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Abstract. Marine cold air outbreaks (CAOs) frequently occur over the North Atlantic during winter, producing characteristic
transitions from cloud streets to closed-cell stratocumulus and, eventually, to more broken open cells. The transition to open
cells reduces cloud fraction and thus plays an important role in the region’s radiative energy balance. However, the drivers of
this cloud break-up remain poorly understood.

To investigate these drivers, we apply a newly developed machine learning cloud classifier to MODIS imagery, and combine
it with MERRA-2 reanalysis and CloudSat/CALIPSO active remote sensing, enabling a detailed study of CAO cloud fields
from the sea ice edge to break-up over the North Atlantic. By identifying break-up as the boundary between closed and open
cellular convection, we relate its timing and location to precipitation, cloud phase, marine boundary layer (MBL) structure and
instability.

In contrast to earlier studies, we find no direct link between precipitation and break-up. Instead, MBL deepening emerges
as the primary control on break-up timing and location. Specifically, break-up is observed only once the MBL deepens to
approximately 2km, a change we associate with reduced cloud-surface coupling, glaciation, and subsequent dissipation of
the stratiform cloud layer. We further relate MBL deepening to inversion strength and instability, with weaker inversions and
stronger instabilities promoting rapid deepening and break-up. This in turn controls the dominant cloud regime of CAOs, and

thereby their radiative impact.

1 Introduction

Marine cold air outbreaks (CAOs) occur when cold, dry air flows from ice- or snow-covered surfaces over a relatively warm
ocean. The resulting strong air—sea temperature contrast creates an unstable marine boundary layer (MBL), with intense turbu-
lent heat fluxes (Papritz et al., 2015) that promote rapid cloud formation. Close to the sea ice edge, clouds typically organize as
roll convection called cloud streets (Briimmer, 1999; Geerts et al., 2022). These are organized in long bands of shallow clouds
aligned with the low-level wind. As the air mass moves farther over the open ocean and the MBL deepens and moistens, these
cloud streets often develop into a denser deck of closed-cell stratocumulus clouds, which can eventually break up into more
open-cell fields of cumulus and deeper convective clouds (see example Fig. 1A).

Because CAOs are frequent over the Nordic Seas and North Atlantic in winter and spring (Fletcher et al., 2016; Dahlke

et al., 2022; von der Lippe et al., 2026), their clouds have a substantial influence on the regional radiative energy balance.
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von der Lippe et al. (2026) estimated that roughly 20 % of the cloud cover in the North Atlantic from December to March is
associated with CAOs, implying that any changes in the prevalence or distribution of CAO cloud types in a future climate could
significantly alter the surface energy budget. This sensitivity is tied not only to the frequency of CAOs, but also to the evolution
of cloud regimes within the CAOs. In particular, the transition from closed cells to more broken open cells is accompanied
by a large reduction in cloud fraction and albedo (McCoy et al., 2017), and has therefore been a focus of previous studies
investigating cloud evolution and break-up (e.g. Abel et al., 2017; Yamaguchi et al., 2017; Tornow et al., 2021; Murray-Watson
et al., 2023).

Despite this interest, the mechanisms controlling the timing and location of break-up within CAOs remain poorly understood.
Earlier work has typically either related cloud evolution to distance or time since the air mass left the sea ice edge (e.g. Murray-
Watson and Gryspeerdt, 2024; Larsgard et al., 2026), or has been limited to individual CAO case studies (e.g. Abel et al., 2017).
As aresult, we lack generalizable, statistical predictors of where along a CAO trajectory the stratocumulus deck will break up
into open cells.

To address this knowledge gap, we formulate three hypotheses based on previous literature. We examine whether cloud
breakup is primarily driven by precipitation (H1), flux-driven deepening and decoupling of the MBL (H2), or instability and
turbulence generation (H3):

H1: Precipitation is the main driver of break-up Earlier studies have reported high precipitation rates just before the
transition from closed to open cells, suggesting precipitation as a necessity for cloud break-up in CAOs (Abel et al., 2017;
Lloyd et al., 2018; Karalis et al., 2022). Through cloud water removal and evaporative (or sublimative) cooling of the sub-
cloud layer, precipitation both dries the stratocumulus clouds and creates cold pools that could reorganize the updrafts into
open cellular convection (Torri et al., 2015; Saggiorato et al., 2020). The resulting sub-cloud cooling can also sufficiently
stratify the MBL to decouple the cloud layer from the moisture supplying surface, so that the stratiform cloud layer slowly
dissipates through continuous precipitation and entrainment.

During precipitation, aerosols are scavenged, reducing cloud droplet number concentration Ny4. This may further enhance
precipitation efficiency and break-up in warmer clouds (Yamaguchi et al., 2017; Goren et al., 2019; Mayer et al., 2026). In the
colder clouds examined in this study, the observed reduction in V4 across transitions (Abel et al., 2017) may not necessarily
increase precipitation efficiency, but it does confirm the presence of precipitation during break-up. Strong ice formation, which
is tightly linked to precipitation (Tornow et al., 2021), has also been observed as the clouds transition from mixed-phase closed
cells to more heavily glaciated open cells (Abel et al., 2017; Lloyd et al., 2018). In the Arctic and during CAOs, air masses are
relatively clean (Mauritsen et al., 2011), implying low concentrations of ice-nucleating particles (INPs) (Geerts et al., 2022;
Gijelsvik et al., 2025) and an important role of secondary ice production (SIP) in enhancing precipitation (Karalis et al., 2022;
Pasquier et al., 2022). As SIP is highly temperature dependent (e.g. the Hallett—-Mossop mechanism and droplet freezing and
fragmentation Hallett and Mossop, 1974; Korolev and Leisner, 2020), break-up may also be temperature dependent, with more
efficient break-up occurring in regimes favorable for SIP.

H2: Flux-driven MBL deepening and decoupling is the main driver of break-up

As strong heat fluxes during CAOs rapidly deepen the MBL, conditions evolve downwind from favoring cloud streets to closed-
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cellular and, ultimately, open-cellular convection (Briimmer, 1999). Consequently, factors that control the MBL deepening
should also influence how quickly the CAO cloud field breaks up into open cells. Tornow et al. (2023) showed that subsidence
delayed deepening and the transition from closed to open cells. Additionally, McCoy et al. (2017) showed that instability as
described by the MCAO index (M, Kolstad and Bracegirdle, 2008), was correlated with the frequency of open cell formation,
while the estimated inversion strength (EIS, Wood and Bretherton, 2006) showed a negative correlation. This aligns with other
research showing that higher M generally leads to a faster reduction in cloud fraction of CAOs (Murray-Watson et al., 2023).
We therefore expect cloud breakup to be influenced by processes that deepen the MBL, such as instability, as well as by
processes that suppress its deepening, such as subsidence and EIS.

H3: Instability and turbulence generation is the main driver of break-up
A third hypothesis focuses more directly on instability and turbulence generation as controls on cloud regime. Higher instability
may itself favor open cellular convection. Thus, a threshold or range of M values might be required for open cellular convection
to initiate. As M is related to the air-sea surface contrast and surface fluxes, this idea is consistent with studies of stratocumulus-
to-cumulus transitions in the subtropics, where break-up typically occurs as sea surface temperatures increase (Sandu and
Stevens, 2011). Additionally, other studies have more frequently observed cellular convection for higher values of the stability
parameter —H /L (Klingebiel et al., 2025, 2026; Etling and Brown, 1993), indicating that break-up might not only depend on
MBL height (H) itself, but also the relative contribution of wind shear and buoyancy to turbulence generation as indicated by
the Monin-Obukhov length (L) (Obukhov, 1946; Monin and Obukhov, 1954).

In total, these three hypotheses suggest that multiple factors such as precipitation processes, surface fluxes, MBL deepening,
and the balance between buoyancy and shear-driven turbulence may be controlling the timing and location of break-up in CAO
clouds. To investigate these hypotheses, we developed a statistical approach that studies clouds in relation to the observed
break-up location, as identified by a CAO cloud classifier applied to satellite imagery. Using this framework, we track 11 years
of North Atlantic CAO cloud fields from the sea-ice edge to break-up and open-cell formation, and investigate potential drivers
of break-up using MERRA-2 reanalysis (Global Modeling and Assimilation Office (GMAO), 2015), as well as CloudSat radar
(Stephens et al., 2002) and CALIPSO lidar (Winker et al., 2009) satellite remote sensing products. Section 2 presents our
methods, including an introduction to the cloud classifier. In Section 3, we present our results by addressing each hypothesis

individually, before summarizing our work in Section 4.

2 Methods
2.1 Data and model development

Building on our previous work (von der Lippe et al., 2026), we utilize swaths of MODIS thermal infrared images to detect
and classify CAO clouds. Specifically, we utilize 1 km MODIS calibrated radiances (band 31, 10.780 - 11.280 ym) from an
extended winter period spanning September to May from 2006 to 2017. Using these images, we apply the evaluation methods
of von der Lippe et al. (2026) to generate a training dataset for a supervised convolutional neural network (CNN). By looking

through images representing both CAO and non-CAO conditions, a human labeler was asked to identify three classes: closed
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Figure 1. An example classified satellite image from MODIS Terra, 3 March 2023, 20:45 UTC. Panel A shows the MODIS band 31 satellite
image of a CAO originating from the Fram Strait in the North, traveling towards Norway in the South-East. Panel B shows the classified
image, with break-up being defined as the boundary between closed and open cells. In panel C, the upwind (negative, blue) and downwind

(positive, red) distances from the break-up are shown using wind stepping from the defined break-up.

cells (including cloud streets), open cells, and neither, resulting in 500 hand-labeled images. From these labeled images, smaller
patches of size 128x128 km were extracted with a stride of 64. This provided patches at a spatial resolution of 64 km, each with
a corresponding labeled class. In total, 170,835 patches were extracted and split into 80-20% train-test subsets for training.

The CNN architecture is adapted from the unsupervised model in von der Lippe et al. (2026), utilizing their encoder which
has shown great potential in feature extraction of CAO clouds. The encoder compresses image patches through progressively
smaller representations to produce a final feature map. This feature map is then processed through a two-layer fully connected
neural network to generate a classification. Specifically, the CNN provides probabilities of each input patch belonging to the
three predefined classes. The final classification is then defined based on the most probable class, except in situations where
the probability of CAO clouds (closed and open combined) exceeds 50%. In these special cases, the final class is the most
probable of closed and open.

After training, the model achieved a final test accuracy of 87.2% (See Appendix A), resulting in a classifier that effectively

separates closed and open cell regimes, as visualized in Fig. 1B.
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2.2 Calculating distance from break-up

After training the supervised CNN, we applied it to 42,074 MODIS Aqua images to be collocated with CloudSat and CALIPSO
from the time period September to May between 2006 and 2017. This time frame was chosen to balance data volume with data
quality from CloudSat/CALIPSO. Although CloudSat operated in daytime-only mode after 2011 following a battery failure,
the additional 6 years of daytime-only data remain valuable for our statistical analysis until the CALIPSO laser began to
degrade in Summer 2017 (Stephens et al., 2018).

Following classification, cloud break-ups were identified as boundaries between closed and open cell regimes. To ensure
that these break-ups were closed-to-open cell transitions, we utilized the Modern-Era Retrospective analysis for Research
and Applications, Version 2 (MERRA-2, Gelaro et al., 2017) 10-meter wind field to only consider break-ups with closed
cells upwind and open cells downwind. Out of the total 42,074 classified images, 12,801 contained a break-up. Given the
classification model’s spatial resolution of 64 km, these images yielded a total of 112,035 break-up locations.

From every break-up location we utilized the MERRA-2 wind field at the time of the MODIS overpass to create wind
transects by stepping both upwind and downwind, 25 km at a time (see Fig. 1C). While not a Lagrangian approach, these
transects were considered sufficient to study cloud development, given the consistent wind flow in CAOs (see Appendix B).
For each transect we kept track of the CNN-classified cloud class when available, and defined a distance to both break-up
and sea ice edge for every wind step point. Here the distance to the sea ice edge is defined as the distance to the first upwind
wind-stepping point hitting a sea ice concentration of 0.2 or land such as Svalbard, Novaya Zemlya or Greenland, following
the sea ice concentrations from Nimbus-7 SMMR and DMSP SSM/I-SSMIS Passive Microwave Data, Version 2 (DiGirolamo
et al., 2022).

By combining distances from both the sea ice edge and break-up, we were able to distinguish CAOs based on their fetch
(distance from ice) at break-up. This allowed us to investigate the drivers behind break-up occurring at widely different dis-
tances from the ice edge. While this approach provided a powerful framework for studying CAOs, we aimed to also simplify
some of our analysis by categorizing CAOs into four classes based on their fetch at break-up: early (100-275 km), early-mid
(275-450 km), mid-late (450-625 km), and late (625-800 km) break-ups. These category ranges were chosen because we had
insufficient closed-cell observations for break-ups occurring closer than 100 km or farther than 800 km from the ice edge.

All CAO-related information described above was then colocated with remote sensing cloud products and reanalysis data.
As CloudSat, CALIPSO and the Aqua satellite were all part of the A-train satellite constellation 2006-2017, a close-to-perfect
temporal colocation between the cloud classifications and active remote sensing measurements was achieved. After the spatial
colocation, we identified a total of 69,676 transects that had at least one wind trajectory point located within 12.5km of a

CloudSat/CALIPSO overpass.
2.3 Remote sensing and reanalysis products

While we require all retrievals to be from areas classified as closed or open cells, the 64 km resolution of our classifications

allows for the inclusion of clear sky or non-CAO clouds, even when the larger cloud field consists predominantly of CAO
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clouds. To reduce the influence of non-CAO clouds, we use the 2B-CLDCLASS-LIDAR product (Sassen et al., 2008), which
combines retrievals from the CloudSat cloud profiling radar (CPR) and CALIPSO lidar (CALIOP) to define in-cloud CAO
conditions. Specifically, we define in-cloud conditions as having a single layer liquid, mixed or ice phase cloud with a cloud
phase retrieval confidence of 7/10 or greater. Additionally, we require a cloud top height (CTH) between 30 m and 4000 m.
While this restriction may limit retrievals of deeper open cells, we expect such cells to develop primarily after break-up, which
is not the focus of this study.

From the phase retrieval, cloud phase fractions are calculated as the ratio of liquid, mixed, or ice-phase clouds to the total
number of clouds. In addition, we combine CTH with air temperatures from the ECMWF-AUX product to estimate cloud top
temperatures (CTTs). To calculate precipitation fractions, we utilized the precipitation flag from the 2C-PRECIP-COLUMN
product (Haynes et al., 2009), while for surface precipitation estimates we relied on the 2C-SNOW-PROFILE product (Wood
et al., 2013, 2014). The latter provides estimates of surface snowfall rates based on CloudSat CPR data. Although it only
accounts for snowfall, we expect the contribution of rain and drizzle to be minimal at break-up locations within our study time
frame and domain.

We also used the CloudSat/CALIPSO-colocated ECMWEF-AUX reanalysis product to investigate the potential role of dy-
namics and instability on cloud break-up. In particular, we focused on atmospheric instability as indicated by the commonly

used M -index:
M =0, — 0350, (D

calculated as the potential temperature difference between air at 850 hPa (6g50) and the sea surface (6,). We also investigated

the role of the inversion strength by calculating the EIS:
EIS = LTS — I'®%%(2700 — z1.01). )

Here we have the height of 700 hPa and the lifting condensation layer (LCL) denoted as z7oo and z1,cr, respectively, and the
lower troposphere stability LTS as:

LTS = 9700 — 90. (3)

Finally, the moist-adiabatic potential temperature gradient is calculated as:

T g(l 1+ Lygs/(RaTss0) )
" Cp L+ L2gs/(cpRuT5s50) )

“4)

where g is the gravitational acceleration, ¢, is the specific heat of air at constant pressure, L, is the latent heat of vaporization,
qs 1s the saturation mixing ratio at the temperature of the 850 hPa level (735¢), and R4 and R, are the gas constants for dry and
moist air, respectively.

Since the LCL is not provided by the ECMWF-AUX product, we use the retrieved CBH from the 2B-CLDCLASS-LIDAR

product as an estimate.
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To estimate the stability parameter -H/L, we used the CTH from the 2B-CLDCLASS-LIDAR product as a proxy for the
MBL height (H). The Monin-Obukhov stability length was calculated similar to Briimmer (1999) as:

0 (cpUip)*?

L=_2 %) "
ok e 86asUno ©)

where, Uy is the 10 m wind speed, k£ = 0.4 is the von Karmén constant, and the momentum and heat flux transfer coefficients
were assumed to be equal at cp = ¢y = 1.3 x 103, Finally, the mean potential temperature was calculated using the ECMWF-
AUX 2 m and 0 m potential temperatures 0= @, and the air-sea temperature difference was calculated as 6,5, = 02 — 0.

By combining reanalysis and active remote sensing products with neural network-derived information about break-up loca-
tions and the ice edge, we compiled a database of measurements binned within a two-dimensional space defined by 25 km by
25 km intervals of distance from both break-up and ice edge. This approach allowed us to distinguish CAOs according to their

fetch at break-up, helping to better understand the widely varying cloud developments within CAOs.

3 Results and discussions

In this section, we evaluate the three hypotheses introduced above. First, we test whether precipitation occurrence and intensity
are consistently related to the timing and location of cloud break-up (H1). Second, we examine whether MBL depth, deepening
rate, inversion strength, instability, and subsidence support flux-driven MBL deepening and decoupling as the main control on
cloud break-up (H2). Third, we assess whether instability and the relative roles of buoyancy and shear in generating turbulence
more directly drive the transition to open-cell convection (H3). Finally, we combine the results to develop a conceptual picture

of cloud break-up in CAOs.
3.1 H1: Precipitation is the main driver of break-up
3.1.1 Median precipitation rates

To investigate the role of precipitation in driving break-up, we first observe the fraction of precipitating in-cloud observations in
Fig. 2A. Here we see that close to 100 % of our closed cell observations are precipitating once the clouds have traveled around
75 km from the ice edge. While the constant precipitation suggests that break-up is independent of the precipitation onset,
we also need to investigate precipitation rates as observed in Fig. 2B. This figure shows generally low median precipitation
rates (<0.06 mm/hr), consistent with light snowfall found in previous studies (Mateling et al., 2023). We also find the highest
median precipitation rates at 100-250 km from the ice edge, rather than at or just before break-up. This phenomenon is further
discussed in Appendix C, and suggests that median precipitation rates alone are unable to explain the timing and location of
break-up.

However, surface precipitation is derived from the lowest bin above the CPR clutter zone (Wood and L’Ecuyer, 2018),
which introduces uncertainties into the retrievals. While the median surface precipitation rates may be inaccurate, it is unlikely

that the highest precipitation retrievals would consistently occur outside break-up regions if precipitation was the main driver.
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Figure 2. Precipitation as a function of distance to break-up, distance from the ice edge, and break-up distance from the ice edge. Each row
of bins corresponds to CAOs with break-ups occurring at a specific distance from the ice edge, while each column corresponds to a given
distance from the break-up. Combining these two dimensions, a measure of distance from the ice edge is represented along the diagonal axis,
with distances indicated in red. The cumulative counts for each distance-from-break-up and break-up-distance-from-ice bin are shown above
and to the left of the panels, respectively. Panel A shows the precipitation fraction retrieved from the 2C-PRECIP-COLUMN product, while
Panels B, C, and D show the median, 70th percentile, and 90th percentile surface snowfall rates from the 2C-SNOW-PROFILE product.

Furthermore, previous studies have demonstrated CloudSat’s high sensitivity to light snowfall (Cao et al., 2014), reinforcing

our conclusion that median precipitation rates are insufficient to explain cloud break-up.
3.1.2 Precipitation maxima

The median precipitation rates observed in Fig. 2B give a good overview of the general precipitation pattern, but fail to detect
the distribution of precipitation and outliers that could help to initiate cloud break-up. We therefore investigate if some embed-
ded higher precipitation rates are all it takes to initiate break-up across the closed cell cloud layer. This idea is consistent with
observations of CAO clouds, where precipitation rates of up to 3 mm/hr have been observed to develop cold pools (Ephraim
et al., 2026). To further investigate this, we present in Fig. 2C and D, the 75th and 90th percentile precipitation rates. While
we do observe some higher 90th percentile precipitation rates after break-up, the rates are still relatively low and are expected
due to the more convective nature of the open cells. These enhanced rates could however maintain the open cellular convection

through cold pool creation, but as they are observed after break-up, the enhanced rates are not seen as drivers of break-up.
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Figure 3. Median cloud phase fraction as a function of distance to break-up, distance from the ice edge, and break-up distance from the ice

edge (same as Fig. 2). Cloud phase fractions are retrieved from the 2B-CLDCLASS-LIDAR product.

In the 70th percentile in panel C, the same pattern as for the median in panel B emerges, where a band of higher precipitation
rates is found closer to the ice edge instead of immediately before break-up. Consequently, neither the 70th or 90th percentiles

suggest precipitation rates that are sufficiently different before or at break-up for H1 to be confirmed.
3.1.3 Cloud phase

While no clear signal in precipitation rates is found, earlier studies have suggested cloud glaciation as an important contributor
to both precipitation and break-up (Abel et al., 2017). To investigate the role of glaciation, we analyze the cloud phase as
observed in Fig. 3. This figure shows the median liquid (A), mixed (B) and ice (C) phase fractions as a function of distance
from break-up and break-up distance from ice. First, in panel A we notice that liquid-only clouds are relatively rare (below
10 %) in both the closed and open cell regime, with slightly higher liquid phase fractions occurring just off the sea ice edge
(up to 60 %). This aligns with the findings of previous research (Carlsen and David, 2022; Murray-Watson and Gryspeerdt,
2024), that have proposed that lacking INPs over sea ice result in higher concentrations of supercooled liquid clouds. As these
clouds traverse the open ocean, marine organic INP sources may become available, which results in a declining fraction of
liquid-only clouds. This becomes evident when considered together with panel B, which shows an increase in mixed-phase
cloud fractions at the expense of liquid-only clouds. The fraction of mixed-phase clouds then generally stays above 70 % until
break-up, where a rapid decline in the mixed-phase fraction to around 40 % is observed. Panel C further shows that this decline
is clearly attributable to increased glaciation, apparent from the increasing fraction of ice clouds after break-up.

This pattern is further detailed in Fig. E1, which illustrates the variability in the observed phase fractions. Here, the median
mixed-phase and ice-phase fractions approach 30 % and 60 %, respectively, in the open-cell regime. The phase signal also
partially aligns with the cloud top temperatures (CTTs) shown in Fig. F1 panel A. Specifically, we observe median CTTs
above -15°C for break-ups occurring farther than 600 km from the ice edge while they generally stay below -20°C for earlier
break-ups. This could help explain the delayed glaciation signal through slower ice production in these CAOs. Additionally, the
liquid water path (LWP) and ice water path IWP) patterns in Fig. F1B and C are consistent with the CTT signal, increasing our
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confidence that CTT plays a role in modulating ice production. However, as CTTs do not align as clearly for earlier break-ups,
we remain unable to generalize the influence of CTT on the observed glaciation signal.

Taken together, the precipitation results do not support H1: precipitation is not the universal driver of CAO cloud break-up.
Precipitation is already nearly ubiquitous throughout much of the closed-cell regime, and neither median nor upper-percentile
snowfall rates show a systematic maximum at or immediately before break-up. Instead, the highest typical precipitation rates
occur at a characteristic distance of approximately 100-250 km from the ice edge, largely independent of the fetch at which
break-up occurs. Precipitation intensity therefore does not explain why otherwise similar CAOs break up at widely different
fetches.

The pronounced transition from mixed-phase to glaciated clouds at break-up shows that microphysical changes accompany
the transition. However, because no corresponding precipitation-rate increase is observed at break-up, our data do not support
glaciation and following precipitation as the direct trigger of cloud break-up. Precipitation may nevertheless contribute indi-
rectly by removing cloud water and through sublimation-driven cooling below cloud base, which could promote stratification
and cloud—surface decoupling. Thus, we cannot exclude precipitation as a contributing process or as a driver in particular CAO

cases, but reject precipitation intensity as a general predictor and primary trigger of break-up across the sampled CAOs.
3.2 H2: Flux-driven MBL deepening and decoupling is the main driver of break-up

To investigate the role of the MBL depth on the timing and location of break-up, we use the retrieved CTH from 2B-
CLDCLASS-LIDAR as a proxy for the MBL depth. Although CTH is not a perfect proxy, we expect cloud-top height to
closely track MBL deepening due to the strong surface fluxes during CAOs. The evolution of the median CTH is shown in
Fig. 4A, as well as separated into classes of early, early-mid, mid-late and late break-ups in panels B-E, respectively. Here we
observe a typical CTH of approximately 2 km at the identified break-ups, with half of the observations falling in the CTH range
of 1690-2230 m. While this indicates that there is no critical CTH at which break-up occurs, it suggests that a sufficiently deep
MBL is a necessary precondition for break-up.

As CTH at break-up is relatively consistent for all CAOs, it becomes evident that earlier break-ups are associated with more
rapid deepening of the MBL than late break-ups. This is observed in Fig. 4, with MBL deepening rates of 272 m and 113 m per
100 km for early (panel B) and late (panel E) break-ups, respectively. To better understand break-up, we therefore investigate
factors such as the EIS and M-index as potential factors controlling the rate of deepening of the MBL.

In Fig 5A, we observe the initial inversion strength of the MBL as indicated by the EIS at 50 km from the ice edge. Here,
we choose 50 km and not right at the ice edge to remove the influence of the marginal ice zone, and to make sure the MBL
has developed beyond depths at which remote sensing instruments are unable to retrieve. With a moderate Pearson correlation
coefficient of 0.43, we observe generally lower initial EIS for earlier break-ups and higher EIS for later break-ups. This is
consistent with a strong inversion limiting the rate at which the MBL can deepen. Furthermore, the instability, as indicated by
the M-index in Fig. 5B and E, shows the opposite signal with a weak correlation coefficient of -0.21, 50 km from the ice edge
and -0.32 at break-up. This shows that higher M-indices are generally found for earlier break-ups, helping to more quickly
develop the MBL to CTHs where break-up typically occurs. Additionally, we investigate the role of subsidence in Appendix
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ranges from the sea ice indicated in each panel. Here, red lines indicate the medians, boxes show the 25th—75th percentiles, and whiskers
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D, which shows a weak correlation of 0.1 with stronger subsidence being linked to delayed break-up. Although weak, this
relationship aligns with the work of Tornow et al. (2023), which linked subsidence with delayed break-up.

Despite the substantial differences in EIS close to the ice edge, EIS values at break-up converge toward a similar range
across all break-up-fetch categories (Fig. 5D). This pattern suggests that break-up may be more likely once the inversion has
weakened sufficiently. However, the results do not identify a universal EIS threshold for break-up.

Overall, the results support H2 and identify flux-driven MBL deepening as the strongest control on the timing and location
of break-up in our analysis. Break-up consistently occurs after the cloud layer has deepened to approximately 2 km, while
CAO s that break up closer to the ice edge reach this depth more rapidly than those that break up farther downstream. This
faster deepening is associated with weaker initial inversions, greater instability, and weaker subsidence.

These relationships are also evident in Lagrangian back trajectories from the ice edge based on the MERRA-2 reanalysis
(Appendix B). In these trajectories, EIS and the M-index show correlation coefficients of 0.32 and -0.25, respectively (Fig.
B1), further supporting their roles in controlling CTH and break-up.
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3.3 H3: Instability and turbulence generation is the main driver of break-up

H3 differs from H2 by proposing that instability affects break-up directly through changes in cloud organization, rather than
mainly accelerating MBL deepening. Under H3, stronger CAOs, characterized by larger M values, are expected to favor and
potentially accelerate the transition to open-cellular convection. In addition, previous studies have found that values of —H /L
above 15 favor cellular convection (Etling and Brown, 1993; Klingebiel et al., 2026). Evidence supporting H3 would therefore
include a distinct transition threshold in either M or —H /L, or a break-up relationship that persists after accounting for MBL
depth.

To investigate H3, we first examine the M-index at break-up, as shown in Fig. SE. Consistent with H3, we observe generally
higher M indices for earlier break-ups, with a correlation coefficient of -0.32. However, this relationship alone cannot distin-
guish between the two proposed pathways. Stronger instability may accelerate break-up indirectly by deepening the MBL, as
proposed in H2. Alternatively, it may act directly by promoting a transition from roll to cellular convection, as proposed in H3.

Therefore, we analyze -H/L at both break-up and ice edge as observed in Fig. 5C and F. While no correlation is found at the
ice edge, a correlation of -0.32 is found at break-up. Furthermore, earlier break-ups exhibit median stability parameter values
approaching 100, indicating conditions highly favorable for cellular convection and potentially explaining their rapid transition
to open cells. Later break-ups show median values closer to 25, which still generally favor cellular convection.

These results provide partial support for H3. Although higher values are associated with earlier break-ups, the substantial
variability indicates that there is no clear -H/L threshold that triggers the transition. While -H/L may influence the likelihood of
transition, it does not alone determine break-up timing. We therefore find no evidence that instability or turbulence generation
alone is a sufficient, independent trigger of cloud break-up. Instead, H3 appears to describe a process that can facilitate the
transition and modulate its timing, while its strongest influence likely operates through the MBL-deepening pathway described
in H2.

3.4 A combined conceptual picture

Our results show a clear phase signal across the transition: the mixed-phase fraction remains high in the closed-cell regime and
drops sharply as the clouds glaciate at break-up. This is consistent with earlier studies (Abel et al., 2017; Tornow et al., 2021);
however, we cannot directly link the observed glaciation to precipitation or cloud break-up. Instead, we interpret glaciation as
a consequence of break-up, occurring only after moisture resupply to the cloud layer has been sufficiently reduced.

With cloud ice consistently growing at the expense of cloud liquid water through the Wegener-Bergeron-Findeisen (WBF)
process (Wegener, 1911; Bergeron, 1935; Findeisen, 1938), coupling between the moisture-supplying surface and the cloud
layer is required to maintain mixed-phase clouds. To compensate for the loss of liquid water, sustained updrafts transporting
moisture-rich air from the surface must be maintained. While the strong surface fluxes of CAOs (Renfrew and Moore, 1999;
Papritz and Spengler, 2017) can sustain these updrafts and maintain surface-cloud coupling for a relatively long time, the MBL

may eventually become too deep for this coupling to persist. At this stage, updrafts no longer reach cloud base, depleting
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the remaining liquid water. Meanwhile, ice crystals may continue to grow through aggregation and precipitate, ultimately
dissipating the remaining cloud.

Within this framework, precipitation is not the trigger for break-up, but it may contribute through sublimation-driven cooling
below cloud base, which can increase MBL stratification and weaken cloud-surface coupling. While we cannot confirm this
pathway, our results rule out precipitation intensity alone as a universal trigger for cloud break-up in CAOs.

This leaves dynamics related to MBL deepening as the factors with the highest predictive power for break-up. Specifically,
the fetch at break-up is moderately correlated with EIS and M just off the ice edge, as well as with M and the stability parameter
—H/L at break-up. However, the relatively weak correlations suggest that the pathway to break-up is complex and potentially

influenced by additional factors not investigated in this study.

4 Conclusions

Here, we used a newly developed machine-learning cloud classifier applied to MODIS infrared imagery to track CAO cloud
fields from the sea-ice edge to break-up over the North Atlantic during 2006-2017. We combined these classifications with
CloudSat/CALIPSO cloud products and MERRA-2 reanalysis data, and used a statistical approach to investigate the timing
and location of break-up and its relation to precipitation, MBL structure, and instability. By relating atmospheric conditions to
the observed break-up location across 11 years of CAOs, our framework extends previous observational and modeling studies
that have primarily focused on individual events or cloud evolution as a function of fetch from the ice edge. Using this, we
evaluate three hypotheses for cloud break-up drivers: precipitation (H1), MBL deepening and decoupling (H2), and instability
and turbulence generation (H3)

Regarding H1, we find that precipitation is already frequent and of similar magnitude throughout the closed-cell regime, with
no systematic maximum at or immediately before break-up. This rules out precipitation intensity alone as a universal trigger
for break-up in CAOs. Instead, we observe maximum precipitation rates occurring 100-250 km from the ice edge, independent
of break-up location. This result challenges the generalizability of observational and model case studies, which suggest that
enhanced precipitation immediately preceding the transition is required for break-up (e.g. Abel et al., 2017; Karalis et al.,
2022). At the same time, our results do not exclude precipitation as a contributing process in individual events. Specifically,
precipitation may act as a continuous cloud-water removal process that contributes to stratification and decoupling through
sublimation-driven cooling below cloud base.

Aligning with H2, we find that break-up tends to occur when CTH reaches approximately 2 km. Consequently, we observe
that CAOs that break up closer to the ice edge show a faster deepening of the MBL and are associated with weaker initial EIS,
weaker subsidence, and larger M. These results extend the findings of McCoy et al. (2017), who linked CAO cloud regime to
EIS and M, by directly relating these quantities to the location and timing of break-up. Additionally, it supports the findings of
Tornow et al. (2023), which showed that subsidence suppressed MBL deepening and delayed break-up. Together, this identifies
flux-driven MBL deepening, modulated by inversion strength, instability, and subsidence, as the strongest statistical control on

the timing and location of CAO cloud break-up.
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For H3, earlier break-ups tend to occur under conditions with higher —H /L, indicating a larger role for buoyancy-driven
turbulence that favors conditions for cellular convection. While this is partly consistent with previous studies (e.g. Etling and
Brown, 1993; Klingebiel et al., 2026), we find no universal threshold in either —H /L or M for determining the location and
timing of break-up. We instead see instability and turbulence generation as modulators of the timing of break-up.

The strongest and most consistent signal across the transition is a sharp shift in cloud phase. The mixed-phase fraction
remains high in the closed-cell regime before rapidly declining as the ice fraction increases at break-up. This glaciation signal
is consistent with previous studies (e.g. Abel et al., 2017; Tornow et al., 2021), but we show that it is not accompanied by a
universal increase in precipitation intensity. This motivates, but does not directly demonstrate a decoupling-based glaciation
interpretation: We propose that glaciation occurs once liquid-water depletion by precipitation and ice growth is no longer
balanced by moisture resupply, which is reduced as flux-driven MBL deepening promotes MBL decoupling. However, the
exact roles and temporal ordering of these processes remain unresolved by the present satellite and reanalysis data.

Overall, our results suggest that CAO cloud-field evolution and break-up are best understood as an evolving boundary-layer
process, rather than as a response to precipitation intensity or onset alone. This shows the need for correctly representing MBL
dynamics in weather and climate models to accurately simulate CAO cloud evolution. However, given the sensitivities and
uncertainties of satellite retrievals and reanalysis products, future work should test the proposed decoupling pathway using
observations and models that resolve the vertical thermodynamic and turbulent structure of the MBL. Aircraft observations,
dropsondes, and active remote-sensing observations from EarthCARE (Illingworth et al., 2015; Wehr et al., 2023), together
with high-resolution modeling, can help determine the respective roles of cold pools, sub-cloud sublimation, ice-nucleating
particles, and secondary ice production in individual CAO transitions. Such work is also needed to determine how future
changes in CAO instability, turbulence, and MBL deepening could shift the timing of cloud break-up, with consequences for

cloud fraction, albedo, and regional radiative effects of CAOs.

Code and data availability. MODIS level 1B calibrated radiances can be accessed at https://ladsweb.modaps.eosdis.nasa.gov/search/order/
1/MODO021KM--61 (MODIS Characterization Support Team (MCST), 2017). NIMBUS sea ice concentration data is available at https:
/Insidc.org/data/nsidc-0051/versions/2 (DiGirolamo et al., 2022). The MERRA-2 reanalysis products are accessible at https://disc.gsfc.nasa.
gov/datasets/M2TINXSLV_5.12.4/summary (Global Modeling and Assimilation Office (GMAO), 2015). CloudSat/CALIPSO products are

available from https://www.cloudsat.cira.colostate.edu/.

Appendix A: Model performance

To evaluate the classification model, we calculated the confusion matrix shown in Fig. Al. This figure shows the fraction of
predictions assigned to each class given the true class. Overall, the model performs well as indicated by the high percentages
along the diagonal. However, we do observe that the model struggles in classifying closed cells accurately, with 23.9 % of
true closed cells being classified as neither. While we do not explore the specific misclassifications in detail, they might partly

be a result of discrepancies in the evaluation dataset. Nevertheless, this is not a major concern since the model is more likely
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to avoid making an incorrect labeling of a closed or open cell, than misclassify them. Therefore, we have confidence in the

classifications and break-ups identified by the model.

100
°
[
3

s 80 2

©

<

[

60 2

v 5 85.5% @
S5 O

o Qo

= 4112 °

-20 §

c

[J)

o

&

2.1% 3.4% -20

Neither

485 807
' ' -0
Closed Open Neither
Predicted

Figure A1l. Confusion matrix showing model performance on unseen test data. Percentages indicate the fraction of predictions assigned to

each class given the true class. Numbers represent the total predictions made for each true class.

Appendix B: Lagrangian trajectories

Earlier studies have focused on how CAO clouds develop as a function of time since ice (e.g. Murray-Watson and Gryspeerdt,
2024). While this indicates how cloud properties evolve on average as the clouds traverse the ocean, it does not allow us to
examine cloud properties relative to break-up. However, with our automatized break-up detection, we can utilize the MERRA-
2 wind field to step back in time to investigate the relation between the meteorological background at the sea ice edge and the
time and distance to cloud break-up.

Our Lagrangian framework for calculating time to break-up uses the MERRA-2 wind field at the time and location of break-
up to step backward in time in 30-minute increments. At each step, we extract the wind field closest in time and space to the
updated location and continue stepping backward until reaching a sea ice concentration of 20 %.

While this approach does no longer provide collocated satellite retrievals, it enables us to use reanalysis data to investigate
air masses from their departure at the sea ice edge to cloud break-up. This helps us understand why cloud break-up occurs at

varying fetches.
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Figure B1. Similar to Fig. 5, but with break-up time since ice instead of fetch. The EIS and M index are calculated using MERRA-2
reanalysis, 1.5 hours from the ice edge. Red lines indicate the medians, boxes show the 25th—75th percentiles, and whiskers show the 10th—

90th percentiles.

Similar to Fig. 5, Fig. B1 shows the EIS and M index following air-mass departure from the ice edge. To ensure compara-
bility with the non-Lagrangian analysis, we evaluated these stability parameters at 1.5 hours since the ice edge, corresponding
to approximately 50 km from the ice edge in Fig. 5, based on typical wind speeds of about 10 m/s. Using this approach, we
observe slightly lower correlations for EIS and higher correlations for the M index. However, the overall message remains
consistent: greater instability, indicated by higher M, is associated with earlier break-up, whereas higher EIS corresponds to
later break-up. This supports our conclusion that EIS and M govern the deepening rate of the MBL and, consequently, the
timing of cloud break-up.

These results also suggest that our non-Lagrangian approach captures the general development of CAOs. This is further
confirmed in Fig. B2, where non-Lagrangian trajectories closely align with Lagrangian distances and times since ice, demon-

strating the stability of wind fields during CAOs.
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Figure B2. Histograms of the relationship between Lagrangian and non-Lagrangian trajectories. Panel A shows non-Lagrangian distance

from ice versus Lagrangian time since ice, while panel B shows non-Lagrangian versus Lagrangian trajectory distance from ice.

Appendix C: Precipitation as function of distance from ice
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Figure C1. Boxplots showing the surface snowfall rate in mm/hr at 50 km distance bins from the ice edge. The red lines indicate the median,
the boxes the 25-75th percentiles, and the whiskers the 10-90th percentiles. The different panels show transects where break-up occurred at

different fetch ranges. These were 100-275, 275-450, 450-625, and 625-800 km from ice for panels A), B), C) and D) respectively.
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To investigate the precipitation pattern closer to the ice edge, we show precipitation rates as a function of distance from ice
in Fig. C1 for the break-up categories, early, early-mid, mid-late, and late in panels A-D respectively. Here it becomes clear
that the location of the generally highest precipitation rates are independent of fetch at break-up, but occur at characteristic
distances from the ice edge. In all four panels we observe the highest median precipitation rates at 100-250 km from the ice
edge. Again, we generally observe enhanced precipitation maxima after break-up, but as these maxima occur after break-up,

we remain unable to use precipitation as a predictor for the timing and location of break-up.

Appendix D: The role of subsidence

To investigate the role of subsidence on the timing of break-up, we use the omega parameter at 700 hPa from MERRA-2
reanalysis, as shown in Fig. D1. This figure indicates that CAOs with later break-ups experience stronger subsidence compared
to earlier break-ups. To further investigate its potential influence on delaying break-up, we calculate ice-to-break-up trajectory
means of omega and correlate them with fetch at break-up. This yields a weak correlation coefficient of 0.1, suggesting a
minimal influence of subsidence break-up timing. These findings relate back to H2, where stronger subsidence may limit the

deepening rate of the MBL and thus delay break-up, such as observed by Tornow et al. (2023).
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Figure D1. Subsidence at 700 hPa from MERRA-2 reanalysis for the same distance bins as described in Fig. 2.

Appendix E: Cloud phase

In addition to the two-dimensional cloud phase development shown in Fig. 3, we investigate phase fractions as a function of
distance from break-up in Fig. E1. This figure more clearly captures the glaciation signal across the transition, with the median
mixed-phase fraction decreasing from above 90 % to below 40 % as clouds transition into the open-cell regime. However,

the phase fractions vary considerably across different CAO events, as indicated by the boxes and whiskers, suggesting that
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glaciation of individual clouds can occur well within the closed-cell regime without necessarily leading to break-up across the

entire cloud field.
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Figure E1. Liquid (A), mixed (B), and ice (C) phase fractions as a function of distance from break-up. Colored boxes represent the 25-75th
percentiles, while the whiskers represent the 10-90th percentiles. Gray histograms represent the number of observations within each 50-km

bin corresponding to the phase fractions.

Appendix F: Cloud top temperature, liquid and ice water paths

We also retrieve the ice water path from the combined CPR and CALIOP 2C-ICE product (Deng et al., 2010, 2013, 2015).
To retrieve LWPs we used the combined Advanced Microwave Scanning Radiometer (AMSR) product: AMSR-E/AMSR2
Unified L2B Global Swath Surface Precipitation, Version 1 (Kummerow et al., 2020). Both AMSR instruments were part of
the A-train constellation, allowing close to perfect temporal collocation with our wind transects. For the spatial collocation, we
only use nadir pixels in order to provide the LWP at the same locations as the active remote sensing products.

A common problem when using microwave retrievals of LWP is the beam-filling error giving inaccurate in-cloud estimates
for a non-uniform cloud field (Liu and Curry, 1993). As we are interested in the evolution of LWP as clouds break-up, it
becomes especially important to account for this error. A common approach is to scale the LWP by the inverse of the cloud
fraction (CF) (Greenwald et al., 1997):
Lwp

CF
To perform this scaling, we utilize the CLDMSK_L2_MODIS_Aqua product (VIIRS Atmosphere Science Team SSEC Uni-
versity Of Wisconsin-Madison, 2026) to calculate a cloud fraction, giving us the final scaled LWP.

Figure F1 shows the CTT, IWP, LWP, and the summed total water path (TWP) in panels A, B, C, and D, respectively. While

LWPscaled = (F 1 )

the TWP quickly reaches relatively stable values as the clouds move off the ice edge, the development of IWP and LWP depend
on the break-up distance from the ice edge. Clouds that travel farther than 600 km before breaking up tend to have higher LWPs
and lower IWPs, whereas cases that break up closer to the ice edge exhibit lower LWPs and higher IWPs.
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Because IWP retrievals are temperature dependent, we also examine CTT as shown in panel A. Regions of low IWP generally
coincide with higher CTTs, suggesting a potential retrieval bias. Nevertheless, the AMSR LWP signal aligns with the IWP
pattern, which increases our confidence that the observed partitioning reflects temperature-dependent ice production processes
in the clouds, rather than retrieval artifacts.

For CAOs breaking up within 600 km of the ice edge, no clear dependence of CTT, IWP, or LWP on break-up distance is
apparent, indicating that the role of CTT is not universal. This suggests that sufficiently high CTTs may favor alternative cloud

evolutions influenced by processes beyond those discussed in H2 and H3.

40

w
S

N
S

Liquid Water Path [g/m?]

w
S
@

—— break-up

— |ce edge

—— Distance from ice edge
-600  -400  -200 200 800 ~600  -400  —200 200 400 800

Count Distance from break-up [km] Distance from break-up [km]

D) TWP-,

120 kY

Break-up distance from ice [km]
=
5

100-

>

7007

,_.
o]
S

1

Total Water Path [g/m?

500"

Y
3
Ice Water Path [g/m?]

300

Break-up distance from ice [km]

b i ' ' \J ||
100 -600  -400  —200 —600  —-400  —200 0 800 '0
Count Distance from break-up [km] Distance from break-up [km]

Figure F1. Cloud top temperatures (A), Liquid water path (B), ice water path (C), and total water path (D) as a function of distance from
break-up and fetch at break-up.
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