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Abstract8

The ice stream geometry and large ice surface velocities at the onset region of the Northeast Greenland Ice Stream9

(NEGIS) are not yet well reproduced by ice sheet models. They are a significant source of uncertainty in present10

ice sheet projections towards their future contribution to sea-level rise. The quantification of basal sliding and a11

parametrisation of basal conditions remains a major gap. In this study, we assess the basal conditions of the onset12

region of the NEGIS in a systematic analysis of airborne ultra-wideband radar data. We evaluate basal roughness13

and basal return echoes in the context of the current ice stream geometry and ice surface velocity. We observe a14

change from a smooth to a rougher bed where the ice stream widens, and a distinct roughness anisotropy, indicating a15

preferred orientation of subglacial structures. In this region, we also find an apparent increase of the bed return power16

towards the centre of the ice stream, potentially indicating increased water content at the base. At the downstream17

part, we observe an increased bed return power throughout the entire width of the ice stream and outside its margins.18

Together with basal water routing pathways, this hints to two different zones in this part of NEGIS: the upstream19

region collecting water, reducing basal traction, and in the further downstream part the distribution of basal water20

underneath and beyond the shear margins. Our findings support the hypothesis that the NEGIS is strongly controlled21

by the subglacial water system in its onset region.22

Plain Language Summary23

The Northeast Greenland Ice Stream (NEGIS) transports a large amount of ice mass from the24

interior of the Greenland Ice Sheet (GrIS) towards the ocean. The extent and geometry of the25

NEGIS are difficult to reproduce in current ice sheet models because many boundary conditions, such26

as the properties of the ice base, are not well known. In this study, we present new characteristics of27

the ice base from the onset region of the NEGIS derived by airborne radio-echo sounding data. Our28

data yield a smooth and increasingly lubricated bed in the upstream part of our survey area, which29

enables the ice to accelerate. Our results confirm the hypothesis that the position of the ice stream30

boundaries are coupled to the subglacial hydrology system. In a warming climate, more meltwater31

can potentially drain towards higher elevations and could thus favor the initiation of faster ice flow32

in central Greenland.33

Introduction34

The lack of high-resolution bed topography and knowledge about the subglacial conditions in35

Greenland and Antarctica is one of the largest sources of uncertainty in present ice sheet projec-36

tions (Morlighem et al., 2019) and higher resolution of bed topography is needed to improve the37

accuracy of ice sheet models (Durand et al., 2011). The subglacial environment of the Antarctic and38

Greenland Ice Sheet (AIS, GrIS) is only poorly known from direct observations. The technical and39

logistical efforts for an analysis of the base underneath ice, often several kilometres thick, is much40

more challenging than observations on paleo-glaciated areas on land or the seafloor through remote41

sensing techniques (e.g. Stokes et al. (2013); Clark and Meehan (2001)) or marine swath bathymetry42

(e.g. Arndt et al. (2019); Dowdeswell et al. (2004)). Most of the knowledge about the ice covered43

bathymetry, bed topography and basal properties are deduced from the analysis and interpretation of44

indirect observations like radio-echo sounding (Fretwell et al., 2013; Humbert et al., 2018; Morlighem45
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et al., 2017, 2019; Schroeder et al., 2020, 2019; Winter et al., 2017), seismic (Brisbourne et al.,46

2014; Dow et al., 2013; Hofstede et al., 2018; Kulessa et al., 2017; Rosier et al., 2018; Smith et al.,47

2020) as well as magnetic and gravimetric surveys combined with modelling approaches (An et al.,48

2019; Cochran and Bell, 2012; Muto et al., 2013; Eisermann et al., 2020). In the central regions49

of the AIS and GrIS, little is known about the distribution and properties of bedrock, lithified50

and unlithified sediments, liquid water quantity, hydromechanical processes and the thermal and51

mechanical properties of ice (Clarke, 2005). Variations of these parameters over time can influence52

the spatial and temporal behaviour of the ice sheets and their streams, by altering the fast flow53

dynamics or the mobilisation of subglacial sediments. It is assumed that parts of the base of the54

GrIS are covered by mechanically weak sediments, which facilitate basal sliding (Christianson et al.,55

2014; Dow et al., 2013). Furthermore, an analysis of the thermal state of the base reveals large56

areas of a thawed bed and high melt rates at the interior of the GrIS (Fahnestock, 2001; MacGregor57

et al., 2016; Jordan et al., 2018). However, the ice surface motion response to the basal conditions58

can vary on several time scales (Ryser et al., 2014).59

In Greenland, one feature causing the most significant discrepancies between numerically modelled60

and observed ice surface velocities is the Northeast Greenland Ice Stream (NEGIS) (Aschwanden61

et al., 2016), which therefore represents one of the largest uncertainties for ice flow predictions.62

Several studies assessed the genesis as well as the positioning and geometry of the NEGIS in its63

onset region close to the ice divide (Fahnestock, 2001; Fahnestock et al., 1993; Joughin et al.,64

2001). The ice stream is constrained by its 400-km-long shear margins, and their locations at65

its onset region show no apparent indications for a topographic control (Holschuh et al., 2014;66

Franke et al., 2020b). Christianson et al. (2014) established an extended hypothesis on the initiation67

and development of the NEGIS based on these studies and an analysis of data from an extensive68

geophysical survey at the onset of the ice stream, centred at the drill site of the EGRIP ice core69

where the ice stream widens (Vallelonga et al., 2014). The ice stream is most likely initiated by70

anomalous high geothermal heat flux (GHF) close to the ice divide (Fahnestock, 2001). The GHF71

is the primary control on the generation of basal meltwater and the sensitivity of the hydrology72

system (Smith-Johnsen et al., 2020). The subsequent production and distribution of basal water73

probably play a crucial role in the extent and positioning of the shear margins (Christianson et al.,74

2014). The increasing ice flow velocity of the onset of the NEGIS in its current geometry would75

lead to the development a surface trough, which is not consistent with observations. Hence, the76

ice mass loss must be compensated by more ice flowing through the shear margins into the ice77

stream (Christianson et al., 2014). The positioning of the shear margins and therefore the size78

of the fast streaming flow area of the NEGIS is especially sensitive to changes in the subglacial79

hydrology (Perol et al., 2015) and subglacial erosion (Christianson et al., 2014).80

In present ice-sheet models, the NEGIS is rendered by deriving the controlling factors of the basal81

conditions from ice surface velocities (Larour et al., 2014; Smith-Johnsen et al., 2019). Estimates82

of basal resistance are not well enough represented to accurately model geometry or the surface83

velocities of the ice stream, as our understanding of processes and conditions is still very limited. In84

this regard, the analysis of the basal roughness has become important for glacial geomorphological85

research and an increasingly accepted attribute to describe subglacial conditions and to derive a86

controlling factor for the dynamics of ice-sheets (Smith et al., 2013). Basal roughness parameters87

can thus help us to discriminate whether the ice is underlain by softer sediments or harder rock, to88

reveal traces of former ice dynamics, to constrain the thermal regime and identify potential processes89



manuscript submitted to Journal of Geophysical Research: Earth Surface 4

of subglacial erosion and deposition of sediments (Bingham and Siegert, 2009). At present, the90

roughness of the bed topography is typically analysed by spectral analysis of vertical and horizontal91

topography variations, based on the approaches of Shepard et al. (2001); Taylor et al. (2004)92

and Li et al. (2010). Many studies of ice-sheet dynamics use a roughness analysis for a subglacial93

landscape interpretation to distinguish between hard and soft bed types, erosion and redistribution94

of sediments as well as to derive paleo-basal conditions (Rippin et al., 2014). Basal roughness is also95

a key parameter for the ice-bed coupling (Hughes et al., 2011), to model basal sliding (Wilkens et al.,96

2015) as well as a parameter for subglacial hydrology studies (Meyer et al., 2018). In many studies,97

basal roughness shows a clear correlation to basal drag and ice sheet velocity (Smith et al., 2013).98

In radio-echo sounding measurements, the roughness of the subglacial topography on different scales99

also influences the scattering of reflected radar waves (Jordan et al., 2017) and thus, the reflectivity100

of the bed (Jacobel et al., 2010). Furthermore, the intensity and reflection pattern of the bed return101

informs us about the reflection properties of the base, thus complementing inferences made by the102

roughness parameter.103

The majority of subglacial roughness studies in Antarctica focus on outlet glaciers (Bingham and104

Siegert, 2007, 2009; Diez et al., 2018; MacGregor et al., 2013; Rippin et al., 2006, 2011, 2014; Taylor105

et al., 2004) with only a few studies extending over large areas (e.g. Eisen et al. (2020) in East106

Antarctica). In a study to model the surface flow field of Pine Island Glacier, Wilkens et al. (2015)107

related basal sliding to a bed roughness parameter and were able to reproduce some essential flow108

features, like the location of the fast-flowing central stream and various tributaries. One of the first109

studies of basal roughness in Greenland was conducted by Layberry and Bamber (2001) using the110

residual bed elevation deviation to quantify basal roughness. An estimate of the basal roughness111

distribution based on a spectral approach for those part of GrIS covered by radio-echo sounding data112

was given by Rippin (2013). A recent study by Cooper et al. (2019) indicates different relationships113

between ice flow and basal roughness parameters. They conclude that in certain regions of slow114

ice flow, coinciding with low vertical roughness (i.e. smooth topography), a mechanism other than115

basal sliding must control ice flow. Stearns and van der Veen (2018) observed that bed friction,116

which should control basal sliding, does not control the rapid flow of a large number of glaciers in117

Greenland. Furthermore, the inverse correlation between basal roughness and ice-sheet flow velocity118

(slow-flowing areas are mostly smooth, while increased ice flow shows rougher beds) encouraged the119

authors of more recent studies to rethink the influence of basal roughness to basal traction (Rippin,120

2013). Possible mechanisms could be the thermal state at the base, subglacial hydrology and the121

rates of erosion and deformation of sediments. However, detailed studies of the basal conditions of122

glaciers and ice streams in Greenland have so far concentrated on a land-terminating section of the123

GrIS (Lindbäck and Pettersson, 2015). For Greenland, for instance, Cooper et al. (2019) discuss a124

more diverse relationship between basal roughness and its relationship with ice flow velocity and125

direction than evident from previous, more localised work.126

In this paper, we use airborne radar data from AWI’s ultra-wideband radar system to analyse127

the basal conditions of the onset of the NEGIS. We perform a spectral roughness analysis to128

characterise the pattern of the bed return signals and investigate the subglacial topography parallel129

and perpendicular to ice flow. For the basal roughness analysis on finer spatial scales, we analyse130

the radar reflections pattern from the bed return echoes. Based on an improved bed elevation model,131

we investigate subglacial water pathways. We then combine these data with the return power of the132

bed echoes to estimate where the temperate conditions prevail at the bed and liquid water is likely133
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to be present. By combining these approaches, we can better constrain the basal thermal regime134

than with either method alone. This should ultimately give a consistent picture of the processes at135

the base, which controls ice flow dynamics. Finally, we use our larger-scale data set to discuss the136

extended hypothesis of Christianson et al. (2014) of the initiation and development of the NEGIS137

as well as the positioning of the shear margins in its onset region.138

Our results reveal a regional change in basal roughness and the pattern and intensity of the basal139

return echo from the upstream towards the downstream part in our study area on the NEGIS.140

Furthermore, we detect a bed roughness anisotropy concerning the ice flow direction, indicating141

streamlining parallel to ice flow. The analysis of water flow paths and the basal return power142

distribution supports the hypothesis that the subglacial hydrology mostly controls the position of143

the shear margins.144

Data and Methods145

Survey area and data acquisition146

We use airborne radar data of the EGRIP-NOR-2018 survey in the onset area of the NEGIS147

(Figure 1). The data were collected with the AWI multi-channel ultra-wideband (UWB) airborne148

radar sounder (for details see Hale et al. (2016); Arnold et al. (2019); Franke et al. (2020b)) and149

recorded at a centre frequency of 195 MHz and a bandwidth of 30 MHz. A complete methodological150

description of the radar data processing and uncertainty estimation is described in Franke et al.151

(2020b). In the study area, the NEGIS accelerates from ∼ 10 to 80 m/a over a distance of roughly152

300 km and widens from ∼ 20 km in the upstream boundary of our survey area to ∼ 65 km further153

downstream (Figure 1). More than 8000 km of survey profiles are distributed over an area of more154

than 250 km along ice flow direction and 50 to 100 km across, covering the interior of the ice stream,155

the shear margins and the slow-flowing area in the vicinity of the NEGIS (Figure 1). The profile156

spacing of across-flow profiles is 5 km in the central part of the survey area, near the drill site of the157

East Greenland Ice-core Project (EGRIP; http://eastgrip.org), and 10 km further upstream158

and downstream. Along-flow profiles are mostly aligned along calculated pathways of ice flow based159

on the velocity field of Joughin et al. (2017). For the rest of this paper, we will refer to upstream160

and downstream as the regions upstream and downstream of the EGRIP drill site, respectively.161

http://eastgrip.org
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Figure 1: Overview of the survey area in the interior of the Greenland Ice Sheet at the onset of fast
flow of the NEGIS. The black lines, which are centred at the EGRIP drill site, represent the survey
profiles of the EGRIP-NOR-2018 airborne UWB radar survey (Franke et al., 2020b). The white
dashed lines show the outline of the shear margins and the dashed red line the radar profile shown
in Figure 3. Bed elevation is referenced to mean sea level (EIGEN-6C4 geoid (Förste et al., 2007),
this reference applies to all other maps showing the bed elevation) and ice flow velocity is based on
the dataset of Joughin et al. (2017) and is shown in blue colour code for velocities larger than 10
m/a. This map and all following maps are shown in the coordinate system EPSG 3413 (WGS84 /
NSIDC Sea Ice Polar Stereographic North).

Basal Roughness Calculation162

Assessing the roughness of the subglacial topography is important for characterising the topographic163

structure at different scales. We define basal roughness as the relative vertical and horizontal164

variation of the topography of the ice-bed interface. In our analysis we calculate three parameters165

(ξ, ξsl and η), which are commonly used to characterize basal roughness (Li et al., 2010; Gudlaugsson166

et al., 2013; Rippin et al., 2014; Cooper et al., 2019):167
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• ξ reflects the vertical irregularity of the bed and provides information about the dominating168

vertical amplitudes. This roughness parameter is defined as the integral of the wavelength169

spectrum over the range of a moving window (MW). Values close to 0 reflect the dominance170

of smaller amplitudes and a smoother topography.171

• Wright et al. (2012) suggested to also use the vertical slope roughness ξsl, instead of just172

analysing the vertical amplitude, which acts as a filter and also indicates small-scale variations173

of vertical elevation changes.174

• Li et al. (2010) introduced the frequency roughness parameter η, which is calculated by175

dividing the vertical roughness ξ by the roughness of the bed slope ξsl. This parameter reflects176

the horizontal variation pointing out the dominance of a particular wavelength. High values177

represent the dominance of longer wavelength and smaller values the dominance of shorter178

wavelength.179

We use the bed picks of the EGRIP-NOR-18 data set (Franke et al., 2019, 2020b) for basal roughness180

calculation. The roughness analysis in this paper is based on the approaches of Hubbard et al.181

(2000) and Taylor et al. (2004) and uses a Fast Fourier Transform (FFT) to analyse the wavelength182

spectra of variations in topography (Gudlaugsson et al., 2013). This requires a uniform sampling183

interval of data points on the bed elevation profiles. Synthetic Aperture Radar processing of our184

radar data already includes the creation of a new coordinate system with a constant spatial sampling185

interval for the focused radar data. The average spacing between data points is 14.78 m. For each186

data point on a linearly detrended profile, we calculate the wavelength spectrum over a MW of187

2N data points. We test two different MW for our analysis: (i) ∼ 400 meters, which corresponds188

to 32 data points (N=5) and (ii) ∼ 2000 m, which corresponds to 128 data points (N=7). As189

pointed out by Taylor et al. (2004) and Rippin et al. (2014), 32 data points (N=5) is the minimum190

value that should be used. It is an appropriate MW length to study small-scale variations in the191

bed and to detect changes in basal roughness over a short distance. For this 32-data point MW,192

one data point covers the roughness at a resolution which is finer than the cell size of 500 m used193

for the bed elevation data sets of Morlighem et al. (2017) for Greenland and the NEGIS onset194

region by Franke et al. (2020b). To make sure that this small MW does not suppress long-wave195

structures, we compared the result of the 500 m MW with the results obtained for the ∼ 2000 m196

MW. The comparison shows that significant changes are represented in both MWs. Because we197

focus on regions where clusters of high or low roughness values or trends appear, we use the larger198

(N=7) MW for further analysis . For this manuscript, we will refer to this kind of basal roughness199

as large-scale roughness.200

Because the interpretation of roughness parameters is highly directionally dependent and the201

dominating factor influencing bed formations as shown by Falcini et al. (2018); Gudlaugsson et al.202

(2013) and Rippin et al. (2014), we separately analyse along- and across-flow profiles. We present203

roughness values on a logarithmic scale to emphasize the range of up to four orders of magnitude.204

A comparison of ξ and ξsl shows that dominance of high vertical amplitudes correlates with steep205

slopes, which suggests that small amplitude vertical roughness values are not filtered. For further206

analysis, we therefore, excluded the slope of the vertical roughness ξsl.207

208
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Basal return power209

We use the intensity of the return echoes from the basal interface as an additional parameter to210

analyse the basal conditions at the onset region of the NEGS. We follow the approach of Jordan et al.211

(2016) and Jordan et al. (2017), which is based on the method developed by Oswald and Gogineni212

(2008) and Oswald and Gogineni (2012). The return power is calculated from an along-track average213

of the basal return echo and is defined as the integral over a window of samples that represent the214

reflected energy from the bed (equation 1). Before arithmetically averaging along-track, we use the215

bed picks of Franke et al. (2020b) to shift the bed reflection to a single level. The arithmetical216

averages are phase-incoherent, but help to reduce fading effects and to smooth power fluctuations217

(Oswald and Gogineni, 2008). We tested different values for along-track averaging and found a good218

agreement with a constant value of 50 (two times 25 adjacent traces). The size of the range window219

is kept variable and is set for a threshold above 3.5% the noise floor for a section above the bed220

reflection (for further details, see Figure 3 in Jordan et al. (2016)). We follow Jordan et al. (2016)221

and define the integrated power P int , referred to as the bed return power (BRP), by222

Pint =

∫ Llower

Lupper
P (Li), (1)

with the upper and lower limit of the integration window threshold Lupper and Llower , the return223

power of a sample P and the depth range index Li . The full waveform of the basal return in the224

integration window represents an overlay of the secularly reflected energy from nadir and scattered225

energy from along- and cross-track off-nadir (Young et al., 2016). The majority of the scatter from226

off-nadir will arise from across-track reflections because SAR post-processing reduces the footprint227

of return signals in along-track (Raney, 1998). Similar to the approaches of Jordan et al. (2016)228

and Jordan et al. (2018), we implement additional quality control rules. Traces where the window229

for the integration of depth-range bins was smaller than five range bins were abnormally thin and230

abrupt reflections associated with clutter and were removed. The maximum size of the integration231

window is set to 40 range bins to limit the amount of far off-nadir layover signals.232

Radar wave bed return power is corrected for spherical spreading and therefore depends mainly233

on the properties of the ice-bed interface, scattering properties of the bed, anisotropy in the234

ice fabric and dielectric attenuation within the ice column. The largest energy loss is related235

to dielectric attenuation, which depends on ice temperature, chemistry and other impurities in236

the ice column (Corr et al., 1993; Matsuoka, 2011). If dielectric attenuation varies significantly,237

the distinction between basal water and dry sediment is difficult because the effect of englacial238

attenuation can be much more significant than the contrast in reflectivity between a wet and dry239

base (Matsuoka, 2011).240

241

Waveform abruptness242

The intensity of the integrated bed return echo as well as the length of the integration window is243

sensitive to small-scale variations in basal roughness (Cooper et al., 2019), which are not resolved in244

the radargrams and depend on the size of the Fresnel zone. The diameter of the Fresnel Zone for a245

bandwidth of 180—210 MHz and an ice thickness range of 2—3 km is ∼ 60 m. Surface roughness246

and the wavelength of the radar signal determines the nature of the electromagnetic scattering.247



manuscript submitted to Journal of Geophysical Research: Earth Surface 9

However, rough subglacial terrain can produce side reflections, which are difficult to separate from248

the nadir bed echo return. In this case, the footprint of the radar signal and consequently the area249

of the basal backscatter is larger as the Fresnel zone and determined by the beam angle of the250

transmitted signal. To characterize the basal scattering, we follow the approach of Oswald and251

Gogineni (2008) which has been adapted and extensively used in Greenland by Cooper et al. (2019);252

Jordan et al. (2016, 2017) and Jordan et al. (2018) analysing the waveform abruptness of the bed253

reflection. We follow Cooper et al. (2019) and define the abruptness parameter A by254

A =
Pmax

Pagg
, (2)

where Pmax is the maximum amplitude of the basal return echo in the integration window and255

Pagg the integrated basal return power (Oswald and Gogineni, 2008). A large Pmax in a small256

integration window will result in a large value of A. If the reflected energy is distributed over a257

larger integration window, it will decrease the maximum amplitude and result in a small value of258

A (for details see Figure 4 in Cooper et al. (2019)). Hence, high values tentatively indicate the259

dominance of a specular reflector and lower values indicate either the dominance of a diffuse reflector260

(which corresponds to vertical roughness in along-track) or that the nadir reflection is overlaid by261

off-nadir reflections in the integration window (vertical roughness in cross-track). We will refer262

to this scattering-derived roughness as small-scale roughness because it represents roughness of a263

different scale and type than the spectral large-scale roughness.264

Basal water routing265

We compute (potential) subglacial water pathways from the hydrological potential F. We assume266

that the water flow depends on the elevation potential and the water pressure rw (Shreve, 1972).267

Under the assumption of equilibrium between water pressure and ice pressure we can write268

Φ = ρwgb+ ρigH, (3)

where ρw is the density of water, g is the acceleration due to gravity, b is the height of the ice269

base and H the ice thickness (Le Brocq et al., 2009; Livingstone et al., 2013). We apply a simple270

flux routing scheme as described by Le Brocq et al. (2006) to successively compute the number of271

upstream cells (cells that potentially contribute water to this cell) for each grid cell. The equilibrium272

assumption in equation 3 is only valid at large scales (km) and makes the potential especially273

sensitive to the ice surface gradient. Hence, this method cannot account for localised water flow in,274

e.g. channels (more details on our implementation can be found in Calov et al. (2018). We make275

use of bed topography and ice thickness data of the EGRIP-NOR-2018 bed elevation model from276

Franke et al. (2020b) as well as the BedMachine v3 topography (Morlighem et al. (2017); BMv3).277

We use both models as input fields to analyse the sensitivity of subglacial water routing to the bed278

topography. While this method allows for using basal melt rates as input to quantify transported279

water volumes, we chose to simply count the number of upstream cells as a measure for potential280

water pathways. Basal melt rates are poorly constrained for this area, in particular, because281

the spatial variations in geothermal heat flux are subject to considerable uncertainties (Jordan282

et al., 2018; Smith-Johnsen et al., 2019). Nevertheless, we can use the water pathways to estimate283
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the distribution of basal water, particularly for areas where we can infer a thawed base and the284

generation of meltwater by other methods. Several studies have detected or modelled water at285

the base, but the amount of basal water is uncertain and difficult to measure (Fahnestock, 2001;286

MacGregor et al., 2016; Jordan et al., 2018).287

288

Results289

Spatial distribution of spectral basal roughness290

We analysed ∼ 370,000 data points for vertical and horizontal roughness with a spectral analysis291

approach and present our result as the dominating vertical amplitude (ξ) and horizontal wavelength292

(η) over a 2 km MW in along-flow and across-flow profiles in Figure 2. We observe that high ξ, in293

general, correlate with higher η values. Also, the cross-correlation of ξ and η shows higher vertical294

roughness values for the same horizontal roughness in cross-flow profiles compared to along-flow295

profiles. On the linear scale, vertical roughness values vary on the order of four magnitudes and296

horizontal roughness in the order of 2.5. Both basal roughness values and not making a distinction297

between along- and across-flow profiles show distinctly different spatial distributions in two areas:298

upstream and downstream of the EGRIP drill site (Figure 2). We will refer to these two regions as Rup299

(upstream) and Rdown (downstream), respectively, and will present their particular characteristics300

in the following.301

Region Rup shows low vertical and horizontal roughness values for profiles along- and across-flow.302

On average, ξ and η are small for profiles along-flow in the ice stream, while we observe an increase303

of ξ for profiles perpendicular to flow when moving from the upstream end in the south-west towards304

the EGRIP drill site. Across-flow profiles show distinctly different roughness values within and305

outside of the ice stream. Outside of the south-eastern shear margin, η is higher than inside the306

ice stream. Along-flow profiles that are located outside of the ice stream show similar horizontal307

and vertical roughness values as along-flow profiles in the ice stream. The transition zone between308

regions Rup and Rdown is characterised by a dominance of lower vertical amplitudes (ξ) and shorter309

horizontal wavelengths (η). The statistical distribution of roughness values for both, ξ and η, for310

across-flow profiles is much wider. However, it has to be noted that the profiles also extend further311

to the South-East and North-West here than further upstream.312

The bed elevation in the transition area rises about 500 m in flow direction and the average ice313

thickness decreases compared to the region Rup . Both, the vertical and horizontal roughness314

values, are on average higher for along and across flow profiles in the downstream region Rdown in315

comparison to the upstream region Rup . Along-flow profiles show a strong increase in ξ and η, and316

both remain high in value with little variability. Along-track profiles perpendicular to ice flow, ξ317

shows a trend towards increasing values downstream and at the upstream end of region Rdown . The318

horizontal roughness η shows two different domains for across-flow profiles. Low values of horizontal319

roughness dominate in the south-eastern part of region Rdown , which we will refer to as region Reast ,320

and high values in the north-western region Rwest (Figure 2d). The transition from high to low321

values between these two subregions, which we will refer to as Rtrough (Figure 2c), coincides with322

the steep eastern flank of a central ridge as well as with a local topographic low (Franke et al.,323

2020b). In the region Rtrough we observe low vertical roughness values in the centre and higher324

roughness values at the edges of the region. For region Rdown , along-flow profiles located outside325
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of the ice stream, show a similar development in both, ξ and η (Figure 2a and b). For the parts326

of across-flow profiles, which are located outside of the shear margin, we detect the same trend327

of increasing vertical roughness from upstream to downstream (Figure 2c), but not in horizontal328

roughness because it shows greater variability at across-flow profiles (e.g. the difference in η in the329

regions Reast and Rwest in Figure 2d).330
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Figure 2: Survey area at the NEGIS showing (a) along- and (c) across-flow profiles of the vertical
roughness parameter ξ and the horizontal roughness parameter η in (b) along and (d) across-flow
profiles respectively. Both parameters are shown on a logarithmic scale. The background map
represents the EGRIP-NOR-2018 bed topography of Franke et al. (2020b) in meters, referenced to
mean sea-level (EIGEN-6C4 geoid). Histograms a’ and b’ show the distribution of ξ and η for the
along-flow profiles for the upstream and downstream region, respectively (orange and blue outline in
a and b). The y-axis on the histograms represents the kernel density estimation. The distribution of
η in the western and eastern part of the downstream region (red and black outline in d) are shown
in a histogram d’.
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331

Development of ice stream flux in a geometrical context332

Figure 3a shows a radargram oriented along-flow at the location indicated in Figure 1and 4 with a333

red line. This radar section is composed of two profiles and was concatenated at the location of the334

EGRIP drill site. The profile from 0 to 160 km will be referred to as the upstream section and the335

profile from 160 to 280 km as the downstream section. There is an offset between the two profiles336

of 1 km across-flow. For both sections, we tracked two internal reflection horizons, which have a337

respective age of ∼ 30 and 52 ka, respectively, which we transferred from dating of radar reflections338

at the location of the NGRIP ice core (Vallelonga et al., 2014). We will refer to the thickness of339

these two layers as the basal unit between the 52 ka horizon and the bed reflection; and the internal340

unit between the 30 ka horizon and the 52 ka horizon, respectively. The upstream section shows an341

increase of ice surface velocity (Figure 3b) from 12 to 58 m/a over a distance of 150 km. Vertical342

and horizontal roughness (Figure 3c and d) are on average low but vary over two to three orders343

of magnitude. Furthermore, the thickness of the internal and basal unit remains nearly constant344

in the upstream section (Figure 3e). In the downstream section, between 150 and 175 km, we345

observe a decrease of the internal unit thickness, whereas the basal unit thickness remains constant346

downstream to 240 km. The surface velocity in the downstream section shows a small decrease347

between 175 and 210 km and increases thereafter to ∼ 80 m/a. Vertical and horizontal roughness in348

the downstream section is higher on average than in the upstream section. The increase in roughness349

correlates with a decrease in ice surface velocity and also with a decrease in the thickness of the ice350

column. The internal unit becomes thinner while the thickness of the basal unit remains constant.351
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Figure 3: Evolution of several basal and englacial properties in ice flow direction, extending from
far upstream to the downstream end of our survey area (red line in Figure 1 and 4). Because there
is no continuous survey profile, the downstream part (right part of the dashed line) is offset ∼ 1
km to the South-East (transverse to along-flow profile orientation) relative to the upstream profile
(left of the dashed line). The transition between the two profiles marks the position of the EGRIP
drill site (yellow triangle). Ice flow direction is from left to right. (a) along-flow radargrams with
continuously tracked surface (white), two internal ice units (basal unit in purple and internal unit
in green) and bed reflection (red dashed line); (b) ice surface flow velocity; (c) horizontal roughness
η and (d) vertical roughness ξ, both with the same colour code and scaling as in Figure 2; and (e)
the thickness of the internal and basal unit.

Figure 4 shows the downstream section and the spatial distribution of ice surface velocity, flow352

lines indicating the flow path (Figure 4a) of a point on the ice surface, as well as vertical and353

horizontal roughness (Figure 4b and c respectively). Surface flow velocity is about 5-8 m/a higher354

in the eastern part of the section as in the western part. The area of increased ice surface velocity355

correlates with the location of the basal topographic depression (Rtrough) and is also characterised356
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by lower vertical and horizontal roughness. Flowlines in Figure 4a show that ice surface flow in357

the eastern part of the region (yellow flow line in Figure 4a) deviates slightly towards south-east358

(orographic right) as it flows around the central ridge trough the topographic depression, whereas a359

flowline located north-west to the ridge bend less towards the trough (green flow line in Figure 4a).360

Figure 4: Bed and flow properties in the downstream survey region, North-East of the EGRIP
drill site (red triangle). Panel a shows the bed topography and flowlines of the ice surface (ice flow
direction is towards North-East as indicated in Figure 1). Panel b shows the vertical roughness
parameter ξ as well as the ice surface velocity (Joughin et al., 2017) in a range of 54 to 64 m/a
(velocity values lower than 54 m/a are transparent). Panel c shows the same velocity map together
with the horizontal roughness η. Both roughness maps (b and c) show the hillshade of the bed
elevation in the background. The red line on all three maps represents the location of the radar
profile in Figure 3.

Basal return power and waveform abruptness361

In Figure 5 we present the BRPof the basal reflection in (dB) for profiles aligned along-flow (a) and362

across-flow (b). The basal return power, which is corrected for spherical spreading, varies in a range363

of -67 to -20 dB and is on average higher in the downstream region Rdown than in the upstream364

region Rup .365

The BRP for the area around the EGRIP drill site agrees with the data of Christianson et al. (2014)366

and (Holschuh et al., 2014). These two studies analysed the BRP in the immediate surrounding of367

the EGRIP drill site, which they characterised as high return power in the centre of the ice stream,368

low return power in the area of the shear margins and again higher return power outside of the369

shear margins. In the upstream region, the BRP is distributed unevenly inside and outside of the370
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ice stream. In general, the BRP on along- and across-flow profiles within the ice stream is higher371

than outside. Larger values on across-flow profiles in the upstream region are concentrated in a ∼ 10372

km corridor in the middle of the ice stream and show highest values in the centre and an overall373

decrease towards the shear margins. Along-flow profiles inside of the ice stream show a stronger374

BRP than profiles located outside of the ice stream. Downstream of the EGRIP drill site, where375

the ice stream is widening, high return power values are not constrained to the centre of the ice376

stream. Along-flow profiles show a slightly higher variation than across-flow profiles. The strongest377

variations coincide with the location of the central ridge. In contrast to the pattern upstream, the378

high basal return power of across-flow profiles in Rdown extend ∼ 5-20 km beyond the shear margins379

into the slower flowing areas. Furthermore, along-flow profiles located outside of the ice stream,380

show a similar high BRP as profiles inside.381
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Figure 5: Bed echo characteristics for (a and b) basal return power and (c and d) waveform
abruptness for profiles oriented along-flow (a and c) and across-flow (b and d), respectively. Basal
return power is corrected for spherical spreading and displayed in decibel (dB with respect to unity).
Waveform abruptness is expressed as the ratio between the maximum BRP and the integrated
bed return power and is thus unitless. High values (yellow) represent the dominance of specular
reflection and low values (dark purple) the dominance of diffuse scattering of the base. The yellow
and blue rectangular outlines indicate the position of the radargrams in Figure 6.
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Figure 5c and d show the spatial distribution of the waveform abruptness for along- and across-flow382

profiles, respectively. Abruptness values range from 0.03 to 0.6, where smaller values are associated383

with a dominance of diffuse scattering and higher values with more specular reflections. Along-flow384

profiles show significantly lower average abruptness values than profiles oriented vertically to ice flow385

in both, the upstream and downstream region. Furthermore, along-flow profiles in the upstream386

region show slightly higher abruptness values than the downstream region. Across-flow profiles in387

Figure 5d show the highest values in the upstream survey area, which are concentrated in the centre388

of the ice stream. This patch of high abruptness values has a similar extent as the patch of high389

basal return power in Figure 5b. Lower abruptness values in the upstream area are aligned in a zone390

extending 2-5 km from the shear margin to the ice stream centre and outside of the shear zones.391

In the downstream area, high abruptness values are located in a zone of a localised topographic392

depression (Rtrough) as well as in the immediate surrounding of the EGRIP drill site. Abruptness393

values in the downstream region, outside of these two areas are significantly lower.394

Two representative radargrams for the upstream and downstream region with their corresponding395

bed return power and abruptness are shown in Figure 6. An across-flow profile from the upstream396

section (Figure 6a) is indicated with the blue outline in Figure 5b and d and an along-flow profile397

of the transition zone from the upstream to the downstream region is located in the centre of the398

yellow outline in Figure 5a and c. Profile 6a shows high bed return power and high abruptness in399

the centre of the ice stream (outlined with the black dashed line) and outside of the ice stream close400

to the shear margin (white and grey dashed line). The along-flow Profile 6b shows on average a401

constant high basal return power. The waveform abruptness is on average higher between 0-12 km402

along-track and decreases thereafter. This change correlates with a step in the bed elevation, which403

marks a general change of the topographic regime.404



manuscript submitted to Journal of Geophysical Research: Earth Surface 19

Figure 6: Two radar sections (two-way travel time (TWT) on the y-axis) and basal return echo
properties from (a) an across-flow profile (location is indicated in Figure 5b and d with the blue
outline) and (b) an along-flow profile (location is indicated in Figure 5a and c with the yellow
outline). Panels c and d represent the analysis window of the ice-bed interface of the corresponding
radargrams (indicated with the red lines in the radargrams) and their amplitude in dB, which are
not corrected for spherical spreading. Panels e and f show the elevation-levelled basal reflectors and
the corresponding basal return power after along-track averaging. The black outline represents the
window of integration for basal return power. Panels g and h show BRP corrected for spherical
spreading and (i and j) the waveform abruptness. The white dashed lines show the region outside of
the shear margin and the black dashed lines the central part of the ice stream.

405

Basal water routing406

The subglacial water flux follows the gradient of the hydraulic potential. The direction of the water407

pathways is in general oriented towards the direction of ice flow downstream and decreasing ice408

thickness (Figure 7). We compared subglacial water routing derived by the EGRIP-NOR-2018 bed409

elevation model and the BMv3 bed elevation model (blue and red lines in Figure 7 respectively).410

The general pattern is the same: In the upstream region, pathways with the highest inflow lead into411

the ice stream and flow around bed obstacles. About 20 km upstream of the EGRIP drill site, the412

main water pathways lead through the shear margins into the ice stream towards the point of lowest413

bed elevation. The pathway with the highest number of upstream routing cells is entering the ice414

stream from the South-East. About 10 km upstream of the EGRIP drill site the routing inside of the415

ice stream follows the south-eastern shear margin and propagates downstream. Pathways entering416
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the ice stream at the north-western shear margin propagate along the shear margin downstream. At417

the location of the drill site, the ice stream widens from ∼ 25 km to ∼ 60 km at the downstream end418

of our survey area and two dominant pathways develop in the ice stream: One on the south-eastern419

side of the ice stream with a higher number of upstream cells, and a second on the western side of420

the NEGIS. About 40 km downstream of EGRIP, the south-eastern path changes its location from421

the eastern shear margin to the local trough (our subregion Rtrough), continuing in ice-flow direction422

and then switching its location back to the shear margin after another 40 km. The north-western423

pathway stays more or less in the area of the shear margin. Summarizing, the water routing in the424

downstream area seems to predominantly follow the location of the shear margins and local troughs425

in the bed topography in the ice stream.426
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Figure 7: Basal water routing pathways calculated based on EGRIP-NOR-2018 bed elevation
(Franke et al. (2020b); in blue) as well as pathways calculated with the bed elevation model BMv3
(Morlighem et al. (2017); in red). The basal water routing colour saturation represents the number
of accumulated upstream cells. Pixels containing less than 100 upstream cells are transparent.
High values and dark colours represent pathways that transport larger amounts of upstream cells.
Features 1 – 3 present locations where the routing pathways from the two bed elevation models show
the largest deviations. The background map represents the bed elevation of the EGRIP-NOR-18
data.

We identify three locations where the routing pathways deviate significantly for the two topographies427

(features 1-3 in Figure 7). At all three features, the blue EGRIP-NOR-2018 water routing follows428

preferably the location of the shear margin outline, whereas the BMv3 routing deviates and flows429
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towards the centre of the ice stream.430

431

Figure 8: Histograms presenting the distribution of (a) vertical basal roughness, (b) horizontal
basal roughness, (c) waveform abruptness and (d) basal return power for profiles oriented along-
and across-flow for the location inside of the ice stream. Blue bins represent along- and red bins
across-flow profiles. The y-axis shows the kernel density estimation.

Discussion432

The analysis and interpretation of the conditions of the ice base inferred by airborne radar sounding433

data are subject to several uncertainties resulting from radar data processing, the energy loss in434

the ice column as well as the interpretation of basal roughness parameters. We address these435

uncertainties in detail in the appendix.436

Interpretation of large-scale basal conditions437

The observation of higher large-scale vertical roughness values in the faster-flowing area of our study438

region does not conform with the results of other roughness studies in West Antarctica (Bingham439
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and Siegert, 2009; Diez et al., 2018; Rippin et al., 2014; Siegert et al., 2005, 2016). These studies440

conclude that fast ice flow is mostly topographically controlled and associated with a smooth bed,441

while slow-flowing areas are characterised by a rougher bed and the absence of a trough. Rippin442

et al. (2011) suggest that a smooth bed hints to a decrease of basal drag, favouring high ice-flow443

velocities. In contrast to our study, those study areas were concentrated mostly on the terminating444

part of glaciers. Therefore, we cannot directly relate to the interpretations from studies investigating445

outlet glaciers and ice streams.446

Because our region of interest is located in the interior of the GrIS near the onset region of NEGIS,447

where ice flow velocity increases from 10 to 80 m/a, our observations and inferred properties suggest448

that the smooth bed, which is probably temperate, facilitates ice-flow acceleration, in particular449

when liquid water is available at the base. Cooper et al. (2019) find several slow-flowing regions450

in Greenland. These are among them a sub-region of our survey area similar to our upstream451

region Rup .452

The generally higher values of vertical roughness in across-flow profiles in comparison to along-flow453

profiles in the cross-correlation of ξ and η (Figure 8a and b) is an indication that the bed has been454

modified by ice flow. A higher ξ across-flow is very likely caused by streamlining of the bed in ice flow455

direction. In the upstream region Rup , we find a clear trend towards higher vertical roughness along456

flow inside of the ice stream. We interpret that increasing ice flow velocities enhance streamlining457

at the bed, which is supported by the observations of Franke et al. (2020b), who interpret off-nadir458

side reflections as an indication for the presence of elongated subglacial landforms in this part of459

the NEGIS.460

Further downstream the ice stream slows down on its northern side due to a step in the bed461

topography and a general change of the terrain, which might be due to a change in bedrock type,462

and thus a higher mean vertical roughness, which is probably not related to ice flow. At this point463

the flux of ice into the ice stream probably cannot be compensated by acceleration, thus causing464

the stream to widen to increase downstream flux. In the upstream part, the low vertical roughness465

facilitates the acceleration of the ice stream, as the NEGIS can compensate the influx of ice through466

the shear margins and without changing its width.467

In contrast to the large-scale roughness, the small-scale roughness is defined by the reflection pattern468

and energy distribution of the bed echo. The resolution of a single point can range from ∼ 60 m,469

which is the footprint of the Fresnel zone, to several 100s of meters if off-nadir side reflections470

interfere with the nadir return signal. For the analysis of the small-scale roughness, it is assumed471

that the energy reflected from a diffuse reflector in a large integration window should be proportional472

to the reflected energy of a specular target in a small window. The small-scale roughness is a473

measure for bed roughness in the across-track dimension of a radar profile. Low abruptness values474

indicate a rather diffuse reflection and high values a rather specular reflection transverse to the flight475

trajectory. If an intersection of two profiles shows a high value of A in an across-flow profile and a476

low A on an along-flow profile, we can infer a geomorphologic anisotropy, that indicates streamlining477

in ice flow direction (Figure 8c). This anisotropy is significant in the centre of the ice stream in the478

upstream region (Figure 5c and d) and supports the hypothesis of a streamlined bed.479

In contrast to the pattern in the waveform abruptness, we find no significant directional anisotropy480

in basal return power (Figure 8d). The basal return power can be influenced either by the scattering481

characteristics of the base, englacial energy loss due to folded internal layers or scattering, the482
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thermal state of the ice as well as the availability and amount of liquid water at the base or a483

combination of these factors. Because there is no erosional trough, we do not observe significant484

changes in ice thickness between the ice stream and its surrounding.485

Englacial attenuation should be higher in the ice stream than in the surrounding ice (Matsuoka486

et al., 2012) and probably highest at the shear margin due to an increase in ice temperature by487

internal shear. The temperate ice in the shear margins will probably have the largest effect on488

attenuation of the BRP for the entire survey region. The steeply dipping englacial reflectors, as489

indicated in Figure 6a, will, however, only reduce BRP in the shear margin area (Keisling et al.,490

2014) or other areas with pronounced internal deformation.491

An explanation for the high BRP in the centre of region Rup could be interpreted as an indication492

for weak, porous, water saturated sediment, following similar interpretations of Rippin et al. (2011).493

Due to the subglacial routing system, water is continuously channelled towards the ice stream and494

weakens the subglacial sediments, which could have a potential stabilising effect on the ice flow495

(Bougamont et al., 2014). Our routing paths indicate that basal water does not leave the ice stream.496

Consequently, the base is increasingly lubricated, reducing basal shear stress and facilitating basal497

slip.498

The analysis of basal water routing shows that in the downstream region the water is distributed499

towards the shear margins. This pattern is much more consistent in the routing scheme calculated500

with the new high-resolution EGRIP-NOR-2018 bed topography. This highlights the importance501

of high-resolution bed elevation models to determine the subglacial water routing accurately. The502

funnelling of water towards the shear margins could explain why basal return power in the shear503

zones is higher in the downstream part than further upstream. This supports the hypothesis that504

the geometry of the NEGIS is strongly influenced by the subglacial hydrology system (Perol et al.,505

2015). Only a few regions in our survey area would be candidates for a topographically controlled506

positioning of the shear margins. Basal water is distributed to both shear margins and propagates507

downstream without changing the general flow pattern along the shear margins. If the position of508

the shear margins is particularly sensitive to the subglacial water pathways, this could facilitate the509

ice stream at this position.510

As the shear margins in the upstream regions of NEGIS appear not to be constrained by the511

bed topography or the basal substrate, their location might be fluctuating over time, allowing a512

more sensitive reaction to large-scale changes in the entire catchment area. Temporal variations513

in the surface slope of the ice sheet in Northeast Greenland, caused by changes in accumulation,514

distribution of surface melt or ocean forcing, can influence the subglacial water pathways Karlsson515

and Dahl-Jensen (2015). Hence, a warming climate with changes in the surface mass balance516

and characteristics in central Northeast Greenland may also influence the positioning of the shear517

margins of the NEGIS, or ice streaming in general.518

Localised geomorphological and geological features519

The abrupt increase of ξ and η in region Rdown is probably associated with a change in lithology520

because the roughness change coincides with a general change of topographic terrain properties.521

Downstream of the EGRIP drill site, the bed elevation is higher and the topography much more522

variable than upstream. A difference in horizontal roughness of the eastern (Reast) and the western523
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region (Rwest) of the downstream area (Figure 2d) as well as the local variations of vertical roughness524

in region Rtrough (Figure 2c), could be explained by a different geomorphological setting. In this area,525

the interpretation scheme of Li et al. (2010) would explain the roughness distribution well. Reast526

shows a topographic depression and faster ice flow, low η and ξ indicate material which is easier to527

erode. The geomorphic interpretation for the western region Rwest , showing higher η and ξ, could be528

a mountainous setting with minor erosion and deposition of sediments and slower ice flow (Li et al.,529

2010). A setting similar to the downstream area of our survey region can be found in Antarctic ice530

streams: a central ridge oriented along-flow, showing evidence for elongated subglacial landforms531

and indicating long term ice flow, and a several meters thick sediment. This has been reported for532

the Rutford ice stream (King et al., 2009) as well as Pine Island Glacier (Bingham et al., 2017;533

Brisbourne et al., 2017).534

The increase of ξ along ice flow, the anisotropy of basal roughness, as well as the high waveform535

abruptness values in across-flow profiles within the ice stream in the upstream region Rup , indicate536

the development of elongated subglacial landforms inside of the ice stream. This is consistent with537

other observations (Christianson et al., 2014; Franke et al., 2020b). In several along-flow profiles on538

the central ridge in the downstream region Rdown, we observe a side reflection pattern beneath the539

bed reflection, indicating side reflections of along-flow oriented structures (for details see Franke540

et al. (2020b)). The pattern is similar to the bed striations found by Arnold et al. (2019), which are541

probably caused by glacier flow and suggest that elongated subglacial landforms are also present in542

this part of the survey area.543

The appearance of elongated subglacial landforms can also occur at the shear margins of NEGIS,544

where Riverman et al. (2019) find flow parallel features composed of saturated, soft, high-porosity545

till. Elongated subglacial landforms like mega-scale glacial lineation can form on soft beds, but also546

on hard-beds, although the generation of hard bed streamlining probably takes more time or higher547

ice flow velocities (Krabbendam et al., 2016). Because the ice surface velocities at the location where548

we interpret elongated subglacial landforms are comparably low, we argue that these landforms were549

probably generated on a soft and deformable bed. This interpretation is also in agreement with the550

findings of unconsolidated sediments of Christianson et al. (2014). In the upstream region basal551

roughness patterns in along-flow profiles outside and inside the ice stream (Figure 2a and b) are552

similar, which indicates that the basal properties, and thus potentially basal substrate do not vary553

across the shear margins. Vallelonga et al. (2014) showed that sediments around the EGRIP drill554

site are present outside of the shear margin and suggested based on this findings, that the location555

of the shear margin could shift its location and maybe response to a rerouting of basal water.556

In the downstream region we observe a decrease in acceleration of the ice stream. Higher average557

vertical roughness contribute to an increase basal resistance and a slope in the bed topography558

decreases the local driving stress in this region. Around the location of the EGRIP Camp, the ice559

stream is widening and the ice thickness is reducing by ∼ 700 m. The thinning appears not to be560

uniform over the entire ice column, as the lowermost ice layer, until 200 m above bedrock, does not561

change its thickness (Figure 3a and e). This could be interpreted as a transition in the stress regime562

from pure to simple shear at the base of the ice and thus less basal gliding. Indeed, a decrease in563

ice flow velocity can be observed at this location, which could be caused by a decrease in gliding.564

An increase of internal shear and deformation within the ice would also raise the enthalpy and565

enhance meltwater production, but additional water appears not to be compensating the effect of566

the enhanced roughness. The basal unit retains its thickness for more than 100 km further along567
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flow, which could be explained by decreased longitudinal stretching. This process would indicate an568

increased rate of internal deformation (Bons et al., 2018).569

The drawdown of internal layers at the outer edges of the shear zone (e.g. Figure 6a) indicates high570

melt rates just outside of the ice stream. Thermomechanical modelling supports this finding and571

suggests that the shear margins are associated with the development of temperate ice condition572

near the bed, with temperatures exceeding the pressure melting point (Perol and Rice, 2015).573

Three-dimensional thermomechanical modelling suggests that fast ice flow in the centre of our574

survey region is facilitated in part by thermally softened ice at the shear margins. The dipping575

reflectors reduce the return power close to the shear margin in the upstream region. A difference576

between the up- and downstream regions could be explained by less basal water upstream, as the577

effect of the dipping reflectors should not be changing along flow. At the transition from Rup to578

Rdown , basal return power is equally high in the centre of the ice stream as in the margin region and579

beyond, which points to greater amounts of basal water. The transition zone of these two patterns580

is characterised by spots of high basal return power located outside of the ice stream (see Figure 6a)581

at the onset of the shear margins (red dashed regions in Figure 9). A part of the water is probably582

produced at the shear margin itself, due to an increase of shear stress caused by the higher velocity583

gradient. This interpretation agrees with a subglacial hydrology modelling study by Riverman et al.584

(2019). They suggested that subglacial bedforms in the shear margins are created by melt out of585

sediment within the ice column. The share of power loss due to steeply dipping internal reflectors586

in the upstream and downstream region is probably in the same order of magnitude. Therefore,587

regardless of the attenuation caused by variations in impurity content, temperature or dipping588

reflectors, the increase of basal return power at the shear margins in the downstream region is589

most probably related to a change of reflectivity at the base and most likely by a higher amount of590

subglacial water.591
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Figure 9: Summary of the basal properties of the (a) upstream and the (b) downstream survey
region.

Synopsis of NEGIS characteristics592

A summary of the key findings and interpretations for the basal conditions of the NEGIS in the593

onset region are presented in Figure 9. Our results support the hypothesis and mechanisms proposed594

by Christianson et al. (2014). In the onset region of NEGIS, available meltwater and the presence595

of a soft, deformable bed provide lower resistance for sliding and facilitate accelerated ice flow.596

Given increasing velocities in the upstream region, the soft bed is most likely strongly deformable,597

leading to longitudinal geomorphological bedforms. Decreasing ice thickness with faster ice flow598
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and higher basal melt rates change the hydraulic potential such that more water is routed into the599

ice stream from neighbouring areas. With increasing shear stress in the shear margins, additional600

water is produced by higher velocity gradients. Further downstream, where the ice stream widens,601

basal water is pushed towards and beyond the shear margin, partly because of the local topography602

and lithological properties, partly because of surface slopes of the ice surface. This leads to less603

resistant basal properties at the margins and enables a widening of the ice stream. Inside of the ice604

stream in the downstream area, basal shear stress is on average higher than upstream and the bed605

topography more variable. This produces non-uniform lateral ice surface velocities and an increase606

in the rate of internal deformation of the basal ice unit.607

608

Conclusions609

We characterised the basal properties of the onset region of NEGIS and discussed involved physical610

processes. The analysis of basal roughness and basal return echoes shows a distinct change of basal611

conditions at the position where the ice stream widens. We conclude that a smooth, deformable612

and lubricated base helps to initiate or at least favour ice flow acceleration at the onset of the613

NEGIS. The positioning of the shear margins and the pathways of subglacial water flow shows614

an immediate relationship between the ice stream extent and the subglacial hydrology system.615

Regionally extending our interpretation, the involved processes could have a significant impact on616

the ice dynamics and ice stream catchments of Greenland in a warming climate. Large areas of617

the Greenland ice sheet show indications for a smooth and temperate bed. With the increase of618

the area, where melt-generated surface water can drain to the bed, towards higher elevations, more619

regions could, therefore, become a potential point of initiation of faster ice flow, and potentially620

develop farther inland reaching ice streams. The drilling of the East Greenland Ice Core down to621

the bed will provide further insights into NEGIS’ characteristics and dynamical processes, especially622

into fabric distribution, thermal structure, sediment properties and geothermal heat flux. As shown623

by our analyses, useful additional information to constrain the basal conditions can be provided by624

spatially extensive and closely-spaced geophysical surveys. Considerable insights could be obtained625

by further seismic soundings further upstream and downstream and borehole drilling to the base.626

However, these are time-consuming and expensive to acquire over a large area. To fully constrain627

the basal boundary conditions for ice flow models, a sufficient coverage of the middle and lower628

sections of NEGIS are needed.629
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Appendix668

Uncertainties669

Several uncertainties can influence the results and interpretation of the spectral bed roughness670

parameters. This accounts in particular for small values of ξ in conjunction with η. A major671

uncertainty arises from missing or ambiguous bed reflections and how continuous the tracking of672

the basal event is applied. In rough terrains, automatic trackers, e.g. of reflection power, often673

create zigzag or step patterns whereas manual picking is often characterised by straight lines.674

A combination of both methods may represent the best possible way to pick the bed geometry675

efficiently. Still, it will have an impact on both vertical and horizontal roughness values, in particular676

when ξ is small. The uncertainty decreases if larger vertical amplitudes come into play. Li et al.677
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(2010) introduced schematic interpretations for geomorphic settings based on the combination of ξ678

and η, which we will refer to as cases in the following. For example, low ξ and high η (case 1) can679

refer to a marine setting with intensive deposition of sediments. Low ξ and low η (case 2) could680

imply a continental setting after intensive erosion. For minimal values of ξ, this categorisation is681

accompanied with a high uncertainty based on the radar data or bed topography product and the682

method of the ice-bed interface detection. For example, automatic or semiautomatic picking with a683

maximum power tracker might lead to a high-frequency zigzag pattern leading to case 2 (erosion).684

Manual picking at locations where a tracker is not useful can smooth the surface and would favour685

case 1 (deposition). Therefore, we argue that an interpretation of subglacial landscapes with low ξ686

are difficult to interpret in combination with η, even though the bed reflection is quality checked and687

picked very accurately. A robust interpretation of small ξ, regardless of high or low η, is that the688

base is smooth. Without additional data like radar wave scattering properties, seismic information689

about the basal substrate’s lithology, or an indication for the presence of water at the base, further690

interpretations have low confidence. Another source of uncertainty are off-nadir/side reflections that691

are difficult to distinguish from nadir reflections. Only coherent and phase-sensitive radar depth692

sounders with multiple cross-track antenna elements and appropriate 3D processing algorithms693

can compute the direction angle of the reflected signal (Paden et al., 2010). A better estimate694

of the effect of cross-track roughness is the scattering-derived waveform abruptness (Oswald and695

Gogineni, 2008; Jordan et al., 2017; Cooper et al., 2019). However, this method does not consider696

side reflections from far off-nadir angles.697

Several uncertainties result from the mostly unobserved physical bulk properties of the ice column698

and their lateral variation, mainly across the ice stream. We anticipate an effect of ice crystal699

anisotropy on the basal return signal due to a different expected preferred orientation in the crystal700

fabric in the ice stream, outside of the ice stream and in the area of the shear margins. However,701

overall we consider it as a negligible effect on the BRP (Matsuoka, 2011), given the magnitude702

of other uncertainties. The most significant uncertainty will arise from the unknown dielectric703

attenuation of the ice column from impurity loading and temperature, which is difficult to estimate704

for an ice stream. It is challenging to estimate the effect of englacial attenuation in our survey area705

because ice temperature has not been sufficiently constrained yet. For an ice stream, we have to706

consider three different lateral domains, with unknown dielectric attenuation: the fast-flowing central707

part of streaming ice, the slow-flowing part outside of the ice stream and the shear margins. Finally,708

in general, a layer of temperate ice of finite thickness might be present above the bed (Humbert709

et al., 2018). As we cannot constrain its presence further because of missing measurements, we do710

not consider it in our evaluation. An additional feature, influencing the bed return intensity can be711

internal layers of altered ice or containing entrainments of basal material which reduce the return712

energy of the bed. We find areas of large folds south-west of the EGRIP drill site outside of the713

ice stream. Therefore, we excluded this region because the strong internal deformation and bed714

entrainments appear to disturb the reflection power of the base significantly.715

Further uncertainties are related to data acquisition and processing. Another source of uncertainty716

for the BRP can arise during SAR processing of the radar data. Focusing of scattered signals717

effectively shifts energy from multiple unfocused pixels into a single pixel. As a consequence, poor718

focusing due to position errors or directional scattering may cause the return power to deviate719

from the ideal case. Furthermore, the steeply dipping reflectors due to englacial layer folding in the720

vicinity of the shear margins will most likely reduce the reflected energy from the ice-basal interface721
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underneath this zone. The energy loss probably occurs due to destructive interference in trace722

stacking, energy dispersion through SAR processing and off-nadir ray path losses (see Holschuh723

et al. (2014) for details).724
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Olesen, and René Forsberg. Basal Settings Control Fast Ice Flow in the Recovery/Slessor/Bailey798

Region East Antarctica. Geophysical Research Letters, 45(6):2706–2715, mar 2018. doi: 10.1002/799

2017gl076601. URL https://doi.org/10.1002%2F2017gl076601.800

https://doi.org/10.1038%2Fncomms6052
https://doi.org/10.1038%2Fncomms6052
https://doi.org/10.1038%2Fncomms6052
https://doi.org/10.5194%2Ftc-8-1-2014
https://doi.org/10.1002%2F2016jf004033
https://doi.org/10.5194%2Ftc-12-3097-2018
https://doi.org/10.1016%2Fj.epsl.2014.05.060
https://doi.org/10.1002%2Fjqs.627
https://doi.org/10.1146%2Fannurev.earth.33.092203.122621
https://doi.org/10.1146%2Fannurev.earth.33.092203.122621
https://doi.org/10.1146%2Fannurev.earth.33.092203.122621
https://doi.org/10.3189%2F2012jog11j033
https://doi.org/10.5194%2Ftc-13-3093-2019
https://doi.org/10.1029%2F93gl01395
https://doi.org/10.1130%2Fg32687.1
https://doi.org/10.1130%2Fg32687.1
https://doi.org/10.1130%2Fg32687.1
https://doi.org/10.1002%2F2017gl076601


manuscript submitted to Journal of Geophysical Research: Earth Surface 33

C.F. Dow, A. Hubbard, A.D. Booth, S.H. Doyle, A. Gusmeroli, and B. Kulessa. Seismic evi-801

dence of mechanically weak sediments underlying Russell Glacier West Greenland. Annals of802

Glaciology, 54(64):135–141, 2013. doi: 10.3189/2013aog64a032. URL https://doi.org/10.3189%803

2F2013aog64a032.804

Julian A. Dowdeswell, Colm Ó Cofaigh, and Carol J. Pudsey. Thickness and extent of the subglacial805

till layer beneath an Antarctic paleo–ice stream. Geology, 32(1):13, 2004. doi: 10.1130/g19864.1.806

URL https://doi.org/10.1130%2Fg19864.1.807

G. Durand, O. Gagliardini, L. Favier, T. Zwinger, and E. le Meur. Impact of bedrock description808

on modeling ice sheet dynamics. Geophysical Research Letters, 38(20):n/a–n/a, oct 2011. doi:809

10.1029/2011gl048892. URL https://doi.org/10.1029%2F2011gl048892.810

Olaf Eisen, Anna Winter, Daniel Steinhage, Thomas Kleiner, and Angelika Humbert. Basal roughness811

of the East Antarctic Ice Sheet and indications for the basal thermal state. Annals of Glaciology812

(in press), pages 1–14, 2020.813

H. Eisermann, G. Eagles, A. Ruppel, E. C. Smith, and W. Jokat. Bathymetry be-814

neath ice shelves of western dronning maud land, east antarctica, and implications on815

ice shelf stability. Geophysical Research Letters, n/a(n/a):e2019GL086724, 2020. doi: 10.816

1029/2019GL086724. URL https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/817

2019GL086724. e2019GL086724 2019GL086724.818

M. Fahnestock. High Geothermal Heat Flow Basal Melt, and the Origin of Rapid Ice Flow in819

Central Greenland. Science, 294(5550):2338–2342, dec 2001. doi: 10.1126/science.1065370. URL820

https://doi.org/10.1126%2Fscience.1065370.821

M. Fahnestock, R. Bindschadler, R. Kwok, and K. Jezek. Greenland Ice Sheet Surface Properties822

and Ice Dynamics from ERS-1 SAR Imagery. Science, 262(5139):1530–1534, dec 1993. doi:823

10.1126/science.262.5139.1530. URL https://doi.org/10.1126%2Fscience.262.5139.1530.824

Francesca A.M. Falcini, David M. Rippin, Maarten Krabbendam, and Katherine A. Selby. Quantify-825

ing bed roughness beneath contemporary and palaeo-ice streams. Journal of Glaciology, 64(247):826

822–834, sep 2018. doi: 10.1017/jog.2018.71. URL https://doi.org/10.1017%2Fjog.2018.71.827

Steven Franke, Daniela Jansen, Tobias Binder, Nils Dörr, John Paden, Veit Helm, Daniel Steinhage,828
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J. A. Dowdeswell, B. Dorschel, I. Fenty, K. Hogan, I. Howat, A. Hubbard, M. Jakobsson,975

T. M. Jordan, K. K. Kjeldsen, R. Millan, L. Mayer, J. Mouginot, B. P. Y. Noël, C. O'Cofaigh,976
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