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Abstract. Open-ocean polynyas (OOPs) and deep convection in the Southern Ocean are critical features of the global climate
system, however, their representation and mutual dependence in climate models remain poorly understood. This study investi-
gates the occurrence and coupling of OOPs and deep convection across 49 CMIP6 models using long-term pre-industrial con-
trol simulations. Our results reveal that while most models simulate both phenomena, their spatial and temporal co-occurrence
varies substantially. Although deep convection is typically associated with surface salinification and heat loss, it does not al-
ways result in detectable polynyas. We identify two distinct regimes of OOPs across the ensemble: "deep OOPs", which are
directly coupled to deep ocean convection, and "shallow OOPs", which form independently of deep mixing, likely driven
by surface forcing or sea-ice divergence. The representation of these regimes is strongly influenced by the choice of ocean
model component. These findings highlight the importance of process-based diagnostics in evaluating Southern Ocean over-
turning and suggest that the connection between surface polynyas and deep water formation is more complex than traditionally

assumed in climate models.

1 Introduction

Polynyas are ice-enclosed regions of nearly open water that occur in high-latitude oceans. As sea ice forms and thickens during
the cold months in each hemisphere, it acts as an insulating barrier between the ocean and the atmosphere, thereby influencing
regional thermodynamics and air-sea gas exchange. The presence of large polynyas in wintertime enables substantial heat and
gas transfer from the ocean to the atmosphere, which can significantly impact atmospheric dynamics and the global heat and
carbon budget (Fusco et al., 2009; Bernardello et al., 2014; Cabré et al., 2017; Weijer et al., 2017; Kaufman et al., 2020).

In the Southern Ocean (SO), polynyas occasionally occur within the sea-ice zone surrounding the Antarctic ice sheet (Barber
and Massom, 2007). Most polynyas are typically found near the Antarctic shelf and are known as coastal polynyas. Their
formation is primarily driven by strong katabatic winds and divergent ocean currents that displace freshly formed sea ice away
from the Antarctic continent (Bromwich and Kurtz, 1984; Thompson et al., 2020). Coastal polynyas facilitate significant heat
loss from the ocean through latent heat of fusion, and are thus considered as latent heat polynyas. As a result, they are key
sites for intense sea ice production and the associated salinization of shelf water, processes that contribute substantially to the

Antarctic Bottom Water (AABW) formation (Morales Maqueda et al., 2004; Tamura et al., 2008; Ohshima et al., 2013, 2016).
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In contrast, open-ocean polynyas (OOPs), first observed in the Weddell Sea via satellite microwave radiometry in the 1970s
(Carsey, 1980; Comiso and Gordon, 1987), form within the interior of the sea ice pack over the deep ocean. OOPs are thought
to be thermally driven and maintained by deep-reaching convection, which induces heat into the surface layer (Gordon, 1982).
The convective upwelling of warm Circumpolar Deep Water (CDW) supplies sufficient energy to melt the overlying sea ice and
suppress the formation of new ice (Holland, 2001; Cheon et al., 2014; Cheon and Gordon, 2019). Thus, they are also referred
to as sensible heat polynyas, which have lower ice production rates compared to coastal polynyas, and are likely to be found in
areas with enhanced oceanic heat flux, such as tidal straits or near seamounts (Morales Maqueda et al., 2004).

Several mechanisms have been proposed to explain the initiation of large OOP. A number of studies have emphasized the
role of topographically induced ocean dynamics, wherein mesoscale eddies generated by flow over seamounts can induce sea-
ice divergence via anomalies in Ekman stress, thereby creating ice-free regions (Holland, 2001). These eddies can also uplift
isopycnals and weaken the stratification, thereby preconditioning the water column for deep convection (de Steur et al., 2007).
Atmospheric forcing has also been identified as a key triggering mechanism. Parkinson (1983) simulated the formation of the
Weddell polynya through the encirclement of an open-water region by sea ice under conditions of low atmospheric pressure.
Intense polar cyclones or storms can similarly drive pronounced sea-ice divergence and expose the ocean surface to rapid heat
loss, enabling the onset of localized convection (Francis et al., 2019). However, Tesdal et al. (2023) argued that even when
surface forcing is sufficiently strong to drive local convection, these processes alone may not fully destabilize the upper ocean;
the interior mixing regime and the background stratification critically determine whether such perturbations can actually induce
overturning to abyssal depths. More recent work by Narayanan et al. (2024) identified an Ekman-driven lateral salt transport
mechanism: enhanced easterly winds generate cross-frontal Ekman flow that advects saline water across a surface jet near
Maud Rise, thereby increasing surface salinity and promoting buoyancy instability. This process facilitates vertical mixing and
helps counteract the stabilizing influence of freshwater input, providing a quantitative pathway by which the system can be
tipped into a deep-convection regime. A recent study of the Cosmonaut Sea polynya further demonstrated that its formation and
variability are governed by a complex interplay among atmospheric, oceanic, and climatic processes operating over multiple
timescales (Dutta et al., 2026).

Some polynyas recur consistently at fixed geographic locations, likely influenced by underlying bottom topography (Morales
Maqueda et al., 2004). A notable example is the Weddell Polynya near Maud Rise, which persisted throughout the austral
winters of 1974, 1975, and 1976 (Gordon et al., 2007; Zhou et al., 2026), and reappeared in the Weddell Sea during 2016 and
2017 (Campbell et al., 2019; Jena et al., 2019). Similarly, an exceptionally deep convective event occurred near Maud Rise in
the 1970s, potentially reaching depths of 4,000 m (Gordon, 1978), with similar events possibly occurring in 2016 and 2017
(Cheon and Gordon, 2019).

The limited duration of satellite observations constrains long-term analysis of deep convection and OOPs. In contrast, numer-
ical models can simulate ocean dynamics over centuries, capturing potential recurring cycles of deep convection and polynya
events and their links to large-scale climate variability. For example, repeat cycles of deep convection and OOP on multi-

decadal to multi-centennial timescales have been demonstrated in box models (Martin et al., 2013; Boot et al., 2021), ocean
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general circulation models (Cheon et al., 2015; Kurtakoti et al., 2018), and coupled climate models (Goosse and Fichefet, 2001;
Martin et al., 2013; Weijer et al., 2017; Huot et al., 2021; Rheinlender et al., 2021; Diao et al., 2022).

Climate models participating in Phase 6 of the Coupled Model Intercomparison Project (CMIP6) show considerable vari-
ability in their simulations of SO sea ice (Roach et al., 2020; Li et al., 2021; Casagrande et al., 2023; Nie et al., 2023). This
variability can directly influence the models’ ability to represent key coupled processes such as OOP and deep convection
events, which depend sensitively on sea-ice cover and its seasonal dynamics. Previous studies on earlier model generations
and CMIP6 models have demonstrated that some models simulate repeat cycles of deep convection and polynyas on multi-
decadal to multi-centennial timescales (de Lavergne et al., 2014). Notable examples include models from the GFDL family
(Bernardello et al., 2014; Zanowski et al., 2015; Cabré et al., 2017).

Observations indicate that AABW is primarily formed on the Antarctic continental shelf, particularly within coastal polynyas
where intense sea-ice formation leads to brine rejection and the production of dense shelf water, which subsequently cascades
down the continental slope (Ohshima et al., 2022; Silvano et al., 2023; Golledge et al., 2025). However, most models participat-
ing in CMIP struggle to simulate these processes accurately, and often generate AABW through open-ocean deep convection
within OOPs (Heuz€ et al., 2013; Beadling et al., 2020; Jeong et al., 2020; Heuzé, 2021; Mohrmann et al., 2021). The coarse
resolution of these models limits their ability to represent key dynamics and fine-scale bathymetry, while many models also
show poor representation of ice-ocean interactions, including circulation beneath ice shelves and exchanges with the ice sheet
(Asay-Davis et al., 2017; Seroussi et al., 2020).

Recent high-resolution models have improved the simulation of deep water formation on the Antarctic continental shelf (e.g.,
Li et al., 2023). Many CMIP6 models now show better representation of shelf water formation and coastal polynyas compared
to earlier model generations (Mohrmann et al., 2021; Heuzé, 2021). However, OOPs remain prevalent in CMIP6 simulations
and are often overrepresented relative to observations (Mohrmann et al., 2021). Moreover, increasing model resolution can,
in some cases, enhance the occurrence of OOPs and deep convection (e.g., Diao et al., 2022; Jeong et al., 2023). These
findings suggest that OOP formation and associated deep convection may be important to model behavior, and their underlying
mechanisms require further investigation.

This study investigates naturally occurring deep convection and OOP events in the SO across 49 CMIP6 models using
long-term pre-industrial control simulations. The central aim is to characterize the relationship between deep convection and
OOPs under non-anthropogenic forcing conditions, and to identify the factors that favor their occurrence in certain models.
Specifically, we address three questions: (i) how strongly OOPs and deep convection are coupled across the 49 models; (ii)
whether models exhibit distinct regimes in which OOPs coincide with deep convection versus those characterized by shallow
or absent convection; and (iii) which large-scale mean-state properties and model configurations favor each regime. To answer
these questions, we apply a consistent detection framework to identify OOPs and convective events across models (Section
2), compare their spatial overlap and co-variability, and relate event statistics to SO stratification and surface forcing biases
(Section 3). We further quantify the coupling between deep convection and OOPs and separate the different regimes (Section
4). We then synthesize behavior by ocean-model family (Section 5) to highlight structural dependencies. We conclude with a

discussion of results and directions for future research.



95

100

105

110

115

120

125

https://doi.org/10.5194/egusphere-2026-3060
Preprint. Discussion started: 10 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

2 Identifying deep convection and OOP events in CMIP6 models

The primary objective of this study is to explore deep convection and OOP events in the SO and their interconnections across
CMIP6 models. To investigate the occurrences of deep convection events and OOPs across different models, it is essential to
establish a standardized identification framework based on available diagnostic outputs. The diagnostic protocols provided by
the Ocean Model Intercomparison Project (OMIP) and the Sea-Ice Model Intercomparison Project (SIMIP), both endorsed by
CMIPO, offer guidelines for ocean and sea ice related variables to enable consistent cross-model analysis (Eyring et al., 2016;

Griffies et al., 2016; Notz et al., 2016).
2.1 CMIP6 models

The identification of deep convection and OOP events in the SO requires integrating multiple indicators. However, not all
models include the full set of necessary variables for public access. Therefore, only a subset of models is chosen for this study.
We explore and expand existing methodologies for deep convection and OOP identification on the selected subset of CMIP6
models.

Within all standardized simulations designed to benchmark model behavior from CMIP6, we focus specifically on the pre-
industrial control (piControl) simulations, which represent the long-term, stable quasi-equilibrium climate state in the absence
of anthropogenic forcing, offering a reference for understanding natural variability in the interactions between ice, ocean, and
atmosphere. A total of 49 models from 25 modeling centers were selected based on the availability of key diagnostic variables
and a minimum simulation length of 300 years. For each model, we use the last 500 years of data when available; for those
with shorter durations, the full length of the simulation is included. The majority of models provide data outputs for only
one ensemble member, with the variant “rlilp1f1” being the most commonly available. We prioritized the use of the variant
“rlilp1fl”, and used alternative ensembles when this variant is unavailable. Given our focus on the large-scale OOPs that
persist over multiple years, monthly mean data were sufficient for the analysis. We use area-weighted monthly averages of
relevant oceanic and sea ice variables. Table 1 summarizes the selected models and relevant details. We separate models into
different groups based on their ocean module used in each model to facilitate inter-model comparison.

Spatial resolution is also a key factor influencing the accuracy of models, as high-resolution models can capture small-scale
convection processes better (e.g. Diao et al., 2022). All model outputs are analyzed on the original resolution of each model
unless the outputs with the original grid are not accessible. Table 1 summarizes the horizontal and vertical resolutions of the
models. For models with structured grids, the horizontal resolution refers to the number of data points in the meridional and
zonal directions. For models with unstructured grids, the horizontal resolution corresponds to the total number of cells in the
grid. The vertical resolution represents the number of vertical levels.

OOP and deep convection events occur predominantly during winter, while most CMIP6 models accurately capture the
seasonal sea ice concentration (SIC) cycle, with maximum SIC typically observed in September (Beadling et al., 2020). There-

fore, our analysis focuses on September mean model output for identifying OOP and deep convection events. Additionally, we
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examine the climatological mean state of some seawater and sea ice properties for each model. For some of these properties,

we also use data from all months to calculate annual means.
2.2 Identifying deep convection across models

The preconditioning for open-ocean deep convection occurs as a result of the interplay between water column destabilizing
processes in the wintertime. On one hand, surface brine rejection and salinification lead to the formation of denser and heavier
waters in the upper layers of the water column. On the other hand, subsurface advection of warmer waters disrupts the strat-
ification of the deep water column. These processes collectively initiate convection, leading to water column mixing and the
deepening of the mixed-layer depth (MLD). The identification and analysis of deep convection is therefore typically linked to
MLD.

The selection of an MLD threshold to define deep convection varies depending on the specific research objectives and
the regional oceanic characteristics. For example, studies have used critical depths of 700 m in the Nordic Seas and 1000
m in the Labrador Sea (e.g., Liu et al., 2024) to accommodate local bathymetric constraints. In contrast, in the deeper SO,
de Lavergne et al. (2014) defined deep convection regions as MLD exceeding 2000 m and applied this across CMIP5 models.
This definition has been widely adopted (e.g., Dufour et al., 2017; Chen et al., 2023). When identifying deep convection in
the SO Atlantic sector in CMIP5 models, Reintges et al. (2017) applied an even higher September MLD threshold of 3000
m, while using a different MLD definition from that of de Lavergne et al. (2014). Beyond fixed MLD thresholds, alternative
metrics have also been used. For example, ventilated volume, defined as the horizontal integral of MLDs greater than 500 m
south of 60°S, has been used to analyze SO deep-reaching water properties in CMIP5 model (Behrens et al., 2016), showing
similar categorization of convective and non-convective models to de Lavergne et al. (2014). Deep mixed volume, or mixed
layer volume, which combines MLD and cell area, is another metric used to analyzed deep water properties and to assess deep
convection in the SO (e.g., Heuzé, 2021; Zeller and Martin, 2024). Furthermore, Zhang et al. (2019) employed an AABW
index as an indicator of deep convection strength in the SO.

Although alternative metrics provide detailed insights into deep water properties, an MLD-based method is sufficient for
detecting deep convection in this study. Moreover, the variables required for this method are available for most models or can
be readily derived from temperature and salinity fields when not directly provided. We use the September mean model output
"mlotst", which represents the ocean mixed layer thickness defined by a density criterion, when provided by model directly.
For models without this output, we calculate MLLD from potential density following the method of de Boyer Montégut et al.
(2004), i.e., the maximum depth at which the potential density differs from the surface (typically measured at 10 m depth) by
less than 0.03 kg/m3. This density-based threshold method is commonly used to identify regions of substantial vertical mixing
and is recommended by OMIP protocols (Griffies et al., 2016).

Potential density is derived from model diagnostic outputs seawater potential temperature ("thetao") and salinity ("so"
using a TEOS-10 based seawater toolbox (see Appendix A for details). We apply this approach to all 49 models. In general,
the calculated MLD matches well the model diagnostic variable "mlotst", though some discrepancies exist. In particular, for
ACCESS-CM2, NorESM2-MM, NorESM2-LM, the calculated MLD in the Weddell and Ross Sea is shallower than the output



160

165

170

175

180

185

190

https://doi.org/10.5194/egusphere-2026-3060
Preprint. Discussion started: 10 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

variable "mlotst" from the model; for CAS-ESM2-0 and FGOALS-g3, the calculated MLD is deeper in the SO than the "mlotst"
from the model.

We examine different MLD threshold to detect deep convection in the GFDL-CM4 model as an example (Fig. 1a). Con-
vection regions can shift locations from year to year over entire simulation period, therefore, we map all the locations where
convection events can be detected after applying different thresholds. Both the locations and the size of the convection region
vary depending on the threshold used. A relatively loose threshold of 1000 m categorizes most of the SO, including regions
near Antarctic Circumpolar Current (ACC) band, as convective regions, which is not ideal for this study. In the contrast, A
2000 m threshold identifies convection primarily in the Weddell and Ross Sea, which is consistent with previous findings
(de Lavergne et al., 2014).

We also analyze the standard deviation of MLD to identify regions with the greatest interannual variability. In the SO,
MLD can be very shallow during non-convective periods and considerably deeper during convective periods, leading to large
temporal fluctuations. Consequently, areas with frequent strong convection will show higher MLD variability than regions
with less convection. Regions where the September MLD standard deviation exceeds the 97th percentile of all SO values are
delineated by the black contour line in Fig. 1b. Using this criterion, we identify high-variability regions in both the Weddell
and Ross Seas, consistent with convective areas detected using a 2000 m MLD threshold. In contrast, large areas near the ACC
band that classified as convective based on a 1000 m threshold show lower MLD variability compared to the convective regions
in the Weddell and Ross Sea, suggesting that the ACC maintains a persistently deep mixed layer, with limited multi-decadal
variability. Therefore, applying a 1000 m threshold may capture regions lacking dynamic variability, thus obscuring detection
of multi-decadal changes.

Our results highlight strong temporal variability in MLD in the Weddell and Ross Seas, indicative of periodic convection
events. However, while the GFDL-CM4 model simulates a regular recurrence of deep convection events in the SO, this pattern
may not be universal across climate models. The standard deviation-based method effectively identifies regions of pronounced
and frequent convection but may underestimate the total convection area in models with weaker convection. Therefore, this
approach may have limited applicability as a general convection detection method across different models.

We believe that in the SO, in order to have surface water mix with deep water, MLD should be more than 2000 m, as used
in de Lavergne et al. (2014). Therefore, we use the MLD larger than 2000 m as criteria for detecting deep convection. Regions
with MLD larger than 2000 m at least once in the entire analyzed simulation time period are considered the "total convection

area".
2.3 Identifying open ocean polynyas across models

Since polynyas are defined as areas of open water within sea ice-covered regions, they are commonly identified based on the
concentration or thickness of sea ice. A critical aspect of this identification process is determining an appropriate threshold to
distinguish between open-water and ice-covered areas. A 15% sea ice concentration (SIC) threshold is often used to estimate
sea ice extent (SIE) based on satellite observations and model simulations (e.g., Comiso and Nishio, 2008; Tschudi et al.,

2020; Shu et al., 2020). Tamura et al. (2008) examined coastal polynyas using sea ice thickness data, defining thin ice as less
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than 0.2 m thick and applying thresholds of 0.1 and 0.2 m to delineate their extent. Similarly, Kern et al. (2007) noted that
Antarctic polynyas might include areas with ice thickness up to 0.25 m, and SIC ranging from 25% to 45%, depending on
the region. Massom et al. (1998) experimented with various thresholds and concluded that a 75% ice concentration can still
be effective for latent-heat polynya detection using satellite imagery. Haid and Timmermann (2013) combined SIC and ice
thickness, defining polynyas as regions with less than 70% SIC or ice thickness below 0.2 m based on model outputs. Notably,
Smedsrud (2005) identified polynyas with relatively high ice concentrations of 75% to 78.5%, which remained distinct within
the surrounding ice-covered sea and facilitated significant ocean—atmosphere heat exchange. These varying thresholds highlight
that polynya identification is inherently dataset- and method-dependent, with different data sources and detection approaches
yielding substantially different results (Zhou et al., 2026).

We examine various SIC (Fig. 1c) and ice thickness (Fig. 1d) thresholds for OOP detection in the GFDL-CM4 model
as a case study. Applying a relatively strict SIC thresholds between 15% and 45% limits OOP identification to the Ross sea.
However, if we increase SIC threshold to 75%, we can also identify OOP in the Weddell Sea near Maud Rise. For ice thickness,
using thresholds from 0.2 m to 0.5 m, we can identify OOPs in both Weddell and Ross Sea. In contrast, when a looser threshold
of 0.8 m is used, OOP in the Ross Sea cannot be identified and the OOP identified in the Weddell Sea shifts from Maud Rise
to southern regions. Note that most polynyas detected seem to roughly overlap with areas of deep September MLD and large
MLD standard deviation.

SIC is the most widely available sea-ice-related output across models, making it a practical approach to identify polynyas.
The choice of a specific SIC threshold significantly influences both polynya location and presence. To illustrate this, we test
a wide range of SIC thresholds for OOP detection using the NorESM-MM model (Fig. 2). The September SIC maps (Fig.
2a) reveal regions in the Weddell and Ross Seas where SIC is substantially lower than the surrounding areas, indicating the
presence of polynyas. Specifically, Specifically, one large OOP is visible in the Weddell Sea, and two smaller OOPs appear
in the Ross Sea. Fig. 2c shows the OOP locations identified using different thresholds. At strict thresholds (10-30%), only
the large Weddell Sea OOP is detected. Increasing the threshold to 40-50% allows detection of one OOP in the Ross Sea.
If we further increase the threshold to 60-70%, the OOP in the Weddell can consistently be identified, with its size slightly
increasing. However, the previous detected Ross Sea polynya disappears, and another smaller polynya closer to the Antarctic
continent shows up. At very loose thresholds (80%), more locations can be classified as open water, causing the previously
identified OOPs to merge with the open sea and thus no longer qualify as a polynya. The total detected polynya area initially
increases with the threshold, peaks, then suddenly declines to zero when the threshold becomes too loose and all polynyas
merge with open water (Fig. 2b). This kind of phenomenon has also been found by previous studies (e.g., Mohrmann et al.,
2021; Landrum et al., 2026).

We perform the OOP identification test over a wide range of SIC thresholds to all 49 CMIP6 models (more details in Ap-
pendix B) and find that in general the resulting size of the detected total polynya area will rise as the threshold increases, How-
ever, overly high thresholds can cause polynyas to merge with the open ocean and become undetectable, no longer qualify as

polynya. Across models, variations in SIC value distribution influence polynya detection. Models with more low-concentration
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ice tend to show larger polynya areas at low thresholds, while those dominated by high-concentration ice only show abrupt
changes when higher thresholds are applied.

Our results suggest that a universal fixed SIC threshold cannot be consistently applied across models. Here we take the
long-term baseline September SIC values specific to each model into account to establish a consistent criterion applicable to
all model outputs. We calculate the temporal and spatial mean SIC over all locations with sea ice cover (where SIC is larger
than 0%) in each model (orange vertical line in Fig. B1). This threshold varies significantly across models, ranging from
approximately 50% to around 80%. Additionally, we focus on OOPs, specifically excluding coastal polynyas connected to the

Antarctic continent or ice shelf from our analysis.

3 Deep convection and OOP in CMIP6 models

We apply the methodology described in the previous section to the 49 models included in this study to identify the deep
convection regions and the OOP regions in the Southern Ocean in each model. Additionally, we calculate the mean state of key
SO properties, both for the SO basin (south of 55°S) and specifically within the detected deep convection and OOP regions, to

analyze their relationship with convection and OOP events.
3.1 Spatial distribution of deep convection and OOP

We detect deep convection and OOP events occurring during September in models. Total convection and OOP areas are defined
as the domains of all grid cells where deep convection or OOP events are detected in any year within the analyzed simulations.
Figures 3 and 4 present these detections as frequency of occurrence maps, indicating how often each grid cell is classified as a
convection or OOP region.

We identify deep convection in 38 out of 49 CMIP6 models (Fig. 3). Among these models, the Weddell Sea emerges as
the most prominent region for the occurrence of deep convection, with 32 models indicating its occurrence. Furthermore, 18
models show deep convection in the Ross Sea, while 16 models demonstrate similar activity within the Indian Ocean sector.
Models with POP-based ocean module show no convection regions.

We identify OOPs in 44 of 49 models. However, 11 models simulate just tiny polynyas, while only 33 models show OOPs
clearly visible in the maps shown in Fig. 4. Consistent with previous observational studies (e.g. Carsey, 1980; Comiso and
Gordon, 1996; Jena et al., 2019), OOPs occur predominantly in the Weddell Sea near Maud Rise and the Cosmonaut Sea. The
Weddell Polynya appears in 26 models, with 15 simulating substantially larger polynya areas than those observed. Additionally,
large polynyas in the Ross Sea region are found in 22 models. OOPs are also identified in the Indian Ocean sector of the SO in
12 models, though only 6 simulate polynyas of appreciable size, while the others show only small openings. The FGOALS-g3
model stands out for its extensive representation of polynya locations, featuring OOPs across nearly all regions of the Southern
Ocean. No large OOPs are detected in the POP-based models.

The spatial resolution of models appears to influence the representation of OOP and deep convection in the SO. Among

the models studied, GFDL-CM4, HadGEM3-MM, and CNRM-CM6-1-HR have the highest horizontal resolutions, with a
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horizontal grid spacing of approximately 0.25°. All three models simulate extensive convection and some polynya formation
in the Weddell Sea. The high-resolution GFDL-CM4 produces smaller convection area and smaller polynya area compared
to its lower resolution counterpart, GFDL-ESM4 (0.5°), despite sharing similar physical parameterizations. Similarly, the
higher-resolution HadGEM3-MM shows reduced convection and polynya extent relative to the lower-resolution HadGEM3-
LL (1°). Among the CNRM models, CNRM-CM6-1-HR simulates convection and a small polynya in the Weddell Sea, while
the coarser CNRM-CM6-1 (1°) simulates convection also in the Australian domain but no polynyas anywhere. By contrast,
CNRM-ESM2-1 (1°) shows polynyas and significant convection in both the Australian and Weddell regions. Another example
is found in the MPI-based models, where the high-resolution MPI-ESM1-2-HR (0.5°) simulates slightly smaller convection
and polynya areas than MPI-ESM1-2-LR (1°), with convection and polynyas in both the Ross and Weddell Sea domains.
Previous studies have reported that increased oceanic resolution can improve model performance in simulating key oceanic
processes, particularly by better representing mesoscale eddy fields and dense water overflows (Dufour et al., 2017), which are
crucial for the formation and maintenance of OOPs and deep convection in the SO.

Several previous studies also explored the model performance in simulating polynyas and/or deep convection in the SO from
models. Some of them were using CMIPS models, some of them were using CMIP6 models but studied different experiments
(e.g. "historical").

de Lavergne et al. (2014) studied deep convection events in CMIP5 models across ‘piControl’, ‘historical’ and ‘rcp85’
experiments, using an MLD-based detection method that we also adopt. Many CMIP6 models share ocean components with
their CMIP5 predecessors and exhibit similar convection locations, though CMIP6 simulations often produce slightly larger
convection areas. For example, MOM-based models (e.g., ACCESS, GFDL) maintain consistent convection patterns, while
others show significant changes. FGOALS-g3, MIROCG6, and MPI models simulate broader convection compared to their
CMIP5 counterparts, whereas CMCC and GISS models show reduced or absent convection in CMIP6. CNRM models vary
with resolution with the lower-resolution CMIP6 model (CNRM-CM6-1) shifts convection to the SO Indian Ocean sector, and
IPSL models display notably different convection patterns between generations.

Reintges et al. (2017) also examined deep convection in CMIP5 "piControl" runs but using different definition of MLD
(depth of the ocean where the potential density difference to the surface reaches 0.01 kg/m?) and a stricter MLD threshold
(3000 m). Their results show smaller convection areas compared to results from de Lavergne et al. (2014) and ours, though
spatial patterns are broadly consistent.

Heuzé (2021) assessed SO bottom water characteristics in CMIP6 "historical" simulations, and they also laid out the loca-
tions where MLD is larger than 2000 m in their Figure 1. Notice they used a different MLD definition (depth where potential
density differs from that at 10 m depth by more than 0.125 kg/m3). Despite differences in MLD definitions, our results largely
agree in location but show larger convection areas, likely due to our longer analysis period (500 vs. 165 years). Some discrep-
ancies remain in specific models, such as CNRM-ESM2-1, GFDL-ESM4, GFDL-CM4, and HadGEM3-GC31-LL.

Mohrmann et al. (2021) investigated SO polynyas in CMIP6 "historical" simulation. They used a strict 30% SIC threshold

for polynya detection. Given our more relaxed criterion and longer simulation period, we detect larger polynya extents in
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similar regions, especially in ACCESS, GFDL, and MPI models. Both studies find that POP-based models lack open-ocean
polynyas.

3.2 Comparison of the deep convection and OOP spatial patterns

OOP events are generally attributed to heat transport from the deep ocean, where destabilization of the water column triggers
deep convection. Based on this, we assume that models simulating polynyas should also exhibit deep convection. By comparing
the maps of deep convection (Fig. 3) and the maps of OOP (Fig. 4), we observed a general spatial co-occurrence between
polynyas and deep convective activity. Despite this overall consistency, notable inter-model differences exist in the simulation
of both OOPs and convection areas.

Models employing the MOM or MPIOM ocean modules consistently simulate extensive deep convection areas alongside
polynyas, typically co-located. Among these, MPIOM-based models exhibit the largest polynyas and the most significant
convection activity. Within the MOM-based group, substantial polynyas are observed, although the ACCESS family of models
tend to produce relatively smaller polynyas. NEMO-based models show considerable variability in both convection and polynya
extent, while CanESM models simulate some deep convection but do not generate polynyas. In contrast, POP- and HY COM-
based models simulate neither convection nor polynyas.

Models from the MIROC family (MIROC6, MIROC-ES2L, and MIROC-ES2H) simulate extensive deep convection near
the continental shelves of both the Ross and Weddell Seas but do not produce large polynyas. This discrepancy coincides
with a markedly reduced winter sea ice extent, confined closely to the Antarctic coastline. Such behavior in MIROC models
is linked to anomalously warm sea surface temperatures (Fig. 5a), and is attributed to underestimated mid-level cloud cover
and excessive downward shortwave radiation (Tatebe et al., 2019), and is consistent with prior findings for MIROCS from the
CMIP5 generation (de Lavergne et al., 2014).

Similarly, the CNRM-CM6-1 model exhibits deep convection with mixed layer depths exceeding 2000 m in the Cosmonaut
region but fails to produce polynyas there despite the presence of sea ice.

These examples highlight that while deep convection is a necessary condition, sometimes it is not sufficient for polynya
development. Furthermore, a few models simulate polynyas without accompanying deep convection, indicating that alternative

mechanisms may also contribute to polynya formation in certain cases.
3.3 Model inter-comparison of mean state

As expected, in the entire SO (here we include all locations within south of 55°S), SIC and ice thickness both decrease with
increasing SST (Fig. 5a, c), with a stronger relationship for SIC-SST (Fig. 5c). Models with less sea ice or higher mean
September MLD also show greater heat loss from the ocean (Fig. 5b, d). Within the total convection area, the strong negative
correlation between SIC and SST, and between SIC and ocean heat flux (Fig. 6a, b) persists. While both SIC and ice thickness
correlate with ocean heat flux, SIC is the stronger predictor in both cases.

To investigate what controls the extent of the convection area across models, we use three separate convective area metrics.

The first is maximum convection area, defined as the largest area of a convection event across all years, and reflects the
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maximum potential size of a convective event in a model. The second is mean convection area, defined as the average convection
event size across all years (including years with no events), which indirectly incorporates the temporal frequency of convection.
The third is the total convection area. In general, we find reasonable correlations between the maximum, mean and total
convective area across models. Models with larger maximum convection areas tend to exhibit larger mean areas. However,
some models may produce only one large event during the entire simulation and no small events, resulting in a large maximum
area but small mean convection area.

Models with larger mean convective areas tend to have higher SST (both September and annual mean), deeper September
MLD and greater September heat loss within convective regions (Fig. 6d-f). These results broadly align with the established
understanding of Southern Ocean convection: enhanced vertical mixing brings warm Circumpolar Deep Water (CDW) to the
surface, increasing SST, melting sea ice, and enhancing heat loss to the atmosphere. However, the relationships are not uni-
form. For example, CAS-ESM2-0 (No.15), FGOALS-g3 (No.16), HidGEM3-GC31-MM (No.22), and CNRM-CM6-1 (No.30)
exhibit relatively small mean convection areas but high heat flux loss, suggesting that additional mechanisms are involved.

Models with larger mean convective areas also show lower September SIC south of 55°S (Fig. 6¢). One possible explanation
is that reduced SIC allows subsurface heat to melt sea ice more effectively, exposing the ocean surface to wind-driven mixing
and cooling, which promotes convection. Alternatively, larger convective areas may enhance upward heat transport, accelerate

sea ice melt and further reduce SIC.

4 Coupling between deep convection and OOP events across CMIP6 models

We observe that in many models, the spatial distribution of deep convection and OOP events overlap significantly. Furthermore,
a comparison of the total OOP and deep convection areas across models reveals a positive relationship: models with larger total
polynya areas generally also show more deep convection regions (Fig. 7a). This positive corelation supports the interpretation
that OOPs are sensible heat polynyas formed by upwelling of warmer deep waters, consistent with previous studies (e.g.
Morales Maqueda et al., 2004). However, we also notice that in most cases, the total convective areas are larger than the total
OOP areas, as indicated by most models falling below the 1:1 line in Fig. 7a. This discrepancy suggests that the relationship
between deep convection and OOP may be more complex than a simple one-to-one correspondence.

To further examine whether OOPs are sensible heat flux driven by upwelling of warm deep waters, we analyze the spatial
and temporal co-occurrence of deep convection and OOP events. For each model and simulation year, we detect the presence
of both event types and calculate the cumulative area of all convection and all OOP events over the analyzed simulation period.
We also identify regions where deep convection and OOPs co-occur in the same year, representing spatial-temporal overlap,
and compute the cumulative area of these overlapping events. To quantify the degree of overlap, we calculate the ratio of this
overlap area relative to the cumulative area of all OOP events and to the cumulative area of all deep convection events.

For most models, the ratio of overlap area relative to the cumulative area of all deep convection events is low (Fig. 7b),
indicating that the majority of deep convection events are not associated with OOP formation. Several factors may explain the

limited association between deep convection and OOPs, varying across models.
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First, deep convection may not release enough heat to melt sufficient sea ice to form a detectable polynya. This can be
observed in the GFDL-CM4 model, where strong and repeated convection events occur in the Weddell Sea. However, although
the overlaying SIC decreases during the convection events, the dropping of SIC is insufficient to meet the required threshold
for polynya detection.

Second, although ice melt occurs above convection area, the resulting open-water region may be too large and merge with
the surrounding open ocean, making it indistinguishable as a discrete polynya under our detection algorithm. For example, in
the GFDL-CM4 model, polynyas are detected in the Ross Sea during model year 235. However, in model year 236, despite the
presence of deep convection in the same region, the overlying sea ice has melted substantially, creating an open-water area the
connects to the broader SO. As a result, no polynyas are detected in that year.

Third, some OOP events may form independently of deep convection, instead driven by wind-induced sea ice divergence.
These cases are likely confined to the surface mixed layer, without involving deeper ocean overturning. To investigate this
further, we analyze the ratio of the overlap area relative to the cumulative area of all OOP events.

The ratio of overlap area relative to the area of all OOP events varies strongly across models. We define the overlapping
regions, where OOP events coincide with deep convection, as deep OOPs, since the underlying MLD is necessarily deep.
However, in many cases, OOP events occur without concurrent deep convection and instead have very shallow MLDs, sug-
gesting that these are not classical, thermally driven "sensible heat polynyas". By extension, OOPs without deep convection
are termed shallow OOPs, and are associated with relatively shallow MLDs. Thus, the ratio of overlap area to the aera of all
OOP evnets provides a measure of the fraction of deep OOPs among all OOPs.

Classifying polynyas into deep and shallow categories offers a more straightforward and process-based distinction, as it
better separates the dominant dynamics of polynya formation than the traditional latent heat (usually associated with OOP) vs.
sensible heat (usually corresponding to coastal polynyas) classification (Morales Maqueda et al., 2004). In reality, both coastal
and open-ocean polynyas involve a combination of sensible and latent heat processes.

Within CMIP6, some models exhibit almost no deep OOPs, while others, such as four MOM-based models (No. 2-5) and
two MICOM-based models (No. 42 and 43), show extensive deep OOP coverage (Fig. 7b). In these models, more than 70% of
the OOPs are deep, with shallow OOPs comprising less than 30%.

We further analyze major oceanic properties, focusing on the differences between deep and shallow OOPs within each model,
and across models (Figure 8). In all models, deep OOPs consistently show deeper September MLD and higher September SSS,
which is consistent with warmer water upwelling. SST is also generally higher in deep OOPs, except for MIROC6 (No. 47),
which are very warm models with anomalously high SST across the entire SO. Similarly, oceanic heat flux loss tends to be
greater in deep OOPs across models, with exceptions being UKESM1-1-LL (No. 24) and MIROC6 (No. 47). As expected, SIC
is lower in deep OOPs in all models, except for MIROC6 (No. 47).

These findings collectively support our central hypotheses that: (a) saltier surface waters can destabilize the water column
and trigger deep convection, resulting in OOPs; and (b) in deep OOPs, a deeper MLD and enhanced vertical mixing engage
more of the warm, saline upper CDW layer than in shallow OOPs, which results in warmer and saltier surface waters and a

more significant reduction in sea ice cover compared to shallow OOPs.
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5 Summary of model properties by ocean module group

Differences in models coupling methods, the use of various ocean and sea ice modules, and parameterization used to simulate
key mixing processes can all contribute to the discrepancies of the performance in different models. Parameterization, which
involves approximating physical processes within model equations, varies significantly across different ocean module in the
models. Their assumptions differ regarding the mechanisms of surface and deep water mixing, as well as buoyancy-driven con-
vection. Here, we will discuss some model groups based on the ocean module used and address some particularly noteworthy

behavior in different groups.
5.1 MOM-based models

The Modular Ocean Model (MOM), developed by NOAA’s Geophysical Fluid Dynamics Laboratory (GFDL), is an ocean cir-
culation model that employs a structured latitude-longitude grid and finite-volume difference methods with explicit time step-
ping to solve the primitive equations of motion. MOM incorporates several parameterizations, including the Gent-McWilliams
(GM) mesoscale eddy parameterization and the K-profile parameterization (KPP) for vertical mixing (Adcroft et al., 2019).

The latest version MOMG6 used in the two GFDL models. Unlike earlier versions that utilized a B-grid, MOM6 adopts a
horizontal C-grid, which is preferred for simulations that include an active mesoscale eddy field. Additionally, MOMG6 employs
a vertical Arbitrary Lagrangian-Eulerian (ALE) remapping technique, allowing for the use of any vertical coordinate system,
including geopotential, isopycnic, terrain-following, or hybrid/user-defined grids. This flexibility enhances the model’s ability
to accurately represent ocean dynamics, particularly in regions with complex bathymetry or varying stratification, which is
crucial for accurately modeling processes such as ice shelf grounding lines and coastal estuaries (Griffies et al., 2020).

The MOM-based models (No.1 BCC-CSM2-MR, No.2 BCC-ESM1, No.3 CAMS-CSM1-0, No.4 ACCESS-ESM1-5, No.5
ACCESS-CM2, No.6 GFDL-CM4, No.7 GFDL-ESM4) show relatively large mean convective areas. Within MOM-based
models, models with deeper September MLD also tend to simulate larger convective regions (Fig. 6e). While these models
have averaged mean SIC among all CMIP6 analyzed models, this group has the lowest mean sea ice thickness within south of
55°8 across all models (Fig. 5c). This reduced ice thickness likely facilitates deep convection by lowering the energy barrier
required for ice melt, which may account for the substantial total convection and polynya areas observed in MOM-based
models.

Within MOM-based models, BCC-ESM1, CAMS-CSM1-0, ACCESS-ESM1-5, and ACCESS-CM?2 demonstrate that over
70% of OOPs are classified as deep OOPs, consistent with the presence of high MLDs. Conversely, the two GFDL mod-
els (GFDL-CM4 and GFDL-ESM4) feature moderate MLDs south of 55°S (less than 250 m) and correspondingly smaller

convective areas, suggesting a distinct convective regime relative to the other MOM-based models.
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5.2 LICOM-based models

The LASG/IAP Climate System Ocean Model (LICOM) employs a structured grid with finite difference discretization and
explicit time stepping, including the isopycanal mixing and GM scheme for mesoscale eddy parameterization and Canuto
scheme for vertical mixing (Liu et al., 2012; Lin et al., 2020).

Two LICOM-based models are used in this study: the CAS-ESM2-0 (No. 15) and FGOALS-g3 (No. 16). FGOALS-g3 is
using the latest LICOM3 module, and it stands out as the coldest and saltiest model within south of 55°S (Fig. 5a), showing
also the highest surface salinity in this region, including within convective and polynya area. These characteristics contribute
to its high convective activity, as indicated by substantial surface heat loss both south of 55°S (Fig. 5b) and within convective
regions (Fig. 6f). Despite strong convection, SIC remains high (70% or above) both south of 55°S and within the convective
area, due to the model’s persistently low SST.

In contrast to most models, FGOALS-g3, along with two MPIOM-based models, is distinguished by a total OOP area
exceeding the total convective area, with FGOALS-g3 having the largest total OOP area among all models (Fig. 7a). This
feature leads to the highest overlap between convection and OOP with over 50% of the convective area corresponds to OOPs
(Fig. 7b). However, only 18% of OOPs detected in the model are classified as deep OOPs, indicating that while polynyas are
widespread, deep convection is more localized within them. Overall, the FGOALS-g3 model is characterized by a relatively low
average SIC, an extensive polynya coverage, and a substantial convective region, highlighting its distinct ocean-ice interaction

dynamics relative to other models.
5.3 NEMO-based models

The Nucleus for European Modelling of the Ocean (NEMO) is developed as a collaborative effort among European institutions.
In our study, a total of 20 models incorporate ocean modules based on NEMO. These NEMO-based models use a geopotential
vertical gird and implement a turbulent kinetic energy (TKE) scheme for vertical mixing (Uotila et al., 2017). Although 12 of
these models (model No. 25-36) employ the same NEMO version 3.6, there are substantial variability in their simulations of
deep convection and OOP events. Previous studies have found that modifying the oceanic vertical mixing parameters in NEMO
model can greatly influence the extent of SO open-ocean deep convection and the process triggering it (Heuzé et al., 2015).

Among this large group of models, two models from Met Office Hadley Centre (MOHC), HadGEM3-GC31-LL (No. 21)
and HadGEM3-GC31-MM (No.22), stand out. These two models have similar model settings, differing primarily in hori-
zontal resolution: HadGEM3-GC31-MM operates at a higher resolution (grid spacing of approximately 0.25°) compared to
HadGEM3-GC31-LL (1°). While HadGEM3-GC31-LL exhibits deep convection across all major basins, Ho)dGEM3-GC31-
MM has a smaller total deep convection area, localized to the Weddell Sea in the Atlantic sector (Fig. 3).

Within the SO basin (south of 55°S), the higher-resolution HaddGEM3-GC31-MM (No. 22) shows warmer and saltier surface
waters, reduced SIC(50% vs. 56%), and increased surface heat loss (45 vs. 38 W/ m?) relative to HadGEM3-GC31-LL (No.

21). These contrasts are even more pronounced within convective regions, where HadGEM3-GC31-MM also shows signifi-
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cantly deeper MLD (1000 m vs. 200 m), slightly larger mean convective areas, elevated SST, thinner ice cover, lower SIC (20%
vs. 70%), and approximately threefold greater surface heat flux loss (100 vs. 35 W /m?) compared to HadGEM3-GC31-LL.
Interestingly, despite extremely high MLDs (> 2300 m) inside polynyas in model 22, the proportion of deep OOPs is low.

This suggests a disconnect between MLD and deep polynya formation, warranting further investigation.
5.4 BLOM-based Models

The Bergen Layered Ocean Model (BLOM) employs a C-grid spatial discretization with 51 isopycnal layers and uses the KPP
scheme for vertical mixing, with increased maximum allowable mixing near the ocean bottom to provide sufficient mixing
downstream of overflows (Seland et al., 2020).

Three BLOM-based models from the Norwegian Climate Centre (NCC) are included in this study: NorCPM1 (Model No.
41), NorESM2-MM (No. 42), and NorESM2-LM (No. 43). NorCPM1 is a coupled climate prediction model that incorporates
data assimilation. NorESM2-MM and NorESM2-LM are fully coupled Earth system models, with NorESM2-MM featuring
higher spatial resolution for the atmosphere and land components. Both models share identical resolution for ocean and sea ice
components.

While no deep convection is detected in NorCPM1, NorESM2-MM and NorESM2-LM show strong deep convection and
rank among the most convective models. They show high MLD (deeper than 1700 m) in both convective and polynya regions,
along with relatively large mean convective areas. While their SST, SIC, and heat flux loss in convective regions are close to
the multi-model mean, they show strong spatial and temporal alignment between polynya occurrence and deep convection. In
both models, 70-80% of OOPs are deep OOPs, and around 30% of the total convective area is associate with OOP formation,
among the highest across all models. These models also show high polynya frequency (70-90% of the time), with frequent

temporal co-occurrence of large OOP and large convective events.
5.5 MPIOM-based Models

The three MPIOM-based models from the HAMMOZ-Consortium and the Max Planck Institute for Meteorology provide a
useful inter-model comparison due to their consistent configurations but differing horizontal resolutions. Among the three
models, MPI-ESM1-2-HR (No. 45) has the highest spatial resolution at approximately 0.5°, while MPI-ESM1-2-LR (No. 46)
and MPI-ESM1-2-HAM (Model 44) both have coarser resolutions near 1°. All three models use a modified version of the
Pacanowski and Philander (PP) ocean vertical mixing scheme (Gutjahr et al., 2021). MPI-ESM1-2-HAM distinguishes itself
through its more sophisticated aerosol scheme, which may lead to differences in climate sensitivity compared to the other two
models.

MPI-ESM1-2-HAM shows the warmest SO September SST, the lowest SIC, deepest MLD, and most heat flux loss among
the three models, but instead has the smallest mean polynya area. This likely results from its reduced SIE, which limits the
formation of OOPs within the Weddell Sea. The model’s relatively warm SST promotes extensive ice melt, merging open water

with the large open ocean and thereby not being identified as OOPs by our identifying algorithm.
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MPI-ESM1-2-HR and MPI-ESM1-2-LR show large total OOP areas that exceed their respective total convective areas.
However, these models display relatively shallow MLDs and limited spatial overlap between OOP and convection events, with
less than 10% of OOPs classified as deep OOP.

5.6 COCO-based Models

The three Japanese climate models, MIROC6 (No. 47), MIROC-ES2L (No. 48), and MIROC-ES2H(No. 49) are based on the
CCSR Ocean Component Model (COCO), an ocean general circulation model using the geopotential height vertical coordinate
and incorporate a turbulence closure scheme (Tatebe et al., 2019).

Compared to other models, these three show the warmest sea surface temperatures (SST) and the lowest SIC south of 55°S,
with SIC typically below 15% and relatively thin ice layers ranging from 0.6 to 0.8 meters. These characteristics are consistent
with previous studies (Beadling et al., 2020; Mohrmann et al., 2021). MIROC6 (No. 47) shows the highest surface heat flux
loss among all models, likely due to its combination of low sea ice cover and deep mixed layer depth (MLD).

Within convective regions, these models also maintain relatively high SST, low SIC, and elevated MLD values. MIROC6
and MIROC-ES2H have some of the largest mean convective areas, with MIROCG6 also showing the highest heat flux loss
within convective regions. The combination of excessive surface warmth and reduced ice cover in these models results in the
near absence of well-defined polynyas. Instead, the SO behaves more like a persistent polynya. Deep convection occurs widely
across the SO during winter and persists throughout the season.

Interestingly, MIROC-ES2L (No. 48) differs somewhat from its counterparts. Although it features high MLD and a relatively
large convective area, it shows lower SST and SSS. These fresher surface conditions likely contribute to its comparatively
weaker and less extensive convection. MIROC-ES2L simulates the smallest total convective area among the MIROC models,

highlighting the critical role of SSS in modulating convection dynamics.
5.7 MPAS-Ocean models

The Model for Prediction Across Scales-Ocean (MPAS-Ocean) is the ocean component of the Energy Exascale Earth System
Model (E3SM) that developed by the U.S. Department of Energy. MPAS-Ocean uses an unstructured Voronoi mesh with an
Arakawa C-grid discretization, allowing variable horizontal resolution and enabling high-resolution regional refinement. It
employs a z-star vertical coordinate, and incorporates the K-profile parameterization (KPP) for vertical mixing (Ringler et al.,
2013; Golaz et al., 2022). Three models emplyed MPAS-Ocean are included in this study: E3SM-1-0, E3SM-2-0, and E3SM-
2-0-NARRM. The two E3SM-2-0 models use a more recent MPAS-Ocean version, with the NARRM variant featuring the
North American regionally refined mesh grids. All three models in our study operate at similar low spatial resolutions, with
mesh spacing ranging from 30 to 60 km.

Previous studies with the low-resolution E3SM v1 model has demonstrated that low-resolution configurations poorly repre-
sent Antarctic coastal polynyas (Jeong et al., 2020). However, a high-resolution E3SM v1 (E3SM-HR, mesh spacing 8-16 km)
show significant improvements in simulating coastal polynyas relative to their low-resolution counterparts (Jeong et al., 2023).

As for OOPs, the low-resolution E3SM-LR simulations fail to reproduce OOP events, whereas E3SM-HR successfully simu-
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lates OOP occurrences near Maud Rise (Jeong et al., 2023). Consistent with these findings, none of the three low-resolution
models in our study produce OOPs. Although minor ice openings appear in E3SM-1-0, these are likely artifacts resulting from
our use of a relatively loose sea ice concentration threshold (50% versus 15% in previous studies) and represent negligible,
small-scale events. Furthermore, none of the models show deep convection. All three models as a group also show some of the

lowest heat flux loss, MLD and SSS of all the models.
5.8 POP-based Models

The Parallel Ocean Program (POP) is a numerical ocean model developed primarily at Los Alamos National Laboratory
(LANL) and optimized for efficient simulation on massively parallel computing architectures. POP employs fixed-depth (z-
level) vertical coordinates and use KPP scheme for vertical mixing (Danabasoglu et al., 2020).

In this study, we examine six POP-based models, four of which are versions of the Community Earth System Model 2
(CESM2) featuring different atmospheric configurations. CESM2 incorporates an overflow parameterization scheme that fa-
cilitates the transport of dense bottom water down continental shelves, enhancing the realism of bottom water formation pro-
cesses(Danabasoglu et al., 2020). While Mohrmann et al. (2021) demonstrated that CESM2 can reproduce coastal polynyas,
we find that POP-based models, including various CESM2 versions, can not simulate either OOPs or deep convection events,
consistent with studies on multiple generations of POP-based models in CMIP5 and CMIP6 (e.g., de Lavergne et al., 2014;
Heuzé, 2021; Mohrmann et al., 2021).

Interestingly, Chang et al. (2020) found that a high-resolution configuration of CESM (CESM1.3, with 0.1° horizontal
resolution) can simulate intermittent occurrences of sizable OOPs in the Weddell Gyre. This suggests that the Weddell Polynya
may play a important role in regional and global climate dynamics, as proposed by Latif et al. (2013), and that some models
may underrepresent this phenomenon. Future CESM generations will be based on the MOM6 ocean model with isopycnal
coordinates, which has demonstrated improvements in deep water properties and is expected to enhance Southern Ocean water

mass representation.

6 Conclusions

Despite the significant climatic influence, OOP remains poorly represented in many climate models, and their relationship
with deep convection remains uncertain. In this study, we investigate the occurrence of OOPs and their connection to deep
ocean convection events across 49 CMIP6 models under long term "piControl" simulations. To ensure consistent detection, we
evaluate multiple identification methods and find that methodological choices substantially affect the diagnosed frequency and
extent of both kinds of events. For deep convection, we assess the use of an MLD threshold. While a relatively loose criterion
increases the detected convective area, it may not adequately capture the multi-decadal variability of deep convection in many
models (Fig. 1). For OOP, we test using different thresholds for SIC and find that a uniform SIC threshold across all models
unsuitable. Instead, we adopt a relative threshold based on the mean climatological SIC specific to each model, enabling a

more consistent and meaningful detection of OOPs across diverse models.
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Using these tailored criteria, our analysis identifies 38 models that can simulate deep convection and 40 models that can
simulate OOP, although some detected OOP are tiny and may be artifacts of our detection algorithm. We find 37 models can
simulate both kinds of events during the simulated period, while there are also models that simulate only deep convection or
only OOPs, as we illustrated in 3.2.

Across the CMIP6 ensemble, model structure plays a decisive role. MOM- and BLOM-based models generally simulate
frequent deep OOPs, whereas POP- and HYCOM-based models show neither deep convection nor OOPs. These differences
likely stem from variations in vertical mixing schemes, overflow parameterizations, and ocean—ice coupling. Previous studies
using NEMO-based models have shown that the choice of sea ice module can influence ocean circulation, particularly in
regions where sea ice strongly affects water mass formation and deep convection (Uotila et al., 2017). In our results, while
the occurrence of OOP varies with the sea ice module used, this effect is not consistent across models and the occurrence or
absence of OOP does not appear to be systematically determined by the ice module type alone. This suggests that differences in
OOP representation arise not only from the ice model architecture but also from model-specific coupling mechanisms between
ocean and sea ice and surface flux parameterizations.

Our analysis of the SO mean state across CMIP6 models reveals expected relationships among SST, SIC, ice thickness, and
MLD. Specifically, increased SST is associated with reductions in both SIC and sea ice thickness, while regions with deeper
MLD tend to have greater oceanic heat loss and reduced September sea ice. These relationships are robust both across the
broader SO (south of 55°S) and specifically in areas experiencing deep convection, indicating strong and consistent coupling
between thermal and ice processes. This suggests that surface thermal and ice-related conditions play a key role in modulating
the spatial extent of deep convection events. We also examine the size of deep convective regions in relation to SIC, SST, MLD,
and downward heat flux, and find consistent associations. In general, deep convection events are linked to lower SIC, higher
SST, deeper MLD, and increased oceanic heat loss.

When examining the size of deep convective regions, we find no significant correlation with mean SSS and mean ice thick-
ness across the SO. However, we assess the relationship between SSS and ice thickness and find positive correlation between
these two factors inside the convection regions, and in general within convective region, the SSS is basically higher, and ice
thickness is basically lower, which suggesting deep convection events tend to occur in regions of elevated SSS and strong
surface cooling.

The causal direction of these relationships remains unclear. For example, it is not yet known whether elevated SSS and
heat loss precondition the ocean for convection, or whether the convective process itself leads to surface salinification and
heat release. Resolving this ambiguity will require detailed temporal diagnostics, including lagged correlations and causality
analyses. In future work, we aim to apply such diagnostics to individual CMIP6 models in order to disentangle the relative
contributions of thermal and salinity-driven preconditioning mechanisms in initiating deep ocean convection and linking it to
OOP formation.

Although OOPs are often viewed as the result of deep convection, and are commonly classified in the literature as sensible
heat polynyas, driven primarily by thermal processes (Morales Maqueda et al., 2004), our analysis shows that only a subset

of deep convection events coincide with OOP formation. Conversely, many OOPs occur without concurrent deep mixing. In
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reality, both coastal and open-sea polynyas involve a combination of sensible and latent heat fluxes, making the classification
into sensible or latent heat types somewhat ambiguous. To distinguish between these cases, we introduce the terms deep OOP
and shallow OOP, depending on whether an OOP coincides with a deep convection event in the same year. As expected, deep
OOPs exhibit significantly deeper September MLDs and higher SSS compared to shallow OOPs, consistent with enhanced
vertical mixing and surface salinification. This classification provides a useful diagnostic for linking surface polynya behavior
to subsurface convective dynamics.

In the observational record, dense water formation in the SO primarily occurs via shelf processes, particularly in the Wed-
dell, Ross, and Adélie regions, where high salinity shelf water sinks to form AABW. However, models in CMIP5 and CMIP6
typically produce deep and bottom waters through open-ocean deep convection that is too strong, too frequent, or too spatially
extensive compared to observations (Heuzé, 2021). This “unrealistic” convection often coincides with excessively large or fre-
quent OOPs, particularly in the Weddell or Ross Sea. Following the CMIP5 inter-comparison, many modeling groups imple-
mented parameterizations to suppress excessive open-ocean convection (e.g., Held et al., 2019, in GFDL-CM4,). However, our
analysis indicates that some CMIP6 models still exhibit substantial open-ocean convection. Mohrmann et al. (2021) reported
similar findings, showing that most CMIP6 models overestimate the size and persistence of the Weddell Polynya—except for
models such as GFDL-CM4 and IPSL-CM6A-LR, which simulate sub-ice convection, and MIROC models, which tend to
remain ice-free.

Despite these biases, our results suggest that deep OOPs, through their extreme MLDs and strong overturning, may contribute
to bottom water formation in models, thereby affecting global overturning circulation and, consequently, the global climate
system. This has also been demonstrated in recent studies, where high-resolution models showed an increased occurrence of
OOPs in the SO (Chang et al., 2020; Diao et al., 2022; Jeong et al., 2023). In those simulations, deep polynyas were shown
to serve as direct sites of AABW formation, suggesting that the connection between OOPs and deep water production is
physically plausible under certain conditions. Our study aligns with these findings and supports the hypothesis that SO OOPs
play an active role in both regional and global climate (Latif et al., 2013; Chang et al., 2020).

Previous analyses on CMIP5 and CMIP6 models have shown that anthropogenic forcing tends to suppress deep convection
in the SO due to surface freshening, leading to a transition from active open-ocean convection in pre-industrial climates to a
more stratified ocean state under future warming scenarios (de Lavergne et al., 2014; Chen et al., 2023). We anticipate a similar
decline in both deep and shallow OOP activity under increasing greenhouse gas forcing. Such a shutdown could lead to multi-
decadal accumulation of heat, salt, nutrients, and carbon in the deep Southern Ocean, with important implications for global
heat and carbon budgets (e.g., Bernardello et al., 2014). Continued evaluation of OOPs and deep convection across CMIP6 and
higher-resolution models will therefore be critical for understanding the future evolution of Southern Ocean overturning and
its role in climate regulation.

While many models show strong coupling between OOPs and deep convection events, others clearly fall into regimes char-
acterized by shallow or absent convection, highlighting substantial inter-model diversity. The variability in coupling strength
demonstrates that OOP occurrence alone is not a sufficient indicator of deep ocean mixing. Instead, both large-scale mean-state

properties such as stratification, surface buoyancy fluxes, and sea ice conditions, and model structural choices jointly determine
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whether and how these phenomena co-occur. Therefore, understanding SO variability requires not only tracking individual pro-
cesses, but also diagnosing their coupled behavior within each model framework. Looking forward, extending this analysis to
transient climate simulations will be critical for assessing how the interplay between OOPs and deep convection evolves under
anthropogenic forcing, and for improving confidence in projections of Southern Ocean overturning and its role in the global

climate system.

Code and data availability. The code used for the analysis in this study is openly available on GitHub. The CMIP6 data used in this study
were obtained from the Earth System Grid Federation (ESGF) archives, Google Cloud Storage, and NCAR CISL’s GLADE disk storage.
The datasets available on Google Cloud are maintained by the Climate Data Science Lab at the Lamont-Doherty Earth Observatory (LDEO)
of Columbia University and are derived from the original CMIP6 datasets hosted by ESGF.

Appendix A: Calculation of MLD based on model diagnostic variables

The diagnostic variable "mlotst” representing the "ocean mixed layer thickness defined by sigmat" is a parameter saved in many
CMIP6 models. However, the methodology used to derive this variable can vary significantly between models. Additionally,
in some models, this variable is not yet available. As a result, one has to compute the MLD independently. Fortunately, almost
all models offer access to monthly diagnostic variables "sea water potential temperature” ("thetao") and "sea water salinity"
("so") which enable the calculation of the monthly mean potential density, and determine the MLD systematically.

The state-of-the-art Equation of State used in marine science improves over time. The previous widely used UNESCO-80
equation of state (EOS-80) seawater toolbox developed by the Commonwealth Scientific and Industrial Research Organisation
(CSIRO) used practical salinity and potential temperature as input for the equation of state to calculate potential density. EOS-
80 is now considered obsolete and EOS-80 based toolbox has been replaced by the Gibbs SeaWater (GSW) Oceanographic
Toolbox based on the International Thermodynamic Equation Of Seawater 2010 (TEOS-10), which requires conservative
temperature and absolute salinity as input for the equation of state.

However, a number of CMIP6 models retain the use of the EOS-80 method (Griffies et al., 2016) and list the oceanic
diagnostic salinity ("so") and temperature ("thetao") variables as practical salinity and potential temperature. Therefore, it is
necessary to convert these variables into absolute salinity and conservative temperature prior to their use as input for the TEOS-
10 functions. This conversion can be achieved through functions available in the TEOS-10 toolbox (e.g. "gsw_CT_from_pt",
"gsw_SA_from_SP").

We apply such conversions to the original outputs from the GFDL-CM4 model, using September temperature and salinity
data from the SO Weddell Sea. Such conversion can introduce notable changes(Fig. Al). After conversion, both salinity and
temperature increased, but salinity showed a more pronounced increase in the deep ocean, whereas temperature increased
mainly near the surface. Together, these changes leads to higher density in the deep ocean and a steeper vertical density

gradient. Therefore, it results in more stabilized water column and shallower MLD compared to calculations performed based
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on the original model outputs. In certain models, these adjustments can significantly reduce or even eliminate regions of deep
convection, which is defined based on MLD.

McDougall et al. (2021) recommended interpreting the diagnostic temperature outputs from all CMIP6 models, regardless of
whether they are based on EOS-80 or TEOS-10, as Conservative Temperature, and the salinity outputs as Preformed Salinity.
They recommended that these outputs be used directly as inputs into the GSW toolbox for density calculations in general
applications. Following this guidance, we compute the monthly potential density using diagnostic outputs from the models
directly using the GSW toolbox. We then applied the criteria established by de Boyer Montégut et al. (2004) to determine the
monthly MLD for each model.

Appendix B: Influence of SIC thresholds on Polynya detection

We propose that SIC thresholds for polynya detection must take into account the baseline SIC in each model. We investigate
the statistical distribution of SIC in the SO for each model and test a wide range of SIC threshold to evaluate their impact
on polynya identification. Figure B1 shows the histogram of non-zero September SIC values south of 40°S for all models
used in this study. We find that most models show a pronounced unimodal distribution, characterized by high SIC values (e.g.,
above 80% or 90%) dominating ice-covered regions and very low SIC values (e.g., below 5%) marking the sea ice edge.
However, a subset of models, such as MPI-ESM-1-2-HAM and MPI-ESM1-2-LR, show a relatively flat SIC distribution, with
substantial areas covered by low-concentration ice. We also compute two averages for each model: (1) the mean SIC across
the entire SO domain (including zero values), and (2) the mean SIC within the SIC (excluding zero values). These means vary
considerably across models, highlighting differences in sea ice representation. We note that models can also be separated into
broad categories according to their ice module, as indicated by the legend colors in Fig. 4.

To evaluate the sensitivity of polynya detecting threshold, we test SIC thresholds ranging from 1% to 99%. For example, a
threshold of 10% classifies any grid cell with SIC below 10% as open water, and any cell with SIC above 10% as ice-covered.
Similarly, a threshold of 80% includes all cells with SIC below 80% as potential polynya areas. Thus, a 10% threshold serves as
a strict criterion, detecting smaller polynyas, while 80% represents a looser threshold, identifying in principle broader polynya
regions.

For most models, increasing the SIC threshold results indeed in a larger number of grid cells being identified as part of a
polynya. However, if the threshold becomes excessively high, regions previously identified as polynyas may merge with the
open ocean, leading to their exclusion from polynya classification, as demonstrated in Fig. 2. We calculate the total OOP area
in each model as the area of all grid cells that can be categorized as OOP under a given threshold during the entire analyzed
simulation period. The results are shown as the blue line in Fig. B1.

We propose that the sensitivity of total OOP area to SIC thresholds is influenced by the underlying model SIC distribution.
Models with extensive regions of low-concentration sea ice tend to produce larger total OOP areas at lower thresholds, with the

area decreasing as the threshold increases. In contrast, models dominated by high-concentration ice show relatively small OOP
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areas at low thresholds, followed by a sharp increase around 70-80%, peaking near 90%, and then rapidly declining. Therefore,

selecting an appropriate SIC threshold for polynya detection should consider the model’s baseline SIC distribution.

Appendix C: Additional correlations between ocean and sea ice properties

We present supplementary analyses examining correlations among key oceanographic and sea ice variables. The accompanying
figures illustrate relationships that provide insights into model performance regarding deep convection and OOP simulations.

Specifically, the figures include scatter plots illustrating associations between variables such as SST, SSS, SIC, ice thickness,
MLD, and ocean heat flux with detected OOP or deep convection regions (Figures C1, C2, C3, C4). Additionally, we analyze
how the percentage of deep OOPs among all detected OOPs relates to differences in specific variables between deep and
shallow OOPs (Figure C5).
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Table 1. CMIP6 models included in this study.

EGUsphere\

model name ocean module ice module resolution (horizotal, vertical)

1 BCC-CSM2-MR MOM4-L40v2 SISv2 360 x 232, 40

2  BCC-ESM1 MOM4-L40v2 SISv2 360 x 232, 40

3 CAMS-CSM1-0 MOM4 SIS1.0 360 x 200, 50

4  ACCESS-ESM1-5 MOMS CICE4.1 360 x 300, 50

5  ACCESS-CM2 MOMS5 CICES.1.2 360 x 300, 50
6  GFDL-CM4 MOM6 SIS2.0 1440 x 1080, 75
7  GFDL-ESM4 MOM6 SIS2.0 720 x 576, 75

8 INM-CM4-8 INM-OM5 INM-ICE1 360 x 318, 40

9  SAMO-UNICON POP2 CICE4.0 320 x 384, 60
10 CIESM POP2 CICE4.1 720 x 560, 46
11  CESM2 POP2.1 CICES.1.2 320 x 384, 60
12 CESM2-FV2 POP2.1 CICES.1.2 320 x 384, 60
13 CESM2-WACCM POP2.1 CICES.1.2 320 x 384, 60
14  CESM2-WACCM-FV2 POP2.1 CICES.1.2 320 x 384, 60
15 CAS-ESM2-0 LICOM2.0 CICE4 362 x 196, 30
16 FGOALS-g3 LICOM3.0 CICE4 360 x 218, 30
17 NESM3 NEMO3.4 CICE4.1 384 x 362, 46
18 CanESM5 NEMO3.4.1 LIM2 361 x 290, 45
19 CanESM5-1 NEMO3.4.1 LIM2 361 x 290, 45
20 CanESM5-CanOE NEMO3.4.1 LIM2 361 x 290, 45
21 HadGEM3-GC31-LL NEMO-HadGEM3-G0O6.0 CICE-HadGEM3-GSI8 360 x 330, 75
22  HadGEM3-GC31-MM NEMO-HadGEM3-GO6.0 CICE-HadGEM3-GSIS8 1,440 x 1,205, 75
23  UKESMI1-0-LL NEMO-HadGEM3-G0O6.0 CICE-HadGEM3-GSI8 360 x 330, 75
24 UKESMI-1-LL NEMO-HadGEM3-G06.0 CICE-HadGEM3-GSIS8 360 x 330, 75
25 EC-Earth3 NEMO3.6 LIM3 362x292,75
26 EC-Earth3-CC NEMO3.6 LIM3 362x292,75
27 EC-Earth3-Veg NEMO3.6 LIM3 362x292,75
28 EC-Earth3-Veg-LR NEMO3.6 LIM3 362x292,75
29 EC-Earth3-AerChem NEMO3.6 LIM3 362x292,75
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Table 1 continued from previous page

EGUsphere\

model name ocean module ice module resolution (horizotal, vertical)
30 CNRM-CM6-1 NEMO3.6 GELATO6 362 x 294, 75
31 CNRM-CM6-1-HR NEMO3.6 GELATO6 1442 x 1050, 75
32 CNRM-ESM2-1 NEMO3.6 GELATO6 362 x 294,75
33 CMCC-CM2-SR5 NEMO3.6 CICE4 362 x 292, 50
34 CMCC-ESM2 NEMO3.6 CICE4 362 x 292, 50
35 IPSL-CM6A-LR NEMO3.6 LIM3.6 362 x 332,75
36 IPSL-CM6A-MRI1 NEMO3.6 LIM3.6 362 x 332,75
37 GISS-E2-1-H HYCOM GISS SI 360 x 180, 32
38 E3SM-1-0 MPAS-Ocean6.0 MPAS-Seaice6.0 235160 cells, 60
39 E3SM-2-0 MPAS-Ocean(E3SMv2.0) MPAS-Seaice (E3SMv2.0) 236853 cells, 60
40 E3SM-2-0-NARRM MPAS-Ocean(E3SMv2.0) MPAS-Seaice (E3SMv2.0) 236853 cells, 60
41 NorCPM1 BLOM CICE4 320 x 384, 53
42  NorESM2-MM BLOM CICES5.1.2 360 x 384, 70
43  NorESM2-LM BLOM CICES.1.2 360 x 384, 70
44  MPI-ESM-1-2-HAM MPIOM1.63 MPI Sea Ice 256 x 220, 40
45 MPI-ESM1-2-HR MPIOM1.63 MPI Sea Ice 820 x 404, 40
46 MPI-ESM1-2-LR MPIOM1.63 MPI Sea Ice 256 x 220, 40
47 MIROC6 COCO04.9 COCO04.9 360 x 256, 63
48 MIROC-ES2L COC0O4.9 COC04.9 360 x 256, 63
49 MIROC-ES2H COCO04.9 COCO04.9 360 x 256, 63
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Figure 1. Illustration of deep convection and polynya detection methods, using GFDL-CM4 output as an example. a. Deep convection regions
identified from September mixed-layer depth (MLD). Background shading (green—blue colormap) is the mean September MLD over the 500-
year simulation. Regions where the MLD exceeds 1000 m (2000 m) at least once are highlighted in yellow (orange). b. Deep convection
regions based on the temporal standard deviation of MLD (STD). The background shading represents the temporal STD of September MLD.
Black contours enclose regions where the z-score of STD exceeds 2, indicating areas of anomalously high MLD variability. ¢. Polynya
detection using September SIC thresholds. Background shading is the maximum September SIC. Colored contours correspond to different
SIC thresholds used to define polynyas: orange (15%), red (45%), and cyan (75%). d. Polynya regions identified using September sea ice
thickness thresholds. The background shading shows the mean September sea ice thickness. Colored contours denote polynya regions based

on different sea ice thickness thresholds: orange (0.2 m), red (0.5 m), and cyan (0.8 m)
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Figure 2. Identification of OOPs in the NorESM2-MM model during model year 1388 using varying SIC thresholds. a. September SIC
distribution in the SO. b. Detected polynya areas changing with the corresponding SIC threshold. ¢. Maps showing OOP detection using SIC
thresholds ranging from 10% to 80%. Cyan shading highlights the locations of the detected OOPs; threshold values are labeled at the center
of each map. In the map with an 80% threshold, the red contour line denotes the SIC boundary at 80%.
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Figure 3. Locations of deep convection regions across CMIP6 models. Color shading indicates the frequency of deep convection occurrence,
defined as locations when the September MLD exceeds 2000 m during any year within the analyzed piControl simulation. Yellow indicates
more frequent convective events. Total run duration (in years) is shown as white numbers at the center of each map; most model runs are 500
years. Black numbers at the bottom of each map indicate the horizontal resolution of each model. Black numbers at the top right of each map
correspond to model numbers, as listed also in Table 1. The background color behind each model name represents its ocean module family

groups, as described in Table 1.
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Figure 4. Locations of OOPs across CMIP6 models. Blue to white shading indicates the maximum September SIC across all years, with the

white numbers in the middle of each map denoting the number of years analyzed. Purple to yellow shading represents the frequency of OOP

occurrences in September, identified using a threshold based on the average SIC within the sea ice extent for each model. Black numbers at

the top right of each map correspond to model numbers, as listed in 1. Model names are displayed above each map, with background colors

denoting the corresponding sea ice module family, as described in Table 1.
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Figure 5. Inter-model relationships of key ocean—ice variables. a. SIC (in %) against SST. b. SIC against downward surface heat flux. c. Sea

ice thickness against SST. d. MLD against downward surface heat flux. All variables are computed as September averages south of 55°S

over the entire available simulation period.
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Figure 6. Dynamics inside deep convection areas across models. Unless otherwise specified, all variables are time and space averaged
averaged inside each model’s total convective area (mapped in Figure 3) and for the month of September: a. Mean SIC (%) vs. mean SST
(°C). b. mean SIC (%) vs downward surface Heat Flux. ¢. SIC south of 55S vs. mean Convective Area. In the bottom row mean convective

area is plotted against: d. annual mean SST, e. mean MLD, f. downward surface Heat Flux.
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Figure 7. Comparison between OOP areas and deep convection areas. a. Total OOP area versus total deep convection area. The dotted

1:1 line is included for reference. b. Overlap area expressed as a percentage of the area of all deep convection events (x-axis) versus the

percentage of the the area of all OOP events (y-axis).
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Figure 8. Differences in selected properties between deep and shallow OOP, calculated as deep minus shallow. Panels a.—g. show differences

in: annual SSS, September SSS, annual SST, September SST, downward heat flux, ice thickness, SIC, and MLD. The “x” symbol on each
bar indicates a statistically significant difference between deep and shallow OOP (p < 0.005).
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Figure Al. Differences observed after converting September model outputs of potential density ("thetao") and sea water salinity ("so") to
conservative temperature and absolute salinity. Data are from the SO Weddell Sea region using the GFDL-CM4 model. Results are spatially
averaged and presented as depth profiles over the entire simulation period. a. Difference between converted absolute salinity and the original
model output "so". b. Difference between converted conservative temperature and and model original output "thetao". ¢. Difference in
potential density calculated using converted variables (conservative temperature and absolute salinity) versus using model original outputs

("thetao" and "so"). d. Comparison of MLD detection based on potential density computed from converted variables versus that from original

model variables.
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Figure B1. SIC characteristics and open polynya detection across climate models using varying criteria. The red histogram represents the
distribution of SIC across the SO over study period. The blue continous line illustrates the total detected polynya area under different SIC
threshold criteria, as identified by the x-axis. The orange line is the final threshold chosen across models for this paper. The vertical green
line denotes the mean SIC (averaged over time and space) across the SO, while the vertical orange line shows the mean SIC within the sea
ice extent (excluding grid cells with zero ice concentration, long-time averaged).For reference, each panel is labeled with the corresponding
model name and with the maximum total open polynya area expressed in 10° km?. OOPs are defined as regions of open water fully enclosed
by sea ice, with no direct connection to the open ocean. No Cutoff used for polynya areas. Note that the y axis differs among models, and
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Figure C1. Dynamics within deep convection regions compared to the mean convective area. Each panel presents scatter plots of the mean

properties inside deep convection regions for: a. mean SST, b. mean SSS, ¢. mean SIC, d. mean ice thickness, e. mean MLD, and f. mean

downward surface heat flux.
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Figure C2. Dynamics within deep convection regions compared to the max convective area. Each panel presents scatter plots of the mean

properties inside deep convection regions for: a. mean SST, b. mean SSS, ¢. mean SIC, d. mean ice thickness, e. mean MLD, and f. mean

downward surface heat flux.
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Figure C3. Dynamics within OOP regions compared to the mean OOP area. Each panel presents scatter plots of the mean properties inside

OOP regions for: a. mean SST, b. mean SSS, ¢. mean SIC, d. mean ice thickness, e. mean MLD, and f. mean downward surface heat flux.
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Figure C4. Dynamics within OOP regions compared to the max OOP area. Each panel presents scatter plots of the mean properties inside

OOP regions for: a. mean SST, b. mean SSS, ¢. mean SIC, d. mean ice thickness, e. mean MLD, and f. mean downward surface heat flux.
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Figure CS. Differences in properties between deep and shallow OOP as a function of the percentage of deep OOPs among all detected OOPs.

Each panel presents scatter plots of the differences inside deep versus shallow OOPs for: a. SST, b. SSS, c. SIC, d. ice thickness, e. MLD,
and f. downward surface heat flux.
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