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Figure 1. Major ice shelves on the »

Antarctic coastline. Regions in red
are decreasing in thickness;
regions in green are increasing.
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ntarctica remains one of Earth’s great enig-
mas: a frozen continent whose vast white
expanse hides many secrets of our planet’s
climate. At the continent’s fringes lie the ice
shelves, immense floating extensions of the Antarctic
Ice Sheet. Those shelves, mapped in figure 1, act as
natural buttresses that hold back the massive inland
ice sheets and slow their flow into the ocean. If the
entire Antarctic Ice Sheet were to melt, global sea
level would rise by about 58 meters® and inundate
coastlines worldwide. Despite decades of research
and exploration, the stability of ice shelves remains
uncertain.>® Scientists are still grappling with a
central question: What controls the rate at which
ice shelves melt?

Although the southernmost continent’s ice shelves
are colossal—they can stretch across hundreds of kilo-
meters and plunge several kilometers deep—they are
thinning and retreating in many locations. They lose

44 PT FEBRUARY 2026

Thickness
increasing

mass both by calving icebergs and, more insidiously,
by melting from below.? That basal melting occurs
in the hidden ocean cavities beneath the ice shelves,
where glacial ice meets seawater that is warm and
salty enough to erode it. The interactions there
between the ice and seawater generate complex, tur-
bulent boundary layers that control the flow of heat
and salt. The cavities are some of the most intriguing
frontiers in polar science and are only now beginning
to yield their secrets.

When ice shelves melt from below, as seen in figure
2, they cool and freshen the ocean—that is, make it
less salty. The buoyant meltwater plays a far-reaching
role in shaping the Southern Ocean and, ultimately,
the global climate. As it spreads outward, it alters
the ocean’s temperature, salinity, and density and
modifies circulation patterns that extend thousands of
kilometers away from Antarctica. Recent studies have
assessed how much melting is already unavoidable



because of warming caused by past greenhouse gas
emissions.® But projections of ice-shelf mass loss and
meltwater remain highly uncertain: They are hindered
by our limited knowledge of the ice-ocean boundary
layer, where ocean turbulence and density stratifica-
tion govern the pace of melting and ultimately affect
the fate of rising seas.

The ocean beneath ice shelves

The fate of Antarctic ice is determined not just by
large-scale climate forcing but by what happens in a
much narrower area within boundary layers typically
just several millimeters to a few centimeters thick
beneath the ice shelves.5” In those boundary layers,
temperature and salinity gradients regulate how heat
and salt diffuse and are exchanged between the ocean
and the ice. The transfer of saltier water toward the
base of an ice shelf causes melting to occur more rap-
idly; the presence of salt decreases the temperature at
which ice melts, so saltwater is warmer relative to its
freezing point than is freshwater at the same tempera-
ture. Because heat diffuses roughly 100 times as fast as
salt, their gradients are markedly different: A thicker
thermal boundary layer overlies a thinner salinity
boundary layer just beneath the base of an ice shelf.
That asymmetry establishes strong buoyancy gradients
that determine whether the local stratification—the
natural separation of seawater into layers of differing
density—is stable or unstable.

Boundary-layer turbulence is governed by the
buoyancy differences in seawater, which arise from
variations in temperature and salinity and generate or

Ice-shelf cavity

suppress motion depending on the stability of the
stratification. An unstable buoyancy profile, in which
denser fluid lies above lighter fluid, drives overturn-
ing motion and forms turbulent convective plumes
that vigorously mix the surrounding water. But a sta-
ble buoyancy profile, in which lighter water overlies
denser water, resists vertical motion and suppresses
turbulence. The shifting balance between buoyancy-
driven convection and buoyancy-suppressed turbu-
lence in the water beneath an Antarctic ice shelf
dictates how effectively heat is carried to the ice
shelf’s base and, ultimately, how fast the ice melts.

The velocity boundary layer impacts the local
generation or suppression of turbulence in the ocean
flow. Immediately beneath the ice, the ocean flow
experiences the ice face as a solid boundary that
exerts frictional drag, which shapes the velocity field.

The velocity boundary layer can be decomposed
into distinct regions, as seen in figure 3. Closest to
the ice is a millimeter- to centimeter-thick viscous
sublayer, where the flow motion is extremely weak
and momentum transport is dominated by viscosity. It
encompasses the temperature and salinity boundary
layers, in which heat and salt travel only by diffusion,
and is critical to the exchange process between ocean
and ice.

Beneath the viscous sublayer lies a meter-scale
shear layer, which exists only when the current is
strong enough to generate significant shear in the
velocity boundary layer. In the shear layer, the velocity
increases rapidly with distance from the ice, a conse-
quence of the drag that the ice exerts on the flow.

Meltwater plume

Ice shelf
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Warm and salty water

Seaice

< Figure 2. A schematic view of an
Antarctic ice-shelf cavity. At
bottom left is the grounding line,
the boundary between ice resting
on bedrock and the floating ice
shelf. Melting at the bottom of the
shelf can produce meltwater
plumes (blue), which draw in
warmer and saltier water (red)
circulating in the Southern Ocean.
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A Figure 3. The ocean layers underneath an Antarctic ice shelf. The velocity boundary layer, in which momentum exchange takes place, encompasses
three layers: the viscous sublayer, the shear layer, and the outer layer. Inmediately below the ice is the viscous sublayer, a few millimeters to
centimeters thick, where flow is extremely weak. It encompasses the temperature and salinity boundary layers, in which heat and salt exchange
takes place. Below that is the shear layer, approximately a few meters thick, which forms when the current is sufficiently strong. That is followed by
the outer layer, on the order of tens of meters thick, where the flow is still partially governed by the presence of the ice. Below that is the far-field
ocean, which is unaffected by the overlying ice shelf. (Ice texture adapted from iStock.com/rusm.)

The fate of Antarctic ice is
determined not just by large-
scale climate forcing but by
what happens in a much
narrower area within boundary
layers typically just several
millimeters to a

few centimeters

thick beneath

the ice shelves.

Extending tens of meters deeper is the outer layer,
in which Earth’s rotation bends the direction of the
current, but the flow is still partially governed by the
presence of the ice. Beyond that layer lies the far-field
ocean, in which the flow is largely unaffected by the
overlying ice.

Regimes of ice-shelf melting

A melting ice shelf not only responds to the surround-
ing ocean flow in the velocity boundary layer but
also organizes that flow. As ice melts, it releases cold,
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fresh meltwater, which makes the water immediately
beneath the ice more buoyant than the ocean layers
below. Depending on the slope of the ice shelf and

the strength of the ocean currents, that buoyancy
difference can either destabilize or stabilize the flow.
Our present understanding of the ocean dynamics
under ice shelves reveals four distinct flow regimes,
presented in figure 4, that develop when shelves melt:
plume, stratification, shear current, and diffusive
convection.

When the base of an ice shelf is sloped—near; for
example, the grounding line, where the ice, ocean,
and seafloor meet—the buoyant meltwater rises along
the slope, forming a plume, as seen in the top-left
panel of figure 4. The melt-induced buoyancy initially
drives small, irregular motions that then organize into
convective plumes, which draw in warmer; saltier
water from farther away and move it toward the ice.
In the plume regime, convection continuously draws
heat to the ice interface and sustains and amplifies
melting. Because meltwater plumes are large and slow
moving, they are difficult to observe. But possible
plume signatures have been detected under the Ross
Ice Shelf, among other locations.?

When the base of an ice shelf is roughly horizontal,
the buoyant meltwater tends to pool beneath the ice,
which creates a stably stratified layer that suppresses
vertical flow motion, as seen in the top-right panel of
figure 4. In the stratification regime, the amount of



heat reaching the ice is largely determined by exter-
nal flows, such as tides, that generate shear and tur-
bulence. Those external flows can move warm water
toward the ice, which increases melting. But as has
been observed beneath the Thwaites Eastern Ice
Shelf,? strong stratification can also dampen turbu-
lence in the shear layer, which effectively insulates
the ice and slows its loss. The result is a dynamic bal-
ance, in which buoyancy, current shear, and turbu-
lence interact to dictate the local rate of melting.

When the current flow is sufficiently strong, as
seen in the bottom-left panel of figure 4, turbulence
is fully driven by shear and buoyancy is only passive.
In that scenario, termed the shear-current regime,
the velocity boundary layer becomes well mixed, and
temperature and salinity gradients are largely erased
by vigorous turbulent motions. Heat and momentum
are transported efficiently across the layer, which
maintains nearly uniform temperature and salinity
profiles up to the base of an ice shelf. The shear-
current regime can typically be found in energetic,
cold cavities, such as the cavity beneath the Larsen Ice
Shelf, in which strong inflows and tides overwhelm
buoyancy effects close to the ice base.l?

In quiescent regions with shallow ice slopes and
minimal ocean flow, the diffusive-convection regime—
shown in the bottom-right panel of figure 4—governs

ice-shelf melting. Because heat diffuses about 100
times as fast as salt, two separate layers form next to
the ice: a thicker thermal boundary layer and a thin-
ner salinity boundary layer. That imbalance creates
small but persistent diffusive convection, in which
cooler, denser water near the ice forms gentle down-
ward plumes that mix with the slightly warmer; saltier
water below. As observed beneath the George VI Ice
Shelf,!! the result is a series of double-diffusive layers,
each typically a few meters to tens of meters thick, in
which heat and salt slowly diffuse at different rates to-
ward the ice. Although those layers are weaker than
the convective plumes in the plume regime, they can
still enhance melting above what would occur through
diffusion alone.

Both the plume and diffusive-convection regimes
result in an enhanced melting rate because the
buoyancy differences in those regimes generate flow,
increase turbulence, and boost the rate at which heat
and salt are supplied to the ice. In contrast, the shear-
current regime has weak buoyancy effects, which
generally do not affect the flow turbulence. And in
the stratification regime, buoyancy acts to increase
stable stratification, which suppresses turbulence
and moderates the melt rate.

Some regions are not easily categorized into one re-
gime. A region can oscillate between the stratification

Ice shelf

Stratification

< Figure 4. The four regimes of ice-shelf melting.
Yellow lines indicate the profile of ocean flow;
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yellow arrows, relative flow velocity; and green
arrows, diffusive convection. In the plume
regime, buoyant meltwater forms a plume and
rises along a sloped segment of the ice shelf.
In the stratification regime, buoyancy acts to
increase stable stratification, suppress
turbulence, and moderate the melt rate. In the
shear-current regime, temperature and salinity
gradients are largely erased by vigorous
turbulent motions. In the diffusive-convection
regime, a series of double-diffusive layers
slowly transport heat and salt toward the ice at
different rates and increase the melt rate. (Ice
texture adapted from iStock.com/rusm.)
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and shear-current regimes, for ex-
ample, when tides cause the flow
speed to change. Other ocean dy-
namics, including the formation of
marine ice—seawater frozen into
small crystals or directly onto the
ice base—also influence the flow
dynamics and melt rate. Research-
ers are currently attempting to
improve our understanding of the
effects of ocean dynamics in those
more complex cases.

Revealing hidden
boundary layers

Obtaining direct observations of
ocean cavities beneath Antarctic
ice shelves is one of the great diffi-
culties of polar research. The cavi-
ties are vast and remote, and they
lie under hundreds to thousands of
meters of ice, which makes access-
ing them both technically demand-
ing and hazardous. Despite those
obstacles, researchers have made
remarkable progress over the past
decade in directly observing the
ice-ocean boundary layer.
Historically, most data on ocean
cavities came from ships near the
edges of ice shelves. The ships
provided valuable information on

Scallops

Crevasse roof
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ocean waters entering and exiting
the cavities. Starting in the 1960s,
satellite measurements began help-
ing researchers infer ice-shelf ex-
tent and thickness. But the real
breakthrough came in the late
1970s, with the development of
borehole drilling. Using hot-water
drills, scientists can now melt nar-
row access holes—typically just tens
of centimeters wide—all the way
through the ice and insert instru-
ments beneath the shelf. Offering
the first in situ view of processes at
the ice base, borehole studies mea-
sure local melt rates, turbulence
properties, temperature, salinity,
and small-scale ice topography.

In recent years, autonomous
vehicles, such as the remote-
controlled underwater robot Icefin,
have enabled measurements to be
taken across wide swaths of the
ocean cavities (for more on Icefin,
see the April 2023 PT article “Melt-
ing underneath Thwaites Glacier is
more complicated than expected”).
They are able to reach dynamically
important regions near the ground-
ing line.!? Those missions have
revealed how the ice base’s rich
topography, four examples of

Runnels

Marine ice

which are shown in figure 5, can
change dramatically over just a few
meters. Those differences hint at
the flow dynamics present in the
boundary layers.'213

Given that observations of ice—
ocean interactions remain difficult
to obtain, researchers have devel-
oped a hierarchy of modeling ap-
proaches to complement them.
Large-scale and regional ocean
models simulate the circulation in
ice-shelf cavities and capture the
interactions of meltwater and
currents. But those models cannot
resolve the thin, turbulent bound-
ary layers that control melting.
Instead, they parameterize small-
scale processes by using simplified
1D formulations. The widely used
three-equation model, for example,
links the melt rate to local differ-
ences in temperature and salinity
between the ocean and the ice by
solving coupled equations for heat
balance, salt balance, and the
interface temperature.'#'s

Because our knowledge of the
underlying physics remains incom-
plete, formulations like the three-
equation model contain large
uncertainties. To improve our un-

< Figure 5. Images of topographical ice features in the base of the
Ross Ice Shelf taken by the remotely operated underwater vehicle
Icefin. The top two images show scallops and runnels on the top of
the ice-shelf cavity. At bottom left is an image of the roof of a
crevasse in an ice-shelf cavity, and at bottom right is an image of
marine ice: seawater that has frozen directly onto the top of the ice-

shelf cavity. (Images adapted from ref. 12.)



Obtaining direct observations of ocean
cavities beneath Antarctic ice shelves is one
of the great difficulties of polar research.
The cavities are vast and remote, and they
lie under hundreds to thousands of meters
of ice, which makes accessing them bhoth
technically demanding and hazardous.
Despite those obstacles, researchers

have made remarkable progress

over the past decade in directly

observing the ice-ocean

boundary layer.

derstanding, scientists have begun
using state-of-the-art laboratory ex-
periments and boundary-resolving
simulations that explicitly capture
the flow and turbulence near the
ice base. Laboratory studies of ice
melting in seawater date back
more than four decades and re-
main invaluable for exploring
meltwater plumes, double-diffusive
layering, and the interplay of buoy-
ancy, turbulence, and rotation.!® To-
day’s experiments, often conducted
in cold rooms or on rotating tables,
allow researchers to track ice-face
evolution, measure turbulence, and
visualize flow structures at milli-
meter resolution.® They are com-
plemented by numerical simula-
tions that can resolve the thin
boundary layers and turbulent
plumes responsible for heat and
salt transfer.

Those approaches often use
principles of dynamical similarity
to infer the ocean-cavity dynamics.
Both experiments and numerical
simulations are crucial for reveal-

ing the fundamental balances in
the boundary layer and for identi-
fying the distinct melting regimes
observed around Antarctic ice
shelves. They provide insights that
can help improve the simplified
parameterizations used in larger-
scale ocean models.

When combined, observations,
laboratory experiments, and
boundary-resolving numerical
simulations provide a pathway
toward obtaining an accurate
picture of melt rate, which is cru-
cial to improving projections of
sea-level rise. As each new genera-
tion of instruments and models
brings us closer to resolving the
turbulent boundary layer in detail,
the once-inaccessible world be-
neath Antarctica’s ice shelves is
gradually coming within reach.

New frontiers

Recent advances in observations,
laboratory studies, and modeling
are finally illuminating the turbu-
lent boundary layer where Antarc-

tic ice shelves meet the ocean.
Those efforts reveal how buoyancy,
shear, and stratification interact to
shape the many regimes of melting
that govern the stability of the ice
shelves. Improving our under-
standing of those regimes, each of
which responds differently to cur-
rents, stratification, and buoyancy,
offers a pathway to improve how
large-scale models represent ice-
shelf melting so that simulations
more closely align with real-world
observations.

The next frontier in Antarctic
ice-shelf research lies in uniting
those diverse approaches into an
integrated Earth-system frame-
work. New coupled atmosphere-
ocean-ice models, informed by
laboratory and field measure-
ments, are beginning to illustrate
how surface winds, sea-ice loss,
and turbulent boundary layers
interact to control basal melting.
And scientists are working toward
the development of models that
link boundary-resolving simula-
tions, which explicitly capture the
fine-scale turbulence and melt
processes, with large-scale ocean
models that simulate cavity-wide
circulation. Running those models
side by side would help us better
understand how small-scale phys-
ics informs global climate behavior.

Understanding ice-shelf melting
is critical to modeling the future
behavior of the Antarctic Ice Sheet:
When ice shelves thin, they weaken
and become unable to fully but-
tress the grounded ice sheets they
are holding back. As a result, in-
land ice flows into the ocean and
increases sea levels.'” Global cli-
mate models currently struggle
to simulate how ice-shelf melting
affects the stability of inland ice
sheets. Coupling models of ice-sheet
dynamics with models of the ocean
and atmosphere is a key, albeit
difficult, step toward improving
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projections of climate change and sea-level rise.'®
Meanwhile, advances in robotics and machine
learning are enabling autonomous vehicles to collect
and interpret sub-ice data in near real time. Interdisci-
plinary teams will be needed to stitch all the ap-
proaches together to better understand the underlying
physics and the climate impact (see the June 2021
PT article “Accelerating progress in climate science,”
by Tapio Schneider, Nadir Jeevanjee, and Robert
Socolow).
Together, those innovations are moving us closer
to the point at which we will be able to accurately
predict the stability of Antarctic ice shelves, which is
crucial to projecting the pace of global sea-level rise
in a warming world.
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