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0 Abstract 13 

Glacier slip is usually described using steady-state sliding laws that relate drag, slip velocity and 14 

effective pressure, but where subglacial conditions vary rapidly transient effects may influence 15 

slip dynamics. Here we use results from a set of laboratory experiments to examine the transient 16 

response of glacier slip over a hard bed to velocity perturbations. The drag and cavity evolution 17 

from lab experiments are used to parameterize a rate-and-state drag model that is applied to 18 

surface observations of velocity and ice-bed separation from the Greenland Ice Sheet. The drag 19 

model successfully predicts observed lags between changes in ice-bed separation and sliding 20 

speed. These lags result from the time (or displacement) required for cavities to evolve from one 21 

steady-state condition to another. In comparing drag estimates resulting from applying rate-and-22 

state and steady-state slip laws to transient data, we find the peaks in drag are out of phase. This 23 

suggests that in locations where subglacial conditions are varying on timescales shorter than 24 

those needed for cavity adjustment transient slip processes control basal drag.  25 
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1 Introduction 26 

Glacier slip velocity over both hard and soft beds is sensitively dependent on subglacial water 27 

pressure (Bindschadler 1983; Hooke and others, 1997; Iken and Bindschadler, 1986; Zoet and 28 

Iverson, 2020) and the transients imposed by water pressure fluctuations (Andrews and others, 29 

2014; Bartholomaus and others, 2008; Harper and others, 2002; 2007). In locations where 30 

surface water can penetrate to the glacier bed, subglacial water pressure may vary dramatically 31 

over timescales of hours to minutes (Andrews and others, 2014; Cowton and others, 2013; 32 

Covington and others, 2020; Iken, 1972), affecting the ice-bed coupling. In circumstances where 33 

subglacial water pressure is changing, glacier slip may be in a continuous state of adjustment in 34 

which steady-state conditions are never fully attained (Tsai and others, 2021). This transient 35 

condition is problematic for describing glacier slip, as most existing slip models are formulated 36 

only for steady-state conditions. Steady-state models are appropriate if the processes that 37 

regulate slip dynamics (e.g., cavity evolution) vary much more rapidly than subglacial conditions 38 

(e.g., water pressure). This is commonly not true, however, as indicated by observations of 39 

subglacial water pressure and slip velocity (e.g., Andrews and others, 2014; Harper and others, 40 

2007; Bartholomaus and others, 2008), which motivates the question: how important are these 41 

transient effects in slip dynamics?  42 

 43 

In numerous instances subglacial water pressure and glacier flow velocity have been measured 44 

coeval and have been shown to relate to one another (Fischer and Clarke, 1997; Harper and 45 

others, 2002; 2007; Iken and Bindschadler, 1986; Kamb and others, 1985). In one example from 46 

the Greenland Ice Sheet (GIS), Andrews and others (2014) placed water pressure transducers 47 

down moulins and boreholes to document changes in subglacial water pressure stemming from 48 

diurnal patterns in surface meltwater production. In their study location, it was hypothesized that 49 

the glacier was slipping over a hard bed and that in some locations cavity development was 50 

widespread, whereas near the moulins well-developed channels had formed (Andrews and 51 

others, 2014), as observed elsewhere. Their observations show a fairly close link between flow 52 

velocity and moulin water pressure, but ice-bed separation related to subglacial cavity size lagged 53 

both increases in water pressure and ice motion.  54 
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 55 

Subglacial water flow affects drag on hard beds through its regulation of subglacial effective 56 

pressure, N, (overburden pressure minus water pressure). The hydrologic configuration affects N 57 

differently depending on the predominant subglacial hydrology: an efficient system of channels 58 

(R channels) often supports low N whereas an inefficient system of linked cavities  often supports 59 

a high N (e.g., Flowers, 2015). For channels to form and remain open requires an abundant supply 60 

of meltwater, commonly from the glacier surface (e.g., Hewitt, 2011; Hoffman and Price, 2014; 61 

Werder and others, 2013), whereas linked cavities remain open primarily through sliding 62 

(Lliboutry, 1968; 1979; Walder, 1986). The ability of linked cavities to exist independent from 63 

surface meltwater input allows them to persist throughout winter months and likely span much 64 

of the glacier base. Cavity geometry depends on the ice slip velocity and the water pressure 65 

(Kamb, 1987; Walder, 1986) and directly affects basal drag. Cavity growth causes drag to be 66 

supplied by smaller and smaller regions of the bed, with adverse bed slopes in areas of ice-bed 67 

contact dictating the balance of forces (Iken, 1981; Helanow and others, 2020; 2021). Therefore, 68 

the state of the ice-bed contact regulates glacier flow velocity but is acutely sensitive to changes 69 

in subglacial water pressure. 70 

 71 

A complicating factor often neglected in force balance estimates is the time-dependent drag 72 

response to a change in velocity (or water pressure) stemming from the finite time (or 73 

displacement) required for cavity geometry to readjust to the new conditions. If cavity geometry 74 

needs to adjust only a small amount when transitioning from one steady-state condition to 75 

another, the transient associated with geometry readjustment (and drag) may be short-lived and 76 

unimportant. In contrast, if the prevailing cavity geometry is far from the new steady state, the 77 

transient may require an extended period of time (or displacement) to reach the new steady 78 

state, and transient drag evolution may largely control slip. 79 

 80 

Slip laws relate drag, velocity, and effective pressure and are usually formulated in terms of 81 

steady-state conditions. For any slip law the transient response in drag to a finite velocity change 82 

could deviate from the steady-state relationship (Fig. 1). The glacier has to then overcome the 83 
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transient drag to reach the new steady state. This path effect is important irrespective of the 84 

form of the steady-state slip law. This scenario becomes more complicated when, rather than 85 

simply moving from one velocity-drag, steady-state condition to another, conditions continually 86 

vary, as is commonly observed beneath glaciers (e.g., Andrews and others, 2014). 87 

 88 

Herein, we study with laboratory experiments slip of temperate ice over a hard bed at various 89 

slip velocities and measure drag and cavity evolution in response to near-instantaneous velocity 90 

steps. This information is used to constrain a transient slip evolution model based on the 91 

framework provided by rate-and-state friction (RSF). The laboratory-derived slip model is then 92 

applied to a glacier of the GIS where continuously recorded surface velocities are used to drive 93 

the RSF model. Through this application the transiently evolving basal drag can be estimated. We 94 

compare the timing of a field proxy for ice-bed separation with the timing of cavity evolution 95 

predicted by the RSF model. We then interpret physical processes of glacier slip in terms of the 96 

time lags among drag, cavity geometry, and slip velocity. 97 

 98 

2.0 Methods 99 

 100 

2.1 Experiments 101 

A large-diameter, ring-shear device (Iverson and Petersen, 2011) (Fig. S1) is used to slide a ring 102 

of temperate ice over a rigid sinusoidal bed (Fig. 2). The device is housed in a walk-in freezer, 103 

while the chamber that contains the ice ring is submerged in an ethylene glycol/water mixture, 104 

which is connected to an external circulator that regulates the fluid temperature. This system 105 

allows the ice to be held at the pressure-melting temperature (PMT) for months at a time with 106 

minimal melt, so that large-displacement experiments can be conducted. Twelve, rigid, sinusoidal 107 

bed pieces (centerline wavelength is 183 mm and amplitude is 15.3 mm) fit together to constitute 108 

the bed at the base of the sample chamber (Fig. 2). The bed is made of Delrin, which is a polymer 109 

with a low friction coefficient and low thermal conductivity. The low thermal conductivity 110 

minimizes regelation (Zoet and Iverson, 2015). During experiments at the PMT, a thin film of 111 
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liquid water at the ice-bed interface minimizes frictional drag, so that nearly all measured drag 112 

results from ice deformation past bed obstacles. 113 

 114 

An ice ring is constructed atop the bed by sequentially flooding ~2 cm thick layers of crushed 115 

deionized ice with chilled deionized water until the ring is ~20 cm thick. Resultant randomly 116 

oriented ice crystals develop a c-axis fabric during flow past bumps that is similar to those of 117 

glacier basal ice (see Zoet and Iverson, 2015). Once the ice ring is constructed, the toothed upper 118 

platen is frozen into the upper surface of the ice ring. Total stress normal to the upper platen is 119 

regulated by a vertical hydraulic ram that can raise or lower the sample chamber to 120 

accommodate cavity growth or decay and melting during experiments. Meltwater can fill cavities, 121 

but excess water is drained through a series of 24 drainage ports around the inner and outer 122 

perimeter of the sample chamber. Water pressure, measured by four vibrating-wire pressure 123 

transducers, is kept very near atmospheric, so the effective pressure (ice pressure minus water 124 

pressure) equals the vertical stress applied by the ram. A displacement transducer (LVDT) that is 125 

mounted at the base of the sample chamber measures its vertical displacement in response to 126 

cavity volume change and melting (Fig. S1) (see supporting text S1 for a more detailed 127 

explanation of cavity volume estimates). Ice melts along the walls, top, and base of the ice ring. 128 

Prior to initiation of slip, the vertical contraction rate from melting is measured and subtracted 129 

from the vertical displacement record for the remainder of the experiment, allowing the residual 130 

vertical displacement to mainly be attributed to cavity expansion or contraction. More details on 131 

the device and experiments can be found in Zoet and Iverson (2015; 2016) and supporting text 132 

S1. 133 

 134 

Once the ice ring is constructed and the ice has reached the PMT, motion is initiated by rotating 135 

the upper platen, which forces slip of the ice over the bed. A steady velocity is set, and the drive 136 

system forces the upper platen to rotate at that velocity while a torque sensor measures the 137 

torque required to rotate the platen, from which area-averaged drag (i.e., shear stress, t) on the 138 

bed is calculated. Friction, 𝜇, is estimated by normalizing the recorded drag,t, by the measured 139 

effective stress, N. Vertical displacement measured by the LVDT allows continuous determination 140 
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of cavity volume. When velocity is stepped, the ice velocity increases essentially instantaneously. 141 

After a steady drag is reached, sometimes taking as long as 14 days, the velocity is again stepped 142 

(Fig. 3). In this study velocity was stepped to 14.5, 29, 58, 116 and 290 m a-1, and effective 143 

pressure was held constant at 500 kPa (within 2%). The LVDT record provides a volume-144 

integrated measurement of the cavity size but no information about cavity shape (see supporting 145 

text S1 for more details). After an experiment is over, the ice ring is extracted from the sample 146 

chamber, and the geometry of the ice sole is precisely measured using a custom-made jig (Fig. 147 

4). This process provides a measurement of cavity geometry at one steady-state sliding velocity 148 

(the final velocity, 290 m a-1). 149 

 150 

2.2 Observations from the Greenland Ice Sheet 151 

We compare results from these experiments to observations of basal water pressures, ice surface 152 

velocity and ice-bed separation made in the Pâkitsoq region (69°27’N, 49°53’W) of the western 153 

GIS during the 2011 and 2012 summer melt seasons (Andrews and others, 2014; Ryser and 154 

others, 2014). 155 

 156 

At the FOXX location, subglacial water pressures were measured in both boreholes and moulins. 157 

In 2011, seven boreholes were drilled using standard hot water drilling techniques (e.g., Ryser 158 

and others, 2014a,b; Andrews and others, 2014). The three boreholes instrumented with 159 

pressure transducers had depths of 614–624 m and either did not drain or drained slowly 160 

following instrumentation. In 2011, one moulin, ~0.3 km from the borehole locations, was 161 

instrumented with a pressure transducer. In 2012, two additional moulins, that were located 1.6 162 

and 1.9 km from the boreholes, were instrumented with pressure transducers. Details regarding 163 

instrumentation methodologies, instrument characteristics, duration, and the conversion of 164 

water level to hydraulic head can be found in Andrews and others (2014) and Ryser and others 165 

(2014a, b). 166 

 167 

In addition to subglacial measurements, Andrews and others (2014; 2018) derived both ice 168 

motion and bed separation from GPS positions at the FOXX and other locations. The station 169 
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design was based on UNAVCO standards for polar regions and antenna height was independent 170 

of ice surface ablation (Andrews and others, 2014). At FOXX, GPS satellite information was 171 

recorded every 15 s using a Trimble Net R5 receiver and Trimble Zephyr Geodetic antenna. 172 

Kinematic GPS positions were estimated using carrier-phase differential processing relative to a 173 

bedrock reference station using TRACK v1.24 (Chen, 1998) and final International GNSS Service 174 

satellite orbits. The 15-s time series was smoothed with a 450-minute moving-average window 175 

to remove erratic data (Fig. S2). 176 

 177 

Bed separation calculations were performed using several surrounding GPS stations following 178 

procedures detailed in Hoffman and others (2011) and Andrews and others (2014; 2018). Vertical 179 

motion at the ice surface is the combination of the vertical component of mean bed-parallel 180 

motion, vertical strain, and vertical motion of the basal ice relative to the bed (bed separation or 181 

cavity formation in the absence of sediments) (Anderson and others, 2004; Hoffman and others, 182 

2011). To isolate ice-bed separation (i.e., cavity opening) (Fig. S2), Andrews and others (2014) 183 

used common procedures (e.g., Mair and others 2002; Anderson and others 2004; Howat and 184 

others, 2008; Hoffman and others, 2011) to remove vertical strain in the ice column and bed-185 

parallel motion from surface elevation measurements. The components of vertical motion and 186 

their uncertainties are documented in Andrews and others (2014, 2018). 187 

 188 

2.3 Rate and state framework 189 

Rate-and-state friction (RSF) is a phenomenological relationship that relates friction of an inter-190 

face to the state of the contacts between two surfaces and has the capability to represent steady-191 

state slip and describe aspects of transient slip. Such a framework has been applied to surging 192 

glaciers (Minchew and Meyer, 2020; Thøgerson and others, 2019) and seismogenic slip of soft-193 

bedded glaciers (Lipovsky and Dunham, 2016; 2017). RSF has also been used to interpret glacial 194 

seismicity for hard-bedded slip (Gräff and Walter 2021; Zoet and others, 2013; 2020) and to infer 195 

links between slip and subglacial cavity development (Thøgerson and others, 2019). RSF can be 196 

used to estimate the slip evolution from one sliding velocity to another through the incorporation 197 

of a “direct effect”, which characterizes the initial change in friction under a steady-state effective 198 
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pressure, and the “evolution effect” that characterizes the return to a new steady-state friction 199 

(Fig. 3). Friction, 𝜇, can be expressed as follows: 200 

 201 

𝜇 ≡ 𝜇(𝑉, 𝜃)	 = 𝜇! + 𝑎 ln .
"
"!
/ + 𝑏	𝑙𝑛 ."!#

$"
/,  (1)  202 

 203 

where a parameterizes the magnitude of the direct effect, b parameterizes the magnitude of the 204 

drag evolution back to a new steady state, Dc is the critical slip distance where the friction decays 205 

to 1/e, 𝜃 is the state variable that describes the state of ice-bed contact, Vo is the initial velocity, 206 

V is the new velocity, and 𝜇! is a reference friction at Vo (Fig. 3). In effect, the value a-b represents 207 

the steady-state response of the system and can represent the steady-state slip rules from 208 

process-based analyses (e.g., Weertman, double-valued, regularized Coulomb, etc.). The 209 

evolution in drag that occurs at the times (or displacements) between one steady state and the 210 

next, in response to a change in slip velocity, is not described in traditional steady-state slip laws 211 

but is the focus of this study. 212 

 213 

The state variable, 𝜃, in fault mechanics is traditionally understood to represent the evolution of 214 

asperity contacts at a microscopic scale (Marone, 1998), but the phenomenological nature of RSF 215 

means that it can potentially be used to explain larger scale processes such as cavity evolution 216 

(Thøgerson and others, 2019), provided an “evolution law” can describe the evolution of cavity 217 

shape with time. Such an evolution law, in conjunction with equation 1, can be used to estimate 218 

drag as a function of slip velocity and effective pressure in an evolving system. For cavity 219 

development such an evolution law should describe the “state” of the ice-bed contact through 220 

time in response to a velocity change. We can use our experimental measurements of cavity-size 221 

evolution in response to velocity steps to determine an appropriate form for cavity evolution. 222 

We choose the following evolution law: 223 

 224 

𝜃̇ = 1 − ."#
$"
/
%

, (2) 225 

 226 
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where 𝜃̇ is the time derivative of 𝜃 and p is an exponent related to ice flow, set here to equal 1. 227 

Findings by Adams and others, (2021) show the exponent on the ice flow law for temperate ice 228 

is equal to 1.1, which may in part indicate why p=1 was found to best approximate the cavity 229 

evolution response (Figure S3 represents the effect of other choices for p). The form of equation 230 

2 implies that the time evolution of 𝜃 depends on its current state and how far away cavity 231 

geometry is from the new steady configuration. Equation 2 can represent the slip displacement 232 

needed for cavity geometry to evolve to a new steady state. The cavity evolution will happen 233 

quickly at first and then occur more slowly as the cavity approaches the new steady state 234 

geometry. However, to use equations 1 and 2 to predict transient cavity and drag evolution, 235 

certain parameters need to be estimated, namely a, b, and Dc. Their values are difficult to 236 

estimate from field data, where abrupt and then sustained velocity steps are rare. Therefore, we 237 

use our experimental data to measure how a, b and Dc vary in response to different velocity 238 

perturbations (Fig. 3 and Fig. S4). 239 

 240 

2.4 Rate and state numerical estimates 241 

With experimental values of a, b and Dc, equations 1 and 2 can be simultaneously solved to 242 

estimate time series of friction and state in response to velocity changes for a given stiffness 243 

[friction / length] (0.6x10-4 𝜇m-1). To iteratively solve equations 1 and 2, we use the Rate and 244 

State Friction Toolkit by Leeman and others (2016), which is a Python module that enables 245 

modeling of frictional response to dynamic events such as velocity steps and time-dependent 246 

frictional healing. This toolkit also provides the ability to apply a wide variety of evolution laws 247 

including equation 2, which can differ slightly from the more commonly used “slowness” law 248 

developed for tectonic faults (Marone, 1998). First, we use this toolkit to generate a drag and 249 

state time series that is forced with the a, b, and Dc variables measured from the experiments. 250 

The toolkit generated timeseries is then compared with the magnitude and timescale of drag 251 

evolution recorded in our experiments. We are thus able to compare the drag response 252 

estimated by the RSF model with the experimentally measured drag. This comparison also allows 253 

a qualitative comparison of the state evolution from the RSF model with the cavity volume 254 

evolution measured in the experiments. As 𝜃 is a proxy for the state of ice-bed contact, the form 255 
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of the state-evolution response should closely mimic the cavity-evolution response observed in 256 

the experiment if the form chosen for equation 2 is appropriate (see Fig. S3 for how differences 257 

in p affects response). Instances where the a-b value is negative in response to a velocity increase, 258 

and the new steady state friction is reduced below its former value, are commonly referred to as 259 

velocity weakening, as opposed to velocity strengthening when the a-b value is positive (see  260 

McCarthy and others, 2017; Saltiel and others, 2021; Zoet and others, 2013; 2021). 261 

 262 

Once the simple velocity steps from the experiment are simulated using the RSF Toolkit, a more 263 

dynamic case is simulated by forcing the RSF model’s load point velocity with the constantly 264 

varying surface velocities measured from the Pâkitsoq region of the GIS (section 2.2). Driving the 265 

model with measured surface velocities generates a state-evolution response that can be 266 

compared with the field-data proxy for ice-bed separation (section 2.2). The model output allows 267 

assessment of timing relationships among slip velocity, cavity size, and basal drag. 268 

 269 

3 Results and physical interpretations 270 

In response to instantaneous velocity steps of experiments, the stress took anywhere from 3-12 271 

days to return to steady state (Fig. S4), and in all cases cavities coevolved with the stress (Fig. S4). 272 

The experimental timescales to achieve steady state were longer (in some cases much longer) 273 

than the timescales on which velocity varied in the field data (Fig. S2). For each of the 274 

experimental velocity steps, a, b, and Dc were measured (Table 1). All velocity steps first resulted 275 

in an initial increase in stress that then decayed to a new steady-state value after some 276 

displacement (Fig. 3 and Fig. S4). For this experiment the steady-state drag values at the new 277 

higher velocity were less than those of the previous lower velocity, which was expected for the 278 

sinusoidal bed of the experiment (Gagliardini and others, 2007; Schoof 2005; Zoet and Iverson, 279 

2015), but the initial stress increase illustrates that temporary strengthening can occur even with 280 

a rate-weakening slip law (Fig. 1). 281 

 282 

Using the RSF parameter values estimated from the velocity-stepping experiments (Table 1), drag 283 

evolution after velocity steps were modeled (Fig. 5). The RSF model describes the time scale and 284 
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magnitude of the drag change well but does not precisely replicate its form. The mismatch in the 285 

drag evolution likely stems from the generalized form of equation 2, which explicitly contains no 286 

information about obstacle size. Nevertheless, equation 2 does qualitatively match the time and 287 

length scale of the observed cavity change (Fig. 6). 288 

 289 

Using the parameters measured from the experiment (Table 1), we select RSF parameter values 290 

from one velocity step to model the continuously evolving slip of the GIS with the RSF Toolkit, as 291 

forced by GIS surface velocity measurements and drag estimates from the field.  Specifically, the 292 

RSF parameters measured from the experimental velocity step from 116 to 290 m a-1 (Table 1) 293 

are used in the GIS modeling because they most closely represent the range of velocities 294 

observed at FOXX (80 to 180 m a-1, Fig. S2), but a range of other a, b, and Dc values were also 295 

modeled to examine their effect on the transient drag response (Fig. S5). The model was forced 296 

with a 10-day time series extracted from the FOXX 2012 dataset for days 195-205. Figure 7a 297 

compares the modeled state variable (note the scale has been flipped for comparison with Figure 298 

7b)—a proxy for cavity size—with the driving velocity. Maximum state values lag the velocity 299 

maximums by a mean of 4.0 hours. Figure 7b shows a comparison of the velocity and the field-300 

derived ice-bed separation. Maximum field ice-bed separation values lag the velocity maximums 301 

by a mean of 4.7 hours. The difference between the modeled and observed lags (~0.7 hours) is 302 

small in comparison to the magnitudes of the observed lags (~15%). This agreement between the 303 

model results and data indicates that the model adequately describes the lag period for cavity 304 

development. This lag reflects the time required for cavities in the natural system to respond to 305 

velocity changes. Additionally, Hoffman and others, (2018) inverted for basal traction in the 306 

Pâkitsoq region in response to diurnal melt forcing prior to a glacial lake drainage event. They 307 

found that basal shear traction varied by 15% in response to meltwater delivery to the bed.  In 308 

our RSF model (Fig, 8a) forced by the diurnal velocity signal at the same general location we find 309 

that friction varies by ±18% from the steady state 𝜇!=0.1721, where 𝜇! was estimated from the 310 

steady-state drag of the initial velocity (see supporting text S2 for a detailed explanation of the 311 

double-valued steady-state sliding response). Our magnitude of basal traction variation is in 312 

seemingly good agreement with the inversion findings of Hoffman and others (2018). It is 313 
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noteworthy that none of the RSF model predictions has been tuned to fit results from this 314 

location. Rather the RSF model is independently derived from the results of the laboratory 315 

experiments. This agreement between the observed and modeled measurements, despite likely 316 

differences between the scales of experimental and natural bed obstacles, provides some degree 317 

of confidence that the empirical model includes aspects of the physics that regulate the transient 318 

slip response. Thus, investigating the modeled relationships among slip velocity, cavity size, and 319 

drag may provide insights into basal processes. 320 

 321 

In comparing the velocity time series with the state and drag responses, lags are apparent that 322 

can be used to infer physical processes. Figure 8 shows that the peak in drag often occurs when 323 

sliding velocity is high (but not at its maximum), and cavities are small. This is well represented 324 

in Figure 8a for days 198-203. A simple explanation for this pattern is that, as velocity increases, 325 

cavities are initially small and must grow to reach the new steady-state size. The associated initial 326 

excess in ice-bed contact area together with a high slip velocity requires more force and hence 327 

shear stress to drag ice past bed obstacles. As the cavities grow and ice-bed contact areas become 328 

smaller the drag eventually begins to decrease. The maximum in drag while velocity is increasing 329 

arises because cavity size is sufficiently close to the new steady state value that further growth 330 

reduces the drag. In part the drag response also stems from the direct effect causing the initial 331 

proportional change in resistance in response to a velocity change. Given the ever-changing 332 

velocity of the natural system the direct effect’s response could dominate in certain instances 333 

(see Fig. S5).  334 

 335 

To illustrate the limitations of applying a steady-state sliding rule, we now compare the transient 336 

drag response based on the RSF model with drag calculated from the steady-state, double-valued 337 

sliding law (Zoet and Iverson, 2015) that reflects the measured a-b values. This sliding relation 338 

agreed with experimental observations and was derived from the cavity model of Kamb (1987) 339 

and the sliding model of Lliboutry (1968, 1979). To normalize the drag in the RSF model, we divide 340 

the shear stress by N = 40 kPa, which was approximately the value measured by Andrews et al., 341 

(2014) for the FOXX site. Figure 9 shows the comparison of the normalized drag (i.e., the friction, 342 
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µ =𝜏&/N) for the steady state and transient models. Importantly, the drag in the two cases is 343 

nearly fully out of phase. The large disagreement between peak-drag phasing of these two 344 

models illustrates the effect of transient cavity adjustment on drag.  345 

 346 

4. Discussion 347 

Our results indicate that the transient drag response controls the timing of drag fluctuations at 348 

this GIS location. There is good agreement between the phasing of the measured ice-bed 349 

separation and that predicted by the RSF model with its parameters based on experimental 350 

values (Fig. 7). Importantly, a substantial lag exists between peak drag based on the steady-state 351 

double-valued sliding law and that based on the RSF model (Fig. 9). The differences in the timing 352 

of the drag result from the steady-state model’s absence of processes associated with cavity 353 

growth or shrinkage. Furthermore, the transient increase in drag associated with a velocity 354 

change can be larger than the change in steady-state stress (i.e., |𝑎| > |𝑎 − 𝑏|), highlighting that 355 

the transient response should have a major effect on the drag for some of the duration of cavity 356 

adjustment during slip. In these instances, the glacier would in effect need to overcome this 357 

temporary local increase in slip resistance (in the case of a velocity increase) to reach the new 358 

steady state. This would be possible if the section of the bed producing the transient 359 

strengthening is small in area or the strengthening is small in magnitude. However, if the area or 360 

magnitude is sufficiently large, it may not be possible for the glacier to develop longitudinal or 361 

transverse stress gradients sufficient to increase the local slip velocity. 362 

 363 

Cavity sizes at the base of the GIS and those of our laboratory experiments are likely quite 364 

different. Therefore, it is surprising that the RSF model results, as parameterized by our small-365 

scale experiments, match the observed field data well, especially considering that no model 366 

tuning was performed. This agreement seems to suggest that scale-normalized processes are 367 

active that allow the lab findings to scale up to the field setting. For example, although Dc might 368 

be expected to be larger in the field than in the experiments, the closure rates of cavities may 369 

increase non-linearly with increasing cavity size, leading to shorter response times. One source 370 

of such non-linearity could arise from a decrease in water pressure within cavities as they open, 371 
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owing to the increased cross-sectional area for water flow, causing increments of cavity growth 372 

to be accompanied by increments of increasing effective pressure (see Bartholomaus and others, 373 

2011; Hoffman and Price, 2014). Another potential source of closure rates increasing non-linearly 374 

with cavity size stems from the non-isolated nature of cavities when there is pervasive ice-bed 375 

separation (Helanow et al., 2021), unlike the isolated boreholes (Nye 1953) or cracks that are 376 

used as the basis for estimating cavity closure rates (Walder, 1986; Kamb, 1987). As cavities grow, 377 

intervening zones of ice become increasingly narrow so that deviatoric stresses in the ice cause 378 

closure rates to increase more rapidly than if cavities are isolated (Zoet and Iverson, 2016). 379 

Additionally, recent observations by Woodard and others, (2021) show that basal morphology of 380 

many glaciers trend towards a limited range of topographies through the interaction of glacier 381 

sliding and erosion. This finding may offer an explanation as to why only a relatively narrow range 382 

of subglacial obstacle morphologies seem to dominate glacier slip when cavitation is abundant 383 

(see Helanow and others, 2021) and thus the simplified geometries of the experiment are 384 

applicable to the field observations. Ultimately given the paucity of field data and the nonunique 385 

nature of its response from a myriad of physical processes it is impossible to directly determine 386 

the exact combination of physical processes that are driving glacier dynamics at any one location. 387 

A systematic approach using experimentation to constrain some of the fundamental physical 388 

processes provides a useful tool for interpreting field data, but we acknowledge that ambiguity 389 

exists in linking field data to simplified scenarios like those proposed here. With the limited 390 

experimental data and relatively small number of field observations of cavity size, we cannot fully 391 

explore the effects of cavity scale without more observations. More experimental work is needed 392 

to better constrain how the parameters a, b, and perhaps most importantly Dc vary under 393 

different bed conditions. 394 

 395 

This RSF analysis could provide a method to interpret links among velocity, drag and water 396 

pressure directly from measurements on glaciers, where interpretations traditionally are limited 397 

by competing effects that are difficult to isolate. The nature of the a-b values in this study (Table 398 

1) means that the steady-state response is that of a rate-weakening slip law (Zoet and Iverson, 399 

2015), but importantly this type of transient RSF analysis could be applied with any steady-state 400 
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slip law (e.g., regularized Coulomb or Weertman) by adjusting the a-b values in the RSF model. 401 

This RSF model does not supplant steady-state slip laws, but in the presence of sufficiently high-402 

frequency fluctuations in velocity or water pressure, descriptions of slip dynamics would benefit 403 

from the transient RSF model being applied alongside estimates from steady-state slip laws. 404 

 405 

5. Conclusions 406 

Transient slip behavior measured in experiments and applied to the time series from the GIS 407 

indicate that transient slip processes control drag in regions of rapidly changing basal conditions. 408 

The experimental results are reasonably well approximated by a rate-and-state friction model 409 

that describes transient slip. The experimentally calibrated RSF model driven by surface-velocity 410 

time series from the GIS yields lags in cavity development with respect to surface velocity like 411 

those observed in the field. As velocity increases, drag is initially large because cavities are small 412 

and transiently large contact areas at the higher sliding velocity requires greater forces and hence 413 

shear stress to drive ice flow past obstacles on the bed. Shear stress decreases as cavities grow 414 

and ice-bed contact decreases. The peaks in drag indicated by the steady-state and RSF models 415 

are almost completely out of phase, demonstrating the importance of considering transient 416 

effects on drag. The steady-state model applied here is based on the rate-weakening part of the 417 

double-valued sliding law but the RSF model can be applied to any steady-state sliding law by 418 

adjusting the a and b parameters. The transient response will likely be important at locations 419 

where basal conditions are changing faster than the time scale for growth or shrinkage of cavities 420 

at the bed. In such locations transient stresses associated with cavity volume change can control 421 

basal drag and thus should be incorporated in models of glacier flow. 422 
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 645 
Vo [m a-1] V [m a-1] a [-] b [-] Dc [cm] 
14.5 29 0.108 0.184 19.4 
29 58 0.071 0.127 15.9 
58 116 0.058 0.11 18.5 
116 290 0.052 0.120 31.5 

 646 
Table 1. Experimental results of velocity steps 647 
  648 
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 649 
Fig 1. Steady-state slip laws.  The black line is a rate-strengthening slip law whereas the blue line 650 

is a double-valued slip law with both rate-strengthening and rate-weakening components.  The 651 

transition from A to B in response to an increase in velocity could have various paths. Path 1 652 

represents a transient strengthening of the system, whereas path 3 represents a transient weakening 653 

of the system. Path 2 follows the steady-state slip law. If the velocity-drag path follows path 2, 654 

there is no need to account for transient effects. If the path follows 1 or 3, deviating substantially 655 

from the steady-state path, then transient effects need to be accounted for if the time scale of in-656 

terest is sufficiently short and the deviation is sufficiently large.  657 

 658 

  659 
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 660 
Fig 2.  Schematic of the bed and ice ring used in these experiments.  A ring of ice, 0.9 m in outer 661 

diameter, is pressed against a sinusoidal bed made of Delrin. The ice ring is gripped at its upper 662 

surface by a platen and dragged over the bed, which is fixed rotationally but moves up or down as 663 

the volume of the chamber that holds the ice ring changes due to changes in cavity size. The bed 664 

is designed so that adverse slopes of bumps do not vary radially.  665 

 666 

 667 

  668 
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 669 

 670 

 671 
Fig 3. Experimental drag. Time series of the drag (𝜇 = 𝜏/𝑁) from a near-instantaneous increase 672 

in sliding velocity (indicated by arrow). The drag takes ~6 days to return to a steady-state value. 673 

The a parameter can be estimated from the time series to describe the magnitude of the sudden 674 

increase in drag (i.e., the direct effect), and the b parameter describes the magnitude of the subse-675 

quent decrease in drag to a steady value. Dc is the critical slip distance implied from the indicated 676 

duration and the slip velocity, 29 m a-1. This velocity step is from 14.5 to 29 m a-1. The difference 677 

a-b relates steady-state friction values at different velocities.  678 

 679 

 680 

 681 
Fig 4. Cavity geometry. Morphology of a portion (~1/4) of the ice sole measured at the final sliding 682 

speed (290 m a-1). In this plot the shaded green sections represent the cavity roofs, and the shaded 683 

pink sections represent the areas where the ice was in contact with the uppermost, upglacier-facing 684 

parts of bumps on the bed like that shown in Figure 2. 685 

 686 

 687 
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 688 

 689 

 690 

 691 

 692 
Fig 5.  Modeled experimental drag evolution. The solid black lines represent the experimental drag 693 

evolution in response to four near-instantaneous velocity steps, with their magnitudes indicated in 694 

m a-1.  The dashed lines are the rate-and-state friction model predictions of the drag evolution using 695 

the parameters in Table 1 and equations 1 and 2. Initial drag values have been normalized to zero 696 

for comparison.  697 
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 699 

 700 

 701 
Fig 6. Cavity and state evolution. a) Cavity evolution recorded by the increase in thickness of the 702 

ice chamber in response to a near-instantaneous velocity step for four different velocity steps. 703 

Positive displacements indicate expansion of the sample chamber from cavity growth. The back-704 

ground melt rate was estimated prior to slip and removed from the signal leaving mainly cavity 705 

expansion and contraction. b) State evolution predicted by the RSF model using equation 2 and 706 

the parameters in Table 1. Initial state values have been offset to 0 (hence Δ𝜃) and then flipped for 707 

ease of comparison with the cavity expansion record. The measured displacement and predicted 708 

state evolution are similar indicating equation 2 adequately describes cavity evolution.  709 

 710 
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 712 

 713 
Fig 7.  Modeled and observed glacier cavity evolution.  The solid black line is the surface velocity, 714 

recorded for 10 days in 2012 at the FOXX GIS site, which is used to drive the RSF model. a) The 715 

state and velocity time series. The state variable has been flipped for comparison (multiplied by -716 

1), so values closer to zero (up on the plot) represent larger cavities. The state variable, which is a 717 

proxy for cavity development, lags the velocity because of the time required for cavities to adjust 718 

to changes in velocity. b) The observed field proxy for ice-bed separation estimated by Andrews 719 

and others (2014) for the FOXX site. The field proxy for ice-bed separation also lags velocity. 720 

Both the observed and modeled ice-bed separation lag velocity by ~4 hours, indicating the RSF 721 

model reasonably replicates the timescale of cavity development that is indicated by the field data. 722 
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 725 

 726 
Fig 8. Model drag response. a) GIS velocity used to drive the model (black line) compared with 727 

the drag response (purple dashed line). Drag peaks prior to maximum velocity in many instances 728 

(e.g., days 198-203) b) RSF-estimated drag (purple dashed line) compared with state value (cavity 729 

proxy). Drag peaks when the cavity geometry (flipped state value) is small. As the cavity grows 730 

the drag begins to decrease. Note drag has been shifted to zero, so only changes are shown. 731 

 732 

 733 

 734 
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 736 
 737 

Fig 9. Steady-state vs. transient drag.  a) Drag estimated from steady-state, double-valued model 738 

(dashed black line) compared with that of the RSF model (solid black line). b) Detail of ~2 days 739 

(grey bar in the upper panel).  The timing offset between these two results stems from transient 740 

effects not included in the steady-state approximation.  741 


