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Abstract15

Glacier winter velocities are generally slower than summer velocities, that increase early16

in the season when meltwater runoff reaches the bed. Velocities generally decrease later17

in the season as the subglacial system becomes channelized. With an innovative ice cave18

monitoring technique, here we show that a single week-long warm event in the winter19

triggers an internal drainage system flooding event, leading to velocity doubling for the20

remainder of the winter, unlike summer speedups when additional meltwater forms ef-21

ficient drainage channels that reduce glacier velocity. As the climate warms and surface22

melt and rain events increase during winter months, sustained high winter glacier veloc-23

ities are likely to occur more often. Increasing glacier velocity near the terminus leads24

to additional ice entering the fjord, and an increase of sea level rise contribution during25

these sustained season-long events.26

Plain Language Summary27

Most studies of changes in glacier speed focus on summer. However, because of the28

long Arctic winter season, changes in the winter can cause large changes in annual av-29

erage speed. The causes of these changes are generally well-understood and linked to wa-30

ter inputs to the inside and the base of the glacier. Unfortunately, even if these changes31

are well-known they are rarely observed, especially in winter, due to the difficulties of32

Arctic winter fieldwork, in-situ sub-glacial fieldwork, and installing and recovering sen-33

sors at the glacier bed. Thanks to an innovative ice cave monitoring technique, we present34

six months of winter water fluctuation measurements inside an englacial channel. We show35

that a single week-long warm event in the winter can lead to a more than doubling of36

the winter velocity for more than 3 months. In a warming climate, more winter melt and37

rain is likely to occur, and may lead to increased winter glacier velocity, additional ice38

entering fjords, and increased sea level rise.39

1 Introduction40

Glacier velocities are known to be strongly related to their internal drainage sys-41

tem (IDS) hydrology (R. S. Anderson et al., 2004; Bingham et al., 2006; Brinkerhoff et42

al., 2016; Hooke et al., 1997; Iken & Bindschadler, 1986; Jansson, 1995; Mair et al., 2003;43

Willis, 1995). This relationship is driven by rain and surface meltwater delivery to the44

glacier bed (Doyle et al., 2015; Vieli et al., 2004). Thus, the IDS allows the weather and45

climate information to be transferred from glaciers’ surface to their interior (Mavlyudov,46

2006). This enables glaciers to react quickly via their dynamics to changes in atmospheric47

conditions.48

The cause of both the seasonal average velocity and short-term velocity variabil-49

ity of glaciers are well understood. During the summer melt season, high temperatures50

are associated with large water (meltwater and precipitation) input to the IDS. Initially,51

few small channels exist, the basal system becomes flooded, basal friction in is reduced,52

and glacier velocity increases. Later, large channels form, basal water is drawn into them53

and evacuated from the surrounding bed, basal friction increases, and glacier velocity54

decreases (B. Anderson et al., 2014; Bindschadler et al., 1977; Clarke, 1991; Rippin et55

al., 2005). From this behavior, more runoff may actually reduce the mean summer ve-56

locity (Pimentel & Flowers, 2011; Sundal et al., 2011; van de Wal et al., 2008). Short-57

term velocity spikes are generally associated with lake drainage, rain, or excessive warm58

events - all of which can generate sufficient surface meltwater to temporarily overwhelm59

even mature late-season efficient subglacial channels (Schoof, 2010; B. Anderson et al.,60

2014; Bartholomaus et al., 2008; Hart et al., 2019). During the winter, due to low tem-61

peratures almost no water enters the IDS. Channels creep closed, and increased ice/bed62

coupling reduces glacier velocity (Cowton et al., 2013; Harper et al., 2005).63
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Because the system is reset each winter, it is easier to overflow the subglacial sys-64

tem during the winter or early spring, should sufficient water supply exist. Evidence for65

this comes from surge events, many starting in winter, and correlated with high IDS wa-66

ter pressures (Harrison & Post, 2003; Kamb et al., 1985; Lingle & Fatland, 2003; Sund67

et al., 2014).68

Because most of the crucial processes seem to occur during the melt season, and69

perhaps because of the difficulties of Arctic winter fieldwork and sensor operation, glacial70

hydrological and dynamics studies mainly focus on the summer period, although some71

winter studies do exist (e.g., Hart et al. (2019); Schoof et al. (2014); Sole et al. (2013)).72

However, in the Arctic the accumulation season is much longer than the ablation sea-73

son, so the average ice velocity (and therefore discharge), and especially the median ice74

velocity and discharge, are determined primarily by the winter season. Changes in the75

winter velocity may therefore have a larger impact than changes in the summer veloc-76

ity (Harrison & Post, 2003; Kamb et al., 1985; Lingle & Fatland, 2003; Sund et al., 2014).77

To address this gap, here we present a time series of 2016/2017 winter observations78

at a polythemal high Arctic glacier. Data include water level from inside an englacial79

channel, velocity measurements of the glacier surface, and automatic weather station (AWS)80

data.81

2 Study area82

Hansbreen is a 15.6 km long polythermal tidewater glacier, with a mean ice thick-83

ness of 171 m (Grabiec et al., 2012), situated at 77° 04’N, 15° 38’E in southwest Spits-84

bergen (Figure 1). It flows towards the south, extending from sea level to 664 m altitude,85

with a velocity increasing towards its terminus, ca. 150 m yr−1 at the front and of 55–7086

m yr−1 3.7 km upstream, reaching a maximum during late spring–early summer (B laszczyk87

et al., 2009). It is climatically, enviromentally, and glaciologically similar to other Sval-88

bard tidewater glaciers (Grabiec et al., 2012; Hagen et al., 1993, 2003). In the past, wa-89

ter level measurements have been collected directly from within its moulins (Schroeder,90

1998a, 2007; Vieli et al., 2004) and indirectly via ground-penetrating radar (GPR) (Turu,91

2012). Hansbreen summer speedup events have been related to increased basal water pres-92

sure due to rainfall or summer warm events (Vieli et al., 2002).93

Our study focused on measurements from inside an englacial system called Crys-94

tal Cave (CC, Figure 1). It is a well-known system that has been active since at least95

1967 (Benn et al., 2009; Turu, 2012; Schroeder, 1998a, 1998b). Currently, CC recharge96

is known to be from four moulins and may be occasionally supplied during high discharge97

events by one additional moulin and one supraglacial stream (Figure 2) flowing at the98

interface of the nunatak slope Tuva and the tributary glacier Tuvbreen (Figure 1). A sub-99

glacial model (Decaux et al., 2019) shows the presence of a subglacial channel nearby100

CC’s entrance and GPR measurements confirm its connection with the subglacial drainage101

network (Pälli et al., 2003).102

3 Method103

3.1 Velocity104

Hansbreen velocity is measured with a Global Navigation Satellite Systems (GNSS)105

receiver that sampled location every 3 hours at stake 4MONIT (Figure 1). We calculate106

the daily speed based on each midnight positions, and define the ”baseline velocity” as107

the mean velocity from Dec 1 2016 through Feb 1 2017.108

The velocity has also been surveyed for decades at a stakes network along Hans-109

breen’s center line (stakes 2 to 11 in Figure 1) but with a much lower temporal resolu-110

tion. GNSS positions were manually recorded weekly for stakes 2 through 5, and monthly111
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Figure 1. Map showing the locations of the glacier Hansbreen in Svalbard (insert map), the

two automatic weather stations (AWS), the 10 velocity stakes, Crystal Cave, subglacial chan-

nels from Decaux et al. (2019) and the ELA for 2016 (the accumulation area being above the

ELA and ablation area being below the ELA). The background map is a SPOT satellite image

acquired on 16 August 1988 and the coordinate system used is WGS 1984 UTM zone 33° N.

for stakes 6 through 11, dependent on weather conditions. The minimum observation112

times at those stakes is between 20 and 30 minutes. Total error, taking into account GNSS113

receiver, stake tilt, and human factor is estimated at 20 cm.114

3.2 Englacial water pressure115

Englacial water pressure was recorded by placing HOBO 250-Foot Depth Water116

Level Data Loggers in the center of one cave system (Figure 2). Here we report data from117

CC system near the nunatak Tuva (Figure 1). Data loggers were set to record values ev-118

ery 30 minutes, resampled to daily in post-processing, and have a resolution of 2.55 kPa119

for a typical error of 3.8 cm water level.120

Sensors were placed in the cave by drilling anchor points into the ice above a ver-121

tical shaft, then hanging cables down in the center of conduit (Figure 2). Stabilization122

cables were used to keep sensors from attaching to and freezing into ice walls by man-123

ually rappelling down to the sensor and attaching it to three horizontal cables, anchored124

into the ice walls at ∼120 degrees apart. Although we installed two sensors in CC us-125
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ing this method, the upper one was quickly buried due to the cave surface melting down126

and drifting snow (Figure 2).127

Here, we report data from the lower senor installed in CC at ∼100 m total distance128

from the cave entrance, in ice ∼74 m thick. The sensor was installed 28 m above the glacier129

(measured) bed and 46 m below the ice surface (estimated) (Figure 2).130

Figure 2. Vertical profile of englacial channel Crystal Cave from April 2017 with sensors

locations.

3.3 Weather131

A nearby weather station, 1.8 km away from CC, provides air temperature (AWS132

1) (Figure 1). Air temperature comes from a Campbell Scientific 107 sensor at ±0.1° C133

resolution and sampled every 10 minutes, averaged to daily resolution in post-processing.134

Precipitation measurements were made at AWS 2 (Figure 1) with a multi-type gauge135

that measured both solid and liquid. Results were into liquid water equivalent in mil-136

limeters. Precipitation measurements are slightly offset temporally, with a day defined137

as beginning at 6 a.m. on the observed day and ending 6 a.m. on the day after.138

4 Results139

During our study period, from 2016-12-01 to 2017-05-29, daily average tempera-140

tures recorded at AWS1 were below 0° C except for two periods with only one longer than141

two days. From AWS2, both of these warm events included rainfall events.142

We highlight the week-long warm period (actually 6 days 20 hours and 30 minutes)143

with a maximum of 3° C and mean of 1.5° C in early February 2017 (Figure 3).144

Prior to this warm event, water level (scale is m above glacier bed) is below the sen-145

sor, and therefore not shown on the graph. We can only report that there was < 28 m146

of water in the englacial system. Beginning 2 days 16 hours and 30 minutes after the first147

melt day (temperature > 0° C) water rose over 3 days to more than 60 meters above the148
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glacier bed, remained there for more than 9 days, then rapidly dropped below the sen-149

sor for about 7 days, and returned to a level around 38 meters above the bedrock (k around150

0.55), and remained there for the duration of the record, until June 2017 (Figure 3).151

The velocity record begins at ∼0.07 m day−1 and climbed slowly to just under 0.1152

m day−1 from December 2016 through February 10 2017. Coincident with the increas-153

ing water level, velocity rose above 400 % of the baseline velocity, then reduced to more154

than 200 % of the baseline velocity and remained there for the duration of the record,155

until June 2017. The entire ablation area of the glacier reacts similarly to velocity data156

recorded at 4MONIT stake, but the accumulation area does not (Figure 4).157

Figure 3. Time series of air temperature at AWS1 (positive red line and negative black line),

precipitation at AWS 2 (blue area), water level above the bedrock at CC and flotation fraction

(k) (blue line) and glacier speed at 4MONIT stake (grey line) during the winter 2016 / 2017.

5 Discussion158

Persistent high winter velocities due to a brief winter warm event represent a dy-159

namic response and potential significant source of sea level rise. Winter warm events may160

have a more significant influence on the annual average velocity of the glacier than a warm161

event or a rain event in summer. The occurrence of winter warm events (Graham et al.,162

2017; Pitcher et al., 2020; Vikhamar-Schuler et al., 2016; Wu, 2017) and winter rain events163

( Lupikasza et al., 2019; Nowak & Hodson, 2013; Peeters et al., 2019; Sobota et al., 2020)164

in the Arctic is increasing. Until enough winter water enters the glacier system to cause165

efficient drainage channels, it is likely that small volumes of winter water will act anal-166

ogous to a ”spring event”, inducing an increase in ice velocity (Bingham et al., 2006; Kessler167

& Anderson, 2004; Mair et al., 2003), with no subsequent decrease, as shown here. This168

increase only occurs in the ablation area (Figure 4), as the IDS does not exist in the ac-169

cumulation area (Decaux et al., 2019).170

After the warm event and coincident rise in water level (Figure 3), the water briefly171

drops below the sensor (< 28 m above the bed), then returns to 38 m above the bed. From172

this point onward in our record, the water level generally decreases, while velocity slightly173

increases. We hypothesize this is due to creep-closure of subglacial channels (Duval, 1977;174
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Figure 4. Time series of Hansbreen speed along its center line at stakes number 2 to 11 for

three different glacier areas compare to glacier speed at 4MONIT stake.

Duval et al., 1983; Glen, 1955). It is likely that this closure explains the 10 m recorded175

(from the sensor at 28 m above the bed to the final ∼38 m above the bed) upwelling ob-176

served at the end of February. After this upwelling ends in early March, the slow decrease177

in water level is due to water leaving this cave system. It is not likely that water is di-178

rectly draining out the front of the glacier into the fjord, because a decrease in subglacial179

water volume would likely cause a decrease in ice velocity, not an increase as shown here.180

Therefore, the local decrease in water level is likely due to creep closure of the system,181

pushing water to the surrounding bed, and decreasing the effective pressure (Cowton et182

al., 2016; Hewitt, 2011; Werder et al., 2013), after which it may or may not leave the glacier.183

This warm winter event may have also influenced the velocity of the following 2017 sum-184

mer, which had an average near-terminus velocity 18 % higher than the last 10 years (172185

m.y−1 compare to 145 m y−1).186

If we assume stake 2 as representative of the front velocity (Figure 1), its winter187

baseline velocity (from 2016-12-01 to 2017-02-01) is ∼0.19 m day−1. After the warm win-188

ter event its average velocity is ca. 0.34 m day−1 until the end of the accumulation sea-189

son (end of May). The velocity increase from this warm event, lasting more than 3 months,190

is ∼0.15 m day−1. From this, 80 % more ice entered the fjord in the 2016/2017 winter191

than if this 1-week warm event had not occurred, or ∼10 % more ice compared to the192

annual average.193

Data gaps and velocity spikes - In December we show two gaps in the temperature194

record (6 days and 5 days) during which precipitation events occur (Figure 3). There195

is no observed water level fluctuations (water level remained within 28 m of the bed) and196

no coincident velocity increase. However, there are 3 one-day-long velocity increases prior197

to the February event, all while temperature are below 0° C. The cause of these events198

is not clear, nor are they significant when compared to equally large but multi-month199

velocity increase later in the record.200

Our dataset also highlights winter storage and discharge of water (e.g. Hodge (1974);201

Hodgkins (1997); Hodson et al. (2005); Jansson et al. (2003); Wadham et al. (2000)). Our202

observed water level remains more or less steady at 38 m above the bedrock with k val-203
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ues around 0.55 (Figure 3), providing clear evidence of multi-month storage of large vol-204

umes of water. However, water can move dynamically and discharge to the distributed205

system while appearing more or less steady at the location of the logger, if the subglacial206

system closes equal to the volume discharged. We note that Pitcher et al. (2020) attribute207

their winter glacier discharge to storage of summer runoff, but acknowledge a warm event208

10 days prior to their observation. Our data suggests that warm events may fill the sys-209

tem, and there may not be enough evidence to properly attribute the source of the dis-210

charge observed by Pitcher et al. (2020).211

Similarly, Vijay et al. (2019) identified ”type-3” glaciers in Greenland which are212

characterized by winter speedup events associated with subglacial meltwater activity. They213

assign the meltwater to different sources: basal meltwater, ocean water infiltrating into214

the subglacial system, and meltwater that did not evacuate through channels during the215

melt season and was retained in the firn and ice body but did not look at potential win-216

ter warm events, of which there are an increasing number in Greenland.217

Contrary to  Lupikasza et al. (2019), we show here that during this warm event wa-218

ter does percolate through the winter snow pack into the IDS. This is likely both rain219

and meltwater. Therefore, winter rainfalls, which were previously estimated to contribute220

to 9 % of the winter accumulation of Hansbreen ( Lupikasza et al., 2019) with no loss term,221

should not be considered as only a mass-gain term. Some portion of the rainfall should222

be taken as an indirect mass-loss parameter.223

The observations here are not unique to this glacier or Svalbard. After a warm win-224

ter event in Iceland, a Glacsweb wireless probe installed at the Skálafellsjökull glacier225

bed by Hart et al. (2019) observed a similar water pressure pattern. After an initial wa-226

ter pressure increase due attributed to the warm winter event, they recorded a sharp wa-227

ter pressure decline followed by a slow rise on subsequent days until the next melt event228

(Hart et al., 2019). Other Arctic glaciers may also be susceptible to these events. As the229

climate warms, precipitation onto the Greenland ice sheet is likely to shift towards a higher230

fraction of rain in the total precipitation (Bintanja & Andry, 2017; Boisvert et al., 2018;231

Lenaerts et al., 2020; Screen & Simmonds, 2012). If glacier dynamics models do not take232

into account the increase in off-season rain shown by regional climate models, then their233

ability to model the dynamical changes may be compromised, with related limitations234

in their ability to properly estimate sea level rise.235

6 Conclusions236

We show an Arctic glacier, as a result of a single winter warm event, has its aver-237

age winter velocity more than double and remain at more than double the baseline for238

the remainder of the winter. The velocity increase appears to be sustained by englacial239

and subglacial water storage, evident by flooding of an instrumented cave, two and a half240

days after the warm event. After the warm event and some re-arranging of the subglacial241

hydrology, water backs up into the englacial system from the subglacial system. Within242

10 days of the event a nearly steady state is reached, albeit with a small decrease in wa-243

ter level and continued small increase in ice velocity. We attribute this to water trans-244

fer from the discrete system to the distributed at the base of the glacier.245

Warm winter events in the Arctic are being reported more often, and predicted to246

occur more often in a warming climate. We show these warm events can lead to large247

and sustained increases in ice velocity. Arctic tidewater glaciers are currently the most248

significant contributor to eustatic sea level rise. Further studies linking the atmosphere,249

ice velocity, and the winter subglacial hydrologic system are needed to quantify this con-250

tribution to sea level rise.251
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the field assistance of Anton Sedlák, Kacper Konior, Jakub Medrzycki, Andreas Alexan-278

der, Konrad Osienienko, Sabina Kucieba, Kamil Pa lkowski, Mateusz Mandat, Mariusz279

Czarnul, Maciej B laszkowski, Robert Pogorzelski, Dominika Dabrowska, Grzegorz Pi-280

otrowski, Benita Siepierska, Jakub Szewczyk, Bartosz Siek and  Lukasz Paw lowski. The281

authors declare there are no real or perceived financial conflicts of interest, or other af-282

filiations for any author that may be perceived as having a conflict of interest with re-283

spect to the results of this research.284

References285

Anderson, B., Willis, I., Goodsell, B., Banwell, A., Owens, I., Mackintosh, A., &286

Lawson, W. (2014). Annual to daily ice velocity and water pressure varia-287

tions on ka roimata o hine hukatere (franz josef glacier), new zealand. Arctic,288

Antarctic, and Alpine Research, 46 (4), 919–932.289

Anderson, R. S., Anderson, S. P., MacGregor, K. R., Waddington, E. D., O’Neel, S.,290

Riihimaki, C. A., & Loso, M. G. (2004). Strong feedbacks between hydrology291

and sliding of a small alpine glacier. Journal of Geophysical Research: Earth292

Surface, 109 (F3).293

Bartholomaus, T. C., Anderson, R. S., & Anderson, S. P. (2008). Response of glacier294

basal motion to transient water storage. Nature Geoscience, 1 (1), 33–37.295

Benn, D., Gulley, J., Luckman, A., Adamek, A., & Glowacki, P. S. (2009). Englacial296

drainage systems formed by hydrologically driven crevasse propagation. Jour-297

nal of Glaciology , 55 (191), 513–523.298

Bindschadler, R., Harrison, W., Raymond, C., & Crosson, R. (1977). Geometry and299

dynamics of a surge-type glacier. Journal of Glaciology , 18 (79), 181–194.300

Bingham, R. G., Nienow, P. W., Sharp, M. J., & Copland, L. (2006). Hydrology301

and dynamics of a polythermal (mostly cold) high arctic glacier. Earth Sur-302

face Processes and Landforms: The Journal of the British Geomorphological303

–9–



manuscript submitted to Geophysical Research Letters

Research Group, 31 (12), 1463–1479.304

Bintanja, R., & Andry, O. (2017). Towards a rain-dominated arctic. Nature Climate305

Change, 7 (4), 263–267.306

B laszczyk, M., Jania, J. A., & Hagen, J. O. (2009). Tidewater glaciers of svalbard:307

Recent changes and estimates of calving fluxes. Polish Polar Research, 30 (2),308

85–142.309

Boisvert, L. N., Webster, M. A., Petty, A. A., Markus, T., Bromwich, D. H., & Cul-310

lather, R. I. (2018). Intercomparison of precipitation estimates over the arctic311

ocean and its peripheral seas from reanalyses. Journal of Climate, 31 (20),312

8441–8462.313

Brinkerhoff, D. J., Meyer, C. R., Bueler, E., Truffer, M., & Bartholomaus, T. C.314

(2016). Inversion of a glacier hydrology model. Annals of Glaciology , 57 (72),315

84–95.316

Clarke, T. S. (1991). Glacier dynamics in the susitna river basin, alaska, usa. Jour-317

nal of Glaciology , 37 (125), 97–106.318

Cowton, T., Nienow, P., Sole, A., Bartholomew, I., & Mair, D. (2016). Variabil-319

ity in ice motion at a land-terminating greenlandic outlet glacier: the role of320

channelized and distributed drainage systems. Journal of Glaciology , 62 (233),321

451–466.322

Cowton, T., Nienow, P., Sole, A., Wadham, J., Lis, G., Bartholomew, I., . . .323

Chandler, D. (2013). Evolution of drainage system morphology at a land-324

terminating greenlandic outlet glacier. Journal of Geophysical Research: Earth325

Surface, 118 (1), 29–41.326

Decaux, L., Grabiec, M., Ignatiuk, D., & Jania, J. (2019). Role of discrete water327

recharge from supraglacial drainage systems in modeling patterns of subglacial328

conduits in svalbard glaciers. The Cryosphere, 13 (3), 735–752.329

Doyle, S. H., Hubbard, A., Van De Wal, R. S., Box, J. E., Van As, D., Scharrer, K.,330

. . . Hubbard, B. (2015). Amplified melt and flow of the greenland ice sheet331

driven by late-summer cyclonic rainfall. Nature Geoscience, 8 (8), 647–653.332

Duval, P. (1977). The role of the water content on the creep rate of polycrystalline333

ice. IAHS Publ , 118 , 29–33.334

Duval, P., Ashby, M., & Anderman, I. (1983). Rate-controlling processes in the335

creep of polycrystalline ice. The Journal of Physical Chemistry , 87 (21), 4066–336

4074.337

Glen, J. W. (1955). The creep of polycrystalline ice. Proceedings of the Royal So-338

ciety of London. Series A. Mathematical and Physical Sciences, 228 (1175),339

519–538.340

Grabiec, M., Jania, J., Puczko, D., Kolondra, L., & Budzik, T. (2012). Surface and341

bed morphology of hansbreen, a tidewater glacier in spitsbergen. Polish Polar342

Research, 33 (2), 111–138.343

Graham, R. M., Cohen, L., Petty, A. A., Boisvert, L. N., Rinke, A., Hudson, S. R.,344

. . . Granskog, M. A. (2017). Increasing frequency and duration of arctic winter345

warming events. Geophysical Research Letters, 44 (13), 6974–6983.346

Hagen, J. O., Kohler, J., Melvold, K., & Winther, J.-G. (2003). Glaciers in svalbard:347

mass balance, runoff and freshwater flux. Polar Research, 22 (2), 145–159.348

Hagen, J. O., Liestøl, O., Roland, E., & Jørgensen, T. (1993). Glacier atlas of sval-349

bard and jan mayen. Norsk Polarinstitutt Oslo.350

Harper, J. T., Humphrey, N. F., Pfeffer, W. T., Fudge, T., & O’Neel, S. (2005).351

Evolution of subglacial water pressure along a glacier’s length. Annals of352

Glaciology , 40 , 31–36.353

Harrison, W. D., & Post, A. S. (2003). How much do we really know about glacier354

surging? Annals of glaciology , 36 , 1–6.355

Hart, J. K., Martinez, K., Basford, P. J., Clayton, A. I., Robson, B. A., & Young,356

D. S. (2019). Surface melt driven summer diurnal and winter multi-day stick-357

slip motion and till sedimentology. Nature communications, 10 (1), 1–11.358

–10–



manuscript submitted to Geophysical Research Letters

Hewitt, I. J. (2011). Modelling distributed and channelized subglacial drainage: the359

spacing of channels. Journal of Glaciology , 57 (202), 302–314.360

Hodge, S. M. (1974). Variations in the sliding of a temperate glacier. Journal of361

Glaciology , 13 (69), 349–369.362

Hodgkins, R. (1997). Glacier hydrology in svalbard, norwegian high arctic. Quater-363

nary Science Reviews, 16 (9), 957–973.364

Hodson, A., Kohler, J., Brinkhaus, M., & Wynn, P. (2005). Multi-year water and365

surface energy budget of a high-latitude polythermal glacier: evidence for over-366

winter water storage in a dynamic subglacial reservoir. Annals of Glaciology ,367

42 , 42–46.368

Hooke, R. L., Hanson, B., Iverson, N. R., Jansson, P., & Fischer, U. H. (1997). Rhe-369
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