
1Scientific RepoRts |          (2019) 9:6935  | https://doi.org/10.1038/s41598-019-43466-2

www.nature.com/scientificreports

open-ocean polynyas and deep 
convection in the southern ocean
Woo Geun Cheon1 & Arnold L. Gordon  2

An open-ocean polynya is a large ice-free area surrounded by sea ice. the Maud Rise polynya in the 
southern ocean occasionally occurs during the austral winter and spring seasons in the vicinity of Maud 
Rise near the Greenwich Meridian. In the mid-1970s the Maud Rise Polynya served as a precursor to 
the more persistent, larger Weddell polynya associated with intensive open-ocean deep convection. 
However, the Maud Rise polynya generally does not lead to a Weddell polynya, as was the situation in 
the September to November of 2017 occurrence of a strong Maud Rise Polynya. Using diverse, long-
term observation and reanalysis data, we found that a combination of weakly stratified ocean near 
Maud Rise and a wind induced spin-up of the cyclonic Weddell Gyre played a crucial role in generating 
the 2017 Maud Rise Polynya. More specifically, the enhanced flow over the southwestern flank of Maud 
Rise intensified eddy activity, weakening and raising the pycnocline. However, in 2018 the formation of 
a Weddell polynya was hindered by relatively low surface salinity associated with the positive southern 
Annular Mode, in contrast to the 1970s’ condition of a prolonged, negative Southern Annular Mode that 
induced a saltier surface layer and weaker pycnocline.

In the Southern Ocean there are two modes in which surface water can attain sufficient density to descend into 
the deep ocean1. The more common mode stems from the dense shelf water formed within coastal polynyas 
mainly in the Weddell and Ross Seas2,3, which then descends over the continental slope as gravity currents or 
plumes4. The continental margin mode, also known as near-boundary convection3, in the present-day climate 
system is the dominant contributor to the formation of Antarctic Bottom Water that spreads across the global 
ocean. Open-ocean deep convection, which is closely linked to open-ocean polynyas3,5–8, is another mode for the 
Southern Ocean surface water masses to sink into the deep ocean.

Since the first satellite observation of the Antarctic winter sea ice cover was available in 1972, a persistent, 
larger-scale open-ocean polynya was only once observed in the Weddell Sea. Known as the Weddell Polynya 
(WP)9, this polynya remained open for three consecutive winters from 1974 to 1976 and had an average size of 
about 250 × 103 km2 (Fig. 1a–c). As shown in Fig. 2b,c, the Weddell Deep Water (WDW) was significantly cooled 
and freshened to nearly 2700-m depth by open-ocean deep convection5,6. During three years of the WP, the total 
heat loss of the WDW was estimated to be 12.6 × 1020 Joules6.

Smaller, less persistent open-ocean polynyas are also observed in the vicinity of Maud Rise located in the 
Weddell Sea during late winter or early spring10. A Maud Rise Polynya (MRP) occurred in October-November 
of 1973, just one year prior to the occurrence of the WP in the mid-1970s, and was thus inferred to be its precur-
sor11. The occurrence of the WP and the MRP led to a decrease in the heat content of WDW in the vicinity where 
they occurred6,12. Recently, following the MRP development in 201613, a longer-lived, larger MRP was observed 
from September to November of 201714. Its sea ice concentration declined to below 10% (nearly ice-free), and its 
size extended over ~50 × 103 km2 (Fig. 1d). The 2017 MRP (MRP2017, hereafter) is the largest event since 1980 
(Fig. 3a). However, the MRP2017 did not generate a WP in austral winter of 2018, as might have been expected, 
nor was there a repeat of the MRP in 2018.

Within the Southern Ocean, south of the Antarctic Circumpolar Current the thermohaline stratification is 
characterized by cold, low salinity surface water separated by a rather weak pycnocline from relatively warm, 
saline deep water. The pycnocline is shallowed within the larger cyclonic circulation feature in the Weddell Sea, 
referred to as the Weddell Gyre. Measurements of the thermohaline stratification within the Weddell Gyre before 
and after the WP reveal active winter open-ocean deep convection, cooling the WDW and by injecting warm 
water into the surface layer, acting to prevent overlying sea ice cover, inducing the WP4.

1Maritime technology Research institute, Agency for Defense Development, changwon, Republic of Korea. 
2Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA. Correspondence and requests for 
materials should be addressed to W.G.c. (email: cwg@add.re.kr)

Received: 27 December 2018

Accepted: 18 April 2019

Published: xx xx xxxx

opeN

https://doi.org/10.1038/s41598-019-43466-2
http://orcid.org/0000-0001-6480-6095
mailto:cwg@add.re.kr


2Scientific RepoRts |          (2019) 9:6935  | https://doi.org/10.1038/s41598-019-43466-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

For this very unusual, natural phenomenon, numerous studies have been performed in order to find the 
occurrence mechanism of WP event. However, since the 1970s’ WP and the previous MRPs except the MRP2017 
occurred during the time when the observation on the Weddell Sea were still not active, these studies were 
based only on numerical models from simple models15–17 to fully coupled climate models18–25 and very limited, 
short-term observation data measured in the Weddell Sea26–29, in which the models did not include a data assim-
ilation process. In this paper, we investigate the conditions that govern the generation of the MRP2017 by use of 
diverse, long-term observation and reanalysis data and prove the hitherto hypotheses proposed by the previous 
studies. The Sea Surface Height (SSH) data provided by AVISO and high-resolution (1/12° × 1/12° in horizontal 
direction) reanalysis data from the Hybrid Coordinate Ocean Model (HYCOM) of the Naval Research Laboratory 
are in this study used to estimate variation of the Weddell Gyre intensity since the mid-1990s, along with in situ 
observational data of the thermohaline stratification. We focus on 4 questions: 1- how has been the thermohaline 
stratification of the upper ocean weakened within the Weddell Gyre before the occurrence of MRP2017? 2- how 
did the basin-scale atmosphere circulation over the Weddell Sea intensify the underlying cyclonic Weddell Gyre 
circulation? 3- what events occurred in the vicinity of Maud Rise and led to the MRP2017? and 4- why didn’t the 
MRP2017 lead to a larger-scale, more persistent WP event, as materialized in the 1970s?

Results
To compare ocean stratification conditions of the 1970s’ WP with those of the MRP2017, vertical pro-
files of temperature and salinity measured during the respective periods are inspected (Fig. 2). A series 
of STD (Salinity-Temperature-Depth recorder) hydrographic station data were obtained by Glacier in 
January-February of 1973, showing the oceanic state before the occurrence of the 1970s’ WP, and the CTD 
(Conductivity-Temperature-Depth recorder) hydrographic station data were obtained by Islas Orcadas (IO) 
in February of 19775,6, depicting the ocean stratification after the WP. The Argo profile data included in the 
EN4.2.130 dataset of the Met Office Hadley Centre was employed to show changes in temperature and salinity in 
the area of MRP2017 (3.5°–5.5°E/65.5°S–64°S) from 2015 to 2018. The Argo data from April of 2015 and April of 
2016 reveal the oceanic state in the austral fall before the occurrence of the MRP, and those measured in April of 
2017 and April of 2018 depict the oceanic state after the MRP.

During the WP (1974–1976), open-ocean convection extended to nearly 2700 m, cooling and freshening the 
WDW (Fig. 2b,c)5,6. The water column measured at the IO 125 station shows very unique, deep water formation 

Figure 1. (a–c) June/July/August mean sea-ice concentrations of 1974/1975/1976 and (d) September/October 
mean sea-ice concentration of 2017 derived from the HadISST data. Areas of low sea ice concentration (blue/
purple/white colors) enclosed within areas of high sea ice concentration (orange/red colors) between 30°W 
and 10°E indicate the Weddell Polynya occurring at 1970s and the Maud Rise Polynya occurring at 2017, 
respectively.
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Figure 2. (a) Positions of hydrographic stations to measure water properties by use of CTD (1977, 
Conductivity-Temperature-Depth recorder), STD (1973, Salinity-Temperature-Depth recorder), and Argo 
floats (2015/2016/2017/2018). Vertical profiles of (b,d) temperature and (c,e) salinity measured before and after 
(b,c) the 1970s’ Weddell Polynya and (d,e) the 2017 Maud Rise Polynya.

Figure 3. Time series of (a) sea ice concentration, (b) (red) SST and (blue) SSS anomalies, and (c) potential 
energy anomalies averaged over the region (0°–10°E/67°S–62°S) in which the Maud Rise polynyas have 
occurred. Thicker lines denote data filtered by the 12-month moving average.
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of chimney type3. The chimney formation is a key signature of open-ocean deep convection, revealing a water col-
umn that is homogeneous from the surface to the base of the convection layer. Since there were no observations 
in the area in 1974, 1975, and 1976, the deep reaching convection might occur within the time frame of less than 
three years. In the WP simulated in a sea-ice – ocean coupled general circulation model31, it took only one year 
for the surface water masses to sink to the sea floor.

The stratification in the Maud Rise vicinity displays some similarities to the stratification change associated 
with the WP (Fig. 2b–e). Between the austral fall (April) of 2015 and that of 2018 there was a significant cooling 
to a depth of 1000 m, along with a slight freshening, indicative of mixing between the surface layer and the WDW. 
After the longer-lived, larger-scale MRP occurred from September to November of 2017, the water from pyc-
nocline depth to about 1000-m depth was completely mixed. While the occurrence of MRP2017 and its impact 
on the underlying ocean were very similar with the situation of 1970s’ WP, the MRP2017 did not lead to a WP. 
Now we elucidate the occurrence mechanism of open-ocean polynya in the Southern Ocean by analyzing the 
MRP2017 in depth.

Destabilization of the upper ocean. The sea ice concentration derived from the HadISST data set32 (aver-
aged over 0°–10°E/67°S–62°S for September and October), reveals where and when the MRP occurred (Fig. 3a). 
As previously stated, the MRP2017 is the largest MRP since 1980. To inspect the variation of surface ocean in 
the vicinity of Maud Rise, anomalies are calculated from the monthly-mean sea surface temperature (SST) and 
salinity (SSS) averaged over 0°–10°E/67°S–62°S (Fig. 3b). The SST and SSS are derived from the objective anal-
yses form of the EN4.2.1 dataset, which includes the World Ocean Database 2009 (WOD2009) and the Global 
Temperature and Salinity Profile Program (GTSPP) data from 1990 onward. Since 1980, there are three multi-year 
periods of positive SSS anomalies: 1986 to 1991, 2006 to 2009 and 2013 to the present. The latter positive anomaly 
is the largest. The SST anomaly gradually decreases since 1980 and maintains its negative state from 2006 to the 
present. Therefore, dense surface water occurs from 2006 to 2009 and from 2013 to the present, weakening the 
ocean stratification near the Maud Rise and setting up preconditions for the MRP.

The stratification is assessed by calculating the available potential energy anomaly33 defined as the amount of 
mechanical energy needed for the water column to be entirely mixed with a given density stratification (Eq. 1):

∫ ρ ρ .= −
−H

gzdzAPE 1 ( ) (1)H

0

The water depth (H) is taken to be 1000 m, and the gravitational acceleration (g) is 9.8 m/s2 and ρ  is the horizon-
tally averaged density. A large potential energy anomaly denotes a relatively stable oceanic stratified state, while a 
small anomaly denotes a relatively weakly-stratified state. In agreement with a combination of the SSS and SST 
anomalies, there are two periods showing clearly negative potential energy anomalies persisting for several years: 
2006 to 2009 and 2013 to the present (Fig. 3c), which implies that the ocean in the vicinity of Maud Rise is 
weakly-stratified and thus enhances the likelihood of the cold surface water mixing with the warmer deep water, 
contributing to melting the overlying sea ice and creating the MRP. Consistent with the water column measured 
in April of 2018 (Fig. 2d,e), the potential energy anomaly drastically decreases after the occurrence of MRP2017, 
denoting weaker stratification between the surface and deep layers.

the atmosphere-to ocean dynamic interaction. We now address the question: why did the MRP 
occur only in 2017 and not during the above two earlier periods? As shown in Fig. 4a,b, the basin-scale cyclonic 
Weddell Gyre represents the horizontal circulation of the Weddell Sea. Although there is a difference of about 
0.4 m between the SSHs of HYCOM and AVISO in the Weddell Sea, their overall patterns are similar, implying 
that the variation of the Weddell Gyre simulated by HYCOM is reliable. The southern Weddell Sea including the 
vicinity of Maud Rise is under the influence of the westward flowing limb. The atmosphere-to-ocean dynamic 
interaction triggered by the intensifying Southern Hemisphere westerly winds enhances the negative (cyclonic) 
wind stress curl over the Weddell Sea and the Weddell Gyre31,34,35. This plays a crucial role in upward doming of 
the pycnocline separating of the warm deep water from the colder surface layer, which is more conducive to the 
formation of WP. The wind stress curl anomaly is derived from the European Centre for Medium-Range Weather 
Forecast (ECMWF) ERA-Interim data36 and is averaged over the entire Weddell Sea (60°W–20°E/80°S–60°S; 
Fig. 4c). The wind stress curl anomaly does not vary much from 1995 to mid-2014 and then shows a dramatic 
decrease indicative of enhanced cyclonic circulation in 2015.

The Weddell Gyre presented as anomalous barotropic streamfunction remains constant from 1995 to mid-
2014 and then intensifies, which is consistent with the overlying negative wind stress curl. In order to sup-
port this high-resolution reanalysis modeling results, the meridional geostrophic velocity is derived from the 
satellite-observed absolute dynamic topography and is averaged over 30°E–40°E/60°S–50°S, marking the eastern 
limb of the Weddell Gyre, an area unaffected by the seasonally varying sea ice (Fig. 4d). A negative anomaly 
denotes strengthening of the eastern limb of the Weddell Gyre, as the Weddell Gyre is intensified.

We conclude that the MRP2017 was generated by the wind-induced spin-up of the Weddell Gyre combined 
with weakly-stratified condition of the ocean near the Maud Rise. The weak stratification is a necessary condition 
for the occurrence of MRP, but not a sufficient condition. The MRP is formed when the Weddell Gyre is intensi-
fied by the atmosphere-to-ocean dynamic interaction and water column stratification is weakened.

Maud Rise eddy activity. Maud Rise plays an important role in enhancing upwelling of warm deep water 
via circulation/topography interaction over its flank11,16,17,37–40. The more vigorous Weddell Gyre previously 
shown can activate cyclonic eddies shed from the flank of Maud Rise39, which are expected to increase the Maud 
Rise-induced upwelling and to transmit divergent Ekman stress to the overlying sea ice cover11. The depth of the 
0 °C isotherm calculated in the vicinity of Maud Rise for the 2015 winter (June/July/August) reveals shallowing 
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of warm deep water in the southwestern flank of Maud Rise, indicative of a cyclonic eddy (Fig. 5a). The zonal 
mean (0°–2°E) temperature at 2015 is compared with that averaged from 1995 to 2017 in Fig. 5b. It shows the 
0 °C isotherm shallowing by about 50 meters and the bottom of the 1 °C isotherm deepening by about 150 meters 
or more, indicating that the warm deep water layer is substantially thickened in 2015. A time series of the eddy 
activity estimated by the minimum depth of the 0 °C isotherm averaged over 0°E–10°E/68°S–66°S shows that it 
does not vary much until 2013 and then suddenly becomes most vigorous in 2015 (Fig. 5c). This is consistent with 
the Weddell Gyre strengthening induced by the negative wind stress curl, implying that the inflow to the Weddell 
Sea via its eastern limb plays a crucial role in activating the warm deep water eddy in the southwestern flank of 
Maud Rise, acting to enhance the probability of the MRP.

As previously described in Fig. 2, the vertical profiles of temperature and salinity near the Maud Rise in 
April of 2016 provides precondition for MRP. Together with the increased surface water density, the Maud Rise 
cyclonic eddy in the austral winter of 2015 weakened the water column stratification, generating the precondition 
for the small-scale, late spring MRP in 2016 and 2017. In summary, since 1980 the ocean in the vicinity of Maud 
Rise became weakly-stratified over two periods: 2006 to 2009 and from 2013 to the present, in association with 
the surface cooling and salinization. However, only the weak stratification after 2013 was combined with the 
Weddell Gyre intensified by the overlying negative wind stress curl, weakening and shallowing the pycnocline, 
with intensification of warm deep water eddy near Maud Rise. The upwelled, warm WDW melts the overlying sea 
ice, leading to the MRP2017. The observational and reanalysis model data-based analysis illustrates the crucial 
roles that the increased SSS, the intensified Southern Hemisphere westerly winds, and the Maud Rise eddies play 
in the formation of open-ocean polynyas in the Weddell Sea. These processes are summarized in a schematic 
diagram (Fig. 6).

Discussion
The life cycle of the MRP, from preconditioning to its eventual cessation, can be categorized by six stages as fol-
lows. (1) The upper ocean stratification weakens, providing the precondition for open-ocean polynya29. (2) The 
water column becomes sufficiently destabilized to trigger small-scale convection in the upper ocean, causing the 
relatively warm WDW below the pycnocline depth to rise to the surface6. (3) The upwelled warm deep water 
melts the overlying sea ice or prevents it from forming. As in the 1970s, the MRP serves as a precursor to the WP. 
(4) Once the MRP occurs, the relatively warm surface water (∼−1.8 °C) within the polynya is exposed to the cold 

Figure 4. Horizontal distributions of sea surface height in January of 2016 derived from (a) AVISO and 
(b) HYCOM and time series of (c) meridional velocity anomaly derived from AVISO’s absolute dynamic 
topography and (d) (red) minimum wind stress curl derived from ECMWF ERA-Interim and (blue lines) 
maximum barotropic streamfunction anomalies derived from HYCOM. The meridional velocity anomaly is 
averaged over 30°E–40°E/60°S–50°S, where the eastern limb of Weddell gyre is strongest, and where the sea ice 
does not cover, and the wind stress curl and barotropic streamfunction are averaged over 60 W°–20°E/80°S–
60°S covering the Weddell Sea. Thicker lines denote data filtered by the 12-month moving average. The wind 
stress curl over the Weddell Sea is basically negative, and the barotropic streamfunction in the Weddell Sea 
is positive. The negative (positive) anomaly of wind stress curl indicates the enhanced (weakened) cyclonic 
circulation, but those of the barotropic streamfunction indicates spin-down (spin-up) of cyclonic Weddell Gyre, 
respectively. Blue triangles are indicative of the Maud Rise seamount.
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winter atmosphere. (5) If there is insufficient introduction of freshwater by regional sea ice melt, oceanic deep 
convection ensues, and the corresponding ocean-to-atmosphere heat loss is enormous. Since the warmth of the 
WDW is essential for the maintenance of an open-ocean polynya, the drastic shortage of deep ocean heat con-
tent can be a crucial factor to eventually attenuate the open-ocean polynya. (6) In the final stage the open-ocean 
polynya disappears, and so does open-ocean deep convection, though the remnant impact of convection in the 
Weddell Sea persists until the WDW heat is restored by advection from the circumpolar ocean12,35.

Though conditions were right for the development of the MRP2017 event, the development of a subsequent 
WP in 2018 was hindered by the lack of larger scale regional conditioning. The surface salinity in the Weddell 
Sea correlates inversely with the SAM index29. The WP of the 1970s followed a prolonged, negative SAM, which 
induces a drier-than-normal atmosphere over the Weddell Sea, increasing the salinity of the cold surface layer, 
weakening the pycnocline separating it from the warmer deep water27–29. The weakened pycnocline acted to 
increase transfer of the ocean heat to the sea surface, adversely affecting the sea ice cover. As shown in Fig. 7, 
the SAM has long been in positive mode since the mid-1990s, and the SSS remained relatively fresh, hindering 
the MRP2017 ability to spark the larger-scale open-ocean WP. Moreover, the negative wind stress curl over the 
Weddell Sea reached its peak between 2015 and 2016 and started to weaken, and so did the Weddell Gyre. The 
activity of Maud Rise eddy reached its peak in 2015 and started to decline. If these had continued to intensify into 
2018, the WP might have occurred. Finally, another factor (Fig. 2d) is that the deep water in the vicinity of Maud 

Figure 5. (a) The depth of the 0 °C isotherm in 2015, (b) zonal mean (0°–20°E), austral winter-mean (June/July/
August) temperature (≥0) for (black) 1995–2017 and (red lines) 2015, and (c) time series of minimum depth of 
the 0 °C isotherm that is averaged over 0°–10°E/68°S–66°S. These are derived from the EN4.2.1 data.

Figure 6. A simple schematic diagram to illustrate how an open-ocean polynya is triggered by both 
hydrological and dynamical processes.
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Rise already lost a huge amount of heat by April of 2018, indicating that the upwelled deep water may not have 
been warm enough to melt sea ice or to prevent it from forming during the 2018 austral winter season.

The previous study analyzing the historical observations and model simulations of the 5th Coupled Model 
Intercomparison Project (CMIP5) expected open-ocean deep convection in the Southern Ocean to weaken and 
cease in association with the upper-ocean stratification proceeded by the surface freshening of the Antarctic 
ocean since the 1950s19. The surface freshening of the southern polar ocean may act to hinder the occur-
rence of open-ocean polynya in the future as well. However, according to the 5th Assessment Report (AR5) of 
Intergovernmental Panel on Climate Change (IPCC), the SAM index has been gradually increasing since the late 
1950s41, as also shown in Fig. 7. The increasing, positive SAM index is indicative of the Southern Hemisphere 
westerly winds that is shifted poleward and intensified, which implies an increasingly negative wind stress curl 
over the Weddell Sea. As illustrated in this paper, it activates the meso-scale WDW eddies in the vicinity of Maud 
Rise, which increases the possibility for the occurrence of an open-ocean polynya and thus conflicts with the pre-
diction of aforementioned study19. We conclude that the combined effect of weakened thermohaline stratification 
with increased wind-induced Maud Rise eddy activity play a crucial role in generating open-ocean polynyas in 
the Southern Ocean. Therefore, between the surface freshening and the increasing, positive SAM index, both of 
which are predicted by CMIP5 models, which factor is a more crucial factor is an important question for predict-
ing the occurrence of open-ocean polynyas.

Methods
Analyses of observation data. This study employed three observation data: (1) the HadISST data for sea 
ice concentration, (2) the EN4.2.1 data for temperature and salinity of the Weddell Sea, and (3) the AVISO data 
for geostrophic velocity derived from the absolute dynamic topography. These data downloaded from the respec-
tive websites were used in analysis without an additional preprocess.

Open-ocean polynya is defined as the ice-free area surrounded by sea ice, and its criterion is generally the 
area whose sea ice concentration is less than 20%. Both the 1970s’ WP and the MRP2017 satisfy this criterion. 
However, since the MRP is much smaller-scale open-ocean polynya and persists for much shorter period than 
the 1970s’ WP, its criterion is sometimes relaxed to be the pronounced occurrence of sea ice concentration below 
92% in the vicinity of Maud Rise. According to this relaxed criterion, the MRPs can be stated to occur in 1980, 
1991, 1994 and 2016 between the 1970s’ WP and the MRP2017, though their scale is even much smaller than 
the MRP2017. In order to focus on the MRP2017, the sea ice concentration from the HadISST is averaged over 
0°–10°E/67°S–62°S where the MRPs usually occur and is used in Fig. 3a.

The EN4.2.1 dataset30 provided by the Met Office Hadley Centre consists of two products: (1) observed ocean 
temperature and salinity profiles and (2) objective analyses formed from the profile data with uncertainty esti-
mates. Both products employ the bias adjustment correction for mechanical bathythermography (MBT) and 
expendable bathythermography (XBT) profiles. The Argo profile data of April of 2015/2016/2017/2018 is selected 
in the area where the MRP2017 occurred (3.5°–5.5°E/65.5°S–64°S) to show changes in the vertical distribution of 
temperature and salinity and in the ocean stratification (Fig. 2d,e) before (2015/2016/2017) and after (2018) the 
occurrence of MRP2107. The number of station data measured in April over the area is the most among the aus-
tral fall and winter seasons (from March to August), which is the reason for the April’s data to be selected. In order 
to assess the variation of surface ocean where the MRPs usually occur, the SST and SSS derived from the objective 
analyses form of EN4.2.1 are averaged over 0°–10°E/67°S–62°S, and their anomalies are calculated by subtracting 
the climatological mean of the analysis period (from January of 1980 to June of 2018) from the respective values 
and are shown in Fig. 3b with their 12-month moving averages. The density derived from the objective analyses 
form of EN4.2.1 are used in calculation of the potential energy anomaly28 (Eq. 1).

The meridional component of geostrophic velocities derived from gridded absolute dynamic topography (sea sur-
face height above geoid) is employed in order to show the variation of the eastern limb of Weddell Gyre. Since a large 
portion of the Weddell Sea is covered by sea ice from the austral fall to spring, the sea surface height data observed 
by satellite cannot be used in assessing the variation of intensity of the Weddell Gyre. Therefore, the variation of the 
eastern limb of Weddell Gyre indicative of the gyre’s intensity is assessed by calculating the anomaly of the meridional 
geostrophic velocity averaged over 30°E–40°E/60°S–50°S (Fig. 4d), because the area is usually not covered by sea ice 
and is dominated by the southward flow of the gyre’s eastern limb. The northward flow of the gyre’s western limb is 
not available due to the eastern coast of Antarctic Peninsular entirely covered by sea ice from the austral fall to spring.

Figure 7. Time series of seasonal mean SAM index. The thick black line is calculated by the 10-year low pass 
filter.
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Analyses of reanalysis data. In order to support the analysis of AVISO data that has a limitation of sea-
sonally varying coverage, a high-resolution (1/12° × 1/12° in horizontal direction) reanalysis data provided by the 
Naval Research Laboratory are employed to calculate the horizontal barotropic streamfunction indicative of inten-
sity of the Weddell gyre. The reanalysis system is configured for the global ocean with HYCOM 2.2 as the dynami-
cal ocean model. The HYCOM has 32 vertical layers, and its bathymetry is derived from the General Bathymetric 
Chart of the Ocean (GEBCO) dataset. The surface forcing including wind stress, wind speed, heat flux, and pre-
cipitation is derived from one-hourly National Centers for Environmental Prediction (NCEP) Climate Forecast 
System Reanalysis (CFSR). This system uses the Navy Coupled Ocean Data Assimilation (NCODA) system for 
data assimilation42,43. The maximum value of barotropic streamfunction over 60°W–20°E/80°S–60°S is used for 
the intensity of Weddell Gyre (Fig. 4c).

Data Availability
The sea ice concentration of HadISST data is available at the Met Office Hadley Centre (https://www.metoffice.
gov.uk/hadobs/hadisst/). The profile and objective analyses forms of the EN4.2.1 is also provided by the Met Of-
fice Hadley Centre and is available at https://www.metoffice.gov.uk/hadobs/en4/. The monthly mean data sets of 
ERA-Interim are provided by ECMWF and are available at http://apps.ecmwf.int/datasets/data/interim-full-mo-
da/levtype=sfc/. The 1/12 deg global HYCOM + NCODA Ocean Reanalysis data is available at https://hycom.
org/dataserver/gofs-3pt0/analysis. The observation-based SAM index data is available at http://www.nerc-bas.
ac.uk/icd/gjma/sam.html.

References
 1. Gordon, A. L. Two stable modes of Southern Ocean winter stratification. In: Deep Convection and Water Mass Formation in the 

Ocean pp. 17–35, Gascard, J. & Chu, P. (Eds), Elsevier Publisher, (1991).
 2. Curry, J. A. & Webster, P. J. Thermodynamics of Atmospheres and Oceans pp. 471, Academic Press, San Diego, California (1999).
 3. Wadhams, P. Ice in the Ocean, Chapter 1, Gordon and Breach Sci. Publ., London, U.K. (2000).
 4. Legg, S. et al. Improving oceanic overflow representation in climate models: the Gravity Current Entrainment Climate Process Team. 

Bull. Amer. Meteor. Soc. 90, 657–670 (2009).
 5. Gordon, A. L. Deep Antarctic convection west of Maud Rise. J. Phys. Oceanogr. 8, 600–612 (1978).
 6. Gordon, A. L. Weddell Deep Water variability. J. Mar. Res. 40, 199–217 (1982).
 7. Killworth, P. D. Deep convection in the world ocean. Rev. Geophys. 21, 1–26 (1983).
 8. Gordon, A. L. Oceanography: Southern Ocean polynya. News and Views for Nature Climate Change 4, 249–250, https://doi.

org/10.1038/nclimate2179 (2014).
 9. Carsey, F. D. Microwave observation of the Weddell Polynya. Mon. Weath. Rev. 108, 2032–2044 (1980).
 10. Comiso, J. C. & Gordon, A. L. Recurring polynyas over the Cosmonaut Sea and the Maud Rise. J. Geophys. Res. 92, 2819–2833 

(1987).
 11. Holland, D. M. Explaining the Weddell Polynya – a Large Ocean Eddy Shed at Maud Rise. Science 292, 1697–1700 (2001).
 12. Smedsrud, L. H. Warming of the deep water in the Weddell Sea along the Greenwich meridian: 1977–2001. Deep Sea Res. Part I 52, 

241–258 (2005).
 13. Mazloff, M. R. et al. Southern Ocean [in State of the Climate in 2016]. Bull. Amer. Meteor. Soc. 98, S166–S167 (2018).
 14. Swart, S. et al. Return of the Maud Rise polynya: climate litmus or sea ice anomaly? [in State of the Climate in 2017]. Bull. Amer. 

Meteor. Soc. 99, S188–S189 (2018).
 15. Martinson, D. G., Killworth, P. D. & Gordon, A. L. A convective model for the Weddell Polynya. J. Phys. Oceanogr. 11, 466–488 

(1981).
 16. Ou, H. W. & Gordon, A. L. Spin-down of baroclinic eddies under sea ice. J. Geophys. Res. 91(C6), 7623–7630 (1986).
 17. Ou, H. W. Some effects of a seamount on oceanic flows. J. Phys. Oceanogr. 21, 1835–1845 (1991).
 18. Martin, T., Park, W. & Latif, M. Multi-centennial variability controlled by Southern Ocean convection in the Kiel Climate Model. 

Clim. Dyn. 40, 2005–2022 (2013).
 19. de Lavergne, C., Palter, J. B., Galbraith, E. D., Bernardello, R. & Marinov, I. Cessation of deep convection in the open Southern Ocean 

under anthropogenic climate change. Nature Climate Change 4, 278–282 (2014).
 20. Zanowski, H., Hallberg, R. & Sarmiento, J. L. Abyssal ocean warming and salinification after Weddell Polynyas in the GFDL CM2G 

coupled climate model. J. Phys. Oceanogr. 45, 2755–2772 (2015).
 21. Dufour, C. O. et al. Preconditioning of the Weddell Sea Polynya by the ocean mesoscale and dense water overflows. J. Climate 30, 

7719–7737 (2017).
 22. Wang, Z., Wu, Y., Lin, X., Liu, C. & Xie, Z. Impacts of open-ocean deep convection in the Weddell Sea on coastal and bottom water 

temperature. Clim. Dyn. 48, 2967–2981 (2017).
 23. Weijer, W. et al. Local atmospheric response to an open-ocean polynya in a high-resolution climate model. J. Climate 30, 1629–1641 

(2017).
 24. Zanowski, H. & Hallberg, R. Weddell Polynya transport mechanisms in the abyssal ocean. J. Phys. Oceanogr. 47, 2907–2925 (2017).
 25. Kurtakoti, P., Veneziani, M., Stössel, A. & Weijer, W. Preconditioning and formation of Maud Rise Polynya in a high-resolution earth 

system model. J. Climate 31, 9659–9678 (2018).
 26. Gordon, A. L. & Huber, B. A. Thermohaline stratification below the Southern Ocean sea ice. J. Geophys. Res. 89(C1), 641–648 (1984).
 27. Gordon, A. L. & Huber, B. A. Southern Ocean winter mixed layer. J. Geophys. Res. 95(C7), 11655–11672 (1990).
 28. Gordon, A. L. & Huber, B. A. Warm Weddell Deep Water west of Maud Rise. J. Geophys. Res. 100(C7), 13747–13753 (1995).
 29. Gordon, A. L., Visbeck, M. & Comiso, J. C. A possible link between the Weddell Polynya and the southern annular mode. J. Climate 

20, 2558–2571 (2007).
 30. Good, S. A., Martin, M. J. & Rayner, N. A. EN4: Quality controlled ocean temperature and salinity profiles and monthly objective 

analyses with uncertainty estimates. J. Geophys. Res.: Oceans 118, 6704–6716 (2013).
 31. Cheon, W. G., Park, Y.-G., Toggweiler, J. R. & Lee, S.-K. The relationship of Weddell Polynya and open-ocean deep convection to the 

Southern Hemisphere westerlies. J. Phys. Oceanogr. 44, 694–713 (2014).
 32. Rayner, N. A. et al. Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth 

century. J. Geophys. Res. 108(No. D14), 4407, https://doi.org/10.1029/2002JD002670 (2003).
 33. Simpson, J. H. & Bowers, D. Models of stratification and frontal movements in shelf seas. Deep Sea Res. Part A 28, 727–738 (1981).
 34. Cheon, W. G. et al. Replicating the 1970s’ Weddell Polynya using a coupled ocean-sea ice model with reanalysis surface flux fields. 

Geophys. Res. Lett. 42, 5411–5418, https://doi.org/10.1002/2015GL064364 (2015).
 35. Cheon, W. G., Cho, C.-B., Gordon, A. L., Kim, Y. H. & Park, Y.-G. The role of oscillating Southern Hemisphere westerly winds: 

Southern Ocean coastal and open-ocean polynyas. J. Climate 31, 1053–1073 (2018).

https://doi.org/10.1038/s41598-019-43466-2
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.metoffice.gov.uk/hadobs/en4/
http://apps.ecmwf.int/datasets/data/interim-full-moda/levtype=sfc/
http://apps.ecmwf.int/datasets/data/interim-full-moda/levtype=sfc/
https://hycom.org/dataserver/gofs-3pt0/analysis
https://hycom.org/dataserver/gofs-3pt0/analysis
http://www.nerc-bas.ac.uk/icd/gjma/sam.html
http://www.nerc-bas.ac.uk/icd/gjma/sam.html
https://doi.org/10.1038/nclimate2179
https://doi.org/10.1038/nclimate2179
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1002/2015GL064364


9Scientific RepoRts |          (2019) 9:6935  | https://doi.org/10.1038/s41598-019-43466-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 36. Dee, D. P. et al. The ERA-Interim reanalysis: configuration and performance of the data assimilation system. Q. J. R. Meteorol. Soc. 
137, 553–597 (2011).

 37. Alverson, K. & Owens, W. B. Topographic preconditioning of open-ocean deep convection. J. Phys. Oceanogr. 26, 2196–2213 (1996).
 38. Beckmann, A., Timmermann, R., Pereira, A. F. & Mohn, C. The effect of flow at Maud Rise on the sea-ice cover – numerical 

experiments. Ocean Dynamics 52, 11–25 (2001).
 39. Bagriantsev, N., Gordon, A. L. & Huber, B. Weddell Gyre: Temperature Maximum Stratum. J. Geophys. Res. 94(C6), 8331–8334 

(1989).
 40. Lindsay, R. W., Holland, D. M. & Woodgate, R. A. Halo of low ice concentration observed over the Maud Rise seamount. Geophys. 

Res. Lett. 31, L13302, https://doi.org/10.1029/2004GL019831 (2004).
 41. Hartmann, D. L. et al. Observation: Atmosphere and Surface. In: Climate Change 2013: The Physical Science Basis. Contribution of 

Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Stocker, T. F. et al. (eds)]. 
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA (2013).

 42. Cummings, J. A. Operational multivariate ocean data assimilation. Q. J. R. Meteorol. Soc., Part C 131(613), 3583–3604 (2005).
 43. Cummings, J. A. & Smedstad, O. M. Variational data assimilation for the global ocean. Data assimilation for atmospheric, oceanic and 

hydrologic applications Vol. II (Chapter 13), 303–343 (2013).

Acknowledgements
We thank the editor and two anonymous reviewers for their constructive comments and suggestions that 
helped us greatly. The contribution of A.L. Gordon was funded by the National Oceanic and Atmospheric 
Administration (NOAA), Division of Climate Observations, U.S. Department of Commerce via Grant UCAR 
Subaward: SUBAWD000363. The statements, findings, conclusions, and recommendations are those of the 
authors and do not necessarily reflect the views of NOAA or the Department of Commerce. This is Lamont-
Doherty Earth Observatory contribution number 8309.

Author Contributions
W.G.C. and A.L.G. conceptualized the whole idea. W.G.C. collected, preprocessed, analyzed, and visualized data, 
found and applied methodology, wrote the first draft and jointly wrote subsequent drafts of the manuscript with 
the other co-author. A.L.G. suggested methodology, validated the analyzed results with W.G.C. and reviewed the 
draft.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43466-2
https://doi.org/10.1029/2004GL019831
http://creativecommons.org/licenses/by/4.0/

	Open-ocean polynyas and deep convection in the Southern Ocean
	Results
	Destabilization of the upper ocean. 
	The atmosphere-to ocean dynamic interaction. 
	Maud Rise eddy activity. 

	Discussion
	Methods
	Analyses of observation data. 
	Analyses of reanalysis data. 

	Acknowledgements
	Figure 1 (a–c) June/July/August mean sea-ice concentrations of 1974/1975/1976 and (d) September/October mean sea-ice concentration of 2017 derived from the HadISST data.
	Figure 2 (a) Positions of hydrographic stations to measure water properties by use of CTD (1977, Conductivity-Temperature-Depth recorder), STD (1973, Salinity-Temperature-Depth recorder), and Argo floats (2015/2016/2017/2018).
	Figure 3 Time series of (a) sea ice concentration, (b) (red) SST and (blue) SSS anomalies, and (c) potential energy anomalies averaged over the region (0°–10°E/67°S–62°S) in which the Maud Rise polynyas have occurred.
	Figure 4 Horizontal distributions of sea surface height in January of 2016 derived from (a) AVISO and (b) HYCOM and time series of (c) meridional velocity anomaly derived from AVISO’s absolute dynamic topography and (d) (red) minimum wind stress curl deri
	Figure 5 (a) The depth of the 0 °C isotherm in 2015, (b) zonal mean (0°–20°E), austral winter-mean (June/July/August) temperature (≥0) for (black) 1995–2017 and (red lines) 2015, and (c) time series of minimum depth of the 0 °C isotherm that is averaged o
	Figure 6 A simple schematic diagram to illustrate how an open-ocean polynya is triggered by both hydrological and dynamical processes.
	Figure 7 Time series of seasonal mean SAM index.




