
1.  Introduction
The Southern Ocean (SO) is one of the cloudiest regions on Earth (Huang et al., 2015; Mace & Protat, 2018) with 
vast low-level mixed phase clouds that reflect solar radiation. Southern Ocean clouds are an important compo-
nent of the Earth's energy balance, yet they are challenging to simulate in global climate models. Many Coupled 
Model Intercomparison Project Phase 5 (CMIP5) models featured too few SO clouds that were over-glaciated, 

Abstract  Southern Ocean (SO) low-level mixed phase clouds have been a long-standing challenge for 
Earth system models to accurately represent. While improvements to the Community Earth System Model 
version 2 (CESM2) resulted in increased supercooled liquid in SO clouds and improved model radiative biases, 
simulated SO clouds in CESM2 now contain too little ice. Previous observational studies have indicated that 
marine particles are major contributor to SO low-level cloud heterogeneous ice nucleation, a process that 
initiates a number of cloud processes that govern cloud radiative properties. In this study, we utilize detailed 
aerosol and ice nucleating particle (INP) measurements from two recent measurement campaigns to assess 
simulated  aerosol abundance, number size distributions, and composition and INP parameterizations for use 
in CESM2. Our results indicate that CESM2 has a positive bias in simulated surface-level total aerosol surface 
area at latitudes north of 58°S. Measured INP populations were dominated by marine INPs and we present 
evidence of refractory INPs present over the SO assumed here to be mineral dust INPs. Results highlight a 
critical need to assess simulated mineral dust number and size distributions in CESM2 in order to adequately 
represent SO INP populations and their response to long-term changes in atmospheric transport patterns and 
land use change. We also discuss important cautions and limitations in applying a commonly used mineral dust 
INP parameterization to remote regions like the pristine SO.

Plain Language Summary  Clouds over the Southern Ocean play an important role in our climate 
by reflecting significant amounts of solar radiation that would otherwise be absorbed by the ocean. Earth 
system models used to simulate climate struggle to accurately represent Southern Ocean clouds, largely 
because there have been limited observations to evaluate and improve models. One specific process that may 
be important for modeling Southern Ocean clouds is ice nucleation, where ice nucleation active particles serve 
as “seeds” for ice formation in clouds. In this study, we use measurements from two recent field campaigns 
to test a state-of-the-art Earth system model's representation of atmospheric particles. We also test three 
different methods for representing the concentrations of available ice nucleating particles. The results from this 
work highlight a need for increased knowledge of the quantities, sizes and altitudes of mineral dust particles 
transported from distant land sources to the Southern Ocean and also emphasizes that Earth system models 
need to include ice nucleation from marine particles in order to accurately represent aerosol-cloud-climate 
interactions in these remote regions.
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which resulted in large positive shortwave radiation biases (Bodas-Salcedo et al., 2016). The NCAR Community 
Earth System Model (CESM) version 1 model included this SO shortwave radiation bias (Kay et al., 2016) and, 
in company with other CMIP6 models, CESM version 2 (CESM2) included modified model physics that resulted 
in increased supercooled liquid water over the SO region and reduced shortwave radiation bias (Gettelman 
et al., 2020).

Many CMIP6 models are associated with significantly higher equilibrium climate sensitivities (ECS) compared 
to CMIP5, which has been attributed to stronger positive cloud feedbacks in extratropical regions, including the 
SO region, in CMIP6 models compared to CMIP5 models (Zelinka et al., 2020). Modeling studies have also indi-
cated that the cloud phase feedback over the SO, where ice-containing clouds warm and become liquid-dominated 
clouds, is important for estimating future climate and ECS (Bjordal et al., 2020; Gettelman, Hannay, et al., 2019; 
Tan et al., 2016). While simulated low-level cloud phase has improved from CMIP5 to CMIP6, an assessment of 
CESM2 against aircraft cloud observations demonstrated good agreement with observed liquid water content, but 
also highlighted a low bias in ice water content, suggesting simulated SO low-level clouds contained too little ice 
phase and too little total cloud water in CESM2 (Gettelman et al., 2020). These results motivate careful consid-
eration of how models represent processes that influence cloud phase, including heterogeneous ice nucleation.

Heterogeneous immersion freezing is the process by which ice nucleation active particles initiate freezing of 
supercooled liquid droplets. Ice nucleating particles (INPs) active across the mixed phase temperature range 
(0 to −38°C) are associated with many aerosol types, including mineral dust, bacteria, biomass burning, and 
agricultural soils (Kanji et al., 2017). Sea spray aerosol (SSA), comprised of both biogenic organic material and 
sea salts (O’Dowd et al., 2004), is also a source of INPs (P. J. DeMott et al., 2016). The ice nucleation ability of 
SSA is linked to ocean biological activity (McCluskey et al., 2017) and multiple INP types are likely associated 
with SSA. Studies have identified (a) an organic molecular marine INP type that coats sea salt particles and (b) a 
marine organic microbial INP type that is heat-labile and active at temperatures greater than −20°C (McCluskey, 
Hill, Sultana, et  al.,  2018). While marine biogenic INPs may be dominant in southern high latitudes, the IN 
ability of SSA per surface area of aerosol is up to three orders of magnitude weaker than that of mineral dust 
aerosol (P. J. DeMott et al., 2016). As such, it is expected that transported land-derived aerosol may significantly 
influence INP populations in remote polar regions. Ship-based measurements have confirmed that INPs present 
in the SO marine boundary layer are extremely sparse and are dominated by marine sources (McCluskey, Hill, 
Humphries, et al., 2018). While modeling studies also indicate marine INPs significantly contribute to the SO 
marine boundary layer INP population, simulated aerosol vertical profiles suggest that transported mineral dust 
INPs may out-compete marine INPs at higher altitudes (McCluskey et al., 2019; Vergara-Temprado et al., 2017). 
Accurately representing the aerosol influence on cloud ice formation relies on increasing our understanding of 
the aerosol sources and their control on the spatial distribution of SO INP populations, in addition to representing 
these INPs in models (Vignon et al., 2021).

Many CMIP models, including the CESM, have historically used the Meyers et al. (1992) empirical IN parame-
terization based on temperature and supersaturation and the Bigg (1953) droplet immersion freezing parameter-
ization. These ice nucleation approaches do not consider aerosol amount or type, and the observations used to 
develop these schemes did not include remote regions now known to have low INP number concentrations. As such, 
these parameterizations likely overestimate IN in regions like the SO (e.g., Listowski & Lachlan-Cope, 2017). 
Ice nucleation was one of the changes made to CESM2 with the implementation of an aerosol-aware classical 
nucleation theory (CNT) approach to better represent IN (Wang et al., 2014). This new CNT approach predicts 
mixed-phase immersion freezing rates based on temperature, supersaturation, and the amount of simulated 
mineral dust aerosol (Wang et al., 2014) and unlike previously used IN schemes, the CNT approach represents 
regional variability in ice nucleation rates. However, there is a lack of ice nucleation rate observations and it is 
therefore challenging to evaluate the skill of simulated ice nucleation in CESM2.

In this study, we employ and evaluate a deterministic, rather than stochastic, approach for ice nucleation in 
CESM2, similar to Zhao et  al.  (2021). That is, IN is determined based on predicted INP number concentra-
tions using aerosol type-specific deterministic IN parameterizations. We evaluate the amount and types of both 
aerosol and INP populations in order to identify biases specific to simulating aerosol versus biases specific to 
INP parameterizations. We describe the methods, models and data in Section 2. Detailed SO aerosol and INP 
observations from the 2017–2018 Measurements of Aerosols, Radiation and Clouds over the Southern Ocean 
(MARCUS) and 2018 Southern Ocean Cloud Radiation and Aerosol Transport Experimental Study (SOCRATES) 
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campaigns (McFarquhar et al., 2021) are used to (a) evaluate simulated aerosol amount (Section 3.1), size distri-
butions (Section 3.2), and composition (Section 3.3), (b) perform an observation specific INP closure exper-
iment (Section  4.1), and (c) evaluate simulated INP populations at the ocean surface (Section  4.2) and aloft 
(Section  4.3). In response to our findings, we discuss the influence of transported mineral dust on SO INP 
populations (Section 5.1) and new insights regarding representations of mineral dust INPs in remote regions 
(Section 5.2).

2.  Methods
Here we describe the field observations used to evaluate simulated SO aerosol and INPs (Section 2.1) and a 
description of the Community Earth System Model version 2 (Section 2.2).

2.1.  Southern Ocean Atmospheric Research Field Campaigns

Observations used in this study are from the Measurements of Aerosols, Radiation and Clouds over the Southern 
Ocean (MARCUS) campaign on the RV Aurora Australis between Hobart, Tasmania and the Australia Antarctic 
research stations south of Australia (McFarquhar et al., 2021). MARCUS voyages occurred from 21 October 
2017–23 March 2018. This study also used airborne measurements made from the NSF/NCAR Gulfstream-V 
aircraft (GV, https://doi.org/10.5065/D6DR2SJP) during the Southern Ocean Cloud Radiation and Aerosol 
Transport Experimental Study (SOCRATES). SOCRATES included flights primarily targeting stratocumulus 
cloud decks south of Hobart, Australia, reaching as far south as 62°S during summertime (15 January to 26 
February 2018). A map of the MARCUS and SOCRATES measurement tracks are provided in Figure S4 in 
Supporting Information S1.

Detailed observations of aerosol amount, aerosol composition, and ice nucleating particles from the MARCUS 
and SOCRATES campaigns are summarized in Table 1 and described in this section.

2.1.1.  Observations of Aerosol Amount

During MARCUS, aerosol surface area (Stot, μm 2 cm −3) was estimated using a Nephelometer (TSI Model 3563 
Salwen et al., 2011), which measures scattering at wavelengths 450 , 550, and 700 nm (Table 1). Following the 
approach from P. J. DeMott et al. (2016), the measured scattering coefficient (sP) and scattering efficiency (Q), 
estimated based on the calculated aerosol Angstrom exponent (Å), were used to estimate aerosol surface area 
following:

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡 = 4

(

𝑠𝑠𝑠𝑠

𝑄𝑄

)

, if Å > 1;𝑄𝑄 = 3; if Å ≤ 1;𝑄𝑄 = 2.� (1)

This approach assumes all particles are spherical and that particles can be described from a single effective scat-
tering size. During the MARCUS campaign, two particle impactors with 50% cutoff diameters of 1 and 10 μm, 

Table 1 
Aerosol and INP Measurements Used From the MARCUS and SOCRATES Campaigns

Variable Description Instrument Size range (dry Dp) Sampling frequency

NUHSAS Number concentration of accumulation 
mode aerosol, #/cm 3

UHSAS, SOCRATES 0.07–1.0 μm 1 Hz, 30 s running mean

NGNI Number concentration of coarse mode sea 
salt, cm −3

GNI, SOCRATES 1.4–32 μm 10 s

Stot Aerosol surface area, μm 2 cm −3 Nephelometer, MARCUS <10 μm or <1 μm 5 min

fx Number fraction of particles identified as 
species x

Particle collection & analysis, 
SOCRATES

0.1–0.5 μm or 0.5–5 μm 10 s

NINPs Number concentration of ice nucleating 
particles, L −1

IS, MARCUS Total suspended aerosol 23–51 hr

NINPs Number concentration of ice nucleating 
particles, L −1

IS, SOCRATES 0.2–4 μm Above and below cloud 
sampling (10–20 min)

https://doi.org/10.5065/D6DR2SJP
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were used alternately to measure surface area associated with particles with aerodynamic diameters smaller than 
1 μm (PM1) and 10 μm (PM10), respectively. Particles were measured at ambient humidity and data included 
in this work only include measurements made at relative humidity lower than 35%. While ship exhaust is not 
expected to influence INP populations (McCluskey, Hill, Humphries, et al., 2018), exhaust can influence aerosol 
surface area. Nephelometer data contaminated by platform exhaust (∼85% of available data) were removed from 
the aerosol surface area data set, following Humphries et al. (2021).

During SOCRATES, size-resolved number concentrations of accumulation mode particles were measured using a 
wing-mounted Ultra-High Sensitivity Aerosol Spectrometer (WM-UHSAS, Droplet Measurement Technologies, 
Kupc et al., 2018; Laboratory, 2019b; Table 1). An additional UHSAS instrument (CVI-UHSAS) was located 
downstream of the counter flow virtual impactor (CVI) inlet (C. H. Twohy et al., 2021). The CVI inlet includes 
sampling modes for (a) in-cloud sampling of cloud particle residuals (i.e., particles remaining after evaporation 
of liquid or ice) or (b) ambient particles in cloud-free conditions (Noone et al., 1988). We determined validity of 
the WM-UHSAS data by comparing the two UHSAS's when the CVI-UHSAS was in ambient sampling mode. 
In this study, the first 5 bins of the WM-UHSAS sometimes included noise, thus size distributions were trun-
cated to optical dry particle diameters between 0.07 and 1.0 μm. A 30-s running mean was also applied to the 
WM-UHSAS number size distributions to reduce noise. Number concentrations of particles within the truncated 
UHSAS size range (NUHSAS) were determined by integrating the running mean UHSAS size distribution. Here, we 
only included data collected in conditions with <90% ambient relative humidity and note that the inlet de-icing 
heaters are expected to dry particles to <40% (Sanchez et al., 2021; Strapp et al., 1992), and we therefore consid-
ered particles detected by the UHSAS to be nominally dry and of clear or cloud-free air.

For coarse-mode sea salt aerosol, the NCAR Giant Nuclei Impactor (GNI) sampler (Jensen et al., 2020; Labora-
tory, 2019a) was used to collect particles with ambient aerodynamic diameters larger than 1.4 μm (Table 1). The 
GNI collects particles via impaction by exposing polycarbonate slides from the belly of the GV aircraft. Particle 
collections were primarily made within the marine boundary layer (Figure S5 in Supporting Information S1), 
with an aim of quantifying number size distributions of coarse mode sea salt particles. Collected particles were 
transported to NCAR (Boulder, Colorado) for analysis in the GNI optical microscope system, where collected 
slides were exposed to saturation ratios conducive to hygroscopic growth and subsequent droplet formation. 
Droplets formed from pure sea salt particles were identified by their uniform spherical shape and sea salt mass 
and dry particle radii were derived following methods described in detail in Jensen et al. (2020). These data were 
also used to determine integrated coarse mode sea salt number concentrations (NSS,GNI).

2.1.2.  Aerosol Composition Measurements

Single particle composition was monitored during the SOCRATES campaign by collecting particles for offline 
microscopic analysis, described by C. H. Twohy et al. (2021) (C. Twohy & Toohey, 2020) and summarized here 
(Table 1). Particles were collected onto grids via impaction downstream of the CVI inlet. Two size ranges were 
investigated in this study: (a) smaller particles (dry volume-equivalent diameter of about 0.1–0.5 μm) and (b) 
larger particles (0.5–5 μm). These physical diameters assume spherical particles with densities of 2 g cm −3 at 
1,000 mb (C. H. Twohy et al., 2021). Particle size, morphology, and elemental composition were determined 
using analytical Scanning Transmission Electron Microscopy (STEM) and Energy Dispersive X-ray Spectroscopy 
(EDS) (See C. H. Twohy et al., 2021). Particle types identified using these analytical techniques included: (a) 
crustal, (b) sulfur, (c) organic, (d) metallic, (e) soot, (f) biomass burning, (g) Sea Spray—sodium dominated, (f) 
sea spray—high sulfur, and (g) Sea Spray—other. Crustal dust particles were distinguished from metallic particles 
dust particles based on the dominate presence of silicates and/or carbonates, whereas metals were dominated by 
aluminum, iron, chromium, titanium, manganese, cobalt, zinc, or copper. Organic particles were identified based 
on significant carbon signature with minor inorganic elements, while biomass burning particles were more domi-
nated by potassium and sulfur as well as sometimes, detectable carbon. Chemical characterization was performed 
on 574 and 335 particles for the below and above cloud samples, respectively. The resulting particle type number 
fractions provide insight for influences of different particle types on the total particle population. This study uses 
the below-cloud and above-cloud aerosol composition results to assess simulated ambient aerosol composition.

2.1.3.  Measurements of Ice Nucleating Particles

Number concentrations of immersion freezing INPs (nINPs) were measured during the MARCUS and SOCRATES 
studies using the Colorado State University (CSU) ice spectrometer (IS, Barry, Hill, Jentzsch, et al., 2021; P. J. 
DeMott, 2018; P. J. DeMott et al., 2018). During MARCUS, total suspended ambient particles were collected onto 
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filters in open-faced filter holders that were approximately 18 m above the ocean surface (Table 1). Filters were 
exposed for 23–52 hr and the flow rate through the filters was monitored using a mass flow meter (TSI model 
4043). While exhaust was present during the MARCUS sampling, we note that previous studies have reported no 
impact of exhaust on measured INPs (McCluskey, Hill, Humphries, et al., 2018). During SOCRATES, particles 
were collected below and above cloud using sterile aluminum filter holders (Table 1). Particles with diameters 
smaller than approximately 4 μm (Barry, Hill, Levin, et al., 2021; Eidhammer et al., 2010) were sampled below 
and above cloud (Figure S6 in Supporting Information S1) using an isokinetic inlet. Filters used in MARCUS and 
SOCRATES had pore sizes of 0.2 μm. Based on the flow rates achieved during SOCRATES (5.6–17.1 SL min −1) 
and MARCUS (12.6–14.2 SL min −1) and transmission calculations from Spurny and Lodge (1972), we expect 
filters to collect particles with diameters as small as 10 nm. Blank filters were collected during MARCUS and 
SOCRATES by preparing, handling, and storing filter units in the same manner as sample filters. MARCUS 
blank samples were also briefly exposed (with no vacuum) on the ship deck.

After collection during MARCUS and SOCRATES, particles were analyzed using the CSU IS. Particles were 
re-suspended into 6–8 mL of water, from which 50-μL aliquots were distributed into sterile 96-well PCR trays 
that were placed into the IS aluminum cooling block. Samples were cooled from room temperature to as cold as 
−28.5°C (−0.33°C min −1), depending on the corresponding pure deionized water blank. Frozen fraction of wells 
were measured every 0.5–1°C and INP number concentrations (nINPs)were determined following Vali (1971). For 
MARCUS and SOCRATES measured INPs were corrected for average background INPs detected on 3 and 6 
blank filters, respectively. Measurements were considered below detection limit if corrected INP number concen-
trations or their 95% confidence interval was below zero.

Treatments were conducted on aerosol samples to determine the contributions of heat-labile and organic material 
to the total INP population. To heat-treat samples, a portion of the sample suspension was heated to 95°C for 
20 min, cooled to room temperature and dispensed into the IS wells for analysis. To remove organic material 
from the sample solution, a hydrogen peroxide (H2O2) digestion at 95°C was performed following the methods 
described in McCluskey, Hill, Humphries, et al.  (2018). Reductions in IN activity following heating or H2O2 
digestion indicate the contributions of heat-labile and other organic material to the INP population, respectively. 
Results from these offline treatments are provided in Figure S7 in Supporting Information  S1. We note that 
following heating, IN activity increased for one sample above the observed untreated range, particularly for IN 
temperatures greater than −20°C. This behavior has been previously observed in laboratory studies (McCluskey, 
Hill, Sultana, et al., 2018), but its origin is currently under investigation in other studies. We also note that we 
assume in our analysis no loss of surface area or number concentrations following heating or H2O2 treatments.

2.2.  The Community Earth System Model, Version 2

The atmospheric component of the Community Earth System Model version 2 (CESM2), the Community Atmos-
phere Model version 6 (CAM6) was used to simulate aerosol properties during the MARCUS and SOCRATES 
periods. To replicate meteorological conditions, we utilized a specified dynamics configuration of CESM2 using 
a 24 hr relaxation time period to ”nudge” simulated winds and temperature to the MERRA2 reanalysis data 
product. This model configuration interpolates the MERRA2 data to the standard 32 CAM vertical levels from 
the surface to 3 hPa (See Figure S8 in Supporting Information S1), uses a 30 min model time step with a 10 min 
microphysical sub-step, and has horizontal resolution of 0.9° latitude by 1.25° longitude. This configuration 
was found by Gettelman et al. (2020) to best reproduce the climate of CESM2 in a nudged configuration, using 
the same CAM levels and 24 hr nudging. CESM2 utilizes the Morrison-Gettelman two-moment microphysics 
scheme (Morrison & Gettelman, 2008) to treat cloud microphysics, which is coupled to a unified moist turbu-
lence scheme, Cloud Layers Unified by Binormals (CLUBB), developed by Golaz et  al.  (2002) and Larson 
et al. (2002) and implemented in CAM by Bogenschutz et al. (2013). Simulations included over 10 months of 
spin up from 01 January 2017. An initial evaluation of simulated meteorology and clouds for SOCRATES using 
the model configuration used in this study was published in Gettelman et al. (2020).

To assess modeled aerosol and INP populations against observations, model output was archived along the flight 
and ship tracks at a 1 min resolution. Our analysis included co-located model data from the nearest model grid-
box based on measurement latitude and pressure or altitude. Co-located data were binned based on latitude 
and altitude to determine biases in CESM2 aerosol spatial and vertical distributions. For filter and grid based 
measurements (IS, GNI, TEM grids), model data were collected during sampling periods. For example, the INP 
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measurements during MARCUS occurred over many hours and model data were sampled and averaged along the 
corresponding ship track.

2.2.1.  Simulated Aerosol

Aerosol simulated in CESM2 follows the 2-moment modal aerosol model (MAM4, Liu et  al.,  2016), which 
includes six aerosol species: sea salt, mineral dust, black carbon, primary organic matter (POM), sulfate, and 
secondary organic aerosol (SOA). Aerosol species are emitted into four aerosol modes, including soluble Aitken 
mode (sea salt, sulfate, and SOA), soluble accumulation mode (mineral dust, black carbon, sea salt, POM, sulfate, 
and SOA), soluble coarse mode (mineral dust, sea salt, and sulfate), and insoluble primary carbon accumulation 
mode (black carbon and POM) (Liu et al., 2016). Each aerosol mode has a fixed modal width (σg) and a modal 
diameter (Dg) that evolves based on simulated physics. Mode-specific details are summarized in Table S1 in 
Supporting Information S1. In the release version of CESM2, MAM4 includes an updated coarse mode σg (1.2 
vs. 1.8 used in CAM5) and larger size range (0.4–40 μm vs. 1–4 μm used in CAM5) that increases the lifetime of 
coarse mode aerosol including sea salt and dust aerosol (Li et al., 2022). To determine the influence of this change 
on simulated coarse mode aerosol over the Southern Ocean, we have performed a test experiment that reverted 
the coarse mode aerosol parameters to the CAM5 settings and results are described in Text S2 in Supporting 
Information S1. MAM4 includes cloud-borne aerosol and interstitial aerosol states; the model aerosol used in 
our analysis only included the simulated interstitial, or ambient/cloud-free, aerosol and were described with dry 
diameters. Aerosol species are assumed to be internally mixed, such that the number concentration of species x 
in mode m (Nx,m) is calculated using the modal mass fraction of species x multiplied by the total number concen-
tration of the corresponding mode Ntot,m. Simulated aerosol surface area concentrations were determined from 
the simulated aerosol distributions assuming spherically shaped particles. Instrument simulators were created to 
“sample” matching size ranges of the modeled aerosol population. For example, bounded number concentrations 
were calculated for the size range of 0.07–1.0 μm to match the UHSAS size range.

The primary SO particle source, sea spray aerosol, is represented in CESM2 with sea salt aerosol with a hygro-
scopicity of 1.16. Ocean surface whitecap area is estimated in CESM2 based on windspeed following Monahan 
and Muircheartaigh  (1980). Whitecap area and sea surface temperatures are used to determine sea salt flux 
according to Mårtensson et al. (2003) for sea salt particles with dry diameters between 0.020 and 2.8 μm. The 
Mårtensson et al. (2003) sea salt emission parameterization was developed based on measured sea salt aerosol 
size distributions generated via a sintered glass filter from laboratory synthetic seawater with temperatures of 
−2 to 25°C. The Monahan et al. (1986) parameterizations is used for particles with dry diameters between 2.8 
and 10 μm. The organic component of sea spray aerosol is not currently represented in CESM2. Mineral dust 
aerosol emissions are simulated based on wind speed and soil aridity following Zender et al. (2003). While sea 
salt and mineral dust particles are interactive with modeled meteorology, all other aerosol species are emitted 
based on CMIP6 emission inventories (Gettelman, Mills, et al., 2019). Simulated aerosol loss processes include 
dry deposition, in-cloud scavenging, and below-cloud scavenging. In-cloud scavenging includes particles acti-
vated into cloud droplets and converted to rain via coalescence or accretion. In-cloud ice phase scavenging is not 
represented in CESM2.

2.3.  Aerosol-Specific Deterministic INP Parameterizations

Measurements of nINPs made during MARCUS and SOCRATES were used in this study to assess model 
skill for predicting INP abundance and type from three different parameterizations. Here, we focus on testing 
aerosol-specific deterministic INP parameterizations that ignore the stochastic, or time-dependent, nature of ice 
nucleation. This assumption is considered appropriate given that the microphysical time-step for climate models, 
including CESM2, is far larger than the timescale of ice nucleation (Vali et al., 2015). Previously, McCluskey 
et al. (2019) assessed CESM1 offline predictions of nINPs against observed nINPs from the CAPRICORN research 
voyage with a maximum latitude of −53°S. Here, we expand on the CAPRICORN study using more detailed 
aerosol measurements and respective instrument simulators and expand this assessment spatially, temporally, and 
vertically with data from the MARCUS and SOCRATES projects using CESM2. We also evaluate two different 
parameterizations for predicting INPs associated with mineral dust aerosol.

Multiple INP types have been identified in SSA: (a) an organic molecular marine INP type that coats sea salt 
particles and (b) a marine organic microbial INP type that is heat-labile and active at temperatures greater than 
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−20°C (McCluskey, Hill, Sultana, et al., 2018). In this study, we utilize the marine organic aerosol specific param-
eterization reported for pristine Atlantic marine air masses by McCluskey, Ovadnevaite, et al. (2018) (M18). M18 
describes the INPs associated with the ice nucleation active organic molecules that coat sea salt particles. The 
M18 parameterization predicts nINPs (in m −3) based on temperature (T in Kelvin) and sea spray aerosol surface 
area concentration (SSSA in m 2 m −3, see Text S1 in Supporting Information S1):

𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼18(𝑇𝑇 ) = exp[−0.545(𝑇𝑇 − 273.15) + 1.0125] × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆� (2)

The M18 parameterization was used in this project to perform an observation closure study and to assess simu-
lated nINPs. For the observation closure study, marine organic aerosol measurements were not available and thus 
we assume that the sea spray aerosol surface area (i.e., sea salt + organic coatings) needed for M18 is approxi-
mately equal to total measured aerosol surface area from the nephelometer. Because CESM2 does not include 
a representation of marine organic aerosol, we assume in this work that organic coatings on sea salt particles 
minimally contribute to the total sea spray aerosol surface area. Therefore, simulated sea salt aerosol surface area 
and model temperature are used with M18 to predict INPs associated with sea spray aerosol in CESM2.

For mineral dust aerosol, we explore two commonly used deterministic mineral dust-specific INP parameteriza-
tions, including the Niemand et al. (2012) (N12) and the P. J. DeMott et al. (2015) (D15) parameterizations. The 
N12 parameterization predicts mineral dust INP number concentrations (nINPs,N12 in m −3) based on temperature 
(T in Kelvin) and available mineral dust aerosol surface area (Sdst in m 2 m −3, see Text S1 in Supporting Infor-
mation S1) and was derived using data from Aerosol Interactions and Dynamics of the Atmosphere expansion 
chamber cloud parcel experiments for temperatures ranging from −12 to −36°C:

𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼12(𝑇𝑇 ) = exp[−0.517(𝑇𝑇 − 273.15) + 8.934] × 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑� (3)

The D15 parameterization, developed using both laboratory and atmospheric data, predicts mineral dust INP 
number concentrations (nINPs,D15 in L −1) based on temperature (T in Kelvin) and number concentration of mineral 
dust particles larger than 500 nm (n500nm,dst in m −3, see Text S1 in Supporting Information S1):

𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼15(𝑇𝑇 ) = (𝑐𝑐𝑐𝑐 )(𝑛𝑛500𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)
𝛼𝛼(273.15−𝑇𝑇 )+𝛽𝛽 exp(𝛾𝛾(273.15 − 𝑇𝑇 ) + 𝛿𝛿),� (4)

where α = 0, β = 1.25, γ = 0.46, δ = −11.6 and cf = 3. Evaluation studies of the N12 and D15 parameterizations 
indicated that both parameterizations agree within a factor of 2 at temperatures lower than −25°C for mineral dust 
layer conditions, suggesting both parameterizations may be useful for predicting INPs associated with mineral 
dust aerosol (P. J. DeMott et al., 2015).

3.  Simulating Southern Ocean Aerosol
3.1.  Aerosol Abundance

Simulated surface level aerosol abundance during MARCUS was evaluated using the total aerosol surface 
area concentrations (Stot) calculated from dry (RH < 35%) aerosol extinction as measured by a nephelometer 
(Figure 1a). Simulated aerosol surface area concentrations, derived from simulated aerosol size distributions, 
were determined for both PM1 and PM10 size ranges. Consistent with McCluskey et al. (2019), simulated Stot 
followed observed Stot (Figure 1a). While observed Stot were within the interquartile range of simulated Stot at all 
latitudes south of 48°S, observed Stot were below the range of simulated Stot north of 48°S. Simulated Stot followed 
observed latitudinal variability, with observed and simulated Stot exceeding 50μm 2cm −3 at latitudes north of 58°S 
and falling below 50μm 2cm −3 at latitudes south of 58°S. The high bias in simulated aerosol surface area concen-
trations relative to observations may be in part due to a high bias in coarse mode aerosol lifetime due to the large 
size range (0.4–40 μm) of the coarse mode aerosol used in CAM6. The high bias in aerosol surface area concen-
trations is reduced, though not fully resolved, when the MAM4 coarse mode aerosol parameters are reverted to 
the CAM5 values (Text S2, Figure S1 in Supporting Information S1). Simulated and observed temperatures and 
wind speeds were similar, with decreasing temperatures with increasing latitude and maximum wind speeds 
between 54° and 60°S. While simulated temperatures and wind speeds were consistent with observations for most 
latitudes, slightly lower simulated Stot were associated with model surface level temperatures at or below 0°C 
(Figure 1c). The temperature-dependent sea salt emission scheme likely does not adequately represent particle 
fluxes from the ocean at temperatures lower than 0°C, as suggested by Mårtensson et al. (2003). Discrepancies 
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near the sea ice edge may also have been due to simulated sea ice coverage where sea salt emissions were not 
predicted, or possibly the presence of local aerosol sources when the ship was at the Australian Antarctic stations. 
Overall, we report that Stot simulated in CESM2 exceeded observed Stot north of 48°S and followed the observed 
latitudinal decrease in Stot.

During SOCRATES, accumulation mode aerosol number concentrations measured with the WM-UHSAS 
(NUHSAS) were compared to number concentrations calculated from simulated aerosol size distributions truncated 
to match the UHSAS size range (Figure 2). Measured and simulated accumulation mode aerosol abundances 
were investigated within the model vertical levels (see Figure S8 in Supporting Information S1 for model vertical 
levels). Observed NUHSAS maximized below 1 km, with median NUHSAS ranging from 140 to 170 cm −3. Simulated 
accumulation mode aerosol number during SOCRATES were underpredicted in CESM2 with median simulated 
NUHSAS at altitudes below 1 km ranging from 59 to 84 cm −3. Above 3 km, simulated NUHSAS were also biased 
low compared to observed NUHSAS, with observed and simulated median NUHSAS ranging from 42 to 76  cm −3 
and  9.0–17 cm −3, respectively. Additionally, simulated NUHSAS did not capture the variability of observed NUHSAS. 
The overall vertical structure of accumulation mode aerosol abundance was replicated in the simulated aerosol, 
with a maximum in the marine boundary layer and lower concentrations aloft. However, discrepancies between 
simulated and observed NUHSAS suggest a negative bias in simulated accumulation mode aerosol (0.07–1 μm) in 
the marine boundary layer and a negative bias in transported aerosol aloft.

Observed number concentrations of larger sea salt particles (NGNI, dry diameters 1.4–32 μm) were determined by 
integrating measured number size distributions measured by the GNI during SOCRATES. Simulated NGNI were 
also calculated from simulated sea salt aerosol number size distributions for the GNI size range (Figure 2). Large 
sea salt particles were highest at the lowest measurement altitudes, with median observed NGNI ranging from 
0.30 to 0.44 cm −3 below 0.5 km. Simulated large sea salt particles were biased high compared to those measured 

Figure 1.  Observed and simulated aerosol surface area, surface temperature and surface wind speed during MARCUS. (a) 
Timeline of aerosol surface area during the MARCUS ship campaign. Observed aerosol surface area (black) was determined 
based on scattering detected by the nephelometer for all particles smaller than 10 μm (see Section 2.1.1). Simulated aerosol 
surface area (red) was derived for the simulated aerosol size distributions for particles smaller than 10 μm assuming dry 
spherical particles. Statistical boxplots describing the 25th, 50th, and 75th percentiles of the observed (black) and simulated 
(red) (b) aerosol surface area, (c) temperature, and (d) wind speed within 2° latitude bins. Observed temperatures and wind 
speeds were measured from the ship and simulated temperatures and winds are from the lowest model level.
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by the GNI, with simulated NGNI ranging from 0.39 to 0.62 cm −3 below 0.5 km. Simulated NGNI was also more 
variable than observed NGNI below 0.5 km, with a simulated NGNI interquartile range of 0.31–0.86 cm −3 in the 
lowest model level. The high bias in simulated NGNI relative to observations highlights an existing high bias in 
coarse mode aerosol lifetime due to the large size range (0.4–40 μm) of the coarse mode aerosol in MAM4. This 
bias is reduced when the coarse mode aerosol parameters are reverted to the CAM5 values (Text S2, Figure S2 
in Supporting Information S1).

Biases between simulated and observed aerosol amount, including a positive bias in surface-level total aerosol 
surface area at latitudes north of 48°S, negative bias in accumulation aerosol number at all altitudes assessed, and 
high bias in coarse mode aerosol, are investigated further with aerosol size distributions and aerosol composition 
in Section 3.2.

3.2.  Aerosol Size Distributions

To further understand biases in simulated aerosol amount described in Section  3.1, we evaluated simulated 
aerosol size distributions against observations. Aerosol size distributions were measured with the WM-UHSAS 
(Figures 3a–3c) and GNI (Figures 3d–3f) during SOCRATES. Simulated aerosol size distributions were recon-
structed from the simulated co-located modal distribution parameters. In MAM4 used in CAM6, simulated modal 
dry diameter and number concentrations evolve with model physics and modal widths are constant. Observed 
and simulated average size distributions were determined for cloud-free measurements made within the marine 
boundary layer (MBL, 100–400 m), above cloud (1,100–1,800 m), and the upper troposphere (4,500–6,900 m).

In the MBL and above cloud (Figures  3a and  3b), simulated number concentrations for particles with dry 
diameters between 0.2 and 0.5 μm align with observed number concentrations. However, for particles with dry 

Figure 2.  Vertical profile of number concentrations of (a) particles with dry diameters between 0.07 and 0.8 μm and (b) 
sea salt particles with diameters between 1.4 and 16 μm along the flight track for all latitudes south of −45°S. Observed 
concentrations (black) were measured by the (a) WM-UHSAS and the (b) GNI during SOCRATES. Co-located simulated 
bounded number concentrations were calculated for (a) all particles with dry diameters between 0.07 and 0.8 μm and (b) sea 
salt particles with dry diameters between 1.4 and 16 μm averaged over the GNI sampling period. Box plots illustrate the 5th, 
25th, 50th, 75th, and 95th percentiles. Observed (black) and simulated (red) concentrations are binned within the mean model 
vertical layers.
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diameters between 0.07 and 0.2 μm, simulated concentrations are a factor of 10 lower than observed. Observa-
tions indicate an accumulation mode modal diameter of approximately 0.15 μm, whereas the CAM6 aerosol size 
distribution minimizes at approximately 0.1 μm (between the Aitken and accumulation modes). In the upper 
troposphere (Figure 3c), simulated accumulation mode aerosol biases are similar to the MBL and above cloud 
measurements, with a negative bias of a factor of 10–100 in simulated aerosol smaller than 0.2 μm compared to 
the WM-UHSAS measurements. The negative bias in small particles is consistent with the negative bias in NUHSAS 
discussed in Section 3.1.

Large sea salt aerosol measurements provided by the GNI were also used to compare simulated coarse mode sea 
salt aerosol size distributions within the MBL and above the cloud layer (Figures 3d and 3e). Both in the MBL 
and the above cloud layer average distributions highlight a high bias in simulated sea salt particles larger than 
2 μm. The high bias in simulated coarse mode sea salt aerosol is consistent with the high bias in coarse mode 
aerosol lifetime due to the large coarse mode size range (0.4–40 μm) and this bias is reduced when the coarse 
mode aerosol parameters are reverted to the CAM5 values (Text S2, Figure S3 in Supporting Information S1).

3.3.  Aerosol Composition

Finally, we used airborne measurements of aerosol composition, previously reported by C. H. Twohy et al. (2021), 
to assess simulated aerosol composition and understand biases. C. H. Twohy et al. (2021) reported single-particle 
chemical and morphological analyses of two particle size ranges: smaller particles (0.1 < Dp < 0.5 μm) and larger 
particles (0.5 < Dp < 5 μm). Particles were collected below cloud in the MBL, in non-precipitating clouds (as 
cloud particle residuals), and above cloud during SOCRATES. These data include number fractions of particle 
types within the reported size ranges and are used here to assess cloud-free below cloud and above cloud aerosol 
types simulated by CESM2 from the same location and time (Figure 4).

In all but one below cloud sample, observed smaller particles (0.1–0.5 μm) were dominated (60%–99%) by sulfur 
particles (Figure 4a). Sulfate particles may be from in-cloud heterogeneous chemical processing (Feingold & 
Kreidenweis, 2000). Previous studies have also indicated that these sulfur particles may result from new particle 
formation and growth from marine biogenic gaseous precursors (C. H. Twohy et al., 2021; McCoy et al., 2021). 
Observed smaller particles also included contributions (10%–55%) from sea spray particles below cloud. Below 

Figure 3.  Average UHSAS (black) and simulated (red) aerosol number size distributions for the (a) marine boundary layer (100–400 m), (b) above clouds (1,100–1,800 
m), and (c) upper troposphere (4,500–6,900 m) during SOCRATES. Simulated distributions in a–c include all simulated particle types. UHSAS and CAM6 
distributions include all data along the GV flight path within the geopotential height ranges and with <90% relative humidity. Simulated distributions in d and e include 
only simulated sea salt particles, along with GNI observations, for the (d) marine boundary layer (100–400 m) and (e) above cloud (1,100–1,800 m). The vertical 
distribution of GNI aerosol number concentrations are provided in f with the altitude bounds for “Above cloud layer” and “Marine Boundary Layer” indicated.
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cloud, simulated smaller particles from CESM2 (Figure 4b) were dominated by sea salt particles (65%–95%) and 
included contributions from sulfate aerosol. Similar to findings reported in McCoy et al. (2021), CESM2 consist-
ently underestimated the sulfur aerosol contribution to the small particle population. In all above and below cloud 
samples, minimal contributions from land-derived aerosol (mineral dust, metallic, soot/black carbon, POM) were 
detected in observed and simulated small aerosol populations.

Observed larger particles (0.5–5  μm) below cloud in the MBL were dominated by sea salt particle types 
(96%–100%), whereas larger particles observed above cloud included crustal (24%–57%), biomass burning 
(3%–7%), and metallic (0%–25%) particles (Figure  4c). These land-derived particle types were likely from 
long-range transport. Organic particles, with possible sources from land or ocean, were also detected above cloud 
(3%–40%) and in one below cloud sample (4%). Simulated larger particle populations below cloud were domi-
nated by sea salt particles (46%–64%) and were also influenced by land-derived aerosol. Specifically, 30%–37% 
of the simulated larger particle populations sampled below cloud were POM, emitted from biomass burning and 
fossil fuel combustion. Above cloud, mineral dust was predicted by CESM2 (Figure 4d) for 2 of 3 sampling peri-
ods (4% and 23%) compared to all 3 observed samples containing mineral dust or crustal particles.

To summarize, compared to the MARCUS and SOCRATES observations, we identify several biases in the release 
version of CESM2 regarding SO interstitial aerosol: (a) too few accumulation mode sulfur particles throughout the 
atmospheric column, (b) too high surface-level aerosol surface area concentrations at latitudes north of 48°S, (c) 
too many sea salt particles larger than 1.4 μm in the MBL, (d) too persistent particulate organic matter below cloud, 
and (e) large uncertainties in above cloud aerosol abundance and type (especially mineral dust). A negative bias in 
simulated sulfur particles smaller than 0.2 μm in CESM2 is consistent with McCoy et al. (2021), who demonstrated 
this bias leads to an under prediction of cloud droplet number concentrations and subsequent cloud microphysics 
and radiative properties. However, sulfur particles are not expected to influence the immersion freezing INP budget. 

Figure 4.  Observed number fraction of aerosol particle types for (a) particles with diameters 0.1–0.5 μm and (c) particles with diameters 0.5–5 μm, analyzed and 
reported by Twohy et al. (2021). Samples were collected below-cloud (BC) and above-cloud (AC) during the SOCRATES campaign and identified based on their 
chemical makeup and morphology. Co-located CESM2 aerosol data were selected to match the time periods and locations of observations for (b) particles with 
diameters 0.1–0.5 μm and (d) particles with diameters 0.5–5 μm. Colors indicate the particle type either based on the chemical and morphology analysis or predicted 
from CESM2.
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Additionally, POM particles are not currently active as INPs in CESM2 and are not considered an important INP 
source in this study. While model biases in sulfate and POM are both important to address for representing CCN 
populations, investigating these is beyond the scope of this study. High biases in coarse mode sea salt surface area 
concentrations were moderately reduced when the coarse mode aerosol size range was reverted to the CAM5 coarse 
mode size range (1–4 μm, Text S2 in Supporting Information S1). The biases in simulated mineral dust and sea salt 
particles are important to consider as they drive INP parameterizations and so will impact model-predicted INP 
populations.

4.  Simulating Southern Ocean Ice Nucleating Particles
4.1.  INP Closure From Observed Aerosol Surface Area

We first aim to reproduce observed nINPs from MARCUS under the assumption that the INP population was 
entirely comprised of marine organic aerosol described by the M18 parameterization. In our observation closure 
study, we use aerosol surface area estimated from the nephelometer and assume that all aerosol surface area is sea 
spray aerosol (i.e., SSSA ≈ Sneph). We use the two inlet impactors on the nephelometer (PM10 and PM1) to determine 
the influence of particles with diameters <1 μm versus <10 μm. One limitation of the M18 parameterization is 
that it was derived from nINPs measured from pristine Atlantic marine air masses that lacked the heat-labile marine 
INP type. To determine the role of heat labile ice nucleation material on the measured INP populations, we also 
repeated the observation closure study using the heat treated INP results (See Section 2.1.3). We note that uncer-
tainties in aerosol surface area estimated from the nephelometer were not quantified due to a lack of an independ-
ent surface area measurement, but will contribute to variability and uncertainty in this observation closure study.

nINPs predicted using M18 and observed aerosol surface area of PM10 were within a factor of 10 of observed nINPs 
with a high bias of 20% (Bn = 0.20) (Figure 5b). Using PM1 aerosol surface area instead (Figure 5a), bias in predicted 
nINPs shifted to a negative bias of 21% (Bn = −0.21), suggesting supermicron aerosol contributes to but does not domi-
nate INPs predicted using M18. Using nINPs measured from heated samples collected during the MARCUS campaign, 
we assessed the predictive skill of M18 when excluding the heat-labile INPs (Figures 5c and 5d). While many of the 
nINPs measured at temperatures greater than −15°C are significantly lowered after heating, the modified normalized 
mean bias is unchanged when we only consider the heat-stable material and use the measured PM10 Sneph (Figure 5d). 
When considering only PM1 Sneph compared to PM10 Sneph, the Bn improves from 0.20 to −0.09 (Figure 5c).

Overall, the agreement, within a factor of 10, between predicted nINPs and observed nINPs in these observation 
closure studies suggest that the dominant INP source in the marine boundary layer is likely from marine organic 
aerosol described by M18. Negative Bn suggests that INP populations were not entirely described by M18, and 
heat-labile marine INPs or other INP types also likely contributed to the measured SO INP population.

4.2.  Simulated Surface-Level INP Populations

In this study, CESM2-predicted INP populations were assessed against observed nINPs by applying the M18, N12, and 
D15 parameterizations to simulated Sss, Sdst, and n500nm,dst, respectively. Further, we utilize treated samples provided 
from MARCUS to investigate contributions of heat-labile and organic materials to the INP populations, as summa-
rized in Table 2 and provided in Figure S9 in Supporting Information S1. Previous model-observation comparisons 
used the M18 and D15 parameterizations applied to simulated aerosol from a modified version of CAM5 that included 
a representation of marine organic aerosol (McCluskey et al., 2019). Simulated marine organic aerosol particles are 
not included in this version of CESM2. Here, SSSA is approximated using the total simulated sea salt surface area (Sss).

Model-predicted nINPs using M18 and simulated Sss for MARCUS are biased low (Bn = −0.65) compared to 
untreated observations (Figure 6a). This bias is improved (Bn = −0.40) when model-predicted INPs are compared 
to heat-stable INPs (heated samples, Figure 6b), suggesting the heat-stable INP populations are dominated by 
marine INPs described by M18, consistent with the observation closure analysis (Section 4.1). However, agree-
ment between observed and model-predicted nINPs is significantly variable, with only 30% of the model-predicted 
nINPs within a factor of 2 of observed nINPs. This variability is largely controlled by disagreements between simu-
lated and nephelometer-derived Stot, and more specifically a consistent negative bias in simulated Stot compared 
to observed Stot (Figure S10 in Supporting Information S1).

The surface-level observations and the observational closure study results (Section  4.1) indicate that marine 
aerosol dominated the SO marine boundary layer INP population. However, previous modeling studies have 
suggested long-range transported mineral dust aerosol may influence SO INP populations aloft. Additionally, C. 
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Figure 5.  Ice nucleating particle number concentrations (nINPs) predicted using M18 and aerosol surface area Sneph estimated from the nephelometer for all particles 
smaller than 1 μm (PM1, a and c) and all particles smaller than 10 μm (PM10, b and d) from the MARCUS campaign. All observed nINPs are for untreated samples in 
a and b. All observed nINPs are for heated samples in c and d. Colors indicate the ice nucleation temperature. The one-to-one line is indicated with the solid black line, 
with a factor of 2 (10) also shown in the dotted (dashed) lines. Modified normalized mean bias (Bn) and the percentage of points within a factor of 2 (×2) or 10 (×10) 
are also shown for each comparison.

Table 2 
Bias Metrics for nINPs Comparisons as Described in Sections 4.1, 4.2, and 4.3

Study Observed nINPs INP assumption Predicted nINPs Bn ×2 ×10

MARCUS Observation-Closure No treatment Marine INPs M18(PM1) −0.21 21% 62%

No treatment Marine INPs M18(PM10) 0.20 26% 66%

Heated Marine INPs M18(PM1) −0.09 19% 53%

Heated Marine INPs M18(PM10) 0.20 19% 54%

MARCUS Model-Predictions No treatment All INPs M18 −0.65 32% 79%

No treatment All INPs M18 + N12 0.73 30% 67%

No treatment All INPs M18 + D15 −0.50 30% 80%

Heated Heat-stable INPs M18 −0.40 30% 74%

Heated Heat-stable INPs M18 + N12 0.94 16% 55%

Heated Heat-stable INPs M18 + D15 −0.24 31% 73%

H2O2 Refractory INPs M18 0.46 28% 69%

H2O2 Refractory INPs N12 1.31 14% 35%

H2O2 Refractory INPs D15 −0.91 7% 40%

SOCRATES Model-Predictions No treatment All INPs M18 + D15 −0.93 14% 46%
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Figure 6.
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H. Twohy et al. (2021) reported that 26% of the 87 individual INPs (active between −27 and −32°C) analyzed 
from samples collected from ship and aircraft were crustal/metal particles (Figure 4 in C. H. Twohy et al., 2021). 
The remaining nINPs after H2O2 treatment applied to the collected INP populations suggests refractory INPs do 
contribute to the measured INP population, particularly at temperatures lower than −20°C (Figure S7 in Support-
ing Information S1). As such, we assess the use of the N12 and D15 parameterizations against the observed refrac-
tory INPs (Figures 6c and 6d). Model-predicted INPs using N12 with simulated Sdst are biased high (Bn = 1.31) 
compared to H2O2 treated nINPs. By contrast, nINPs estimated using D15 applied to simulated n500nm,dst are biased 
low (Bn = −0.91) compared to H2O2 treated nINPs. Over 4 orders of magnitude variability in nINPs is estimated, 
with only 14% and 7% of model-predicted nINPs within a factor of 10 of observed nINPs using N12 and D15, respec-
tively, highlighting significant deviations of model-predicted mineral dust INPs from observed refractory INPs.

Considering an INP population comprised of marine and mineral dust INPs, model-predicted marine (M18) and 
mineral dust (N12 or D15) INPs are compared to heated nINPs (Figures 6e and 6f). Consistent with the high bias 
of the N12 predicted refractory INPs, the M18 + N12 approach is biased high with a Bn = 0.94 compared to 
heat-stable nINPs observations. Using the D15 approach for the mineral dust component is biased high (Bn = 0.24) 
compared to heat-stable nINPs observations. While both N12 and D15 have been illustrated to provide similar results 
when used to estimate mineral dust INPs in laboratory and field measurements of mineral dust plumes, these two 
INP estimates are drastically different over the remote Southern Ocean. This is discussed further in Section 5.2.

4.3.  Vertical Complexities in Southern Ocean INP Populations

Measurements of nINPs below and above cloud during SOCRATES provide some of the first observational insights 
into INP populations above the ocean surface in this region. Aerosol filter samples were collected during multiple 
exposures between 45 and 62°S (Figure S6). Based on results from Section 4.2 and McCluskey et al. (2019), the 
M18 + D15 approach is used to estimate model-predicted INPs (Figure 7a). Model-predicted nINPs are lower than 
nINPs observed during SOCRATES with a Bn of −0.93 and significant variability in predictive ability, with 54% 
of model-predicted nINPs more than a factor of 10 different from observed nINPs.

The influence of simulated mineral dust aerosol on model-predicted INPs is determined by using the ratio of 

simulated marine INPs and simulated mineral dust INPs 𝐴𝐴

(

log
(

𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼18

𝑛𝑛𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼15

))

 , where ratios greater (lower) than 
0 are marine-dominated (mineral dust-dominated) INP populations. For marine-dominated INP populations, 
model-predicted nINPs are consistently biased low (Bn = −1.25, Figure 7b), consistent with negative biases in 
accumulation mode aerosol (Figure 2). While simulated mineral dust-dominated INP populations are associated 
with a bias of only 0.26, only 28% of model-predicted nINPs are within a factor of 10 of observed nINPs (Figure 7c).

Approximately 20% (7 of 32) of samples from SOCRATES correspond to simulated INP populations dominated 
by mineral dust INPs, ranging from the MBL up to 6 km (Figure S6 in Supporting Information S1). All simulated 
samples above 3 km (N = 4) are mineral dust-dominated. Without additional aerosol composition and INP anal-
ysis, it is unclear if the simulated INP types agree with the observed INP types. However, the up to four orders of 
magnitude variability associated with the predicted mineral dust-dominated INP populations (Figure 7c) suggests 
that simulated mineral dust aerosol is a significant uncertainty in predicting Southern Ocean nINPs.

5.  Discussion
5.1.  Mineral Dust Influence on Southern Ocean INP Populations

Offline treatments of INPs sampled during MARCUS are one of the only measures of refractory, or mineral dust, 
INPs over the Southern Ocean region to date. The air mass origins associated with the four highest refractory 
nINPs filter periods were determined using back trajectories estimated using the HYSPLIT model (McFarquhar 
et al., 2021, released at 1 km, Figure 8). One of the samples with elevated refractory nINPs was collected near 
Tasmania with air masses originating from Australia. Three of the samples with elevated refractory nINPs were 

Figure 6.  Comparisons between model-predicted (CESM2) and observed (MARCUS) INP number concentrations (nINPs). Observed nINPs are for untreated samples 
(i.e., the full INP population) in panel (a). Observed INP number concentrations are for heat-stable INPs (i.e., heat treated) in panels (b, e, and f). Observed nINPs are 
for refractory INPs (H2O2 treated) in panels (c and d). Marker colors indicate the ice nucleation measurement temperature. Parameterizations used to predict nINPs 
are included in each panel. Model predicted nINPs were determined based on the co-located Sss, Sdst, or N500nm,dst as input to the M18, N12, and D15 parameterizations, 
respectively, as described in Section 2.3. The one-to-one line is indicated with the solid black line, with a factor of 2 (10) also shown in the dotted (dashed) lines. 
Modified normalized mean bias (Bn) and the percentage of points within a factor of 2 (×2) or 10 (×10) are also provided for each comparison.
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samples collected at higher latitudes, including one collected near an Australian Antarctic Station. Back trajec-
tory analysis suggests that these samples were often associated with air masses originating from the edge of 
Antarctica or high southern latitudes. While mineral dust originating from Antarctica may be possible, the pres-
ence of refractory INPs, particularly over the open ocean, is surprising. We note that the version of CESM2 

Figure 7.  Comparisons of INP number concentrations (nINPs) predicted using CESM2 simulated aerosol as input to the M18 and D15 parameterizations (See Section 2.3) 
compared to measured nINPs from SOCRATES. The one-to-one line is indicated with the solid black line, with a factor of 2 (10) also shown in the dotted (dashed) lines. 
Marker colors in all panels (a–f) correspond to the simulated ratio of marine INPs to mineral dust INPs as predicted by M18 and D15, respectively (a) includes all data, 
(b) includes samples with simulated INP populations dominated by the marine (M18) INP source and (c) includes samples with simulated INP populations dominated by 
the mineral dust (D15) INP source. In d–f, samples are segregated into average sampling altitude (d) greater than 4 km, (e) between 0.8 and 4 km, and (f) below 0.8 km. 
Modified normalized mean bias (Bn) and the percentage of points withing a factor of 2 (x2) or 10 (x10) are also provided for each comparison.
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used in this study does not include mineral dust emissions from Antarctica. Detailed bacterial profiling from a 
ship-campaign during the same period as SOCRATES reported by Uetake et al. (2020) indicated that the SO 
marine boundary layer is pristine, with little to no influence from continental regions. Re-suspension of mineral 
dust particles from the ocean surface via bubble bursting has been proposed based on laboratory studies of 
synthetic seawater doped with mineral dust (Cornwell et al., 2020). While the majority of INPs measured in the 
marine boundary layer are of marine origin, our results suggest that mineral dust aerosol sources and transport 
are likely key aspects of the INP populations over the southern high latitudes currently, and perhaps in the past 
and future.

5.2.  Representing Mineral Dust INPs in Remote Regions

A challenge in representing INPs in a global scale model is the dependence on many aerosol processes to 
achieve reasonable aerosol abundances and composition. The SO is one of the most pristine regions in the world 
with regard to INPs and has a high occurrence of liquid-dominated mixed phase clouds. As such, cloud radi-
ative properties may be highly sensitive to small perturbations in INP populations (Raatikainen et  al.,  2022; 
Vergara-Temprado et al., 2018; Vignon et al., 2021). Mineral dust is associated with three orders of magnitude 
greater ice nucleation site densities compared to marine aerosol (P. J. DeMott et al., 2016), such that very small 
amounts of mineral dust aerosol can significantly influence simulated INP populations. Here, we discuss the 
nuances associated with representing mineral dust INPs in remote regions.

Initial comparisons between model-predicted and observed nINPs (Section 4.3) revealed significant differences 
between two commonly used mineral dust INP parameterizations (D15 and N12). An important difference 
between D15 and N12 is that D15 considers only mineral dust particles with diameters larger than 500  nm 
(n500nm,dst), whereas N12 is related to the total mineral dust aerosol surface area (Sdst). Aerosol quantities that 
correspond to the observed upper limit of nINPs at −20°C over the SO (nINPs,−20 = 0.1 L −1, Figure S7 in Supporting 
Information S1) are n500nm,dst of 0.45 cm −3 and Sdst of 0.43 μm 2cm −3. Simulated zonal monthly averaged values 
of n500nm,dst and Sdst are presented in Figure 9 and demonstrate different global influences of mineral dust INPs. 
For n500nm,dst, the highest concentrations are near latitudes with known mineral dust sources and do not exceed 

Figure 8.  Distribution of average nINPs measured between −26 and −28°C during MARCUS for (a) untreated samples and 
(b) H2O2 treated samples (i.e., refractory INPs). Sample locations along the MARCUS ship track for samples associated with 
the four highest refractory nINPs are shown in (c) in unique colors along the MARCUS ship track (gray link). The 72 hr back 
trajectories (colored lines) and endpoints (points) estimated using the HYSPLIT model (release point 1,000 m from McFarquhar 
et al. (2021)) are also shown. The refractory nINPs measured between −26 and −28°C are provided for these four samples in text 
in panel (c) in colors corresponding to the trajectory colors. The MARCUS ship track is indicated by the gray line.
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0.45 cm −3 below 5 km south of 50°S. By contrast, Sdst exceeds 0.43 μm 2cm −3 globally between 60°S and 70°N, 
indicating that applying N12 to simulated Sdst will result in mineral dust aerosol dominating INP populations 
globally. While mineral dust INPs predicted using D15 and N12 are consistent when used in conditions with 
high mineral dust concentrations (P. J. DeMott et al., 2015), these results indicate that using N12 globally will 
overestimate mineral dust INPs in regions removed from mineral dust sources. We note that both D15 and N12 
were developed under aerosol loading exceeding these thresholds, with n500nm,dst exceeding 1 cm −3 (P. J. DeMott 
et al., 2015) and Sdst exceeding 50 μm 2cm −3 (Niemand et al., 2012). As such, this analysis reveals a limitation 
of agreement between D15 and N12 in regions far removed from mineral dust sources and thus should be use 
cautiously in modeling studies (Figure S11 in Supporting Information S1). This limitation of agreement between 
D15 and N12 also has consequences on observational studies far-removed from mineral dust sources that aim to 
develop parameterizations or use aerosol-specific parameterizations for INP source apportionment.

Previous modeling efforts focused on the direct aerosol effect of mineral dust which required an assessment of 
mineral dust optical properties near mineral dust sources that can often be measured from satellite (e.g., Wu 
et al., 2019). However, the ability to represent the sensitive interplay between mineral dust INPs and marine 
INPs over the SO depends on the ability to accurately simulate mineral dust and marine aerosol number and size. 
Realistic representations of aerosol-cloud interactions, with aerosol amount and composition influencing cloud 
activation, ice nucleation, and subsequent cloud microphysics and radiation, is a promising advancement for 
Earth system modeling. However, future observational studies need to include measurements that target aerosol 
composition and aerosol transport processes, including quantitative mineral dust aerosol measurements in regions 
far removed from mineral dust sources.

6.  Summary
In this study, three deterministic INP parameterizations that describe marine INPs (M18) and mineral dust INPs 
(D15 and N12) were assessed for use in the Community Earth System Model version 2. This study was motivated 
by the need to represent marine INP sources over the Southern Ocean and a desire to replace the current CNT IN 
parameterization with one that can be easily evaluated against INP measurements.

In order to accurately predict INPs, models must first accurately simulate the abundance and type of INP 
aerosol sources. As such, we evaluated total surface-level aerosol surface area, accumulation model aerosol 
number concentrations and size distributions, coarse model sea salt aerosol, and aerosol composition in two 
size ranges. Based on these analyses, we find that CESM2 includes many biases in representing SO aerosol: 
(a) too few accumulation mode sulfur particles, (b) too persistent POM aerosol below cloud in the MBL, (c) 
too high surface-level aerosol surface area north of 48°S and (d) too many sea salt particles larger than 1.4 μm. 
Biases in sulfur and POM do not currently influence INP predictions, because they are not considered to be IN 
active in CESM2 or this study. Model biases in simulated sea salt and high variability in mineral dust aerosol 
contribute to uncertainty and variability in model predicted INP populations. These biases were only modestly 

Figure 9.  Zonal monthly mean of simulated aerosol quantities used as input to the (a) M18 (Sss) (b) D15 (n500nm,dst), and (c) N12 (Sdst) INP paramterizations for 
February 2018. Aerosol values corresponding to predicted nINP equal to or greater than nINP at −20°C (nINPs,−20 = 0.1 L −1) are outlined by the white contour line. The 
lower Sss threshold corresponding to nINP,−20 = 0.1 for M18 is 670 μm 2cm −3. The lower n500nm,dst threshold corresponding to nINP,−20 = 0.1 for D15 is 0.45 cm −3. The 
lower Sdst threshold corresponding to nINP,−20 = 0.1 for N12 is 0.43 μm 2cm −3. Note that all simulated Sss were lower than 670 μm 2cm −3 (i.e., there is no visible white 
contour in panel (a).
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influenced by changes to the coarse mode aerosol parameters, as described in Text S2 in Supporting Informa-
tion S1. We note that the observation-based INP closure study (Section 4.1) suggests coarse mode aerosol does 
not significantly contribute to the observed aerosol surface area used in the M18 parameterization for marine 
INP prediction.

An important goal for representing SO INP populations and how they may change in response to climate change, 
including changes in transport patterns and land use change, is the ability to accurately attribute INPs to their 
sources. Over the SO region, marine and mineral dust INPs are likely the key INP types (C. H. Twohy et al., 2021). 
In this study, surface-level model-predicted INP populations were minimally influenced by simulated mineral 
dust aerosol estimated using D15, consistent with (Zhao et al., 2023). In contrast, N12-predicted mineral dust 
INPs resulted in an over-prediction of refractory INPs. The reported discrepancies between D15 and N12 are in 
contrast to reported agreements between N12 and D15 in dust events. While the D15 parameterization relates 
INPs to dust particles larger than 0.5 μm, the N12 parameterization relates dust INP to dust particles of any size. 
Additionally, mineral dust concentrations over the SO are far below the mineral dust aerosol amounts used to 
develop N12 and D15. These aerosol surface area or number concentration limits should be considered before 
using N12 and D15 in numerical modeling or INP closure studies.

While the M18 + D15 approach for predicting surface-level INP populations measured during MARCUS was 
largely successful, the skill in predicting INP populations above the ocean surface were highly variable. Poor 
skill in reproducing measured INP populations may be due to uncertainties in mineral dust aerosol and also in 
adequately representing marine aerosol at high latitudes. While back trajectories indicated that refractory INPs 
detected during MARCUS were sometimes associated with air masses originating from the Antarctic continental 
edge, additional observations of speciated aerosol mass concentrations, aerosol size number distributions, and 
INP composition are needed to further elucidate model errors in simulating SO aerosol, their associated INPs, 
and their impacts on Southern Ocean cloud properties.

Data Availability Statement
All SOCRATES observation data are available from the NCAR Earth Observation Lab (EOL) Field Catalog 
(http://catalog.eol.ucar.edu/socrates), including state and microphysics measurements (Laboratory, 2019b), aero-
sol composition (C. Twohy & Toohey, 2020), giant nuclei impactor (Laboratory, 2019a), and ice spectrometer 
data (P. DeMott & Hill, 2022). All MARCUS observation data are available from the DOE ARM archive at 
http://adc.arm.gov and the DOE ARM Intensive Operation Period (IOP) Data Browser, including nephelometer 
(Salwen et  al.,  2011) and ice spectrometer (P.  J. DeMott,  2018) data. Model simulations are archived online 
(McCluskey, 2022).
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