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Observed sea level rise: not uniform!

mm/yr
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Decline of Arctic ice-free %

greenland here co .
4 osP Mpo, during summer
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23/02/26 CLIM0028 - Xavier.Fettweis@uliége.be



THE DAY AFTER
TEIMEIRRCIW

Collapse of the gulfstream
due to the melt of the
Greenland ice sheet
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The sea ice variability does not impact on the sea level changes.

TIME @ @1—JaN—-2010 Qo:00 DATA SET: ERA—Interirn
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Data : ERA-Interim (1979-2013)

Mean summer 2m-temperature
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Annual mean precipitation (mm/yr)
(Brussels : ~ 800mm/yr)
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Data : NCEP-NCAR v2 (1979-2013)
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Arctic is warming 4 x faster than Equator due to the albedo feedback (snowl/ice is
disappearing), water vapour feedback (clouds) and lapse rate feedback (surface is

warming).

Ctica

Trend from 1973 to 2023
-1.0 -05 -0.2 +0.2 +05 +1.0 +2.0 +4.0°C
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e
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Arctic is warming 4 x faster than Equator due to the albedo feedback, water vapour

feedback... Water Vapor and the Greenhouse Effect
Melting of Human input of carbon
e dioxide and other
T greenhouse gases
f et o
— e Stronger
2%'53?,"’9&" See ) greenhouse effect
sunlight ~ )// HEF]E. more heat

Atmospheric
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increase

'
i

: Water vapor
{/ . ]J.:ﬂ'f,‘lk,g.llm..".;i Polar area ﬂﬂnﬂentratiﬂn
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23/02/26 CLIM0028 - Xavier.Fettweis@uliége.be



Arctic is warming 4 x faster than Equator due to the 3) lapse rate feedback
Unperturbed No lapse Negative lapse Positive lapse
profile rate feedback rate feedback rate feedback

Radiative Radiative Radiative
Tropopause forcing forcing forcing
Surface
Uniform Larger Larger
temperature temperature temperature
. change change change
Antarctica was in the upper at the
“protected” by the troposphere surface
ozone hole until a Tropical area Arctic area
couple of years
+itis a land
vs ocean in Arctic
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Surface mass balance (SMB) ~ snowfall — melt (Greenland)
snowfall — snow drift (Antarctica)

| .
Greenland | Antarctica
| Accumulation zone
++
Equiliorium line | S OME 20)
(SMIB =0) I
Ablation zone il
melt ++ o
(SMB <0) $
NS
: + |+ )
Accumulation
m Ablation zone “ zone + ¢

Bedrock
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Data : MAR forced par ERA-Interim
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Surface mass
balance over Greenland
(in mmlyr)

Accumulation zone
(albedo ~ 70-8‘0%)\\

© http://www.spri.cam.ac.uk/

Ablation zone
(albedo 30-50%)
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Total mass balance (TMB) ~ SMB - icebergs (Greenland)
SMB - icebergs — basal melting (Antarctica)

Ice sheet is in equilibrium if TMB ~ 0

Greenland Antarctica

iceshelves

icebergs

| ) o

| Accumulation
zone

Bedrock
' Basal melt
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Total mass balance (TMB) ~ SMB - icebergs (Greenland)
SMB - icebergs — basal melting (Antarctica)
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Retreat of the ice sheet and thinning
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1. Melt acceleration due to the
melt-albedo positive feedback

4
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Accumulation zone
(albedo 70-80%)

Tundra
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Ablation zone
(albedo 30-50%)
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2. Melt acceleration due to the
melt-elevation positive feedback

temperature +
melt +
elevation -

temperature ++ (+1°C/100m)

By coupling MAR with an ice sheet model,
this increase the melt by 10 % in 2100
(Le Clech't et al., 2019)

—40C o 4c0

Cumulated height change over 2000-2100
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3. Melt acceleration due to the
decrease of the melt water retention capacity

LETTER

Greenland ice-sheet contribution to sea-level rise
buffered by meltwater storage in firn

J. Harper', N. Humphrey?, W. T. Pfeffer®, J. Brown' & X. Fettweis*

doi:10.1038/nature11566

LETTER

https://doi.org/10.1038/s41586-019-1550-3

Rapid expansion of Greenland’s low-permeability
ice slabs

M. MacFerrin'*, H. Machguth®?, D. van As*, C. Charalampidis®, C. M. Stevens®, A. Heilig’#?, B. Vandecrux*'°, P. L. Langen'!,
R. Mottram!, X. Fettweis'?, M. R. van den Broeke!'®, W. T. Pfeffer!, M. S. Moussavil"'® & W. Abdalati!
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4. Potential melt acceleration due to
changes in atmospheric circulation (1/3)

\ —=— JJA NAO

Linear (JJA NAO) |
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Brief communication: CMIPé6 does not suggest any

Changes in atmospheric Ci rcu lation (2’ 3) atmospheric blocking increase in summer over Greenland

by 2100
Alison Delhasse' | Edward Hanna® | Christoph Kittel' | Xavier Fettweis'
&
T —~ Delhasse et al. 2020
2 3 5
e E 2 b t —— CMIP5 GB2
o< . observations puimaention| |
E . / —— NCEP GB2
800 E il | ‘(/ . ———— SA—— NCEP GB1
N —— e | ————
400 m © -1 . ! : —*‘*&--ﬁ.
O O ;
c > =5 i, =
=
° S B - - - - - e
% ~ 1960 1980 2000 2020 2040 2060 2080
| -
—400 (D
Who is right ?

T Are these changes due to global warming

JJA 2m temperature or climate variability ?
anomaly in the 2000s (°C)
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Brief communication: Impact of the recent atmospheric circulation

L ] L) .
4IlI Pote ntl al melt accelerat|on d ue to change in stlmmer on the future surface mass balance of the

Greenland ice sheet

u » n u 3
Changes | n atm ospherlc c‘ rcu Iatl on (3’3) Alison Delhasse ', Xavier Fettweis ', Christoph Kittel ', Charles Amory ', and Cécile Agosta '?

If the current change in general
circulation persists in future,
the melt of the GrlIS should be multiplied by 2!

July 2019: Surface height changes en 2100:
40°C in Belgium and
record of melt afterwards normal C|rculat|on changed C|rculat|on
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5. Potential melt acceleration due to
changes in clouds (1/2)

LETTERS

https://doi.org/10.1038/541558-019-0507-8

nature
climate change

Cloud microphysics and circulation anomalies
control differences in future Greenland melt

Stefan Hofer®'2*, Andrew J. Tedstone', Xavier Fettweis®?2 and Jonathan L. Bamber®'

Total cloud cover change (%)
10 75 5 25 0 25 -5 -75 -10

g
A i\-ﬁ‘%‘f
S

SCIENCE ADVANCES | RESEARCH ARTICLE

METEOROLOGY

Decreasing cloud cover drives the recent mass loss
on the Greenland Ice Sheet

Stefan Hofer,"* Andrew J. Tedstone," Xavier Fettweis,? Jonathan L. Bamber'
2002-2015 § Th . ) - ) .

e Greenland Ice Sheet (GrlS) has been losing mass at an accelerating rate since the mid-1990s. This has been
due to both increased ice discharge into the ocean and melting at the surface, with the latter being the dominant
contribution. This change in state has been attributed to rising temperatures and a decrease in surface albedo. We
show, using satellite data and climate model output, that the abrupt reduction in surface mass balance since
about 1995 can be attributed largely to a coincident trend of decreasing summer cloud cover enhancing the
melt-albedo feedback. Satellite observations show that, from 1995 to 2009, summer cloud cover decreased by
0.9 + 0.3% per year. Model output indicates that the GrlS summer melt increases by 27 + 13 gigatons (Gt) per
percent reduction in summer cloud cover, principally because of the impact of increased shortwave radiation over
the low albedo ablation zone. The observed reduction in cloud cover is strongly correlated with a state shift in the
North Atlantic Oscillation promoting anticyclonic conditions in summer and suggests that the enhanced surface
mass loss from the GrlS is driven by synoptic-scale changes in Arctic-wide atmospheric circulation.
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changes in 2 clouds (2/2)

Ir1 in= accumulation «orl=,
melt s driven oy inirarad racization
In the ablation zone, s
rnelt Is crivern-gysolzr radiztion

Role of clouds
- warming in the accumulation zone (greenhouse effect)
- cooling in the ablation zone (parasol effect)

+ liquid clouds (grey) vs solid clouds (white)
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ARTICLE
oPEN
Greater Greenland Ice Sheet contribution to global

A —— CMIPS sea level rise in CMIP6
— CMIPB
i it:::: \::Zm:; &c;:::et:eF ;at:(is 2Charles Amory @ 2, Christoph Kittel?, Alison Delhasse?,
Future projections of the Greenland ice sheet
0 / surface mass balance using MAR-ULiege
2019

T 500 AR5 (IPCC, 2013): SLR=~ 11+/-3 cm
8
[u ]
=
f -1000 -
5

LB o ARG (IPCC, 2021): SLR ~ 15+/-6 cm

—2000 o

71 360GT = 1mm sea level rise max SLR ~ 25 cm
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Year: 2300

lce Sheat Velocity Magnitude
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After the retreat, a new stable state could be reached without iceberg discharges.

The tipping point will be then mainly driven by SMB and ELA:

SMB < 0 is expected for the end of this century

* but such anomaly should persist during several centuries to reach a tipping point.

* but no surprise as there is non-chaotic change!
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2 km

Return to a
normal climate

Robinsson et al. (2012)

Credit: European Union, Copernicus Sentinel-2 imagery - Processed by @DEFIS_EU.
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2000 in 3000 in 3000 in 3000
(Paris agreement)  (more likely) (business as usual)

Ref: Aschwanden et al. (2019)
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Sea level rise after a temperature anomaly of X°C during 1000 years

mmm) Likely irreversibility if AT > 2-3°C More recent

| __rstudies (ARG, 2021)
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©IPCC 2013 (AR5, WGT, Fig 13.14)
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SMB anomaly (Gtfyr)

C. SMB MAR(CESM2) future - present

The SMB is projected to increase except over the ice shelves...

Grounded ice

Ice shelves
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Except in some areas (Peninsula and ice shelves),
SMB should remain positive and even
a lot of more positive!

=> Antarctic = sea level drop ??

Diverging future surface mass balance between the Antarctic ice
shelves and grounded ice sheet

Christoph Kittel', Charles Amory ', Cécile Agosta’, Nicolas C. Jourdain®, Stefan Hofer*, Alison Delhasse',
Sébastien Doutreloup', Pierre-Vincent Huot®, Charlotte Lang"®, Thierry Fichefet’, and Xavier Fettweis'

!Laboratory of Climatology, Department of Geography, SPHERES research unit, University of Liége, Liége, Belgium
Anstitut des Géosciences de I'Environnement (IGE), Univ. Grenoble Alpes/CNRS/IRDVG-INP, Grenoble, France
3Laboratoire des Sciences du Climat et de I'Environnement, LSCE-IPSL, CEA-CNRS-UVSQ,

Université Paris-Saclay, Gif-sur-Yvette, France

“Department of Geosciences, University of Oslo, Oslo, Norway

Earth and Climate, Earth and Life Institute, Catholic University of Louvain, Louvain-la-Neuve, Belgium

“National Centre for Atmospheric Science, University of Reading, Reading, United Kingdom
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4. Future projections: Antarctica
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4. Future projections: Antarctica
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3. Unstable glacier front after ice shelf collapse

As shelf retreats past grounding line B4
buoyant support decreases at front
but glacier flow continues and
glacier front calves rapidly

Buoyant (hydrostatic) force
at ice shelf front partially
supports ice shelf mass

Water Level

Water Level

‘/’\ X~ Grounding Line

Grounding Line

=] 2. Two effects of warmer temperatures 4. Glacier acceleration
' Old surface Lower part of §

a) Meltwater percolates through glacier; ) / .
! § lacier steepens
i § NG Mew Surface g :
glacier speeds up (summer only) . accelerates. and [

qv“n: filled fractures - loses mass.
e through ice shelf;

shelf disintegrates ) \ Clah-’eld |CEFEYQJS

Water Level Water Level

Grounding Line
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2 positive feedbacks... (Pattyn, 2018)

(a) Marine Ice Sheet Instability (MISI) (b) Marine Ice Cliff Instability (MICI)
Retrograde slope 4= Refreafinggroundiglie Pro/retrograde slopes
o V| Hydro-fracturing
—> Flux at the grounding line
T Isostatic rebound \I\m Cliff failure

Ice sheet

Ice sheet

= q,_ =

Antarctic bed

No more
buttressing
effect

Ice discharge generally increases with increasing ice thickness at the grounding line
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4. Future projections: Antarctica
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Sea level contribution (m)
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SHORING UP THE GLACIER
Ice loss can be slowed by (A) removing or

. freezing water at the base of the glacier,
Glacier (B) building artificial islands and
(C) constructing a berm in the bay.
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Pro;ectedglobal mean sea Ievel rise under dlfferent SSP scenarios

95 ‘ ARG (2021): ~+2m!
: . L ' . . 7 AR5 (2013): +0.8m
= Median (medium confidence) West Antarctic collapse SROCC (2019): +1 m
2 L Likely range (medium confidence) / SSP5-8.5
Satellite extrapolation (see caption) \A / ’
— - — - Likely range of extrapolation P S/SP3-7.0
15— — SSP5-8.5 Low confidence 83" percentile
S L SSP5-8.5 Low confidence 95" percentile |
i
Historical SSP1-1.9  SSP1-2.6 2150 medium
0 | | & low gonﬂdence
projections
1950 2000 2050 2100 2150 (see caption)

Regional sea level change at 2100 for different scenarios (with respect to 1995-2014)

SSP1- 1 9 medlan change SSPZ 4 5 medlan change

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

SSPS 8.5 medlan change

0 02 04 06 08 1 12 14
(m)

© IPCC 2021 (ARG, Figs 9.27 and 9.28)
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Pro;ected Sea Level Change Contrlbutlons under SSP1-2.6 and SSPS 8.5 5

o3- SSP1-2.6

2100 medians
&17M.g3™

2020 2060

Glaciers

2100 percentiles
Ocean Dynamics &

Thermal Expansmn

0.

w

0.2
(m)

0.1

SS P5-8 . 5 Thermal Expansion

Glaciers -

Antarctic Ice Sheet

Land Water Starage

2100 medians
&17™Mga"

2020 2060

Glaciers

Contribution is
identical across
scenarios (SSPs)

2100 percentiles
Ocean Dynamics &
Thermal Expansion
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Human activities affect all the major climate system components, with

some responding over decades and others over centuries

Metre rise

| +4°C_

Today, sea level has already
Metre rise

increased by 20 cm and

will increase an additional

30 cm to 1 m or more by 2100,
depending on future emissions.

Metre rise

Sea level reacts very slowly to

globzlal warml'ng s0, once started, o o
the rise continues for thousands . % —r— e
( ar ,000-year 2000-yea ,000-year
of years. commitmen commitment ) \__commitrr ent commitment ) \

Committed (long term)
sea level rise

nature
climate change

ARTICLES

https://doi.org,/10.1038/541558-022-01441-2

M) Check for updatas

OPEN
Greenland ice sheet climate disequilibrium and

committed sea-level rise

Jason E. Box ™=, Alun Hubbard??, David B. Bahr*, William T. Colgan®", Xavier Fettweis ©5,
Kenneth D. Mankoff', Adrien Wehrlés, Brice Noé&l ©7, Michiel R. van den Broeke ©7, Bert Wouters 78,
Anders A. Bjerk® and Robert S. Fausto ®’

lce loss from the Greenland ice sheet is one of the largest sources of contemporary sea-level rise (SLR). While process-based
models place timescales on Greenland's deglaciation, their confidence is obscured by model shortcomings including impre-
cise atmospheric and oceanic couplings. Here, we present a complementary approach resolving ice sheet disequilibrium
with climate constrained by satellite-derived bare-ice extent, tidewater sector ice flow discharge and surface mass balance
data. We find that Greenland ice imbalance with the recent (2000-2019) climate commits at least 274 + 68 mm SLR from
59 +15 x 10°km? ice retreat, equivalent to 3.3 + 0.9% volume loss, regardless of twenty-first-century climate pathways. This
is a result of increasing mass turnover from precipitation, ice flow discharge and meltwater run-off. The high-melt year of 2012
applied in perpetuity yields an ice loss commitment of 782 + 135mm SLR, serving as an ominous prognosis for Greenland's
trajectory through a twenty-first century of warming.

Greenland ice sheet: +27cm with the current state
23/02/26

(a

o

Global surface temperature change relative to 1850-1900

SSP5-8.5
SSP3-7.0

— SSP2-4.5

N W A O

SSP1-2.6
SSP1-1.9

! ~—\/—'~/\/\/
0
-1

1950 2000 2015 2050 2100

(b) September Arctic sea ice area
106 km?
10

1950 2000 2015 2050 2100

(c) Global ocean surface pH (a measure of acidity)

8.2
81T e

SSP1-1.9
8.0 SSP1-2.6
7.9 ocean ——— 55P2-45
7.8 acidification
o SSP3-7.0
7' . SSP5-8.5

1950 2000 2015 2050 2100

(d) Global mean sea level change relative to 1900

m
2
1.5 — e =
Low-likelihood, high-impact storyline,
including ice-sheet instability
1 processes, under SSP5-8.5——> .-*
SSP5-8.5
i SSP3-7.0
SSP2-4.5
SSP1-2.6
0.5 SSP1-1.9
0
1950 2000 2020 2050 2100
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(e) Global mean sea
level change in 2300
relative to 1900

Sea level rise greater than

15 m cannot be ruled out
with high emissions

N

9m

6m

6'8-GdSS

3m

9'C-TdSS

2300

Long term

. sea level rise

in 2300

(ARG, Fig SPM8)



Marine ice sheet instability amplifies and skews
uncertainty in projections of future sea-level rise

Alexander A. Robel™', Héléne Seroussi®, and Gerard H. Roe*

may accelerate significantly if marine ice sheets The amount 2

(b) Antarctica - dyn B renla

- Changes dominated by the surface melt.
- Tipping point can be reached if the global warming
exceeds 3°C

Antarctica

=12 0.8 -04 0.0 04 .
S &-'__‘gg}ﬂ_\__. : :\ g -

- . Snowfall increase should. dampen the sea level rise.
- Potential instability of marine ice sheets ?

Sea level rise is not uniform 5

Arctic is currently melting
at a higher rate,than projected

/ = -12 =08 =04 0.0 04 D8 1.2

But large unknowns
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