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Future glacier monitoring: in-situ & remote sensing observations wgms
+++ +

Fluctuations of Glaciers

e Intro

 Remote sensing: towards operational
monitoring at monthly and global scales

Glacier Mass Balance Intercomparison Exercise

Outlook on DEM from optical and radar missions

Outlook on altimetry missions

Outlook on gravimetry missions

What is the role of in-situ observations?

* In-situ observations: toward continuous real- Ingsit Remote
time monitoring Ohservalining s e sensing
« Matthias Huss, with examples from Switzerland W R e

* Nina Kirchner, with examples from Sweden

 Joint efforts towards a worldwide network?

o *x\ﬁ ‘ oY 2 ol
Aletschgletscher, M. Zemp Terra/Aster, NASA




Comparison of WGMS and GlaMBIE
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Observations for 19 glacier regions & /"

(GlaMBIE-1: global results 2000-2023) . m
glambie

(GlaMBIE-2: global results 1976-2025)
Glacier Mass Balance Intercomparison Exercise

-

In situ DEM differencing \ Altimetry Gravimetry

stereo images radar laser radar

Observations for individual glaciers
(global results 1976- 2025)

wgm

World Glacuar Monitoring Service
/ The GlaMBIE Team (2025), Nature
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Observation methods - DEM differencing glambie //W)\\\

DEM differencing

stereo images

+6 metres

. Elevation Change
P pra from Terra-ASTER stereo imaging -6

Repeat mapping, typically 5-10 years apart,
allows changes in elevation to be measured

The GlaMBIE Team (2025)
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Observation methods - altimetry glambie’/M)\'\\‘

Altimetry

+6 metres

Elevation Change
from CryoSat radar altimeter -6

Radar and laser altimeters measure the elevation
of a glacier's surface with great vertical precision,
but require extrapolation to cover a full glacier

The GlaMBIE Team (2025)
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Observation methods - gravimetry glambie
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Gravimetry

Satellites measuring Earth's gravity field
can directly measure changes in ice mass,
but at a very coarse spatial scale

The GlaMBIE Team (2025)



GlaMBIE - community effort

Research team Sensor/product Method Region
Abdullahi etal.: 1 -
And tal.:1 -
2 ree;s;z: :t :|.:1 » m Alaska: 11
Boxetal.: 6
Braunetal.: 2 - Airborne LiDAR: 1 Western Canada & USA: 11
Brunetal.: 3 "
Colgan et al.: 3 I ArcticDEM | ASTER | REMA: 19

Dussaillant et al.: 21 - ArcticDEM | SPOT-5: 1

| ArcticDEM: 7
Forestaetal.: 1 -
Gardneretal.: 6 | I ASTER: 6 Arctic Canada South: 18
Harig et al.: 10 | - HMA DEM | SRTM: 1 .
= SRTM | TanDEM-X: 2 ‘ Greenland Periphery: 12
1 TanDEM-X: §

Hugonnet et al.: 19 I

"Q’m Iceland: 20

WP -

4
n

ICESat-2 | SRTM: 3
ICESat-2 | COP30: 1
In situ | GRACE: 6

Huss et al.: 19

Jacobetal.: 17 I Svalbard & Jan Mayen: 16

Jakob et al.: 12 |

Keetal.:3
Khanetal.: 41
Kingetal.: 1 -
Kriegeretal.: 1 -
Menounos et al.: 3

Miles etal.: 3 »
Nilsson etal.: 1 =
Palsson et al.: 2

Preffer et al.: 10 |,

Piermattei et al.: 2 =
Richteretal.:1 -

Sasgen et al.: 16 I~' 4 R
1= “h

Seehaus et al.

Sommeretal.:2 =

Sutterley etal.: 7 ||
6

Scandinavia: 9

In situ | ASTER | ArcticDEM | REMA: 19
— H Russian Arctic: 17

In situ | Non-surface melt corrections: 1
GRACE | ICESat: 3 ‘

® In situ | ASTER | ITS_LIVE: 3 North Asia: 7

Central Europe: 8

I CryoSat-2: 18 Caucasus & Middle East: 6

Central Asia: 14

1 ICESat/-2: 4
- ICESat-2 | GEDI: 1
- CryoSat-2 | EnviSat | ERS-1/2 | ICESat/-2: 1

| ICESat: 13

South Asia West: 13

South Asia East: 14

' : / Low Latitudes: 1
Tepesetal.:51 GRACE: 18 ow Latitudes: 10

A
’

Zhengetal.: 7 ||

Treichler et al.:
Southern Andes: 14

WGMS: 19
GRACE/-FO: 60 New Zealand: 8

Wouters et al.: 17 Antarctic & Subantarctic: 7

The GlaMBIE Team (2025), Nature

* 35 Research teams
21 Sensor combinations

* 4 Observation methods
» Glaciological observations

« Hybrid (of above)
« 233 Regional estimates

* 19 Glacier regions

- 2000-2023



GlaMBIE - results
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The GlaMBIE Team (2025), Nature

Glacier area & mass in 2000

Global loss: 5% since 2000

Regional loss: 2% to 40%

Global mass loss rate: -273%16 Gt

Increased loss rate by 36%
(2000-2011 vs 2012-2023)




GlaMBIE-2 (2025-2027)

Research team Sensor / Product Observation method Region

Abdullahi et al..
Andreassen et al.
Bolch et al.
Boxetal.:

Braun et al
Brunetal.:
Celgan et al.:

1 ASTER: 6
I ArcticDEM: 7

I ArclicDEM | ASTER | REMA: 19

= ArcticDEM | SPOT-5: 1
1 TanDEM-X: 5
= SRTM | TanDEM-X: 2
- HMA DEM | SRTM: 1

Dussaillant et al.: 21 Alaska: 11

Forestaetal.: 1 -
Gardneretal.: 6 1

=] Western Canada & USA: 11

= Airborne LIDAR: 1

Arclic Canad; rth:
Harig etal.: 10 | relic Canada North: 18

\ 'y ICESat-2 | SRTM: 3 {2
\ —~— \ J _
Hugonnet et al.; 19 I : f ICESat-2 | COP30: 1 WV Arctic Canada South: 18
A\ / ~ = 5 ’ .
GRACE | ICESat: 3 DEM differencing: 42 ‘ 2 G b
= s F ’ reenland Periphery:
Huss etal.: 19 - In si(q | GRACE: 6 ‘." é‘“ phery.

W )
W \\\\ @ . Iceland: 20
Jacob etal.: 17 I \\\‘\\)\“ 3
"

Jakov etal: 12 | Svalbard & Jan Mayen: 16

Keelal:3 i \ -
if ing: ¥ \ Scandinavia: 9
e * Insitu | ASTER | modelling: 3 4 g\
Kingetal.: 1 - In situ | modelling: 1

Kriegeretal: 1 -
Menounos et al.: In situ: 21 \ '\ North Asia: 7
Miles et al
Nilsson et al.:
Palsson et al.:
Pfeffer et al.: 10 I
Piermattei etal.: 2 =
Richteretal.: 1 -

Russian Arctic: 17

Central Europe: 8

I GRACE: 18 Caucasus: 6

Central Asia: 14

\ ¥ South Asia West: 13
Sasgenetal.: 16 l ~
GRACE/-FO: 60 | N

Seehaus etal.: 1 - \ S Ps =3 - South Asia East: 14
Sommer et al. y 4 P Gravimetry: 78
Sutterley etal.: 7 | & Low Latitudes: 10

Tepasotal BN ot Southern Andes: 14
Treichler et al. 6 I | icesat 13

) New Zealand: 8
. " ICESat-2: 4
wems:e. e Antarctic & Subantarctic: 7
- ICESal-2 | GEDI: 1

Wouters et al.: 17 I I CryoSat-2: 18

Zhengetal: 7 | - CryoSat-2 | EnviSat | ERS-1/2 | ICESati-2: 1

glambie

A. ASTER Jan 2010 to Dec 2019 B. CryoSat-2 Aug 2010 to Aug 2020
* »

Pilot 2: Increase temporal and
spatial resolution
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Glacier monitoring from remote sensing

Years

1960 1970 1980

. Systematic global acquisitions
. Episodic local acquisitions

. End of acquisitions

Il” Continued acquisitions

llj Unknown end of acquisitions
00 Long term monitoring

l Future missions

B8 open access/Proprietary data

B Gravimetry

B Radar Altimetry
Laser Altimetry

B SAR interferometry

B Stereo-images

Il Glaciological

1990

/

2000 2010 2020 2030
3Mass Change
3GRA [
3
BCRISTAL

OGEDI/ISS|
3ICESat-2|

@ ICESat|
BICEYE|TandemdED *
dHarmony -

oHRWS -

GorIVIew Legion

GeoEve-1

BWorldview-d
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-~
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Outlook on glacier
monitoring from
remote sensing...

/

Berthier et al. (2023), https://doi.org/10.1088/1361-6633/acaf8e



Future glacier monitoring: DEM differencing from optical & radar wgms

Gap in open source, high-resolution, global
coverage stereo missions

Urgent need and great potential to unlock
archives of historical images from air and
spaceborne missions

Call for access to commercial & defense
missions

Terra/ASTER

> update from Hugonnet et al., 2000-2025, global coverage
> decommission of satellite in 2026/27

SPOT

> opening of SPOT5 archive (snapshot around 2010)
> SPOT6/7 are commercial

Pléiades, Pléiades Neo, CO3D
> commercial on demand
> Pléiades Glacier Observatory

Worldview
> commercial, global coverage
> ArcticDEM & REMA; production stopped due to US budget cuts

TanDEM-X

> global coverage, few groups processing

Zemp et al. (2025), Eos, https://doi.org/10.1029/2025E0250290
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Glaciar Grey, Patagonia, from aerial images from 1980 by L. Piermattei



Future glacier monitoring: altimetry

Cumulative elevation change (m)

201¢ 2016 2017 2018 2019

https://glaciers-today.org/

* Improving spatial resolution and coverage from
CryoSat-2 radar mission, thanks to swath
processing

« CRISTAL (launch end 2027), the first operational
(radar) mission for monitoring of sea ice, ice
sheets, and glaciers.

 New swath lidar missions (EDGE, CASALS) could
become game changers for glacier monitoring.

Zemp et al. (2025), Eos, https://doi.org/10.1029/2025E0250290
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Future glacier monitoring: Harmony

esa

harmm

S—X
<X

5-year mission, launch planned 2029/30

(a) ~350 km

/ Harmony-B

~350 km 7 TR

/ Sentinel-1 i
ny

/

Orbit height
~700 km

///i;

Harmo
e

Interferometric
Wide Swath
(375 km Extra Wide Swath)

250 km _—

' Stereo configuration’

wgms
++ + +

(b) ~350 km

/ Harmony-B

Sentinel-1 = ~1km
™~
A T Harmony-A
Flight direction
shR

Sub-satellite track _— _—

Cross-track interferometry (XTI) configuration

Two Harmony-A/B satellites will serve as bistatic receivers of the Sentinel-1transmitter

Stereo configuration in years 1and 5
> high-resolution DEMs over glaciers

Cross-track interferometric configuration in years 2-4
> surface motion vectors over glaciers

Kaab et al. (2024) https://doi.org/10.3390/rs16162918

Zemp et al. (2025), Eos, https://doi.org/10.1029/2025E0250290



Future glacier monitoring: gravimetry

« Current gravimetry missions (GRACE,
GRACE-FO) can provide monthly results
of regional terrestrial water storage,
corrected to glacier mass changes using
hydrological models

Current plans foresee a combination of
GRACE-C and Next Generation Gravity
Mission (NGGM) into a Mass-Change and
Geosciences International Constellation
(MAGIC), which would significantly
improve the spatial (regional) and
temporal (monthly or better) resolutions.

Zemp et al. (2025), Eos, https://doi.org/10.1029/2025E0250290

Artist's rendition of Mass change And Geosciences
International Constellation (MAGIC) (Image credit: TUM)



What is the role of in-situ observations?

* Need to reflect the role of the in situ network

 GTN-G monitoring strategy:
> process understanding
> temporal variability within mountain range
> model calibration & validation
> satellite calibration & validation

e Push towards continuous real-time
observations

« Combination with other real-time
observations (e.g.,, meteo and snow cover) Matthias Huss Nina Kirchner

and with airborne observations Real-time obs in Switzerland Real-time obs in Sweden
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