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Abstract. Marine stratocumuli are the most dominant cloud type by area coverage in the Southern Ocean (SO).
They can be divided into different self-organized cellular morphological regimes known as open and closed
mesoscale-cellular convective (MCC) clouds. Open and closed cells are the two most frequent types of organi-
zational regimes in the SO. Using the liDAR-raDAR (DARDAR) version 2 retrievals, we quantify 59 % of all
MCC clouds in this region as mixed-phase clouds (MPCs) during a 4-year time period from 2007 to 2010. The
net radiative effect of SO MCC clouds is governed by changes in cloud albedo. Both cloud morphology and
phase have previously been shown to impact cloud albedo individually, but their interactions and their combined
impact on cloud albedo remain unclear.

Here, we investigate the relationships between cloud phase, organizational patterns, and their differences re-
garding their cloud radiative properties in the SO. The mixed-phase fraction, which is defined as the number of
MPCs divided by the sum of MPC and supercooled liquid cloud (SLC) pixels, of all MCC clouds at a given
cloud-top temperature (CTT) varies considerably between austral summer and winter. We further find that sea-
sonal changes in cloud phase at a given CTT across all latitudes are largely independent of cloud morphology
and are thus seemingly constrained by other external factors. Overall, our results show a stronger dependence of
cloud phase on cloud-top height (CTH) than CTT for clouds below 2.5 km in altitude.

Preconditioning through ice-phase processes in MPCs has been observed to accelerate individual closed-to-
open cell transitions in extratropical stratocumuli. The hypothesis of preconditioning has been further substan-
tiated in large-eddy simulations of open and closed MPCs. In this study, we do not find preconditioning to
primarily impact climatological cloud morphology statistics in the SO. Meanwhile, in-cloud albedo analysis re-
veals stronger changes in open and closed cell albedo in SLCs than in MPCs. In particular, few optically thick
(cloud optical thickness > 10) open cell stratocumuli are characterized as ice-free SLCs. These differences in
in-cloud albedo are found to alter the cloud radiative effect in the SO by 21 to 39 W m−2 depending on season
and cloud phase.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

In the Southern Ocean (SO), low-level marine stratiform
clouds cover between 40 % to 60 % of the ocean surface
(Wood, 2015), and due to their high albedo they play a key
role in the radiative balance of the Earth (Randall et al.,
1984; Ramanathan et al., 1989; Hartmann et al., 1992; Chen
et al., 2000). Especially at high latitudes, many marine stra-
tocumuli occur as mixed-phase clouds (MPCs). In contrast
to pure liquid clouds, MPCs contain a mixture of super-
cooled liquid and ice. The phase partitioning between liquid
and ice in stratocumuli strongly impacts the cloud radiative
properties (Sun and Shine, 1994; Matus and L’Ecuyer, 2017;
Korolev et al., 2017). Due to the complex microphysics in
MPCs, our understanding of the impact of phase partitioning
on the radiative properties of these low-level clouds remains
limited (McCoy et al., 2015; Tan and Storelvmo, 2019). Fur-
thermore, the cloud-phase feedback remains poorly repre-
sented in models, particularly in the SO (Bony et al., 2006;
Zelinka et al., 2012, 2013), which represents a critical re-
gion to compute climate sensitivity (Gettelman et al., 2019;
Zelinka et al., 2020). Given the extensive coverage of MPCs
in the SO and their impacts on cloud albedo, it is especially
important to observe, understand, and quantify the cloud ra-
diative properties of MPCs in the SO.

Stratocumuli are divided into different self-organized mor-
phological regimes referred to as open and closed mesoscale-
cellular convective (MCC) clouds which are associated with
different cloud fractions (Atkinson and Zhang, 1996; Wood
and Hartmann, 2006). In the SO, open and closed cells are the
two most frequent types of MCC clouds (Muhlbauer et al.,
2014). Especially in austral winter, open MCC clouds reach
their highest frequency of occurrence whereas closed MCC
clouds occur more often in summer. Due to their organiza-
tional differences, the cloud fraction of closed MCC clouds
is on average about 30 % higher than for open MCC clouds
(Wood and Hartmann, 2006) and thus closed MCC clouds re-
flect more incoming short-wave radiation. Moreover, McCoy
et al. (2017) showed that even for the same cloud fraction,
closed MCC clouds have a higher cloud albedo than open
MCC clouds. Therefore, it is important to understand the pro-
cesses which are related to the occurrence of the two types of
MCC clouds in low-level clouds, and their transition to quan-
tify their radiative effects on Earth’s climate. One process
controlling the shift from closed to open cell convection is
the formation of precipitation (Feingold et al., 2010) through
a decoupling of the boundary layer induced by precipitation
(Abel et al., 2017). Further, Yamaguchi and Feingold (2015)
find that not only the formation of precipitation but also its
spatial extent is essential for the transition of the MCC clouds
regimes. Even large-scale meteorological events like marine
cold-air outbreaks, which are often found in the SO (Fletcher
et al., 2016a), can impact the occurrence of MCC clouds. Mc-
Coy et al. (2017) show that open MCC clouds preferentially
form during marine cold-air outbreaks.

The potential link between cloud phase and cloud-field or-
ganization in mixed-phase stratocumuli was first explored by
Abel et al. (2017), Eirund et al. (2019a), and Tornow et al.
(2021). Abel et al. (2017) analyze aircraft observations in the
North Atlantic and find that the transition from mixed-phase
closed to open MCC clouds is accompanied by a shift from
supercooled dominated MPCs to more glaciated MPCs. They
further show that the key factor for the onset of closed-to-
open cell transition is precipitation. Tornow et al. (2021) ad-
dress the question of which ice processes are relevant for pre-
cipitation during the transition. They introduce the notion of
preconditioning whereby efficient riming-related processes
lead to more favorable conditions for cloud breakup and ac-
celerated the transition of an overcast stratocumulus deck
into a broken cloud field. In a case study of Arctic stratocu-
mulus, Eirund et al. (2019a) demonstrate that mixed-phase
open MCC clouds have a larger cell size than pure liquid
open cells.

All three studies utilize field observations of particular
situations together with numerical models, allowing them
to disentangle the potential impact of different processes in
greater detail. Yet, it remains to be seen whether precondi-
tioning due to ice-phase processes occurs often and widely
enough to impact statistics of cloud morphology and cloud
albedo.

In this study, we investigate the connections between cloud
phase, cloud organization, and cloud albedo in the SO. In
order to investigate these connections for a wide range of
cases, we use active satellite data of the Afternoon Constel-
lation (A-Train) from 2007 to 2010. The cloud phase is an-
alyzed by using a vertically integrated cloud-phase classifi-
cation which we describe in Sect. 2.2. Moreover, we focus
on the seasonal changes during austral winter (June–August,
JJA) and summer (December–February, DJF) because these
seasons have the highest frequency of occurrence of open and
closed MCC clouds, respectively. In Sect. 3.1, we analyze
the quality of our cloud-phase classification and investigate
the link between cloud phase, season, and cloud morphology.
In Sect. 3.2, we analyze the connections between freezing
behavior and cloud phase under different seasonal or mor-
phological conditions. We examine the dependence of cloud-
top temperature (CTT) and cloud-top height (CTH) in open
MCC clouds, closed MCC clouds, and low-level clouds. Fi-
nally, we address the question of how cloud phase and cloud
morphology impact cloud albedo (Sect. 3.3).

2 Data and methods

2.1 DARDAR and MODIS

The raDAR-liDAR (DARDAR) v2 data product (Delanoë
and Hogan, 2010; Ceccaldi et al., 2013) combines data
from the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSO) and CloudSat satellites. The
two products are collocated onto the CloudSat footprints
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(∼ 1.1 km). The advantage of combining lidar and radar mea-
surements is that due to their different wavelengths, they de-
tect different parts of the hydrometer spectrum. While lidar
is sensitive to small particles and thus small liquid droplets,
radar is dominated by larger particles and thus mainly ice
particles. In this study, DARDAR v2 is used. This product
significantly reduces the overestimation of supercooled pix-
els in the lowest part of the troposphere compared to DAR-
DAR v1 (Ceccaldi et al., 2013). We analyze data covering
the time period from 2007 to 2010 and focus on the SO
(40 to 65◦ S). While Huang et al. (2021b) report large dif-
ferences in cloud-phase detection between various satellite
products, which struggle specifically with MPCs, they use
the DARDAR v1 which is known to overestimate super-
cooled liquid. In contrast, DARDAR v2 is validated with
several ground-based measurements in the Antarctic by Lis-
towski et al. (2019), who also show that DARDAR v2 has
the ability to capture the seasonal cycle of supercooled liquid
cloud (SLC) fraction. Nevertheless, MPCs with very low ice
crystal number concentrations, which are common in the SO,
might still be misidentified as supercooled liquid. Further,
we chose the DARDAR product as it merges information
from two active instruments and thus provides a vertically
resolved cloud phase. This is in contrast to passive satellites
that only resolve cloud phase at cloud top. The DARDAR
cloud classification additionally requires a temperature pro-
file in the radar mask and the strong lidar backscatter layers
(β532 > 2× 10−5 m−1 sr−1) of the DARDAR classification
algorithm. For further details on the DARDAR algorithm see
Ceccaldi et al. (2013). The temperature and other thermody-
namic variables like sea surface temperature (SST) and sur-
face wind speeds are collocated on the CloudSat track by
the European Center for Medium-Range Weather Forecasts
(ECMWF)-AUX. Moreover, in this study, we combine the
DARDAR v2 product with the Moderate Resolution Imaging
Spectroradiometer (MODIS) cloud product (MYD06_L2)
Collection 6 (C6) version from the Aqua satellite (Platnick
et al., 2015). The liquid water path (LWP) and the cloud op-
tical thickness (COT) are provided by MODIS. Further, we
derive the in-cloud albedo (Albcld) from the MODIS COT
to remain consistent with DARDAR’s horizontal pixel res-
olution of 1.1 km. Following Berner et al. (2015) based on
Platnick and Twomey (1994), we use the equation:

Albcld =
(1− g)τ

2+ (1− g)τ
, (1)

where COT is indicated as τ and the asymmetry param-
eter is g= 0.85 which assumes small water droplets. Mc-
Farquhar and Cober (2004) find that MPCs peak at g= 0.85
and liquid clouds at g= 0.87. Further, Gayet et al. (2002)
show that in MPCs the asymmetry parameter ranges from
0.82 to 0.85 (i.e., similar to values in liquid clouds). They
find higher values of g are typically found in liquid clouds
with high liquid water content whereas lower values of g
(0.73–0.80) are found in ice clouds. This corresponds to find-

ings by Shcherbakov et al. (2005) and Xu et al. (2022) who
demonstrate that the asymmetry parameter is g= 0.77 in cir-
rus clouds in the Southern Hemisphere. As differences be-
tween liquid clouds and MPCs are similar, the asymmetry
parameter g= 0.85 is used for both liquid and MPCs.

2.2 Vertically integrated cloud phase

To analyze the cloud phase, we use the DARDAR cloud clas-
sification, which provides a vertically resolved cloud phase
with a 60 m resolution from surface to 25.08 km. This ver-
tically resolved cloud phase is based on a lidar and radar
mask provided by the DARDAR algorithm (for details see
Table 1 of Ceccaldi et al., 2013). Therefore, when the li-
dar signal is fully attenuated, the DARDAR classification
can only determine the layer to be ice cloud, warm rain, or
cold rain. The DARDAR classification has 17 different cat-
egories which are displayed in the example tracks of DAR-
DAR in Fig. 1a and S4. In this study, the following cate-
gories of DARDAR are grouped into four categories: (1) Ice
(ice clouds, spherical or 2D ice, and highly concentrated ice),
(2) Sup (supercooled water and multiple scattering due to su-
percooled water), (3) Mix (supercooled+ ice), and (4) Liq
liquid warm. To reduce the vertical cloud phase into a ver-
tically integrated cloud phase, we first identify the highest
and lowest cloud levels which are categorized as Sup, Mix,
or Liq. The height of the highest cloud level is defined as the
CTH and the lowest as the liquid cloud-base height (CBH).
As a result, we exclude pure ice clouds. Further, we exclude
pure ice clouds because the MCC algorithm is based on the
LWP (see Sect. 2.3) . Since we are only interested in low-
level clouds, any data point with CTH above 3 km is excluded
from this analysis. The surface cluttering of radar can cause
noise up to 2 km which can not be clearly distinguished from
the signal, especially at heights below 720 m, and thus clouds
are missed (Marchand et al., 2008). Even though some stud-
ies (Liu et al., 2012; Fletcher et al., 2016b) consider any-
thing roughly below 1 km as ground clutter, Mioche et al.
(2015) show that in comparison with ground-based obser-
vation the cloud fraction of DARDAR is 10 % lower from
500 to 1000 m, while in the range from 0 to 500 m it is 25 %
lower. Thus, in this study, we consider 720 m as the threshold
for surface clutter, similar to other studies (Kay and Gettel-
man, 2009; Huang et al., 2017; Noh et al., 2019; Listowski
et al., 2019). In order to correctly identify the cloud phase,
however, we require one level below the liquid CBH. Thus,
we restrict our analysis to clouds with a liquid CBH at 780 m
or above. Moreover, we remove any multi-layer clouds, de-
fined here as clouds with three or more consecutive verti-
cal levels marked as clear or fill values. As the constructed
vertical resolution of DARDAR is 60 m, three levels equal a
distance of 240 m. This is also the oversampled vertical res-
olution of CloudSat (effective vertical resolution is 480 m).
Thus, this distance ensures that multi-layer clouds are two
separated clouds with a sufficiently large separation.

https://doi.org/10.5194/acp-22-10247-2022 Atmos. Chem. Phys., 22, 10247–10265, 2022
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In order to assign one cloud phase to a certain data point
in DARDAR, we need to reduce the DARDAR cloud classi-
fication in the vertical dimension. Therefore, all data points
are classified into MPCs, liquid clouds, or clear, depending
on their vertical phase distribution (Fig. 1b). Here, we only
analyze pixels. Liquid clouds are considered to be clouds that
only consist of Liq, Sup, or Sup above Liq (Sup→Liq). For
MPCs, we consider five different types: only Mix, Mix above
Ice (Mix→ Ice), Sup above Ice (Sup→ Ice), any combina-
tion of Sup and Mix (Sup↔Mix), and any combination of
Sup and Mix above Ice (Sup↔Mix→ Ice).

Typically, the lidar signal in our cloudy pixels fully at-
tenuates within 300 m (five vertical levels) (interquartile
range= 360–240 m), and thus provides information beyond
the cloud-top phase. As mentioned above, the radar mask of
the DARDAR classification requires the ECMWF wet bulb
temperature to distinguish between the ice (≤ 0 ◦C), and liq-
uid (> 0 ◦C) or rain (> 0 ◦C) phase. Therefore, this could lead
to uncertainty in the cloud-phase classification close to 0 ◦C,
especially if the lidar signal is fully attenuated. As this af-
fects cloud-phase classification at temperatures close to 0 ◦C,
this should not lead to a bias in the overall cloud-phase dis-
tinction. Furthermore, for temperatures below 0 ◦C, the radar
classification cannot distinguish between supercooled drizzle
and ice. In the SO in particular, supercooled drizzle is ob-
served in stratocumulus clouds at temperatures near −10 ◦C
(Mace and Protat, 2018). Furthermore, Silber et al. (2019)
show that at the observation station McMurdo in Antarc-
tica, supercooled drizzle can persist at temperatures below
−25 ◦C for several hours. While it might be possible that the
Mix classification of DARDAR itself is affected as this cate-
gory is supercooled liquid from lidar and ice from radar, we
find it unlikely that multiple layers of Mix could be affected
since the lidar signal would fully attenuate in the presence of
drizzle and the vertical lidar resolution of CALIPSO is 30 m.
As most MPCs that contain Mix have mixed layers with a
thickness of roughly 480 m (eight vertical levels in DAR-
DAR) (see Figs. 1a and S4), the MPCs with identified Mix
levels from the radar retrieval are unlikely to be pure driz-
zle. However, the misclassification of supercooled drizzle as
Ice could lead to false identification in MPCs when the lidar
signal is fully attenuated, especially in the cloud category
Sup→ Ice, as the Ice in these clouds could be supercooled
drizzle. Supercooled drizzle is reported to be misclassified as
ice by several studies (Cober and Isaac, 2012; Zhang et al.,
2017, 2018; Villanueva et al., 2021), particularly at tempera-
tures above −10 ◦C.

To further test the uncertainties of misclassified super-
cooled drizzle, we checked how our results are changed if
only clouds with an effective radius of 0 µm<Re< 14 µm at
cloud top are investigated. Thus, precipitating clouds should
be excluded as Re> 14 µm at cloud top initiates drizzle (Han
et al., 1995; Rangno and Hobbs, 2005; Rosenfeld et al., 2012;
Freud and Rosenfeld, 2012). However, we only find slight
changes with this threshold (compare Fig. 3 with Fig. S2).

Further, since MODIS is not able to calculate Re in more
than 50 % of the identified MPCs (Fig. S1), and since we
would also exclude correctly identified precipitating MPCs,
the threshold of Re is not used as a constraint in this study.

The ECMWF CTT is defined as the temperature from
ECMWF at CTH. As shown in four examples in Fig. S5, our
data set, which is combined with MODIS, also provides the
CTT from MODIS. However, we decide to use the ECMWF
CTT for two reasons: (1) because it will be more consis-
tent with the DARDAR classification methodology which is
also based on the ECMWF temperature and further because
CTH between DARDAR and MODIS varies, and (2) be-
cause the MODIS CTT exhibits unrealistically large and
abrupt changes of more than 10 ◦C within a distance of 2 km
(Fig. S5). From a brief visual inspection, it seems to be re-
lated to jumps in MODIS CTH which are not detected by the
active satellites. Furthermore, we find that the MODIS CTH
is often higher than that of DARDAR.

2.3 MCC classification

The MCC regime identifications are developed by applying
the supervised neural network algorithm designed in Wood
and Hartmann (2006) to C6.1 of the MODIS Aqua LWP
swath data. The algorithm uses the power density function
and power spectrum of LWP to determine whether swath
sub-scenes (256 km× 256 km areas) fall into one of three
categories: open MCC, closed MCC, or cellular but disor-
ganized. See Eastman et al. (2021) for more information on
the C6.1 MCC identifications. To collocate the MCC data set
with the CloudSat track, the haversine distance for all DAR-
DAR data points to the middle of each MCC scene is calcu-
lated. The MCC regime of the nearest MCC scene within a
radius of 128 km is set for each DARDAR data point.

3 Results

3.1 Stratocumulus climatology

Cloud morphology and reflectivity are vertically integrated
quantities of a 2D cloud field. In order to explore the links
between morphology, phase, and their combined potential re-
lation to cloud albedo, a vertically integrated categorization
for cloud phase was built (Fig. 1) as described in Sect. 2.2.
Here, we address the quality and limits of our vertically in-
tegrated cloud phase and their seasonal differences. Further,
the possible connections between cloud phase and organiza-
tion are investigated.

According to our cloud-phase classifications, most MPCs
are characterized by a Mix cloud layer with ice-phase precip-
itation below cloud base in the SO, whereas commonly in the
SO, many MPCs are described as consisting of a supercooled
liquid top with ice precipitation below in satellites studies
(e.g., Hu et al., 2010; Morrison et al., 2011; Huang et al.,
2012; Ahn et al., 2018; Mace et al., 2021) and also by some
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Figure 1. (a) Example track of the DARDAR categorization on 1 December 2007. The hatched area displays levels below 720 m. The
colored circles below the ground show our vertically integrated cloud-phase classification and the MCC type for every second data point.
(b) Histogram of data points of vertically integrated cloud-phase subcategories divided into liquid clouds (orange) and MPCs (green) for JJA
(black) and DJF (gray) from 2007–2010. Overall percentage of liquid clouds and MPCs is indicated in each panel separately for JJA (black)
and DJF (gray). The layer on top of the next is indicated by “→” and interchangeable layers are indicated by “↔”.

ground-based and in situ measurements (e.g., Shupe et al.,
2008; Niu et al., 2008; D’Alessandro et al., 2021; McFar-
quhar et al., 2021). Note that spaceborne studies can be based
either on passive instruments which typically only cover the
cloud-top phase (Morrison et al., 2011) or on active instru-
ments like lidar or radar (Hu et al., 2010; Huang et al., 2012;
Ahn et al., 2018; Mace et al., 2021) which can penetrate lay-
ers below cloud top. Recently, the comparison of active satel-
lites from CALIPSO or CloudSat with ground-based or in
situ measurements shows that their products underestimate
the occurrence of MPCs in the SO (Ahn et al., 2018; Mace

et al., 2021). This is further supported by many field studies
that observe the presence of ice in the supercooled top layer,
even at relatively high CTT (>−5 ◦C) in MPCs (e.g., Huang
et al., 2017; Ahn et al., 2017; Lang et al., 2021; Zaremba
et al., 2021). The previous version of DARDAR (v1) shows
a tendency to detect too many liquid or supercooled liquid
pixels in the lower troposphere (Ceccaldi et al., 2013). As
the study by Huang et al. (2012) uses the DARDAR v1 prod-
uct, they find more supercooled liquid-topped MPCs which is
likely due to the bias in the DARDAR v1 cloud classification
algorithm.

https://doi.org/10.5194/acp-22-10247-2022 Atmos. Chem. Phys., 22, 10247–10265, 2022
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While most of our MPCs (more than 95 %) contain a Mix
layer that is determined by both radar (ice) and lidar (super-
cooled liquid), we also include Sup over Ice clouds in our
MPC classification. This category is the most uncertain be-
cause the phase distinction between ice and rain is solely
based on the wet bulb temperature (frozen < 0 ◦C) once the
lidar has saturated and only radar retrieval is available (De-
lanoë and Hogan, 2008; Ceccaldi et al., 2013). Thus, these
clouds could also be pure SLCs with or without freezing rain
below cloud base (see Sect. 2.2). The impact of this possible
misclassification only marginally affects our MPC classifi-
cation, as most MPCs contain a Mix cloud layer and further
excluding them did not substantially alter our results.

Of our low-level liquid clouds, about 90 % in austral win-
ter and 60 % in summer are supercooled at cloud top and
almost all of them (99 %) belong to the Sup category, and
thus remain supercooled at cloud base in the SO. We identify
almost no low-level liquid clouds that show DARDAR rain
categories below cloud base (∼ 0.5 %). However, the DAR-
DAR algorithm was not primarily designed to detect precip-
itation and since the CloudSat radar is contaminated by sur-
face clutter, only heavy and moderate drizzle can be detected
at heights below roughly 720 and 860 m, respectively (Marc-
hand et al., 2008). Thus, for many low-level liquid clouds
which have a CTH of around 1.2 km (Fig. 2 g–h), light driz-
zle rates at cloud base could have been missed at lidar sat-
uration which explains the drizzle rates that are too low. If
we define precipitating clouds as clouds with an effective ra-
dius of Re> 14 µm, then roughly 10 % and 3 % of low-level
liquid clouds are precipitating in winter and summer, respec-
tively (Fig. S1a and c). These values are in agreement with
Mülmenstädt et al. (2015), who show that the rain probability
of liquid clouds at all levels is roughly 10 % at 45◦ S and 3 %
at 60◦ S. Though they use DARDAR v1 to identify the cloud
phase, they use the 2C-PRECIP-COLUMN product based on
retrievals from CloudSat to calculate rain probability. Fur-
ther, this latitudinal gradient in precipitation is also reported
by Mace et al. (2021), who investigate MPCs with satellite
and ground-based measurements. They also show that about
33 % of MPCs in the SO produce supercooled precipitation.
We find similar values of 30 % (winter) and 40 % (summer)
of MPCs that haveRe> 14 µm (Fig. S1a and c). Additionally,
we find that on average, low-level liquid clouds are 57 % op-
tically thinner than their mixed-phase counterparts calculated
independent of season, and thus are more unlikely to con-
tain sufficient water content to generate precipitation. Since
most liquid clouds are optically thin and not precipitating,
especially in summer, this could either hint towards a mixed-
phase detection bias in DARDAR (which we find unlikely
as discussed above) or suggest that most optically thicker
SLCs generate ice and become MPCs. Interestingly, liquid
(and supercooled liquid) closed MCC clouds are optically
thicker than open and low-level clouds. This could indicate
a potential link between cloud phase and cloud morphology,

however, as discussed below, we find no further evidence for
this link.

To further investigate the quality of the cloud-phase clas-
sification, we also examine the CTT range. Figure 2a–c dis-
play the probability density functions (PDFs) of CTT, which
are normalized individually for each cloud phase and season.
The normalization is also performed separately within all
panels. In low-level clouds, the CTT range spans from−30 to
15 ◦C in liquid clouds and from −30 to 3 ◦C in MPCs in the
SO (Fig. 2a–c). We note that the reason for the occurrence of
MPCs above 0 ◦C is related to the fact that in the radar mask
of the DARDAR v2 algorithm, the wet-bulb temperature of
0 ◦C is used as a threshold (Delanoë and Hogan, 2010; Cec-
caldi et al., 2013). Seasonal changes in the CTT range are
mainly found in the maximum temperature of liquid clouds
above 0 ◦C. These temperature ranges of MPCs and liquid
clouds are in agreement with other satellite studies of the SO
(Morrison et al., 2011; Mason et al., 2014). The low-level
MPCs occur most often at around −15 ◦C. This peak corre-
sponds to the temperature of the growth habit of dendritic ice
crystals and secondary ice processes from ice–ice collisional
breakup (Riley and Mapes, 2009; Mignani et al., 2019).

Overall, we observe a seasonal shift from predominantly
MPCs (∼ 65 %) during austral winter to predominantly liq-
uid clouds (∼ 60 %) during austral summer (Fig. 1). Lis-
towski et al. (2019) also use the DARDAR v2 product and
exhibit in their Fig. 8 that during both austral winter and
summer, low-level liquid clouds occur more often than MPCs
in the SO. However, in their analysis they include low-level
clouds in the range of surface cluttering which leads to limi-
tations in identifying ice at those heights, and thus could lead
to a bias towards liquid clouds. If we visually confine the
analysis of Listowski et al. (2019) to heights above 780 m in
austral winter, the occurrence of MPCs is more pronounced.
Thus, our findings are consistent with theirs if clouds with
higher uncertainty in cloud-phase distinction are excluded.

In addition to the seasonal cycle in the cloud phase, we ob-
serve a seasonal cycle in the MCC regime. As previous stud-
ies show, the predominant MCC regime shifts from open cell
MCC clouds during austral winter to closed cell MCC clouds
during summer (Muhlbauer et al., 2014; McCoy et al., 2017).
Open cell MCC clouds are found to be relatively homoge-
neously across the year with the lowest rate of occurrence in
austral summer (16 %) and the highest rate of occurrence in
winter (25.4 %). Meanwhile, closed cell MCC clouds display
a strong seasonal shift. McCoy et al. (2017) explained this
seasonal shift in MCC occurrence with the varying strength
and frequency of occurrence of marine cold-air outbreaks.
Merely 5.1 % of all closed cell MCC clouds are found in
austral winter while 40.5 % of all closed cell MCC clouds
occur in summer. This results in fewer than 100 clouds per
1 ◦C CTT bin in some bins during austral winter. Thus, if
the austral winter closed MCC clouds are further subdivided
by other variables e.g., CTT, CTH, or Lat, their climatology
might not yield sufficient data points for a reliable statistical
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Figure 2. Seasonal probability density functions (PDFs) of (a–c) CTT, (d–f) COT, (g–i) CTH, (j–l) latitude, and (m–o) cloud albedo for
(left) open MCC, (middle) closed MCC, and (right) low-level clouds with bin width of 1 ◦C, 1, 120 m, 1◦, and 0.05, respectively. The PDFs
are normalized for each cloud regime type, phase and season individually. In JJA only 5.1 % of the annual closed MCC clouds occur, and
therefore closed MCC clouds in JJA are indicated by more transparent color shading.

analysis, indicated by more transparent colors in that panel
or season in our figures (Figs. 2 b, e, h, k, n, 3, 4, and 5).

In general, both MCC regimes exhibit a similar CTT dis-
tribution (Fig. 2a and b). Mixed-phase MCC clouds feature
one peak at around −4 ◦C in all seasons, especially strong
during austral summer, and a second peak at roughly−15 ◦C
which is more pronounced in closed cells. The first peak
falls in the temperature range (−3 to −8 ◦C) of secondary
ice production by the Hallet–Mossop process (Hallett and
Mossop, 1974). While the second peak at −15 ◦C is found
in many ice formation studies (Magono, 1962; Takahashi
et al., 1995; Libbrecht, 2005; Mignani et al., 2019; Sulli-
van et al., 2018; Silber et al., 2021b), multiple ice processes

can occur at this temperature range. This second peak will
be discussed extensively in Sect. 3.2. We note that in MCC
clouds the CTT range only extends down from about −20
to −25 ◦C which is likely caused by the condition of the
MCC algorithm that cloud tops need to be within 30 ◦C of
the surface temperature (McCoy et al., 2017). Further, we
only identify small cloud-phase seasonal changes in open and
closed MCC clouds compared to the overall low-level cloud
statistic (Fig. 2c). During austral winter we see slightly more
open MPCs than low-level MPCs, and during austral summer
more closed MPCs.

We observe that the seasonal decrease in cloud occurrence
south of 60◦ S is stronger in MPCs than in liquid clouds
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(Fig. 2l). This is consistent with Listowski et al. (2019),
who also find that the occurrence of MPCs is reduced to
a larger degree than that of liquid clouds. This behavior is
likely related to seasonal differences in sea-ice extent (not
shown). This connection between the sea-ice edge and low-
level cloud fraction is also found in other studies (Taylor
et al., 2015; Wall et al., 2017; Morrison et al., 2018). Further,
the latitudinal difference in cloud organization shows that the
decrease of cloud occurrence in both MPCs and liquid clouds
is more substantial in the open-cell regime than in low-level
clouds (Fig. 2j). This might also be impacted by the sea-
ice extent as open MCC clouds are correlated with marine
cold-air outbreaks (McCoy et al., 2017) which shift equator-
ward during austral winter along with the sea-ice edge. Dur-
ing austral winter we observe a detection limit in the MCC
regimes south of 60◦ S, as the algorithm is based on the pas-
sive MODIS Aqua satellite instrument which depends on so-
lar insolation for measurements. However, we do not find it
likely that this limit impacts our hypothesis since the reduc-
tion of cloud occurrence at latitudes closer to the pole also
appears during austral spring which is not impacted by this
detection limit.

Overall, we are confident that our cloud-phase classifica-
tion of MPCs contains ice, therefore we can trust our phase
classification. Further, the climatology of stratocumuli in the
SO as characterized by DARDAR v2 did not display any ev-
idence that organization and cloud phase are interlinked in
the full climatology, although we observe that closed cells
remain in the SLC regime at higher COT than observed for
open cell and low-level clouds.

3.2 Link of freezing behavior and cloud phase

In this section, we analyze whether different predictors of ice
occurrence in stratocumuli display a varied behavior in dif-
ferently organized clouds. From these analyses, we can deter-
mine whether there are statistical relationships that suggest
that individual freezing processes vary in their effectiveness
in clouds characterized by different cloud dynamics.

Here, we analyze the cloud-phase fraction between MPCs
and SLCs. Their cloud-phase fractions (mixed fraction and
supercooled liquid fraction) are defined as the number of
MPC or SLC pixels divided by their sum. The cloud-phase
dependence on CTT has already been studied by several
other publications to find a relationship between ice for-
mation and CTT (e.g., Bühl et al., 2013; Zhang et al.,
2014, 2015; Silber et al., 2021a, b). Therefore, we restrict our
analysis for the rest of this study to a CTT range from −20
to 0 ◦C. We choose this temperature range as most clouds in
the open and closed MCC regime have CTTs above −20 ◦C.
This restriction does not affect the overall distribution of
MPCs and liquid clouds, except for the fact that we remove
all pure liquid clouds (Fig. S1). Therefore, this analysis is re-
stricted to MPCs and clouds containing a supercooled liquid
layer or only supercooled liquid, referred to as SLCs.

Overall, the mixed fraction is much higher in austral win-
ter at the same CTT than in summer for all three investigated
cloud regimes (Fig. 3). This seasonal increase in mixed frac-
tion during austral winter could either be caused dynamically
or due to increased ice-nucleating particle (INP) availabil-
ity at colder temperatures. An increase in surface fluxes or
higher surface wind speeds in austral winter could indicate
a dynamic reason. However, we did not find substantial sea-
sonal changes in either SST or surface wind speed (Table 1).
As described in Sect. 3.1, we find an equatorward shift of
MPCs during austral winter (Fig. 2, Table 1). However, we
find that the mixed fraction at the same CTT is indepen-
dent of latitude (Fig. 4). Further, we find that the same CTTs
are reached at lower CTHs in austral winter than in summer
(Figs. S3 and S4). Thus, we hypothesize that the vertical dis-
tribution of INPs might influence the seasonal difference in
mixed fractions. McCluskey et al. (2019) investigate the sim-
ulated vertical INP distribution based on observational data
from the Clouds, Aerosols, Precipitation, Radiation, and at-
mospherIc Composition Over the southeRN ocean campaign
(CAPRICORN) and show that, independent of the season,
the INP concentration in the SO is higher closer to the surface
because the main source of INPs is sea spray aerosols (Bur-
rows et al., 2013; DeMott et al., 2016; Vergara-Temprado
et al., 2017; Huang et al., 2021a). Further, Fig. 4 of Mc-
Cluskey et al. (2019) shows that the INP concentration is
slightly lower (∼ 35 % at the surface,∼ 55 % at around 3 km)
at all heights in austral winter than in summer. Nevertheless,
we find a higher mixed fraction in MCC and all low clouds
for CTTs above −12 ◦C at CTHs between 1.4 and 2.3 km,
which decreases with higher CTHs (Fig. S4). Surprisingly,
this behavior is not observed during austral summer. There-
fore, we suggest that the increase in mixed fraction in aus-
tral winter is related to the higher mixed fraction at CTHs
between 1.4 and 2.3 km. However, the cause of this effect re-
mains unclear as higher INP concentration closer to the sur-
face is also found in austral summer (McCluskey et al., 2019)
and does not show a higher mixed fraction at lower CTHs.

In austral summer, the mixed fraction remains below 0.5
for temperatures higher than −12 ◦C, with a secondary peak
at around −5 ◦C in open MCC and all low-level clouds. Sur-
prisingly, this peak is not observed in closed MCC clouds.
This could potentially be related to a detection bias close
to 0 ◦C, as the mixed fraction at temperatures above −10 ◦C
is lower for clouds with 0 µm<Re< 14 µm (Fig. S2). How-
ever, even for clouds with 0 µm<Re< 14 µm, this secondary
peak is barely detectable and much weaker than in open
MCC and all low-level clouds. This secondary peak in open
MCC and all low-level clouds in the mixed fraction occurs
at temperatures at which the secondary ice production by
the Hallet–Mossop process is especially active (Hallett and
Mossop, 1974). A recent study by Silber et al. (2021b) in the
Arctic also shows that the liquid water occurrence in clouds
declines at roughly −6 and −15 ◦C. They conclude that this
is caused by a more efficient vapor growth of ice at these
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Figure 3. Supercooled liquid and mixed fraction binned by CTT from −20 to 0 ◦C with a bin width of 1 ◦C (2007–2010) for (a–c) all
seasons, (d–f) austral winter, and (g–i) austral summer in (a, d, g) open MCC, (b, e, h) closed MCC, and (c, f, i) low-level clouds. Since only
5.1 % of the annual closed MCC clouds occur in JJA, the panel is displayed in more transparent color shading.

temperatures. Moreover, their second minimum at −15 ◦C
corresponds to the strong increase in the mixed fraction from
−12 to −16 ◦C that we find for all cloud regimes in austral
summer and the annual mean. This increase occurs across all
latitudes in the SO (Fig. 4) and is also seen in austral winter,
although the increase is not as pronounced due to the over-
all higher mixed fraction in winter. This peak in ice forma-
tion at roughly −15 ◦C is found in several studies (Magono,
1962; Takahashi et al., 1995; Libbrecht, 2005; Mignani et al.,
2019; Sullivan et al., 2018; Silber et al., 2021b), although
there are different reasons for this increase in the number of
ice crystals. Takahashi et al. (1995) find that ice–ice colli-
sional breakup (secondary ice formation) favors this temper-
ature range at roughly−15 ◦C. Further, Mignani et al. (2019)
investigate whether an ice crystal that grows at temperatures
between −12 and −17 ◦C forms because of primary or sec-
ondary ice formation. They find that only every eighth ice
crystal contains an INP, and thus secondary ice formation
is more important at this temperature range. Another possi-
ble way of ice formation at this temperature range would be
droplet shattering. However, a modeling study by Sullivan
et al. (2018) shows that droplet shattering seems to play only
a minor role for clouds with a cloud-base temperature below
12 ◦C (285 K) since the droplets cannot grow to a sufficient
size to shatter. As our data set does not include INP informa-

tion, we cannot determine which ice processes are causing
the mixed fraction at −15 ◦C to increase.

At temperatures below −16 ◦C, there is a strong decrease
in mixed fraction in all cloud regimes during austral sum-
mer that is less pronounced in the annual mean and austral
winter. We suggest that the cause for the reduction in mixed
fraction is due to a rapid glaciation of MPCs at these tem-
peratures due to updraft or moisture limitation. A strong in-
crease in fully glaciated clouds at these temperatures is found
by D’Alessandro et al. (2021), who base their study on data
from the Southern Ocean Clouds, Radiation, Aerosol Trans-
port Experimental Study (SOCRATES) and cover the time
period from 15 January to 28 February 2018. Figure 4 of
D’Alessandro et al. (2021) shows that at roughly −17 ◦C
the relative frequency of occurrence of MPCs and SLCs de-
creases along with temperature, whereas the frequency of
ice clouds increases rapidly at this temperature. Further, a
direct comparison of SOCRATES flight observations from
D’Alessandro et al. (2021) with our mixed fraction in Fig. S7
shows a similar trend across the CTT range in low-level
clouds during January and February, although our mixed
fraction shows higher values than the in-cloud flight mea-
surements. Thus, this supports the rapid glaciation of MPCs
at temperatures below−16 ◦C as soon as ice is formed via the
Wegener–Bergeron–Findeisen process. D’Alessandro et al.
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Figure 4. 2D histograms of mixed fraction against CTT and latitude for (a, d) open MCC, (b, e) closed MCC, and (c, f) low-level clouds in
austral (a–c) winter and (d–f) summer. Dotted bins indicate bins with less than 50 data points. Since only 5.1 % of the annual closed MCC
clouds occur in JJA, the panel is displayed in more transparent color shading.

(2021) suggest that this is caused by the activation of INPs at
these temperatures. On the other hand, we find it unlikely that
CTH-dependent INP limitation is the primary cause for the
decrease in mixed fraction below −16 ◦C at high CTHs be-
cause it seems to be unaffected by CTH (Fig. S4). Our analy-
sis shows that the mixed fraction during austral winter is not
decreasing as strongly as in summer. Since a temperature-
dependent activation of INP should not change with season,
this cannot fully explain the seasonal differences we observe.
Therefore, we do not think this is a result of different INP
activations within these clouds, but we propose that the su-
percooled liquid water is depleted due to an increased decou-
pling of the marine boundary layer.

In agreement with the findings of Sect. 3.1, the mixed
fraction of closed MCC clouds is higher than that of open
MCC clouds. Abel et al. (2017) show that transitions be-
tween closed and open cells in the Northern Hemisphere ex-
tratropics may be driven by precipitation as opposed to a pure
boundary layer deepening. This idea is further supported by
findings from Tornow et al. (2021), who introduce the notion
of preconditioning by ice-phase processes, which accelerate
the precipitation-driven transition. Early onset of precipita-
tion by riming processes and subsequent sublimation trig-
ger an earlier boundary layer decoupling and preconditions
the boundary layer for an earlier transition. If precondition-
ing would be a dominant process in stabilizing the sub-cloud
layer and forcing closed-to-open transitions, one would ex-
pect this to manifest in phase statistics across the two mor-
phological regimes. However, mixed fraction curves (Fig. 3)
and phase statistics show little changes with respect to cloud
morphology. Furthermore, any differences detected are small
in comparison to seasonal changes in cloud phase, which are
driven by other factors than mesoscale organization. Thus,

a prevalence of open MCC clouds towards MPCs, which
would be consistent with accelerated transitions from closed-
to-open MCC clouds through precipitation, is not found.

We also investigate the dependence of mixed-phase occur-
rence on CTH. Typically, the cloud depth is a better indica-
tor for thermodynamic or dynamic changes in the boundary
layer or radiative changes in stratocumulus clouds than the
CTH (Wood et al., 2008; Bretherton, 2015). However, even
though we derive a liquid CBH to reduce the contamination
of surface clutter from the radar, this CBH is highly biased
in the distance from CTH because the lidar signal will be
fully attenuated in clouds with a COT greater than 3.5 (De-
lanoë and Hogan, 2008). Thus, the geometrical cloud depth
would also be biased as most clouds have a COT greater than
3.5 (Fig. 2d–f). Nevertheless, the CTH might still give some
insight into surface forcing and the mixing strength in the
boundary layer (Bretherton et al., 2010).

In general, we observe that the mixed fraction increases
with CTH from roughly 0 to around 0.6 to 0.8 in all cloud
regimes and during both austral winter and summer (Fig. 5).
We find seasonal differences in the height at which the
mixed fraction surpasses the supercooled liquid fraction.
This height is lower during austral winter. As clouds with
CTHs below 1 km can only have a small vertical extent,
this could potentially lead to a bias towards SLC occur-
rence at CTHs below 1 km because thicker clouds tend to
form ice as discussed in Sect. 3.1. However, this is the same
for all seasons and cloud morphologies. Therefore, differ-
ences across seasons and between open and closed cells can
still be interpreted. Furthermore, we show that MPCs ap-
pear at higher CTHs than SLCs in all cloud regimes (Ta-
ble 1). This is in agreement with a field campaign study in
the Arctic that shows that MPCs tend to have higher CTHs
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Table 1. Geometric mean and standard deviation factor of different cloud properties during austral winter and summer in the CTT range from
−20 to 0 ◦C. The mean values are calculated separately for open MCC, closed MCC, and low-level clouds which are further subdivided into
MPCs and SLCs. [The geometric standard deviation factor is shown in brackets and should be interpreted as a range from “geomean/geostd”
to “geomean∗geostd”].

CTH Lat SST Wind LWP COT Albcld
in km in ◦ S in K in m s−1 in g m−2

JJA

Open
MPC 1.57 (1.22) 48.17 (1.10) 279.7 (1.01) 11.14 (1.45) 151.5 (2.29) 13.19 (2.52) 0.45 (1.64)
SLC 1.41 (1.24) 47.15 (1.10) 280.6 (1.01) 10.52 (1.51) 47.0 (2.12) 5.38 (2.26) 0.27 (1.75)

Closed
MPC 1.49 (1.25) 48.38 (1.10) 278.6 (1.01) 9.10 (1.56) 164.8 (1.89) 15.98 (1.97) 0.52 (1.41)
SLC 1.43 (1.27) 48.34 (1.10) 279.0 (1.01) 7.78 (1.67) 63.1 (1.95) 8.02 (1.96) 0.36 (1.55)

Low-level
MPC 1.60 (1.25) 51.44 (1.13) 277.8 (1.02) 10.49 (1.55) 146.4 (2.29) 12.93 (2.53) 0.45 (1.66)
SLC 1.43 (1.29) 49.66 (1.13) 279.0 (1.02) 9.46 (1.66) 48.7 (2.21) 5.81 (2.34) 0.28 (1.77)

DJF

Open
MPC 1.78 (1.27) 52.68 (1.13) 279.5 (1.01) 10.76 (1.48) 95.8 (2.65) 11.22 (2.30) 0.42 (1.61)
SLC 1.56 (1.30) 51.72 (1.12) 279.9 (1.01) 10.18 (1.48) 27.0 (2.36) 4.52 (2.08) 0.24 (1.72)

Closed
MPC 1.79 (1.28) 56.60 (1.10) 276.2 (1.01) 9.50 (1.60) 136.7 (2.21) 16.59 (1.99) 0.52 (1.41)
SLC 1.64 (1.28) 56.14 (1.11) 276.2 (1.01) 8.63 (1.61) 52.3 (2.28) 8.73 (2.05) 0.37 (1.58)

Low-level
MPC 1.84 (1.28) 56.21 (1.12) 276.6 (1.01) 9.08 (1.65) 114.7 (2.52) 14.12 (2.18) 0.48 (1.53)
SLC 1.61 (1.31) 55.08 (1.12) 277.2 (1.02) 8.36 (1.68) 37.7 (2.52) 6.50 (2.23) 0.31 (1.73)

Figure 5. Supercooled liquid and mixed fraction binned by CTH from 0.78 to 3 km with a bin width of 0.12 km (2007–2010) during
austral (a–c) winter and (d–f) summer for (a, d) open MCC, (b, e) closed MCC, and (c, f) low-level clouds. Since only 5.1 % of the annual
closed MCC clouds occur in JJA, the panel is displayed in more transparent color shading.

than SLCs (Achtert et al., 2020). The mean CTHs between
open and closed MCC clouds are similar during austral sum-
mer, whereas during austral winter, at least for MPCs, we
see higher CTHs in open cells. Many studies show that there
are CTH differences between the two morphological regimes
with higher CTHs in open MCC clouds (Muhlbauer et al.,
2014; Glassmeier and Feingold, 2017; Jensen et al., 2021).
A study using ground-based and satellite observations in the

eastern North Atlantic shows that closed MCC clouds have a
lower mean CTH (Jensen et al., 2021). Moreover, Glassmeier
and Feingold (2017) demonstrate in a large-eddy simulation
that open cells favor deeper boundary layer heights and thus
also higher CTHs. In global data, Muhlbauer et al. (2014) re-
veal that the mean CTH in open MCC clouds is about 100 m
higher than in closed cells, which is similar to what we see in
MPCs during austral winter. However, they also investigate
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the mean CTH in SO which did not show a substantial mean
CTH difference between open and closed cells.

Deeper boundary layers associated with higher CTHs are
often decoupled and favor conditional instabilities associ-
ated with stronger vertical updrafts, which in turn favor ice
growth and potentially ice formation through secondary ice
processes. This is shown by a SOCRATES study from Wang
et al. (2020), who investigate generating cells in the SO and
show that within these generating cells, ice particles occur
more often and are also larger than outside. Thus, this favors
ice precipitation inside the updraft cores. Further, they still
find substantial amounts of ice outside the generating cells,
suggesting that turbulent mixing in the boundary layer is im-
portant for reducing differences between the inside and out-
side of updrafts. The stronger precipitation within updrafts is
also confirmed by large-eddy simulations (e.g., Keeler et al.,
2016; Zhou et al., 2018; Young et al., 2018; Eirund et al.,
2019b). Additionally, the updraft strength can vary, depend-
ing on the organizational regime. Wood et al. (2011) ana-
lyze the updraft strength in MCC regimes in a case study
over the Southeast Pacific and show that while open cells
can reach higher updraft velocities, closed cells also exhibit
moderate updrafts. Apart from the updrafts, the CTH and
MPC occurrence also depends on the sources of mixing in
the stratocumulus-topped boundary layer. Therefore, we test
for indicators of surface-generated turbulence such as SST
and 1T (difference between SST and 2 m air temperature).
However, neither variable displayed the expected trend (not
shown). Thus, if there is a correlation between ice occurrence
and vertical acceleration, it does not seem to be driven by sur-
face fluxes (Fig. S6). We cannot evaluate the importance of
cloud-top-generated turbulence and cloud-scale overturning
circulations for CTHs in SO stratocumuli due to data lim-
itations. However, Lang et al. (2022) show that cloud-top-
generated mixing, especially in closed MCC, is affecting the
frequency of occurrence during the diurnal cycle. Further,
they find that wind shear due to the relatively large climato-
logical near-surface winds in the SO may also be a stronger
generator of boundary layer turbulence than in other regions.
Overall, this could suggest that the mechanisms of mixing
(turbulence and circulation) may play a larger role in CTH
than previously thought (McCoy et al., 2017).

In summary, our analysis shows that, across regimes of
varied subsidence, clouds that form in likely decoupled lay-
ers requiring moderate updraft cloud cores to be maintained,
are more likely to sustain ice formation in mixed-phase stra-
tocumuli. Our analysis of the different freezing behaviors
across cloud morphologies further supports our climatolog-
ical findings which show that the sustained ice formation in
MPC stratocumuli does not primarily depend on cloud mor-
phology, but is constrained by other environmental factors.

3.3 Relationship between cloud phase, cloud
morphology, and cloud albedo

Here, we examine how cloud phase and cloud morphology
may change the cloud albedo in the SO. The cloud albedo
physically depends on LWP and cloud droplet number con-
centration (in liquid clouds). Variations of cloud phase, cloud
fraction, and different organizational regimes can alter the
LWP and the cloud droplet number concentration and hence,
impact cloud albedo and COT. For the same total water con-
tent, liquid clouds typically have a higher cloud albedo than
ice clouds, because liquid water droplets are smaller than ice
crystals, and thus reflect more incoming solar radiation due
to their greater surface area. Thus, the cloud albedo in MPCs
varies, depending on the phase partitioning of supercooled
liquid and ice (McCoy et al., 2014a, b). Further, any opti-
cally thick cloud (COT> 10) typically contains ice, which
suggests that clouds with a substantial LWP can sustain ice
formation. Consistently, we find that the LWP and COT of
MPCs are much higher than those of SLCs, independent of
organizational regime and season (Table 1). This is in agree-
ment with other studies, which also show that supercooled
liquid layers in MPCs are much thicker than in pure (su-
percooled) liquid clouds (Shupe et al., 2006; Achtert et al.,
2020). During austral winter, both mixed-phase MCC clouds
have a similar LWP, whereas during austral summer, open
MPCs have a lower LWP than mixed-phase closed cells. We
should note that the MODIS LWP algorithm used here does
not distinguish between MPCs and liquid clouds, and re-
trieves the LWP as based on a liquid cloud. Therefore, the
LWP in MPCs likely overestimates the true LWP. This can
lead to an overestimated LWP of about 15 % for stratiform
MPCs (Khanal and Wang, 2018).

Besides the cloud phase, cloud fraction and cloud mor-
phology also influence the cloud albedo. Loeb et al. (2007)
determine that the variability of all-sky albedo from the
Clouds and the Earth’s Radiant Energy System (CERES) is
dominantly controlled by variations in cloud fraction. The
cloud fraction of closed MCC regimes is typically higher
than in open MCC regimes (Muhlbauer et al., 2014). More-
over, McCoy et al. (2017) investigate differences in the cloud
fraction albedo relationship between open and closed MCC
clouds, and show that in general, closed MCC clouds have
a higher albedo. Additionally, they exhibit that even for the
same cloud fraction, the cloud albedo of closed MCC clouds
is about 0.05 higher on average than the albedo of open MCC
clouds. Our analysis of in-cloud albedo confirms their find-
ings that closed cells are more reflective than open cells (Ta-
ble 1). In addition, we see that in-cloud albedo differences
between closed and open cells are even stronger in SLCs
(JJA: 0.09, DJF: 0.13) compared to MPCs (JJA: 0.07, DJF:
0.10). This is caused by stronger differences between opti-
cally thin (COT< 10) open and closed cells in SLCs com-
pared to MPCs. While roughly 80 % of the SLCs are opti-
cally thin in open cells, in closed cells about 45 % have COT
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values larger than 10. Differences in in-cloud albedo rang-
ing between 0.07 to 0.13 correspond to a cloud-radiative ef-
fect of 21 to 39 W m−2 when assuming typical solar insola-
tion of 300 W m−2 in the SO. Thus, a reduction in ice-phase
occurrence in a warming climate is likely to impact open
cell clouds more strongly than closed cell clouds. Changes
in clouds with larger optical depth have a weaker impact on
cloud scene albedo. Further, we find a considerable seasonal
change in in-cloud albedo in open cells, which is not ob-
served in closed cells. This is even stronger in open MPCs
than in SLCs. This seasonal decrease of the in-cloud albedo
in open clouds is correlated with a strong decrease in LWP
from austral winter to summer.

4 Discussion and conclusions

To date, only a few studies have investigated the potential
link between cloud organization and cloud phase in stratocu-
muli (Abel et al., 2017; Eirund et al., 2019a; Tornow et al.,
2021). All of them are based on field campaigns in the North-
ern Hemisphere which observe particular cases and exten-
sively analyze their processes with numerical models. Thus,
in this study, we explore whether this link between cloud
phase and morphology can also be found in SO cloud statis-
tics obtained from DARDAR.

An advantage of using remote-sensing data is that they
cover a broad variety of cases and have almost global cover-
age. The spatial coverage of passive satellites would be even
greater than that of active satellites. However, the cloud phase
in passive instruments can only be evaluated at cloud top and
often show a supercooled layer there (e.g., Hu et al., 2010).
Thus, passive satellite retrievals potentially miss many MPCs
which form ice below the detected supercooled layer. To par-
tially circumvent this issue, we use active instruments to de-
termine the cloud phase. An important part of this study is
to test the quality of our cloud classification. In agreement
with previous studies, our vertically integrated cloud-phase
classification based on the DARDAR v2 cloud classification
seems to provide a good representation of MPCs in the SO
as compared to previous assessments (Huang et al., 2017;
Ahn et al., 2017; Lang et al., 2021; Zaremba et al., 2021).
The greatest uncertainty in MPC classification is introduced
by the Sup over Ice subcategory, as ice and rain are merely
classified based on temperature once the lidar signal is fully
attenuated. As a result, some of these clouds could be SLCs
with supercooled rain below the cloud base, instead of ice.
However, as most MPCs classified in this study include a Mix
layer in their vertical composition, which can only be deter-
mined if both lidar and radar retrievals are available simulta-
neously, the majority (> 95 %) of all classified MPCs are not
subject to this potential misclassification. Nevertheless, our
cloud statistics may not be representative of all clouds, since
many shallow clouds form with cloud tops below 780 m, es-
pecially during austral winter. Due to the rapid saturation of

lidar within the liquid layer and surface clutter issues with
radar, a phase classification of these very low clouds based
on remote sensing is not possible. However, when imposing
this restriction the seasonal cycle of MCC regimes is similar
to that of the full SO climatology (Muhlbauer et al., 2014;
McCoy et al., 2017), and thus absence of the very low clouds
(< 780 m) should not influence our conclusions regarding the
link between cloud phase and organization.

We find that all optically thick low-level clouds tend to
generate ice formation, as all detected liquid clouds and
SLCs are mostly (> 80 %) optically thin (COT< 10). We
therefore hypothesize that any optically thicker supercooled
cloud provides a favorable environment for ice occurrences
leading to a phase conversion from SLC to MPC. Although
we do not find any evidence for a potential link between
cloud phase and cloud morphology in the full climatology,
we observe that closed cells remain in the SLC regime at
higher COT than observed for open cell and low-level clouds.

The observed relationship between phase occurrences and
CTT suggests that while CTT may be a strong functional re-
lationship for the nucleation rate of INPs and thus the forma-
tion of new primary ice crystals, it does not display a strong
relationship with cloud phase overall. Mignani et al. (2019)
show that secondary ice processes are likely the key play-
ers in MPCs at a temperature range from −12 to −17 ◦C
compared to primary ice formation and droplet shattering.
This is further supported by Huang et al. (2021b), who use
SOCRATES observations to show that secondary ice pro-
cesses are important for the ice formation in SLCs. However,
depositional growth of ice crystals also accelerates within
this regime. A final conclusion regarding the process respon-
sible for the increase in the occurence of MPCs at this tem-
perature regime could not be drawn based on this data set
alone, and requires further investigation.

A further comparison of SOCRATES flight observations
from D’Alessandro et al. (2021) with our mixed fraction
shows a similar distribution across the CTT range in low-
level clouds during January and February. However, our
mixed fraction shows higher values than the in-cloud flight
measurements (Fig. S7). A reason for the observed differ-
ences may be that the mixed phase is underestimated due
to a detection limit of small ice particles (< 50 µm) by the
instruments as discussed by D’Alessandro et al. (2021). Fur-
thermore, their cloud phase is sampled every second, which
translates to a spatial resolution of roughly 150 m, depending
on the velocity of the aircraft. In comparison, our phase clas-
sification has a 1.1 km resolution, thus, about seven of their
cloud-phase samples would be observed as one phase in our
classification. This could potentially explain the higher num-
ber of mixed-phase cases in this study. D’Alessandro et al.
(2021) also show that mixed-phase transects which consist of
20 cloud-phase samples are likely more heterogeneous than
other phase transects. Thus, phase classifications may well be
scale-dependent and subject to detection thresholds, which
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have to be kept in mind when comparing different data sets
or evaluating model statistics.

The open-to-closed fraction for liquid clouds (JJA: 4.54,
DJF: 0.51) and SLCs (JJA: 4.40, DJF: 0.57) is similar in
the main SO cloud band (50–60◦ S). Therefore, this fur-
ther supports the notion that seasonal differences in cloud-
phase statistics outweigh any differences found across cloud
morphology. Following the hypothesis of preconditioning in-
troduced by Abel et al. (2017) and Tornow et al. (2021),
where accelerated transitions from closed-to-open cells are
observed in clouds that formed ice as opposed to SLCs, one
may expect to find open MCC clouds to occur more of-
ten as MPCs than closed cells. However, we cannot observe
a higher mixed fraction in the open MCC regime as com-
pared to closed MCC clouds. Therefore, while precondition-
ing may impact regional-scale transitions under specific envi-
ronmental conditions, it seems to be only a secondary driver
in morphological transitions of marine stratocumuli. Never-
theless, we cannot reliably determine the ice–water ratio in
our MPCs from spaceborne remote sensing, and thus might
include MPCs with a very low ice ratio. Eirund et al. (2019a)
show that only for a ratio for LWP : IWP (ice water path) of
1 : 2, the morphological structures of the simulated open cell
clouds are impacted by ice formation.

For clouds with cloud tops below 2.5 km, we find a de-
pendence of the mixed fraction on CTH. This suggests that
deeper, more decoupled boundary layers, where the stratocu-
mulus deck is maintained by detraining cloud cores charac-
terized by larger updrafts, favor ice formation at supercooled
temperatures. At the same time, we did not find the mixed
fraction to correlate with surface fluxes, which would support
the above hypothesis linking the occurrence of convective
cloud structures and larger updraft speeds to the increased
likelihood of ice formation. Furthermore, the above hypoth-
esis is consistent with modeling studies that show higher ice
occurrence in the updrafts of these clouds (Lee et al., 2021;
Yang et al., 2013; Roesler et al., 2017; Young et al., 2018;
Eirund et al., 2019b).

The investigation of the link between cloud phase and in-
cloud albedo confirms previous results showing that MPCs
typically have a higher cloud albedo than liquid clouds (Mc-
Coy et al., 2014a, b; Shupe et al., 2006; Achtert et al.,
2020). Moreover, the relationship between in-cloud albedo
and cloud morphology reveals substantial differences be-
tween open and closed cells (0.04 to 0.13), consistent with
the higher albedo of closed MCC clouds shown by McCoy
et al. (2017). These differences in the in-cloud albedo can
drive changes in the cloud radiative effect of about 12 to
39 W m−2, depending on season and cloud phase in the SO.
We additionally examine the cloud-phase differences within
the morphological regimes and show that changes in in-cloud
albedo across organizational regimes are more pronounced in
SLCs than in MPCs.

In summary, our results show that seasonal differences in
cloud phase for a given CTT are stronger in SO stratocumuli

than organizational changes in cloud phase. Both cloud mor-
phology and cloud phase seem to be primarily constrained
by other environmental factors and not by each other. More-
over, this work highlights the importance of improving our
understanding of cloud phase and organizational transitions
to enhance predictions of cloud albedo in the SO.
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