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What are climate changes?
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CO2 concentration 

412 ppm (part per million)
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Atmospheric CO2 reconstruction 
from Antarctic ice cores records

Source: EPICA Project (Antarctica); Nasa Climate Change
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Radiative unbalance

Greenhouse 
Effect

Balance: Incoming=Outgoing 
Reduction of atmospheric CO2: ~ 60 ppm



Ocean: thermo-regulator

Atmospheric heat

Oceanic heat

Atmosphere: low heat capacity

Ocean: large heat capacity



Current climate
T° = + 1.3°C since 1880

CO2 = + 128 ppm since 1850

Sea Level = + 9.5 cm since 1993 Atmospheric temperature 

Sea ice

Sea ice

Greenland

Antarctica

Oceanic heat
Acidification

Global mean


Sea level

Sea Level in 
1993

Source: SROCC & NASA Climate Change



Temperature evolution since 1880

Source: NASA Climate Change



Temperature evolution since 1880
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Sea level changes



Sea Level change in Trieste

+3.5 - 4 mm/year in Trieste
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Steric Effect

1- Greenhouse effect: 
Heat absorption

+ 1.4 mm/year  
Averaged over 2006-2015

Ocean

2- Increased ocean  
Volume

3- Sea level rise

Global mean

“The Ocean and the cryosphere in a changing climate”, IPCC SROCC, Sept- 2019 



Land ice +1.9 mm/year 
average 2006-2015

0.43 mm/year

0.77 mm/year

0.61 mm/year

Mountain glaciers

Source: IPCC, 2019, 2021

changes in the ice sheet interiors have been
difficult to capture because of measurement
uncertainties [time-varying biases in radar al-
timetry (2) and ICESat (24)]. When integrated
over the vast ice sheet area, these biases can
overwhelm small, but important, changes in
ice sheet mass balance from either trends in
precipitation or long-term imbalance between
ice flow, accumulation, and runoff (1).
NASA’s next-generation laser altimeter

ICESat-2 was designed to eliminate many of
these problems. Launched 15 September 2018,
ICESat-2’s laser has a high sampling rate (0.7m
along-track), narrow footprint (~14.5m), and
near-global coverage (±88° latitude) repeating
every 3months, with a six-beamgeometry that
enables instantaneous cross-track slope deter-
mination (fig. S1). We compared ICESat-2 data
(October 2018 to February 2019) with data
from the ICESat mission (September 2003 to
October 2008), which sampled amore coarsely
spaced set of tracks to ±86° latitude (Fig. 1A)
(25). Height-change estimates from these in-
struments cover all of Greenland and 95% of
Antarctica. We removed the influence of local
topography between missions by extracting
height-difference measurements only at loca-
tions where the two sets of tracks cross (Fig. 1,
C and D). Because both measurements come
from laser altimeters, they are not strongly
biased by subsurface scattering and retain
their accuracy in sloping coastal regions. After
aggregating the difference measurements
into a regular grid, we estimated height-change
rates and applied several corrections to ob-
tain equivalent changes in mass, including
a customized firn correction, state-of-the-art
glacial isostatic adjustment, elastic compen-
sation of Earth’s surface, ocean tides, and in-
verse barometer effect (25). We restricted our
ice shelf analysis to areas that were covered by
ice shelves throughout both missions, so the
ice shelfmass changes directly associated with
changes in ice shelf extent are excluded from
our estimates.
In Greenland, we found strong thinning that

extends around the entire coastline (Fig. 2),
which decreases inland, giving way to thicken-
ing at elevations between 2000 and 2500 m

in western and southern Greenland and at
elevations closer to 1500 m in the northeast.
The largest thinning rates were between 4 and
6 m year−1 in Jakobshavn and Kangerlussuaq
glaciers, whereas the largest inland thicken-

ing rates were less than 0.15 m year−1. The
total mass change rate for the ice sheet be-
tween 2003 and 2019 was –200 ± 12 Gt year−1,
with a basin-by-basin variation from –48 ±
4 Gt year−1 in the northwest to 2 ± 2 Gt year−1
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Fig. 2. Mass loss from Greenland Ice Sheet (2003 to 2019). (Top) Mass change for Greenland (meters of
ice equivalent per year). (Bottom) Mass changes around the margin. Map and ice margin mass change have
been smoothed with a 35-km median filter for improved visualization.

Table 1. Comparison of mass loss 2003 to 2019 for floating and grounded ice by region. SLE potential data are after (44): Greenland, East Antarctica
(EAIS), West Antarctica (WAIS), and the Antarctic Peninsula (AP) (fig. S8). Cumulative ice loss and gain between 2003 and 2019 are provided in sea level
equivalent (SLE) units.

Change in mass over time (Gt year−1)
Sea level rise potential (m) Total SLE 2003–2019 (mm)

Floating ice Grounded ice

Greenland N/A –200 ± 12 7.4 8.9
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

EAIS 106 ± 29 90 ± 21 51.1 –4.0
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

WAIS –76 ± 49 –169 ± 10 5.6 7.5
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

AP –14 ± 28 –39 ± 5 0.5 1.7
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Antarctica 15 ± 65 –118 ± 24 57.2 5.2
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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in the northeast (table S2). The low-elevation
thinning is associated with both atmospheric
and ocean processes: an increase in surface
melt owing to a combination of increases in
both air temperatures and exposure of bare
ice during the summer (26–28). At the same
time, the combination of increased surface
melt and warmer ocean temperatures has led
to enhanced submarine melting of submerged
glacier termini (29, 30) and has allowedmore
rapid calving by reducing the presence of rigid
mélange in the fjords (31), each of which have
increased glacier velocities and ice discharge
into the ocean.With the exception of the north-
east, every sector of the ice sheet lost substan-
tial mass during our period of investigation.
Some of the highest Greenland ice mass

losses are in the northwest and southeast sec-
tors, where strong dynamic changes took place
shortly after the start of the ICESat mission
(32). The recent acceleration in ice loss from
Northeast Greenland (33) appears more lim-
ited in extent and magnitude and has less im-
pact on the total mass balance. Despite the
record-setting discharge rates of Jakobshavn
Isbrae (34), its contribution is only around
10% of the Greenlandmass loss between 2003
and 2019, in part because the rapid mass loss
due to its acceleration in the late 1990s (35)

declined with the slowing and thickening of
the lower part of the glacier between 2013 and
2018 (36). Overall, loss of solid ice around the
margins outpaced lower rates of snow gain
distributed across the interior.
In Antarctica, we see broad-scale patterns

that are the fingerprints of two competing cli-
mate processes: snow accumulation and ocean
melting. These processes occur on different
spatial and temporal scales (Fig. 3) and exhibit
strongconnectionsbetweenchanges ingrounded
and floating ice in West Antarctica and the
Antarctic Peninsula. The “background” pattern
is one of subtle thickening along the steep
slopes of the Antarctic Peninsula and around
the coast to Queen Maud Land, East Antarc-
tica, where gains decrease with distance from
the ocean, which is indicative of snow accu-
mulation in excess of that needed to balance
flux divergence due to ice flow. This is likely
due to enhancedmoisture flux frommarine air
masses, but our measurements only provide
an upper bound on the duration over which
this may have occurred. Superimposed on this
is a pattern of dramatic, ongoing mass loss
around themargins, especially in the Amund-
sen and Bellingshausen regions of West Ant-
arctica, which is likely in response to rapidly
shrinking ice shelves. Ice shelf thinning in the

Amundsen Sea has been attributed to an
increase in atmospheric-driven incursions
of modified Circumpolar Deep Water under
the ice shelves, enhancing ocean-induced melt-
ing of marine-based basins (14, 16). Similar
patterns may be emerging for marine-based
outlet glaciers of East Antarctica, such as
at Denman Glacier (Fig. 3), where a deep sub-
glacial canyon and a retrograde slope may
drive unstable retreat (37). The three large
cold-water ice shelves (Ross, Filchner-Ronne,
and Amery) have smaller rates of height
change, but there are striking internally
driven changes where the stagnant Kamb
Ice Stream (38) and slowing Whillans Ice
Stream (39) starve downstream Ross Ice Shelf
of mass input (locations are provided in fig.
S8). In contrast to West Antarctic ice shelves,
East Antarctic ice shelves gained 106 ± 29 Gt
year−1 (Table 1).
The most substantial floating-ice losses

occurred along the Amundsen-Bellingshausen
region of West Antarctica and the Antarctic
Peninsula. A basin-by-basin comparison be-
tween floating and grounded ice loss allows
us to quantify the link between rapidly thin-
ning ice shelves and grounded-ice loss in these
regions; for example, 53% of mass loss from
the Getz Ice Shelf basin (basin 20), 29% from
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Fig. 3. Mass loss from Antarctica (2003 to 2019).
(Top) Mass change for Antarctica. (Bottom) Mass changes
at the grounding line. Highest mass loss rates are in West Antarctica
and Wilkes Land, East Antarctica. Map and
grounding line mass change have been smoothed with a
35-km median filter for improved visualization.
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Sea Level rise
Global mean

Current rate of sea level rise: +3.3 mm/year

+3.4 mm/year in Trieste

Average: 2006-2015

+ 1.4 mm/year 
Oceanic expansion 

(Steric effect)

+1.9 mm/year

Greenland 
Mountain glacier 

Antarctica

Source: IPCC, 2019, 2021

+18 cm since 1900
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T° up to + 4.3°C 
Min: 3.2°C  Max: 5.4°C
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Source: SROCC & AR6 IPCC, 2019-2021
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Why should we care for 
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How is Antarctica?

0.35 mm SLE/yr
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Antarctic ice flow
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Antarctic vulnerability to climatic changes
Bed topography below the ice sheet

Blue: below sea level Brownish: above sea level

Morlinghem et al. (2020)Ice shelves = floating  
terminations of glaciers
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Are sea level projections science fiction?

REVIEW SUMMARY
◥

SEA-LEVEL RISE

Sea-level rise due to polar ice-sheet
mass loss during past warm periods
A. Dutton,* A. E. Carlson, A. J. Long, G. A. Milne, P. U. Clark, R. DeConto,
B. P. Horton, S. Rahmstorf, M. E. Raymo

BACKGROUND:Although thermal expansion
of seawater and melting of mountain glaciers
have dominated global mean sea level (GMSL)
rise over the last century, mass loss from the
Greenland and Antarctic ice sheets is expected
to exceed other contributions to GMSL rise
under future warming. To better constrain

polar ice-sheet response to
warmer temperatures, we
draw on evidence from in-
terglacial periods in the
geologic record that ex-
perienced warmer polar
temperatures and higher

GMSLs than present. Coastal records of sea
level from these previous warm periods dem-
onstrate geographic variability because of the
influence of several geophysical processes
that operate across a range of magnitudes
and time scales. Inferring GMSL and ice-
volume changes from these reconstructions

is nontrivial and generally requires the use
of geophysical models.

ADVANCES: Interdisciplinary studies of geo-
logic archives have ushered in a new era of
deciphering magnitudes, rates, and sources of
sea-level rise. Advances in our understanding
of polar ice-sheet response to warmer climates
have been made through an increase in the
number and geographic distribution of sea-
level reconstructions, better ice-sheet constraints,
and the recognition that several geophysical
processes cause spatially complex patterns in
sea level. In particular, accounting for glacial
isostatic processes helps to decipher spatial
variability in coastal sea-level records and has
reconciled a number of site-specific sea-level
reconstructions for warm periods that have oc-
curred within the past several hundred thou-
sand years. This enables us to infer that during
recent interglacial periods, small increases in

global mean temperature and just a few de-
grees of polar warming relative to the preindus-
trial period resulted in ≥6 m of GMSL rise.
Mantle-driven dynamic topography introduces
large uncertainties on longer time scales, af-
fecting reconstructions for time periods such
as the Pliocene (~3 million years ago), when
atmospheric CO2 was ~400 parts per million
(ppm), similar to that of the present. Bothmod-
eling and field evidence suggest that polar ice
sheets were smaller during this time period,
but because dynamic topography can cause tens
of meters of vertical displacement at Earth’s
surface on million-year time scales and uncer-
tainty in model predictions of this signal are
large, it is currently not possible to make a
precise estimate of peak GMSL during the
Pliocene.

OUTLOOK: Our present climate is warming
to a level associated with significant polar ice-
sheet loss in the past, but a number of chal-
lenges remain to further constrain ice-sheet
sensitivity to climate change using paleo–sea
level records. Improving our understanding
of rates of GMSL rise due to polar ice-mass loss
is perhaps the most societally relevant infor-
mation the paleorecord can provide, yet robust
estimates of rates of GMSL rise associated with
polar ice-sheet retreat and/or collapse remain
a weakness in existing sea-level reconstruc-
tions. Improving existing magnitudes, rates,
and sources of GMSL rise will require a better
(global) distribution of sea-level reconstruc-
tions with high temporal resolution and pre-
cise elevations and should include sites close
to present and former ice sheets. Translating
such sea-level data into a robust GMSL signal
demands integration with geophysical models,
which in turn can be tested through improved
spatial and temporal sampling of coastal
records.
Further development is needed to refine es-

timates of past sea level from geochemical
proxies. In particular, paired oxygen isotope
and Mg/Ca data are currently unable to pro-
vide confident, quantitative estimates of peak
sea level during these past warm periods. In
some GMSL reconstructions, polar ice-sheet
retreat is inferred from the total GMSLbudget,
but identifying the specific ice-sheet sources is
currently hindered by limited field evidence at
high latitudes. Given the paucity of such data,
emerging geochemical and geophysical tech-
niques show promise for identifying the sectors
of the ice sheets that were most vulnerable to
collapse in the past and perhaps will be again
in the future.▪
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Peak global mean temperature, atmospheric CO2, maximum global mean sea level (GMSL),
and source(s) of meltwater. Light blue shading indicates uncertainty of GMSL maximum. Red
pie charts over Greenland and Antarctica denote fraction (not location) of ice retreat.
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Thanks to paleoclimatic reconstructions
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We need to adapt

Source: IPCC (2019) - SROCC



We need to adapt

Source: IPCC (2019) - SROCC

We can’t avoid sea level rise

Just mitigate it.


