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Abstract Basal shear stress on hard‐bedded glaciers results from normal stress against bed roughness,
which depends on basal water pressure and cavity size. These quantities are related in a steady state but are
expected to behave differently under rapid changes in water input, which may lead to a transient frictional
response not captured by existing friction laws. Here, we investigate transient friction using Global Positioning
System vertical displacement and horizontal velocity observations, basal water pressure measurements, and
cavitation model predictions during rain‐induced speed‐up events at Glacier d'Argentière, French Alps. We
observe up to a threefold increase in horizontal surface velocity, spatially migrating at rates consistent with
subglacial flow drainage, and associated with surface uplift and increased water pressure. We show that
frictional changes are mainly driven by changes in water pressure at nearly constant cavity size. We propose a
generalized friction law capable of capturing observations in both the transient and steady‐state regimes.

Plain Language Summary Changes in water input at the bed of glaciers greatly modify their sliding
speed by changing subglacial water pressure. High water pressure, induced by extreme meltwater input, is
thought to increase cavity size, a process known as cavitation, which reduces direct contact and increases basal
sliding speed. Our Global Positioning System observations indicate that the existing cavitation law, which is
based on multidecadal sliding velocities of an alpine glacier, fails at capturing short‐lived, rain‐induced speed‐
ups. This is because cavities have insufficient time to adjust their size in response to water pressure changes.
Here, we propose a generic friction law that satisfyingly captures observations by incorporating a direct
dependency of basal friction on water pressure.

1. Introduction
Our current understanding of the physics of glacier basal sliding mainly relies on the seminal work of Weert-
man (1957) and Lliboutry (1958). Weertman proposed a sliding theory that describes ice motion over a rough,
non‐deformable bed via ice regelation and enhanced creep from stress concentrations around bedrock bumps
(Kamb, 1970; Nye, 1969, 1970; Weertman, 1957). Lliboutry added to this theory the possibility that water
cavities can form in the lee of bedrock bumps, such that water reaching the bed may change cavity size, thus
reducing the apparent bed roughness, facilitating ice creep and causing faster sliding (Fowler, 1986, 1987;
Gagliardini et al., 2007; Iken, 1981; Lliboutry, 1968; Schoof, 2005).

A wealth of theoretical studies established physically based sliding laws under Weertman and Lliboutry prin-
ciples. These laws formulate bed shear stress τb as a function of glacier basal velocity Ub and basal effective
pressure N, where N represents ice pressure minus water pressure (de Diego et al., 2022; Fowler, 1986;
Gagliardini et al., 2007; Schoof, 2005). In all these laws, the basal effective pressure is assumed to be in equi-
librium with the cavity geometry, such that τb can be equivalently expressed as a function of Ub and N
(Gagliardini et al., 2007; Schoof, 2005), or Ub and a cavitation geometrical parameter θ (Gilbert et al., 2022;
Thøgersen et al., 2019), or a wetted area A0 (Tsai et al., 2022). Although this assumption appears to be reasonable
under a scenario where cavity or subglacial geometry has sufficient time to adjust to changes in pressure (Gimbert
et al., 2021), its applicability for shorter timescales is questionable. At shorter timescales, water pressure may vary
more rapidly than cavity geometry, such that water pressure alone (without cavity geometry change) may affect
sliding speed by modifying interfacial stresses in cavitated parts of the bed, thus altering the force balance at the
ice‐bed interface (Iken, 1981; Schoof, 2005). In this case, a more complete friction law would describe τb as a
function of all three variables Ub, N, and θ (Iken, 1981). However, such a law has not yet been proposed, and the
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extent to which its development is necessary in order to capture short‐term glacier sliding changes under real
configurations remains to be investigated. This is the primary objective of the present study.

While the link between sliding speed and water pressure under transient scenarios is generally well established
(Das et al., 2008; Fudge et al., 2009; Harper et al., 2007; Iken, 1981; Sugiyama&Gudmundsson, 2004), it remains
uncertain whether this relationship occurs mainly through pressure‐driven changes in cavitation θ or force balance
at the ice‐bed interface. This uncertainty arises because surface uplift measurements, used to evaluate changes in
cavitation, are uncertain, as they are influenced not only by variations in bed separation but also by spatial changes
in glacier flow causing compression‐ and/or extension‐induced changes in surface elevation (Hooke et al., 1989;
Howat et al., 2008; Mair et al., 2002; Sugiyama & Gudmundsson, 2004; Vincent et al., 2022). In addition,
separating the contribution of cavitation from that of force balance on basal sliding speeds requires the use of an
empirical law linking cavitation and basal sliding speeds that is well‐constrained from independent observations.

In this study, we investigate the velocity changes associated with rain events at the Glacier d’Argentière in the
French Alps. By combining observational and modeling strategies, we dissociate the control of pressure‐driven
changes in force balance from that of pressure‐driven changes in cavitation and propose a friction law adapted to
rapid water pressure variations.

2. Data and Methods
2.1. The Glacier d’Argentière

The Glacier d'Argentière is situated in the Mont‐Blanc massif in the French Alps (Figure 1a) and is known to be a
hard‐bedded glacier (Vincent & Moreau, 2016; Vivian & Bocquet, 1973). It initiates at about 3,400 m a.s.l. and

Figure 1. (a) Map showing the observation network at the Glacier d’Argentière. The red rectangle indicates the location of the six along‐flow Global Positioning System
(GPS) sites (red circles, also shown in the top‐right inset map). The isolines in this inset show the glacier thickness in meters. Coordinates are given in the cartesian NTF
(Paris)/Lambert zone II coordinate system. (b, c) Pictures of (b) two GPS stations and (c) the cavitometer.
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terminates at around 1,600 m a.s.l., spanning a total length of ∼10 km. The equilibrium‐line altitude lay at about
2,900 m in 2019–2021. Our study site is located in the ablation zone at∼2,380 mwhere the glacier has a relatively
shallow sloping (10% surface slope) and a maximum thickness of 250 m (Figure 1a). At this location, the average
melt rate from May to September is 0.04 m d− 1.

2.2. The Field Instrumentation

2.2.1. GPS Positioning

We use six Global Positioning System (GPS) stations along the glacier's central‐flow line, with five (ARG1 to
ARG5) deployed in February 2019 and the sixth (ARG6) in February 2020 (see inset map in Figure 1a). The GPS
antennas are mounted on aluminum masts anchored up to 6 m deep in the ice (Figure 1b). We process GPS phase
observables sampled at ∆t of 30 s in kinematic mode using the TRACK software (Chen, 1999; Herring
et al., 2018) with respect to the reference station ARGR, located about 3 km up‐glacier on bedrock (Figure 1a).
The position estimates yield an average root‐mean‐square (RMS) error of ±5.4 mm and ±7.7 mm for horizontal
and vertical coordinates, respectively (Text S1 and Figure S1 in Supporting Information S1). The associated RMS
of horizontal velocity is 0.4 mm hr− 1. To be conservative, we do not interpret ice velocities below 1 mm hr− 1

(Text S1 and Figure S2 in Supporting Information S1). Vertical displacements are calculated separately for each
period of interest due to frequent discontinuities caused by antenna height change. To focus on short‐term
variability instead of longer‐term seasonal trends (Text S4 in Supporting Information S1), we remove a
seasonally controlled linear trend in the vertical displacement time series and impose a common reference at an
arbitrary datum. In Section 3.1, we present averaged time series data over all GPS stations.

We calculate uplift from vertical strain ΔZ by assuming a homogeneous vertical strain rate with depth H and ice
incompressibility, in which case we have:

ΔZ =
ΔU
ΔL

HΔt (1)

with Δt= 30 s and ΔU/ΔL is the horizontal strain rate, calculated as the spatial derivative of horizontal velocityU
as measured over the along‐flow distance L separating ARG1 (or ARG6 from 2020 on) fromARG5. Similar to the
approach used for observed vertical displacements, we remove the linear trend from the vertical strain data and
impose a common reference at an arbitrary datum.

2.2.2. Complementary Observations

In addition to GPS, we utilize a wide range of complementary observations. In‐situ measurements of basal sliding
velocity are made thanks to direct access to a subglacial cavity and the installation of specialized equipment
known as a “cavitometer” (Figure 1c and green diamond in Figure 1a) (Gimbert et al., 2021; Vivian & Boc-
quet, 1973). Water discharge (blue square in Figure 1a) is recorded in excavated tunnels below the glacier tongue
(a few hundred meters below the cavitometer) at a 15‐min time step, with a discharge threshold of approximately
10 m3 s− 1 due to collector capacity limitations (Vincent &Moreau, 2016). The water predominantly exits through
a well‐identified notch in the bedrock valley, with only a minimal amount of water flowing out elsewhere. Water
pressure is measured in a borehole (yellow star in Figure 1a) reaching the glacier bed, using a piezometer
positioned 95 m above the bed. To obtain the basal water pressure, we add a constant pressure equivalent to the
water column height of 95 m. Liquid precipitation data are obtained at 30‐min intervals from the SAFRAN
reanalysis (Vernay et al., 2022).

2.3. Model Description

The multidecadal measurements of basal sliding velocity and water discharge on the Glacier d’Argentière have
allowed to establish a calibrated cavitation law that is observationally constrained and captures sliding velocity
changes that occurred over the past decades (Gilbert et al., 2022; Gimbert et al., 2021). In the model of Gilbert
et al. (2022), basal friction and subglacial hydrology are coupled through the transient evolution of the cavitation
ratio θ as:
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τmb = (1 − θ)
Ub

As
(2)

where As is the Weertman friction coefficient (m a− 1 MPa− m), m is an exponent, and Ub is the basal sliding
velocity. The evolution of θ through time is computed as a function of effective pressure N and sliding velocityUb

through the evolution equation:

dθ
dt
=

1
lr
(Ub(1 − θ)

1
q − AsCm|N|m− 1N(

θ
α
)

1
q

) (3)

where lr is a characteristic length scale (m) representative of a distance between bedrock bumps, C, q, and α are
positive constants as defined in Gagliardini et al. (2007). Following Gilbert et al. (2022), we solve the model in a
slab configuration with geometry adapted to our study site, setting the basal slope to 3° and τb equals 0.1MPa as in
numerical inversions (Gilbert et al., 2023). We use similar parameter values as constrained from long‐term ob-
servations in Gilbert et al. (2022) except for m and As, and lr. m = 3 is used as a glacier‐wide representative value
(Gilbert et al., 2023). As is inferred by fitting the basal sliding velocity time series obtained by subtracting a
constant deformation velocity Ud from GPS‐measured surface velocities, with Ud = 25 ± 5 m a− 1 based on
numerical inversions (Gilbert et al., 2023). The value of lr = 1.0 m has been adjusted to match the observed
amplitude of vertical displacement associated with the rain events. In this study, we use this calibrated model as a
reference for changes in basal sliding velocity Ub occurring solely through changes in cavitation ratio θ. This
enables us to test whether an additional contribution from changes in effective pressure is required.

3. Results
3.1. Generic Features of Speed‐Up Events

We observe nine distinctive speed‐up events induced by intense rainfall over the 3‐year period 2019–2021
(Figure 2, Figures S3 and S4 in Supporting Information S1). Three of these events occur during the early
ablation period (May and early June) and six during the late ablation period (late August, September, and
October). No events occur during the high‐discharge period, which spans most of the summer from mid‐June to
late August (Figure S5b in Supporting Information S1). Horizontal velocity (red curve in Figure 2b) and water
discharge (dark blue curve in Figure 2c) typically increase by a factor of about 2–3 with respect to the background
level, and uplift (gray curve in Figure 2c) ranges from 0.02 to 0.07 m. These events are also visible in the basal
speed record from the cavitometer (green curve in Figure 2b).

Interestingly, we observe differences in phasing and durations across the various measured variables. Subglacial
water discharge and horizontal velocity increase nearly immediately after rainwater input (dashed vertical line in
Figures 2a–2c), suggesting that water is efficiently drained from the surface to the glacier base. This pattern is also
observed in all nine speed‐up events (Text S2 in Supporting Information S1). Horizontal velocity, however, starts
to rise before water pressure (light blue curve in Figure 2b) and reaches a maximum (dotted vertical line in
Figures 2a–2c) before water discharge but concomitantly with water pressure (events 1, 2, and 4). After this
maximum, both horizontal velocity and water pressure decrease, while water discharge remains elevated. Hor-
izontal velocity returns to the pre‐event value, while water pressure decreases significantly below, which we
interpret as a local effect (see Section 4.2). We note that the timing of the basal speed records from the cavitometer
closely matches that of the GPS, suggesting that changes in glacier surface velocity during speed‐up events are
predominantly due to changes in sliding velocity. Vertical displacement and water discharge reach maximum
levels at approximately the same time, slightly after maximum horizontal velocity, and persist for similar du-
rations, typically of a few days.We also note the presence of horizontal velocity oscillations before and after event
2 (Figure 2b), for which no clear trigger could be identified, although they are likely related to melting events
(Text S3 in Supporting Information S1).

During times of elevated basal water pressure (greater than the background value of 16 bar), we observe a
nonlinear relationship between horizontal velocity and basal water pressure for autumn events 1–3 (Figure 2d).
Spring event 4 falls out of that relationship, likely as a result of subglacial hydrology conditions being different at
this time (Section 4.2). Meanwhile, vertical displacement exhibits a strong dependency on water discharge (up to
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60 mm uplift for a 2 m3 s− 1 change) when pre‐event water discharge is low (<2 m3 s− 1, events 1–3, 6, 7, 9) but a
weak dependency (up to 20 mm uplift for a 6 m3 s− 1 change) when pre‐event water discharge is high (>2 m3 s− 1,
events 4, 5, 8). We estimate that the contribution of basal uplift on vertical displacement is significant since

Figure 2. Relationship between GPS‐derived sliding velocity measurements averaged over the five stations and other observations. Temporal variations in October 2019
in panels (a) liquid precipitation; (b) Global Positioning System (GPS), cavitometer, and modeled sliding velocity; (c) GPS, strain‐induced, and modeled vertical
displacement and observed water discharge. The plot for events 4–9 is available in Text S2 in Supporting Information S1 (Figure S3 in Supporting Information S1). The
vertical dashed lines in panels (a, b, c) mark the onset of the rainfall events, and the dotted lines mark the peak horizontal velocity associated with each event. Panels (d–
e) show the observed and modeled relationship between (d) water pressure and GPS‐derived sliding velocity, and (e) water discharge and vertical displacement. In panel
(d), water pressure is shown only when it exceeds the background level.
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surface uplift due to strain rate (orange curve in Figure 2c) ranges between 0.01 and 0.04 m, which for most events
is about half the total observed uplift.

3.2. Pulse Propagation Velocity as a Proxy of Subglacial Flow Propagation

By comparing the velocity signal at the different GPS stations, we observe a specific pattern in the amplitude and
phasing of speed‐up events. The highest peak velocity occurs at the uppermost station (ARG1 in 2019 and ARG6
in 2021–2022) and the amplitude typically decreases down‐glacier in the flow direction for the rest of the central
GPS sites (Figure 3c and Figure S7 in Supporting Information S1). This finding is consistent with lower velocity
changes occurring at the cavitometer site located much further down‐glacier compared to GPS sites. Moreover,
maximum velocity generally occurs in chronological order from uppermost to lowermost locations (Figure 3a and
Figure S8 in Supporting Information S1), showing that speed‐up propagates along the flow. We determine the

Figure 3. (a) Horizontal velocity as a function of time for five Global Positioning System (GPS) sites and the cavitometer. (b) Time of maximum speed‐up velocity as a
function of distance along flow, ARG1 being the reference. (c) Maximum speed‐up velocity as a function of distance between GPS stations as in panel (b). Subfigures
(a–c) present results for event 2, and the other events are shown in Text S4 in Supporting Information S1 (Figures S7–S9 in Supporting Information S1). (d) Pulse
propagation velocity as a function of maximum horizontal velocity (averaged over the central transect GPS sites). Note that event 4 is excluded due to pulse propagation
not being observed.
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speed‐up along‐flow migration velocity by linearly fitting the time of peak velocity against distance along the
central transect of GPS sites ARG1‐5 (Figure 3b and Figure S9 in Supporting Information S1). We find that pulse
propagation velocities range from 0.04 m s− 1 to 0.13 m s− 1 (Text S4 and Figure S8 in Supporting Information S1).
Remarkably, these observed pulse propagation velocities align closely with subglacial water flow velocities
through an inefficient network of cavities as measured through dye experiments under alpine hard‐bedded gla-
ciers (Nienow et al., 1996). We also find that speed‐up along‐flow migration velocity is positively correlated with
peak speed‐up velocity (Figure 3d).

3.3. Model Predictions

The model successfully captures multi‐decadal to seasonal sliding variations at the cavitometer site (Gilbert
et al., 2022) and performs relatively well in explaining seasonal variations at the study site over the measurement
period (Text S5 in Supporting Information S1). However, at the shorter timescales of the speed‐up events, the
model fails to reproduce the transient increases in horizontal velocity observed by GPS (dashed purple curve in
Figure 2b), although it appropriately captures the amplitude and phasing of transient variations in vertical
displacement (dashed purple curve in Figure 2c), given a realistic distance between bumps lr = 1 m (see Sec-
tion 2.3). We note that the modeled uplift between events 1 and 2 is driven by a 4‐day melt period that did not
trigger any visible uplift at the GPS stations (see Text S3 in Supporting Information S1). This could be due to the
model's assumption of an instantaneous transfer of surface meltwater to the glacier base, leading to an over-
estimation of the water pressure increase in response to short melt events. The model's ability to reproduce the
observed surface uplift, particularly its dependence on discharge (sea‐green and olive lines in Figure 2e), gives
confidence in its applicability to represent cavity dynamics at the short timescales of interest. However, the
model's failure to reproduce the horizontal velocity while correctly modeling cavitation dynamics indicates that
the friction law (Equation 2) does not apply to such short timescales of a few days. Using Equation 2, we find that
θ must increase by 0.43 in order to explain the increase in horizontal velocity, implying a rate of change
dθ
dt = 0.02 h− 1, which is around 8 times greater than the modeled value of 0.0026 hr− 1. To reach such a large value
of dθ

dt using Equation 3, either a negative effective pressure less than − 0.3 MPa or an exceptionally low value of lr
would be required. Both possibilities are unrealistic, suggesting that an additional contribution from effective
pressure must be included in the friction law.

4. Discussion and Conclusion
4.1. Water Pressure as an Independent Driver of Basal Sliding Speed‐Ups

Our observations indicate that effective pressure primarily drives basal sliding speed‐ups. Borehole water
pressure and basal velocity vary concomitantly (Figure 2b) and exhibit a similar trend across events (Figure 2d),
while surface uplift, as at least partly inherited from changes in cavitation, is better correlated with water
discharge than with basal velocity and pressure (Figure 2e). Maximum speed‐up velocity is also positively
correlated with the velocity at which speed‐up and the underlying water flow migrate down‐glacier (Figure 3d),
giving further support that effective pressure primarily drives speed‐ups: faster underlying water flowmigration is
expected to be driven by higher water pressure gradients and, thus, at a given distance from the glacier front, lower
effective pressures. The absence of speed‐up events in summer provides additional evidence that water pressure
plays a key role. At this time of the year, the subglacial system is particularly efficient and thus prevents water
pressure from rising sufficiently for speed‐ups to occur.

As in previous studies (Anderson et al., 2004; Howat et al., 2008; Iken & Bindschadler, 1986; Mair et al., 2001;
Vincent et al., 2022), bed separation inferred from surface uplift is highly uncertain, since a significant fraction of
surface uplift may be caused by poorly constrained internal ice deformation (Figure 2c). Nevertheless, the order of
magnitude of surface uplift is well captured by a cavitation law (Figure 2c) constrained a priori from long‐term
(seasonal to multi‐decadal) observations of basal sliding (Gilbert et al., 2022). Even under the most conservative
scenario of surface uplift being entirely due to cavitation, our modeling predictions show that increased cavitation
is insufficient to explain the observed increase in basal sliding speed (Figure 2b). At the shorter timescales
presently investigated, an additional contribution of effective pressure is to be invoked in order to explain the
large changes observed in basal sliding speed.

Geophysical Research Letters 10.1029/2023GL107999
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4.2. Added Complexity From Water Pressure and Drainage Being Spatially Heterogeneous

We suggest that the deviations between the observed pressure and velocity time series highlight the limitation of
using a local pressure measurement to infer larger‐scale pressure‐driven changes in sliding velocity. In particular,
surface velocity rising before the water pressure can be explained by the pressure sensor connecting to the main
hydrological network only after the event started, consistent with the pressure increase being nearly instantaneous
and concomitant with a rapid uplift (Figure S4 in Supporting Information S1). The additional delay could also be
due to the down‐glacier propagating nature of speed‐ups (Figure 3), in which case the velocity at a point initially
increases as a result of changes in longitudinal stresses from basal pressure changes originating first higher up on
the glacier rather than from local changes in basal water pressure. Speed‐up events being systematically followed
by a period of lower water pressure not affecting glacier velocity (Figure 2b) may be due to the pressure decrease
being localized in the centerline of the glacier where the measurements are made and the drainage concentrates
(Nanni et al., 2021), such that the associated frictional change may occur over an area too small to significantly
change the overall basal friction. Good hydraulic connections created therein likely enhance conduit melting
during speed‐ups, but when the water supply stops, the efficient drainage of the centerline drives a water pressure
drop that slowly rises again in response to the creep closure of the conduits formed during the rain events. This
behavior is less likely to occur away from the central line because much less water is drained there (Hubbard
et al., 1995). This heterogeneous distribution of the subglacial drainage system may also explain the phase shift
between water pressure and horizontal velocity during event 3 (Figure 2b), for which the water pressure was in the
process of recovering when the speed‐up event occurred, whereas other events occurred under stable water
pressure conditions (Gordon et al., 1998). In the following, we consider the borehole water pressure to represent
the overall basal water pressure only between the peak pressure (shortly after the borehole connection is inter-
preted to occur), and the pre‐event value (before water pressure is interpreted to be locally affected by enhanced
drainage along the central line of the glacier).

4.3. A Generic Friction Law Applicable in Both the Transient and Steady‐State Regimes

We propose to express τb as a function of Ub, θ, and N separately by extending Equation 2 with a direct de-
pendency on N that only comes into play in the transient regime. Our new formulation retains the parameters from
previous models (Gagliardini et al., 2007) without introducing new variables as:

τb = ((1 − θ)
Ub

As
)

1/m

+ f (θ) (N − N∗ (θ,Ub)), (4)

whereN*(θ,Ub) is the steady state effective pressure for a given cavity size θ and sliding speedUb. f(θ) is a friction
coefficient that describes the sensitivity of τb to effective pressure. f(θ) must be an increasing function of θ, since
the effect of water pressure change into the force balance at the bed is a function of the area over which water
pressure applies, which increases with θ. Under the assumption that the friction law follows a “regularized
coulomb” friction law in the steady‐state regime (Gagliardini et al., 2007; Helanow et al., 2021) we show in
Appendix A that Equation 4 becomes:

(
τb
CN

)
m
= (((1 − θ)χ)1/m (1 − θ1− 1/m) + θ)

m
, (5)

where χ = Ub
(CN)mAs

with C a positive constant defined as τb(Ub→∞) = CN. The evolution of θ in Equation 3
simplifies to:

dθ
dt
=

1
lr
(Ub(1 − θ) − θAsCm|N|m− 1N). (6)

Equations 5 and 6 constitute the generalized form of the “regularized coulomb” friction law for transient
cavitation.
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We attempt to constrain the friction term f(θ)=Cθ (see Appendix A) from our observations considering that basal
shear stress is constant and the change in cavitation ratio has a negligible effect on friction during speed‐up events,
in which case we can express the surface velocity Us from Equation 4 as:

Us =
As

1 − θ
(τb − Cθ(N − N∗))

m
+ Ud, (7)

where Ud is the internal deformation velocity. The value τb (0.1 MPa), As (13,500 m a− 1 MPa− 3), and θ (0.4) are
known from the model in September 2019 and Ud is kept to its estimated value of 25 m a− 1 (Section 2.3). Using
the water pressure observations at the study site where ice thickness is 230 m, the term (N− N*) is estimated using
water pressure before speed‐up events as the steady‐state water pressure setting N* = 0.52 MPa. By fitting the
velocity versus water pressure relationship observed in Figure 2d with Equation 7 we find Cθ= 0.25, which gives
C = 0.6 using the value of θ = 0.4 given by the model (Section 2.3). This value of C is higher than C = 0.4 found
independently in Gimbert et al. (2021) based on multi‐decadal observations and historical water pressure mea-
surements. We note that our result is based on the assumption that the pressure measurement is perfectly con-
nected to the main hydrologic network so that a change in pressure can be related to a change in sliding velocity. A
lower rate of change of borehole water pressure compared to overall basal water pressure may result in a higher
apparent value of Cθ. Investigating transient friction through theoretical considerations, as well as numerical
experiments similar to those previously conducted in a steady state (Gagliardini et al., 2007), could help refine the
presently proposed generalized friction law and the associated parameter values.

Appendix A: The Friction Law Derivation
To derive Equation 5, we consider that the steady state sliding law follows a “regularized coulomb” friction law
(Helanow et al., 2021) such that in a steady state we have (using q = 1 in Gagliardini et al., 2007):

(
τb
CN

)
m
= (

χ
1 + χ

) (A1)

where χ = ub
(CN)mAs

with C a positive constant defined as τb(ub → ∞)= CN. With this formulation, the equilibrium
effective pressure N* can be linked to the cavitation ratio θ following Gilbert et al. (2022) as:

θ = (
Ub

Ub + As(CN∗)m
) (A2)

For the limit case θ→0, the friction law in Equation 4 must be independent ofN, since no cavities exist, such that f
(θ= 0)= 0. For the limit case θ→1 (orUb→ ∞), friction must have the same dependency onN in both the steady
and transient regimes, since cavity size no longer evolves in that case, such that we have:

τb (Ub → ∞) = CN + f (θ = 1) (N − τb/C) = CN ⇒ f (θ = 1) = C

Assuming that a given pressure change occurring in cavitated parts of the bed increases τb linearly with θ, we have
thus f(θ) = θC. Substituting this expression into Equation 4 (also using Equation A2), we obtain the following
generic law:

τb = ((1 − θ)
Ub

As
)

1/m

(1 − θ1− 1/m) + CθN (A3)

This law is equivalent to the “regularized coulomb” steady friction law whenUb and N are at equilibrium with the
cavity size and also ∀ (N,Ub)when θ→ 0 or θ→ 1. Equation A3 can equivalently be written as a function of χ as:

(
τb
CN

)
m
= (((1 − θ)χ)1/m (1 − θ1− 1/m) + θ)

m
(A4)
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Data Availability Statement
The GNSS data used in this study are archived on the Oreme repository (Walpersdorf et al., 2023a, 2023b, 2023c).
Other data are available on Zenodo (Togaibekov et al., 2023).
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