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Coupling between runoff, hydrology, basal motion, and mass loss (“hydrology-dynamics”)
is a critical component of the Greenland Ice Sheet system. Despite considerable
research effort, the mechanisms by which runoff influences ice dynamics and the
net long-term (decadal and longer) dynamical effect of variations in the timing and
magnitude of runoff delivery to the bed remain a subject of debate. We synthesise
key research into land-terminating ice sheet hydrology-dynamics, in order to reconcile
several apparent contradictions that have recently arisen as understanding of the
topic has developed. We suggest that meltwater interaction with subglacial channels,
cavities, and deforming subglacial sediment modulates ice flow variability. Increasing
surface runoff supply to the bed induces cavity expansion and sediment deformation,
leading to early-melt season ice flow acceleration. In the ablation area, drainage of
water at times of low runoff from high-pressure subglacial environments toward more
efficient drainage pathways is thought to result in reductions in water pressure, ice-bed
separation and sediment deformation, causing net slow-down on annual to decadal
time-scales (ice flow self-regulation), despite increasing surface melt. Further inland,
thicker ice, small surface gradients and reduced runoff suppress efficient drainage
development, and a small net increase in both summer and winter ice flow is observed.
Predicting ice motion across land-terminating sectors of the ice sheet over the twenty-first
century is confounded by inadequate understanding of the processes and feedbacks
between runoff and subglacial motion. However, if runoff supply increases, we suggest
that ice flow in marginal regions will continue to decrease on annual and longer
timescales, principally due to (i) increasing drainage system efficiency in marginal areas,
(i) progressive depression of basal water pressure, and (i) thinning-induced lowering
of driving stresses. At higher elevations, we suggest that minor year-on-year ice flow
acceleration will continue and extend further into the interior where self-regulation
mechanisms cannot operate and if surface-to-bed meltwater connections form. Based
on current understanding, we expect that ice flow deceleration due to the seasonal
development of efficient drainage beneath the land-terminating margins of the Greenland
Ice Sheet will continue to regulate its future mass loss.
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INTRODUCTION

Future variations in the dynamics and mass balance of the
Greenland Ice Sheet will influence rates of sea level rise,
ocean circulation and climate (Cazenave and Llovel, 2010;
Rignot et al, 2011; Gillet-Chaulet et al, 2012; Bamber and
Aspinall, 2013; Nick et al., 2013). Recent observations have
revealed that runoff-induced ice flow variations can occur over
timescales as short as hours (e.g., Zwally et al., 2002; Das
et al, 2008; Shepherd et al., 2009; Doyle et al., 2014), can
be of high magnitude (daily mean flow of up to 400% above
mean winter values; e.g., van de Wal et al., 2008) and effect
an extensive area of the ice sheet (e.g., Joughin et al, 2008;
Palmer et al, 2011; Fitzpatrick et al, 2013). Marginal ice
flow acceleration induces drawdown of inland ice (termed
“dynamic thinning”; Krabill et al., 2004; Pritchard et al., 2009),
exposing more ice to higher atmospheric temperatures and
ablation rates, thus increasing runoff, thereby creating a potential
positive feedback.

However, the net effect of future increases in surface runoff
production on ice flow is uncertain. A wealth of observations
from a land-terminating sector of western Greenland (Figure 1)
have demonstrated that runoff input to the bed increases
ice flow early in the melt season (e.g., Zwally et al, 2002;
Joughin et al, 2008), but that a commensurate decrease in
ice flow as melt water supply declines may offset this speed-
up throughout the ablation area (e.g., Sole et al, 2013; van
de Wal et al, 2015; Stevens et al, 2016) but not further
inland (e.g., Phillips et al., 2013; Sole et al., 2013; Doyle et al.,
2014). Over the last three decades, this seasonal pattern has
been superimposed on a decline in annual ice velocity in
the ablation area (van de Wal et al, 2008, 2015; Tedstone
et al,, 2015). The mechanisms by which variations in runoff
supply produce these velocity fluctuations have recently been
the subject of considerable debate (e.g., Phillips et al., 2013;
Bougamont et al., 2014; Tedstone et al., 2015; Hoffman et al,,
2016; Christoffersen et al., 2018). Seemingly conflicting lines of
evidence have indicated different mechanisms, with contrasting
implications for the future stability of the ice sheet in a changing
climate (e.g., Shannon et al., 2013; Koziol and Arnold, 2018). This
uncertainty hinders our ability to accurately predict the future
dynamic behaviour of land-terminating sectors of the ice sheet.
Therefore, we believe that a thorough review of this research area
is timely.

This review aims to reconcile the apparent contradictions
of recent research and develop a conceptual model of the
coupling between runoff, hydrology, basal motion and mass loss
(“hydrology-dynamics”) of the land-terminating Greenland Ice
Sheet. To achieve this, we begin with a brief discussion of the
ways in which surface-derived meltwater accesses the ice sheet
bed (for a thorough overview of water transport pathways, see
Chu, 2014; Flowers, 2015; Greenwood et al., 2016; for an overview
of the importance of meltwater to the ice sheet system in general,
see Nienow et al., 2017). Secondly, we summarise theoretical and
conceptual subglacial hydrological drainage system morphology
(section Subglacial Hydrology). We then outline the observed ice

flow variations throughout this land-terminating sector of west
Greenland (section Land-Terminating Ice Dynamics; Figure 1)
and discuss the mechanisms that have been proposed to explain
them (section Mechanisms Controlling Ice Flow Variability).
We then discuss the possible future dynamic behaviour of the
ice sheet at high-elevations (section The Inland Limit of Melt-
Induced Ice Flow Variations) and how bed topography may
modulate ice flow variability (section Roughness Modulation of
Hydrology-Dynamics). These sections provide a basis for our
conceptual model of hydrology-dynamics (section A Conceptual
Model of Subglacial Hydrology and Ice Dynamic Variability).
Finally, we highlight several areas that we believe require further
work (section Key Issues and Future Research), before presenting
our conclusions.

Whilst ice sheet dynamics is a relatively new field of study,
the motion of mountain glaciers has long been investigated (e.g.,
Forbes, 1846). Indeed, many parallels can be drawn between
hydrology-dynamic hypotheses developed for mountain glaciers
and those for the ice sheet; such pioneering work provided much
inspiration for contemporary ice sheet investigations. Although
at times in this review we draw on this earlier body of literature
to provide relevant context, we focus on the latter; the reader
is directed toward Hubbard and Nienow (1997), Fountain and
Walder (1998), and Irvine-Fynn et al. (2011) for reviews of
mountain glacier hydrology.

Before proceeding, we provide here a few clarifications.
Although runoff-induced ice flow acceleration is associated
with summer, we refrain from using seasonal descriptors
because the precise timing of variations in melt onset, peak,
and cessation varies between years and location on the ice
sheet. Instead, we use the terms “early-melt season” and “late-
melt season” to refer to the rising and descending limbs
of an idealised runoff hydrograph (Figure2). In addition,
“post-melt season” refers to the period of the mass balance
year during which surface melting has ceased but its legacy
is still of importance dynamically (and so extends into the
following calendar year). This is similar to the approach used
in Stevens et al. (2016). Areas within ~50km of the margin
and from ~50km inland to the equilibrium line are here
referred to as the lower and upper ablation areas, respectively.
Areas further inland are collectively referred to as the lower
accumulation area. Although we make these distinctions for
convenience, we note that runoff supply, rather than the mass
balance regime, is of principal importance for hydrology-
dynamics. It is also worth stressing here that direct observations
of the subglacial environment are limited to relatively few
moulins and boreholes; therefore, our understanding has been
primarily developed from theoretical studies and inferences
from geophysical exploration and observations of ice surface
motion. Ice-dynamic proxies for subglacial water pressure
comprise a large proportion of these observations. These
are based on theoretical and observed linkages between
subglacial discharge, hypothesised drainage system morphology,
subglacial water pressure, and basal motion (Réthlisberger,
1972; Tken, 1981; Iken and Bindschadler, 1986; Kamb, 1987;
Schoof, 2010).
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FIGURE 1 | Overview of key observations. Coloured boxes delimit the approximate study area of corresponding text. Also shown are: Swiss Camp (lilac diamond,
data presented in Zwally et al., 2002); FOXX and GULL GPS and borehole sites (pink stars, Andrews et al., 2014); K-transect sites (black triangles); Leverett GPS sites
(dark green triangles); Russell GPS sites (white dotted triangles, Shepherd et al., 2009); Lake F (pale pink square); moulins used for gas tracer injection (blue dotted
circles, Chandler et al., 2013); boreholes presented in Wright et al. (2016) (orange dotted circles). Contours (200 m intervals) are from the GIMP DEM (Howat et al.,
2014), overlaid on a true colour composite Landsat 7 image mosaic (Howat et al., 2014). Inset is a MEaSUREs MODIS mosaic (Haran et al., 2015). The bold contour
(1,500 m) represents the approximate elevation of the equilibrium line during 1991-2011 [1,5653 m above sea level in van de Wal et al. (2012)]. “SGL” is supraglacial

RUNOFF ACCESS TO THE ICE SHEET BED

For transient surface melt-induced ice flow variations to occur,
surface-derived meltwater must reach the ice sheet bed. In
west Greenland, crevasses, and moulins appear to be the
most important surface-to-bed connections, draining 47 and
39% of surface meltwater, respectively (Koziol et al., 2017),
with crevasses of greatest importance where they are most
abundant close to the margin (Clason et al., 2015; Koziol
et al,, 2017). The remaining surface meltwater is either stored
at or near the surface or flows off the ice sheet edge (Koziol
et al, 2017). Moulins are formed due to melting, by fast-
flowing water, of a previously opened preferential flow pathway

such as a crevasse. Surface fractures (or crevasses) may be
extended to the ice sheet bed by “hydrofracture”— meltwater-
induced downward propagation of pre-existing fractures
(Weertman, 1972; van der Veen, 1998; Alley et al, 2005;
Krawczynski et al., 2009).

Supraglacial lakes (henceforth “lakes”) often provide this
meltwater to drive hydrofracture, particularly in the upper
ablation area (Banwell et al., 2012; Doyle et al., 2013; Arnold
et al, 2014; Clason et al.,, 2015; Koziol et al., 2017). Lake
drainage due to hydrofracture is rapid (i.e, <1 day; e.g,
Das et al.,, 2008) and creates new surface-to-bed connections
(Christoffersen et al,, 2018; Hoffman et al, 2018). The
distribution of lakes and the causes and impacts of rapid lake
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drainage have, therefore, received considerable research attention
(e.g., Banwell et al., 2016).

Lakes form in bed-topographically controlled surface
depressions (Echelmeyer et al., 1991; Lampkin and VanderBerg,
2011; Sergienko, 2013; Ignéczi et al, 2018) during the melt
season across much of the ablation area (McMillan et al., 2007;
Selmes et al., 2011). Up to 55% of lakes drain rapidly, often in
clusters (Box and Ski, 2007; Selmes et al., 2011) and progressively
away from the ice sheet margin as the melt season progresses
(Sundal et al, 2009; Morriss et al., 2013; Fitzpatrick et al.,
2014). Although the total area of lakes increased during 2000-
2015, the occurrence of rapid drainage varies inter-annually
(Sneed and Hamilton, 2007; Fitzpatrick et al., 2014; Cooley and
Christoffersen, 2017) and regionally (our Figure 3; Selmes et al.,
2011). The remainder of lakes either drain slowly overland or
freeze over (Selmes et al., 2013; Kingslake et al., 2015; Koziol
etal., 2017).

Although it is not yet possible to predict rapid lake drainage
(e.g., Williamson et al., 2018), the associated processes are
becoming clearer. Rapid lake drainage appears to be initiated by
transient stress perturbations of sufficient magnitude to cause
ice fracturing. Fractures may form in lakes due to enhanced
basal sliding (Doyle et al., 2013; Carmichael et al., 2015) caused
by remote runoff input to the bed (Smith et al., 2015; Stevens
et al,, 2015), which induces extensional flow and fracturing
of upstream ice through longitudinal stress coupling (Price
et al,, 2008; Christoffersen et al., 2018). Such a process is
argued to have a cascading effect, whereby the drainage of one
cluster of lakes results in the drainage of another cluster, often
further upstream, which expands the area of extensional flow,
thereby encompassing yet more lakes (Christoffersen et al., 2018).
Subsequent downward fracture propagation can theoretically
occur if the fracture remains >92% full of water, due to the
density difference between ice and water (van der Veen, 2007;
Clason et al., 2015).

SUBGLACIAL HYDROLOGY

Water Routing and Effective Pressure

Once runoff accesses the bed, the ice dynamic implications
depend on the subglacial drainage system encountered, via its
modulation of runoft-induced changes in basal water pressure.
Theory developed from observations at mountain glaciers
suggests that increased basal water pressure reduces the effective
pressure at the bed (defined as ice overburden minus basal
water pressure). Increasing water pressure can reduce the ice-
bed contact area (Lliboutry, 1968; Bindschadler, 1983), cause
“hydraulic jacking” of the overlying ice (Iken, 1981) and (where
sediment is present) increase subglacial sediment deformation,
thereby increasing basal motion rates (e.g., Engelhardt et al,
1978; Hodge, 1979; Iken and Bindschadler, 1986; Fowler, 1987;
Iverson et al., 1999; Bingham et al., 2008). As we will discuss later,
the rate of change of water pressure (e.g., Iken, 1981; Cowton
et al, 2016), water storage (e.g., Chu et al, 2016a) and the
connectivity of the drainage system (e.g., Iken and Truffer, 1997;
Hoffman et al., 2016) are also important in the ice sheet setting.
However, we focus here on effective pressure because it illustrates
the importance of the subglacial drainage system and how it may
respond to changes in runoff supply.

Runoff-induced perturbations in effective pressure depend on
the balance between water supply to, storage in and discharge
from the subglacial drainage system (e.g., Iken et al., 1983; Kamb
et al., 1985; Nienow et al., 1998). The capacity and efficiency
of the subglacial drainage system is, therefore, a key parameter
controlling ice flow variability. For example, an increase in water
supply to a given subglacial drainage system is evacuated by
increasing water pressure at the location of water input to the
bed, which in turn decreases effective pressure and increases
the hydraulic gradient in the system, driving faster water flow.
However, a different subglacial drainage system with a greater
capacity will induce a smaller increase in water pressure (and
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FIGURE 3 | The distribution of supraglacial lake (SGL) area and drainage type on the Greenland Ice Sheet. The central plot shows the mean area of fast draining
SGLs (red), slow draining SGLs (green), SGLs that freeze over during winter (blue), and SGLs of an unknown drainage type (black) during 2005-2009. Bar charts
show area and proportion of SGL drainage types per year. Adapted from Selmes et al. (2013).

therefore a smaller decrease in effective pressure) to evacuate the
same increase in runoff. We discuss below how this theoretical
relationship is complicated by spatial and temporal variations in
subglacial drainage system efficiency.

Conceptualised Subglacial Drainage
Morphologies

A conceptual framework for end-member subglacial drainage
configurations has been developed for alpine glaciers (see
Hubbard and Nienow, 1997). These are broadly classified into
“efficient” and “inefficient” forms (Figure4) and have been
inferred to also exist beneath the ice sheet from observations of
water tracer transit times (Chandler et al., 2013; Cowton et al.,
2013), proglacial runoff characteristics (e.g., Bhatia et al., 2011),
ice-dynamic proxies (e.g., Cowton et al., 2016), and borehole
water pressure (e.g., Meierbachtol et al., 2013, 2016). Inefficient
forms of subglacial drainage have been variously termed
“slow,” “un-channelised,” “non-arborescent,” “distributed,” or
“anastomosing;” but for simplicity they are here referred to as
“inefficient.” Efficient forms have been variously termed “fast,”
“channelised,” or “arborescent,” but here we simply use “efficient.”
The various efficient and inefficient forms are illustrated in
Figure 4 and summarised below.

Three forms of inefficient drainage have been postulated
in the literature (Figure4): films (Weertman, 1962), linked-
cavity systems (Kamb, 1987), and porous (or Darcian) flow
(Boulton and Jones, 1979). Sedimentary canals (Walder and

Fowler, 1994) may also be inefficient but they are here classified as
intermediate because they may at times evacuate water efficiently
(Ng, 2000). A continuous, millimetre thick, subglacial water
film was described by Weertman (1962, 1972) to explain glacier
sliding by regelation, where water is produced by melting of
ice under high pressure on the stoss side of basal undulations
and obstacles. Films of this type are unlikely to contribute
significantly to subglacial water transport, however, because
theory suggests that thick films (greater than several millimetres)
are unstable (Walder, 1982; Weertman and Birchfield, 1983),
unless the overlying ice is partially supported by bedrock clasts
(Creyts and Schoof, 2009).

Sliding of ice over small-scale (decimetres) bed roughness
elements can create lee-side subglacial cavities connected by
narrow orifices (Lliboutry, 1968; Walder and Hallet, 1979; Kamb,
1987; Sharp et al., 1989). Most models of subglacial water flow
(e.g., Hewitt, 2013; Werder et al., 2013) assume that linked
cavities are the only or dominant inefficient subglacial drainage
form. Cavity size is theoretically controlled by ice sliding speed,
ice viscosity, subglacial discharge and effective pressure, with
faster sliding, higher viscosity, greater subglacial discharge, and
lower effective pressure producing larger cavities (Walder, 1986;
Kamb, 1987). Specifically, an increase in runoff supply reduces
effective pressure, thereby forcing cavity expansion, which in
turn expedites runoff evacuation (e.g., Kamb, 1987; Schoof,
2010). Therefore, as discharge in linked-cavity systems increases,
effective pressure decreases.
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with water, but they may not be if they are not in steady-state. Ice flow is into the page, except for inefficient cavities, where ice flow is left-to-right.

Some subglacial hydrology models (e.g., Kyrke-Smith and
Fowler, 2014; Bueler and van Pelt, 2015) now include drainage
through sediment because a growing body of evidence suggests
that the substrate underlying the ice sheet is characterised both
by areas of bedrock (e.g., Harper et al., 2017) and sediment (e.g.,
Booth et al., 2012; Dow et al., 2013; Walter et al., 2014; Kulessa
etal,, 2017). These models implement Darcian flow (e.g., Boulton
and Jones, 1979; Walder and Fowler, 1994), canals and shallow
streams (e.g., Stone and Clarke, 1993; Ng, 2000; Kyrke-Smith and
Fowler, 2014) and linked cavities emerging from the sediment
(Bueler and van Pelt, 2015).

Rothlisberger channels (R-channels) are hydraulically
efficient, semi-circular conduits melted up into the base of
the ice (Figure4; Rothlisberger, 1972). The cross-sectional
area of R-channels is determined by the balance of channel
opening by viscous dissipation of heat into the ice due to
turbulent water flow, and the rate of ice-creep closure due
to the effective pressure of the overlying ice (Rothlisberger,
1972). Low subglacial discharge, high effective pressure and weak
hydropotential gradients (caused primarily by shallow ice-surface
slopes) act to suppress R-channel growth. Conversely, increased
subglacial discharge enhances channel opening rates, requiring
higher creep closure rates (and therefore effective pressure)
at steady-state, resulting in a positive steady-state relationship
between discharge and effective pressure (Rothlisberger, 1972;
Nye, 1976; Schoof, 2010). Though this relationship is not a
sensitive one, it means that in steady-state there is no increase
in water pressure with discharge in an R-channel (Réthlisberger,
1972). However, because the theoretical timescale of R-channel
adjustment (typically days to weeks) is longer than variations
in runoft supply (hours), they may be overwhelmed at times
of increasing runoff supply and only partially filled at times
of decreasing runoff supply. The latter situation likely results

in preferential melting of channel sides, theoretically creating
broader, low Hooke-channels (H-channels; Figure4; Hooke
et al., 1990). R- and H-channels are not usually distinguished
in the hydrology-dynamics literature and we henceforth refer
simply to efficient channels, in most cases.

Persistent subglacial water routing may incise channels into
the underlying bedrock (Nye or N-channels; Figure4; Nye,
1976). On the basis that surface-to-bed connections seem to
form in the same locations year-to-year (e.g., Clason et al., 2015)
and that channels incised into bedrock have been observed in
deglaciated regions (e.g., Walder and Hallet, 1979; Sharp et al.,
1989), we think it is likely that N-channels exist in some locations
beneath the ice sheet (e.g., Beaud et al., 2018) and may provide
preferential flow pathways. Water flow along water-filled N-
channels will melt the overlying ice, possibly forming an N-R-
channel hybrid (i.e., a channel partially melted into the overlying
ice and partially eroded into bedrock). Similarly, persistent water
routing in a spatially stable R-channel will presumably eventually
lead to the incision of an N-channel. R- and N-channels may
therefore comprise two end members of a spectrum. Such a
possibility is supported by observations of transitions between
inferred R- and N-channels in paleo-subglacial environments
(e.g., Livingstone et al., 2016).

Spatial Variations in Subglacial

Hydrological Structure

Though it is useful initially to conceptualise the above drainage
forms as independent entities, they are likely frequently and
extensively hydraulically connected (e.g., Hubbard et al., 1995;
Andrews et al., 2014). When and where subglacial water flow is
turbulent enough to cause channel opening, efficient channels
should begin to form (e.g., Kamb, 1987; Bingham et al,
2005; Schoof, 2010; Chandler et al., 2013), thereby increasing
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the efficiency of the drainage system and increasing effective
pressure. In steady-state, theory suggests that water will flow from
surrounding high pressure regions toward channels. In addition,
across-flow transects of ice velocity (Bingham et al., 2006;
Tedstone et al., 2014) and borehole water pressure (Hubbard
et al, 1995; Fudge et al., 2008), and modelling (e.g., Schoof,
2010; McGrath et al., 2011), suggest that sufficiently large or
rapid pulses of runoff can cause transient spikes in channel water
pressure of sufficient magnitude to reverse the hydraulic gradient
between channels and the surrounding inefficient drainage
system. The pressure gradient reversal could force water out
of the channel into the adjacent inefficient drainage system
across a “variable pressure axis” (Hubbard et al., 1995; Nienow
et al., 2005; Tedstone et al., 2014). The inefficient system in the
variable pressure axis is envisioned to take the form of one or a
combination of linked cavities and films, where sediment cover
is thin or absent, or Darcian flow and canals, where sediment
cover is both thick and pervasive (e.g., Stone and Clarke, 1993;
Kyrke-Smith and Fowler, 2014).

Efficient Channel Formation

The spatial extent of efficient channel formation beneath the ice
sheet has been considerably debated. As described in section
Conceptualised Subglacial Drainage Morphologies, shallower
surface slopes, lower runoff and thicker ice hinder channel
development by reducing hydropotential gradients and channel
wall melt rates and increasing creep-closure rates, respectively
(e.g., Rothlisberger, 1972). Based on this reasoning and numerical
modelling, some authors (e.g., Meierbachtol et al., 2013; Dow
etal., 2014) have argued that channels are not a major component
of the subglacial drainage system beneath thick ice where surface
slopes are shallow and runoft supply sparse.

Observations of borehole water pressure and tracer transit
times provide some constraints on the extent of efficient
channel formation. Two independent water pressure records
are consistent with channel formation beneath ice up to at
least ~600m thick. Firstly, water pressure in boreholes at
site SHR (location in Figure 1; van de Wal et al., 2015) was
generally low and variable throughout the 2011 melt-season
(compared to before and after the melt season), other than
a transient increase coincident with melt-onset, indicating an
efficient drainage system that may at times be over-pressurised.
Similarly, water pressure in moulins near the GULL Global
Positioning System (GPS) site (location in Figure 1; Andrews
et al,, 2014), increased during melt events and declined rapidly
afterwards; indicating that although the drainage system was
transiently over-pressurised, drainage efficiency was relatively
high. However, water pressure in boreholes spanning a range of
ice thicknesses (100-800 m), located primarily on bedrock highs,
was generally high throughout the year, indicating a persistently
inefficient subglacial drainage system (Meierbachtol et al., 2013;
Wright et al., 2016). Although these are point observations,
they indicate a drainage system of spatially varying efficiency
and connectivity. Water tracer transit times in the same region
suggest that efficient channels form rapidly (Cowton et al., 2013)
and can extend up to at least 41 km from the margin (Chandler

etal., 2013), indicating that channels can form along the principal
flow paths throughout the lower ablation area.

Numerical modelling investigations generally support these
inferences. R-channel formation has been modelled up to
~50km inland [nearly 1,200 m above sea level (a.s.l), beneath
~900 m thick ice; (de Fleurian et al., 2016; Koziol and Arnold,
2018)], but not in a setup representative of conditions ~70km
inland and ~1,400 m a.s.I (1,200 m thick ice; Dow et al., 2014).
This would suggest that there is a transition in potential drainage
system efficiency between areas overlaid by ~900 and ~1,200 m
thick ice. However, observations of the subglacial environment
and constraints on crucial model parameters are sparse, leading
to uncertainty in inferences from models: modelled R-channels
can form under conditions representative of the upper ablation
area if a large (~1 m?) initial conduit size is used (e.g.,
Hewitt, 2011; Gulley et al., 2012). Such conditions may occur
due to uplift during rapid lake drainage (Das et al., 2008;
Pimentel and Flowers, 2010; Andrews et al., 2018) or may be
facilitated if persistent surface-to-bed hydrological connections
(Catania and Neumann, 2010) enable erosion of preferential
flow pathways into the substrate (Gulley et al., 2012; Beaud
et al., 2018). In addition, the spatial pattern of surface-
to-bed connections (moulins) strongly influences the spatial
organisation of modelled subglacial channels, with a high density
of moulins producing widespread and rapid channelisation
beneath ice up to 815 m thick (Banwell et al., 2016).

Large inputs of meltwater to the bed during rapid lake
drainage events also appear to influence the subglacial drainage
system. Observations indicate ice sheet uplift during and
immediately following rapid lake drainage (e.g., Das et al., 2008;
Doyle et al., 2013; Andrews et al., 2018), followed by lowering
within a few hours (e.g., Das et al., 2008; Bartholomew et al,,
2012) to days (Doyle et al, 2013; Andrews et al., 2018), and
sustained flow deceleration (Andrews et al., 2018). The uplift
of the ice sheet-surface implies that the initial influx of runoff
exceeds the capacity of the local subglacial drainage system (e.g.,
Das etal., 2008; Stevens et al., 2015) and likely spreads out radially
from the point of input as a “blister” (Tsai and Rice, 2010; Dow
etal., 2015). The subsequent subsidence suggests that this runoff
can be evacuated relatively rapidly, possibly in a turbulent sheet
(Adhikari and Tsai, 2015; Dow et al., 2015), whilst the subsequent
slow-down implies persistent, efficient drainage formation at
low elevations (below ~900m) or changing pressures within
inefficient parts of the drainage system at high elevations (see
section Modulation of Ice Flow by the Weakly-Connected
Subglacial Drainage System; Andrews et al., 2018). Whether
efficient channels develop during rapid lake drainage is uncertain
and will depend on local ice thickness and hydropotential
gradient. Large and turbulent fluxes of subglacial runoff would
theoretically cause rapid channel opening (Rothlisberger, 1972;
Schoof, 2010), which would be followed by sustained flow
deceleration (Andrews et al., 2018); however, the short duration
of drainage events may limit channel growth (e.g., Dow et al.,
2015). A modelled lake drainage event through 1,200 m thick ice
(Dow et al.,, 2015) did not generate substantial channel growth;
however, the sensitivity of this finding to key properties (such as
ice thickness and pre-drainage basal hydrology) remains unclear.
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In summary, observations indicate that efficient channels can
form along principal water flow paths beneath large areas of
the ablation area (up to at least ~40km from the margin), but
their formation and persistence appears to be suppressed and
may even be precluded with increasing ice thickness and distance
from the margin.

The “Weakly Connected” Drainage System

Outside variable pressure axes, observations and modelling of
both mountain glaciers (e.g., Murray and Clarke, 1995; Gordon
et al, 1998; Fudge et al., 2008; Schoof et al., 2014; Lefeuvre
et al,, 2015, 2018) and the ice sheet (Meierbachtol et al., 2013,
2016; Andrews et al., 2014; Ryser et al., 2014a; Hoffman et al.,
2016) indicate that there are potentially large areas of inefficient
drainage that are not directly connected to surface runoft supply.
These areas operate at higher water pressures than other parts
of the subglacial drainage system. We suggest that this “weakly
connected” drainage system (as described in Hoffman et al,
2016) exists throughout the subglacial environment where water
is present (e.g., from basal melting and/or storage) but is
superseded along preferential subglacial water flow pathways
during the melt season by a “connected” drainage system, fed by
surface runoff inputs, comprised of an efficient core surrounded
by a mixture of inefficient drainage forms. It is worth stressing
that because observations of the subglacial environment are
sparse, it is not clear what drainage forms the “weakly-connected”
system is comprised of, nor whether subglacial drainage system
“connectivity” varies continuously or discretely in space.

Temporal Variations in Subglacial

Hydrological Structure

Observations and modelling suggest that the configuration of
the subglacial drainage system varies over sub-daily to millennial
timescales in response to variations in runoff supply, ice surface
slope and sliding velocity (e.g., Chandler et al., 2013; Livingstone
et al,, 2013; Lindbick et al., 2015; Chu et al., 2016b). During the
post-melt season period, runoft supply to the bed is at an annual
minimum and channel-creep closure rates likely exceed channel-
wall melt rates. Therefore, an inefficient drainage mosaic of films,
linked-cavities and Darcian flow through subglacial till (where
present) potentially dominates during this time.

Shortly following surface melt onset, runoff accesses the
bed, perturbing the inefficient winter drainage system at
and downstream of surface-to-bed hydraulic connections, and
generating local variations in basal water pressure (Andrews
et al., 2014; Wright et al., 2016). Efficient channels should begin
to form if subglacial discharge becomes sufficiently turbulent
to cause melting of the overlying ice faster than the rate
of creep closure (Kamb, 1987; Bingham et al.,, 2005; Schoof,
2010). Although one study (Sundal et al., 2011) has suggested a
fixed threshold surface melt volume above which channelisation
occurs, this ignores the influence of variable creep closure and
cavity opening rates caused by spatial and temporal variations in
effective pressure, ice viscosity and basal sliding.

As surface melting occurs at increasingly high elevations,
channels are thought to form and extend progressively inland (as
in Nienow et al., 1998), as inferred from an up-glacier progression

of relatively rapid observed water flow velocities (>1m s7h)
(Chandler et al., 2013) and high correlations between diurnal
surface melting and both proglacial discharge (e.g., Bartholomew
etal,, 2010) and moulin water pressure (e.g., Andrews et al., 2014)
in the lower ablation area. Theory suggests that as channels grow
in diameter through the melt season, water flow should become
increasingly concentrated into fewer channels, further increasing
the efficiency of the subglacial drainage system (Rothlisberger,
1972; Hock and Hooke, 1993; Hewitt, 2011; Koziol and Arnold,
2018), but this has not been confirmed by observations in the
ice sheet setting. The growth of channels would progressively
decrease the extent of the weakly-connected system. Efficient
channels should persist as long as subglacial discharge generates
sufficient ice-wall melting to offset ice creep-closure. Therefore,
channels should start to close as surface melting decreases toward
the end of the melt season. The capacity and efficiency of drainage
forms within the variable pressure axis may also seasonally
increase because of runoft-induced cavity growth (Kamb, 1987;
Schoof, 2010) and increased till porosity and sedimentary canal
formation, where sediment is present (Kyrke-Smith and Fowler,
2014; Damsgaard et al., 2015).

Despite receiving little runoff, the putative weakly-connected
drainage system should also evolve throughout the melt season.
In many places, water pressure has been observed to decline
in boreholes inferred to be connected to the weakly-connected
system, albeit with considerable variability, through all or part
of the melt season (Smeets et al., 2012; Meierbachtol et al.,
2013; Andrews et al, 2014; Wright et al., 2016) and become
anti-correlated with water pressure in the connected drainage
system on diurnal timescales (Andrews et al., 2014; Lefeuvre et al.,
2015). The diurnal variations in pressure are thought to be due
to stress-transfer induced increases in basal sliding, leading to
cavity expansion (Andrews et al., 2014) and/or mechanical stress
redistribution (e.g., Murray and Clarke, 1995; Ryser et al., 2014b;
Meierbachtol et al., 2016; Lefeuvre et al.,, 2018). The general
decline of water pressure in the weakly-connected system during
the melt season is thought to be due to the seasonal establishment
of a water pressure gradient, which gradually drains water from
the weakly-connected to the connected system (Hoffman et al,,
2016). In the lower accumulation area, where surface slopes
are small and ice thick, water flow between the connected and
weakly-connected system should theoretically be suppressed due
to the weak pressure gradients and rapid closure (or absence) of
connections between the two systems.

When runoff supply ceases, we envisage relatively rapid
closure of channels (hours to days, depending on ice thickness),
re-establishment of the weakly-connected, inefficient system
and a consequent increase in subglacial water pressure and
water storage. Theory suggests that re-pressurisation of the
subglacial drainage system, due to basal melting and cavity
closure, should be slow and gradual; however, observations of
re-pressurisation are sparse and so are usually inferred from ice
velocity observations. The gradual ice flow recovery throughout
much of the ablation area (e.g., Joughin et al., 2008; Colgan et al.,
2011; Sole et al.,, 2013) and increasing borehole water pressures
~15km inland (van de Wal et al., 2015) during the post-
melt season period corroborate this view. On the other hand,
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Wright et al. (2016) observed rapid recovery of borehole water
pressures during the late-melt season and only a slight increase
in water pressure over winter at some sites. These contrasting
observations suggest that the degree and timing of post-melt
season re-pressurisation varies both spatially and inter-annually
(as also evidenced by Figure 13 in Colgan et al., 2011). This may
be due to spatial variability in ice thickness and temperature,
drainage system efficiency, the degree to which water has been
drained from the weakly-connected drainage system and local
cavity geometry. These factors are related: for example, a more
efficient end-of-season connected drainage system will likely
be associated with greater water drainage from the weakly-
connected system, due to steeper hydraulic gradients between the
two (Hoffman et al., 2016).

In addition to the hypothesised seasonal and shorter-term
changes in the subglacial drainage system discussed above, there
may also be broad changes in the size and location of subglacial
catchments in response to both seasonal changes in basal water
pressure and changes in ice surface slope over centennial-and-
longer timescales. Chu et al. (2016b) and Lindbick et al. (2015)
modelled large changes in subglacial catchments in response
to changing basal water pressure. Such changes would alter
the magnitude and timing of water flow beneath neighboring
glaciers, thereby potentially affecting the temporal and spatial
evolution of subglacial drainage forms discussed above. On
longer timescales (centuries to millennia), changes in ice sheet
geometry will also affect the routing and storage of water at the
bed (e.g., Livingstone et al., 2013).

LAND-TERMINATING ICE DYNAMICS

Ice motion is due in part to ice sliding over the bed and by
deformation of subglacial sediments, both of which are directly
influenced by subglacial hydrology. In the following two sections,
key turning points, developments, and debates from observations
and modelling over the last 15 years are discussed (Figure 1).

Short-Term Ice Speed-Ups

Short-term speed-ups (lasting hours to several days) of ice sheet
flow occur in response to variations in surface runoff supply (e.g.,
Shepherd et al., 2009) and lake drainage (e.g., Das et al., 2008).
Each year, after an initial melt-induced speed-up (often termed
a “spring-event’; section Seasonal and Inter-Annual Variability
of Ice Flow), ice velocity in the lower ablation area typically
varies diurnally with an amplitude of up to ~300% of pre-melt
speeds. Diurnal fluctuations have the highest amplitude near the
margin and decrease steadily inland within the lower ablation
area. Occasionally, ice flow will increase (by >100%) and remain
elevated for several days in response to major increases in runoff
supply (e.g., van de Wal et al., 2008; Hoffman et al., 2011;
Bartholomew et al., 2012; Tedstone et al., 2013).

Rapid lake drainage events cause most short-term speed-
ups in the upper ablation area, particularly during the late-melt
season (Hoffman et al., 2011; Doyle et al., 2013; Joughin et al.,
2013). Although the temporal patterns of ice dynamic response to
lake drainage events are complex (e.g., Das et al., 2008; Joughin
et al., 2013), direct observations of ice sheet motion during and

after rapid lake drainage reveal a typical pattern of ice sheet
uplift by decimetres to metres, lasting less than a few hours (e.g.,
Tedesco et al., 2013), and concurrent short-lived (<24 h) ice flow
acceleration by 100-400% above pre-melt season values (e.g., Das
et al., 2008; Shepherd et al., 2009; Bartholomew et al., 2012). This
is usually followed by rapid (<few hours) deceleration to below
pre-lake drainage velocities and then recovery to pre-drainage
velocities (e.g., Das et al., 2008), producing a small net speed-up
(~1m year’l; Das et al., 2008; Doyle et al., 2013).

Not all lakes drain rapidly - many drain slowly over the
ice sheet-surface via channels into down-glacier moulins and
lakes, augmenting the locally-derived surface runoff supply
(Selmes et al., 2013; Kingslake et al., 2015; Koziol et al., 2017).
Modelling suggests that the effect of lake surface drainage on
ice velocity depends on the rate of drainage and whether the
lake drains partially or entirely (Kingslake et al., 2015). One
study (Tedesco et al, 2013), suggested that so-called “slow-
draining” lakes produce less than half the speed-up of their fast-
draining counterparts.

Seasonal and Inter-annual Variability of Ice

Flow
Following localised surface melt onset, ice velocities increase
considerably (the “spring event”). In southwest Greenland, this
initial speed-up typically begins in early May, close to the margin,
and occurs progressively later further inland (Bartholomew et al.,
2010, 2011b; Fitzpatrick et al., 2013; Sole et al., 2013; van de Wal
et al,, 2015). In the lower ablation area, this speed-up is of high
magnitude (up to 300-400% above pre-melt speeds) but lasts only
a few days to a week before ice velocity falls to near pre-melt
speeds (e.g., Sole et al., 2013). Further inland, the initial speed-up
is damped (~50-100%) but more sustained (Bartholomew et al.,
2012). During the late-melt season, ice velocity typically decreases
at times when meltwater supply is steady or falling. This slow-
down may, however, be interrupted by short-lived accelerations
during exceptional warm periods and rainfall events (Tedstone
etal., 2013; Doyle et al,, 2015) and rapid lake drainage (Shepherd
et al,, 2009). Together, these typically increase mean melt season
ice flow relative to the post-melt period by ~65% in the lower
ablation area (Sole et al., 2013), declining to ~7% in the lower
accumulation area (Sole et al., 2013; Doyle et al., 2014).
Post-melt season, ice flow throughout the ablation area
initially slows to an annual minimum before gradually returning
to pre-melt season speeds over several months (e.g., Joughin et al,,
2008; Sole et al., 2013; van de Wal et al., 2015). One set of Global
Navigation Satellite System (henceforth also GPS) observations
near the Kangerlussuag, or K-, transect (Figure 1) showed that
although ice displacement and runoff during the melt season
are positively correlated, post-melt season ice velocities are
negatively correlated with runoff during the latter part of the
preceding melt season, such that annual ice velocity is not
significantly related to annual runoff (Sole et al., 2013). This
finding applied even during the extreme melt year of 2012
(Tedstone et al., 2013). A similar relationship has been observed
in a large area of the lower ablation area (Sundal et al., 2011)
and over 20 years at K-transect sites in the ablation area (van
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de Wal et al, 2015). A detailed set of GPS observations near
North Lake (location in Figure 1), showed a similar pattern
of ice flow variability; however, post-melt season ice velocities
were unrelated to preceding mean melt season characteristics
(Stevens et al., 2016). The inter-annual stability of ice flow in
the ablation area, despite elevated melt season ice flow during
warmer years, due to the post-melt season deceleration has
been termed “ice flow self-regulation” (Sole et al., 2013; van
de Wal et al., 2015). However, at K-transect sites at and above
the approximate elevation of the equilibrium line, the late-melt
season deceleration is short lived or non-existent (Doyle et al.,
2014; van de Wal et al., 2015).

The 20-year time-series of GPS ice displacement data along
and adjacent to the K-transect suggests, therefore, that ice flow
self-regulation varies throughout the ablation area (van de Wal
et al., 2015). In the lower ablation area, annual ice flow exhibits
no statistically significant relationship with surface melt (Sole
et al., 2013; van de Wal et al., 2015). In the upper ablation area,
early-melt season and post-melt season velocities are positively
and negatively correlated with runoft supply, respectively, but the
influence of lower ice velocity during the longer winter season
produces an overall, weak negative correlation between annual
ice velocity and runoft supply (van de Wal et al, 2015). In
contrast, annual ice flow at a K-transect site 140 km from the
margin increased by 2.2% during 2009-2012, during which time
lake extent also increased, implying an increase in runoft supply
(Doyle et al., 2014). A similar (1.8%) speed-up was observed
during 2009-2011 at a site 117 km from the margin (Figure 3
in Sole et al,, 2013). The mechanisms controlling this seasonal
response are discussed in section Mechanisms Controlling Ice
Flow Variability.

Decadal Ice Flow Variability

Both  high-temporal resolution and spatially-extensive
observations have shown that ice flow in the majority of
the ablation area is slowing on multi-year timescales, despite a
concurrent increase in modelled runoft supply (van de Wal et al,,
2008, 2015; Tedstone et al., 2015; Stevens et al., 2016). van de
Wal et al. (2008) reported a 10% decline in the annual average
ice velocity along the K-transect from 1991 to 2007, which was
tentatively attributed to decreases in surface slope or ice thickness
and, on the basis of those observations, suggested that dynamic
thinning does not significantly increase the ablation rate in their
study area. van de Wal et al. (2015) showed that the long-term
pattern of ice velocity change varies throughout the ablation area,
with the greatest net slow-down occurring in the upper ablation
area, due to the strong negative correlation between winter flow
speeds and melt supply described above—behaviour also noted
by Sole et al. (2013). In the lower accumulation area, there was
not a discernible positive correlation between annual melt supply
and annual ice velocity during 1991-2012 (van de Wal et al,
2015); however, Doyle et al. (2014), using more precise GPS
receivers, did observe a modest year-on-year acceleration from
2009 to 2012, possibly as a direct response to increased runoff
supply, or indirectly via hydrologically-induced warming of
basal ice (e.g., Phillips et al., 2013). Furthermore, ice flow within
~50 km of the margin across a large land-terminating sector of

west Greenland was on average 12% slower during 2007-2014
than 1985-1994 (Tedstone et al., 2015), despite a concurrent 50%
increase in surface meltwater production (Wilton et al., 2017).
Only ~30% of this slow-down was explicable by changes in ice
thickness and surface slope (Tedstone et al., 2015). Similarly,
Stevens et al. (2016) observed at North Lake net annual flow
deceleration of 1.1% per year during 2009-2013. Analogous
multi-year slow-down trends of glaciers have been observed in
Alaska (Truffer et al., 2005; Burgess et al., 2013) and Canada
(Thomson and Copland, 2017).

MECHANISMS CONTROLLING ICE FLOW
VARIABILITY

The ice flow fluctuations described above are difficult to
reconcile. A suitable hypothesis must explain (i) the timing
and magnitude of short-term accelerations as well as the late-
melt season and decadal slow-downs in the ablation area, and;
(ii) the contrasting behaviour further inland. Robust process-
understanding of the mechanisms controlling ice flow variability
is essential if we are to reliably predict the future behaviour of
the ice sheet. There are three principal hypotheses that seek to
explain this behaviour. The first states that ice flow variability is
due to runoff-induced weakening and strengthening of subglacial
sediment, leading respectively to increasing and decreasing
sediment deformation rates (Figure 5; Bougamont et al., 2014;
Kulessa et al., 2017); the second states that efficient channels and
inefficient cavities modulate runoft-induced variations in water
pressure (Figure 6; Bartholomew et al., 2010, 2012; Sole et al,,
2013; Tedstone et al., 2015; Cowton et al., 2016); and the third,
which seeks to explain only the late-melt season slow-down,
draws on leakage of water from the weakly-connected drainage
system (Figure 7; Andrews et al., 2014; Hoffman et al., 2016).

Runoff-Induced Variations in Sediment
Shear Strength

Subglacial sediment may respond to runoff supply in a manner
that could explain some aspects of ice flow variability (Figure 5;
Dow et al., 2013; Bougamont et al., 2014; Walter et al., 2014;
Kulessa et al.,, 2017). According to this hypothesis, pulses of
runoff to the bed create a vertical hydraulic gradient between
(high pressure) subglacial water at the ice-sediment interface and
the (low pressure) underlying sediment, leading to downward
migration of water into the sediment (Boulton et al., 2001;
Damsgaard et al., 2016). This increases sediment pore-water
pressure, reduces sediment shear strength and increases sediment
deformation and thus ice flow (Figure 5; Boulton et al., 2001;
Bougamont et al.,, 2014; Damsgaard et al.,, 2016). Subsequent
evacuation of water through the efficient drainage system then
leads to a reversal of vertical hydraulic gradients, upward
migration of water out of the sediment and a reduction in
sediment pore-water pressure. Modelling (Bougamont et al.,
2014; Damsgaard et al., 2015, 2016) suggests that runoft-
induced sediment grain rearrangement acts to increase sediment
porosity. This in turn leads to a subsequent drop in pore-water
pressure, increased sediment shear strength and basal traction
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(white arrows, bottom zoom) during the late-melt season.

FIGURE 5 | Schematic of the sediment deformation mechanism proposed by Bougamont et al. (2014). (A) Pulses of meltwater (black arrows) during the early-melt
season force water downward along a vertical hydraulic gradient (idealised in B). A consequent reduction in sediment shear strength facilitates particle displacement
(white arrows, top zoom), leading to (C) grain rearrangement, increased sediment porosity, and (D) lower water pressure and therefore stronger inter-particle contacts
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and therefore slower basal motion (Figure 5) (Bougamont et al.,
2014; Kulessa et al., 2017).

Modelling (Bougamont et al., 2014) suggests that the rate
and duration of runoff input to a sediment-rich subglacial
environment strongly influences the resultant ice velocity
response. Modelled and inferred variations in subglacial
sediment shear strength can be induced by rapid lake drainage,
which produces realistic seasonal variations in modelled ice
velocity (Bougamont et al., 2014; Kulessa et al., 2017). Bougamont
etal. (2014) also argue that increases in runoff supply may in the
future affect sediment shear strength and ice velocity: a modelled
50% increase (relative to that in 2010) in both runoff and lake
drainages resulted in an early-melt season acceleration that was
not compensated for by a late-melt season deceleration, thereby
increasing mean annual ice velocity.

Subglacial sediments appear to be concentrated in troughs
but are thin on the adjacent plateaus (e.g., Harper et al., 2017;
Kulessa et al., 2017). Dilatant till in subglacial troughs has been
inferred from seismic surveys in some areas of west Greenland
(Booth et al., 2012; Dow et al., 2013; Walter et al., 2014; Kulessa
et al, 2017; Hofstede et al., 2018). While the thickness of
this till is largely unknown, subglacial sediment tens of metres

thick has been inferred (Walter et al., 2014; Doyle et al., 2018;
Hofstede et al., 2018). However, observations from an array of
boreholes through relatively thin ice over bedrock highs in parts
of the Kangerlussuaq sector (Harper et al., 2017) and from radar
tomography of areas of west Greenland (Jezek et al., 2011, 2013)
were inconsistent with the presence of a thick sediment substrate,
at least on the extensive plateaus between troughs.

Although it is likely that runoff-induced variations in
subglacial sediment shear strength will occur, we advise caution
when interpreting suggestions that ice flow may accelerate in
future in response to pervasive subglacial sediment weakening
(Bougamont et al., 2014). Firstly, net sediment weakening has
not, as far as we are aware, been inferred beneath the land-
terminating ice sheet, though observations are sparse (Kulessa
et al., 2017). Secondly, although till deformation is non-linear
and sensitive to driving stress (e.g., Iverson et al., 1999),
there is no evidence that the short-term subglacial sediment
strengthening inferred in Kulessa et al. (2017) occurs on annual
timescales nor that the mechanism is effective over multi-year
timescales. Furthermore, the hypothesis that future increases
in runoft supply will cause net speed-up is predicated on a
modelled speed-up in response to runoff forcing above 2010
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FIGURE 6 | Schematic of active drainage system hydrology-dynamic interactions. (Left) Black arrays indicate water flow direction. (Right) Cavity
cross-sections—black and white arrows indicate closing and opening mechanisms, respectively. Size of grey arrow in left panels indicates relative velocity change
from preceding period. Blue shading indicates basal water pressure (darker equals higher pressure).

levels (Bougamont et al., 2014). Such a relationship is directly at ~ presented in Sole et al. (2013) was ~5% slower than in 2010.
odds with observations: ice sheet wide runoff was approximately ~ In addition, ice flow in a large land-terminating sector of west
30% greater during 2012 than in 2010 (Cullather et al,, 2016),  Greenland slowed over 30 years, despite increasing surface melt
but annual ice motion during 2010 averaged across all sites  (Tedstone etal., 2015).
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(2016).

FIGURE 7 | Conceptual model of ice flow self-regulation by the inactive subglacial drainage system. (A) At the onset of the melt season, a large fraction of the bed is
comprised of high pressure, weakly connected cavities. (B) By the middle of the melt season, efficient subglacial drainage has developed (dashed grey outline) and
the extent and pressure of the inactive system have decreased, leading to relative ice flow slow-down. (C) At the end of the melt season, channels collapse soon after
surface melt cessation and water pressure in the inactive drainage system begins to increase, leading to gradual ice flow speed-up. Adapted from Hoffman et al.

Ice Flow Modulation by the Connected

Drainage System

The observed ice flow fluctuations have been attributed by some
authors (e.g., Bartholomew et al., 2010; Sole et al., 2013; Cowton
et al., 2016; Koziol and Arnold, 2018) to runoff input to a
subglacial environment underlain principally by hard bedrock
and characterised by a network of efficient channels and linked
cavities (Figure 6). Much of the evidence for this hypothesis
comes from ice-dynamic proxies for subglacial water pressure.
We note that changes in ice velocity can occur that are apparently
unrelated to changes in basal water pressure (e.g., Iken and
Truffer, 1997; Harper et al., 2007).

According to this hypothesis, the short-term dynamic
response of the ice sheet to variations in surface runoff
production (van de Wal et al., 2008; Bartholomew et al., 2012)
results from the differing timescales of variability in subglacial
channel evolution and runoff supply (e.g., Cowton et al., 2016).
Although channel initiation and growth occur relatively early
in the melt season [depending on ice thickness, surface slope,
and viscosity (Schoof, 2010; Cowton et al., 2013)], the timescale
of variability in runoft supply (hours) is typically much shorter
than that of channel adjustment (days to weeks), hence channels
are typically not in steady-state (Pimentel and Flowers, 2010;
Schoof, 2010; Bartholomew et al., 2012). The implication is that,
regardless of time of year, if runoff supply exceeds the rate at
which it can be evacuated, then there will be an increase in water
pressure and ice acceleration (Bartholomew et al., 2011a, 2012).

When runoff supply to a full channel increases, water
pressure in the channel should rise, forcing water away from the
channel across the variable pressure axis into the surrounding
inefficient drainage system. This should, theoretically, induce
cavity expansion (and therefore vertical and down-glacier
displacement of overlying ice) and reduce ice-bed coupling
(Figure 6; Figure 10 in Cowton et al., 2016). This inference is
supported by observations of changes in channel water pressure
that are well-correlated with changes in ice velocity and water
pressure of the surrounding area (Andrews et al, 2014). The
sensitivity of water pressure in channels to runoff input decreases
as channel cross-sectional area expands during the early-melt

season: much greater increases in runoff input are required
during the middle of the melt season (and after any period of
relatively sustained surface melting) to generate the same velocity
response as during the early-melt season (Rothlisberger, 1972;
Cowton et al., 2016). In regions of the ice sheet where channels
are sufficiently dense and/or the variable pressure axes sufficiently
wide, short-term flow acceleration may be dominated by this
mechanism, particularly when longitudinal stress coupling is
considered (Kamb and Echelmeyer, 1986; Price et al., 2008).
There is observational and modelling evidence to suggest that,
at least in the ablation area of western Greenland, this is indeed
the case. Firstly, GPS observations along transects parallel and
transverse to ice flow show that the patterns of short-term speed-
up in response to runoff variations were strikingly similar up to
at least ~75km from the margin (~1,500 m a.s.l, ~1,200 m ice
thickness; Bartholomew et al., 2011a) and extend at least 2.8 km
transverse to an inferred subglacial channel (Tedstone et al,
2014). Secondly, Hewitt (2011) suggested a theoretical subglacial
channel spacing of ~2-15km depending on the permeability
of the substrate—similar to the spacing of Canadian eskers,
which are interpreted as relict subglacial drainage pathways
(Storrar et al., 2014). This theoretical spacing is reduced when
downstream variations in ice flow velocity are also considered
(Meyer et al., 2016), as has been reproduced in a modelling study
in which subglacial channels were extensive below 1,000 m a.s.L.
(Koziol and Arnold, 2018).

Sole et al. (2013) proposed that the late-melt season slow-
down is due to channel-induced de-pressurisation of the
inefficient subglacial drainage system surrounding efficient
channels (Figure 6). During the late-melt season, channels
are thought to be initially well-developed and maintained by
continued (albeit declining) runoff supply. They are therefore
likely to be capable of evacuating this runoff without becoming
over-pressurised. Due to relatively slow channel closure rates
(compared to variations in runoff supply), water pressure in
channels will, therefore, often be low, creating a steep hydraulic
gradient toward channels from surrounding high pressure
regions. Consequent water flow toward the channels would lead
to an overall reduction in basal water pressure, an increase in

Frontiers in Earth Science | www.frontiersin.org

13

February 2019 | Volume 7 | Article 10


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Davison et al.

Greenland Hydrology and Ice Dynamics

effective pressure and, therefore, reduced basal sliding across
the variable pressure axis and surrounding dynamically-coupled
ice (Price et al, 2008). Water volumes in variable pressure
axes should therefore decline throughout the late-melt season,
leading to an annual velocity minimum near the end of the
melt season (Sole et al., 2013; van de Wal et al., 2015; Stevens
et al., 2016). Once channels are closed [which may take hours
to weeks depending principally on ice thickness (Chandler et al.,
2013)], basal meltwater is hypothesised to gradually re-pressurise
the now inefficient drainage system (e.g., van de Wal et al,
2015), thereby slowly restoring ice flow to pre-melt season values
(e.g., Joughin et al., 2008; Colgan et al., 2012; Sole et al., 2013).
Importantly, the late-melt season increase in effective pressure
and thus slow-down is argued to be (i) greater and relatively
prolonged if the late-melt-season channels are larger and (ii)
is more pervasive if the subglacial channel network is more
extensive (Sole et al., 2013; Tedstone et al., 2014; van de Wal et al.,
2015). This negative relationship between late-season runoff (and
by inference the extent and efficiency of the subglacial drainage
system) and subsequent ice motion has also been observed on
nearly all major glaciers in Alaska (Burgess et al, 2013). In
addition, inferences from ice velocity observations (Tedstone
et al,, 2015) and modelling (Hoffman et al., 2016) indicate that
the inferred post-melt season recovery of water pressure may
be incomplete, leading to year-on-year decreases in ice velocity
that are greater than would be expected from thinning alone
(Pritchard et al., 2009; Helm et al., 2014; Tedstone et al., 2015;
van de Wal et al., 2015).

Efficient channels must form and persist for a sufficiently
long time to affect subglacial water pressures (but not for the
duration of the velocity recovery and inferred re-pressurisation)
for this self-regulation mechanism to operate; however, it is
uncertain where and for how long subglacial channels can form
and persist with minimal water flux. Before we proceed, it is
worth reiterating that the temporal pattern of ice velocity we
are seeking to explain extends up to ~80km along the K-
transect (Sole et al., 2013; van de Wal et al., 2015). In the lower
ablation area, there is some observational evidence to suggest that
channels can induce depressurisation of the surrounding area.
Water pressure in a moulin ~20 km from the margin, inferred to
be connected to a channel, was lower than neighboring boreholes
and was characterised by generally higher pressure during melt
events and lower pressure during periods of steady or declining
air temperature, with large diurnal variability superimposed
(Andrews et al., 2014). In addition, water pressure in a borehole
thought to intersect a hydrologically active part of the drainage
system declined during the early-melt season and then gradually
recovered through the post-melt season period (van de Wal et al.,
2015). These observations are broadly consistent with channel-
induced depressurisation—lower channel water pressure relative
to the surroundings, particularly during periods of steady or
declining runoff supply, would result in increased drainage of
water from variable pressure axes until channels close after the
melt season, allowing re-pressurisation to begin. As discussed in
section Spatial Variations in Subglacial Hydrological Structure,
observations, and modelling of channel formation in the upper

ablation area are sparse and equivocal (Bartholomew et al., 2011a;
Chandler et al., 2013; Dow et al., 2014; Koziol and Arnold, 2018).
In the upper ablation area, similar mechanisms may operate that
do not require channel formation, but which produce similar
seasonal ice velocity patterns (Andrews et al., 2014; Hoffman
et al., 2016)—these are discussed below.

Modulation of Ice Flow by the
Weakly-Connected Subglacial Drainage

System

In section Subglacial Hydrology, we suggested that there are
potentially large regions of the subglacial drainage system that are
not directly affected by runoff reaching the ice bed (the “weakly-
connected” drainage system; Andrews et al, 2014; Hoffman
et al., 2016). The late-melt season slow-down throughout the
ablation area has been attributed to declining water pressure in
this weakly-connected drainage system (Figure 7; Hoffman et al,,
2016). Observations of water pressure in boreholes inferred to be
connected to the weakly-connected system indicate higher water
pressure than in connected regions of the bed (Meierbachtol
etal,2013; Andrews et al., 2014; Wright et al., 2016). As discussed
in section Spatial Variations in Subglacial Hydrological Structure,
it is proposed that this high pressure is due to low hydraulic
conductivity—although water can flow toward the connected
subglacial drainage system, the rate of flow is sufficiently low that
water pressures in the connected and weakly-connected regions
of the bed do not equalise within a melt season (Murray and
Clarke, 1995; Iken and Truffer, 1997; Ryser et al., 2014a; Lefeuvre
etal., 2015; Hoffman et al., 2016; Wright et al., 2016).

During the melt season, the extent of the weakly-connected
system will, according to this hypothesis, decrease, and the rate
of water flow out of the weakly-connected system will increase,
leading to a reduction in water pressure during the late-melt
season (Andrews et al., 2014; Hoffman et al., 2016). As discussed
in sections Spatial Variations in Subglacial Hydrological Structure
and Ice Flow Modulation by the Connected Drainage System,
water pressure in the connected drainage system is thought to
increase when runoff supply exceeds the capacity of the efficient
core (e.g., Bartholomew et al., 2012). As well as causing cavity
expansion in the inefficient parts of the connected drainage
system (discussed in the previous section), this may increase
the efficiency of hydraulic connections in proximal parts of the
weakly-connected drainage system. Such “connection” events
have been suggested based on observations of sudden drops in
borehole water pressure followed by diurnal variations correlated
with surface melting on mountain glaciers (e.g., Murray and
Clarke, 1995; Gordon et al., 1998; Rada and Schoof, 2018)
and on the ice sheet (Andrews et al, 2014; Wright et al,
2016). Water flow out of the remaining weakly-connected system
should theoretically increase throughout the melt season as
increasing connected drainage system efficiency (Chandler et al.,
2013) acts to increase the hydraulic gradient and therefore
water flow between the two systems (Hoffman and Price, 2014;
Hoffman et al., 2016). We note that this latter hypothesis draws
on the same processes as channel-induced depressurisation of
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the variable pressure axis (section Ice Flow Modulation by
the Connected Drainage System; Sole et al., 2013), but does
not necessarily require efficient channels to form. Using an
ice flow model, Hoffman et al. (2016) parameterised these
processes as a gradual water pressure reduction across extensive
areas of the model domain, enabling realistic reproduction of
the observed late-melt season flow deceleration. They further
hypothesised that the decline in water pressure during the late-
melt season is not entirely replenished over winter, potentially
providing an explanation for the observed multi-year slow-
down of the ablation area (Hoffman et al, 2016). Such
temporal and spatial variations in hydraulic conductivity are
not included in most subglacial hydrological studies (hydraulic
conductivity is typically used as a tuning parameter; e.g., Werder
et al, 2013; Flowers, 2015), leading to an under-prediction
of winter basal water pressure compared to observations
(Downs et al., 2018).

At increasingly high elevations and beneath increasingly thick
ice, we suggest that both connection events and leakage of water
out of the weakly-connected system are suppressed. For example,
in the lower accumulation area, surface runoft supply is sparse
and the melt season is shorter than in the ablation area (van
de Wal et al, 2015). As such, the connected system is likely
to be less frequently or persistently overwhelmed, providing
limited opportunity for connection events to occur. Similarly,
water pressure gradients between the connected and weakly-
connected parts of the drainage system are likely to be weaker
than at lower elevations, thereby limiting the rate of water flow
out of the weakly-connected system. The implications of this
for the dynamic behaviour of high elevation areas to potential
future increases in surface runoff supply are discussed in sections
The Inland Limit of Melt-Induced Ice Flow Variations and A
Conceptual Model of Subglacial Hydrology and Ice Dynamic
Variability. We stress that there are very few observations of
ice motion and no observations of subglacial water pressure
that we are aware of in the lower accumulation area, and that
the above points are, therefore, speculation based on existing
theory and observations from the ablation area. It is likely that
the contrasting character of runoff supply and ice geometry in
the lower accumulation area will produce a subglacial drainage
system that is different than in the ablation area; however, if and
how they differ is not clear.

THE INLAND LIMIT OF MELT-INDUCED ICE
FLOW VARIATIONS

A key question that remains unanswered is the propensity for
melt-induced ice flow variations to expand further inland. The
recognition that lakes are forming further inland (Howat et al.,
2013; Carrivick and Quincey, 2014; Fitzpatrick et al., 2014;
Cooley and Christoffersen, 2017), and that seasonal melt-induced
ice speed-up is greater and occurs at higher-elevation sites in
warmer years compared to cooler years (Sole et al., 2013; Doyle
et al., 2014), highlights the potential for inland penetration of
runoft-induced ice flow acceleration. Nevertheless, the spatial

limits and magnitude of possible future runoff-induced ice flow
variations are not well understood or constrained.

Lakes are predicted to expand inland during the twenty-first
century (Leeson et al.,, 2015; Ignéczi et al., 2016); however, it
is uncertain whether the same is true of rapid lake drainage.
Rapid lake drainage can only occur in areas susceptible to
crevasse formation, which typically requires tensile stresses >90
kPa (see Colgan et al., 2016 and references therein) and surface
tensile stresses are governed in large part by spatial variations
in ice flow and surface topography. With increasing distance
from the ice sheet margin, short wavelength high amplitude
ice surface topography gives way to longer wavelength, low
amplitude topography, which is not generally conducive to
generating high tensile stresses. In addition, zones of high tensile
stress (topographic highs) are located further from potential
lake locations (Poinar et al., 2015). Therefore, with increasing
distance from the margin, crevasses may be less likely to
intersect lakes, with hydrofracture correspondingly less common.
A recent modelling study (Christoffersen et al., 2018) showed,
however, that the transient tensile stresses in response to daily-
aggregated rapid lake drainage events causes seasonal inland
progression of rapid lake drainage and furthermore, found no
inland limit for rapid lake drainage. Observations show that
fractures can form at very high elevations on the ice sheet
(e.g., over 200 km from the margin; Scheick, 2012) and although
fewer lakes form at high elevations, the proportion of lakes
draining rapidly is relatively insensitive to elevation (Cooley and
Christoffersen, 2017). The emerging picture, therefore, is that
rapid lake drainage will likely occur at higher elevations in future.

The second element to understanding the inland limit of
melt-induced ice velocity variations regards the magnitude and
variability of the ice velocity response of high elevation areas.
Current observations are a good starting point for this. One
hundred forty kilometres from the margin, the highest elevation
at which observations of ice velocity are available, Doyle et al.
(2014) observed faster ice flow during and following the 2012
extreme melt season relative to cooler years. While faster ice flow
during the melt season is directly attributable to runoff forcing,
faster winter ice flow is not. Instead, water input to the potentially
frozen bed of the interior ice sheet is hypothesised to decouple
frozen sticky spots and/or warm basal ice, thereby increasing
internal deformation, leading to faster winter flow (Phillips et al.,
2010, 2013; Bell et al., 2014; Doyle et al., 2014; Colgan et al.,
2015). The extreme melt during 2012 is expected to be the
norm by the end of the century (Nghiem et al., 2012), which
suggests that “normal” conditions in future will induce a similar
velocity response at high elevations (i.e., a modest year-on-
year acceleration).

ROUGHNESS MODULATION OF
HYDROLOGY-DYNAMICS

Bed topography may modulate ice flow variability at local to
regional spatial scales. The effect of bed topography on ice flow
variations is not well understood (Bamber et al., 2013; Prescott,
2013; Lindback and Pettersson, 2015), not least because the bed
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topography itself is poorly constrained, despite major ongoing
mapping efforts (Leuschen et al., 2010, updated 2017; Allen,
2013), and improved assimilation techniques (Morlighem et al.,
2017). Bed topography affects: (i) subglacial channel location via
hydropotential gradients (Shreve, 1972); (ii) surface topography
(Gudmundsson, 2003; Ignéczi et al., 2018; Ng et al., 2018) and
therefore surface strain rates, supraglacial water routing and
lake formation and drainage (Karlstrom and Yang, 2016; Crozier
et al., 2018; Ignéczi et al, 2018); (iii) sediment distribution,
which may be concentrated in troughs (Bullard and Austin, 2011;
Booth et al., 2012; Dow et al., 2013; Jezek et al., 2013; Harper
et al,, 2017), and; (iv) subglacial cavity geometry, which should
affect the magnitude of ice displacement during cavity expansion
(Cowton etal., 2016). Observations suggest that although ice flow
during the early-melt season is typically fastest overlying deep
troughs (Joughin et al., 2013) and spatial variations in ice flow
relate to bed topography via its effect on the routing of surface
water (Bartholomew et al., 2011b; Palmer et al., 2011), relative
annual and inter-annual ice flow variability is broadly consistent
over scales characterised by spatially varying bed topography
(Tedstone et al., 2014, 2015). Lindbick et al. (2015) observed a
negative correlation between bed roughness and ice velocity in
west Greenland, but the effect of roughness on modulating the
dynamic variability of the ice sheet has not yet been investigated.

A CONCEPTUAL MODEL OF SUBGLACIAL
HYDROLOGY AND ICE DYNAMIC
VARIABILITY

We describe here a conceptual model of land-terminating
Greenland Ice Sheet hydrology-dynamics, informed by the
interactions of runoft and ice flow discussed above (Figure 8).
Each year, surface runoff accesses the subglacial environment
via moulins and crevasses progressively further inland
throughout the melt season. Regardless of the substrate,
the initial flux of runoff overwhelms the existing inefficient
subglacial drainage system, leading to rapid and large speed-up
due to cavity expansion (Cowton et al, 2016) and sediment
deformation, where present (e.g., Kulessa et al,, 2017). This
speed-up occurs across large swathes of the ice sheet, beginning
later and declining in magnitude with increasing distance
from the margin. In the lower ablation area, we suggest that
efficient subglacial channels (incised into the overlying ice, the
bed, or both) develop progressively inland after surface-to-bed
connections form and as runoff supply increases (Figure9).
In the upper ablation area, the basal drainage configuration,
specifically whether or not efficient channels form, is currently
unknown. There is nevertheless likely to be water exchange in
the connected drainage system between a relatively efficient core
and surrounding ineflicient drainage forms. Throughout the
melt season, sufficiently large, and/or rapid pulses of runoff into
the efficient parts of the connected drainage system throughout
the ablation area are forced laterally across variable pressure
axes (e.g., Tedstone et al, 2014), causing cavity expansion
(Cowton et al,, 2016), sediment deformation (Kulessa et al.,

2017), and increasing drainage system connectivity (e.g.,
Hoffman et al,, 2016). During times of steady or declining
runoff supply in the ablation area (particularly during the
late-melt season), we suggest that water in variable pressure
axes and the weakly-connected drainage system drains toward
efficient parts of the connected drainage system along hydraulic
gradients, leading to a regional reduction in water pressure
and an increase in the ice-bed contact area as water storage
decreases. During the late-melt season this net water pressure
reduction is argued to cause regional ice flow slow-down
of the ablation area (Figure9; Sole et al., 2013; Bougamont
et al., 2014; Tedstone et al., 2015; Hoffman et al., 2016). We
suggest that water pressure, storage and ice velocity continue
to decline on average until the rate of meltwater recharge
(from groundwater and frictional and geothermal heat) exceeds
runoff evacuation, which allows slow (possibly partial) re-
pressurisation, storage replenishment and ice flow recovery to
occur before the following melt season (Figure 9; Joughin et al.,
2008; Colgan et al., 2011; Sole et al., 2013). Progressively inland,
the amplitude of this seasonal cycle and of water transfer between
the connected and weakly-connected systems diminishes, until
at high elevations, there is no compensatory late-melt season
slow-down (Figure 9; van de Wal et al., 2008, 2015; Phillips
et al,, 2013; Doyle et al.,, 2014). These seasonal patterns produce
annual variations in ice motion that are negatively correlated
with runoff supply in the ablation area and positively correlated
with runoff supply further inland, though these relationships
are statistically weak other than within 30km of the margin
(van de Wal et al., 2015).

We suggest that if future runoff supply increases, as
is currently predicted (e.g., Fettweis et al, 2013a,b), future
variations in ice flow will likely be characterised by the following
key patterns. Mean annual ice flow in areas where there is
inferred net drainage of water out of variable pressure axes
and the weakly-connected drainage system toward the efficient
parts of the connected system will, in all likelihood, continue to
decline due to increased connected drainage system efficiency,
continued depression of regional basal water pressure and
declining driving stresses, in response to thinning (the “self-
regulation zone”). Superimposed on this trend will likely be
large seasonal variations, which are expected to become more
pronounced in response to atmospheric warming (see e.g., Figure
13 in Colgan et al., 2011). Further inland, annual ice flow will
likely continue to increase in response to increasing surface
melt, unless self-regulation mechanisms become operative. We
expect that this zone of inter-annual acceleration should migrate
and expand inland with surface-to-bed hydrological connections,
whilst the self-regulation zone should also expand inland as far
as sufficiently efficient and extensive connected drainage systems
can form and remain open long enough to affect basal water
pressure and storage and therefore ice flow. Based on the above
conceptual model, we would expect that the net response of the
land-terminating ice sheet will largely be governed by future
changes in the balance of net acceleration in the accumulation
area and net deceleration in the ablation area, as well as by
changes in ice sheet geometry.
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FIGURE 8 | Conceptual model of land-terminating Greenland Ice Sheet seasonal hydrology and dynamics. Melt onset activates part of the weakly-connected
drainage system (white background) and subsequent fluctuations in runoff supply lead to cavity expansion, increased sediment deformation and consequent rapid
speed-up (grey arrow). In the early-melt season, meltwater accesses the bed at progressively higher elevations and the efficiency and extent of the connected
drainage system increases (blue shading), likely forming channels at lower elevations. Surface runoff supply frequently exceeds the capacity of the core of the
connected drainage system at progressively higher elevations during the early-melt season, causing speed-up. During the late-melt season, runoff supply declines,
and water drains across variable pressure axes and from the weakly-connected system toward efficient drainage forms at lower elevations, but not higher elevations,
where drainage system efficiency remains low throughout the melt season. Basal water pressure and cavity size gradually increase during the post-melt season.
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SGL drainage: Controls on rapid drainage initiation and the inland limit of rapid SGL
drainage. Future changes in SGL drainage patterns could affect seasonal, annual and
decadal velocity.

Substrate: Insufficiently mapped. Hydrology in soft substrate and influence of
sediment deformation on ice velocity.
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limits of ice flow self-regulation.
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FIGURE 9 | Summary of current understanding of the influence of system components on ice flow variations. Note, that although the processes discussed in the main
text may be applicable at the centennial time scale, they are not usually incorporated into model simulations of Greenland Ice Sheet dynamics at this time scale.

KEY ISSUES AND FUTURE RESEARCH

There are several key areas that remain poorly understood
yet have important implications for understanding ice sheet
dynamics. A summary of the relative understanding of
key components of the hydrology-dynamic system is shown
in Figure 9.

Firstly, continued observations of ice motion in response to
changes in the timing and magnitude of runoff delivery will
allow better characterisation of the ice dynamic response to
runoft supply in a changing climate. Efforts in the field should
ideally work to: (i) extend existing high-temporal resolution
observations obtained at key sites, and; (ii) supplement these with
additional observations at high elevation sites and in contrasting
areas. Point (ii) is particularly important given that the vast
majority of observations are available only from a relatively small
part of the ablation area, which may behave differently to other
areas if there are, for example, spatial variations in runoft supply,
bed topography and substrate.

Similarly, the limits and thresholds (for initiation) of ice flow
self-regulation should be constrained. Ice flow self-regulation
is currently operative throughout the ablation area, even in
years with extreme melt water supply. In contrast, ice flow self-
regulation is not currently observed in the accumulation area;
however, it is not clear if future changes in the magnitude and
timing of runoft supply will initiate ice flow self-regulation at

high elevations. Efforts in the field, such as those recommended
above, as well as spatially-extensive velocity estimates throughout
the post-melt season period (which are now achievable with
the European Space Agency Sentinel satellite constellation) will
improve process-understanding of ice flow self-regulation.

Finally, the relative rates at which surface-to-bed hydrologic
connections (created by hydrofracture) and surface melt extent
will migrate inland under projected future warming scenarios
should be further investigated. If both surface melt extent and
surface-to-bed hydrologic connections form further inland in
future, then the spatial extent of surface runoff-induced velocity
variations would likely also increase. However, evaluating the
likelihood of this possibility is currently limited by our inability
to predict rapid lake drainage.

CONCLUSIONS

We have synthesised over 15 years of investigations into the
impacts of surface runoft and hydrology on the dynamics of a
land-terminating sector of the Greenland Ice Sheet, motivated
by a need to understand the net long-term impact of projected
future warming on dynamic-thinning and associated enhanced
ablation, runoff and sea level rise.

We suggest that ice flow variations arise due to the aggregated
effect of several mechanisms by which subglacial water flow
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influences ice dynamics. Changes in subglacial water pressure
and water storage, irrespective of the substrate, are key controls
on ice flow variability. Meltwater-induced speed-up appears to
be due to reductions in ice-bed contact area, cavity growth
and sediment deformation in hydraulically connected parts of
the subglacial drainage system. Late-melt season slow-down
appears to be due to several mechanisms: in the lower ablation
area, efficient channels may induce drainage of water from
surrounding inefficient areas. In addition, increasing leakage of
water from weakly-connected areas of the drainage system is
argued to cause further slow-down, and may be particularly
important where channels do not form. We suggest these
mechanisms are not mutually exclusive and their combined effect
is to drive the observed and statistically significant annual slow-
down extending from the ice sheet margin across the lower
ablation area and, to a lesser degree, into the upper ablation
area, despite increasing runoft supply. In the lower accumulation
area, runoff inputs to the bed likely cause hydraulic jacking
and reduced ice-bed contact, but do not induce compensatory
slow-down effects in the drainage system. Runoff potentially also
contributes to warming of basal ice or thawing of the ice-bed
interface. Together, these effects result in modest year-on-year
increases in both winter and summer flow that are observed.
Under continued warming, annual ice flow in the ablation
area will likely continue to decrease on average. We suggest
that future reductions in annual flow speed in the ablation
area will result primarily from water drainage from large
areas of the subglacial drainage system, thereby increasing
ice-bed coupling, and from thinning. The future dynamic
response of high elevation areas to warming is unclear and
requires further investigation, but current observations and
modelling indicate small annual speed-up will continue
as the climate warms. We suggest however that minor
increases in surface melting caused by dynamic thinning
in the lower accumulation area are unlikely to considerably
impact ice sheet surface mass balance in the twenty-first
century and are likely to be dwarfed by those caused
by climate change. Therefore, if hydraulic interactions
across variable pressure axes and between the connected
and weakly-connected systems do dominate ice velocity
variations (as we currently infer), then the land-terminating
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