et al. 2020) relative to their precursors, which was needed given the histori-

cally poor performance of earth system models and reanalyses in this region (Bodas-Salcedo

et al. 2013; 2016; Kay et al. 2016b; Naud et al. 2014). However, these changes are likely respon-

sible for the increased equilibrium climate sensitivities observed in many CMIP6 models over

CMIP5 (Zelinka et al. 2020). The cloud phase feedback is a strong contributor to future ECS

(Bjordal et al. 2020), meaning it is critical to constrain factors that influence cloud phase, such

as INP concentration and efficiency, in order to ensure model simulations include atmospheri-

cally representative microphysics and improve predictions of ECS.

The SOCRATES, CAPRICORN-2, and related campaigns in 2017-2018 (McFarquhar et al.

2021) aimed to do just that, and results presented in this dissertation represent small steps for-

ward in improving our understanding of aerosols and aerosol-cloud interactions in the South-

ern Ocean, and remote marine regions more broadly. Returning to the key questions identified

in the Introduction, the advancements made in the preceding chapters will be summarized,
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along with suggestions for future work.

Key Questions:

1. Can marine aerosol surface area be accurately estimated with remote sensing mea-

surements?

This question was the focus of Chapter 2 (Moore et al. 2022), which started by evaluat-

ing existing parameterizations for marine aerosol surface area using nephelometer (DeMott

et al. 2016) and lidar (Mamouri and Ansmann 2016) measurements. Neither performed well

for Southern Ocean MBL data collected during CAP-2 and SOC, and new parameterizations for

estimating marine aerosol surface area and N500, key quantities often used in INP parameteri-

zations (e.g. DeMott et al. 2010; 2015; Tobo et al. 2013; McCluskey et al. 2018a; Niemand et al.

2012; Ullrich et al. 2017) were developed in Moore et al. (2022) for both types of observations.

If these new parameterizations are validated against other data sets and found to perform well,

it would significantly increase the number of aerosol concentration and surface area observa-

tions, since nephelometers and lidars can operate for long periods mostly autonomously once

installed and calibrated.

2. What factors (seawater temperature, wind speed) influence the emission of marine

INPs?

The CHAOS campaign (Chapter 4) represents a first attempt at isolating individual variables

influencing marine INP emissions, and provides a comparison to the ambient observations

collected during CAP-2 (Chapter 3; Moore et al. 2023). Technical issues with the paddle in the

SOARS channel prevented a systematic assessment of the impact of seawater temperature on

INP emissions, which will need to be addressed in a future study. As also observed in CAP-2

(Moore et al. 2023), INP concentrations measured in SOARS increased with wind speed, al-

though INP concentrations normalized by particle number, surface area, and volume decreased

129



with wind speed during CHAOS, whereas the opposite was observed during CAP-2. SSA concen-

trations measured in SOARS were much larger than Southern Ocean observations, which may

reflect differences in production or, most likely, decreased particle losses, especially at larger

particle sizes. Although direct flux measurements were not possible due to the time scales of

current INP observations, CHAOS results are more representative of interfacial values than the

approximately steady-state concentrations measured during CAP-2. As a result, SOARS data

may not be directly comparable to ambient MBL or cloud-base measurements.

Several key lessons were learned, which should be incorporated into similar studies in the

future. Wind speed and wave amplitude should be co-varied to generate realistic white cap frac-

tions at all wind speeds, to increase confidence in observed wind speed trends. Highly variable

particle concentrations at ocean-relevant wind speeds (∼15-19 m s-1) were observed, and need

to be addressed through both more systematic wind speed sampling and also detailed particle

loss measurements or estimates. If possible, co-sampling with the CFDC and IS from the same

inlet would provide a more robust comparison between the offline temperature spectra and

high resolution point measurements. A mechanism was proposed for spume droplet produc-

tion of aggregate particles containing multiple INPs, which needs to be assessed through com-

bined measurements of INPs and microgels such as TEP (Verdugo 2012) in subsequent studies

using SOARS or a similar wind-wave channel.

3. How can marine INPs be best parameterized in models?

Corroborating the results of Tatzelt et al. (2022) from the ACE campaign, Moore et al. (2023)

(Chapter 3) found no strong relationships between INP concentrations and aerosol or meteoro-

logical metrics for every INP measurement temperature during CAP-2 and SOC. This is consis-

tent with both direct measurements of ice crystal residual sizes collected in the CFDCs, as well

as inferences of INP size based on measured enhancement factors following an aerosol concen-

trator, which both indicate Southern Ocean MBL INPs are predominantly <500 nm. However,

for temperatures <-21 ◦C, INPs were moderately correlated with both aerosol surface area and
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wind speed. A new parameterization for marine INPs was proposed, which includes wind speed

in addition to activation temperature, and reduces bias compared to the existing Ns parameter-

ization of McCluskey et al. (2018a). This parameterization captures the observed mean behav-

ior well, but there is still significant unexplained variability in INP concentrations remaining,

which will require additional measurements and modeling studies to fully capture. The multi-

platform measurement approach used during CAP-2 and SOC exhibited excellent agreement

in aerosol and INP concentrations observed during overpasses, and shows promise for future

campaigns that may employ a similar tactic to understand vertical profiles of aerosols and INPs.

4. What are the sources of INPs in the Southern Ocean marine boundary layer, and what

are the implications for clouds?

Vertically resolved INP observations collected during CAP-2 and SOC (Chapter 3; Moore

et al. 2023) provides observational confirmation that marine INPs dominate at low altitudes

over the Southern Ocean, while the influence of mineral dust increases with height. Below and

in-cloud ice nucleation efficiency was found to be lower than above cloud, which is consistent

with enhanced dust concentrations in single-particle measurements of aerosol composition

above cloud (Twohy et al. 2021). Similarities in ice nucleation efficiency and chemical com-

position between particles collected in the MBL and cloud residuals indicates they are from

the same, primarily oceanic, sources. As also noted by McCluskey et al. (2023), the enormous

discrepancy in ice nucleation site density between marine INPs and dust means even small

quantities of soil or mineral dusts can have an outsized influence on Southern Ocean low cloud

properties. Additional field measurements are required to determine if this occurs seasonally

or sporadically due to long-range transport under current atmospheric conditions.

Finally, Chapter 5 proposes Antarctica as a source of both biological and inorganic INPs

to the Southern Ocean marine boundary layer through the emission of mineral and soil dusts

from ice-free areas. Further field measurements are needed to validate this theory in addi-

tional regions around Antarctica, as well as to explore the seasonal variability. Soils collected

131



from the edges of Shackleton Glacier (Diaz et al. 2021; Dragone et al. 2022) exhibited warm ice

activation onset temperatures and high INP concentrations, and represent a possible source

of both biological INPs at warm temperatures and inorganic components at colder tempera-

tures. Targeted sampling of warm temperature INPs, which were below the detection limit of

CAP-2 aerosol samples, could be accomplished with a high-volume sampler and would help

to confirm these findings. DNA source tracking analyses, such as those described in Uetake

et al. (2020) for CAP-2, may also aid in source identification if additional Antarctic soil and dust

samples are included. Size resolved INP measurements could assist in distinguishing between

subsidence following long-range transport versus local Antarctic emissions, as was done in Gao

et al. (2013) for aerosol iron. Co-located INP and aeolian dust measurements are also neces-

sary to distinguish between inorganic and biological INP emissions, which may have different

sources or seasonality, even if both are released from Antarctica. If verified, the emission of

cloud-active particles from Antarctica is likely to increase in importance under a warmer cli-

mate, as ice-free areas increase in extent (Bullard et al. 2016; Meinander et al. 2022), with large

implications for Southern Ocean cloud phase, radiative feedbacks, and ECS.
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A. Chapter 2 Supporting Information

A.1 INTRODUCTION

This supporting information contains figures that provide additional details about inlet loss

modeling and correction during CAPRICORN-2 (Fig. A.1), CAP-2 size distributions analyzed

but not presented elsewhere in the text (Fig. A.2), and estimation of >5 µm particles not cap-

tured during CAP-2 due to poor inlet transmission efficiency of large supermicron particles (Fig.

A.3). Also included are figures that support the results discussed in the main text, including

frequency distributions of CAP-2 and SOCRATES integrated particle concentrations (Fig. A.4),

the relationship between PMA mode diameter, wind speed, and SST during CAP-2 (Fig. A.5),

particle concentrations as a function of latitude (Fig. A.6), frequency distributions of Ångström

exponent (å) calculated from the CAP-2 size distributions using Mie theory (Fig. A.7), frequency

distributions of RV Investigator latitude and wind speed for particles with å≤0.8 and å>0.8 (Fig.

A.8), the relationship between PMA fraction and Ångström exponent (Fig. A.9), AERONET in-

version data during the MICRE campaign to test the Mamouri and Ansmann (2016) aerosol

SA retrieval algorithm over the Southern Ocean (Fig. A.10-A.11), correlations between aerosol

surface area and AOT during CAP-2 (Fig. A.12), and a timeline (Fig. A.13) and frequency dis-

tributions (Fig. A.14) of measured and estimated aerosol surface area during CAP-2. Finally,

this supporting information includes tables that compare key values and results from the text.

These include a summary of the parameters used to estimate dry marine aerosol surface area

from aerosol light scattering (Qgreen) and lidar extinction (cs,m/4), and to estimate N500 from

lidar extinction (C1000,m) (Table A.1), the limits applied to mode diameter and width during log-

normal fitting of CAP-2 and SOC size distributions (Table A.2), the wind speed dependent PMA

production fits derived here for SOC and CAP-2 (Table A.3), and a summary of the å and AOT

values for marine aerosol observations, including this work (Table A.4).
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Figure A.1: Estimated particle transmission efficiency for the RV Investigator aerosol inlet for particles
reaching either the SMPS or APS instrument inlets during CAP-2, based on the different inlet geometries.
These theoretical calculations used the von der Weiden et al. (2009) Particle Loss Calculator and Paul
Baron’s Aerocalc spreadsheet (Brockmann 2011). A constant aspiration angle of 0◦ and a wind velocity of
10 m s-1, which is the average for the CAP-2 campaign, were assumed. Calculations were performed for
the whole inlet in aerodynamic diameter, with a particle density ρp=1, and were afterwards corrected for
expected particle density, water uptake and shape factor, as in Section 2.3.3.

Figure A.2: Merged aerosol number distributions for CAP-2, shown as a contour map of dNdlog10Dp in
cm-3.
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Figure A.3: Estimation of CAP2- inlet and line losses of particles with dry diameters (D) >5 µm for par-
ticle a-c) number (N), d-f) surface area (SA), and g-i) volume (V) concentrations from SOC MBL passes.
Panels a,d,g) have concentrations of particles with D<5 µm against the total concentrations, b,e,h) have
concentrations of particles with 0.5<D<5 µm against D>0.5 µm and c,f,i) have concentrations of PMA
with D<5 µm against total PMA. Best-fit linear correlations are shown in each panel in the grey dashed
lines, with the slope and R2 reported on the figure.
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Figure A.4: Normalized frequency distributions of particle (a) number, (b) PMA number, (c) surface area,
and (d) volume concentrations. CAP-2 data are shown in black and SOC MBL data in gold.
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Figure A.5: CAP-2 PMA mode diameter as a function of (a) wind speed and b (SST) measured onboard
the RV Investigator . The green curve in (b) is the PMA mode diameter fit from Saliba et al. (2019).
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Figure A.6: Particle a-b) number, c-d) surface area, and e-f) volume concentrations versus latitude. Pan-
els a,c,e) have total concentrations and b,d,f) show PMA concentrations and best fit linear functions
(dashed lines). CAP-2 data are in black, and data for the SOC G-V marine boundary layer passes in gold.
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Figure A.7: Normalized frequency distributions of Ångström exponent calculated from the CAP-2 size
distributions using Mie theory. Blue bars are for the blue/green å (450nm, 525 nm), green bars show
blue/red å (450nm, 635 nm), and red bars are the green/red å (525 nm, 635 nm). The dashed line at å=0.8
represents the proposed cutoff for distributions dominated by primary marine aerosol.

Figure A.8: Frequency distributions of RV Investigator (a) latitude during CAP-2 in 5◦ bins and (b) wind
speed in 5 m s-1 bins. Histograms were calculated separately for distributions with blue/red å≤0.8 (blue
bars) and å>0.8 (red bars).
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Figure A.9: Relationship between the fraction of integrated particle number attributed to PMA and cal-
culated blue/red å for the CAP-2 size distributions. Points are colored by the degree of marine influence,
defined as the fraction of a 5-day back trajectory that passed over the ocean (Sanchez et al. 2021b;a).
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Figure A.10: AERONET Level 2.0 Version 3 inversion data during MICRE, showing the total å (440nm,
870nm) and AOT interpolated to 500 nm. Yellow points are those meeting the criterion applied by
Mamouri and Ansmann (2016) for isolating Ragged Point marine data, as described in Sec. 2.2.2. Dark
blue points are those with å<0.2, expected to be dominated by coarse mode aerosol. Red points are data
outside of these two classifications.
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AOT interpolated to 355 nm. The dashed line is the marine aerosol fit for 355 nm data from Mamouri and
Ansmann (2016). Yellow points are those meeting the criterion applied by MA for isolating Ragged Point
marine data, as described in Sec 2.2. Dark blue points are those with å<0.2, expected to be dominated by
coarse mode aerosol. Red points are data outside of these two classifications.
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Figure A.12: Correlations of AOT at 355 nm from the MAN Microtops measurements during CAP-2 with
(a) total aerosol surface area and (b) N500 from merged aerosol size distributions (Sec. 2.2.3.3).
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Figure A.13: Timeline of total aerosol surface area during CAP-2 from the SMPS+APS size distributions
(black and red), those estimated from the lidar at 300 m using the Mamouri and Ansmann (2016) param-
eters (green), using the MA method but adjusting the assumed HGF based on the ambient RH (gold),
and using the MA method but conversion parameters derived from the CAP-2 Microtops data (purple).
The SMPS+APS data shown in red were excluded from the correlation analysis in Fig. 2.9 to isolate PMA.
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Figure A.14: Normalized frequency distributions of particle (a) surface area and (b) number concen-
trations for dry diameters >500 nm during CAP-2 from the aerosol size distributions and lidar at 300 m
using the Mamouri and Ansmann (2016) method. Data using the MA parameters are shown in green,
those using the MA method with conversion parameters derived from the CAP-2 Microtops in purple,
and the SMPS+APS data is shown in black.
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Table A.1: Summary of parameters used to estimate dry marine aerosol surface area from aerosol light
scattering (Qgreen) and lidar extinction (cs,m/4), and to estimate N500 from lidar extinction (C1000,m).

D16 (ambient) å fit (dry; this work) MA Microtops (this work)

Qgreen

å<1: Q=2
2.15*e(-0.80*å)

å>1: Q=3

cs,m

4
at 355 nm

0.52±0.09 0.106±0.022
(µm2 cm-3 Mm)

C1000,m at 355 nm
0.05±0.01 0.0182±0.0036

(cm-3 Mm)

Note. The MA conversion parameters adjusted for ambient surface RH during CAP-2 are not listed here,

as they varied for each measurement; they differed from the MA parameters by 4-22%. The D16 method

accounts for ambient RF by applying a correction to the SA calculated using Eq. 2.4 and the å thresholds

listed here, while the å fit presented in this work is for dry scattering measurements.
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Table A.2: Limits applied to mode diameter and widths during lognormal fitting of aerosol size distribu-
tions.

Mode 1 Mode 2 Mode 3 Mode 4

Minimum diameter (µm) 0.01 0.06 0.17 0.3

Maximum diameter (µm) 0.1 0.3 0.45 N/A

Minimum geometric standard deviation (width) 0.8 0.8 1 2

Maximum geometric standard deviation (width) 2 2 3 4

Note. Initial CAP-2 3-mode fit was modes 1-3, with mode 4 added if needed to match supermicron par-

ticle observations. SOC 2-mode fit used modes 2-3, with mode 4 only added if necessary to reproduce

observations.

Table A.3: Wind speed dependent PMA production fits for CAP-2 and SOC.

CAPRICORN-2 Fit CAPRICORN-2 R2 SOCRATES Fit SOCRATES R2

Number (cm-3) 0.5298(U 1.316
18 ) 0.4276 1.61(U 0.8668

18 ) 0.0936

Surface area (µm2 cm-3) 1.41(U 1.101
18 ) 0.3568 1.149(U 1.085

18 ) 0.3850

Volume (µm3 cm-3 ) 0.8386(U 1.02
18 ) 0.3219 0.1487(U 1.582

18 ) 0.6044
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Table A.4: Summary of å and AOT values for marine aerosol observations, including this work.

Study å AOT500 nm

Andrews et al. (2019)a

CPTb: 0.2 – 0.8

CPRc: 0.2 – 0.6

SMOd: 0-0.3

Carrico et al. (2003) 0.16±0.60

Mulcahy et al. (2009) -0.2 – 1.6 0.14±0.06

This study 0.07 - 0.58 0.036 - 0.127

MA marine criteria 0.25<å<0.6 <0.07

Note. The criteria used in Mamouri and Ansmann (2016) to select marine observations are included for

comparison. aMeasurements from NOAA Federated Aerosol Network (FAN) sites. bCape Point, South

Africa. cCape San Juan, Puerto Rico. dNOAA American Samoa baseline observatory.
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B. Chapter 3 Supporting Information

B.1 INTRODUCTION

This supporting information contains additional figures and tables to clarify details and

support the conclusions in the main text. Figure B.1 indicates the location of the CAPRICORN-2

(CAP-2) and SOCRATES (SOC) campaigns and the locations of measurements discussed in the

text. Figure B.2 provides a comparison between methods to estimate aerosol surface area and

the number of particles larger than 0.5 µm (Moore et al. 2022). Figure B.3 provides additional

details about inlet loss modeling and correction during CAPRICORN-2, and Figure B.4 shows

calibration data for the aerosol concentrator used during CAP-2 (Sec. 3.2.3.1, 3.2.3.3). Figure

B.5 replicates Fig. 3.1, but using primary marine aerosol concentrations instead of total quan-

tities to normalize the ice nucleating particle (INP) data. Figure B.6 is a visual representation

of the Spearman’s correlation analysis discussed in Sec. 3.3.2. Figure B.7 indicates the relation-

ship between INP concentrations at temperatures <-27 ◦C and wind speed for CAP-2 and SOC

measurements in the marine boundary layer. Figure B.8 is an alternative way to visualize the

vertically resolved INP measurements shown in Fig. 3.4, with measurements separated into al-

titude categories and observations shown as a function of temperature explicitly. Table B.1 lists

the exponential fit parameters (Eq. 3.1) for the best-fit functions shown in Fig. 3.1, 3.2, 3.5, B.5,

and B.8.
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Figure B.1: Tracks of the RV Investigator (CAP-2) and NSF/NCAR G-V (SOC) are shown in grey. Locations
of IS filter sample collections are shown as colored lines and CFDC measurement positions as circles.
MBL measurements are in blue (light blue IS, dark blue CFDC), above cloud in green, upper troposphere
(>5000 m) in orange, and in cloud (CFDC only) in purple.
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Figure B.2: Comparison of SOC MBL (a) n500 and (b) dry aerosol surface area estimated from size dis-
tributions merged through lognormal fitting (Moore et al. 2022) with those merged using a smoothing
spline.
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Figure B.3: Estimated particle transmission efficiency for the CFDC sampling on the RV Investigator

from either the ambient aerosol inlet (solid black line) or the aerosol concentrator (dashed grey line).
These theoretical calculations used the von der Weiden et al. (2009) Particle Loss Calculator and Paul
Baron’s Aerocalc spreadsheet (Brockmann 2011), with the sampling configuration and inputs described
in Moore et al. (2022).
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Figure B.4: Concentration factor for the aerosol concentrator used during CAP-2 as a function of particle
size (black dots). The grey shaded region indicates the range of INP concentration factors measured
during CAP-2, and the dashed grey line indicates the project median value.
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Figure B.5: Panels (a), (c), (e) are the same as Figure 3.1 (b-d). (b), (d), and (f) show the same normal-
izations of INP concentration, but use PMA fits (Moore et al. 2022) to aerosol data for normalizations,
instead of total distribution values. Data in (b), (d), and (f) only include observations with å≤0.8 and
5-day back trajectory ocean fraction >75%. Grey symbols in (a), (c), (e) grey symbols do not meet at least
one of these criteria. The best-fit exponential functions (solid black lines) in (a), (c), (e) are replicated in
(b), (d), (f).
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Figure B.6: Spearman’s rank correlation between environmental variables, aerosol metrics, and concen-
trations of INPs in multiple temperature ranges. Correlation coefficient indicated by color; boxes without
crosses represent a significant relation (p<0.05). Aerosol metrics tested include the number concentra-
tion of particles larger than 500 nm (n500), number concentration of primary marine aerosol (NPMA),
total aerosol and PMA surface area concentration (SA and SAPMA, respectively), total aerosol and PMA
volume concentration (V and VPMA, respectively), and Ångström exponent (å; 450/635 nm wavelength
pair). environmental variables include wind speed, measurement altitude, and air temperature.
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Figure B.7: Relationships between (a) INP concentration, (b) Nn500, (c) Ns and (d) Nv and average wind
speed during each respective measurement period. INP measurements are limited to <-27 ◦C to re-
duce the effect of activation temperature. CAP-2 CFDC (purple squares), CAP-2 filter (green circles), SOC
CFDC (gold diamonds), and SOC filter (orange stars) are shown in (a), and in (b-d) when simultaneous
aerosol observations were available for normalization. Non-grey symbols have å≤0.8 and 5-day back tra-
jectory ocean fraction >75% to isolate marine aerosol; CAP-2 IS filters were additionally required to have
a wind speed variance <0.06 due to their long integration times. Grey symbols do not meet at least one
of these criteria. Solid black lines in (b-d) indicate the best-fit exponential functions to all the non-grey
symbols (R2 for all fits=0.98).
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Figure B.8: INP (a) concentration, (b) Nn500, (c) Ns and (d) Nv temperature spectra during SOC and CAP-
2 for different vertical regions. Data in the MBL shown as dark blue circles, above cloud as light green
diamonds, and upper troposphere (>5000 m) data as orange triangles. The shading, parameterizations,
best-fit lines, and marine aerosol classification are identical to Fig. 3.1.
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Table B.1: Exponential fit parameters for MBL INP activated fraction (Nn500), surface active site density
(Ns), and volume active site density (Nv) as a function of temperature. Functional form is given in Eq.
3.1.

Normalization a (◦C-1) b R2

Nn500 -0.57 -26.5 0.99

Ns (m-2) -0.62 -1.97 0.99

Nv (m-3) -0.59 13.7 0.99
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C. Chapter 4 Supporting Information

Figure C.1: Schematic of the Scripps Ocean-Atmosphere Research Simulator (SOARS) wind-wave chan-
nel at the Scripps Institution of Oceanography showing key features relevant for SSA production and
seawater biology.
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Figure C.2: Time series of CFDC INP (a) number concentration, (b) normalized by n500 (Nn500), (c) nor-
malized by aerosol surface area (Ns) and (d) normalized by aerosol volume (Nv) during CHAOS. Obser-
vations are colored by the wind speed during each measurement period.
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Figure C.3: Seawater INP temperature spectra during CHAOS.

Figure C.4: Selected illustrative AFM 3D-height images of six main particle morphological categories
(rounded, core-shell, prism-like, rod, aggregate and irregular) identified for four wind speeds of ∼10, 17,
19, and 22 m s-1. Images were all collected at 20% RH.
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Table C.1: Summary of the average (± one standard deviation) percentage of core-shell INPs with solid,
semisolid, and liquid shells emitted at different wind speeds ( ∼10, 17, 19 and 22 m s-1), as well as the
average and range of viscoelastic response distances (VRD) measured for particles with semisolid shells.
Measurements were made at 20% and 60% RH.

Wind speed

(m s-1)

RH

(%)

Solid (%) Semisolid (%) Liquid (%) VRD* (nm) VRD range*

(nm)

10
20 60 ± 24 0 40 ± 26 N/A N/A

60 0 60 ± 26 40 ± 27 0.6 ± 0.1 0.5 – 0.7

17
20 95 ± 1 5 ± 1 0 0.6 ± 0.0 0.6

60 47 ± 16 53 ± 16 0 0.8 ± 0.4 0.5 – 1.5

19
20 50 ± 24 42 ± 23 8 ± 1 2.7 ± 1.9 0.7 – 4.4

60 14 ± 1 71 ± 22 14 ± 1 2.8 ± 2.3 0.8 – 5.4

22
20 46 ± 18 46 ± 18 8 ± 1 1.5 ± 1.2 0.5 – 3.6

60 0 71 ± 21 29 ± 10 1.8 ± 1.6 0.5 – 3.8

*Data reported only for core-shell particles with organic coatings classified as semisolid
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D. Chapter 5 Supporting Information

Figure D.1: Frequency of aerosol categories observed by CALIOP in two altitude ranges: 0-2 km and 2-8.2
km during the SOC and CAP-2 campaigns.
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Figure D.2: Fractional particle composition of 0.5-5 µm particles observed during SOCRATES, repro-
duced with no changes from Twohy et al. (2021) Fig. 2b. Colored bars indicate the mean of all below
cloud (green), cloud droplet residual (blue) and above cloud (purple) samples collected throughout all
flights. Orange bars indicate the range observed for individual samples (n=6 below cloud; n=3 in-cloud;
n=3 above cloud). A total of 364 particles were analyzed in the large size range. License available here:
https://creativecommons.org/licenses/by-nc/4.0.

213



Figure D.3: Fraction of CALIOP aerosol observations identified to be dust or clean marine aerosol types
during SOC and CAP-2 as a function of latitude, and separated into 0-2 km and 2-8.2 km altitude ranges.
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Figure D.4: The same map of INP concentration and inorganic fraction at -26.5 ◦C during CAP-2 as Fig-
ure 5.1a, but with CALIOP dust identifications <2 km shown as brown dots, and the locations of the
overpasses listed in Table D.1 shown as magenta stars.
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Figure D.5: HYSPLIT ensemble back trajectories (10 days) are shown on the left, in panels (a), (c), (e), (g),
and (j). On the right, in (b), (d), (f), (h), and (k), trajectory frequencies are shown (color indicates % of
trajectories passing through a given 0.5 x 0.5 ◦ model grid box). Back trajectories were initialized at the
times and locations listed in Table D.1, sample numbers 1 (a-b), 2 (c-d), 4 (e-f), 5 (g-h), and 9 (j-k).
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Table D.1: CALIOP overpasses of the RV Investigator where dust was identified below 2 km.

Sample
Time Latitude (◦) Longitude (◦) Altitude (m)

Distance from

Number RV Investigator (km)

1 01/19/18 15:31 -50.3073 143.3154 0.880 84.5026

2 01/28/18 15:29 -61.9692 138.3055 0.910 82.0708

3 01/30/18 15:17 -63.8883 139.8566 0.715 36.5272

4 01/30/18 15:17 -64.9887 138.8834 0.640 96.9861

5 02/05/18 14:40 -63.8931 149.1095 0.835 62.1004

6 02/05/18 14:40 -64.0627 148.9644 0.925 80.8098

7 02/20/18 15:31 -47.1654 144.5223 0.940 6.0836

8 02/20/18 15:31 -47.6063 144.3513 0.970 45.1344

9 02/20/18 15:31 -47.8257 144.2652 1.030 70.3772
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