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Abstract. Basal sliding in the ablation zone of the Greenland
Ice Sheet is closely associated with water from surface melt
introduced to the bed in summer, yet melting of basal ice
also generates subglacial water year-round. Assessments of
basal melt rely on modeling with results strongly dependent
upon assumptions with poor observational constraints. Here
we use surface and borehole measurements to investigate the
generation and fate of basal meltwater in the ablation zone
of Isunnguata Sermia basin, western Greenland. The obser-
vational data are used to constrain estimates of the heat and
water balances, providing insights into subglacial hydrology
during the winter months when surface melt is minimal or
nonexistent. Despite relatively slow ice flow speeds during
winter, the basal meltwater generation from sliding friction
remains manyfold greater than that due to geothermal heat
flux. A steady acceleration of ice flow over the winter period
at our borehole sites can cause the rate of basal water gen-
eration to increase by up to 20 %. Borehole measurements
show high but steady basal water pressure rather than mono-
tonically increasing pressure. Ice and groundwater sinks for
water do not likely have sufficient capacity to accommodate
the meltwater generated in winter. Analysis of basal cavity
dynamics suggests that cavity opening associated with flow
acceleration likely accommodates only a portion of the basal
meltwater, implying that a residual is routed to the terminus
through a poorly connected drainage system. A forcing from
cavity expansion at high pressure may explain observations
of winter acceleration in western Greenland.

1 Introduction

The flow speed of the outer flanks of the Greenland Ice
Sheet (GrIS) typically exhibits distinct seasonal (e.g., Zwally
et al., 2002) and diurnal (e.g., Shepherd et al., 2009) vari-
ations that can be doubling to tripling. Both observational
(e.g., Andrews et al., 2014) and modeling (e.g., Schoof,
2010) studies have established a close association between
the speed changes and evolving subglacial hydrologic con-
ditions forced by surface melt. Despite little to no surface
melt in the winter months, this period is when the vast major-
ity of the overall ice displacement occurs (Sole et al., 2013)
due to continuous motion (albeit relatively slow) over about
two-thirds of the year. A steady increase in speed over the
course of the winter has also been reported for certain loca-
tions of the western Greenland Ice Sheet with satellite (e.g.,
Fitzpatrick et al., 2013; Joughin et al., 2008, 2010; Moon et
al., 2014) and ground-based (e.g., Stevens et al., 2016; van de
Wal et al., 2015) observations. Acceleration during winter is
not an omnipresent characteristic of GrIS ice flow, but neither
is the occurrence unique to Greenland: individual reports of
speed increases throughout winter also exist for surge-type
glaciers in North America (Abe and Furuya, 2015) and for
valley glaciers in the Alps (Iken and Truffer, 1997). While
the phenomenon appears to be common to glaciers and ice
sheets, the driving processes are unclear, particularly with re-
gards to in situ observations of bed conditions.

Water is introduced to the bed during the winter via basal
ice melt driven by geothermal heat, sliding friction, and strain
heating of the ice. The magnitude of basal ice melt in the
western Greenland ablation zone has been assessed by mod-
els which are heavily dependent upon assumptions about
sliding speed (e.g., Brinkerhoff et al., 2011; Meierbachtol
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et al., 2015). These studies suggest that ice melt rates are
spatially variable and reach values on the order of 2cma™!
along the relatively slow-moving outer flanks of the land-
terminating ablation zone (10 cma~! adjacent to Jakobshavn
Isbree; Liithi et al., 2002). While the water generated from
basal melt is trivially small in comparison to that derived
from surface melt in summer, basal ice melt may become
important during the winter months, particularly when con-
sidering the accumulation of basal meltwater over time and
space.

Basal meltwater generated in winter is potentially routed
into storage sinks in the ice (e.g., basal crevasses), absorbed
by the groundwater system, routed into a connected sub-
glacial drainage system, and/or accommodated by expansion
of basal water cavities. The pressure, availability, and distri-
bution of water dictate potential groundwater recharge and
exchanges between the bed and storage sinks in the overly-
ing ice, and the connectivity and water flux conditions dictate
throughput to the terminus for winter discharge. The winter
configuration of the drainage system and associated ice—bed
coupling drive winter ice flow and dictate the initial hydro-
logic conditions that are perturbed by the spring surface melt,
which ultimately results in a spring acceleration of ice flow.
Yet, little is known about bed conditions in winter due to the
paucity of observations and the difficulty of addressing criti-
cal subgrid-scale processes with models.

This study examines the role of basal meltwater genera-
tion in subglacial drainage system characteristics in the abla-
tion zone of western Greenland. We focus on the Isunnguata
Sermia outlet basin and on the winter months when surface
melt is minimal to nonexistent. We analyze data that include
surface motion, measured by GPS stations and satellite, and
subglacial conditions measured by in situ sensors placed in
a network of boreholes to the bed. The borehole data offer
direct context and constraints on bed conditions, as well as
facilitating measurement-based constraints on basal meltwa-
ter generation and its fate in hydrologic processes.

2 Methods
2.1 Sites and measurements

The Isunnguata Sermia (IS) basin is directly north of the
well-studied Russell Glacier and K-transect (van de Wal
et al.,, 2008) near the center of the ~450km long land-
terminating portion of western Greenland (Fig. 1). Within
the IS basin we have comprehensive in situ measurements
collected in 32 boreholes drilled to the bed along a transect
of sites extending 46 km inland from the outlet glacier termi-
nus. Boreholes were drilled with a hot water system (Meier-
bachtol et al., 2013) and vary from ~ 100 m deep near the ice
margin to 830 m deep at a site 46 km from the terminus.

We present data from sites 27, 33, and 46 km from the ter-
minus, but our analysis is primarily focused on data collected
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Figure 1. Map showing Isunnguata Sermia basin (red outline) in
western Greenland. The inland basin boundary is clipped at the
long-term position of the equilibrium line (see methods). Measure-
ment sites are labeled as distance from the terminus. Datasets in-
clude basal water pressure (at 27° S, 27° N; 33 and 46 km), mete-
orological data and surface melt (at 33 km), and GPS speed (at 33
and 46 km).

at the 33 km site. Here nine boreholes extending 640-688 m
to the bed were instrumented. Five surface GPS stations yield
3 years of in situ observations of surface velocity, and bore-
hole inclinometers provide a direct measure of the basal slid-
ing component of ice motion (Maier et al., 2019). Meteo-
rological variables were also measured at the site, including
surface ice melt by sonic distance sensors and rain precipita-
tion by tipping buckets (Hills et al., 2018). Our delineation of
the winter period is based on glaciological variables (defined
in Sect. 3.1) rather than the strict meteorological definition.
The data and analyses in the sections below draw upon pre-
viously published work on the borehole transect addressing
subsurface conditions, including ice temperature, composi-
tion of the bed surface, water pressure, and borehole parti-
tioning of ice deformation and basal sliding speeds.

Delineation of the IS basin catchment is based on the
field of total potential of basal water, calculated under as-
sumptions of ice density (910kgm™3) and water pressure
equal to ice overburden pressure (Wright et al., 2016). The
catchment boundary was computed by the r.watershed mod-
ule of GRASS GIS (GRASS Development Team, 2020).
We impose an inland catchment boundary defined by the
long-term (1958-2016) equilibrium line altitude (ELA) from
RACMO?2.3p2 (Noél et al., 2018). The latter is not likely to
be a true boundary with respect to basal water, but data limi-
tations prevent analysis of conditions further inland, and pre-
vious work has suggested that this boundary is a reasonable
proxy for the onset of sliding conditions that control melt
generation (Meierbachtol et al., 2016a).
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2.2 Surface speed

High-temporal-resolution details of winter velocity at the
33km site are revealed by a 3-year record of surface dis-
placement measured by GPS. Five GPS stations installed in
a diamond pattern, each with an antenna placed on a pole
drilled into the ice, recorded data from summer 2014 to sum-
mer 2017. Trimble NetR9 or NetRS receivers with batter-
ies and solar recharging were installed to run continuously
during months with sunlight. The stations shut down for
1-2 months during the dark months of December and Jan-
uary due to low power. The surface velocity was calculated
from position data collected at 15s intervals (Maier et al.,
2019). Positions with reported error > 0.02m were elimi-
nated, although these were rare. Positions were binned at
15 min intervals from which velocities were derived and then
smoothed with an 8 h window. Data were processed against
a base station located off the ice sheet ~ 22 km away using
the TRACK (version 1.29) differential kinematic process-
ing module within GAMIT/GLOBK software (Herring et al.,
2010). Here we focus on the central station, since the differ-
ences between stations are inconsequential to our results.

We assess the spatial pattern of the winter speed-up across
the basin through analysis of the publicly archived MEa-
SURE:s version 2 monthly satellite velocity mosaics (Joughin
et al., 2018a). The MEaSURE:s product incorporates multiple
SAR data sources, combined with Landsat feature tracking,
and has a 200 x 200 m posting and 1-month temporal reso-
lution (i.e., April values represent velocities calculated from
displacements over the month of April). For our purposes of
basin assessment with satellite data, we define the winter pe-
riod as October to the end of April. While this period con-
servatively captures winter conditions across the basin, we
note that winter weather conditions may initiate earlier and
terminate later, depending on elevation and year.

The velocity products have intrinsic errors associated with
the measurements and methodologies, as well as inconsis-
tences in availability of the primary satellite data. The errors
tend to be more problematic when considering finer detail
and shorter time intervals (Derkacheva et al., 2020). Limita-
tions of the velocity product thus dictate that our MEaSURESs
data analysis is restricted to the 2017-2018 winter, which is
deemed to have the best quality (Joughin et al., 2018b). The
average error over the basin of the velocity product for the
month of October 2017 is < 3ma~!. The average velocity is
< 87ma~! over the basin during that month, so the velocity
error is ~ 3 % of the average value. The greatest challenge is
with differencing the velocity fields between the start and end
of the winter period in order to examine basin-wide changes.
We limit our results to show only values that rise above re-
ported measurement errors. In other words, if differencing
between the start and end of winter products indicates a 20 %
speed change in a given location but error terms alone yield a
15 % change, we show results as a minimum change of 5 %.
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2.3 Basal water pressure

Boreholes instrumented with water pressure transducers
were used to directly measure basal water pressure. Data
were collected at 5 to 15 min intervals during summer and
15 to 30 min intervals during winter. Details of the instru-
mentation are presented in Wright et al. (2016). Pressure val-
ues were converted to fraction of ice overburden, with un-
certainty in this calculation arising from transducer resolu-
tion, ice depth measurement, and assumed ice density, the
latter being the greatest. Incorporating a range for ice den-
sity values from 900-917 kgm™3 yields a total uncertainty
of —0.022 to 4+0.026 times overburden (Wright et al., 2016).
We present data from several boreholes drilled at the 33 km
site, in addition to data from holes at 27 km north and 27 km
south sites with records extending through the winter period.

2.4 Basal meltwater generation
2.4.1 Instrumented site

Our prior measurements in boreholes of the basal ice temper-
ature and sliding speed allow the basal ice melt to be calcu-
lated with an unusually high level of observational constraint
at our 33 km study site. Melt rate, M (mw.e. s_l), is calcu-
lated from the energy balance at the bed:

. oT
pLM = <ubrd + Qgeo + K (—)) ; ey

0z
where p and L are ice density and latent heat of fusion, re-
spectively, and uy is the borehole-measured basal velocity,
which is 96 % of the surface speed (Maier et al., 2019). Driv-
ing stress, g4, is computed as pg H sinw, assuming ice den-
sity, p, of 910 kg m~3, slope, o, averaged over eight ice thick-
nesses (Kamb and Echelmeyer, 1986), and ice thickness, H,
measured accurately in boreholes to the bed. The geothermal
heat flux, Q geo» 18 ~ 27 mW m~2 and is constrained by direct
measurements in a bedrock borehole located ~ 22 km away
(Meierbachtol et al., 2015). Heat flow into the ice above the

bed, K (%) is known to be insignificant because our bore-

hole temperature measurements indicate that a temperate ice
layer exists above the bed (Harrington et al., 2015; Hills et
al., 2017).

The basal meltwater generation is a model result rather
than a direct measurement at the bed. We adopt the com-
mon assumption that basal ice melt from sliding friction is
a function of sliding speed and driving stress (Cuffey and
Paterson, 2010), without higher-order terms. Our borehole
observations minimize uncertainties related to basal temper-
ature and sliding speed, and they provide an unusually ac-
curate measure of ice depth. However, uncertainties related
to driving stress remain. Previous work (Meierbachtol et al.,
2016b) examined the driving stress and uncertainties across
the basin, including a profile through our study sites. While
Meierbachtol et al. (2016b) found that higher-order terms are
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not substantial at the kilometer scale, the uncertainties related
to highly localized stresses that may impact sliding friction
are unquantifiable.

2.4.2 Basin catchment

Our analysis of basal meltwater generation is extended to the
catchment scale using Eq. (1) along with constraints from
our site-specific measurements and existing datasets for ice
geometry and flow speed. As in Sect. 2.3.1, geothermal heat
flux is assumed to be 27 mW m~2 based on nearby measure-
ments. As above, we assume no thermal gradient draws heat
from the bed into the ice because 32 boreholes drilled around
the basin show temperate basal ice and wet bed conditions.

We approximate basal shear stress by averaging calculated
driving stress over a triangular averaging window of eight
ice thicknesses to roughly capture the effects of longitudi-
nal stresses (Kamb and Echelmeyer, 1986). Longitudinal and
lateral stress transfer could change local shear stress by a
large percentage below or above average values, but on the
kilometer scale this likely averages out. Driving stress is cal-
culated based on BedMachine3 surface and bed geometries
(Morlighem et al., 2017). The driving stress at this site is
representative of much of western Greenland (Maier et al.,
2019), and sparse direct measurements from elsewhere in
western GrlS also show a high fraction of winter motion re-
sults from sliding at the bed (Ryser et al., 2014b). Thus, we
adopt the assumption that the measurements showing a high
sliding fraction at the 33 km site are representative of slid-
ing across the catchment. The applied sliding fraction is not
likely exceeded around the IS catchment based on the high
value and the fact that it exceeds the sliding fraction mea-
sured in a basin ~ 250km to the north (Ryser et al., 2014b).
Thus, our melt generation results are likely an upper limit,
which is an important assumption that must be acknowl-
edged.

2.5 Cavitation and meltwater budget

To assess the fate of basal meltwater, we examine local stor-
age in subglacial cavities of the meltwater generated over
time. We balance the water from basal ice melt against the
opening of water storage space in idealized basal cavities,
focusing the analysis on the 33 km site where observational
data at the surface and in boreholes allow maximum con-
straint on the problem.

We assume basal sliding opens water-filled cavities on the
downstream side of bedrock bumps as motion over a hard
bed accelerates through the winter. We implement the analy-
sis developed by Kamb (1987) for determining cavity stabil-
ity on a highly idealized orthogonal rise and/or step geome-
try. Testing of this theoretical approach against experimental
data has shown that it can be good approximation of cavity
geometry (Zoet and Iverson, 2015). Cavity opening is a func-
tion of sliding speed and basal water pressure, and closure is
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due to viscous creep of the ice. The resulting gap height in a
water cavity between ice and bed g is given by

g(x):h(l_lsin712x—l_2(2x—LC)«/x(LC—x)>, 2
2 7 L. L}

where x is distance from the bedrock step face, 4 is the cho-
sen step height, and L. is the cavity length. Cavity length is
computed as

L= Mo tm) 3)
aN

where 7 is a nonlinear ice viscosity (i.e., Cuffey and Paterson,
2010, p. 61) and the effective pressure is N (m is the rate of
melt-back of the overlying ice roof, which, considering our
conceptual framework — see Fig. 8 — of isolated cavities with
zero water flow, we take to be negligible). Cavity areas at the
beginning and end of the winter season are computed by in-
tegrating Eq. (2) over the step length under changing sliding
conditions, and the difference is computed as the change in
cavity area over the winter (AC,). We assume a unit thick-
ness in and out of the two-dimensional plane to maintain unit
consistency with the melt calculations below.

The height of a water cavity is set by the step’s rise, but a
cavity of a particular length can potentially exist on steps of
many different lengths. The unsubmerged portion of the step
provides the sliding surface that generates basal meltwater
during the winter. Equation (1) describes the melt generation
over a unit area of ice in contact with the bed. In the case of
our idealized cavity configuration, the energy generated from
sliding over the step length is dissipated on the unsubmerged
portion of the step. We assume no higher-order stresses. The
energy available for melting therefore results from the dissi-
pation of the driving stress over the full step length and the
geothermal heat flux, and it is applied to the ice in contact
with bedrock (ice melt resulting from warming of the water
in the cavity is assumed to be negligible). The melt rate, with
energy dissipated over the unsubmerged portion of the step,
is thus

(Ls — L¢) pLM = Lguptg + (Ls — L¢) Qgeo- )

The total meltwater, My, is then found by integrating Eq. (4)
over the winter period. Together, Egs. (2)—(4) permit calcula-
tion of, for any given step height, the step and cavity lengths
required for basal melt generation to balance cavity open-
ing from accelerating sliding over winter. We use this simple
calculation to test the feasibility of cavities in winter being
completely isolated.

3 Results
3.1 Winter ice flow

The winter period at the 33 km site is a distinct phase of the
annual velocity cycle based on three characteristics: (1) a rel-
atively slow average speed, (2) no diurnal or large-magnitude
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Table 1. Characteristics of winter acceleration as measured with GPS stations.

Year Site Start Duration  Start speed End speed Acceleration Increase

(dd-mm-year) (days) (ma—1) (ma—1) (ma~2) (%)

2012-2013  46km  13-10-12 243 94 106 0.05 11

2014-2015 33km 15-09-14 276 97 116 0.07 16

20152016 33km  15-09-15 239 103 123 0.08 16

20162017 33km 06-09-16 261 91 113 0.08 20
(a) 300 2076] 2017 in Stevens et al. (2016), we designate as the transition to win-
< h ter mode. This occurred on 15 September, 15 September, and
E N i 6 September during the years 2014-2016, respectively. The
§200 Al minimum speed varied between 91 and 103ma~ 1 which
;’.)_ is a range of 12 %, depending on the year. The winter pe-

100
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Figure 2. Ice flow speed measured with on-ice GPS stations and
processed against the base station shown in Fig. 1: (a) 3 years of
flow speed at the 33 km site; (b) one winter of flow speed at the
46 km site. Dashed lines indicate missing data due to GPS shutdown
due to midwinter power loss. All measurements indicate higher
speeds in late winter than early winter.

changes in speed, and (3) a continuous and steady accelera-
tion of speed (Fig. 2). The average acceleration during the
three winters measured by GPS was about 0.07-0.08 m a2,
persisting for 239, 261, and 276 d. A very slight decrease in
acceleration was present as the winter progressed such that
late winter acceleration was slightly below the winter aver-
age. The total speed increase during the winter was 11 %-—
20 %, depending on the year (Table 1). The changes are
well outside the GPS uncertainty (position uncertainty is 1—
2 cm, yielding velocity uncertainties of ~ 1 % over a weekly
timescale). GPS measurements at the 46 km site confirmed a
similar annual velocity cycle in 2012, but a slower winter ac-
celeration with daily acceleration averaging about 0.05 m a=>
(Table 1).

The onset and termination of the winter mode can be de-
lineated on the basis of surface speed, surface meteorologi-
cal conditions, and basal water pressure (Fig. 3). As the sur-
face melt becomes less intense during the autumn season, the
speed diminishes and eventually diurnal variations in speed
cease. The speed then reaches an annual minimum, which as

https://doi.org/10.5194/tc-15-5409-2021

riod at the 33 km site represented 65 %—75 % of the calen-
dar year, accounting for about two-thirds of the annual dis-
placement. For example, the total displacement during the
2016-2017 winter period was 74m. The end of winter is
defined by an abrupt speed increase in spring (mid-May to
mid-June) associated with the onset of surface melt. Sudden
speed-up events are associated with high-intensity melt peri-
ods (Fig. 3). Basal water pressure in spring becomes far more
irregular than during winter, but does not consistently rise or
fall and does not yet contain diurnal variations. Peak speeds
in spring eventually increase threefold over winter values, ap-
proaching 300ma~"! (Fig. 2).

MEaSUREs data reveal that ice flow acceleration over the
winter of 2017-2018 occurred across a broad area of the IS
basin ablation zone. The acceleration is spatially continuous
across a reach from about 30 to 50 km inland from the termi-
nus, and extending north and south to the basin boundaries
(Fig. 4). The 33 km site is near the center of the reach, and the
46 km site is near the furthest inland edge. Other areas of the
basin may or may not have accelerated during the 2017-2018
winter: only within this reach do the magnitudes of acceler-
ation rise above measurement uncertainty. These ice speed
increases (the amounts above measurement error) are up to
10 % of the winter velocity minima. The reach where winter
acceleration occurs with a high degree of certainty is within
the fastest-moving portion of the basin, where winter speeds

are > 100ma~!.

3.2 Basal water pressure in winter

Basal water pressures measured directly in boreholes at the
33km site, as well as at two other borehole sites in the
IS basin, demonstrate high and relatively steady values for
nearly 8 months of the winter period (Fig. 5). No consistent
trends are observed in the winter pressure values. Water pres-
sures are near or just above overburden and undergo very
low-frequency variability over periods of weeks to months.
The small variations likely stem from the advection of pres-
sure sensors tens of meters across variable bed conditions.
The character of winter pressure variability strongly con-
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Figure 3. Time series of data collected at the 33 km borehole site showing the start and end of the winter period: (a)—(c) winter onset;
(d)—(f) winter termination. Melt is red, and rain is blue (c, f). Borehole, GPS, and meteorological instruments are all located within 10 m of

each other.

trasts with the summer period, which has large and frequent
changes in pressure and includes diurnal swings (Wright et
al., 2016). At the onset of winter, diurnal swings in basal wa-
ter pressure come to an end, concurrent with the end of diur-
nal variations in ice flow speed. The transition includes a sub-
stantial drop in mean pressure, reaching an annual low pres-
sure about 10d prior to the ice flow speed minimum (Fig. 3).
Pressure then climbs over several weeks to high and steady
winter values.

3.3 Basal meltwater production

The rate of basal meltwater generation at the 33 km site in-
creases all winter, commensurate with the steadily increasing
ice sliding speed (Fig. 6). Direct measurements of ice defor-
mation revel negligible melting from strain heating (Maier
et al., 2019). Whereas the geothermal heat flux for the re-
gion is estimated to be ~ 27 mW m~2 (Meierbachtol et al.,
2015), the frictional heat from sliding during winter is many-
fold greater and calculated to be about 340 mW m~2. Conse-
quently, the time series of meltwater generation largely mim-
ics the ice speed series.

The basal meltwater generation during the 2016-2017
winter, the slowest of the three measured winter periods
(Fig. 2), increases from 2.8 cm a~! w.e. at the start to more
than 3.5 cma~! w.e. by the end of winter (Fig. 6a), which is a
20 % increase over the period. The cumulative meltwater for
the winter months reached 2.6, 2.4, and 2.3 cm w.e. during
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winters of 2014-2015, 2015-2016, and 2016-2017, respec-
tively. Meltwater generation differs from year to year, stem-
ming from the date of the winter onset and the initial start-
ing speed. The instantaneous ice melt rate on any particular
day of winter can vary by > 10 % between years. However,
the cumulative meltwater at any point in the winter is not
particularly different between years since the winter is not
long enough to cause much spread from the rate differences
(Fig. 6b). Note that all above values represent an area aver-
age. In reality, some area of the ice is separated from the bed
over basal water cavities, meaning that the thickness melted
from ice remaining in contact with the bed is greater than
this average. Furthermore, rates of basal ice melt can be ex-
pected to be up to 3 times greater during high-speed periods
of summer.

The highest rates of frictional heat from sliding and basal
meltwater generation in the IS basin are concentrated around
the 33 km site, the region experiencing the greatest accelera-
tion in winter. Here, the flow speeds are relatively high and
the basal shear stress is large due to comparatively steep sur-
face slopes, so basal frictional heat is higher than elsewhere
in the basin (Fig. 7a). Basal frictional heating in this region is
> 600 mW m~2 over areas that are tens of square kilometers.
Frictional heating is far lower further inland, but still sev-
eral times greater than the geothermal heat flux. The values
calculated across the basin are likely upper limits because

https://doi.org/10.5194/tc-15-5409-2021
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Figure 4. Spatial characteristics of ice flow across Isunnguata Ser-
mia basin during winter 2017-2018 based on the MEaSUREs v2
product. (a) Pattern of ice flow speed during early winter measured
over the month of October 2017. (b) Minimum ice speed change (as
percentage) from October through April; shown are the percentage
speed changes minus the potential percentage change resulting from
error terms. Areas showing no change could have potentially experi-
enced an October—April speed change, but not enough to overcome
errors. The 33 and 46 km measurement sites are shown as boxes.

the fraction of motion attributable to sliding is not likely any
higher than what we measured at the 33 km site.

The greatest frictional heat from sliding across the basin
is sufficient to generate > 5 cm of basal meltwater during the
October—April winter period (Fig. 7b). The frictional heating
from slower speeds further than about 75 km inland gener-
ates lower melt amounts of 1-2 cm per winter, but this part
of the basin has a far greater area than closer to the margin.
Averaged over October—April, the estimated melt integrated
over the entire basin is equivalent to an instantaneous melt-
water flux of 3.9m>s~!. The total volume of water gener-
ated from the IS basin over the 2017-2018 winter is calcu-
lated as 5.2 x 10’ m>. While the basal meltwater generation
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Figure 5. Basal water pressure measured in boreholes centered on
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Figure 6. Basal meltwater generation at the 33 km site: (a) instan-
taneous basal melt rate in water equivalent over the winter during
3 different years; (b) cumulative meltwater generation over the win-
ter period during 3 years.

in some areas of the basin can increase over winter by 20 %
(i.e., the accelerating region surrounding the 33 km site), the
total meltwater from the basin mainly reflects the large inland
area of the basin experiencing little to no winter acceleration
(Fig. 4). Thus, neither the instantaneous rates nor winter to-
tals should vary much from year to year.
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Figure 7. Basal ice melt during winter 2017-2018 across the Isun-
nguata Sermia basin based on satellite velocity and model assump-
tions described in the text: (a) basal frictional heat rate averaged
over the winter period (October through April); (b) total basal melt-
water generated during the winter months; (c¢) top-to-bottom accu-
mulation of basal meltwater generation rate averaged over the win-
ter period. Basal meltwater is integrated as a function of inland dis-
tance, irrespective of potential routing pathways.

The potential demand on a subglacial drainage system for
exhausting meltwater generation is demonstrated by the ac-
cumulation of the melt rate from the top to bottom of the
basin (Fig. 7c). Thus, if all basal melt is routed to the ter-
minus, the accumulated values are the required flux of the
drainage system with respect to position along the basin. No-
tably, values reach 3.0m>s~! by > 50km inland from the
margin and do not increase much over the last 25 km because
the basin width narrows toward the terminus. Note that we
have not accounted for any meltwater generated above the
ELA, where sliding speeds are relatively slow but the bed is
most likely at the melting point to an eventual boundary with
frozen conditions (MacGregor et al., 2016). Furthermore, we
have accumulated all basal meltwater, whereas some water
may be routed into the groundwater system or stored locally
in the ice or in the drainage system. We discuss these issues
in Sect. 4.1.
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Figure 8. Cavity geometries based on the Kamb (1987) stepped-bed
analysis. (a) Bed and cavity geometry, showing cavity expansion as
sliding speed increased over the 2016-2017 winter. Labels corre-
spond to terms in Eqgs. (2)—-(4) in the text. Model results for three
different winter periods show the stable cavity lengths required to
balance sliding speed, meltwater generation, and cavity expansion
under the assumption of isolated cavities. Plotted are results for a
range of potential step heights: (b) final cavity length after the cav-
ity has expanded to accommodate the meltwater generated over the
winter period; (c) length of steps required to accommodate both the
water cavity and the portion of the step in contact with ice; (d) ratio
of cavity length to step length, which must be less than 1 because
cavities cannot be longer than their steps.

3.4 Cavitation with water budget
Functional relationships between various geometric param-
eters of the stepped-cavity system can be derived from our

observational constraints with the assumption that all gener-
ated melt is stored locally. Higher rises on bed steps generate
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basal water cavities that span longer distances across the bed,
with cavities that are always extraordinarily long relative to
their height (Fig. 8b). For example, a 1 m rise requires cavi-
ties that extend 32—-34 m across the step. This predominantly
reflects the high sensitivity of cavity geometry to the perva-
sive high basal water pressure we measure.

With cavities submerging a portion of the bed, the remain-
ing portion of the step in contact with ice must accommo-
date the sliding friction (i.e., Eq. 4). Because our assumption
requires a closed water budget, cavity expansion constrains
this length: the water generated by ice melt on the bed sur-
face must balance the water entering storage as cavities ex-
pand. This constrains the step length required to yield the
basal melt that fills space opened by cavity expansion dur-
ing winter acceleration (Fig. 8c). Steps any longer than this
would yield more meltwater than the available cavity space,
and shorter steps would not produce enough basal meltwater
to fill the opening cavity. The results for 3 years with differ-
ent speeds illustrate the strong sensitivity of the analysis to
variations in sliding speed and winter acceleration. Calcula-
tions with data from all years, however, yield steps that are
extraordinary long relative to their step heights.

Finally, we compare the length of cavities to the length
of steps to limit the solution space to plausible geometric
scenarios (albeit with the no-flux assumption). The ratio of
cavity length to step length must be less than 1 because no
cavity can be longer than the step it occupies. Depending on
the year, the minimum step rise to produce cavities that can
grow to sequester all the water produced by basal meltwater
is 0.45 to 0.7m (Fig. 8d). However, the lengths of cavities
corresponding to reasonable steps are extremely long: for a
1 m step rise, the step length is 50—75 m and the cavity length
is 33-34 m.

4 Discussion
4.1 Accommodation of basal meltwater

Friction-derived meltwater is manyfold greater than the com-
ponent of meltwater derived from geothermal heating due to
the high fraction of motion from sliding in winter. Moreover,
the rate of meltwater generation at borehole sites across the
central region of the IS basin can increase by up to 20 % over
the winter. The winter state of the basal drainage system must
therefore accommodate and/or evacuate a water flux that is
likely to be reasonably large when integrated over the basin
and that increases over the ~ 7-month duration of the winter.

Some meltwater is likely accommodated by the underly-
ing groundwater system, although groundwater modeling of
fractured bedrock conditions beneath the GrIS and similar ice
sheet settings (Jaquet et al., 2019; Lemieux et al., 2008) sug-
gests recharge rates of millimeters per year (mma~!) rather
than the centimeter per year (cma™!) rates of meltwater pro-
duction. Englacial storage space is also unlikely to have suf-
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ficient capacity for the water. To accommodate the water in
the overlying ice mass, englacial storage space would need to
open over time to match the continuous production of melt-
water. However, the stored water would need to periodically
drain to avoid continuous build-up of water so as to maintain
the liquid water content in the temperate ice layer below a
few percent (Brown et al., 2017). Further, our borehole tran-
sect reveals that the temperate layer at inland locations can
be just a few meters thick (Harrington et al., 2015), which
severely limits the potential for liquid water storage in basal
ice (Downs et al., 2018).

The total water in storage and the geometry of cavities are
a function of unknown bed roughness. Nevertheless, an in-
crease in the storage space over the winter should occur due
to cavity expansion as the ice flow accelerates (Iken, 1981).
Our measured basal water pressures are continuously near
overburden and sliding speeds approach 100ma~' during
winter. Thus, Kamb’s (1987) stepped-cavity system with a
no-flow condition requires stable cavities to have large step
heights and/or lengths (e.g., cavities many tens of meters
long). Only these large-sized cavities can undergo sufficient
expansion to accommodate the volume of basal meltwater
generated. The large size, however, is unsupported by prior
observations of cavities on a hard bed (e.g., Anderson et al.,
1982; Walder and Hallet, 1979), which suggest water cavi-
ties are much smaller. Observations of a single cavity at our
33 km site using dye dilution techniques also indicate a far
smaller cavity size with a volume of several cubic meters
(Meierbachtol et al., 2016b). Furthermore, the large cavity
size is radically inconsistent with bed geometries considered
by subglacial hydrology models (e.g., Downs et al., 2018;
Schoof, 2010; Werder et al., 2013).

A more realistic irregular bed would yield shorter cavities
than the oversimplified stepped bed because the downstream
side of cavities would terminate against any slight rise in
the bed. Accommodation of new water though cavity growth
would be even more restricted, so the Kamb (1987) stepped-
bed analysis represents the upper end of potential cavity stor-
age of the water generated by basal melting. Hence, the sce-
nario that all basal meltwater is accommodated by opening
isolated cavities appears to be untenable. The challenges of
attributing all winter meltwater generation to local sinks in
ice, substrate, or expansion of water cavities, therefore imply
connectivity in the subglacial drainage system during winter.

Assuming water flow through a winter mode of the sub-
glacial drainage system, the basal meltwater in excess to that
accommodated by cavity expansion will migrate down hy-
draulic potential from around the basin. Minor meltwater
fluxes should be routed locally through an orifice-connected
cavity network (Kamb, 1987). Some water may ultimately
be stored in sediment-filled basins or as lakes in depressions
since the water pressure is high everywhere we observe. Air-
borne radar reflectivity suggests widespread basal water stor-
age during the winter along the non-trough areas of the IS
basin (Chu et al., 2016), but the time evolution of the water
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storage is unclear. Storing all basal meltwater in large sub-
glacial features requires the sinks to expand to accommodate
continuous (and increasing) water flux and to periodically
drain.

Alternatively, water emerging from the IS basin outlet has
been observed in winter, although it was attributed to release
of stored water with no consideration of water flux due to
basal ice melt (Pitcher et al., 2020). Basal melt rates are suf-
ficiently high that the water accumulating along hydraulic
potential lows as it migrates toward the margin could reach
discharges on the order of a few meters per second (m3s~')
(Fig. 7). For example, if all basal meltwater from the IS basin
were routed to the terminus outlet, the mean winter discharge
at the outlet would be about > 3m?s~!. Discharge of this
magnitude, if focused into a single pathway or small num-
ber of pathways (connected cavity network), has the poten-
tial to support some degree of persistent channelization (He-
witt, 2011; Meierbachtol et al., 2013). Thus, overwintering
of one or more basal meltwater channels in favored locations
is quite plausible, although flux limitations demand they are
rare.

4.2 Implications for acceleration in winter

Ice sheet acceleration can result from an increase in driving
stress and/or a decrease in basal traction. We see no way to
link our observations of winter acceleration to a steady in-
crease in driving stress because the speed-up is widespread
and irrespective of ice thickness gradients. Earlier works
have appealed to pressurization of the basal drainage system
over the course of winter as a means for decreasing basal
traction, manifested conceptually through either isolation of
cavities as the drainage system shuts down (e.g., Fitzpatrick
et al., 2013) or widespread re-pressurization of the bed in re-
sponse to closure of low-pressure channels (e.g., Sole et al.,
2013). Our observations suggest that pressurization occurs
over a few weeks in autumn (Figs. 3 and 5), but then with no
monotonic increase in the basal water pressure over the win-
ter period (Fig. 5), a finding in agreement with observations
from elsewhere in Greenland (Ryser et al., 2014a). Existing
observational data are therefore at odds with attributing the
steady winter ice flow acceleration to rising basal water pres-
sure.

Ice acceleration during winter, however, implies cavity ex-
pansion (Iken, 1981) and the transfer of load to unsubmerged
bedrock, albeit on a cavity network with some connected wa-
ter flux. This leads to the question of whether a steady cav-
ity opening resulting from basal meltwater generation drives
the steady winter acceleration of ice flow. Water evacuation
through a poorly connected drainage system would modu-
late the acceleration and maintain the constant high pressure.
Such processes should be annually repeatable, but will vary
from place to place due to basal sediment cover and rough-
ness. Indeed, the strongly accelerating region of the basin has
a hard bed where we have drilled boreholes (Harper et al.,
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2017), whereas the bed has been determined to be sediment-
covered at discrete sites both further inland (Booth et al.,
2012; Kulessa et al., 2017) and closer to the margin (Dow
et al., 2013). The nature of the bed over large areas of the
basin remains unknown.

5 Conclusions

Surface and borehole measurements at an instrumented site
in the Isunnguata Sermia basin constrain estimates of basal
meltwater generation and subglacial hydrological conditions
over the winter period. Despite relatively slow surface speeds
during winter, basal ice melt from sliding friction is many
times that resulting from geothermal heat flux. At our drilling
site 33 km from the ice margin, enough heat at the bed is
available to generate ~ 2.5 cm of water equivalent during the
winter period, although amounts differ slightly from year to
year due to variable dates of the winter onset and initial win-
ter speeds. We observe a slow and steady acceleration during
winter, similar to reports from elsewhere on the Greenland
Ice Sheet. As a consequence, the instantaneous melt rate on
any given day of winter can vary by > 10 % between years.
Further, an acceleration of ice flow over the winter can in-
crease the instantaneous melt rate by 20 % from the start to
end of winter.

Borehole measurements show steady and high basal wa-
ter pressure during winter. Ice and groundwater sinks do
not likely have sufficient capacity to accommodate the basal
meltwater generated during winter where rates are high. Cav-
ity opening associated with ice acceleration accommodates
some meltwater, but a residual is likely routed through a con-
nected drainage system and discharged to the terminus. The
winter acceleration is thus associated with opening of water
cavities, but in a connected and high-pressure system. This
state of the winter drainage system sets the initial conditions
for the onset of spring drainage evolution and speed-up.

Variations in driving stress and winter speed across the
basin drive a spatial pattern of basal meltwater generation.
Assuming the sliding rates we measure at our field site per-
sist over the basin, the greatest melt rates are concentrated
~ 30 to 50km inland from the terminus during the 2017-
2018 winter, which is a region that also experienced a mea-
surable acceleration during winter. The water generated from
the IS basin over the winter is calculated to be 5.2 x 10’ m3,
or 3.9m> s~ ! averaged over the winter. Despite our measure-
ments of significant time variability across a broad reach of
the basin, the basin totals mainly reflect the large area expe-
riencing comparatively low basal melt rates and having little
to no winter acceleration. Thus, if all meltwater from basal
ice melt across the basin is routed to the terminus outlet, we
expect the total discharge there due to basal ice melt not to
increase much over winter or vary much from year to year.
Substantial time variability, if present, would likely reflect
release of stored water.
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