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Abstract.

Mixed-phase clouds over the Southern Ocean profoundly influence Earth’s radiative balance, yet climate models persistently
exhibit a positive surface shortwave radiation bias driven by over-glaciation in mixed-phase clouds. Addressing this bias re-
quires accurate representation of ice-nucleating particles (INPs). This study presents the first online implementation of aerosol-
aware marine INP parametrizations derived interactively from sea spray and marine organic aerosols within the high-resolution
Unified Model. Using CAPRICORN-2 shipborne observations, we demonstrate that the default INP scheme overestimates INP
concentrations by up to four orders of magnitude, causing a severely underestimated liquid water path. In contrast, empirical
Antarctic and deterministic marine INP schemes reproduce the low INP concentrations typical of the pristine Southern Ocean,
improving cloud and radiative properties. Crucially, microphysical and radiative responses to these INP reductions are strongly
regime-dependent. In deep, pre-frontal mixed-phase clouds, suppressing INP concentrations effectively inhibits cloud glacia-
tion, significantly enhancing supercooled liquid water and largely mitigating the surface shortwave radiation bias. However, in
shallow, post-frontal stratocumulus clouds, altering INP parametrization yields negligible improvements. Radiosonde evalua-
tions reveal this insensitivity is driven by several model deficits, including systematically smoothed boundary layer inversions
leading to excessive dry air entrainment, exacerbated by underestimated cyclonic moisture transport. Consequently, these shal-
low clouds are thermodynamically starved of water vapor, rendering microphysical INP adjustments ineffective. Ultimately,
fully resolving Southern Ocean cloud-radiation biases requires synergistic advancements in representing aerosols, boundary

layer physics and large-scale meteorological forcings.
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1 Introduction

The Southern Ocean (SO) plays a major role in the Earth’s radiative balance. This region is characterized by ubiquitous low-
level mixed-phase clouds, which contain a complex mixture of ice and supercooled liquid water (SLW) (Vergara-Temprado
etal., 2018; Mace et al., 2021). A long-standing issue is that climate models consistently overestimate the downward shortwave
(SW) radiation at the SO surface when compared to satellite observations (Bodas-Salcedo et al., 2014; Trenberth and Fasullo,
2010; Fiddes et al., 2022; Pei et al., 2023). This persistent bias is primarily linked to the misrepresentation of low- and mid-
level mixed-phase clouds, which govern the overall cloud radiative effect over the SO (Bodas-Salcedo et al., 2016; Kay et al.,
2016). These radiative errors directly hinder accurate forecasts of regional sea surface temperatures (SSTs) (Hyder et al.,
2018). Furthermore, much of the uncertainty regarding Equilibrium Climate Sensitivity (ECS) in the recent Coupled Model
Intercomparison Project Phase 6 (CMIP6) is driven by discrepancies in the SW radiative feedback of these SO low-level clouds
(Zelinka et al., 2020; Gettelman et al., 2019).

In recent years, numerous studies have investigated how to better simulate mixed-phase clouds over the SO in climate models.
These efforts generally fall into three categories. First, refining the representation of aerosols which act as cloud condensation
nuclei (CCN). Accurate simulated concentrations of CCN are crucial because they help determine cloud droplet number con-
centrations, directly modulating cloud reflectivity and governing indirect aerosol-cloud interactions (McCoy et al., 2015; Fiddes
et al., 2025). Second, improving cloud microphysical parameterizations. Processes such as the Wegener-Bergeron-Findeisen
(WBF) mechanism, riming, vapor deposition, and secondary ice production (SIP) interactively control the liquid-ice phase
partitioning and precipitation rates. For instance, enhanced SIP can increase ice crystal concentrations by orders of magnitude,
which then rapidly depletes SLW through the WBF process (Sotiropoulou et al., 2021; Zhao et al., 2023). Furthermore, altering
how well mixed the clouds are essentially impacts the cloud radiative effect (Smith et al., 2025). Third, addressing dynamical
processes. Boundary layer parameterizations, cloud-top turbulence, and subgrid relative humidity distributions directly regulate
the generation and maintenance of SLW (Furtado et al., 2016; Furtado and Field, 2017). Enhanced turbulence, for instance, is
critical for maintaining liquid water in stratiform clouds and counteracting the rapid depletion of liquid droplets by ice growth
(Atlas et al., 2020; Vignon et al., 2021). While these advancements have successfully improved the simulated liquid water
content in SO mixed-phase clouds to some extent, the persistent cloud radiative bias remains incompletely solved.

The formation of ice crystals in mixed-phase clouds has a profound impact on cloud structure and radiative properties. Due
to a lower saturation vapor pressure over ice compared to liquid water, ice crystals grow rapidly at the expense of supercooled
liquid droplets known as the WBF process (Storelvmo and Tan, 2015). Larger ice particles subsequently precipitate and col-
lect smaller liquid droplets through the riming process. These processes together efficiently deplete the liquid water content,
ultimately reducing cloud albedo. The initial glaciation of these clouds requires ice-nucleating particles (INPs), which serve as
seeds for heterogeneous ice formation. In mixed-phase clouds, immersion freezing, where an INP initiates freezing from within
a supercooled liquid droplet, is recognized as the dominant nucleation mechanism (Murray et al., 2012; Kanji et al., 2017).
Globally, INPs originate from diverse terrestrial sources, including mineral dust, bacteria, biomass burning, and agricultural

soils (Hoose and Mohler, 2012). Nevertheless, over the remote SO, where continental aerosol are extremely scarce, marine
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aerosols become the primary driver of ice formation. Sea spray aerosol (SSA), which comprises both biogenic organic material
and sea salt emitted from the ocean surface via bubble bursting, is a critical source of INPs in this pristine marine environment
(Burrows et al., 2013; DeMott et al., 2016).

Given the crucial role of these marine aerosols, the characteristics of INPs in pristine environments have received significant
attention in recent years. Through field sampling and laboratory analysis, Wilson et al. (2015) revealed that organic matter re-
leased by marine phytoplankton, which is highly enriched in the sea surface microlayer (SML), possesses strong ice-nucleating
abilities. Their findings demonstrated that bubble bursting efficiently transfers these biogenic materials into the atmosphere,
serving as an active marine source of INPs. McCluskey et al. (2018b) found that the ice-nucleating ability of SSA is intrinsi-
cally linked to ocean biological activity. They identified distinct marine INP species associated with SSA, including an organic
molecule that coats sea salt, and a heat-labile, marine microbial INP that remains active at temperatures warmer than -20 °C.
Observations within the SO marine boundary layer confirmed that these pristine INP populations are extremely sparse and
are almost entirely dominated by marine sources (McCluskey et al., 2018a). To quantitatively represent these emissions, Mc-
Cluskey et al. (2018b) developed an INP parameterization based on temperature and SSA surface area concentrations. Using
clean-sector measurements from the Mace Head Research Station in the North Atlantic, their formulation revealed that the ice
nucleation site density of marine aerosols is approximately three orders of magnitude lower than that of mineral dust. More
recently, Vignon et al. (2021) developed an empirical INP parameterization (V21) based on in-situ observations off Mawson
Station in East Antarctica. Although this scheme is only temperature-dependent, it yields INP concentrations that are three to
five orders of magnitude lower than classic parameterizations derived from Northern Hemisphere terrestrial environments.

A wide range of climate models, whether global or high-resolution regional models, employ empirically temperature-
dependent ice nucleation parameterizations, such as those proposed by Cooper (1986) or Meyers et al. (1992). These schemes
do not account for variations in aerosol species or concentrations. Subsequently, they do not reflect the very low INP concen-
trations of pristine regions like the SO. Applying these empirical schemes in such environments leads to an overestimation of
cloud ice.

Recent studies have incorporated more realistic, aerosol-aware INP parameterizations to evaluate their impacts on cloud
and radiative properties. These efforts generally fall into two approaches: offline evaluation and online implementation. In
offline approaches, INP parameterizations are applied to pre-calculated aerosol mass or number outputs, focusing primarily on
evaluating the predicted INP concentrations against observations. For instance, using the Global Model of Aerosol Processes
(GLOMAP), Vergara-Temprado et al. (2017) demonstrated that marine organic aerosols dominate the INP population in pristine
regions like the SO, despite being a relatively weak INP source globally. Similarly, McCluskey et al. (2023) evaluated marine
and dust aerosol contributions in the Community Earth System Model (CESM) against ship and aircraft measurements over
the SO, confirming that dust-only INP schemes are insufficient for representing pristine SO conditions. Herbert et al. (2025)
recently used the UK Earth System Model (UKESM) to simulate the global, year-round distribution of immersion-freezing
INPs from dust, marine, and black carbon sources. They found that the model matches field measurements much better when

dust is treated as a realistic soil mixture of both mineral and organic components.
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The online implementation directly couples INP schemes with cloud microphysics, allowing INPs to dynamically interact
with cloud, precipitation, and radiation processes. Using high-resolution regional models, Vignon et al. (2021), Hines et al.
(2021), Pei et al. (2025a) and Smith et al. (2025) demonstrated that applying the Vignon et al. (2021) INP parameterization
tailored to the Antarctic environment significantly improves the simulated liquid water path and radiative fluxes. Furthermore,
Vergara-Temprado et al. (2018) exhibited substantial improvements in simulating SO frontal cloud systems by utilizing INP
profiles from GLOMAP-mode that account for both dust and marine organic aerosols. While dust-aware ice nucleation has been
increasingly implemented in models for both the SO and the Arctic (Gettelman et al., 2020; Hawker et al., 2021), dynamic
marine-sourced INPs continues to be explored. Zhao et al. (2021) introduced marine organic aerosols (MOA) into CESM2
to investigate their role as CCN and INPs. Their results showed that MOA dominates immersion-mode ice nucleation in the
high-latitude lower troposphere, playing a vital role in modulating the phase partitioning of mixed-phase clouds.

In this study, we present the first online implementation of sea spray and marine organic aerosols as INP sources within a
coupled aerosol-cloud microphysics scheme in a high-resolution regional model. Simulations are conducted for a biologically
active summer period over the high-latitude SO, characterized by strong cyclonic systems and diverse cloud regimes. This
period is during Phase 2 of the Clouds Aerosols Precipitation Radiation and atmospheric Composition over the Southern Ocean
(CAPRICORN-2) campaign, detailed fully by McFarquhar et al. (2021) and Mallet et al. (2025). Recently, Price et al. (2025)
investigated similar CAPRICORN-2 case studies using a comparable high-resolution UM model with interactive aerosols.
They demonstrated substantial underestimations in surface aerosol concentrations and cloud liquid water, attributing the cloud
liquid biases primarily to meteorological deficiencies rather than aerosol or cloud microphysical properties. However, their
experiments did not include the INP treatments introduced here. To build upon their findings, our model evaluation focuses
primarily on the response of cloud phase, liquid and ice water paths, and radiative fluxes to the different INP parameterizations.
The structure of this paper is as follows: Section 2 describes the observational datasets and model configurations. Section 3

presents the results and discussions, and Section 4 provides the conclusions and implications for future research.

2 Data and Methods
2.1 CAPRICORN-2 campaign

The CAPRICORN-2 campaign was conducted aboard the Research Vessel (RV) Investigator between 11 January and 21 Febru-
ary 2018. The voyage track extended from Hobart, Australia, southward to the sea-ice edge of East Antarctica. A comprehen-
sive overview of the campaign and the instruments deployed was provided by McFarquhar et al. (2021). Our study utilizes a
subset of these observations including the ship-based measurements of cloud, radiative fluxes, meteorological conditions, and

aerosol properties. The specific instruments and data products are detailed below.
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2.1.1 Cloud, Radiation, and Meteorology Observations

Cloud phase was determined by merging observations from the shipborne 95 GHz BASTA radar (Delanog et al., 2016) and
Leosphere R-MANS510 Raman UV polarization lidar (Alexander and Protat, 2018). Detailed technical specifications and cali-
bration procedures for these instruments are documented by Noh et al. (2019) and Alexander et al. (2021). Radar often misses
small liquid droplets, while lidar signals attenuate rapidly in optically-thick layers. Merging these two datasets overcomes their
individual limitations, providing a more complete phase classification. After regridding the instrument data to uniform 15 m
vertical resolution and 1 min temporal resolution and interpolating them with collocated ERAS temperature profiles along the
ship track, a phase-classification algorithm was applied to classify hydrometeor layers into warm liquid, SLW, ice, mixed-
phase, ice/mixed-phase, and ice virga based on thresholds of radar reflectivity and lidar backscatter and depolarisation ratio
(Alexander et al., 2021).

Liquid water path (LWP) is retrieved from the shipborne microwave radiometer (MWR) using the algorithm described by
Mace et al. (2021). Ice water path (IWP) is estimated from BASTA radar reflectivity, along with using ERAS temperatures,
following Protat et al. (2007) and Pei et al. (2025b). Shipborne pyranometer and pyrgeometer provide continuous measurements
of downwelling shortwave and longwave surface radiative fluxes, respectively.

Surface meteorological conditions, including air temperature, relative humidity, pressure, and wind speed, are provided by
the underway meteorological suite mounted on the RV Investigator (Protat et al., 2020). Six-hourly launched radiosondes com-

plement surface measurements by profiling the vertical thermodynamic structures of the troposphere throughout the campaign.
2.1.2 INP Observations

INPs were collected on aerosol filters and subsequently measured utilizing an Ice Spectrometer between -30 °C and -10
°C. Real-time INP concentrations at -30 °C were measured with a Continuous Flow Diffusion Chamber. Further details are
available in Moore et al. (2024).

2.2 Unified Model Regional Nesting Suite

The United Kingdom Met Office’s Unified Model Regional Nesting Suite (UM RNS) is a numerical atmosphere and land
model, designed for high resolution forecasting and research applications across different grid resolutions and geographical
domains (Bush et al., 2020, 2023, 2025). The UM is non-hydrostatic and fully compressible with a semi-Lagrangian dynamical
formulation for the deep atmosphere. The discretized equations of motion are solved through the Even Newer Dynamics
General Atmospheric Modelling of the Environment (ENDGame) (Wood et al., 2014). Land surface processes are represented
by the Joint UK Land Environment Scheme (JULES) (Best et al., 2011; Clark et al., 2011).

We utilize the Regional Atmosphere and Land configuration 3.2 (RAL3.2) and UM version 13.0, comprehensively doc-
umented in Bush et al. (2025). This configuration features a bimodal cloud fraction scheme which identifies moist and dry
Gaussian modes to diagnose sub-grid cloud water content and cloud fraction (Van Weverberg et al., 2021). It also couples

directly with the double moment Cloud AeroSol Interacting Microphysics (CASIM) scheme, which is detailed later in Section
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2.2.2. Key updates in the RAL3.2 include the implementation of a blended boundary layer scheme (Boutle et al., 2014) and an
adaption of the radiative transfer scheme (Edwards and Slingo, 1996) to operate interactively with CASIM (Bush et al., 2025).

The GLOMAP-mode microphysical aerosol scheme (Mann et al., 2010, 2012) was utilized to prognose the mass and number
concentrations of aerosol species. The GLOMAP-mode scheme is coupled with CASIM via a one-way interaction. Specifically,
GLOMAP-mode supplies the aerosol fields and cloud droplet number concentrations (CDNC) to CASIM. While CASIM
utilizes these prescribed aerosol fields for cloud microphysical processes, it does not directly modify the aerosol populations

(Gordon et al., 2020). Section 2.2.3 provides a full description of the aerosol scheme.
2.2.1 Model Setup

The model was run from 28 January to 2 February 2018 to simulate a CAPRICORN-2 case study characterized by pronounced
biological and cyclonic activity. The simulations consist of 48-hour forecasts initialized at 0000 UTC daily. The first 24 hours
of each forecast are discarded as spin-up. The UM RNS operates with a 75-second time step and we output all the data at 10-
minute intervals. The domain utilizes a rotated polar grid with 400 x 800 grid points in latitude x longitude centred at 141°E,
-64.5°S. The horizontal resolution is approximately equivalent to 1.5 km. Deep convective mixing is explicitly resolved at
this grid spacing, allowing the subgrid convection parameterization to be deactivated. The vertical grid comprises 90 stretched
levels reaching an altitude of 40 km, with the lowest model level positioned at S m and 16 levels in the first 1000 m.

Initial and lateral boundary conditions are provided by the global configuration of the UM. This driving model operates at
an N216 resolution (approximately 60 km at the equator) using the Global Atmosphere (GA) 8.0 science configuration (Willett
et al., 2026), and is nudged towards ERAS reanalysis. Figure 1 exhibits the model domain (red box) and the CAPRICORN-2
ship track (black line). These are overlaid on the mean January-February 2018 chlorophyll concentrations from the Moderate
Resolution Imaging Spectroradiometer (MODIS) product (green shading) (NASA Ocean Biology Processing Group, 2025)
and the sea ice concentration exceeding 15% from the National Snow and Ice Data Center (NSIDC) dataset on 1 February
2018 (blue shading) (Meier et al., 2026).

To better represent the conditions over the high latitude SO, we modified the default initial fields for SSTs, sea ice con-
centration (SIC), and dimethyl sulfide (DMS). We replaced the default HADISST monthly climatology with the Reynolds
high-resolution Optimally Interpolated SST (OISST) dataset (Huang et al., 2021). This modification more accurately cap-
tures the accelerated decline in Antarctic sea ice observed after 2016 (Doddridge et al., 2025). Similarly, the underlying DMS
climatology was updated from the Lana et al. (2011) to the Hulswar et al. (2022), which provides higher and more realistic
DMS emission concentrations along the Antarctic coast. Preliminary testing confirmed that updating these boundary conditions
substantially improves the simulated thermodynamic profiles, cloud properties, radiative fluxes, and ambient aerosol concen-

trations. Nevertheless, evaluation of these updates falls outside the primary scope and thus is not detailed in this manuscript.
2.2.2 Cloud Microphysics

The double-moment CASIM scheme simulates both mass and number concentrations across five hydrometeor categories: cloud

liquid, rain, ice, snow, and graupel. CASIM also represents cloud microphysical processes such as condensation, deposition,
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Figure 1. Overview of the CAPRICORN-2 voyage track and the UM model domain. The thick black line illustrates the ship track of the
RV Investigator. The solid red box shows the model domain. Background green shading represents the mean MODIS Aqua chlorophyll-a
concentrations (logarithmic scale, mgm~?) averaged over January and February 2018. Blue shading denotes the daily sea ice concentration

on 1 February 2018 derived from the NSIDC dataset, masked for concentrations exceeding 15%. Continent is masked in dark grey.

sublimation, autoconversion, riming, and sedimentation (Field et al., 2023). For cloud activation, the model can apply either
a fixed or dynamically activated cloud droplet number from online prognostic aerosol fields utilizing the Gordon et al. (2020)
approach.

For ice nucleation processes, primary heterogeneous ice nucleation initiates at temperatures below -8°C, following the
Cooper (1986) INP parameterization. CASIM accounts for the immersion freezing of rain droplets into graupel, while homo-
geneous freezing is activated below —38° C. Secondary ice production in CASIM is only represented by the Hallett-Mossop

rime-splintering effect between —2.5°C and —7.5°C (Hallett and Mossop, 1974).
2.2.3 Aerosol Microphysics

The GLOMAP-mode aerosol scheme employs a two moment, pseudomodal framework (Mann et al., 2010, 2012). It prognoses

the mass and number concentrations of sulfate, sea salt, black carbon and organic matter across five internally mixed modes:
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soluble nucleation, Aitken, accumulation, coarse, and insoluble Aitken. GLOMAP-mode explicitly resolves the aerosol size
distribution and simulates key processes including primary emission, secondary formation, condensation, coagulation, cloud
processing, and removal via dry and wet deposition (Mann et al., 2010).

Oceanic DMS emission fluxes rely on the parameterization by Liss and Merlivat (1986). As detailed previously in Section
2.2.1, we update the surface water DMS climatology to the Hulswar et al. (2022), replacing the older Lana et al. (2011) dataset
(Fiddes et al., 2025; Bhatti et al., 2023). The primary marine organic (PMO) aerosol emission is turned on and taking into
account organic matter (Mulcahy et al., 2020). Sea spray aerosol (SSA) emission fluxes are calculated using the wind speed
parameterization source function developed by Gong (2003), incorporating the updated sea salt density from Mulcahy et al.
(2020). Free tropospheric new particle formation (NPF) occurs via the binary homogeneous nucleation of water and sulfuric
acid according to Kulmala et al. (1998), while boundary layer NPF is not turned on. A binning method developed by Woodward
(2001) calculates dust emissions externally to the GLOMAP-mode scheme. Other trace gases and primary aerosol emissions
from anthropogenic and terrestrial sources including volcanic and industrial SO4, biomass burning, and monoterpenes are

prescribed according to CMIP6 protocols (Eyring et al., 2016).
2.2.4 Heterogeneous Ice Nucleation Parameterizations

To investigate the sensitivity of SO mixed-phase clouds to primary ice formation, four distinct heterogeneous ice nucle-
ation parameterizations are evaluated within the UM CASIM microphysics framework. These schemes range from empirical
temperature-dependent to dynamical aerosol-aware parameterizations. All INP concentrations discussed in this study refer to

the immersion freezing INP.
Cooper (1986)

The default UM RAL3.2 configuration employs the Cooper (1986) (hereafter C86) empirical parameterization. C86 is derived
from in situ aircraft observations of ice crystal concentrations collected over the continental regions in the Northern Hemi-
sphere, inherently assuming a background aerosol population dominated by highly efficient terrestrial aerosols such as mineral
dust. It implicitly adopting a direct one-to-one relationship where each activated INP produces a single ice crystal. C86 pa-
rameterization serves as a bulk proxy for primary ice production. Recent field observations by Daily et al. (2026) validate that
the primary ice crystal concentrations can serve as a proxy for INP populations under specific conditions such as during the
initial development phases of convective clouds over Magdalena Mountain, New Mexico, USA. C86 determines the number

concentration of active INPs (N1np,cse, in L1 solely as an exponential function of the ambient temperature (7', in °C):
NINP,C86 =0.005 eXp(—0.304 X T) (1)

This parameterization is bounded between —8 °C and —38 °C. While this approach effectively captures the general temperature
dependence of heterogeneous ice nucleation, it fundamentally neglects the role of aerosol composition, size, and supersatura-
tion states. Originally derived from airborne measurements. Consequently, applying C86 to the pristine marine boundary layer

of the SO often results in substantial overestimations of primary ice production (McCluskey et al., 2018a).
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Vignon et al. (2021)

To address the systematic overestimations of ice crystals produced by continental-based INP schemes in the model, Vignon
etal. (2021) (hereafter V21) developed a observation-based empirical parameterization tailored specifically for the high-latitude
Southern Ocean environment. This scheme derives from a direct temperature fit of INP concentrations measured near Maw-
son Station, Antarctica (67.6S,62.9E), during the Measurements of Aerosols, Radiation and Clouds over the Southern Ocean
(MARCUS) campaign. The active INP number concentration (Ninp,v21, in sL~1) is prescribed as a piecewise function of the

ambient temperature (7', in °C):

—0.14(T —Ty) —2.88, ifT>T,

logyo(Ninp,v21) =4 —0.31(T —T}) —2.88, if L <T <Ty 2)
0.0, if T < Ty
with 77 = —21.06°C and T = —30.35°C. To prevent unrealistic extrapolations at extremely low temperatures, the scheme

constrains the maximum INP concentration not to exceed 1sL 1. This threshold aligns with the DeMott et al. (2010) predic-
tions for low-aerosol concentrations and is physically grounded with SO observations from the first CAPRICORN campaign
(McCluskey et al., 2018b).

Recent studies demonstrate that adopting the V21 scheme notably improves the simulation of cloud liquid water path and
radiative fluxes in regional climate models over the high-latitude SO (Vignon et al., 2021; Smith et al., 2025; Pei et al., 2025a).
Nevertheless, it inherently misses the variations of SSA INPs which can occur over the SO driven by synoptic conditions
(Mallet et al., 2025).

Wilson et al. (2015)

The Wilson et al. (2015) parametrization (hereafter W15) links INP activity directly to biogenic organic material ejected
from the SML. W15 relies on the assumption that marine biogenic organic matter, particularly submicron components, serves
as an efficient source of atmospheric INPs under supercooled conditions. The parametrization establishes a temperature-
dependent relationship between total organic carbon (TOC) mass and INP concentration. The active INP number concentration
(N1NP, W15, 1D m~?) is calculated as the product of a TOC active site density based on temperature (7, in °C) and the simulated

ambient mass concentration of marine organic aerosols (Mg, in gm™3):
NINP,WL) = Morg X €Xp(112186 —0.4459 x T) (3)

To implement the W15 parametrization in CASIM, we diagnose ambient immersion-freezing INP concentrations from the
GLOMAP-mode aerosol fields. PMOA emissions are represented in GLOMAP-mode using the empirical parametrization
developed by Gantt et al. (2012), which estimates the organic mass fraction of SSA as a function of the 10 m wind speed, ocean
chlorophyll-a concentration, and the dry diameter of sea spray particles. The organic mass flux is subsequently calculated by

multiplying the organic mass fraction by the volume flux and density of the SSA. Upon emission, the PMOA flux is allocated
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to the Aitken mode, with 25% to the soluble mode and 75% to the insoluble mode (Mulcahy et al., 2020). Because GLOMAP-
mode tracks the total organic matter rather than outputting a PMOA tracer, the TOC required for W15 is estimated by summing
the organic matter mass from the soluble Aitken and soluble accumulation modes. This approach effectively represents pristine
marine emissions by selecting soluble, submicron particles. The combined organic mass is then converted to TOC using a
standard OM/OC ratio of 1.4 (Gantt et al., 2012) and which can then be provided to CASIM to calculate INP concentration

using W15 parametrization as above.
McCluskey et al. (2018b)

McCluskey et al. (2018b) (hereafter M18) introduces a parameterization based on SSA surface area tailored for pristine SO,
representing immersion-mode INPs associated with organic molecules that coat SSA particles. M18 scheme predicts the INP
number concentrations (Ninp,mis, in m~3) by multiplying a temperature-dependent ice nucleation surface site density (n, in

m~?2) by the SSA total surface area concentration (Sgga, in m?m~3):
NINP,MlS = Sgga X eXp(—0.545 x T+ 1.0125) 4)

M18 requires the total surface area of the SSA particles, encompassing both the sea salt core and its organic coating. Never-
theless, as GLOMAP-mode does not explicitly resolve organic coatings on individual particles, we implement the McCluskey
et al. (2023) method by assuming that organic coatings contribute minimally to the total SSA surface area. Moreover, Mallet
et al. (2025) has shown a statistically robust relationship between INP concentration at -30 °C and submicron sea salt mass.
Consequently, the simulated sea salt surface area serves as a physically robust proxy for Sgga .

GLOMAP-mode provides the mass for specific aerosol species but only outputs the total number of aerosols for each mode.
Both the mass and number are required to calculate the aerosol surface area. Following the method from McCluskey et al.
(2023), we first compute the total aerosol surface area for the soluble accumulation and coarse modes. We then calculate the
mass fraction of sea salt in each mode. By multiplying the total surface area by this mass fraction, we estimate the sea salt
surface area for each mode. Adding these two modes together gives the total Ssga. It should be noted that McCluskey et al.
(2023) included sea salt in Aitken mode. Only the accumulation and coarse modes are used in this study as GLOMAP-mode

does not provide sea salt emissions into the Aitken mode.
2.3 Reanalysis and Satellite Products

The mean sea level pressure and total cloud cover from the ERAS5 reanalysis are used to investigate the synoptic conditions
during the case study. Although ERAS5 has known biases with representing the SO cloud occurrence (McDonald et al., 2025),
its cloud cover field is used here solely to outline the broad synoptic frontal systems. Additionally, Moderate Resolution
Imaging Spectroradiometer (MODIS) Aqua chlorophyll-a concentrations are mapped across the domain to indicate background
biological productivity (Figure 1), which is a key driver for PMOA emissions. The daily sea ice concentrations from the

National Snow and Ice Data Center (NSIDC) is derived to represent the sea ice extent during the austral summer (Figure 1).
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2.4 EMC? simulated cloud phase

The Earth Model Column Collaboratory (EMC?) is an open-source ground-based lidar and radar instrument simulator with
subcolumn generator that can be used with both global climate models and high-resolution regional models (Silber et al.,
2022). It was developed to support rigorous comparisons between models and observations while ensuring consistency with
the physical assumptions embedded in the model.

In this study, implementation of EMC? utilizes high temporal resolution output of the microphysical variables required
for radar and lidar forward calculations such as hydrometeor mass and number mixing ratios. The outputs were sampled
every 10 minutes from the grid cell along the shiptrack during our case study in CAPRICORN-2. The simulator provides two
methods for remote sensing calculations, involving a radiation scheme logic that generalizes hydrometeor fractions and uses
bulk scattering calculations based on prescribed particle size distributions, whereas the other adopts a microphysics approach
that performs single particle scattering calculations using the particle size distributions simulated by the model. Here, we
employ the radiation scheme logic, which is applicable to both stratiform and convective cloud schemes, with key hydrometeor
parameters including terminal fall velocity and shape parameter specifically tuned for CASIM (Field et al., 2023). Given the
high spatial resolution of the UM model, one subcolumn is generated in EMC?. A maximum-random overlap assumption is
subsequently applied to extend cloud layers vertically within the subcolumn while preserving the vertical coherence of cloud
and precipitation properties. Further details of the subcolumn generation and forward simulation are provided by Silber et al.
(2022).

Using the simulated radar reflectivity, lidar backscatter, and depolarization ratio from EMC?2, the same cloud phase classifi-
cation algorithm applied to the observations was also applied to the model output (Pei et al., 2025a). Briefly, lidar backscatter
profiles were first calibrated to remove high-altitude noise, after which cloud layers were identified from the vertical structure
of the backscatter signal following gradient and signal-to-noise threshold. Cloud phase was then determined from the relation-
ship between layer-integrated lidar backscatter and depolarization ratio, with ERAS5 temperature profiles used to distinguish
"warm liquid" from "SLW" clouds. Finally, lidar and radar signals were combined so that SLW layers coexisting with radar sig-
nals were classified as "mixed-phase" clouds, while layers with fully attenuated lidar signals but detectable radar signals were
assigned to an “ice or mixed-phase” category to account for possible existing SLW. More detail of cloud phase classification

algorithms can be found in Guyot et al. (2022) and Knight et al. (2024).
3 Results

3.1 Cloud Regime Classification and Synoptic Condition

Here, we characterize the cloud regimes and synoptic conditions along the RV Investigator track during the case study to set the
context for model evaluation. Figure 2a displays the cloud phase derived from the merged lidar-radar observations, providing
a vertical cross-section of the observed cloud systems. Based on distinct cloud morphology and cloud base-top heights, we

partitioned the case study into two cloud regimes: (1) the SLW period (light blue shading in Figure 2a), characterized by
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shallow marine boundary layer stratocumulus clouds dominated by SLW, occurring from 16:00 UTC on 28 January to 00:00
UTC on 30 January, and later from 12:00 UTC on 31 January to 02:00 UTC on 01 February; and (2) the MIX period (light
orange shading in Figure 2a), dominated by deep glaciated frontal mixed-phase clouds, occurring from 08:00 UTC on 30
January to 12:00 UTC on January 31, and later from 10:00 UTC on 01 February to 00:00 UTC on 03 February.

To investigate the large-scale meteorological factors driving these distinct regimes, we illustrate the total cloud cover and
mean sea level pressure from the ERAS reanalysis (Figure 2b-e). Four specific synoptic snapshots, marked by vertical dashed
lines in Figure 2a, show the typical conditions for the SLW periods (Fig 2b, d) and the MIX periods (Fig 2c, e). Further-
more, shipborne surface observations were utilized to validate the local meteorological environment as well as evaluate the
performance of different model configurations (appendix Figure Al).

During the SLW periods, the ship was situated to the west of the departing low-pressure centres (Fig 2b, d), placing it
within the cold sector of the extratropical cyclones during a post-frontal stage. As a result of strong post-frontal subsidence,
the cloud layers were suppressed, forming stable, low-altitude SLW-dominated cloud systems (Fig 2a). The shipborne surface
observations clearly reflected this cold sector environment, showing steadily declining air temperatures and relative humidity,
increased surface pressure, and weaker wind speeds (black lines in Fig Ala, c, e, g) as the frontal systems moved away.

The MIX periods encompass the deeply glaciated cloud systems driven by the approach of low-pressure cyclone systems
(Fig 2c, e). During these phases, the ship was positioned east of the low-pressure centres, situating it within the pre-frontal
warm sector. Ahead of and along the advancing frontal boundaries, strong north-westerly winds advected warmer, moist air
southwards, forcing intense dynamic uplift. This rapid ascent caused the cloud tops to extend up to 6 km (Fig 2a), exposing
the cloud layers to extreme cold and triggering widespread glaciation. Surface observations corroborated this frontal passage,
evidencing a drop in surface pressure, an increase in relative humidity and wind speeds, while surface temperatures exhibited

fluctuations typical of frontal mixing (Fig Al).
3.2 Marine INP Representation in different parametrizations

Next, we examine how well the different INP parametrizations represent the INP populations over the high-latitude SO. Figure
3 presents the simulated INP concentrations for immersion freezing as a function of temperature across the entire case study,
compared against the INP measurements collected during CAPRICORN-2. To ensure a consistent comparison, the ambient
INP concentrations output by the model are converted to match the laboratory units of per standard litre (sL~1).

The observations (black dots) exhibit the low INP characteristics of the pristine SO, with concentrations predominantly
ranging from 10~% to 10°sL~! between —15°C and —28°C (Figure 3). The C86 parametrization (light blue dots) exhibits
a substantial overestimation of INP in this environment, overpredicting the INP concentration by approximately 2 to 4 orders
of magnitude (Figure 3). Derived from measurements over the East Antarctic coast, the V21 scheme (yellow line) is able to
represent the overall magnitude and trend of INP concentrations between —30°C to —15°C. However, V21 still produces INP
concentrations up to an order of magnitude higher than the observations within the specific range of —30°C to —20°C (Figure
3). Importantly, the observational data reveal substantial variability in INP concentrations at any given temperature, an inherent

natural variance that is noticeably larger than what the parameterizations are able to represent.
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Figure 2. Overview of cloud structures and synoptic meteorological conditions during the case study. (a) Time-height cross-section of the

cloud phase derived from the merged lidar-radar product. Colors indicate clear sky (white), liquid warm (brown), ice (green), supercooled

liquid water (blue), mixed-phase (orange), and ice or mixed-phase (purple). Light blue and light orange background shading indicates the

SLW and MIX periods, respectively. Vertical dashed lines denote the times of the synoptic snapshots shown in the lower panels. (b)—(e)

Spatial distributions of total cloud cover (grayscale shading) and mean sea level pressure (MSLP; red contours in hPa) from the ERAS

reanalysis at four specific times. The yellow star indicates the location of the RV Investigator. Panels (b) and (d) illustrate the post-frontal

environments during the shallow SLW periods, while panels (c¢) and (e) illustrate the pre-frontal environments during the deep MIX periods.
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Figure 3. Evaluation of simulated immersion-freezing INP concentrations against shipborne filter-based measurements. The black dots
represent the observed INP concentrations measured during the CAPRICORN-2 voyage. The light blue and yellow lines denote the INP
concentrations predicted by the C86 and V21 parametrizations, respectively. The scattered red and dark blue points illustrate the INP concen-
trations from the M 18 and W15 schemes, respectively. The corresponding dashed lines indicate the linear fits for the M18 and W15 outputs
across the sampled temperature range. All simulated ambient INP concentrations have been converted to laboratory-equivalent units (sL. 1)

for consistent comparison.

The purple and red dots in Figure 3 exhibit the INP concentrations from the W15 and M 18 schemes, respectively, with dashed
lines illustrating the fitted relationship between temperature and INP concentrations. Unlike the static C86 and V21 schemes,
these two aerosol-aware dynamical parametrizations show clear variability at any given temperature. This variability spans up
to 1 order of magnitude for W15 and approximately 2 orders of magnitude for M18, although temperature still primarily drives
the overall trend in both schemes (Figure 3).

This variability is directly linked to the underlying prognostic aerosol fields. Appendix Figure A2 shows the time-height
profiles of the aerosol masses along the ship track used to calculate these schemes. For M 18, we utilize the mass of sea salt
in the soluble accumulation and coarse modes to represent SSA. For W15, we utilize the total organic matter in the soluble

Aitken and accumulation modes, divided by 1.4 to represent TOC. The profiles reveal enhanced SSA emissions from the sea
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Figure 4. Time-height cross-sections of the cloud phase derived from the (a) merged lidar-radar product and the (b-e) corresponding forward

simulated phase masks from the four model configurations using the EMC? simulator.

surface during the first phase of the SLW period and both phases of the MIX period, which align closely with periods of strong
surface winds (Figure A2a, Figure Alg). The TOC mass concentration is generally lower than SSA in the boundary layer but
also shows wind-driven enhancements, alongside some noticeable free-tropospheric intrusion from aloft (Figure A2b).

The observed INP concentrations generally fall between the simulations of the two dynamical schemes. The W15 scheme
overestimates the INP concentrations by up to 2 orders of magnitude around —22°C, while the M18 scheme underestimates
them by up to 2 orders of magnitude around —28°C and —15°C. Overall, this indicates a consistent 1 to 2 order of magnitude

difference in the predicted INP concentrations between the W15 and M 18 parametrizations (Figure 3).
3.3 Cloud Phase and Hydrometeor Response

With the pronounced differences in INP concentrations demonstrated in the previous section, we now investigate how these
parametrizations modulate the macroscopic cloud phase partitioning. To ensure a physically consistent and direct comparison
with the observations, the (EMC?) simulator was applied to the high-frequency model outputs. Figure 4 presents the time-
height cross-sections of the cloud phase derived from the ship-based merged lidar-radar product as previously shown in Figure
2, alongside the simulated cloud phase masks from the four model configurations.

During the SLW periods, the C86 configuration reproduces fewer SLW clouds than observed (Figure 4b). In the first phase
of the SLW period from late 28 January to end of 29 January, C86 simulates shallower, less consistent mixed-phase layers
compared to the observations and erroneously produces precipitating ice beneath the mixed-phase layer, a feature absent in the
observations (Figure 4a, b). Similarly, in the second SLW period following the deep convective ice clouds in late 31 January,
C86 fails to reproduce the prolonged SLW layers seen in the observations (Figure 4a, b). The three other configurations with
substantially lower INP concentrations than C86 (Figure 3), simulate more persistent SLW layers (Figure 4c, d, e). In the first

SLW phase, these configurations generate SLW layers with less underlying precipitating ice, better aligning with observations,
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although they underestimate the presence of ice crystals within the shallow SLW layer (Figure 4a, c, d, e). In the second SLW
phase, V21, W15, and M 18 produce SLW layers that are more comparable to the observations.

The cloud structures during MIX period is more complex and the response of the cloud phase to INP variations differs
considerably. While the general cloud structure such as the cloud top height and its temporal evolution is captured by all
model configurations, the phase partitioning within the deep clouds varies (Figure 4). Notably, all configurations underestimate
the total ice occurrence during both phases of the MIX period compared to the observations (Figure 4). The V21 and W15
configurations exhibit an increase in mixed-phase clouds during the first MIX period from mid-30 to mid-31 January (Figure
4c, d). In the second MIX period, W15 and M 18 simulate prolonged deep mixed-phase clouds at the end of 2 February, which
is absent in the observations (Figure 4a, d, e).

The hydrometeor mass mixing ratio is examined to understand the drivers for the cloud phase changes. Figure 5 depicts the
time-height cross-sections of five hydrometeor species: cloud liquid, rain, ice, snow, and graupel. The first row displays the
absolute mass mixing ratios for the C86 configuration, while the subsequent rows illustrate the differences between the other
configurations and C86. The microphysical changes in V21 and W15 are similar, characterized by fluctuating but overall in-
creased cloud liquid, rain, and graupel masses (Figure 5f, g, j, k, 1, 0), accompanied by a general decrease in snow mass (Figure
51, n). The ice crystal mass exhibits a subtle decreasing trend in the boundary layer but increases in the lower free troposphere
around 4 to 6 km (Figure 5h, m). For the M 18 configuration, the trends in hydrometeor mass changes are qualitatively similar
to V21 and W15 but are significantly larger in magnitude, producing substantially more liquid, rain, and graupel, alongside a
more consistent and pronounced reduction in both ice and snow mass (Figure 5p-t).

These microphysical changes profoundly impact the column-integrated water paths. Figure 6 presents the timeseries of the
observed and simulated LWP and IWP, with corresponding statistical boxplots separated by the cloud regimes. A quantitative
summary of the mean and median values of LWP and IWP in observations and model configurations is provided in Table 1.
The observations reveal a significantly higher LWP during the SLW period compared to the MIX period, with mean values of

approximately 192.14 gm 2 2

versus 70.04 gm™ =, respectively (Figure 6a, b; Table 1). The observed IWP is negligible during
the SLW period (mean ~ 1.18 gm™~2) but is clearly present during the MIX period, generally not exceeding 200 gm~?2 with a
mean of 23.14gm~2 (Figure 6¢, d; Table 1).

Regarding model performance, the C86 consistently underestimates LWP throughout the case study. During the SLW pe-
riod, V21, W15, and M18 simulate comparable amounts of LWP to C86 with means ranging from 35.32 to 43.29gm*2,
all exhibiting a substantial underestimation of liquid water (Figure 6a, b; Table 1). Nevertheless, during the MIX periods,
the three configurations with reduced INP concentrations demonstrates a pronounced enhancement in SLW. While the C86
scheme depletes a lot liquid water with mean LWP of 19.33gm ™2, the V21 and W15 schemes moderately increase the mean
LWP to 29.32 and 34.73gm 2 respectively (Table 1). The M18 configuration, in particular, exhibits a massive enhancement
in LWP with a mean of 129.57 gm_2 (Table 1). Unlike C86, the V21, W15, and M18 are able to simulate the LWP spike
observed in early 30 January and generally increase liquid water during both phases of the MIX period, although M 18 appears

to overestimate the magnitude of the LWP (Figure 6a, b).
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Figure 5. Time-height cross-sections of the simulated hydrometeor mass mixing ratios along the ship track. The columns represent cloud

liquid water, rain, ice crystals, snow, and graupel. The top row displays the absolute mass mixing ratios (mgkg™') for the default C86

configuration. The subsequent rows display the differences (Amgkg ') between the other configurations (V21, W15, M18) and the C86.

Table 1. Mean and Median Values of LWP and IWP in the SLW and MIX periods for Observations and Model Configurations

Liquid Water Path [g m~?%]

Ice Water Path [g m72]

SLW MIX SLW MIX
Mean Median Mean Median Mean Median Mean  Median
CAPRICORN-2 192.14 173.00 70.04 62.00 1.18 0.18 23.14 8.94
C86 35.32 16.47 19.33 7.16 20.44 1.00 111.09 64.37
V21 42.23 15.72 29.32 19.29 4.02 0.02 85.86 29.32
W15 39.15 15.08 34.73 19.17 8.71 0.02 74.82 34.98
Mi18 43.29 21.27 129.57 96.56 6.32 0.01 108.51 24.49

Note. Bold values denote the closest agreement with observations.

For the simulation of IWP, all model configurations correctly simulate near-zero median IWP during the SLW periods,

aligning well with the observation (Figure 6c¢, d; Table 1). During the MIX periods, all configurations produce significantly
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Figure 6. (a, ¢) Timeseries of the LWP and IWP simulated by the model configurations compared against the shipborne microwave radiometer
and radar-derived retrievals (black lines), respectively. The light blue and light orange background shadings denote the SLW and MIX
periods. (b, d) Statistical boxplots of the LWP and IWP grouped by the two distinct cloud regimes. In the boxplots, the boxes represent the
interquartile range (IQR, 25th to 75th percentiles), the central horizontal line indicates the median, and the white triangle marks the mean

value. The circles denote outliers.

higher IWP, including several spurious high value spikes during the first phase of the MIX period. Statistically, while the
V21, W15, and M18 configurations successfully reduce the mean and median IWP values compared to C86, they still tend to

overestimate the total IWP relative to the observations (Figure 6d; Table 1).
3.4 Thermodynamic Evaluation against Radiosonde

To further elucidate the physical mechanisms driving the regime-dependent cloud phase responses to different INP schemes,
we evaluate the vertical thermodynamic structures using radiosonde profiles. Figure 7 presents the vertical profiles of air
temperature, relative humidity over water (RH,,), and relative humidity over ice (RH;) along with mean cloud top and base

height, separated into the SLW and MIX periods.
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Figure 7. Vertical profiles of thermodynamic structures evaluated against radiosonde measurements. Panels (a), (b), and (c) present the
profiles of air temperature, relative humidity over water, and relative humidity over ice during the shallow SLW periods, respectively. Panels
(d), (e), and (f) present the corresponding profiles during the deep MIX periods. Solid lines represent the median profiles for the observations
(black) and the model configurations (colored). The surrounding shadings denote the 25th to 75th interquartile ranges. The grey horizontal
bands in the background approximate the mean vertical extent of the cloud layers during each regime, as determined by the lidar-radar cloud
phase observations. The 100% saturation threshold is marked by vertical dashed lines in the humidity plots. Observational statistics are based
on 14 radiosondes during the SLW period and 12 during the MIX period, whereas model statistics incorporate all available outputs within

each respective period.

19



425

430

435

440

445

450

https://doi.org/10.5194/egusphere-2026-3541
Preprint. Discussion started: 9 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

During the SLW periods, the observations indicate a mean cloud top height of approximately 1.3 km, corresponding to
a cloud top temperature of around —10°C (Figure 7a). A pronounced temperature inversion is observed capping the cloud
layer, a characteristics feature of marine boundary layer stratocumulus. Nevertheless, all model configurations consistently
fail to represent this sharp inversion at the cloud top (Figure 7a). Above the cloud layer up to an altitude of around 8 km, all
configurations exhibit slightly underestimated temperatures compared to the radiosonde data (Figure 7a). The impact of this
missing inversion is reflected in the RH profiles. Within the shallow cloud layer, the observed RH,, reaches 100% (Figure
7b), coinciding with an ice supersaturation (Figure 7c), charasteristic of these supercooled environments. In contrast, all model
configurations systematically underestimate the boundary layer moisture, failing to reach water saturation and barely reaching
ice saturation. Above the cloud top, the humidity variability broadens significantly. The models generally underestimate mois-
ture below 3 km and subsequently overestimate it at higher altitudes (Figure 7b, c). The differences among the microphysics
configurations in this shallow regime are minimal, though W15 exhibits a marginal improvement in simulated RH between 1.5
and 2.2 km, and M18 shows a slight improvement between 4 and 5.5 km (Figure 7b, c).

Regarding the MIX periods, the radiosonde observations reveal a subtle temperature inversion occurring near the mean cloud
top at approximately 5.2 km, although this feature is less distinct within the 25th and 75th percentile bounds (Figure 7d). The
simulated temperature profiles across all model configurations perform generally well, with their ranges aligning closely with
the observations throughout the troposphere. Humidity exhibits more variance in both observations and model configurations.
Within the lower section of the deep cloud layers (below 2 km), the M18 configuration yields improved RH,, and RH; that
better align with the observations, whereas the other configurations exhibit dry biases (Figure 7e, f). Conversely, from 2km
up to the cloud top, M18 produces excessive humidity compared to both observations and the other configurations (Figure 7d,
e). Above the cloud top and into the upper troposphere, all model configurations demonstrate a tendency to reproduce more

humidity than observed during the MIX period.
3.5 Surface Radiative Fluxes Evaluation

The microphysical responses to INP concentrations ultimately affect the surface radiative fluxes. Figure 8 displays the time-
series and statistical boxplots of the simulated and observed downwelling surface SW and LW fluxes. A quantitative summary
of the mean and median radiative fluxes in observations and model configurations is provided in Table 2. The radiative perfor-
mance of each model configuration directly reflects its ability to simulate the LWP within the respective cloud regimes.
During the shallow SLW periods, observations show low downwelling SW fluxes, remaining mostly below 200 Wm~2 on
29 January and reduced compared to the clear-sky period on 30 January and 1 February (Figure 8a). This coincides with
high downwelling LW fluxes of approximately 300 W m~2 (Figure 8b). All model configurations struggle during these SLW
periods, strongly overestimating SW radiation and underestimating LW radiation. All configurations simulate overestimated
SW fluxes exceeding 210 Wm~2 compared to a mean value of 70.76 Wm™2 in observations (Table 2). The observed mean
LW flux of 293.1 Wm~2 is severely underestimated by approximately 35 to 40 Wm™? across all runs. The boxplots for the
SLW period (Figure 8c, d) confirm this performance. The flux distributions from C86, V21, W15, and M 18 are nearly identical,
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Figure 8. (a, b) Timeseries of the downwelling surface shortwave and longwave radiation fluxes simulated by the model configurations
compared against shipborne pyranometer and pyrgeometer measurements (black lines). The light blue and light orange background shadings
denote the SLW and MIX periods, respectively. (¢, d) Statistical boxplots of the SW and LW fluxes grouped by the two distinct cloud regimes.

The boxplot conventions are identical to those described in Figure 6.

showing only minimal improvement from the schemes with reduced INP concentrations and enhanced LWP, and all remain
clearly separated from the observational distributions.

During the MIX periods, the differences among the model configurations become pronounced. On 31 January and 2 Febru-
ary, C86 simulates the highest downwelling SW fluxes, with midday peaks reaching 700 W m~?2 and 580 W m 2, respectively
(Figure 8a). This yields a substantially overestimated mean SW flux of 144.34 W m~2 compared to the observed 96.92 W m 2
(Table 2). In contrast, V21, W15, and M18 simulate notably lower SW peaks, aligning more closely with the observed mag-
nitudes. The SW boxplots for the MIX period (Figure 8c) and Table 2 quantitatively demonstrate this in which the mean and
median SW values for V21, W15, and M18 are markedly reduced compared to C86. Specifically, M18 produces the lowest
overall SW distribution, shifting the mean to 72.94 Wm~2 and the median to 46.30 W m~2, which slightly overcorrects the
positive bias and yields SW fluxes lower than the observations. For downwelling LW fluxes, C86 generally simulates the lowest

values, particularly on 31 January and early 2 February (Figure 8b), resulting in a mean LW flux of 268.38 W m™~2 versus the
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Table 2. Mean and Median Values of Downwelling SW and LW Fluxes in the SLW and MIX periods for Observations and Model Configu-

rations

Downwelling Surface SW flux [W | Downwelling Surface LW flux [W m~?]

SLW MIX SLW MIX

Mean Median  Mean Median Mean Median  Mean Median

CAPRICORN-2  70.76 22.30 96.92 64.15 293.10  297.30 275.48  283.30

C86 217.37  110.15 14434 73.51 255.35 258.13 26838  276.09
V21 21330  102.25 125.51 72.00 255.06  261.80 272.14  280.27
W15 21345 97.62  119.01 77.90 254.63 26091 273.86  278.80
M18 212.17 94.91 72.94 46.30 258.11 266.19 28292  284.84

Note. Bold values denote the closest agreement with observations.

observed 275.48 Wm~2 (Table 2). V21, W15, and M18 produce higher LW fluxes during these MIX phases, reducing the
negative LW bias. The boxplots (Figure 8d) and statistical means (Table 2) confirm that V21, W15, and M18 shift the LW
distribution upward compared to C86. The M18 configuration yields a median LW flux of 284.84 Wm ™2, which is the most
comparable to the radiometer measurements of 283.30 W m~2. Overall, while differences among the schemes are negligible
during the SLW periods, V21, W15, and M18 clearly reduce both the SW overestimation and the LW underestimation during
the MIX periods, even though M18 slightly overcorrects these biases.

To expand our evaluation beyond the single-point ship trajectory, we examine the spatial influence of the INP parametriza-
tions on the domain-wide downwelling surface SW fluxes. Figure 9 illustrates the spatial distribution of surface SW fluxes
associated with MSLP contours for the four model configurations, capturing a representative snapshot during the SLW period
(29 January, 00:30 UTC, left column) and the MIX period (02 February, 03:00 UTC, right column). In these greyscale maps,
whiter shading indicates lower SW fluxes reaching the surface, corresponding to optically thicker and more reflective clouds.
During the SLW period (left column), the broad post-frontal stratocumulus cloud west of the low-pressure system shows con-
sistent SW transmission across all model configurations. Specifically, the spatial distribution and magnitude of SW fluxes near
the ship (yellow star) are essentially identical across the schemes. Nevertheless, in the area further west (near 62°S—65°S,
130°E-135°E), cloud optical thickness visibly increases denoted by brighter shading in the three low INP runs, with the most
pronounced effect in M18. The spatial influence of the INP parametrizations on deep frontal clouds becomes highly pronounced
during the MIX period (right column), when SW transmission through the frontal band is substantially reduced is increased

substantially in V21, W15, and M 18 compared to C86 scheme (Figure 9).
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Figure 9. Spatial distributions of downwelling surface shortwave radiation fluxes overlaid with mean sea level pressure contours (red lines,
in hPa) for the four model configurations. The left column represents a snapshot during the post-frontal SLW period at 03:00 UTC on 29
January. The right column captures a snapshot during the deep MIX period at 03:00 UTC on 02 February. The greyscale shading indicates

the magnitude of the downwelling SW fluxes (W m ~2). The yellow star denotes the location of the RV Investigator.

4 Discussions

The results presented in Section 3 provide key insights into UM simulations of mixed-phase clouds across different synop-
tic regimes during a high-latitude SO case study, highlighting their microphysical and radiative sensitivities to altered INP

parametrizations.
4.1 INP representations

In this study, we introduced two aerosol-aware diagnostic INP parametrizations (W15 and M18) coupled to the prognostic
emissions of TOC and SSA from the GLOMAP-mode scheme. Comparisons with shipborne measurements demonstrate that
these dynamical schemes agree significantly better with observations than the C86 scheme (Fig. 3). However, the simulated
INP magnitudes are not perfectly represented. The W15 scheme tends to slightly overestimate, while the M18 scheme slightly
underestimates the observed concentrations (Fig. 3). Besides the prerequisite of correctly simulating the basic atmospheric
thermodynamic conditions such as temperature and moisture profiles needed to form clouds in the first place, accurately
representing INPs in models fundamentally relies on two pillars: predicting the correct aerosol source and applying the correct
parametrization. We discuss the uncertainties associated with both aspects below, followed by an assessment of the missing

role of mineral dust.
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4.1.1 Uncertainties in Aerosol Sources

For the M 18 parametrization, predicted INP concentrations are directly proportional to the surface area of SSA in the soluble
accumulation and coarse mode. In GLOMAP, SSA emission follows Gong (2003), which calculates the sea salt flux as a
function of the 10-m wind speed and a prescribed size distribution. Nevertheless, several weaknesses of this parametrization
have been investigated by recent studies. Primarily, it neglects the important impact of sea surface temperature (SST). As
demonstrated by Jaeglé et al. (2011) and Salter et al. (2015), the kinematic viscosity of seawater increases substantially at the
near-freezing temperatures typical of the SO. This elevated viscosity slows bubble rise velocities and alters the surface bubble
size spectrum, effectively suppressing jet drop formation and significantly reducing the emission of supermicron sea spray
aerosols. Furthermore, applying the Gong (2003) scheme to extreme wind conditions presents another challenge. During the
deep frontal passages in our case study, surface wind gusts reached 15ms =" (Fig. Alg). Observational constraints suggest that
at such high wind speeds, the SSA emission flux does not continue to increase exponentially, but begins to level off due to
complex wave-breaking and spume generation dynamics (Revell et al., 2019). Utilizing perturbed parameter ensembles (PPEs)
in the UK Hadley Centre General Environment Model (HadGEM3), Regayre et al. (2020) revealed that sea spray emissions
in the model need to be significantly higher than those calculated by Gong (2003) in the austral summer of the SO when the
wind speed is relatively low. Consequently, constraining SSA fluxes to realistic values across varying synoptic states is a highly
complex process, directly impacting the accuracy of the INP concentrations predicted by M18.

For the W15 parametrization, INP concentrations scale with the simulated mass of TOC. In our configuration, PMOA emis-
sions are parametrized using the Gantt et al. (2011, 2012) scheme, which relies on surface wind speed and ocean chlorophyll-a
(Chl-a) concentrations as a proxy for biological productivity. Subsequently the PMOA flux to the air is calculated relying on
SSA emissions. The uncertainties in SSA emissions that we discussed above will propagate into the PMOA emission. Another
uncertainty arises from the Chl-a concentrations. GLOMAP-mode currently utilizes a monthly Chl-a climatology derived from
the GlobColour satellite dataset (Garnesson et al., 2019). The coarse temporal resolution fundamentally lacks the synoptic
variability required to capture rapid biogeochemical responses to frontal passages, and its validity over the SO is heavily hin-
dered by cloud cover. Furthermore, conventional satellite algorithms rely on global assumptions linking chlorophyll-a to total
phytoplankton biomass, which often are not representative in the SO. Local phytoplankton species behave differently, exhibit-
ing unique physiological adaptations that alter their cellular chlorophyll content, thereby complicating the estimation of actual
biological productivity (Haéntjens et al., 2017). Transitioning to coupled atmosphere-ocean biogeochemical models has been
strongly advocated for to represent realistic fluxes of marine biogenic precursors, which is critical not only for PMOA but also
for estimating dimethyl sulfide (DMS) emissions, a key CCN source over the SO (Vergara-Temprado et al., 2017; Mallet et al.,
2023). Beyond the dataset limitations, the validity of using Chl-a as a proxy for PMOA has itself been questioned by Russell
et al. (2023), suggesting that Chl-a may not be a reliable general proxy for marine organics. Moreover, the assumption that all
PMOA is released into the Aitken mode may oversimplify the emission process (Quinn et al., 2015; Prather et al., 2013). Ad-
ditionally,we excludes the contribution of the insoluble Aitken mode OM in this study to account for calculation of immersion

freezing INP. As freshly emitted insoluble particles gradually transition into soluble modes and grow into the accumulation
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mode through atmospheric aging and coagulation, this exclusion inherently provides a conservative, lower-bound estimate of

the TOC mass, potentially contributing to the slight underestimations of INPs by W15.
4.1.2 Uncertainties in the Parametrizations

Beyond the prognostic aerosol sources, the formulations of the M18 and W15 schemes introduce inherent limitations when
applied to the pristine SO. For M 18, active site density (ns) function was derived from a single North Atlantic coastal site,
meaning its application to the open-ocean conditions of the SO remains unverified. Consequently, this study serves as an
initial, albeit also limited, verification of its performance in this region. Moreover, M18 focuses on heat-stable organic coatings,
completely ignoring heat-labile marine microbes, which typically dominate the INP population at temperatures warmer than
—20°C. In addition, as SSA is acting as a proxy for PMOA in M 18 parametrization, the performance of M 18 is heavily tied to
the SSA surface area. In this study, only soluble accumulation and coarse mode SSA were considered, as Aitken mode SSA is
not yet incorporated into the GLOMAP-mode prognostic fields, further constraining the available INP surface area.
Regarding the W15 parametrization, the scheme exhibits critical physical and mathematical limitations. Physically, it as-
sumes that the ocean SML has the same ice-nucleating properties as the SSA in the air, ignoring the bubble-bursting process
that selects certain chemicals over others when emitting aerosols into the atmosphere (Burrows et al., 2013). Mathematically,
the scheme relies on a singular approximation (A < 0.1) which may not work for coarse particles or at temperatures below
—27°C (Vergara-Temprado et al., 2017). By failing to account for the probability that multiple active sites may reside within
a single droplet, the W15 scheme assumes each site initiates freezing in a separate droplet. Therefore, the model overestimates
the fraction of frozen droplets and the resulting primary ice crystal number. Consequently, global models using W15 systemat-
ically overpredict INP concentrations in mixed-phase clouds (McCluskey et al., 2019). These inherent biases corroborate our
findings that W15 reproduces slightly higher INP concentrations than the observations (Fig. 3). Biogeochemically, the W15
formulation was derived from a generalized global distribution of SML samples, which poorly represents the unique environ-
ment of the high-latitude SO. As highlighted by Mallet et al. (2023), the phytoplankton communities along the Antarctic coast
produce organic materials with very different ice-nucleating properties compared to those found in warmer waters. Together,
the uncertainties in both the aerosol sources and the parametrization equations highlight the challenge to accurately represent

marine organic aerosols as INPs in pristine polar environments.
4.1.3 The Role of Mineral Dust INPs in the High-Latitude SO

While this study focuses on marine-sourced INPs, the contribution of mineral dust to the global INP budget cannot be ignored.
Mineral dust, particularly potassium feldspar, is recognized as the most abundant and efficient source of heterogeneous INP
globally (Hoose and Mohler, 2012; Kanji et al., 2017). Although the SO and coastal Antarctica have generally pristine marine
boundary layers, terrestrial aerosols can be transported to this region. Recent aircraft observations during the Southern Ocean
Cloud Radiation and Aerosol Transport Experimental Study (SOCRATES) campaign detected mineral dust within ice crystals
over the SO, confirming their active role in cloud glaciation (Twohy et al., 2021). Global modelling studies further demonstrate

a temperature-dependent shift in INP populations over this region (Vergara-Temprado et al., 2017; McCluskey et al., 2023).
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Marine aerosols dominate at warmer supercooled temperatures above > —20°C, whereas long-range transported dust from
continents governs the INP budget at temperatures below —25°C.

During the MIX periods in our case study, deep frontal cloud tops frequently cooled below —30°C (Fig. 7). By applying
only marine-sourced INP schemes, our simulations neglect the contribution of these highly efficient refractory dust particles
in the upper troposphere. As Herbert et al. (2025) pointed out, capturing INP concentrations in Antarctic airmasses requires
accurate global dust distributions. The absence of a dust INP parametrization likely explains why M18 and W15, despite their
fidelity in the lower troposphere, might underestimate ice formation at the cold cloud tops. Therefore, future simulations over
the SO need to combine dynamic marine schemes with dust parametrizations to fully close the INP budget across the entire

mixed-phase temperature ranges.
4.2 Regime-dependent response of cloud radiative properties to INP parametrizations

Having discussed the uncertainties within aerosol-aware INP parametrizations, we now investigate the influence of these dis-
tinct INP schemes on cloud properties and surface radiation fluxes.

Overall, with closer agreement with observed INP concentrations, the V21, W15, and M18 schemes suppress cloud glacia-
tion. This leads to longer lasting SLW clouds (Figure 4), enhanced LWP (Figure 6), and reduced surface SW in conjunction
with enhanced LW radiative fluxes (Figure §), presenting better agreement with observations. Our findings are strongly cor-
roborated by recent modelling studies targeting the SO and Antarctic coast. Vergara-Temprado et al. (2018) demonstrated
that replacing high concentration continental INP schemes with marine-specific parametrizations substantially mitigated the
over-glaciation bias, allowing for robust increases in LWP and significant improvements in reflected SW radiation in the UM.
Similarly, implementing the observationally tuned V21 scheme in the Weather Research and Forecasting (WRF) model has
been shown to maintain SLW layers and reduce positive surface SW biases over the Antarctic coast (Vignon et al., 2021; Hines
et al., 2021). Consistent with these studies, our results confirm that resolving the radiation bias fundamentally requires models
to capture the low INP concentrations typical of the pristine SO.

A critical finding of our study is that the response of cloud phase, LWP, and radiative fluxes to altered INP concentrations
is strongly dependent on the synoptic regime. In the post-frontal shallow stratocumulus-dominated cloud regime, the effect of
altering INP parametrizations is negligible, resulting in a persistent and severe underestimation of LWP and overestimation of
surface SW fluxes across all configurations (Figure 6 and Figure 8). However, during the deep convective mixed-phase cloud
regimes driven by frontal passage, we observe significant improvements in LWP and radiations. This suggests that other factors
dominate the simulation of boundary layer stratocumulus clouds under post-frontal conditions.

A primary driver of this microphysical insensitivity appears to be the misrepresentation of the boundary layer inversion
strength and the moisture abundance. As shown in Figure 7a and b, all model configurations fail to reproduce the sharp
temperature inversion at cloud top around 1.3 km and the associated boundary layer moisture during the post-frontal SLW
periods. Bodas-Salcedo et al. (2014, 2016) revealed that SO radiative biases originated predominantly from low- and mid-
level clouds in the post-frontal sectors of extratropical cyclones. The representation of capping inversions in these regions

has been a challenge for numerical models for a long time. Huang et al. (2014) pointed out that models generally represent
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large-scale driven frontal clouds well, but struggle significantly with widespread post-frontal boundary layer clouds. They
attributed this to weak simulated temperature inversion strength which result in overestimated entrainment that mixes dry
free-tropospheric air into the boundary layer, inhibiting SLW maintenance. Furthermore, Vignon et al. (2021) investigated
the factors controlling SLW over coastal Antarctica, suggesting that while tailored INP parametrizations and higher vertical
resolution improve SLW simulations, the turbulence parametrization controlling cloud-top mixing plays an equally critical
role. Underestimated turbulent mixing can prematurely deplete SLW, indicating that developing non-local turbulent mixing
parametrizations based on mass-flux schemes may be a necessary future step (Vignon et al., 2021). Therefore, boundary layer
dynamics, including surface fluxes, turbulence, wind shear, entrainment, and large-scale subsidence, fundamentally regulate
the maintenance of low-level SLW clouds in post-frontal environments.

An additional cause for the insensitivity of cloud and radiation to INP concentrations during the SLW period may arise from
the model evaluation approach in this study. Conducting point-to-point comparisons by interpolating model outputs to the
ship’s location limits perspective of the broader domain. Figure 9 confirms this limitation, showing that although surface SW
fluxes at the ship’s exact location do not vary significantly across configurations during the SLW period, distinct differences
in cloud reflectivity emerge in the western sector of the domain. This highlights the inherent limitations of evaluating high-
resolution models solely against a single shipborne case study. Furthermore, apart from microphysical properties, another major
source of uncertainty modulating surface radiative fluxes is the macroscopic cloud fraction. Since traditional vertically pointing
shipborne sensors cannot fully capture the spatial distribution of clouds, future observational campaigns should prioritize the
deployment of scanning instruments. Such measurements would allow for the direct retrieval of spatial cloud fraction, enabling
more robust comparisons with the cloud fraction simulated by the model.

Moreover, a supplementary sensitivity test with INP concentrations set to near-zero (not shown) exhibited slightly further
increased LWP during the MIX periods, but produced no change during the SLW periods. Modifying the INP parameterization
can only increase SLW by reducing glaciation but can’t generate more liquid water through droplet activation processes.
Therefore, the insensitivity during the SLW period indicates that the lack of simulated liquid water is primarily driven by a
profound lack of moisture in the boundary layer as a first-order problem, with the phase partitioning of the cloud being a
secondary issue. This directs attention to the large-scale forcing provided by the model’s initialization and lateral boundary
conditions. If the advected air masses lack sufficient moisture from the beginning, no microphysical adjustment can enhance
the LWP. Additionally, the MSLP in all model configurations present consistent overestimation compared to observations
(Appendix Figure Ale), indicating that the initial and boundary conditions has systematically underestimated the intensity of
the cyclone, leading to weakened large-scale updrafts and underestimated moisture transport from the subtropics, even when
the driving model is nudged with ERAS reanalysis. As recently demonstrated by Price et al. (2025), utilizing more realistic
meteorological boundary fields can significantly alleviate biases in the UM. Our findings during the SLW period corroborate
this conclusion, emphasizing that resolving SO cloud biases requires an improvement of both model physics and the fidelity of

the large-scale meteorological forcing.
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5 Conclusions and Outlooks

In this study, we evaluated the sensitivity of cloud and radiation properties to different INP parametrizations using the UM
RAL3 high-resolution regional model, coupled with CASIM cloud microphysics and GLOMAP-mode aerosol schemes. Sim-
ulations were compared against comprehensive shipborne observations from the CAPRICORN-2 campaign over the high
latitude SO. We presented the first online implementation of aerosol-aware deterministic INP schemes in a high-resolution
regional configuration, driven directly by prognostic sea spray and marine organic aerosol fields. Model performance was
assessed during a period of strong cyclonic and biological activity, which was partitioned into two distinct cloud regimes: a
post-frontal shallow SLW period and a frontal deep mixed-phase period.

The default C86 scheme severely overestimates INP concentrations over the SO by 2 to 4 orders of magnitude compared to
observations. This leads to over-glaciation of mixed-phase clouds, resulting in a significant underestimation of LWP and over-
estimation of downwelling surface SW radiation. The V21 scheme tailored to the coastal Antarctic environment successfully
captures the low INP concentrations and improves cloud and radiation simulations. Given its low computational cost and robust
performance over the SO and Antarctic coast, V21 represents a highly practical INP parametrization for operational weather
forecasting in these regions. The two dynamical parametrizations reproduce the low magnitude of INP concentrations and also
shows improvement in simulating the cloud and radiative properties during this case study. Among all tested INP schemes, the
SSA-driven M18 performs best in simulating the magnitude of LWP and surface radiation. Although it slightly overcorrects
the SW biases, it is physically consistent with its slight underestimation of observed INP concentrations. Improvements to the
SSA flux parameterizations to increase emissions, as suggested by Regayre et al. (2020), may mitigate this underestimation.

The microphysical and radiative responses to altered INP concentrations are strongly regime-dependent. During the deep,
frontal MIX periods, reducing INP concentrations effectively suppresses glaciation, significantly enhances LWP, and largely
mitigates the surface SW radiation biases. The M18 scheme shows the most pronounced improvement in cloud reflectivity
during these frontal passages. Conversely, during the shallow, post-frontal SLW periods, cloud and radiation properties show
negligible sensitivity to changes in INP concentrations due to a lack of pre-existing ice. Radiosonde comparisons and extreme
sensitivity tests reveal that this insensitivity is driven by a lack of boundary layer moisture as a first order, while cloud micro-
physics is of second order importance. The models systematically fail to reproduce the sharp temperature inversion capping
the boundary layer, leading to excessive entrainment of dry air. Furthermore, an underestimation of cyclone intensity in the
large-scale forcing limits moisture transport. Consequently, these shallow clouds are macrophysically starved of water vapor,
rendering microphysical INP adjustments ineffective.

While the online implementation of dynamical marine INP schemes marks a significant step forward, several uncertainties
remain. Current aerosol schemes exhibit limitations in accurately predicting marine aerosol emissions under extreme wind
conditions and cold sea surface temperatures. Additionally, relying solely on satellite-derived chlorophyll-a as a proxy for
organic aerosol emissions misses the complex biogeochemical processes in the SO. Furthermore, the empirical M18 and W15

formulas themselves carry uncertainties when applied to extreme cold temperatures or when accounting for the physiochemical

28



665

670

675

680

685

https://doi.org/10.5194/egusphere-2026-3541
Preprint. Discussion started: 9 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

selectivity of aerosol emissions. More importantly, the absence of a dust parametrization limits the model’s ability to fully close
the INP budget at cold cloud tops.

For future work, improving the representation of mixed-phase clouds over the SO and Antarctic requires a synergistic ap-
proach. First, future model development should prioritize refining boundary layer turbulence and entrainment parametrizations
to correctly simulate capping inversions and maintain moisture in post-frontal regimes. Second, improving the fidelity of
large-scale meteorological forcing and initial conditions is essential to ensure realistic synoptic representation and moisture
advection. Moreover, future high-resolution models should transition towards fully coupled atmosphere-ocean biogeochemi-
cal frameworks. This will allow dynamic INP schemes to be driven by real-time marine biological fluxes and realistic dust
transport, providing a physically robust representation of aerosol-cloud interactions across all cloud regimes over the SO. Ul-
timately, the insights and constraints derived from these high-resolution modelling studies must be integrated to improve the
parameterizations of global Earth System Models, ensuring a physically robust representation of these cloud regimes on a cli-
mate scale to mitigate the uncertainties in climate projections (Schneider et al., 2017; Zelinka et al., 2020; McFarquhar et al.,

2021).

Appendix A: Additional figures

Code and data availability. Cloud and aerosol observations from the CAPRICORN-2 campaign are publicly available on the CSIRO Data
Access Portal (https://data.csiro.au/collection/csiro:46392v3). INP measurements can be retrieved from the SOCRATES EOL repository
(https://data.eol.ucar.edu/dataset/552.133). UM simulations along the ship track, along with the data visualization code are available on
Zenodo repository (https://doi.org/10.5281/zenodo.20637823). ERAS reanalysis fields are provided by the C3S Climate Data Store (https:
/lcds.climate.copernicus.eu). MODIS Aqua chlorophyll-a concentrations and NSIDC sea ice data are accessible via the NASA OceanColor
Web (https://oceancolor.gsfc.nasa.gov) and the NSIDC portal (https:/nsidc.org/data), respectively. The EMC? software is open-source and
accessible via GitHub (https://github.com/ARM-DOE/EMC2).
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Figure Al. Timeseries comparisons between the shipborne observations (black lines) and the UM configurations (colored lines) for (a)

surface air temperature (°C), (c) relative humidity (%), (e) surface air pressure (hPa), and (g) 10-meter wind speed (ms_l). The light blue

and light orange background shadings denote the SLW and MIX periods, respectively. The corresponding right-hand panels (b, d, f, h)

present statistical boxplots of these variables grouped by the defined cloud regimes. The boxplot conventions are identical to those described

in Figure 6.
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Figure A2. Time-height cross-sections of the simulated prognostic aerosol mass concentrations along the ship track during the case study
period. (a) Sea Spray Aerosol (SSA) mass concentration (pgm~>), representing the sum of the soluble accumulation and coarse modes
derived from the GLOMAP-mode scheme. (b) Total Organic Carbon (TOC) mass concentration (ug m™>), utilized as the proxy for marine

organic aerosols.
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