
P
os
te
d
on

23
N
ov

20
22

—
C
C
-B

Y
-N

C
-N

D
4
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
7
33
9.
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Isolated cavities dominate Greenland Ice Sheet dynamic response to

lake drainage.

Jessica Mejia1, Jason Gulley1, Celia Trunz2, Matthew David Covington3, Timothy
Bartholomaus4, Surui Xie1, and Timothy H Dixon1

1University of South Florida
2University of Arkansas
3University of Arkansas at Fayetteville
4University of Texas at Austin

November 23, 2022

Abstract

Seasonal variability in the Greenland Ice Sheet’s (GrIS) sliding speed is regulated by the response of the subglacial drainage

system to meltwater inputs. However, the importance of channelization relative to the dewatering of isolated cavities in

controlling seasonal ice deceleration remains unsolved. Using ice velocity, moulin hydraulic head, and glaciohydraulic tremor

measurements we show the passing of a subglacial floodwave following the drainage of an up-glacier supraglacial lake slowed

minimum sliding speeds to wintertime background values without increasing the hydraulic capacity of the moulin-connected

drainage system. We interpret these results to reflect a persistent basal traction increase consistent with the dewatering of

isolated cavities exert the dominant control on seasonal ice velocity decreases. Current predictions of the GrIS’s ice-dynamic

response to increased surface melting hinges on the subglacial drainage system’s ability to increase its capacity to offset sustained

meltwater influxes, which our results demonstrate may not be the case.
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Key Points:10

• Isolated cavity drainage governs Greenland Ice Sheet slowdowns, not increased drainage11

system efficiency.12

• Floodwaters from rapid supraglacial lake drainages induce widespread slowdowns13

by dewatering isolated cavities.14

• Ice sliding speeds may be more sensitive to persistent meltwater inputs than pre-15

viously thought.16
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Abstract17

Seasonal variability in the Greenland Ice Sheet’s (GrIS) sliding speed is regulated by the18

response of the subglacial drainage system to meltwater inputs. However, the importance19

of channelization relative to the dewatering of isolated cavities in controlling seasonal20

ice deceleration remains unsolved. Using ice velocity, moulin hydraulic head, and glacio-21

hydraulic tremor measurements we show the passing of a subglacial floodwave follow-22

ing the drainage of an up-glacier supraglacial lake slowed minimum sliding speeds to win-23

tertime background values without increasing the hydraulic capacity of the moulin-connected24

drainage system. We interpret these results to reflect a persistent basal traction increase25

consistent with the dewatering of isolated cavities exert the dominant control on seasonal26

ice velocity decreases. Current predictions of the GrIS’s ice-dynamic response to increased27

surface melting hinges on the subglacial drainage system’s ability to increase its capac-28

ity to offset sustained meltwater influxes, which our results demonstrate may not be the29

case.30

Plain Language Summary31

Meltwater produced on the surface of the Greenland Ice Sheet reaches the bed by32

flowing into crevasses or moulins, vertical conduits that reach the base of the ice sheet.33

Early in the summer, meltwater that reaches the bed increases water pressures within34

the drainage system underneath the ice sheet and increasing sliding speeds. However,35

later in the summer, ice sliding speeds often slowdown despite continued meltwater in-36

puts. While these slowdowns have been attributed to the growth of channels that con-37

nect to moulins, recent observations suggest the drainage of hydraulically isolated cav-38

ities, pockets of water that form on the lee-side of bedrock bumps, may instead be re-39

sponsible. Here we use measurements ice velocity and water pressures within moulins40

several kilometers away from rapidly draining supraglacial lakes to show that the pass-41

ing of the floodwave underneath the ice-sheet slowed sliding to winter-time speeds with-42

out enlarging subglacial channels. Instead, our results indicate that the drainage of iso-43

lated cavities is responsible for slowdowns that occur during the melt season. Because44

the growth of subglacial channels was thought to be able to compensate for increased45

melting, our results suggest the Greenland Ice Sheet’s ice-dynamic contribution to sea46

level rise may be significantly underestimated.47

1 Introduction48

Predicting the Greenland Ice Sheet’s (GrIS) response to future climate warming49

scenarios is limited by gaps in understanding links between ice sheet hydrology and dy-50

namics. Using better-studied alpine glaciers as GrIS analogs, the subglacial drainage sys-51

tem’s hydraulic capacity is considered the primary control on sliding speeds. Ice accel-52

erates when water inputs exceed the drainage system’s hydraulic capacity, causing wa-53

ter to back-up englacially, which increases the pressure head at the bed and reduces basal54

traction (Bartholomew et al., 2012; Bartholomaus et al., 2007). Ice velocity decreases55

during the melt season have been interpreted to reflect a transition from an inefficient,56

distributed drainage system consisting of high-pressure linked cavities and till aquifers57

to an efficient drainage system consisting of low-pressure conduits (Sundal et al., 2011;58

Sole et al., 2013; Chandler et al., 2013; Colgan et al., 2011). Conduits are thought to be59

able to enlarge in order to accommodate sustained meltwater influxes and drain water60

from the surrounding inefficient drainage system, thereby reducing subglacial water pres-61

sures and slowing sliding speeds. Under this paradigm, the GrIS ice-dynamic response62

to future warming should be buffered by conduit enlargement.63

Recent observations have shown that weakly connected, and hydrologically isolated64

cavities can drive seasonal decreases in ice velocity that have been widely attributed to65

increased drainage system efficiency. The isolated drainage system consists of water-filled66
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cavities which form on the lee side of bedrock bumps where sliding decouples ice from67

the bed (Lliboutry, 1968; Walder, 1986; Iken & Truffer, 1997). Isolated cavities exist be-68

tween, and are isolated from, distributed and channelized regions of the subglacial drainage69

system, similar to how oxbow or thermokarst lakes and ponds are disconnected from nearby70

rivers and streams in surficial hydrological systems. Distributed and channelized parts71

of the drainage system modulate pressures within isolated cavities indirectly through the72

transfer of mechanical support (Murray & Clarke, 1995; Meierbachtol et al., 2016), or73

through sliding-driven fluctuations cavity volume(Iken & Truffer, 1997). Because pres-74

sures within isolated cavities are high, these small changes in cavity volume cause wa-75

ter pressures to fluctuate about ice overburden pressure, modifying basal traction and76

modulating sliding where they are distributed over large areas of the bed (Andrews et77

al., 2014; Hoffman et al., 2016; Iken & Truffer, 1997; Meierbachtol et al., 2016).78

Isolated cavities can connect and drain into the distributed drainage system when79

large influxes of water overwhelm the subglacial drainage system. Rapid basal sliding80

or hydraulic jacking of the ice can create transient connections between isolated cavi-81

ties and nearby parts of the distributed drainage system. If isolated cavities are at higher82

pressure, water in them will drain into the distributed system until connections subse-83

quently close-off when water pressures are low (Iken & Truffer, 1997; Stone & Clarke,84

1996; Rada & Schoof, 2018). Consequently, isolated cavities that maintained high av-85

erage subglacial water pressure and promoted sliding before the connection would have86

lower water pressures and therefore slowing sliding speeds. If drainage of isolated cav-87

ities is responsible for observed slowdowns (Andrews et al., 2014; Hoffman et al., 2016;88

Ryser et al., 2014; Hoffman et al., 2011), and not increased channelization, it is less clear89

how the GrIS will respond to future warming.90

2 Study Site and Data91

2.1 Study Area92

Here we report how relationships between subglacial water pressure and ice slid-93

ing speeds changed when rapidly draining supraglacial lakes triggered a subglacial flood-94

wave that passed beneath our study site on the GrIS. Using those changes, we infer that95

the dewatering of isolated cavities, not increased channelization, is responsible for sea-96

sonal decreases in ice velocity. We established a camp in the ablation area of Sermeq Avan-97

narleq on the western GrIS (Fig. 1; 65.6°N, 49.7°W), more than 7 km downglacier from98

several supraglacial lakes that drained in previous years (Morriss et al., 2013; Williamson99

et al., 2017). Theoretical subglacial hydraulic potential gradients, which may provide in-100

formation about subglacial flow paths connecting discrete inputs to downglacier areas101

(Gulley et al., 2012), indicated our camp was located along the theoretical subglacial flow102

path draining these lakes (Figure 1). On 10 July 2018, we instrumented PIRA moulin103

with a pressure transducer to measure water pressure in the most connected subglacial104

drainage system (Andrews et al., 2014). We measured ice motion using three Global Nav-105

igation Satellite System (GNSS) stations spanning approximately 750 m in the across-106

flow direction from GNSS station JEME, positioned near our instrumented moulin. In107

May 2018, we installed a seismic station near PIRA moulin to measure seismic glacio-108

hydraulic tremor, a proxy for the subglacial flux of water within the most-connected re-109

gions of the subglacial drainage system (Bartholomaus et al., 2015), and the occurrence110

of icequakes associated with nearby ice fracture (Roeoesli et al., 2016). Finally, we use111

meteorological data from LOWC weather station (Mejia, Trunz, Covington, & Gulley,112

2020), installed at our field site, filling in data gaps with data from the GC-NET (Steffen113

et al., 1996) weather station JAR1.114
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Figure 1. Study area in the Paakitsoq region of the Greenland Ice Sheet. a, Landsat-8 image

(21 July 2018) of Sermeq Avannarleq with a July 2018 drone orthophoto shown in the study area

zoom-in window. Site symbols are shown in the key. 100-m ice-surface elevation contours derived

from BedMachine v3 (Morlighem et al., 2017) data. Maximum supraglacial lake extent filled in

navy. b, Sermeq Avannarleq (yellow star) location. c, Surface and bed elevations along subglacial

flow path extending from lake E to the terminus in cyan (Schwanghart & Kuhn, 2010)

2.2 Moulin Instrumentation115

We instrumented moulins during the 2017 (JEME moulin, Supplementary Mate-116

rials) and 2018 (PIRA moulin) melt seasons after the snowline had retreated past the117

site. In both years the upper 30 m of the moulins were visible and appeared vertical. We118

measured water pressures within each moulin using Geokon 4500HD-7.5MPa piezome-119

ters affixed to armored cable. Moulins were instrumented by lowering measured lengths120

of cable until the sensor reading increased with water depth, indicating we reached the121

water column within the moulin shaft. We then continued lowering the sensor while con-122

firming depth increases. Upon encountering features where feeding more cable into the123

moulin did not change the sensor’s recorded depth, we anchored the cable to the ice sur-124

face. We fixed the sensor in place within PIRA moulin at 154.5 m below the ice surface.125

We recorded water pressures every 15-minutes by Campbell Scientific CR-1000 data log-126

gers equipped with AVW200 modules. We estimate an error of 20 m in our absolute moulin127

head measurements, arising from the uncertainty in the sensor elevation as described in128

detail by Andrews et al. (2014). Importantly, error in absolute moulin head does not ap-129

ply to our measurements of relative change (e.g. diurnal variations) which should have130

an associated error on the order of centimeters.131

2.3 Ice Motion and Uplift132

We determined kinematic site positions from our GNSS stations (JEME, LMID,133

and JNIH) using TRACK software (Herring et al., 2010; Xie et al., 2019) which uses carrier-134

phase differential processing relative to bedrock mounted base stations. We use both GNSS135

stations KAGA (28 km baseline length) and ROCK (36 km baseline) as reference sta-136

tions. We estimate kinematic positions using 30-second intervals that match our receiver137

sampling rates, we apply a 10-degree cutoff angle to reduce multi-path and use long base-138

line mode during processing. To minimize smoothing gaps at the boundaries of our daily139
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Figure 2. 2018 moulin hydraulic head, tremor amplitude, and ice velocity. a, PIRA moulin

hydraulic head and as a percentage of ice overburden pressure. b, 6-h averaged glaciohydraulic

tremor amplitude recorded at station SELC. c, 6-h averaged along-flow ice velocity of stations

LMID (blue) and JEME (light blue). The timeseries is truncated to an upper limit of 0.6 m

d-1 to preserve diurnal velocity minima. The full range of ice velocity (extending to 1.5 m d-1)

is shown in Figure 3. Gray line shows winter background speed at station LMID is 0.24 m d-1.

Shading in all panels corresponds to periods of heavy rainfall and the lake drainage event.

observation files, we extend each observation file with 12-hours from the surrounding days.140

Overlapping time periods are removed from the final position time series. The velocity141

and uplift calculations (Howat et al., 2008; Virtanen et al., 2020) are described in the142

Supplement to this paper.143

2.4 Glaciohydraulic tremor and icequake record144

We deployed a seismic station approximately 150 meters away from PIRA moulin145

in April 2018 to record local icequakes and seismic glaciohydraulic tremor amplitude, a146

proxy for the flux of subglacial discharge (Bartholomaus et al., 2015). This station was147

equipped with a Nanometrics Centaur digitizer connected to a Nanometrics Trillium Com-148

pact Posthole sensor re-installed on 12 July 2018, 1.1 m below the ice surface. We poured149

sand over the top of the seismometer at the time of installation to improve coupling be-150

tween the sensor and surrounding ice. Ablation measurements from late July 2018 in-151

dicate that the sensor remained at least 0.5 m below the ice surface at the time supraglacial152

lake floodwaters passed beneath the sensor.153

3 Results154

Before the lake drainages in late July 2018, daily meltwater production induced clear155

diurnal variations in moulin hydraulic head, glaciohydraulic tremor amplitude, and ice156

velocity (Figure 2). Moulin hydraulic head was moderately variable, with minimum val-157

ues falling below the piezometer elevation of 597 m.a.s.l. (below 73±12% of ice overbur-158

den pressure), and maximum values up to 666 m.a.s.l. (about 88±9% of overburden).159
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Figure 3. Coupled hydraulic, ice-dynamic, and seismic observations following the 2018 lake

drainage event. a, PIRA moulin hydraulic head. b-d, GNSS station recordings from stations

LMID (blue) and JEME (light blue). b, 30-minute filtered along-flow ice displacement detrended

with respect to winter background motion. c, 2-h averaged along-flow ice velocity. d. 2-h aver-

aged uplift from beginning of event. e, Glaciohydraulic tremor amplitude from seismic station

SELC. f, Maximum icequake amplitude over 5-min time intervals. Red dashed lines mark the

boundaries of the ice-dynamic response. Yellow shading marks when tremor amplitude suggests

floodwaters were directly under our site.

Diurnal peaks in moulin water level and ice velocity were well correlated (Figure S4.),160

indicating PIRA moulin was well-connected to the most hydraulically-efficient regions161

of the subglacial drainage system that control sliding on sub-diurnal timescales (Andrews162

et al., 2014). Importantly, before the lake drainage event, ice velocity remained above163

wintertime background sliding speeds at all times, even when water levels dropped be-164

low the piezometer elevation (Figure 2; 19-23 July 2018).165

Between 24-30 July 2018, Sentinel-2A and Landsat-8 imagery captured the drainage166

of ten supraglacial lakes located 8-26 kilometers up-glacier from our instrumented moulin167

(Fig. 1 Lakes A-J; Figure S1; Table S2). On 25 July at 16:00 local time, moulin water168

level, ice sliding speeds, and uplift began increasing faster than typical diurnal fluctu-169

ations marking the first disturbance to the connected drainage system (Fig. 3ab). An170

hour after the initial pressure perturbation, glaciohydraulic tremor amplitude sharply171

increased between 17:15-18:00, suggesting the abrupt arrival of subglacial floodwaters172

at our site (Fig. 3e). By 18:00, moulin water levels climbed 86 m, reaching 700 m.a.s.l.173

(approximately 95±7% of overburden). As moulin water levels were quickly rising, along-174

flow sliding speed peaked to 1.5 m d-1 at stations JEME and LMID (Fig. 3b), while the175

ice was uplifting most rapidly. Maximum event vertical displacement was 10±5 cm and176

15±5 cm at JEME and LMID respectively (Fig. 3d). As the subglacial floodwave be-177
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gan to wane and moulin water levels stalled near their highest levels, we observed the178

onset of exceptionally high amplitude, frequent icequakes at 18:15 (Fig. 3f). Strong ice-179

quakes, interpreted to come from the ice sheet bed, continued as the ice sheet regrounded180

to the bed. By 20:00 moulin water levels and uplift were gradually declining, ice slid-181

ing was slowing down, icequake amplitude was getting smaller, and tremor amplitude182

had halved, all suggesting that most of the floodwaters had drained past our site. Over183

the next several hours, moulin water levels declined gradually. In contrast, sliding speeds184

slowed to winter background speeds (hereafter termed simply “background speeds”) by185

06:00 on 26 July, even though moulin water levels were still high. Further, similar tremor186

amplitudes before and after the lake drainage indicate that the subglacial channel’s hy-187

draulic capacity was unchanged (Fig. 3f), agreeing with previous modelling results (Dow188

et al., 2015). These observations demonstrate that pressure decreases within the most189

connected parts of the subglacial drainage system do not control ice velocity decreases.190

For this slowdown to occur, basal traction would need to increase over enough of the bed191

to counter the high-water pressures in the most connected parts of the drainage system.192

For the remainder of the melt season, peak diurnal moulin water levels and slid-193

ing speeds remained well-correlated, but, in contrast to the period before the lake drainage,194

ice velocity minimums recurrently fell to background speeds (Fig. 2; Fig. S4). For ex-195

ample, before the lake drainage (19-25 July), moulin water level fell below the piezome-196

ter’s 597 m.a.s.l. elevation while ice velocities remained above background speeds. How-197

ever, after the lake drainage, ice velocity fell to background speeds while moulin water198

levels were above the piezometer (600 m.a.s.l. on 5 August and 598 m.a.s.l. on 7 August;199

Figure S4). This change in the relationship between diurnal minima indicates the increased200

basal traction triggered by the lake drainage has a lasting effect on ice velocity minima.201

We recorded a similar progression in 2017, but without seismic observations (Supplemen-202

tary Materials).203

4 Discussion204

Given our observations before, during, and after lake drainages in 2017 and 2018,205

we infer that the slowdown to winter background speeds was caused by increased basal206

traction following the drainage of water from isolated cavities that became transiently207

connected during the lake drainage event and not increased channelization.208

4.1 Conceptual Model of Flood wave Induced Isolated Cavity Connec-209

tion210

We interpret the results of our study to reflect the following sequence of events. Rapid211

lake drainage triggered a subglacial floodwave that quickly exceeded the subglacial drainage212

system’s hydraulic capacity, as evidenced by rapid increases in moulin hydraulic head213

and ice motion as the floodwave approached our site (Fig. 3). As sliding speed increased,214

subglacial cavities expanded, forming new connections between linked and previously iso-215

lated cavities where cavities grew into each other (Fig. 4a-b). As the distributed drainage216

system expanded, high-pressure areas expanded across the bed to further increase slid-217

ing. Once the subglacial floodwave began to recede, back-pressure dissipated, allowing218

water injected into the distributed system to drain back towards conduits (Bartholomaus219

et al., 2007). Water within previously isolated cavities drained through newly formed220

connections, reducing water pressure within these previously high-pressure cavities (Fig.221

4c). Drainage of isolated cavities, therefore, increased basal traction and slowed sliding222

to background speeds. After the lake drainage event, interconnections formed during the223

lake drainage event could have persisted, effectively expanding the distributed drainage224

system. Additionally, some connections may have closed closed-off when water pressures225

were low (Iken & Truffer, 1997; Murray & Clarke, 1995; Rada & Schoof, 2018), remain-226

ing below ice overburden pressure due to the slow timescales of internal meltwater gen-227
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Figure 4. Conceptual model of rapid lake drainages dewatering isolated drainage system. a,

Pre-lake drainage: meltwater inputs to moulins drain through subglacial conduits (blue dashed

line) which exchange water with nearby linked-cavities (blue). High-pressure isolated cavities

occupy a large fraction of the bed with pressure fluctuations opposing those in the connected

drainage system. b, Rising limb of floodwave: floodwaters quickly overwhelm conduits, driving

water laterally into the distributed system and ice accelerates. Cavities expand and grow into

each other at which time water quickly fills and over pressurizes previously isolated cavities. c,

Receding-limb of floodwave: water flows through new connections back towards conduits re-

ducing water pressures over a large area of the bed. d, Post-lake drainage: linked-cavities and

low-pressure isolated and weakly connected cavities occupy a larger area of the bed, increasing

basal traction when compared to pre-lake drainage.
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eration required to repressurize the cavity or by maintaining a “weak” connection to the228

distributed system (Hoffman et al., 2016). As such, a persistent basal traction increase229

would have been produced as long as most of the drained cavities remained at pressures230

below ice overburden pressure, resulting in the observed reoccurring slowdown to back-231

ground sliding speeds.232

4.2 Role of Rapid Lake Drainages on GrIS Sliding233

While previous studies have emphasized the role of lakes in temporarily increas-234

ing sliding speeds, our study suggests rapid lake drainages can trigger rapid isolated cav-235

ity drainage following the passage of subglacial floodwaves. Consequently, the role of rapid236

lake drainages on ice dynamics is ambiguous. On the one hand, lake drainages increase237

ice velocities by triggering speedups (Selmes et al., 2011; Stevens et al., 2015) and cre-238

ating stress conditions that form new moulins that deliver meltwater to the bed (Hoffman239

et al., 2018). On the other hand, our data show lake drainages can decrease ice veloc-240

ities over large areas by dewatering isolated cavities, explaining the correlation between241

rapid lake drainages and the onset of seasonal ice deceleration (Andrews et al., 2018).242

When compared to other work on isolated cavities on the GrIS (Andrews et al.,243

2014; Hoffman et al., 2016), our study suggests that seasonal ice dynamics and the on-244

set of ice deceleration may vary depending on whether or not areas of the ice sheet are245

influenced by rapid lake drainages or only local inputs by moulins. In areas of the ice246

sheet that are influenced by rapid lake drainages, massive subglacial floodwaves can ex-247

pand into and connect cavities across large areas of the bed. Dewatering of previously248

isolated cavities would then drive seasonal ice deceleration (Andrews et al., 2018), po-249

tentially early in the melt season. In areas of the ice sheet not influenced by rapidly drain-250

ing lakes, short-lived increases in melting and meltwater delivery to moulins may cre-251

ate smaller scale, more local flood events that overwhelm the hydraulic capacity of the252

drainage system connected to a single moulin and drive either the incremental dewater-253

ing of isolated cavities or gradual drainage of weakly connected cavities (Andrews et al.,254

2014; Hoffman et al., 2016).255

4.3 Role of Isolated Cavities in Driving GrIS Slowdowns256

Neither rapid lake drainages nor the isolated drainage systems are currently con-257

sidered in the models used to predict the GrIS’s sea-level rise contribution. To a large258

degree, their lack of inclusion stems from the widespread use of alpine glaciers as GrIS259

analogues. While GrIS ice dynamics have long been interpreted in the context of better-260

studied alpine glaciers, there are essential differences between the two systems that may261

limit the applicability of the alpine glacier model to the GrIS. High moulin densities, steep262

surface slopes, thin ice, and slow creep-closure rates of smaller alpine glaciers allow for263

dense networks of high-capacity channels. High channel density can lower subglacial wa-264

ter pressure over broad regions of the glacier bed and limit the area available for isolated265

cavity formation, both of which limit the impacts of isolated cavities on alpine glacier266

sliding.267

On the GrIS, however, low moulin densities likely result in lower subglacial chan-268

nel density (Banwell et al., 2016), meaning there is more bed area available for isolated269

cavities to form and influence ice dynamics. Shallow surface slopes, thick ice, and fast270

creep-closure rates, characteristic of much of the GrIS ablation zone, may limit the drainage271

system’s ability to increase its hydraulic capacity quickly enough to drain enough wa-272

ter from the distributed system and lower water pressure over large areas of the bed. Ac-273

cordingly, GrIS dynamics may be more sensitive to sustained meltwater inputs than pre-274

viously thought.275
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5 Conclusion276

Direct measurements of water pressure along a subglacial flow-path showed that277

large influxes of meltwater from lake drainages can drain isolated cavities and slow slid-278

ing speeds without increasing the drainage system’s efficiency. Building upon previous279

studies (Andrews et al., 2014; Hoffman et al., 2016), these results demonstrate that de-280

creasing ice velocity has been mainly incorrectly attributed to the subglacial drainage281

system’s ability to adjust its hydraulic capacity in response to meltwater inputs read-282

ily. As a result, ice dynamics of the GrIS may be especially vulnerable to sustained melt-283

water inputs, even where efficient subglacial drainage does exist. Future modelling ef-284

forts must incorporate the response of unchannelized parts of the subglacial drainage sys-285

tem to meltwater inputs in order to achieve accurate predictions of future GrIS contri-286

butions to sea-level rise.287
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This supplement provides additional information relating to the main text and details

on methodology. Text S1 elaborates on moulin instrumentation. Text S2 describes

methods used in processing GNSS station data, calculating ice velocities, and determining

uplift. Text S3 elaborates on the procedure used to determine tremor amplitudes and

ice quakes from our seismic station SELC. Text S4 describes the methodology used to

determine subglacial routing where Figure S2 shows the bed topography used in this

calculation. Text S5 and Figures S6 and S7 describe our observations during the 2017

lake drainage event at the same location.

Figure S1 shows the satellite imagery constraints on the 2018 lake drainage events.

Figure S3 shows the extended timeseries data over the 2018 melt season, with the ad-

dition of surface air temperatures and Figure S4 shows the relationship between moulin

hydraulic head and ice velocity. Figure S5. shows the local atmospheric pressure correc-

tion. Additionally, Table S1. shows locations of our instrumentation and field site while

Table S2. provides specific information regarding each supraglacial lake drainage.

Text S1.

Moulin instrumentation:

To convert the sensor measurements of water pressure (Pw) to hydraulic head (h) we

subtract the piezometer’s depth from the GNSS reported ice surface elevation to determine

the sensor elevation (zsensor) in meters above sea level. Then, we calculate hydraulic head

using the following which assumes a vertical moulin shaft, consistent with uppermost

∼ 30 m:

h =
Pw

ρwg
+ zsensor (1)
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where ρw is the density of water and g is acceleration due to gravity. We estimate an

error of 20 m in our absolute moulin head measurements, arising from the uncertainty in

the sensor elevation as described in detail in Andrews et al. (2014). Importantly, error in

absolute moulin head does not apply to our measurements of relative change (e.g. diurnal

variations). We represent moulin hydraulic head as measured from sea-level to allow for

comparison with existing datasets and to avoid using poorly constrained bed elevations

(∼ 100-meter uncertainty).

We use atmospheric pressures recorded by the GC-NET weather station JAR1 (Steffen

et al., 1996), located approximately 5 kilometers northeast of our instrumented moulins

JEME (2017) and PIRA (2018). Due to instrument failure, atmospheric pressure vari-

ations were not available during the 2018 melt season to correct PIRA hydraulic head.

However, the additional error introduced to our 2018 water pressure record is likely small

as evidenced by the 2017 correction (Figure S5.) where atmospheric pressure variability

is on the order of centimeters (std=0.05 m) while moulin hydraulic head varies on the

order of tens of meters (std=34.5 m).

Text S2.

Ice velocity and uplift determination:

Post-processed positions were then imported to Python for further analysis (Virtanen

et al., 2020). We transformed into the along-flow and across-flow directions for each

station. Before calculating velocities, we filtered positions to reduce spurious signals

resulting from GNSS uncertainties by applying a 6-hour rolling mean to each position

time series. Velocity is calculated along each component of motion by differencing 2-
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hour separated positions. We determined winter background speeds by averaging velocity

calculated during periods of continuous measurements between March and May 2018,

before the onset of the melt. Formal error is estimated during processing are 1-2 cm in

the horizontal direction and 4-5 cm vertically, with a velocity uncertainty of 0.024 m d−1.

Measured vertical ice motion is attributed to a combination of flow along a sloping bed,

strain thickening or thinning, and bed separation caused by cavity opening or till dilation

where subglacial sediments are present (Howat et al., 2008). To account for changes in

elevation associated with bed slope, we detrend the vertical component of motion with

respect to distance traveled in the long-flow direction using the linear fit before the melt

season when strain and cavity opening should be constant. We transform detrended

vertical motion back to the time domain to produce the uplift time series. Consequently,

this uplift time series accounts for bed separation due to cavity opening, strain thickening

or thinning, and sediment dilation. Previous studies close to our field site (Andrews et

al., 2014; Hoffman et al., 2011) have documented significant bed separation over short

timescales, suggesting increased bed separation due to cavity growth is likely a significant

source of the (> 10 cm) uplift observed during each lake drainage event.

Text S3.

Seismic Analysis:

Glaciohydraulic tremor is characterized by long-duration, low amplitude background

seismic noise that varies slowly without clear onset or termination. The amplitude of

these ground variations depends on both the flux and the pressure gradient of turbulently-

flowing water within efficient, well-connected conduits. We characterized the glaciohy-
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draulic tremor amplitude using two different metrics: 1) the median power between 1.5-10

Hz calculated within 1-hr data windows (Bartholomaus et al., 2015), and 2) as the 20th

percentile amplitude of enveloped, 10-minute, seismic waveforms, high-pass filtered above

2 Hz. This 20th percentile amplitude was chosen to be well below the higher percentile

values that may represent distinct ice fracturing events-equivalent results are obtained

for other percentile metrics below approximately 50. Because both measures of glaciohy-

draulic tremor produced qualitatively similar time series, but the second approach was

tailored to work with better temporal resolution, we present the 20th percentile envelope

analysis approach.

Distinct from the slowly varying timeseries of glaciohydraulic tremor are distinct, im-

pulsive “icequakes” that typically are found at frequencies greater than 10 Hz. These

icequakes are produced by ice fracture events (e.g., crevassing) at the glacier surface,

englacially, or at the glacier bed. We quantify the strength of these locally recorded seis-

mic events by the maximum seismic amplitude recorded at our station within 10-minute

moving windows. The maximum seismic amplitude depends both on the scale of an event

(slip length, stress reduction during the event, and surface area of the fracture surface)

and the distance between the event origin and the sensor. Additionally, we examined the

seven largest seismic events that occur during the 25 July 2018. These events each consist

of paired seismic arrivals on each of three station channels that are consistent with P-

and S-waves, very high frequency content (> 50 − 100 Hz), inter-phase arrival times that

are consistent with a source 500-1000 m from the station (such as the bed), and mostly

with downward first P-wave motions, consistent with some kind of crack closing. Some
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of these high frequency events had a low-frequency coda consistent with the presence of

water. So, while we lack the ability to definitively locate these events, we believe that the

high-amplitude icequakes late on 25 July are best explained as ice fracture events at the

ice sheet bed.

Text S4.

Subglacial routing via hydraulic potential gradients.:

Subglacial routing via hydraulic potential gradients. We estimate subglacial hydraulic

potential gradients (φ) following:

φ = ρwgzb + Pw (2)

where φw is the density of water, g is acceleration due to gravity, zb is bed elevation, and

Pw is subglacial water pressure, assumed to be equal to ice overburden pressure (or ρgh,

where ρi is ice density and h is the ice thickness). Surface and bed elevations (Figure

S2) are derived from the BedMachine Greenland v3 dataset (Morlighem et al., 2017) with

a 150 m-resolution (true resolution 400 m). This calculation requires the assumption

that subglacial water pressures are at overburden throughout the domain during conduit

formation. Once conduit flow paths are established, they can expand by melting and

contract by creep closure but their locations are unlikely to change (Gulley et al., 2012).

We determine flow paths by calculating flow accumulation along subglacial hydropotential

gradients using the MATLAB topotools toolbox (Schwanghart & Kuhn, 2010). We use

surface and bed elevations at points spaced 50-m along the hydropotential flow path

connecting Lake E to the terminus (bold pink line) for the bed profile in Figure 1c.
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While our observations show a direct connection between a draining supraglacial lake

and a moulin located over eight kilometers downglacier, instrument records suggest the

floodwave modified an even larger area of the subglacial drainage system. The similarity

between the GNSS station response to each lake drainage event indicates the lateral extent

of the floodwave was at least 500 m, which is approximately equivalent to the ice thickness

in this area. We argue that our observations reflect the lower limit on the area of the

isolated drainage system dewatered by the subglacial floodwave. It is likely that similar

alterations to the subglacial drainage system occurred at downglacier locations as the

floodwave continued propagating towards the coast.

Text S5.

Isolated cavities dominate Greenland Ice sheet dynamic response to lake

drainage:

On 21 July 2017, we instrumented JEME moulin with a pressure transducer that was

anchored 350 m below the ice surface. By July 2018, moulin JEME had been advected 90

m downglacier, consistent with measured annual ice displacement of approximately 90 m

a−1. On 10 July 2018, we instrumented the new moulin, PIRA, which opened in the same

position on the ice sheet as JEME the year before. In 2017, Sentinel-2A and Landsat 8

imagery captured three supraglacial lake drainages between 26-27 July (Figure S6; Lakes

A and B; Figure S7). On 27 July at 02:30UTC, moulin water levels deviated from their

nightly decline as the subglacial floodwave created by the lake drainages approached our

site. By 04:30 UTC, moulin water level had jumped more than 60 m (about 13
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Over the week following the lake drainage event minimum moulin water levels declined.

By 3 August, the diurnal minimum moulin water level was 60 m lower than after the

lake drainage event when ice velocities initially fell to wintertime background speeds.

Despite this significant reduction in minimum moulin water level (for comparison, during

the lake drainage event moulin water levels increased by 60 m) minimum ice velocity

remained at winter background speeds, unaffected by the falling pressures within the

active drainage system. This observation contradicts the behavior expected if increased

efficiency of the channelized drainage system slowed sliding speeds. Therefore, while

increased pressurization of the active drainage system reduced basal traction to drive

diurnal acceleration, declining pressures in the active drainage did not reduce minimum

sliding speeds. Instead, these observations indicate the state of the isolated drainage

system governed the lower limit of sliding speeds.
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Table S1. Field instrumentation locations
Latitude Longitude Elevation Ice thickness

°N °E (m) (m)
JEME & PIRA moulins 69.4741 -49.8232 779 503 supraglacial stream entering from east
JEME GNSS 2018 69.4738 -49.8249 797 503 ∼ 90 m southwest (downglacier) from PIRA moulin
LMID GNSS 69.4708 -49.8189 796 514 uncrevassed, local high
JNIH GNSS 69.4684 -49.8318 790 547 uncrevassed, near small supraglacial stream and moulin
LC weather station 69.4727 -49.8263 777 512 uncrevassed, supraglacial streams to north and south
LC seismic station 69.4734 -49.8208 781 498 only active during 2018.

Max Area Volume** Latitude Longitude Elevation Ice thickness Distance (km)
Lake (km2) (m3) °N °E (m.a.s.l.) (m) Direct Subglacial

A 63* (0.633) 0.946 (4.9)8.6×105 69.4537 -49.6247 888 728 7.4 8.9
B 59 (0.331) 0.362 (2.4)2.6×105 69.4710 -49.6272 930 673 7.4 9.8
C 68 1.963 2.8×106 69.4355 -49.5297 913 882 12.3 13.4
D 57 0.490 3.6×105 69.4764 -49.3836 1021 918 17.4 22.2
E 50 1.365 1.5×106 69.4897 -49.2151 1100 1065 23.8 33.3
F 43 1.350 1.5×106 69.5343 -49.1291 1131 1120 27.9 40.2
G 45 0.493 3.6×105 69.5253 -49.1952 1159 1020 25.2 37.6
H 38 0.701 5.6×105 69.5496 -49.1801 1159 1100 26.5 40.6
I 35 2.300 3.8×106 69.5724 -49.2104 1146 1020 21.5 33.7
J 33 1.224 1.3×106 69.5680 -49.3410 1115 1160 26.4 37.6

∗ numbers correspond with Morriss et al. (2013) naming conventions

∗∗ values have an associated error of 0.420 × 106 m3.

() denote values associated with 2017 lake drainage events.

Table S2. Volume estimated using an area-to-volume scaling relationship for the Paakitsoq

region (Williamson et al., 2017).
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Figure S1. Satellite imagery constrains on 2018 lake drainage. (a) Copernicus Sentinel image

acquired on 24 July 2018 at 15:29:11 UTC showing the maximum extents of supraglacial lakes A-

J (red outlines), with the location of our instruments (red circles). (b) Landsat-8 image acquired

on 30 July 2018 at 14:59:53 UTC showing the drainage of lakes A-J, maximum extents same

as in a. Surface elevation contours (m) are from BedMachine-v3. Data available from the U.S.

Geological Survey
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Figure S2. Bed topography and hydropotential predicted subglacial flow routing. BedMachine

derived bed elevation contours are shown in meters. Subglacial flow routing from hydropotential

gradients is shown in light blue. Supraglacial lakes mentioned in the main text are labeled and

their maximum extents are marked in navy.
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Figure S3. (a) Surface air temperature recorded at LOWC weather station (red) and the

GC-NET station JAR1 (maroon). (b) Moulin hydraulic head in m.a.s.l. and fraction of overbur-

den for an ice thickness of 503 m. (c) Glaciohydraulic tremor amplitude smoothed with a 6-h

rolling mean. (d) Along-flow ice velocity measured at stations JEME (orange) and LMID (blue).

Light colors are smoothed with a 6-h rolling mean to show diurnal variability and light colors

are smoothed with a 24-hr rolling mean emphasize the slowdown following the mid-season lake

drainage event. Blue and orange dashed lines mark winter background sliding speeds.
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Figure S4. (a-b) Moulin hydraulic head and ice velocity variations coloring reflects the date of

the measurements. A zoom in to diurnal variations is shown in b. Diurnal variations move in a

clock-wise pattern. (c) Linear regression between diurnal maximum moulin hydraulic head and

ice velocity (n = 30, r = 0.834, p < 0.05). (d) Diurnal minimum ice velocity and moulin head

plotted though time.
December 1, 2020, 5:29am
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Figure S5. 2017 Atmospheric pressure variability. (a) Atmospheric pressure measured at JAR1

less the atmospheric pressure at the time JEME moulin was instrumented (9.2422 m H2O). (b)

Hydraulic head measured at JEME moulin (blue), and moulin head corrected for atmospheric

pressure variability shown in a, (navy dashed line).
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Figure S6. Satellite imagery constraints on 2017 lake drainages. a, Sentinel-2A image from 26

July 2017 at 15:18:17 UTC showing the maximum extents of supraglacial lakes A and B (red),

with the location of our instruments (red circles). b, Landsat-8 image acquired on 27 July 2017

at 15:18:45 UTC showing the drainage of lakes A and B, maximum extents same as in a. Surface

elevation contours (m) are from BedMachine-v3.
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Figure S7. Moulin head and ice velocity timeseries showing 2017 lake drainage event. a, JEME

moulin hydraulic head (located in the same position as PIRA which formed in its place during

early 2018). b, Along-flow ice velocity from stations LMID (light blue) and JNIH (teal). This

timeseries is interrupted by the passing of subglacial floodwaters on 28 July 2017. Sliding slows to

winter background speeds (gray) despite high moulin head. Diurnal minimum moulin head falls

over the subsequent week, amounting to 60 m (same magnitude as the lake drainage increase)

but there is no further decrease in ice velocity as would be expected if increased channelization

controlled minimum sliding speed.
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