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ABSTRACT: Larger Weddell Sea polynyas (WSPs), differentiated in this study from the smaller Maud Rise Polynyas
(MRPs) that form to the east of the prime meridian in the proximity of the Maud Rise seamount, have last been observed in
the 1970s. We investigate WSPs that grow realistically out of MRPs in a high-resolution preindustrial simulation with the
Energy Exascale Earth System Model, version 0.1. The formation of MRPs requires high resolution to simulate the detailed
flow around Maud Rise, whereas the realistic formation of WSPs requires a model to produce MRPs. Furthermore, WSPs
tend to follow periods of a prolonged buildup of a heat reservoir at depth and weakly negative wind stress curl in association
with the core of the Southern Hemisphere westerlies at an anomalously northern position. While this scenario also leads to
drier conditions over the central Weddell Sea, which some literature claims to be a necessary condition for the formation of
WSPs, our model results indicate that open-ocean polynyas do not occur during periods of weakly negative wind stress curl
despite drier atmospheric conditions. Our study supports the hypothesis noted in earlier studies that a shift from a weakly
negative to a strongly negative wind stress curl over the Weddell Sea is a prerequisite for WSPs to form, together with a large
heat reservoir at depth. However, the ultimate trigger is a pronounced MRP, whose associated convection creates high
surface salinity anomalies that propagate westward with the flow of the Weddell Gyre. If large enough, these anomalies
trigger the formation of a WSP and a pulse of newly formed Antarctic Bottom Water.
KEYWORDS: Southern Ocean; Atmosphere-ocean interaction; Deep convection; Ocean circulation; Ocean dynamics;
Climate models

1. Introduction
The Weddell Gyre is a crucial oceanic component of the
global climate pathway because of its role in the formation of
dense water masses and long-term sequestration of atmospheric heat and carbon (Marinov et al. 2006; Fahrbach et al.
1994; Foldvik et al. 1985). This region is the most important
source of Antarctic Bottom Water (AABW; Orsi et al. 1993),
produced through both coastal polynyas (Morales Maqueda
et al. 2004) and open-ocean polynyas (Martinson et al. 1981).
The long-term sequestration of atmospheric heat and carbon
(e.g., Hoppema 2004) in the Weddell Sea occurs through deep
convection (de Lavergne et al. 2014) and subsequent dense
water formation. Deep convection occurs regularly along the
coastal areas of Antarctica (coastal polynyas) and, until 1980,
presumably intermittently in the central Weddell Sea (openocean polynyas) in the austral winter (Morales Maqueda et al.
2004; Zhang et al. 2015).
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Open-ocean polynyas in the Weddell Sea appear as openings in the winter sea ice cover that expose the ocean to the cold
atmosphere, leading to strong atmosphere–ice–ocean interaction, thereby enhancing deep convection and dense water
formation. Physical processes in the Weddell Sea thus have a
significant impact on the characteristics and formation of
AABW. Weddell Sea polynyas (WSPs) are winter-long openocean polynyas in the Weddell Sea, such as the ones observed
during the austral winters of 1974–76 (Gordon 1982). WSPs
predominantly occur west of the prime meridian in the open
ocean, where the average ocean depths are greater than
4500 m. This phenomenon was observed remotely via satellite
in three consecutive winters, and, since the timing coincided
with the first satellite retrievals of its kind, it was assumed to
be a typical event at first. However, as it turned out, a full-scale
WSP has not emerged ever since, whereas smaller short-lived
polynyas in the vicinity of the Maud Rise Seamount (hereinafter referred to as MRPs) have occurred sporadically and
most recently during the winters of 2016 and 2017. The term
MRP is used to describe small open-ocean polynyas that form
over and around the Maud Rise seamount (the seamount is
200 km in diameter and extends from the ocean floor up to
1700 m below the ocean surface) located east of the prime
meridian. MRPs are confined to bathymetric features, whereas
WSPs are not.
The sudden cessation of WSPs has been attributed to an
increase in upper-ocean stratification due to anthropogenic
climate change (e.g., Gordon 2014; de Lavergne et al. 2014).
One idea is that the present-day poleward shift in Southern
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Hemisphere westerlies due to anthropogenic CO2 emissions
and ozone depletion (Oke and England 2004; Russell et al.
2006; Fyfe et al. 2007) results in a positive trend of the southern
annular mode (SAM) index, leading to an increase in precipitation over the Weddell Sea, freshening of the surface ocean,
and flattening of the isopycnals in the upper ocean (Gordon
2014), thus increasing stratification. Furthermore, the associated increase in Ekman divergence increases the interaction of
the subsurface heat reservoir in the Weddell Gyre with the ice
shelves, thereby increasing glacial melt, which contributes to
surface freshening (Rignot et al. 2013). The total sum of the
anthropogenic effects has resulted in a warming and freshening
of the Southern Ocean north of the Antarctic Circumpolar
Current (ACC) (Swart et al. 2018). South of the ACC, the
anthropogenic effects have mostly led to a surface cooling and
freshening (Armour et al. 2016; Swart et al. 2018), and the
absence of WSPs since the late 1970s appears to be one of its
consequences (de Lavergne et al. 2014). On the other hand,
intensifying winds over the high-latitude Southern Ocean
during a positive SAM phase also lead to a spinup of the
Weddell Gyre (Cheon et al. 2014), which then causes the
doming of isopycnals, which is traditionally considered to be
one of the mechanisms leading up to a WSP (Hirabara et al.
2012; Cheon et al. 2015).
Formation processes of WSPs have been studied extensively
since the polynyas were first detected in satellite passivemicrowave images (Carsey 1980; Martinson et al. 1981;
Gordon 1982; Zwally et al. 1983; Parkinson 1983). An early
study by Martinson et al. (1981) described an idealized convective model for the WSP in which the sequence of a preconditioned area in the ocean, combined with some factor that
can act as a trigger, can lead to static instability, which can
further lead to deep convection. Once convection was triggered in winter, a subsurface heat source—in this case, the
warm and salty Weddell Deep Water (WDW)—helped to
maintain the WSP by melting sea ice or instead prohibiting its
formation. The 1970s monthly satellite-derived winter sea ice
concentration in the WSP region indeed shows that sea ice
formed around an area of warm surface water (Martinson et al.
1981; Zwally et al. 1983). Subsequent literature on the preconditioning and formation mechanisms of open-ocean polynyas includes the investigation of both large-scale processes,
such as the intensification of the Weddell Gyre described
above, and small-scale processes, such as the bathymetric effects and formation of Taylor caps around the Maud Rise
seamount (Alverson and Owens 1996; Martinson et al. 1981;
Dufour et al. 2017; de Steur et al. 2007; Kurtakoti et al. 2018).
While low-resolution (LR) forced ice-ocean general circulation models (GCMs) or coupled Earth system models (ESMs)
with LR ocean components would not be able to resolve smallscale processes, some LR ocean GCMs and ESMs can simulate
WSPs, either permanently (de Lavergne et al. 2014; Stössel
et al. 2015) or intermittently (Hirabara et al. 2012; Martin et al.
2013; Cheon et al. 2014).
Using a high-resolution fully coupled Energy Exascale
Earth System Model (E3SMv0-HR) simulation, Kurtakoti
et al. (2018) found that an important preconditioning for MRP
formation is the Taylor cap dynamics occurring around the
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Maud Rise seamount and Astrid Ridge to the east of Maud
Rise (the Maud Rise–Astrid Ridge complex, referred to herein
as the MR-AR complex). Furthermore, the model results show
that advection of high surface salinity waters over the MR-AR
complex is the main trigger for deep convection in that region.
Kurtakoti et al. (2018) also indicated that the formation of
MRPs in ESMs requires a detailed representation of the bathymetry for tall enough Taylor columns to form and affect the
mixed layer and circulation around Maud Rise (Meredith et al.
2015). The associated dynamics lead to the representation of
several small-scale features in the simulation, namely 1) the
doming of isopycnals over Maud Rise; 2) a ring or crescent of
anomalously warm and salty WDW around Maud Rise, which
causes a halo of lower sea ice concentration; 3) a positive icedrift vorticity along the northwestern flank of Maud Rise; and 4)
an anticyclonic outer circulation and a cyclonic inner circulation
around Maud Rise, all of which are supported by observational
and theoretical studies of MRPs (Gordon and Huber 1990;
Bersch et al. 1992; Alverson and Owens 1996; Muench et al.
2001; Holland 2001; de Steur et al. 2007). More recent studies of
the MRPs observed in the winters of 2016 and 2017 converge
on the finding that these MRPs have ultimately been triggered by
the passage of strong winter storms over the region (Francis et al.
2019; Jena et al. 2019; Campbell et al. 2019; Wilson et al. 2019).
It is only recently that we have been in a position to simulate
the sequence of events that lead up to WSPs in HR fully coupled ESMs. This is especially relevant if we wish to ultimately
investigate the impact of open-ocean polynyas on AABW formation, meridional overturning circulation (Stössel and Kim
2001; Swingedouw et al. 2009; Hirabara et al. 2012; Martin et al.
2013; Patara and Böning 2014; Zanowski et al. 2015; Zanowski
and Hallberg 2017; Sohail et al. 2020), and the climate system
(Kaufman et al. 2020).
In this study, we analyze the preconditioning, triggering, and
the onset of WSPs that begin over the MR-AR bathymetric
complex and expand westward into the Weddell Sea as simulated with E3SMv0-HR under preindustrial atmospheric CO2
forcing. We, therefore, set about addressing the following
questions: What causes convection associated with MRPs to
spread westward into the western Weddell Sea and lead to
WSPs? If MRPs are a prerequisite for the occurrence of WSPs,
why do not all MRPs lead to WSPs? The second question
partly addresses a possible reason for the 2016/17 MRPs failing
to grow into full WSPs in subsequent winter seasons.
The paper is organized as follows. The following section describes the model simulation with a focus on the Weddell Gyre
and WSPs. Our main results are presented in section 3, and a
discussion and conclusions are included in section 4.

2. Model description, evaluation, and analysis strategy
The E3SMv0-HR simulation analyzed in this study is the
same simulation utilized in Kurtakoti et al. (2018) and
Kaufman et al. (2020). The E3SMv0 model is based on the
Community Earth System Model (CESM; Hurrell et al. 2013);
its atmosphere component is the Community Atmosphere
Model, version 5, with the spectral element dynamical core
(CAM5-SE; Dennis et al. 2011); the land component is the
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TABLE 1. Terminologies used for the different types of open-ocean polynyas in the Weddell Sea.

Description
Maud Rise Polynya: open-ocean polynya
over the Maud Rise–Astrid Ridge
complex (08–158E, ;658S)
Year of transition from no polynya to
initiation of the first MRP
The last no-polynya year preceding an
MRP-I year
Weddell Sea polynya: Large open-ocean
polynya in central Weddell Sea predominantly west of Maud Rise
Years of MRP that evolve into WSP
Years of MRPs that do not develop
into WSPs
Years with no open-ocean polynyas

Acronym used in
the paper

Years

MRP

Years 24–25, 31–39, 47–49, 64–66, 69–74,
and 101–102

MRP-I years

Years 24, 31, 47, 64, 69, and 101

MRP-P years

Years 23, 30, 46, 63, 68, and 100

WSP

Years 26–27,50–62,75–79, and 103–123

MRP1WSP years
MRP years

Years 24–27, 47–62, 69–79, and 101–123
Years 31–39 and 64–66

No-polynya years

Years 20–23, 40–46, and 67–68; 80–100

Community Land Model, version 4.5 (CLM4.5; Lawrence et al.
2011); the ocean component consists of the Parallel Ocean
Program, version 2 (POP2), model (Smith et al. 2010); and finally, the sea ice component is the Community Ice Code,
version 4 (CICE4), model (Hunke and Lipscomb 2008). In
E3SMv0-HR, the atmosphere and land model components
have a nominal 0.258 horizontal resolution, while the ocean and
sea ice models feature a tripolar grid with a nominal 0.18 horizontal resolution and 42 vertical levels (vertical resolution
varies between 10 m at the surface and 250 m near the bottom).
Parameterizations in the ocean component of E3SMv0-HR
include the K-profile boundary layer scheme of Large et al.
(1994) to represent unresolved vertical mixing processes and a
biharmonic scheme for subgrid-scale horizontal mixing of
momentum and tracers. The simulation was run for 131 years
under preindustrial conditions, and it was initialized from year
34 of a previous E3SMv0 simulation, whose POP/CICE components were in turn initialized from a short forced simulation
(which started from rest/climatology) and whose CAM/CLM
components were initialized from a standard Atmospheric
Model Intercomparison Project run. For a general description
of the E3SMv0-HR overall performance we refer the reader to
Kurtakoti et al. (2018). This section evaluates the Weddell Sea
representation in the simulation against observations and
compares the simulated WSPs with those observed in 1974–76.
The reasoning for the distinction between MRPs and WSPs
follows from the fact that the formation mechanism of MRPs is
fundamentally different from that of WSPs. As described in
Kurtakoti et al. (2018), the simulated MRPs are triggered by
advection of high surface salinity anomalies over Maud Rise
and Astrid Ridge (the MR-AR bathymetric complex; see
section 1), where deep convection and polynya formation is
prone to occur due to topographic preconditioning (via Taylor
column dynamics). Under certain conditions, MRPs expand
westward into the central Weddell Sea, at which point we name
them WSPs. In the time series where we distinguish between
no-polynya, MRP, and WSP years over the course of the
E3SMv0-HR simulation, an MRP year is defined to emerge
when there is a closed contour of austral winter (July–October)

averaged 0% sea ice concentration geographically located east
of the prime meridian and over and around the MR-AR
complex. Similarly, a WSP year is defined to emerge when
the ice-free area enclosed by sea ice extends west beyond the
prime meridian. In some years, the WSPs grow into larger
‘‘embayments’’ (EMBs), meaning that open water is not totally
enclosed by sea ice. The type of simulated open-ocean polynya
and the simulation year it occurs in are listed in Table 1 (see the
online supplemental material for an animation of monthly sea
ice concentration of E3SMv0-HR).
Spatial maps of monthly climatology of simulated sea ice
thickness overlapped with the 15% concentration contour are
shown in Fig. 1 (climatologies are computed over the no-polynya
years; see Table 1), together with satellite-derived ice extent
(green contour). Sea ice thickness is generally lower over the
MR-AR complex than in the central Weddell Sea. Figure 1
shows evidence of coastal polynyas, in particular along the
Ronne ice shelf in the western Weddell Sea, indicated by lower
ice thickness. Overall, the seasonal variation of the ice extent
(green vs white line) is reasonably well simulated, except perhaps in autumn, when the satellite-derived product suggests a
faster extension of the ice cover. The ice thickness being in
winter mostly around 0.5 m and being distributed such that the
thickest ice resides in the western Weddell Sea and survives the
summer melt (multiyear ice) appears also to be realistic as far as
ice thickness can be verified (Worby et al. 2008; Kurtz and
Markus 2012; Williams et al. 2015).
The Weddell Gyre circulation is described in Fig. 2 by means
of the barotropic volume transport streamfunction averaged
over simulation years 50–127. The modeled circulation compares well to observations, clearly revealing the characteristic
double-cell structure of the gyre (Timmermann 2002; Fahrbach
et al. 2011; Ryan et al. 2016; Armitage et al. 2018), and the
intricate pattern in the eastern cell. In particular, E3SMv0-HR
captures the observed eddy noisiness of the eastern cell, which
is mainly determined by the wind field, ocean stratification, and
subtle bathymetric features (Orsi et al. 1993; Schröder and
Fahrbach 1999; Ryan et al. 2016). The circulation pattern of the
eastern Weddell Gyre is particularly important for this study
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FIG. 1. Simulated monthly climatology of sea ice thickness, where the climatologies are calculated over no-polynya years (refer to
Table 1). The white contour represents the model 15% sea ice concentration, whereas the green contour is the observed 15% ice extent
from satellite passive microwave (climatology over 1978–2018). Black contours represent the 1000-, 2000-, and 3000-m bathymetry lines.

since it affects the stratification of the upper ocean upstream of
the MR-AR complex.
Meridional cross sections of temperature and salinity along
08 and 358E for the September month climatology (with climatologies computed over years 50–127) are used to visualize
the hydrographic properties and stratification within the simulated Weddell Gyre (Figs. 3 and 4). These cross sections
compare exceptionally well with directly observed hydrographic data (e.g., Schröder and Fahrbach 1999, their Figs. 4
and 5; Ryan et al. 2016, their Figs. 3 and 6). It is remarkable that
the Weddell Sea is well represented in E3SMv0-HR because
maintaining a realistic stratification in the high-latitude Southern
Ocean in fully coupled climate models can be very challenging
(Stössel et al. 2015; Kjellsson et al. 2015).

The meridional cross section along the Greenwich meridian
(Fig. 3) shows the deep water in the core of the gyre between
578 and 638S doming upward, very similar to the observations,
both in terms of structure and T and S values. This water mass
is the Weddell Sea Deep Water (WSDW) that fills the bottom
of the basin up to ;698S in the south and ;558S in the north. At
intermediate depths of 200–2000 m, a warm and salty water
mass apparently circulates the dome of colder and fresher
water. This water mass is the Weddell Deep Water (WDW) at
the southern rim of the gyre, and the Circumpolar Deep Water
(CDW) transitioning into WDW at the northern rim of the
gyre (Orsi et al. 1993; Fahrbach et al. 2011).
The meridional cross section along 358E (Fig. 4) reflects the
very eastern edge of the Weddell Gyre. The observations for
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FIG. 2. Bathymetry of Weddell Sea and surrounding areas
(shading; m) in E3SMv0-HR, with contours of the barotropic volume transport stream function climatology showing the Weddell
Gyre circulation. The contours (increments every 10 Sv) indicate the
zonal and meridional extent of the cyclonic double-cell Weddell
Gyre. The gray dashed lines indicate the location of the meridional
cross sections shown in Figs. 3 and 4, below. The locations of the
Maud Rise seamount and Astrid Ridge are also indicated.

this region end at 658S, so we can only compare the structure
north of 658S. As expected, and consistent with the observations, there is no strong doming of properties in the central part of the section. The isotherms primarily dip down the

FIG. 4. As in Fig.3, but along 358E.

FIG. 3. Simulated September climatology calculated over nopolynya years (refer to Table 1) of (a) temperature and (b) salinity
in the central Weddell Sea along 08.

continental slope with a weak dome between 648 and 668S. The
main difference between Figs. 3 and 4 is in the temperature and
salinity values between 200 and 2000 m, in that this subsurface
water mass is significantly warmer and saltier along 358E than
along the prime meridian.
Figures 1 and 2 in the online supplemental material show
comparisons between simulated and Southern Ocean State
Estimate (SOSE) salinity and temperature at the surface and
500-m depth, for the climatological months of February (online
supplemental Fig. 1) and September (online supplemental
Fig. 2). The SOSE reanalysis data are generated from an ocean
model that assimilates observations during 2005–06 (Mazloff
et al. 2010). SOSE version-2 data have a resolution of about
1/68 and consist of 42 depth levels. While similarities can
readily be identified, one should note that the E3SMv0-HR
simulation has been run under preindustrial conditions, while
SOSE represents in essence present-day conditions. Both in
February and September, the model surface salinities are
similar to those in SOSE, but the surface temperatures are not.
The surface temperature of the Weddell Sea in the E3SMv0HR simulation is warmer than that of SOSE, likely because of
the presence of large open-ocean polynyas and a more dynamic
sea ice cover in the model. The subsurface ocean at 500-m
depth in the eastern Weddell Sea is warmer and saltier in
E3SMv0-HR than in SOSE, which indicates a more vigorous
infusion of CDW into the Weddell Gyre in the former, consistent with a 30% weaker gyre transport in SOSE (about
40 Sv; 1 Sv [ 106 m3 s21) relative to E3SMv0-HR (about 60 Sv;
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FIG. 5. (top) Profiles of annual mean (left) temperature and
(right) salinity of model simulation: year 46 with no polynya and
years in the 50s with strong WSPs. Also shown are (bottom) profiles of observed [from Gordon (1982)] (left) potential temperature
and (right) salinity. The temperature and salinity fields are averaged over the region that matches the areas of the different stations
from where the observations come [hydrographic stations: Glacier
in 1973 and Islas Orcadas in 1977; refer to Gordon (1982)].

Fig. 2). On the other hand, the subsurface ocean in the central
Weddell Sea is much colder in E3SMv0-HR than in SOSE,
consistently with a more pronounced doming of colder and
fresher WSDW in a stronger gyre (see Fig. 3).
To evaluate the realism of the simulated WSPs, we next
investigate the regional ocean properties before and after the
onset of WSPs and compare them with those observed before
and after the WSPs of the mid-1970s (Fig. 5). The model results
were averaged over the hydrographic stations where the observations were made in Gordon (1982). Years 46 (MRP-P
year) and 48 (MRP year) in Fig. 5 represent conditions prior to
the simulated WSP and year 51 is the first WSP year followed
by several consecutive WSP years. The deep convective events
associated with the WSP lead to a reduction of temperature
and salinity below 200 m down to 3000-m depth (Fig. 5, upper
panels), suggesting deep water ventilation in the Weddell Sea.
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The differences of the simulated temperature and salinity
profiles between pre- and post-WSP conditions are strikingly
similar to those of the observations made in 1973 (pre-WSP)
and 1977 (post-WSP) (Fig. 5, lower panels) in magnitude,
shape, and depth. The drastic loss of heat in the core of WDW
and down to ;3000 m affects the volume and characteristics of
the deep and bottom water masses in this region. Therefore,
WSPs can drastically increase the formation of bottom waters
in the Weddell Sea and modify their properties through the
contribution of surface waters, and have been estimated to be
comparable to the impact of coastal polynyas on AABW formation (Gordon 1982). Thus, it is equally important to understand the impact of a lack of WSPs on the properties and
volume of water masses in the deep Weddell Sea in the last
40 years.
To show how the different open-ocean polynyas were classified into MRP and WSP in E3SMv0-HR and verify them
against observations (Chapman and Walsh 1996; Maslanik and
Stroeve 1999), we compare spatial winter sea ice concentration
in simulation and available observations (Fig. 6). The 2017
MRP is comparable to the MRP in year 33 in E3SMv0-HR
(Figs. 6a,b) where the monthly maximum mixed layer depth is
;2000 m. The 1974 WSP is comparable to the WSP in year 51
in E3SMv0-HR (Figs. 6c,d) where the maximum monthly
mixed layer depths are .3000 m in parts of the Weddell Sea.
The main reason to differentiate the two types of open-ocean
polynyas is because of differences in their formation mechanism. The realistic formation mechanism of MRP in E3SMv0HR requires the representation of bathymetry and the flow
around it to simulate the small-scale processes that precondition the region for convection (Kurtakoti et al. 2018; Alverson
and Owens 1996; de Steur et al. 2007; Comiso and Gordon
1987). The realistic formation of WSP depends on both MRP
formation and preconditioning of the Weddell Sea through
large-scale circulation shown in the following section.
In the next section, we focus on the formation of WSPs and
their transformation from MRPs. We study four independent
WSP events that begin as MRPs over the MR-AR complex and
spread westward into the Weddell Sea over consecutive years,
thereby developing into full-scale WSPs (see Table 1). We
refer to the four cases in which MRPs transition into WSPs as
‘‘MRP1WSP’’ years. The years with MRP events that do not
develop into WSPs are instead simply referred to as ‘‘MRP’’
years (Table 1).

3. Results
We investigate the development of WSPs in the E3SMv0HR simulation in the following steps. First, we consider the
role played by the position and relative strength of the
Southern Hemisphere westerlies in affecting the regional wind
stress curl (section 3a) and precipitation (section 3b), as well as
their relationship with the SAM index. In section 3c we discuss
the large-scale preconditioning of the Weddell Sea for MRP
and subsequent WSP development in terms of its stratification.
Subsequently, we focus on how WSPs grow out of MRPs
(section 3d). Since not all MRPs lead to WSPs, this section
reveals new insights into the specific necessary conditions for
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FIG. 6. Austral winter (July–October) sea ice concentration of the (a) observed 2017 MRP (Maslanik and Stroeve
1999) and (b) simulated MRP (year 33) in E3SMv0-HR in the eastern Weddell Sea (deep convection within the
MRP occurs predominantly over bathymetric features). Also shown is winter sea ice concentration of the
(c) observed 1974 WSP (Chapman and Walsh 1996), and (d) simulated WSP (year 51) E3SMv0-HR (deep convection within the WSP occurs over the deep ocean in the central Weddell Sea and is not restricted to just over the
bathymetric features in the eastern Weddell Sea).

this to happen. Last, we will scrutinize the local initiation of
convection by analyzing daily output fields (section 3e).

a. Role of changes in the Southern Hemisphere westerlies
As found in previous studies (see section 1), there is a direct
relationship between anomalously negative wind stress curl
and a weakening of the pycnocline strength of the upper ocean
in the Weddell Sea (Fig. 7a) averaged over the region 558W–
408E, 508–708S. Low values of both the pycnocline and halocline strength indicate doming of isopycnals in the Weddell Sea
possibly as a result of a spinup of the Weddell Gyre following
the negative wind stress curl anomalies. The time series of the
pycnocline strength being almost identical to that of the halocline strength suggests that the variability of the former is
almost solely due to salinity. During the WSP events (see blue/
gray shaded regions in Fig. 7a) the wind stress curl anomaly is
predominantly negative. The opposite is also true; that is,
during the no-polynya years (white shaded regions) the wind
stress curl anomaly is mostly positive. During MRP events
(green shading in Fig. 7a), the wind stress curl anomaly is either

positive or negative, but predominantly negative when followed by a WSP. As will be seen in section 3d, this finding is
relevant for explaining large MRPs. The wind stress curl is
calculated over the entire Weddell Sea region and does not
necessarily reflect the conditions over Maud Rise, such as the
local stratification, which may depend on several other factors
such as the strength of the impinging flow, the local wind stress
curl field, and the presence of Taylor caps (Kurtakoti et al.
2018). The main message here is that the wind stress curl
anomalies go from being strongly positive to strongly negative
while overlapping the gradual transition from no polynyas to
the onset of large WSPs via MRPs (Fig. 7a).

b. Role of precipitation in conjunction with southward shift
of the westerlies
The simulated full precipitation and wind stress curl anomaly over the Weddell Sea are inversely related (Fig. 7b). Higher
precipitation rates are a result of southward shifted westerlies.
The poleward moving westerlies coincide with negative wind
stress curl anomalies (Fig. 8), and open-ocean polynyas in the
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FIG. 7. (a) Time series of halocline strength (black) and pycnocline strength (red) (right-axis labels), along with wind stress curl (WSC)
anomaly (green; left-axis labels). The pycnocline strength Ds and its salinity component (›s/›S)DS or halocline strength (where s is
potential density) were computed as the difference between s or S at 100–200 and 0–100 m (de Lavergne et al. 2014). Values were
averaged over the Weddell Sea (558W–408E; 508–708S) and smoothed with a 5-yr centered running average. The shading in the time series
represents the type of open-ocean polynya seen during the austral winter (July–October) of the respective year (lime green: MRP; blue:
WSP; gray: EMB). The WSC anomalies are computed relative to the mean monthly climatology over years 20–127. (b) Time series of a
5-yr running mean of the monthly WSC anomaly (green), total precipitation (blue), and the SAM index (black).

Weddell Sea. Here, the SAM has been calculated following the
definition of Gong and Wang (1999) as the difference between
the zonal-mean sea level pressure at 408S and at 658S. The
positive trend of SAM is generally associated with southward
shifted and/or intensified westerlies over the entire Southern
Ocean, and vice versa (Gong and Wang 1999; Thompson et al.
1999; Marshall 2003; Hall and Visbeck 2002). In E3SMv0-HR,
while the SAM is often anticorrelated with wind stress curl
over the Weddell Sea, this is not always the case, possibly due
to the difference in the regions considered while calculating the
SAM index and the wind stress curl anomalies. The correlation
coefficient between the SAM index and wind stress curl
anomaly time series in Fig. 7b is 20.424 with a very small

p value (,0.0001). The correlation between the two time series
are significant at 95% significance level if the p value , 0.05.
The correlation coefficient between the wind stress curl
anomaly time series and the precipitation (Fig. 7b) is 20.899
with a very small p value (,0.0001).
A time series plot of the position of the maximum zonal wind
stress overlapping the wind stress curl anomaly (smoothed using a
5-yr running mean) in the Weddell Sea shows the poleward
movement and anomalies of wind stress curl (Fig. 8) having a
correlation coefficient of 0.71 with a very small p value (,0.0001).
This indicates that the variability of the wind stress curl averaged
over the Weddell Sea is mainly governed by the meridional position of the core of the westerlies rather than their strength.

FIG. 8. Time series of annual sea ice thickness (over the region 608–708S, 508W–208E; black), WSC anomaly (smoothed with a 5-yr
centered running average; green), and position of the maximum zonal wind stress (smoothed with a 5-yr centered running average; blue).
The shading in the time series represents the type of open-ocean polynya seen during the austral winter of the respective year (lime green:
MRP; blue: WSP; gray: EMB).

Unauthenticated | Downloaded 01/09/23 02:45 AM UTC

1 APRIL 2021

2499

KURTAKOTI ET AL.

FIG. 9. (a) Time series of WSC anomalies (as in Fig 7b, but repeated here for comparison with other panels), and Hovmöller diagrams of
annual averaged (b) precipitation and (c) sea ice thickness, meridionally averaged over the region 648–688S. The horizontal black lines
refer to all of the ‘‘MRP-I’’ years in E3SMv0-HR. The blue and orange vertical lines indicate the longitudes of Maud Rise seamount and
Astrid Ridge, respectively.

A Hovmöller diagram of precipitation averaged meridionally
over the 648–688S band is presented in Fig. 9b and shows the
presence of high precipitation areas over and downstream of
polynyas forming during polynya years. The largest precipitation
values (blue areas in Fig. 9b) over Maud Rise and the Weddell
Sea are seen during years with low winter sea ice thickness
(Fig. 9c) and only over polynyas. It can therefore be concluded
that the increase in precipitation is associated with rising motion
of moist and relatively warm air over polynyas, as found in
Weijer et al. (2017), reflecting a direct response to the heat loss in
association with the ventilation of WDW in open-ocean polynyas. Gordon (2014) argues that drier conditions over the
Weddell Sea favor the formation of WSPs. As indicated in Fig. 9,
our simulation does not support this hypothesis as drier conditions mostly coincide with thicker ice. In conclusion, the model
results show that a more negative wind stress curl (Fig. 9a) has a
stronger impact on initiating winter convection and WSP formation than drier atmospheric conditions.
The positive (negative) phase of the SAM index is to some
extent associated with a more southern (northern) position of the
Southern Hemisphere westerlies (see Fig. 8; Hall and Visbeck
2002), which leads to more (less) precipitation as well as intensified (reduced) cyclonic wind stress curl anomalies over the
Weddell Sea (Gordon 2014; Gordon et al. 2007). In E3SMv0HR, the correlation between the position of the maximum zonal
wind stress (Fig. 8) and SAM index (Fig. 7b) is 20.6 with a very
small p value (,0.0001). These two variables have opposing effects on the stratification of the Weddell Sea: on the one hand, a

cyclonic wind stress curl leads to a spinup of the cyclonic Weddell
Gyre, thereby weakening the stratification in its centers as a result of a more pronounced doming of isopycnals; on the other
hand, the concomitant increase in precipitation will lower the
surface density by freshening and thereby strengthen the stratification. The negative phase of the SAM index is associated with
the core of the precipitation-rich westerlies being located farther
north than on average, which leads to drier atmospheric conditions as well as diminished negative (or less cyclonic) wind stress
curl anomalies over the Weddell Sea. The westerlies being located at a northward position allows the northward expansion of
dry polar air masses over the Weddell Sea, which makes the
surface layer saltier and denser, thereby weakening the stratification; on the other hand, the associated positive (or less cyclonic) wind stress curl anomalies would lead to a spindown of
the Weddell Gyre that deepens the isopycnals in its center
thereby increasing stratification. In E3SMv0-HR, the spinup of
the cyclonic Weddell Gyre plays a more influential role in the
formation of open-ocean polynyas than the northward expansion
of dry atmospheric conditions in the Weddell Sea. Additionally,
the SAM index does not always capture the negative wind stress
curl anomalies in the Weddell Sea.

c. Role of surface salinification in weakening the
stratification in the Weddell Gyre
To visualize the impact of the salinity preconditioning of the
Weddell Sea on local stratification over the MR-AR complex as
well as upstream of it, we compare meridional cross sections of
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FIG. 10. September salinity in the central Weddell Sea along 08
during the (a) no-polynya years 41–45 and 82–96 and (b) ‘‘MRP-P’’
years that precede the MRP1WSP years in E3SMv0-HR. The
colored contours are density.

September salinity and density along 08 (western flank of Maud
Rise; Fig. 10) and 308E (upstream and east of MR-AR; Fig. 11)
for a) the years with no polynyas and b) the year with no polynya
just prior to the onset of MRP1WSP years. The upper 100 m is
saltier, and denser isopycnals outcrop at the surface in Fig. 10b
when compared to Fig. 10a. In other words, there is a very weak
stratification in the upper 200 m along 08 in the winter preceding
MRP1WSP years. The same is true for the meridional cross
section at 308E (Fig. 11). The meridional cross section at 208W
(not shown) is also consistent with these findings. The stronger
doming of the isopycnals indicates large-scale preconditioning
prior to the MRP1WSP years. Anomalously salty water at the
surface could indicate entrainment of WDW into the upper
200 m layer of the Weddell Sea.

d. Role of high sea surface salinity from large MRPs in
triggering WSPs
The preindustrial E3SMv0-HR simulation produces both
small and large MRPs as characterized by the size of the sea
ice–free area of the polynya. MRPs preceding the MRP1WSP
years are significantly larger than the MRPs in the MRP years.
However, it is not clear why some MRPs develop into WSPs
(e.g., those that occur in years 47–62), whereas other MRPs do
not (e.g., those that occur in years 31–39).
The zonal cross section along 658S of the winter averaged
salinity and density before and during an MRP are used to

VOLUME 34

FIG. 11. As in Fig.10, but in the eastern Weddell Sea along 308E.
The colored contour values are consistent with Fig. 10.

visually characterize the extent of mixing that occurs over the
MR-AR bathymetric complex. We can compare the zonal
cross sections just before and during MRPs from an instance in
the MRP years (years 30, 31, and 35 in Fig. 12) with those of an
instance in the MRP1WSP years (years 46, 48, and 50 in
Fig. 13). The MRPs during the MRP1WSP years bring up
more salt into the surface layer than those occurring during the
MRP years. The potential density contour indicated by the red
line in Figs. 12 and 13, which lies in the center of the WDW
salinity maximum, is used here to indicate WDW. The outcropping of WDW at the surface occurs over a significantly
larger area in the MRP in the MRP1WSP years (year 48 in
Fig. 13) than in MRP years (year 35 in Fig. 12; no outcropping
at all in year 31), which suggests that larger salinity anomalies
are introduced at the surface ocean. In this sense, we can define
MRPs that precede MRP1WSP years as ‘‘strong.’’
The increase in the surface salinity through ventilation of
WDW over Maud Rise due to a strong MRP allows for the
surface layer downstream of it to destabilize, thus creating
WSPs in the following winters. The strong convection over
Maud Rise in year 50 (Fig. 13c) continues during the subsequent WSP years. Year 50 is a WSP year, as can be confirmed
from the insert of Fig. 13c, showing that deep mixed layers
extend to 208W. Thus, while high surface salinity waters spread
westward downstream from Maud Rise with the flow of the Weddell
Gyre, convection over Maud Rise stays active and continues to introduce WDW into the upper 100 m. Comparing the area of the
winter maximum mixed layer depth greater than 2000 m in MRPs in
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FIG. 12. Zonal cross section of winter (July–October) salinity and density contours averaged
over the 648–668S region, before and during one instance of the MRP case, i.e., years 31–39.
Shown are (a) the MRP-P year 30 (pre-polynya), (b) the MRP year 31, and (c) the subsequent
MRP year 35. The colored contours indicate potential density. The inset in each figure shows
the maximum mixed layer depth in September of the corresponding year.

the MRP1WSP years with that of MRPs in the MRP years, we find
that only very large MRPs provide high enough upper-ocean salinity
anomalies, which then give rise to WSPs. This also holds for the
other cases of MRP1WSP years of the simulation.
To visualize the magnitude of the anomalous salinity introduced by WDW in the upper 200 m, we generate a time series of
average salinity over the Maud Rise seamount during MRPs
(Fig. 14). We enlarge the upper 200 m (upper panels of Figs.
14a,b) to clearly compare the upper-ocean salinity during an
instance in the MRP years (years 31–39; Fig. 14a) with an instance in the MRP1WSP years (years 47–62; Fig. 14b). The
upper-ocean salinity during the latter instance (Fig. 14b, upper
panel) is clearly much larger than that during the former instance
(Fig. 14a, upper panel). The lower panels of Figs. 14a and 14b
show the depletion of WDW during open-ocean polynyas indicating that this loss is more thorough during the MRP1WSP
years. Convection over Maud Rise stays active during the WSPs
following year 50, thus supplying the necessary surface salinity
anomalies needed to destabilize the water column downstream.

The reinforcement of upper-ocean temperature and salinity
anomalies due to convection over the MR-AR bathymetric
complex can readily be seen in Fig. 15, displaying the evolution of
upper 100 m T and S over years 21–127. Anomalously strong
MRPs (associated with anomalously warm and salty upper-ocean
conditions over the MR-AR bathymetric complex) precede the
destabilization of the central Weddell Sea, and this process is associated with a gradual westward propagation of upper-ocean
temperature and salinity anomalies. This happens in MRP1WSP
years 47–62, 68–80, and 101–118 where large positive anomalies
appear between the regions of Maud Rise (vertical red line) and
Astrid Ridge (vertical white line), which then spread westward in
subsequent years, leaving their imprint on sea ice in the form
of WSPs.
A necessary but not sufficient condition for long-lasting, consecutive winter WSPs to occur is the heat reservoir at depth, or the
heat content of WDW (Martinson et al. 1981; Martin et al. 2013;
Cheon et al. 2015; Dufour et al. 2017). Once the switch is made
from stable to convective mode, the heat content of WDW in the
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FIG. 13. As in Fig. 12, but for an instance of the MRP1WSP case (i.e., years 101–123): (a) the
MRP-P year 46 (pre-polynya), (b) the MRP year 48, and (c) the subsequent WSP year 50.

vicinity of Maud Rise plays another dominant role in maintaining
the WSP by supplying the heat needed to prevent sea ice formation. Since the WSP mode is associated with deep-penetrating
convection, it drastically reduces the subsurface WDW heat content thus ventilating the subsurface ocean. The temperature averaged over the WDW layer (250–1000 m) is presented in Fig. 16
and shows a regional cooling of more than 18C during WSPs. Deep
convection during the MRP1WSP years also affect the salinity of
WDW by introducing surface freshwater into the deeper layers,
thus reducing WDW salinity during the WSP events. A prolonged
period of recovery of WDW heat and salt content is thus an
important preconditioning for sustaining WSPs. Such periods
emerge in the years prior to the MRP1WSP years (e.g., years 80–
100; Fig. 16a). In E3SMv0-HR, the time span when the subsurface
heat builds up coincides with positive wind stress curl anomalies
in the Weddell Sea, leading to a deepening of isopycnals in its
center and a more stable stratification that allows for a recharge of
the subsurface heat reservoir (e.g., Dufour et al. 2017).
We thus propose the following mechanism: when a strong
MRP is triggered over Maud Rise, the ensuing deep convection

erodes the weak stratification over it and brings up WDW into
the winter mixed layer, which then flows downstream into the
central Weddell Sea. Since the stratification in the Weddell Sea
is more stable (Fig. 13) than that over Maud Rise (due to the
Taylor cap dynamics over it), one way to trigger the convective
mode in the Weddell Sea is by introducing salinity anomalies
into the winter mixed layer that are high enough to erode the
stratification of the Weddell Sea. The high salinity anomalies
provided by WDW during the MRPs of MRP1WSP years are
large enough to trigger convection downstream, thus allowing
for the switch from a stable mode to a convective mode in the
central Weddell Sea, beyond the region of Maud Rise, hence
leading to the formation of a full-scale WSP (see the online
supplemental material for an animation of monthly maximum
mixed layer depth of E3SMv0-HR).

e. Evolution of convection using salinity as a tracer
The initiation and development of convection over Maud
Rise is further scrutinized by analyzing daily model output that
was stored for a short period of the E3SMv0-HR simulation, in

Unauthenticated | Downloaded 01/09/23 02:45 AM UTC

1 APRIL 2021

2503

KURTAKOTI ET AL.

FIG. 14. Time series of monthly salinity depth profiles averaged over the Maud Rise seamount from years 28 to 54 that include (a) the MRP case (years 31–39) and (b) the MRP1WSP
case (years 47–54). Note that we use a different color-bar range for the plots of the upper 200 m
and full depth.

order to study short-term features that cannot be properly
identified in the monthly data. In particular, daily data were
stored during years 35–37, during which MRPs occurred. The
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onset of deep convection can be followed by studying the individual terms of the advection–diffusion equation given in Eq.
(1), for any tracer u:
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where KH and KV are the horizontal and vertical eddy diffusivity, respectively; u, y, and w are the ocean velocity components; and F represents external sources and sinks of u
(forcing). The dominant terms in the tracer equation for salinity were computed over an area of 10 km by 10 km (located
at 67.08S, 1.08E) of the upper 500 m, in a region where deep

horizontal mixing

(1)

vertical mixing

convection appears first, and subsequently leads to a mature
MRP. The stratification in the box goes from being stably
stratified to fully convecting in a matter of days. Note that, while the
resolution of the model is insufficient to resolve convective plumes
[O(;0.5–1 km)] and is crudely parameterized, it can resolve convecting chimneys (regions where density is nearly homogeneous
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FIG. 15. Hovmöller diagrams of the upper-100-m monthly (left) potential temperature and (right) salinity averaged over the 648–688S region for years 21–127. The horizontal dashed lines refer to all of the ‘‘MRP-I’’ years in
E3SMv0-HR. The rectangular-outlined boxes show the MRP1WSP years.

with depth), which have been observed in the ocean and can span
tens of kilometers in width (Marshall and Schott 1999).
A Hovmöller time series of the dominant terms in the tracer
equation for salt, averaged in a 10-km2 area over Maud Rise, is
shown in Fig. 17 and is focused around the time when an MRP
is triggered in year 37. The change in salinity (Fig. 17a) is analyzed by tracking total (horizontal plus vertical) advection
(Fig. 17b), vertical mixing (Fig. 17c), and horizontal mixing
(Fig. 17d) over the same region. Figure 17a indicates that salinity in the upper 100 m begins to increase noticeably between
days 35 and 40. The positive values in vertical mixing during the
same time in the upper 200 m indicate salinity being added to
this layer while the negative values at depth indicate freshening. After intense mixing between days 35 and 40, the upper500-m salinity remains homogeneous until ;day 65. The daily
maximum mixed layer depth shows intermittent large values
higher than 500 m in May and June of year 37 meandering

between grid cells, but it does not show up in the monthly
averaged maximum mixed layer depth data (not shown). The
convective chimney in essence meanders between grid columns
and repeats the process described above. These features are discernable only in the daily data of E3SMv0-HR, and the process is
similar to that described by Marshall and Schott (1999).

4. Discussion and conclusions
This paper investigates the processes that explain the occasional westward expansion of MRPs into larger WSPs as observed in the winter sequence of the mid-1970s, and to some
extent also represented in the preindustrial high-resolution
coupled E3SMvo-HR simulation analyzed here. While capturing various characteristic features that drastically improve
the simulation of critical processes for AABW formation,
E3SMv0-HR does not fully resolve mesoscale eddies in the
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FIG. 16. As in Fig. 15, but for the 250–1000-m depth range (the core of the WDW water mass).

high-latitude Southern Ocean, in particular not on the continental shelves (see, e.g., Hallberg 2013). Another limitation
arises from the relative shortness of the simulation (130 years)
when compared with the number of unique simulated WSP
events (2–3), which does not allow for a meaningful statistical
analysis. Last, and as also noted in Small et al. (2014), 130 years
is far too short a time for the deep ocean to adjust to the new
surface boundary conditions of the coupled system, thus
leading to the notorious issue of model drift. Any of our conclusions from this study must thus be interpreted against the
background of these limitations.
A synthesis of our findings has been visually rendered in
the form of a schematic in Fig. 18. The first panel of the schematic (Fig. 18a) describes conditions around Maud Rise that
are typical for no-polynya years: a generally well-stratified
Weddell Sea, due to the presence of the fresh and cold
Antarctic Surface Water (ASW) in the upper 200 m of the
water column, but also a weakly stratified Taylor cap over
Maud Rise, which is associated with a northern deflection of
the flow impinging onto the seamount and a cyclonic flow

directly over the seamount. These findings are supported by
theoretical, modeling, and observational studies (de Steur et al.
2007; Gordon and Huber 1990; Alverson and Owens 1996;
Muench et al. 2001; Kurtakoti et al. 2018; Campbell et al. 2019).
The schematics in Figs. 18b and 18c represent the onset of
MRPs as understood in Kurtakoti et al. (2018): a westward
advection of anomalously high surface salinities over the MRAR complex, combined with a further weakening of the ocean
stratification (compared to the no-polynya conditions of
Fig. 18a) through Taylor column dynamics, and eventual trigger of a convective mode. Once deep convection ensues, WDW
is brought up to the surface and the heat content of this water
mass keeps the polynya region ice-free by hindering sea ice
formation, leading to an MRP. E3SMv0-HR is also able to
resolve meandering short-lived convective chimneys in MRPs,
which can only be visualized using daily rather than monthly
averaged data.
In addition to surface temperature, the ventilation of WDW
also impacts surface salinity, and the associated high salinity
anomalies are expected to be advected downstream into the
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FIG. 17. Time series of (a) salinity, (b) total advection, (c) vertical
mixing (diffusion), and (d) horizontal mixing over Maud Rise in a
box of 10 km 3 10 km just before and after convection begins
within the box during June–August of year 37, using daily model
output from E3SMv0-HR. Note that we use a different color-bar
range for (d) than that in (b) and (c).

central/western Weddell Sea following the gyre circulation
(Fig. 18d). Our results suggest that, for this scenario to eventually
convert itself into a greater WSP during the following winter
season, two factors need to coexist, and they are both represented in the schematic in Fig. 18e. Since the stratification in
the central Weddell Sea is stronger than that over the MR-AR
complex, in order to trigger convection west of Maud Rise
significantly larger upper-ocean salinity anomalies are needed
there to initiate convection than would be necessary to trigger
MRPs. We argue that these high-salinity anomalies are provided by anomalously large MRPs: the size of the MRP dictates the scale of open-ocean convection over the MR-AR
complex, which in turn determines the amount of salt from
WDW brought to the upper ocean. Indeed, we find that the size
of ice-free MRPs in ‘‘MRP1WSP’’ years is much larger than
that of ‘‘MRP’’ years (see definitions at the end of section 2).
In addition to this, we also argue that an important factor for
the formation of large WSPs is a long-term (over several years)
trend from positive to negative wind stress curl anomalies
(Fig. 7a). The associated spinup of the double-cell Weddell
Gyre leads to a doming of isopycnals that weakens the ambient
stratification in both the central and eastern Weddell cell, although more so in the former. This amplifies the entrainment
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of WDW into the upper ocean along the eastern end of the
eastern cells, possibly one of the reasons contributing to higher
salinity anomalies that are being advected downstream (Fig.
18d). While it is well established that the spinup of the Weddell
Gyre is an important factor for the formation of open-ocean
polynyas in the Weddell Sea, it is here put into context with the
surface salinification/weakening of the stratification mechanisms that are also often invoked for WSP formation. It should
also be noted that in E3SMv0-HR the response of the Weddell
Gyre to wind stress curl changes over the Weddell Sea is mostly
delayed by several years and is not as obvious as typically
simulated in low-resolution models and with (‘‘clean’’) specified changes of the strength of the westerlies (e.g., Cheon et al.
2014). The delay is likely due to more intensive interaction
of the flow with the higher-resolution bathymetry, the effect of
resolved mesoscale eddies, and their interaction with bathymetry. Insights into the complex dynamics of the Weddell
Gyre and its response to varying wind stress are given by, for
example, Su et al. (2014).
Since E3SMv0-HR is a preindustrial simulation, it does not
represent, in principle, the processes associated with anthropogenic effects that are typically used to justify the inhibition
of open-ocean polynyas in the present-day Weddell Sea (e.g.,
de Lavergne et al. 2014). However, the observed wind stress
curl using ERA-5 (0.258 spatial resolution) data (Copernicus
Climate Change Service 2017) calculated over the Weddell Sea
during the 2017 MRP (Fig. 19b) is less negative than that
simulated in the MRP1WSP years in E3SMv0-HR (Fig. 19a).
Similarly, wind stress curl anomalies computed from atmospheric reanalysis data during the 2016 and 2017 MRPs (Cheon
and Gordon 2019; their Fig. 4) are less negative than those in
MRP1WSP years. The observed wind stress curl reached
anomalously negative values in 2016 and 2017 but since then
has weakened (Fig. 19b). It is possible to explain the lack of an
MRP in 2018 due to weakened cyclonic wind stress curl
(Fig. 19b). The observed wind stress curl during 2018 was less
negative than in 2016. Our findings reveal that not all MRPs,
observed and modeled, develop into WSPs. We speculate
that a sustained intensification of the Weddell Gyre is most
likely a necessary condition for MRPs to be followed by WSPs.
In summary, critical factors for MRPs to transition into
WSPs are the wind stress curl over the Weddell Sea, the upperocean pycnocline strength, the buildup of a heat reservoir at
depth, and, most importantly, high upper-ocean salinity anomalies in association with pronounced MRPs that will enable
winter convection to spread into the western Weddell Sea where
they eventually trigger WSPs. The period of intense deep convection in the Weddell Sea following a WSPs contributes to
dense water formation and gives rise to AABW anomalies
(below 4000-m depth; not shown), which propagate along the
deep western boundary into the Atlantic Ocean (Fig. 18f).
An additional conclusion of this study is that anomalous
salinities introduced in the surface ocean upstream of the MRAR complex are not explained by anomalous surface freshwater fluxes due to atmospheric exchanges or sea ice melting/
forming over that region. In E3SMv0-HR, we only see anomalously high precipitation as a consequence of heat released
into the atmosphere due to open-ocean polynyas. Other
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FIG. 18. A schematic summarizing the processes necessary for the formation of (left) MRP and (right) WSP. (a) Factors that affect the
stratification over Maud Rise. (b) Factors preceding an MRP. (c) Factors describing the formation of an MRP. (d) Factors describing the
consequences of an MRP. (e) Factors describing formation of a WSP following an MRP. (f) Factors describing the impacts of WSP on
the deep ocean.

factors, including the spinup of the Weddell Gyre described
above or processes such as storms and polar cyclones (Francis
et al. 2019; Jena et al. 2019; Wilson et al. 2019) seem to be more
relevant for the introduction of surface salinity anomalies into
the Maud Rise region. Previous studies have suggested that the
SAM index has a major influence on the formation of WSPs
(Gordon et al. 2007; Cheon and Gordon 2019). In E3SMv0-HR,
we did not find a clear relationship between surface salinity in
the Weddell Sea and the SAM index calculated over the entire
Southern Ocean. In some studies, the SAM index is considered
to be a proxy for the strength of the Southern Hemisphere

westerlies (with an inverse relationship). Although that is often
the case in E3SMv0-HR, we could not justify using the SAM
index as a clear proxy for factors influencing surface salinity, dry
atmospheric conditions, or wind stress curl in the Weddell Sea.
In parallel to our finding that WSPs are preceded by sustained periods of negative wind stress curl anomalies, we also
find that years with no simulated open-ocean polynyas in the
Weddell Sea are characterized by less negative wind stress curl,
which causes a spindown of the Weddell Gyre. The restratifying effect of a weak Weddell Gyre promotes the accumulation of WDW at depth, thereby increasing the heat and salt
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FIG. 19. WSC from (a) the E3SMv0-HR simulation and (b) from ERA-5 (Copernicus Climate Change Service
2017) averaged over the full Weddell Sea. The time series are smoothed using a 12-month centered running mean
and are calculated over the area 558W–408E, 558–758S.

content in the subsurface ocean. The period of recovery of this
subsurface heat reservoir is a necessary condition for sustaining
winter-long open-ocean polynyas (Dufour et al. 2017; Cheon
et al. 2015).
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