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estimates. Radar-based metrics such as reflectivity and specularity have 
been used to characterize subglacial hydrologic conditions that are linked 
to spatial variations in basal shear stress. We explore whether radar 
metrics can be used to inform models about basal shear stress. At 
Thwaites Glacier, West Antarctica, we sample basal shear stress 
inversions across a wide range of ice sheet models to see how the basal 
shear stress distribution changes in regions of varying reflectivity and 
specularity. Our results reveal three key findings: (1) Regions of high 
specularity exhibit lower mean basal shear stresses (2) Wet and bumpy 
regions, as characterized by high reflectivity and low specularity, exhibit 
higher mean basal shear stresses (3) Models disagree about what basal 
shear stress should be at the onset of rapid ice flow and high basal melt 
where reflectivity is low.
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ABSTRACT. Ice sheet models use observations to infer basal shear stress,7

but the variety of methods and datasets available has resulted in a wide range8

of estimates. Radar-based metrics such as reflectivity and specularity have9

been used to characterize subglacial hydrologic conditions that are linked to10

spatial variations in basal shear stress. We explore whether radar metrics can11

be used to inform models about basal shear stress. At Thwaites Glacier, West12

Antarctica, we sample basal shear stress inversions across a wide range of ice13

sheet models to see how the basal shear stress distribution changes in regions14

of varying reflectivity and specularity. Our results reveal three key findings:15

(1) Regions of high specularity exhibit lower mean basal shear stresses (2) Wet16

and bumpy regions, as characterized by high reflectivity and low specularity,17

exhibit higher mean basal shear stresses (3) Models disagree about what basal18

shear stress should be at the onset of rapid ice flow and high basal melt where19

reflectivity is low.20

1 INTRODUCTION21

Glaciers and ice streams discharge ice from the interior of the Antarctic Ice Sheet to the ocean at a rate22

which is largely controlled by conditions at the ice-bed interface (Schoof, 2007). The influence of subglacial23

conditions on basal friction - and by extension on ice flow - is key to modeling the future potential evolution24
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of the Antarctic ice sheet. Direct borehole observations over small areas of the ice sheet have been used to25

characterize the ice-bed interface by studying subglacial hydrologic systems (Hubbard and others, 1995) and26

basal friction (Pfeffer and others, 2000), but repeating these direct observations over the entire Antarctic27

Ice Sheet is logistically challenging. As such, alternative geophysical observational methods and forward28

models are typically used to analyze basal conditions over spatially extensive regions. Geophysical methods,29

such as seismic reflection (King, 2004) and radar sounding (Dowdeswell and Evans, 2004), are useful tools to30

indirectly characterize the ice-bed interface by inferring the locations of subglacial water (Chu and others,31

2016), distribution of basal channels (Schroeder and others, 2013), and bed morphology (Smith, 1997).32

However, most individual geophysical surveys are limited to the local glacier scale and there are only a33

handful of repeated surveys (e.g., NASA Operation IceBridge) that cover larger areas of the Antarctic Ice34

Sheet.35

Due to the lack of extensive physical observations on a catchment scale, basal shear stress is typically36

inferred from remote sensing observations (typically surface velocity and ice thickness) using control or data-37

assimilation methods (MacAyeal, 1993). However, the inferred basal shear stress is sensitively dependent38

on the details of the input dataset, the choice of the sliding law, the control method, and regularizations39

therein (Morlighem and others, 2010; Seroussi and others, 2013; Sergienko and Hindmarsh, 2013; Zhao and40

others, 2018). As a result, for the same area of an ice sheet, inversions can give a wide range of estimates41

for basal shear stress (Seroussi and others, 2020).42

A major uncertainty in the inversion of basal shear stress is associated with the variation between sliding43

laws that describe the relationship between basal friction, bed roughness and rheology, and subglacial44

hydrology (Weertman, 1957; Lliboutry, 1968; Budd and others, 1979). The two most prominent theories,45

proposed by Weertman (1957) and Lliboutry (1968), describe sliding at the bed aided by bed features at46

various spatial scales. In Weertman (1957), sliding at the bed is dominated by two processes; regelation47

due to the pressure melting of ice and viscous creep around obstacles. In contrast, Lliboutry (1968) and48

Iken (1981) argued that cavitation plays a dominant role in influencing sliding, where the pressure from49

water-filled basal cavities results in small obstacles not influencing basal sliding to the extent considered in50

Weertman (1957). Röthlisberger (1972) also theorizes subglacial drainage channels which are maintained51

by melt due to the heating from turbulent flow of water, and are influenced by basal sliding due to changes52

in ice pressure. To make an informed decision on which sliding law is appropriate for modeling basal shear53

stress, it is therefore important to constrain bed characteristics, roughness, and subglacial hydrology.54
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Previous studies have characterized subglacial hydrology using other observable geophysical methods55

and investigated their relationship with basal friction. Kyrke-Smith and others (2017) utilized seismic56

profiles to infer acoustic impedance in order to estimate mechanical basal conditions. Comparisons between57

the seismic observations and high resolution basal shear stress inversions show that there is a stronger58

correlation between acoustic impedance and basal slipperiness or basal drag at scales longer than the ice59

thickness (>7 km) compared to smaller scales. Other studies have used airborne radar sounding to infer60

characteristics and spatial variations of subglacial hydrology using bed reflectivity (i.e., brightness of bed61

echo returns) and specularity content (i.e., relative contribution of specular (mirror-like reflections) signals62

to the total returned bed energy) (Schroeder and others, 2013; Chu and others, 2021). Das and others63

(2023) conducted correlation experiments and found no strong correlation between relative reflectivity64

and the sliding-law parameter used to control basal friction in numerical ice sheet models. These studies65

have suggested a potential link between the spatial distribution of subglacial hydrology and basal shear66

stress based on geophysical observations. In this study, we examine the statistical relationship between67

subglacial hydrology and basal shear stress in more detail by combining numerical ice sheet models and68

a high resolution radar sounding dataset from the Amundsen Sea Sector in West Antarctica. Our study69

site is Thwaites Glacier, located in the Amundsen Sea Embayment, which is a dominant contributor to70

Antarctic Ice Sheet mass loss (Pritchard and others, 2009).71

2 DATA AND METHODS72

2.1 Radar Sounding Observations73

We use published radar bed reflectivity and specularity content observations from two airborne radar74

sounding studies to characterize subglacial hydrologic conditions at Thwaites Glacier (Chu and others,75

2021; Schroeder and others, 2013). The radar metrics were calculated from radar sounding data measured76

by a High Capability Airborne Radar Sounder (HiCARS) system with a 60 MHz center frequency and 1577

MHz bandwidth (Peters and others, 2007). The data was collected as part of a campaign that conducted78

airborne radar sounding surveys of the Amundsen Sea Embayment during the 2004/2005 austral field79

season (Holt and others, 2006; Vaughan and others, 2006).80

Bed reflectivity describes the brightness of returned bed echoes and is mostly influenced by the difference81

in dielectric permittivity between two materials (Peters, 2005). A vertical transition between ice and liquid82

freshwater results in a 10 - 15 dB increase in reflectivity relative to the surrounding ice-bed interface83
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Fig. 1. Site Map indicating radar flight tracks (black line) (Chu and others, 2021), shear margin (dotted grey line)
(Schroeder and others, 2013), with (A) MEaSUREs ice velocity (Rignot and University Of California Irvine, 2017;
Mouginot and others, 2017), (B) BedMachine v3 bed topography (Morlighem and others, 2020; Morlighem, 2022) &
REMA hillshade (Howat and others, 2022), (C) basal shear stress inversion from Sergienko and Hindmarsh (2013)
and (D) JPL1 ISSM basal shear stress inversion (Seroussi and others, 2020)
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(Peters, 2005; Chu and others, 2016; Young and others, 2016). We use relative reflectivity from Chu and84

others (2021) which captures spatial variations within a study site as opposed to absolute reflectivity which85

is influenced by many unknown parameters specific to the site (Peters and others, 2007; Chu and others,86

2021).87

Specularity is a measure of the angular distribution of the bed echo power, with values ranging from88

0 to 1. Differences in ice-bedrock interface geometry produce unique scattering signatures that can be89

used to characterize interface roughness and subglacial hydrology. Thus, specularity content is typically90

interpreted to indicate a change in interface roughness (Schroeder and others, 2013). Smooth interfaces will91

return sharp mirror-like reflections. This results in higher specularity values (>0.3) that are thought to be92

indicative of a smooth interface such as a region of low bed roughness or subglacial lakes with flat surfaces.93

Conversely, diffuse interfaces will scatter energy in all directions and have a low specularity content (<0.3)94

(Schroeder and others, 2013; Young and others, 2016; Chu and others, 2021). The goal of our study is95

not to definitively distinguish between the influence of bed roughness versus material contrast on bed96

reflectivity or specularity content; but to explore whether these radar metrics correspond to any changes97

in basal shear stress suggested by ice sheet models. This is also the reason why we choose to combine both98

relative reflectivity and specularity content (each sensitive to a different degree to the presence of subglacial99

water or changes in bed roughness) to provide a more comprehensive interpretation of basal conditions at100

Thwaites Glacier.101

2.2 Model-Inferred Basal Friction102

Basal shear stress on a continental scale is typically inferred from inverse methods in ice sheet models103

(Sergienko and others, 2008; MacAyeal, 1992; Pattyn and others, 2017) using large-scale remote sensing104

measurements such as ice velocity, surface elevation and ice thickness. We use previously published basal105

shear stress inversions from a subset of Antarctic ice sheet model simulations included in the most recent106

Ice Sheet Model Intercomparison project (Seroussi and others, 2020). The subset of models include: AWI107

PISM1, JPL1 ISSM, PIK PISM1, UCIJPL ISSM, UTAS ElmerIce, VUB AISMPALEO, DOE MALI, NCAR108

CISM. Each modeling group participating in ISMIP6 uses their own inversion method to initialize the basal109

shear stress field, which is then held constant for the transient simulations of future ice sheet behavior110

which are the focus of the inter-comparison exercise. Thus, this ensemble of inversions is a representative111

sampling of the best estimates of basal shear stress which are used to predict future ice sheet behavior. We112
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have also added the inversion from Sergienko and Hindmarsh (2013) which includes some finer resolution113

(kilometer-scale) features not present in ISMIP6 inversions. Most inversions examined in this study use114

some variation of the control method described in MacAyeal (1993) to minimize the misfit between the115

observed and modeled ice sheet surface velocities (Morlighem and others, 2010). The control method uses116

a cost function and subsequent optimizations to reduce the error between a forward model’s output and117

observations such as surface velocity or topography (Ranganathan and others, 2021). Different modeling118

groups use different variations of the cost function in MacAyeal (1993) and apply their own regularizations119

and optimizations as well. For example, some cost functions may prioritize reducing the velocity misfit in120

slow moving regions (Morlighem and others, 2010), while other cost functions may not consider velocity121

direction and only reduce misfit in the magnitude of velocities (Zhao and others, 2018). Other models use122

transient spin-up methods (Schoof, 2006; Pollard and DeConto, 2012) that assimilate observations to nudge123

the output to minimize the mismatch between modeled and observed data. Ultimately, such differences124

in inversion methodology and input data lead to a wide range of predicted basal shear stress among the125

models considered here. Since direct observations of basal shear stress are sparse (or absent entirely in some126

regions, including the region we consider in this study), inversions are not validated against observations.127

Thus, we instead consider a representative sample of nine inversions and analyze where these inversions128

agree and disagree with each other in terms of their statistical relationship to radar sounding metrics.129

2.3 Statistical Methods for Comparison of Radar Observations and Modeled Data130

Due to varying spatial resolutions of the basal shear stress inversions used in this study and the higher131

resolution of radar data, all inversions of basal shear stress were interpolated onto the radar flight track132

coordinates. The nearest neighbor basal shear stress value to each coordinate on the radar track was133

mapped onto that point unchanged. If that exact basal shear stress value was absent, the next closest134

basal shear stress value within a 5 km radius was used.135

Prior studies (e.g., Kyrke-Smith and others (2017); Das and others (2023)) have attempted to quantify136

the relationship between measures of subglacial hydrology and basal shear stress using regression methods137

and generally failed to do so except at spatial scales larger than 7 km. The same is true for the radar and138

basal shear stress data used here. We first examined the linear regression between the modeled basal shear139

stress and the two radar indices, relative reflectivity and specularity respectively. On a basin scale, the140

largest Pearson correlation coefficient observed across all models was 0.419 between VUB AISMPALEO141
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basal shear stress and relative reflectivity. There is no significant relationship that can be deduced using142

regression techniques between basal shear stress and radar metrics for subglacial hydrology at any length143

scale. Instead, we use sampling statistics to determine if radar metrics can be used to classify regions with144

statistically significant variations in basal shear stress. After sub-sampling the model-based values of basal145

shear stress using every possible permutation of reflectivity and specularity thresholds, we analyze how146

the mean basal shear stress changes across different inversions and different radar metric thresholds. Basal147

shear stress samples with less than 100 values are not considered to ensure that any changes in the basal148

shear stress distribution are not due to individual outliers within small sample sizes. We also identify where149

regions of significant deviation in mean basal shear stress occur and how they relate to other variables such150

as surface ice velocity and bed topography.151

Finally, we used two-sample Kolmogorov-Smirnov testing to verify whether sub-sampling basal shear152

stress on the basis of radar data produces a statistically significant difference in the sub-sampled basal shear153

stress distribution compared to randomly sampling the same number of points from the entire basal shear154

stress dataset. The two-sample Kolmogorov-Smirnov test (henceforth referred to as KS test) is a hypothesis155

test that evaluates the difference in cumulative distribution functions (CDFs) of two datasets and can be156

used to evaluate whether both samples share the same continuous distribution (Dimitrova and others,157

2020)). In KS testing, our null hypothesis is that the sub-sampled data and the overall basal shear stress158

data share the same distribution, which would indicate that reflectivity and specularity are not useful tools159

for discriminating regions with different basal shear stress. Rejecting the null hypothesis for a particular160

reflectivity and specularity threshold is a useful way to identify regions with different basal shear stresses.161

Samples that make up 70 percent or more of the inversion dataset are not considered as these are likely to162

be representative of the entire dataset and have well known issues when inferring the difference between163

distributions. The KS test is overly sensitive for large sample sizes and detects a statistically significant164

difference between the sub-sampled data and the complete basal shear stress dataset even if the actual165

difference is negligible (Sullivan and Feinn, 2012; Larson, 2018). Due to this sensitivity to sample size, we166

perform the KS test on data sub-sampled on the basis of reflectivity and specularity and a random sample167

of the same size to avoid a Type I error which occurs when the null hypothesis is rejected incorrectly.168
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Fig. 2. 2A and 2B show the high-high plots for the inversion from Sergienko and Hindmarsh (2013) and JPL1
ISSM inversion (Seroussi and others, 2020) respectively. Thresholds of specularity > X and relative reflectivity > Y
are applied for sub-sampling. 2D and 2E show the low-low plots for the inversion from Sergienko and Hindmarsh
(2013) and JPL1 ISSM inversion respectively. Thresholds of specularity < X and relative reflectivity < Y are applied
for sub-sampling. The colormap for 2A, 2B, 2D & 2E represent the deviation in mean basal shear stress of the sample
from the overall basal shear stress distribution. Figures 2C and 2F show where seven or more inversions agreed on the
sign of deviation from mean basal shear stress on the high-high plot and low-low plot respectively. Colored markers
indicate the inter-model mean of the deviation in mean basal shear stress for that relative reflectivity and specularity
threshold.
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3 RESULTS169

We investigate whether using reflectivity and specularity thresholds as sampling criteria produce statisti-170

cally significant differences in basal shear stress across a range of model inversion products. The results171

from sub-sampling are illustrated in Figure 2 in a 50x50 grid, where each grid square reflects the deviation172

in mean basal shear stress for a sub-sample based on either maximum or minimum thresholds of specularity173

and reflectivity, with respect to the mean basal shear stress over all radar flight lines. Though we have174

calculated these basal shear stress deviations for all nine inversions considered in this study, Figures 2A and175

2D plot results for the inversion of Sergienko and Hindmarsh (2013) and Figures 2B and 2E plot results of176

the JPL1 ISSM inversion from ISMIP6 (Seroussi and others, 2020). In Figures 2A and 2B (referred to here-177

after as "high-high" plots), we apply a combination of reflectivity and specularity thresholds to sub-sample178

each inversion such that specularity is greater than X and relative reflectivity is greater than Y where X179

and Y correspond to values on the x-axis and the y-axis. Conversely in Figures 2D and 2E (referred to180

as "low-low" plots), the combination of reflectivity and specularity thresholds applied are specularity less181

than X and relative reflectivity less than Y.182

We identify three regimes in Figure 2 where sub-sampling with reflectivity and specularity thresholds183

lead to a substantial and coherent deviation in mean basal shear stress across most (or all nine) inversion184

products as verified by KS testing. While the range of spatial variation in basal shear stress differs between185

the models, the sign of deviation in mean basal shear stress is consistent across models for Regime 1 and186

Regime 2. Regime 1 occurs in areas where specularity is > 0.85, and there is a significant decrease in187

mean basal shear stress from 1 kPa up to 81 kPa depending on the inversion product. Regime 2 occurs in188

areas where relative reflectivity is between 20 dB and 35 dB and specularity is typically < 0.1 (though the189

exact reflectivity and specularity boundaries vary depending on the inversion). In this bright but diffuse190

bed environment, there is a significant increase in mean basal shear stress from 3 kPa up to 160 kPa191

depending on the inversion product. Finally, regime 3 occurs in dim bed areas where relative reflectivity is192

< -20 dB where there is a significant deviation in mean basal shear stress across all inversions. However,193

inversions disagree on the sign of this deviation in mean basal shear stress. Three inversions indicate a194

significant increase in mean basal shear stress from 2 kPa up to 88 kPa depending to the inversion product.195

Conversely, the remaining six inversions indicate a significant decrease in mean basal shear stress from 7196

kPa up to 17 kPa depending on the inversion product.197
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4 DISCUSSION198

In regions of high specularity (Regime 1 identified in Figure 2A and 2B), a lower mean basal shear stress was199

observed across all inversions. Reflected radar energy from smooth ice-bedrock interfaces is specular due to200

minimal scattering (Schroeder and others, 2015; Young and others, 2016). Regions of high specularity have201

also been proposed as the location of broad canals incised into the subglacial till below Thwaites Glacier202

(Schroeder and others, 2013) or spatially continuous subglacial water sheets, which are both thought to203

reduce basal friction over large regions (Walder and Fowler, 1994; Creyts and Schoof, 2009).204

Regions of low specularity and high reflectivity (Regime 2 identified in Figure 2A and 2B) show a higher205

mean basal shear stress across all inversions. The combination of low specularity and high reflectivity is206

thought to be indicative of wet regions with a rough ice surface, which would be seen in concentrated207

Röthlisberger channels of water incised upward into the basal glacier ice (Schroeder and others, 2013).208

Such concentrated channels reduce the water flow through extensive distributed drainage systems, and so209

are thought to increase basal friction on average (Schoof, 2010), which is consistent with our findings of210

higher mean basal shear stress in these regions.211

Regions of high specularity and lower mean basal shear stress are located in the upstream reaches of the212

Thwaites catchment, while regions of low specularity, high reflectivity and higher mean basal shear stress213

are located in the downstream reaches of the Thwaites catchment. It has been theorized that the transition214

from a distributed to channelized water system at Thwaites Glacier is accompanied by an increase in basal215

shear stress (Schroeder and others, 2013). Our results are consistent with this prior hypothesis where we216

see an increase in mean basal shear stress from Regime 1 to Regime 2. We independently identify this217

transition in Figure 3A and 3C which is consistent with the transition identified in Schroeder and others218

(2013).219

Regions of low reflectivity (Regime 3 identified in Figure 2D and 2E) are indicative of a dry bed and220

show strong deviations from mean basal shear stress over the whole Thwaites study within particular221

inversions, but the sign of the deviation is not consistent between inversions. Three inversions considered222

in this study have high basal shear stress in low reflectivity regions, while the other six inversions have low223

basal shear stress. This region of disagreement between inversions is occurring at the onset of rapid ice224

flow and high basal melt (i.e., where ice velocity is approximately 250 m yr-1 in Fig 3B and 3D denoted by225

the purple contour). The location of onset of rapid flow is known to vary widely between models due to226

Page 11 of 18

Cambridge University Press

Journal of Glaciology



For Peer Review

Haris and others: 11

Fig. 3. Spatial plot to observe variations in regions of significant deviation in mean basal shear stress. (A) Region
1 where there is high specularity and Region 2 where there is high reflectivity and low specularity with MEaSUREs
ice velocity (Rignot and University Of California Irvine, 2017; Mouginot and others, 2017), (B) Region 3 where there
is low reflectivity with MEaSUREs ice velocity. (C) Region 1 and Region 2 with BedMachine v3 bed topography
(Morlighem and others, 2020; Morlighem, 2022) and REMA hillshade (Howat and others, 2022), (D) Region 3 with
BedMachine v3 bed topography and REMA hillshade. The box in (A) and (C) represents our identified transition
from a distributed to channelized system accompanied by an increase in mean basal shear stress. The purple contour
line in (B) and (D) represents where ice velocity is 250 m yr-1.

Page 12 of 18

Cambridge University Press

Journal of Glaciology



For Peer Review

Haris and others: 12

generally inadequate treatments of the thermo-mechanical conditions in ice stream onset regions (Mantelli227

and others, 2019; Mantelli and Schoof, 2019). Models taking part in ISMIP6 may also differ on the location228

of streaming ice flow due to differing horizontal resolution or ice flow approximations (Payne and others,229

2000; Hindmarsh, 2009).230

Other studies have also investigated the correspondence between indirect geophysical measures of sub-231

glacial hydrology to basal shear stress. Das and others (2023) calculated correlations between radar reflec-232

tivity and sliding law parameter (representative of basal friction) for 3 models and were unable to find a233

strong correlation. Kyrke-Smith and others (2017) found that there may not be a discernible relationship234

between subglacial hydrology and basal shear stress at short length scales (below 7 km), as they observed no235

correlation between acoustic impedance and basal shear stress within seismic profiles. However, a stronger236

correlation was observed when values were averaged over an ice thickness scale and distinct profiles were237

compared. Our study is consistent with the conclusions of Das and others (2023) and Kyrke-Smith and238

others (2017). We were unable to find a statistically significant relationship between basal shear stress239

and reflectivity or specularity using regression techniques across radar profiles. However, we do identify240

at least two useful radar metric thresholds for identifying regions of substantial deviations in basal shear241

stress which are statistically distinct from random sampling of basal shear stress data. This novel approach242

has also revealed that regions of low reflectivity indicative of a dry bed consistently occur at the zone of243

Thwaites Glacier where ice starts to flow fast. However, basal shear stress inversions tend to disagree about244

the basal shear stress in this region, thus requiring better constraints to be able to model ice flow in this245

region more accurately. The relationship between subglacial hydrology and basal shear stress may not be246

apparent at short length scales which are filtered out by ice sheet dynamics (Raymond and Gudmundsson,247

2005) and may not be apparent in surface velocity which is the main constraint for basal shear stress248

inversions. Many sliding laws quantify the relationships between ice velocity, basal shear stress and basal249

water pressure. However, other factors may also play a role in controlling basal sliding, and radar sounding250

provides independent constraints on those factors that may not be captured by current inversion methods.251

5 CONCLUSION252

Different ice sheet models use different methods and datasets to compute sliding law parameters, resulting253

in a wide range of estimates for basal shear stress. In this study, we have shown that radar sounding254

can be used to identify regions of low reflectivity characterized by a unique radar signature where models255

Page 13 of 18

Cambridge University Press

Journal of Glaciology



For Peer Review

Haris and others: 13

produce widely differing constraints on basal shear stress. Presently, ice velocity and thickness are the main256

constraints for inversions. Radar sounding can potentially provide an independent constraint on subglacial257

properties that have been previously theorized to influence basal shear stress through subglacial hydrology.258

Such threshold constraints could be incorporated into control methods using inequality constraints, for259

which there are existing optimization methods (Bryson and others, 1963). However, reflectivity and specu-260

larity are affected by parameters other than subglacial hydrologic systems such as properties of subglacial261

material (till vs bedrock, etc.). While results from this study have shown that radar can be useful in262

providing constraints on factors not yet captured by inversions, further work on the theory of basal sliding263

and data assimilation into ice sheet models is required before radar sounding metrics can be used directly264

to inform ice-flow models on subglacial conditions.265

6 DATA AVAILABILITY266

The code used in this study can be found on Github (https://github.com/rohaizharis/inversion_radar2022).267

The bed reflectivity data is from Chu and others (2021) and specularity data is from Schroeder and others268

(2013). The inversions used in this study are from Sergienko and Hindmarsh (2013) and Seroussi and others269

(2020). The interpolated data for use with the code can be found on Zenodo (https://doi.org/10.5281/zenodo.8290523270

). The surface ice velocity from MEaSUREs (Rignot and University Of California Irvine, 2017; Mouginot271

and others, 2017), bed topography from BedMachine v3 (Morlighem and others, 2020; Morlighem, 2022),272

surface elevation hillshade from REMA (Howat and others, 2022), can be found online.273
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