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Abstract:

Streamlined subglacial bedforms observed in deglaciated landscapes 
provide the opportunity to assess the sensitivity of ice dynamics to bed 
characteristics across broader spatiotemporal scales than is possible for 
contemporary glacial systems. While many studies of streamlined 
subglacial bedforms rely on manual mapping and qualitative (i.e., visual) 
assessment, we semi-automatically identify 11,628 erosional and 
depositional bedforms, created during and following the Last Glacial 
Maximum, across nine geologic and topographically diverse deglaciated 
sites in the Northern Hemisphere. Using this large dataset of landforms 
and associated morphometrics, we empirically test the importance of 
subglacial terrain on bedform morphology and ice-flow behavior. A 
minimum bedform length-width ratio threshold systematically provides a 
constraint on landform elongation during genesis and minimum 
morphometrics needed to resolve such bedforms in remote sensing data. 
Distribution ranges of bedform elongations are remarkably similar across 
all sites regardless of bed characteristics. These similarities in bedform 
metrics regardless of bed properties indicate all bed types may support 
streaming ice conditions. Regionally-constrained topography and easily 
erodible beds host the most elongate bedforms yet the widest range in 
bedform elongation and surface relief. This suggests higher ice-flow 
velocities and continuity of flow paths despite spatially heterogeneous 
landform-generating processes. In contrast, regions with unconstrained 
topography and lithified sedimentary beds contain high conformity in 
bedform density, relief, and elongation, indicating more spatially 
homogeneous interactions at the ice-bed interface and consistency in 
ice-flow velocity. Regardless of whether bedforms are erosional or 
depositional products, we ultimately find a relatively higher sensitivity of 
bedform elongation (i.e., ice streaming speed) to regional topography 
while bedform density is more sensitive to bed lithology. The findings 
presented here should be extrapolated to interpret processes of 
subglacial erosion and deposition, ice-bed interactions, and streaming ice 
flow within contemporary glacial systems.
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1 FILE 2: MAIN DOCUMENT 
2
3 Streamlined subglacial bedform sensitivity to bed characteristics 
4 across the deglaciated Northern Hemisphere
5
6 Abstract (up to 300 words)
7 Streamlined subglacial bedforms observed in deglaciated landscapes 
8 provide the opportunity to assess the sensitivity of ice dynamics to bed 
9 characteristics across broader spatiotemporal scales than is possible for 

10 contemporary glacial systems. While many studies of streamlined 
11 subglacial bedforms rely on manual mapping and qualitative (i.e., visual) 
12 assessment, we semi-automatically identify 11,628 erosional and 
13 depositional bedforms, created during and following the Last Glacial 
14 Maximum, across nine geologic and topographically diverse deglaciated 
15 sites in the Northern Hemisphere. Using this large dataset of landforms 
16 and associated morphometrics, we empirically test the importance of 
17 subglacial terrain on bedform morphology and ice-flow behavior. A 
18 minimum bedform length-width ratio threshold systematically provides a 
19 constraint on landform elongation during genesis and minimum 
20 morphometrics needed to resolve such bedforms in remote sensing data. 
21 Distribution ranges of bedform elongations are remarkably similar across 
22 all sites regardless of bed characteristics. These similarities in bedform 
23 metrics regardless of bed properties indicate all bed types may support 
24 streaming ice conditions. Regionally-constrained topography and easily 
25 erodible beds host the most elongate bedforms yet the widest range in 
26 bedform elongation and surface relief. This suggests higher ice-flow 
27 velocities and continuity of flow paths despite spatially heterogeneous 
28 landform-generating processes. In contrast, regions with unconstrained 
29 topography and lithified sedimentary beds contain high conformity in 
30 bedform density, relief, and elongation, indicating more spatially 
31 homogeneous interactions at the ice-bed interface and consistency in ice-
32 flow velocity. Regardless of whether bedforms are erosional or 
33 depositional products, we ultimately find a relatively higher sensitivity of 
34 bedform elongation (i.e., ice streaming speed) to regional topography 
35 while bedform density is more sensitive to bed lithology. The findings 
36 presented here should be extrapolated to interpret processes of subglacial 
37 erosion and deposition, ice-bed interactions, and streaming ice flow within 
38 contemporary glacial systems.
39
40
41 Keywords: geomorphology, glacial landforms, ice flow, topography, 
42 lithology, ice sheet
43
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44 1. INTRODUCTION
45 Understanding the conditions that control ice-sheet flow is 
46 particularly important for ice streams, conduits of fast-flowing ice at rates 
47 of 102-103 m a-1, due to their ability to efficiently drain and destabilize 
48 glacial catchments and dictate glacial contributions to sea level (Bamber & 
49 Aspinall, 2013; Serrousi et al., 2017; Rignot et al., 2019). The character 
50 of the underlying terrain (i.e., bed) beneath ice streams influences ice-
51 flow velocity and organization by modulating driving stresses, meltwater 
52 production and transmission (Hindmarsh, 2001; Wellner et al., 2001; Hall 
53 and Glasser, 2003; Falcini et al., 2018: Maier et al., 2019; Greenwood et 
54 al., 2021), and spatial variations in ice thickness (Payne & Dongelmans, 
55 1997; Roberts et al., 2010; Eyles et al., 2018). Patterns and rates of ice 
56 flow are commonly linked to known or perceived properties of the bed 
57 including topography and lithology (Clarke et al., 1977; Whillians & van 
58 der Veen, 1997; Cuffey & Paterson, 2010). These properties can have 
59 opposing effects and varying degrees of influence on ice-stream behavior 
60 (De Rydt et al., 2013; Falcini et al., 2018; Greenwood et al., 2021).
61 Areas with negative topographic relief (i.e., valleys and troughs) in 
62 both marine and terrestrial-based glacial systems have the potential to 
63 increase ice streaming due to syphoning and thickening of ice, leading to 
64 increased pressure melting and overall meltwater abundance that 
65 enhance basal sliding and/or sediment deformation (Hindmarsh, 2001; 
66 Eyles et al., 2018). Similarly, ice flow is accelerated through strain 
67 heating of basal ice (McIntyre, 1985; Pohjola & Hedfors, 2003; 
68 Winsborrow et al., 2010b) in areas of positive topographic relief (i.e., 
69 pinning points, ridges, and banks) and regions of high bed roughness 
70 (i.e., spatial variation in surface elevation and slope; Siegert et al., 2005; 
71 Rippin et al., 2011; Falcini et al., 2018). Yet, in other circumstances, 
72 obstacles in the bed and confined topography can enhance basal and 
73 lateral drag, leading to slower ice flow and potential grounding-line 
74 stabilization in marine-terminating systems (Favier et al., 2016; Falcini et 
75 al., 2018; Whillans & van der Veen, 1997). 
76 Bed lithology also plays a fundamental role in ice-bed coupling, 
77 efficiency of meltwater transmission, and sedimentary processes such as 
78 deformation, erosion, and deposition (Weertman, 1957). Permeable 
79 unlithified sedimentary beds allow for water infiltration and enhanced ice 
80 motion due to sediment deformation (Alley et al., 1986; Tulaczyk et al., 
81 2000; Cuffey & Paterson, 2010) whereas more impermeable, “hard” beds 
82 favor the formation of water films that induce basal sliding (Evans et al., 
83 2006; Nienow et al., 2017). Bed lithology also impacts rates of erosion 
84 and deposition in the subglacial environment due to its control on 
85 meltwater transmission and relative hardness differences between the 
86 bed and basal ice (Ng, 1998; Fowler, 2010).
87 Erosion and deposition at the ice-bed interface can create subglacial 
88 streamlined bedforms, elongate in the direction of ice flow, which are 
89 useful indicators of subglacial processes and ice flow across landscapes 
90 (Stokes & Clark, 2001, 2002; King et al., 2009). Hypothesized formative 
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91 processes of streamlined bedforms include bed erosion by meltwater 
92 (Shaw et al., 2008), ice-keel ploughing (Tulczyk et al., 2001; Clark et al., 
93 2003), spatially heterogeneous sediment deposition due to orthogonal 
94 basal pressure variability (Schoof & Clark, 2008), and till deformation 
95 (King et al., 2009). Many bedform types, for example glacial lineations, 
96 are genetically and morphologically similar between paleo and 
97 contemporary glacial systems (King et al., 2009); therefore, the location 
98 of paleo-ice streams is interpreted from streamlined bedforms (e.g. Clark, 
99 1993; Bourgeois et al., 2000; Stokes & Clark, 2001; Clark et al., 2003; 

100 Briner, 2007; Ottesen et al., 2008; Stokes et al., 2013, Spagnolo et al., 
101 2014; Principato et al., 2016).  Streamlined bedforms are commonly well 
102 preserved and mark the final or most prominent phase of ice flow across 
103 the landscape (Clark, 1999; Winsborrow et al., 2010b). While streamlined 
104 bedforms range in size from centimeters to several kilometers in length 
105 and centimeters to tens of meters in amplitude, the elongation (i.e. ratio 
106 of length to width) of bedforms is commonly used to infer characteristics 
107 of ice-streaming speed and direction in deglaciated landscapes. 
108 Qualitative (i.e., visually descriptive) assessment of streamlined 
109 bedforms in deglaciated landscapes is used to interpret ice-flow behavior 
110 and aid in understanding ice-bed interactions applicable to contemporary 
111 glacial systems (e.g., Eyles et al., 2018; Greenwood et al., 2021). Yet, 
112 quantitative (i.e., morphometric and statistical) analysis of streamlined 
113 bedforms is more arduous as these bedforms have low, even sub-meter 
114 vertical relief and typically occur in “swarms” of tens to thousands of 
115 bedforms (Hughes et al., 2010; Ely et al., 2016). Additionally, few 
116 automated bedform identification methodologies have been developed for 
117 glacial landscapes and an even smaller subset have been systematically 
118 applied across multiple sites (e.g., Cazenave et al., 2008; Saha et al., 
119 2011; Wang et al., 2017; Spagnolo et al., 2017). This study uses 
120 topographic positioning index (TPI; Weiss, 2001; Tagil and Jenness, 
121 2008) to calculate “neighborhood” elevation and slope variations to semi-
122 automatically identify subglacial streamlined bedforms from nine 
123 deglaciated landscapes in the Northern Hemisphere (Figure 1). This large, 
124 geographically diverse dataset of streamlined bedforms is unique in that it 
125 contains both depositional and erosional forms associated with ice flow of 
126 four former ice sheets. We aim to identify the sensitivity of ice streaming 
127 to variable bed conditions as inferred from bedform relationships with bed 
128 topography and lithology. 
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129
130 2. METHODOLOGY AND METHODS 
131 The land-surface areas of each of the nine study sites range from 1,128-
132 15,000 km2 and include (A) the Puget Lowland in Washington, United 
133 States formerly glaciated by the southern Cordilleran Ice Sheet (CIS); (B) 
134 Northwestern Pennsylvania, United States and (C) Chautauqua, New York, 
135 United States glaciated by the southern Laurentide Ice Sheet (LIS); (D) 
136 M’Clintock Channel, Canada, (E) Prince of Wales Island, Canada, and (F) 
137 Nunavut, Canada glaciated by interior ice streams of the LIS; (G) 
138 Bárðardalur, Iceland glaciated by the Icelandic Ice Sheet; and (H) 
139 Northern Norway and (I) Northern Sweden glaciated by ice streams of the 
140 Fennoscandian Ice Sheet (Figure 1; Table 1).  All sites were glaciated 
141 during the Last Glacial Maximum (LGM, 23,000-19,000 years ago; Hughes 
142 et al., 2013); therefore, the surface-exposed streamlined bedforms 
143 represent LGM and post-LGM ice flow, yet some bedforms may have 
144 formed or been influenced by earlier glaciations. Because this process-
145 based study focuses on bedform morphology and distribution, absolute 
146 age determinations or associations (i.e., when the bedforms formed or 
147 when the sites were deglaciated) are beyond the scope of this project.
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148 Extensive efforts by state and federal agencies to collect high-
149 resolution digital elevation data allow for glacial landforms, formed 
150 directly by ice-sheet advance and retreat across the landscape, to be 
151 mapped at unprecedented spatial scales. Bed topography and lithology at 
152 each site was classified by publicly available digital elevation models 
153 (DEMs) ranging from 2 m vertical and 1.83x1.83 m horizontal resolution 
154 to 2 m vertical and 2x2 m horizontal resolution as well as regional 
155 geology maps (USGS 1999; 2000; Clallam County, 2008; Porter et al., 
156 2018). While the present-day elevations differ from elevations at the time 
157 of glaciation due to GIA, tectonics, and post-glacial landscape erosion and 
158 deposition, we classified topographic setting in the broadest sense as 
159 either “constrained” or “unconstrained” on spatial scales of 101-102 km 
160 (Payne & Dongelmans, 1997). “Constrained” topography is defined as low 
161 elevation surrounded by more elevated regions and “unconstrained” 
162 defined as open, relatively uniform topography. Bed lithology was 
163 generally and regionally classified as “lithified sedimentary”, “unlithified 
164 sedimentary”, “crystalline”, “volcanic”, or “mixed” bed and describes the 
165 bed conditions in which overlying ice would have been in contact with at 
166 the time of glaciation.

167
168 We mapped streamlined bedforms from the nine sites with a 
169 combination of manual identification and TPI, originally developed by 
170 Weiss (2001) for the purpose of characterizing landscapes. TPI utilizes 
171 DEM cell elevation and mean elevation of a defined neighborhood to 
172 calculate slope variations across a landscape. Neighborhood sizes were 
173 determined by assessing the visible range in scales of bedforms present. 
174 At least two neighborhood assessments, ranging from 300 to 2,100 m, 
175 were conducted for each site in order to capture a range in landscape 
176 granularity. Using spatial analyst tools, all positive relief features 
177 identified by TPI, including non-subglacial streamlined bedforms, were 
178 merged into one polygon file (McKenzie et al., 2021). Thresholding of 
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179 bedform metrics such as length, width, orientation, and area attributes 
180 coupled with a manual assessment, conducted by visually removing 
181 incorrectly identified features and adding features missed by TPI, resulted 
182 in a more accurate dataset whose metrics were not influenced by 
183 morphometric threshold sorting (McKenzie et al., 2021).
184 For each mapped bedform, its long-axis length and orientation, 
185 width orthogonal to length, and minimum and maximum elevations (i.e., 
186 change in relief across individual bedform lengths) were calculated 
187 automatically in ArcGIS Pro using the ‘Minimum Bounding Geometry’ and 
188 ‘Add Z Information’ tools. Elevation changes across individual bedform 
189 materials and underlying local topography variations collectively manifest 
190 as the measurement of bedform relief. Automatic calculation of 
191 streamlined bedform length orientation is quantified in degrees, measured 
192 by the rotation of the bedform long axis from due north, and is used to 
193 infer direction of ice flow (Kleman & Borgström, 1996; Clark, 1997; 
194 Kleman et al., 2006). Bedform elongation ratio, calculated by dividing the 
195 bedform length by its width, and parallel conformity (i.e., the standard 
196 deviation of bedform orientation) were calculated in MATLAB and used to 
197 infer both ice-flow velocity magnitude and persistence of ice-flow 
198 pathways where ranges in values are relatively small. The inclusivity of 
199 both erosional and depositional features is a strength to this study, as it 
200 allows for the assessment of topographic and lithologic controls on ice 
201 streaming regardless of landform-generating processes.
202
203 3. RESULTS 
204 In the following sub-sections, we describe the utility of TPI in 
205 identifying streamlined subglacial bedforms, the trends and correlations of 
206 bedform morphology, the occurrence and morphology of bedforms with 
207 respect to bed topography and lithology, and finally, describe the 
208 relationship between spatial orientation and distribution of bedforms 
209 across the nine sites.
210
211 Streamlined subglacial bedform identification
212 Across the nine sites, TPI identified 7,635 bedforms while 3,993 
213 bedforms were manually mapped (i.e., added or adjusted from TPI 
214 mapping), resulting in a total dataset of 11,628 bedforms (Figure 2). The 
215 M’Clintock Channel (Site D) and Puget Lowland (Site A) sites have the 
216 greatest number of bedforms correctly identified by TPI, requiring a lower 
217 proportion number of bedforms to be manually mapped (Table 2). 
218 However, TPI struggled to correctly identify bedforms in northern Sweden 
219 (Site I), where the number of incorrectly identified bedforms exceeded 
220 the number of those that were correctly identified. Additionally, sites with 
221 the greatest number of bedforms manually added to the final dataset 
222 include northern Norway (Site H) and northern Sweden (Site I). Sites with 
223 relatively uniform, high amplitude and evenly spaced bedforms, such as 
224 those in northwestern Pennsylvania (Site B) and Chautauqua (Site C), 
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225 required the least amount of manual bedforms mapping (Figure 2; Table 
226 2).

227
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228
229 Almost all scales of known streamlined bedforms (Ely et al., 2016) 
230 can be resolved by DEMs and identified by TPI, except for bedforms with 
231 low, millimeter to centimeter amplitudes. The mapped bedforms range in 
232 relief from <1 to about 500 m, where bedform relief of 0 m reflects a flat 
233 bedform surface (Figure 3). The Puget Lowland (Site A), a topographically 
234 constrained mixed lithology site, has the greatest number of bedforms per 
235 area, followed by two sites that are topographically unconstrained with 
236 lithified sedimentary beds in Chautauqua (Site C) and northwestern 
237 Pennsylvania (Site B) (Table 2).

238
239 Bedform morphology
240 The streamlined bedforms range in length from 94 to 15,388 m 
241 (mean 1,052 m; median 754 m) and in width from 19 to 2,323 m (mean 
242 219 m; median, 157 m). The Puget Lowland (Site A) bedforms span the 
243 greatest range in width and length of all sites, while Chautauqua (Site C) 
244 bedform length versus width comparisons have the smallest range. While 
245 the bedforms with smaller widths and lengths at all sites overlap in range, 
246 there is less overlap of bedforms with lengths greater than 2,000 m 
247 (Figure 4A). A minimum threshold in bedform length to width appears for 
248 all sites, which indicates that length, at the very least, must be greater 
249 than width for streamlined bedforms to be identified and/or produced 
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250 within resolution of bedforms resolvable in the DEMs. Consistency in peak 
251 elongation ratios for all sites is also observed, with a median elongation 
252 ratio of 5:1, rather than observing distinct (i.e., minimally or non-
253 overlapping) populations (Figure 5; Table 2). The degree of positive 
254 skewness of elongation, or the degree to which the distribution of data 
255 falls to the positive side of the bedform elongation mean, varies by site 
256 with sites Bárðardalur (Site G) and Puget Lowland (Site A) highly 
257 positively skew while sites Chautauqua (Site C) and northwestern 
258 Pennsylvania (Site B) are the least positively skewed.

259

260
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261 The Puget Lowland (Site A) has the highest mean and median 
262 bedform relief range with the greatest range of values than any other site 
263 (Figure 6A; Hoffman, 2015). Prince of Wales Island (Site E), has the 
264 smallest mean and median bedform relief while M’Clintock Channel (Site 
265 D) has the smallest bedform relief of all sites (Figure 6A). The northern 
266 Norway (Site H) site has the highest mean and median bedform 
267 elongation ratio values, while Bárðardalur (Site G) has the greatest range 
268 of elongation ratio of all sites (Figure 6B). Chautauqua (Site C) bedforms 
269 have the smallest elongation ratio mean, median, and range of all sites 
270 (Figure 6B). Overall trends indicate that when comparing individual 
271 bedform elongation and bedform relief, more elongate bedforms 
272 correspond with more uniform bedform relief (Figure 3). Conversely, less 
273 elongate bedforms display greater variation in individual bedform relief 
274 (Figure 3). Utilizing a linear Pearson correlation, bedform length and relief 
275 as well as site lithology and bedform relief have the highest positive 
276 correlation coefficients (Figure S1), while topography and lithology both 
277 have strong correlation to bedform width (Figure S1). Bedform length and 
278 elongation as well as bedform length and width are similarly positively 
279 correlated (Figure S1).

280
281 Bedform orientation and distribution
282 While overall streamlined bedform orientation ranges vary by site 
283 depending on predominant direction of ice flow, the average parallel 
284 conformity (i.e., standard deviation of orientation) of all sites is 26 
285 degrees (Figure 7). Multiple sites, including M’Clintock Channel (Site D) 
286 and Prince of Wales Island (Site E), have notable variations and cross-
287 cutting relationships between bedforms of different orientations, 
288 indicating two temporal flow orientations are preserved, although one 
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289 flow orientation is far more prominent (Figures 2, 7). Two of the 
290 topographically constrained sites, Bárðardalur (Site G) and northern 
291 Norway (Site H), have topographically-influenced variations in bedform 
292 orientation (Figure 7). 

293

294
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295 More elongate bedforms occur in swarms with higher density and 
296 low parallel conformity in the Puget Lowland (Site A) and M’Clintock 
297 Channel (Site D; Figure 8; Table 2). However, the topographically 
298 constrained volcanic bed of Bárðardalur (Site G) contains low density 
299 bedform swarms, maintains high parallel conformity, and yet also has the 
300 most elongate bedforms in the dataset (Figure 8; Table 2). While bedform 
301 density and orientation do not appear to have a relationship with 
302 elongation, there is a general relationship of low parallel conformity with 
303 increased bedform density regardless of bed lithology and topography. 
304
305 4. DISCUSSION 
306 A discussion of the performance of TPI in mapping subglacial 
307 streamlined bedforms is presented in the first sub-section, followed by 
308 discussions of streamlined bedform morphology and their spatial patterns 
309 and implications for landform genesis, ice-bed interactions, and ice 
310 streaming.
311
312 Success of semi-automatic mapping streamlined bedforms in deglaciated 
313 landscapes
314 Previous morphometric studies of streamlined subglacial bedforms 
315 have utilized Fourier spectra data (e.g., Spagnolo et al., 2017), manual 
316 identification (e.g., Principato et al., 2016), and object-oriented automatic 
317 identification (e.g., Saha et al., 2011), but these methods have not been 
318 systematically utilized for multiple geographic locations nor applied to 
319 multi-type bedform datasets. While TPI was originally developed to 
320 classify landscapes and delineate watersheds (Weiss, 2001; Tagil & 
321 Jenness, 2008), its ability to characterize negative and positive relief 
322 features through slope variations is conceptually applicable to many 
323 landscapes. In the context of glacial landscapes, the distinct and similar 
324 elongate morphologies and occurrence of numerous bedforms in close 
325 proximity make streamlined subglacial bedforms well-suited for 
326 identification with TPI. The application of TPI within this study best 
327 identifies bedforms within elongation ratios between 1.1 and 39 (Figure 
328 4), while low amplitude bedforms of >15:1 elongation ratios are more 
329 difficult to map due to small and narrow slope differentiations. Many of 
330 the manually mapped bedforms were visually low-amplitude and/or highly 
331 elongate. Additionally, the two sites with the greatest number of manually 
332 mapped bedforms occurred in northern Norway (Site H) and northern 
333 Sweden (Site I), where the landscapes appeared to be highly reworked or 
334 surficially imprinted by post-glacial processes (Table 2). In general, 
335 features that needed to be manually removed include non-glacial positive 
336 relief features such as modern river banks, fluvial valleys, and bedrock 
337 highs, identified by their location, size, orientation, or lack of any 
338 elongation. 
339 The greatest number of bedforms per area were identified in the 
340 partially unlithified bed site of the Puget Lowland (Site A) and across 
341 lithified sedimentary beds including northwestern Pennsylvania (Site B), 

Page 13 of 30

http://mc.manuscriptcentral.com/esp

Earth Surface Processes and Landforms



For Peer Review

13

342 Chautauqua (Site C), and M’Clintock Channel (Site D). These sites also 
343 had the lowest proportion of bedforms incorrectly identified by TPI as well 
344 as the lowest number of bedforms manually mapped, indicating that 
345 unlithified and lithified sedimentary beds are best suited for semi-
346 automatic mapping of subglacial streamlined bedforms. Conversely, the 
347 crystalline bedrock sites in northern Norway (Site H) and northern 
348 Sweden (Site I) and volcanic bedrock site in Bárðardalur (Site G) had the 
349 greatest proportions of bedforms incorrectly identified by TPI and the 
350 largest fraction of their bedforms were identified manually (Table 2). TPI 
351 therefore does not perform as well on crystalline bedrock sites, potentially 
352 due to smaller relief changes that are not easily identified by the system.
353
354 Sensitivity of ice streaming to variable bed conditions 
355 While sub-meter amplitude bedforms like bedrock striations are not 
356 resolved in the dataset presented here, meter to kilometer scale bedforms 
357 like drumlins, glacial lineations, and grooves are well resolved. Bedforms 
358 across the datasets have significant overlap and positive correlation 
359 between width and length (Figures 4, S1), indicating genetic similarity 
360 between bedforms regardless of whether they formed through erosional 
361 or depositional processes. Additionally, bedform length and width metrics 
362 are more frequently on the smaller side of the data while the largest 
363 length and width metrics are rare (Figure 4), however it is notable that 
364 the longest bedform in this dataset is not also the widest, which highlights 
365 processes of bedform elongation, leaving bedforms with high length 
366 values with relatively small widths (Puget Lowland (Site A)). 
367 The multi-site, multi-type bedforms identified in this work, formed 
368 on different continental masses and by different ice sheets, are similar in 
369 morphology to the bedforms across single geographic regions and those 
370 binned as either depositional or erosional forms (e.g., Stokes and Clark, 
371 2002; Saha et al., 2011; Spagnolo et al., 2014; Principato et al., 2016). 
372 This similarity in bedform morphologies, furthermore, supports the idea of 
373 genetic relationships between all streamlined subglacial bedforms. Novel 
374 to this study, we find a minimum length to width ratio (i.e. elongation) of 
375 1.12:1 indicating that barely elongate bedforms are (1) resolved in the 
376 dataset and (2) occur at all observed scales as minimum bedform width 
377 and length values linearly increase across the dataset (Figure 4). This 
378 indicates a ubiquitous lower-size limit by which streamlined bedforms may 
379 be resolved in remote sensing data. The unimodal distribution around an 
380 elongation ratio of 5:1 and positive skewness in elongation seen in this 
381 work has also been found amongst other morphological bedform 
382 assessments (Figure 5; e.g., Saha et al., 2011; Spagnolo et al., 2014; 
383 Principato et al., 2016; Ely et al., 2016). This similarity suggests that the 
384 full range of bedform elongation represented by this dataset can occur at 
385 a multitude of sites regardless of bed topography and lithology or 
386 climatological and glaciological factors (Table 1). The minimum elongation 
387 threshold and similarity in elongation ranges across sites highlight a 
388 similarity of ice-bed interactions across “soft” and “hard” beds in both 

Page 14 of 30

http://mc.manuscriptcentral.com/esp

Earth Surface Processes and Landforms



For Peer Review

14

389 topographically confined and unconfined settings, suggesting a self-
390 organization of ice-bed processes regardless of site characteristics. The 
391 concept of streamlined bedforms developing as a self-organizing 
392 phenomenon is not novel in the field of glacial geomorphology and has 
393 been suggested to occur independently from local bed lithologic and 
394 topographic conditions (Spagnolo et al., 2017). From the similarities in 
395 bedform morphologies, we suggest regions of ice streaming exhibit 
396 potential for equivalent ice-flow velocities or persistence of ice-flow 
397 pathways regardless of bed character.
398 Topographically constrained sites produce bedforms with the 
399 highest mean and median elongation ratios with the most elongate 
400 bedforms of the overall dataset (Figure 6B; Table 1; Table 2). 
401 Topographic constraint on ice flow results in topographic funneling and 
402 increased ice speed (Hindmarsh, 2001; Wellner et al., 2001; Hall & 
403 Glasser, 2003; Ottesen et al., 2008; Roberts et al., 2010; Eyles et al., 
404 2018). While bedform elongation is enhanced in regions that are 
405 topographically constrained, bedform elongation is not contingent on 
406 bedrock substrate (Figure 6B; Table 1; Table 2), which we interpret 
407 reflects a higher sensitivity of ice streaming velocity and persistence to 
408 bed topography than bed substrate (Stokes & Clark, 2003; Winsborrow et 
409 al., 2010b; Halberstadt et al., 2016; Serrousi et al., 2017; Ignéczi et al., 
410 2018; Greenwood et al., 2021). However, while bedform elongation is not 
411 contingent upon bedrock substrate, the topographically unconstrained and 
412 lithified sedimentary bed sites in Chautauqua (Site C) and northwestern 
413 Pennsylvania (Site B) have the least elongate bedforms, perhaps due to 
414 basal thermal regime or other glaciologic factors influencing bedform 
415 production.
416 We find that small, less elongate bedforms are inter-mixed with 
417 more elongate features and not found solely at the margins of mapped 
418 bedform swarms (Figure 9). An expectation of this observation is at 
419 M’Clintock Channel (Site D) where the largest, most elongate bedforms at 
420 this site are spatially centered in the mapped bedform swarm while the 
421 least elongate bedforms flank the lateral edges (Figure 8). This spatial 
422 organization likely represents a centralized zone of stronger ice streaming 
423 where lateral drag slowed ice flow along the edges. 
424 In considering proximity to ice margin in relation to bedform 
425 elongation, while down-ice variations in elongation have been observed in 
426 other studies (e.g. Colgan & Mickelson, 1997; Stokes and Clark, 2002), 
427 this variation is not observed in our nine study sites. We interpret this 
428 spatial uniformity of bedform elongation relative to ice margin (Figure 8) 
429 to be a result of ice-flow persistence, allowing all bedforms to become 
430 uniformly mature before ice retreat (Benediktsson et al., 2016).
431 Easily eroded beds within topographically constrained regions 
432 produce large variations in bedform surface relief (Figure 6), indicating 
433 the sensitivity of bedform relief to topographic setting despite variations 
434 in bed lithology. Across these topographically constrained and easily 
435 eroded bed substrates, more elongate bedforms correspond with smaller 
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436 individual bedform relief (Figure 3). This pattern is an indication of ice-
437 flow persistence (Benediktsson et al., 2016): persistent processes of 
438 erosion and deposition at the ice-bed interface in conjunction with high 
439 ice velocities produce a more homogenized bedform feature. Conversely, 
440 at these same sites where bed conditions allow for great bedform 
441 elongation variability, the less elongate bedforms correlate with greater 
442 variability in bedform relief (Figure 3). Therefore, in regions where ice 
443 streaming is not as well established or ice velocities are relatively slow, 
444 erosion and depositional processes are more heterogeneous to result in 
445 uneven bedform relief. Topographically unconstrained sites with lithified 
446 sedimentary bed conditions create bedforms with the most uniform 
447 elongation and surface relief (Figure 6), indicating these regions are most 
448 suitable for persistent, low velocity ice streaming producing well-
449 developed processes of erosion and deposition in the subglacial 
450 environment.
451  
452 Impact of ice-flow velocity and persistence on bedform properties and 
453 patterns
454 Sedimentary bed sites, both lithified and mixed bed, have the 
455 greatest number of bedforms per area, suggesting greater potential for 
456 erosion and deposition of bed material (Tables 1, 2). These qualitatively 
457 “soft”, more easily eroded beds allow for greater production and transport 
458 of sediment to the ice margin. Conversely, “hard”, crystalline beds are 
459 more resistant to erosion (Krabbendam et al., 2016; Eyles & Doughty, 
460 2016) and thus to sediment production and transport. The greatest 
461 number of bedforms per area, found on a mixed unlithified sedimentary 
462 bed system with crystalline bedrock, likely occur due to high availability of 
463 unlithified sediments and meltwater presence from strain heating. Strain 
464 heating occurs as ice flows over bedrock highs, collectively allowing for 
465 greater bed erosion, sediment deposition, and ice streaming. Lithified 
466 sedimentary beds were similarly densely populated with streamlined 
467 bedform features (Table 2). Crystalline and volcanic beds have the lowest 
468 bedform densities, suggesting that bed lithology, rather than topography, 
469 is a more dominant control on streamlined bedform density.
470 Regions with highly elongate bedforms correspond with qualitatively 
471 greater flow orientation organization (Figures 6, 8; Table 2). Spatially 
472 stable and/or persistent ice streaming conceptually contributes to spatial 
473 homogeneity in erosion and deposition processes leading to the formation 
474 of consistently orientated and shaped bedforms. Deviations to bedform 
475 orientation occur from both temporal and spatial variations, where 
476 bedforms can be preserved from multiple glaciations or across 
477 constrained topography, respectively. In the case of spatially influenced 
478 orientation, physical constraints on ice-flow direction in topographically 
479 constrained regions are more likely to have greater uniformity in bedform 
480 orientation, regardless of bed lithology or temporal switching of ice-flow 
481 direction like in Bárðardalur (Site G). Lithified sedimentary sites that are 
482 topographically unconstrained have some of the greatest bedform 
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483 densities (Table 2), highest orientation uniformity (Table 2; Figures 7, 8), 
484 and smallest bedform relief and elongation as previously mentioned 
485 (Figure 6), further suggesting these settings are favorable for persistent 
486 ice streaming. 
487
488 5. CONCLUSIONS
489 Despite a few shortcomings with low-amplitude, elongate subglacial 
490 bedforms and landscapes altered greatly by post-glacial processes, the 
491 application of TPI developed in this study highlights its widespread ability 
492 to quickly map thousands of bedforms with little computational time and 
493 less human error and subjectivity. This large, semi-automatically mapped 
494 dataset provides key insight into topographic and bed lithology controls 
495 on ice streaming that should be applied to understanding contemporary 
496 systems through systematically assessing erosional and depositional 
497 subglacial bedforms across nine deglaciated Northern Hemisphere sites 
498 (King et al., 2009).
499 From these results, we learn landform signatures of ice streaming 
500 have remarkable morphometric range similarities regardless of bed 
501 topography and lithology. All regions of ice streaming, measurable by the 
502 presence of streamlined bedforms, are capable of similar ice-flow 
503 velocities regardless of bed characteristics. However, sites with lithified 
504 and unlithified sedimentary beds contain the greatest number of bedforms 
505 per area, indicating bed lithology is a more dominant control on bedform 
506 spatial presence than regional topography. We also find topography has a 
507 first-order control on streamlined bedform elongation and subsequent ice 
508 stream velocity and/or ice flow persistence as evidenced by the role of 
509 topographic funneling (Hindmarsh, 2001; Wellner et al., 2001; Hall & 
510 Glasser, 2003; Ottesen et al., 2008; Roberts et al., 2010; Eyles et al., 
511 2018). Additionally, increased organization in ice flow orientation, 
512 indicated by bedform orientation and parallel conformity, appear to be 
513 characteristic of ice streams in topographically constrained regions. 
514 Conversely, topographically unconstrained lithified sedimentary beds 
515 support synthesis of bedforms with uniform elongation ratios, low 
516 bedform relief, uniform bedform orientation, and high bedform density, 
517 indicating these sites are most suitable for the development of persistent 
518 ice streaming with well organized subglacial erosive and depositional 
519 processes. 
520 Due to the fundamental role of bed topography and substrate in 
521 determining ice dynamics (Clarke et al., 1977; Whillians & van der Veen, 
522 1997; Cuffey & Paterson, 2010; Greenwood et al., 2021), assessment of 
523 streamlined bedform morphologies provides crucial information on bed-
524 related controls to ice flow (Stokes & Clark, 2001, 2002; King et al., 
525 2009). As contemporary ice streams continue to retreat across 
526 environments with variable topography and bed lithology, the use of 
527 preserved streamlined bedforms from paleo-subglacial environments is 
528 highly beneficial to constraining subglacial process sensitivities to variable 
529 bed conditions (e.g., Eyles et al., 2018; Greenwood et al., 2021). 
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