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Abstract we present the first observations of ocean turbulent mixing rate in front of the Dotson Ice Shelf,
where meltwater-enriched water leaves the cavity. The observations showed elevated turbulent kinetic energy
dissipation rates (e; ~1077 W kg™ !) and turbulent diapycnal diffusivities (x; ~1072 m* s ') near the seabed and
in middepth layers, which are three orders of magnitude above background values away from the outflow.
Elevated diapycnal fluxes of heat and salt were observed in regions of high mixing, moving vertically on
average O ~ 10 W m 2 and O ~ 10~ kg m™2 s, respectively, toward shallow depths. At middepth layers, the
overturning instabilities are characterized by shear-driven symmetric and centrifugal instabilities. Our
observations provide an understanding of mixing in front of fast-melting ice shelves and are key to developing
better parameterizations and representations of mixing in climate models.

Plain Language Summary We conducted observations of turbulent ocean mixing in front of the fast-
melting Dotson Ice Shelf. Elevated mixing was found at the outflow, where strong, relatively warm and fresh
currents leave the ice shelf cavity. The proximity and friction of these currents with the local bathymetry were
found to cause instabilities, which can generate strong vertical heat and salt transport toward shallow depths.
These new observations can help us better represent polar turbulent mixing processes in climate models.

1. Introduction

The glaciers and ice sheets of Antarctica, where they reach the ocean, detach from the bedrock and float out over
the water to form vast ice shelves, the basal melting of which is the largest contributor to Antarctic ice-mass loss
(Depoorter et al., 2013; Greene et al., 2022; Rignot et al., 2019). This ice-mass loss releases large volumes of fresh
glacial meltwater into the polar ocean and thus influences hydrography, circulation and deep-water formation
(Silvano et al., 2018; Thompson et al., 2020). In addition to meltwater, ice shelf mass loss releases ecologically
important trace metals such as iron and manganese into the oceans (van Manen et al., 2022), as well as sedi-
mentary particles from within the ice shelf that contribute to phytoplankton blooms (Dinniman et al., 2020;
Sherrell et al., 2015). Moreover, ice shelf meltwater can mix with warmer waters found beneath the ice shelf, and
form a water mass which can be sufficiently buoyant to move to the upper ocean once it exits the ice shelf cavity,
but still warm enough to contribute to sea ice thinning near ice shelf margins (Jourdain et al., 2017).

The depth and density at which these various products of ice shelf melting equilibrate in the ocean are vital to
understanding their subsequent transport pathways and influence—and this depth is likely strongly influenced by
the magnitude and distribution of turbulent ocean mixing in the vicinity of outflow currents from ice shelf cavities
(Naveira Garabato et al., 2017). Turbulent mixing modifies water mass properties and is key to the transport and
distribution of heat, salt, and other dissolved tracers between ocean layers. In Antarctica's shelf seas, quantifying
turbulent mixing, and identifying the processes that drive it, is crucial to understanding and correctly modeling the
effects of accelerating ice-mass loss in a warming climate.

Turbulent mixing is highly variable in space and time and is driven by a variety of processes, including me-
chanical stirring and destabilizing buoyancy forces. Mixing is generally elevated above rough bottom topography,
often attributed to the breaking of internal waves (de Lavergne et al., 2016; Polzin et al., 1997). Mixing can also be
elevated in the ocean interior in the presence of instabilities associated with density inversions and current shear,
such as near fast-melting ice shelves and the buoyant, meltwater-rich outflows that emanate from their cavities
(e.g., Arnscheidt et al., 2021; Naveira Garabato et al., 2017). In situ measurements of mixing in polar oceans are
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still sparse, which hampers understanding of the main processes driving mixing near specific ice shelves and,
thus, whether the characteristics of each region (e.g., local stratification, the volume of meltwater discharge, and
the geometry of the ice draft) impact the magnitude of turbulence locally. Given the scarcity of observations,
identifying the variety of processes responsible for mixing, accounting for their occurrence, and quantifying their
impact, has not yet been possible. Although previous work has highlighted key processes by individual ice shelves
(e.g., Naveria Garabato et al., 2017), the heterogeneity of mixing, and the diversity of its driving processes, is such
that, absent further observations, the general applicability of existing case studies must be uncertain.

Here, we characterize and investigate the effects on vertical heat and salt fluxes associated with turbulent mixing
processes in the outflow region of the Dotson Ice Shelf (DIS; Figure 1a), and compare the mixing patterns in front
of it with observations from other Antarctic regions to assess similarities across ice shelves. This comparison will
help refine our understanding of regional mixing processes and inform the design of future targeted field cam-
paigns. The DIS is a fast-melting ice shelf, and together with its tributaries, it accounts for one-fourth of the
current total ice mass loss in the Amundsen Sea (Milillo et al., 2022; Rignot et al., 2019). The mass loss of the DIS
is dominated by ocean-driven basal melt (Jenkins et al., 2018). Relatively warm modified Circumpolar Deep
Water (mCDW) enters predominantly on the eastern side of the DIS cavity near the seabed and melts the ice shelf
from below (Yang et al., 2022). Basal melting is higher on the western side of the DIS, where a subglacial channel
steers the freshened, buoyant flow north toward the ice front, melting the ice base further (Gourmelen et al., 2017;
Wahlin et al., 2024). The western DIS is characterized by an outflow leaving the cavity and exporting warm and
meltwater-rich glacially modified water (Figure 1b; Miles et al., 2016; Randall-Goodwin et al., 2015). We show
that the outflow is affected by the shallow seabed and vertical current shear in front of the cavity, resulting in
elevated turbulent mixing locally, which increases the vertical fluxes of heat, salt, and potentially dissolved
tracers to shallow depths.

2. Data and Methods
2.1. Hydrographic Data

A Rockland Scientific International Vertical Microstructure Profiler (VMP) 2000 was used to measure turbulent
shear, conductivity, temperature and pressure at 76 hydrographic stations, split into 4 transects immediately north
of the western DIS front (Figure 1b) between the 22nd January and 6th February 2022. During each transect, the
VMP was deployed continuously profiling up and down between the sea surface and ~10-50 m above the seabed
behind the slowly moving (~0.5 m s~') ship. Shear microstructure was measured at 512 Hz on the descent,
whereas temperature, conductivity, and pressure were measured at 64 Hz on the descent and ascent casts. The
shear microstructure data were processed using Rockland's ODAS software v3.2, and the profiles were averaged
into 2-m bins. Temperature and salinity were 10-m smoothed with a Gaussian window to remove high-frequency
signals to ensure that both down- and upcasts represent features of the same length scale regardless of small
differences in data quality. We evaluate the remaining small differences between down- and upcasts at each
station and confirm that these do not make a difference to our results. Here, we focused on layers below ~50 m
depth because the VMP needs to be at a constant optimal falling speed of ~0.5-0.6 m s', which was reached
usually around that depth.

A 75-kHz RD Instruments shipboard Acoustic Doppler Current Profiler (SADCP) was used to measure horizontal
water velocities. The velocity measurements were processed by the University of Hawaii Data Acquisition
System onboard, using 5-min averages and were 16-m bin-averaged in the vertical (Hummon & Firing, 2003).
The instrument provided good data down to 350 m water depth. The large-scale hydrographic context is given by
conductivity-temperature-depth (CTD) and lowered acoustic Doppler current profiler (LADCP) measurements
(Figure 1). The CTD sensors were calibrated post-cruise and the data were 2-m bin-averaged vertically.

Conservative temperature (®), absolute salinity (S,), and Brunt-Viisild frequency (N?) were computed using
TEOS-10 package for Matlab (McDougall & Barker, 2011). Neutral density (y"; Jackett & McDougall, 1997) was
calculated with pre-TEOS-10 software. Upward-looking and downward-looking LADCP measurements were
processed using the LDEO_IX toolbox using SADCP, CTD/GPS and bottom-track as constraints (Thurn-
herr, 2021). The LADCP data set has 8-m vertical bins. Tides were removed from the SADCP and LADCP
current velocities using an updated version of the CATS2008 Antarctic tide model (Padman et al., 2002).

DOTTO ET AL.

20of 14

851807 SUOWILLID BAIERID 3|qedtjdde ayy Aq peusenob afe Sapie O ‘88N JO S8|NJ o AReiq1T 8UIUO A3 U (SUORIPUOD-PUR-SLLBYWI0D" A 1M A e.d)]BUl[UO//StiY) SUORIPUOD Pue swie | 8y} 88S *[5202/90/70] Uo Ariqiauliuo Aim ‘uoidureyinos JO AisieAlun Aq TS022000Y202/620T 0T/I0p/woo Ae M Aiqijeul|uo'sgndnBey/sdny woiy pepeojumod 'S ‘G202 ‘16266912



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20243C022051

Martin

6' {Peninsula W'

18'
114°W 45°

30'

DIS Trough

15'113°W 45" 30" 15'112°\N 45

74°S - 1400
1200

1000

3

Bathymetry (m)

DIS Front
'vyvvv\\vvvv" Bear
DIS Cavity \ Island

30" 15 6'

0.6
0.4F
0.2
0
-0.2
-0.4

=, 09
N = 00 O

-1.4
-1.6
-1.8

Conservative temperature (°C)

12' 4 S -0.9

Ll

Freezing temperature’ DIS Cavity

11

34.1 34.2 34.3 34.4 34.5 34.6 34.7
Absolute salinity (g kg™ 30’ 113°W

15

Figure 1. (a) Study region and CTD stations conducted at the Dotson Ice Shelf (DIS) front. Bathymetry from BedMachine Antarctica v3 (Morlighem et al., 2020),
colorbar is shown in panel (b). Inset shows the study region. The red rectangle outlines the study area shown in panel (b). Dark gray triangles are CTDs conducted west
of 113°W, and light gray triangles are CTDs conducted east of 113°W. (b) Vertical Microstructure Profiler (VMP) (colored circles) transects across the outflow of the
DIS. Transects are numbered from 1 to 4. Vectors depict the current velocity measured by shipboard Acoustic Doppler Current Profiler (ADCP) and are colored by
conservative temperature (®, °C) measured by the VMP; both are averaged between 100 and 400 m. (c) ®-S, (Absolute salinity, g kg™") diagram colored by VMP
transect (as in panel b) and CTDs (dark gray for outflow region and light gray for stations eastward of 113°W, as in panel a). Red contours indicate neutral density (y",
kg m™>). Solid black lines are mixing lines between modified Circumpolar Deep Water (nCDW), Winter Water (WW) and glacial meltwater (MW, indicated by the
arrow). In situ freezing temperature is shown by the dashed black line.

2.2. Turbulent Mixing Metrics

The rate of dissipation of turbulent kinetic energy (¢, W kg™') was calculated based on Oakey (1982). Following
Naveira Garabato et al. (2017), shear variance was calculated approximately every 0.5 m (then, the profiles were
2-m bin-averaged), using shear spectra computed over 1-s bins integrated between 1 Hz and the spectral minimum
in the 10-25 Hz band (or the 25 to 100-Hz band for & > 10~7 W kg™"). Turbulent diapycnal diffusivity (x, m*s™")
was estimated based on Osborn (1980), with a mixing coefficient of 0.2, and N? calculated from the 10-m
smoothed VMP profiles of temperature and salinity. Note that the bulk mixing coefficient can be even higher
near the bottom for energetic overflows (e.g., Ijichi et al., 2020). Although we acknowledge this limitation in the
Osborn model, we keep the value 0.2 to be consistent with other studies of mixing and turbulence in the vicinity of
ice shelf outflows—for instance, Naveira Garabato et al. (2017).

Richardson number (Ri) was calculated as follows:

2
Ri=— N )

(39 + (5

where u and v are the horizontal components of velocity, and z is vertical distance.
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We estimated the vertical heat (Q),) and salt (Q,) fluxes by:

(0tracer)
K

0z @

Qtracer =~

where p is in situ density and % is the tracer vertical gradient. For Q,, the specific heat capacity of seawater is
also added to Equation 2.

2.3. Characterization of Instabilities

Ertel's potential vorticity (¢, s~>; Hoskins, 1974) was calculated by the approximation:

0V 0V, ,0b
g~ (+ 5N = (52) ) ®)

where f is the local Coriolis parameter, v, represents the along-slope velocity component obtained by rotating the
zonal (1) and meridional (v) components 31° clockwise to follow the slope orientation (Figure 1b; positive ve-

locity is north-northeast), b = —g % is buoyancy (g is the acceleration due to gravity, and p, = 1028 kg m~>

is the reference density), and odx is the horizontal distance between stations. The choice for the along-slope
rotation of the velocity does take the topography to be smoother than it actually is. However, the orientation
of the velocity vectors in Figure 1b agrees with our smoothed topography. The data set was averaged into 16-m
bins to match the vertical resolution of the SADCP observations prior calculating q.

A variety of instabilities might develop when ¢ takes the opposite sign to f, which is negative in the Southern
Hemisphere. This generates overturning instabilities termed gravitational, symmetric, and centrifugal, which
extract kinetic energy from a combination of convective available potential energy, vertical and lateral shear
production, respectively (Haine & Marshall, 1998). The criterion for instability is met when ¢, ¢, where

$ri, = tan™' (—Ri"") and the critical angle ¢ = ran~' (-1 — f' %)) (Thomas et al., 2013). When the cri-
terion is met, the nature of the instability is determined from ¢p; . Since N 2 <0 was not observed in this data set,
gravitational instability was not observed. Therefore, we evaluated the occurrence of symmetric instability,
—90° < ¢, < — 45° where N> >0 and "5—';‘ =1 <0, or —90° < ri, < where N> >0 and % =150, and
centrifugal instability, ¢p, > — 45° where N? >0 and %f‘l <0.

3. Results
3.1. Hydrographic Characterization of the Outflow at the Western DIS Front

A northeastward ocean current O (10 cm s~') flowing along-slope between the 300 and 500 m isobaths
(Figure 1b) was observed at the western DIS front. Currents were weaker near the two ends of the transects or
even reversed direction, for example, at the eastern end of transect 3. A core of relatively warm water (~0.1-0.2°C
warmer than at the ends of the transects) was located approximately above the 500 m isobath (Figure 1b)
(Although melting the ice cools and freshens the mCDW compared to the properties of mCDW as it enters the
cavity, the resulting mixture is still warmer than the ambient water around the outflow region). This warm core
contained glacially modified water exported from the DIS cavity, as is evident in ®-S, space: the observations
collected within the core lie close to the mixing line between mCDW and meltwater (Gade, 1979). This is in
contrast to the observations in the eastern DIS which lie toward the mCDW-Winter Water mixing line (Figure 1c).

Close to the ice front, there was a single deep core (>250 m) of northward flow (~15 cm/s; Transect 1; Figure 2a).
Further from the ice, there was a second core, shallower than and to the west of the deep core (Transects 2, 3, and
4; Figures 2c—2e and 2g). Note that the greater apparent width of the shallower core at transect 2 arises because
transect 2 is not perpendicular to the slope, unlike the other transects. The double-core structure of the outflow
was also present in the ship-based CTD/LADCP measurements both near the ice shelf and further north (Figure
S1 in Supporting Information S1).

Relatively high temperatures were observed between 150 and 250 m, toward the western end of the transects
(Figures 2b— 2d, 2f and 2h and Figure S1 in Supporting Information S1) where the isopycnals (e.g., 27.45 and
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27.60 kg m™>) were generally further apart in the vertical, indicating low stratification. These observations are
consistent with previous observations of glacially modified outflows in a strong, shallow current toward the
western end of the DIS (e.g., Kim et al.,, 2021; Miles et al., 2016; Randall-Goodwin et al., 2015). The
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Figure 3. Turbulent diapycnal diffusivity (k, m? s~ for transects (a) 1, (b) 2,
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casts used to characterize the different turbulence patterns (see Figure 5). In
all panels, water depth recorded from the multibeam echo sounder at each
VMP downcast is shown in gray; the x-axis shows the along-transect
distance (km) from the 500-m isobath and differs between rows.

There was large spatial variability in € and « in the DIS outflow (Figure 2),
varying from O (107° Wkg ™) to O (107" Wkg ) and O (10™* m?*s " to O
(1072 m? s7Y), respectively (Figure 2). Areas of elevated turbulent mixing
were relatively small and were highly localized in space. Below, we describe
the main areas of elevated turbulent mixing for each transect.

In transects 1 and 2, elevated values of ¢ (O ~ 1077 W kg_l) and « O
(1072 m* s") were observed above a topographic rise from the seabed to
depths of ~100-200 m (Figures 2a, 2¢, 3a and 3b). These were co-located with
the strong northeastward currents of the deep outflow core. The two transects
were occupied 15 days apart, suggesting that the bathymetric feature might be a
consistent hotspot for generating turbulence near the seabed. Other sites of
elevated turbulent mixing in these transects were associated with rough ba-
thymetry both east and west of the topographic rise, in weakly stratified waters,
and within regions of strong velocity (e.g., isotach > 15 cm s ™).

In transect 3, elevated & (~10~7 W kg_l) and k O (1072 m? s~ 1) were observed
in a layer ~100 m thick and ~1 km wide at the western end (Figures 2e and
3c). This part of the transect was located between the core of the shallow
current and the steep topography of the Dotson-Getz trough. The relatively
warm waters near this area of turbulent mixing (see the shallowing of the
—1.25°C isotherm) suggest a high concentration of glacial meltwater mixed
with the mCDW (Figures 1c and 2f). Patches of relatively high temperature
can be observed between interleaving layers of low temperature such as at the
along-transect distance of 1-2 km east of the 500 m isobath (Figure 2f). Near
the bottom, where stratification was reduced, x showed slightly elevated
values of O (107> m? s (Figure 3c).

Transect 4, in the north and furthest from the ice front, showed elevated ¢ and
x surrounding the northward current core between 100 and 250 m west of the
500 m isobath (e.g., see isotach of 15 cm s™; Figures 2g and 3d). In the center
of the core, where the velocity shear is weak, both € and k were reduced. As in
transect 3, we observed relatively high temperature between interleaving
layers of low temperature 2 km west of the 500 m isobath (Figure 2h), which
was associated with the current core (Figure 2g).

3.3. Drivers of Turbulent Mixing at the DIS Front

In Section 3.2, we showed that turbulent mixing was localized over a topo-
graphic rise in transects 1 and 2, and with the outflow in shallow water in
transect 3. We now explore possible causes of the elevated turbulent mixing
with examples from transects 2 and 3. We chose these transects to exemplify
the causes of turbulent mixing because they showed large areas of elevated
and x and the SADCP data have fewer gaps, which might be enough to
provide indications of the drivers. Transect 4 showed a pattern of mixing that
suggested shear-driven turbulence associated with the vertical shear of the
shallow current (Figure 2g) and is not explored further. We exclude tidal-
driven mixing because tidal velocities were relatively small, O (1 cm s_l),
in the region and all transects were surveyed in similar tidal conditions
(Figure S2 in Supporting Information S1).
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Figure 4. Turbulent mixing metrics for transect 2. (a) Ertel's potential vorticity (g, s™%), with black contour line showing g = 0 s73, (b) Richardson number (Ri),
(c) Brunt-Viisili frequency (N2, s72), and (d) squared vertical shear (s™3). Turbulent kinetic energy dissipation rate is plotted as in Figure 2 (¢, W kg™"). In all panels,
water depth recorded from the multibeam echo sounder at each VMP downcast is shown in gray; the x-axis shows the along-transect distance (km) from the 500-m isobath.

Overturning instability in stratified shear layers may develop when g takes the opposite sign to planetary vorticity
(Hoskins, 1974), and when Ri < 0.25 (Hazel, 1972). Most of transect 2 is characterized by negative g and Ri > 1,
indicating stable conditions. Small patches of positive g and Ri < 0.25 are observed near the topographic rise at the
~1 km along-transect distance between 250 and 300 m depth (Figures 4a and 4b). These areas are broadly co-
located with low N? values and relatively high shear-squared values (Figures 4c and 4d). The lack of SADCP
data below ~300 m preclude further analysis nearer the topographic rise. Given the deep current location (i.e., near
a topographic rise) and its relatively high speeds (Figure 2c), the seabed could generate friction with the current,
increasing vertical shear, or else the interaction with the seabed could trigger the breaking of internal waves, such as
lee waves, which could generate turbulent mixing at large distances from the seabed (Sheen et al., 2013).

The western end of transect 3 is characterized by patches of low stratification and high vertical shear (Figures 5c
and 5d). The area of elevated € and « is co-located with a larger region where positive g and Ri < (.25 are present
(Figures 5a and 5b). This indicates that vertical shear dominates over stratification, making the water column
susceptible to shear-driven instabilities. N> was positive, which indicates that gravitational instability does not
play a role in producing the turbulent pattern. In order to characterize the importance of Earth's rotation, we
calculated the Rossby number, which is the ratio between the vertical component of relative vorticity and
planetary vorticity, Ro = {/f ~ (dv,/ dx)/f. Ro was large and negative (Ro< — 1) in the western end of
transect 3 (Figure Se), indicating that ageostrophic effects become important. A large and negative Rossby
number often corresponds to conditions where relative vorticity is strongly negative, making centrifugal insta-
bility more likely (Haine & Marshall, 1998). The instability classification shows that at the western end of transect
3, symmetric and centrifugal instabilities play a role in driving the overturnings, as evidenced by ¢ and Ri
conditions (Figures 5a, 5b and 5f%).
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Figure 5. Turbulent mixing metrics for transect 3. (a) Ertel's potential vorticity (g, s_3), with the black contour line ¢ = 0 s73, (b) Richardson number (Ri), (¢c) Brunt-
Viisili frequency (N2, s72), (d) squared vertical shear (72, () Rossby number (Ro), with black line showing Ro = —1, and (f) Instability classification (Thomas
etal., 2013), where symmetric instability (SI), symmetric-centrifugal instability (SCI) and centrifugal instability (CI) are shown. Turbulent kinetic energy dissipation rate is
plotted as in Figure 2 (¢, W kg™ "). In all panels, water depth recorded from the multibeam echo sounder at each VMP downcast is shown in gray; the x-axis shows the along-
transect distance (km) from the 500 m isobath.

3.4. Vertical Heat and Salt Fluxes

The spatial pattern of turbulent mixing at the DIS front, and below the wind-driven upper layers, allowed us to
group similar profiles into three patterns.

1. Pattern 1 represents high turbulent mixing near the seabed above a topographic rise
2. Pattern 2 represents the high turbulent mixing at shallow depths at the western end of transect 3
3. Pattern 3 represents regions of low mixing elsewhere.

To better quantify the importance of the local turbulent mixing observed in the DIS outflow, we calculated Q,, and
Q, using Equation 2 (Figure 6). Mean profiles of Q,, and Q, were calculated, and the median values, presented
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Figure 6. Characteristic turbulence patterns (left panels) and vertical heat (middle panels) and salt (right panels) fluxes. (Top
row) Seven profiles (light gray) with high turbulent diapycnal diffusivity (x), heat and salt fluxes near the seabed, were
selected from transects 1 and 2 to represent pattern 1. Mean k, heat and salt fluxes profiles are shown in red. (Middle row) As top
row, but for pattern 2 using four selected profiles that correspond to high turbulence at middepth layers, as identified in transect
3 (Bottom row) As top row, but for low turbulence pattern 3 using five profiles selected from transect 3. Yellow shading depicts
the depth range used to calculate the median heat and salt fluxes, shown by the bold numbers within the panels.

below, were calculated within depth ranges that characterized the elevated turbulent mixing in each pattern. For
Pattern 1, we chose the depth range of 330—400 m, composed of mCDW (Figures 6a—6c). For Pattern 2, the depth
range chosen was 100-180 m, which is composed of cold glacially meltwater-rich water (Figures 5d—5f). For
Pattern 3, we chose an arbitrary depth range of 280-400 m that showed low turbulent mixing (Figures 6g—61).
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The median Q), associated with Patterns 1 and 2 for the selected depth ranges were, respectively, 14 W m~2 and
12 W m™2; for Q,, the median values for the selected depth ranges were 1.4 x 107® kg m™> s~' and
1.7 x 10" kg m ™2 s™! respectively (Figures 6b, 6¢c, 6e and 6f). These are approximately two orders of magnitude
above the values found in Pattern 3 (0.6 W m™2 and 5.4 x 10™® kg m™2 s™', respectively; Figure 5c). If the
turbulence, and consequently the vertical fluxes, in Patterns 1 and 2 were constant in time, integrating Q,, and Q,
over a year would lead to an increase in temperature and salinity of the overlying upper layers in the order of 1°C
and ~0.6 g kg™', respectively.

Taking Pattern 2 (transect 3) as an example, we can estimate the approximate offshore distance where enhanced
mixing is acting to dilute the heat associated with the outflow. Using the equation below, and taking averaged
values between 100 and 180 m depth, where mixing is strongest:

AT?
2
KX (%—T>

where AT is the temperature anomaly (relative to the surrounding waters) and % is the vertical gradient of

4)

Horizontal lengthscale of dilution = velocity X

temperature, we find a horizontal lengthscale for dilution of thermal energy of 325 km. Note that this back-of-the-
envelope calculation does not consider the temporal and spatial variability associated with variability of mixing
and velocity, nor other sources of mixing, such as baroclinic instabilities, that could increase the dissipation of
heat. Nonetheless, the lengthscale found here broadly agrees with glacial meltwater distribution identified
through noble gases (Biddle et al., 2019; Kim et al., 2016).

4. Discussion

The high spatial resolution (the average distance between casts was ~420 m) of the VMP and SADCP mea-
surements allowed us to characterize in unprecedented detail the outflow system in front of the DIS. Previous
surveys have shown the existence of the high meltwater content associated with the outflow current (e.g., Kim
et al., 2021; Miles et al., 2016; Randall-Goodwin et al., 2015; Yang et al., 2022), but their low spatial resolution
did not capture the different branches of the outflow current in details. Here, we report a current system formed of
two main cores, on either side of the 500 m isobath. The warmer deeper core lies closer to the mCDW layers
(Figure 2) and it is mixed with glacial meltwater (Figure 1c). The shallow core might be associated with buoyant
flows leaving the DIS cavity guided by the basal channels that connect the inner ice shelf to the calving front
(Wahlin et al., 2024). Our results are consistent with the fast currents in the western side of the DIS revealed by an
autonomous underwater vehicle (Wahlin et al., 2024). These authors showed a smoother and more eroded ice base
in the western side than its eastern side, which is driven by the fast currents beneath the ice base producing strong
shear that allows large vertical heat fluxes nearer the ice base. A large portion of the DIS basal melting occurs
within the basal channels (Gourmelen et al., 2017). The intensity of the outflow currents is modulated by the
seasonal (Yang et al., 2022) and interannual (Kim et al., 2021) variability associated with the inflow of mCDW
through the Dotson-Getz trough and by the baroclinic component that enters the ice shelf cavity (Wahlin
et al., 2020). Both regulate the amount of heat entering the cavity which induces basal melting and consequently
changes the vertical density structure of the outflow region.

At the DIS front, the elevated turbulent mixing is mainly shear-driven and induced by the interaction of the fast (O
(15) cm s™") ocean currents leaving its cavity with the rough topography (Figures 4 and 5). Two high-mixing
patterns were observed: one near the seabed associated with a topographic rise (Pattern 1); and another at
shallow depths at the western side of the Dotson-Getz Trough (Pattern 2). In Pattern 1, the near-bed turbulent
mixing in front of the DIS front is at least an order of magnitude higher than near-bed mixing observed thus far
elsewhere in West Antarctica's shelf seas—for instance, over a topographic ridge (Scott et al., 2021) and over the
seabed within the PIIS cavity (Kimura et al., 2016). In these two regions, the low current speeds are not sufficient to
overcome the weak stratification to induce turbulent mixing as high as observed at the DIS. At the DIS, we hy-
pothesize that the breaking of internal waves, such as lee waves, at the topographic rise might play a role in pro-
moting the high observed mixing rates observed there. In Pattern 2, the dominant forms of instabilities (transect 4)
were symmetric, that is, driven by vertical shear production, and centrifugal, that is, driven by lateral shear pro-
duction (Figure 5f); both mechanisms can produce kinetic energy for turbulent mixing (Thomas et al., 2013). This
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Figure 7. (a) Downcast CTD stations 2-5 from transect 3 at the western DIS front. (b) Downcast stations at the western PIIS
front were collected in February 2014 (Naveira Garabato et al., 2017). Bathymetry and colormap follow Figure 1b.

(c) Averaged neutral density (y" ) for the DIS (red) and the PIIS (blue) profiles taken from panels (a) and (b), respectively.
The shadings show +1 standard deviation from the mean. The DIS and the PIIS ice drafts are depicted in gray and were based on
Wahlin et al. (2024) and Naveira Garabato et al. (2017), respectively.

combination of instabilities resulted in a positive g (Figure 5a) and low Ri (Figure 5b), both of which are favorable
for mixing. The homogenization of the water column, derived from the turbulent mixing in Pattern 2, could lead
subsequently to stronger turbulent mixing given the resulting lowered stratification (Figure 5d). At the DIS front,
mCDW is a reservoir of heat available below the thermocline and turbulent mixing significantly enhances vertical
heat and salt fluxes to the thermocline and upper layers (Figures 5b, Sc, Se and 5f). Topography-induced and strong
vertical shear might be common features of many ice shelf outflows, which strengthens the general applicability of
our results. Moreover, limited knowledge of the bathymetry in the vicinity of ice shelf fronts leads to poor ba-
thymetry maps that are later fed into numerical models. Given these limitations and the fact that the bathymetric rise
at the DIS front is of similar magnitude as the vertical resolution of typical numerical models (~50 m, Figure 2c),
the topography-induced mixing might not be accurately represented in simulations.

The magnitudes of € and xk we observed at the DIS were similar to those reported by Naveira Garabato et al. (2017)
in the upper layers of the outflow from beneath Pine Island Ice Shelf (PIIS). Further, the complex patchiness of
warm water interleaving with cold water layers between 100 and 250 m resembles the PIIS front, where a buoyant
meltwater plume leaves the cavity at the depth of the thermocline during summer (Zheng et al., 2021). At the PIIS,
the ascending meltwater generates strong mixing by gravitational instability, and by centrifugal instability that
grows by extracting kinetic energy from the lateral shear. Both instabilities lead to strong turbulent mixing
(O ~ 1077 W kg~ "; Naveira Garabato et al., 2017). Although in Pattern 2, we observed overturning instability, as
indicated by positive g (Figure 5a) and low Ri (Figure 5b), there was no gravitational instability (Figure 5f). A
possibility for this difference might be the shallow draft of the DIS (~180 m; Wahlin et al., 2024): waters exiting
the cavity are injected close to the depth of neutral buoyancy and so do not produce the vigorous mixing through
gravitational instability as they ascend (Figure 7). Conversely, the deep draft of the PIIS (~400 m; Figure 6;
Naveira Garabato et al., 2017) is such that outflowing buoyant water is injected into dense ambient waters and
needs to ascend (Arnscheidt et al., 2021).
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Our observations of elevated mixing in the DIS outflow, together with those from other glacial outflows and from
across the continental shelf of West Antarctica, suggest that ice shelf outflows are hotspots of high turbulent
mixing that play an outsized role in water mass transformation over the shelf. The turbulent mixing in Patterns 1
and 2 was an order of magnitude greater than that observed elsewhere on the shelf (Kimura et al., 2016; Scott
et al., 2021); and the attendant turbulent fluxes of heat and salt are two orders of magnitude greater than those in
more quiescent regions (i.e., Pattern 3). Given: (a) the low stratification common to the polar oceans; and (b) the
strong currents common to the outflows from beneath fast-melting ice shelves (Grosfeld et al., 1997), susceptible
as they are to symmetric and centrifugal instabilities, we hypothesize that strong turbulent mixing is a feature of
ice shelf outflow currents. The elevated vertical fluxes associated with this mixing mean that outflow currents
have the potential to exert a strong control on the distribution of heat, salt and trace elements—for instance, iron
and nutrients—in polar waters. The intensified mixing might help dissolved trace elements to be entrained into the
Winter Water layer, and in the coming winter, when the mixed layer deepens, be entrained near the surface to
boost the phytoplankton bloom in the following spring. Our estimate suggests that the dilution of heat, and
potentially other tracers, can be propagated over hundreds of kilometers away from the ice shelf front, which
agrees with tracers from observations (Biddle et al., 2019; Kim et al., 2016) and also simulated by ocean models
(e.g., Kimura et al., 2017; Nakayama et al., 2020).

Models usually fail to resolve submesoscale turbulence properly. Turbulent mixing parameterizations should
consider the peculiarities of local ocean conditions (e.g., ice shelf fronts) to reduce the inaccuracy of mixing rates
associated with empirical closure constants. Our findings suggest that the dissipation rates should be tuned to
higher values near ice shelf fronts, specifically where seabed topography has complex features and where glacial
meltwater is injected in subsurface depths (Swart et al., 2023). We showed that high dissipation was associated
with strong vertical shear of outflow currents leaving the ice shelf cavities, which seems to be a common feature in
large melting ice shelves (e.g., Figure 2 and Naveira Garabato et al., 2017). To overcome computationally costly
hybrid approach with large eddy simulation for high shear regions, models could be combined with machine
learning techniques (Feng et al., 2024) that identify the patterns of turbulence (Couchman et al., 2021), as well as
having good bathymetric observations in front of ice shelves.

Different timescales have been reported to influence the variability of the ocean in the Amundsen Sea, including
seasonal (Yang et al., 2022), interannual (Dutrieux et al., 2014; Kim et al., 2021) and even decadal (Jenkins
et al., 2018). All these sorts of variability might play a role in changing the outflow intensity and the vertical
stratification field in front of the DIS. Moreover, ice shelf melting is expected to increase with the West Antarctica
ocean warming by the end of the century (Naughten et al., 2023). The increase in the ice shelf melting would
likely lead to stronger outflow, and therefore more mixing. With the enhanced mixing at the subsurface, it is
plausible to hypothesize that more heat could reach the sea surface, and therefore facilitate the sea ice melting and
reduction near the ice shelf and potentially increase the risks for ice shelf instability through calving (Massom
et al., 2018).

5. Conclusions

Here we identified two main patterns of elevated ¢ and «x in the DIS outflow: (a) near the bottom above a
topographic rise at the transects closer to the DIS front, and (b) at middepth layers in areas further north. The two
high-mixing patterns exhibit large shear associated with the strong outflow currents leaving the DIS cavity.
Vertical fluxes of heat and salt in these two patterns were on the order of O (10) W m and O (1e107%) kg m?s~L At
least in the deeper turbulent pattern, the mixing seems to be a consistent feature over time. The highly localized
nature of mixing processes presents a challenge for ocean and climate models, as accurately capturing these
dynamics requires realistic bathymetry and advanced small-scale parameterizations. Because of the scarcity of
fine-scale observations in front of ice shelves, our data set is particularly valuable—not only in improving the
limited understanding of turbulence in front of complex, fast-melting ice shelves but also in providing crucial
validation for ocean models.

Data Availability Statement

BedMachine Antarctic v3 is available in Morlighem (2022). CATS2008 is available at https://www.esr.org/
research/polar-tide-models/list-of-polar-tide-models/cats2008/. The CTD data set is available in NSF/NERC
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