
1. Introduction
Maud Rise is an ocean plateau located in the eastern Weddell Sea, shoaling to a depth of less than 1,000 m 
(Brandt et al., 2011) compared to the adjacent ocean which is characterized by depths exceeding 4,000 m. It is 
located in the southern branch of the Weddell Gyre, which transports the relatively warm Circumpolar Deep 
Water into the region (Fahrbach et al., 1994). Due to its weak density stratification, Maud Rise is a region of the 
Southern Ocean that is susceptible to convective overturning (e.g., Wilson et al., 2019) and is the location where 
several polynyas have initiated, usually first appearing to the northeast of Maud Rise (Campbell et al., 2019; 
Comiso & Gordon, 1987; Heuzé et al., 2021; Holland, 2001).

In accordance with the Taylor–Proudman theorem (Taylor, 1917), geostrophic balanced flows cannot cross the 
bottom topography of a tall seamount, which means that the currents, even in shallower depths, must move 
around it. Water trapped on top of the seamount is called a Taylor cap. At Maud Rise, this Taylor cap acts as a 
barrier, preventing the inflow of surrounding warmer, more saline water into the Maud Rise region (Alverson 
& Owens, 1996; de Steur et al., 2007; Muench et al., 2001). The continuous presence of a comparatively cold 
and dense subsurface water mass over Maud Rise (Beckmann et al., 2001; de Steur et al., 2007), referred to by 
some as Maud Rise Deep Water (MRDW; Beckmann et al., 2001; Bersch et al., 1992), is an indication of the 
Taylor column dynamics that establish the currents and isolate the MRDW from the warmer circumpolar deep 
waters around. The flanks of Maud Rise act as a transition zone (front) between MRDW affected by the Taylor 
cap dynamics and the Warm Deep Water (WDW) of the surrounding ocean (Beckmann et  al.,  2001; Bersch 
et al., 1992).

In contrast to the WDW found in neighboring regions of the Weddell Sea, the MRDW is fresher and lacks the 
distinct temperature maximum just below the mixed layer. Along the sharp fronts that separate the Taylor cap 
from the lighter surrounding waters (Muench et al., 2001), intrusions of water masses are likely to occur (Ruddick 
& Richards, 2003), exchanging heat and salt across the fronts. Due to the weak stratification in the region, the 
density difference between MRDW and WDW could cause a substantial vertical displacement if water masses 
mix across the front along sloping isopycnals. Along the flanks of Maud Rise, this process potentially facilitates 
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the transport of heat from the lighter WDW toward the surface, causing the “Maud Rise halo”—a circular pattern 
of reduced winter sea ice concentration (de Steur et al., 2007; Lindsay et al., 2004).

In this paper, we investigate these Maud Rise processes using a novel multi-year in situ dataset obtained from 
two profiling floats cycling between the surface and 2000 m at 1–3 days resolution. These high-frequency hydro-
graphic profiles are used to analyze the spiciness curvature in density space as an indicator of recent mixing. This 
indicates active exchange and mixing occurring at intermediate depth (200–1000 m) between the WDW and the 
MRDW along the northern flank of Maud Rise. We finally discuss the contribution of this water mass interleav-
ing to the lateral heat exchange in the Maud Rise region.

2. Data and Methods
2.1. High-Resolution Profiling Float Data

For this work, we deployed two NKE Arvor I profiling floats in the Maud Rise region. The first float, henceforth 
called “Maud Rise Float,” was deployed on 16 December 2018 at 66.2°S, 0.0°E and drifted northeastward toward 
Maud Rise (Figure 1a). The second float, henceforth called “Reference Float”, was deployed on 16 February 
2020 at 65°S, 0.0°E and drifted southwestward, away from Maud Rise (Figure 1a) and remained in deep water 
(4,000–5,000 m). We use this float as our regional deep-water reference point. We assume it is sufficiently far 
from Maud Rise to not be directly affected by the Taylor cap (de Steur et al., 2007) and the ocean processes 
impacted by the Maud Rise topography and circulation (Muench et al., 2001).

The floats were uniquely configured to profile daily (for the Reference Float) or every three days (for the Maud 
Rise Float), which enabled us to resolve variability within the water column at significantly higher temporal and 
spatial resolution than standard profiling floats (Argo or SOCCOM) with 10-day sampling frequencies. Our 
floats profiled to a maximum depth of 2,000 dbar (1 dbar ≈1 m) and were equipped with a Seabird SBE41-CP 
CTD for measuring salinity (conductivity), temperature, and pressure with an initial accuracy of ±0.005 PSU, 
±0.002°C, and ±2.4 dbar and resolution of 0.001 PSU, 0.001°C, and 0.1 dbar. The data were checked against 
potential sensor drift or offset by comparison with the deep water measurements of neighboring floats, but no 
adjustments were necessary. The floats have a built-in ice avoidance algorithm that allows for sampling under 
sea ice. If temperatures less than −1.7°C were detected between 50 dbar and 20 dbar, the floats aborted further 
ascent, storing the collected data for later transmission in open water. As the floats can only determine their posi-
tions at the surface, we thus interpolate the float position linearly while the floats were under sea ice. The float 
data is available from Mohrmann et al. (2021).

For the sea-ice free months we compute the float drift velocity from the floats' position and time between two 
successive profiles using the great circle method. For a part of our analysis, we supplement these float measure-
ments with data from an additional five floats that were deployed within the colored boxes of Figure 1 and have 
a 10-day sampling scheme. For the data from these SOCCOM and Argo floats (Argo GADC, 2021; Johnson 
et al., 2021), we only used measurements where the quality flags for temperature, salinity and pressure were all 
“1” or “2” for “good” or “probably good”. A list of the floats, deployment dates, WMOIDs and capabilities can 
be found in Johnson et al. (2021) and Table S1 in Supporting Information S1. For the bathymetry of Maud Rise 
and the water depth at the profiling locations, we used the ETOPO1 dataset (Amante & Eakins, 2009).

2.2. Detection of Interleaving

Water mass interleaving is usually density-stabilized (cold water intrusions are fresh and warm water intrusions 
are salty, so that no density inversion persists). These density-compensated thermohaline variations, also called 
spiciness, can be used to trace and differentiate the warm and salty WDW from the cold and fresh MRDW. Spici-
ness increases with the increasing temperature and salinity. In this paper, we quantify the frequency or magnitude 
of intrusions based on diapycnal spiciness curvature in density space (τσσ). The method is presented in detail by 
Shcherbina et al. (2009) and details about our implementation can be found in M. Mohrmann (2022), so here 
we only provide a brief description. First, we compute profiles of potential density, with a reference depth of 
500 m, from salinity and temperature using the TEOS10 toolbox (McDougall & Barker, 2011). Then, we regrid 
all profiles to a common vertical grid spacing of 25 m. Finally, we apply a three-point centered rolling mean to 
the profiles and compute the spicyness curvature using Shcherbina et al.’s (2009) Equation 5. Established water 
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masses that have undergone diapycnal mixing over time would have no or only weak diapycnal interfaces between 
different water masses, in contrast to recently mixed ones. Thus, the second derivative of spiciness with respect 
to the potential density along the vertical cast direction, τσσ, is an indicator for either vertical mixing or lateral 
water mass interleaving, and its root mean square, RMS(τσσ), is a quantification of the frequency or magnitude of 
intrusions in a vertical profile.

3. Results
3.1. Abrupt Water Mass Variations on the Flank of Maud Rise

For the first 4 months after deployment west of Maud Rise (Figure 1a), from December 2018 to March 2019, the 
Maud Rise Float measured a maximum temperature below the winter water of about 1.2°C and a salinity of about 
34.89 g kg −1 (Figures 2a and 2b). Afterward, it drifted across the shallower bathymetry of Maud Rise (Figures 1a 

Figure 1. (a) Trajectory of profiling floats over Maud Rise. Deployment locations of the profiling floats deployed by us 
are marked with black dots, and the last known position as of May 2021 is marked with a black dot with white outline. 
Interpolated positions during sampling under the sea ice are dashed. Red dots mark points of interest that are referenced in 
the text. Unlabeled black dashed lines mark the trajectories of additional (Argo and SOCCOM) profiling floats used for the 
inset panel and Figure S3 in Supporting Information S1. (b) WDW/MRDW temperature maximum (absolute maximum of 
temperature below lower boundary of the winter water as defined in Figure 2) of all profiles recorded by profiling floats (see 
Table S1 in Supporting Information S1) in the Maud Rise region. Shading indicates the bathymetry, with contours every 
250 m.
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and 2c) and measured a depth-dependent decrease in temperature of between 0.1 and 0.6°C, most notable between 
100 and 300 m (Figure 2a). In January 2020, the Maud Rise Float drifted across the northern flank of Maud Rise 
toward deeper bathymetry (Figures 1a and 2c) and measured a sudden increase in the subsurface temperature, the 

Figure 2. Sections of (a) temperature and (b) absolute salinity measured by the Maud Rise Float. Potential density contours are overlaid. Sea-ice concentration (%) at 
the location of the float is represented in the bar above the sections. (c) Bathymetric depth (red/blue, left axis and same color scale as Figures 1 and 3) and topographic 
gradient |∇hbathy| (gray, right axis; ice-free periods only), over the sampling trajectory of the same float. (d) Vertically integrated heat (red) and salt content (gray) 
between 200 and 1800 m. The white lines in (a), (b) are the mixed layer depth (upper line, 0.02 kg m −3 density difference criterion) and the lower boundary of the 
winter water (lower line; −0.5°C isotherm), while the black dashed line represents the 28.1 kg m −3 isopycnal.
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properties resembling those initially observed to the west of Maud Rise. This strong change occurred over only 
3 days and about 4 km and ended abruptly on 10 March 2020 (red marker in Figure 1a). In the sections west and 
north of Maud Rise (Figures 1a and 1b), the salinity and temperature are similar to the values in the complete time 
series of the Reference Float (Figure S1 in Supporting Information S1). We infer that the thermohaline changes 
observed by the Maud Rise Float were caused by the float crossing a front between the Taylor cap-affected 
MRDW (cold and fresh) and the surrounding WDW (warm and salty). Even though the subsurface warming 
coincides with the summer season in 2019 and 2020, the temperature change is most likely not caused by seasonal 
warming based on the depth of the observed changes (150–2,000 m), the associated salinity and density fronts, 
and the lack of a similar warming of MRDW for the Maud Rise Float in summer 2020/2021.

When the Maud Rise Float crosses the northern flank of Maud Rise in January 2020 (Figure 2c), the lower bound-
ary of the winter water below the warmer mixed layer shoals from 180 to 70 m (Figure 2a) while the mixed layer 
depth remains constant at about 40 m depth. Under the winter water, the MRDW is about 0.015 g kg −1 fresher and 
0.6°C colder than the WDW between 200 and 400 m, below which the difference gradually decreases to 0.005 g 
kg −1 and 0.1°C (Figures 3a and 3b). The lower temperature of the MRDW increases its potential density by 
Δσ0(ΔΘ) = 0.039 kg m −3 relative to the WDW, while the lower salinity decreases it by Δσ0(Δs) = −0.012 kg m −3, 

Figure 3. Vertical profiles of (a) conservative temperature, (b) absolute salinity, (c) potential density and (d) squared Brunt-
Väisälä frequency (N 2) as observed by the Maud Rise Float. All profiles are colored according to the bathymetric depth. Blue 
indicates profiles where the bathymetry is <3,500 m; red indicates bathymetry >3,500 m. Profiles shown are limited to those 
from the western (green) or northeastern (black) sectors depicted in Figure 1. Profiles with evidence of water mass intrusions 
(by visual inspection) are shown in black. Panels (e)–(h) show the respective variables at a depth of 400 m, for all available 
float profiles (including SOCCOM and Argo floats). Values from profiles with RMS(τσσ) > 2,500 m 3 kg −1 are highlighted 
using a red star outline. The color of each individual dot in the diagram indicates the geographical location according to the 
boxes in Figure 1. Note the differences in the x-axis scale between panels (a)–(d) and (e)–(h).
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so that the MRDW is 0.027 kg m −3 denser than the surrounding water masses. This density difference leads to a 
shoaling of isopycnals from the WDW to the MRDW by up to 300 m (black contours in Figures 2a and 2b), most 
distinctly in the weakly stratified deep water. The continuous presence of the cold and dense MRDW (Beckmann 
et al., 2001; de Steur et al., 2007) is an indication of the Taylor column dynamics that establish the currents and 
isolate the MRDW from the warmer circumpolar deep waters around. Around the Taylor cap at the density front 
we measure increased float drift velocities (Figures 4b and 4e). This is in agreement with de Steur et al. (2007), 
who found increased flow velocities around the flanks of Maud Rise with a substantial baroclinic component in 
numerical models and observations. Eddies develop depending on the direction and strength of the inflow and 
cyclonic eddies are shed on the northeast flank of Maud Rise (Holland, 2001). The cyclonic eddies transmit 

Figure 4. (a) Spiciness and (b) RMS spiciness curvature [RMS(τσσ)] for the Maud Rise Float and (d), (e) for the Reference Float. The RMS(τσσ) is computed over 
multiple depth intervals, as indicated in the legend in (b) to illustrate the depth at which mixing or interleaving is occurring. Sea ice concentration (%) at the location of 
the float are represented in the bar above the sections in (a) and (d). (c) All 757 profiles collected by the Maud Rise Float (light blue) and the Reference Float (light red) 
represented in spiciness-potential density space, with three profiles with especially high RMS(τσσ) marked in green, blue, and orange dashed lines, corresponding to the 
triangle markers in (a) and (b). The corresponding solid line spiciness profiles are a vertically regridded, three-point smoothed version as used for computation of the 
RMS(τσσ) values. Note that the two float comparisons are on the same time axis (Reference Float overlaps with the second year of the Maud Rise Float).
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divergent stress to the sea ice, eventually leading to a crescent-shaped opening in the sea ice. Atmospheric cooling 
of the open water can cause oceanic convection and further increase the opening (Holland, 2001).

Temperature and salinity below the winter water are affected by the underlying bathymetry (Figure 1b). We collo-
cated our float data with the bathymetry (left axis and shading, Figure 2c) and the bathymetric gradient |∇hbathy| at 
the float locations (right axis, black line in Figure 2c). The WDW under the surface layer is warmer over deeper 
bathymetry, with distinct fronts over steep bathymetric gradients (compare Figures 2a and 2b and Figure 2c). The 
heat and salt content, vertically integrated over intermediate depths (200–1,800 m), is lower in shallow regions 
on top of the Maud Rise plateau by about 2 GJ m −2 of heat and 20 kg m −2 of salt compared to the surrounding 
waters adjacent the Maud Rise (Figure 2d). In the western region of Maud Rise (green box), the temperature, 
salinity and density below the winter water layer are significantly correlated with the bathymetric depth (corre-
lation coefficients r = −0.84, −0.74, and 0.89, respectively, Figures S3a–S3c in Supporting Information S1) and 
temperature and salinity are significantly correlated with each other (correlation coefficient r = 0.96, Figure S3d 
in Supporting Information S1), meaning that the water is either both warm and salty (WDW) or cold and fresh 
(MRDW). Even though we cannot fully decouple the seasonal from the regional (bathymetric) variations, our 
resulting r-values mean that the majority of the measured variations can be explained by bathymetry. This is in 
good agreement with earlier reports of a cold, fresh Taylor cap (e.g., de Steur et al., 2007) on top of the Maud 
Rise plateau.

The bathymetry-induced temperature and salinity differences are reflected in the shape of the density profiles 
(Figure 3). The Maud Rise profiles (blue) have a step-like shape, with a strong pycnocline between 50 and 200 m 
depth and a stratification of only N 2 ≈ 0.5 × 10 −6 s −2 at 250 m, while for the Reference Float the surrounding 
N 2 ≈ 1 × 10 −6s −2 at 250 m (Figure S2 in Supporting Information S1). As already shown in Figure 2b, the water 
properties can change rapidly across the topography between MRDW properties (blue, Figure  3) and WDW 
properties (red), from one vertical profile to the next (1–3 days). Isopycnals are strongly sloped (black contour 
lines in Figures 2a and 2b) over a small distance (4 km) separating the WDW and MRDW, for example, the same 
density (σ = 27.82 kg m −3) is found 250 m deeper in the WDW (500 m depth) than in the MRDW (250 m depth). 
Thus, the distance between the WDW and MRDW profiles along a vertical line of equal density in Figure 3c 
can be interpreted as isopycnal pathways along which the two water masses can potentially mix. Since water 
masses tend to mix along isopycnals, we expected intrusions of MRDW that are subducted along strongly slop-
ing isopycnals into the deep WDW. We find such deep intrusions along the northern flank of Maud Rise (black 
profiles in Figures 3a–3d). These profiles have several inversions in their temperature and salinity profiles, which 
is an indication of water mass interleaving (Shcherbina et al., 2009). Intrusions visible in the salinity profiles 
(Figure 3b) show distinct salinity minima, with water fresher than at any other place (at comparable depth) during 
our measurements. We hypothesize that this water is MRDW from a much shallower (and thus fresher) depth, 
which potentially flowed along the sloping isopycnals to depth, lifting the overlying WDW and mixed layer in the 
process and thus providing an explanation for the exceptionally shallow MLD of the Maud Rise halo (de Steur 
et al., 2007).

3.2. Water Mass Interleaving

We here quantify water mass interleaving based on variations of the spiciness (Figures 4a and 4d) in density 
space (Figure 4c) for all profiles from both floats using the method introduced in Section 2.2. The profiles with 
the highest values of RMS(τσσ) show intrusions above 800 m depth (Figures 3a and 3b and 4b), and their water 
properties vary between the properties of the WDW and the MRDW multiple times. Increased horizontal float 
drift velocity in these regions indicates a geostrophically balanced front. The Maud Rise Float RMS(τσσ) was 
on average 2–3 times higher than the Reference Float (Figures 4b and 4e). The Reference Float experienced the 
highest values of RMS(τσσ) in the first 3 months after deployment when located in close proximity to Maud Rise 
over bathymetry with a gradient of up to 0.25 (Figure 1a), followed by a decrease in RMS(τσσ) as the float drifted 
southwest and away from Maud Rise. For the Maud Rise Float, values are similar to the Reference Float in the 
first 2 months after deployment, likely because the Maud Rise Float was deployed at the same longitude and just 
1.2°south of the Reference Float (Figure 1a). In contrast to the Reference Float, we see large values of RMS(τσσ), 
with the float encountering regions of significant interleaving in September 2019, January and February 2020, 
and then again during November 2020 to January 2021 (Figure 4b). The maxima between the end of Decem-
ber 2019 and the start of March 2020 are the most intense, with values about three times higher than the 95% 
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percentile of the floats' RMS(τσσ) of 2,637 m 3 kg −1. These maxima coincide with the edges of the fronts, visible 
in the temperature, salinity, and spiciness plots (Figures 2a, 2b, and 4a) and are associated with local maxima in 
topographic gradients (Figure 2c).

We now assess the spatial coherence of the observed hydrography around Maud Rise—separated into three 
regions, namely the western (green), southeastern (orange), and northeastern (black) areas (Figure 1a). Float 
profiles in these regions are represented in their respective colors in Figures 3e–3h. We interpret a RMS(τσσ) 
above 2,500 m 3 kg −1 as indicative of water mass interleaving in each profile (Figures 3e–3h, red stars). We find 
the strongest correlations of the temperature, salinity and density with the bathymetry depth (Figures S3a–S3c in 
Supporting Information S1) and the least frequency or magnitude of intrusions (red outlines in Figures 3e–3h) in 
the western region of Maud Rise. In the northeastern and southeastern regions, the correlations are weaker (lower 
r-values in Figures S3e–S3g, S3i–S3k in Supporting Information S1). Especially in the northeast, a heterogene-
ous mixture of warm and salty with cold and fresh water was observed over similar bathymetric depths. Warm and 
salty water over shallow bathymetry (2,500–3,000 m) in this region is likely WDW that has crossed the dynamic 
boundaries of the Taylor cap. These findings suggest strong control of water masses over Maud Rise, likely due 
to the currents and fronts caused by the Taylor cap dynamics over the local bathymetry (Meredith et al., 2015).

4. Discussion
In their review of observations of intrusions, Ruddick and Richards (2003) summarize the main impacts of (fron-
tal) intrusions in the ocean as: an increase of RMS vertical gradients, lateral fluxes across fronts, a pathway of 
heat provided by the vertical component of lateral fluxes, accelerated decay of eddies and rings, and water mass 
modification.

In this study, we found interleaving between the lighter WDW and the denser MRDW (Figure 3; TMRDW ≈ 0.5°C, 
TWDW ≈ 1°C; SMRDW ≈ 34.86 g kg −1, SWDW ≈ 34.89 g kg −1). Warm WDW could be transported upwards, or cold 
MRDW could be transported downwards along sloping isopycnals. Deep intrusions in WDW profiles close to 
the front are colder and fresher than at any other place (at comparable depth) during our measurement campaign 
(Figures 3a and 3b). The low salinity of these intrusions suggests an origin in the upper MRDW or even the lower 
cold winter water layer (Figure 2b). Furthermore, across the front, the large pressure and temperature differences 
along sloping isopycnals lead to thermobaric effects. If the observed cold intrusions in the WDW are originating 
from the upper MRDW, these intrusions have been subducted by up to 500 m along sloping isopycnals at the front. 
Because colder water is more compressible than warm water, the mixing along the flanks will reach even deeper 
than the slope of the isopycnals would indicate. The difference of in situ density (ρ) solely due to the thermobaric 
effect is up to ρ(p = 500 dbar, TWDW)−ρ(p = 500 dbar, TMRDW) = 0.006 kg m −3, a density difference equivalent to 
about 200 m of extra vertical displacement in this weakly stratified region and depth range (Figure 3c).

Along with thermobaricity, the intrusions will be affected by double-diffusive convection. The cold and fresh 
intrusions found as deep as 1,000 m in the WDW create the necessary conditions for both types of double-dif-
fusive convection: salt fingers on the upper interface of the intrusion as well as diffusive convection. As the 
diffusion coefficient for temperature is approximately 100 times that of salt, we compute the vertical water 
displacement of a thin, fresh and cold MRDW intrusion adjusting, by diffusion only, to the temperature of the 
surrounding WDW. This intrusion would have a density of only σ0(SMRDW, TWDW)  =  27.80  kg m −3 and thus 
potentially rise from a depth of 650 m to a depth shallower than 250 m (Figure 3c). We interpret this result as an 
upper boundary, since diffusion is a slow process (in comparison to, e.g., thermobaric adjustments) and affects 
the gradient in both directions.

The potential for thermobaric and double-diffusive convection in this region has been explored earlier through 
numerical model simulations (Akitomo, 1999, 2006). The authors propose a process in which surface cooling 
during winter plays a key role in creating and maintaining the front along the flanks by thermobaric convection, 
which then in turn leads to baroclinic instability. In contrast, we found sharp fronts during the summer months 
(January and March 2020) without extensive surface cooling. Thus, we believe that the intrusions we observed 
are not initially caused by thermobaric effects, but rather are an effect of the Taylor dynamics. The pre-existing 
frontal density gradient is the cause for subduction and subsequent thermobaric enhancement (in agreement with 
Akitomo et al., 2006). The existence of such frontal, thermohaline intrusions that slope across isopycnals has 
been shown in a numerical simulation (Woods et al., 1986). Another possible origin of the observed intrusions is 
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the shear caused by the opposing flows above the northern flank of Maud Rise, which could lead to instability in 
the frontal jet and produce secondary circulations and lateral intrusions (Woods et al., 1986).

We found more water mass heterogeneity in the eastern sectors of Maud Rise, including WDW cores over shallow 
bathymetry and MRDW over deep bathymetry in the southeastern part of Maud Rise (Figures 3e–3h). This is in 
agreement with Leach et al. (2011), who found a gradual decrease of isopycnal variability from the center toward 
the west of Maud Rise, explained by eddies on the Maud Rise flanks that eventually homogenize downstream due 
to isopycnic mixing. The frontal intrusions between WDW and MRDW are one cause for these observed hetero-
geneities. We observed the most intense interleaving at the northern flank of Maud Rise, where the anticyclonic 
flow of the Maud Rise density anomaly meets the opposite directed southern branch of the Weddell Gyre. We 
hypothesize that the westward flow of the Weddell Gyre creates a density gradient at the eastern flank of Maud 
Rise, which helps transport warm and salty water masses across the dynamic boundary of the Taylor column. This 
is supported by our observations of WDW over shallow bathymetry in this region (Figures 3e–3h) and has been 
observed previously (Bersch et al., 1992).

We discuss intrusions as a process of lateral and vertical exchange and mixing across a front at intermediate 
depth. Deep intrusions of fresh and cold MRDW in WDW are easy to detect and are long-lasting, presumably due 
to a low amount of background mixing at depth. In contrast, isopycnal intrusions from the WDW in the MRDW 
can reach what is the winter water layer in summer or the bottom of the mixed layer in winter. Here, they are 
harder to detect because they diffuse faster due to the increased background mixing, but they nonetheless provide 
a direct pathway upwards for the heat of the WDW. Also these intrusions are affected by thermobaricity and 
double-diffusive mixing. First, rising warm water from the WDW would not ascend as high as isopycnals would 
imply. Those warm water intrusions will rapidly cool in the winter water/mixed layer, sink due to their retained 
high salinity and thus contribute to convective deepening of the mixed layer. This process could explain some of 
the major observations around Maud Rise, namely the deeper mixed layers (Figures 2a and 2b) over Maud Rise 
and the formation of the Maud Rise halo and polynyas.

By estimating the contribution of thermobaric and/or double diffusive effects to additional vertical displace-
ment of the intrusions, we have shown that these instabilities can enhance convective mixing. However, direct 
observation of the mixing is beyond the capabilities of our profiling floats' measurements. It is still unclear if 
these mixing processes are reaching all the way to the bottom of the mixed layer and thus to the surface. The 
observed intrusions had lateral and vertical scales of O(1 km) and O(50m), respectively. State-of-the-art Earth 
system models that are used to study the Maud Rise Polynya (e.g., Kurtakoti et al., 2018; van Westen & Dijk-
stra, 2020) use a lateral resolution of O(10 km) and vertical resolution of O(10–100 m). In order to represent 
the observed effect, further model simulations with increased horizontal and vertical resolution are needed. The 
correct representation of WDW and MRDW properties is essential for the modeling of these frontal processes 
and might need many years of model spin-up to form accurately. Further observational and modeling efforts are 
necessary to better characterize the processes at the flanks of Maud Rise.

5. Summary and Conclusions
The northern flank of Maud Rise is the origin of one of the largest and most common open-ocean polynyas of 
the Southern Ocean, the Maud Rise polynya (Campbell et al., 2019; Comiso & Gordon, 1987; Heuzé et al., 2021; 
Holland, 2001). By collocating recent float measurements from two profiling floats to the regional bottom topog-
raphy of western Maud Rise, we identified a strong relationship between the bathymetry and the characteristics 
and geography of two distinct water masses, WDW and MRDW. In the northeastern region, warm WDW was 
even observed over shallow Maud Rise topography. Along the steepest flanks, we found a sharp front between 
MRDW and WDW that showed evidence for potentially enhanced vertical mixing, which we attribute to three 
main processes:

1.  Isopycnal mixing has a strong vertical component along the front, along which the water masses can mix 
adiabatically. The sloping isopycnals provide a direct pathway for the warm WDW toward the bottom of the 
mixed layer and above the MRDW;

2.  The thermobaric effect enhances the subduction of cold MRDW across the front, by increased compressibility 
of the cold MRDW relative to the warmer WDW; and
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3.  The subducted cold and fresh MRDW intrusions in the WDW create optimal conditions for double diffusive 
convection.

Our observations and findings contribute to the understanding of the water mass distribution in the region and 
the mixing processes that exchange heat and salt both laterally and vertically between the unique water mass over 
Maud Rise and the surrounding WDW.

Data Availability Statement
The data that was collected with our two profiling floats can be found in a public repository (Mohrmann 
et al., 2021). The codes used to process the data are available (M. Mohrmann, 2022). Argo (Argo GDAC, 2021) 
and SOCCOM (Johnson et al., 2021) data were collected and made freely available by the International Argo 
Program, the Southern Ocean Carbon and Climate Observations and Modeling Project (SOCCOM, funded by the 
National Science Foundation, Division of Polar Programs (NSF PLR-1425989), supplemented by NASA) and the 
national programs that contribute to it.
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