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1. Introduction
In the austral winters of 1974–1976, an opening of the sea ice was observed by satellites in the Weddell Sea: 
the Weddell Polynya (Gordon, 1982). Since then smaller and short-lived openings (termed Maud Rise Polynyas 
(Comiso & Gordon, 1987)) have been detected (Campbell et al., 2019). All polynyas had in common that they 
occurred in the vicinity of Maud Rise, a seamount located at 2.5°E, 65°S and rising from 5,000 to 1,800 m 
(Figure  1). The most recent Maud Rise Polynyas were observed in 2016 and 2017. A range of theories and 
hypotheses for polynya formation have been put forward, and are reviewed in the latter part of this section. Hydro-
graphic observations around Maud Rise reveal the presence of a flow pattern that is similar to a Taylor Column 
on top of the seamount, surrounded by a warmer subsurface water mass (Gordon & Huber, 1990).

A Taylor Column results from the interaction of a two-dimensional barotropic flow with a topographic obsta-
cle. Its dynamics were first explained by Taylor (1923) and Proudman (1916) in the Taylor-Proudman theorem. 
The theorem describes how fluid parcels in a barotropic, frictionless and steady flow moving on a horizon-
tal plane, cannot leave their plane in the vertical direction; this implies that the fluid parcels are not able to 

Abstract The region of Maud Rise, a seamount in the Weddell Sea, is known for the occurrence of 
irregular polynya openings during the winter months. Hydrographic observations have shown the presence of 
a warmer water mass below the mixed layer along the seamount's flanks, commonly termed the warm-water 
Halo, surrounding a colder region above the rise, the Taylor Cap. Here we use two observational data sets, 
an eddy-permitting reanalysis product and regional high-resolution simulations, to investigate the interannual 
variability of the Halo and Taylor Cap for the period 2007–2022. Observations include novel hydrographic 
profiles obtained in the Maud Rise area in January 2022, during the first SO-CHIC cruise. It is demonstrated 
that the temperature of deep waters around Maud Rise exhibits strong interannual variability within the Halo 
and Taylor Cap, occasionally to such an extent that the two features become indistinguishable. A warming 
of deep waters by as much as 0.8°C is observed in the Taylor Cap during the years preceding the opening of 
a polynya in 2016 and 2017, starting in 2011. By analyzing regional simulations, we show that most of the 
observed variability in the Halo is forced remotely by advection of deep waters from the Weddell Gyre into the 
region surrounding Maud Rise. Our highest-resolution simulation indicates that mesoscale eddies subsequently 
transfer the properties of the Halo's deep waters onto the Taylor Cap. The eddies responsible for such transfer 
originate in an abrupt retroflection along the inner flank of the Halo.

Plain Language Summary A polynya is an opening within the sea ice cover during winter. In the 
Weddell Sea, polynyas occur irregularly and often emerge close to a seamount, Maud Rise. This topographic 
obstacle disturbs the local circulation of the Weddell Gyre and leads to the formation of two local permanent 
features: a Taylor Cap on top of the seamount, which is mainly an isolated water mass; and surrounding this, 
a warm-water Halo, located along the flanks of Maud Rise. In this study, we use observational and model 
analyses to show the changes in the temperature of regional water masses on a timescale of years, and to 
identify the drivers of these changes. The properties of the warm-water Halo are controlled by the advection of 
deep waters along the south-eastern rim of the Weddell Gyre. These waters are partly mixed into the Taylor Cap 
by eddies, thereby preconditioning the water column for deep convection. In the years preceding the opening of 
a polynya in 2016–2017, we document a warming trend in the Taylor Cap, starting in 2011.
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flow over the obstacle. Due to the topographically-induced compression/
stretching of the water column upstream/downstream of the obstacle, the 
fluid parcels are forced to go around it, such that a stagnant water column 
forms on top of the obstacle. The presence of stratification reduces this 
topographic constraint, and instead a Taylor Cap develops. Taylor Caps are 
bottom-trapped and sensitive to both the stratification and inflow intensity 
(Chapman & Haidvogel, 1992). Further, they may host substantial vertical 
motions and a net vertical mass transport (Sévellec et al., 2015).

The observed flow pattern around Maud Rise leading to the local emergence 
of a Taylor Cap is associated with the wind-driven Weddell Gyre. The Gyre 
bifurcates into two jets at Maud Rise (Leach et  al.,  2011): a stronger one 
along the northern flank (transporting 14 Sv, 1 Sv = 10 6 m 3 s −1) and a weaker 
one along the southern flank (4 Sv) (Schröder & Fahrbach, 1999) (schema-
tized in Figure  1). South of the northern jet, an eastward return current, 
termed the retroflection current, is found (Cisewski et al., 2011). The Gyre 
conveys Warm Deep Water (WDW), originating from Circumpolar Deep 
Water (CDW) in the Antarctic Circumpolar Current (ACC), toward and along 
the flanks of Maud Rise (Reeve et al., 2019; Schröder & Fahrbach, 1999). As 
WDW is a relatively warm (0°C ≤ θ ≤ 1.5°C) and saline water mass (Ryan 
et al., 2016), it provides the main heat source to the Weddell Gyre besides 

solar radiation (Reeve et al., 2019). The Gyre's flow along the northern flank of Maud Rise is visible in observa-
tions as a zone with a high subsurface temperature maximum; this is the warm-water Halo (De Steur et al., 2007; 
Gordon & Huber, 1990; Muench et al., 2001).

Previous observations in 1986, 1994, 2005 and 2019/20 (De Steur et al., 2007; Gordon & Huber, 1990; Mohrmann 
et al., 2022; Muench et al., 2001) consistently identified the Taylor Cap by a temperature maximum below the 
mixed layer depth (MLD) of approximately 0.4°C on top of Maud Rise; and the warm-water Halo by maximum 
temperatures exceeding 1°C along the flanks of the seamount. The warm-water Halo is less marked along the 
southern flank of Maud Rise, and does not fully encircle the seamount. Substantial spatio-temporal variability 
in the width and depth of the Halo, and of its associated thermocline and halocline, has been observed (De Steur 
et al., 2007; Muench et al., 2001), but evidence of variability has been limited due to the scarcity of long-term 
observations in the Maud Rise area. Such modest knowledge of the Halo's variability stands in contrast with its 
potentially important role in moderating sea-ice concentration around the Rise (Lindsay et al., 2008), and in influ-
encing the emergence of open-ocean polynyas. Thus, systematically documenting the spatio-temporal variability 
of the Halo is imperative to elucidate the extent to, and manner in which, it may control Taylor Cap properties 
and the formation of Maud Rise Polynyas.

A range of atmospheric, oceanic and coupled atmospheric-oceanic processes have been recently put forward as 
being instrumental in opening of a Maud Rise Polynya. The suggested atmospheric processes include atmos-
pheric rivers (Francis et al., 2020) and severe storms in combination with upper-ocean preconditioning by salinity 
(Campbell et al., 2019). Francis et al. (2020) proposed that, in 1973 and 2017, atmospheric rivers preconditioned 
the sea ice and opened a polynya via cyclonic wind-driven sea-ice divergence. Their hypothesis suggested that 
atmospheric rivers may transport moisture and heat into the Maud Rise region, and induce a warming that results 
in sea-ice melting. However, since sea-ice melting enhances stratification, much uncertainty persists around the 
mechanism governing polynya opening. Severe storms, as suggested by Campbell et al. (2019), can cause sea-ice 
divergence and also enhance turbulent vertical mixing in the upper water column. Sea-ice divergence leads to 
rapid ice growth and brine rejection, adding salt to the mixed layer; concurrently, salt and heat are brought to 
the mixed layer by turbulent vertical mixing. The additional heat then melts the sea ice that was just formed in 
association with sea-ice divergence, and the stabilizing effect of such meltwater acts to suppress further turbulent 
entrainment. The effect of (de-)entrainment of salt on upper-ocean stability can be expressed by the “salt defi-
cit” (Martinson, 1990), which describes the necessary amount of additional salt by brine rejection from sea-ice 
formation required to destabilize the upper water column. In the case of a preconditioned mixed layer with an 
increased salinity, as was observed by Campbell et al. (2019), the “salt deficit” is modest and the likelihood of 
triggering deep convection is increased. Alternatively, solely oceanic processes have been proposed to drive poly-
nya emergence. Such processes include the interaction of the Weddell Gyre with the flanks of Maud Rise (Cheon 

Figure 1. Topography of the domain of Maud12 and Maud36, with the CTD 
casts (January 2022, green dots) and an instrumented seal transect identified 
in EN4.2.2 (May 2013, yellow dots). The gray arrows schematize the flow of 
the southern limb of the Weddell Gyre, supported by the depth-averaged mean 
flow derived from GLORYS12 for the period 2007–2017 (pink arrows). The 
inlay shows the Weddell Sea and the zoomed-in area (purple box).
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& Gordon, 2019), the shedding of mesoscale eddies at these flanks (Holland, 2001), the advection of high surface 
salinity into the area around the Rise (Kurtakoti et al., 2018), and processes contingent on the non-linear equation 
of state, such as thermobaricity (Akitomo, 2006; McPhee, 2000) and thermobaric cabbeling (Harcourt, 2005). 
Cheon and Gordon (2019) suggested that, in 2017, an intensified Weddell Gyre enhanced eddy formation at the 
flanks of Maud Rise, which promoted upwelling of heat and exerted a divergent stress on the sea ice. The Gyre 
was indicated to have been spun-up by an intensified cyclonic wind stress curl over the Weddell Sea, linked to 
strengthened Southern Hemisphere westerlies. Holland (2001) proposed that eddies shed at the Rise's northeast-
ern flank transmit divergent Ekman stresses onto the ice, leading to an opening of the polynya. In turn, Kurtakoti 
et al. (2018) used a high-resolution Earth-system model to argue that polynya formation is usually preceded by a 
build-up of a large heat reservoir at depth, and triggered by vertical mixing driven by an energized Weddell Gyre 
and the advection of high surface salinity anomalies from the east. Both observational and modeling investiga-
tions have shown that the flanks of Maud Rise are susceptible to thermobaricity (Akitomo, 2006; McPhee, 2000), 
with Harcourt (2005) suggesting that instabilities may develop locally due to a combination of thermobaricity 
and cabbeling.

A point of agreement of most past works concerns the requirement of a substantial amount of heat below the mixed 
layer to trigger deep convection and sea-ice opening around Maud Rise. The most immediate source of such heat is 
provided by the warm-water Halo and Taylor Cap system. Motivated by this potentially instrumental role in Maud 
Rise Polynya formation, here we document the interannual variability of the warm-water Halo and Taylor Cap 
during the period 2007–2022, covering the most recent polynya openings, and assess its controlling mechanisms 
in order to elucidate the features' origins and interplay. Specifically, we investigate whether the variability in the 
area of the Rise is driven by local processes specific to Maud Rise, or remote processes acting over larger scales 
such as for example, the Weddell Gyre. Our analysis exploits: an observational data set integrating EN4.2.2 (Good 
et al., 2013) and a set of CTD sections acquired by the SO-CHIC programme in 2022 (Sallée et al., 2023); a global 
assimilated NEMO (Nucleus for European Modelling of the Ocean) model, GLORYS12 (Lellouche et al., 2021); 
and two regional NEMO ocean model configurations, Maud12 and Maud36, to elucidate fine-scale ice-ocean 
processes and their role in regional water-mass changes. Our methods and data sets are presented in Section 2, and 
our results in Section 3. The interpretation of these results is discussed, and conclusions are drawn, in Section 4.

2. Methods and Data
2.1. Methods

For our analysis, we define the Taylor Cap as the area over Maud Rise with bathymetry shallower than 2,500 m 
(Figure  1, blue-encircled area), and the Halo as the area around the Rise's northern flank in water depth of 
3,500–5,000 m (north of 65°S and west of 5°E; Figure 1, red-encircled area). These definitions reflect the Taylor 
Cap's topographically bounded nature, and the delineation of the Halo's core as a quasi-stationary feature by 
previous observational campaigns (De Steur et al., 2007; Gordon & Huber, 1990; Muench et al., 2001). In all 
data sets, we define MLD as the depth at which the surface-referenced potential density exceeds density at 10 m 
by Δσ0 = 0.01 kg m −3 which was previously used in the Southern Ocean for example, by Rodgers et al. (2014). In 
the observations, this estimate is done during the post-processing of the data, and in the models the computation 
is done online. The maximum temperature below the MLD, Tmax, is calculated in both observations and models. 
The observational Tmax values are insensitive to the density threshold for the MLD.

Our analysis is grounded on the computation of a heat budget for the Taylor Cap, with the goal of elucidating the 
processes controlling the variability of the Cap's heat content. The heat budget is constructed for three ranges: 
the surface layer (<200 m), the subsurface layer (200–1,000 m) and the deep layer (>1,000 m). The surface layer 
is selected to capture the seasonal cycle in upper-ocean properties associated with sea-ice growth and melt. The 
subsurface layer encompasses the depth range in which Tmax is present, and thereby enables estimation of vertical 
exchanges of heat between waters around the Tmax and other layers. The deep layer includes all waters below 
1,000 m, which are expected to be renewed more sluggishly in the area (Campbell et al., 2019).

The heat budget involves three terms: the temporal change of the heat content, the advective heat flux, and the 
surface heat flux. The heat content, H, is defined as

𝐻𝐻 = 𝜌𝜌0𝑐𝑐𝑝𝑝 ∫
𝑉𝑉

𝜃𝜃𝜃𝜃𝑉𝑉 𝜃 (1)
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where ρ0 is the density of seawater, cp the specific heat of seawater, and temperature θ is integrated within each 
layer's volume, V. Here, ρ0 = 1,026 kg m −3 and cp = 4,000 J kg −1 K −1 are assumed to be constant. The advective 
heat flux, F θ, is the combined horizontal 𝐴𝐴

(

𝐹𝐹 𝜃𝜃

ℎ

)

 and vertical 𝐴𝐴
(

𝐹𝐹 𝜃𝜃
𝑣𝑣

)

 heat flux, and is given by:

𝐹𝐹 𝜃𝜃
= 𝜌𝜌0 𝑐𝑐𝑝𝑝 ∇ ⋅

(

�⃗�𝑈𝜃𝜃

)

, (2)

where 𝐴𝐴 �⃗�𝑈 is the 3-d transport through the boundaries of the layer's volume. The eddy contribution to the advective 
flux is also computed, by using the respective deviations, 𝐴𝐴 𝑈𝑈 ′ and θ′, from the time-mean 𝐴𝐴 �⃗�𝑈 and θ (calculated from 
the full simulations) in expression 2. The heat budget of each layer may then be written as

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
=

(

∫
𝐴𝐴

𝑄𝑄𝑛𝑛𝑛𝑛𝜕𝜕𝑑𝑑𝐴𝐴 + 𝐹𝐹 𝜃𝜃

)

+ 𝑅𝑅 𝑅 (3)

Here, 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 is the surface heat flux, which is provided by the model and contains the short- and long-wave radiation 
fluxes, the sensible and latent heat fluxes, and the conductive heat flux induced by sea ice. 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 is zero for the 
subsurface and deep layers. R denotes the residual, which accounts for diffusion of heat.

2.2. Observations

We consider the EN4.2.2 data set (Good et  al.,  2013), which compiles hydrographic profiles throughout the 
global ocean, acquired via various observational systems such as Argo, ASBO, GTSPP, World Ocean Database 
2018, and MEOP (McMahon et al., 2021). Duplicate profiles are excluded by the processing of the data (Good 
et al., 2013). In this study, we only use profiles that had temperature and salinity available and reached a depth of 
at least 300 m during the period January 2007–May 2022, and extracted the Maud Rise region (5°W–19°E and 
62°S–69°S; Figure 1, purple box; the positions of the profiles can be found in Figure S1 in Supporting Informa-
tion S1). In what follows, data profiles with a salinity lower than 32 g kg −1 or a temperature exceeding 10°C at 
10 m depth are excluded. This yields a total of 6,732 profiles, of which 278 are in the Taylor Cap and 211 in the 
Halo. In our processing of the data, we linearly re-grid all profiles onto a regular vertical grid with spacing of 5 m.

Besides the EN4.2.2 data set, we include 58 CTD casts measured during 8–15 January 2022 as part of the first 
SO-CHIC cruise on the S.A. Agulhas II, in the Maud Rise region (Ward et al., 2022). These CTD casts span 
two sections across the northern flank of Maud Rise, and a further two sections extending from the center of 
Maud Rise to the east and west (Figure 1, green dots). All casts reached a depth of at least 1,000 m. The data are 
processed in 1 m vertical intervals.

2.3. GLORYS12

GLORYS12V1 is a global NEMO (Madec & NEMO System Team, 2019) configuration assimilated with obser-
vations, which provides daily data from 1 January 1993 to 31 May 2020 on a 1/12° horizontal Mercator grid with 
50 vertical levels (Lellouche et al., 2021). The initial state of temperature and salinity is derived from EN4.2.0 
(Good et al., 2013). The surface is forced with atmospheric state variables derived from ERA-Interim and ERA5. 
The observations used for the data assimilation are along-track altimeter data, satellite sea-surface temperature 
and sea-ice concentration, and in situ temperature and salinity profiles from Lagrangian platforms and ship-based 
measurements. GLORYS12 is used to provide an overview of processes operating in the study region when no 
observations are available. However, assimilation of data introduces non-conservative perturbations, making the 
product unsuitable for heat or salt budgets. In particular, years 2018–2020 are unreliable due to ingestion of 
bad-quality data, so we will focus solely on the period 2007–2017 in this study.

2.4. Maud12 and Maud36

Maud12 and Maud36 are regional NEMO configurations with ocean and ice components (Madec & NEMO 
System Team, 2019; NEMO Sea Ice Working Group, 2018). The configurations cover the region from 5°W to 
19.5°E and 61.5°S to 70.5°S (Figure 1). They have 50 vertical levels and only differ in their horizontal resolu-
tion, which is 1°/12° for Maud12 and 1/36° for Maud36, resulting in respective horizontal resolutions of 3.9 and 
1.3 km at 65°S. Maud12 runs from 1 January 2007 to 19 May 2020, and provides daily output. Years 2018–2020 
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were excluded, as GLORYS12V1 was found to be unreliable in that period due to the ingestion of erroneous in 
situ data. The bathymetry is derived from GEBCO (GEBCO Compilation Group, 2022). The lateral boundary 
forcing and initial state are taken from GLORYS12V1. The surface is forced by JRA55-do version1.5 (Tsujino 
et al., 2018). By developing Maud12, we gain insight into physical processes without the effects of data assim-
ilation, with a comparable resolution as GLORYS12. Maud12 can readily be used for process studies thanks to 
its small domain size and fast spin-up period. Further, it is used as reference for Maud36, which seeks to assess 
the importance of finer-scale dynamics around Maud Rise. Maud36 simulates the period from 1 January 2007 
to 31 December 2017. The rationale for this shorter simulation is that it excludes the post-2018 period of unre-
liable GLORYS12 output. Owing to its higher horizontal resolution, Maud36 resolves mesoscale variability and 
provides clearer insight into the impacts of eddies on the local stratification and circulation features around Maud 
Rise. As will be shown, Maud12 and Maud36 failed to develop a polynya event in 2016 and 2017, so they diverge 
from observations from 2016 onwards and cannot be used to study the occurrence of deep convection at that time.

3. Results
3.1. Temperature Variability

3.1.1. Observations

In May 2013 an instrumented elephant seal crossed the northern flank of Maud Rise, in the same region as the 
northern SO-CHIC CTD transects in January 2022 (Figure 1, yellow and green dots). These sections (Figure 2) 
have similar starting positions and comparable orientations, and cross the Halo twice. Temperature along the 
sections reveal the core of the Halo (θ > 1.0°C, bright yellow areas in Figure 2), as well as temperature fronts on 
approaching the summit of Maud Rise. The depth of the Tmax core nearly doubles between the two periods from 
200 to 400 m. The thickness of the warm core is greater in 2022 than in 2013, hinting a substantial interannual 
variability.

Inspection of the Tmax across all EN4 profiles and CTD casts in the period 2007–2022 reveals the position of the 
colder Taylor Cap and the warm-water Halo surrounding Maud Rise (Figure 3). The highest Tmax values are found 
to the east and along the northern flank of Maud Rise. The warmer Tmax is approximately bounded by the 3,500 m 
and 5,000 m isobaths. On the western side of Maud Rise, where the topographic slope relaxes, a slightly cooler 

Figure 2. Temperature sections acquired by an instrumented seal in May 2013 (a and b) and via CTD casts in January 2022 
(c and d) with 1°C isotherm (white contours). Section labels and markers refer to Figure 1.
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Tmax is found than in the northern flank. North of the Halo, in areas deeper 
than 5,000 m, the Tmax is cooler.

Pooling together all profiles into the areas of the Halo and Taylor Cap (red- 
and blue-encircled areas, respectively, in Figure  1) enables construction 
of a time series of the Tmax in each region (Figures 4a and 4b, black dots). 
The Tmax in the Halo is spread over a temperature range of 0.1°C–1.3°C, 
with a high number of profiles showing temperatures exceeding 1.0°C. The 
observed Tmax in the Halo in 2008 is mainly around 1.1°C, and the few avail-
able profiles in years 2009–2010 indicate a decrease of Tmax. In 2018, for 
which 35 profiles are available, Tmax is around 1.1°C again, and in 2020–2022 
Tmax reaches 1.2°C. In the Taylor Cap, profiles in 2007–2009 exhibit a Tmax of 
approximately 0.4°C. After a substantial observational gap, a Tmax of 0.9°C 
is observed in 2015; this is the maximum found in the entire 2007–2022 
period. The observations then show a reduction in Tmax following the peak 
Tmax values. From 2018 onward, the majority of profiles exhibit a Tmax return-
ing back to 0.4°C.

The observational gap makes it difficult to evaluate the causes of the temper-
ature change in the Taylor Cap with any confidence; for example, we cannot 

reliably assess if the temperature change between 2010 and 2015 occurs abruptly or over several years. This 
motivates us to examine the model outputs of GLORYS12 (which is assimilated with the measurement profiles 
considered here), and Maud12 and Maud36 (without data assimilation), in the next section.

3.1.2. Observations Versus Models

The observed Tmax data are compared to the horizontal averages estimated in GLORYS12, Maud12 and Maud36 
for the Halo and Taylor Cap (Figures 4a and 4b). In the Halo, a warming of Tmax until 2013 is found in all models, 

Figure 4. Tmax for GLORYS12 (blue), Maud12 (yellow), Maud36 (red) and the observations (black dots) in (a) the Halo, and 
(b) the Taylor Cap. (c) Difference between Tmax in the Halo and Taylor Cap in the models. The purple line is 0°C. The year 
with the largest/smallest difference are shaded with red/blue.

Figure 3. Tmax of observations acquired during the period 2007–2022, gridded 
according to a radial basis function interpolation in longitude and latitude, 
with the 2,500, 3,500, and 5,000 m isobaths (black lines) and 0.5°C (lightblue) 
and 1.0°C (white) isotherms. Stars indicate positions used in Figure 6. The 
positions of profiles considered in this analysis are shown in Figure S1 in 
Supporting Information S1.
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followed by a rapid cooling in 2013–2014. Maud12 and Maud36 display warming until 2018. While this warming 
is also found in GLORYS12, there is a sudden change in Tmax afterward. The Tmax values estimated from Maud12 
and Maud36 are within the range of the observations, and are similar to each other. The highest Tmax value in 
GLORYS12 reach up to 2°C in 2017. In the Taylor Cap, the Tmax in the models is around 0.5°C in the period 
2007–2009 (Figure 4b). Then the models show a continuous warming until 2015, at which time the models' Tmax 
values agree with those in the observations. After 2015, the models' Tmax disagree with one another. GLORYS12 
cools down from 0.9°C to 0.5°C in 2017 following opening of the polynya, in agreement with observations. 
At this point, GLORYS12 exhibits an abrupt change in Tmax, with large fluctuations of more than 1°C within a 
couple of months. This cooling is, however, not observed in Maud12 and Maud36, likely due to the absence of 
a polynya event in 2016 and 2017 in these simulations. The difference in Tmax between the Halo and the Taylor 
Cap (Figure 4c) denotes substantial interannual variability, with a marked difference ranging from 0.3°C to 0.6°C 
prior to 2014. In 2014, the Tmax of both features abruptly becomes comparable, and the Taylor Cap is even warmer 
than the Halo during a brief period (blue shaded area in Figure 4c) - such that the Taylor Cap and Halo essentially 
become indistinguishable (Figure 5).

To understand what drives the variability of Tmax across Maud Rise, we next investigate the water mass structure 
within the upper 1,300 m in the Halo (Figure 1; red-encircled area) and in the Taylor Cap (Figure 1; blue-encircled 
area) in the context of the evolving sea-ice concentration in GLORYS12 and Maud36 (Figure 6).

3.2. Vertical Variability

In GLORYS12, the vertical structure of the Halo (Figure 6a) exhibits an overall warming tendency up until 2013, 
followed by a sharp reduction in density (apparent as a deepening of the σ0 = 27.67 kg m −3 isopycnal (black 
dotted line in Figure 6a)). This density decrease is concurrent to reduced temperatures and salinities (not shown). 
In 2014, a brief period with deep mixing down to 800 m is found in parts of the Halo; this leads to a cooling of the 
water column. This deep mixing could be an artifact of the assimilation procedure. Such brief deep-convection 
event, and the associated occurrence of a cold, fresh water mass below the winter mixed layer, result in a reduc-
tion of Tmax at the end of 2013 and beginning of 2014 (Figure 4). In 2015 and 2016, a warm layer with temper-
atures exceeding 1.0°C and a thickness greater than 200 m is present in the Halo; this is the period in which the 
peak Tmax occurs (Figure 4). From 2017 onwards, the warm layer vanishes. During the entire 2007–2016 period, 
the sea-ice concentration undergoes a standard seasonal cycle. In 2017, the sea-ice concentration deviates from 
the patterns of the previous years and decreases in the middle of the winter.

In Maud36, the vertical temperature structure in the Halo (Figure 6b) shows similar temperature patterns until 
2013, and also a significant change in the upper 1,300  m in 2013–2014, as in GLORYS12. The 2013–2014 
change results from the appearance of a fresher and more stable water mass (see Figures S3a and S3b in Support-
ing Information S1) and not a deep convection event (see Figure S2 in Supporting Information S1). After 2015, 
the temperature patterns diverge, with GLORYS12 showing a substantial warming at depths of 150–500 m (with 
temperatures exceeding 1.5°C), and Maud36 simulating cooler temperatures around 1.0°C. The temperature 

Figure 5. Spatial distribution of the averaged Tmax in Maud36 in (a) 2009 and (b) 2014.
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structure in Maud36 after 2015 resembles that found between 2008 and 2011. The modeled pattern for Maud36 
reproduces well the computed Tmax in Figure 4, with an increase until 2013, a cooling in 2014–2015, and a subse-
quent warming.

In GLORYS12, in the Taylor Cap (Figure 6c), a deep convection event reaching down to 750 m takes place in late 
2007, cooling the water column. Subsequently, a water column warming occurs until 2015. The water column 
then remains in this warm state until 2017, when a long, deep convection event induces strong water column cool-
ing. While the brief convection event in 2007 occurred in conjunction with a closed sea-ice cover, the convection 
events in 2016 and 2017 were associated with polynya openings.

In Maud36, in the Taylor Cap (Figure 6d), the deep convection event in late 2007 and its cooling of the water 
column is reproduced, similarly to GLORYS12. This deep convection event freshens and destabilizes the water 
column (see Figures S3c and S3d in Supporting Information S1). After this cooling, the water column in Maud36 
undergoes a warming trend over the 2009–2017 period. This warming trend concurs with the development of Tmax 
(Figure 4). In 2014, a sharp density reduction occurs, indicated by the 27.67 kg m −3-isopycnal (black dotted line). 
A shoaling of this isopycnal follows in 2016. This density signal mimics that found in the Halo, with a sudden 
change. This indicates the existence of a dynamical connection between the Halo and the Taylor Cap. Maud36 and 
GLORYS12 show similarities in 2007 and 2008, after then the temperature patterns in the Taylor Cap disagree. 
Maud36 is unable to reproduce the deep convection events and polynya openings in 2016 and 2017, which cool 
the water column locally. In turn, GLORYS12, unlike Maud36, reveals no obvious dynamical relation between 
the Halo and Taylor Cap.

From Figure 6 we can conclude that the cooling in the Taylor Cap is a result of deep convection events, but the 
origin of the warming tendency is unclear. Since such warming is similar between the models before the poly-
nya opens, we will analyze the dynamics of the Halo and Taylor Cap by focusing on the Maud36 simulation, 
which provides superior resolution of likely important fine-scale processes. Further, Maud36 is not negatively 
affected by data assimilation, which is believed to be responsible for the unrealistic sudden temperature changes 
in Figure 4.

As indicated by the spatial mean of Tmax (Figure 5) and the evolution of the upper-ocean temperature (Figure 6), 
substantially different spatial distributions of temperature occur in 2009 and 2014. To explore this difference, we 

Figure 6. Time series of spatial-mean temperature in the Halo (upper row) and Taylor Cap (lower row) for GLORYS12 (a 
and c) and Maud36 (b and d), overlaid with the mixed layer depth (white line) and the σ0-isopycnal of 27.67 kg m −3 (black 
dotted line). Blue lines in the upper bar of each plot indicate the sea-ice concentration at the respective location.
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examine a section of temperature, salinity and zonal velocity along 2.4°E across Maud Rise for 2009 and 2014 
in Maud36 (Figure 7). The temperature and salinity sections for 2009 indicate the presence of a warm and salty 
layer above 1,000 m, the WDW, in the Taylor Cap. Above this layer, isotherms and isohalines are depressed, 
whereas they are domed below the layer (Figures 7a and 7c). The warm and salty layer is thinner, cooler and 
fresher over Maud Rise than on the Rise's flanks. The Halo is apparent on the northern flank of Maud Rise at 
63.5°S, with a warm and saline core below the winter mixed layer. The Halo is characterized by high westward 
velocities (Figure 7e), while the Taylor Cap exhibits weak flow. Between the Taylor Cap and Halo, the eastward 
retroflection current is present in the upper 1,500  m. While the circulation patterns found in 2009 resemble 
those presented by (Cisewski et al., 2011), the circulation patterns in 2014 differ strongly. The previously domed 
isotherms and isohalines in the Taylor Cap are now flattened, and the temperature and salinity properties within 
the Cap are similar to those onshore of Maud Rise (Figures 7b and 7d). Along this section, the Taylor Cap has 
seemingly lost its distinct colder temperature and lower salinity properties. In the location, where the Halo's 
warm and saline waters were found in 2009, a colder and fresher water mass is present in 2014. These observed 
hydrographic changes are accompanied by a major shift in the zonal velocity (Figure 7f), with a generally stronger 
and more extensive westward current in the Halo in 2014, when the westward flow extends further northward 
and reaches the top of Maud Rise at depths below the eastward retroflection current. The zonal flow above and 
onshore of the Rise also increases between 2009 and 2014.

The zonal flow (Figures 7e and 7f) denotes that a major change in the circulation pattern has occurred between 
2009 and 2014 in Maud36. To identify the spatial pattern of this change, it is instructive to examine the relative 
vorticity of the sea ice (Figure 8). It was shown by Lindsay et al. (2008) that the Halo manifests itself as a band 
of positive sea-ice vorticity that reflects the anticyclonic oceanic flow around Maud Rise, as previously discussed 
by Holland (2001). In 2009, a band of strongly positive sea-ice vorticity is found above the Halo, while over 
the Taylor Cap smaller negative values occur. In between the Halo and the Cap, the retroflection current results 
in a band of negative vorticity, indicative of cyclonic oceanic flow. In 2014, the positive vorticity signal above 
the Halo becomes wider and weaker, and its inner flank extends southward into the region in which previously 
the retroflection current had been present. The retroflection's vorticity signal is now absent. Above the Taylor 
Cap, small patches of positive and negative vorticity are present, suggesting a more dynamic, eddy-richer water 
column, as was previously indicated by the zonal velocity (Figure 7f). Thus, overall, the entire Maud Rise region 
is characterized by more turbulent circulation patterns in 2014 than in 2009.

Figure 7. Time-mean temperature, salinity, and zonal velocity sections along 2.4°E, with isopycnals (white lines), for 2009 
and 2014 in Maud36. Blue/red dotted lines indicate the boundaries of the Taylor Cap/Halo in this section.
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3.3. Remote Control of Maud Rise Variability

The Halo leaves an imprint on the sea surface height (SSH) structure (Figure 9), being associated with elevated 
SSH (white dashed line). This imprint does not fully encircle Maud Rise, consistent with the Halo's position 
found in the in situ observations (Figure 3) and the positive sea-ice vorticity (Figure 8). The hook-shaped feature 
of elevated SSH implies, via geostrophy, a retroflection of the water masses along the inner flank of the Halo. 
Floats have indeed been shown to follow this inner retroflection path (Mohrmann et al., 2022).

To demonstrate that water from the Halo enters the Taylor Cap through the retroflection, we correlate σ0 of the 
subsurface layer (200–1,000 m; Figure 10a) with a reference time series in the western part of the Halo (yellow 
star in Figure 10a). The water mass found in the western part of the Halo is readily connected to/dependent on 
the waters upstream, on the northern flank of Maud Rise, over the Astrid Ridge (orange star) and, ultimately, the 
inflow to the region from the east via the Weddell Gyre (blue star). These dependencies are illustrated by the time 
series of σ0 (Figure 10b), where the density of the subsurface layer is set by the water mass entering the region in 
the east (blue line). From there density signals propagate onto the Astrid Ridge (orange line) and into the Halo (red, 
black and yellow lines). Then, the signals appear also in the Taylor Cap, albeit weaker and with a time lag of 1 year 

relative to entry to the region (Figure 10a, blue star) or half a year relative to 
the western part of the Halo (yellow star). The latter lag is as observed for 
temperature in the upper 1,300 m (Figure 6).

The SSH structure and the correlation diagnostics point to a dynami-
cal relation between the Taylor Cap and the Halo. We use the heat budget 
of the Taylor Cap to assess whether the changes seen therein result from 
mean advection, eddy transport and/or surface forcing (Figure 11). We have 
separated the waters in the Taylor Cap into three layers: surface (<200 m), 
subsurface (200–1,000 m) and deep (>1,000 m). The budget of each layer 
is  sustained by vertical and lateral fluxes (Figures 11a and 11b).

The surface layer's heat budget entails a balance between the surface flux, 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 , 
the vertical advective heat flux through a depth of 200 m, and the lateral heat 
flux. The largest term in this layer is the surface forcing 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 (±1.5 ⋅ 10 12W), 
which exhibits a prominent seasonal cycle that leaves a strong imprint on the 
upper-ocean heat content (Figure 11c, yellow line). The other heat flux terms 
are comparably small, with the exception of the deep convection event in 
2007, when the vertical heat flux through 200 m increases to 10 12 W.

Figure 9. Mean SSH in the period 2007–2017 in Maud36. The white dashed 
contour delineates the −1.76 m SSH signature of the Halo.

Figure 8. Time-mean sea-ice relative vorticity for (a) 2009 and (b) 2014 in Maud36.
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The heat budget of the subsurface layer is controlled by the vertical heat fluxes through 200 and 1,000 m and 
by the lateral heat flux. The vertical heat fluxes through 200 m range from −1 ⋅ 10 11 to 0.5 ⋅ 10 11 W, and those 
through 1,000 m range from −1.5 ⋅ 10 11 to 0.5 ⋅ 10 11 W. The largest fluxes through 200 m occur when the MLD 
reaches or exceeds 200 m (Figure 11d). Further, large vertical heat fluxes through 200 and 1,000 m are found 
in 2014, although the maximum MLD is shallower than 200 m. This is linked to the advection of anomalous 
deep water in the Halo and its retroflection into the Taylor Cap (Figure 6). The lateral heat fluxes into the layer 
are always positive and in the range 0  ⋅  10 11 to 3  ⋅  10 11 W. This explains the layer's increasing heat content 
(Figure 11c, blue line). The eddy component of the lateral fluxes (dashed blue line) is of similar magnitude to that 

Figure 10. (a) Correlation between the average σ0 of the subsurface layer (200–1,000 m) and the σ0 at the location indicated 
by the yellow star. (b) Time series of the mean σ0 of the subsurface layer with a moving average of 50 days; colors refer to the 
locations indicated in (a).

Figure 11. Terms of the heat budget for the Taylor Cap in Maud36. (a) Vertical component (defined as upward) of the 
advective heat flux (Equation 2) at depths of 200 m (blue line) and 1,000 m (red line), and surface heat flux 𝐴𝐴 𝐴𝐴𝑛𝑛𝑛𝑛𝑛𝑛 (yellow line, 
right y-axis). (b) Horizontal component of the advective heat flux (Equation 2) across the boundaries of the layer volumes 
(solid lines), and eddy component for the subsurface layer (dashed blue line). Both heat fluxes are defined as positive into 
the volume. (c) Heat content of the upper 200 m (yellow line), 200–1,000 m (blue line), and below 1,000 m (red line) in the 
Taylor Cap. (d) Maximum MLD in the Taylor Cap; horizontal lines indicate the boundaries of the subsurface layer.
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of the full lateral heat fluxes; thus, the main process governing the warming of the Taylor Cap is the eddy heat 
flux. Contrary to the full lateral heat fluxes, the eddy heat fluxes induce a heat loss in some periods, especially 
when the anomalously cold and fresh deep waters are advected in 2014. The changes in the heat content align 
with the development of the Tmax (Figure 4), as expected.

Similarly to the subsurface layer, the heat content of the deep layer increases over time, with the vertical fluxes 
being smaller than the lateral ones. The largest vertical and lateral heat fluxes are found during deep convection 
events, and in 2014. In this year, larger negative lateral heat fluxes occur, related to the increased westward flow 
below the retroflection current at the northern flank of Maud Rise (Figure 7). The heat budget analysis shows 
that the properties of the Taylor Cap are closely coupled to the dynamics and heat fluxes in its vicinity, and 
therefore we find that the Taylor Cap has a limited ability to retain its properties on timescales longer than a few 
months.

In summary, the heat budget of the three layers shows that the heat content in the upper 200 m of the Taylor Cap 
is primarily controlled by surface fluxes, while that in the deeper water column is mainly governed by lateral 
advection by eddies. An exception to this general pattern occurs during deep convection, when the vertical fluxes 
prevail over the horizontal advection to induce a cooling of the water column.

4. Discussion and Conclusion
Observations in the region around Maud Rise reveal that the warm-water Halo and the Taylor Cap experience 
large interannual variability of their deep properties. Temperature transects across the warm-water Halo show 
that the deep properties therein change substantially between 2013 and 2022 (Figure 2). The Tmax of the Halo and 
Taylor Cap varies on an interannual timescale during our study period of 2007–2022 (Figures 4a and 4b). The 
Tmax in the Halo is in the range between 0.1°C and 1.3°C, with most profiles exceeding 1.0°C. Changes of Tmax 
in the Taylor Cap are more pronounced. Here, a Tmax of 0.8°C occurs in 2015, the year preceding the polynya 
openings of 2016 and 2017. Temperatures as high as 0.7°C and above were not observed in the Taylor Cap in any 
of the previous field campaigns by Gordon and Huber (1990), Muench et al. (2001), and De Steur et al. (2007). 
Further, a Taylor Cap with warmer Tmax than that of the Halo, as briefly observed in 2014, was described here 
for the first time. This result appears robust to a common limitation of Lagrangian platforms in the Southern 
Ocean: the uncertainty in the position of the platform during sea ice-covered periods. The warm Tmax events in 
the Taylor Cap in 2015 were measured by two Argo floats. One crossed the region in May 2015, and had accurate 
positioning. This float showed a temperature increase toward the western edge of the Taylor Cap. The second 
float communicated its last position before sea-ice cover just south of the Taylor Cap, and surfaced in the north 
of the Cap 8 months later. Although the Tmax reported by this float was unexpectedly warm during those months, 
the MLD measured by the float exceeded >100 m, as is characteristic of the Taylor Cap. Thus, while the float's 
position is not known precisely, it is highly likely that the float traveled over the Taylor Cap or the Cap's western 
edge while the area was covered by sea ice.

Our observational findings are supported by three different models: a global eddy-permitting reanalysis product 
(GLORYS12), and two regional ocean configurations with respective horizontal resolutions of 1°/12° (Maud12) 
and 1°/36° (Maud36). The models broadly endorse observational results related to the evolution of Tmax (Figure 4). 
Significant inter-model differences emerge in the Taylor Cap, where the observations and GLORYS12 show a 
cooling during and after the polynya opening, but no cooling or polynya were reproduced in Maud12 and Maud36 
(Figure 6). It remains unclear whether the polynya and related deep convection events in GLORYS12 are forced 
by the data assimilation scheme employed or if they are a consequence of the physically consistent internal 
variability of the model only. The models indicate that a clear distinction between the Halo and the Taylor Cap 
in terms of Tmax is not always observed, as the Taylor Cap shows warmer maximum temperatures than the Halo 
in 2014 (Figures 4c and 5). Our analysis of the Halo-Taylor Cap dynamics in the models shows that the property 
variability documented here is mostly remotely and occasionally locally driven. The variability of the Halo is 
remotely driven by advection of deep waters along the eastern limb of the Weddell Gyre. In turn, the variability 
of the Taylor Cap is governed by eddy transport, which acts to warm the Cap, and by rare events of deep convec-
tion, which cool down the Cap (Figures 10 and 11). The eddies responsible for the lateral heat transport into the 
Taylor Cap follow the retroflection along the Halo's inner flank. Importantly, the residence time in the Taylor 
Cap is found to be rather short, with a typical 6 month delay between anomalies in the Halo and their advection 
in the Taylor Cap.
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Our results align with the findings of Kurtakoti et al. (2018), who also documented a warming of the subsurface 
(250–1,000 m) temperature in the years preceding a polynya opening in their climate simulations (their Figure 
8). Unlike in our diagnostics, their reported warming did not cause a near-vanishing of the Taylor Cap, but 
simply a reduced temperature gradient between the Cap and surrounding waters. With our study, we are able 
to provide observational evidence that these phenomena are an integral part of the regional variability around 
Maud Rise. Further, we shed light on the eddy transport process mediating the Cap's warming. We show that the 
near-vanishing of the Taylor Cap is ephemeral and, as illustrated in Figure 4c, the Tmax contrast between the Halo 
and Taylor Cap grew after 2014, indicating a reappearance of the Cap. Such near-vanishing and reappearance of 
the Taylor Cap is not incompatible with Kurtakoti et al. (2018), who showed that a stronger Taylor Cap preceded 
the polynya opening immediately before. Our work indicates that the variability of the Taylor Cap is closely 
related to the inflow from the Weddell Gyre. A more energized inflow, as found in 2014 (Figure 7f) leads to a 
shallower MLD (Figure 6d), whereas a slower inflow at other times (e.g., 2009) induces a deeper MLD. This 
association is in line with the results of Alverson and Owens (1996). The stronger inflow in 2014 may have led 
to a westward displacement of the Taylor Cap, as suggested by Muench et al. (2001). Another significant finding 
reported by Kurtakoti et al. (2018) was the advection from Astrid Ridge onto Maud Rise of an upper-ocean (top 
100 m) salinity anomaly 1–2 years prior to the polynya opening. We further documented such advected anom-
alies in the subsurface (200–1,000 m) water masses (Figure 10). Of particular note in our model results was an 
anomalously cold and fresh subsurface water mass, which originated at a location north of Astrid Ridge. As in 
the work of Kurtakoti et al. (2018), the anomaly reached Maud Rise along the eastern limb of the Weddell Gyre.

The increased heat content in the Taylor Cap (Figure 11) has an impact on the region's ability to produce deep 
convection. Persistent changes in advection of warm waters along the flanks of Maud Rise within the Halo are 
an important preconditioner for the onset of deep convection and the emergence of the polynya (Rheinlænder 
et al., 2021). As such, the representation of the Taylor Cap in models is critical to generate realistic Maud Rise 
polynyas. The Taylor Cap can only be reproduced correctly if Maud Rise has a realistic height and steepness 
(Kurtakoti et al., 2018). Results of Neme et al. (2021) (their Figure 7) show that the warm-water Halo is present 
with 0.1° horizontal resolution. Most of the current ocean and climate models have a coarser resolution, and 
mainly underestimate the polynya area or do not produce a polynya at all (Mohrmann et al., 2021). Our results thus 
indicate that the mechanisms responsible for the open-ocean ventilation of interior layers might not be correctly 
represented in these coarser models. However, even with sufficient resolution, models are not guaranteed to 
produce polynyas as illustrated by our Maud12 and Maud36 simulations. A more targeted tuning of the model 
and inclusion of thermobaric and cabbeling effects below the mixed layer (Akitomo, 2006; Harcourt, 2005) might 
be important to increase model realism.

Our analysis suggests that the local surface forcing alone cannot explain why the polynya opened in 2016 and 
2017, contrary to previous suggestions (Francis et al., 2020); a preconditioning of the ocean by advection of 
anomalous deep waters into the region is important. Remotely advected density anomalies in the Weddell Gyre 
play an important role in determining the vertical stability of the water column around Maud Rise. Our analysis 
is broadly consistent with the work of Kurtakoti et al. (2021), who suggested that the advection of high surface 
salinity anomalies from the Astrid Ridge was a key process for polynya formation, based on an eddy-permitting 
coupled climate simulation. However, the decisive process triggering deep convection and initiating the polynya 
opening has not been discussed in this work. More localized processes might provide such a trigger, possibly 
involving submesoscale variability and current-topography interactions.

Our model analysis has also revealed that the properties around Maud Rise were strongly perturbed in 2013 and 
2014, leading to the near-vanishing of both the Halo and the Taylor Cap (Figure 7). The origin of this anomaly 
remains unclear, and it is outside the scope of this study, but it is likely to be associated with the variability in 
strength of the Weddell Gyre. The latter has been suggestively connected to large-scale climate modes of vari-
ability, such as the El Niño-Southern Oscillation (Martinson & Iannuzzi, 2003) or the Southern Annular Mode 
(Gordon et  al.,  2007), thus raising the possibility that these climate modes are indirectly responsible for the 
opening of the polynya. Our work provides new insights into the highly dynamic nature of the local circulation 
around Maud Rise (including the remotely controlled warm-water Halo and the retroflection circling around the 
Taylor Cap) and its role in controlling the area's stratification, heat content and propensity to polynya openings. 
Further progress will require a continued program of observations in the region, helping to decide whether the 
observed anomaly in 2013 and 2014 in the Maud Rise leading to the 2016/2017 polynya openings was part of the 
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system's natural variability, or if it was an indication of the deeper climate changes currently at play (De Lavergne 
et al., 2014).

Data Availability Statement
The EN4.2.2 data set (Met Office Hadley Centre, 2022) is available from Met Office Hadley Center at https:// 
www.metoffice.gov.uk/hadobs/en4/. The marine mammal data (Marine Mammals Exploring the Oceans Pole  
to Pole, 2022) were collected and made freely available by the International MEOP Consortium and the national 
programs that contribute to it (http://www.meop.net). The GLORYS12V1 data set (Copernicus Marine Environ-
ment Monitoring Service, 2022) is available from Copernicus Marine Environment Monitoring Service (CMEMS) 
at https://doi.org/10.48670/moi-00021. Model parameters used to generate the model output and computer code 
to reproduce the plotted figures are available in an open-access repository (Gülk, 2023). The SO-CHIC CTD data 
(Steiger et al., 2022) can be found at https://doi.org/10.17882/95314.
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