Atmos. Chem. Phys., 24, 11115-11132, 2024
https://doi.org/10.5194/acp-24-11115-2024

© Author(s) 2024. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Air mass history linked to the development of Arctic
mixed-phase clouds

Rebecca J. Murray-Watson and Edward Gryspeerdt
Department of Physics, Imperial College London, London, SW7 2BX, UK

Correspondence: Rebecca J. Murray-Watson (rebecca.murray-watson17 @imperial.ac.uk)

Received: 16 January 2024 — Discussion started: 17 January 2024
Revised: 15 July 2024 — Accepted: 28 July 2024 — Published: 7 October 2024

Abstract. Clouds formed during marine cold-air outbreaks (MCAOSs) exhibit a distinct transition from stra-
tocumulus decks near the ice edge to broken cumuliform fields further downwind. The mechanisms associated
with ice formation are believed to be crucial in driving this transition, yet the factors influencing such formation
remain unclear. Through Lagrangian trajectories collocated with satellite data, this study investigates the devel-
opment of mixed-phase clouds using these outbreaks. Cloud formed in MCAOs are characterized by a swift shift
from liquid to ice-containing states, contrasting with non-MCAO clouds also moving off the ice edge. These
mixed-phase clouds are predominantly observed at temperatures below —20 °C near the ice edge. However, fur-
ther into the outbreak, they become dominant at temperatures as high as —13 °C. This shift is consistent with the
influence of biological ice-nucleating particles (INPs), which become more prevalent as the air mass ages over
the ocean. The evolution of these clouds is closely linked to the history of the air mass, especially the length of
time it spends over snow- and ice-covered surfaces — terrains may that be deficient in INPs. This connection also
accounts for the observed seasonal variations in the development of Arctic clouds, both within and outside of
MCAQO events. The findings highlight the importance of understanding both local marine aerosol sources near

the ice edge and the overarching INP distribution in the Arctic for modelling of cloud phase in the region.

1 Introduction

Marine cold-air outbreaks (MCAOSs) are formed when cold-
air masses from continental or sea ice sources are advected
over the relatively warm ice-free ocean surface, sometimes
in the wake of extratropical cyclones (Briimmer, 1999; Kol-
stad et al., 2009; Fletcher et al., 2016a). Due to the strong
winds and the temperature contrast between the cold, dry air
and the comparatively warm ocean surface, significant latent
and sensible heat fluxes are generated, which can be some
of the strongest on Earth (100s and 1000 W m~2; Shapiro
et al., 1987; Renfrew and Moore, 1999; Papritz and Spengler,
2017; Aemisegger and Papritz, 2018; Lackner et al., 2023).
MCAGO:s are relatively common occurrences in the Arctic in
all seasons except summer (Fletcher et al., 2016a). The in-
stability caused by the turbulent heat fluxes triggers shal-
low roll convection and a deepening of the boundary layer,
which promotes cloud formation. These clouds have dis-
tinctive mesoscale organization and development, transform-

ing from overcast cloud streets to broken cumuliform cloud
fields with increasing fetch across the ocean (Hartmann et al.,
1997; Briimmer, 1999; Pithan et al., 2018). The clouds on ei-
ther side of the transition have distinct properties; in particu-
lar, the post-transition clouds typically have a weaker short-
wave cooling effect (McCoy et al., 2017; Murray-Watson
et al., 2023). Due to the frequency of these events in the Arc-
tic, it is possible that changes to the cloud development could
impact the radiative effect of these clouds and in turn modu-
late the Arctic surface energy budget. As the Arctic is chang-
ing rapidly (IPCC, 2021), elucidating the influences on the
energy budget is key to understanding the effects of climate
change on the region.

Precipitation is thought to be crucial to the transition; as
precipitation sublimates or evaporates, it cools the sub-cloud
layer. This creates a temperature inversion and triggers de-
coupling of the surface, which eventually leads to the cloud
break-up (Abel et al., 2017; Yamaguchi et al., 2017). Pre-
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cipitation reduces the water content within the cloud, fur-
ther contributing to the cloud’s dissipation. Therefore, pro-
cesses which affect precipitation, such as aerosol concentra-
tions, are likely to affect the transition (Murray-Watson et al.,
2023). Ice formation is hypothesized to enhance precipitation
and may accelerate the transition from the stratocumulus to
cumulus clouds in outbreaks (Tornow et al., 2021). However,
the factors which affect the formation and evolution of ice in
these clouds are highly uncertain, in part due to a lack of in
situ observations in the region.

Vergara-Temprado et al. (2018) determined that the life-
time of the stratocumulus regime was influenced by the con-
centration of ice-nucleating particles (INPs). Prolonged stra-
tocumulus coverage was observed under low-INP conditions,
while high INP concentrations resulted in a broken cumu-
lus clouds, leading to significant reductions in the shortwave
cooling. Flight campaign measurements of clouds in MCAOs
indicate that there is typically little ice in the stratocumu-
lus regime and substantially more ice in the cumulus clouds
(Abel et al., 2017; Lloyd et al., 2018). However, this shift to
a more glaciated cloud regime cannot be entirely explained
by the presence of INPs; Abel et al. (2017) observed a rapid
enhancement of ice crystal number concentration that was
not matched by the ambient INP availability. Therefore, sec-
ondary ice production, in which an ice crystal is formed from
an existing ice crystal, might be necessary to explain the de-
velopment of ice-containing clouds observed in these out-
breaks.

One of the most well-known secondary ice production
processes is known as the Hallett—Mossop mechanism. This
is the process by which ice splinters are produced follow-
ing the riming of a supercooled droplet onto an existing
ice particle (Hallett and Mossop, 1974). These ice splinters
themselves can rime onto droplets and produce more ice,
therefore reducing the dependence on INPs for ice forma-
tion. The process is most efficient between —3 and —8 °C
and for droplets with a diameter greater than 24 um or less
than 13 um (Mossop, 1978, 1985; Heymsfield and Mossop,
1984). The enhanced ice crystal concentration observed
in Abel et al. (2017) occurred in lower-level cumuliform
clouds which had cloud base temperatures within the Hallett—
Mossop temperature range, suggesting that this mechanism
was active. Through modelling, they found that this enhanced
precipitation from this secondary ice production was es-
sential for the stratocumulus-to-cumulus transition. Surface-
based radar observations from the Cold-Air Outbreaks in the
Marine Boundary Layer Experiment (COMBLE) field cam-
paign (Geerts et al., 2022) also found evidence of secondary
ice production in MCAO clouds in the Hallett—-Mossop tem-
perature range, with ice multiplication factors on the order
of 100 (Mages et al., 2023). Although there is still uncer-
tainty about the physical mechanism of the Hallett—-Mossop
process, it is one of the only secondary ice production mech-
anisms parameterized in weather and climate models.
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Riming, or the freezing of supercooled droplets onto ice
crystals, is also thought to influence MCAOQO transitions.
Abel et al. (2017) found rimed graupel particles in the pre-
and post-transition clouds. Tornow et al. (2021) suggested
a mechanism called “preconditioning by riming”, during
which the formation of ice precipitation primes the MCAO
clouds for transitioning. By reducing the cloud water, scav-
enging aerosols, and cooling the sub-cloud layer, increasing
ice concentrations accelerated the cloud break-up.

Even given the importance of secondary ice production, it
is evident that sources of INPs in the region have a strong
control on MCAO cloud development. However, there is
great uncertainty about INPs globally due to the diversity
of sources, variety of physicochemical properties, low con-
centrations, and seasonal cycle (Murray et al., 2012, 2021).
This is particularly true in the Arctic, where INP concentra-
tion are much lower than the global average (Li et al., 2023),
as sparse measurements contribute to a greater lack of knowl-
edge (Schmale et al., 2021). However, a number of field cam-
paigns or in situ measurements have identified the Arctic
ocean as a source of biological INPs (Bigg, 1996; Bigg and
Leck, 2001; Irish et al., 2017, 2019; Creamean et al., 2019;
Hartmann et al., 2021; Porter et al., 2022; Li et al., 2023).
This organic matter is transported from the sea surface to the
atmosphere via a bubble-bursting mechanism (Wilson et al.,
2015). Wex et al. (2019) identified a seasonal cycle to INP
availability around the Arctic, with higher concentrations in
the summer months, likely due to enhanced biological activ-
ity spurred by increased availability of sunlight. Biological
INPs are distinctive as they can cause ice formation at higher
temperatures compared to other INPs such as mineral dust
and are typically the dominant INPs active above —15 °C.

Several studies have explored the influence of long-
distance transport and the length of time an air parcel re-
mains over various surface types on the INPs present in those
air masses. Porter et al. (2022) found that in the summer-
time high Arctic, the presence of high-temperature INPs was
associated with air parcels that had spent time over land or
ocean. In contrast, time over the sea ice was associated with
low aerosol concentrations (Mauritsen et al., 2011). Simi-
larly, Irish et al. (2019) found a positive correlation between
INP concentration and time over snow-free land surface and
a negative correlation with time spent over pack ice. How-
ever, they found a weakly negative relationship between INP
concentrations and time spent over the open ocean. Li et al.
(2023) also found low-INP populations in air masses which
travelled over the sea ice and that long-range dust from Arc-
tic sources such as Greenland was associated with particu-
larly high INP concentrations. Bigg (1996) linked the time
since the air parcel had been over the open ocean to declin-
ing INP concentrations, suggesting that the marine sources
dominated INP concentrations. In contrast to many of these
studies, Hartmann et al. (2021) found no connection between
INP concentrations and air mass history and determined that
the observed marine biological INPs were produced locally.
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MCAOs have proven a challenge to model due to the dif-
ficulties in capturing the complex system dynamics. Even
higher-resolution numerical weather prediction (NWP) mod-
els struggle due to a lack of knowledge around mixed-
phase processes and the clouds falling into a convective grey
zone, where the necessary dynamics cannot be parameter-
ized (Field et al., 2017). These shortcomings lead to biases
between NWP-modelled cloud properties and observations
of cloud water path and cloud fraction in the stratocumulus
regime in MCAOs, leading discrepancies in radiative prop-
erties (Field et al., 2017). Improving the cloud microphysics
scheme, in particular the ice formation processes at warmer
temperatures, can lead to a better representation of MCAO
clouds, but biases still exist (Field et al., 2014). Poor repre-
sentation of ice processes in models causes the rapid deple-
tion of liquid, leading to an earlier breakdown of stratocumu-
lus clouds than observed and lower amounts of supercooled
water (Abel et al., 2017; Van Weverberg et al., 2023). In the
Southern Ocean, the inability to represent supercooled wa-
ter in MCAO clouds has been identified as a central factor
contributing to biases in shortwave radiation (Bodas-Salcedo
et al., 2014, 2016). In general, mixed-phase clouds are chal-
lenging to model due to the complexity of physical processes
associated with their formation and maintenance and a lack
of observations of fundamental mechanisms, which lead to
uncertain parameterizations (Morrison et al., 2012). Simi-
larly to the MCAO-specific cases, Cesana et al. (2022) found
that general circulation models (GCMs) which have more
complex microphysics schemes typically produce better sim-
ulations of the liquid-to-ice ratio in mixed-phase clouds in
the Southern Ocean than simpler schemes. As mixed-phase
clouds are central to the Arctic energy budget (Shupe and
Intrieri, 2004) and may prove important components of the
cloud radiative feedbacks (Tan and Storelvmo, 2019), target-
ing the uncertainty surrounding them is key to improving fu-
ture projections of the Arctic climate.

It is evident that an advanced understanding of the forma-
tion of ice in cold-air outbreak clouds is required to improve
the modelling deficiencies. There have been several observa-
tional campaigns targeting cold-air outbreak clouds, such as
the recent COMBLE campaign in the north European Arc-
tic (Geerts et al., 2022) and HALO—(AC)3 flight campaign.
However, many of the observational studies are limited in
space or time and therefore provide a relatively limited pic-
ture of the cloud development. Satellites can overcome some
of these challenges, and while they do not provide as high-
resolution data as the in situ studies, they offer the oppor-
tunity to capture the spatial and temporal dynamics of cold-
air outbreak clouds on a much larger scale. Previous studies
typically have relied on snapshot satellite imagery to investi-
gate the prevalence of ice-containing clouds in MCAOs (e.g.
Fletcher et al., 2016b), despite these properties depending on
the stage of the outbreak’s progression, as ice is more likely
to be found in post-transition cumuliform clouds (Abel et al.,
2017).
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In this work, we target the uncertainty surrounding the de-
velopment of mixed-phase clouds in MCAOs. In particular,
we address two aspects of mixed-phase development: (i) the
temporal scales over which the mixed-phase clouds form and
the dependence on temperature and (ii) the role that air mass
history may play in the types of INPs available for ice for-
mation. To achieve this, we use a novel method of creating
a series of trajectories of air parcels moving from the sea
ice and across the open ocean. We collocate these trajecto-
ries with active remote sensing data to create a composite
picture of the temporal development of mixed-phase clouds
during these outbreaks. We also consider clouds which tran-
sition from the ice edge to the ocean but are not embedded in
an outbreak to study the influences on general mixed-phase
clouds in the region. To investigate the relative importance
of local aerosols versus distant INP sources, we examine
the origin of the air mass and the types of surfaces it has
passed over before reaching the pack ice. We find that in
most MCAOs, the proportion of mixed-phase clouds typi-
cally rapidly increases as the cloud moves from the ice edge.
These mixed-phase clouds initially form at low temperatures
but eventually become dominant at around —13 °C, consis-
tent with marine INPs being transported to the cloud layer.
We present evidence linking the air mass history and aerosol
availability to the formation of mixed-phase clouds in MCAO
and non-MCAO clouds. These results highlight the crucial
role of INPs in cloud development and the need for more de-
tailed knowledge of their sources in the region to be able to
accurately model mixed-phase cloud development.

2 Methods

2.1 Calculating time since ice

This work uses Lagrangian trajectories to study the temporal
evolution of the cloud phase in cold-air outbreaks. A detailed
discussion of the trajectory generation is provided in Murray-
Watson et al. (2023), which in turn is adapted from Horner
and Gryspeerdt (2023). In summary, hourly ERA5 (ECMWF
Reanalysis v5; Hersbach et al., 2020) 1000 hPa wind data are
used to advect pixels forward through time. When a pixel
transitions over the sea ice edge (data from Nimbus-7 SMMR
and DMSP SSM/I-SSMIS version 2 product; DiGirolamo
et al., 2022), the pixel receives a time since ice (TSI) incre-
ment of 1h. This process is iterated for each time step, so
pixels have a value of 1 added to the TSI for each hour they
remain over the ocean since leaving the ice edge (so pixels
move from being 1 to 2 h since ice and so on). These TSI tra-
jectories allow for the movement of air parcels to be tracked
over the ocean after leaving the sea ice edge. When these tra-
jectories are collocated with satellite data, they can provide
insights into the progression of these outbreaks. A series of
reverse trajectories are also generated, measuring instead the
time until an air parcel reaches the ice edge, moving towards
the ice (as in Murray-Watson et al., 2023). These “Towards”
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trajectories allow for a comparison between the clouds mov-
ing off the ice edge and other clouds in the region, including
clouds formed in warm-air intrusions, revealing the impact
of any undetected sea ice on the cloud retrievals. Only the
North Atlantic and Kara Sea regions were considered to pre-
vent bias being introduced from short trajectories (Murray-
Watson et al., 2023), and a period of 7 years of data was
included (2008-2014).

This work considers an extension to the trajectory method
described in Murray-Watson et al. (2023) by examining the
duration of time a given air parcel spends over the sea ice
and snow-covered surfaces before it leaves again and moves
over the open ocean. Previous work suggests that the dura-
tion spent over the sea ice can change the air mass properties
and the types of clouds formed (Silber and Shupe, 2022). In
the high Arctic, the boundary layer above the pack ice can be
extremely clean, with measurements of cloud condensation
nuclei concentration recorded below 1cm™> during the Arc-
tic Summer Cloud Ocean Study (ASCOS) campaign (Mau-
ritsen et al., 2011) and previous work linking air mass history
to INP concentrations (Irish et al., 2019; Porter et al., 2022).
The method for time over sea ice/land is similar to that above
but instead considers all pixels above 50° N in order to bet-
ter capture the air mass history, including air moving into
the Arctic region. The surface type data are obtained from
the Interactive Multisensor Snow and Ice Mapping System
(IMS) Daily Northern Hemisphere Snow and Ice Analysis at
1 km resolution version 1 product (U.S. National Ice Cen-
ter, 2008) and are regridded to the same polar stereographic,
25km by 25 km grid as the sea ice data. Land without snow
and snow-covered land were used to define land pixels. If a
pixel contains a mix of surface types, it is categorized under
the dominant type when this type occupies more than 75 %
of the pixel area. Otherwise, the pixel is characterized as un-
certain.

2.2 MCAQ index

The MCAO index (M), which is an indicator of the instability
of the boundary layer, is calculated as

M = B4 — 6300, (D

with O and 039 as the potential temperatures of the sur-
face skin and 800 hPa, respectively (Kolstad and Bracegir-
dle, 2008; Fletcher et al., 2016b). The temperature data are
obtained from ERAS and processed into the same grid as the
wind data. An outbreak is defined as M > 0, with increas-
ingly negative values indicative of greater boundary layer sta-
bility. MCAOs are relatively common in the region and form
an important part of the high-latitude weather system, partic-
ularly in the non-summer months (Fletcher et al., 2016b).
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2.3 Cloud properties

Cloud-phase data were from DARDAR v2 (raDAR/IiDAR;
Delanoé and Hogan, 2010; Ceccaldi et al., 2013), which
is produced using lidar data from CALIOP (Winker et al.,
2009) and radar data from CloudSat (Stephens et al., 2008).
As the radar can penetrate optically thick clouds and is sensi-
tive to larger particles and the lidar is sensitive to thin clouds
and smaller particles, this allows for a wider variety of clouds
to be studied than if the datasets were used in isolation. As
the lidar data are produced at a higher resolution than Cloud-
Sat, several CALIOP retrievals are matched to each radar
retrieval when merged, resulting in a vertical resolution of
60m and a horizontal resolution of 1.1 km. The phase de-
termination algorithm incorporates data from the CALIOP
L1B attenuated backscatter profiles, the CALIOP L2 ver-
tical feature mask, the CloudSat 2B-GEOPROF radar, and
ECMWF-AUX temperature data. Cases with the cloud top
height below 720 m are excluded due to surface clutter af-
fecting the radar retrievals, as in other studies (e.g. Kay and
Gettelman, 2009). The phase fraction for each profile is cal-
culated as the number of DARDAR retrievals for each flag
divided by the number of DARDAR retrievals for each 25 km
by 25 km TSI grid box. For this study, the ice category com-
prises the DARDAR phase flags Ice, Spherical_or_2D_ice,
and Highly_concentrated_ice, and the DARDAR flag Super-
cooled_and_ice is considered mixed phase. We adopt the
method of defining mixed-phase profiles in DARDAR from
Danker et al. (2022): if a mixed layer is above an ice layer,
a supercooled layer above an ice layer, any combination of
supercooled and mixed layers, or any combination of super-
cooled or mixed above ice layers are classified as mixed-
phase clouds. The warm liquid and supercooled liquid DAR-
DAR categories are combined to create a single liquid cate-
gory. Multi-layer clouds are excluded by removing profiles
which have more than three clear-sky or failed retrievals
(equating to a distance of 240 m) between cloud layers, as
in previous work (Danker et al., 2022). Clouds with cloud
top heights recorded above 5000 m are excluded to limit the
inclusion of high-level clouds not associated with MCAOs.
Although this may exclude some MCAO clouds, other work
has found clouds tops are typically much lower than this
(Fletcher et al., 2016b; Lackner et al., 2023; Mateling et al.,
2023).

Cloud effective radius (r.) measurements were obtained
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) Level 2 Collection 6.1 data product (MYDO06_L2;
Platnick et al., 2017), regridding into a 25 km by 25 km polar
stereographic grid. Following Grosvenor and Wood (2014),
pixels with high solar zenith angles (> 65°) and high view-
ing angles (>50°) were removed due to potential biases
in r.. The dataset was filtered to include only data collo-
cated with the DARDAR retrievals. However, MODIS filters
were also used to increase confidence in the retrievals being
single-layer, liquid clouds using Cloud_Multi_Layer_Flag
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and Cloud_Phase_Optical_Properties. The cloud top phase
was determined using the cloud optical property retrieval,
which is usually in good agreement with active sensors
(Marchant et al., 2016). The single-layer cloud filter also typ-
ically performs well relative to active sensors at these lati-
tudes (Wang et al., 2016b). The MODIS cloud subpixel het-
erogeneity index (SPI) is the ratio of the standard deviation to
the mean of the reflectance in the 0.86 um band of the 250 m
pixels which each comprise 1 km; larger values of SPI (> 30)
are associated with heterogeneous cloud regimes, such as
broken cumulus fields (Zhang and Platnick, 2011). In these
conditions, breakdowns in the assumptions underpinning
the MODIS retrievals can introduce biases (Seethala and
Horvith, 2010). As such, only pixels with a low sub-pixel
heterogeneity index were included (Cloud_Mask_SPI < 30;
Zhang and Platnick, 2011). This reduces the dataset to ap-
proximately 40 % of its original size; while significantly re-
duced, this filtering is justified as it removes biased cases.

3 Results

3.1 Phase evolution as a function of time since the ice
edge

Clouds created in MCAOs have a distinctive phase evolu-
tion relative to other clouds in the region (Fig. 1), most
notably from the ice and mixed phases. MCAO clouds are
characterized by the rapid decline of the liquid phase down
to about 20 % after 6h, with a corresponding increase in
mixed-phase clouds. While the liquid fraction then remains
relatively steady, the mixed phase proceeds to glaciate and
convert to ice-only clouds. In contrast, for both non-MCAO
and Towards clouds, the liquid phase remains dominant.
The phase fractions remain relatively steady as non-MCAO
clouds move off the ice edge, with nearly twice as much
liquid cloud as mixed phase and very few (about 3 %) ice
clouds. Although the composition of Towards clouds also
shifts towards ice-containing phases as they move further
north, the shift is very gradual, and liquid clouds are still
dominant. This shift to mixed phase is likely in part due to
decreases in cloud temperature as the clouds move towards
the ice. Additionally, as these clouds move north from lower
latitudes, the air masses may potentially have more INPs than
the air which has spent greater lengths of time over the sea
ice (discussed more in Sect. 3.4), and they therefore more
readily form mixed-phase clouds. Broadly, the dominance of
liquid-containing phases in the Towards clouds agrees with
previous climatologies of low-level Arctic clouds (e.g. Shupe
et al., 2006; Cesana et al., 2012; Yan et al., 2020) but does
show more liquid-only clouds than some other studies (e.g.
Shupe, 2011), although this may be due to different study
regions. Using DARDAR, Fletcher et al. (2016b) also deter-
mined that clouds within outbreaks had higher ice fractions
compared to other regional clouds.
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This shift in MCAO clouds towards a more glaciated state
is in agreement with previous observations; Abel et al. (2017)
found much larger quantities of ice in the post-transition cu-
mulus clouds relative to the upstream stratocumulus deck.
The following sections explore the potential roles of the air
mass history and the cloud top temperature in influencing
the observed disparities in ice-containing phases between
MCAO clouds and non-MCAO trajectories.

3.2 Mixed-phase development as a function of
temperature and time since ice

Cloud top temperature is an important factor in the formation
of ice in clouds (e.g. Korolev et al., 2003; Shupe et al., 2006;
Westbrook and Illingworth, 2011; de Boer et al., 2011), typ-
ically with increasing amounts of ice at lower temperatures.
However, supercooled liquid clouds have also been observed
to exist at temperatures below —15°C (e.g. D’ Alessandro
et al., 2021; Danker et al., 2022; Carlsen and David, 2022).
Figure 2 shows evolution of the mixed-phase fraction for
MCAO and non-MCAO clouds as a function of the time since
ice and cloud top temperature. Mixed-phase clouds are ini-
tially only dominant at very low temperatures (—23 °C) in
MCAO:s. As the clouds progress from the ice edge, the tem-
perature at which the majority of clouds are mixed-phase in-
creases, until a plateau at approximately —13 °C after 7h.
The low mixed-phase fraction at very low temperatures fur-
ther into the trajectories (bottom right of Fig. 2a) is due to
the shift to ice-only clouds (Supplement Fig. S1).

This is in contrast to the non-MCAO clouds; from the
point of leaving the ice edge onwards, mixed-phase clouds
are prevalent below —13 °C and supercooled liquid is domi-
nant at warmer temperatures. Figure 2c underlines the differ-
ences in this initial development by emphasizing the initial
relative lack of mixed-phase clouds early in MCAOs (the gra-
dient highlighted as Region A). This gradient in the temper-
ature at which mixed-phase clouds become the majority has
previously been observed by Carlsen and David (2022), who
found that the temperature at which a cloud regime switched
from being liquid dominant to mixed-phase dominant (which
they called 7*) increased as a function of distance from the
ice edge until a plateau is reached at about —15 °C. They also
observed a seasonal dependence; during the summer, there
was a slightly weaker gradient in 7* from the ice edge (from
about —17 to —15 °C) than in the winter (from about —22 to
about —15 °C). This may be due to the seasonal differences
in MCAO events; there are relatively few MCAOs in sum-
mer (Fig. 4), so they may have been observing events more
similar to Fig. 2b, i.e events which are moving off of the ice
edge but are not necessarily MCAOs. Conversely, in winter,
their observations match Fig. 2a more closely. The seasonal
dependence of this MCAO and non-MCAO cloud evolution
is discussed further in Sect. 3.4.

Figure 2a also reveals another interesting feature of the
MCAO clouds; after about 7 h, a significant proportion of the
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Figure 1. Evolution of cloud phase as a function of time for (a) MCAO, (b) non-MCAO, and (c) Towards trajectories. Note that for Towards
clouds, the x axis represents hours until the clouds reach the ice edge and their development is instead read from right to left. For MCAO
and non-MCAO clouds, the x axis represents time since the air parcel left the ice edge. The shading represents the 95 % confidence interval.

clouds are mixed phase at higher temperatures (between —13
and —3 °C). On average, the mixed-phase proportion at these
temperatures in MCAOs is 15 %—-20 % greater than in non-
MCAQO clouds (Fig. 2c, highlighted as Region B). The po-
tential cause of the development of these higher-temperature
mixed-phase clouds in outbreaks is discussed in Sect. 4.

3.3 Environmental context

Figure 3 shows how some key environmental and meteoro-
logical variables change along the MCAO and non-MCAO
trajectories to give context to the changes seen in cloud prop-
erties in subsequent sections. It can be seen that as the MCAO
air parcels move off of the ice edge, they typically are very
dry and clean (Fig. 3b and d). As they move further from
the ice edge and over warmed surfaces, the AOD typically
increases, potentially as aerosol is transported to the cloud
layer (discussed further in Sect. 3.5). Further discussion of
the meteorological context can be found in Murray-Watson
et al. (2023).

3.4 Seasonal variability in mixed-phase development

Previous work has found a strong seasonal cycle in MCAOs,
with a maximum frequency of occurrence in the winter
months and a minimum in the summer months (Fletcher
et al., 2016b). Figure 4, which accounts for the MCAO index
just as the air parcel leaves the ice edge, shows the MCAO
pixels in the Northern Hemisphere winter in the region of
study are orders of magnitude less common than other sea-
sons for the period of study.

Figure 5 shows that for most seasons, the pattern of mixed-
phase cloud development in MCAO:s is similar to the annual
aggregate; initially, mixed-phase clouds are only dominant
at very low temperatures and become increasingly dominant
at higher temperatures until a plateau at around —13 °C, al-
though SON also had more mixed-phase clouds at higher
temperatures later in the outbreak. JJA is an anomaly; its be-
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haviour is very similar to the annual non-MCAO cloud de-
velopment (Fig. 2b).

In contrast, Fig. 6 shows the seasonal development of
clouds in non-MCAO events. This time, MAM, SON, and
JJA replicate the annual pattern shown in Fig. 2b. How-
ever, the non-MCAO DJF mixed-phase cloud development
more strongly resembles an MCAO event (Fig. 2a). A poten-
tial cause for seasonal variation in MCAO and non-MCAO
mixed-phase development is discussed in Sect. 3.5.1.

3.5 Effects of air mass history

Initially focusing on the annually averaged general cases,
there are several possible causes of the distinctive mixed-
phase evolution in the MCAO clouds seen in Region A
of Fig. 2c. One may be due to the air mass history. Fig-
ure 7a shows the duration of time that air parcels which
form MCAO and non-MCAO events typically spend mov-
ing over the sea ice before crossing over to the open ocean.
The pack ice is typically a poor source of INPs, with low
INP concentrations being associated with longer times over
ice (Porter et al., 2022; Li et al., 2023). Although AOD is
an imperfect proxy for INPs, especially in a region as poorly
constrained as the Arctic, Copernicus Atmosphere Monitor-
ing Service AOD reanalysis data (Inness et al., 2019) were
used to indicate the cleanliness of the air masses just as they
move off of the ice edge (at a TSI=1). Figure 7b indicates
that these MCAO air masses typically have lower AODs than
non-MCAO air masses. Therefore, as they move off the ice
edge, INPs may be locally sourced from the ocean surface
and transported to the cloud layer (a mechanism suggested
by Fig. 3b) and then activated to form ice particles. The
higher wind speeds typically observed in MCAOs (Kolstad,
2017) may aid the transport of these INPs via the bubble-
bursting mechanism (Wilson et al., 2015), which has previ-
ously been observed (Inoue et al., 2021). The temperature
of the liquid/mixed-phase switch (approximately —13 °C af-
ter 7h in MCAOs) is often considered the temperature at
which biological INPs tend to dominate over other poten-
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R. J. Murray-Watson and E. Gryspeerdt: Air mass history linked to the development of Arctic mixed-phase clouds 11121

(a)

MCAO

(b)

o W

—
w

-
o

Cloud Top Temperature (K)
Phase Fraction

N]
w

B

N
©

-28

Non-MCAO

|

(c)

Difference

1.0
-3

0.8
-8

ion

0.6

r—
o
o

ifference

o

5 10 15

Time since ice (hours)

20 0 5 10

Figure 2. Evolution of mixed-phase cloud fractions as a function of

Time since ice (hours)

2
%3
°
b=
2
— 048 -0108
o
|
- -0.2
' - - 02
- - -0.3
| - - L J |
— — 00 - -0.4
15 20 25 0 5 10 15 20 25

Time since ice (hours)

time and cloud top temperature for (a) MCAOs and (b) non-MCAOs.

Panel (c) shows the difference between panel (a) and panel (b). Grid points with fewer than 500 successful retrievals are coloured in grey. In
plot (c), red indicates that there are more mixed-phase clouds in MCAOs for that given cloud top temperature and TSI than in non-MCAOs,
and blue indicates the opposite. Black dots indicate significant differences based on the Mann—Whitney U test (p < 0.05; Mann and Whitney,

1947).

(b)

0.09
2.5
0.08
0.0
¥ -25 —— MCAO g 0.07
= —— Non-MCAO <
-5.0
0.061
-7.5
~10.01 /fﬂ 0.05
0 5 10 15 20 25 0 5 10 15 20 25
(¢ d
275.0 ) 15 @
<2725 ////
o 1.50
=)
® 270.0 -
5 "5 1.25
g_ X
267.5 o
o 5 1004
3 265.0
e 0.75
=]
2625 os0f _

(=)

5 10 15

Time (hours)

20

5 10 15

Time (hours)

20 25

Figure 3. The average evolution of (a) the MCAO index, (b) the AOD, (c) the surface temperature, and (d) the specific humidity for MCAO
and non-MCAO events. The shading represents the 95 % confidence interval.

Non-MCAO
. MCAO

DJF MAM 1A SON
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TSI =1 for each season.

tial INPs, such as mineral dust (Murray et al., 2012). There-
fore, it appears that while biological INPs may already be
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present in the non-MCAO clouds as they move over the ice
edge (indicated by the presence of mixed-phase clouds that
form at —13 °C close to the ice edge), they are absent from
the MCAO air masses and must be from a local source.

3.5.1 Seasonal dependence of air mass history

What causes the non-MCAO DIJF clouds to develop like most
MCAO clouds and MCAO JJA clouds to develop like most
non-MCAQO clouds? One possible explanation is that the DJF
non-MCAOs are very clean, therefore causing longer times
for the mixed-phase clouds to form. Similarly, we may ex-
pect the JJA MCAO:s to have higher aerosol loads, therefore
allowing the mixed phase to rapidly develop. In this case, we
would expect the time spent over ice to be important, due to

Atmos. Chem. Phys., 24, 11115-11132, 2024
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the potentially cleaner air masses with longer times over ice.
However, Fig. 8a shows that both DJF cases generally spend
less time over ice than the other cases, contrary to what would
be expected. Additionally, the JJA MCAOs spend compara-
ble amounts of time over ice to MAM and SON cases (al-
though, as there are fewer MCAO cases during the sum-
mer, this may be due to noise). While the CAMS AOD data
(Fig. 8b) show that DJF MCAOs and non-MCAOs are both
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relatively clean, the SON non-MCAOs and JJA MCAOs also
have similar AOD. This may be due to CAMS not capturing
the types of aerosols present in SON and JJA, which are ex-
pected to be dominated by local biological sources which are
absent in the DJF case.

Looking further back into the air mass history provides
some potential answers. Figure 9 shows the average time
that the air parcels spent over snow-covered land before

https://doi.org/10.5194/acp-24-11115-2024



R. J. Murray-Watson and E. Gryspeerdt: Air mass history linked to the development of Arctic mixed-phase clouds 11123

(@) (b}

200

"
&
=]

o

o

5]

"
=)
S

Time over ice / hours

50 4

|
Non-MCAO MCAO

Non-MCAO MCAO

Figure 7. (a) Time spent over ice before leaving the ice edge and
(b) AOD for MCAO and non-MCAO trajectories just as the air
leaves the ice edge (at TSI=1).

(a) (b)
1 Non-MCAO
250 0167 . MCAO

2001

Time over ice / hours

1A SON DJF MAM JA SON

DIF MAM

Figure 8. As Fig. 7 but broken into seasons.

then moving onto ice for each season. Both non-MCAO and
MCAQO cases in winter typically spend long times over snow-
covered land before reaching the ice, while the JJA cases typ-
ically spend very little, as expected when considering the sea-
sonal cycle of surface cover (Fig. S2). For both MAM and
SON, the MCAOs usually spend a longer time over snow
than non-MCAOs. Carlsen and David (2022) suggested that
snow-covered surfaces prevented biological INP release and
therefore suppressed mixed-phase formation at higher tem-
peratures. Therefore, it may be that in summer, terrestrial
INPs are collected from the surrounding land mass and are
available, along with local, marine biological INPs, for ice
formation. Terrestrial INPs have previously been found to
be an important source of higher-temperature INPs in the
summertime Arctic (Pereira Freitas et al., 2023). In contrast,
in winter, no such INPs are available for either the MCAO
events or the non-MCAO events when the air is advected
over land, and therefore it takes time for the local INPs to
be transported from the ocean surface to the cloud layer in
both cases. Although marine biological INPs are scarcer in
the winter, they are not entirely absent (e.g, Creamean et al.,
2022; Hartmann et al., 2020; Pereira Freitas et al., 2023).

To test the idea that the time spent over ice- and snow-
covered surfaces impacts the temperature at which mixed-
phase clouds initially form through INP availability, Fig. 10
shows the development of MCAO clouds for DJF in cases
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Figure 9. As Fig. 8 but for time spent over snow-covered land be-
fore moving onto the ice edge.

where the air parcel has spent either more or less than
2d over these INP-limiting surfaces. As is highlighted in
Fig. 10c, Region C, those cases which spend less time over
sea ice form ice at higher temperatures within the first few
hours over the ocean. In contrast, the cases which have spent
longer times over ice are typical of the general MCAO cases,
suggesting that they are devoid of higher-temperature INPs
as they move off the ice edge, and these aerosols must be
sourced from the ocean surface. Additionally, the difference
in phase development is pronounced only at the early stages
of the trajectories. At later times and lower temperatures
(Fig. 10c, Region D), the phase compositions are very simi-
lar. While it should be noted that these differences are not sig-
nificant at the 95 % confidence interval based on the Mann—
Whitney U test, this further suggests that air mass history
primarily affects the formation of mixed-phase clouds due to
their reliance on INP availability.

In summary, for the initial development of ice as the cloud
moves from the ice edge, the air mass history appears to in-
fluence ice formation in the MCAO and non-MCAO cases.
MCAO air masses typically spend more time over ice- or
snow-covered surfaces. As these surfaces may suppress the
transport of INPs to the atmosphere (e.g. Carlsen and David,
2022), they may be relatively clean by the time they traverse
the ice—ocean boundary. As the air moves over the ocean,
the turbulent fluxes and strong wind allow for the transport
of INPs to the cloud layer, allowing marine INPs to form
ice. In contrast, non-MCAOs typically spend less time over
these INP-blocking surfaces, allowing for non-local INPs to
be carried over the ice edge and allowing for earlier mixed-
phase formation. There are two exceptions: in winter, the
surrounding land is covered in snow and ice, so terrestrial
INPs are not available, and there is only a weak source of
marine biological INPs. Additionally, the longer time spent
travelling over these surfaces means that any existing INPs
in the air mass are more likely to be removed without re-
plenishment. Therefore, the wintertime non-MCAO clouds
develop very similarly to the MCAO clouds. However, if the
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DIJF air masses spend relatively little time over ice, mixed-
phase clouds do form at around —13 °C close to the ice edge
due to the availability of INPs. In contrast, abundant terres-
trial and biological INPs in summer allow for the ready for-
mation of ice in the MCAO:s. In spring and autumn, although
non-MCAO clouds do travel over ice-covered surfaces, the
biological sources are still active enough to allow for quick
ice formation as the clouds move from the ice edge.

4 Potential causes of the higher-temperature
mixed-phase clouds

The prevalence of mixed-phase clouds with cloud top tem-
perature (CTT) warmer than —10 °C (Region B in Fig. 2c) is
challenging to explain with the data used here. There may be
several causes these higher-temperature mixed-phase clouds,
namely secondary ice production, the presence of INPs ac-
tive at these high temperatures and potential retrieval biases,
which are discussed below.

4.1 Secondary ice production

Secondary ice production has previously been cited as a
cause of mixed-phase development in MCAOs; during a field
campaign, Abel et al. (2017) found that the number of ice
crystals in the post-transition cumuliform clouds was sev-
eral order of magnitudes greater than what would be ex-
pected given the ambient INP concentrations. Mages et al.
(2023) also found evidence of secondary ice production in
the later stages of an outbreak. In both cases, cloud temper-
atures were within that of the Hallett—-Mossop mechanism,
and strong updrafts were recorded. The presence of mod-
erate to strong updrafts has previously been observed to be
important to the initiation of secondary ice production (Sul-
livan et al., 2018; Korolev et al., 2020; Luke et al., 2021).
As non-MCAO clouds are not subject to the same instabil-
ity as MCAO clouds and therefore do not have as strong
updrafts, this may explain the absence of the mixed phase
at higher temperatures. Although the mixed-phase enhance-
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ment can be seen at lower temperatures than what is usual
for the Hallett—-Mossop temperature range (down to about
—12°C in Fig. 2c¢), this may be due to the fact that the cloud
top temperatures are used; the cloud base would be warmer
than this and therefore potentially in the appropriate temper-
ature range. While temperatures up to —3 °C may appear rel-
atively warm for clouds associated with MCAOs, this may
be due to the satellite observing convective clouds at differ-
ent stages of development, as some clouds transition through
these warmer temperatures until they reach their final cloud
top temperature (Lensky and Rosenfeld, 2006).

Secondary ice production is thought to be more efficient
in the presence of larger liquid droplets (Rangno and Hobbs,
2001; Rosenfeld et al., 2011; Luke et al., 2021). To investi-
gate this, the trajectories in Fig. 2a were divided into high
and low r., based on r, retrievals taken within 6h of the
DARDAR retrieval used in Fig. 2. The r, data were obtained
from MODIS, and due to the uncertainties associated with re-
trieving re in mixed-phase clouds (Khanal and Wang, 2018),
liquid-only retrievals were used. The aim is to consider the
size of liquid droplets in the cloud before they transition to a
mixed-phase regime. This excludes many cases for which a
liquid-only MODIS retrieval could not be made (particularly
in during polar night, as MODIS requires reflected sunlight
to retrieve r.). A threshold of 14 um was used to demarcate
high and low r¢. The results are shown in Fig. 11.

Due to the seasonal bias in MODIS retrievals, the general
mixed-phase development in Fig. 11 most closely resembles
the JJA MCAOs (which, in turn, resembles the non-MCAO
clouds). Therefore, it is uncertain how representative these
results are. However, it can be seen from Fig. 11c that clouds
which had larger droplets earlier in the development did go
on to produce more mixed-phase clouds at the higher temper-
atures observed in Fig. 2. The enhancement exists across the
temporal development, although it is stronger after about 7 h.
Although not conclusive, this supports the argument that sec-
ondary ice production gives rise to these higher-temperature
mixed-phase clouds.
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4.2 Higher-temperature INPs

Another possible explanation is the activation of INPs at
these higher temperatures (between —10 and —3 °C). Bi-
ological INPs in the seas around the ice pack have been
recorded as being active as warm as —5°C (McCluskey
et al., 2018; Irish et al., 2019; Wex et al., 2019; Li et al.,
2023), albeit at low concentrations. Due to the scarcity of
INPs which would nucleate ice, it may take longer for them
to activate, leading to the delay in the formation of these
higher-temperature mixed-phase clouds. However, as these
higher-temperature INPs are biological, a strong seasonal cy-
cle is expected; although Fig. 5 shows some seasonal differ-
ences, there is not a notable peak in summer, where biologi-
cal activity is highest. Furthermore, it does not explain why
this phenomenon is seen in MCAO clouds but not in non-
MCAO clouds, unless the enhanced updrafts and instability
in MCAOs greatly increased the transport of these INPs to
the cloud layer, evidence of which has been observed pre-
viously (Inoue et al., 2021). More measurements of INPs
around MCAOs would be required to determine the contri-
bution of high-temperature biological INPs to mixed-phase
cloud formation.

4.3 Retrieval biases

It is possible that the higher-temperature mixed-phase clouds
are not a real effect but appear due to the radar misclassi-
fying supercooled drizzle as ice, particularly above —10 °C,
due to their larger size (Zhang et al., 2017, 2018). As noted
by Danker et al. (2022), this may be a particular issue with
DARDAR when the lidar is attenuated in clouds with su-
percooled liquid tops, and heavier precipitation would be
required for a CloudSat detection (Marchand et al., 2008).
Drizzle has previously been observed to form in MCAOs
(Abel et al., 2017; Lloyd et al., 2018), and supercooled driz-
zle in general has been recorded at temperatures down to
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—25°C (Silber et al., 2019). Additionally, droplets in lig-
uid clouds formed during MCAOs grow to precipitation size
(about 15 um; Rosenfeld and Gutman, 1994), whereas those
not in outbreaks do not (Murray-Watson et al., 2023), po-
tentially explaining the differences between Fig. 2a and b.
Schirmacher et al. (2023) found that CloudSat may also un-
derestimate precipitation, particularly frozen precipitation, in
outbreaks due to limitations such as surface clutter creating
a blind zone for the radar close to the surface. While the
COMBLE campaign, which took in situ precipitation mea-
surements 100 s and 1000 km into these outbreaks, found that
the cumuliform clouds were typically precipitating (Mages
et al., 2023), with frozen precipitation being common, there
is still a great deal of uncertainty about the phase of the pre-
cipitation created in these events. Therefore, it is difficult to
assess how prevalent retrieval errors may be. More in situ
measurements of the frequency and characteristics of super-
cooled drizzle would be required for a more robust under-
standing of precipitation in these events and to target the re-
trieval uncertainty.

With the data used in this work, identifying the cause
of mixed-phase clouds forming above —10°C late in the
MCAO events is challenging. Some evidence such as the
influence of droplet size and the absence of similar forma-
tions in non-MCAOQO events suggests secondary ice produc-
tion, which is consistent with in situ observations of MCAO
clouds. However, we cannot conclusively rule out other po-
tential causes of the appearance of Region B in Fig. 2. Other
factors, such as ice being nucleated from snow being lofted
from the surface by strong winds (Geerts et al., 2015), can-
not be ruled out with the current analysis. This may be es-
pecially relevant in MCAOs due to the high wind speeds,
turbulence, and presence of frozen precipitation (Mateling
et al., 2023). Satellite data alone are unlikely to be able to de-
termine the formation mechanism of these late-stage mixed-
phase clouds, highlighting the need for more detailed obser-
vations of this phenomenon.

Atmos. Chem. Phys., 24, 11115-11132, 2024
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5 Discussion

The results presented here are consistent with the air mass
history influencing the development of mixed-phase clouds
in MCAO and non-MCAO events. However, this trajectory
analysis does not allow for the precise origin of the air
masses to be determined, and therefore there are uncertain-
ties in linking these trajectories to potential INP sources in
the wider Arctic region. Additionally, there may be potential
INP sources in the pack ice, such as open leads, which have
previously been cited as aerosol sources at high latitudes
(Bigg and Leck, 2001). These features may be on the order
of several hundred metres in size (Wadhams et al., 1985; Li
et al., 2020) and therefore below the resolution of the sea
ice product (Cavalieri et al., 1996). However, Porter et al.
(2022) found that open leads were very weak sources of INPs
and that air that had spent time over the pack ice typically
had very low aerosol concentrations. Hartmann et al. (2020)
found that INPs from leads were active at high temperatures
and suggested that they were from a biogenic source. There-
fore, if INPs from features like open leads were prevalent in
MCAOs, we may expect more mixed-phase cloud formation
at higher temperatures as soon as the air moves off of the
ice edge (low TSI) in Fig. 2a. As open leads cover a higher
fraction of the sea ice area in summer than in winter (Lind-
say and Rothrock, 1995; Wang et al., 2016a), these features
may be partially responsible for the similarity between the
MCAO and non-MCAO JJA cases. However, there is also
a high fractional coverage of leads in the autumn, and yet
the MCAO and non-MCAO development remain distinct. As
there is disagreement regarding the efficacy of leads acting as
INP sources, more measurements would be required to deter-
mine their influence on cloud-phase processes in the Arctic
region. Whether it be through sources such as leads or INPs
transported from adjacent snow-free land, these results still
indicate the importance of air mass history in the formation
of the mixed-phase clouds.

It should also be noted that the analysis here is based on
the cloud top temperature, and the DARDAR data product
derives cloud top temperature from ECMWF auxiliary data
(ECMWEF-AUX; Partain, 2022). This may introduce poten-
tial uncertainties. Furthermore, the DARDAR phase classi-
fication algorithm also uses the ECMWF wet bulb temper-
ature to distinguish between ice (below 0°C) and liquid or
rain (above 0°C), which may reduce the phase classifica-
tion accuracy at higher temperatures (such the mixed-phase
clouds seen in Fig. 2a). However, previous work has found
good agreement between the cloud top temperature when us-
ing ECMWF-AUX temperatures and in situ radiosonde data
(e.g. McErlich et al., 2021) or other retrieved satellite data
(e.g. Christensen et al., 2016), so the effects of potential bi-
ases for these may be limited.

Mixed-phase clouds are of interest due to the effect of ice
on the lifetime of the stratocumulus clouds, with higher INP
concentrations hastening the breakdown of the high-albedo
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stratocumulus deck through precipitation-related mecha-
nisms (Vergara-Temprado et al., 2018; Murray et al., 2021;
Tornow et al., 2021). However, due to limitations with Cloud-
Sat in MCAOs (Schirmacher et al., 2023), DARDAR strug-
gles to detect precipitation in these events. Therefore, we
are unable to determine the effects of the formation of ice
on the precipitation frequency in these clouds. Additionally,
MODIS retrievals struggle with mixed-phase clouds, which
are often topped by a supercooled liquid layer and therefore
may be retrieved as liquid-only clouds. An analysis on the
effects of ice on cloud properties and lifetime is also beyond
the scope of this research. To achieve this, high-resolution
measurements, both spatially and temporally, of ice forma-
tion and the effects on properties such as cloud fraction and
water path would be required.

6 Conclusions and outlook

Marine cold-air outbreaks are important components of the
Arctic weather system. As the cold-air mass flows over the
ice edge over the relatively warm open ocean, intense turbu-
lent heat and surface fluxes promote cloud formation. These
clouds undergo a distinctive evolution from high-coverage
stratiform decks to broken cumuliform cloud fields. These
post-transition clouds typically have a much lower shortwave
cooling effect due to their lower cloud fractions. Therefore,
factors which may change the timing of the transition can
change the role these clouds play in the Arctic energy bud-
get. In particular, the presence of ice or frozen precipitation is
thought to be key to the cloud evolution. However, the condi-
tions influencing ice formation in these events are uncertain.
Here, we have developed a method to observe the evolution
of the cloud phase over time in these outbreaks and consid-
ered the role of air mass history on the cloud evolution.

After leaving the ice edge, MCAO clouds exhibit a rapid
decline in the liquid phase, with a corresponding increase in
mixed-phase clouds and some amount of glaciation into ice-
only clouds (Fig. 1). In contrast, the liquid phase is persis-
tently dominant in non-MCAO clouds, with particularly few
ice-only clouds. The shift towards a more glaciated state in
MCAQO clouds is in agreement with previous in situ and mea-
surement campaign observations (Abel et al., 2017; Lloyd
et al., 2018; Mages et al., 2023), with higher amounts of ice
found in the post-transition cumuliform clouds than in the
original stratiform decks.

Mixed-phase clouds predominantly exist at low temper-
atures initially (around —20 °C), gradually shifting to form
at higher temperatures of around —13 °C (Fig. 2). In con-
trast, mixed-phase clouds form at higher temperatures in
non-MCAQOs very close to the ice edge. There is a seasonal
dependence to the formation of ice in MCAOs and non-
MCAGOs (Figs. 5 and 6), with wintertime non-MCAO clouds
only forming mixed phase at low temperatures initially and
JJA MCAQOs forming ice at —13 °C at the ice edge. These dif-
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ferences in evolution appear to be related to air mass history;
air masses which form MCAOs typically spend longer times
over ice- and snow-covered surfaces, which usually are poor
sources of INPs (Figs. 8 and 9). Therefore, the time taken
to form mixed-phase clouds at higher temperatures appears
to be associated with the transport of local, marine biologi-
cal INPs to the cloud layer. In contrast, non-MCAO events
typically spend less time over snow and ice and therefore
may carry more INPs. Although the CAMS AOD data some-
what corroborate the results, with MCAO air parcels typi-
cally being cleaner, the difficulties in representing biological
sources and INPs in models limit the utility of the reanalysis
data. Despite several measurement campaigns, there is still
considerable uncertainty about aerosol sources and sinks in
the Arctic (Schmale et al., 2021). The results presented here
highlight the need for more accurate measurements of the
sources of biological INPs in the region, particularly close to
the ice edge, and the mechanisms of transport to the cloud
layer. Further knowledge of aerosol transportation pathways
around the Arctic is also required, especially for understand-
ing the seasonal differences in aerosol sources.

Further into the MCAO development, there is some ev-
idence of mixed-phase clouds occurring with cloud top
temperatures above —10 °C (Fig. 2). Although evidence of
secondary ice production has previously been observed in
MCAQO clouds, particularly in regions of strong updrafts or
high supercooled fraction (Abel et al., 2017; Mages et al.,
2023), it is difficult to determine decisively with satellite
data if the mechanism is ubiquitous. Karalis et al. (2022)
showed that secondary ice formation was important for the
development and break-up of MCAO clouds, particularly
mechanisms such as drop-shattering and ice—ice collisional
break-up. However, parameterizations of these mechanisms
are highly uncertain and not widely implemented in cli-
mate models. Further laboratory and in situ studies are re-
quired to understand these mechanisms, which can improve
the representation in the models and in turn help to under-
stand whether or not secondary ice production contributes
to the higher-temperature mixed-phase clouds observed in
MCAGO:s.

This study provides evidence consistent with previous
modelling work showing that MCAO cloud development
is sensitive to INP concentration (Vergara-Temprado et al.,
2018). Future changes in Arctic INP concentrations are ex-
pected to change the radiative properties of the clouds. In-
creasing temperatures mean that the Arctic is increasingly
snow- and ice-free, therefore potentially making more INP
sources more available for greater parts of the year (Ardyna
et al., 2014). These increases in INPs may further increase
the proportion of mixed-phase clouds in MCAOs, or help
ice form earlier into the outbreak, and cause these clouds to
break up more rapidly (Tornow et al., 2021). During polar
day, both of these changes would decrease the cooling effects
of the clouds, leading to a positive feedback. However, poor
parameterizations of INPs in climate models, along with dif-
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ficulties of modelling mixed-phase cloud properties and the
dynamics of a complicated system like a MCAO, mean that
understanding the impact of changes in aerosol concentra-
tions is challenging. To accurately estimate the climate im-
pact of this effect on a large scale, it is necessary to conduct
detailed measurements of both aerosols and mixed-phase
clouds across the Arctic.
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