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Abstract. Avalanches are critical contributors to the mass balance and spatial accumulation patterns of mountain glaciers.
While gravitational snow redistribution models predict high localized accumulation, these predictions lack field validation due
to the difficulty of monitoring highly dynamic avalanche cones. Here, we present two years of high-resolution monitoring of
a large avalanche cone in the accumulation area of Argentiere Glacier (French Alps). To capture these dynamics, we employed
a multi-sensor approach: Uncrewed Aerial Vehicle (UAV) surveys and a time-lapse photogrammetry array consisting of 7
low-cost cameras deployed ~1 km away from the cone. Point clouds and Digital Elevations Models were produced at a two-
week resolution using Structure-from-Motion photogrammetry. Methodological validation shows that while side-looking time-
lapse photogrammetry captures the overall elevation changes, it tends to underestimate them compared to UAV data, with
biases up to 1.8 m and precisions of 2-6 m. Despite these uncertainties, our results reveal extreme spatial variability in
accumulation. The top of the cone is the most active zone, exhibiting elevation changes of ~30 m annually corresponding to a
local annual mass balance reaching 23 +/- 4 m w.e. in 2023 and 16 +/- 4 m w.e. in 2024. We identify a topographical threshold
for snow storage: the upper cone fills early in the season until reaching a critical slope of ~35°, after which subsequent
avalanches bypass the cone’s apex to deposit mass at the cone’s base. From May onwards, mass redistribution is further
modulated by the development of surface channels. Our findings demonstrate that time-lapse photogrammetry is a viable tool
for monitoring dynamic glacier surfaces and provide rare empirical evidence of the dominant role avalanches play in the local

glacier mass budget.
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1 Introduction

Glaciers gain mass primarily through solid precipitation and snow redistribution processes such as wind drift and avalanching

(Dadic et al., 2010; Laha et al., 2017; Brun et al., 2019). Traditionally, surface mass balance is quantified via in-situ point

observations at stakes, supplemented by snow pits and firn cores to determine height and density (Cuffey and Paterson, 2010).
These point measurements can be expanded spatially using high-frequency ground-penetrating radar (Jourdain et al., 2023;
Patil et al., 2025) or temporally using multi-annual accumulation records from firn cores (Mayer et al., 2014) or crevasse
stratigraphy (Purdie et al., 2011). However, for logistical, safety and representativity reasons, these monitoring efforts are
typically confined to relatively flat, accessible, crevasse-free and avalanche-free areas (Benn and Lehmkuhl, 2000). This
sampling bias frequently neglects glacier margins at the base of steep headwalls, where avalanches concentrate mass (Kneib
et al., 2024b). By omitting these high-accumulation zones, traditional methods may fail to capture a critical component of the
total mass budget (Benn and Lehmkuhl, 2000; Hynek et al., 2024). Such omissions may contribute to discrepancies between
glaciological and geodetic mass balance estimates, which must be reconciled to derive consistent, long-term mass balance
time-series (Zemp et al., 2013; Wagnon et al., 2021).

The specific contribution of avalanches to glacier mass balance remains difficult to isolate from solid precipitation. Current
estimates often rely on numerical models constrained by observations from off-glacier terrain (Quéno et al., 2023; Kneib et
al., 2025). Avalanche contributions have been quantified at various spatial scales, using models of various complexity.
Turchaninova et al. (2019) performed simulations based on depth-averaged flow equations using the software RAMMS to
show that avalanches contribute up to 10% of total accumulation for specific glaciers in the Tien Shan. At the global scale,
Kneib et al. (2025) utilized a simpler parametrization of gravitational snow redistribution (Gruber, 2007; Bernhardt and Schulz,
2010) to demonstrate that avalanches significantly contribute to glacier mass balance across regions such as New Zealand,
Central Europe, and High Mountain Asia. While such parametrizations are now widely integrated into glacio-hydrological
models (Burger et al., 2018; Mimeau et al., 2019; Jouberton et al., 2025), they remain fundamentally under-constrained because

of the lack of empirical data—even when considering off-glacier avalanche records (Kneib et al., 2025).

Complementary approaches have utilized ice flux inversions combined with geodetic elevation changes to estimate avalanche
contributions via the continuity equation (Terleth et al., 2023; Kneib et al., 2024b). While these methods are data-driven, they
rely on strong assumptions on the glacier bed geometry and on mass balance modelling to partition avalanche mass from direct
snowfall. Direct field measurements using high-frequency ground-penetrating radar (GPR) provide perhaps the most robust
ground-truth for end-of-season snow height on on-glacier avalanche deposits (Purdie et al., 2015; Mott et al., 2019; Hynek et
al., 2024). However, GPR surveys are often limited by sparse sampling of highly heterogeneous snowpacks and the inherent
danger of operating in steep, rockfall-prone zones. More recently, close-range remote sensing—including terrestrial LIDAR

and UAV-based photogrammetry—has been employed to map surface changes at high resolution (e.g. Piermattei et al., 2015).
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Yet, these snapshot surveys typically do not account for vertical velocity due to ice flow, which complicates the conversion of

elevation change into actual mass accumulation (Jourdain et al., 2023).

Sites affected by avalanche deposits are characterized by high mass turnover, driven by exceptional accumulation rates from
the localized redistribution of snow from surrounding headwalls. However, precisely quantifying this effect requires capturing
the high spatial and temporal variability of the physical processes occurring within these dynamic zones - a task that has
remained elusive until now. Here, we use a combination of field measurements - centred on close-range remote sensing from
UAV surveys and an array of time-lapse cameras - to estimate the contribution of avalanches on a selected cone of Argentiére
Glacier (France) located at the base of the North-north-east face of the Courtes (3856 m a.s.l.), a 700-m-high headwall located
in the Mont-Blanc massif. We aim to evaluate the mass turnover at this location on an annual scale, and estimate the
contribution of the different processes underlying this evolution.

2 Site description

Argentieére Glacier (45°55'N, 7°00'E) is located in the Mont Blanc massif, European Alps (Fig. 1). In 2022, the glacier
extended from ~ 3500 to ~ 1600 m a.s.l. at the terminus, covering an area of ~ 12 km? with a length of ~ 10 km. The glacier
is characterized by steep surrounding headwalls that frequently release large avalanches onto its surface (Fig. 1; Kneib et al.,
20244, b). The glacier surface mass balance has been continuously monitored since 1975 using a network of stakes (Vincent
et al., 2009) as part of the GLACIOCLIM monitoring programme (https://glacioclim.osug.fr/, last access: 11 January 2026).
Here, we focus on an avalanche cone of the accumulation zone of Argentiére Glacier located at the base of the North-north-
east face of the Courtes (3856 m a.s.l.), between 2850 and 3150 m a.s.l. This feature, hereafter referred to as ‘the cone’, is an
avalanche-deposit fan fed by the steep (~45° on average, rising to ~3800 m a.s.l.) slopes above (Fig. 1). The partly crevassed
cone effectively functions as a small tributary, flowing directly into the main glacier unit. We selected this site as it is strongly
fed by snow avalanches, while the absence of seracs or hanging ice in the above slopes allowed us to safely access the cone at
certain times of the year with stable snow conditions. Furthermore, the cone is naturally delineated by two prominent rock
ridges, which provide stable terrain on both sides of the cone for co-registration of UAV and time-lapse photogrammetry

surveys.
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85 Figure 1: Field site. (a) Location of the avalanche cone on Argentiere Glacier (red triangle) in the Mont-Blanc massif.
Glaciers from the RGI v6.0 are shown in light blue (RGI Consortium, 2017) and the background hillshade is from the
AW3D30 30 m Digital Elevation Model (DEM, Tadono et al., 2014). (b) 2012-2021 mean distributed surface mass
balance of Argentiére Glacier as obtained from an ice flux inversion using the Instructed Glacier Model (Kneib et al.,
2024b). The blue dots correspond to the location of the time-lapse cameras and the black dots and stars represent the

90 location of long-term ablation and accumulation stake measurements, respectively. The 100 m contour lines are from
the AW3D30 30 m DEM. (c¢) 21 August 2023 Pléiades false-colour image of the cone (red outlines) and camera locations
(blue circles). Pléiades © CNES 2023, Distribution AIRBUS DS. The 100 m contour lines are from the AW3D30 30 m
DEM and the black star shows the location of the closest long-term accumulation measurements. (d) 30 August 2023
oblique view of the cone from Camera 5. The orange dots indicate the location of prominent features used as natural

95 Ground Control Points in the processing of the point clouds.
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3 Data and Methods
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Figure 2: Timeline of all measurements used in the frame of this study. The positions of the individual cameras are

shown in Figure 1a.

3.1 UAV photogrammetry

To obtain high-resolution information of the local topography, we conducted four UAV surveys during the study period: 4
May 2023, 27 September 2023, 29 May 2024, and 23 October 2024 (Fig. 2). An initial attempt on 26 January 2023 failed due
to low temperatures that prevented UAV operation. For all successful missions, we utilized either a DJI Phantom 4 or a DJI
Mavic 3 UAV, both equipped with Real-Time Kinematic (RTK) positioning. To ensure inter-survey alignment, a base station
was positioned at the foot of the cone for each flight and referenced to a fixed base station ~1 km away. The surveys included
both nadir and 60° oblique flights with 70% lateral overlap and 80% frontal overlap between images, while maintaining a

constant altitude of 100 m above ground.

Image processing followed a Structure-from-Motion (SfM) workflow in Agisoft Metashape (v1.8.3) as described by Over et
al. (2021), resulting in high-density point clouds (200-500 points m2). Ten Ground Control Points (GCP) distributed across
the cone were used to process the 27 September 2023 acquisition, which served as our reference. The remaining three surveys,
conducted without GCPs, were co-registered to this reference point cloud using the Iterative Closest Point (ICP) algorithm
(Besl and McKay, 1992) via the Python library py4dgeo v0.6.0 (py4dgeo Development Core Team, 2022). The stable terrain
needed for the point cloud co-registration could not be extracted manually given the transient presence of snow on the rock

walls around the cone. We therefore automatically extracted the snow-free locations using brightness and colour thresholds
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(Fig. S1). Finally, the point clouds were interpolated into 1-m resolution Digital Elevation Models (DEMs) and orthoimages

using a cubic spline method.

Using the same automated classification applied to the point clouds, we computed the standard deviation of the DEM
differences over assumed stable terrain, off-glacier, and obtained a vertical uncertainty of the UAV-derived elevation change
maps of 1.0 m (Fig. S2; Kneib et al., 2022). Because the stable rock slopes surrounding the avalanche cone are in general
steeper than the cone itself, this value represents a conservative, upper-bound estimate of the uncertainty across the study area,

due to the positive relationship between slope and uncertainty (Kneib et al., 2022; Hugonnet et al., 2022).

3.2 Time-lapse photogrammetry

We used an array of time-lapse cameras to quantify the elevation changes on the cone at high temporal resolution. The time-
lapse monitoring network consisted of low-cost Stealthcam Core DS4K cameras (32 MPx, 52° diagonal field of view) mounted
on stable rock outcrops on the other side of the glacier, ~1 km from the cone (Fig. 1). Each unit was secured with a 3D printed
part to a custom metal frame bolted directly into the rock (Fig. S3). The total cost for one full camera setup was ~350€ including
batteries and storage on 64 GB SD cards. Cameras were programmed to capture images at 1-hour intervals throughout daylight
hours from 31 November 2022 to 10 April 2025 (Fig. 2). Six AA Lithium-ion batteries provided more than a year of
autonomous operation, though maintenance was required when units were buried by snow, suffered physical damage, or
experienced orientation shifts leading to discontinuous time series for individual cameras (Fig. 2). We georeferenced each
camera position using dGPS and recorded viewing angles (pitch, yaw, and roll) using a compass and inclinometer during

installation and after any observed shifts. All cameras were dismantled in April 2025.

3.2.1 Avalanche events from time-lapse images

To characterize the temporal evolution of accumulation, we visually analysed 7,121 images from Camera 5, spanning the
period from 30 November 2022 to 10 April 2025. Avalanche deposits were identified across seven distinct sectors of the cone
and categorized by magnitude: small if the deposit area was smaller than 10% of the sector, medium (>10% and < 40% of the
sector) and large (>40% of the sector) (Fig. S4). This dataset was supplemented by an additional images from a time-lapse
camera directed at the mountain headwall from 27 July 2023 to 29 March 2024, providing a qualitative proxy for snow
accumulating on the contributing slopes. Observational continuity was hindered between November and January by poor
illumination and regular snowfalls, which often limited the analysis to at most one usable image per day. These visual
observations were ultimately used to delineate the study area of the cone as well as the contributing slopes above, ensuring

that the cone boundaries encompassed the maximum observed extent of avalanche activity.
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3.2.2 Structure-from-motion photogrammetry

Using the camera images, we generated 1-m resolution DEMs of the cone every two weeks from 4 March 2023 to 28 February
2025 using an array-based SfM photogrammetry workflow (Agisoft Metashape v1.8.3), following the methodology of Kneib
et al. (2022). Initial camera positions and orientations were constrained by the in-situ dGPS measurements, compass bearings,
and inclinometer readings. We performed a two-step calibration: first, time-lapse images from 27 September 2023 were
processed together with the concurrent UAV images and its 10 associated GCPs in one Metashape project. This enabled a
rigorous calibration of camera extrinsic (position, viewing angles) and intrinsic (lens) parameters relative to the UAV
reference. Second, we re-processed the time-lapse images independently using these calibrated parameters to generate a
reference camera point cloud. From this reference, we identified 16 Ground Control Points (GCPS, Fig. 1d) as natural features
located on stable rock outcrops. These GCPs remained visible throughout the year, even during peak snow cover, and were

used for the remainder of the bi-weekly time-lapse series.

Following the calibration of the 27 September 2023 reference, we processed bi-weekly time-lapse point clouds from 4 March
2023 to 28 February 2025 using a semi-automated SfM workflow (Kneib et al., 2022). We manually selected image sets
captured under optimal illumination—typically late morning, when the North-East aspect of the cone was most evenly lit. The
16 GCPs were used to re-calibrate the camera parameters at each epoch, accounting for potential shifts in viewing angles or
seasonal variation in lens distortion (Kneib et al., 2022; loli et al., 2024). This re-calibration also enabled the seamless
integration of a changing camera network, as several units were relocated or added during the summer of 2023 (Fig. 2). Finally,
the individual resulting dense point clouds were co-registered to the 27 September 2023 reference using the same ICP-based
alignment approach applied to the UAV datasets.

We assessed the uncertainties of the time-lapse photogrammetry using two independent approaches. First, we validated the
time-lapse-derived elevation change against the UAV-derived elevation change for overlapping periods. We compared the
elevation change patterns rather than the DEMSs as we were interested in the relative elevation changes and wanted to avoid
being influenced by potentially systematic bias between UAV and time-lapse DEMs. This allowed us to quantify systematic
biases - defined as the mean of the residuals - and random noise, characterized by the standard deviation of the residuals. To
account for spatial autocorrelation, we computed the variogram of these residuals using the xdem library (Hugonnet et al.,
2022; xDEM contributors, 2024), which determined the number of independent pixels for area-weighted uncertainty
propagation. Second, we evaluated the internal precision and repeatability of the method by comparing two clusters of near-
simultaneous time-lapse DEMSs: nine acquisitions from 25-26 May 2024 and nine from 22—-24 November 2023. This second
experiment provided an estimate of short-term random error-and-a

Humination-on-the-phetogrammetricreconstruction. Third, we computed the evolution of the absolute median (bias) and
Normalized Median Absolute Deviation (NMAD) of the M3C2 distances over stable terrain relative to the 27 September 2023
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reference point cloud. This third experiment allowed us to isolate the influence of seasonality and varying illumination on the

photogrammetric reconstruction.

Finally, we conducted a sensitivity analysis to determine how variations in the number of active cameras (Fig. 2) influenced
point density and random error. We processed point clouds for 27 September 2023 (12:00) and 28 May 2024 (15:00) using
subsets of three, four, and five cameras. Cameras were prioritized for inclusion based on their operational longevity; those
with the highest cumulative uptime were retained across all subsets, while less frequently active units were progressively
excluded. After co-registration, these test clouds were compared against a reference for each date using the Multiscale Model-
to-Model Cloud Comparison (M3C2) algorithm (Lague et al., 2013). For the September 2023 epoch, the reference was a point
cloud generated from the full 7-camera array; for the May 2024 epoch, the test clouds were compared directly to the concurrent

high-resolution UAV point cloud.

3.3 Mass balance calculations
3.3.1 Theoretical framework
To convert observed elevation changes into mass balance components, we account for the vertical ice flux. Following Jourdain

et al. (2023), the local surface mass balance (b;) is expressed as the product of the near-surface density (p) and the sum of the

surface elevation change (g) and the submergence velocity (Vs,;):

bs = (Z_f + Vsub) Ps 1)

Here, V,;,, integrates both the vertical displacement of ice due to glacier dynamics and the effects of firn compaction in layers
older than the study period, which we assume to be constant (Cuffey and Paterson, 2010; Jourdain et al., 2023). Following

standard convention, upward terms are positive and downward terms are negative.

We leveraged the above equation to quantify the surface mass balance b, through the following steps:
o Density derivation: pg and its associated uncertainties were derived from density profiles conducted on the cone.
e Submergence velocity quantification: Vg, was quantified using Eq. 1 for specific periods where contemporaneous in
situ mass balance measurements (b,/p;) and elevation change data (g) were both available.

e Temporal extrapolation of mass balance: b, for the other periods was derived by assuming a constant V,,, for the

duration of the study period and applying it to the bi-weekly elevation change data following Eq. 1.



210

215

220

225

230

Following this procedure, mass balance was calculated for distinct areas of the cone across different periods. Uncertainties
were propagated from density measurements, elevation change maps, and submergence velocity; for the latter, uncertainties
relate to the temporal variability of the near-surface density and to the elevation change. As the variability in near-surface
density could not be quantified, we adopted the UAV vertical uncertainty as a proxy for the vertical uncertainty in the

submergence and discuss this aspect in Sect. 5.

3.3.2 Ablation stake network

To estimate the vertical ice flux and monitor seasonal mass loss, we maintained an ablation stake network during the 2023 and
2024 summer seasons (Fig. 2). Between 4 May and 27 September 2023, eight stakes were installed on and adjacent to the
cone. In the following season, three stakes were re-installed from 29 May to 23 October 2024. Stake placement was constrained
by exposure to rockfall and avalanches from the surrounding headwalls. Furthermore, several stakes were lost over the study
period, likely due to crevasse opening. For both years we calculated the summer mass balance of the cone for the monitored
period by extrapolating the stake measurements on the cone. The mass balance on the cone was also compared to mass balance
records from the French glacier monitoring program (GLACIOCLIM), which maintains a network of reference stakes in the

main accumulation zone of Argentiére Glacier, away from any avalanche influence (Fig. 1).

3.3.3 Submergence velocity

We solved Eq. 1 for V,,,;, (m/day) for both summer periods by subtracting the extrapolated stake mass balance (b /p, in m/day)
from the UAV-derived elevation changes (% in m/day). For this purpose, we manually masked crevasses from the elevation

change maps, thereby excluding signals from snow bridge collapses or crevasse expansion. The resulting gaps were filled
using a bilinear interpolation and the final V,; submergence maps were smoothed using a 40x40 m median filter. These
estimates of V,,;,, were compared to the distributed flux divergence values modelled for Argentiére Glacier by Kneib et al.
(2024b) for the 20122021 period.

3.3.4 Density profiles

Between 2023 and 2024, we derived five snow and firn density profiles from the avalanche cone by extracting and weighing
firn core segments. Two initial profiles (F1 and F2) were measured on 26 January 2023; these were followed by two additional
profiles on 4 May 2023, with one located at the F1 dGPS coordinates to track vertical change. A final profile was recorded on
29 May 2024. In the repeated F1 profile, a distinct stratigraphic horizon was identified between January and May, providing a

direct measurement of vertical ice displacement (Jourdain et al., 2023).
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3.3.5 GPR measurements

To assess the spatial variability of snow depth, we conducted a Ground-Penetrating Radar (GPR) survey on part of the cone
on 4 May 2023. The survey was performed using a GPR system equipped with a pair of 250 MHz antennas, manually dragged
on the surface. The GPR lines were planned to intersect the locations close to the density profiles conducted on the same day.
The irregular surface and locally steep slopes led to variable antenna coupling and acquisition geometry, introducing local
inconsistencies and apparent discontinuities in the GPR sections. Despite these artefacts, crossing points show good agreement
between profiles. Processing aimed to improve imaging of the snow base horizon and consisted of time-zero correction,
background removal, band-pass filtering (corner frequencies 150-300 MHz), and amplitude recovery. Time-to-depth
conversion was performed with a velocity of 0.21 m/ns, which corresponds to a density in the range of the measured densities
on that day (Kovacs et al., 1995). After processing, the snow-firn transition was more clearly recognizable across the profiles,
as a laterally continuous reflector. This approach allowed us to spatially extrapolate the discrete density measurements by
identifying these continuous stratigraphic reflectors within the snowpack (Jourdain et al., 2023; Patil et al., 2025).

3.3.6 Meteorological data

We compared our mass balance observations against meteorological data from an Automated Weather Station (AWS)
maintained by GLACIOCLIM and located near the glacier at 2439 m a.s.l. We estimated baseline snowfall on the cone and its
contributing headwalls by applying a standard environmental lapse rate of -6.5 K km™ to the AWS temperature series. The
precipitation phase was partitioned using a linear transition, assuming solid precipitation below 0°C and liquid precipitation
above 2°C. By combining these partitioned precipitation data with the ablation rates measured at our stakes, we derived a
theoretical net mass balance for the cone over the study period. This baseline represents the mass balance expected from direct

climatic forcing alone.

4 Results
4.1 Evaluation of the time-lapse observations

We evaluated the time-lapse elevation change against the UAV reference datasets (1.0 m upper-bound vertical uncertainty). A
comparison of elevation change maps revealed systematic seasonal biases: the time-lapse method consistently underestimated
the magnitude of the elevation changes, with biases between 2.0 and 3.3 m (Fig. 3). This indicates that while the time-lapse
array captures the overall signals, it tends to underestimate the total magnitude of seasonal elevation fluctuations. The

Nermahized-Median-Abselute Deviatien{NMAD) of the residuals - a metric to quantify the measurement spread that is robust
to large outliers - ranged between 1.5 and 2.5 m (Fig. 3).

10
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Figure 3: Comparison of the elevation change from the time-lapse DEMs and for the UAV DEMs for the ablation-
period 2023 (a), the accumulation-period 2023-2024 (b) and the ablation-period 2024 (c). RMSE: Root Mean Square
Error. SDE: Standard deviation. NMAD: Normalized Median Absolute Deviation. Point density contours are defined

on a logarithmic scale.

These findings are consistent with our intra-day repeatability tests (Fig. S5). Comparing nine DEMSs generated within 48-hour

windows over which we assumed negligible changes (no precipitation and limited melt), we observed biases between 0.02 and

1.8 m and a mean precision (standard deviation) of 3.8 m. This internal precision remained stable acress-seasensbetween the

May and November repeatability tests, with mean absolute biases of 0.5 m in May and 0.6 m in November. The number of

active cameras in the array presentsed a trade-off between point density and reconstruction accuracy (Table S1-S2). While
increasing the camera count from three to five (or seven) improved the average point density (from ~4.2 to ~6.7 points m2),
it also increased the noise. For both the May and September test cases, the highest absolute biases and standard deviations
were observed with 5 cameras (reaching 1.0 m and 4.4 m, respectively). Conversely, the lowest biases (~0.2 m) were achieved
with only 3 cameras. This suggests that as more oblique angles are integrated into the SfM solution, the potential for geometric
contradictions increases, though a higher camera count remains necessary for spatial coverage of the complex cone topography.

For our setup there were at least 4 cameras available for the whole duration of the survey, so the strongest influence on the

number of points and on the bias and precision came from the seasonality (Fig. S6). Indeed, the November-February months
had a relatively high bias (0.31 m on average) and NMAD (2.0 m) of M3C2 distances over stable terrain, compared to the

March-October months, with bias and NMAD of 0.29 m and 1.6 m, respectively. Similarly, the mean number of points was

lower during these winter months (1.4 million) compared to the rest of the year (2.1 million).

11
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4.2 Surface elevation dynamics

The UAV-derived elevation change maps reveal a pronounced spatial gradient between the uppermost part of the cone and its
lower extents (Fig. 4). The largest elevation change occurs in the uppermost section, immediately below the bergschrund. In
2023, this zone experienced a seasonal downwasting of ~30 m during the ablation period, followed by a compensatory gain of
~30 m during the 2023-2024 accumulation season (Fig. 4a—b). While the 2024 ablation season showed a smaller negative
change (~15 m), this was influenced by early-season snowfall in September 2024. These events triggered significant avalanche
deposits at the top of the cone prior to the October 2024 survey, partially masking the summer ablation signal. In contrast, the
lower cone - beyond 100 m horizontally from the bergschrund - exhibited more moderate fluctuations, typically on the order

of +£10 m. Strong localized signals were also observed in crevassed areas, where snow bridge collapse and crevasse expansion

generated high-amplitude positive and negative elevation changes.
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Figure 4: Elevation change maps from UAV DEMs. (a) 04/05/2023 - 27/09/2023. (b) 27/09/2023 - 28/05/2023. (c)
28/05/2023 - 23/10/2024. The black lines in panel (a) indicate three transects along which the elevation change and slope
values displayed in panels (d-i) were extracted. (d-f) Elevation change profiles along the radial transects of panel (a).
(g-i) Slope profiles of the different DEMs along the same transects. The slope was smoothed using a 20-m moving
average. The dashed black lines correspond to the extents of the cone, with the distance along the transects indicated

in the downslope direction.

The bi-weekly time-lapse data mirror these UAV patterns while providing the temporal context for these fluctuations (Fig. 5).
Elevation minima were reached in late September 2023 and early September 2024, with peak elevation occurring in April. The
maximum amplitude of 30-35 m was consistently located just below the headwall for both years. Radial profiles extracted
from the time-lapse DEMSs show a characteristic "double-peak" pattern: after the maximum at the top, the amplitude of change
decreases to a local minimum of 5-10 m at a distance of 300 m, before increasing again to a secondary peak of 10-15 m
between 400 and 500 m (Fig. 5). These spatial patterns remained consistent between the two study years, with the primary
deviations restricted to Profile 1, where active crevassing introduced localized variability. Surface slope angles remained
relatively stable throughout the study period, with the exception of the uppermost section. In this high-accumulation zone,
slopes fluctuated from a minimum of 24° at the end of the ablation season to a maximum of 36° during the spring or following
early autumn avalanches (Fig. 4g—i). While localized slope variability was high near active crevasses, the radial profiles
revealed two local minima: one at the transition between the headwall and the upper cone - which became more pronounced

at the end of the summer ablation - and a second in the lower reaches, where the slope consistently decreased to less than 10°.
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Figure 5: Elevation change between the time-lapse DEMs and a reference end-of-summer time-lapse DEM for the
periods 03/2023 - 02/2024 (year 1; a, ¢, €) and 03/2024 - 02/2025 (year 2; b, d, f) along the profiles indicated in Fig. 4a.
We used the 27/09/2023 time-lapse DEM as reference for year 1 and the 29/09/2024 time-lapse DEM for year 2. The
shaded grey zones correspond to zones affected by crevasses during the study period. The vertical dashed lines

correspond to the points used to plot the time series in Fig. 9.

4.3 Surface mass balance
4.3.1 In-situ density and ablation

All profiles showed a densification with depth, and the average snow density across all profiles was 420 +/- 50 kg m=3, with

the May profiles slightly higher at 430 +/- 60 kg m™ (Fig. 6) than the January profiles. We consider these values to be a lower-
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bound estimate for the entire annual accumulation layer, as most profiles did not reach the previous year’s summer horizon.
To account for the denser, underlying firn - previously measured in non-avalanche-fed accumulation zones at 550 + 30 kg m™3
at the end of the summer period (Thibert et al., 2008; Six and Vincent, 2014) - we adopted a depth-integrated density conversion
factor of 500 +/- 80 kg m™ for all subsequent mass balance calculations, which encompasses the mean depth-integrated density
estimates while giving reasonable bounds to the density of a snow layer of a few months to a few years old (Cuffey and
Paterson, 2010).
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Figure 6: Density measurements on and in the vicinity of the cone. (a-d) density profiles at various locations (indicated
by the letters) and various dates (indicated by the colours). The vertical dashed lines indicate the mean density of each
profile while the horizontal black lines indicate if the profile reached the previous year’s horizon. (e) Location of the

density measurements with the 4 May 2023 UAV orthoimage as background. Black outlines show the cone extents.

Stake measurements revealed a relatively homogeneous spatial distribution of melt across the cone. During the 2023 ablation
season (4 May to 27 September), stake readings ranged between -6.8 and -6.2 m (Fig. 7). Irregular stake length changes were
measured for the first half of the period at stakes S3 and S8, but most likely due to the opening of crevasses at these locations
(Fig. 7a). Only two stakes survived the summer in 2024 but they also displayed consistent mass balance values of -5.4 and -
6.0 m between 29 May 2024 and 23 October 2024. Given this observed uniformity, we applied the mean stake-derived ablation
rate to the entire study area. By subtracting this uniform ablation signal from the UAV-derived elevation changes, we isolated

the distributed submergence velocity Vg, across the cone for both summer periods (Sect. 4.3.2).
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Figure 7: In situ measurements at stakes in 2023 and 2024. (a-b) Location of the stakes and respective measured mass
balance over the ablation seasons of 2023 and 2024. Empty circles correspond to stakes that were not recovered at the
end of the measurement period. The background image is the end-of-period UAV orthoimage. Black outlines show the

cone extents. (c-d) Cumulative mass balance measurements at the stake locations.

4.3.2 Submergence velocity

The spatial distribution of V,;, remained consistent across both ablation periods, with mean values of -4.3 m yr? in 2023 and
-3.4myrtin 2024 (Fig. 8). A distinct lateral asymmetry was observed in the lower part of the cone: the true left side exhibited
positive vertical velocity (emergence), while the true right side showed persistent negative values (submergence). However,
velocity was significantly higher in 2023 than in 2024, likely because the later October 2024 UAV survey captured early
avalanche accumulation. This violated our assumption of spatial homogeneity of ablation across the cone for the 2024 period.
Consequently, we utilized the summer 2023 submergence map as the reference for all subsequent mass balance calculations
(Eq. 1). We considered the 1-c uncertainty on the submergence to be the same as the uncertainty on the UAV elevation change,
which gave 2.5 m yr't. We assumed full spatial correlation, so this uncertainty can be interpreted as a conservative estimate.
Our locally derived submergence patterns revealed greater spatial heterogeneity and higher magnitudes than those predicted
by glacier-wide ice-flux inversions, which estimated an integrated flux divergence of -2.3 +/- 1.2 m yr* for the cone area over
the period 2012-2021 (Fig. 8c, Kneib et al., 2024b).
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Figure 8: Spatial distribution of the submergence at the location of the cone (black outlines) for summer 2023 (a) and
summer 2024 (b) after subtraction of the measured mass balance from the elevation change. (c) Spatial distribution of
the submergence over the same area from an ice flux inversion using the Instructed Glacier Model (IGM; Kneib et al.,
2024b).

We validated the summer-derived Vg, using the stratigraphic horizon identified in our density profiles at location F1 between
26 January and 4 May 2023. During this winter window, the snowpack thickened from 5.40 m to 6.91 m, while the surface
elevation rose by 1.63 m. This specific point-measurement yielded a local emergence of 0.45 m yr*. This result agrees with

our 2023 summer estimate at that same location (0.2 +/- 2.5 m yr'* emergence).

4.3.3 Dynamics of the on-glacier avalanche cone

The two-year study period (March 2023 - February 2025) was characterized by contrasting meteorological conditions (Fig.

9a). There were no avalanche events visible in the summer 2023, which was characterized by only 279 mm of precipitation in

June-July-August. The 2023-2024 winter was characterized by a wet November 2023 (161 mm precipitation, 351 mm between

November and February), with numerous avalanches. The 2024 summer was wetter than the previous one, with 447 mm of

precipitation in June-July-August, which partly fell as snow at high elevation. As a result, avalanches occurred every month
from October 2023 to the end of the survey period in February 2025 (Fig. 9b). Fhere-were no-avalanche eventsvisible between

July-and September2023.-whie tThe start of the 2024-2025 winter was significantly drier than 2023-2024, receiving 235 mm
of precipitation between November and February, with also less avalanches..—cempared-te-351-mm-for-the-same-period-in




385

390

395

400

Our visual analysis and surface elevation time series indicate a phase lag in accumulation across the cone’s altitudinal profile
(Fig. 9). The uppermost sectors were most active during the early winter (September—December), particularly in November
2023 with an accumulation of 8.7 +/- 3.5 m w.e. in a single month. As the season progressed and the upper slopes reached an
angle of ~35° (Fig. 4g-i), avalanche run-out distances increased. This led to a peak in both elevation change and accumulation
for the lower sectors of the cone several months later, between April and June. The central sectors remained relatively stable,

with very few deposits coming to rest in this mid-slope transition zone (Fig. 9b).

After correcting for submergence, we identified high localized mass balance values in the uppermost extents of the cone (Fig.
9d). Between early March 2023 and late February 2024, the top of the cone reached a peak annual mass balance of 23.3 +/-
4.4 mw.e., followed by 16.3 +/- 3.5 m w.e. In the subsequent year. The lower sections exhibited more moderate accumulation,
with balances of 3.5 +/- 2.4 m w.e. (2023/24) and 4.8 +/- 2.5 m w.e. (2024/25). Notably, the central sectors remained nearly
neutral over the two years (0.5 +/- 2.3 m w.e.). When integrated across the entire survey domain, the cone-wide mass balance
was 2.3 +/- 2.3 m w.e. for 2023/24 and 2.7 +/- 2.4 m w.e. in 2024/25. In contrast, the four GLACIOCLIM accumulation stakes
- located between 2890 and 2980 m a.s.l. in non-avalanche-fed areas - recorded average annual balances of 0.3 +/- 0.1 m w.e.
for the hydrological year 2023 and 0.8 +/- 0.4 m w.e. in 2024. In comparison, the annual mass balance was 49 +/- 16 times
higher on the top of the cone, 9 +/- 5 times higher in the lower extents, and 6 +/- 4 times higher for the cone as a whole. As a

result, while the cone represented only 1.7% of the accumulation zone of Argentiére, it contributed 6.8 +/- 6.4 % of the total

accumulation when compared to the spatially interpolated stake measurements in the accumulation zone.
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Figure 9: Spatio-temporal dynamics of the cone. (a) Monthly precipitation and temperature time-series from the AWS
located at 2435 m a.s.l., in the vicinity of the glacier. (b) Avalanche events (squares) identified in the images of Camera
5 and categorized based on their size (colours) and the cone sector reached by the avalanche deposit (y-labels). Squares
are outlined in black if the avalanche was released above the cone, while for the others the avalanche released from
within the cone. The different sectors are shown in (). (¢) Elevation change time-series of 50x50 m areas at the top
(blue), centre (orange) and bottom (green) of the cone, and for the entire cone (black). Corresponding zones are shown
in (e). The curves were obtained by linearly interpolating the camera-derived DEM time series and smoothing using a
40-day mean window. (d) Cumulative mass balance for the same areas. (¢) Map of the cone with the different sectors
and areas. 27 September 2023 orthoimage as background. T: Top of cone. LU: Left-Up. CU: Centre Up. RU: Right Up.
LD: Left Down. CD: Centre Down. RD: Right Down.

5 Discussion
5.1 Potential of time-lapse photogrammetry to quantify surface changes of dynamic glacier surfaces

The time-lapse photogrammetric network deployed in this study represents a balance between high temporal resolution,
quantitative observations and low-cost equipment. Despite the relatively high vertical uncertainties compared to more
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expensive systems, the ~350€ per unit cost allowed for a multi-camera array capable of capturing daily to bi-weekly surface
evolution of a glacier landform at ~1 km distance. Combining the bias and precision, our time-lapse DEMs had an elevation
change uncertainty of 6 m, an important part of which came from a systematic bias which resulted in an underestimation of
the elevation changes and could not be reduced by spatial averaging. This underestimation is likely due to the different viewing

angles of the time-lapse cameras, which are strongly off-nadir relative to the UAV (e.g. Wackrow and Chandler, 2011). This

uncertainty translated into an uncertainty-to-range ratio of approximately 1:150 (1 m of uncertainty with 150 m distance). This
is higher than the ratios reported for more sophisticated setups ranging between 1:650 and 1:5000 (James and Robson, 2012;
Smith and Vericat, 2015; Filhol et al., 2019; Kneib et al., 2022; loli et al., 2024). The divergence in these ratios may be tied to
differing error calculation methodologies, but more critically, the environmental constraints are likely to considerably affect
the quality of the resulting point clouds. Monitoring the accumulation area of the Argentiére Glacier was particularly
challenging due to high snow accumulation leading to the loss and relocation of cameras (Fig. S3), poor illumination in winter
and shadows the rest of the year, in addition to the lack of texture on homogeneous snow surfaces which are known to increase
noise in SfM reconstructions (Revuelto et al., 2021). Interestingly, our sensitivity analysis suggested that while additional
cameras expanded spatial coverage, they slightly reduced overall accuracy, likely due to the introduction of conflicting oblique

geometries. However, for our setup there were at least 4 time-lapse cameras available during the whole duration of the study

period, which meant that the strongest influence on the point cloud precision, bias and number of points came from the

seasonality, with less points and higher uncertainties in the winter months (November-February) with low light conditions,

extensive shading and smooth snow surfaces (Fig. S6). Nonetheless, the seasonal effect on the uncertainties remained limited

with a 25% increase in NMAD and 7% increase in bias on average during the winter months (Fig. S6). Ultimately, the high

frequency of data acquisition provided useful insights into the timing of mass distribution that would be impossible to capture
via traditional UAV or LiDAR surveys.

Converting surface elevation change to surface mass balance remains challenging due to the important sources of uncertainty.
Our snow density profiles highlighted a highly variable density, both spatially and temporally, which confirms past
observations conducted on off-glacier avalanche deposits where the density varied between 200 and 700 kg m (McClung and
Schaerer, 1985; Dent et al., 1998; Vallet et al., 2001; Sovilla et al., 2006; Hao et al., 2021; Kern, 2023). Logistical and safety
constraints precluded direct sampling at the top of the cone, introducing a potential bias in our peak accumulation estimates.
To mitigate this, we adopted a wide uncertainty margin of +/- 80 kg m, similar to the conservative uncertainty bounds

introduced by Jourdain et al. (2023) for the accumulation zone of the Mer de Glace, in the Mont-Blanc massif.

Beyond density, our derivation of surface mass balance relies on two fundamental assumptions regarding the submergence
velocity: the spatial homogeneity of summer ablation and the temporal consistency of Vg, over seasonal scales. While the
loss of the stakes located on the upper part of the cone limited our ability to directly measure ablation at the top of the cone,

we justify our extrapolation of a uniform mass balance in summer 2023 based on three factors. First, distributed energy-balance

20



455

460

465

470

475

480

modelling by Roussel et al. (2025) indicates consistent incoming shortwave radiation and ablation rates in this specific area.
Second, our time-lapse data confirmed the absence of major avalanche events during the 2023 calibration period (Fig. 9b).
Third, when comparing summer 2023 and 2024 data in regions unaffected by late-season avalanches, we observed consistent

Veup Values (Fig. 8).

The assumption of a temporally constant V,,;,, remains a significant simplification. Our observational framework does not fully
constrain the temporal variability of submergence in a setting characterized by rapid thickness fluctuations, which likely drive
temporal changes in both driving stresses and compaction rates - potentially affecting even the near-surface snow layers during
the ablation season. These uncertainties are likely most pronounced at the top of the cone, where thickness changes are
maximized and logistical constraints precluded in situ measurements. While the stationarity of ice flow and surface slopes is
well-documented in non-avalanche-fed accumulation zones (Stocker-Waldhuber et al., 2019; Vincent et al., 2020), including
in the Argentiere basin (Kneib et al., 2024b), such assumptions are more difficult to validate in our avalanche-fed system. We
note that because our calibration period for V,,;,, encompassed the full range of annual cone elevations, these transient effects
are likely at least partly integrated into our estimated uncertainty range, and despite these limitations, our derived Vg, maps
offer a critical refinement of the spatially smoothed flux inversions from remote sensing studies (Kneib et al., 2024b). Future
investigations into these dynamic adjustments are recommended, though the logistical challenges of monitoring such high-
relief environments remain considerable.

5.2 Accumulation dynamics

The time-lapse data reveal a progressive shift in mass accumulation governed by slope-dependent depositional thresholds. The
cone’s evolution is characterized by a "top-down™ filling mechanism. In early winter, avalanche deposits increase the upper
cone surface slope. Once the slope reaches a threshold of ~35° (Fig. 4g-i), deposition ceases in the upper sector, which
subsequently functions as transport zones, as for the central sectors. This is consistent with the findings of Sovilla et al. (2010),
who observed a decay in snow deposition depth as slope angles increase, with close to no snow accumulating beyond 35°.
This morphological limit also explains the near-zero annual mass balance in the central sector. This pattern was corroborated
by the GPR survey (4 May 2023), which recorded up to 12 m of winter snow depth in the lower sectors compared to ~4 min

the central region (Fig. S67).

By May of each year, we observed deeply cut surface channelization at the surface of the cone which further enhanced the
spatial variability of the mass distribution, routing high-density spring avalanches toward the lower parts of the cone while
potentially eroding older deposits in the upper sectors (Fig. S#8). We also observed a significant lateral variability in mass
accumulation. The true left sector of the cone exhibits emergence velocity patterns and negligible avalanche accumulation due

to its bulged shape leading to the avalanches depositing on either side. This part of the cone effectively behaves as a small
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independent flow unit, possibly flowing over a bump in the bedrock. Conversely, the true right sector and the top of the cone

receive the bulk of the gravitational mass redistribution.

5.3 Relative importance of local accumulation from avalanches

The accumulation rates measured on the Argentiére cone represent an extreme case of localized mass gain, aligning with
previous studies on ice-debris fans (Kochel et al., 2012; Jacob et al., 2021) and field-based assessments of avalanche
contributions to glacier mass balance, which have measured snow depths higher than 12 m (Purdie et al., 2015; Hynek et al.,
2024) and up to 32 m (Mott et al., 2019) at different on-glacier avalanche deposits of various glaciers. The system exhibits

strong spatial variability with mass balance values close to zero in the nearby non-avalanche-fed areas.

We made a direct estimate of the cone’s mass balance by calculating the total snow accumulation on the cone and in the above
headwall based on the meteorological observations of precipitation and air temperature, and the ablation on the cone by
extrapolating the stake measurements (Fig. S98). This suggested a net ablation for the cone area, which disagreed with the
actual measured balance from our UAV and time-lapse time series. This discrepancy is partly driven by the strong early-winter
accumulation patterns, but it also points to the inherent difficulty of constraining high-elevation solid precipitation in steep
terrain, despite the presence of a nearby meteorological station (Miao et al., 2024). The decoupling of the snow precipitation
and accumulation on the cone could also be caused by the retention of snow on the headwall during the winter, introducing a
delay between the snowfall and the redistribution on the cone (Fig. S109). This decoupling could be enhanced even more by
the presence of a hanging glacier above similar cones, which could store and release mass over multi-year cycles (Ravanel et
al., 2023).

Our measurements provide a high-resolution benchmark for regional models. For instance, the SnowSlide parameterization of
gravitational snow redistribution by avalanches estimated an additional accumulation of 1.5 +/- 0.4 m w.e. yr for the cone
over the period 2012-2021, with some local values reaching 3.9 +/- 0.4 m w.e. yr'* (Kneib et al., 2024b). This is significantly
lower than our observed values of 23 +/- 4 m w.e. in 2023 and 16 +/- 4 m w.e. in 2024, but aligned with the cone-wide mass
balance of 2.3 +/- 2.3 m w.e. for 2023/24 and 2.7 +/- 2.4 m w.e. in 2024/25, relative to the annual mass balance measured in
the accumulation zone outside of the cone (0.3 +/- 0.1 mw.e. in 2023 and 0.8 +/- 0.4 m w.e. in 2024). This validates the overall
mass redistribution predicted by SnowsSlide, despite the fact that it misses the extreme accumulation values, likely due to the

coarse resolution of the DEM used (30 m, Kneib et al., 2024b). On-a-glacierof Argentiere’s-seale; these-These avalanche cones

act as accumulation "hotspots™, with this particular cone contributing 6.8 +/- 6.4 % of the total accumulation for only 1.7% of

the accumulation area, so an accumulation enhancement factor of 4.0 +/- 3.8. On a glacier of Argentiére’s scale. these cones

represent a secondary contribution compared to main-trunk accumulation (Kneib et al., 2024b)—H, however; for smaller
mountain glaciers, this mechanism becomes the primary driver of mass turnover (Purdie et al., 2015; Mott et al., 2019; Kneib
et al., 2025).
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While time-lapse photogrammetry has provided unique insights into the magnitude and timing of the above processes, the
logistical and technical difficulties of monitoring such extreme environments remain a significant bottleneck for validating
models aiming at accounting for this contribution. Relying solely on in-situ or terrestrial remote sensing is likely insufficient
to fully constrain the mass turnover of on-glacier avalanche cones at larger scales however we note that a major step toward
more accurate modelling of these processes will depend on our ability to better constrain high-elevation precipitation - the
critical and currently under-determined input that drives these gravitational mass-flux enhancements (Immerzeel et al., 2015;
Miao et al., 2024; Aguayo et al., 2024).

6 Conclusions

This study quantifies the extreme mass turnover of an on-glacier avalanche cone using a low-cost terrestrial photogrammetric
array. By integrating hourly time-lapse imagery with UAV-derived elevation changes and in situ data, we isolated the seasonal
dynamics of an active avalanche cone on Argentiére Glacier. While the uncertainty-to-range ratio of 1:150 is lower than that
of high-end monitoring systems, the low-cost setup successfully resolved high-amplitude mass-flux signals that are typically
missed in seasonal surveys. The results reveal localized annual mass balance peaks reaching 23 +/- 4 m w.e. in 2023 and 16
+/- 4 m w.e. in 2024, representing a 49-fold enhancement relative to annual mass balance measurements conducted in non-
avalanche-fed locations of the accumulation zone. This strong influx is accommodated by high local submergence rates and
governed by a critical slope threshold of ~35°, beyond which the cone surface transitions from a depositional to a transport-
dominated regime. As glaciers retreat into high-relief cirques, the accurate representation of these gravitational processes in
numerical models will depend on better constraints for high-elevation precipitation and the integration of high-resolution

terrestrial monitoring.

7 Code availability

The codes to process the time-lapse DEMs are available on GitHub:

https://github.com/MarinKneib/TimeLapse_photogrammetry (last access: 9 February 2026). Processing of the point clouds

into elevation change rely on py4dgeo (py4dgeo Development Core Team, 2022) and xdem (XDEM contributors, 2024).

8 Data availability

DEMs, orthoimages, point clouds, mass balance measurements and GPR measurements will be made available on Zenodo

upon acceptance of the manuscript.
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