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Abstract Over the Southern Ocean, atmospheric and climate models have large biases in their radiative
fluxes, primarily caused by the representation of supercooled liquid and mixed‐phase low‐level clouds, both at
the macro‐ and micro‐scale. The radiation biases lead to errors in simulated sea surface temperature, sea ice
properties and large‐scale atmospheric circulation. We assess the performance of a convection‐permitting
configuration of the Met Office Unified Model in simulating cloud over the Southern Ocean. We utilize aircraft
and satellite observations from several cases in February 2023 during the Southern Ocean Clouds field
experiment. We investigate the representation of three mixed‐phase characteristics, namely ice nucleating
particles (INP), the droplet number concentration and the spatial distribution of liquid and ice in mixed‐phase
clouds. A lower temperature‐dependent INP concentration (based on synchronous INP measurements) results in
lower ice mass and number concentrations that are closer to observations, and a higher cloud liquid water
content. This reduces the net surface cloud radiative effect by up to 14 W m− 2. Reducing the droplet number to
the campaign average had a similar sized impact on the cloud radiative effect (up to 22 W m− 2) but opposite in
sign, highlighting these compensating errors. Similarly, changing how well mixed the clouds are leads to a large
sensitivity in the cloud radiative effect (up to 31 W m− 2). All three mixed‐phase processes play a crucial role in
correctly modeling mixed‐phase clouds and their impact on the radiation budget over the Southern Ocean.

Plain Language Summary Clouds over the Southern Ocean play a crucial role in the global climate
system and low‐lying clouds are challenging to simulate correctly in weather and climate models. Low‐lying
clouds over the Southern Ocean often contain a mixture of liquid water droplets and ice crystals, which interact
in various ways. We investigate the representation of liquid droplets and ice crystals, and their interactions, in
models. We compare our model simulations to measurements of clouds taken by aircraft‐ and satellite‐borne
instruments. We explore how improving the representation of these key processes impacts the amount of
radiation that reaches the surface, highlighting that correctly modeling these processes is crucial for improving
simulations of clouds over the Southern Ocean.

1. Introduction
Clouds over the Southern Ocean (SO) play an important role in regulating the climate. Representing these clouds
in atmospheric and climate models is crucial for accurately simulating both the current climate and understanding
their influence in a warming climate. However, most of these models have biases in their short and long wave
radiation fluxes over the SO (Bodas‐Salcedo et al., 2014; Cesana et al., 2022; Hyder et al., 2018), leading to
significant errors in their sea surface temperature (Lauer et al., 2018). The primary cause for these biases is the
representation of supercooled liquid/mixed‐phase low‐level clouds, both at the macro‐ and micro‐scale (Bodas‐
Salcedo et al., 2019; Fiddes et al., 2022; Hyder et al., 2018). Recent model improvements have resulted in a
reduction in these radiation flux errors, but significant biases remain (Gettelman et al., 2020; Lauer et al., 2022).
In this study, we examine the representation of low‐level clouds in several cases using new aircraft and ground‐
based in situ and satellite observations over the Bellinghausen Sea, in the SO.

Uncertainties in the processes that occur in mixed‐phase clouds are one of the main causes of inaccurate radiative
properties of clouds, particularly over the SO where the aerosol concentrations and properties are unique and
poorly known (e.g., Atlas et al., 2020, 2022; Vergara‐Temprado et al., 2018; Vignon et al., 2021). Primary ice
production in atmospheric models is often designed to model ice nucleating particle (INP) properties in the
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Northern Hemisphere (e.g., Cooper, 1987). However, observations show that the INP concentrations are
significantly lower in the SO and Antarctic (McCluskey et al., 2018; McFarquhar et al., 2021; Uetake et al., 2020;
Vignon et al., 2021). Over prescribing the concentrations of INPs in models can lead to the erroneous glaciation of
clouds reducing their shortwave cooling effect (Sauerland et al., 2024; Vergara‐Temprado et al., 2018; Vignon
et al., 2021). Here, we use INP measurements from Rothera Research Station to constrain our simulations.

Additionally, liquid droplet number concentrations within mixed‐phase clouds are often poorly represented in
models over the SO (McCoy et al., 2020; Revell et al., 2019; Zhou et al., 2021). Lower cloud condensation nuclei
(CCN) concentrations result in lower droplet numbers reducing the albedo of clouds via the Twomey effect (the
first indirect effect) and the second indirect effects (e.g., Pincus & Baker, 1994). Thus, inaccurate representation
of cloud droplet number concentrations can lead to biases in the short and long wave radiation fluxes in models
(Gettelman et al., 2020; Zhou et al., 2021). Here, we use our aircraft observations to examine model sensitivity to
cloud droplet number.

The liquid and ice phases within mixed‐phase clouds can be mixed or partitioned on a variety of length scales
(Field et al., 2004; D'Alessandro et al., 2021; Korolev &Milbrandt, 2022). Cloud droplets and ice particles can be
uniformly distributed (genuinely mixed) or spatially separated (conditionally mixed). In genuinely mixed clouds,
the growth of ice particles and evaporation of liquid droplets, by the Wegener‐Bergeron‐Findesen (WBF) process
(Bergeron et al., 1935; Findeisen, 1938; Wegener et al., 1911) and riming, eventually leads to the glaciation of
mixed‐phase clouds. The spatial distribution of ice and liquid water at scales appropriate to model resolutions is,
however, poorly constrained by observations and consequently, how this is represented in models can either
enhance or limit the rate at which they become glaciated (Abel et al., 2017; Tan & Storelvmo, 2016), potentially
modifying the radiative fluxes. We also examine model sensitivity to phase partitioning in mixed‐phase clouds.

One challenge for addressing the biases over the SO is the lack of in situ cloud microphysical observations. Recent
campaigns have obtained valuable in situ observations (e.g., Lachlan‐Cope et al., 2016; McFarquhar et al., 2021;
O’Shea et al., 2017) which have led to model evaluation studies (e.g., Atlas et al., 2020; Atlas et al., 2022;
Gettelman et al., 2020; Järvinen et al., 2022; Listowski & Lachlan‐Cope, 2017; Young et al., 2019). However, this
is still a relatively small number of studies compared to other regions. Ice number concentrations in the Polar
Weather Research and Forecast (WRF) model have been assessed focusing on primary (Listowski & Lachlan‐
Cope, 2017) and secondary ice production (Young et al., 2019) over the Antarctic Peninsula and Weddell Sea
respectively. There have been detailed model comparisons with the Southern Ocean Clouds, Radiation, Aerosol
Transport Experimental Study (SOCRATES) aircraft observations (McFarquhar et al., 2021). For example, Atlas
et al. (2022) compared the global version of the System for Atmospheric Modeling (gSAM, Stevens et al., 2019)
with five different microphysics schemes showing that those with an adequate representation of the Hallet‐
Mossop process (Hallett & Mossop, 1974) have a reduced bias in shortwave radiative fluxes compared to sat-
ellite observations and better particle size distributions compared to in situ measurements. Gettelman et al. (2020)
used the Community Atmosphere Model 5 (CAM5) and CAM6 and the SOCRATES observations to highlight
process level understanding of model biases and demonstrate the benefits of a two‐moment microphysics scheme
that is able to produce more supercooled liquid water—closer to that observed.

Here, for the first time over the SO, we assess the performance of the Cloud AeroSol Interacting Microphysics
(CASIM) microphysics scheme (Field et al., 2023) in the Met Office Unified Model (MetUM) against new in situ
aircraft and ground‐based observations, as well as satellite observations. Our case studies are located where in situ
observations are rare. Using case studies from February 2023, we focus on mixed‐phased clouds and associated
processes that impact the radiation balance over the SO. We aim to

• assess the representation of INP in the MetUM with CASIM and the impact on cloud representation and the
surface cloud radiative effect;

• assess the impact of cloud droplet number on cloud representation in combination with INP changes;
• assess the impact of how well mixed the ice and liquid phase are within a grid‐box on simulated cloud

microphysical properties and on the surface cloud radiative effect.

An overarching aim is to improve the representation of clouds over the SO in models and assess the impact on the
radiation balance.
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2. Data and Methods
2.1. Aircraft Observations

Airborne measurements were collected using the British Antarctic Survey's Twin Otter MASIN research aircraft
(Elvidge et al., 2015; Fiedler et al., 2010; King et al., 2008; Lachlan‐Cope et al., 2016). A total of 20 flights (69
flight hours) were performed during the first Special Observation Period (SOP1) of the Southern Ocean Clouds
(SOC) project in February 2023, based out of Rothera on the Antarctic Peninsula. The flights were performed over
the Bellingshausen Sea andMarguerite Bay, targeting low‐level stratiform, cumulus and frontal clouds. The flight
plans were designed to capture both vertical profiles through the cloud layers, and straight and level legs flown
above, below and through clouds. The overarching aim of SOC‐SOP1 was to collect novel observations to inform
the development of the representation of clouds and their radiative effect over the SO.

During SOC‐SOP1, the Twin Otter MASIN research aircraft was fitted with a range of in situ aerosol and cloud
microphysical instrumentation. A Passive Cavity Aerosol Spectrometer Probe (PCASP) provided particle
numbers in 30 size bins across a diameter range of 0.1–3 μm. Particle size distributions over the size range from
0.5 to 50 μm were also recorded using a cloud aerosol spectrometer (CAS, DMT Inc.; Baumgardner et al., 2001).
The CAS sizing was calibrated by the manufacturer using polystyrene latex (PSL) spheres (<2 μm) and glass
beads (>2 μm) (Baumgardner et al., 2014). Cloud droplets were measured by a cloud droplet probe (CDP‐100,
DMT Inc.; Lance et al., 2010) in the size range of 3–50 μm. Glass beads were used to determine the CDP's size bin
centers and widths (Rosenberg et al., 2012). We use the CDP to compare with the MetUM.

The particle size distribution of larger hydrometeors were derived using the images from two optical array probes:
a 2D‐S (2D stereo, SPEC Inc.; Lawson et al., 2006) with a size range of 10–1,280 μm (10 μm pixel resolution) and
a CIP‐25 (cloud imaging probe, DMT Inc.; Baumgardner et al., 2001) with a size range of 25–1,600 μm (25 μm
pixel resolution). The 2D‐S and CIP‐25 were fitted with anti‐shatter tips to minimize ice break‐up on their leading
edges (Korolev et al., 2011). It should be noted that the CAS and CIP‐25 are only available to the second half of
SOP1 (from 12 February 2023 onwards) due to a technical issue. For the flights before 12 February 2023, we use
the 2D‐S, afterward we use the CIP‐25. The 2D‐S and CIP‐25 images are processed with particles classified based
on their geometry following Crosier et al. (2011). Particles smaller than ∼80 μm are too small to accurately
determine their shape. For larger particles, three categories are derived, low irregular (LI), medium irregular (MI)
and highly irregular (HI). LI are indicative of liquid drops and HI are indicative of ice crystals. The MI category is
more ambiguous. However, during our case studies a negligible amount of the MI category is detected. We use
1 Hz data to calculate cloud property statistics. For details on which instruments were used, the statistical
approach and how the observations are used for the model comparison see Section 3.4.

Static pressure and temperature were measured using standard aircraft sensors (King et al., 2008). The aircraft's
highest quality hygrometer was not working during SOC‐SOP1 and so we use data from a Vaisala Humicap
sensor for humidity, which required calibration. For this, we use all coincident radiosonde observations from
Rothera to apply an offset bias correction. There were six flights with a take‐off time less than 2 hr after the 12
UTC radiosonde launches at Rothera. The take‐off specific humidity profile was compared with the radiosonde
specific humidity. All flights had a positive bias ranging from 0.1 to 0.7 g kg− 1. The humidity was reduced by the
difference between the radiosonde and Humicap for that flight or the mean bias of 0.39 g kg− 1 as appropriate.

2.2. Ice Nucleating Particle Observations

Ice nucleating particles were measured from aerosol filters which were collected at a new aerosol lab on the East
Beach of Rothera point (Lachlan‐Cope et al., 2025). Whilst these measurements do not directly measure INPs at
flight level, they are coincident in time and near the aircraft target area. Each filter was exposed to outside ambient
air for 48 hr. The exposure time was chosen to balance sufficient time for detection and to allow for some temporal
variability. A total of nine filters were obtained during SOC‐SOP1 between the 4 and the 22 February 2023. These
observations are discussed in Section 3.3. For the detailed methodology for deriving the temperature spectra for
INP number concentration see supplementary information S1.

2.3. Satellite Observations

The Clouds and the Earth's Radiant Energy System (CERES) project provides satellite‐based observations of
Earth's radiation balance and clouds (Loeb et al., 2016; Wielicki et al., 1996). We utilize the CERES Single
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Scanner Footprint (SSF) product, derived from MODIS aboard both the AQUA and TERRA satellites for top‐of‐
the‐atmosphere shortwave flux (TOA SW flux), TOA longwave (LW) flux and liquid water path (LWP). As this
is an ungridded data set, we present statistics within the ∼43,000 km2 area show in blue in Figure 1a. Note this
means the number of points used changes depending on the position of the box in relation to the swath, with more
points at the swath center and less toward the edge, this may impact the data quality.

2.4. Case Studies

We primarily focus on a case study from SOC‐SOP1 on the 6 February 2023 when measurements of low‐level
cloud ahead of an approaching front over the Bellingshausen Sea were made. Two back‐to‐back ∼3.5 hr flights
(flight 384 and 385) sampled the cloud characteristics and evolution over several hours. The cloud observed was
between 500 and 1,750 m above sea level with temperatures between − 4°C and − 10°C. The path of the flights
relative to the clouds observed from satellite can be seen in Figure 1b and the altitude and latitude of the flight
tracks in Figures 1c and 1d. Flight 385 is split into two legs as each leg measured distinct types of cloud. The first
leg, the north‐east to south‐west orientated section in Figure 1b, measured supercooled liquid cloud below
1,500 m. The second, east west orientated leg, measured the approaching frontal cloud up to 3,600 m with the
aircraft unable to reach the cloud top. Note we also examined cases from the 7 and 19 February 2023 but for
brevity, we only present a more limited analysis of these days. Table 1 summarizes the six flights used. These
cases were selected as each had two flights with high quality data available and had minimal amounts of cloud
above the sampled cloud to avoid the challenges and uncertainties caused by ice falling from upper cloud layers
that weren't sampled.

Figure 1. MODIS True Color image taken 6 February 2023 over the Antarctic Peninsula (a). Overlain are the model domain
(dashed cyan box), Rothera station (red star), flight 384 track (red line), flight 385 track (purple line), and the area used to
compare the model with satellite observations (blue box). The gridlines are spaced 2° latitude and 5° longitude. Image from
NASA worldview (https://worldview.earthdata.nasa.gov/). A zoom in of the satellite image with the area used to compare
model output to flight 384 (red dashed line) and the two legs of flight 385 (magenta and purple dashed lines) also illustrated
(b). The flight track versus height for flight 384 (c) and for flight 385 (d).
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3. Modeling Approach
We use the Met Office Unified Model (MetUM) in its regional configuration with the CASIM double‐moment
microphysics scheme which has recently been implemented for operational purposes (Field et al., 2023). The
CASIMmicrophysics scheme has rarely been evaluated over the Southern Ocean, so it is important to understand
its performance in this region. Using a convection permitting configuration alleviates the uncertainties that arise
from coupling the microphysics with a convection scheme and is similar to the regional UK focused configuration
that is planned for operational forecasting (Bush et al., 2025).

3.1. Model Configuration

The MetUM version 13.0 is used, coupled to the Joint UK Land Environment Simulator to represent the land
surface (Best et al., 2011). We use a 2.2 km resolution horizontal grid‐length for a 500 by 500 grid point domain,
with 90 vertical levels up to a model top at 40 km (20 levels below 1,500 m) and with the Regional Atmosphere
and Land version 3 (RAL3) physics configuration. RAL3 builds upon the RA2M configuration (Bush
et al., 2023), with the addition of CASIM (Field et al., 2023) and a new bimodal large‐scale cloud scheme (Van
Weverberg et al., 2021) in addition to other smaller changes (Bush et al., 2025). The limited area domain (shown
in Figure 1) is driven by hourly data at the boundaries using output from a MetUM global atmosphere 8 (GAL8)
simulation with a grid‐length of 10 km. The model is initialized at 00 UTC 6 February 2023 from the global model
analysis and runs for 24 hr. The first 12 hr are disregarded as the spin‐up period. A similar approach is used for the
7 and 19 February 2023 cases.

The MetUM has previously been run and evaluated over the Antarctic Peninsula (e.g., Elvidge et al., 2015). The
representation of clouds and their radiative impact on the surface melt of the Larsen C ice sheet were assessed in
Gilbert et al. (2020) using the earlier Regional Atmosphere and Land version (RA1) configuration which uses the
MetUM's single‐moment scheme (Wilson & Ballard, 1999). Whilst changes to the microphysics and large‐scale
cloud schemes offered some improvements, some cloud phase biases remained, Gilbert et al. (2020) highlighted
that further development and moving to a double‐moment scheme was required. More recently, the imple-
mentation of RAL3 was compared to RA2M, highlighting improvements in the representation of a snowfall event
over coastal Antarctica but many deficiencies remain with the representation of INP a key challenge (Pei
et al., 2025). In separate recent studies, the MetUMwith CASIM has been configured over coastal Antarctica also
highlighting significant errors in simulated cloud and surface radiation balance (Hansen et al., 2024; Price
et al., 2025).

Table 1
Flight Numbers, Date and Time of Flight Data Used and a Brief Summary of the Cloud Features Observed

Flight no. Date (UTC) Summary

384 6 February 2023 (14:00–16:15) Stratiform supercooled liquid only cloud—pre front. Low pressure to the north west.
Northerly flow near Adelaide Island.

385 leg 1 6 February 2023 (18:35–19:50) Stratiform supercooled liquid only cloud—pre front. Low pressure to the north west.
Northerly flow near Adelaide Island.

385 leg 2 6 February 2023 (19:50–21:15) Mixed‐phase frontal cloud. Low pressure to the north west. Northerly flow near
Adelaide Island.

386 7 February 2023 (14:00–16:30) Stratiform mixed‐phase cloud—post front. Low pressure to the west. North westerly
flow near Adelaide Island.

387 7 February 2023 (19:20–20:40) Multilayered mixed‐phase cloud. Low pressure to the west. North westerly flow near
Adelaide Island.

396 19 February 2023 (15:30–18:00) Multilayered mixed‐phase cloud. Low pressure to the south west. Northerly flow near
Adelaide Island.

397 19 February 2023 (20:00–22:00) Patchy multilayered mixed‐phase cloud. Low pressure to the south west. Northerly flow
near Adelaide Island.
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3.2. Microphysics Parametrization

CASIM is a double moment microphysics scheme that contains five hydro-
meteor species (liquid cloud droplets, rain, ice, snow and graupel) with
prognostic number concentration (N) and mass mixing ratio (q). Here the
cloud droplet number, Nd, is prescribed. CASIM has been designed to be
flexible and configured with a range of complexity. It was first introduced and
developed in the Kinematic Driver model (Hill et al., 2015; Miltenberger
et al., 2020; Shipway & Hill, 2012) and later in a Large Eddy Simulator (e.g.,
Hawker et al., 2021; Poku et al., 2021). Research configurations of CASIM
within the MetUM have been developed to investigate various cloud types
(e.g., Finney et al., 2025; Grosvenor et al., 2017; Huang et al., 2025;
McCusker et al., 2023; Miltenberger et al., 2018; Price et al., 2025) and can
include aerosol–cloud interactions. Recently, an operational version of the

MetUM with CASIM has been configured and has shown to provide more realistic simulations than the current
operational single‐moment scheme (Field et al., 2023). We use the proto‐operational configuration as our control
(Field et al., 2023). Whilst CASIM can be configured to be coupled with an aerosol field in the MetUM, here we
use it in its operational configuration with a fixed droplet number profile and a temperature dependent hetero-
geneous ice nucleation scheme. Importantly, CASIM contains a secondary ice production scheme that represents
the Hallet‐Mossop rime splintering effect (Hallett & Mossop, 1974) which is active between − 2.5°C and − 7.5°C
and is implemented without any liquid or solid water content thresholds. CASIM also contains the Bigg (1953)
heterogeneous freezing of raindrops into graupel. For more details see Field et al. (2023). Details on the pa-
rametrizations of the processes examined are described in Section 3.3.

3.3. Model Experiments

We run six sensitivity tests (Table 2) focusing on the parametrization of three
key mixed‐phase microphysical processes namely, the heterogeneous ice
nucleation scheme, the cloud droplet number concentration and the mixed
phase overlap factor (MPOF).

The heterogeneous ice nucleation scheme controls the initial production of ice
between 0°C and − 38°C, that is, the primary ice production. The default
setting is to nudge the cloud ice number concentration to the values suggested
by Cooper (1987), below –8°C, as a function of temperature. These values are
known to be too large for the SO (e.g., McCluskey et al., 2018; Vergara‐
Temprado et al., 2018; Vignon et al., 2021) and compared to those
observed at both Rothera during SOC‐SOP1 and during the ACESPACE
research cruise (Tatzelt et al., 2020) in February 2017 when it was within our
model domain (Figure 2). The Cooper (1987) scheme is used in various
models, for example, in the Morrison et al. (2005) microphysics scheme used
in gSAM (e.g., Atlas et al., 2022) and in some configurations of WRF (e.g.,
Listowski & Lachlan‐Cope, 2017). We perform two sensitivity tests using
temperature dependent schemes suitable for the SO; one scheme derived for
the Mawson Station in East Antarctica (Vignon et al., 2021, V21) and another
derived using SOC observations during SOP1. The SOC fit was derived in an
equivalent manner to Vignon et al. (2021) including limiting the INP con-
centration to 1 L− 1 below − 28°C in line with the DeMott et al. (2010)
parametrization and observations during CAPRICORN (McCluskey
et al., 2018). Both Antarctic curves represent INP concentrations that are
orders of magnitude smaller than the Cooper curve, and other common INP
parametrizations (e.g., DeMott et al., 2010).

The default cloud droplet number concentration was halved, from 150 to
75 cm− 3, to match observations during SOC‐SOP1 (Figure 3). Note that the
clouds observed range from stratiform, cumulus and frontal including both

Table 2
MetUM Experiments With the Ice Nucleating Particle Parametrization
(INP), Fixed Cloud Droplet Number (Nd), and Mixed‐Phase Overlap Factor
(MPOF) Used

Experiment name INP curve Nd (cm− 3) MPOF

Control Cooper 150 0.5

SOC SOC 150 0.5

V21 V21 150 0.5

Nd75 SOC 75 0.5

MPOF0 SOC 75 0

MPOF1 SOC 75 1

Figure 2. Ice Nucleating Particle concentrations (L− 1) as a function of
temperature. Observations from filters taken at Rothera during the SOC‐
SOP1 flying campaign (black dots) and from ACESPACE during February
in the vicinity of Rothera (orange stars). Overlaid are parametrization
relationships from Cooper (1987, blue) the MetUM's default, from Vignon
et al. (2021, cyan); and an SOC parametrization based on a fit to our
observations (red).
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precipitating and non‐precipitating clouds and cover supercooled liquid, mixed‐phase and ice only clouds. Pre-
vious studies have also shown that droplet numbers over the Southern Ocean are lower than those elsewhere. For
example, median droplet number concentrations of 124 and 155 cm− 3 (in 2010 and 2011) were found to the west
of the Antarctic Peninsula; and 103 and 192 cm− 3 (in 2010 and 2011) were found to the east (Lachlan‐Cope
et al., 2016). Over the Weddell Sea campaign median droplet number concentration of 113 cm− 3 was found
(O’Shea et al., 2017) and median values of 69 cm− 3 over the SO in the area between 45° to 62°S and 132° to
164°E (McCoy et al., 2020). As a result, other modeling studies have chosen to reduce the droplet number (e.g.,
Young et al., 2019) with the Polar WRF configuration of the Morrison et al. (2005) scheme set up with a reduced
droplet number concentration of 50 cm− 3 rather than 250 cm− 3 (Xue et al., 2022). This experiment allows a
comparison of the impact of uncertainties in the cloud droplet number compared to those of primary ice
production.

The final set of experiments change the mixed‐phase overlap factor (MPOF) which represents how well‐mixed
horizontally the liquid and ice phases are within a grid‐box (See Field et al., 2023 for formulation). The liquid and
frozen cloud fractions are calculated by the large‐scale cloud scheme (VanWeverberg et al., 2021). Where a grid‐
box has both a liquid and frozen cloud fraction it is necessary to make assumptions on how they overlap. MPOF
controls this overlap. Figure 4 illustrates how well mixed the clouds are within a grid‐box for a given MPOF and
several liquid and frozen fractions. An MPOF value of 1 means the two phases are fully overlapped representing
genuinely mixed‐phase cloud (Figure 4c). A value of 0 means they are minimally overlapped representing
conditionally mixed‐phase cloud (Figure 4a). Cloud microphysical interactions between liquid and frozen par-
ticles can only occur in the mixed‐phased fraction of the grid‐box by scaling the microphysical process rates by
the mixed‐phase fraction. TheMetUM default is MPOF= 0.5 (Figure 4b), but this setting has not previously been
examined in depth to determine if this is appropriate. In parallel with our study, an observational analysis
examining aircraft data from multiple field campaigns has been performed to constrain this value (Evans
et al., 2025). They found an average value of approximately 0.8 but measurements show this varies in natural
clouds. Whilst this parameter is specific to the MetUM CASIM configuration, other models have to confront this
physical constraint using similar approaches. For example, by adjusting the rate of the WBF process, in CAM5
(Tan & Storelvmo, 2016) and CAM6 (Gettelman et al., 2020), where reducing the efficiency of the WBF process
by 75% resulted in an increase in LWP, increase in IWP and consequently a reduction in shortwave cloud
radiative effect by 10 W m− 2. Here, we examine the sensitivity of the model to MPOF (which effects all mixed‐
phase processes) to understand how sensitive the model cloud and radiation balance could be to this

Figure 3. In‐cloud CDP droplet number concentration (cm− 3) in height bins for all 20 SOC‐SOP1 flights. The triangles show
the bin mean and the green line the median. The red and purple lines show the control and experimental model settings forNd.
All bins have at least 300 points.
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parametrization in comparison to the other processes. We perform two sensitivity experiments, one with
MPOF= 0 and one with MPOF= 1 in a similar approach to VanWeverberg et al. (2023). They found, for mixed‐
phase clouds in Norway, that the MetUM was more sensitive to microphysical processes, such as riming, than
MPOF as their simulations were dominated by fully overcast conditions.

3.4. Model Comparison Methodology

To compare the model with observations we perform statistical binning both spatially and temporally to avoid
issues related to sampling differences. For the aircraft observations, we take the entire flight and bin it into 200 m
height bins calculating the mean and 10th and 90th percentiles. Only bins with at least 10 measurements are kept,
with some bins that contain level flight legs, having up to 1,500 measurements. For the model, we take the area
around the flights shown in Figure 1 and calculate the arithmetic mean over this area for the duration of the flight
or flight leg.

For the microphysics comparison we use a threshold to determine if the observations/model data points are in‐
cloud and here only in‐cloud values are analyzed. Note liquid and solid as well as mass and number are
treated separately. For example, the mass can be greater than the mass mixing ratio threshold and therefore
appears in figures where mass is shown, but the number concentration could be less than the number concen-
tration threshold in which case a figure of number concentration would not show any in‐cloud values (even when
mass is shown). The thresholds to determine if a measurement or model grid‐box is in cloud are

• Mass >0.005 g kg− 1 for each individual hydrometeor species to compare hydrometeor mass between the
model and observations. The CDP is used for liquid and the 2D‐S HI for solid.

• Number >0.2 L− 1 for comparing modeled snow number concentration with the 2D‐S HI. This value is
constrained by the limitations of the 2D‐S. Note that for the droplet number comparison, the in‐cloud model
concentration is fixed so no number threshold is required; from the CDP we use the same mass threshold to
determine an in‐cloud value.

The model outputs grid‐box mean hydrometeor species to calculate in‐cloud values; so, the species must be
converted to in‐cloud values by dividing by the grid‐box cloud fraction. Note if the grid‐box cloud fraction is less
than 0.05 then that grid point is regarded as ’cloud free’ and is removed from the analysis. The choice of this value
has been tested and has a negligible impact on results.

The 2D‐S measures all particles in the size range so to distinguish ice from liquid, we use the HI (highly irregular)
category and compare this to the modeled snow. We also inspected all images to remove any period of mis-
diagnosed out of focus droplets that were flagged as HI particles. From the highly irregular category the mass is
calculated using the samemass‐diameter relationship used for snow in CASIM (Cotton et al., 2013). The mass (m)
diameter (D) relationship takes the form m = cDd where c = 0.026 and d = 2. There are large uncertainties
associated with mass diameter relationship for snow due to the assumptions about the particle habit and density.
This version is chosen to remove any differences, caused by the mass diameter relationship, between the model
and observations.

Figure 4. Schematic of the mixed‐phase overlap factor (MPOF) parametrization used in CASIM. The liquid droplets are
represented with blue circles and ice crystals with purple hexagons. The columns show a() MPOF = 0 (b) MPOF = 0.5;
(c) MPOF= 1 with each showing a different cloud fraction example: (i) a liquid and ice fraction of 0.5; (ii) a liquid fraction of
0.5 and ice fraction of 0.25; (iii) a liquid fraction of 0.75 and ice fraction of 0.5.
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4. Results
4.1. Meteorological Assessment

First, the model is compared with the observed temperature and humidity
profiles from each flight. In general, the low‐level meteorology is simulated
well (Figure 5). However, the model is unable to resolve the strength of the
temperature inversion at the top of the boundary layer which results in the
model temperatures being too low by about 2°C at an altitude of 1,500 m
during flight 384. The temperature inversion differences could be related to
inadequate vertical resolution or the cloud‐top turbulence parametrization.
A comparison to radiosondes launched at Rothera at 12 UTC give a similar
correspondence (not shown). However, later during flight 385 the cloud top
inversion was simulated well in the model. During the second leg of flight
385 there is a noteworthy specific humidity bias which is addressed further
in Section 4.2.2. However, note this error is within the 18% error of the
uncorrected humidity observations so this difference could be attributed to
the observational error. Note there is little difference between the sensi-
tivity tests. In short, the model is able to reproduce the temperature and
humidity well during these flights and also the other cases examined. More
broadly, the simulations capture the synoptic‐scale circulation reasonably
well.

4.2. Microphysics Assessment

4.2.1. Flight 384

Figure 6 shows both the in‐cloud (see Section 3.4 for definition) mass mixing
ratio and number concentration observed and for the five hydrometeor species
in CASIM averaged over the area of the flight 384 track. In the main cloud
deck, no simulation produces enough liquid water content (LWC). There is
very little sensitivity between the simulations, the lines in Figure 6 overlap.
This limited sensitivity is due to the small amount of ice phase hydrometeor
species and small ice cloud fraction, meaning any changes to the INP and
MPOF have a limited effect. Indeed, during this flight, there were no highly
irregular particles measured by the 2D‐S. Therefore, the simulations with
snow are overproducing ice phase hydrometeors compared to the observa-
tions. The observed cloud droplet number concentration falls between the 75
and 150 cm− 3 values used in the model tests above 800 m and is less than
75 cm− 3 below 800 m. Reducing Nd increases the rain concentration and
mass as a result of the additional autoconversion, which is a function of Nd to
the power − 1.79, as parametrized by Khairoutdinov and Kogan (2000). There
is limited impact from MPOF as the frozen cloud fraction is close to zero.
However, the MPOF1 simulation is the only simulation that produces enough
snow to meet the in‐cloud threshold for snow, highlighting the impact of the
phase overlap. Note there is not sufficient ice mass or graupel mass and
concentration to be deemed as in‐cloud during this flight.

4.2.2. Flight 385

Comparing the control simulation, during the first leg of flight 385, with the
observations, the LWC compares well, particularly below 1,300 m. Above
1,300 m the simulated LWC is too high. The observed cloud droplet number
concentration is lower than the first flight (Figure 7) and matches closely to
the Nd75 simulations (and the campaign average).

Figure 5. Atmospheric profiles of potential temperature (θ; K), temperature
(T; °C) and corrected specific humidity (q; g kg− 1) showing binned aircraft
observations (black) with the dot showing mean and the bar showing the
10th and 90th percentiles both for the variable in the x direction and altitude
in the y direction and model output from the Control (blue), V21 INP (cyan),
SOC INP (red) simulations, for flight 384 (top) and flight 385 leg 1 (middle)
and flight 385 leg 2 (bottom) with the line showing the mean and the shading
± one standard deviation.
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Again, the aircraft measurements show that these clouds were dominated by supercooled liquid water, without
any measurable ice by the 2D‐S. Across all the experiments the model simulates too much snow. In the high-
lighted Hallet‐Mossop temperature range the model produces high ice concentrations due to secondary ice
production. Note that the simulated ice number concentration exceeds the number threshold, but the ice mass does
not reach the mass threshold, as the modeled ice is small in size, hence only ice number is shown in Figure 7. The
control experiment, with the Cooper (1987) INP scheme, produces the most snow and ice and therefore the largest
snow error. Reducing the INP leads to a reduction in ice number concentrations, as primary ice production
produces the ice hydrometeor category. These are small ice particles that can grow to snow, hence the higher snow
mass and number in the control simulation compared to the V21 and SOC simulations. In the Hallett‐Mossop
temperature range the simulations of ice are closer to each other, with the control around one order of magni-
tude larger in terms of ice number despite having three orders of magnitude higher INP, highlighting that the
secondary ice production in the model in this temperature range is having a significant impact on the ice and snow
concentrations. The reduction in ice concentrations in the V21 and SOC simulations results in higher liquid water
concentration as a result of the reduction of riming.

The Nd75 simulation (Solid purple lines) has an increased rain concentration and mass in both flights. The
additional rain results in the larger snow mass via riming. The secondary ice is a function of the snow riming rate

Figure 6. Binned microphysical aircraft observations (black) with the dot showing the mean and the bar showing the 10th and 90th percentiles both for the variable in the
x direction and altitude in the y direction, and model output for Control (blue), V21 INP (cyan), SOC INP (red), droplet number concentration Nd of 75 cm− 3 (magenta),
MPOF= 0 (magenta dotted) andMPOF= 1 (magenta dotted) simulations. Variables shown are in‐cloudmean liquid, ice, snow, rain and graupel mass mixing ratio (top,
g kg− 1) and number concentration (bottom, cm− 3 for liquid and L− 1 for all other species) for flight 384. The teal shading indicates a layer with temperatures between
− 2.5°C and − 7.5°C where the Hallet‐Mossop process is active.
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(Field et al., 2023) and thus there is also a small increase in the ice number concentration in the reduced Nd
simulation.

The MPOF has a large impact on the LWC, with zero overlap (MPOF0) giving an increase in LWC of up to
0.1 g kg− 1, larger than caused by either reducing the droplet number or the INP. In the MPOF0 simulations less
liquid is converted to ice resulting in lower snowmass and number. Note that unlike flight 384 the liquid and frozen
fractions are between 0 and 1. For example, at 1,000m in the control there is an average liquid cloud fraction of 0.5
and a frozen cloud fraction 0.25 (see Supporting Information S1 formore information)which is in the regime shown
in Figure 4ii illustrating the cause of the sensitivity. The large sensitivity to MPOF highlights the important role it
can have inmodulating the simulated hydrometeor species and demonstrates that accurately representing the phase
overlap needs to be considered to improve simulations of mixed‐phased cloud in partially cloudy situations.

The second cloud leg of flight 385 sampled low‐level cloud with snow falling into the cloud from an approaching
deck of frontal cloud above (Figure 8). The difference in cloud morphology, compared to the other two legs,
highlights some additional impacts of the different processes considered.

Overall, the simulations produce too much liquid and snow compared to the observations. The simulated mass and
number concentration of snow is higher than observed in all experiments. For example, at 2,500 m the observed
mass mixing ratio was 0.03 g kg− 1 and the simulations ranged from 0.24 to 0.26 g kg− 1. Similarly, at 2,500 m the
observed snow concentrations (HI particles from the 2‐DS) was 0.79 L− 1 and the simulations ranged from 32 to
37 L− 1. The profiles suggest that too much snow is falling into the low‐level clouds from higher clouds above. The
difference could be a result of the front progressing slightly earlier in the model, uncertainties in the snow fall

Figure 7. Binned microphysical quantities, as Figure 6, but for flight 385 leg 1.
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speed or other model parametrizations such as turbulence in the free troposphere. In addition, during this period
the model humidity was too high, likely caused by the sublimation/evaporation from too many falling hydro-
meteors or alternatively, there could be less snow observed because the atmosphere is drier leading to a higher
sublimation rate.

These low‐level clouds are less sensitive to the parametrizations tested than other cases with a few noteworthy
differences. They are largely insensitive to the INP as the cloud top temperature of the higher frontal clouds, that
are seeding the observed clouds, is lower than − 38°C so homogeneous freezing is the dominant ice source. The
simulations with reduced Nd have more rain and more graupel because of the heterogeneous freezing of rain
previously discussed. The MPOF sensitivity tests show an inverse relationship during this leg compared to the
other two legs. Similar to leg 1, the average liquid and frozen cloud fractions at 1,000 m are 0.4 and 0.6
respectively so again the simulate cloud is in the regime illustrate in Figure 4ii necessary to see the sensitivity to
MPOF. The lower MPOF value has more snow which is likely caused by more liquid (0.034 g kg− 1 compared to
0.032 g kg− 1) having been lifted to the homogeneous freezing level as less liquid has been converted to ice at
lower levels. After the additional liquid reaches the homogeneous freezing level, it can freeze and fall out to the
lower levels as seen in Figure 8 resulting in additional snow at the lower levels. Note that, similar to the other legs
the impact of SIP can be seen in the ice number concentrations.

In summary, the comparison between themodel and aircraft data shows themodel produces a reasonable amount of
cloud liquid but too much snow compared to the observations. A reduction in INP reduces the snow mass and
number but a high bias remains. A reduction in droplet number, closer to that observed, results in a higher rainmass
and number that is then converted to additional snow and graupel (i.e., not observed). An increase inMPOF leads to

Figure 8. Binned microphysical quantities, as Figure 6, but for flight 385 leg 2.
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more snow mass and number, and reduced LWC in the low‐level cloud legs, but the inverse is seen in the leg with
the deeper cloud above that has a top colder than the − 38°C needed to trigger homogeneous freezing in the model.
Additional assessments of the model microphysics for other flights are in Text S3 in Supporting Information S1.

4.3. Evaluation Against Satellite Products

Comparing the model TOA shortwave flux with that from satellite (Figures 9 and 10) shows the model replicates
the broad structure of the observed cloud with the front to the west and the low‐level cloud close to Adelaide
Island (Figure 1). The low‐level cloud in the model is more broken than observed (compare Figures 1 and 9) with
the observations detecting LWP over the whole area while the model produces LWP close to zero for some grid‐
boxes (Figure 10). Although the model does capture the clear conditions south of Adelaide Island.

Comparing the different sensitivity tests, the impact of each experiment is mostly confined to the low‐level cloud,
rather than the frontal cloud, consistent with the sensitivity to the different hydrometeor species discussed in
Section 4.2. The reduced INP (SOC ‐ Control) results in brighter and broader clouds (Figure 9). Consequently,
leading to higher TOA SW flux with the median increasing by around 50Wm− 2 consistent with less ice and snow
(although slightly higher IWP in Figure 10) and greater liquid (Figures 6 and 10) by approximately 0.03 kg m− 3.
The reduced primary ice production results in less snow fallout, allowing a greater cloud extent with greater LWC

Figure 9. Top of the Atmosphere Shortwave flux (Wm− 2) from the control (a) and SOC experiments (c), CERES (e); and the
difference between the SOC and control (b), the Nd= 75 and SOC (d), and the MPOF0 and MPOF1 experiments (f), at 1800
UTC 6 February 2023.
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and hence a higher albedo. Even though the SOC LWP is higher and closer to observed LWP than the control
LWP (Figure 10), the increased TOA SW and reduced TOA LW (∼10 W m− 2) are further from the satellite
measurements. Note there are almost negligible differences when comparing the SOC and V21 simulations in
terms of IWP, LWP, TOA SW flux, and TOA LW flux.

In contrast, the reduced Nd (Nd75–SOC) results in a reduction in TOA SW flux by a similar amount (Figures 9
and 10). The reduction in TOA SW flux is from a combination of the albedo effect, less droplets result in larger
less reflective droplets reducing the cloud albedo and being more broken likely caused by the increased rain and
snow seen in Section 4.2. Again, the median TOA SW flux change is about 50 Wm− 2 (Figure 10). The impact on
the TOA LW flux (∼10 W m− 2) is caused by the more broken cloud and hence higher LW from the warmer sea
surface. There is also a reduction in the LWP in the Nd75 run (Figure 10) compared to SOC, although this is
smaller than the impact of the reduced INP. The reduced Nd experiment brings the TOA SW flux closer to
observed, highlighting how changes in Nd and INP over the Southern Ocean can partially compensate.

Examining the sensitivity to MPOF (MPOF0–MPOF1) illustrates a similar magnitude increase in TOA SW flux ‐
broadly similar to the other experiments (Figures 9 and 10). Increased MPOF results in lower LWP by
approximately 0.03 kg m− 3 and to a lesser extent increased IWP, indicative of liquid clouds glaciating and
consistent with the reduced LWC seen in Section 4.2. These phase differences result in lower TOA SW fluxes
(∼40 W m− 2) and higher LW fluxes (∼5 W m− 2) in the MPOF1 simulation. The significant impact on the TOA
fluxes further highlights the need to better constrain MPOF.

Figure 11 summarizes cloud representation impacts on TOA radiative fluxes via differences in the simulated
fluxes for the different sensitivity experiments and across several case studies. The colors show results for eight

Figure 10. CERES (except IWP) and MetUM output for liquid water path (a, kg m− 2) and ice water path (b, kg m− 2) Top of
the Atmosphere Shortwave flux (c, Wm− 2), Top of the Atmosphere Longwave flux (d, Wm− 2), over the area of the blue box
in Figure 1 at 18:00 UTC 6 February 2023. Orange line indicates the median, the box the interquartile range and the green
triangles the mean.
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satellite passes including the 7 and 19 February case studies. The purple symbols illustrate the results of Figure 10.
Recall brief summaries of all the flights are in Table 1.

The first aspect to note is a general clustering by color, that is the TOA radiation errors are qualitatively different
for different times and dates due to different cloud characteristics across the cases. However, within each case
there are generally consistent responses to the sensitivity experiments. The reduced INP simulations (SOC and
V21 compared to control) broadly result in lower LW fluxes by up to 10 W m− 2 and higher SW fluxes by 5–
50 W m− 2 (except for the 19 February 2023 15:00 UTC pass, gray symbols). The magnitude differs across cases.
For example, the impact is small on 6 February 2023 15:00 UTC when the cloud mostly consists of supercooled
liquid water (Figure 6) whereas there is greater sensitivity on 6 February 2023 18:00 UTC when the clouds are
mixed‐phase (Figure 7). The difference between the V21 and SOC simulations only has a noteworthy impact on
the 19 February 2023.

Reducing INP toward the observed does not consistently result in improved TOA fluxes compared to observed; it
improves the SW errors when they are negative but exacerbates the positive SW errors. Reducing Nd toward the
observed results in dimmer clouds with a consistent reduction in TOA SW flux by 20–40 W m− 2 and a relatively
small reduction in TOA LW flux. However, similar to the impact of the INP, the reduction in Nd does not
consistently result in improved simulations of TOA fluxes; for example, at 18:00 UTC 7 February 2023 the error
reduces from 25 to − 6 W m− 2 but at 15:00 UTC 6 February 2023 the SW error increases from − 15 W m− 2 in the
SOC simulations to − 50 W m− 2.

Changing MPOF has a similar impact as changing INP with MPOF1 decreasing the TOA SW flux by 20–
50Wm− 2. In cases with high sensitivity to INP there is also higher sensitivity to MPOF as both have more impact
on mixed phase cloud and less impact on supercooled liquid clouds or ice dominant clouds. These clouds must
also be more broken to see the impact of MPOF. Again, neither MPOF simulation results in consistently improved
TOA fluxes.

The different errors seen across the cases are a result of various case‐by‐case simulation deficiencies. For
example, on the 6 February 2023 at 18:00 UTC and 21:00 UTC, and 7 February 2023 at 15:00 UTC there are
relatively large errors in both short and long wave radiation which are caused by too much cloud above the flight
in the model. Flight 385 leg 2 is the closest flight leg to 21:00 UTC on the 6 February 2023, the additional snow
falling into the lower‐level cloud is caused by frontal cloud being too thick. The frontal cloud is also the cause of

Figure 11. Summary of the cloud representation impacts on radiative fluxes over 8 times. The axes show the difference
between simulated and CERES TOA longwave and shortwave flux medians within the blue box (see Figure 1). The colors
indicate the time of comparison and the marker style the sensitivity test: control (triangles), V21 (diamonds), SOC
(pentagons), Nd75 (circles), MPOF0 (crosses), and MPOF1 (stars).
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the radiation errors. Some additional unexpected cloud was also present
during flight 386 coincident with 15:00 UTC 7 February 2023. At 15:00 UTC
6 February 2023, coincident with flight 384, the cloud was too broken and
LWC too low explaining the SW errors, however the LW error is difficult to
explain from the aircraft data as the cloud top height was well simulated and
broken cloud would lead to a positive error. At 18:00 UTC and 21:00 UTC 7
February 2023 and 21:00 UTC 9 February 2023 have comparatively modest
errors. The droplet numbers during flight 387 are close to the campaign
average, hence the improved TOA SW at 18:00 UTC 7 February 2023 in the
simulation with the reduced droplet number. At 21:00 UTC 7 February 2023
the model appears to have cloud that is not optically thick enough. At 21:00
UTC 19 February 2023 there was only a small amount of patchy cloud
simulated and observed, hence the small errors and sensitivities.

In summary, the MetUM TOA fluxes are sensitive to the choice of INP, Nd,
and MPOF by similar magnitude and generally in the same way across all 8
comparisons ‐ but dependent on the cloud characteristics. Constraining these
toward the observed cloud properties does not consistently improve the TOA
fluxes. Unfortunately, improvement is case dependent.

4.4. Surface Cloud Radiative Effect

It is pertinent to assess the impacts of the cloud representation on the surface
radiation flux. The surface cloud radiative effect (CRE) is defined as the

amount of radiation reaching the surface minus the amount that would reach the surface if there were not any
clouds. A positive value would be an increase in the amount of radiation reaching the surface and a negative value
would be a decrease caused by the presence of clouds. Figure 12 shows the 12‐hr average net cloud radiative
effect between 12 UTC and 00 UTC for all three cases. All cases have a negative CRE, the clouds reduce the
amount of radiation reaching the surface, with this dominantly a SW effect (not shown). The value is smaller on
the 19 February 2023 as there was less cloud. The changes in CRE from the sensitivity experiments are typically
±20–30 W m− 2 averaged over our 43,000 km2 box, so substantial.

Comparing the SOC simulation with the control (Figure 13a) shows that reducing the INP causes the CRE to
becomemore negative by up to 14Wm− 2 (Figure 12). Although, not quantified in the same manner, the impact of
reducing INP has a similar impact (more negative) to the simulations reducing INP in Vignon et al. (2021). The
difference between the SOC simulation and V21 is small, suggesting that the variability in INP around coastal
Antarctica has a limited impact on the CRE when at these low concentrations. The reduction in Nd results in an
increase in CRE by 22 W m− 2 (Figure 13b) as a result of clouds with lower albedo and changes to the cloud
amount. Comparing the reduced Nd with the control demonstrates that the biases in the droplet number and INP
can partially compensate, but that the reduction in droplet number has a larger impact on CRE (Figure 13c).
Similarly, MPOF has a significant impact on the CRE. The MPOF0 run has a higher CRE than the MPOF1 by up
to 31 W m− 2 as a result of the increased liquid phase and decreased ice phase discussed in Section 4.1 and 4.2.
Finney et al. (2025) explored the sensitivity of TOA SW CRE for convective anvil clouds to Nd, MPOF and INP
demonstrating similar impacts. However, they found a relatively small impact from INP and MPOF and much
larger impact from Nd. The difference in the sensitivities is influenced by the difference in cloud morphology, for
example, our cases with lower cloud fractions are likely lower cloud fractions than Finney et al. (2025) and
therefore more sensitive to MPOF.

In summary, all three processes can have a similar impact on the cloud radiative effect further highlighting the
need to constrain all three processes in models over the Southern Ocean.

5. Discussion
Using the operational configuration of CASIM in theMetUM (Field et al., 2023), we have shown that the model is
sensitive to the choice of droplet number concentration and the temperature dependent INP scheme. Observations
of Nd over the SO and coastal Antarctica on average range from 28 to 155 cm− 3 (e.g., Huang et al., 2017; Lachlan‐
Cope et al., 2016). Additionally, we have shown that representing the observed smaller INP concentrations is

Figure 12. Mean surface net cloud radiative effect, CRE (W m− 2), from 12
UTC to 00 UTC for all three case studies and for the six sensitivity tests
averaged over the area in the blue box in Figure 1.
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important to accurately simulate clouds, but these clouds have little sensitivity to difference between two different
coastal Antarctic INP schemes (SOC and V21). CASIM can be configured with activation schemes for cloud
droplet activation (e.g., Abdul‐Razzak & Ghan, 2000) and with aerosol dependent INP schemes (Miltenberger
et al., 2020). These aerosol aware schemes will also need to be assessed for simulating clouds over the SO and for
any benefit, in terms of the CRE, they offer over the current operational approach. Other modeling studies have
shown that increased complexity does result in more accurate simulations of cloud fraction, liquid hydrometers,
and CRE (Hines et al., 2019). Similarly, improvements in supercooled liquid clouds in CAM6 compared to
CAM5 were largely due to changing from a temperature dependent INP scheme to an aerosol aware scheme
(Gettelman et al., 2020). Recently, a set of aerosol aware INP schemes were evaluated offline forced by a global
model with a detailed aerosol component (Herbert et al., 2025) and an optimized scheme was produced. Simu-
lating clouds over SO using this scheme within CASIM should be evaluated.

The negative cloud‐phase feedback, which in a warming world will result in a state with more liquid water and a
greater albedo which results in a cooling, is an important component of the climate system (Bjordal et al., 2020).
Furthermore, the concentration of INPs plays a crucial role in the magnitude of this feedback (Murray
et al., 2021). While other studies have discussed the role of accurately representing droplet number concentrations
and INPs, here we have also demonstrated that the amount of phase mixing in a model grid cell (via MPOF)
impacts the TOA radiation balance and surface CRE in mixed‐phase clouds to a similar degree, therefore, how
well‐mixed mixed‐phase cloud are represented will also affect the strength of the negative cloud‐phase feedback
in models.

We have shown the importance of MPOF, the parameter that controls the distribution in phase of water in clouds,
and the sensitivity to the fixed value assigned to this parameter. Recent work has derived an optimal value for
MPOF (0.7–0.85) based on aircraft observations from the northern hemisphere (Evans et al., 2025). Performing a
similar examination over the Southern Ocean, to understand hemispheric differences, would be important to help
improve simulations over the Southern Ocean. One potential improvement would be for MPOF to be a physically
based function of, for example, temperature or sub‐grid turbulence as suggested by Korolev (2008) and Korolev
and Milbrandt (2022). The optimal value of MPOF is between the value used in our MPOF1 and Nd75 simu-
lations which suggests these two simulations are those configured most closely to observations. In addition, it

Figure 13. Mean surface net cloud radiative effect (W m− 2) difference between the SOC and control (a), the Nd75 and SOC
(b), the Nd 75 and control (c), and the MPOF 0 and MPOF 1 experiments (d) from 12 UTC 6 February 2023 to 00 UTC 7
February 2023.
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should be noted that MPOF is closely linked to accurately simulating the ice and liquid cloud fractions from the
macroscale cloud scheme. The macroscale cloud scheme can have an important impact on cloud phase and the
radiation budget in the simulations of low‐level mixed‐phase clouds (Van Weverberg et al., 2023).

We have examined clouds within the temperature range of the Hallet‐Mossop rime splintering process. Secondary
ice production processes can affect mixed‐phased clouds but these processes remain poorly constrained or un-
represented in models (Atlas et al., 2022; Hoose, 2022; Sotiropoulou et al., 2021; Young et al., 2019). A detailed
assessment of our observations during the SOC special observing periods focusing on secondary ice production
will be part of future research. Future work should also examine the Hallet‐Mossop process within the MetUM as
well as the impact of only representing one secondary ice process.

The TOA radiation errors were often larger than the sensitivity to the mixed‐phase cloud processes suggesting
other processes were responsible for the errors. One deficiency noted in the simulated meteorological structure
was in the cloud top temperature inversion strength. Previous studies have demonstrated that higher vertical
resolution can improve the representation of mixed‐phase clouds (Barrett et al., 2017), however, this comes at
additional computational cost. Alternatively, the parametrization of cloud top turbulence and turbulence more
broadly should be examined in terms of representing clouds over the SO (Price et al., 2025; Vignon et al., 2021).
Although we didn't find any systematic temperature and humidity errors, a previous study comparing the MetUM
with CASIM against satellite and shipborne remote sensing measurements over the Australian sector of the SO
and found that the modeled cloud was sensitive to the driving model, ice processes, droplet number concentration
and boundary layer mixing with meteorological errors inherited from the driving model are a leading cause of
poorly simulated clouds (Price et al., 2025).

6. Conclusions
We have evaluated the performance of the MetUM in simulating clouds over the Southern Ocean using aircraft
and satellite data during the Southern Ocean Clouds SOP1 field campaign in February 2023. In low‐level cloud,
the control MetUM produced too much ice when comparing in‐cloud microphysical parameters with aircraft
observations, a common issue in modeled clouds over the Southern Ocean, which results in errors in radiative
fluxes.

A set of sensitivity tests were performed to understand the sensitivity of modeled cloud, and their radiative effect
to uncertainties in mixed‐phase clouds processes. Namely, ice nucleating particle number concentration, cloud
droplet number concentration and how well mixed the different phases are within a grid‐box—a parameter known
as the mixed phase overlap factor controls this within the MetUM.

Reducing the INP, from the MetUM default (Cooper, 1987), to the observed concentrations from the Southern
Ocean Clouds special observing period results in a reduction of ice and snow in the model, albeit to amounts still
greater than observed (ice was modeled when it wasn't observed). The reduced ice and snow have a considerable
impact on the radiation in the study region, highlighting the importance of correctly simulating the magnitude of
the INP. A comparison between the SOC parametrization and an alternative parametrization for a different
Antarctic coastal region (Vignon et al., 2021) showed little sensitivity in cloud microphysics, radiation balance
and consequently cloud radiative effect. This lack of sensitivity demonstrates that representing the order of
magnitude of INP over the Southern Ocean is critical. However, for models using temperature dependent INP
schemes, once the right order of magnitude is presented, variations around that have little impact. Future studies
should examine more complex aerosol aware INP schemes with scavenging and recycling of INP to better un-
derstand the impact of INP variability.

Reducing the Nd to the campaign average was also critical. It had a similar sized impact on cloud radiative effect
(up to 22 W m− 2), to INP changes (up to 14 W m− 2), but opposite in sign. This highlights that errors in the cloud
droplet number concentration and INP can partially compensate, producing TOA fluxes closer to observed but for
the wrong reason. Changing these two parameters results in TOA radiation impacts that are a difference between
the two effects. The compensation makes it hard to achieve more accurate results across multiple case studies
(Figure 11).

We have also shown that the model is sensitive to the mixed‐phase overlap factor or in other words whether the
mixed‐phased clouds are represented as conditionally or genuinely mixed. The sensitivity of the cloud radiative
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effect to MPOF demonstrates that accurately modeling how well mixed mixed‐phase clouds are over the Southern
Ocean is critical for modeling the radiation balance.

Our study focusses on three key components of the CASIM microphysics scheme in its current operational
configuration.We acknowledge that other processes play a key role, and increased complexity could offer benefit.
However, we have shown that the parametrization of INP, cloud droplet number concentration and the liquid and
ice phase overlap all play a crucial role in correctly modeling mixed‐phase clouds and their impact on the ra-
diation budget over the Southern Ocean.
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