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Abstract 23 

The impact of summer surface melt on Greenland Ice Sheet dynamics is modulated by the state of 24 
the subglacial hydrologic system. Studies of ice motion indicate that efficiency of the subglacial 25 
system increases over the melt season, decreasing the sensitivity of ice motion to surface melt 26 
inputs. However, the behavior of the subglacial hydrologic system is complex and some 27 
characteristics are still poorly constrained. Here we investigate the coevolution of subglacial 28 
hydrology and ice motion in the Pakitsoq region of western Greenland during the 2011 melt season. 29 
We analyze measurements from 11 GPS stations, from which we derive ice velocity, longitudinal 30 
strain rates, and basal uplift, alongside observations of surface ablation and supraglacial lake 31 
drainages. We observe ice acceleration after the onset of local surface melting, followed by gradual 32 
ice deceleration, consistent with increasing subglacial efficiency. In the study area, supraglacial 33 
lake drainages co-occur with a change in regional strain rate patterns and ice deceleration, 34 
suggesting that lake drainages contribute to rapid subglacial reorganization. At lower ice surface 35 
elevations (below ~900 m. a.s.l.), ice motion is correlated with both total basal uplift and its rate 36 
of change, while at higher elevations (~900 – 1,100 m a.s.l.), ice motion correlated only the basal 37 
uplift rate. This pattern suggests that continued cavity growth or subglacial sediment dynamics 38 
may be important in the apparent increase in subglacial drainage efficiency at higher elevations in 39 
the ablation zone. Our results further suggest that transient subglacial behavior is important in the 40 
seasonal evolution of ice motion.  41 

Plain Language Summary 42 

Each summer, the margins of the Greenland Ice Sheet experience intense surface melting. This 43 
meltwater is routed over the surface in supraglacial streams and stored in supraglacial lakes, but 44 
eventually reaches the bed of the ice sheet via crevasses and moulins. The interaction between this 45 
meltwater and the overlying ice causes changes to the subglacial hydrologic system, which 46 
subsequently causes changes in ice motion. Here, we use measurements from 11 GPS stations, 47 
alongside observations of surface melt rates and supraglacial lake drainages, to improve our 48 
understanding of the subglacial hydrologic system. In our study area, supraglacial lake drainages 49 
tend to co-occur with slowdowns in ice motion, suggesting that the rapid drainage of these large 50 
volumes of water can alter the subglacial hydrologic system allowing it to more readily transmit 51 
meltwater. Our observations also indicate that at high elevations, the seasonal pattern of ice motion 52 
is controlled by small changes over large regions, either in sediments or in pockets of water on the 53 
lee side of bedrock bumps, not necessarily by the formation of large subglacial channels. These 54 
findings suggest that current models of the subglacial system need modifications to include the 55 
physics associated with supraglacial lake drainages and small-scale processes. 56 

1 Introduction 57 

The routing of summer meltwater to the ice-sheet bed influences ice flow of Greenland Ice Sheet 58 
(GrIS) marginal regions (e.g., Hoffman et al., 2011; van de Wal et al., 2008; Zwally et al., 2002). 59 
Seasonally-produced meltwater, delivered via crevasses and moulins, overwhelms the winter 60 
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subglacial hydrologic system, increasing subglacial water pressure and basal sliding rates, 61 
consequently accelerating aggregate ice flow (Bartholomew et al., 2010; Hoffman et al., 2011; 62 
Iken & Bindschadler, 1986; Nienow et al., 1998). The continued production and delivery of 63 
meltwater to the bed gradually encourages formation of efficient subglacial channels (e.g., 64 
Bartholomew et al., 2010; Schoof, 2010), and evolution of inefficient and weakly-connected 65 
components of the subglacial system (Andrews et al., 2014; Hoffman et al., 2016; Hoffman & 66 
Price, 2014; Meierbachtol et al., 2013). This subglacial evolution causes in a decline in regional 67 
subglacial pressure and deceleration of late summer and autumn ice motion, which can mitigate 68 
high early-summer ice velocity (Sole et al., 2013; Tedstone et al., 2013, 2015).  69 

The evolution of the subglacial system caused a multiyear deceleration of ice velocity near the 70 
margin of land-terminating regions of the GrIS, despite increasing surface meltwater production 71 
(Stevens et al., 2016; Tedstone et al., 2015). However, at high elevations, this multi-year decline 72 
in ice velocity is absent or reversed (Doyle et al., 2014; Tedstone et al., 2015). This contrasting 73 
ice-velocity response to meltwater input is thought to be due to the rate and extent of subglacial 74 
channelization (Doyle et al., 2014). Because the development of subglacial channels is driven 75 
primarily by melting of the overlying ice due to the turbulent dissipation of heat, the low bed and 76 
surface slopes at higher elevation may limit the formation of efficient subglacial channels even 77 
with substantial surface melt input (Chandler et al., 2013; Dow et al., 2015; Meierbachtol et al., 78 
2013). Consequently, in the absence of channels, the state of inefficient and weakly connected 79 
regions of the bed or flow coupling may govern ice motion (Andrews et al., 2014; Hoffman et al., 80 
2016; Meierbachtol et al., 2013; Price et al., 2008), limiting the maximum efficiency of the 81 
subglacial system and the observed late-season slow down.  82 

Despite extensive study of ice-sheet hydrology, questions still remain regarding how various 83 
controls, including supraglacial water flow and subglacial characteristics, modulate how the 84 
subglacial system evolves (e.g., Nienow et al., 2017). Recent modeling suggests that supraglacial 85 
lakes will become more spatially extensive (Ignéczi et al., 2016; Leeson et al., 2015), yet the 86 
impact of cascading lake drainages on subglacial evolution and subsequent ice flow is poorly 87 
understood, partly due to their infrequent inclusion in subglacial models (Fitzpatrick et al., 2014; 88 
Williamson et al., 2017). Furthermore, limits on subglacial channelization at moderate to higher 89 
ice sheet elevations – and the subsequent role of inefficient types of subglacial drainage on 90 
seasonal ice velocity evolution – are constrained only by relatively limited observational and 91 
modeling evidence (Andrews et al., 2014; Hoffman et al., 2016; Meierbachtol et al., 2013).  92 

Here, we analyze ice velocity longitudinal strain rate gradients, and basal uplift derived from 93 
Global Positioning System (GPS) positions, in conjunction with surface melt rates and supraglacial 94 
lake drainages, to determine how ice velocity responds to inferred changes in the subglacial 95 
drainage system in the Pâkitsoq region of western Greenland during the 2011 summer melt season. 96 
We find that the transition between inefficient and efficient subglacial drainage can be modulated 97 
by the timing of cascading supraglacial lake drainages within our study area and, at higher 98 
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elevations, this transition may not be related to increasing subglacial channelization. Instead, it 99 
occurs, at least in part, due to increasing drainage efficiency elsewhere within the subglacial 100 
system.   101 

2 Materials and Methods 102 

2.1 Field location 103 

We deployed 11 GPS stations and two weather stations within the Sermeq Avannarleq catchment, 104 
north of Jakobshavn Isbrœ, to constrain the seasonal evolution of surface melt and ice motion 105 
(Figure 1a). Surface ice speeds in this region range between 60 and 140 m·y-1 (0.15 and 0.4 m·d-106 
1) and bed topography is complex, with overdeepenings that may host extensive subglacial 107 
sediments (Figure 1b-c) (Andrews et al., 2014; Hoffman et al., 2011; Joughin et al., 2010, 2016; 108 
Walter et al., 2014). 109 
 110 
GPS station names reflect the distance from the Sermeq Avannarleq terminus and the distance 111 
north or south of the flow line, except for FOXX, GULL and HARE, which include weather 112 
stations. These GPS stations fall between 600 and 1,100 m a.s.l., similar to previous low- and 113 
moderate-elevation GPS stations, boreholes, and dye tracing experiments located at Russell 114 
Glacier (e.g., Bartholomew et al., 2011; Chandler et al., 2013; van de Wal et al., 2015; Wright et 115 
al., 2016). Therefore, we generally characterize GPS stations below 900 m a.s.l. as low elevation 116 
(19N1, FOXX, 22N4, 25N1 and GULL) and stations at elevations between 900 and 1,100 m a.s.l. 117 
as moderate elevation (28N4, 33N1, HARE, 37N4, 38S3, and 41N1).   118 

2.2 Supraglacial melt supply 119 

We monitored meteorological conditions (air temperature and pressure, wind speed and direction, 120 
humidity, and precipitation) every 30 minutes at the FOXX and HARE GPS stations using Vaisala 121 
WTX520 weather transmitters between May and September 2011. Additional weather stations at 122 

FOXX and GULL (installed in July 2011) and one permanent GC-Net station, JAR-2 (69.415°N, 123 

50.093°W, 507 m a.s.l.) (Steffen et al., 1996) recorded more complete radiative observations, 124 
including shortwave and longwave radiation and surface ablation, on either 5-min (FOXX, GULL) 125 
or 1-h (JAR-2) intervals. 126 

As surface-melt measurements are only collected at FOXX and GULL field sites after mid-July 127 
2011, we choose to model 6-h mean surface melt for the entire 2011 melt season using a modified 128 
degree-index model that includes incoming shortwave radiation and ice-surface albedo 129 
(Pellicciotti et al., 2005). Following Pellicciotti et al. (2005), we calculate 6-h mean surface melt, 130 
where surface melt, 𝑆": 131 

𝑆" =	 %𝐵'𝑇 + 𝐵*+
(1 − 𝛼)𝑆𝑊,									𝑇 > 𝑇"

																							0,																								𝑇 ≤ 𝑇"
      (1) 132 
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where T is the mean daily air temperature at each site, Tm is the freezing temperature (0°C), a is 133 

the ice-surface albedo, and SW is the incoming solar radiation. For a, we use the MOD10A1 daily 134 
surface-albedo product Moderate-Resolution Imaging Spectroradiometer (MODIS), which has a 135 
resolution of 500 m (Hall et al., 2006) and has been validated previously over our study area 136 

(Stroeve et al., 2006). Where MODIS a exceeds 2 standard deviations of its 11-day mean or there 137 

is no data due to cloud cover, the 11-d median a is used, following Box et al. (2012). SW varied 138 
minimally across the study area; therefore, we represent SW over the study area with JAR-2 139 
measurements. Bt and Bsw are empirical coefficients for melt sensitivity. 140 

We determined surface melting in three steps. First, we calibrated Bt and Bsw using observed Sm, 141 

T, and SW at JAR2 and local MODIS a value between day 135 and 265 of 2011. Multivariate 142 
regression returns values of 2.29 and 0.015 for Bt and Bsw, respectively. Next, we calculated 6-h 143 
surface melt at FOXX, GULL and HARE using the calibrated melt-sensitivity coefficients. 144 
Because air temperatures were not recorded at GULL before July, we estimated early season T at 145 
GULL using the time varying lapse rate between FOXX and HARE between day 140 and day 210. 146 
Finally, we validated the modeled melt at FOXX and GULL using measured surface ablation. 147 
When compared to observed surface melt at FOXX and GULL, 6-h surface melt modeled using 148 
equation (1) exhibits a root mean square error of 10.8 mm and a bias of -0.01 mm. Incorporation 149 
of incoming solar radiation and surface albedo, improves (reduces) the root mean square error and 150 
model bias between modeled and measured surface ablation by 1.7 mm and 0.01 mm, respectively, 151 
relative to a temperature only index model (Bt = 2.87). This improvement arises primarily during 152 
the latter part of the summer melt season when SW = 0 for parts of the day. 153 

In addition to surface melt that routes directly to the bed within hours, drainages of supraglacial 154 
lakes also perturb ice velocity within our study area. Therefore, we also analyze the location, 155 
timing, and size of supraglacial lake drainages identified previously within our study area during 156 
the 2011 melt season (Figure 1a) (Morriss et al., 2013).  157 

2.3 Ice Motion 158 

We recorded surface displacement at 11 locations along Sermeq Avannarleq using a series of high 159 
precision, L1/L2 GPS stations (Figure 1a). A bedrock base-station (QING) was also established 160 
during the observation period as a fixed reference station for differential processing of the GPS 161 
observables. Positions were recorded by a mix of Trimble NetR5 (FOXX, HARE, 37N4), NetR8 162 
(GULL, QING), and R7 (19N1, 22N4, 25N1, 28N4, 33N1, 38S3, 41N1) receivers with Trimble 163 
Zephyr Geodetic 2 antennas.  164 

On-ice GPS stations followed previous station design and installation procedures to accommodate 165 
substantial surface ablation, high winds, and extended periods of darkness (e.g., Anderson et al., 166 
2004; Hoffman et al., 2011). GPS receivers logged positions continuously at 15-s intervals during 167 
the summer melt season; however, poor satellite configuration and power failure resulted in some 168 

data gaps. GPS station 28N4 failed after day 190. 169 
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On-ice kinematic GPS positions were determined using carrier-phase differential processing 170 
relative to the bedrock mounted reference station (QING; baselines between 15 and 24 km to on-171 
ice stations) using Track v1.24 (Chen, 1998) and final International GNSS Service satellite orbits 172 
following techniques described by Hoffman et al. (2011) and Andrews et al. (2014). The relative 173 
position of each on-ice station was determined at 15-s intervals. As part of processing, kinematic 174 
station motion was constrained on an epoch-by-epoch basis to 2,000 m·y-1 to permit rapid, short-175 
term velocity changes. The mean uncertainty of the 15-s positions is 4 mm in the horizontal and 6 176 
mm in the vertical. After Track processing, each 15-s time series of on-ice station position was 177 
smoothed with a 6-h phase-preserving filter to eliminate spurious signals associated with GPS 178 
uncertainties, and then decimated to 15-min time series. The smoothed positions were used to 179 
calculate 6-h and 24-h velocities using a centered time window to limit aliasing that may result 180 
from using discrete time intervals. Calculated 24-h velocities have a mean uncertainty of ~4 m·y-181 
1; for 6-h velocities, this uncertainty is ~9 m·y-1.  182 

2.4 Strain rates 183 

Longitudinal and lateral strain rates describe the spatial gradients of ice motion in the along-flow 184 
and across-flow directions, respectively. Here, we use the change in distance between two GPS 185 
station positions, Δ𝐿88, in the along-flow (subscript xx) and across-flow (subscript yy) directions 186 
over a given time interval, Δ𝑡, to calculate longitudinal and lateral strain rates:  187 

𝜀8̇8 =
<=>>

=?,>>	<'
,							𝑖 = 𝑥𝑥, 𝑦𝑦      (2) 188 

where 𝐿C,88 is the initial baseline distance between the two stations and taken to be the distance on 189 

day 150, before the onset of surface melting (Table 1), and	Δ𝑡 is 24 hours.  190 

We quantify the uncertainty in horizontal strain rates, 𝛿𝜀8̇8 , following Hoffman et al. (2011) and 191 
Howat et al. (2008): 192 

𝛿𝜀8̇8 = 	√2𝜂(𝐿88	Δ𝑡)HI      (3) 193 

where 𝜂 is the uncertainty in the baseline distance between stations, which we calculate from the 194 
1-sigma positional uncertainty of each station. This uncertainty is propagated through all 195 
calculations. 196 

We calculate longitudinal strain rates between each pair of adjacent stations along the primary ice 197 
flow line, yielding six unique time series. We calculate lateral strain rates between FOXX and 198 
22N4, GULL and 28N4, and HARE and 37N4. Lateral strain rates in our study area have less 199 
variability than longitudinal strain rates; therefore, when calculating vertical strain rates, we use 200 
the lateral strain-rate measurement nearest to each longitudinal strain-rate measurement (Table 1). 201 
GPS 28N4 fails on day 190, truncating both the velocity record and lateral strain-rate time series 202 
there. For the remainder of the melt season, we represent the lateral strain rate between GULL and 203 
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28N4 as the mean of the calculated strain rate between days 140 and 190.  204 

Assuming ice is incompressible, we approximate the vertical strain rate,	𝜀J̇J,  using continuity: 205 

𝜀J̇J = −(𝜀K̇K +	𝜀L̇L)       (4) 206 

Uncertainty in the vertical strain rate is calculated by propagating the uncertainty in the along- and 207 
across-flow strain rates through Equation 4.  208 

To examine how longitudinal strain rates change over the course of the melt season, we determine 209 
the strain rate anomaly relative to the mean winter background strain rate values (calculated 210 
between days 140 and150). We linearly interpolate these data along the flow line to evaluate the 211 
spatial variability of strain-rate anomalies. 212 

2.5 Basal uplift 213 

Basal uplift is a proxy for cavity opening and/or sediment dilation at the bed of the ice sheet and 214 
is generally inferred to be representative of water storage (e.g., Anderson et al., 2004; Mair et al., 215 
2002; Sugiyama & Gudmundsson, 2004). On hard-bedded glaciers, basal uplift is thought to be 216 
the result of subglacial cavity growth; on soft-bedded glaciers, basal uplift may be a combination 217 
of sediment dilation and cavity opening, which cannot yet be disentangled (e.g., Howat et al., 218 
2008). Our field area likely contains both hard and soft bedded regions (Walter et al., 2014), so we 219 
use the more general term ‘basal uplift’ instead of bed separation.  220 

To isolate basal uplift, we remove vertical strain (Equation 4) and bed-parallel motion from total 221 
GPS-derived vertical motion, 𝑤*, following common procedures (Anderson et al., 2004; Harper et 222 
al., 2007; Hoffman et al., 2011; Howat et al., 2008; Mair et al., 2002; Sugiyama & Gudmundsson, 223 
2004), where: 224 

𝑤* = 𝑢Otan𝜃 +	𝜀J̇J𝐻 +	𝑐̇      (5) 225 

The first term on the right-hand side of the equation is bed parallel motion, where 𝑢O is horizontal 226 
sliding at the ice-bed interface and 𝜃 is the local bed slope. The second term on the right is the 227 
thickness-integrated vertical strain rate, where H is ice thickness and 𝜀J̇J is the vertical strain rate, 228 
which we assume to be depth-invariant following previous work (Anderson et al., 2004; Hoffman 229 
et al., 2011; Howat et al., 2008). Vertical strain rate does vary with depth (e.g., Ryser, Lüthi, 230 
Andrews, Hoffman, et al., 2014), but it is reasonably represented by the surface value at FOXX 231 
and GULL, so we keep the assumption of depth invariance in order to maintain consistency across 232 
all basal uplift calculations. The last term on the right-hand-side of Equation 5, 𝑐̇,  is the rate of 233 
cavity opening, i.e., basal uplift.  234 

We estimate the bed-parallel motion as a residual from winter background conditions (days 140 - 235 
150, indicated by the subscript bg), during which time we assume that the components of bed-236 
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parallel motion and vertical strain are constant and the basal uplift rate is zero: 237 

𝑢O,OVtan𝜃 = 	𝑤*,OV − 𝜀J̇J,OV𝐻    (6) 238 

As the total horizontal displacement of the GPS stations over the summer melt season is small (< 239 
100 m), we assume that the bed slope is constant during our observation window (day 140 - 260).  240 

We then integrate Equation 5 to calculate displacement due to basal uplift, 𝑐̇∆𝑡: 241 

𝑐̇∆𝑡 = 	∆𝑧* − Y
Z[
Z[,\]

^𝑢O,OV𝑡𝑎𝑛𝜃 − 𝜀J̇J𝐻∆𝑡     (7) 242 

where the GPS-derived vertical displacement is indicated by ∆𝑧*, and the subscript s denotes a 243 
surface measurement. We make the conservative assumption that 𝑢*,OV = 	𝑢O,OV  following 244 

Hoffman et al. (2011) and note that during the summer melt season, basal sliding in at FOXX and 245 
GULL accounts for up to 90% of observed surface motion (Ryser, Lüthi, Andrews, Hoffman, et 246 
al., 2014).  247 

Basal uplift is a time integral and thus depends on how periods of no data are treated. We linearly 248 
interpolate basal uplift rates during periods of missing data, but we mask these periods when 249 
presenting the results. This linear interpolation causes slight differences in the total magnitude of 250 
basal uplift compared with other gap-filling methods, but it does not influence the trend over the 251 
melt season nor does it substantially influence the relative magnitude of basal uplift.  252 

3 Results 253 

3.1 Horizontal ice flow 254 

All GPS stations exhibited seasonal motion consistent with previous observations within the 255 
Pâkitsoq region and elsewhere in Greenland (Figure 2 and 3) (e.g., Bartholomew et al., 2010; 256 
Hoffman et al., 2011). The time between the onset of melting and observed ice acceleration 257 
increased with increasing distance from the terminus. At low elevation, ice acceleration began 3 - 258 
5 days after the onset of persistent surface melting occurred (day ~160 for stations 19N1, FOXX 259 
and 22N4; day ~163 for stations GULL, 28N4 and 33N1; Figure 2a-b). At HARE, 37N4, 38S3 260 
and 41N1, ice acceleration began ~11 days after melt onset, on day ~168 (Figure 2c).  261 

The transition to gradual ice deceleration was temporally associated with identified lake drainage 262 
events on day ~182 for stations below GULL and day ~188 for GULL and moderate elevations 263 
(Figure 2). In all instances, ice velocity fell below spring background values before the end of the 264 
melt season, with low-elevation velocity falling below this point at day ~210 and moderate 265 
elevation stations at day ~223. Ice velocity continued to decline until day ~235, when a 266 
precipitation and melt event spurred widespread acceleration for ~6 days (Doyle et al., 2015).  267 
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The seasonal pattern of ice motion is overlain by additional acceleration events related to both 268 
diurnal and event-type surface melt and supraglacial lake drainages (Figure 3). Diurnal variations 269 
in ice velocity occurred at all GPS stations, with the daily range generally proportional to daily 270 
surface melt production. Stations generally experienced the onset of strong diurnal variations in 271 
velocity with the onset of ice acceleration, though they tend to be small for stations above ~1,000 272 
m a.s.l.  273 

In the Pâkitsoq region, there are 20 lake drainages during 2011 which occur in six different clusters 274 
(Morriss et al., 2013). Two of these lake drainage clusters included events that resulted in short-275 
term accelerations of more than 200% of winter background speeds (Figure 3). According to 276 
remote-sensing observations, in the first cluster, three lakes within the GPS network drained on 277 
day 181.6 ± 2 (Morriss et al., 2013) and precipitated some of the highest recorded velocities in our 278 
study area (Figure 3). Using GPS observations, we can more tightly constrain the timing of these 279 
lake drainages and examine their propagation through the subglacial system. Initial rapid 280 
acceleration was observed at 33N1 starting on day 182 at approximately 02:24 UTC and was 281 
caused by the drainage of two lakes just north of 33N1. At 33N1, peak ‘lake drainage’ speed 282 
occurred at 10:15 UTC on day 182. This peak speed then propagated downstream from 33N1 to 283 
28N4 (10:45 UTC), GULL (12:30 UTC), 22N4 (14:46 UTC), 25N1 (16:14 UTC), FOXX (16:45 284 
UTC), and finally at 19N1 (18:44 UTC). GULL has a more muted velocity response and is located 285 
on a branch of the predicted subglacial drainage path within Sermeq Avannarleq, suggesting that 286 
the propagation of the meltwater from the first two lake drainages induced stresses that triggered 287 
the drainage at GULL (Hoffman et al., 2018). 25N1 also has a more muted velocity response, 288 
potentially due its locations relative to modeled subglacial flow paths. Overall, the observed 289 
pattern of the acceleration front corresponds well with the modeled subglacial flow paths (Figure 290 
1a).  291 

The second lake-drainage event is not as well-constrained. However, remote-sensing observations 292 
indicate three lake drainages, one large and two small, on day 186.8 ± 2.8 (Morriss et al., 2013). 293 
GPS observations suggest that the drainage event was initially observed at 41N1 on day 187 at 294 
approximately 13:25 UTC and peak velocity was reached on day 188 at 02:15 UTC. This velocity 295 
pattern then propagated downstream to 38S3 (04:30 UTC), HARE (12:43 UTC), 33N1 (14:30 296 
UTC), and GULL (17:45 UTC). These peak ice velocities all occurred before the typical timing of 297 
diurnal velocity peaks by at least 2 hours. At 37N4 and below GULL, peak velocities are 298 
indistinguishable from diurnal variations (Figure 3). Peak velocities suggest a lower propagation 299 
speed at moderate elevations. However, we note that the pattern and the location of the peak 300 
velocity, particularly HARE’s and 38S3’s extended period of elevated velocity (>24 h), suggest 301 
slower and more complex water subglacial flow.  302 

3.2 Longitudinal strain rates 303 

Horizontal and vertical strain rates throughout the study area had similar magnitudes, though 304 
lateral (flow-transverse) strain rates had less variability over the observation period (Figure 4). 305 
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Wintertime longitudinal strain rates were generally near zero or slightly compressional, except 306 
between 19N1 and FOXX (Figure 4). The onset of surface melting initiated a period of regional 307 
longitudinal extension and large positive strain-rate anomalies, with the highest strain rates and 308 
strain-rate anomalies occurring closest to the terminus (Figures 4a and 5a). Longitudinal strain rate 309 
anomalies remained positive until a supraglacial lake drainage event on day ~182. Following that 310 
lake drainage event, a period of relative regional compression occurred until day ~210, indicating 311 
that low-elevation locations had slowed relative to moderate-elevation locations (Figure 5a). 312 
Longitudinal strain rates recovered to wintertime values once daily minimum ice velocity dropped 313 
below winter background values. At that time (day ~210), a spatially alternating pattern of 314 
extension and compression emerged with extension generally dominating over ridges and 315 
compression dominating in basins (Figure 5a). Finally, the precipitation and melt event on day 316 
~235 precipitated an increase in extension at low elevations, followed by increased compression 317 
at moderate elevations (Figure 5a). 318 

The two observed lake-drainage events incited different strain-rate patterns at across the study 319 
area. During the first lake-drainage event, a focused wave of elevated compression, followed by 320 
elevated extension, propagated downstream (Figure 5b). This pattern may indicate the movement 321 
of former lake water through the subglacial hydrologic system. However, the second lake-drainage 322 
event (day ~188) triggered only an increase in compression, without any ensuing extension, 323 
potentially because the water could be readily accommodated by the subglacial system at lower 324 
elevations.   325 

3.3 Basal uplift 326 

Maximum basal uplift ranged between 0.2 and 0.9 m (Figure 6a-c). At FOXX, 25N1, and GULL, 327 
the timing of maximum basal uplift was closely associated with peak ice velocity and supraglacial 328 
lake drainage. However, at and above 33N1, peak ice velocity preceded maximum basal uplift by 329 
approximately 15 days, and at 41N1 (~1,050 m a.s.l.), we did not observe a decline in basal uplift 330 
(Figure 6c). Only basal uplift between FOXX and 25N1 returned to zero (or slightly negative) 331 
during the observation period, despite all horizontal ice velocities falling below their background 332 
speeds prior to the end of the melt season (Figure 6a). This behavior results in a correlation between 333 
ice velocity and basal uplift at elevations below 900 m a.s.l. (0.42 ≤ r ≤ 0.77, p ≤ 0.01), but low or 334 
insignificant correlation at elevations above 900 m a.s.l. (Figures 7a-c; Table 2).  335 

During the early part of the melt season, we observed generally positive basal uplift rates, 336 
associated with rapidly increasing ice velocity (Figures 3 and 6 d-f). Maximum basal uplift rates 337 
were generally associated supraglacial lake drainage events, while strongly negative basal uplift 338 
rates occurred immediately following melt events or during periods of limited surface melt 339 
production. At FOXX, 25N1, and GULL, basal uplift rates became generally negative following 340 
lake drainage events, expect during melt events. At 33N1 and HARE, basal uplift rates slow 341 
following lake drainage, but do not become frequently negative until day ~210; at 41N1, basal 342 
uplift rates tend to co-vary with surface melt, but remain generally positive for the observation 343 
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period (Figure 3b-c). Overall, basal uplift rates and ice velocity tend to have stronger correlations 344 
across most locations (0.41 ≤ r ≤ 0.77, p ≤ 0.01) (Figure 7; Table 2). 345 

4 Discussion 346 

4.1 Seasonal evolution of ice motion 347 

The staggered onset of summer ice acceleration at each site results in more than 20 days of strong 348 
extension at lower elevations, and negative vertical strain rates across the study area (Figures 4c 349 
and 5a). At low elevations, the subglacial hydrologic system was overwhelmed with available 350 
meltwater, resulting in an increase in subglacial pressure and ice velocity (Bartholomew et al., 351 
2010; Hoffman et al., 2011). While at moderate elevations, where supraglacial meltwater 352 
production and drainage may be initially limited, ice acceleration was more gradual. This pattern 353 
generated a strain-rate gradient roughly consistent with the inferred gradient in subglacial water 354 
supply (more tensile at the terminus, less tensile at moderate elevations; Figure 5a).  355 

Prolonged snow cover at higher elevations causes the observed elevation gradient in seasonal ice-356 
velocity response (e.g., Hoffman et al., 2011; Hubbard & Nienow, 1997). But, in our study area 357 
snow cover only remains extensive for approximately 10 days longer at HARE than at FOXX 358 
(until day ~168). Without snow cover, supraglacial meltwater retention on bare ice can become 359 
potentially important, particularly above ~900 m a.s.l., where supraglacial lakes more prevalent 360 
(e.g., Koziol et al., 2017; Liang et al., 2012; Morriss et al., 2013). Retention of meltwater within 361 
supraglacial lakes can exacerbate spatial differences in meltwater delivery to the bed, resulting in 362 
a stronger gradient in ice acceleration and regionally tensile strain-rate anomalies, which can 363 
trigger additional surface-to-bed connections, potentially including the observed lake drainages on 364 
day ~182 and ~188 in our study area (Christoffersen et al., 2018; Hoffman et al., 2018) (Figures 365 
4a and 5a).  366 

Following the drainage of three supraglacial lakes on day ~182, the early season tensile strain-rate 367 
anomaly terminated due to the onset of declining ice velocity and increased subglacial drainage 368 
efficiency below GULL (Hoffman et al., 2011; Sole et al., 2013; Sundal et al., 2011; Tedstone et 369 
al., 2013). This lake-drainage cascade was followed by a second cascade on day ~188 (Morriss et 370 
al., 2013), which is temporally associated with both the highest ice velocity and the initiation of 371 
long-term deceleration at stations from GULL to 41N1. Though the regional decline in ice velocity 372 
suggests a widespread subglacial response, an extended period of elevated compression across the 373 
region suggests that the efficiency of the subglacial system is spatially variable (day ~182-206, 374 
Figure 5a) (Howat et al., 2008). 375 

During this period, the co-occurrence of late-season ice deceleration and declining basal uplift at 376 
low elevations suggest that subglacial channelization is readily evacuating available meltwater at 377 
low pressure (Figures 3a and 6a) (Bartholomew et al., 2010; Chandler et al., 2013). But, at 378 
locations above ~900 m a.s.l. ice decelerates more slowly, resulting in a compressional anomaly, 379 
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and basal uplift rates are approximately zero (33N1) or remain generally positive (HARE and 380 
41N1) (Figure 6e-f). This disparity between declining ice velocity and increasing basal uplift 381 
suggests that – in these regions – subglacial channelization is slow and increasing subglacial 382 
drainage efficiency is likely due to changes within with the distributed system or changing 383 
pressures within the weakly-connected system (Andrews et al., 2014; Bartholomaus et al., 2011; 384 
Hoffman et al., 2016; Hoffman & Price, 2014; Iken & Truffer, 1997).  385 

A melt event ending on day ~206 corresponds to the onset of basal uplift decline at 33N1 and 386 
HARE and the end of the regional compressional anomaly (Figures 2b-c and 5a). Following the 387 
melt event, strain-rate anomalies at low elevations vacillate between elevated compression and 388 
extension, a pattern that persists through the end of the observation period. In our study area, ice 389 
at low elevations flows over a subglacial topography that alternates between overdeepening 390 
(19N1–FOXX), ridge (FOXX–25N1), and overdeepening (25N1–GULL) (Figure 1c). The 391 
overdeepenings are likely to be at high water pressure and filled with sediment, while above ridges 392 
the ice is more likely to be thinner and crevassed (Andrews et al., 2014; Ryser, Lüthi, Andrews, 393 
Catania, et al., 2014; Walter et al., 2014). Slightly lower subglacial drainage efficiency in the 394 
overdeepenings results in higher mean pressures and lower diurnal variability (Figure 3a) (Dow et 395 
al., 2011; Hooke, 1991; Werder, 2016). Differences in diurnal variability can result in short-term 396 
variations in stress transfer and manifested as longitudinal strain-rate perturbations (Figure 5a) 397 
(Ryser, Lüthi, Andrews, Catania, et al., 2014). Our observations support the hypothesis that 398 
subglacial topography, in addition to hydrology, plays an important role in controlling local ice 399 
velocity, particularly in the late melt season (Fitzpatrick et al., 2013; Joughin et al., 2013; Palmer 400 
et al., 2011).  401 

4.2 Supraglacial lake drainage impact on ice velocity 402 

In our study area, supraglacial lake-drainage events induce maximum ice velocity and may trigger 403 
the transition between the ice sheet’s early-season ice acceleration and late-season deceleration 404 
(Figures 2 and 3). The short-term impact of lake drainages on ice velocity is well documented, 405 
with ice speeds increasing substantially above background speeds during rapid supraglacial 406 
drainage events (Das et al., 2008; Hoffman et al., 2011; Stevens et al., 2015; Tedesco et al., 2013). 407 
However, their relative impact on the long-term evolution of the local and downstream subglacial 408 
hydrologic system and ice velocity is poorly understood, despite a number of field and remote-409 
sensing observations that suggest supraglacial lake drainage may trigger the onset of late-season 410 
ice deceleration (Hoffman et al. 2011; Sole et al., 2011; Joughin et al 2011).  411 

The observed correlation between supraglacial lake drainage and ice deceleration may arise if the 412 
rapid flux of supraglacial lake water substantially modifies the subglacial hydrologic system and 413 
causes a significant increase in its drainage efficiency. At low elevations within our study area, 414 
water from lake drainage likely enlarges small preexisting channels due to the excess of water and 415 
steeper hydraulic gradient associated with the lake drainages that occur on day ~182. This rapid 416 
growth could result in the subglacial system being able to readily accommodate subsequent 417 
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meltwater and draw water from the surrounding distributed system, explaining both the observed 418 
gradual decline of ice velocity and the correlation between ice motion and basal uplift (Figures 2a 419 
and 7a; Table 2). 420 

At moderate elevations in our study area, this hypothesis appears to be inconsistent with late-421 
season ice deceleration that is generally associated with subglacial channelization because while 422 
ice velocity at these elevations begins to fall following the lake drainage event on day ~188, basal 423 
uplift continues to increase (Figure 2b-c) (Bartholomew et al., 2010; Chandler et al., 2013; 424 
Hoffman et al., 2011). However, supraglacial drainage events, like fast-rising jökulhlaups, are 425 
generally thought to occur so rapidly that subglacial channels cannot effectively develop in the 426 
vicinity of lake drainages and subglacial water flows as a turbulent sheet (Dow et al., 2015; 427 
Einarsson et al., 2017; Flowers et al., 2004; Werder & Funk, 2009). Increased subglacial 428 
efficiency, however, need not be confined to channelization alone (e.g., Andrews et al., 2014; 429 
Hoffman & Price, 2014; Meierbachtol et al., 2013). Instead, additional processes both at the 430 
surface and bed can alter the relationship between meltwater volume and local ice velocity.  431 

The drainage of supraglacial lakes results in widespread strain-rate perturbations (Figure 5b) 432 
(Stevens et al., 2015), which can incite nearby lakes to drain in a cascade and open new surface-433 
to-bed connections in the form of crevasses and moulins (Christoffersen et al., 2018; Hoffman et 434 
al., 2018). As in previous studies, in regions where supraglacial lakes are the dominant mechanism 435 
forming surface-to-bed connections, such cascades may flush a substantial fraction of the total 436 
volume of supraglacially stored water across a given region, causing ice acceleration followed by 437 
a reduced supraglacial water supply and regional ice deceleration (Clason et al., 2015; Joughin et 438 
al., 2013). This process may be particularly important at the highest locations in the study area, 439 
where diurnal variations remain muted until after the lake drainage event on day ~188 (Figure 2b-440 
c). Despite potentially limited subglacial channel growth, the meltwater perturbation associated 441 
with supraglacial lake drainages may still substantially modify the bed conditions, possibly 442 
through expansion of the active part of the subglacial hydrologic system (Andrews et al., 2014; 443 
Hoffman et al., 2016), increased efficiency within the distributed system (Hoffman & Price, 2014; 444 
Meierbachtol et al., 2013), or sediment strengthening (Bougamont et al., 2014). These increases in 445 
efficiency may explain why there is no significant correlation between observed ice velocity and 446 
basal uplift (unlike low elevation locations) but a reasonable correlation between ice velocity and 447 
basal uplift rate (Figure 7; Table 2). 448 

Several observational studies agree that supraglacial lake drainage may play a role in the seasonal 449 
transition of summer ice velocity from acceleration to deceleration. However, supraglacial lake 450 
drainages are not currently included in most models of the subglacial hydrologic system, in part 451 
due to the complexity of modeling ice-bed separation and turbulent sheet flow (e.g., Hewitt et al., 452 
2012; Schoof et al., 2012). These models often cannot readily match observations of subglacial 453 
drainage efficiency in the natural system, as indicated by modeled ice velocity, potentially due a 454 
lack of two-way coupling between ice speed and subglacial hydrology (Hoffman & Price, 2014), 455 
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lack of inter-annual subglacial memory, or poor constraints on subglacial characteristics (e.g., 456 
Gulley et al., 2014; Hewitt, 2013). However, our results suggest that the inability of subglacial 457 
models to adequately represent sudden and large water inputs is partly responsible for the current 458 
inability of these models to fully capture the observed evolution of the subglacial hydrologic 459 
system.  460 

4.3 Subglacial processes 461 

At low elevation, ice velocity and basal uplift behave similarly over the course of the melt season 462 
and display a statistically significant positive correlation (Figures 2a-b and 7a-b, Table 2). This 463 
relationship is consistent with increasing subglacial drainage efficiency. There, the onset of the 464 
summer melt season is associated with the inability of the subglacial system to transmit the high 465 
supraglacial meltwater flux reaching the bed. The discrepancy results in increased subglacial water 466 
storage, leading to increased basal uplift, loss of basal traction, or elevated pore pressures in 467 
subglacial sediments, both of which can increase ice motion. As subglacial channelization 468 
expands, the lower pressure channels drain water stored in the distributed system, resulting in 469 
subglacial cavity creep closure (Bartholomaus et al., 2008; Bartholomew et al., 2010; Harper et 470 
al., 2007; Howat et al., 2008; Iken et al., 1983; Kamb et al., 1994) or reduced sediment pore 471 
pressure (Walter et al., 2014), both of which reduce ice motion and result in a decline in basal 472 
uplift. Therefore, ice velocity is positively associated with both the magnitude of basal uplift and 473 
its rate of change (Table 2) (Howat et al., 2008; Iken, 1981). However, above ~900 m a.s.l., we 474 
observe periods when ice velocity declines as basal uplift continues to increase (Figure 2b-c, days 475 
188 - 206 for 33N1 and HARE and days 188 - 227 for 41N1), complicating any seasonal 476 
relationship between these two observations (Table 2 and Figure 7). Similar behavior was observed 477 
in 2007 by Hoffman et al. (2011), with increasing basal uplift corresponding with decreasing ice 478 
motion at several locations (their GPS stations 307, 407, 507, and Wild1) within and slightly above 479 
our study area.  480 

The increasingly poor relationship between ice velocity and basal uplift at progressively higher 481 
elevations appears to require an explanation beyond the development of extensive subglacial 482 
channelization. However, the poorly constrained state of the bed makes it difficult to determine 483 
the exact mechanism of increasing subglacial efficiency. We hypothesize that where subglacial 484 
pressure is generally at or above overburden pressure (Wright et al., 2016) and channel 485 
development is limited (Banwell et al., 2016), continued basal sliding grows cavities in the absence 486 
of water input, reducing regionally integrated subglacial water pressure and ice velocity (Andrews 487 
et al., 2014; Hoffman et al., 2016; Iken & Truffer, 1997). Increased sediment dilation, or some 488 
combination of these processes, in the absence of subglacial channelization (Clarke, 2005). 489 

Under hard-bedded conditions, cavity growth rates act as a primary control on ice velocity. The 490 
highest velocities are associated with cavity expansion, due to a significant component forward 491 
displacement caused by cavity growth; lower velocities are associated with cavity closure, because 492 
creep closure acts primarily in the vertical direction, resulting in a positive relationship between 493 
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the daily basal uplift rate and ice velocity for the duration of the melt season (Figure 7c-f; Table 494 
2) (Cowton et al., 2016; Iken, 1981). Generally, cavity growth and forward motion is associated 495 
with increased subglacial water storage and higher water pressure (e.g., Bartholomaus et al., 2008; 496 
Kamb et al., 1994; Sugiyama & Gudmundsson, 2004). However basal sliding can also act to open 497 
and connect subglacial cavities, even in the absence of extensive subglacial channelization 498 
(Bartholomaus et al., 2011; Hoffman & Price, 2014), increasing their ability to transport meltwater 499 
(Iken & Truffer, 1997; Meierbachtol et al., 2013), reducing subglacial water pressure and 500 
confounding any correlation between basal uplift and ice motion as observed at 33N1, HARE, and 501 
41N1 during part of the melt season (Figure 2b-c; Figure 7b-c) (Harper et al., 2005, 502 
2007). Additionally, above 900 m a.s.l., where moulins are relatively sparse, extensive regions of 503 
the bed may be weakly connected or unconnected to the hydrologically active part of the bed 504 
(Andrews et al., 2014; Iken et al., 1983). In these regions, increased subglacial pressure and sliding 505 
in active regions of the bed can be mitigated when this sliding causes cavity growth in isolated or 506 
weakly-connected regions of the bed, resulting in widespread reductions in pressure (Andrews et 507 
al., 2014; Hoffman et al., 2016; Iken & Truffer, 1997). 508 

Alternatively, limitations in the development of efficient subglacial channels can result in 509 
sediments remaining relatively undrained. Under these conditions, sediment strengthening and 510 
reduction in pore pressure can act to inhibit sediment deformation when the sediment’s critical-511 
state porosity is not attained (Clarke, 1987; Iverson et al., 1998), potentially causing ice 512 
deceleration despite increased basal uplift (Figure 2b-c). If, during the course of the melt season, 513 
subglacial channels or canals grow enough to readily conduct the available water, dewatering can 514 
occur, resulting in sediment compaction and stiffening (Walter et al., 2014). This may be the cause 515 
of the return of a correlated relationship between ice velocity and basal uplift at 33N1 and HARE 516 
during that late melt season (Figure 2b-c). However, this relationship may be complicated the 517 
potentially patchy nature of sediments in some regions, which may be the reason that daily ice 518 
velocity and uplift rates remain positively correlated, even at high elevations (Figure 7d; Table 2) 519 
(Hoffman et al., 2016; Ryser, Lüthi, Andrews, Catania, et al., 2014). The transfer of mechanical 520 
support from regions with either high subglacial sediment conductivity or hard-bedded conditions 521 
during daily periods of high melt input to these regions can induce diurnal variations in ice motion 522 
which correlate to basal uplift rates (Meierbachtol et al., 2016; Murray & Clarke, 1995; Truffer et 523 
al., 2001). 524 

Against the backdrop of a seasonally and inter-annually evolving subglacial hydrologic system, 525 
these complex inter-relationships explain why the correlation between ice velocity and basal uplift 526 
varies spatially (Figures 2 and 7; Table 2) and emphasize the need for further characterization of 527 
subglacial conditions. Though modern sliding laws are constructed on the aforementioned 528 
relationship between regional subglacial pressure and ice motion (e.g., Gagliardini et al., 2007; 529 
Schoof, 2005), basal sliding can depend on both subglacial water pressure and the size of basal 530 
cavities (Iken, 1981). The extent of cavitation affects the distribution of bed normal stress, such 531 
that larger normal stress gradients associated with larger subglacial cavities will result in a decrease 532 
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in basal sliding for the same water pressure (Howat et al., 2008; Iken, 1981). Further, the presence 533 
of extensive subglacial sediments (e.g., Dow et al., 2013; Walter et al., 2014) can result in 534 
subglacial water pressure being dependent on time- and space-varying sediment properties 535 
(Boulton et al., 1974; Clarke, 1987).  536 

5 Conclusions 537 

Beyond ice velocity, data derived from GPS positions can provide substantial insight into the state 538 
of the subglacial hydrologic system. Our observations suggest that the timing of the transition from 539 
primarily inefficient to efficient subglacial drainage may be accelerated by supraglacial lake 540 
drainages. The complex relationship between ice velocity and basal uplift suggests that above 900 541 
m a.s.l., where subglacial channelization may be limited, changing connectivity within inefficient 542 
subglacial drainage elements or the presence of subglacial sediments could explain periods when 543 
the ice sheet decelerates despite continuing basal uplift. Thus, explicit and improved representation 544 
of rapid subglacial water fluxes from supraglacial lake drainages and improved basal friction 545 
relationships are likely necessary to accurately model seasonal subglacial and ice dynamic 546 
behavior as surface melt increases at higher elevations.  547 
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Tables and captions 883 

Table 1. Characteristics of GPS stations used in ice velocity, strain rate and basal uplift 884 

calculations. 885 

Station 
Longitudinal 

baseline length (m) 
Along-flow 
endpoints 

Lateral baseline 
length (m) 

Across-flow 
endpoints 

Mean ice 
thickness (m)* 

Mean surface 
elevation (m)* 

FOXX 1993.64 19N1, FOXX 3081.08 FOXX, 22N4 693  677  

25N1 3778.35 FOXX, 25N1 3081.08 FOXX, 22N4 606 770 

GULL 2783.12 25N1, GULL 3909.67 GULL, 28N4 505  867  

33N1 3551.42 GULL, 33N1 3909.67 GULL, 28N4 718 941 

HARE 4418.51 33N1, HARE 6378.65 38S3, 37N4 735 1014 

41N1 4133.13 HARE, 41N1 6378.65 38S3, 37N4 888 1071 
*Mean ice thickness and surface elevation between along-flow end points from Morlighem et al. (2014, 886 

2015) 887 

Table 2. Correlation coefficients for each GPS station  888 

Location 𝒖	~	𝒛𝒃𝒔 𝒖	~	�̇� 

FOXX 0.36 0.77 

25N1 0.77 0.55 

GULL 0.42 0.41 

33N1 0.31 0.59  

HARE NS 0.69* 

41N1 NS 0.64 

All locations 0.35 0.62 
Note. 𝑢 is horizontal ice velocity; 𝑧O* is basal uplift; �̇� is basal uplift. All reported of r have p-values less than 889 
0.01. Basal uplift correlations at HARE and 41N1 were not significant (NS).  890 

*Basal uplift rates at HARE during the day 188 supraglacial lake drainage are anomalously high and 891 
produce an artificially high correlation between ice velocity and basal uplift rate. To remove the influence of 892 
these outliers, we remove basal uplift rates greater than 0.05 m·d-1. 893 

Figures 894 
 895 
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 896 

Figure 1. Landsat-8 optical image from July 2013 showing locations of GPS stations (diamonds), 897 
background ice flow direction (arrows) along the Sermeq Avannarleq flow line (blue dashed line), 898 
supraglacial lake drainages (grey circles, scaled by maximum surface area) (Morriss et al., 2013), 899 
potential subglacial flow paths (blue, intensity scales to the probability that water will flow along 900 
a given path for a range of subglacial water pressures) (Andrews, 2015), and ice surface elevation 901 
contours (black lines, 100-m contour interval) (Howat et al., 2014). Inset indicates the location of 902 
the study area (yellow star). (b) Winter background flow velocities derived from GPS (diamonds) 903 
and InSAR (black line with grey error bars) (Joughin et al., 2010, 2016). (c) GPS locations (vertical 904 
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lines colored as in (a-b)) and ice surface (Howat et al., 2014, 2015) and subglacial topography 905 
along flowline (Morlighem et al., 2014, 2015). 906 

 907 

Figure 2. 24-h GPS-derived ice velocity divided by winter background values (solid lines), basal 908 
uplift measurements (dashed lines), daily modeled surface ablation (grey bars), and supraglacial 909 
lake drainages (grey circles) for 2011. Lakes that drained within or impacted the velocities of the 910 
GPS network are outlined in magenta. (a) GPS stations with surface elevations between 600–850 911 
m a.s.l. and lake drainages below 850 m a.s.l. (b) GPS stations and lake drainages with surface 912 
elevations between 850–1,000 m a.s.l. (c) GPS stations with surface elevations between 1,000–913 
1,100 m a.s.l. and lake drainages between 1,000 and 1,200 m a.s.l.  914 
 915 
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 916 
 917 
Figure 3. 6-h GPS-derived ice velocity (thick lines), basal uplift rates (thin lines), 6-h modeled 918 
surface ablation (grey bars) and supraglacial lake drainages (grey circles) for 2011. Panels and 919 
descriptions are as in Figure 2.  920 
 921 
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 922 
Figure 4. 24-h GPS-derived strain rates for the 2011 melt season, plotted every 4 h for clarity. (a) 923 
Longitudinal strain rate calculated from stations along the flow line. (b) Lateral strain rate 924 
calculated from stations along and north of the central flow line. (c) Vertical strain rate calculated 925 
using continuity and assuming ice incompressibility. 926 

 927 
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 928 
Figure 5. Seasonal strain-rate anomalies during the 2011 melt season (a). Anomalies are 929 
interpolated linearly between the mid-point between GPS stations (grey solid lines, broken sections 930 
indicate no data). GPS stations are plotted as distance from terminus (grey dashed lines). Values 931 
indicate the change in strain rate relative to the background magnitude (days 140–150). Negative 932 
values (blues) indicate regions of increased compression. Positive values (reds) indicate regions 933 
of extension. Supraglacial lake drainages (grey circles) are located by distance from terminus and 934 
scaled by maximum lake surface area (Morriss et al., 2013). Pink outlines indicate lakes drainages 935 
that impacted observed ice velocities. Bed topography (brown shaded region) and ice thickness 936 
(blue shaded region) along the central flow line are indicated on the left side of panel (a). The 937 
green box indicates the time window displayed in (b). (b) Inset of strain rate anomalies and basal 938 
uplift rates (black lines) during the supraglacial lake cascade on day ~182. Lake drainages within 939 
the GPS network (grey circles, magenta outline) have a temporal uncertainty of ±2 d (magenta 940 
bars) (Morriss et al., 2013). 941 
 942 
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 943 
Figure 6. 24-hour basal uplift (a-c) and uplift rate of change (d-f) by elevation grouping for 2011, 944 
plotted every 4 h for clarity. Basal uplift results are presented with uncertainties propagated from 945 
GPS-derived position.  946 
 947 
 948 

 949 
Figure 7. (a-c) Daily mean horizontal ice velocity as a function of inferred daily mean basal uplift 950 
for each GPS location. (d-f) Daily mean horizontal ice velocity as a function of basal uplift rate 951 
for locations below 900 m a.s.l. and above 900 m a.s.l. locations. The linear best-fit for each 952 



 31 

population (black line) and the associated correlation coefficient are indicated in the legend. Basal 953 
uplift rates during a supraglacial lake drainage at HARE are anomalously high and influence the 954 
calculated correlation between ice velocity and basal uplift rate. To remove this effect, we do not 955 
include basal uplift rates greater than 0.05 m·d-1 in the determination of correlation coefficients.  956 


