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The Greenland ice sheet is one of the largest sources of sea-level rise since the early 2000s.
Basal melt has not been included explicitly in assessments of ice-sheet mass loss so far. Here,
we present the first full-coverage estimate of the ice-sheet wide basal melt in Greenland and its
recent change through time. We find that presently basal melting contributes at least 22.3 +5/-
3 Gt per year to the total mass loss, and we estimate that basal melting has increased by at least
2.3 £0.8 Gt (or 12%) since 2000. The basal melt discharge from Sermeq Kujalleq (Jakobshavn
Isbrae) has increased by 24 % in the same period. As the Arctic warms, basal melt will likely
continue to increase thus aggravating current mass loss trends, enhancing solid ice discharge

and modifying fjord circulation.

Introduction

Mass loss from the Greenland ice sheet is determined via one of three methods: through estimates
of ice volume change from satellite altimetry[1, 2], by measuring changes in regional gravity due
to mass loss[3] or by differencing between solid ice discharge and surface mass balance[4, 5] (the
“input-output” method [6], the term solid ice discharge refers to the ice mass that exits through
flux gates at the margin). Presently, the spread between different mass balance estimates is 24 Gt
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per year corresponding to 10% of the imbalance[7]. Gravity methods implicitly include basal mass
loss while altimetry methods attribute all mass loss to either ice discharge or surface mass loss.
Both methods provide limited insights into the physical processes leading to the observed signal.
In contrast, the input-output method relies on accurate process representation of the different
mass-loss terms and thus provides a possibility for prediction of future changes. To date, the
input-output method has overlooked basal mass balance entirely.

Constraining the basal melt term is important for three reasons. Firstly, uncertainty in the par-
tition of ice-sheet mass loss between surface mass balance and ice discharge, including the failure
to acknowledge the basal mass balance term, limits our understanding of changes in ice-sheet
mass budget in response to recent climate change. This impedes our ability to capture complex
interactions and feedbacks between ice sheets and the climate system. Secondly, recent studies
have highlighted the importance of subglacial discharge for modifying the mass loss from marine-
terminating glaciers. Subglacial discharge significantly increases the total submarine melt flux [8]
and plays an equally important role as ocean temperatures for Greenland outlet glaciers” contri-
bution to future sea-level rise[9]. Finally, discharge of subglacial water modifies circulation in the
fjord systems and may impact the mixing of nutrients[10, 11]

Here, we provide the first estimate of ice-sheet-scale basal melt and its recent change through
time. We consider three sources of basal heat (Fig. 1A-C). The first source, the geothermal flux,
is assumed to be constant in time while the other terms, frictional heat and the heat from sur-
face melt water, vary in response to changes in ice dynamics and surface melt. We quantify the
basal melt using maps of geothermal fluix, satellite-derived ice surface velocities, surface and bed
topographies, and outputs from a regional climate model. We consider surface velocities from
2000/2001 as representative of ice-flow velocities prior to the onset of general speed-up of the ice
sheet observed in the 2000s[4, 5]. Similarly, we consider average run-off volumes from 1960-1999
to be representative of surface melt water volumes before the present increase in surface melt.
This allows us to construct a reference state against which we can compare basal melt rates de-
rived from present day surface velocity (2018/2019) and run-off (average of 2010-2019). We use a
decadal average for the run-off due to the high interannual variability of surface melt. We assume
that all basal melt water is discharged to the ocean since the geometry and high surface slopes
of the ice sheet preclude the existence of large subglacial lakes[12]. Although studies have found
evidence of subglacial lakes[13, 14] and “units of disturbed radio-stratigraphy” [15, 16] both phe-
nomena are of an extent that volumes are negligible in the context considered here. Our results
demonstrate that basal melt is a non-negligible component of the mass loss from the Greenland
ice sheet, and that the outflux of basal melt water is increasing and likely will continue to increase

in the future.
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Results

Geothermal flux contribution to basal melt

The heat from the geothermal flux is based on an average of three geothermal flux maps[17, 18, 19]
and is masked with an independent estimate of where basal ice is likely at pressure melting
point[20] (Fig. 1A, black and grey contours). Our estimate of total geothermal basal melt is
5.3+4.0/-1.4 Gt per year. The uncertainty is due to the unknown basal temperature of the ice
and our upper uncertainty bound represents the (unlikely) scenario that the entire ice sheet is at
pressure melting point at the base. In comparison, the disagreements between the geothermal
flux datasets can be large on local scales but translate into a small difference in basal melt. We find
that the difference in ice-sheet-wide basal melt between the datasets are < 10 % and we therefore
ignore uncertainties from the geothermal flux datasets. Studies suggest that the geothermal flux is
generally underestimated in the northeastern (NE) sector due tothe presence of a localised, “hot
spot” under the North East Greenland ice stream[21, 22]. Therefore, our estimate comes with the
caveat that the contribution from the NE sector is likely larger than the estimate presented here.
Spatially, the basal melt caused by geothermal flux is relatively'evenly distributed (Fig. 1 D, Ta-
ble 1). The highest melt rates are found in the central eastern (CE) sector where basal melt in a few
places exceeds 0.01 m per year. In the CE, SW (southwestern) and SE (southeastern) sectors, melt
rates are typically 0.006-0.007 m per year, while melt rates for the remaining sectors are 0.005 m per
year or less. We assume that there is no contribution to the geothermal basal melt in the interior
of the ice sheet, where basal ice is likely below the pressure melting point[20].

Frictional heat contribution to basal melt

The frictional heat is produced by ice sliding over the bed. This heat term is found by assuming
that basal sliding is equal to the difference between observed winter surface velocities (Fig. 1B)
and deformational (creep) velocities. The latter is calculated using a simplified stress-balance
equation[23]. We estimate that the minimum total friction-induced basal melt is 13.0 +3.4/-3.5 Gt
per year for present-day and 11.8+3.4 Gt per year for our reference period (Table 1) corresponding
to a 10 % increase (Table 2). The parts of the ice sheet that experience basal melt rates above 0.01 m
per year increased from 16 % (by area) to 18 % (blue contours, Fig. 1E). Furthermore, 5 % of grid
points, all located along the margin, show a change in melt rates > 0.1 m during this time. Un-
certainties for the frictional heat are dominated by the unknown temperatures of the deforming
ice. Additional uncertainties stem from the velocity datasets, our use of a simplified stress-balance
equation that provide a first-order approximation to the stress field[23], and the fact that our cal-
culations are based on winter velocities leading to an underestimation of basal melt rates (summer
velocities are typically higher). See methods for a detailed discussion of these uncertainties.

Melt from frictional heating is concentrated in areas with high ice-flow velocities i.e. at major
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glacier outlets (cf. Fig. 1B). Most of the basal water is drained through large ice streams and eight
of the major outlets have fluxes exceeding 10° t per year. In the slow-flowing interior, friction melt
rates are typically at least an order of magnitude lower. In the northern (NO) sector, the outlet
of Petermann Gletsjer is visible as an extended area where friction melt exceeds 0.01 m per year.
Near the margin, melt rates approach 0.2 m per year. In the NE sector, most of the friction melt
is generated by Nioghalvfjerdsfjorden glacier and Zachariae Isstrom, and rates exceed 0.3 m per
year close to the margin. High friction melt rates are also found in the CE and SE sectors where
Kangerlussuaq Glacier and Helheim Glacier cause friction melt in excess of 0.4 m per year. In
these two sectors, friction melt rates exceeding 0.01 m per year also extend inland. Basal friction
as a source of melt is less significant in the slow-flowing sectors. In the predominantly land-
terminating southwestern (SW) sector friction melt does not exceed 0.2 m per year. The central
western (CW) sector has the largest areal extent of high friction melt rates and experiences melt
rates above 0.4 m close to the margin. High friction melt in the CW sector is in part due to Sermeq
Kujalleq (Jakobshavn Isbreae), one of Greenland’s largest outlet glaciers. In contrast, the northwest-
ern (NW) sector contain numerous smaller glaciers but combined they also create a large area

where melt rates exceed 0.01 m per year.

Surface-melt water heat contribution to basal melt

Finally, we consider the heat generated by surface melt water as it infiltrates the subglacial system
(Fig. 1C), and we convert the gravitational potential energy of melt water into either sensible heat,
which increases water temperature, or latent heat, which melts open subglacial conduits as water
flows through the ice sheet. This heat source has been calculated in previous studies[24] using
surface water volumes from a regional climate model[25] but not translated directly into melt
rates. We estimate that the average basal melt due to surface-melt water injection was on average
2.740.4 Gt per year in 1960-1999, while present-day values are 4.14+0.6 Gt per year (average from
2010-2019). Uncertainties stem from the 15 % uncertainty from the regional climate model. This
change in basal melt corresponds to an increase of 50 % (Table 2.

The surface melt water contribution to basal melt is focussed in areas where surface melt occurs
and runoff is generated, and where this runoff is subjected to large hydropotential gradients as it
flows along the ice-sheet bed (Fig. 1 F). The basal melt rates are substantially higher than the
geothermal basal melt rates along the high-gradient ice-sheet periphery but lower in the interior.
The largest mass loss due to surface melt-water heat occurs in the SE and SW sectors (Table 1). The
basal melt rates due to surface melt water exceed 0.05 m per year in a few places (< 1 %) along the
margin but the bulk of the sectors experience melt rates below 0.0005 m per year. In contrast to
the geothermal and frictional terms, the melt due to surface melt water is focused in the conduits
and thus highly localised. The values reported above represent an average over 5 km grid cells

masking the fact that melt rates vary orders of magnitude over sub-kilometre distances.
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Total basal melt on regional and local scales

The present basal discharge is at least 22.3 +5.6/-4.0 Gt per year equivalent to 5.4 % of the annual
solid ice discharge (average of 1986-2018 ice discharge[5]) or 16 % of surface mass loss (during
2012-2017 [7]). It also corresponds to approximately half of the annual discharge of Sermeq Ku-
jalleq (average of 1986-2018 discharge[5]). At ice-sheet scale, basal melt is primarily caused by
frictional heating (58 %), with surface-melt water heat and geothermal heat as secondary contrib-
utors (24 % and 18 %, respectively, Fig. 2B and Table 1). The individual contribution from each
of the heat terms varies for the different ice-sheet sectors depending on local geothermal heat
anomalies and surface melt water volumes. For example, in the slow-flowing SW sector the rela-
tive contributions from the three heat terms approach parity, while friction heat dominates in the
CW and NW sectors (Table 1).

The basal-melt contribution to the total mass loss during our reférence period is estimated at
19.9 +45.6/-4.0 Gt per year. Comparisons with present-day melt reveals an increase during the last
two decades of 2.3+0.8 Gt or 12 % in basal melt discharge (Table 1). The contribution from friction
melt has increased by 1.1 +0.08/-0.1 Gt while basal melt due to surface melt water has increased
by 1.3 £0.7 Gt (Table 2). The latter represents an increase of 50% between our reference period and
present day. The increase in friction melt appears tolbe constant during the last 15 years (Fig. 3). A
linear regression through the velocity datasets from 2005/2006 through 2017/2018 indicates that
basal friction discharge has increased by 0.09+0.07 /-0.06 Gt per year. The increase is due to speed
up of several glacier outlets, where basal meltis spatially concentrated.

For individual sectors, all sectors with the exeception of NO sector have experienced an increase
in friction melt and all sectors have experienced an increase in melting caused by surface melt
water (Fig. 4, Table 2). In the CE'and SE sectors, the surface melt water contribution is now larger
than the geothermal flux contribution (Fig. 4). The largest total change is seen in the CE and CW
sectors, where basal melt has increased by 18 % due to an increase in both friction melt (9 % and
18%, respectively) and surface melt water contribution (64% and 55 %, respectively). The smallest
change is found in the NO sector, where total basal melt increased by 6 % in spite of a 170 %
increase in basal melt caused by surface melt water. We note that in order to represent basal mass
loss on sector basis, the subglacial drainage basins are here assumed identical to the glaciological
drainage basins.

On drainage-basin scales, a better stress-approximation is needed in order to obtain the basal
melt from friction heat in glacier outlets smaller than several tens of kilometres. Therefore, we only
present the basal melt discharge for three of the largest glaciers (by discharge and flux gate size):
Sermeq Kujalleq, which discharges into Qegertarsuup tunua (Disko Bay), Kangerlussuaq Glacier
that discharges into Kangerlussuaq Fjord and Helheim Glacier that terminates in Sermilik Fjord.
Here, we calculate the individual subglacial basins using the hydropotential[26]. We estimate that
at present, the basal melt water flux from Sermeq Kujalleq is at least 2.3 +0.3/-0.6 Gt per year and
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50 % of the basal melt water from the CW sector exits through Sermeq Kujalleq into Qegertarsuup
tunua. Compared to reference values of 1.9 +0.3/-0.6 Gt per year this corresponds to an increase
of 24 %, implying that the influx of basal melt water into the fjord has increased significantly. At
Kangerlussuaq Glacier the basal discharge at present is 1.0 £0.3 Gt per year, corresponding to 42%
of the basal melt water in the CE sector. In our reference period, basal discharge is estimated at
0.8+0.3 Gt per year, an 18 % increase. Notably, we estimate that within our uncertainty range
there has been no change in the basal discharge at Helheim Glacier, where present basal melt
corresponds to 0.7 +0.3/-0.1 Gt per year (22 % of discharge in SE sector), despite observed speed
up in recent years[5].

Discussion

We have shown that the volume of basal melt water from the Greenland ice sheet can be re-
solved and that it is a non-negligible part of the total mass budget. With a total mass balance
of -251+63 Gt per year [7], basal discharge is presently equivalentto 9 % of this imbalance but is
not included in input-output estimates of total massloss. Basal melt is dynamic and will increase
as the Greenland ice sheet responds to a warming climate. The frictional heat will likely increase
as increasing ocean temperatures and surface melt lead to acceleration and increased areal extent
of the fast-flowing regions[4]. Faster flow will.increase basal melt production and lead to a larger
mass loss. Since the response of large ice streams. that control parts of the basal melt budget re-
mains poorly understood, we cannot predict by how much the friction term will increase. Based
on the recent past (Fig. 3), if glaciers continue to accelerate, basal melt water production may in-
crease by ~1 Gt every year in the foreseeable future. Heat generated by surface melt water will
increase with increasing volumes of surface melt run-off. Under a business-as-usual future emis-
sion scenario this melt source will experience a dramatic 5-to-7-fold increase by 2100[24]. Thus,
the overall mass loss associated with increasing surface melt will be further enhanced by the ad-
ditional basal melt caused by the viscous heat dissipation from the surface melt water.

Basal melting may have a disproportionately large effect on ice-sheet and fjord processes. The
basal discharge that stems from winter velocity frictional heat and geothermal flux is generated
independently of air temperatures. Thus, the basal melt introduced and quantified here is the
primary source of winter subglacial discharge, and this influx of winter basal water is poorly un-
derstood and sparsely measured[27]. Biological productivity is affected by subglacial discharge
that modifies mixing in the fjords[11] but the impact of increasing winter freshwater on Arctic
fjord environments is as-yet unknown. A modelling study of a glacier in West Greenland sug-
gests that winter basal discharge may drive year-round submarine plumes leading to persistent
ice-front melting, and that basal discharge may pull in warm water from the Atlantic further en-
hancing frontal melt rates[28]. Finally, recent and future increases in basal melting is likely to
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have a non-linear effect on ice-sheet discharge. The projected contribution to sea-level rise from
the Greenland ice sheet is significantly larger when subglacial discharge is increased, and this ef-
fect is comparable to the increase caused by rising ocean temperatures [9]. Thus, increasing basal

melt will further aggravate mass loss from marine-terminating glaciers.

Methods

Surface and bed topographies

Our estimates are based on two different bed topographies and three different surface elevation
datasets. We use the kriging-based bed topography published in 2013[29] and the bed topography
from BedMachine v3 (BedMachine v2 for the surface water heat, the changes in subglacial routing
from BedMachine v2 to v3 are negligible, especially given that results presented here are summed
across large regions) calculated using a mass-conservation method[30]. Both datasets include a
surface topography derived from GIMP (Greenland Ice sheet Mapping Project[31]) that spans a
time period between 20 February 2003 to 11 October 2009. In‘addition, we use the surface topog-
raphy from the Climate Change Initiative (CCI, http://cci.esa.int/) derived from the ArcticDEM
(Arctic Digital Elevation Model[32]) based mainly on the WorldView 1-3 satellites. This gives a
long temporal baseline from 2007 until present day. We combine the CCI surface elevation with
the BedMachine v3 bed topography data. In all cases we apply an ice cover mask[33] in order to
remove local ice caps and glaciers. Theresults presented as present-day are based on CCI surface
elevation and BedMachine v3 bed topography.

Ice velocity data

We make use of two sources for ice velocity: The MEaSUREs (Making Earth System Data Records
for Use in Research Environments) Greenland Ice Velocity data based on data from RADARSAT-1,
ALOS, TerraSAR-X/TanDEM-X and Sentinel-1A and -1B[34, 35], and the PROMICE (Programme
for Monitoring of the Greenland ice sheet) velocity product based on Sentinel-1A and -1B[36].
The MEaSUREs velocity maps cover the periods from winter 2000/2001 to winter 2017/2018 al-
though the coverage is not continuous: Velocity maps are not available through 2001/2002 to
2004/2005. Only the latest velocity maps are complete and therefore we apply the same method-
ology as described in [5] and linearly interpolate missing values in time. We do not interpolate
spatially since spatial changes are most likely larger than temporal changes for any given point.
Data at the beginning or end of the time series are back- or forward-filled with the temporally
nearest value for that grid cell.

The PROMICE dataset spans winter 2016/17 to winter 2018/19 and is based on intensity offset
tracking. Here, the data coverage is near complete and no interpolation is necessary. We note that



238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

256

257

259

260

261

262

263

264

the PROMICE maps overestimate the velocities in the interior of the ice sheet where MEaSUREs
relies on the more accurate INSAR. The results presented as present-day are based on PROMICE

winter velocities from 2018/2019.

Geothermal heat

We use the average geothermal flux from three published studies[17, 18, 19]. Note that one of the
datasets (Fox Maule[17]) does not cover the southern tip of Greenland so here only the other two
datasets are used. We calculate the resulting melt rates from the geothermal heat assuming that the
ice is at pressure melting point. The result is then masked with a map of estimated basal conditions
based on a combination of radar observations and model studies[20], where bed conditions were
classified as either “frozen”, “uncertain” or “thawed”. Here, we assume that grid cells assigned as
“frozen” do not contribute with any basal melt, grid cells assigned as “thawed” contribute fully
to the basal melt. All “uncertain” grid cells contribute with 50 % of their potential basal melt. We

can directly calculate the basal melt rate[23] as

(1)

where £, is energy at the bed in this case, the geothermal flux, p; is the density of ice, and L is the
latent heat of fusion.

Overall, the largest uncertainty is the unknown basal temperature of the ice. If we assume that
the bed of the entire ice sheet is at pressure melting point, the total geothermal melt component
increases by more than 70 % (71 % - 78 %, depending on geothermal flux map). Conversely, if
we assume that all areas are frozen where observations are ambiguous (Fig. 1B, grey contour), the

total geothermal melt component decreases by approximately 26 % (26 % - 27 %).

Frictional heat

We estimate the frictional heating contribution using ice-sheet-wide surface-velocity maps. We
use a simplified stress-balance equation coupled with the velocity observations to calculate the
basal sliding velocity. On spatial scales over several ice thicknesses, ice flow can be assumed to
consist of two components: deformational velocity u, (at times also referred to as creep velocity)
and basal sliding u;, [23]. Thus the total velocity is

U = Uqg + Up (2)

and here we assume that u is equivalent to the observed surface velocity u,. Our method thus

retrieves the basal velocity from the observed surface velocity and the deformational velocity.
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Theoretically, the surface velocity due to deformation is [23]

2AT) -

Us,def = n+1 Ty )

where A(T) is the flow law parameter, H is ice thickness, n the flow law exponent, and 7, =
14 = pgHVs, where p; is ice density, g is gravity and Vs is the surface gradient. We perform this
calculation on a 10 km grid where ice surfaces have been smoothed by a 20 km running mean
(the recommended smoothing in order to derive driving stresses is 8-10 ice thicknesses[37]) The
flow law parameter A(7") depends on temperature. Since most of the deformation takes place at
the lower 20 % of the ice column, the appropriate value for A in our case is probably closer to
the temperature at the bed than the average temperature of the ice column. We use internal ice
temperatures derived from radar-attenuation values[38] to calculate the deformational velocities,
and add a constant offset of 20°C (see supplementary material) to capture temperatures in the
lower 20 % of the ice column where ice is warmer than the overlyingiice[23]. From the theoretical

deformational velocities we thus get our basal sliding velocity
Uy = Up — Usydef (4)
and from this we can directly calculate the frictional heat and thereby the melt rate, assuming that

the temperature of the ice is at pressure melting point:

) Up Tp
b=
oL ()

where L is latent heat of fusionof ice at 0°C.

In order to investigate the uncertainties in this approach, we vary our constant temperature
offset by £5°C. This leads to a change in basal melt from frictional heat by 327 % (for 2018/2019)
or 729 % (for 2000/2001). All other uncertainties are likely of secondary importance compared
to this uncertainty range. In our analysis, the use of a simplified stress-balance equation pro-
vides a first-order approximation to the stress field[23]. This limits our horizontal resolution and
may not resolve all the narrow (below 20 km wide) and fast flowing outlet glaciers. In addition,
our calculations are based exclusively on winter velocities leading to an underestimation of basal
melt rates since summer velocities are typically higher. Finally, recent observations of a borehole
in western Greenland found that ice deformation was dominated by sliding in spite of slow ice
flow[39]. Our simple analysis infers negligible basal sliding in slow-flowing areas. Consequently,
these limitations imply that we are likely underestimating the frictional heat component of the
total basal melt. It should be noted that gaps in the 2000/2001 velocity field is back-filled with
data points from later observations where velocities are likely higher, thus the underestimation is
partly countered by overestimating 2000/2001 velocities. The temporal change in basal melt is,
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however, underestimated due to the back-filling.

The uncertainty in the change in basal melt is significantly smaller than the uncertainties asso-
ciated with each year. Below, we outline how these uncertainties were found. We assume that
the internal ice temperature is constant in time and thus the uncertainty from the unknown inter-
nal temperature is negligible when considering the change in basal melt. Instead, uncertainties
for the change in friction melt are firstly, based on the difference in slope for the three tempera-
ture offsets (black lines in Fig. 3) and secondly on the uncertainty from the MEaSUREs velocity
datasets. Note, that we only use datasets from years 2005/2006, 2007 /2008, 2008 /2009, 2009 /2010,
2012/2013, 2014 /2015, 2015/2016, and 2016/2017 to calculate the regression line shown in Fig. 3
because these datasets have less than 25% of back-filled grid points. The difference in slope for the
three temperature offsets can be found straightforwardly by subtracting the slopes of the regres-
sion line. To translate the velocity uncertainty into friction-melt uncertainty, we perturb all points
in the velocity datasets by a randomly selected number between -1 and 1 multiplied with the stan-
dard deviation for the point. We use the standard deviation that is given in the datasets by the
data supplier. In this way, we generate 1000 perturbed velocity maps for each MEaSUREs dataset
from the years 2005/2006, 2007/2008, 2008/2009, 2009/2010, 2012/2013, 2014/2015, 2015/2016
and 2016/2017. We then calculate the friction melt for each perturbed velocity map and find that
this leads to a distribution of friction melt values where 95 % of values deviate less than +1 %
from the mean value, and we therefore assign anuncertainty of £1 % caused by uncertainties in
the velocity datasets. The total uncertainty is then found with simple error propagation (square

root of the sum of squares for the two téerms).

Subglacial water routing and viscous heat dissipation

We estimate the surface melt water contribution using previously published heat estimates[24]
which are derived from MAR (Modele Atmosphérique Régionale) v3.5.2 runoff[25], and hydro-
logic routing estimated from the BedMachine v2 digital elevation models[30].

We assume that the subglacial water follows the steepest gradient of the hydropotential[26] ¢

® = PwYZb + ng(zs - Zb) ) (6)

where p,, is the density of water, and 2, and z, are the elevations of bed and surface topography,
respectively.

As the basal melt water travels through the subglacial system it follows the hydropotential gradi-
ent, and energy is released. This energy @ is tracked and depends on the volume of water V, the
change in hydropotential, and the change in phase transition temperature (last term)

Q =V (V&= CrappugViz, — ) )

10



»s where C7 is the Clausius—Clapeyron slope (8.6x10~% K Pa™!), ¢, the specific heat of water 4184 K~ kg~
327 We assume that all potential energy is converted to heat[24], that surface water immediately
2 penetrates to the bed and that the englacial water is at the pressure melting point, meaning that
20 the viscous heat dissipation contribution to basal melt is effectively equivalent to the ice volume
30 melted to form the en- and subglacial conduits[40]. The viscous heat dissipation is the sole reason
s why the surface melt water increases the basal melt rates. We include viscous heat dissipation in
32 all three heat terms but for the frictional and geothermal heat terms, the viscous heat dissipation

13 is negligible, and locally leads to less than 1 % increase in basal melt rates.
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Sector Geothermal Friction | Surface water Total melt

(Gt per year) | (Gt per year) | (Gt per year) | (Gt per year)

Central east (CE) 0.5+0.8/-0.3 | 1.1 +0.3/-0.5 0.44+0.1 | 2.0+0.9/-0.5

o | Central west (CW) | 0.7 +0.5/-0.1 | 3.0 +0.6/-1.2 0.3£0.1 | 41+0.8/-1.2
% Northeast (NE) 1.3+0.7/-04 | 1.6 +0.2/-0.2 0.1+0.0 | 3.0 +0.7/-0.4
5 | North (NO) 0.4+0.7/-0.2 | 0.7 +0.3/-0.1 0.140.0 | 1.3 +0.7/-0.3
E Northwest (NW) 0.6 +0.7/-0.2 | 2.6 +0.8/-0.8 0.3+0.0 | 3.4 +1.1/-0.8
Southeast (SE) 0.7 +0.3/-0.2 | 1.7 +0.8/-0.3 0.74+0.1 | 3.1 +0.9/-0.4
Southwest (SW) 1.2 +0.2/-0.1 | 1.1 +0.5/-0.3 0.840.1 | 3.1 +0.5/-0.3
Total 5.3 +4.0/-1.4 | 11.8 +3.4/-3.4 2.7+0.4 | 19.9 +5.6/-4.0
Central east (CE) 0.5+0.8/-0.3 | 1.2 +0.3/-0.5 0.7+0.1 | 2.4 +0.9/-0.6
Central west (CW) | 0.7 +0.5/-0.1 | 3.6 +0.6/-1.2 0.5+0.1 | 4.8+0.8/-1.2

g Northeast (NE) 1.3+0.7/-0.4 | 1.8+0.2/-0.2 0.24+0.0 | 3.2 +0.8/-0.4
$ | North (NO) 0.4 +0.7/-02 | 0.7 +0.3/-0.1 0.24+0.0 | 1.3 +0.7/-0.3
& | Northwest (NW) 0.6 +0.7/-0.24 2.9 +0.8/-0.8 0.54+0.1 | 4.0 +1.0/-0.8
Southeast (SE) 0.7 +0.3/-0.2{:1.7 +0.8/-0.3 0.9+0.1 | 3.3+0.9/-0.4
Southwest (SW) 1.2+0.2/-0.1 | 1.1 +0.5/-0.3 1.0+0.2 | 3.3+0.5/-0.3
Total 5.3 +4.0/-1.4 | 13.0 +3.4/-3.5 4.14+0.6 | 22.3 +5.6/-4.0

Table 1: Basal discharge from reference period and present-day in Gt per year. Our reference
period covers winter 2000/2001 for the friction heat term and 1960-1999 for the surface meltwater
heat term. Present-day is winter 2018/2019 for the friction heat term and 2010-2019 for the surface
meltwater heat term. The table shows the melt from each sector and each heat terms. Note that
melt due geothermal flux does not change.
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’ ‘ \ Change (Gt) \ Change (%) ‘

id Frictional 1.1 +0.08/-0.1 | 10.+0.5/-0.8 %
2 Surface melt 1.3+0.7 50427 %
» | Total 2.340.7 1745 %
Central east (CE) 0.4 +£0.1 18+6 %
Central west (CW) | 0.7 +0.09/-0.1 18 +2/-3 %
5 | Northeast (NE) 0.3+0.03/-0.04 9+1 %
g North (NO) 0.07+0.04 6+3 %
¥ | Northwest (NW) 0.6 +0.09 16 +3/-2 %
Southeast (SE) 0.2 +£0.2 8+6 %
Southwest (SW) 0.3 +0.2 8+6 %

Table 2: Change in friction meltand melt from surface melt water. Geothermal flux is not included
because it is assumed to be ¢onstant in time. Lower part of table shows the change in basal melt
by sector.
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Figure 1: (A) Mean geothermal flux from [17, 18, 19]. (B) Surface velocities from winter 2018 /2019
derived from Sentinel-1 data[36] The shaded areas outline where bed conditions are frozen (black)
or uncertain (gray) based on radar observations[20] (C) Heat generated by surface melt-water in-
filtration. (D) Basal melting from geothermal heating. (E) Basal melting from frictional heating.
Purple outlines show the glacial catchments of Sermeq Kujalleq, Kangerlussuaq and Helheim
Glacier[41]. (F) Basal melting from surface water heating. (D), (E), and (F) have the same logarith-
mic scalebar.
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Figure 2: (A) Present day flux of basal melt water. Sizé and colour of circles indicate the total
basal discharge from each sector. Numbers indicate percentage change compared to our reference
period. (B) Basal melt rates for present day. Pie charts show the contribution from the different
heat terms: friction heat (F, blue), geothermal flux (G, black) and viscous heat dissipation from
surface melt water (S, grey). Size of circles indicate the total basal discharge from each sector.

Figure 3: Basal melt discharge due to friction heat from winter 2000/2001 through to winter
2018/2019. Blue and turquoise colours indicate results based on the gap-filled MEaSUREs dataset
(see methods). Orange colours indicate that results are from the PROMICE Sentinel-1 derived ve-
locities. Black line is best linear fit through the MEaSUREs datasets (from the years 2005/2006,
2007/2008, 2008/2009, 2009/2010, 2012/2013, 2014/2015, 2015/2016 and 2016/2017), dashed
black lines represent best linear fit if internal ice deformation temperatures are offset by +5°C.
The shape of the points indicate origin of surface and bed topographies.
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Figure 4: Figure illustrates the present-day contribution including uncertainties for each of the
heat terms, while hatched area illustrate the increase from the reference period to the present-
day. Colours indicate heat terms: Friction heat (blue), geothermal flux (black) and viscous heat
dissipation from surface melt water (grey). (A) shows each sector and (B) the total basal melt
discharge.
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