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The role of subglacial water in ice-sheet

mass balance

In the coming decades, significant changes in the polar regions will increase the contribution of ice

sheets to global sea-level rise. Under the ice streams and outlet glaciers that deliver ice to the oceans,

water and deformable wet sediments lubricate the base, facilitating fast ice flow. The influence of

subglacial water on fast ice flow depends on the geometry and capacity of the subglacial hydrologic

system: water moving rapidly through a well-connected system of conduits or channels will have little

impact on ice-sheet velocities, but water injected into a spatially dispersed subglacial system may

reduce the effective pressure at the base of the ice sheet, and thereby trigger increased ice-sheet

velocities. In Greenland, the form of the subglacial hydrologic system encountered by increasing

surface melt water will determine the influence of changing atmospheric conditions on ice-sheet mass

balance. In Antarctica, subglacial lakes have the capacity to both modulate velocities in ice streams

and outlet glaciers and provide nucleation points for new fast ice-flow tributaries. Climate models of

ice-sheet responses to global change remain incomplete without a parameterization of subglacial

hydrodynamics and ice dynamics.
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During the late stages of the Little Ice Age, the glaciers of the
Canadian Pacific Northwest had a profound influence on the
Tlingit and Athapaskan native communities, changing their trading
routes and wrenching the core of their community structure'.
In this century, the impacts of climate change resulting from the
dynamic ice sheets will reach far beyond the populations living in
close proximity to ice sheets, extending globally across political and
economic boundaries.

Today, 33.5% of the world’s population lives within 100 m of
the elevation of current sea level and most of the planet’s largest
cities are close to sea level®. Sea level has been rising 1.5-2 mm yr!
for the past century but in the past decade this rate has increased
globally to 3.0 mm yr' (ref. 3), an increase attributed primarily to
the warming of the oceans®. A growing body of evidence suggests
that the contribution of glaciers and ice sheets to global sea level will
increase in the coming decades®”. Changing the basal conditions of
ice sheets, particularly beneath fast flowing ice streams and outlet
glaciers, is one possible mechanism to increase the polar ice sheets’
contribution. New evidence is emerging for a complex and dynamic
subglacial hydrology that has the potential to rapidly change the basal
conditions of ice sheets. Ice dynamics and the influences of subglacial
hydrology were not incorporated into the Intergovernmental Panel
for Climate Change Fourth Assessment Report?, compromising their
estimates of the ice sheets’ contributions to global sea-level rise.
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THETHREE POl AR ICE SHEETS =

There are three major polar ice sheets on Earth today, each one
with a unique history and future: the Greenland Ice Sheet, the
West Antarctic Ice Sheet and the East Antarctic Ice Sheet. The
fundamentally different boundary conditions of the three ice sheets
are responsible for their distinct responses to climate change.

Containing the equivalent of 7.3 m of sea-level change’, the
Greenland Ice Sheet is strongly influenced by the North Atlantic
climate patterns. Coastal mountains rim the Greenland Ice Sheet, and
the majority of the ice-sheet base rests on an elevated fragment of
Precambrian crust above sea level. Although ice-rafted dropstones
in the Norwegian-Greenland Sea indicate glaciers in Greenland as
early as 38 Myr ago', the present Greenland Ice Sheet first formed
3.2 Myr ago" and has been stable in its approximate size since the
termination of the last ice age. Analysis of ice core isotopic records
indicates that the ice sheet may have been much smaller during the
last interglacial period (the Eemian, 120,000 years ago) when global
temperatures were warmer than modern temperatures'?. Similarly,
DNA extracted from the silty ice from the base of ice cores suggests
that much of Greenland may have been covered by a boreal forest at
some time between 450,000 and 800,000 years ago'’. Greenland ice is
delivered to the ocean by more than 30 outlet glaciers that flow into
fjords carved through the coastal mountains. The three largest outlet
glaciers — the Jakobshavn Isbrae, Kangerdlugssuaq and Helheim
glaciers — drain ~40% of the ice-sheet volume (Fig. 2b)°.

The West Antarctic Ice Sheet is similar in surface area to
Greenland and contains the equivalent to 5.5 m of sea-level change'.
In contrast to Greenland, the West Antarctic Ice Sheet rests on thinned
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Box 1 lced : hanisms for fast ice-sheet f

The two major ice dynamic triggers capable of producing rapid
change in ice sheet mass balance are (1) perturbing the force at
the downstream terminus of the ice stream or outlet glacier and
(2) lubricating the bed.

The force balance at the downstream terminus of an ice stream
or an outlet glacier can be perturbed either by removing the
buttressing ice shelf or glacier tongue, or by shifting the grounding
line. The presence of an ice shelf or ice tongue as illustrated in the
initial condition (a) provides a longitudinal compressive force,
effectively slowing the flow of the ice stream®. Removing an ice
shelf or an ice tongue will produce increased ice-sheet velocities
(b). Four glaciers adjacent to the Larsen B ice shelf accelerated
markedly in the three years after the ice shelf collapsed®*. The
grounding line is the point where an ice sheet that terminates
in the ocean loses contact with the underlying topography and
goes afloat. An inland shift of the grounding line will produce
increased ice sheet velocities and subsequently thinning®”-**. In the
Amundsen Sea sector, in response to a grounding line retreat of
5 km the West Antarctic Ice Sheet is thinning and has increased
ice-sheet velocities. In eastern Greenland, shifts in the forces at the
downstream end may be responsible for the dramatic changes in
the velocity of the Kangerdlugssuaq and Helheim Glaciers®*.

Lubricating the bed with either a water-saturated till or basal
water will also yield increased ice-sheet velocities (c). Water
draining from surface lakes has been suggested as a cause for both
the mini-surge of Ryder Glacier in northern Greenland® and the
increased ice-sheet velocities coincident with the summer melt
season in the Jakobshavn Isbrae catchment®. Water generated by
basal melting together with the marine sediments form the till
beneath the fast flowing Ross ice streams of West Antarctica®.

continental crust sitting below sea level. The West Antarctic Ice Sheet
first formed in the late Miocene period (~9 Myr ago)'® and may have
completely disappeared as recently as 750,000 years ago'®. Today, the
ice sheet is buttressed and stabilized by large ice shelves: the Ross and
the Ronne". The ice sheet is drained by five large ice streams into
the Ross Ice Shelf, by the Pine Island and Thwaites glaciers into the
Amundsen Sea, and by several ice streams into the Ronne Ice Shelf.
Because the base of the West Antarctic Ice Sheet rests below sea level
and the submarine bed becomes deeper inland, it is particularly
affected by changing ocean temperatures and loss of the buttressing
ice shelves!”.

The East Antarctic Ice Sheet is the largest modern-day ice sheet
with ice thicknesses in excess of 4,000 m. It contains the equivalent to
64.8 mofsea-levelrise'. Thisice sheetrests primarily above sealevel on
thick cold continental crust. The East Antarctic Ice Sheetis the oldestice
sheet, having formed initially 35 Myr ago when the final separation of
the Antarctic continent from South America occurred, global carbon
dioxide levels dropped'™ and the Circum- Antarctic current was
established". A major growth phase followed ~14.5 Myr ago. Today,
the East Antarctic Ice Sheet is drained by a series of outlet glaciers in
valleys cut through the Transantarctic Mountains, large ice streams
draining into the Amery and Filchner ice shelves and a number of
smaller glaciers around the perimeter’.

ICE-SHEET MASS BALANCE AND FASTICEFIOW

Mass loss from the ice sheets is localized along ice sheet margins, in
regionsdrained byicestreamsand outletglaciers. Primaryprocesses
for accelerating mass loss from an ice sheet involve changing the
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conditions at the downslope terminus of an ice stream or outlet
glacier, or changing the basal boundary conditions (Box 1). In the
interior of an ice sheet, surface velocities are 1-5 m yr~! with little
horizontal velocity at the bed where the ice sheet moves by creep
deformation over the underlying substrate. Downstream, the
ice-sheet velocity can reach 200-1,000 m yr' in ice streams and
may exceed 12,000 m yr~' in the large outlet glaciers®. For regions
of fast moving ice in both Greenland and Antarctica, a coherent
signal of decreasing elevations (indicative of ice sheet thinning),
reduced mass (determined from gravimetry) and increased flux
is emerging.

From 1992 to 2003, the margins of the Greenland Ice Sheet
lost elevation by, on average, ~2 cm yr', whereas the ice sheet
interior elevations increased by ~6.4cmyr' (Fig. 1a)*'?!. Over
some of the fast flowing outlet glaciers, the elevation is decreasing
by ~I myr” with extreme thinning of 10 m yr' occurring over
Kangerdlugssuaq glacier”. Estimates of Greenland mass balance
using Gravity Recovery and Climate Experiment (GRACE)
observations® similarly show that between 2003 and 2006, the
interior of the Greenland Ice Sheet (elevations >2,000 m) gained
mass at a rate of 110 km’ yr', whereas the margins lost mass at a rate
of 169 km® yr! (Fig. 1b). Flux studies® indicate that in 2005 more
catchments experienced mass loss than in 1996 (Fig. 1c).

Between 1992 and 2003 in the Amundsen Sea sector,
the West Antarctic Ice Sheet surface elevations decreased
by ~7cmyr’!, but in the Weddell Sea sector there is no
well-defined change®**. A net elevation increase in the Ross Sea
sector is attributed to the slowing and stopping of some of the
Ross ice streams (Fig. 1d)?*%. The estimate of mass loss from
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Figure 1 Recent estimates of ice sheet mass balance based on surface elevation, changing gravity fields and changing estimates for Greenland and Antarctica. Blue
represents loss of elevation, mass and increasing flux, red indicates elevation gain, mass gain and decreasing flux. a, Greenland surface elevation changes in cm yr=' (ref. 22).
b, Greenland catchment-based estimated of mass change from GRACE gravity data in GT yr™' (ref. 25). e, Greenland flux estimates from space velocity measurements

2005 GT yr' (ref. 6). d, Antarctic surface elevation changes in cm yr' (ref. 22). e, Antarctic mass changes from GRACE in cm yr (ref. 29). f, Antarctic flux estimates from

space velocity measurements km? yr-' (ref. 99).

GRACE gravimetry during 2002-2005 is also localized over the
Amundsen Sea, with loss estimates ranging from 148 km® yr™!
to 76 km?® yr' (Fig. 1e)**®. In the Amundsen Sea, the ice-sheet
velocities have increased coincident with dropping surface
elevations, whereas in the Ross Sea sector, they have generally
slowed and in the Weddell Sea sector have been stable (Fig. 1f)”.

Over East Antarctica the signal of change is less coherent.
Surface elevations between 1992 and 2003 increased over much
of the ice-sheet interior at 0.79-7.0 cmyr' (Fig. 1d)***¥. Two
East Antarctic coastal regions — the Totten and Cook Basins — are
decreasing in elevation. To date, the estimates of mass change from
gravimetry for East Antarctica are inconsistent (Fig. 1e)**. Many
of the East Antarctic outlet glaciers are in balance but several of the
outlet glaciers grounded below sea level are thinning and losing mass,
including the Totten and Cook glaciers (Fig. 1f)*.
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THE SOURCE AND DISTRIBUTION OF SUBGLACIALWATER

In these fast flowing regions, the ice sheet is sliding over either a layer
of deforming water saturated sediments (till) or water. As both till
and water can reduce the basal stress between the ice sheet and the
underlying substrate® =, the supply and distribution of subglacial
water is a modulator of ice-sheet velocity. Early predictions of basal
melting® were confirmed when water flowed into the base of the first
drill hole to reach the base of the Antarctic ice sheet at Byrd station™.
Subglacial water can be sourced from draining surface water, melting
of the ice-sheet base or influx from underlying aquifers”. Little is
known of the underlying aquifers so in polar studies much of the
focus is on draining surface water and basal melt.

Of the three major ice sheets, only Greenland has extensive
areas of surface melt that drain into the subglacial hydrologic
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Figure 2 Distribution of water for the polar ice sheets. a, Antarctica with known subglacial lakes (blue triangles)”® on top of balance velocities®. The green triangles show
the locations of active lakes (refs 56, 69, 71 and B. Smith, personal communication). Red arrows represent the geomorphic and observational record of outburst floods™78.
The colour background represents ice-sheet balance velocities (R. Warner, private communication). b, Greenland surface melt extent in 1992 and 2002% overlain on major
catchment boundaries. The four outlet glaciers, Ryder (RY), Jakobshavn Isbrae (JI), Kangerdlugssuaq (K) and Helheim (H) are identified. The locations of elevated geothermal

heat flow are shown by red dots*’.

system. In 2002, approximately 690,000 km? of the surface of
the Greenland Ice Sheet melted, producing ~372 km® of water
(Fig. 2b)*. Surface meltwater flows both over the ice surface,
disappearing into crevasses and moulins, and collects in surface
lakes that, towards the end of the summer, can suddenly drain.
In the heavily crevassed ablation zone, some of this surface
meltwater reaches the base of the ice sheet”. In Greenland, both
the area of surface melt and meltwater volume are increasing®*.
Although the spatial distribution of surface melt in Antarctica
has changed,* there is little evidence of connectivity between the
surface meltwater and the ice sheet bed.

Basal melt is an important source of subglacial water beneath
all ice sheets (Box 2). Ice-sheet temperatures are controlled by
the surface temperature, the surface accumulation, the ice sheet
thickness, the geothermal flux and the basal stress regime®.
Varying any of these parameters will change the basal melt rate
and the subglacial hydrology, although changes at the surface
propagate very slowly to the ice-sheet bed. In regions of enhanced
geothermal heat flow, such as Iceland and northeastern Greenland,
basal melt rates on the order of 100 mm yr' are observed®. In
Antarctica, the changing basal stress from the interior to the fast
flowing ice streams at the ice sheet margins results in basal melt
rates that range from 1 to 7 mm yr' (Box 2).

Once at the bed of a glacier or an ice sheet, subglacial water
can move through conduits or pipes, reside in spatially distributed
cavities, rest interstially in subglacial sediments or be captured in
subglacial lakes***>**, The potential for each of these water systems
to impact the velocity of the overlying ice sheet is a function of
the basal effective pressure, which depends on water pressure
and ice thickness. When the basal water pressure approaches
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the overburden pressure across extensive regions, the basal
effective pressure decreases and increased ice-sheet velocities
are triggered.

Conduits carrying water are evident along the base of mountain
glaciers — large semicircular openings that are maintained by the
viscous dissipation of heat from turbulent water counteracting the
inward creep of the overlying ice*’. These pipe-like conduits can be
carved into the ice (Rothlisberger channels)®, as well as downward
into the underlying bedrock (Nye channels) or sediment®.
Reaching diameters of metres, conduits form spatially localized
arborescent systems that efficiently transport water at relatively low
pressure towards ice margins. Because the water in these spatially
restricted channels is at relatively low pressure, channels do not
impact ice-sheet velocity. Although channels occupy a negligible
fraction of the glacier bed, they can regulate the pressure of the
surrounding hydraulically connected area.

Alternatively, water can reside in a network of spatially
extensive subglacial hydraulic systems with varying connectivity
such as a slowly draining system of linked cavities. Subglacial
water flowing through a very thin distributed cavity system
frequently encounters restrictions and the water tends to be at
high pressure’*. In surging mountain glaciers, the subglacial
storage of water, particularly over a large area can produce order
of magnitude increases in glacier speed*-*'. The persistence of a
high-pressure spatially distributed hydrologic system has been
linked with increased ice velocities on many timescales.

Beneath ice sheets resting on sediments, water can
reside interstitially between the grains of the underlying till.
Water-saturated till has been recognized as contributing to
fast flow in the ice streams of West Antarctica’** and several
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mountain glaciers®, although the precise rheology of the till has
been controversial. Experimental work suggests that an increase
of water pressure in a till-dominated system would produce a
decoupling of the ice sheet from the bed causing an increase in
ice-sheet velocity™.

Subglacial water can also collect in hydrologic potential
minima, forming subglacial lakes. Over 160 subglacial lakes have
been identified in Antarctica using ice-penetrating radar data®>*,
and over 126 dynamic lakes have been defined on the basis of
remote sensing of the ice surface**’. The large, deep subglacial
lakes are tectonically controlled®’, whereas a number of small
subglacial lakes in the Dome Concordia region appear to rest in
glacially scoured basins. Subglacial lakes can provide a source of
water to change basal water volumes and pressure®*.

Changing basal hydrology can produce changing ice velocities.
Basal conduits drain water rapidly and are associated with
relatively slow ice velocities. In the absence of conduits, a relatively
high pressure spatially distributed system can dominate, reducing
the effective pressure at the ice-sheet base and triggering sliding
behaviour. Shifting between these basal morphologies can abruptly
change ice velocities, causing ice to surge forward or abruptly slow
down®. If the volume of subglacial water overwhelms a conduit
system, a spatially distributed system will develop, the basal
effective pressure will drop and the ice will accelerate. Similarly,
if conduits form and drain a linked cavity system, the basal
effective pressure will increase and the ice will slow down as in the
Variegated Glacier study*-'. As the geometry and capacity of the
basal drainage system determine the water pressure as a function
of water volume, ice velocities will depend on the state of the basal
hydrologic system®. Lessons from the study of surging glaciers
and jokulhlaups provide a basis for studying the role of water in
ice sheet dynamics.

DYNAMIC SUBGLACIAL WATERAND FASTICEFLOW

Until recently, the subglacial hydrodynamics beneath the large
ice sheets have been considered to be steady-state systems with
long residence times for water®®. Increasing evidence of dynamic
subglacial hydrologic systems in both Greenland and Antarctica
are forcing a re-evaluation of these assumptions. The subglacial
hydrologic systems have the potential to impact both the spatial
and temporal evolution of the overlying ice-sheet dynamics.

Each summer as the surface melt develops in Greenland,
large outlet glaciers experience a 10-15% summertime increase
in velocity, and surrounding regions undergo a ~48% velocity
increase®. An increased flux of surface meltwater into the

subglacial hydrologic system has been suggested as the primary
cause of these increased velocities and the observed negative
mass balance®. Ice-sheet modelling indicates that longitudinal
coupling from the well-lubricated thinning ice-sheet margins
can also produce acceleration of the significant portions of the
ice sheet®. Which portion of this summertime acceleration
is a result of changing conditions at the ice-sheet margin and
which portion results from surface melt lubricating the bed
remains unresolved.

In Greenland, two well-documented individual draining
events are associated with localized short-lived acceleration. In
1995, near the end of the summer melt season, the velocity of the
Ryder Glacier increased by three-fold for a seven-week period.
This period of accelerated flow was attributed to the draining of
meltwater-filled supraglacial lakes to the ice-sheet base, where
increased basal water pressure decoupled the ice sheet from the
bed®. In 2006, south of Jacobshaven Isbrae, a well-instrumented
surface lake drained 0.04 km® of water to the base of the 980 m
thick ice sheet in 1.4 hours®. The ice surface rose immediately by
1.2 m and then subsided over the course of the next 24 hours. The
associated short-lived doubling of velocity has been interpreted
as evidence of a well-connected subglacial drainage system. These
two examples demonstrate that water from draining surface
lakes into subglacial plumbing systems can trigger transient
velocity changes.

Although in Greenland surface meltwater appears important,
the focus of recent Antarctic studies has been on dynamic subglacial
hydrologic systems fed by basal melt. Rapid vertical motion of
the ice surface has been used to detect the filling and draining of
subglacial lakes. Dynamic Antarctic subglacial lakes are located
beneath the Filchner-Ronne and Ross ice streams as well as the
Byrd and Lambert glaciers and the interior of Wilkes Land®’.

In West Antarctica, mobilebasal meltwaterhasnowbeen detected
along the full length of the ice streams (Fig. 2a)****®. In the tributary
region of the Ross ice streams, the decreasing elevation of a 125 km?
area for 24 days was interpreted as the motion of ~10” m’ of water.
Close to the grounding line of the Mercer and Whillans ice streams,
large volumes of water have cascaded between interconnected
lakes®. A ~300 km? area of the ice-sheet surface dropped 10 m over
three years, suggesting a major draining event. On the basis of its
refilling rate, this lake should drain again in ~7 years. The amount
of water (~2km?) moving through these grounding line lakes is
approximately equal to the annual estimated volume of the melt
production for the entire catchment. Similar cascading ice-stream
lakes have been identified beneath the MacAyel and several other
ice streams (Fig. 2a)*%".

Box 2 Produc tor beneath ice shet

The thick ice sheets serve as an insulating blanket from the
atmosphere, maintaining the base of the ice sheet at temperatures
much warmer than the ice surface.

Whereas the mean annual surface temperature over much of
the East Antarctic ice sheet is -50 °C, the temperature at the base
of the ice sheet, when subjected to the pressure of the overlying
3-4 km thick ice sheet, is typically -2 °C, close to the melting
point of ice. The pressure of the overlying ice sheet decreases the
melting temperature of the ice sheet by approximately 0.6 °C km™
of ice thickness. The temperatures at the bottom of boreholes
drilled thorough the interior of ice sheets are generally close to the
melting point?.
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Rates of basal melt are typically 1.4-1.8 mm yr in the interior
of the ice sheet®, where ice-sheet velocities are less than 25 m yr.
In the tributaries to the ice streams, ice-sheet velocities increase to
25-200 m yr'asbothbasal conditionsand basal melt rates change®.
Shear heating at the bed and internal strain heating contribute to
elevated melt rates (5.5-6.7 mm yr') in the ice stream tributaries.
In the Ross ice streams, 50% of the meltwater is produced in these
tributaries. As the ice-stream velocities increase, the basal stress
decreases, the ice thins, and the basal melt rates generally decrease
(by 3.6 mm yr! for the Bindschadler ice stream). High basal melt
rates are predicted beneath Pine Island Glacier (600 mm yr'),
where both the velocities and basal stress are elevated.
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Box 3 Wat i or ice sheet

The distribution and origin of subglacial water beneath the
three great ice sheets varies greatly, as does the role that water
plays in ice-sheet dynamics.

In Greenland (a) — the warmest of the three ice
sheets — subglacial water is derived both from surface meltwater
that drains through the ice sheet and basal meltwater produced
in regions of elevated heat flow.

In West Antarctica (b), subglacial water results from basal
melt in the interior and in the ice-stream tributaries®®¢%.
Beneath the ice streams, water is stored in subglacial lakes that
periodically drain downstream into the surrounding ocean.
Regions of elevated geothermal heat can produce increased
subglacial water?”.

In East Antarctica (c), large deep tectonically controlled
subglacial lakes such as Vostok, and Sovietskaya are found
close to the ice divides®®®®. Interconnected lakes in the interior
are connected by intermittent subglacial flooding events”. The
four lakes located at the onset of rapid flow in the Recovery
ice stream®™ may lead to increased ice-sheet velocities by
warming the basal ice or injecting water into the ice stream.
Interconnected lakes transmit water along the axis of ice
streams and outlet glaciers.

Although no changes in ice-sheet velocity have been linked
with these lake cascading ice-stream events yet, draining subglacial
lakes in Antarctica can modulate ice-sheet velocities. In 2005-2007,
after 1.6 km® of water drained from a pair of subglacial lakes in
the onset region of Byrd Glacier”, the velocity of this major outlet
glacier increased by 15% (100 m yr') for 12 months™. The pulsed
acceleration of this major East Antarctic outlet glacier is attributed
to basal lubrication by lake water injected at the onset of rapid
ice flow.

Dynamic lake systems are not restricted to the ice streams. In
East Antarctica, over the course of 16 months, 1.8 km’ of water
travelled more than 290 km from an upstream subglacial lake to
two smaller subglacial lakes downstream”. Over the upstream lake,
the ice-sheet surface dropped by 3 m, and the surface elevation of
the downstream lakes increased by 1-2 m. Although geomorphic
and other evidence from the Antarctic margins indicate that
outburst floods have emerged from subglacial lakes”7®, this
subglacial flood was the first evidence that a large-scale subglacial
plumbing system is active today. The water was inferred to have
moved through a relatively narrow conduit. A single tunnel with
a radius of ~4 m would have been sufficient to carry the estimated
discharge. Assuming a modest basal melt rate of 1 mm yr!, the
upstream lake should drain again in 36 years. This rapid discharge
suggests that beneath the East Antarctic Ice Sheet, water moves
between lakes through a subglacial network of conduits and is
unlikely to modulate regional ice-sheet velocities.

Subglacial water has also been linked to the onset of rapid flow.
In Greenland, the region of high basal melt rates is the nucleation
point for the onset of rapid ice flow of the Northeast Greenland
ice stream®. Close to the South Pole, several small lakes are
coincident with the onset of rapid ice flow although little is known
about their area, depth or stability”. At the onset of the longest ice
stream penetrating the East Antarctic Ice Sheet — the Recovery ice
stream — four large lakes have been identified. Upstream of the
lakes the ice-sheet velocities are 1-2 m yr! and downstream of
the lakes the velocities are ~30 m yr™ (ref. 55). Three mechanisms
have been proposed for subglacial lakes to nucleate fast ice flow.
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Water in catchment lakes can provide a localized source of water
for the onset of rapid flow. Warming of the base of the ice sheet
by the accretion of lake water as the ice sheet traverses the lake
could yield more widespread basal melt downstream of lakes.
Alternatively, periodic outburst floods from the lake may carve
channels that focus ice flow and thicken the ice sheet, facilitating
fast flow on the downstream margin of the lake by enhanced creep
in bedrock channels.

IMPLICATIONS FOR ICE-SHEET DYNAMICS AND MASSBALANCE

Subglacial hydrologic systems can directly influence the dynamics
of all of the Earth’s ice sheets. Although subglacial water moving
through a well-connected conduit system does not affect the
overlying ice-sheet dynamics, subglacial water has the potential
to modulate ice-sheet velocities and nucleate the onset of rapid
ice flow.

In Greenland, surface meltwater moving to the ice sheet bed
has been framed as an effective mechanism for rapidly connecting
changing atmospheric conditions with the ice-sheet base. Whether
increased surface melt will result in increased ice-sheet velocities
depends on the condition of the basal drainage system; this in
turn dictates whether the influx of meltwater results in greater
lubrication of the ice-sheet bed®. If the surface meltwater is
delivered into a spatially distributed basal water system, then large
regions of the ice sheet could potentially experience increased
velocities as in the acceleration of the Ryder Glacier. Alternatively
if the surface meltwater is transported to the ice sheet margin
quickly through a system of large conduits, it will have little impact
on ice sheet velocities.

In Antarctica, the Ross ice streams have undergone marked
changes in velocity and configuration®®, as evidenced by the
recent slowing down of the Whillans ice stream® and stoppage of
the Kamb ice stream ~150 years ago®. The subglacial water supply
and distribution has been proposed as the cause of the episodic
acceleration and slow-down of ice streams, but the shutdown process
remains under debate®*. Under the West Antarctic ice streams, for
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the period 2003-2006, the cascading lakes are associated with net
increase in the amount of stored subglacial water. These dynamic
basal hydrodynamics are likely to contribute to the inherent
variability of ice sheet flux as illustrated by the complex history of
the Ross ice streams®.

Changing volumes of subglacial water have been associated
with modulating ice sheet velocities in both Greenland and
Antarctica. In Antarctica, subglacial lakes are present in the
catchments of many outlet glaciers. The periodic draining of
subglacial lakes could produce episodic increases in ice-sheet
velocities that would have been missed by most flux studies to
date. The potential for episodic changes in ice sheet velocity
modulated by subglacial water must be considered in assessments
of mass balance.

Mounting evidence indicates that subglacial lakes and
sites of elevated heat flux producing significant basal melt
are closely associated with the onset of rapid ice flow. Serving
as fixed sources of basal lubrication in the interior of the ice
sheets, subglacial lakes and sites with elevated geothermal heat
flux are potentially future nucleation sites for the initiation of
fast- flowing ice streams.

The complexity of the wet subglacial environment is not
captured by the current generation of ice-sheet models. These
dynamic basal conditions are likely to contribute to the inherent
variability of the ice-sheet flux illustrated by the complex history
of the Ross ice streams. Accurate models of ice sheets are a
necessary component of any assessment of climate change, so
we can predict the sea-level contribution from the Earth’s three
ice sheets. Until basal conditions are accurately parameterized,
ice-sheet models are unlikely to produce accurate results and
assessments of the impact of climate change on the polar ice
sheets will remain flawed.

OQUTSTANDING QUESTIONS =

The bases of the polar ice sheets are wet and dynamic, with the
surface meltwater descending into crevasses and subglacial
water moving down the hydraulic potential gradient. Subglacial
conduits, cavities and lakes are part of this complex environment,
linked to the dynamics of the overlying ice sheet. The very nature
of the ice sheet subglacial environment makes it challenging to
study. Most of the recent discoveries have been made through
satellite observations: where inferences are made about the basal
processes by monitoring the surface. There are many outstanding
questions related to the subglacial drainage systems beneath all of
the ice sheets.

In Greenland, the increasing volumes of surface meltwater
may reach the bed of the ice sheet and trigger increased ice-sheet
velocities. Nevertheless, the nature of the englacial water transport
remains poorly understood. The distribution of water beneath the
wet and fractured margins of the Greenland ice sheet is difficult
to determine and the fraction of the increasing ice-sheet velocities
caused by increased surface meltwater lubricating the bed remains
unknown. Whether the increasing area of surface melt is resulting
in a greater area of well-lubricated ice-sheet bed and increased ice
velocties remains unresolved.

In Antarctica, an understanding of the role of the lakes and the
subglacial water in ice sheet flow is emerging. If subglacial lakes can
develop into nucleation points for increased ice-sheet velocities then
the network of subglacial lakes serves as a fundamental template
for ice-sheet drainage. As draining subglacial lakes can trigger
transient increased ice velocities, each interior lake is also capable
of modulating fluxes through ice streams and major outlet glaciers.
To accurately predict ice-sheet changes for past and present climates
it is imperative that we determine the location, geometry, activity
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and stability of these subglacial water systems so that they can be
included in ice-sheet models.

The geomorphic evidence around Antarctica indicates that
dynamic subglacial hydraulic systems have been persistent features
of the polar ice sheets for millions of years”. The observational
record of the dynamic nature of the polar subglacial water system is
short. New active lakes are likely to be detected. A complete picture
of the spatio-temporal variability of the subglacial system and the
pathways of subglacial water to the ocean has not yet emerged.
Understanding subglacial hydrodynamics is crucial for predicting
the changing dynamics of the polar ice sheets.

doi: 10.1038/ngeo0186
Published online: 27 April 2008.
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