
1. Introduction
Sea ice in polar regions controls the heat, moisture, and momentum transfer between the air and the ocean. Conse-
quently, sea ice openings over large areas (i.e., polynyas) impact the ocean circulation, regional and global climate 
sensitivities, and even the ecosystem and biogeochemical processes (Pedro et al., 2016; Zhang et al., 2019). Open-
ocean polynyas, that is, persistent fully enlosed areas of open water within the sea ice, cause extreme surface heat 
loss, low static stability into the deep ocean, and may result in abyssal ventilation (Gordon, 1978; Martinson 
et al., 1981; M. McPhee et al., 1996; Muench et al., 2001). In the Southern Ocean, this enhanced mixing has been 
associated, among other things, with increased oceanic carbon uptake (Bernardello et al., 2014), disturbance of 
large-scale ocean circulation (Heuzé et al., 2015), strengthened Weddell Gyre (Behrens et al., 2016), increased 
ice shelf basal melting (Naughten et al., 2019), and abyssal ocean warming (Zanowski et al., 2015). Although 
few in-situ oceanographic observations are available, Antarctic open-ocean polynyas are extensively simulated 
both in low-resolution climate models (Cheon et  al.,  2015; Heuzé et  al.,  2013; Hirabara et  al.,  2012; Mohr-
mann et al., 2021) and ocean-eddy-resolving coupled models (Chang et al., 2020; Gutjahr et al., 2019; Kaufman 
et al., 2020; Kurtakoti et al., 2021; Stössel et al., 2015; van Westen & Dijkstra, 2020). All these modeling studies 
tend to reveal common causalities for polynya formation and variability, such as an anomaly in positive surface 
salinity, positive potential instability, and a negative wind stress (Hirabara et al., 2012; Kurtakoti et al., 2018).

One Antarctic open-ocean polynya in particular has been studied extensively. The Maud Rise polynya, near the 
area of elevated topography Maud Rise (66°S, 3°E), occurred in 2016 and 2017, reaching a maximum extent of 
over 50 × 103 km2 (Cheon & Gordon, 2019). When it was last observed in the mid-1970s, it had further devel-
oped, reaching an area of about 300 × 103 km2, and migrated downstream of Maud Rise to the central Weddell 
Sea and is hence referred to as ‘Weddell Sea polynya’ (Martinson et al., 1981; Morales Maqueda et al., 2004; 
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Timmermann et al., 1999). In the decades between these two significant events, smaller openings and/or low ice 
concentration ‘halos’ (De Steur et al., 2007) commonly occurred over the Maud Rise region (Heuzé et al., 2021).

The processes identified in the literature as responsible for the Maud Rise polynya's large openings tend to fall 
into two categories, which are not mutually exclusive:

1.  Small-scale processes that precondition the region for both static instability and intensified convection, includ-
ing the effects from topographic interaction with circulation, such as Taylor cap formation (Alverson & Ow-
ens, 1996; Chapman & Haidvogel, 1992; Ou, 1991), Ekman effects (D. Holland, 2001; D. M. Holland, 2000) 
and tides (Beckmann et al., 2001), resulting in the upwelling of comparatively warm and salty Weddell Deep 
Water (WDW) from a depth of 200–2000 m (De Steur et al., 2007; Motoi et al., 1987; Wilson et al., 2019)

2.  Large-scale processes that intensify the Weddell Gyre through anomalous wind stress curl (Campbell 
et  al.,  2019; Cheon et  al.,  2015) and/or the Southern Annular Mode (SAM; Gordon et  al.,  2007; Turner 
et al., 2017) and/or synoptic-scale atmospheric storm variability (Francis et al., 2019), enhancing the WDW 
upwelling and ultimately triggering the ice opening from above

Studies focusing on the 2016–2017 event also emphasize the importance of positive surface energy flux from 
atmosphere rivers (Francis et al., 2020), southward moisture transport (Ionita et al., 2018), and strong southward 
heat advection (Schlosser et al., 2018).

We here investigate what triggered the significant Maud Rise polynya events of 2016/2 017 and all the smaller 
events since the satellite record began. To the best of our knowledge, we show for the first time that upcoming 
Maud Rise polynya openings are consistently detectable months ahead, using observations only. We further re-
veal how thermodynamic and dynamic forcings from the ocean and atmosphere operate concurrently to trigger 
the polynya development.

2. Data and Methods
To determine the predictability of the Maud Rise polynya in the early winter (May onwards), we investigate the 
preconditioning and triggering of all past polynyas using the remote sensing datasets described below. We limit 
our study to the area that we call the polynya-prone region, located above Maud Rise, within longitudes 6°W to 
12°E and latitudes 68°S to 60°S (Figure 1a and cyan polygon on Figure S1 in the Supporting Information S1) and 
further limit the period to 1st July - 31st October. Note that, for increased readability, advanced methodological 
details are given in the Supporting Information S1 texts only.

2.1. Data

Maud Rise polynya openings are defined using a 60% sea ice concentration threshold (Campbell et al., 2019) on 
the National Oceanic and Atmospheric Administration (NOAA)/National Snow and Ice Data Center (NSIDC) 
climate data record of passive microwave sea ice concentration (Meier et al., 2017; Peng et al., 2013), available 
since 1979. We detect 11 polynya years: 1980, 1991, 1992, 1994, 1996, 1999, 2000, 2004, 2005, 2016 and 2017 
(see their characteristics on Figure S1 in the Supporting Information S1), four of which during the satellite-rich 
21st century.

We quantify the thermodynamics, that is, thickness changes, of sea ice using daily radar sea ice freeboard over the 
period 2002–2012 from the swath-based Envisat product (Hendricks et al., 2018) in the second phase of the Eu-
ropean Space Agency's (ESA) Sea Ice Climate Change Initiative (SICCI). In addition, after 2012, freeboard data 
were obtained from the CryoSat-2 level 2 (Baseline D) Synthetic Aperture Radar (SAR)-mode products. See Text 
S1 in the Supporting Information S1 for more details. We also use the more recent daily sea ice thickness product 
based on passive-microwave retrieval by the Soil Moisture and Ocean Salinity mission (SMOS) at 1.4 GHz (L 
band; Huntemann et al., 2014) from 2010 to 2020. Note that the maximum retrievability of the SMOS sea ice 
thickness is limited to 50 cm and that data is provided in winter only. We determine the sea ice circulation using 
daily sea ice drift produced by the NSIDC as described in Tschudi et al. (2019).

To find the causes for sea ice changes, we use in-situ and reanalysis data for the ocean and atmosphere. Two hy-
drographic moorings named AWI229 (Fahrbach & Rohardt, 2013a) and AWI231 (Fahrbach & Rohardt, 2013b) 
have been deployed within the polynya-prone region since 1996 (locations indicated by green stars on Figures 1a 
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and 1b). They measure ocean currents every two hours at discrete depths between 25 and 600 m. We use the 
near-surface (up to 50 m depth) currents for the ocean forcing effects; for those, measurements are only available 
during 2005–2010. Furthermore, two Southern Ocean Carbon and Climate Observations and Modeling (SOC-
COM) Argo profiling floats 5,904,468 (blue on Figures 1a and 1b), and 5,904,471 (orange) have been deployed 
over the region since 2015. In particular, they were both active during the 2016 and 2017 polynyas. They capture 
temperature and salinity profiles down to 2000 m every 7 or 10 days. We use these floats to determine which 
processes are the most critical for the preconditioning by calculating their heat budget in the mixed layer. To com-
plement these localized hydrographic float measurements and assess the broader oceanic conditions, we use the 

Figure 1. (a) SMOS sea ice thickness and polynya area (60% ice concentration threshold as black line) on 24-Sep-2017. Red polygon indicates the polynya-prone 
region (6°W–12°E, 68°S–60°S). Also shown are the trajectories from profiling floats 5,904,468 (blue) and 5,904,471 (orange), and the location of the two moorings 
AWI229 (northern green star) and AWI231 (southern green star). (b) Zoom over the polynya-prone region, with the seafloor topography (shading, ETOPO1 1 Arc-
Minute Global Relief Model (Amante & Eakins, 2009)). The diamonds (circles) are the floats' surfacing locations inside the 2016 (2017) polynya. The triangles and 
squares are the start and end of each profiling float series. (c) Mean radar freeboard anomaly relative to its climatology within the polynya-prone region from Envisat 
(2002–2012 climatology) and CryoSat-2 (2011–2020 climatology) and (d) mean sea ice thickness anomaly from SMOS (2010–2020 climatology), in the four polynya 
years 2004 (blue), 2005 (yellow), 2016 (green), and 2017 (orange), May to October. Vertical dashed lines are the first day of each polynya event.
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monthly salinity and temperature from Ocean Reanalysis System 5 (ORAS5; Zuo et al., 2014) at a 0.25° × 0.25° 
horizontal resolution from 1979 until 2018.

To investigate the upper ocean circulation, we use the daily absolute dynamic topography, sea level anomaly, and 
geostrophic velocity products from AVISO/CMEMS Ssalto/Duacs gridded multimission altimeter starting from 
1993 (Armitage et al., 2018; Pujol et al., 2016). Finally, for the atmosphere, we use the hourly 2 m temperature, 
10 m and 850 hPa wind speeds, and 300 hPa geopotential height and monthly radiative heat flux and turbu-
lent flux from the European Center for Medium-Range Weather Forecasts reanalysis (ERA5) at 0.25° × 0.25° 
resolution.

2.2. Methods

In order to determine whether an anomalous stress preconditions the Maud Rise region in polynya years, we 
compute the momentum transfer/stress onto the ice from the atmosphere (τai) and ocean (τoi). The total surface 
stress τtot is the relative sum of τoi and τai depending on the sea ice concentration SIC:

𝜏𝜏𝒕𝒕𝒕𝒕𝒕𝒕 = 𝑆𝑆𝑆𝑆𝑆𝑆𝜏𝜏𝒕𝒕𝒐𝒐 + (1 − 𝑆𝑆𝑆𝑆𝑆𝑆)𝜏𝜏𝒂𝒂𝒐𝒐. (1)

Here, ocean-ice stress and atmosphere-ice stress are parameterized as in Brown (1980); M. G. McPhee (1982), by 
applying the quadratic bulk layer drag laws to the mooring and reanalysis data:

𝜏𝜏𝒐𝒐𝒐𝒐 = 𝜌𝜌0𝐶𝐶𝑜𝑜|𝑼𝑼𝒐𝒐 − 𝑼𝑼𝒐𝒐|(𝑼𝑼𝒐𝒐 − 𝑼𝑼𝒐𝒐) (2)

𝜏𝜏𝒂𝒂𝒂𝒂 = 𝜌𝜌𝑎𝑎𝐶𝐶𝑎𝑎|𝑼𝑼𝒂𝒂|(𝑼𝑼𝒂𝒂) (3)

where ρ0 and ρa are constant average densities of sea water (1024 kg m−3) and atmosphere (1.29 kg m−3) respec-
tively, and Ua, Ui and Uo the 10 m wind, sea ice motion and ocean surface current, respectively. For the detailed 
drag coefficients, see Text S2 in the Supporting Information S1.

Similarly, we compute the curl of sea ice from the sea ice velocity and wind field. Note that in the Southern 
Ocean, cyclonic (anticyclonic) circulation suggests negative (positive) ice drift/wind field curl values. The sea-ice 
momentum equation is defined as in Petty et al. (2016); Martin et al. (2014):

𝜏𝜏𝒐𝒐𝒐𝒐 = 𝜏𝜏𝒂𝒂𝒐𝒐 + 𝑭𝑭 𝒐𝒐. (4)

Here, Fi is the internal stress, which counteracts the effects of wind stress. Assuming the internal forcing and 
ocean surface currents are constant (as in Petty et al.  (2016)), Equation 4 reveals a simple linear relationship 
between the ice curl and wind field:

(
𝜕𝜕(|𝑼𝑼𝒊𝒊|𝑣𝑣𝑖𝑖)

𝜕𝜕𝜕𝜕
−

𝜕𝜕(|𝑼𝑼𝒊𝒊|𝑢𝑢𝑖𝑖)

𝜕𝜕𝜕𝜕

)

∝

(
𝜕𝜕(|𝑼𝑼𝒂𝒂|𝑣𝑣𝑎𝑎)

𝜕𝜕𝜕𝜕
−

𝜕𝜕(|𝑼𝑼𝒂𝒂|𝑢𝑢𝑎𝑎)

𝜕𝜕𝜕𝜕

)

, (5)

where v and u are the northward and eastward velocities, and subscripts i and a stand for ice and atmosphere, 
respectively. Possible reasons for discrepancies between the above fitting and the actual ice curl are listed in Petty 
et al. (2016) and also investigated later in this paper.

Lastly, we compute the detailed mixed layer heat budget to determine which processes may be responsible for 
sea ice changes (Liang et al., 2019; Pellichero et al., 2017; Qiu, 2000; B. Wu et al., 2020). The mixed layer heat 
budget can be described as:
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,
 (6)

where the terms from left to right are the (a) mixed layer heat tendency, (b) net surface heat flux (Melin, 2013; 
Røed & Debernard, 2004; Sweeney et al., 2005), (c) horizontal advection (Pellichero et al., 2017; Rio et al., 2014), 
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(d) vertical diffusion (Cisewski et al., 2005; Karsten & Marshall, 2002; Sallée et al., 2010; L. Wu et al., 2011), 
(e) horizontal diffusion (Marshall et  al.,  2006; Vijith et  al.,  2020), (f) entrainment (Ren & Riser,  2009; Ren 
et al., 2011), and (g) residual. ρ0 and Cp, the density and specific heat capacity of seawater, are considered con-
stant with values 1024 kg m−3 and 4000 J kg−1K−1, respectively. Tm, hm, and Um are the mixed layer temperature, 
depth, and current, respectively. The mixed layer depth is determined from each float profile using a density 
threshold Δρ = 0.03 kg m−3 from the 10 dbar value (de Boyer Montégut, 2004). Qnet and Qpen are the net heat flux 
and penetrative short-wave flux; κZ and κH are the vertical turbulent diffusion coefficient at the base of the mixed 
layer and the horizontal eddy diffusivity, respectively. Finally, H is the Heaviside function that controls ωe, the 
entrainment velocity. For more information, see Text S3 in the Supporting Information S1.

3. Results
3.1. Sea Ice Condition Throughout Winter

The Maud Rise polynya opened four times since sea ice freeboard retrievals became available: in 2004, 2005, 
2016, and 2017. We quantify changes in sea ice thickness first through radar freeboard (fbr) anomaly from Envisat 
(for 2004 and 2005) and CryoSat-2 (for 2016 and 2017). In 2004 2005, the radar freeboard gradually decreased 
(Figure 1c) shortly after the ice first formed, that is, from mid-May already, although the polynya opened on 9 
October. The decrease rate in both years is almost identical (1.1 ± 0.1 cm/month in 2004; 0.8 ± 0.2 cm/month in 
2005). In 2004 though, the ice was anomalously thin during the early winter, which probably explains why the 
2004 polynya was more extensive and lasted longer than the 2005 one (Heuzé et al., 2021). In 2016 2017, the sea 
ice decrease was much faster, at a rate of 4.2 ± 3.2 cm/month and 15.1 ± 2.1 cm/month, respectively.

Using SMOS, we detect a increasing negative sea ice anomaly from May to mid-June as well, with a rate similar 
to that from the altimeter in 2016 (3.6 ± 0.8 cm/month) but slower than that in 2017 (4.0 ± 1.5 cm/month, Fig-
ure 1d). The difference in 2017 is associated with (a) the upper limit of thickness retrieval from SMOS, which is 
50 cm at most, (b) considerable speckle noise from radar echo in altimeters, and (c) non-simultaneous sampling 
between SMOS and altimeters. Considering that the early winters 2016 and 2017 also exhibited a large sea ice 
concentration anomaly (Figure S2 in the Supporting Information S1), we suspect that the altimeter failed to detect 
the frazil/very thin new ice that SMOS indicates due to the limited footprint on the surface type detection from 
the altimeter compared to SMOS (see also Text S1 in the Supporting Information S1). Nevertheless, the two 
altimeters and SMOS all agree that 3–4 months ahead, in May/June, sea ice is preconditioned for the polynya 
via an overall thinning (thickness more than one standard deviation away from the average values of the Envisat/
CryoSat-2 and SMOS 10-year datasets). This preconditioning makes the Maud Rise polynya predictable in the 
early winter, months earlier than the one-month-ahead thinning found by Mchedlishvili et al. (2021) for the 2017 
polynya only. Given that the polynya is more likely to develop within thin flat sea ice, next, we focus on the po-
tential causes for this sea ice reduction in the early winter.

3.2. Atmospheric and Oceanic Conditions

We now determine whether the atmosphere and ocean also exhibit signs of preconditioning in the early winter. 
As we no longer rely on the sea ice thickness retrievals, which are only available since 2002, in this section, we 
study all the polynya years since 1979. We contrast these 11 polynya years (Figure S1 in the Supporting Infor-
mation S1) with the 31 non-polynya years by compositing their monthly atmosphere and ocean anomaly over 
May to July (Figure 2). All polynya years have a significant atmospheric cyclonic anomaly at mid- and low-level, 
centered over 5°E, 60°S (opposite wind rose directions on Figures 2a and 2b and negative values on Figure 2e). 
This pressure anomaly is accompanied by a significant cold air anomaly (Figure 2f), most likely the consequence 
of southerly winds transporting the cold air from the Antarctic continent. The non-significant warm anomaly in 
the eastern part is attributed to the delayed freeze-up/low ice concentration within the region. Such anomalous 
cyclonic pattern has been identified before as potentially triggering the polynya (Cheon & Gordon, 2019; Jena 
et al., 2019).

Likewise, we find significant negative sea surface height (SSH) anomalies in polynya years compared to the 
non-polynya ones (Figures 2g and S3 in the Supporting Information S1), along with an easterly dominated or 
cyclonic anomaly in geostrophic velocity (Figures 2c and 2d). Both signify an intensification of the Weddell 
Gyre (confirmed by Figure S3 in the Supporting Information  S1). The anomalous cyclonic atmospheric and 
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oceanic circulations would induce upwelling, bringing comparatively warm and salty WDW to the sea surface. 
This result is in agreement with the studies on the 2017 Maud Rise polynya by Jena et al. (2019) and Cheon and 
Gordon (2019), who further hypothesized that cyclonic ocean eddies within the region sustained the polynya.

Furthermore, the upper ocean over the entire region is significantly warmer and saltier in polynya years than in 
non-polynya years (Figures 2h–2k and Figure S4 in the Supporting Information S1), but cooler and fresher below 

Figure 2. Differences between the polynya years and the non-polynya years, May to July, over the polynya-prone polynya region. (a–d) wind field and geostrophic 
current rose (m/s) during polynya and non-polynya years. (e) 300 hPa geopotential height (m) as the difference polynya-composite minus non polynya-composite; 
(f) same as (e) for the 2 m air temperature (K); (g), for the sea surface height. Panels (h and i) are the differences in meridional and zonal mean ocean temperature 
composites (K), from the surface to 1500 m depth from ORAS5 five ensemble-mean field (j and k), that of the salinity (psu). The two different hatchings (dotted, 
vertical lines) represent the 90% and 95% significance level through Welch's two-sample t-test.
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200 m (Figures 2h–2k and Figure S5 in the Supporting Information S1). In particular, the warm anomaly is most 
prominent within 80–150 m (over 0.2 K), that is, at the base of the mixed layer. The mixed layer is not significant-
ly deeper in polynya years (not shown; Campbell et al., 2019). Therefore that means the mixed layer is warmer in 
polynya years. We investigate this further in the next section.

The concurrent upper ocean salty anomaly is not a result of brine rejection since we showed that sea ice is 
anomalously thin in the early winter. As suggested by the experiments with the E3SMv0-HR model of Kurtakoti 
et al. (2021), this anomaly rather indicates a weakening of the stratification. The cold and fresh anomalies below 
1000 m have also been explained by de-stratification in models (Dufour et al., 2017). This weak stratification 
from temperature and salinity, together with the enhanced Weddell Gyre activity (Figure 2g); (a) intensify the 
warm deep water eddy activities through upwelling and (b) melt the above ice starting from the early winter until 
the polynya opening (Cheon & Gordon, 2019).

Besides, the subsurface (200–1500 m) seawater over Maud Rise (65°S, 2°E, black polygon in Figure S5 in the 
Supporting Information S1) is cold compared to the surrounding WDW, which points to the presence of a Taylor 
cap. That is, we confirm that the Taylor cap is more prominent in the polynya years. Kurtakoti et al. (2018) also 
emphasized this local topographic effect and explained a more pronounced doming of the isopycnals over the 
seamount, which forces the warm and salty WDW to flow more tightly around the seamount.

For all 11 polynya years since the beginning of the satellite record, we find significant differences in the atmos-
phere and ocean between the polynya and non-polynya years in the early winter. We now investigate in more 
detail the physical mechanisms through which these oceanic and atmospheric anomalies could trigger the polynya 
and their respective contributions.

3.3. Dynamic and Thermodynamic Forcings

We here compare the findings of Section 3.1 (decrease in sea ice thickness) to those of Section 3.2 (cyclonic 
anomaly, cold air, warm and salty ocean). We therefore again limit our study to after 2002. Consistent with the 
mid-atmosphere cyclonic anomaly found in the four polynya years, the daily 10 m wind stress curl is mainly 
negative in early winter (i.e., also in a cyclonic circulation, Figure 3a). Aside from 2016, all wind stress curls 
are similar to the climatology, as found by Cheon and Gordon (2019). The sea ice drift curl is also mostly neg-
ative, that is, cyclonic (Figure 3b). The values of the sea ice curl in the polynya years tend to be lower than the 
climatology, especially before and once the polynya has opened, and the daily rate of change is faster in polynya 
years (Figure S6 in the Supporting Information S1, mean rate of change of −1.5 ± 1.3 × 10−9 m s−2 day−1 for the 
polynya years, − 0.8 ± 1.2 × 10−9 m s−2 day−1 for the climatology).

Applying a similar method as Petty et al. (2016), we compare the resulting sea ice drift curl (Figure 3b) to that 
obtained assuming a linear relationship between sea ice curl and wind stress curl to determine how much of the 
sea ice drift is not controlled by the wind. As the correlation between wind stress curl and sea ice drift curl is on 
average 0.5 during all years and exceeds 0.7 in the polynya years (90% significance), we can already foresee that 
most sea ice drift variability is wind-dominated. However, we do find significant positive differences 2 months 
before (Figure 3c) and negative ones 1 month before the polynya opens that persist until it opens, indicating that 
the actual sea ice cyclonic circulation is first weakened and then enhanced compared to its wind-only prediction. 
Note that the difference between actual and predicted sea ice drift curl for all years becomes increasingly nega-
tive, indicating that the wind dominates the sea ice circulation less and less.

One of the processes that could explain the difference between the real and predicted sea ice drift curl is ocean 
forcing. Using the mooring data, we compare the ocean forcing in 2005 (polynya year, magenta dashed lines on 
Figures 3d and 3e and Figure S7 in the Supporting Information S1) to the average over 2006–2010 (‘regular state’, 
magenta plain lines). In agreement with the cyclonic anomaly that we detected in 2005, the direction of the total 
stress is reversed from mid-May to mid-June compared to the “regular state”, moving from westerly-dominated 
to easterly-dominated (black on Figure 3d). This total zonal stress is nearly equal to the zonal ocean stress from 
early June 2005 onwards; the ocean, atmospheric, and total zonal stress are of the same sign. The total meridional 
stress is also very similar to the ocean meridional stress, despite the atmospheric stress being of the opposite 
sign (Figure 3e). For both directions and moorings, the main difference compared to the “regular state” is the 
amplitude of the change of signs, four times and three times larger in 2005 for northern and southern moorings, 
respectively. In that polynya year, the ice is subjected to much stronger stresses that will dynamically weaken it. 
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Figure 3. Daily (a) wind curl, (b) sea ice drift curl, and (c) difference between (b) and Equation 5, that is, sea ice drift determined using only the wind curl (m s−2), 
over the polynya-prone region from May to October. Vertical dashed lines are the first date of each polynya event. Observed (d) zonal and (e) meridional components of 
the daily sea ice: ocean (purple), atmosphere (orange), and total (black) stresses (N m−2) using mooring AWI229, in 2005 (dashed lines) and during the ‘regular state’ 
measurements, 2005–2010 (solid lines). See Figure S7 in the Supporting Information S1 for mooring AWI231.
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This ocean-driven dynamic weakening, in addition to the thermodynamic forcing from the ocean, highlighted in 
Section 3.2, would explain why the polynya opened.

We further investigate the processes leading to this thermodynamic forcing from the ocean by computing all the 
terms of the mixed layer budget (Equation 6 and Figure 4) using the two profiling floats that drifted over Maud 
Rise during the last two polynyas, along with monthly ERA5 and ORAS5 data. The mixed layer heat variability, 
especially its seasonality, is dominated by the net flux from the atmosphere, followed by entrainment (magenta 
and orange lines on Figure 4). Although the atmosphere continually cools the upper ocean in the early winter, 
the float data suggest a steady and continuous heat gain through entrainment (orange lines) starting from May in 
2016 and 2017, with anomalously positive heat gains over 100 W m−2 in float 5,9,04 ,468, preconditioning the sea 
ice thinning in the 2017 early winter. The average heating by entrainment over the period May-July is, for float 
5,904,468, 45 W m−2 in 2016 and 74 W m−2 in 2017; for float 5,904,471, 23 W m−2 in 2016 and 24 W m−2 in 
2017. Horizontal advection (green line) is the third most important process for the MLD heat budget and further 
demonstrates the crucial role of the Weddell Gyre: In early winter 2016, float 5,904 ,468 was on the east flank of 
Maud Rise (blue diamond on Figure 1b), that is, south of the gyre (Figure S3 in the Supporting Information S1), 
and the advection term was −7.0 W m−2; that is, the heat was advected away. In early winter 2017, the float had 
drifted to the west flank (blue circle), that is, in the path of the gyre, and resulted in 64.9 W m−2 of heat gained 
from advection. Float 5,904,471 remained on Maud Rise itself, so both its 2016 and 2017 advection terms are 
comparatively small (−7.9 and 29.4 W m−2). Finally, in agreement with, for example, Dong et al. (2007); Pelli-
chero et al. (2017), we find that vertical and horizontal diffusion (black and blue lines) exert minor effects on the 
heat budget within the region.

Figure 4. Mixed layer heat tendency (shading, red: warming and blue: cooling) and the five terms on the right hand side of Equation 6 (lines, magenta: net surface heat 
flux; green: horizontal advection; black: vertical diffusion; light blue: horizontal diffusion; orange: entrainment; and gray dashed lines: sum of the above five terms) for 
(a) float 5,904,468 and (b) float 5,904,471.
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The sum of these five terms (gray dashed lines) is consistent with the mixed layer heat tendency (shading), albeit 
with large residuals occasionally. This might result from the different temporal resolutions of the datasets (month-
ly ERA5, 10-daily floats, monthly ORAS5). It could also come from uncertainties in the measurements, either 
those from the float that we used or those ingested by the models.

4. Discussion and Summary
We here found using SMOS and radar altimeters, for all Maud Rise polynya events since 2002, that the sea ice is 
anomalously thin up to four months before the polynya opens, much earlier than the one-month-ahead thinning 
detected by Mchedlishvili et al. (2021). That is, we extended their results on the 2017 polynya by several months 
and to all other Maud Rise polynya events. Unsurprisingly, we found that the thinning in 2017 was the fastest 
(15.1 ± 2.1 cm/month), consistent with 2017's extensive polynya area and duration. Although freeboard is explic-
it enough to evaluate the sea ice initial condition and changes, actual sea ice thickness is desirable to assess the 
ice adjustment to the anomalous oceanic heat flux we detected. However, the retrieval of sea ice thickness from 
radar altimetry is still an active area of research, mainly due to the snow condition (Willatt et al., 2009), radar pen-
etration (Giles et al., 2008; Massom et al., 1998), and sea ice classification or mixture (Connor et al., 2009; Paul 
et al., 2018; Schwegmann et al., 2016; Tilling et al., 2019). The complicated snow stratigraphy, in particular, that 
is, snow salinity (Nandan et al., 2017), flooding snow or icy layers (Willatt et al., 2009), limits radar penetration.

We showed that the sea ice thinning is forced both by the atmospheric and oceanic circulations. The anomalies 
in the wind (cyclonic), sea surface height (lower than usual), and geostrophic current (more cyclonic than usual) 
strengthen the Weddell Gyre and lead to advection and upwelling, in agreement with past observation-based and 
modeling studies (Cheon et al., 2015; De Steur et al., 2007; Gordon & Huber, 1990). Unlike past studies, we 
revealed that this process occurs for all events and starts in the early winter and persists until the polynya opens. 
Besides, we also find that the sea ice drift curl becomes increasingly negative in winters leading to polynya 
formation, and less controlled by the atmosphere as winter progresses. Meanwhile, the ocean stress starts domi-
nating the total stress. Admittedly, some physical processes are neglected in our simple model (Equation 4), such 
as the ice strength, which usually is a function of sea ice concentration and thickness and not a constant (Guest & 
Davidson, 1987; Martin et al., 2016; Petty et al., 2016; Tsamados et al., 2014). Furthermore, drag coefficients in 
the air and ocean and their parameterization are essential for accurately representing ice ridging, and circulation 
(Large & Pond, 1981; Tsamados et al., 2014). Although these drag coefficients depend, among other things, on 
ice conditions, most models choose constant coefficients (Castro-Morales et al., 2014; Nguyen et al., 2011; Petty 
et al., 2020), which is also what we did here, as accurate drag coefficient values cannot be easily and accurately 
computed. New drag parameterizations would be desirable so that we do not have to limit our study to changes in 
the sign of the stress but also study the stress values themselves.

Along with a direct dynamic forcing on the ice, the anomalous circulation is also a crucial driver of the thermody-
namic forcing. Although the net surface flux dominates the mixed layer heat budget, we revealed that the primary 
source of anomalous heat into the upper ocean that triggers the polynya is entrainment, followed by horizontal 
advection. The heat input from entrainment, 74 W m−2, which we obtained from floats that surfaced in the pol-
ynya in 2017, is, as expected, more prominent than that measured in non-polynya years from ships in the austral 
summer by Gordon and Huber (1990) (41 W m−2) or the climatological value computed from all winter Argo and 
nearby seal measurements by Pellichero et al. (2017) (20–60 W m−2). As entrainment enhances not only heat but 
also freshwater, gas, and nutrient exchanges between the surface and the deep ocean (Gordon, 1991; Sigman & 
Boyle, 2000), the crucial role of this process probably extends beyond triggering the polynya opening to main-
taining it, making it a biological hotspot, and maybe preconditioning its opening on the long term. Therefore, we 
argue that more measurements from the mixed layer are promptly required in ice-covered regions.

In summary, previous studies have shown that the signature of the Maud Rise polynya can be observationally 
detected 2 weeks (Heuzé et al., 2021) to 1 month (Mchedlishvili et al., 2021) before it opens, depending on the 
satellites used. We here show that for all polynya events since 1979, and in particular all those of the 21st century, 
the upcoming opening can be detected three to four months ahead via their anomalous sea ice thickness and drift, 
controlled by anomalous dynamic and thermodynamic forcings from the atmosphere and ocean. The atmos-
phere-ice-ocean interactions we highlighted may help better understand why, despite a marked increase in reso-
lution and better parameterizations, the polynya remains a challenge to model (Dufour et al., 2017; Mohrmann 
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et al., 2021; Vernet et al., 2019). More importantly, forecasting an opening 4 months ahead may be long enough 
to re-route autonomous sensors or alter their deployment so that they surface in the polynya and provide us with 
urgently needed in-situ observations as it opens.

Data Availability Statement
The sea ice concentration datasets (Meier et al., 2017; Peng et al., 2013) are available from the National Snow 
and Ice Data Center (NSIDC) and National Oceanic and Atmospheric Administration (NOAA): https://doi.
org/10.7265/N59P2ZTG. Radar freeboard datasets are from the European Space Agency's (ESA) Sea Ice Cli-
mate Change Initiative (SICCI) project (Hendricks et al., 2018), available at https://data.ceda.ac.uk/neodc/esacci/
sea_ice_thickness/L2P/envisat for Envisat satellite, and from the CryoSat-2 Baseline D (Meloni et  al.,  2020) 
working teams at: https://science-pds.cryosat.esa.int/. SMOS sea ice thickness is provided by Bremen University 
(Huntemann et al., 2014) and Alfred-Wegener-Institut Helmholtz Zentrum für Polar und Meeresforschung (AWI; 
Tian-Kunze et al., 2014) at: https://seaice.uni-bremen.de/data/and https://data.seaiceportal.de/data/iup/smos/s/. 
ERA5 reanalysis data are from the European Center for Medium Range Weather Forecast (ECMWF), available 
via: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels. The 0.25° × 0.25° monthly 
ECMWF Ocean Reanalysis System 5 (ORAS5; Zuo et al., 2014) is available via: https://www.cen.uni-hamburg.
de/en/icdc/data/ocean/easy-init-ocean/ecmwf-oras5.html. Sea surface height and geostrophic current are availa-
ble via Copernicus Marine Environment Monitoring Service (CMEMS): http://www.aviso.altimetry.fr/en/data/
data-access/las-live-access-server.html. AWI hydrographic mooring datasets can be retrieved from Fahrbach and 
Rohardt (2013a) and Fahrbach and Rohardt (2013b). Measurements from two profiling floats were downloaded 
from the SOCCOM quality-controlled archive (Johnson et al., 2017): https://doi.org/10.6075/J0TX3C9X. Final-
ly, seafloor topography ETOPO (Amante & Eakins, 2009) is freely available from https://www.ngdc.noaa.gov/
mgg/global/relief/ETOPO1/data/.
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