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Instability and accelerated melting of the Antarctic Ice Sheet are one of the
foremost elements of contemporary global climate changel?. Increased
freshwater output from Antarctica is regularly highlighted as a significant
player in determining sea level rise®3, the fate of Antarctic sea ice and its effect
on the Earth’s albedo*®, on-going changes in global deep-ocean ventilation3®,
and the evolution of Southern Ocean ecosystems and carbon cycling”®. A key
uncertainty in assessing and predicting the impacts of Antarctic ice sheet melting
concerns the vertical distribution of the exported meltwater. This is commonly
represented by climate-scale models®®° as a near-surface freshwater input to the
ocean, yet measurements around Antarctica reveal the meltwater to be
concentrated at deeper levelsi®4, Here, we use observations of the turbulent
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properties of the meltwater outflows from beneath a rapidly-melting Antarctic
ice shelf to identify the mechanism responsible for the meltwater’s deep focus.
We show that the initial ascent of the meltwater outflow from the ice shelf cavity
triggers centrifugal instability, which promotes vigorous lateral export, rapid
dilution by turbulent mixing, and the ultimate settling of meltwater at depth.
The relevance of this mechanism to a broad spectrum of Antarctic ice shelves is
substantiated with an idealised ocean circulation model. Our findings
demonstrate that the widely documented presence of meltwater at depth is a
dynamically robust feature of Antarctic melting, and call for the representation

of its underpinning mechanism in climate-scale models.

The ice shelves of West Antarctica are losing mass at accelerated rates>'®, possibly
heralding the instability and future collapse of a significant sector of the Antarctic Ice
Sheet'®. The recent rapid thinning of the ice shelves is generally attributed to basal
melt driven by warm sub-surface waters originating in the mid-latitude Southern
Ocean'’*8, and the mechanisms responsible for the enhanced oceanic delivery of heat
to the ice shelves are beginning to be understood®?°. In contrast, comparatively little
is known about the pathways and fate of the increasing amounts of meltwater pouring
into the ocean from the ice shelves. While a widespread freshening of the polar seas
fringing Antarctica has been documented over the period of elevated ice shelf mass
loss®2, the processes regulating the export of meltwater from the ice shelves remain
undetermined, with a key focus of debate being the vertical distribution of the
exported meltwater?. Ice shelf melting is characterised as a surface freshwater source
by many climate-scale models®>°, yet this representation appears at odds with the
common observation of meltwater being concentrated in the thermocline (at depths of

several hundred metres) across the Antarctic polar seas'®*4,
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To resolve this conundrum, we conducted a set of detailed measurements of the
hydrographic, velocity and shear microstructure properties of the flow in the close
vicinity of the calving front of Pine Island Ice Shelf (PIIS; Fig. 1), one of the fastest-
melting ice shelves in Antarctica'®>!’. The observations were obtained in 12 — 15
February 2014 from the RRS James Clark Ross under the auspices of the U.K.’s Ice
Sheet Stability programme (iSTAR), and were embedded within a cyclonic gyre
circulation spanning Pine Island Bay (Fig. 1). This gyre conveys relatively warm
Circumpolar Deep Water toward the ice shelf cavity in its northern limb, and exports
meltwater-rich glacially-modified water (GMW) away from the cavity in its southern
limb'®2%, Our measurements included sections of 140 hydrographic and 70
microstructure profiles with respective horizontal spacings of ~0.3 km and ~0.6 km,
directed either parallel to the entire PIIS calving front at a horizontal distance of 0.5 —
1 km (transects S1A — S1B, Fig.1) or perpendicular to the calving front along the
main GMW outflow from the cavity (transect S2, Fig. 1). Further details of the data
set are given in the Methods. As regional tidal flows are weak, aliasing of tidal

variability by our observations is insignificant to our analysis (see Supp. Info.).

An overview of the observed circulation across the PIIS calving front is provided by
Fig. 2. Circumpolar Deep Water warmer than 0°C enters the ice shelf cavity beneath
the thermocline, centred at a depth of 400 — 500 m (Fig. 2a). Colder Winter Water
occupies the upper ocean, and acquires its near-freezing temperature from the strong
oceanic heat loss to the atmosphere that occurs in Pine Island Bay throughout much of
the year?*. The layer of Winter Water is punctuated by a series of warmer (>0.8°C), 1
— 3 km-wide lenses in the 200 — 400 m depth range that are associated with rapid flow
out of the cavity (Fig. 2b) and contain meltwater-rich GMW (Fig. 2¢). GMW s

warmer than the surrounding Winter Water because it has properties intermediate
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between the Circumpolar Deep Water and meltwater from which it derives?®,
Although GMW outflows the cavity at several locations, its export is focussed on a
fast, narrow jet at the southwestern end of the PIIS calving front, where cross-front
speed surpasses 0.5 m s. Outflowing lenses of GMW are consistently characterised
by very intense small-scale turbulence, with rates of turbulent Kinetic energy
dissipation (e ~ 10" W kg*) and diapycnal mixing (k ~ 10 m?s) exceeding oceanic
background values by typically three orders of magnitude (Figs. 2c,d; see Supp.
Info.). This vigorous turbulent mixing promotes the rapid dilution and dispersal of
GMW, and opposes the ascent of the exported meltwater to the upper ocean as a

coherent flow.

The cause of the strong turbulence affecting the GMW outflows is unveiled by the
observations along transect S2 (Fig. 3), directed normal to the PIIS calving front and
approximately following the main GMW export pathway (Fig. 1). The warm
signature of GMW extends laterally within the 200 — 400 m depth range and up to ~2
km away from the calving front, contained within a density class (27.7 — 27.8 kg m™)
that is stretched vertically relative to offshore conditions (Fig. 3a). This main lens of
GMW is connected to a thin filamentary feature with a vertical scale of a few tens of
metres that penetrates to ~4 km off the calving front, and that is surrounded by layers
of Winter Water. The suggested pattern of three-layered overturning flow is
quantitatively endorsed by the measured horizontal and vertical components of
velocity (Figs. 3b-c). These show GMW flowing northwestward (i.e. offshore) at ~0.3
m st and upward at ~0.01 m s, consistent with the predominantly lateral circulation
and vertical stretching inferred from hydrographic properties. The layers of Winter
Water are seen to flow slowly southeastward (i.e. onshore) and downward at rates of

~0.01 m s, indicating a role in replenishing the areas near the calving front from
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which GMW is exported. The GMW’s edges are characterised by large horizontal
shear (Fig. 3b), abrupt reversals in the direction of vertical motion (Fig. 3c), and
greatly elevated rates of turbulent dissipation (Fig. 3d). This suggests that the
primarily lateral flow and intense turbulent mixing experienced by GMW, which
determine the meltwater’s ultimate settling at depth after leaving the ice shelf cavity,

are underpinned by the same ocean dynamics.

To elucidate these dynamics, the susceptibility of the circulation to overturning
instabilities in the region of the main GMW export pathway is assessed by examining
the distribution of potential vorticity (q) along transect S2 (Fig. 3e). The procedures
for this and subsequent calculations are described in the Methods. A variety of
overturning instabilities may develop in a geophysical fluid when g takes the opposite
sign to the planetary vorticity?®2®, which is negative in the Southern Hemisphere.
These instabilities induce an overturning circulation that extracts energy from the
background flow and expends it in the production of small-scale turbulence, mixing
the fluid toward a state of marginal stability. The bulk of the transect is characterised
by negative values of ¢ on the order of -1 x 10 s, indicative of stable conditions.
However, substantial patches of positive g approaching or exceeding 1 x 10° s are
also present, notably along the upper and offshore edges of the main lens of GMW
and near the terminus of the thin GMW filament. The fulfilment of the instability
criterion in these areas suggests that the overturning circulation (Figs. 3b-c) and
intense turbulence (Fig. 3d) revealed by our measurements arise from instability of

the GMW flow exiting the PIIS cavity.

Overturning instabilities are respectively termed gravitational, symmetric or

centrifugal if the fluid’s vertical stratification, horizontal stratification or relative
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vorticity is responsible for meeting the instability criterion, in which case instabilities
extract energy from the available potential energy, vertical shear or lateral shear of the
background flow?%?”. The nature of the instability experienced by the GMW outflow
is evaluated in two ways. First, the relative importance of the three above factors
contributing to the instability criterion is quantified via a balanced Richardson angle
analysis?’ of the transect S2 data (see Methods). This indicates that the GMW outflow
is primarily subject to centrifugal instability (Fig. 3e, contours), triggered by the large
anticyclonic relative vorticity that characterises the outflow (see Supp. Info.).
Symmetric instability also affects the offshore edge of the main lens of GMW, where
significant horizontal stratification occurs as a result of the lens’ vertical stretching
(Fig. 3a). Second, the energy sources of the three instability types are estimated from
the same data set (see Methods), and the extent to which they balance the observed
turbulent dissipation is assessed by comparison with the vertical integral of & (Fig. 3f).
The measured overturning circulation is found to principally extract energy from the
lateral shear of the background flow, as expected from centrifugal instability, and to
do so at rates of 0.1 — 0.5 W m that are broadly consistent with those of turbulent
dissipation. Energy sources linked to gravitational and symmetric instabilities are
generally negligible. Note that a close spatio-temporal correspondence between the
energy source of centrifugal instability and turbulent dissipation is not expected, as
centrifugal instability takes several hours to grow and generate the secondary

instabilities that directly induce turbulent dissipation (see Supp. Info.).

In conclusion, our observations of the turbulent properties of the meltwater outflows
from beneath the fast-melting PIIS show that centrifugal instability is a key
contributor to the vigorous mixing that is responsible for the concentration of

meltwater at the thermocline commonly documented across and beyond Pine Island
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Bay!%13, The mechanism is triggered by the injection of high-buoyancy, meltwater-
rich GMW at the PIIS calving front (Fig. 4). As GMW is more buoyant than the
water above, it initially rises toward the upper ocean while undergoing gravitational
instability, mixing and entraining ambient waters. This mixing and entrainment
induce a localised vertical stretching and tilting of a density class slightly shallower
than the ice shelf’s base. The horizontal pressure gradient associated with the tilted
density surfaces drives a geostrophic flow along the calving front that develops large
anticyclonic relative vorticity in excess of the local planetary vorticity, and thus
becomes unstable to centrifugal instability. This instability promotes an overturning
circulation that transports GMW laterally away from the calving front and dilutes it
rapidly through intense turbulent mixing, thereby arresting the meltwater’s initial

buoyant ascent.

This mechanism is reproduced by an idealised ocean circulation model configured
with parameters and forcings appropriate to the PIIS outflow (see Supp. Info.). The
model suggests that our observations provide a representative characterisation of the
mechanism’s dynamics, despite the measurements’ omission, for reasons of
navigational safety, of the initial gravitational instability adjacent to the base of the
calving front. The model further indicates that the mechanism is likely to be of
widespread relevance to buoyant meltwater outflows from beneath other Antarctic ice
shelves, many of which are characterised by more modest melting rates®*. Our
findings thus show that the widely observed focussing of meltwater at depth is a
dynamically robust feature of Antarctic ice sheet melting, and suggest that
representation of the effects of centrifugal instability is critical to the realism of
climate-scale ocean models with melting ice sheets. As explicit resolution of the

mechanism (with respective horizontal and vertical scales of ~100 m and ~10 m; see
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Supp. Info.) is presently beyond the capability of even regional models of ice shelf —
ocean interaction®*?8, the development of a parameterisation of centrifugal instability

of meltwater outflows from beneath floating ice shelves is called for.

Methods

PIIS calving front data set. A set of targeted measurements of the hydrographic,
velocity and shear microstructure properties of the ocean adjacent to the PIIS calving
front was collected during expedition JR294/295 of the RRS James Clark Ross
between 12 and 15 February 2014, supported by the Ocean2ice project of the U.K.’s

Ice Sheet Stability programme (iISTAR, http://www.istar.ac.uk; see Fig. 1). The

measurements were organised in three transects: two (transects S1A and S1B)
directed parallel to and jointly spanning the P1IS calving front at a distance of 0.5 — 1
km from the front; and the other (transect S2) directed normally to the calving front
along the main GMW outflow from the cavity at a distance of 0.5 — 4.5 km from the
front. During each transect, a lightly-tethered, free-falling Rockland Scientific
International VMP-2000 microstructure profiler was deployed continuously behind
the slowly moving (at ~0.5 m s™) ship to acquire vertical profiles of measurements
between approximately 10 m beneath the ocean surface and 100 m above the ocean
floor. Temperature, salinity and pressure were measured on both down- and upcasts,
whereas shear microstructure was solely recorded on downcasts, thereby yielding a
reduced number of profiles and coarser inter-profile separation for microstructure
measurements (70 profiles ~0.6 km apart, vs. 140 profiles ~0.3 km apart for
hydrographic observations). Horizontal and vertical velocity measurements over the
uppermost 600 m of the water column were obtained with a shipboard 75 kHz RD
Instruments acoustic Doppler current profiler. The slow motion of the ship through

the water and exceptionally calm sea state permitted the detection of significant
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vertical water velocities along transect S2 (Fig. 3c). Full details of the data set
acquisition may be found in the JR294/95 cruise report, available online at

https://www.bodc.ac.uk/data/information and inventories/cruise inventory/report/jr2

94.pdf .

Calculation of turbulent dissipation and mixing rates from microstructure
measurements. The rate of dissipation of turbulent kinetic energy, &, was computed
from microstructure measurements as € = 7.5v(du’/ dz)2, where v is the molecular
viscosity and (du’/ dz)? is the variance in the vertical shear of the horizontal velocity
over the resolved turbulent wavenumber range?®. Shear variance was calculated every
0.5 m, using shear spectra computed over a bin width of 1 s and integrated between 1

Hz and the spectral minimum in the 10 — 25 Hz band (or the 25 — 100 Hz band for € >

10w kg_l). The sampling rate of the vertical microstructure profiler was 512 Hz.
The rate of turbulent diapycnal mixing, «, was estimated from ¢ as k=T e/ N?,
where T is a mixing efficiency (taken as 0.2 as pertinent to shear-driven turbulence)

and N is the buoyancy frequency*°.

Calculation of potential vorticity. The Ertel potential vorticity, q, is defined as
g= (f& + V x u) - Vb, where £ is the Coriolis parameter, k is the vertical unit vector,
u is the three-dimensional velocity vector, and b=-gp/p, is the buoyancy (g is the
acceleration due to gravity, p is density, and p, is a reference density)?. To calculate
q along transect S2 (Fig. 3e), we adopted the approximation g~ (f+ dv/0x)N? —
flou, /02?2, where u, = (u,v) is the horizontal velocity vector referenced to the
along-transect (u) and across-transect (v) directions, and x is the along-transect
distance. This approximation is likely to underestimate the contribution of relative
vorticity to g (by less than a factor of 2), and assumes that the flow is in geostrophic

9
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balance to leading order. The validity of the approximation is assessed in the Supp.

Info.

Characterisation of overturning instabilities and their associated energy sources.
Overturning instabilities develop in areas where fg < 0 (refs. 25, 26). This criterion
may be equivalently expressed as ¢g;, < ¢ (ref. 26), where the balanced Richardson
number angle ¢g;, =tan~!'(—N"%|0u,/02*) and the critical angle ¢, =
tan ' (=1 — "V xu-k) ~ tan"1(—1 — f~1(dv/dx)). The same assumptions as
in the calculation of q were adopted. When the instability criterion is met, the nature
of the instability may be determined from the value of ¢g;, (ref. 27; Fig. 3e).
Gravitational instability is associated with —180° < ¢pg;, < —135° and N? < 0.
Gravitational — symmetric instability corresponds to —135° < ¢g;, < —90° and N?
< 0. Symmetric instability is indicated by —90° < ¢p;, < —45°, with N2 > 0 and
f~W xu-k > 0. Symmetric — centrifugal instability is implied by —90° < Prip <
—45°, with N> > 0 and f~'V x u - k < 0. Centrifugal instability is linked to Prip >

—45° withN>>0and f~'V x u- k <0.

Overturning instabilities derive their kinetic energy from a combination of convective
available potential energy (gravitational instability), vertical shear production
(symmetric instability) and lateral shear production (centrifugal instability)?’. The rate

of extraction of available potential energy along the S2 transect was estimated from

measurements of the vertical velocity (w) and buoyancy as F, = w'b’, where the
overline denotes a spatial average over the area of the instability and primes the
deviation from that average. Here, the spatial average was computed horizontally at

each depth level along the entire transect, to capture the buoyancy flux induced by the

10
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significant up- and downwelling flows associated with the instability (Fig. 3c). The

rates of vertical and lateral shear production were estimated from velocity

measurements as P, = —u,'w' - (0U,/02) and Py = —u,'vg - (0Uy/05),
respectively, where s is the horizontal coordinate perpendicular to the depth-
integrated flow and v, is the component of wyin that direction. Here, the spatial
average was calculated vertically at each horizontal location over the maximum
common depth of the transect, to determine the momentum fluxes associated with the

three-layered overturning flow (Fig. 3b).
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Figure legends

Figure 1 | Map of the study region. Positions of hydrographic / microstructure
profiles are shown by circles, coloured by the mean meltwater content (ml I) in the
100 — 700 m depth range estimated as in ref. (10). Horizontal velocity (gridded in 3
km x 3 km bins) in the upper ocean (0 — 300 m) measured with a ship-mounted
acoustic Doppler current profiler is indicated by white vectors, with black vectors
showing measurements in January 2009 (ref. 23). Seabed elevation (m) is denoted by
blue shading, ice photography (TERRA image from 27 January 27 2014) by grey
shading, and ice shelf / ice sheet boundaries by white lines. Transects S1A, S1B and
S2 are labelled. The red rectangle marks the position of a mooring used in assessing

the significance of tidal flows (see Supp. Info.).

Figure 2 | Transect along the PIIS calving front. (a) Potential temperature (0,
colour) and neutral density (in kg m=, black contours), with positions of stations
indicated by grey tick marks at the base of the figure. (b) Across-transect velocity (v),
with positive values directed northwestward (out of the PIIS cavity). (c) Rate of
turbulent kinetic energy dissipation (g, a metric of the intensity of small-scale
turbulence, in colour), with contours of meltwater concentration (see Supp. Info.)
superimposed. (d) Rate of diapycnal mixing (x, colour), with contours as in (c). Both
e and « are calculated from microstructure measurements (see Methods). Distance is

measured from the origin of the S1A transect, at the southwestern corner of the PIIS
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calving front. The break point near 30 km indicates the transition from the S1A
transect to the S1B transect. The characteristic vertical extent of the PIIS is shown by

the grey rectangle at the right-hand axis of each panel.

Figure 3 | Transect along the main outflow from the PIIS calving front. (a)
Potential temperature (0, colour), neutral density (in kg m=, black contours) and
mixed layer depth (determined from the maximum in buoyancy frequency, dashed
white contour), with positions of stations indicated by grey tick marks on the upper
axis. (b) Along-transect velocity (u, colour), with positive values directed
southeastward (into the PIIS cavity). (c) Vertical velocity (w, colour), with positive
values directed upward. (d) Rate of turbulent kinetic energy dissipation (e, colour).
Potential temperature contours are shown at intervals of 0.2°C in (b)-(d). (e) Potential
vorticity (g, colour). Areas of positive g (indicative of overturning instabilities) are
outlined. The outline shading denotes the instability type (GRV = gravitational; SYM
= symmetric; CTF = centrifugal; see Methods). The characteristic vertical extent of
the PIIS is shown by the grey rectangle at the right-hand axis of (a)-(e). f)
Comparison between the vertically integrated (between depths of 50 m, below the
base of the upper-ocean mixed layer, and 610 m, the maximum common depth of the
transect) rates of turbulent kinetic energy dissipation (¢) and of turbulent Kkinetic
energy production associated with gravitational instability (F,), symmetric instability

(P,r+) and centrifugal instability (P,,;). See Methods.

Figure 4 | Schematic of the meltwater outflow from beneath the PIIS. The
direction of flow is indicated by the thick arrows, surfaces of constant density are
denoted by solid white contours, and the upper-ocean mixed layer base is marked by

the dashed white line. The direction of the along-calving-front flow is shown by the
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414 circle, and the sense of rotation of the meltwater plume as it is about to experience
415  centrifugal instability is indicated in the upper axis ({ = relative vorticity; f =
416  planetary vorticity).

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

16



432
433

434

435

436

437

438

439

440

441

442

443

444

24"§§ ';.

23

- < -
A "iPine Island Bay

. 8 ml/l
48 7
6
5
4
3
75°S 2
\ 1
1018 L T » -200m
h S 400
o < ki ‘ -600
@\ -800
-1000

13 o 102°W 1o1°
Figure 1 | Map of the study region. Positions of hydrographic / microstructure
profiles are shown by circles, coloured by the mean meltwater content (ml I) in the
100 — 700 m depth range estimated as in ref. (10). Horizontal velocity (gridded in 3
km x 3 km bins) in the upper ocean (0 — 300 m) measured with a ship-mounted
acoustic Doppler current profiler is indicated by white vectors, with black vectors
showing measurements in January 2009 (ref. 23). Seabed elevation (m) is denoted by
blue shading, ice photography (TERRA image from 27 January 27 2014) by grey
shading, and ice shelf / ice sheet boundaries by white lines. Transects S1A, S1B and
S2 are labelled. The red rectangle marks the position of a mooring used in assessing

the significance of tidal flows (see Supp. Info.).
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Figure 2 | Transect along the PIIS calving front. (a) Potential temperature (0,
colour) and neutral density (in kg m, black contours), with positions of stations
indicated by grey tick marks at the base of the figure. (b) Across-transect velocity (v),

with positive values directed northwestward (out of the PIIS cavity). (c) Rate of
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turbulent kinetic energy dissipation (g, a metric of the intensity of small-scale
turbulence, in colour), with contours of meltwater concentration (see Supp. Info.)
superimposed. (d) Rate of diapycnal mixing (k, colour), with contours as in (c). Both
¢ and « are calculated from microstructure measurements (see Methods). Distance is
measured from the origin of the S1A transect, at the southwestern corner of the PIIS
calving front. The break point near 30 km indicates the transition from the S1A
transect to the S1B transect. The characteristic vertical extent of the PIIS is shown by

the grey rectangle at the right-hand axis of each panel.
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Figure 3 | Transect along the main outflow from the PIIS calving front. (a)
Potential temperature (0, colour), neutral density (in kg m=, black contours) and
mixed layer depth (determined from the maximum in buoyancy frequency, dashed
white contour), with positions of stations indicated by grey tick marks on the upper
axis. (b) Along-transect velocity (u, colour), with positive values directed
southeastward (into the PIIS cavity). (c) Vertical velocity (w, colour), with positive
values directed upward. (d) Rate of turbulent kinetic energy dissipation (e, colour).
Potential temperature contours are shown at intervals of 0.2°C in (b)-(d). (e) Potential
vorticity (g, colour). Areas of positive g (indicative of overturning instabilities) are
outlined. The outline shading denotes the instability type (GRV = gravitational; SYM
= symmetric; CTF = centrifugal; see Methods). The characteristic vertical extent of
the PIIS is shown by the grey rectangle at the right-hand axis of (a)-(e). f)
Comparison between the vertically integrated (between depths of 50 m, below the
base of the upper-ocean mixed layer, and 610 m, the maximum common depth of the
transect) rates of turbulent kinetic energy dissipation (¢) and of turbulent Kinetic
energy production associated with gravitational instability (F,), symmetric instability

(P,r¢) and centrifugal instability (P,;). See Methods.
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Figure 4 | Schematic of the meltwater outflow from beneath the PIIS. The
direction of flow is indicated by the thick arrows, surfaces of constant density are
denoted by solid white contours, and the upper-ocean mixed layer base is marked by
the dashed white line. The direction of the along-calving-front flow is shown by the
circle, and the sense of rotation of the meltwater plume as it is about to experience
centrifugal instability is indicated in the upper axis ({ = relative vorticity; f =

planetary vorticity).
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