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Motivation

What drives the ice flow of the Northeast 
Greenland Ice Stream (NEGIS)?

Hypothesis
Locally increased basal melting at the onset area of the Northeast Greenland Ice Stream (NEGIS) enables and 
enhances basal sliding and forms a subglacial hydrological system. The coupling with basal sliding is 
facilitated via the water pressure, so that the sliding velocity rises with increasing water pressure. 

(Further reading: e.g., Fahnestock et al., 2001; Christianson et al., 2014; Beyer et al., 2018; Smith-Johnsen et al., 2020; Franke et al., 2021)
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Key Question of this study

What is the magnitude of the basal melt 
rate at the base of NEGIS at the 

EastGRIP drill site?

Previous observations at NEGIS: 

~0.1 m/a based on radiostratigraphy methods

(Fahnestock et al., 2001; Keisling et al., 2014; MacGregor et al., 2016)
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Key Finding

0.19 ± 0.04 m/a
basal melting indicated by phase-

sensitive radar at EastGRIP drill site
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Abstract. The accelerated ice flow of ice streams that reach far into the interior of the ice sheet, is associate with lubrication of

the ice sheet base by basal melt water. However, the amount of basal melting under the large ice streams – such as the Northeast

Greenland Ice Stream (NEGIS) – are largely unknown. In-situ measurements of basal melt rates are important from various

perspectives as they indicate the heat budget, the hydrological regime and the role of sliding in glacier motion. The few previous

estimates of basal melt rates in the NEGIS region were 0.1ma�1 and more, based on radiostratigraphy methods. These finding5

raised the question of the heat source, since even an increased geothermal heat flux could not deliver the necessary amount

of heat. Here, we present basal melt rates at the recent deep drill site EastGRIP, located in the center of NEGIS. Within two

subsequent years, we found basal melt rates of (0.16 – 0.22)±0.01ma�1, that are based on analysis of repeated phase-sensitive

radar measurements. In order to quantify the contribution of processes that cause a heat flux into the ice, we carried out an

assessment of the energy sources and found the subglacial water system to play a key role in facilitating such high melt rates.10

1 Introduction

Ice sheet models are used to quantify the contribution of the Greenland Ice Sheet (GrIS) to future sea-level rise under different

climatic scenarios. The distinctive extent of Greenland’s largest ice stream – the Northeast Greenland Ice Stream (NEGIS,

Fig. 1) – can only be represented well if an higher-order approximation is considered for the momentum balance and initial

states are based on inversion (Goelzer et al., 2018). Primarily, this is due to the model’s ability to accurately represent lubrication15

and thus the subsequent sliding at the ice stream base that occurs.

The NEGIS is the only large ice stream in Greenland, extending from a distance of 100 km from the ice divide over a length

of about 700 km towards the coast (Fahnestock et al., 1993, 2001b; Joughin et al., 2001). It drains about 12 % of Greenland’s

ice through three major outlet glaciers Nioghalvfjerdsbrae, Zachariæ Isstrøm and Storstrømmen Glacier (Rignot and Mouginot,

2012). Loss of the floating tongue of Zachariæ Isstrøm has already led to acceleration and mass loss (Mouginot et al., 2015).20

Consequently, it is expected and projected that NEGIS will contribute significantly to sea level rise in the future (Khan et al.,

2014), highlighting the importance to understand its lubrication.

One hypothesis for the genesis of NEGIS is locally increased basal melt rates at the onset area that enable basal sliding as

basal melt water forms a subglacial hydrological system (Fahnestock et al., 2001a; Christianson et al., 2014; Franke et al.).
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a shear zone is the Dansgaard–Johnsen distribution model (Dansgaard and Johnsen, 1969). As this model assumes a linearly

decreasing strain that reaches zero at the ice base, the resulting basal melt rate at EastGRIP would be even larger. However, the140

Dansgaard–Johnsen model represents a no-slip boundary condition at the ice base. As this is an unrealistic assumption in an

ice stream, we did not consider the Dansgaard–Johnsen model further.

The derived vertical strain is based on more than 300 vertical displacements estimated between the firn-ice transition and

about 1450m. In contrast, the estimation of the displacement of the basal return is based on the phase shift of only one

segment around the basal return, slightly above the noise-level. This makes the determination more prone to errors. Instead145

of comparing the first measurement (t1) with all repeated measurements (ti), the pairwise comparison of time-consecutive

measurements (ti�1 and ti), as it is shown by Vaňková et al. (2020), leads to a lower thinning rate of �H in 2017/18 than in

2018/19 (�0.441 ± 0.004ma
�1 in 2017/18, �0.467 ± 0.009ma

�1 in 2018/19). Thus, the variability found is not necessarily

a variability of the ice sheet system but can rather be influenced by the methodology.

A variation in the selected depth limit of densification, to exclude segments affected by densification, causes slight changes150

in vertical strain and thus in basal melt rate in the order of millimeters. However, we observed an increased densification rate

within the considered 65 records. The increased densification can possibly be a result of increased load from the camp at the

surface.

Our derived basal melt rate of 0.19± 0.04ma
�1 is above previous estimates from airborne radar measurements. Fahnestock

et al. (2001a) and MacGregor et al. (2016) found melt rates in the order of 0.1ma
�1 in the vicinity of the EastGRIP drill site,155

but larger melt rates of > 0.15ma
�1 further upstream in the onset region of NEGIS. Both studies used a constant vertical strain

over depth where basal melting occurs. Smith-Johnsen et al. (2020) found that basal melt rates of 0.1ma
�1, derived from a

heat flux of 0.97Wm
�2, are needed at the location of the EastGRIP drill site to reproduce the NEGIS in an ice sheet model.

4.1 Considerations of the energy balance at the ice base160

In order to constrain the heat flux required to sustain the basal melt rates ab derived in this study, we consider the energy balance

at the ice base. As for any surface across which a physical quantity may not be continuous, a jump condition is formulated.

In typical continuum mechanical formulation, the jump ([[ ]]) of a quantity  is defined as [[ ]] =  
+
� 

�, meaning the

difference in the quantity  across the interface (Greve and Blatter, 2009). The jump condition of the energy at the ice base

reads as165

[[q ·n]]� [[v · t ·n]] + [[⇢
i
�
u+

1
2v

2
�
(v�w) ·n]] = [[q ·n]]� [[v · t ·n]] + ⇢

i
ab [[u]] = 0 (8)

with the heat flux q, the velocity v, the velocity of the singular surface w, the normal vector n pointing outwards of the ice

body, the Cauchy stress t, the ice density ⇢i and the internal energy u (Greve and Blatter, 2009). The jump of the heat flux

[[q ·n]] becomes (qgeo
+qsw

) ·n�(T )gradT , with qgeo the geothermal heat flux and qsw the heat flux from subglacial water

with a temperature above pressure melting point, T temperature and  thermal conductivity. For the jump in work of surface170
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forces we find

[[v · t ·n]] = vsw
· tsw ·n�vi

b · t
i
·n (9)

with tsw the Cauchy stress of the subglacial water side of the singular surface, vi
b the ice velocity and ti the stress field of the

ice at the base.

We split the traction vector of the subglacial water in a normal and tangential component, with the water pressure psw the stress175

in the normal direction and use for the tangential component an empirical relation

tsw ·n=�pwn+C
i/sw

⇢w|v
sw
|
2et (10)

with et = vsw
/|vsw

| and et ? n. The roughness at the underside of the ice is C i/sw, similar as a Manning roughness is taken

into account in subglacial conduits. So that the part of the subglacial water becomes

vsw
· tsw ·n=�p

swvsw
·n+vsw

·C
i/sw

⇢w|v
sw
|
2et =�p

swvsw
? +C

i/sw
⇢w|v

sw
q |

3 (11)180

with vsw
? ,vsw

q the normal and tangential velocity of the subglacial water, respectively. This formulation is quite similar to the

treatment of the jump condition at an ice shelf base. For the traction vector at the ice base, we follow the same procedure and

find

ti ·n=�Nn+ ⌧bet (12)

with N the normal component and ⌧b the component in the tangential plane. For vi
b · t

i
·n we find185

vi
b · t

i
·n=�Nvi

b ·n+ ⌧bv
i
b · et (13)

With the jump of the internal energy [[u]] = L, we can reformulate Eq. (8) to

q
geo
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i
abL+(T )gradT � p
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3
+Nvi
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i
b · et (14)

The tangential components C
i/sw

⇢
sw
|vsw

q |
3 and ⌧bvi

b · et are frictional heating and are dominating the contribution of heat

arising from work of surface forces. They need to be seen as two end members of the system: either the ice is only in contact190

with a thick subglacial hydrological system, then C
i/sw

⇢
sw
|vsw

q |
3 is at place, or the subglacial hydrological system is perma-

nently in contact with a lubricated base, then the second term ⌧bvi
b · et is governing.

Next, we aim at constraining the individual terms for which we use the following material parameters: ⇢i = 910kgm
�3, the la-

tent heat of fusion, L= 335kJkg
�1, and the thermal conductivity for ice at 273.15K (273.15K) = 2.07Wm

�1
K

�1 (Greve

and Blatter, 2009).195

We consider three scenarios: (i) there is only temperate ice that is melting, (ii) heat is required to warm the ice to the pressure

melting point and (iii) friction at the base is contributing significantly to melt rate. (i) For temperate ice and no heat arising from

work of surface forces we find a melt rates of at least 0.16ma
�1 to correspond to a heat flux of 1.56Wm

�2. (ii) Considering

9
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decreasing strain that reaches zero at the ice base, the resulting basal melt rate at EastGRIP would be even larger. However, the140

Dansgaard–Johnsen model represents a no-slip boundary condition at the ice base. As this is an unrealistic assumption in an

ice stream, we did not consider the Dansgaard–Johnsen model further.

The derived vertical strain is based on more than 300 vertical displacements estimated between the firn-ice transition and

about 1450m. In contrast, the estimation of the displacement of the basal return is based on the phase shift of only one

segment around the basal return, slightly above the noise-level. This makes the determination more prone to errors. Instead145

of comparing the first measurement (t1) with all repeated measurements (ti), the pairwise comparison of time-consecutive

measurements (ti�1 and ti), as it is shown by Vaňková et al. (2020), leads to a lower thinning rate of �H in 2017/18 than in

2018/19 (�0.441 ± 0.004ma
�1 in 2017/18, �0.467 ± 0.009ma

�1 in 2018/19). Thus, the variability found is not necessarily

a variability of the ice sheet system but can rather be influenced by the methodology.

A variation in the selected depth limit of densification, to exclude segments affected by densification, causes slight changes150

in vertical strain and thus in basal melt rate in the order of millimeters. However, we observed an increased densification rate

within the considered 65 records. The increased densification can possibly be a result of increased load from the camp at the
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Our derived basal melt rate of 0.19± 0.04ma
�1 is above previous estimates from airborne radar measurements. Fahnestock

et al. (2001a) and MacGregor et al. (2016) found melt rates in the order of 0.1ma
�1 in the vicinity of the EastGRIP drill site,155
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�1 further upstream in the onset region of NEGIS. Both studies used a constant vertical strain

over depth where basal melting occurs. Smith-Johnsen et al. (2020) found that basal melt rates of 0.1ma
�1, derived from a

heat flux of 0.97Wm
�2, are needed at the location of the EastGRIP drill site to reproduce the NEGIS in an ice sheet model.

4.1 Considerations of the energy balance at the ice base160

In order to constrain the heat flux required to sustain the basal melt rates ab derived in this study, we consider the energy balance
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measurements (ti�1 and ti), as it is shown by Vaňková et al. (2020), leads to a lower thinning rate of �H in 2017/18 than in

2018/19 (�0.441 ± 0.004ma
�1 in 2017/18, �0.467 ± 0.009ma

�1 in 2018/19). Thus, the variability found is not necessarily

a variability of the ice sheet system but can rather be influenced by the methodology.

A variation in the selected depth limit of densification, to exclude segments affected by densification, causes slight changes150

in vertical strain and thus in basal melt rate in the order of millimeters. However, we observed an increased densification rate

within the considered 65 records. The increased densification can possibly be a result of increased load from the camp at the

surface.

Our derived basal melt rate of 0.19± 0.04ma
�1 is above previous estimates from airborne radar measurements. Fahnestock

et al. (2001a) and MacGregor et al. (2016) found melt rates in the order of 0.1ma
�1 in the vicinity of the EastGRIP drill site,155

but larger melt rates of > 0.15ma
�1 further upstream in the onset region of NEGIS. Both studies used a constant vertical strain

over depth where basal melting occurs. Smith-Johnsen et al. (2020) found that basal melt rates of 0.1ma
�1, derived from a

heat flux of 0.97Wm
�2, are needed at the location of the EastGRIP drill site to reproduce the NEGIS in an ice sheet model.

4.1 Considerations of the energy balance at the ice base160

In order to constrain the heat flux required to sustain the basal melt rates ab derived in this study, we consider the energy balance

at the ice base. As for any surface across which a physical quantity may not be continuous, a jump condition is formulated.

In typical continuum mechanical formulation, the jump ([[ ]]) of a quantity  is defined as [[ ]] =  
+
� 

�, meaning the

difference in the quantity  across the interface (Greve and Blatter, 2009). The jump condition of the energy at the ice base

reads as165

[[q ·n]]� [[v · t ·n]] + [[⇢
i
�
u+

1
2v

2
�
(v�w) ·n]] = [[q ·n]]� [[v · t ·n]] + ⇢

i
ab [[u]] = 0 (8)

with the heat flux q, the velocity v, the velocity of the singular surface w, the normal vector n pointing outwards of the ice

body, the Cauchy stress t, the ice density ⇢i and the internal energy u (Greve and Blatter, 2009). The jump of the heat flux

[[q ·n]] becomes (qgeo
+qsw

) ·n�(T )gradT , with qgeo the geothermal heat flux and qsw the heat flux from subglacial water

with a temperature above pressure melting point, T temperature and  thermal conductivity. For the jump in work of surface170

8

a shear zone is the Dansgaard–Johnsen distribution model (Dansgaard and Johnsen, 1969). As this model assumes a linearly

decreasing strain that reaches zero at the ice base, the resulting basal melt rate at EastGRIP would be even larger. However, the140

Dansgaard–Johnsen model represents a no-slip boundary condition at the ice base. As this is an unrealistic assumption in an

ice stream, we did not consider the Dansgaard–Johnsen model further.

The derived vertical strain is based on more than 300 vertical displacements estimated between the firn-ice transition and

about 1450m. In contrast, the estimation of the displacement of the basal return is based on the phase shift of only one

segment around the basal return, slightly above the noise-level. This makes the determination more prone to errors. Instead145

of comparing the first measurement (t1) with all repeated measurements (ti), the pairwise comparison of time-consecutive
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The 700 km long NEGIS is the only large ice stream in 
Greenland. It drains about 12 % of Greenland’s ice 
through three major outlet glaciers Nioghalvfjerdsbrae
(79NG), Zachariæ Isstrøm (ZI) and Storstrømmen
Glacier (SG). 

Loss of the floating tongue of ZI has already led to ice 
flow acceleration and increased mass loss. 
Consequently, it is expected and projected that 
NEGIS will contribute significantly to sea-level rise in 
the future, highlighting the importance to understand 
the general ice flow dynamics and its driving 
mechanisms.

(Fahnestock et al., 1993, 2001b; Joughin et al., 2001; Rignot and 
Mouginot, 2012; Khan et al., 2014; Mouginot et al., 2015)
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2. Measurement
Autonomous phase-sensitive radar 
(ApRES) time series are used to achieve 
a reliable estimation of the annual mean 
basal melt rate.
The total change in ice thickness (ΔH) 
within the time period Δt is caused by 

firn densification (ΔHf), dynamic thinning/ 
thickening (ΔHε) and basal melting (ab): 

The dynamic change in ice thickness is derived from the 
vertical strain (εzz):

Challenge
Unknown vertical strain in lower part of ice column.

(Brennan et al., 2014; Nicholls et al., 2015; Stewart et al. 2019; Vankova et al., 2020) 

and represents the ice thickness change due to deformation and sliding, thus stretching or compression in the horizontal di-65

rection. This may for example be due to changes in basal velocities or ice creeping across a bedrock undulation. Using the

continuity equation for incompressible materials divv = 0 and Leibniz’s integral rule we can rewrite divQ as
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with "̇zz the vertical strain rate "̇zz = @vz/@z.

The recorded ApRES time series allows for a precise estimation of changes in ice thickness, �H , from the vertical dis-70

placement of the basal reflector and of internal layers from consecutive measurements. However, applying the ice thickness

evolution equation (Eq. (1)) to the ApRES measurements requires some modifications. Since the ApRES is located within a

trench below the surface, the ’measured ice thickness’ H is defined as the range between the ApRES and the ice base. The

total ice thickness – the range from the surface to the ice base – is about 7 to 8m thicker and includes the upper firn and snow

layers. Thus, �H is independent on the surface mass balance, as = 0ma
�1, but influenced by firn densification that signifi-75

cantly affects the vertical displacement in the upper ⇠ 100m. As this is not considered in Eq. (1), we add the term �Hf/�t

to correct for the densification process below the ApRES.
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3. Results
Derivation of basal melt rate is based on vertical displacements (uz) relative 
to the ice base. 

• Total change in ice thickness (distance between radar and ice base) is 
derived from lowering of the surface (blue dot): 
ΔH = -0.45 ± 0.03 m/a

• From internal displacements within the ice (250 m < zi < 1450 m to 
exclude effects from firn densification and noise) are used to calculate a 
linear fit (solid black line), the gradient of which is the vertical strain: 
εzz = (-0.068 ± 0.001) x 10-3

• The difference between the surface intercept of the linear fit and the 
derived surface displacement is the firn compaction: 
ΔHf = -0.08 ± 0.01 m/a

• Dynamic ice thickness change is estimated from the integrated vertical 
strain 

1. linear extrapolated to the ice base: ΔHε = -0.18 ± 0.01 m/a
2. simulated vertical strain (Rückamp et al., 2020) : ΔHε = -0.19 ± 0.01 m/a

• The resulting basal melt rate is: ab = 0.19 ± 0.04 m/a
Zeising and Humbert, 2021, TCD, in review (modified)
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a shear zone is the Dansgaard–Johnsen distribution model (Dansgaard and Johnsen, 1969). As this model assumes a linearly

decreasing strain that reaches zero at the ice base, the resulting basal melt rate at EastGRIP would be even larger. However, the140

Dansgaard–Johnsen model represents a no-slip boundary condition at the ice base. As this is an unrealistic assumption in an

ice stream, we did not consider the Dansgaard–Johnsen model further.

The derived vertical strain is based on more than 300 vertical displacements estimated between the firn-ice transition and

about 1450m. In contrast, the estimation of the displacement of the basal return is based on the phase shift of only one

segment around the basal return, slightly above the noise-level. This makes the determination more prone to errors. Instead145

of comparing the first measurement (t1) with all repeated measurements (ti), the pairwise comparison of time-consecutive

measurements (ti�1 and ti), as it is shown by Vaňková et al. (2020), leads to a lower thinning rate of �H in 2017/18 than in

2018/19 (�0.441 ± 0.004ma
�1 in 2017/18, �0.467 ± 0.009ma

�1 in 2018/19). Thus, the variability found is not necessarily

a variability of the ice sheet system but can rather be influenced by the methodology.

A variation in the selected depth limit of densification, to exclude segments affected by densification, causes slight changes150

in vertical strain and thus in basal melt rate in the order of millimeters. However, we observed an increased densification rate

within the considered 65 records. The increased densification can possibly be a result of increased load from the camp at the

surface.

Our derived basal melt rate of 0.19± 0.04ma
�1 is above previous estimates from airborne radar measurements. Fahnestock

et al. (2001a) and MacGregor et al. (2016) found melt rates in the order of 0.1ma
�1 in the vicinity of the EastGRIP drill site,155

but larger melt rates of > 0.15ma
�1 further upstream in the onset region of NEGIS. Both studies used a constant vertical strain

over depth where basal melting occurs. Smith-Johnsen et al. (2020) found that basal melt rates of 0.1ma
�1, derived from a

heat flux of 0.97Wm
�2, are needed at the location of the EastGRIP drill site to reproduce the NEGIS in an ice sheet model.

4.1 Considerations of the energy balance at the ice base160

In order to constrain the heat flux required to sustain the basal melt rates ab derived in this study, we consider the energy balance

at the ice base. As for any surface across which a physical quantity may not be continuous, a jump condition is formulated.

In typical continuum mechanical formulation, the jump ([[ ]]) of a quantity  is defined as [[ ]] =  
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�, meaning the
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measurements (ti�1 and ti), as it is shown by Vaňková et al. (2020), leads to a lower thinning rate of �H in 2017/18 than in

2018/19 (�0.441 ± 0.004ma
�1 in 2017/18, �0.467 ± 0.009ma

�1 in 2018/19). Thus, the variability found is not necessarily

a variability of the ice sheet system but can rather be influenced by the methodology.

A variation in the selected depth limit of densification, to exclude segments affected by densification, causes slight changes150

in vertical strain and thus in basal melt rate in the order of millimeters. However, we observed an increased densification rate

within the considered 65 records. The increased densification can possibly be a result of increased load from the camp at the

surface.

Our derived basal melt rate of 0.19± 0.04ma
�1 is above previous estimates from airborne radar measurements. Fahnestock

et al. (2001a) and MacGregor et al. (2016) found melt rates in the order of 0.1ma
�1 in the vicinity of the EastGRIP drill site,155

but larger melt rates of > 0.15ma
�1 further upstream in the onset region of NEGIS. Both studies used a constant vertical strain

over depth where basal melting occurs. Smith-Johnsen et al. (2020) found that basal melt rates of 0.1ma
�1, derived from a

heat flux of 0.97Wm
�2, are needed at the location of the EastGRIP drill site to reproduce the NEGIS in an ice sheet model.

4.1 Considerations of the energy balance at the ice base160

In order to constrain the heat flux required to sustain the basal melt rates ab derived in this study, we consider the energy balance

at the ice base. As for any surface across which a physical quantity may not be continuous, a jump condition is formulated.

In typical continuum mechanical formulation, the jump ([[ ]]) of a quantity  is defined as [[ ]] =  
+
� 

�, meaning the

difference in the quantity  across the interface (Greve and Blatter, 2009). The jump condition of the energy at the ice base

reads as165

[[q ·n]]� [[v · t ·n]] + [[⇢
i
�
u+

1
2v

2
�
(v�w) ·n]] = [[q ·n]]� [[v · t ·n]] + ⇢

i
ab [[u]] = 0 (8)

with the heat flux q, the velocity v, the velocity of the singular surface w, the normal vector n pointing outwards of the ice

body, the Cauchy stress t, the ice density ⇢i and the internal energy u (Greve and Blatter, 2009). The jump of the heat flux

[[q ·n]] becomes (qgeo
+qsw

) ·n�(T )gradT , with qgeo the geothermal heat flux and qsw the heat flux from subglacial water

with a temperature above pressure melting point, T temperature and  thermal conductivity. For the jump in work of surface170

8

a shear zone is the Dansgaard–Johnsen distribution model (Dansgaard and Johnsen, 1969). As this model assumes a linearly

decreasing strain that reaches zero at the ice base, the resulting basal melt rate at EastGRIP would be even larger. However, the140

Dansgaard–Johnsen model represents a no-slip boundary condition at the ice base. As this is an unrealistic assumption in an

ice stream, we did not consider the Dansgaard–Johnsen model further.

The derived vertical strain is based on more than 300 vertical displacements estimated between the firn-ice transition and

about 1450m. In contrast, the estimation of the displacement of the basal return is based on the phase shift of only one

segment around the basal return, slightly above the noise-level. This makes the determination more prone to errors. Instead145

of comparing the first measurement (t1) with all repeated measurements (ti), the pairwise comparison of time-consecutive
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with tsw the Cauchy stress of the subglacial water side of the singular surface, vi
b the ice velocity and ti the stress field of the

ice at the base.

We split the traction vector of the subglacial water in a normal and tangential component, with the water pressure psw the stress175

in the normal direction and use for the tangential component an empirical relation
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with vsw
? ,vsw

q the normal and tangential velocity of the subglacial water, respectively. This formulation is quite similar to the

treatment of the jump condition at an ice shelf base. For the traction vector at the ice base, we follow the same procedure and

find
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b · et are frictional heating and are dominating the contribution of heat

arising from work of surface forces. They need to be seen as two end members of the system: either the ice is only in contact190

with a thick subglacial hydrological system, then C
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q |
3 is at place, or the subglacial hydrological system is perma-

nently in contact with a lubricated base, then the second term ⌧bvi
b · et is governing.

Next, we aim at constraining the individual terms for which we use the following material parameters: ⇢i = 910kgm
�3, the la-

tent heat of fusion, L= 335kJkg
�1, and the thermal conductivity for ice at 273.15K (273.15K) = 2.07Wm
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K

�1 (Greve

and Blatter, 2009).195

We consider three scenarios: (i) there is only temperate ice that is melting, (ii) heat is required to warm the ice to the pressure

melting point and (iii) friction at the base is contributing significantly to melt rate. (i) For temperate ice and no heat arising from

work of surface forces we find a melt rates of at least 0.16ma
�1 to correspond to a heat flux of 1.56Wm
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a shear zone is the Dansgaard–Johnsen distribution model (Dansgaard and Johnsen, 1969). As this model assumes a linearly

decreasing strain that reaches zero at the ice base, the resulting basal melt rate at EastGRIP would be even larger. However, the140

Dansgaard–Johnsen model represents a no-slip boundary condition at the ice base. As this is an unrealistic assumption in an

ice stream, we did not consider the Dansgaard–Johnsen model further.

The derived vertical strain is based on more than 300 vertical displacements estimated between the firn-ice transition and

about 1450m. In contrast, the estimation of the displacement of the basal return is based on the phase shift of only one

segment around the basal return, slightly above the noise-level. This makes the determination more prone to errors. Instead145

of comparing the first measurement (t1) with all repeated measurements (ti), the pairwise comparison of time-consecutive

measurements (ti�1 and ti), as it is shown by Vaňková et al. (2020), leads to a lower thinning rate of �H in 2017/18 than in

2018/19 (�0.441 ± 0.004ma
�1 in 2017/18, �0.467 ± 0.009ma

�1 in 2018/19). Thus, the variability found is not necessarily

a variability of the ice sheet system but can rather be influenced by the methodology.

A variation in the selected depth limit of densification, to exclude segments affected by densification, causes slight changes150

in vertical strain and thus in basal melt rate in the order of millimeters. However, we observed an increased densification rate

within the considered 65 records. The increased densification can possibly be a result of increased load from the camp at the

surface.

Our derived basal melt rate of 0.19± 0.04ma
�1 is above previous estimates from airborne radar measurements. Fahnestock

et al. (2001a) and MacGregor et al. (2016) found melt rates in the order of 0.1ma
�1 in the vicinity of the EastGRIP drill site,155

but larger melt rates of > 0.15ma
�1 further upstream in the onset region of NEGIS. Both studies used a constant vertical strain

over depth where basal melting occurs. Smith-Johnsen et al. (2020) found that basal melt rates of 0.1ma
�1, derived from a

heat flux of 0.97Wm
�2, are needed at the location of the EastGRIP drill site to reproduce the NEGIS in an ice sheet model.

4.1 Considerations of the energy balance at the ice base160

In order to constrain the heat flux required to sustain the basal melt rates ab derived in this study, we consider the energy balance

at the ice base. As for any surface across which a physical quantity may not be continuous, a jump condition is formulated.

In typical continuum mechanical formulation, the jump ([[ ]]) of a quantity  is defined as [[ ]] =  
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Where does the heat come from?
Heat at the ice base is supplied by geothermal heat flux and that of the subglacial water. Depending 
on flow speed of subglacial water and roughness of the ice base, friction has the potential to govern 
the heat budget. 

For more details, check out our manuscript at The Cryosphere Discussions 
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