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Abstract. Subglacial hydrology controls basal sliding of hard-bedded glaciers by modulating basal drag through changes in
ice-bed separation. Yet, the underlying mechanisms that control ice—bed separation and its links with basal friction remain
poorly understood. In this study, we contribute to a better understanding of this problem by evaluating spatial and temporal
changes in bed separation in relation to changes in glacier horizontal velocity using three years of continuous and dense GPS
records from Glacier d’ Argentiere (French Alps). We confirm a previous study showing that spatial and temporal variations
in glacier vertical motion mainly reflect changes in ice—bed separation, as they cannot be explained by variations in internal
strain rates. We find that the ice—bed-separation-velocity rate of uplift is in anti-phase anti-eerrelated with subglacial water
discharge, being positive in winter in the absence of surface melt and negative during summer melt. We suggest that this
behavior results from basal cavities being weakly connected in winter, allowing them to fill slowly under low water input
from englacial storage release or basal melt, and then rapidly transitioning to a connected state in summer, enabling efficient
drainage of surface meltwater and reduced cavity sizes. A key finding is that aterestingly; changes in horizontal velocity
are well correlated, both in time and space, with changes in ice—bed separation. This results in an increase in horizontal

velocity in winter that can be quantitatively compared with modeled values related to subsequent variations in basal cavity size.

s This contrasts strongly with previous observations in steeper parts of Glacier d’ Argentiere, where

and velocities were found to decrease consistently

in winter and where it was argued that seasonal motion was primarily controlled by cavities being connected year-round.
We discuss the potential mechanisms underlying these discrepancies and how they may also explain observations of seasonal

glacier dynamics in Greenland.

1 Introduction

Glacier basal sliding generally exhibits seasonal variations, with summer speeds reaching up to three times the average speed
in winter (Nienow et al., 1998; Ryser et al., 2014; Vincent and Moreau, 2016). These variations are controlled by the seasonal
influx of surface meltwater beneath the glacier through moulins and crevasses, which increases water pressure and thus
basal lubrication (Lliboutry, 1968; Iken and Bindschadler, 1986). Water pressure is expected to be a function not only

of the water supply rate but also of the conductivity of the subglacial drainage system. The subglacial drainage network
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is generally conceptualized as a combination of two distinct components: a distributed system, which is hydrologically
inefficient, and a channelized system, which facilitates efficient meltwater evacuation (Davison et al., 2019).

At the onset of the melt season, the subglacial hydrology system is thought to be mainly composed of a widespread
network of cavities (water pockets between bedrock bumps) with low drainage efficiency. Such system favors water
pressure increase in response to meltwater input, resulting in a “spring acceleration” observed in many glaciers (Iken,
1981; Mair et al., 2001; Anderson et al., 2004; Bingham et al., 2008). Elevated basal water pressure increases cavity
size (also known as bed separation) which reduces apparent bed roughness and enhances basal sliding (Lliboutry,
1958; Hodge, 1974; Iken and Bindschadler, 1986; Fowler, 1987; Gagliardini et al., 2007). As the melt season progresses,
the distributed subglacial drainage system may evolve into a channelized network (Rothlisberger, 1972) capable of
efficiently evacuating large volumes of meltwater through subglacial conduits at low water pressure, resulting in glacier
slow down (Nye, 1976; Spring and Hutter, 1982; Tedstone et al., 2015).

This view is challenged by an expanding body of observations from both the Greenland Ice Sheet (GrIS) (Andrews
et al., 2014; Mejia et al., 2021) and mountain glaciers (Lefeuvre et al., 2015; Rada and Schoof, 2018) suggesting
that hydraulic isolation of significant parts of glacier beds is a common phenomenon, even during the summer melt
season (Rada and Schoof, 2018). In the interior regions of the GrIS, observations attribute the summer slowdown to
pressure decreases in cavities that remain largely hydraulically isolated from the lower pressure, efficient drainage
system (Andrews et al., 2014; Mejia et al., 2021). Because isolated or weakly connected cavities are likely widespread
and water pressures in these are high, they have a strong potential for modulating sliding speeds. These observations
raise important questions regarding future sea-level rise projections, as existing large-scale subglacial drainage models
typically assume that the glacier bed remains entirely hydraulically connected (Werder et al., 2013; Sommers et al.,
2023).

Seasonal velocity patterns vary substantially between glaciers, further illustrating the complexity of subglacial drainage
systems. Satellite observations along the margins of the GrIS reveal three distinct seasonal velocity behaviors (Moon
et al., 2014; Vijay et al., 2019; Solgaard et al., 2022). Type 1 behavior is characterized by a speedup from late spring
through early summer, with velocities remaining elevated until late winter. In this pattern, meltwater is interpreted to
drive the initial acceleration, while the subsequent sustained high speeds are primarily linked to terminus retreat. Type
2 behavior displays a strong early-summer speedup that coincides with runoff, indicating a predominantly inefficient
subglacial drainage system. In contrast, Type 3 behavior features a velocity increase through winter followed by a
pronounced late-summer minimum during periods of high runoff, a cycle consistent with a seasonal transition from
an inefficient to an efficient subglacial drainage system. This diverse behavior of seasonal velocity cycles is the basis of
current understanding of hydrology-dynamic coupling and how increased melting will influence flow speeds and mass

loss in the future (Davison et al., 2019).
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While these patterns are well-documented at the ice-sheet scale, resolving the speci c physical mechanisms driving

them requires high-resolution observations that are often only possible on smaller, more accessible mountain glaciers.
Glacier d'Argentiére in the French Alps is one such key site, as it is one of the few glaciers where sliding velocity has been
directly measured in a natural subglacial cavity at the terminus of the glacier (Vincent and Moreau, 2016). Using these long-
term direct measurements, previous studies demonstrated that bed shear stress strongly in uences effective pressure through
feedback between subglacial drainage and basal sliding (Gimbert et al., 2021a), and subsequently developed a fully couplec
hydro-mechanical model to describe this interaction (Gilbert et al., 2022). However, a few hundred meters upstream, Vincent
et al. (2022) observed winter uplift and acceleration, which they suggested may result from increasing bed separation due to the
growth of basal cavities that remain isolated during winter. This discrepad@yates further attests that, beyond meltwater

input, other factors such as ice thickness, surface slope, and bed topography may also modulate effective pressure.
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Here we investigate subglacial hydrology and its in uence on basal friction at the same site studied by Vincent et al. (2022)
, but using a dense GNSS network with signi cantly higher temporal resolution, continuously operating for 3 years

(2019 2021) in the ablation zone of the Glacier dArgenUere&rmmg{e%hewthaﬁheseaseﬂabaﬁemthydfelegfeal

%eusspete#%meehan@%&ha%eetﬂ&e*pﬂnﬁeseé&serepaneres We decompose the GNSS-derived motion into its

horizontal and vertical components

controlon-basalfriction: and use the vertical velocities to reconstruct the evolution of basal cavity growth and closure,
and the horizontal velocities to assess changes in basal sliding. We then interpret these variations in terms of evolving
subglacial hydrology and its control on basal friction by comparing these data to a coupled hydro-mechanical model
developed for the nearby cavitometer site. Thesgaigue high-resolution observations contribute to a better understanding
of the seasonal processes that control frictional changes as a function of the evolution of subglacial hydrology.

2 Data and methods
2.1 Study site

Glacier d'Argentiére is located in the Mont-Blanc Massif in the French Alps (Fig. 1a) and is considered to be a hard-bedded
glacier (Vivian and Bocquet, 1973; Gimbert et al., 2021a, b). It originates at about 3400 m a.s.l. and terminates at around
1600 m a.s.l., spanning a total length of 10 km. The equilibrium-line altitude laid at about 2900 m during 2019-2021 (Vincent

et al., 2009). Our study site is located in the ablation zone at 2380 m, where the glacier is characterized by a sharply incised
V-shaped valley (Hantz and Lliboutry, 1983; Vincent et al., 2009) and where previous studies have documented ice dynamics
in relation to subglacial hydrology (Vincent et al., 2022; Togaibekov et al., 2024; Roldan-Blasco et al., 2024; Nanni et al.,
2020, 2021). At this location, the glacier has a relatively shallow surface slope (10 %), a maximum thickness of 255 m (Fig.

1a), and an average surface melt rate from May to September of 0.05 m v.¢Tdgaibekov et al., 2025).
2.2 Field set-up

Five Global Positioning System (GPS) stations were deployed in the ablation zone of Glacier d'Argentiere in February 2019,
with an additional seven stations installed in February 2020 (inset map in Fig. 1a). GPS artenmase mounted on
aluminum poles anchored up to 6 m deep in the ice (Fig. 1b). The distance between neighboring survey stations ranges from 5(
to 200 m. Regular eld visits (monthly at most during a melting season) ensured the upright position of the antenna poles and
continuous power supply. We employ multi-frequency Leica GR25 receivers and Leica AS10 antennas, which continuously
record GPS signals at a 1 Hz sampling interval. The raw GPS data are decimated to 30-second intervals and converted intc
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24-hour-long RINEX (Receiver INdependent EXchange) format les. Although we collected multi-GNSS (Global Navigation
Satellite Systems) observables, only GPS data were used in this study.

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”
(green diamond in Fig. 1a) (Gimbert et al., 2021a; Gilbert et al., 2022; Vincent and Moreau, 2016; Vivian and Bocquet, 1973).
This equipment consists of a bicycle wheel (Fig. 1c) recording basal velocity at 30-minute intervals with a precision better
than 1cmd?! (Vincent and Moreau, 2016). The bed topography at these locations is distinct: the glacier is steep (20%)
and thin (55 m) at the cavitometer location, whereas it is atter (10%) and thicker (250 m) at the GPS network site (Gimbert
et al., 2021a). At the cavitometer site, a sharp local break in bed slope allows the ice to detach without elevated water
pressure. Given this unique setting, we suggest that sliding variations are instead driven by water pressure changes
in surrounding cavities within the broader region (Gimbert et al., 2021a). To complement these velocity data, we also
incorporate in our study a network of 27 ablation stakes from Vincent et al. (2022). The stakes were measured 5-8 times
per year at Pro le 4 (blue line in Fig. 1a) between 2018 and 2020 with an intrinsic accuracy of 0.01 m.

Water discharge (blue square in Fig. 1a) is recorded in excavated tunnels beneath the glacier tongue, a few hundred meter
downstream of the cavitometer, at 15-minute intervals, with a maximum measurable discHargeld of approximately
10 ? st due to collector capacity limitations (Vincent and Moreau, 2016). This limitation was eliminated after an upgrade to
a more advancegheasuremerdeviee monitoring system in summer 2020. The new installation utilizes laser altimetry to
measure water surface elevation within a stable, concrete-lined conduit, with a rating curve established using dye-
tracing experiments. This system also enables the measurement of low discharge values below 3 gh , which is
important for capturing minimum ow rates during the winter periods. Fhemeltwaterpredominanthexitsthrough The
discharge measurements are performed at a well-identi ed notch in the bedrock valley, with only a minimal amount of water
owing out elsewhere, ensuring the measurements are representative of the total discharge. Water pressure is measured in
a borehole (yellow star in Fig. 1a) next to the GPS site ARGL1 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. The borehole was operation:
from September 2019 to October 2020, although it is thought that it decoupled from the subglacial hydraulic system during
the summer of 2020 (Roldan-Blasco et al., 2024). We also use air temperature data obtained at 30-minute intervals from the
SAFRAN meteorological reanalysis in the French Alps (Vernay et al., 2022).

2.3 GPS data processing

GPS dataare were processed in static mode withdouble differencerocessingechnigue and the ionosphere-free linear
combinationf:S)-phasabservables (Bock et al., 1988reorportaedn using the geodetic softwapmekage GAMIT/GLOBK
(Herring et al., 2018). Daily GPS phase measuremaresvere processed relative to 13 wediterminedconstrained-3 IGS
(International GNSS Service) stations located at distances ranging from 110 km to 1080 km from Glacier d'Argentiére. Unlike
the kinematic solutions (Togaibekov et al., 2024), we do not Iter these daily static solutions, as the 24-hour window

naturally attenuates short-term diurnal signals (Fig. S1b) while reducing high-frequency noise to preserve long-term



Figure 1. (a) Map showing the observation network at Glacier d'Argentiére. The red rectangle indicates the location of twelve along- ow
GPS sites (red circles, also shown in the top-right inset map). The dark blue line represents Pro le 4, which was used to set the model
parameters. The isolines in the inset show the glacier thickness in meters. Coordinates are given in the cartesian NTF (Paris)/Lambert zone

Il coordinate system. (b,c) Pictures of (b) two GPS stations and (c) the cavitometer.

160 seasonal trends (Fig. S1a). However, the formal errors generated by the software for static position estimates are only
strictly applicable to stationary sites. Because Glacier d'Argentiére moves over 10 cm'd, applying these formal errors
would violate the least-squares requirement, resulting in overestimated and biased residuals (King, 2004). Therefore,
we estimate the precisioni#/e empirically by assessing the quality of position estimates using the bedrock site ARGB (red
triangle in Fig. 1la), locateden-bedroek close to the survey network, which is exposed tdvalar multi-path scattering

165 environments similar to the on-ice sitesntheglacier{redtriangleinFig—3a). Fhisisbecaus¢heformalerrorsgeneratedby

hlato-“true” onansites-howeve ard' Argentidremove

biasedresiduals. The position time series of the stationary site ARGB yields an average root-mean-square (RMS) of 2.1
mm and 6.1 mm for horizontal and vertical position estimates, respectively (Fig. S2a-c). While we use the RMS of the
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static ARGB site to estimate velocity errors for the on-ice sites, we acknowledge this likely represents a lower bound, as
antenna motion can introduce additional errors during phase ambiguity resolution.

The daily position estimates are converted into horizontal and vertical velocity time series by subtracting successive coordinats
over a 24-hour interval and dividing by this time interval. The velocity error at site ARGB is 2.3 mim(@ig. S2d), which
we adopt for the survey stations on the glacier. Assuming the cyclic behavior of bed separation at the study site (Vincent
et al., 2022), we remove a bed geometry-controlled linear trend in the vertical displacement time series for each annual cycle
independently, ensuring that bed uplift returns to the same value each year. This enables both the local emergence velocity
and the average vertical velocity component due to sliding along the bed to be corrected for. The in uence of seasonal
variation in sliding velocity along the bed was however neglected in our analysis, as the combination of a low bed slope
of 3 degrees and 10-15 m yr of horizontal velocity change would introduce variation in vertical velocity below 0.8 m
yr 1, which is small compared to the observed variation of about 4 m yt (Fig. 2c). This approach imposes a common
reference at an arbitrary datum, where the minimum point is set to zero. The mean values of the GPS-derived observables
(horizontal velocity, vertical displacement, and vertical velocity) averaged across all sites are presented in Fig. 2. Time series
of horizontal velocity anded-separation-induced vertical displacement for individual GPS sites are provided in Supporting
Information S1 (Fig. S3).

2.4 Model Description

The multidecadal measurements of basal sliding velocitahdl water dischargen-Glacierd'Argentiere at the cavitometer

site have allowed to establish a calibrated friction law that is observationally constrained and captures sliding velocity changes
that occurred over the past three decades (Gilbert et al., 2022). Imrthite! law, basal friction, and subglacial hydrology

are coupled through the transient evolution of the cavitation ratio as:

=) % 1)

where A is the Weertman friction coef cient (ma MPa™ ), m is an exponent, andyJs the basal sliding velocity. The
evolution of through time is computed as a function of effective pressure N and sliding velogitigirbugh the evolution

equation of the form;

o
=Y

dt:% Ul ) @ A sC"jNj™ N — 2)
where | is a characteristic length scale (m) representative thfe distance between bedrock bumps, C, g, and are positive
constants as de ned in Gagliardini et al. (2007).

In this study, following Gilbert et al. (2022), weelvethe apply this friction law to a full-Stokes ice ow model in a slab
con guration with geometry adapted to our study site, setting the basal slope to 3 degregseandls 0.1 MPa as inferred
from inversions of the basal condition (Gilbert et al., 2023). We use the same friction law parameter values as constrained in
Togaibekov et al. (2024)a-thisstady,weapply The ice ow model is coupled to the subglacial hydrological model proposed
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by Gilbert et al. (2022), where hydrologicatbnrsmissivity conductivity is derived from the cavitation state , as de ned by
the friction law in Equation 1. Both the water sheet thickness h (in meters) and the sheet condugtavigraged over the
study area are expressed in relation to the variable with:

h=h, » ®)

ks =ko ™ @)

where h denotes the average height of bedrock bumps (in metegsihek intrinsic sheet conductivity, and p, are
expenents tting parameters. These parameters have been previously calibrated by Gilbert et al. (2022) based on model
comparison with observations at the cavitometer. They showed thatgk p;, and p, are pretty well constrained but that
there is a trade-off between bump height and intrinsic conductivity, since both parameters play a similar role in the
sheet discharge formulation. The choice of his thus somewhat arbitrary but is representative of what can be observed
on the deglaciated part of Glacier d'Argentiere. The relationship between basal sliding velocity pJand the subglacial
water sheet thickness h can be derived by combining Equations (1) and (3). This yield the following expression for h:

mA P1
h=h, 1 22
r Up

®)

The coupled hydro-mechanical model operates with constant slab geometry and a 48-minute timestep, with surface
meltwater and rainfall provided as source terms in the hydrological model to force the model. Our model assumes that
surface meltwater percolates to the bed instantaneously through the numerous moulins and crevasses observed across
the study area. The melt rate is calculated using a degree-day model that is calibrated to match the observed water

discharge next to the cavitometer (Gilbert et al., 2022).

3 Results
3.1 Temporal variations
3.1.1 Observed seasonal variations of glacier motion

We observe clear seasonal variations in both vertical and horizontal motion during the three-year monitoring period (Fig. 2).
Surface horizontal velocity and vertical displacement begin to increase immediately after the melting season ends, typically
in October—November (Fig. 2a—c), coinciding with an increase in water pressure, as observed in winter 2019-2020 (Fig. 2b),
reaching its peak close to overburden pressure around the highest velocity and uplift in May, known as the “spring event” (lken
and Bindschadler, 1986; Mair et al., 2003). The spring event occurs when the glacier is still snow-covered, immediately after
the air temperature exceeds@but shortly before the onset of the water discharge rise, and lasts for about ve days (Fig.
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2). Following this event, both horizontal velocity and vertical displacement start to decline early in the melting season, while
water discharge remains elevated throughout the summer months, uctuating betwéert 5and 15 mi s . While vertical
displacement declines progressively, horizontal velocity exhibits short-term variations as long as water discharge is high (Fig.
2b). The minimum values of GPS-derived horizontal velocity and vertical displacement coincide with a signi cant drop in
water discharge, typically in October—November, sometimes referred to in the literature as the “fall event” (Fudge et al., 2008;
Rada and Schoof, 2018). The vertical velocity, on the other hand, is in anti-phase with water discharge, being negative during
the summer months and positive from September to May. Similar behavior with smaller amplitude is also observed at station
ARGG (Fig. S3), located approximately 3 km upstream, closer to the equilibrium line, suggesting that similar processes are at
play in a signi cant portion of the glacier.

3.1.2 Comparison with the cavitometer velocities

Both the sliding velocity measured by the cavitometer at the terminus of the glagiethe-icefall-area{seeFiguret)
differsfrom and the GPS-recorded surface velocity several hundred meters upglacier (Figure 1) exhibit distinct seasonal

variations. Both independent measurements capture a series of synchronous short-term speed-up events and a similar
deceleration trend during the late melt season from July through November. Despite this shared patterns, they differ
notably in beth overall magnitude and speci c timing (Fig. 2b). At the cavitometer, the sliding velocity decreases toward a
plateau over winter and increases signi cantly (by up to approximately 20—2% maes water discharge rises at the onset of
melt in April. In contrast, the GPS-derived surface velocity increases progressively over winter, starting in November, by up
to 15 m a . During the melt period, the cavitometer shows velocity variations similar to those in the GPS records but with a
different amplitude due to higher basal shear stress at the cavitometer location (Gilbert et al., 2022). It is important to note
the differences in the physical settings of these instruments: the cavitometer is located in an icefall area characterized
by a signi cantly steeper basal slope angle and higher mean surface velocities compared to the atter, slower-moving
region monitored by the GPS network.

The winter of 2020-2021 is characterized by the lowest sliding velocities at the cavitometer, around 3Qmbezaestingly,
this coincides with the smallest winter increase in GPS-derived surface velocity before the onset of the spring event, and it
was preceded by the smallest velocity decrease in autumn (Fig. 2b). It is noteworthy that the water discharge level remains
constant at about 1¥1s! throughout the winter, indicating that basal wateeulates ows beneath the glacier year-round. As
described in Section 2.2, the water discharge measurement system was upgraded in autumn 2020 because the previous systel
was not accurate enough to record low water discharge. This earlier technical limitation explains the zero values observed
during the winters of 2018—-2019 and 2019-2020.

3.1.3 Comparison with modeled velocities

The hydro-mechanical model, originally developed based on cavitometer measurements, only partially reproduces the seasone
patterns of velocity and uplift observed by GPS (Fig. 2b). The main discrepancy is that the model underestimates both the
observed winter speed-up and uplift, which were previously found to result from enhanced bed separation due to increased



Figure 2. Seasonal variations in (a) water discharge and air temperature, (b) horizontal velocity and water pressure, and (c) vertical
displacement and vertical velocity time series over a 3-year observational period from 2019 to 2021. The GPS-derived horizontal velocity,
verticaldisplacement bed separation, angrtical separation velocity are given as an average across all available GPS sites. Water pressure

is expressed as a percentage of the ice overburden pressyfer(Bn ice thickness of 255 m. The shaded gray areas indicate the melt

season.
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storage of basal water in isolated cavities (Vincent et al., 2022). If this is the case, the model cannot, by design, simulate rising
winter water pressures in isolated hydraulic systems. This is because hydraulic conductivity is set as a function that only
increases with sheet thickness. Thus, growing cavities always reduce the water pressure in the model. This is a common
limitation of current subglacial hydraulic models, which often fail to reproduce highly pressurized and disconnected subglacial
environments (Downs et al., 2018; Flowers, 2015) that spontaneously form in the absence of surface melt (Hoffman et al.,
2016).

HeweverAlthough, during the summegeriod, the model accurately captures horizontal velocity variations, it produces
changes in cavity size that are different frabhe-ene those inferred by GPS observations (Fig. 2c¢). Speci cally, the GPS
records show an earlier peak in bed separation coinciding with the spring event, followed by continuous subsidence
throughout the melt season. In contrast, the model predicts a delayed peak and a more sustained level of uplift. These
discrepancies between the measurements and the model raise the questions of whether the observed summer subsidence

truly representative of bed separation or whether the model lacks the appropriate physics.
3.1.4 Temporal relationship between bed separation and horizontal velocity

The seasonal relationship between winter uplift and velocity speed-up is strongly coupled and approximatek/ineara’ -
per-meterof-uphfty (Fig. 3a,b). As the winter season progresses from November to May, a steady increase in bed
separation from 0 m to approximately 0.5 m is accompanied by a proportional rise in horizontal velocity from roughly

35 to over 50 m a , yielding a slope of 27 m & per meter of uplift (blue dashed line in Fig. 3b). Although this long-

term seasonal trend is evident, short-term variations in horizontal velocity appear to be uncorrelated with the observed uplift,
as they are mainly driven by rapid changes in water pressure at a constant cavitation state (Togaibekov et al., 2024). This
relationship is also valid at the end of summer, when water discharge signi cantly decreases (below Sra! ), typically

from late August to early November (Fig. 3a,c). Equation (5)re{(5) provides a good order of magnitude for the relationship
between winter speed-up and uplift (dark gray line in Fig. 3b), suggesting that bed uplift could serve as a good proxy for

the overall cavitation state at the glacier baSéis+elationshipis-alsevalid-atthe endofsummerwhenwaterdiseharge

However, the horizontal velocity appears to be uncorrelated with bed separation during the subsidenegphaseediately
after the spring event in May. This is evident in Figure 3c, where the summer months (July to August) exhibit a steep
vertical drop in the scatter plot: bed separation decreases precipitously from approximately 0.6 mto 0.2 m, yet horizontal
velocity remains high between 45 and 55 m & . During these periods of high water discharge, which usually encompass
most of the summer months in 2020 and 2021, cavitiesustkrat-rearlyconstanhorizentalvelocity when surface velocity
was constant, possibly due to other processes affecting overall bed friction during this period. This deviation is less apparent
in stake measurements, likely due to their lower temporal resolution (triangles and stars in Fig. 3c).
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