
1. Introduction
Polynyas are regions of low sea ice concentration (SIC) or thickness where the comparatively warm ocean is 
exposed to the cold atmosphere. Coastal polynyas are mainly driven by katabatic winds, while sensible heat convec-
tion results in open-ocean/offshore polynyas (Morales Maqueda et al., 2004). Morales Maqueda et al. (2004) (and 
references therein) summarized that air-ice-ocean interactions in polynyas could impact: (a) the moisture and heat 
exchange between atmosphere and ocean and, therefore, the local wind dynamics; (b) the upper ocean proper-
ties and vertical flows of dense saline water through brine rejection and buoyancy loss; (c) the biogeochemical 
fluxes, for example, acting as the sinks of atmospheric CO2, between air and sea; and (d) the local ecosystems 
with extra phytoplankton and zooplankton, serving as “oases” in a polar ocean desert. In the Southern Ocean, 
open-ocean polynyas rarely occur but can reach a large extent. Such an open-ocean polynya, the Maud Rise poly-
nya, opened in the vicinity of the Maud Rise seamount (centered on 64°S and 3°E) in 2016 and 2017, reaching up 
to 100,000 km 2 (Campbell et al., 2019; Jena et al., 2019; Swart et al., 2018). Thanks to recent advances in satellite 
remote sensing, the sea ice thinning of these events could be monitored (Mchedlishvili et al., 2022). As Weddell 
Sea polynya, it had previously reached a size of 300,000 km 2 in 1974–1976 (Carsey, 1980). In contrast, Antarctic 
coastal polynyas occur frequently, with a variable extent, from 130 to 20,000 km 2 (Barber & Massom, 2007).

The chain of events leading to open-ocean polynyas over Maud Rise is not yet fully understood, but it has been 
well-studied that their opening occurs in response to the upwelling of comparatively warm and salty Weddell Deep 
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Water to the surface. Such upwelling has been attributed to mechanical upwelling such as Weddell Gyre spin up, 
Maud Rise topography, Taylor cap formation, and Ekman effects (Cheon & Gordon, 2019; D. M. Holland, 2000; 
D. Holland, 2001; Lindsay et al., 2004; Ou, 1991; Wilson et al., 2019; Zhou et al., 2022) and hydrostatic insta-
bilities such as anomalous atmospheric dynamic stresses or positive energy surface flux (Campbell et al., 2019; 
Francis et al., 2019, 2020; A. L. Gordon et al., 2007), and induces a rapid sea ice reduction. After its opening, 
the polynya will remain open, changing size and position, until the heat at depth is depleted, heat loss to the 
atmosphere ceases, or freshwater restratifies the surface in the region (Dufour et al., 2017; T. Martin et al., 2013). 
However, the impact of brine rejection from sea ice production in open-ocean polynyas remains unclear and needs 
better quantification (Francis et al., 2020; A. Gordon, 1982). Most studies of sea ice production in the Southern 
Ocean have so far focused on coastal polynyas instead, which contribute as much as 10% of the total Antarctic sea 
ice production (Tamura et al., 2008). Moreover, ice production-related brine rejection there leads to the formation 
of Antarctic Bottom Water (AABW; S. Martin et al., 2007), the densest water mass that occupies the abyssal layer 
of the global ocean.

As polynyas are the result of air-ice-ocean interactions, sea ice thickness within polynyas can be investigated 
using satellites. Multiple algorithms exist to retrieve thin sea ice thickness by combining L-band microwave 
radiometry Soil Moisture Ocean Salinity (SMOS) and Soil Moisture Active Passive (SMAP); that is merged thin 
sea ice thickness product (SMOS-SMAP) from Paţilea et al. (2019). However, Paţilea et al. (2019) pointed out 
that this retrieved ice thickness (or “apparent sea ice thickness” (Mchedlishvili et al., 2022) instead) is only valid 
under the assumption that the ice concentration is near-100% and has quite large uncertainties (up to 50 cm) in 
low concentration.

Sea ice production within the polynya has been computed from hydrographic profiles in the Ross Sea (Thompson 
et al., 2020), or more commonly, using satellite-based techniques (Drucker et al., 2011; Ohshima et al., 2016; 
Tamura et al., 2016). However, few studies quantified sea ice production in Southern Ocean open-ocean poly-
nyas directly from observations. Sea ice production in coastal polynyas has also been studied using coupled 
models (Haid & Timmermann,  2013), especially the high-resolution ones that can simulate their formation 
and maintenance (Marsland & Wolff, 2001) and determine the relative contribution of each heat flux, includ-
ing the radiative, turbulent and ocean heat ones (Wu et al., 2003). Similar studies have been conducted for the 
open-ocean polynyas, generally through coupled (Timmermann et al., 1999; Walkington & Willmott, 2006) and/
or high-resolution climate models (Kaufman et al., 2020; Weijer et al., 2017). Weijer et al. (2017) in particular 
highlighted the enhanced sensible and latent heat fluxes over the open-ocean polynyas, which, in turn, have local 
impacts on precipitation, cloud characteristics, and radiative fluxes, using CESM at a synoptic-scale-resolving 
resolution (Small et al., 2014). Some of these modeling studies also quantify the heat transfer from the ocean 
to the atmosphere in Southern Ocean open-ocean polynyas (Campbell et al., 2019; Kaufman et al., 2020), but 
more often in coastal polynyas (Haid & Timmermann, 2013; Yao & Tang, 2003). Similarly, although the role of 
oceanic heat on sea ice production within coastal polynyas is already described in Guo et al. (2019), few studies, 
be it through observations of modeling, examine its influence on open-ocean polynyas.

Therefore, in this study, we quantify sea ice production in the Maud Rise open-ocean polynyas of 2016 and 2017, 
from observational and reanalysis data sets. We also provide a critical analysis of the current methods and data 
sets available to compute sea ice production. The satellite retrievals and in-situ measurements that we use are 
described in Section 2, and the methods to calculate sea ice production within the polynyas as they develop are 
in Section 3. For the first time, when in-situ observations are available, we determine the upper oceanic heat 
flux within the polynya (Section 4.1). In Section 4.2, after computing the sea ice production, we investigate the 
local atmospheric and oceanic conditions that dominated the ice production in 2016 and 2017, respectively. We 
further explore the sensitivity and impacts of all input parameters that are related to the ice production calculation 
in Section 4.3. We then compare our results to other methods and those within coastal polynya and also address 
the other effects on the ice changes within the polynya in Section 5. Finally, a summary and conclusions and an 
outlook on future work are presented in Section 6.

2. Satellite, Reanalysis, and In-Situ Data
2.1. Sea Ice Concentration From ASI

We focus on the region of Maud Rise within the Weddell Sea between 20°W and 20°E and from 75° to 60°S, that 
is, the area where open-ocean polynyas occasionally form (Heuzé et al., 2021). We use the daily ARTIST Sea Ice 
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(ASI) Version 5 SIC (Melsheimer & Spreen, 2019; Spreen et al., 2008) with a resolution of 6.25 km × 6.25 km 
on a polar stereographic grid from the Advanced Microwave Scanning Radiometer 2 (AMSR2). We determine 
the extent of the 2016 and 2017 polynyas during the austral winter (May-October) by applying to these a standard 
60% SIC threshold (Campbell et al., 2019), and “flood fill” algorithm to mask out the open ocean and the Antarc-
tic continent, ice shelves, and adjacent coastal polynyas (Mohrmann et al., 2021). The polynya extent outlined 
by 60% threshold quite well matches with the image (Figure S1 in Supporting Information S1) from Sentinel-1 
synthetic aperture radar after correction (Filipponi, 2019), see Text S1 in Supporting Information S1 for more 
information. Figure 1a shows the daily polynya area using this definition (lines) in 2016 (red) and 2017 (blue). 
The polynya extent variability is consistent among the different open-ocean polynya thresholds, although the 
more “relaxed” the threshold (e.g., 80%), the more days with a large extent. These timeseries re-demonstrate that 
the open-ocean polynyas mainly occurred in August and October 2016 and in September-October 2017, with a 
maximum extent over 100,000 km 2 during the 2017 event. For the ice production sensitivity studies (Section 4.3), 
we compare the results obtained with ASI to those using the relatively low spatial resolution (25 km × 25 km) 
SIC from two different NSIDC products, also used by Campbell et al. (2019), that is, NASA Team algorithm 
(DiGirolamo et al., 2022) and Bootstrap algorithm (Comiso, 2017). Despite their different resolutions, polynya 
extent estimation from these products and others at intermediate resolutions are highly correlated with each other 
and most sensitive to the product choice, not its resolution (not shown).

2.2. Radiative Fluxes From CERES-SYN

As we explain in Section 3, we compute the sea ice production via the energy budget. To quantify the radiative 
fluxes in the surface energy budget, we use all solar and long-wave downwelling/upwelling surface fluxes from the 
Edition 4 Clouds and the Earth's Radiant Energy System (CERES) SYN1deg-Day (Doelling et al., 2013, 2016) 
data set (hereafter referred to simply as CERES-SYN), which currently extends from 2002 until now. All CERES 
fluxes calculations are based on the Fu-Liou correlated-k 2/4 stream radiative transfer model (Fu & Liou, 1992) 
combining MODIS Terra, MODIS Aqua, and Geostationary imager satellites, meteorological profiles from the 
NASA Global Modeling and Assimilation Office, and surface properties from several sources providing a global 
1° × 1° grid. According to Riihelä et al. (2017), the CERES-SYN data sets over the polar region fluxes show the 
smallest root-mean-square error against in situ fluxes over both the sea ice and the ice sheet. To achieve consist-
ency between the computed and observed top of the atmosphere fluxes from Terra and Aqua, small adjustments 
are made and then labeled as “tuned” fluxes while the originally computed surface fluxes are “untuned” (Rose 
et al., 2013). Despite its comparatively coarse resolution, CERES-SYN performs better than the reanalysis ERA5 
in estimating radiative fluxes over the ocean surface (Tang et al., 2021). Here, we use the “tuned” adjusted all-sky 
profile fluxes to quantify the energy budget in Section 4.2 and “untuned” initial surface fluxes to carry out sensi-
tivity studies in Section 4.3. All fluxes are interpolated onto the ASI SIC spatial resolution.

2.3. Turbulent Fluxes From Reanalyses

To determine the turbulent flux in the energy budget, we use the method from Boisvert et al. (2020), described 
in Section 3.2; this method was previously applied to the satellite-based Atmospheric Infrared Sounder (AIRS; 
Menzel et al., 2018). We here instead complement the ASI and CERES-SYN data with the skin temperature, 
1,000 hPa air temperature, 1,000 hPa relative humidity, 1,000 hPa geopotential height, and 10 m wind speeds 
from a reanalysis instead of AIRS due to the missing/unknown values within the polynya region during thick 
cloud condition. In addition, the net radiative (longwave and shortwave) and turbulent (sensible heat: SH and 
latent heat: LH) fluxes from four different reanalyses are also used to quantify the consistencies and discrepancies 
between/among different reanalyses and methods proposed in our paper.

To decide which reanalysis to use for our region, we compared four reanalysis data sets to buoy measurements: 
ERA5 (Hersbach et al., 2020), the Japanese 55-year Reanalysis (JRA55) (Kobayashi et al., 2015), NCEP Climate 
Forecast System Version 2 (CFSv2) (Saha et al., 2014), and the Modern-Era Retrospective analysis for Research 
and Applications, version 2 (MERRA2) (Gelaro et al., 2017). The daily snow and automatic weather station buoy 
measurements (Nicolaus et al., 2017a, 2017b) provide daily sea level pressure (SLP), 2 m air temperature, and 
relative humidity that we compared to the reanalyses. We selected the buoys that had (a) been deployed in the 
Weddell Sea and (b) survived at least one austral winter (40 buoys in total, Figure S2 in Supporting Informa-
tion S1). Among the four reanalyses, JRA55 has the overall lowest bias and maximum correlation to all buoys 
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(Figures S3–S5 in Supporting Information S1). Although ERA5 and MERRA2 also have low biases and high 
correlations for SLP (Figure S3 in Supporting Information S1) and the 2 m air temperature (Figure S4 in Support-
ing Information S1), JRA55 is the only reanalysis with a realistic relative humidity (Figure S5 in Supporting 
Information S1). Therefore, for the rest of this manuscript, we use the daily atmospheric variables at a 1.25° 
resolution from JRA55. Note that investigating the reasons for the biases of each reanalysis would be beyond the 
scope of this paper.

Figure 1. (a) Daily extent (in 10 3 km 2) of the polynya in 2016 (red) and 2017 (blue) based on the 60% sea ice concentration threshold (dashed lines) and within 
the range of 40% and 80% thresholds during the period from May to October within the wider Maud Rise region (solid lines outlined in panels (b and c)). Panels (b 
and c) are apparent sea ice thickness from Soil Moisture Ocean Salinity-Soil Moisture Active Passive (shadings) at the largest polynya extent day of each event on 8 
August 2016 and 23 September 2017, respectively. Their dates are denoted with circles in panel (a). Orange (purple) dots are the trajectory of profiling float 5904468 
(5904471) (triangle: starting on 19 January 2015 and 12 December 2014; square: ending on 14 October 2019 and 7 June 2019), identical on both panels, while the stars 
indicate the float location on 8 August 2016 and 23 September 2017. Right corner inset figures: zoom in the dashed lines region. (d) Schematic representation of the 
fluxes and energy budget throughout the sea ice, where blue (red) arrow means that the flux results in accretion (ablation) of ice. Note that the sensible and latent heat 
effects depend on the values.
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2.4. Hydrographic Data From SOCCOM Floats

We also use hydrographic measurements from two Southern Ocean Carbon and Climate Observations and Mode-
ling (SOCCOM) floats, with the WMOIDs 5904468 and 5904471, which fortuitously sampled the 2016 and 2017 
open-ocean polynyas (see their trajectories in Figures 1a and 1c). The profiling floats measure with a 10-day 
cycle the temperature and salinity with an accuracy of 0.005°C and 0.01 psu, respectively, binned into 2 dbar 
intervals above 1,000 and 100 dbar intervals for levels between 1,000 and 2,000 dbar (Riser et al., 2018). From 
the individual SOCCOM profiles, we determine the mixed layer depth (MLD) using a potential density threshold 
Δσθ = 0.03 kg m −3 from the 10 dbar value (de Boyer Montégut et al., 2004; d’Ortenzio et al., 2005). Although 
this method is standard for the Southern Ocean, we investigate the sensitivity of our results to the use of other 
MLD calculation methods in Section 4.3.

2.5. Radar Freeboard From Sentinel-3A

To estimate raw sea ice mass tendency after polynya development, we also use the 20  Hz (approx. 300  m 
resolution) Ku-band freeboard, which is the difference between the measured surface height and the expected 
sea-surface height at this location and can be indirectly taken as sea ice thickness, from Level-2 Synthetic Aper-
ture Radar Altimeter/Microwave Radiometers enhanced product. Freeboard is derived based on the heritage of 
the sea ice retracker implemented in the second Cryosphere Satellite (CryoSat-2) mission (EUMETSAT, 2021). 
As the L2 freeboard is provided along-track direction, in order to have more samples to better capture the ice 
surface, freeboard from Day (−5) until Day (+5) are all gathered and taken as the Day (0)'s measurements. Then, 
all freeboards within the 50 km outside rim of the polynya are selected to determine the development of sea ice 
change.

3. Methods
In this study, as has been done before for coastal polynyas (Nihashi & Ohshima, 2015; Nakata et al., 2021; Tamura 
et al., 2008, 2011), we determine sea ice production within the open-ocean polynyas, visible on exemplary Figure 
S1d in Supporting Information S1, via daily energy budgets. This energy budget is summarized on schematic 
Figure 1d. This section first describes the sea ice production estimation, the different terms of the energy budget, 
including the oceanic heat flux, and finishes with the methods for the sensitivity study of the parameters.

3.1. Sea Ice Production Estimation

In this study, we compute the daily frazil ice production rate following Macdonald et al.  (2022) and Cornish 
et al. (2022):

𝐹𝐹conductivity − 𝐹𝐹OW = 𝜌𝜌ice𝐿𝐿ice
𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
, (1)

where Fconductivity is the upward basal ice conductivity flux that contributes to accreting the ice, FOW is the ocean 
heat flux that in our case ablates the ice, ρice is the ice density (= 920 kg m −3), Lice = 279 KJ kg −1 the latent heat of 
fusion for ice production determined for the Ross Sea (Cheng et al., 2017), and which we assume can be applied 
to the Weddell Sea, and hi the ice thickness. Using Equation 1 to determine 𝐴𝐴

𝜕𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , the daily sea ice production within 

the polynya (Vp) is then defined as the daily change within one grid cell:

𝑉𝑉𝑝𝑝 =

𝑡𝑡𝑡𝑡(1 − 𝑆𝑆𝑆𝑆𝑆𝑆)

(

𝐹𝐹conductivity − 𝐹𝐹𝑂𝑂𝑂𝑂

)

𝜌𝜌ice𝐿𝐿ice

, (2)

where t (= 86,400 s) is 1 day, A (= 6.25 km × 6.25 km) is the area of a AMSR2 ice concentration grid cell, and 
SIC the sea ice concentration. Earlier studies have used this algorithm to analyze ice production in coastal poly-
nyas in both hemispheres (Nihashi & Ohshima, 2015; Nakata et al., 2021; Tamura et al., 2008, 2011); we here 
apply it to Southern Ocean open-ocean polynyas.

3.2. Energy Balance Within the Polynya

According to West et al. (2019), the ice conductivity flux is continuous through the sea ice. Besides, surface and 
basal conductivity flux are similar and highly correlated (Lei et al., 2010). Thus, the upward conductivity flux is 
assumed to be balanced by surface net radiative and turbulent fluxes (Figure 1d), that is,
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𝐹𝐹conductivity = 𝐹𝐹𝑆𝑆𝑆𝑆 + 𝐹𝐹𝐿𝐿𝑆𝑆 + 𝐹𝐹𝑆𝑆𝑆𝑆 + 𝐹𝐹𝐿𝐿𝑆𝑆 (3)

where FSW (FLW) is the upward net shortwave (longwave) radiative fluxes from CERES-SYN, FSH and FLH are 
the sensible and the latent heat flux, and all the fluxes here are positive if upward, implying sea ice growth as a 
results of heat lost by the ice to the atmosphere. See Figure 1d for the possible processes that can make ice melt 
(red arrows) or grow (blue arrows). We now give more details about each term in dedicated subsections.

3.2.1. Turbulent Flux

Satellite-based surface turbulent flux (FSH and FLH) retrievals rely on the bulk aerodynamic method 
(Monin-Obukhov similarity theory or MOST) (Panofsky, 1984) and an iterative calculation scheme (Launiainen 
& Vihma, 1990) following Boisvert et al. (2022), expressed as:

𝐹𝐹𝐿𝐿𝐿𝐿 = 𝜌𝜌 𝜌𝜌𝑟𝑟

[

𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐿𝐿𝑒𝑒𝐸𝐸𝐸 𝜌𝜌𝑆𝑆𝐶𝐶 (𝑞𝑞𝑠𝑠𝐸𝐸𝐸 − 𝑞𝑞𝐸𝐸) + 𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐿𝐿𝑒𝑒𝐸𝐸𝐸 (1 − 𝜌𝜌𝑆𝑆𝐶𝐶) (𝑞𝑞𝑠𝑠𝐸𝐸𝐸 − 𝑞𝑞𝐸𝐸)
]

𝐹𝐹𝜌𝜌𝐿𝐿 = 𝑐𝑐𝑝𝑝 𝜌𝜌𝑟𝑟

[

𝐶𝐶𝐿𝐿𝐸𝐸𝐸𝐸𝐸 𝜌𝜌𝑆𝑆𝐶𝐶 (𝑇𝑇𝑠𝑠𝐸𝐸𝐸 − 𝑇𝑇𝐸𝐸) + 𝐶𝐶𝐿𝐿𝐸𝐸𝐸𝐸𝐸 (1 − 𝜌𝜌𝑆𝑆𝐶𝐶) (𝑇𝑇𝑠𝑠𝐸𝐸𝐸 − 𝑇𝑇𝐸𝐸)

]
 (4)

where ρ is the air density, Sr the effective wind speed at 10 m that accounts for the enhancement of FSH and FLH 
fluxes by wind gustiness (and differs for stable and unstable boundary layers (Taylor et al., 2018), which unsta-
ble region accounted for about 93.4% of the 2016 and 2017 polynyas), CEz (CHz) is the bulk water vapor (heat) 
transfer coefficient over ice (i) and water (w), Le,i (Le,w) is the latent heat transfer of sublimation (vaporization) 
over ice (water), SIC is the sea ice concentration from ASI SIC, qs,i (Ts,i) is the saturation specific humidity (skin 
temperature) at the surface of the ice, qs,w (Ts,w) is the same but at the ocean surface, and qz (Tz) is the air specific 
humidity (temperature) at 2 m, and cp is the specific heat of air.

This method has regularly been applied for AIRS-based surface turbulent flux calculation (Boisvert 
et  al.,  2013, 2015; Monroe et  al.,  2021) with some modifications, including stable conditions and roughness 
lengths estimation of sea ice (Andreas et al., 2010a, 2010b; Grachev et al., 2007). The 1,000 hPa air temperature 
and specific humidity measured at different heights are consistently interpolated to a 2 m reference height until 
surface stability parameter (roughness length is divided by Monin-Obukhov length) is approaching convergence 
(less than 0.01). JRA55 1,000 hPa geopotential height within the Maud Rise region is normally below the surface, 
about −123.6 m. As mentioned in Boisvert et al. (2020), if the 1,000 hPa geopotential height is below the surface, 
in which case it is set to 2 m. The daily turbulent heat fluxes (LH and SH) are computed from the JRA55 inputs, 
after interpolating them to the same 6.25 km × 6.25 km polar stereographic grid as the sea ice.

The reader can find a more detailed description of the parameterization of these terms in Boisvert et al. (2013, 2015).

3.2.2. Oceanic Heat Flux

Similar to Ackley et al. (2020), the oceanic heat flux (FOW) in Equation 1 is calculated from the float data as 
(Maykut & McPhee, 1995):

𝐹𝐹𝑂𝑂𝑂𝑂 = 𝜌𝜌𝑤𝑤𝑐𝑐𝑤𝑤𝐶𝐶𝐻𝐻𝑢𝑢∗0𝛿𝛿𝛿𝛿 𝛿 (5)

where ρw = 1,024 kg m −3 is a reference seawater density, cw = 3,980 J kg −1 K −1 the specific heat capacity of 
seawater, CH = 0.0056 the heat transfer coefficient that can be used in the Weddell Sea (McPhee et al., 1999), u*0 
the friction velocity at the ice/ocean interface, and δT = TML − Tf (SML) the deviation of the seawater temperature 
from the freezing point within the mixed layer. Here, Tf (SML) is the freezing temperature, which was computed 
from salinity and pressure following the TEOS10 algorithms, as implemented in the Gibbs Sea Water toolbox 
(McDougall & Barker, 2011). Thus, the MLD lead to the determination of δT.

The magnitude of u*0 is obtained from the geostrophic drag relation as in Maykut and McPhee (1995):

|𝑈𝑈0|

𝑢𝑢∗0
= |

1

𝜅𝜅

[

log(𝑅𝑅𝑜𝑜∗ − 𝐴𝐴 − 𝑖𝑖𝑖𝑖)
]

|, (6)

where U0 = Uice − Ug is the vector describing the ice velocity Uice relative to the surface geostrophic current in the 
ocean Ug, κ = 0.4 the von Karman's constant, and A and B the Rossby similarity constants. 𝐴𝐴 𝐴𝐴𝑜𝑜∗ =

𝑢𝑢
∗0

𝑓𝑓𝑓𝑓
0

 is the surface 
friction Rossby number, where f is the Coriolis parameter and z0 the roughness length for under the ice surface. 
Based on Untersteiner et al. (2007), we use the constant values A = 1.91, B = 2.12, and z0 = 0.1 m obtained from 
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the Arctic Ice Dynamics Joint Experiment stations measurements that have also been applied to the Weddell Sea 
(McPhee et al., 1999). Sea ice velocity (Uice) is available from the NSIDC 25 km × 25 km daily sea ice drift-
ing product through merging multiple passive microwave satellite and buoy observations (Tschudi et al., 2019). 
Besides, the sea ice motion (Szanyi et  al.,  2016) is also used to derive the ice divergence 𝐴𝐴 div =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 for 

ice dynamic effects on the ice production. For the ocean geostrophic currents (Ug), we use the near-surface 
(0.50576 m depth) ocean current from the daily global ocean reanalysis 2V4 (Lellouche et al., 2013) in the Global 
Reanalysis multi-model Ensemble Product product in 0.25° × 0.25° horizontal resolution.

3.3. Sensitivity Configuration

Uncertainties in the computation of the produced sea ice volume Vp stem mainly from (a) the bulk parameter and 
threshold chosen in Equations 2 and 5, (b) the radiative fluxes from CERES-SYN, and (c) the JRA55 atmospheric 
input. As acquiring the real uncertainties from the nonlinear heat flux calculation and the errors from the reanal-
ysis data is near-impossible, we perform sensitivity tests to assess the relative changes in Vp when perturbing 
these parameters.

In Section 4.3, we therefore conduct the following perturbations on the sea ice, ocean, and atmospheric parameters:

•  The SIC threshold to detect a polynya, different SIC products (NASA Team algorithm (DiGirolamo et al., 2022) 
and Bootstrap algorithm (Comiso, 2017)), the sea ice latent heat of fusion (Lice), the ice density (ρice), and the 
ocean heat transfer coefficient (CH) are perturbed by the upper and lower values from the references;

•  We compute the MLD using the other five common algorithms: temperature threshold (ΔT = 0.2°C), temper-
ature gradient threshold (𝐴𝐴 Δ

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
  = 0.005°C m −1), intersection of the mixed layer and seasonal-thermocline fits 

(MLTFIT: TMLfit = TThermfit), potential density gradient threshold (𝐴𝐴 Δ

𝜕𝜕𝜕𝜕𝜃𝜃

𝜕𝜕𝜕𝜕
  = 0.0005 kg m −4), and potential-density 

fit (σθMLfit) from Holte and Talley (2009). We also quantify the effect of setting the freezing temperature of 
sea water to fixed thresholds (−2.0°C, −1.9°C, and −1.8°C), of sea ice drift errors from NSIDC (Tschudi 
et  al.,  2019), and ocean surface current uncertainties from GLORYS multi-model ensembles (Garric & 
Parent, 2018);

•  CERES-SYN “tuned” data are replaced by “untuned” data (see Section 2);
•  All JRA55 atm parameters are perturbed within eight scenarios (±10%, ±20%, ±50%, and ±80%) of each 

value.

4. Results
4.1. Oceanic Heat Flux and Energy Balance

Campbell et al. (2019) discussed deep overturning and upper ocean haline stratification in the Weddell Sea using 
the data from two SOCCOM floats that were sampling within the 2016 and 2017 polynyas. We here expand their 
study to compute the oceanic heat flux from the mixed layer within the polynyas using the same data set (Figure 2, 
vertical dashed lines within the polynyas labeled with the ice concentration). As noted in Campbell et al. (2019), 
the mixed layer becomes shallower at some time (white line, float 5904468 and 5904471 in Figures 2a and 2c), 
probably as a result of ocean surface freshening from ice melt (Figures 2b and 2d). The process related to the 
mixed layer shoaling will be discussed in Section 5.2. Meanwhile, ocean temperatures both below and within 
the mixed layer are above freezing while the polynya is open (positive values on Figures 2a and 2c, most clearly 
visible during the 2017 polynya).

Although the apparent sea ice thickness from SMOS-SMAP (purple line) decreases at the location of the floats 
during the polynyas, the difference in oceanic heat flux FOW (green lines), calculated from the floats and Equa-
tion 5, in the presence and absence of a polynya is not statistically significant. The average oceanic heat flux along 
the float trajectory for the period during which SIC is lower than 60% is 36.08 Wm −2 during the 2016 polynya, 
and 30.72 Wm −2 during the 2017 polynya in Table 1. By combining the two floats measurements, the monthly 
mean oceanic heat flux is thus presented in Table 1 in 2016 and 2017, with the maximum being about 67.28 and 
52.26 Wm −2, respectively. These values are close to that from A. L. Gordon and Huber (1990) (41 Wm −2) but 
larger than the annual mean oceanic heat flux in Petit and Norro (2000) (see their Figure 15), although none of 
these was measured in a polynya; the discrepancy will nonetheless be addressed later in this manuscript.

Through the floats measurements, we can estimate the ocean heat flux every 10 days for each float, which are not 
sampling in sync. We can then compute the daily mean ocean flux (thick light green lines in Figures 2b and 2d) 
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by first linearly interpolating between consecutive float values for each float, and then averaging all the floats. 
The daily average heat energy from the ocean can then be included in the 2016 and 2017 polynya energy budget 
by subtracting them as in Equation 1. The result is denoted as “F + O” in the following analysis. As described 
in Section 3, F + O includes the radiative flux retrieved from CERES-SYN, the turbulent flux computed from 
the MOST method with JRA55 input, and the float-based oceanic heat flux. Figure 3 contrasts “our” (F + O) 
estimated flux within the 2016 and 2017 Maud Rise polynyas to the one from JRA55. Generally, the estimated 

flux is upward, that is, the ocean loses heat to the atmosphere, which is to 
be expected when sea ice is thin or open. In particular, in 2016 (Figure 3a), 
F + O shows an extreme heat loss (over 300 Wm −2) from the ocean near the 
end of July, when the polynya is opening. The heat flux mainly remained 
upward during the entire polynya event. During the larger 2017 polynya 
(Figure 3b), the ocean lost over 350 Wm −2 heat before the polynya reached 
its maximum on 23 September. There were also several intrusions of heat 
(negative: downward) into the ocean; by the end of September, all computa-
tions agree to reveal a net downward flux of 25 Wm −2.

The flux changes are consistent among all data sets. In fact, the computed net 
fluxes are significantly correlated with each other (Table S1 in Supporting 

Table 1 
Mean Ocean Heat Flux (Units: W m −2) From Float Observations During 
the Winter Months and Within the 60% Ice Concentration Regions, Denoted 
in Figure 2

Years May June July August September October

Within 
60% 

threshold

2016 67.28 27.17 23.62 24.18 18.90 30.00 36.08

2017 52.26 23.55 32.37 22.87 41.13 23.78 30.72

Figure 2. Time-depth sections from the profiling float 5904468 and 5904471: (a and c), temperature difference (δT, units: °C) between the measured temperature and 
the freezing temperature of seawater (shading), mixed layer depth (white line), and sea ice concentration (SIC) value from ARTIST Sea Ice SIC during the polynya 
(vertical dashed cyan line); (b and d), sea ice thickness (purple) and oceanic heat flux calculated from Equation 5 (thin green). Thick light green lines are the mean daily 
ocean heat flux from float 5904468 and 5904471. Solid thick line is the period discussed in Section 5.2.
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Information S1). Table S1 in Supporting Information S1 also compares the net flux calculation from F + O but 
with the other three reanalyses input, denoted as F + O (ERA5, CFSv2, and MERRA2) in the following. Due 
to the lack of partial sea-ice cover in the grid cells used by JRA55 (Kobayashi et al., 2015; Tsujino et al., 2018), 
those from F + O and JRA55 have the lowest correlation compared to others. The 0 or 100% sea ice treatment in 
JRA55 also explains that the spatial variability of net flux is the smallest in JRA55 during the freezing seasons, 
while the temporal variability is the largest in F + O. Nonetheless, high correlations (>0.85) between direct flux 
from the reanalyses and those from F + O based on those reanalyses parameters, for example, between ERA5 and 
F + O (ERA5), prove the robustness of the F + O algorithms.

To summarize, we computed the upper ocean heat flux when the open-ocean polynya occurred based on the 
floats measurements. Then, for the first time, the flux budget proposed here, F + O, also incorporates this obser-
vationally deduced flux in the heat budget over the Maud Rise open-ocean polynya. We now use this heat budget 
to examine the sea ice production within the two most recent Maud Rise polynya events.

4.2. Sea Ice Production in the Polynyas, and the Role of the Atmosphere and Ocean

Using the upward flux estimated from F + O, we compute the daily sea ice production through Equation 1. 
Figures 4a and 4b show the daily ice produced within the day of maximum polynya extent in 2016 and 2017 (the 
same 2 days as in Figure 1). Average (maximum) sea ice produced on 8 August 2016 is about 0.073 m (0.149 m) 
and reaches 0.097 m (0.179 m) on 23 September 2017. Note for both years the region-dependent distribution, 
in which the production is more prominent in the northern part of the polynya in response to the sensible flux 
released to the atmosphere (not shown).

Figure 3. Daily upward heat flux (units: W m −2) from JRA55 (light green) and from “F + O” (Equation 1) (gray), within the 2016 (a) and 2017 (b) Maud Rise 
polynyas (60% concentration threshold) during the freezing seasons (May to October). The shadings indicate the 1%–99% percentiles, and solid, and dashed lines are 
the mean flux value within the polynyas. Solid thick line is the period discussed in Section 5.2.
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The monthly distribution and the related statistical parameters of sea ice production for each cell within the 2016 
(2017) polynya are shaded in red (blue) in Figure 4c. The peak production for 2016 is in July, with 1.8 × 10 −3 km 3/
day on average. In 2017, although the polynya has a large extent throughout October, the amount of ice produced 
is highest in September while the polynya grows, corresponding to the significant September heat loss (Figure 3). 
The average September 2017 sea ice production for each 6.25 × 6.25 km cell is over 2.5 × 10 −3 km 3/day, with over 
70% among them over 2.0 × 10 −3 km 3/day. There are also negative ice production (i.e., melting) values over the 
wider Maud Rise (within the polynya area), mainly in May before the seasonal ice cover has fully settled and in 
late October as the sunlight returns. Note that the ice dynamics properties, that is, ice advection and deformation, 
are comparatively small and cannot explain these values, as we will show in Section 5. Finally, the accumulated 
ice produced during the freezing season (May to October) is summarized in Table 2: 87.50 km 3 in 2016 and 
204.00 km 3 in 2017 in total within the polynyas. As we will discuss later in this manuscript, this is the same order 
of magnitude as produced by the largest coastal polynyas.

We further examine the relationship between daily sea ice production, near-surface atmosphere condition from 
JRA55, and ocean currents from GLORYS to find the determining factors for the variation of Vp (Table 2) in 
2016 and 2017. As expected, we find that the sea ice production Vp is highly correlated with the polynya extent 

Figure 4. Spatial distribution of sea ice production on (a) 8 August 2016 and (b) 23 September 2017, that is, days of maximum polynya extent for each year (same days 
as in Figure 1). (c) Distribution of monthly sea ice production (units: km 3 day −1) from Equation 1 within the 2016 (red, left) and 2017 (blue, right) Maud Rise polynyas. 
The violin shadings cover the range of 1st and 99th percentiles, the upper (lower) boundaries of slim boxes are the mean ± standard deviation, while the upper (lower) 
ones in thick boxes are the third and first quartiles of ice production. The stars (short-solid horizontal lines) represent the mean (median) of monthly production.
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Sp, especially in 2016 (correlation coefficient of 0.67). The volume Vp is also negatively correlated with the skin 
temperature (T), especially in 2017 (−0.46), and those anti-correlations dominate the north of the Maud Rise 
region (Figure S6a in Supporting Information S1). That is, as expected, a cold atmosphere is associated with 
large ice production. There is also positive correlation (Figure S6b in Supporting Information S1) between the 
volume of ice produced and the 10 m wind speed (|Uwind|) for both years, probably because the turbulent heat flux 
to the atmosphere is determined by T and |Uwind|. Correlations between ice production and ocean surface currents 
(|Uocean|), although significant, are very small, especially in 2017 (0.09). Note that there are large uncertainties in 
the time series of these potential drivers, not least due to the differences in spatial resolutions, so it is no surprise 
that the dominating causality cannot be established. In addition, taking the dependent relationship between |Uwind| 
and |Uocean| into account, we perform two multiple linear regression analyses in which Vp is taken as a variable 
explained by (a) T and |Uwind|, (b) T and |Uocean|, respectively (Table 2). We find again that T is the dominant factor 
that determines Vp in the open-ocean polynyas while |Uocean| has the least influence. Interestingly, the contribu-
tions differ between the 2016 and 2017 polynyas; the wind influence on Vp is larger within the relatively small 
2016 polynya, while the skin temperature clearly dominates in the large 2017 polynya. Lastly, we find that unlike 
ice production within coastal polynyas (Nihashi & Ohshima, 2015; Nakata et al., 2021), geostrophic winds exert 
a negligible influence (not shown) on the ice production in 2016/2017 open-ocean polynyas.

4.3. Sensitivity Study

As introduced in Section 3.3, we acknowledge that all parameters involved in the sea ice volume computation 
have inherent uncertainties that impact our results, but these uncertainties, unfortunately, cannot be obtained 
directly. We, therefore, instead quantify the sensitivity of Vp for the 2016 and 2017 open-ocean polynyas to 
perturbations of all the bulk, sea ice, oceanic, and atmospheric parameters (Table 3, Table S2 and Figure S7 in 
Supporting Information S1). When possible, to clarify, Table 3 also gives α, the ratio of relative changes in Vp to 
those in the input value.

The bulk ice parameters are varied within the ranges found in the literature (see Table 3). These include the 
SIC threshold for polynya determination, different ice concentration products, Lice, ρice, and CH. Among them, 
the SIC products for polynya determination exert the largest impact on sea ice production, followed by the SIC 
threshold, with α being over 1. This is no surprise given the results of the previous section: different products 
or  threshold changes the detected area of the polynya, which we found to be strongly correlated to Vp. Especially, 
both low-resolution Bootstrap and NASA Team products estimated a lower ice production in the 2016 poly-
nya, reduced by about 35.8% and 60.8%, which could be because these low-resolution products cannot preserve 
small-scale ice features. Besides, the SIC Bootstrap product has been shown to overestimate the Antarctic sea 
ice area (Kern et al., 2019). This is likely the reason for this product to always return the smallest ice production 
among the three SIC products, that is, it is the one with the smallest possible polynya areas.

For the sensitivity to the oceanic terms, we notably recompute the MLD using the other algorithms/thresholds 
used in the literature, as well as different fixed values for the freezing point of sea water, commonly used instead 
of the actual salinity and pressure-dependent value. We also quantify the sensitivity to the NSIDC ice drift and 
GLORYS ocean currents. We find that among these, the MLD algorithm has the largest impact (Table 3): nearly 
40% of the ice production in 2017 (Table S2 in Supporting Information S1) is reduced if the MLD comes from 
the MLFIT algorithm, that is, is computed as the intersection between the MLD and thermocline (Holte & 

Table 2 
Determining Factors for the Variation of Vp (Table 2) in 2016 and 2017

Years Winter ice production (km 3) Vp vs. Sp Vp vs. T Vp vs. |Uwind| Vp vs. |Uocean| βT 𝐴𝐴 𝐴𝐴
|𝑈𝑈wind |

 γT𝐴𝐴 𝐴𝐴
|𝑈𝑈ocean |

 

2016 87.50 [15.61, 51.13] 0.67 −0.25 0.30 0.15 −0.39 0.43 −0.32 0.24

2017 204.00 [19.53, 183.74] 0.40 −0.46 0.14 0.09 −0.51 0.24 −0.47 0.12

Note. 2nd column: accumulated polynya ice production (Vp) during the freezing seasons (May to October) within the key region, while the italic values in the brackets 
represent the Vapparent estimation from “SMOS-SMAP” (left) and “FDD” (right). 3th–6th columns: correlation coefficient between the daily May-October ice production 
Vp and polynya extent (Sp), skin temperature (T), 10 m wind speed (|Uwind|) from JRA55, ocean surface current (|Uocean|) from GLORYS, respectively. 7th–10th columns: 
standardized partial regression coefficients (βT, 𝐴𝐴 𝐴𝐴

|𝑈𝑈wind |
 , γT, 𝐴𝐴 𝐴𝐴

|𝑈𝑈ocean |
 ) from two multiple linear regression analysis consisting of (a) T and |Uwind|, (b) T and |Uocean|. All of 

the values are significant at the 99% confidence level.
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Talley, 2009). The MLFIT algorithm suggests the average MLD is 28.2 m deeper in 2017, corresponding to over 
70% extra heat storage in the upper ocean. However, Holte and Talley (2009) showed that this method might misi-
dentify the thermocline in profiles from the polar regions. Overall, compared to the potential density threshold, 
the gradient threshold algorithms for both temperature and density always obtain a larger ice production, while 
those based on the fit algorithm tend to produce significantly less ice.

The sensitivities from all atmospheric parameters are considered through changing into “untuned” CERES-SYN 
data or proportionally increasing/decreasing the JRA55 input. The sensitivity results show that the most substan-
tial impact arises from the temperature at 1,000 hPa (α of 1.41–1.89). That is, 1% of temperature changes can at 
least result in 1.4% of ice production variation (see e.g., 2016 on Figure S7 in Supporting Information S1). This 
is no surprise considering that in the previous paragraph, we found that sea ice production was most strongly 
correlated to near-surface skin temperature. Generally, the most dominant factor for ice production is near-surface 
(1,000 hPa) temperature, followed by SIC product, wind speed, and skin temperature.

5. Discussion
5.1. Comparison of the Methods for Sea Ice Production

The method we used here to compute sea ice production is the most commonly used for Antarctic coastal polyn-
yas, but it is not the only method. Sea ice production can also be estimated from the “freezing degree days” (FDD) 
or simply by comparing day-to-day changes in SMOS-SMAP thin ice thickness, despite the large uncertainties in 
this product (Ludwig et al., 2019), see Text S2 in Supporting Information S1. Here, we will use the term apparent 
“sea ice change” (Vapparent) instead of “sea ice production” for the above FDD and SMOS-SMAP methods for less 
ambiguity. Preußer et al. (2019) pointed out that flux-deduced sea ice production, for example, F + O, is typically 
regarded as a potential upper limit for thermodynamically induced ice changes.

Table 3 
Sensitivities in Accumulated May-October Polynya Sea Ice Production in 2016 and 2017 to the Input Data

Variable Perturbed value Vp change (%) α

SIC threshold (%) 50 (Campbell et al., 2019)/70 (Parmiggiani, 2011) −19.0/21.2 1.14–1.27

SIC algorithms NASA Team algorithm (DiGirolamo et al., 2022)/Bootstrap algorithm 
(Comiso, 2017)

[−35.8, 22.6]/[−60.8, −18.2] –

Lice (J kg −1) 276 (Yu & Rothrock, 1996)/334 (Nihashi & Ohshima, 2015) 1.1/−16.5 0.83–1.01

ρice (kg m −3) 900 (Tamura et al., 2008)/950 (Jardon et al., 2014) 2.2/−3.2 ≈1.0

CH 0.005/0.006 (McPhee, 1992) [5.82, 3.52]/[−3.9, −2.35] 0.33–0.55

Mixed layer depth a (m) ΔT; 𝐴𝐴 Δ
𝜕𝜕T

𝜕𝜕𝜕𝜕
 ; 𝐴𝐴 Δ

𝜕𝜕𝜕𝜕𝜃𝜃

𝜕𝜕𝜕𝜕
 ; TMLfit = TThermfit; σθMLfit (Holte & Talley, 2009) −39.10 to 6.37 –

Freezing temperature of sea water a (°C) −2.0(Thurman, 2002); −1.9(Wetzel et al., 2004); and −1.8(Hunke 
et al., 2017)

−4.32 to 7.6 –

NSIDC sea ice drift a (m s −1) Error variance (Tschudi et al., 2019) −8.8 to 1.69 –

GLORYS ocean current a (m s −1) Multi-model ensemble uncertainties (Garric & Parent, 2018) −1.54 to 2.03 –

CERES-SYN “Untuned” [−0.73, 1.94] –

Tskin (°C) −80%, −50%, −20%, −10%/10%, 20%, 50%, and 80% b 2.82 to 52.63/−40.97 to −2.74 0.27–0.66

T1000 hPa (°C) −123.14 to −14.15/14.34 to 151.04 1.41–1.89

Geopotential height (m) 0.23 to 5.81/−1.49 to −0.19 0.01–0.07

Relative humidity (%) 3.23 to 31.69/−30.66 to −3.23 0.32–0.40

Wind speed (m s −1) −60.13 to −6.07/6.01 to 54.68 0.69–0.75

Note. Sensitivities in accumulated May-October polynya sea ice production in 2016 and 2017 to the input data, including sea ice concentration (SIC) threshold, SIC 
different algorithms, sea ice latent heat of fusion (Lice), sea ice density (ρice), ocean heat transfer coefficient (CH), the other five algorithms for mixed layer depth 
definition (ΔT = 0.2°C; 𝐴𝐴 Δ

𝜕𝜕T

𝜕𝜕𝜕𝜕
  = 0.005°C m −1; 𝐴𝐴 Δ

𝜕𝜕𝜕𝜕𝜃𝜃

𝜕𝜕𝜕𝜕
  = 0.0005kg m −4; TMLfit = TThermfit; σθMLfit), freezing temperature of sea water, NSIDC sea ice drift, GLORYS 

ocean current, radiative flux from “untuned” CERES-SYN, and five atmospheric variables from JRA55 The slash's left and right sides are each input's lower and 
upper perturbation. The respective production changes for 2016 and 2017 polynyas are shown in brackets. The literature in which they were used is also cited. When 
meaningful, α is the ratio of Vp changes (units: %) over the perturbed changes (units: %).
 aDetailed ice production changes (units: %) for each parameter perturbation can be found in Table S2 in Supporting Information S1.  bDetailed ice production changes 
(units: %) for each parameter can be found in Figure S7 in Supporting Information S1.
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We compare these three methods in Figure S8 in Supporting Information S1: red and blue shadings are from our 
F + O estimation, identical to Figure 4; purple lines are for the FDD sea ice and green lines for the SMOS-SMAP 
one. Sea ice changes from SMOS-SMAP are much smaller than from the other two methods, with monthly 
means hardly above 0 even in 2017. The result is the same when accumulated over the entire May-October season 
(second column in Table 2 and dotted shadings and circle lines in Figure 6): Vapparent from SMOS-SMAP (square 
bracket, left) is only 19.5 km 3 in 2017, while that derived from FDD (square bracket, right) and F + O (no bracket) 
are comparable, over 50 km 3 in 2016 and over 180 km 3 in 2017. This result can partly be explained by the defini-
tion of these two auxiliary methods. The FDD estimation constantly accumulates values. Thus, the daily Vapparent 
is always positive, that is, ice can only grow with this method. In contrast, most of the SMOS-SMAP Vapparent is 
negative, indicating half of the sea ice melts during the occurrence of the polynya, which is in agreement with the 
oscillations in heat fluxes from Figure 3. Considerable uncertainties exist in the SMOS-SMAP product (Paţilea 
et al., 2019), up to 30 cm. Its current retrievability limit of 50 cm also hampers its use for sea ice volume change 
studies. Therefore, although the consistency between potential ice production and actual sea ice changes cannot 
be definitely verified, our results provide an uppermost limit of ice production, which can impact the sea ice 
budget in general.

5.2. Dynamics Inside the Polynya

Another significant contributor to the sea ice budget in the polynya is the sea ice motion. Sea ice convergence 
from outside the polynya into the polynya causes a net ice gain for the polynya, while ice divergence out of the 
polynya causes a net ice loss. Several studies compared the contribution of the ice-related dynamic and ther-
modynamic processes changing sea ice area in the Weddell Sea (P. R. Holland & Kwok, 2012; von Albedyll 
et al., 2022). In particular, based on a concentration budget analysis, P. R. Holland and Kwok (2012) found that 
during a typical freezing season, SIC over Maud Rise (named King Håkon Sea in their paper) is mainly controlled 
by the sea ice thermodynamic component. Huot et al. (2021) found a similar result in the polynya in their 5 km sea 
ice-ocean model. Besides, unlike coastal polynyas that are controlled by ice dynamic processes (katabatic wind 
and latent heat), open-ocean polynyas are dominated by sensible fluxes melting, that is, ice thermodynamics. 
Finally, the insignificant correlation between Vp and geostrophic wind, which is correlated with the ice motion in 
Section 4.2, also supports the hypothesis of a minor impact from the ice dynamics.

Nonetheless, we quantify the relative contributions from ice thermodynamic and dynamic processes in the ice 
production/volume changes during the development of the 2017 Maud Rise open-ocean polynya, largest of the 
two events. We here show only the period September-October 2017 (49 days in total), which exhibited the largest 
changes in sea ice production and polynya area. Here, in a very simple case, we first focus on the sea ice horizon-
tal transport/advection and consider the “free drift” condition in which the rheology term, ridging redistribution, 
and internal force are neglected. See more computation details in Text S3 and Figure S9 in Supporting Informa-
tion S1. We find that the 49 days of accumulated daily ice volume changes due to ice advection computed from 
the NSIDC sea ice drift data (∼5.6 km 3) is only 30% of the total sea ice volume change over the same period 
(∼18.5 km 3). This estimation is but an approximation, owing to the low resolution of the sea ice drift data set 
(25 km × 25 km here) and its uncertainties. We expect that the new daily sea ice velocity data sets from the 
proposed “swath-to-swath” algorithm (Lavergne et al., 2021), combined with more accurate sea ice thickness 
retrievals from satellites, will reduce the uncertainty of that estimation.

Then, to study other ice dynamic effects after the sea ice growth within the polynya, we further consider the ice 
divergence/convergence conditions (possible ridging redistribution), near the rim of polynya in Figure 5. Applied 
to the same 2017 polynya case study, the whole region (see animation in Movie S1) is ice divergence-dominated, 
without a significant trend or bias compared to the 1979–2021 climatological mean (Figure 5a). Besides, the 
freeboard close to the polynya does not show different tendencies between the divergence or convergence regions 
(Figure 5b). In particular, freeboard does not consistently increase in converging regions, further suggesting that 
dynamics is not the lead driver of sea ice growth. The freeboard in the divergence area presents a mild thinning 
trend (statistically significant only at a 90% confidence level), but it may be because the majority of the polynya 
region was divergence-dominated in 2017 (see Movie S1) rather than an actual dynamics effect on sea ice.

Although the true extent of the dynamics contribution cannot be quantified without higher resolution sea ice drift 
products, our results, in agreement with past literature (P. R. Holland & Kwok, 2012; von Albedyll et al., 2022), 
suggest a minor contribution of dynamics compared to thermodynamics. Therefore, after sea ice grows, produced 
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transient sea ice within the polynya most likely thermodynamically melts 
there due to the continuous ventilation of warm sub-thermocline waters, 
which helps to maintain the polynya that undergoes cycles of partial sea ice 
melt and regrowth during the whole opening period. This process would 
agree with the findings in Wilson et al. (2019). They suggested that, espe-
cially over the Maud Rise, the combination of weak upper-ocean stratifica-
tion and relatively strong thermocline facilitates high rates of winter ventila-
tion and a strong negative feedback on winter ice growth. Furthermore, the 
entrainment of heat into the mixed layer could melt about 35% of the initial 
sea ice formed there.

5.3. Discussion of the Oceanic Heat Flux Estimation

As explained in for example, Guo et  al.  (2019), sea ice production in 
open-ocean polynyas is reduced by the upwelling of oceanic heat flux from 
the comparatively warm, modified Circumpolar Deep Water. We here esti-
mated the oceanic heat flux directly from observations collected by drifting 
profilers, focusing on the heat contained within the mixed layer (up to 200 m 
in Figure 2).

Previous studies have found that the average upper-ocean heat flux in 
the western Weddell Sea varies from 7 W m −2 (Lytle & Ackley, 1996) to 
41 W m −2 (A. L. Gordon & Huber, 1990) during autumn and early winter. 
Over Maud Rise, in particular, McPhee et al. (1999) found about 23 W m −2 
during the ANZFLUX crewed drift in 1994. Our maximum (and average) 
estimations from the float measurements collected during the 2016 and 2017 
polynyas (within 60% threshold in Table  1), 58.9 (36.1) W  m −2 and 66.6 
(30.7) W  m −2, reveal that the oceanic heat flux during a polynya is high 
compared to the previously observed values. To the best of our knowledge, 
this is the first estimation of the upper oceanic flux before and during the 
recent Maud Rise polynyas.

Admittedly, the parameterizations/choices of the above bulk values in Equa-
tion 6 require more idealized laboratory experiments and actual field works 
to better represent the current Weddell Sea or Antarctic research. The largest 
uncertainty comes from the measurement method itself though: be it from a 

Figure 6. May to October accumulated polynya ice production within the 
Maud Rise region in 2016 (red) and 2017 (blue) from all three methods; 
“F + O” in plain circles, “freezing degree days” (FDD) in solid circles 
lines and “Soil Moisture Ocean Salinity-Soil Moisture Active Passive” 
(SMOS-SMAP) in dotted areas. The yellow patches represent the mean 
coastal polynya ice production between 2003 and 2010 (March to October) 
from Nihashi and Ohshima (2015, Table 1), the green circle lines are the 
estimation between 1992 and 2001 from Tamura et al. (2008, Table 1), while 
the purple circle lines are the estimation between 1992 and 2013 from Tamura 
et al. (2016, Table 1). The centered small (large) white circle corresponds to 
100 (200) km 3 ice production. (W for Weddell Sea, CD for Cape Darnley, M 
for Mertz, TN for Terra Nova Bay, and R for Ross Ice shelf.)

Figure 5. (a) Regional mean ice divergence in 2017 (orange) and during 1979–2021 (mean in gray line and inter-annual variability in gray shading). (b) Mean radar 
freeboard from Sentinel-3A within the 50 km outer rim of polynya in divergence (blue) and convergence (red) area in 2017 polynya case. See Movie S1 for polynya 
extent and ice divergence changes.
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mooring, a ship, or a float, all oceanic observations are single profiles. Our results and that of others, for example, 
Mohrmann et al. (2022), show in contrast a large spatial variability over the polynya region and a daily (or higher) 
temporal variability. We need observations at a high spatio-temporal resolution, for example, from a flotilla of 
floats sampling daily, to resolve these scales of variability in the polynya, and more accurately quantify the contri-
bution of the ocean through its life cycle.

5.4. Comparison of the Maud Rise Sea Ice Production to That of Antarctic Coastal Polynyas

Although open-ocean polynyas rarely occur in the Southern Ocean, we find that the ice production within them 
is comparable to or even more extensive than that in coastal polynyas. Figure 6 compares sea ice production 
among the 13 major Antarctic coastal polynyas computed by (a) Nihashi and Ohshima (2015) (yellow patches, 
see their Table 1, average over 2003–2010); (b) Tamura et al. (2008) (green circles, see their Table 1, average 
over 1992–2001); and (c) Tamura et al. (2016) (purple circles, see their Table 1, average over 1992–2013) to that 
from our F + O (red and blue patches). There generally exists consistency between production estimations from 
Nihashi and Ohshima (2015) and Tamura et al. (2008). The differences between three these estimations result 
from different parameters (i.e., different ρice and Lice choices), data sets and spatial coverage. The most consid-
erable contrast is between Nihashi and Ohshima (2015) and Tamura et al. (2016) over the Weddell Sea (W, 271 
vs. 38 km 3), as Tamura et al. (2016) integrated ice production in coastal polynyas along an extensive stretch of 
coastline, while most of them are labeled as fast ice and hence excluded by Nihashi and Ohshima (2015). There, 
an extra estimation of 155 km 3 from 1992 to 1998 is provided by Renfrew et al. (2002).

There is more agreement at the other coastal polynya locations (Figure 6), highlighting that the Ross Ice Shelf 
(R) polynya is the largest producer (over 300 km 3 sea ice from March to October). We find that the second-largest 
is the 2017 Maud Rise open-ocean polynya (204.00  km 3), ahead of the Cape Darnley (CD: ∼158  km 3) and 
Mertz (M: ∼152 km 3) coastal polynyas. Although lower, the sea ice production in the 2016 Maud Rise polynya 
is nonetheless the eighth highest (87.50 km 3). Therefore, a sizable open-ocean polynya can lead to extensive ice 
production that is comparable to or even larger than the coastal polynya “ice factories.”

High ice production in a coastal polynya can produce dense shelf water (DSW) that contributes to AABW forma-
tion (Ohshima et al., 2016). For example, the polynyas by the Ross Ice Shelf and Terra Nova Bay are considered 
the drivers for Ross Sea Bottom Water production (Comiso et al., 2011; Fusco et al., 2009); sea ice production 
in  the Cape Darnley polynya is directly linked to very saline DSW (>34.8) (Roquet et al., 2013), and the primary 
DSW source of Cape Darnley bottom water (Ohshima et al., 2013); and the Mertz polynya is identified as the 
source of Adélie Land Bottom Water (Williams et al., 2008). Therefore, such a large ice production and brine 
rejection in the open ocean would significantly impact the local stratification and potentially lead to dense water 
formation (Kusahara et  al.,  2017). Although Campbell et  al.  (2019) found no indication of deep convection 
following the 2016 and 2017 open-ocean polynyas, they did detect “remnants (of) convective plumes,” leading 
them to suspect that deep convection may have taken place but that their 10-daily sampling was too coarse to 
detect it. Another possibility, as we discussed in Secion 5.2, is that the thermodynamically driven melting of 
ice within the open-ocean polynya may cause enough restratification to impede convective mixing and AABW 
formation. Either way, more sensitivity modeling studies and observational campaigns are needed to answer this 
question.

6. Conclusions
We estimate sea ice production within the 2016/2017 large Maud Rise open-ocean polynyas from the sea ice 
surface energy budget computed from the CERES-SYN satellite product and JRA55 atm reanalysis. We show that 
this thermodynamics contribution dominates ice growth and production. For the first time, we also incorporate 
the oceanic flux into the heat balance, which is evaluated from direct observations collected by drifting profilers. 
This oceanic heat flux is 36.08 (30.72) Wm −2 within the 2016 (2017) open-ocean polynya, on average.

We find large volumes of ice produced in these two polynyas, especially in September 2017 when the open-ocean 
polynya was largest. We find that the accumulated volume of 2017, 198 km 3, is the second-largest compared to the 
13 main Antarctic coastal polynyas (Figure 6). Consistent with the formation mechanism of open-ocean/sensible 
heat polynya, we find that the daily ice production is most correlated to the skin temperature but only weakly 
correlated to winds, further showing that these polynya events are primarily controlled by ice thermodynamics 
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processes. In addition, we found significant sensitivities of the sea ice volume calculation to the 1,000 hPa air 
temperature, SIC products, wind speed, skin temperature, and polynya threshold. These could explain why 
polynyas are so poorly represented in climate models (Mohrmann et  al., 2021): the atmosphere, sea ice, and 
ocean diagnostics need to be accurate simultaneously. Our results suggest that the rarely occurring but exten-
sive open-ocean polynyas can result in substantial ice production. They further suggest that as long as the ice 
remains within the polynya, it can go through cycles of growth and melt processes, that is, re-stabilize the water 
column, which hinders open-ocean deep convection and deep water formation. However, more observations 
and model studies are needed to fully understand the above processes, which is challenging as both sea ice and 
open-ocean deep convection are poorly represented in current climate models (Heuzé, 2021). High-resolution 
models perform better (Kaufman et al., 2020), but modeling and observation studies, including this one, remain 
limited as lateral and bottom ice melting cannot be directly estimated from the heat flux (Nihashi et al., 2012). 
These atmosphere-ice-ocean interactions and their variability in polynyas urgently need to be better understood 
and disentangled, especially for deep ocean ventilation, AABW formation, and carbon sequestration (Bernardello 
et al., 2014) given the increasingly vital role of polar processes on the global climate system.

Still, more in-situ observations and model studies need to be combined to explain (a) the detailed feedback 
between the ocean, ice, and air above polynyas; (b) how ice production responds to the pan-Antarctic open-ocean 
polynya and influences the local atmosphere circulation and deep convection; and (c) how polynya heat loss 
influences local/high-latitude climate variability. Fortunately, more specifically designed satellites such as the 
Ice, Cloud, and Land Elevation Satellite (ICESat)-second-generation ICESat (ICESat-2) (Xu et al., 2021) and the 
CryoSat-2 (Kacimi & Kwok, 2020) are coming. They will allow for a more realistic detection of sea ice distribu-
tions and even snow cover parameters and help to answer the far-reaching consequences of extensive open-ocean 
polynya activity for the global ocean circulation and ice sheet mass balance with climate change.

Data Availability Statement
The ASI AMSR2 sea ice concentration (SIC) data sets (Melsheimer & Spreen, 2019; Spreen et al., 2008) are avail-
able from the Bremen University data center: https://seaice.uni-bremen.de/data. The NASA Team (DiGirolamo 
et al., 2022) and Bootstrap algorithm (Comiso, 2017) SIC data sets are available from NSIDC: https://n5eil01u.
ecs.nsidc.org/PM/NSIDC-0051.002/. The measurements from the two profiling floats were downloaded from the 
SOCCOM quality-controlled archive (Johnson et  al.,  2017): http://library.ucsd.edu/dc/collection/bb4473712z. 
The sea ice thickness from SMOS (Huntemann et al., 2014) and SMOS-SMAP (Paţilea et al., 2019) is provided 
by Bremen University at https://seaice.uni-bremen.de/databrowser/. ERA5 reanalysis data are from the Euro-
pean Centre for Medium Range Weather Forecast (ECMWF), available via https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels. The hourly Modern-Era Retrospective analysis for Research and 
Applications version 2 (MERRA-2) data sets are available via https://goldsmr4.gesdisc.eosdis.nasa.gov/data/
MERRA2/M2T1NXSLV.5.12.4/ The 3-hourly Japanese 55-year Reanalysis (JRA55) are available via: https://
rda.ucar.edu/datasets/ds628.0/ The hourly NCEP Climate Forecast System Version 2 (CFSv2) are available via 
https://rda.ucar.edu/datasets/ds094.1/. The radiative fluxes data sets from CERES and GEO-Enhanced top of 
the atmosphere, Within-Atmosphere and Surface Fluxes, Clouds and Aerosols Daily Terra-Aqua Edition4A 
[CER_SYN1DEG-DAY_TERRA-AQUA-MODIS_EDITION4A]. NASA Langley Atmospheric Science Data 
Center DAAC. Retrieved from https://doi.org/10.5067/Terra+Aqua/CERES/SYN1degDay_L3.004A. The surface 
ocean current data sets from GLORYS [GLOBAL_REANALYSIS_PHY_001_031] can be access provided by 
Copernicus Marine Environment Monitoring Service (CMEMS) via: https://doi.org/10.48670/moi-00024. The 
Sentinel-3A STM (SRAL/MWR) Level 2 sea ice freeboard can be access via https://apihub.copernicus.eu/apihub.
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