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In the decade since the discovery of active Antarctic
subglacial water systems by detection of subtle
surface displacements, much progress has been made
in our understanding of these dynamic systems. Here,
we present some of the key results of observations
derived from ICESat laser altimetry, CryoSat-2
radar altimetry, Operation IceBridge airborne laser
altimetry, satellite image differencing and ground-
based continuous Global Positioning System (GPS)
experiments deployed in hydrologically active
regions. These observations provide us with an
increased understanding of various lake systems
in Antarctica: Whillans/Mercer Ice Streams, Crane
Glacier, Recovery Ice Stream, Byrd Glacier and
eastern Wilkes Land. In several cases, subglacial
water systems are shown to control ice flux through
the glacier system. For some lake systems, we
have been able to construct more than a decade of
continuous lake activity, revealing internal variability
on time scales ranging from days to years. This
variability indicates that continuous, accurate time
series of altimetry data are critical to understanding
these systems. On Whillans Ice Stream, our results
from a 5-year continuous GPS record demonstrate
that subglacial lake flood events significantly change
the regional ice dynamics. We also show how
models for subglacial water flow have evolved
since the availability of observations of lake volume
change, from regional-scale models of water routeing
to process models of channels carved into the
subglacial sediment instead of the overlying ice. We
show that progress in understanding the processes
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governing lake drainage now allows us to create simulated lake volume time series that
reproduce time series from satellite observations. This transformational decade in Antarctic
subglacial water research has moved us significantly closer to understanding the processes of
water transfer sufficiently for inclusion in continental-scale ice-sheet models.

1. Introduction

The Antarctic ice sheet is on average 2.2 km thick [1] and rests on top of bedrock; the insulation,
high pressures and geothermal heat flux at the ice-bed interface leads to melting of the basal
ice layers of the order of millimetres per year [2]. When averaged over the entire ice sheet, this
produces high volumes of subglacial water (an amount of 65 Gt yr*1 was estimated by [3], much
of which is stored in subglacial lakes [4] and subglacial aquifers [5]). Located beneath kilometres
of ice, Antarctica’s basal environment is challenging to access, and most information about it has
been inferred from remote sensing techniques above the ice-sheet surface. As recently as a decade
ago, an inventory of Antarctic subglacial lakes [4] documented lakes that had been surveyed with
traditional geophysical techniques (airborne radio-echo sounding and active seismic surveys);
these techniques rely on imaging water bodies by exploiting the strong contrast in physical
properties between ice and water (acoustic properties in seismic methods; dielectric properties
in radar methods). The most recently discovered lake of this type was identified in a 2013—
2014 survey of the Ellsworth Mountains [6]. The 2005 inventory lakes, and lakes detected by
radar following that compilation, are mainly located on the ice-sheet plateau (figure 1). These
have never been observed to change significantly, and are thus thought to be stable over long
(multi-decadal to millennial) time periods (e.g. [15]).

A second type of lake is detected by virtue of the fact that its volume is changing on sub-
decadal scales. A series of papers in 2005-2007 showed clusters of large (1-10 m) signals of height
change over time on the grounded ice sheet, which were interpreted as the surface expressions
of subglacial water transferring from one area of impoundment to another. When water transfers
occur, the surface of the ice responds: it rises as excess water enters the lake, or falls as it leaves
it. This surface-height change signal can be detected by repeated satellite measurements, e.g.
interferometric synthetic aperture radar (InNSAR), [16] satellite radar altimetry [17] or satellite laser
altimetry [18]. The lakes discovered through surface-height changes exhibited volume changes
on sub-annual to decadal time scales and thus were considered ‘active” hydrological features.
Observing changes to these active subglacial lakes over time through analysis of surface-height
anomalies has, therefore, provided a transformational new dataset to help understand how the
Antarctic subglacial water system evolves on a variety of time scales and how those changes affect
ice dynamics.

The most effective instrument to date for continental-scale mapping of subglacial water
movement inferred from ice surface-height anomalies has been the laser altimeter onboard the
Ice, Cloud and Land Elevation Satellite (ICESat). INSAR provides detailed height-change maps
(e.g. [16,19]), but has had limited temporal sampling over large swaths of the ice sheet. Satellite
radar altimetry detected only a limited number of active lakes (e.g. [17]), which in general were
large relative to the ICESat-detected group. Satellite radar altimetry was not capable of detecting
signals over ice streams with steep undulating topography (e.g. tens of metres of relief over 3-
10km), due to its large footprint size [10]. The ICESat altimeter had a smaller footprint (approx.
60 m), dense along-track spacing (approx. 170 m), high vertical accuracy (approx. 10 cm) and the
satellite repeated the same ground tracks to within a few hundred metres two to three times a
year between 2003 and 2009. Following initial ICESat investigations into a single active subglacial
lake system on the Whillans Ice Stream [9,18], Smith et al. [8] presented a continent-wide survey of
repeat-track ICESat altimetry data that produced an inventory containing 124 spatially coherent
height anomalies (i.e. a coherent change identified on at least two different ICESat tracks) that
were interpreted as active lakes [8] (figure 1). This inventory of lake volume changes was based
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Figure 1. Known subglacial lakes in Antarctica. Locations of Antarctic subglacial lakes, showing lakes studied via RES (red [7]),
ICESat (blue [8]), and ICESat and MODIS (cyan [9-11]). Outlines of upper Recovery Glacier lakes from Bell et al. [12] and subglacial
Lake Vostok from Studinger et al. [13]; all other RES lakes are represented by circles, with size scaled to lake length [7]. Yellow
boxes indicate locations of figures 2—6. Background is InSAR-derived ice velocity [14]. Adapted from Smith et al. [8].

on 4.5 years (October 2003 to March 2008). Only lakes north of 86° S could be mapped because of
the geometry of the satellite’s orbit.

Smith et al.’s [8] active subglacial lake inventory showed that active lakes are prevalent in
coastal Antarctica and predominantly located under fast-flowing outlet glaciers and ice streams
(figure 1), which drain as much as 90% of the ice in Antarctica from the continent towards the
ocean [20]. Despite success mapping subglacial water with ICESat, there were some limitations:
(i) the track spacing of ICESat altimetry precluded complete coverage of the ice sheet and, in
particular, detailed analysis of some coastal fast-flow areas; (ii) ICESat operated only two to three
times per year, limiting its ability to resolve important details of the fill-drain cycle; (iii) ICESat
only operated between 2003 and 2009 and so could not capture recurrence intervals greater than
6 years; and (iv) ICESat could only detect lakes that had height-change anomalies greater than
approximately 0.1 m. As a result of these limitations, the 124 lakes discovered probably represent
only a small subset of the full distribution of active subglacial lakes.

Extending the active subglacial lake records with other satellite and airborne instruments has,
therefore, become a critical requirement to understand the important spatio-temporal time scales
of active subglacial hydrology. In this paper, we review the progress that has been made in
understanding active subglacial lakes through repeated height observations (satellite, airborne
and ground-based) and developments in modelling based on those data, concentrating mainly
on the period since the ICESat mission ended in 2009.
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Figure 2. Subglacial water system of the Whillans/Mercer Ice Streams, West Antarctica. (a) Map of the subglacial lakes in the
system (blue outlines) annotated with ICESat track segments used to detect them (colour-coded by surface-height change).
The lakes are contained within three separate hydrologic systems, and the hydrologic flowpaths and catchment boundaries
are shown. (b) Time series of average height change over the four largest lakes from ICESat, CryoSat-2 and GPS. Adapted from
Siegfried [23].

2. Lake activity after ICESat: continuing the time series past 2009

Since the end of the ICESat operations in 2009, additional information on lake activity has been
limited to lakes that were covered by the CryoSat-2 synthetic aperture radar-interferometric
(SARIn) mode [19,21], the Airborne Topographic Mapper (ATM) flown by NASA’s Operation
IceBridge (OIB) [11] or instrumented with Global Positioning System (GPS) [21], or, in a few cases,
examined by satellite image differencing [11,22]. In this section, we summarize the progress that
has been made in observing lake activity since 2009.

(@) Whillans Ice Stream lakes (ICESat, GPS and CryoSat-2)

The subglacial water system of the lower Whillans Ice Stream on the Siple Coast, West Antarctica,
contains numerous connected subglacial lakes in three hydrological catchments (northern, central
and southern; figure 2a), which were all discovered through analysis of repeat tracks of ICESat
laser altimetry data [9,18]. Subglacial Lake Whillans (SLW) is in the central hydrologic catchment
and underwent two complete fill-drain cycles during the ICESat mission (figure 2b). It is
unknown how long the lake had been quiescent prior to the start of the ICESat time series. Shortly
after the initial discovery of the lakes in this region, a GPS campaign was designed to collect
data to understand how lake activity affects ice dynamics. Several continuous GPS stations were
established on and around SLW during the 2007-2008 field season, and in 2010 the GPS array
was expanded to 23 sites as part of the Whillans Ice Stream Subglacial Access Research Drilling
(WISSARD) project [24]. The GPS stations collected data until 2015, providing an 8-year time
series of data on lake activity and ice dynamics, at much higher temporal sampling than ICESat’s
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campaign-style sampling. This is the only ground-based GPS array that has been installed in
Antarctica for the purpose of measuring the response of ice dynamics to subglacial activity.

To continue broad satellite coverage of these lakes, Siegfried et al. [21] used radar-altimeter
data from the ESA’s CryoSat-2 mission, which began acquiring data in July 2010. Only part of the
Antarctic ice sheet falls within the mask used for SARIn-mode data acquisition of CryoSat-2; the
remainder is covered by low-resolution mode, a conventional pulse-limited altimeter operation
mode that is less useful for continuing time series over subglacial lakes beneath ice streams due
to the large footprint size [10]. CryoSat-2 operated in SARIn mode over the Mercer and Whillans
Ice Streams, and acquired surface-height changes due to subglacial lake activity at up to monthly
resolution for the period 2010-2013. Using the GPS data that spanned the gap between the ICESat
and CryoSat-2 missions, Siegfried ef al. [21] were able to construct a self-consistent record of lake
activity for a full decade (figure 2b). These CryoSat-2 height measurements, trends and spatial
patterns of change were then validated using satellite image differencing and GPS.

The combined ICESat/CryoSat-2 record [21] identified two large subglacial drainage events
occurring at lakes discovered by ICESat. These were similar in magnitude and duration to
previous drainage events, allowing inferences of subglacial lake cyclicality past the end of
the ICESat mission. CryoSat-2 SARIn-mode data also provided more spatial information about
subglacial lake filling and drainage than ICESat data owing to CryoSat-2’s non-repeating ground
tracks. The increased spatio-temporal information about subglacial lake evolution provided
by a combined CryoSat-2/ICESat activity record is critical to understanding basic parameters
(e.g. recurrence time scales, durations of inactivity, changes in lake boundaries, etc.) of these
subglacial lakes.

(b) Cook E2 lake, East Antarctica (ICESat, CryoSat-2 and SAR feature tracking)

One of the lakes reported in Smith et al.’s inventory [8], Cook E2 in East Antarctica, drained
over 20 months between 2007 and 2008 and experienced an anomalously large height change
(approx. 65 m). CryoSat-2 SARIn-mode and ICESat data were combined to map and monitor
this lake [19] (figure 3). They used CryoSat-2 to map the perimeter and depth of a 260 km?
surface depression left behind after it drained, and then used this in combination with ICESat
and SAR feature tracking to estimate the changes in lake volume. With a refined lake outline
from CryoSat-2, they found that, during the flood of 2007-2008, between 4.9 and 6.4 km? of water
had drained from the lake, and peak discharge exceeded 160m3s~1. This subglacial flood was
twice as large as any previously recorded and equivalent to approximately 10% of the estimated
amount of meltwater generated annually beneath the ice sheet. The ice surface uplifted at a rate
of 5.6 £ 2.8 myr~! since the ICESat mission, as detected by CryoSat-2. This study demonstrated
the ability of CryoSat-2 to provide a detailed map of ice surface topography (in this case, a crater
left behind after a large subglacial drainage event), as well as its potential to accurately measure
subglacial lake drainage events, and the contribution it can make to understanding water flow
beneath Antarctica.

(c) Recovery Ice Stream (ICESat, OIB and satellite image differencing)

Using ICESat data from 2003 to 2008, Smith et al.’s inventory [8] revealed a connected system
of active subglacial lakes beneath the Recovery Ice Stream, East Antarctica (figure 4a). Fricker
et al. [11] used the final year of ICESat data (2009) to update the ICESat repeat-track analysis,
correcting all the ICESat data for the Gaussian-centroid offset [25]. This analysis confirmed that
there are direct hydrologic connections between the lakes in the Recovery system and that the
lakes respond rapidly to changes in lakes upstream. During the ICESat period the dominant
signal was surface lowering over two mid-glacier lakes (Rec6 and Rec9 upstream, not shown)
and surface inflation over the lower two lakes (Recl and Rec2) (figure 4c).

The three lower Recovery lakes were resurveyed by OIB in 2011 and 2012 following sections
of ICESat tracks (figure 4a); Fricker et al. [11] used surface-height data from OIB’s Airborne
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Figure 3. ICESat/CryoSat data over Cook E2 lake in East Antarctica. (a) Surface expression of the drained Cook E2 subglacial
lake, mapped by CryoSat-2 SARIn mode data (white dots) from January to November 2011. The shaded surface is a minimum
curvatureinterpolation of the CryoSat-2 data, and illuminated from the east. (b) Evolution of ice surface height above the Cook E2
subglacial lake, from ICESat (2003—2009) and CryoSat-2 (2011) observations. An independent estimate of height change derived
from SAR feature tracking is also shown. Adapted from McMillan et al. [19].

Thematic Mapper (ATM) to extend the record of activity of these three lakes: Rec1 had undergone
a monotonic increase in elevation between 2003 and 2009, interpreted as continuous filling, and
showed a decrease between the 2011 and 2012 OIB surveys, interpreted as drainage; Rec2 showed
a 1 m uplift between 2008 and 2011, followed by an elevation drop of 3m relative between 2011
and 2012, interpreted as a drainage event; and Rec3, which had undergone changes only of the
order of approximately 10 cm yr*1 between 2003 and 2009, experienced a surface subsidence of
approximately 10 m some time between 2009 and 2011 (figure 5a).

MODIS image differencing (2008-2011; see [22]) revealed another large subsidence event
downstream of Rec3 (figure 5b), and OIB ATM data acquired along an ICESat track segment
detected a height-change anomaly of the order of 10 m between 2009 ICESat data and the 2012
flight. There had been no anomaly detected during 2003-2009. It is believed that this is the surface

Vit i S



Downloaded from https://royal societypublishing.org/ on 18 March 2025

lake outlines from Smith ez al. [8]
lake outlines from this study
— ICESat tracks
— IceBridge 2011
IceBridge 2012

observed
modelled

depth (m)

2003 2004 2005 2006 2007 2008 2009 2010

distance (km)

Figure 4. Active lakes of the Recovery Ice Stream, East Antarctica, from ICESat and IceBridge. (a) Map of the six subglacial lakes
of lower Recovery Ice Stream (white outlines) annotated with ICESat track segments used to detect them (colour-coded by
surface-height change). (b) IceBridge radargram for a track segment across the Shackleton flowpath downstream of Recl (see
afor location, solid red line) showing features that are not parallel to the bed that may indicate accretion of basal water formed
as water travels up and over the saddle in Shackleton Range. (c) ICESat-derived and modelled volume change time series for
the three largest Recovery lakes. Adapted from Fricker et al. [11].

expression of an unusual dynamic response to the drainage of Rec3 upstream. In addition to the
deflation, a change in orientation of some of the surface flowstripe features in the region suggests
that the drainage of Rec3 significantly reduced the basal friction of a section of the glacier, causing
a local acceleration and slight change in flow direction.

ICESat/OIB height and OIB RES data were used to map the surface and bed topography to
provide constraints on the topographic setting of the lakes and about how water flows through the
system. The OIB RES data showed that most of the Recovery lakes are located in an approximately
1000 km long bedrock trough under the main trunk of the ice stream, whose base is approximately
1500-2000 m below present-day sea level. The hydrologic system beneath Recovery Ice Stream is
controlled primarily by this unusually pronounced and deep bedrock topography, in contrast to
most Antarctic systems studied to date, which are controlled mostly by the ice surface topography
(e.g. [26]).

Lower on the glacier, predicted hydrologic flowpaths showed a bifurcation just downstream of
Recl, forming two possible pathways for the water to cross the grounding line and into the sub-
ice-shelf cavity: one that follows the ice flow and one that diverts to the north to cross Shackleton
Ridge, along the steepest hydrologic gradient (‘Recovery flowpath” and ‘Shackleton flowpath” are
marked on figure 4a). OIB RES data acquired across the proposed Shackleton Ridge flowpath
showed basal features that were consistent with water being frozen onto the bed (figure 4b),
perhaps due to a large decrease in pressure by following the flowpath over the ridge.
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Figure 5. (a) IceBridge radargram acquired along ICESat track 305 on Rec3. The coloured lines towards the top are the surface-
height profiles from the ICESat repeats (repeat dates in corresponding colours); white line is the IceBridge ATM surface height.
The central line (dashed red) is the bed height picked from the radargram, and the bottom line (solid blue) is the hydropotential.
Adapted from Fricker et al. [11]. (b) (i) MODIS image from 2011 and difference image (2011-2008) showing surface deformation
along ICESat track 1302, downstream of Rec3. (ii) Repeat ICESat height profiles along track 1302 (colours) and heights derived
from the 0IB ATM in 2012 showing approximately 10 m surface deformation along a 20 km track segment.

3. Influence of active lakes on ice dynamics

There are now a number of theoretical studies to explain the drainage of temperate
glacially dammed and subglacial lakes and the evolution of water systems in response to
the abrupt addition of surface meltwater in Greenland [27]. In Antarctica, however, such
work is more rare, in part due to the lack of coincident observations of ice velocity and
subglacial hydrologic changes, and insufficient temporal sampling. There have been only three
reports of temporary ice acceleration following the drainage of one or more lakes: on Byrd
Glacier, East Antarctica [28], on Crane Glacier, Antarctic Peninsula [29] and on Whillans Ice
Stream [23].
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Figure 6. Impact of lake drainage on ice dynamics at Byrd Glacier. Top plot: Map of height ranges for 500 m sections
of ICESat tracks, interpreted lake boundaries (green, blue outlines) and height ranges for gridded surface displacements,
overlaid on a MODIS mosaic of Antarctica [31]. Surface heights track 0263 decreased over the upper lake and increased
over the lower lake between November 2003 and November 2007, which was interpreted as the upper lake draining.
Bottom plot: Ice speed at the grounding line from 2003 to 2008. The horizontal bars indicate start and end dates
for each pair of observations and the height of each bar represents its associated error. Adapted from Stearns
etal. [28].

(a) Byrd Glacier

Smith et al.’s inventory [8] identified a linked pair of large subglacial lakes located about 200 km
upstream of the grounding line of Byrd Glacier, East Antarctica, which both experienced large
height changes in 2003-2007. Subsequent analysis showed that the lakes released a large flood
between November 2005 and April 2007, which led to changes in ice dynamics of Byrd Glacier [28]
(figure 6). The activity of the downstream lake lagged that of the upstream lake by about seven
months: the upstream lake inflated (with a corresponding estimated volume gain of 1.4km?)
between November 2003 and November 2005, and then deflated (corresponding to a similar
volume loss between November 2005 and April 2007). The downstream lake gained 1.7 km3
between March 2004 and June 2006, then lost 1 km? between June 2006 and March 2007, and then
gained again between March 2007 and November 2007. The net volume change for the two lakes
was a gain of 2.1 km?® between March 2004 and November 2005, and a loss of 1.7 km? between
June 2006 and April 2007.

The net 1.7km? discharge of the Byrd lakes was released at an estimated peak rate of
approximately 70m3s~!, which occurred between March 2006 and February 2007. Coincident
with this flood, there was an increase in ice velocity of about 10% along the entire 75km glacier
trunk between December 2005 and February 2007. Deceleration coincided with the termination
of the discharge. This was the first direct evidence that an active lake drainage system can cause
large and rapid changes in glacier dynamics in Antarctica.
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(b) Crane Glacier

On the Antarctic Peninsula, a rapid, localized surface-height change was detected by ICESat and
OIB altimeter data between 2002 and 2009 in the lower central portion of Crane Glacier (approx.
10 km from the terminus; figure 7). This anomaly was inferred as the drainage of a small, deep lake
[29], which was not documented by Smith et al. [8] as it was detected only on one ICESat track.
The rate of height change was approximately 91 m yr~! between September 2004 and September
2005, which was spanned by periods of more moderate rates (23myr~! until September 2004;
12myr~! after September 2005) that were largely a result of ongoing glacier thinning due to the
extended response of Crane Glacier to the loss of the Larsen B Ice Shelf [32]. Satellite (ASTER and
SPOT-5) stereo-image digital height model (DEM) differencing spanning the event showed that
the area that underwent this height change was approximately 4.5 x 2.2 km.

The precise connection between subglacial lake discharge and velocity cannot be estimated at
Crane Glacier, as the impact of this process could not be separated from the processes triggered
by the collapse of the Larsen B Ice Shelf. The drainage event itself was apparently triggered by
surface slope changes along the glacier centre line during glacier retreat, and the interpretation
was that this was induced by hydraulic forcing of subglacial water past a downstream
obstruction. Specifically, the retreat of the ice front from a subglacial ridge in late 2004 apparently
caused a final further change in surface slope, which initiated rapid water discharge from the
subglacial reservoir [29]. Only a fraction of Crane Glacier’s increase in flow speed that occurred
near the time of lake drainage (derived from image feature tracking) appears to be directly
attributable to the event. Instead, retreat of the ice front from a subglacial ridge 6 km downstream
of the lake is probably the dominant cause of renewed fast flow and more negative mass balance in
the subsequent four years. Bathymetry in the newly opened Crane Glacier fjord revealed a series
of flat-lying, formerly subglacial depressions interpreted as lake sediment basins, suggesting that
the new lake is one of a series of past subglacial water bodies lying along the centre of the glacial
fjord valley.

(c) Whillans Ice Plain

In both the documented cases of ice acceleration following subglacial drainage (Byrd and Crane
Glaciers), temporal resolution of both the subglacial lake activity and ice velocity changes was
limited by satellite orbits and acquisitions, preventing a detailed understanding of how subglacial
water systems coevolve with the ice sheet. On Whillans Ice Stream, a GPS array was installed to
provide a long-term dataset on lake activity and ice velocity at high temporal resolution in order
to understand the impact of subglacial hydrology on ice dynamics.

Siegfried [23] used 5 years (2010-2015) of continuous GPS data on the Whillans and Mercer Ice
Streams, West Antarctica. They observed 2 years of enhanced flow associated with a cascading
subglacial lake flood event in the southern catchment (figure 2b and figure 8). During this 2-
year period of elevated ice flow, there were three distinct, episodic velocity fluctuations of nearly
4% correlated to lake drainage evolution (figure 8). The observed velocity changes were of a
large enough magnitude to reverse the regional deceleration of the Whillans Ice Stream [33-35],
indicating that the long-observed deceleration varies significantly over short durations. Surface-
height changes of the subglacial lakes were correlated with, but lagged, the sub-annual velocity
fluctuations, indicating that the evolution of the subglacial drainage system (with time scales of
days to weeks) plays a significant role in controlling the impact of subglacial lake floods on ice
velocity. How these very short-time-scale, episodic changes due to subglacial lake activity impact
significantly longer-time-scale processes, such as multi-year-scale subglacial water piracy [26] and
millennial-scale ice stream oscillations [36], remains unknown.

4. Modelling of Antarctic subglacial systems

The recent improvement in observations of lake activity have allowed for a new generation of
models to provide context for the satellite-based observations and reveal how these observations
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Figure7. Drainage of Crane Glacier lake on the eastern Antarctic Peninsula. (a) Satellite image map of lower Crane Glacier and
fjord. Image is from SPOT-5 high-resolution stereo (HRS) sensor, acquired 25 November 2006. Recent airborne laser altimetry
tracks (ATM: 2002, 2004 and 2008 in yellow, orange and red, respectively) and satellite laser altimetry tracks (ICESat: 2003—09,
straight green line) showed anomalously large height changes on the glacier. Numbers in the fjord (1, 2 and 3) and dashed
outlines represent flat sediment-filled basins interpreted as past subglacial lake deposits, and bathymetry contours are also
shown. Grounding line of 1998-2002 is from SAR interferometry [30]. Ice-front locations for floating (November 2002) and
grounded ice fronts are shown; since November 2006 the ice-front position has been essentially unchanged. Inset: Locator map
of Crane Glacier, within the Larsen B embayment, Antarctic Peninsula. (b) ICESat-derived height for track 0018 across Crane Lake
(left-hand scale), and flow speed (right-hand scale). Adapted from Scambos et al. [29].
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Figure 8. Effect of subglacial flood event on ice velocities. (a) Subglacial lake activity of SLC, SLM and Lake 7 from CryoSat-2
(SLC, L7) and GPS (SLM). (b) Raw velocities from four GPS stations on lower Mercer ice stream during a subglacial lake drainage
event (locations of GPS and lake activity time series shown in figure 2). Dashed line indicates continued ice deceleration at pre-
event rates. (c) Evolution of the ice velocity anomaly (relative to dashed baseline in (b)) caused by subglacial lake drainage,
showing a broad 2-year period of enhanced ice velocities, with three rapid acceleration/deceleration episodes. Three velocity
peaks are marked by vertical dashed lines. Light to dark colour variation indicates upstream to downstream. Adapted from
Siegfried [23].

may provide clues to the deeper working of the subglacial hydrologic system, even in places
where such lakes are not present. What is being learned from these simulations of subglacial
water flow may fundamentally change how ice-sheet models treat the basal boundary condition
[27] and how we understand life within this environment [37].

In this section, we summarize the progress that has been made in modelling these systems.
We start with water budget modelling to quantify the hydrologic variability associated with
subglacial lakes, we then explore models for their formation and impact on steady-state ice flow,
and finally we discuss how their drainage takes place and how the drainage process influences
basal lubrication.
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(a) Water routeing and budgeting

Prior to the discovery of active lakes and the degree to which they were widespread in Antarctica,
ice-sheet water models (e.g. [38]) typically approximated the ice-bed interface as a water layer of
variable thickness with higher water pressures (and thus more sliding and higher water flux rates)
correlating with areas of thicker water. Although this relationship appeared to be viable at coarse
scales (20 x 20 km grid cells), at smaller scales models tended to concentrate water in pathways
just a few grid cells across, starving adjacent cells. Models did, however, route water along the
locations of many major subglacial lakes (e.g. [5,39]).

One of the initial questions addressed by modellers examined how much of the total water
produced at the ice-sheet base is captured through observations of volume changes in active
subglacial lakes (e.g. [8]). The first work, however, to evaluate this in a thorough manner was
by Carter et al. [40], who used observations of lake volume change from Fricker et al. [10], a high-
resolution DEM of the ice surface [41], and RES-based ice thickness to infer subglacial water flow
routeing through multiple lakes in MacAyeal Ice Stream. Then using estimates for basal melt rate
distribution from Joughin et al. [42] and a water transport model, they calculated that nearly all
water produced in this ice stream catchment passed through at least one of the five largest lakes
on the ice stream. This methodology was then expanded to the entire Siple Coast, where it was
used to produce the first estimates for temporal variations in subglacial outflow to the ice shelf
cavity driven by active subglacial lakes [43]. This effort also added more evidence in support
of the idea that, as an active lake fills, it cuts off the flow of subglacial water downstream [40]
(figure 10a).

Wright ef al. [39] attempted a more expansive effort modelling the lakes in the Totten Glacier
catchment in East Antarctica, combining an ice-sheet model with a water routeing scheme. In
this case, however, there were substantial discrepancies in the quantities of meltwater generated
upstream of the largest active lake in the system. These discrepancies are probably attributed
to how the ice-sheet model calculates basal melt and internal temperatures. This study, which
included radar sounding data, was among the first to note that many satellite-detected lakes did
not exhibit the strong basal reflection characteristics of radar-detected lakes.

Further work with water budgeting has started to show how water flowpaths evolve on time
scales ranging from months to centuries. A modelling study of the subglacial water system of
the lower Whillans Ice Stream (WIS) [26] demonstrated that, to obtain model output filling rates
of lakes that were consistent with the ICESat-derived rates of Fricker & Scambos [9], it was
necessary to invoke two distinct episodes of water piracy in different locations: (i) water piracy
from the adjacent Kamb Ice Stream associated with its slowdown 150 years ago, as predicted
by Anandakrishnan & Alley [44], which increased the total water flux through the lower WIS
by approximately 50% [26]; and (ii) a change in the course of a major flowpath within the
upper WIS in 2005, which led to a tenfold filling rate increase for SLW for the period 2003-2008
(figure 9). Further analysis of the surface-height changes in the vicinity of the piracy event (ii)
found that the likely cause was a localized bulging of the ice surface in response to slowing and
thickening of the lower WIS (e.g. [34,46]). This changed the hydropotential sufficiently to divert
water that originated from the upper Whillans and Kamb Ice Streams, which previously supplied
the southern catchment, towards SLW. It is now believed that water piracy may be common in
the Siple Coast region, where the gentle basal relief makes the basal hydropotential particularly
sensitive to small changes in ice thickness.

For Recovery Ice Stream in East Antarctica, until recently there were no published estimates
for meltwater production; water budgeting and the associated flow routeing revealed several
surprises about this water system. Fricker et al. [11] showed that a mean melt rate of 0.7 mm yr‘1
over the large Recovery catchment was sufficient to reproduce all observed filling and draining in
the hydrologic system (figure 4c). This work also demonstrated that the filling of the active lakes
did not require any water outflow from the four large static lakes further up in the catchment
(discussed in [12]). Together with the study of Carter et al. [26], this work showed that, in the
absence of more accurate information on the spatial distribution of melt rates, and without
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Figure 9. Flow switching on Whillans Ice Stream. Evolution of subglacial water flow routeing from (a) March 2005 through (b)
March 2006 to (c) March 2007 resulting from a localized thickening of approximately 2 m near lake USLC. Adapted from Carter
etal. [45].

detailed ice thickness data, observations of the lakes themselves could still be used to infer many
aspects of a subglacial hydrologic system.

(b) Formation of lakes

While water budget modelling addressed the role of subglacial lakes in the subglacial water
system, complementary efforts have dealt with the formation of subglacial lakes (e.g. [47]).
In these models, lakes are usually placed where there is sufficient source of meltwater and
an enclosed basin in the hydropotential. This approach has generally been more successful in
predicting lakes in the ice-sheet interior where the hydropotential basins are typically coincident
with a depression in the bedrock topography [48]. For active lakes in fast-flowing regions,
however, the hydropotential basin often results from depressions in the ice surface, resulting from
spatial heterogeneities in basal traction, with lakes appearing in the lee of ‘sticky spots’ [10,49]. In
this dynamic environment, basal traction distribution and the availability of subglacial water can
change quite rapidly as water flowpaths are continually rerouted in response to small changes in
ice thickness [26,44,50].

(c) Anew model for lake drainage

Whereas classic models for ice-dammed lakes in more temperate environments invoked the
‘R-channels’ incised into the base of the ice through hydrodynamic melting (e.g. [51-53]), such
a mechanism is less plausible as a mechanism for draining Antarctic subglacial lakes. In addition
to difficulties in generating sufficient turbulent heat along the low hydraulic gradients typical of
most Antarctic subglacial drainage channels, further complications result from the loss of heat via
conduction to colder ice above [54] and the supercooling of water as it moves up an adverse bed
slope [55]. Given these conditions, it has been long suspected that water flow was accommodated
not by R-channels, but by ‘canals’ incised into the sediment [56]. Although initially believed
to behave similarly to non-erosive distributed systems, formulation by Ng [57] showed how
they might behave more as conduits and experience run-away enlargement. Subsequent work
by Kyrke-Smith & Fowler [58] further explored the viability of such a mechanism, confirming
that conduits incised into the sediment could exist in Antarctic-like conditions. These modelling
efforts combined with observations from harmonic tremors [59] and the response of the ice
sheet to tidal forcing [60] all provide further support for the existence of higher capacity
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Figure 10. Modelling subglacial lake drainage. Comparison of observed [26] height anomalies with lake levels predicted by
a lake drainage model developed by Carter et al. [45], for four lakes in the Whillans/Mercer system: (a) SLW; (b) SLE; (c) SLG;
(d) SLM. Adapted from Carter et al. [45].

channels under the ice sheet. Modelling work by Carter ef al. [45] finally tested the possibility
that canal channels or ‘C-channels’ might serve as an effective means for draining lakes.
Although there is ambiguity in the results owing to the required assumptions (which are largely
unconstrained by existing data sources) regarding viscous till rheology and channel geometry
[61], the Carter et al. [45] model successfully reproduced both the key characteristics of estimated
lake volume changes when applied to the lakes of the Whillans/Mercer system for the period
2003-2009 (figure 10).

(d) Feedbacks between lakes and ice dynamics/ice-sheet mass balance

Seasonal meltwater on the surface of mountain glaciers and Greenland can access the bed through
the supraglacial and englacial water system, where it has been observed to modulate ice flow
speeds (e.g. [51,62,63]). In Antarctica, however, there is almost no surface melt, and the only
input into the subglacial hydrologic system is water produced at the bed through basal melting,
a process that is isolated from the effects of recent climate change. The relationship between
subglacial lake drainage events and large-scale mass balance trends remains unclear, and has not
yet been included in any model. The Crane Glacier example (§3.2) [29] implies that there could be
a large number of similar small pockets of water that remain dormant until other external factors
(such as, in the case of Crane Glacier, a large ice dynamical change which causes an increase in
surface slope) change the boundary conditions. This example demonstrates a potentially large
positive feedback between ice dynamics and subglacial lake drainage.

VIO 0 S g B



Downloaded from https:.//royal societypublishing.org/ on 18 March 2025

Interestingly, where longer-term velocity change data are available (e.g. [64]), approximately
two-thirds of the known active lake systems coincide with regions of ice flow speed decrease
(figure 1) [11]. Recent modelling efforts have suggested that withholding of water from points
downstream during the filling phase results in a net slowdown of the ice even after water flow is
allowed to return to steady state [65]. The lake drainage model of Carter et al. [45] suggests that
the maximum sliding will occur not during peak discharge but shortly before the lake reaches
high stand when water flow is higher, but before channelization has reduced water pressures.
These results, along with parallel work on mountain glacier lake drainage by Kingslake & Ng
[66], suggest that the formation, filling and drainage of subglacial lakes may slow the ice down
over the longer term, as any sliding enhancement resulting from a lake drainage event would
be less than that provided by a steady-state distributed water system. Challenges remain with
regards to quantifying this effect in the context of greater ice-sheet flow.

(e) Discrepancy between locations of active and radar-detected lakes

The idea that lakes are drained via canals incised into soft deformable sediment [45] may help
explain the paradox that RES surveying typically does not show flat, bright reflectors beneath
areas interpreted as active lakes based on surface-height anomalies [7,67-69]. If the observed fill-
drain cycles of subglacial lakes require that sediments are present between the lakes, then it is
likely that such sediments are also present under the lakes themselves. The presence of saturated
sediments and/or small-scale basal roughness could inhibit positive identification of these lakes
using the standard criteria for subglacial lake detection (i.e. specularity and brightness relative
to surroundings) [70]. The angle of repose for these sediments would imply low basal slopes
and shallow lakes; thin water columns impair radar brightness in both low- [71] and high- [72]
conductivity water columns. Synthetic modelling of the interaction of a radar signal and basal
water layers suggests that a water column must be greater than 6 m thick to distinguish between
a water layer and wet till [73]. Similarly, basal roughness on the scale of a radar wavelength
can significantly reduce basal reflectivity [74]. Finally, analysis of regional hydropotential in the
vicinity of active lakes of Smith ef al.’s inventory [8] suggests that, in some cases, the surface-
height anomalies used to identify lakes may be unrelated to basal hydrology (e.g. [68]).

5. Summary

The past decade has been one of remarkable progress in the study of Antarctic subglacial water.
We have gone from an old view, where most subglacial water is stored for long periods in isolated
lakes mainly near to the ice divides, to a new view, where water moves between lakes distances
of hundreds of kilometres in broad but well-defined channels on time scales of months to several
years. Lakes exist under most of Antarctica’s fast-flowing ice streams and subglacial water flow
continues to the grounding line, where it enters the Southern Ocean [18,43,75].

Understanding subglacial water systems is crucial for modelling the future evolution of
the Antarctic ice sheet. The presence of water beneath an ice stream affects ice flow rates
and continental ice flux, as it acts as a lubricant either between the ice and the subglacial
bed or between grains of a subglacial till [76]. Basal water systems may also be a way to
transport significant amounts of heat at the ice-sheet base [77,78]. This transformational decade
in Antarctic subglacial water research has moved us significantly closer to understanding the
process sufficiently for it to be included in ice-sheet models.

In addition to understanding the influence of subglacial lakes on ice flow, it is also important to
understand what observations of subglacial lakes can reveal about the underlying environment.
Observing the volume change undergone by a lake can reveal the rate of meltwater production
in a catchment and how patterns of water routeing upstream of the lake are changing [26]. As the
rates and magnitudes of filling and draining are sensitive to the properties of the subglacial till
[45], it might be possible to infer how this environment is changing over repeated fill-drain cycles.
Active lakes may also drive observable (and possibly predictable) variation in subglacial water
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flux, enabling experiments on the response of ice to varying water flow (e.g. [23]). The surface
activity related to subglacial lake activity can serve as an observable window into the complex
changing environment beneath that would otherwise be difficult to explore through more
direct means.

Although we have made significant progress in mapping active subglacial lakes, it is highly
likely that we have not yet mapped all lakes of this type using existing techniques. Several
studies post-ICESat have found lakes that were not detected during that mission (e.g. [6,29]).
In one location on the Antarctic Peninsula, a new lake was found that was a result of ice velocity
changes [29]. Glacier changes that strongly affect ice surface slope can “activate’ subglacial water
bodies and cause drainage events in lakes that had previously been dormant, implying a dynamic
coevolution of the ice and subglacial hydrology. Continued monitoring of known lakes and
searching for new lakes will occur as more satellite-altimeter data become available (CryoSat-2
and ICESat-2).
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