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Surface velocity: 60 ma-1(stakes, GPS)

Basal velocitymeasured here

~235 m
Internal velocity:Before: Model ofunkown parameters

Basal velocity = Surface (measured) - Internal (modelled)

Glacier d'Argentière(temperate glacier)

Context and objective
Cavitometer (link)

https://saussure.osug.fr/Cavitometer
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Surface velocity: 60 ma-1(stakes, GPS)

Basal velocitymeasured here

~235 m
Internal velocity:Now: In-situmeasurements

Basal velocity = Surface (measured) - Internal (measured)

Glacier d'Argentière(temperate glacier)

Context and objective
Cavitometer (link)

https://saussure.osug.fr/Cavitometer


Field campaign and instruments
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A.Togaibekov

GNSS stations:Data acquisition every 30 seconds

Details of the analysis in the contentpresented in EGU21 session CR 2.4Geophysical and in-situ methods forsnow and ice studies by AnuarTobageikov et al:
LINK HERE TO THE VIDEO

https://www.youtube.com/watch?v=2dqSzmrXSvE&list=PLljpAz5uOVH6cajSP4ThyL6bH-gXCf00w&index=3


Field campaign and instruments
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September 2019
Boreholes (link to the comic of the campaign)

https://saussure.osug.fr/September-2019


Field campaign and instruments
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x2

Data acquisitionevery 30 minutes

More than 1 yearof data!

A.Togaibekov



From tilt to velocity (SIA model)
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a) 2D: u, x and z are in the same plane
b) No compression or extension (𝜀̇𝑥𝑥 = 0)
c) Results shown with dt = 1 day

𝚯



Velocities time series during 2020's melt season
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Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)

low quality datafor this station

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)
Other:

low quality datafor this station

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)
Other:

low quality datafor this station

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)
Other:

low quality datafor this station

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)

Velocity:Surface: measured(GNSS network, 1 station shown)
Deformation: measured(Tiltmeters, 1 borehole shown)
Sliding: computed(Surface - Deformation)

low quality datafor this station

speed up



SIA bias
Short term accelerations/decelerations: Not covered in steady-state models
Seasonal variation: higher deformation during melt season
Note: The tilt is recorded at high accuracy. The cumulative experimental error in thevelocity is ~ 1 m/a, not enough to explain this seasonal behaviour

Is this behaviour really happening? Is there a bias in the model?
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SIA bias: solution
Use the model developed in Keller and Blatter (2012, J. Glaciol.),Gudmunsson et al. (1999, Ann. Glaciol.)
Advantanges:
1. Shear (𝜀̇𝑥𝑧) and compression/extension (𝜀̇𝑥𝑥)
2. Effect of not having tiltmeters in a vertical plane

Drawback:
1. Assumes constant strain field
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𝜃 ≠ 0



SIA bias: solution
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Use the model developed in Keller and Blatter (2012, J. Glaciol.), Gudmunsson et al. (1999, Ann. Glaciol.)

Flow directi
on

Horizontalprojection ofthe trajectory

𝜃 ≠ 0

Flow directi
on

Horizontalprojection ofthe trajectory

𝜃 = 0

Tiltmeter perfectlyvertical

Realsituation

𝜃

time

As the tiltmeter approachesthe vertical, the measuredtilt rate slows down



Example: February to November 2020

Measured tilt curves
vs
modeled tilt curves
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Notice the tilt curves are rathersmooth, no sudden peaks as inGudmunsson et al. (1999)



Example: February to November 2020

Imposed dudz
vs
SIA dudz

15

Inclinos 1 - 4:SIA underestimates strainrates around minimum tilt
Inclino 6:If ratio /is high, SIA does notprovide a constant(low impact, fortunately)

Now we use our method tocompute the du/dz on thefitted tilt curves



Example: February to November 2020

Imposed dudz
vs
SIA dudz
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'High' bias in January - Aprilperiod

Now we use our method tocompute the du/dz on thefitted tilt curves



Melt season average deformation (SIA)
Results from SIA duringmelt season:
Viscosity is adjusted sothat the total deformation velocityis equal to the averagedeformation velocity
(mean ud ) = 32 m/a
i.e. The area to the left of eachcurve is the same
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note: annual averages give n ~ 3.4 due to theunderestimation of deformation before melt season

Kink in deformation:possible near-boundaryeffect (see for instanceRyser et al. 2014)



Thank you very much!
Research funded by ANR-18-CE01-0015-01
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