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            Abstract
Seasonal acceleration of the Greenland Ice Sheet is influenced by the dynamic response of the subglacial hydrologic system to variability in meltwater delivery to the bed1,2 via crevasses and moulins (vertical conduits connecting supraglacial water to the bed of the ice sheet). As the melt season progresses, the subglacial hydrologic system drains supraglacial meltwater more efficiently1,2,3,4, decreasing basal water pressure4 and moderating the ice velocity response to surface melting1,2. However, limited direct observations of subglacial water pressure4,5,6,7 mean that the spatiotemporal evolution of the subglacial hydrologic system remains poorly understood. Here we show that ice velocity is well correlated with moulin hydraulic head but is out of phase with that of nearby (0.3–2 kilometres away) boreholes, indicating that moulins connect to an efficient, channelized component of the subglacial hydrologic system, which exerts the primary control on diurnal and multi-day changes in ice velocity. Our simultaneous measurements of moulin and borehole hydraulic head and ice velocity in the Paakitsoq region of western Greenland show that decreasing trends in ice velocity during the latter part of the melt season cannot be explained by changes in the ability of moulin-connected channels to convey supraglacial melt. Instead, these observations suggest that decreasing late-season ice velocity may be caused by changes in connectivity in unchannelized regions of the subglacial hydrologic system. Understanding this spatiotemporal variability in subglacial pressures is increasingly important because melt-season dynamics affect ice velocity beyond the conclusion of the melt season8,9,10.
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                    Figure 1: Study area in the ablation zone of the western Greenland Ice Sheet.[image: ]


Figure 2: Borehole and moulin hydraulic head and ice-surface velocity during 2011 and 2012.[image: ]


Figure 3: Relationships between hydraulic head and ice-surface velocity.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Borehole and moulin head and ice-surface velocity over two melt seasons.
a, 2011 measurements from FOXX moulin (blue), borehole 7 (dark red), borehole 6 (pink) and borehole 4 (red). b, 2012 measurements from moulin 3 (navy) and moulin 4 (light blue). c, 2011 ice velocity (black) and bed separation (green) for FOXX. Peak velocity on day 182 is 402.3 m yr−1 (exceeding the y-axis limit). d, 2012 ice velocity and bed separation for FOXX and 25N1 (grey, light green). Peak velocity for FOXX and 25N1 (312 m yr−1 and 337 m yr−1) occurred on day 173. e, f, 6-h averaged air temperature for 2011 and 2012. Grey bars are melt events.


Extended Data Figure 2 Components of vertical motion 2011 and 2012.
a, Components of vertical motion for 2011 at FOXX. Bed parallel motion ([image: ]; black), strain thickening and thinning ([image: ]; blue), elevation with measured winter elevation removed (red), and calculated bed separation (green). b, Components of vertical motion for 2012. Colours as in a for FOXX. Lighter colours correspond to components of vertical motion from 25N1.


Extended Data Figure 3 Modelled hydraulic head and conduit geometry.
a, Moulin 3 head (blue) and supraglacial input (red) are model inputs. Predicted downstream head is calculated from equation (8) (green). Subglacial discharge (black) is calculated as a function of head change and supraglacial inputs. It does not vary significantly from supraglacial input even when a large (∼20 m2) moulin geometry is used. b, Modelled subglacial channel cross-sectional area (black) changes rapidly (grey) during and shortly after expected melt events (grey bars).


Extended Data Figure 4 Seasonal relationship between moulin head and ice velocity for 2012 and 2011.
Moulin hydraulic head and associated ice velocity data plotted every 15 min over the course of the measurement periods for 2011 (a) and 2012 (b). 2011 data are truncated below 543 m by the high elevation of the moulin sensor.


Extended Data Figure 5 Borehole hydraulic heads and ice velocity at GULL during 2011.
Three hydraulic head records (red, yellow, blue) from boreholes located ∼0.5 km from a moulin. Ice velocity from GULL GPS (black), ∼0.75 km south of GULL boreholes.


Extended Data Table 1 Site coordinates and characteristicsFull size table


Extended Data Table 2 Cross-correlation analysisFull size table


Extended Data Table 3 Parameters used in conduit-geometry calculationsFull size table
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        Editorial Summary
Ice velocity response to subglacial pressure variation
Increased meltwater delivery to the base of the Greenland Ice Sheet will increase the ice sheet velocity, accelerating its inevitable rush towards the ocean and subsequent sea level rise. Or will it? Debate on this topic is at the forefront of cryospheric research, but has been hampered by the lack of simultaneous observations of hydraulic head in moulins, vertical shafts that deliver water to the base of the ice sheet, and boreholes, which monitor basal water pressure. Lauren Andrews and colleagues now provide these observations from a small region in western Greenland and reveal that water delivery by moulins into channelized basal flow is indeed linked to short-term fluctuations in ice velocity. Late season decelerations in ice velocity, however, seem to be controlled by changes in unchannelized flow, rather than any shifts in the moulin system.
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