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Argentiere glacier, 1890 - 2008
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Climate change, global warming

* |ce sheet and glacier melting
=>» Sea-level rise
=» Decrease of water resources

* Glacier and permafrost warming
=» Increase in natural hazard

Alpine museum of Chamonix

* Glacier retreat
=» Economical consequences:
power generation, tourism...

Photos : Sylvain Couttrand
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* Area => retreat
* Surface state, equilibrium line => accumulation/ablation zones
e Elevation => volume variation => mass balance

e Surface velocity => ice thickness
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Zone d'accumulation Zone d'ablation

R. Fallourd, 2012
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BIST C

* Space borne optical data

=» Digital Elevation Models
=>»Surface Displacement Fields
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" Remotesensngobsevations

Eesa

* Space borne SAR data
=>» Digital Elevation Models (SRTM, TanDEM-X)
=>» Surface Displacement Fields: amplitude + phase (InSAR)
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Large-scale elevation data produced by LEGOS ~  Lecos)

</

Digital elevation models estimated from ASTER and WorldView spanning 2000 to 2020
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2004 &L

During 2000-2019, glaciers lost
‘ o 266116 Gt yr, or half a meter
e = wwoxs | PET year, equivalent to ~4% of
| their volume.
Europeans Alps lost about 30%

of their volume.

2008

2012 =8,

2016 =4

R. Hugonnet & al., Nature 2021
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R. Millan & al., Rem. Sens. 2019
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LISTIC

74 Actualités &g
7 Agenda Intranet EiEE
ForM @)Ter

7 LE POLE FORM@TER DONNEES ET SERVICES RESSO
CALCULS A LA DEMANDE A WMise a jour @ Se cgcggcter
FORMATER

Merci de vous connecter avant de commencer.
(Lors de la premiere connexion, suivre les instructions) 7 LU -
GDM-OPT-ICE
GDM-OPT signifie Ground Deformation Monitoring
with OPTical image time series (Suivi de la

déformation du sol a partir de séries temporelles
d'images optiques).

La version GDM-OPT-ICE du service est concue
pour suivre la cinématique des glaciers et des
calottes glaciaires. Il permet le traitement a la
demande des séries temporelles d'images

Sentinel-2.
DSM-OPT GDM-OPT GDM-SAR
DSM-OPT signifie  «Digital Surface GDM-OPT signifie Ground Deformation GDM-SAR signifie Ground Deformation
Models from OPTical stereoscopic very- Monitoring with OPTical image time series Monitoring with iInSAR image time series
high resolution imagery.». (Modéle (Suivi des déformations du sol a partir de (Suivi des déformations du sol a l'aide de
Numérique de Surface a partir d'images séries temporelles d'images optiques). séries temporelles d'images radar). .
stéréo trés haute résolution) InSAR + Offset traCklng ?

https://www.poleterresolide.fr/services-de-calculs-a-la-demande
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https://www.poleterresolide.fr/services-de-calculs-a-la-demande

Introduction
 Why monitoring glaciers?
* Sought-after information
* Remote sensing observations
* Glacier DEM and velocity around the world

Computing displacement fields
* Optical and SAR offset tracking pipelines

¥

* Improving SAR displacement measurements
- Amplitude: correlation stacking, autofocus
- InSAR: multi-temporal filtering

Combining multiple displacement fields
e Deriving annual velocities
* Measuring intra-annual velocity

Perspectives
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User parameters : Datnset
- location
- time iod ™
perio J
- pair time span multiband multiband

* Main steps
* Image pair selection
* Band selection
* Tracking (max of similarity)

* Filtering each pair (confidence)
reference =
image ,§

 Main difficulties — — :

* Clouds | T s

: E

* S h d d ow US‘;" par am_"tders i Orientation _g

* Saturation (snow, ice) i s Sl £

) S u rfa cec h an ge > Maximum of Velocity g

° Re SO I ut | on similarity com&(gl;)ents c}E‘S
reliable

velocity

User parameter : Threshold —»
- maximum of - i
similarity threshold

01/04/2022 Journée PNTS 2022 A. Dehecq et al., RSE, 2015




ASCENDING Master Slave DESCENDING
Visibility mask image

A4

Offset power
tracking
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az
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* Main steps |

* Image pair selection |
# * Tracking (max of similarity) i
* Filtering each pair (confidence) :

¢ Comblng ASC/DES DF Post prc‘;cessing i
;

Similarity peak A 3

(residual displacement
subtraction, filter...)

Y

¢ Ma|n dlfflCU|tI€S Geocoding
* Shadow and layover ]
* Speckle (uncorrelated) L A tian

asc l asc

* Surface changes S = 02 vas | ves

e Resolution 0 B2 [ .
/\\ * Ortho-rectification ! !
y AR 3-D displacement

vector inversion

https://efidir.poleterresolide.fr/

F. Ponton et al., IEEE-JSTARS 2014
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https://efidir.poleterresolide.fr/

Equal time intervals required

M/\/

Pair-wise m
NCC '
Stacked .
NCC Averaged correlation
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S. Li, S. Leinss, et al., IEEE-JSTARS, 2021.
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Pair-wise cross correlation

Computationally efficient method by Fourier
domain processing of the correlation method.
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* Autofocusing temporally multilooked SAR time series

Velocity-compensated

?f 12 imaes average of 12 image

Single radar image

Temporal average
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Details Motion blur

focused & v+EO
v=20 '

—- strong radar speckle (noise).  * stable features appear focused + stable and moving features well visible.
-- glacier surface shows motion blur + velocity is found when temporal
average appears focused.

Averaging image series to improve cross correlation works only when the velocity is known,
or can be determined simultaneously during averaging
=>» Apply an autofocus method.

June 16, 2021 GdR Ondes 14
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Test site:
Aletsch Glacier, Switzerland

Radar images: TanDEM-X
Winter 2011/2012
(11 days repeat cycle).

Autofocusing multilooked time
series (left) provides robust
velocity estimates (even in the
accumulation zone) with high
area coverage and high spatial
resolution (60 x 60 m).

With pair-wise cross-correlation e
(right) many areas cannot be i -~ Ablation area
tracked, even with larger '

correlation windows (200x200m). ERUAUUICEISEUEHTEE .
N =10 images (1 winter), §
Patch size: 30 x 30 px.

-
o

0.0 0.1 0.2 0.3 0.4
winter mean velocity (m/d)

S. Leinss, S. Li et al., IGARSS 2021. Y




* PM method applied
on wrapped phase:
Extraction of coherent
displacement signal from
interferogram time series
for decorrelated areas

Prébet et al., IEEE-TGRS 2019.

01/04/2022

gﬁl LISTIC

original reconstruction residual

Sentinel -1 A/B data, Gorner glacier, Switzeland
3 dates: 2016,/12/17-2016/12/23, 2017/02/03-2017/02/09, 2017/03/05-2017 /03 /11
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* Introduction
 Why monitoring glaciers?
* Sought-after information
* Remote sensing observations
* Glacier DEM and velocity around the world

 Computing displacement fields
* Optical and SAR offset tracking pipelines

* Improving SAR displacement measurements
- Amplitude: correlation stacking, autofocus
- InSAR: multi-temporal filtering

# * Combining multiple displacement fields

e Deriving annual velocities
* Measuring intra-annual velocity

* Perspectives
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© Stakingmultiple displacement fields

e Advantages * Limitations
* Redundancy = reduction of uncertainty e Reduced temporal resolution
* Complementarity =» increased coverage * Heterogeneous measurements

120

105

190

>
o
Velocity (m/yr)

B> . S T AR s i i G N

Fusion of annual velocity maps (Landsat images),
Median value in a spatial (170x170 m?2) and temporal (3 years) neighborhood

A. Dehecq et al., RSE, 2015
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IS T IC
Cloud

cover
* Advantages

 More interpretable
* Less gaps

* Less redundancy

* Reduced uncertainty

Input: Displacements Y T

Irregular sampling:

only on the observed dates S~ AN N— t.to tj

Berardino et al., 2002; Bontemps et al., 2018 ; Altena et al., 2019 ...
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IS T IC
1 Cloud

#5\ cover
* Advantages LN

 More interpretable
* Less gaps

* Less redundancy

* Reduced uncertainty

Input: Displacements Y T

Regular sampling
at optimal temporal baseline

\/ th tO t(k+1)B
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* Example of the temporal closure using the proposed method:

Dt ¢
O [
D¢, ¢,

° to t1 t2 1:3 t4 = Dto—t4
°* O 4o b De,—t, 1 1 0 o] [Po-tu] [1 0] _
W 0 -1 0 1| [Pu- _10 1 [Dfo—le
| . . 0 0 1 Of [Dyey| |1 1] |Dp,e,
“ —t— 1 0 1 0l [p, .| [1 1

’ —~
X= [l,)f"_tzl
lr—ty

X

* Inversion of the system BY= AX by Iterative Reweighted Least Square

Weight Regularisation
Cost Function: argming || W(AX —Y)|| ., + AlITX][?

Charrier et al., IEEE-TGRS 2022
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| Timeseriesinversion—performance assessment
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More and more EO data, increased spatial and temporal resolutions

Computing displacement fields
* Still new methods to be developed: faster, more reliable, using SITS...
* Computer vision, Machine Learning...

Combining multiple displacement fields
* Imputation of missing data (spatial/temporal)

* Fusion of heterogeneous sources:
» Different sensors => different projections
» Different methods/groups => Different spatial and temporal resolutions, different uncertainty

Extracting physical knowledge
* |nversion of physical model parameters / Data assimilation
* Knowledge discovery by 1A/data mining approaches
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Ice velocity and thickness of the world's glaciers

Romain Millan®"252, Jérémie Mouginot '3, Antoine Rabatel ' and Mathieu Morlighem 34
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