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Evidence that abrasion can govern snow kinetic friction
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Fig. S1.  Rotary tribometer with IR camera.  The tribometer rotated a 30 mm wide x 405 mm centerline diameter x 9.5 mm thick ultra-high-molecular-weight polyethylene ring on a stationary annulus of compacted and sintered snow. Except for a minor radial speed gradient and a small slot (< 3% of the circumference) in the slider ring, the tribometer established nominally uniform conditions around the snow-slider interface. The slider surface was slightly glossy, with average roughness height of 0.65 m. The camera captured a thermal image of a 9.7 mm x 7.7 mm stationary snow patch for each revolution of the slider (1.24 m of travel).  A torque cell supported the snow tray and measured its reaction to slider friction.
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Fig. S2. Characteristic data from tribometer with persistent snow-slider contacts. Test 170419 at 2.7 kPa and -8.9°C: (a) IR-based snow-surface temperatures and (b) tribometer friction and speed. Test 170509 at 0.82 kPa and -19.7°C: (c) IR-based snow-surface temperatures and (d) tribometer friction and speed. Average and maximum temperatures increased throughout tests, but maximum temperatures remained well below 0°C. Friction increased significantly at the start of 170419 and then leveled off as the test continued. Friction increased continuously during test 170509, suggesting that conditions did not reach steady state owing to the test’s lower air temperature and normal pressure.
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Fig. S3. Variation in friction coefficient with concurrent snow-slider interface temperature. The tribometer data are 30-s average values at the start (Initial) and end (Final) of each test with persistent contacts. Bladder-sled data are steady-state values from field trials in Greenland of fuel-bladder sleds (Lever and Weale, 2012), which used various techniques to increase interface temperatures (heating blankets, sled insulation, solar gain from black covers) to improve sled efficiency (Lever and others, 2016). The tribometer and field data all show similar trends of decreasing friction with increasing interface temperature. In general, friction coefficients were higher at the start of each tribometer test, possibly because the slider initially broke or abraded the few contacting snow grains before contact area and increased abrasion resistance.
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Fig. S4.  Images taken during and after test 170518b. Full-frame 9.7 mm x 7.7 mm IR images taken during the test (a – d, red – warmest, blue – coldest) show evolving snow-grain contacts after 48 m, 110 m, 174 m and 221 m of slider travel, respectively. A registration pin inserted after the test coordinated the images and enabled us to identify the same evolved contacts (example circled) on post-test IR image (e), visible-light micrograph (f) and mosaic of SEM micrographs (g). SEM images (h – i) show the lower portion of the circled region at greater magnification. The red arrow in (i) points to a deposit of wear particles that sintered and bridged the pore space and were themselves rubbed flat during the test. Surface-deposited ice grains from SEM preparation cast shadows on the flat-topped contact surfaces (blue arrows point to examples). Slider travel was from bottom to top on all images, and the circles measure 2 mm diameter on images (a – g).
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Fig. S5. Evolution of a contact area from test 170518a (circled area of Fig. 2). The enlarged IR images a – c show the progressive growth and merger of the contacting shapes. The SEM image (d) shows the resulting components that constituted this contact area: enlarged, abraded snow grains (outlined in red); fully in-filled “tiled” deposits of sintered wear particles (e.g., red arrows); partially filled, lacy deposits of sintered wear particles (e.g., blue arrows). 
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Fig. S6. SEM images showing effects of condensation and sublimation on snow sample from test 170328. Images (a) and (b), taken at -180°C, show frost crystals from surface condensation during a short delay in loading the sample into the SEM. Images (c) and (d) were taken after the allowing the SEM chamber to rise to -80°C to show the effects of sublimation. The arrows point to small interstitial grains in (a) that became sharp-edged and raggedy looking in (b) and eventually disappeared.  The surfaces of the grains became etched during sublimation (d).
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Fig. S7. Evolution of snow-slider contacts for test 170328, where shear-failure (global snow movement) occurred partway through the test. (left) Total contact area ratio and average contact temperature. (right) Number of contacts in view of the IR camera and average contact area. Also shown are predictions based on abrasive wear, Equations (6 – 11), with k = 1.0 x 10-4 used to fit measured area evolution before shear failure occurred (about 350 m of slider travel). 
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Fig. S8. Ice hardness variation with temperature. The data are from the trendline drawn by Barnes and Tabor (1966) through their measurements at high impact rates (~ 10-4 s duration). The parabolic fit (main paper Equation (11)) captures the rapid drop in hardness at temperatures above -3°C and the near-linear variation at colder temperatures noted by Barnes and Tabor. The quadratic fit, H = -0.1689T2-7.564T+10.56 MPa, provides a similar-quality fit to the data below -3°C but may over-estimate ice hardness near 0°C.
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Fig. S9. (upper) Flexible fuel-bladder sleds towed in Antarctica in 2009. The left-most sled had 46 thermocouples installed along its 20-m length, flush with the sled-snow interface, and the tractor towed the sleds through an instrumented load pin to measure towing resistance (Lever and Weale, 2012). Similar instrumented sleds were towed in Greenland in 2010 (Lever and others, 2016). (lower) After passage of the bladder sleds, the snow surface produced specular reflection in direct sunlight.

Table S1. Parameters used to model the steady-state thermal response of the bladder sleds.
	Ksled = 0.45 Wm-1K-1
	sled = 2.5 x 10-7 m2s-1
	Ksnow = 0.34 Wm-1K-1
	snow = 3.7 x 10-7 m2s-1

	Kgrain = 2.2 Wm-1K-1
	grain = 1.2 x 10-6 m2s-1
	p = 6.4 kPa
	R = 0.10 mm

	Antarctica
	U = 2.9 ms-1
	 = 0.070
	T_air = -29.1°C

	Greenland
	U = 2.2 ms-1
	 = 0.088
	T_air = -16.3°C
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