EPFL  Recap from previous lecture

Assessment of Climate Feedbacks
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=" Reading Task till next lecture

= World’s major cities hit by 25% leap in extremely hot days since the 1990s

= https://www.thequardian.com/environment/2025/sep/30/worlds-major-cities-hit-by-25-leap-in-extremely-
hot-days-since-the-1990s

= Focus on:
 What has been calculated?
 What’s the main finding and why is it important?
 Why 35°C?


https://www.theguardian.com/environment/2025/sep/30/worlds-major-cities-hit-by-25-leap-in-extremely-hot-days-since-the-1990s

=rFL  General outline

Present and future

i 11.09.2025 Introduction to the climate system Questionnaire (not graded)
Al 18.09.2025 Climate System, Radiation
o EB 25.09.2025 Radiation, Earth’s Energy balance, Greenhouse effect launch of first assignment
'§ ] . 02.10.2025 Aerosols & clouds, Radiative Forcing Launch of poster project
m
09.10.2025 Feedback mechanisms, Climate Sensitivity
n 16.10.2025 Paleoclimate submission of Poster
proposal (graded)
= 30.10.2025 Climate variability
o) n 06.11.2025 Paris Agreement, IPCC — report, Climate scenarios
S (RCPs, SSPs),
G n 13.11.2025 Tipping elements, 1.5 vs 2.0°C vs warmer, Emissions, submission of Poster draft
2 Carbon budget, Emissions Gap o
E 20.11.2025 Carbon budget, Emissions Gap, Metrics
O (N 27.11.2025 Metrics, Extreme Events SIS O Sl e
12 04.12.2025 Polar climate change
. — 11.12.2025 Mitigation measures Poster Conference (graded)
c
% ~|: (/9N 18.12.2025 Climate engineering, fillin Questionnaire in
< guestions and answers session SUEIEEES (lerasid)






=P7L  Temperature over the last 500 million years
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Time scale
not linear!


https://upload.wikimedia.org/wikipedia/commons/f/f5/All_palaeotemps.png

=P7L  Temperature over the last 500 million years
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Three different water molecules formed from 2 hydrogen atoms and
different oxygen isotopes (similar, but with different number of
neutrons in the nucleus).

The most common form is H,60.

For each 10,000 water molecules in nature,

only 3 are H,’O and 20 are H,!80.

https://www.iceandclimate.nbi.ku.dk/research/p
= ast atmos/past temperature moisture/

Isotopes refer to the different atoms or forms of an element with the same
atomic number but different atomic masses. So, they contain the same
number of protons and electrons but differ in the number of neutrons.

6 Protons 6 Protons 6 Protons
6 Neutrons 7 Neutrons 8 Neutrons
Carbon-13
(6P + 7N)

Atomic Weight = 13 Carbon-14

Carbon-12 Atomic Mass = 13.00335 u (6P + 8N)

(6P + BN) Abundance: 1.109% Atomic Weight = 14
Atomic Weight = 12 Isotope Mass: 14.003241 u
Isotope Mass: 12 u Abundance: 1 Part Per Trillion
Abundance: 98.89% Half-life: 5,730 + 40 Years

Carbon -14, Carbon-13, and Carbon-12 are isotopes
of carbon, as C-14 has 8 neutrons, C-13 has 7
neutrons and C-12 has 6 neutrons, whereas, all of
them have the same number of protons that is 6 and
the same number of electrons that is 6.

Only C-14 is radioactive.

https://www.javatpoint.com/isotopes-and-isobars



https://www.iceandclimate.nbi.ku.dk/research/past_atmos/past_temperature_moisture/
https://www.javatpoint.com/isotopes-and-isobars

=P"L  Temperature reconstruction from oxygen isotopes
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Near the poles, atmospheric water vapor
is increasingly depleted in "*O.

Heavy, "*O-rich water
condenses over
mid-atitudes.

Snow in the inferior
of Antarctica has |
5 percent less %0

{3 than ocean water.

4

[ Waiersligntly depletedin ‘EC‘,‘
evaporatesfromwdrm sub-fropical waters.

During cold times: enrichment of 8180 near equator, strong depletion near poles

During warm times: less enrichment of 8180 near equator, less depletion near poles.

m  Jouzel, J., et al. Journal of Geophysical Research, 1994.

https://earthobservatory.nasa.gov/features/Paleoclimatology OxygenBalance



=P7L  And how do we determine age? °

= Direct methods

« Counting of annual layers (sediments,
corals...)

« Counting of tree rings

= Radioisotope dating:
« 14C: Ty, (**C) = 5.73 ka (maximum age 44 ka)
« U-Th: T,,,(230TH) = 77 ka

= |ndirect dating methods:

* «event matching» (volcanic eruptions — tephra
layers, atomic tests, ...)

 «orbital tuning» (frequency fit to insolation)
* Model-based dating (e.g., ice flow modeling)




=P7L  Temperature over the last 500 million years
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=P*L  Paleocene-Eocene Thermal Maximum (PETM)
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Paleocene-Eocene Thermal Maximum (PETM) represents one of
the more prominent and abrupt climate anomalies in Earth
history.

Interesting to study, because represents a possible analogue
for the future and thus may provide insight into climate system
sensitivity and feedbacks (similar amount of carbon release in the
first 50 years of event compared to today).

The key feature of this event is the release of a large mass of
13C-depleted carbon into the carbon reservoirs at the Earth’s
surface, although the source remains an open issue. Biogenic
carbon is depleted in 13C.

Carbon levels increased by < 70% compared to pre-event levels.

With given climate sensitivity this leads to 1 — 3.5°C warming
only. But 5-9°C are inferred.

Other drivers unclear.

Zeebe et al., Nature Geoscience, 2009

11



=P*L  Paleocene-Eocene Thermal Maximum (PETM)

I
Paleocene |..g <200 kyr o { Eocene
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My .
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and ocean. (atmosphere-ocean equilibrium, sea sediment cores) _DEE?D"U' Deep Pacific

o {Site 865, Cibicidoides sp.)
« However, the amount of carbon would have been similar to - “Q.-n-*ﬁ"---'—u—-o._,_ﬁ

today’s total terrestrial biosphere plus soil carbon.

conrnnapapypbfiieriann

« Alterantively, release of methane-hydrates, requires less carbon
to be released, because 13C is strongly depleted in methane. 0.0

Carbonate §'°C (%)
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Carbon isotopic ratio from ocean sediment cores.
Depth ~ time

- The Geologic History of the Carbon Cycle, Sundquist and Visser, 2003,
doi:10.1016/B0-08-043751-6/08133-0



=FFL Earth’s Orbit :

Sun

25.7 kyr

\

Earth
orbit

Eccentricitiy: Obliquity: Precession of the axis
stronger change in radiation axial tilt between 22.1° and 1 ° each 72 years
over the year 24.5°

Larger tilt means more

insolation at poles.

Milankovic Cycles: Variations in eccentricity, precession and obliquity lead to varying solar insolation on Earth.
— Orbital forcing with an effect on Earth’s climate.



=P*L  Paleocene-Eocene Thermal Maximum (PETM)

Earth’s orbit played a role:

Coincidence of hyperthermals with combined
high-eccentricity and high-obliquity forcing
points to the influence of polar latitudes,
where seasonal insolation is strongly affected
by obliquity and precession during high-
eccentricity orbits.

— High-latitude orbital forcing through
carbon-cycle feedbacks involving permafrost
soil carbon (Antarctica only became glaciated
34 Myrs ago).
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DeConto et al., Nature, 2012, htips://doi.org/10.1038/nature10929



https://doi.org/10.1038/nature10929

=PrL Glacials and interglacials
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PAGES, RoG, 2016 doi:10.1002/2015RG000482

Ganopolski et al. NAT, 2016 doi:10.1038/nature16494
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=PFL G0, concentrations from ice cores

Documentary “Ice and the sky”
(“Le glace et le ciel” by Luc Jacquet, 2015)

Charcot Station (1957)

/A

Ice is crushed in a cold vacuum container.
The air is then expanded into a measurement
device (e.g., gas chromatograph)

Method published in 1980 by Robert J. Delmas,
Jean-Marc Ascencio & Michel Legrand:
https://www.nature.com/articles/284155a0

Other methods explored in the 1960s and 70s were
not successful.

Claude Lorius (1955)



https://www.nature.com/articles/284155a0

=PrL Glacials and interglacials

When the blue line is below the grey line, glacial inception is possible.
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m  Ganopolski et al. NAT, 2016 doi:10.1038/nature16494 PAGES, Ro0G, 2016 doi:10.1002/2015RG000482



=PrL Glacials and interglacials

When the blue line is below the grey line, glacial inception is possible.
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< 2025

Antarctica: Historic Drilling Campaign Reaches more
than 1.2-Million-Year-Old Ice

The fourth Antarctic campaign of the “Beyond EPICA - Oldest Ice” project, funded by the European
Commission, has achieved a historic milestone for climate science. An international team of scientists
with participation of the University of Bern successfully drilled a 2,800-meter-long and over 1.2 million

years old ice core, reaching the bedrock beneath the Antarctic ice sheet.

21



=PFL  Regional differences over the last 2000 years
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PAGES2K, 2013,
https://www.nature.com/articles/nge
01797



https://www.nature.com/articles/ngeo1797

=PFL  Reglional differences over the last 2000 years )

Medieval Climate Anomaly (MCA)~950-1250
Little Ice Age ~ 1300-1850
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Recent warming reversed the long-term cooling: during the period ad 1971-2000, the area-

weighted average reconstructed temperature was higher than any other time in nearly 1,400 years.

m PAGES2K, 2013, https://www.nature.com/articles/ngeol1797

(aS) 0£61-06LL Qv 0} "|24 pazipiepue)s

In nearly all regions: long-term cooling
trend, which ended late in the
nineteenth century.

Multi-decadal to centennial scales:
temperature variability shows distinctly
different regional patterns, more
similarity within each hemisphere than
between them.

There were no globally synchronous
multi-decadal warm or cold intervals
that define a worldwide Medieval Warm
Period or Little Ice Age, but all
reconstructions show generally cold
conditions between ad 1580 and 1880.
The transition to these colder
conditions occurred earlier in the Arctic,
Europe and Asia than in North America
or the Southern Hemisphere regions.


https://www.nature.com/articles/ngeo1797
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=P7L  Regional vs global climate

Global Average Temperature Change

+1.0°C | ”I\/Iweaclri;val " ittle
period" ice age”
e (regional)
+0.5 °C

0.0°C

0.5°C -

| | | | | | | | | |
Year: 200 400 600 800 1000 1200 1400 1600 1800 2000

" https://en.wikipedia.org/wiki/Little_Ice_Age
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=PrL

Medieval Climate Anomaly (MCA) and Little Ice Age
(LIA)

= Both were regional events across some parts of the northern
hemisphere, rather than global climate change.

= MCA was likely caused by enhanced sun activity (more insolation), less
volcanic eruptions and internal climate variability (ocean-atmosphere
coupling).

= During the LIA, there was lower solar activity - Spoérer Minimum (1450—
1550) and Maunder Minimum (1645-1715), more volcanic activity (e.g.,
Kuwae ~1450, Huaynaputina 1600, Tambora 1815), and potentially
snow-albedo feedback.

25



=P7L  Little Ice Age

A~ I

The Fair on the Thames, February 4th 1814, by Luke Clenell. These events happened in
1684, 1716, 1740, 1789, and 1814.
Credit: Wiki Commons



=PFL  When was Greenland forested? §

» There is evidence that southern Greenland was forested 130

_ _ ) _ In the medieval time, there was no
to 116 thousand years ago, that is the last interglacial period. global warming, but regional only.
More likely it was older 450 — 800 thousand years ago. [1] Today there is global warming.

= More recently, during the medieval warm period, Greenland
was warmer, but still covered with the ice sheet. [2]

950 — 1250
VS LK
1961 — 1990

Annual J-D L-OTI(°C) Change 1960-2019 1.01

[ N N N |
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[1] https://www.science.org/doi/full/10.1126/science.1141758; [2] https://www.science.org/doi/10.1126/science.1177303
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=P7L Today's temperature change ”

Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average) b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
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= IPCC, ARG, Figure SPM.1 (2021)



=L Which trajectory are we on: Iice or hot house?
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- Will Steffen et al. PNAS 2018;115:33:8252-8259 Stability landscape
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Please watch for next time

= An introduction to atmospheric circulation:
https://www.youtube.com/watch?v=Lg91eowtfbw

See moodle
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