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DO Events Pa/Th proxy Heinrich Events

Yesterday’s Summary

* Ice cores for climate science
* The time machine
— decay series dating
— cosmogenic nuclide dating
— application examples
— surface exposure dating
* Abrupt climate change during the last glacial cycle
— Dansgaard-Oeschger Events
— Bipolar seesaw
— Heinrich Events
Pa/Th proxy for ocean circulation rate Hoid
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Lecture Progress

Monday Introduction Earth History
Tuesday Proxies | Cenozoic Hot & Warm House
Wednesday pealie Clinels s Pleistocene G-IG climate
components
Thursday Pt :l & C"”T‘ate S Abrupt Climate Change
nteractions
Friday Current Climate Change Future & Synthesis
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Today’s Overview

* Climate Modelling
* Climate Feedbacks and Tipping Points
* The Human Influence
— human civilisation
— human emissions
— other influences
* IPCC ARG projections
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Climate Modelling
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Climate Modelling

* Numeric modelling is used very often in (paleo)climate
* Useful to test magnitudes and interactions
* Help us understand and quantify complex outcomes
* Can be used to e.qg.
— extrapolate from sparse observations
— turn proxy results into meaningful numbers
— test hypotheses
— project into future

* However, they are only as good as the concepts
* Bullshit in — bullshit out!
Wil
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Climate Modelling

* Climate System Models (CSM) are most comprehensive
* Computationally intensive, depending on resolution

* Different resolutions for different problems

* Spatial and Temporal resolutions are correlated

* Everything happening below model scale needs to be
parameterised
* For focus on specific domains others can be simplified
* Models with dynamic interactions between domains
are called (fully) coupled - much more costly
Nail__
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Climate Modelling

* Climate System Models (CSM) are most comprehensive
* Computationally intensive, depending on resolution

* Different resolutions for different problems

* Spatial and Temporal resolutions are correlated

* Everything happening below model scale needs to be
parameterised

* For focus on specific domains others can be simplified

* Models with dynamic interactions between domains
are called (fully) coupled - much more costly

CECCEEEE R P T E PR EE PP EEE P T EEEEEE T | | UNIL | Université de Lausanne
Patrick Blaser — Paleoclimatology — Day 5 9



Climate Modelling

* No model is perfect
— choose the right design for each question

* Model “verification” via
— modern data
— historical or paleo data
— model intercomparison
— Coupled Model Intercomparison Project
— Paleo Model Intercomparison Project
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Climate Modelling

The World in Global Climate Models
. Mid-1970s Mid-1980s

\
v Overturning——— = ’
Rivers Cimu,amﬁ Interactive Vegetation
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Climate Modelling

perform energy and
transport equations
for each time step

Schematic for Global
Atmospheric Model

‘ Horizontal Grid (Latitude-Longitude)
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Climate Modelling
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Climate Modelling

Climate models

For decades scientists have been using [EIRGEETIET RNl
more about the Earth’s climate. Known as climate models, they are driven by the
fundamental physics of the atmosphere and oceans, and the cycling of chemicals
between living things and their environment. Over time they have increased in
complexity, as separate components have merged to form coupled systems.

to help us learn

Interactive vegetation

Dust/sea spray/carbon aerosols

Upper atmosphere .

Atmospheric chemistry

Atmospheric/land surface
Ocean

Sulphate aerosol

Biogeochemical cycles

Carbon cycle

Marine ecosystems

1 1950s 1 1960s 1 1970s | 1980s 1 1990s | 2000s . 2010s
CarbonBrief

Note: There were some very simplified models before the dates mentioned.
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Climate Modelling
A

cost or h / model year

complexity or resolution / coupling / processes
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Climate Modelling

All models are wrong,
but some are useful.

George Box
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Feedbacks and Tipping Points
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Feedbacks and Tipping Points

Intensifies Reduces
Forcing Forcing

Positive Global | Negative
Feedback Warming Feedback

Speeds Up Slows Down
Warming | Warming
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Feedbacks and Tipping Points

(a)

System change

(b)

(c)
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Feedbacks and Tipping Points
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Feedbacks and Tipping Points

Time
Forcing
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Feedbacks and Tipping Points

Gre

enland Ice Sheet

Sahara
' Greening

Multistability

Dieback Wesg&friban
of Amazon Monsoon Shift
Rainforest

Changes in
Antarctic Bottom Water,Formation?
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Human Influence
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Human Influence

The size of the world population over the long-run

The UN demographers expect the ——
world population to peak at 10.4
billion in 2086 and to decline 10 billion are projected
thereafter. for the year 2058

9 billion are projected
for the year 2036

The pink line shows the projection —
by the UN Population Division.

# 8 hillion in 2023

The purple line shows the sizeof —>

the world population over the last

12,000 years. b 7 billion in 2011
¢ 6billionin 1999

7 Ma chimpanzees - hominins
200 ka modern humans

4 billionin 1974

3 billion in 1940

In the mid 14th century the 2 billionin 1928

Black Death pandemic killed

ag ri C u |tu re between a quarter and half

- 1.65 billion in 1900
of all people in Europe. —,

N\
\
In 10,000 BCE th Th th rat IntheyearOtheworld | Jone lain lgo
n 10, e e average growth rate n the year & wor il
world population from 10,000 BCE to 1700 population was around 600 million in 1700
was around 4 million was just 0.04% per year 190 million
10,000 BCE 8,000 BCE 6,000 BCE 4,000 BCE 2,000 BCE 0 2000
- .
Global life expectancy before Global life expectancy
1800 was less than 30 years in2023: 73 years
on estim v the History Database of the Global Environment (HYDE) and the United Nations.
avisuahization from QurWorldinData.org Licensed under CC-BY-5A by the author Max Roser. -
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i World population growth, 1700-2100
_/\_Annual growth rate of the world population
___M world population

2.3% 10.43 Billion

in 1983 i
: in 2086

9.7 Billion
in 2050

8 Billion
in 2023

2.5 Billion
in 1950

2 Billion
in 1925

0.04% was tha averaga

Bnpu.‘n!ran growth rate i
atwean 10,000 BCE 1 billion
and 1700 in 1805
600

in 1700

Data sour
This is

1750 1800
Projection -0.1%
(LIN Madium Feetity Visiang
Jur World in Data based on HYDE, UN, and UN Populat n| ) - - -
l ) arle Licensat! undar CC-BY by the authors Max Roser and Hannah Ritchie

30 from OurWorldinData.erg, where you find data an il is changing
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Humanity today and humanity’s past e

Our Worl

Each grain of sand in this visualization
represents 10 million people.

= 140 million children are born every year
s af sand anter the hourglass.

You are here, These 795 grains represart the
7.95 billion people wha are alive today,

In the folls hart | any uini this triangle
shippe 9 1o represend 7 95 bifflon people.

&0 miliion people die elery v
& frains of sand pass through the hourglass.

-~ About 109 billion people have fived and died.
10,900 graim of sand.

About half the peoplewho ever el
| Tt i b 2000 year=

Socrates, whtwas kilked In
399 BCE lies aboiit here,

-~ Halt af the dead bodies hare
are the bodies.of children,
[ir ore-madecn times half of 4l chiidron dies

Thee first agrictlturalists fis here.
by wbiout % il pocaln Ged betfore
thi ricultis] Revohit o,

4 ptsf el H

faierd oot thoe Btz o s ematens i Tablba W

OurwWaridinData.org - Hesoarchand data o

Mitherores Boread mnd {lve UN Popolation Divion, Baed on 4 dedign by Olhver Ubot 1
wabie progress againat th warkl's largest problpns Licensad undor CCHY by the author M Rosgr -
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1.6
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E 0.6 4 Other (for example, plastic)
B \etals _
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1960 1980
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Human Influence

Animals

4 Gt t

Living biomass

Trees and
shrubs

900 Gt

Human-made mass

Buildings and
infrastructure

1,100 Gt

Current epoch:

The Anthropocene
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Changing distribution of the world’s land mammals

Mammals are compared in terms of biomass, measured in tonnes of carbon.

One tonne of carbon
is equal to either:

°
T 100 people

” 20 cows

” 2 elephants

20 million
tonnes of
carbon (tC)

100,000
years ago

Quaternary
Megafauna Extinction
More than 178 species of
land Is went extinct
during this period. Humans
were the primary

driver of these
extinctions.

~10,000

yoarsago EERULLES — Humans

16,000 tC

/‘/ ~85%

{ decline in
wild terrestrial
\mammal biomass |
since the rise /
N of humans /

-

10 13
1900 [l T 35 million t€
tC tC

Wild land mammals Humans Livestock

- 107 million tC
60 million tC 6:3% of mammal bi
{poultry. not included]

2015 35% of mammal biomass

3 million tC
2% of mammal biomass

Note: Estimates of long-term biomass come with significant uncertainty, especially for wild mammals 100,000 and 10,000 years ago.
Sources: Barnosky (2008); Smil (2011); and Bar-On et al. (2018).
OurWorldinData.org — Research and data to make progress against the world's largest problems.  Licensed under CC-BY by the authors Hannah Ritchie and Klara Auerbach.
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Human Influence

Distribution of mammals on Earth M

Mammal biomass is measured in tonnes of carbon, and is shown for the year
2015. Each square corresponds to 1% of global mammal biomass.

d

Wild Mammals H
4% of global mammal biomass umans

{land & marine mammals are each 25) 34% of global mammal biomass

LLOSnOnnnon
gonaoonnnononon
goooonononon
Qililefifalale]i[mrleries
e Lo [ Lwe Lo Lo Lor o o [ oe
L (a3 0 G L3 G L L3
s ol Gt Gl Gl G (il 3 €3 C3 03
S TE o [ wr e [ [ [ o Fome o [ o o -
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(G302 63 3 Ga G G A 1
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3% 3% 2% 1%

Mote: An estimate for pets has been included in the total biomass figures, but is not shown on the visualization because it
makes up less than 1% of the total.

CurWorldinData.org — Research and data to make progress Licensed under CC-BY by the authors
against the world's largest problems Hannah Ritchie and Klara Auerbach -
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Latitude ("N}

Global Climate during Human Civilization
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Global Climate during Human Civilization
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Global Climate during Human Civilization
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Human Influence

Global Climate during Human Civilization

Age (yr BP) a Age (CE)
20,000 15,000 10,000 5,000 1] ‘]l&’:ﬂ 1900 1850 2000
1850-1949 CE — 1890-1989 CE
1860-1959 CE — 1900-1999 CE
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g 051 1
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-1 f — -— Temp-12k Fig.5| Contextualizing rates of modern warming. a, Observed ratesof
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NOCarbon dioxide concentration at Mauna Loa Observatory*
F|I1ll'|1rrlIIiIr[l1|fli|llll|fl|lrll[lflilrll1]1l[l[1lli]r[l1]rll

430 Full record ending October 12, 2023 418.04 ppm
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Who has contributed most to global CO, emissions? in Data

Cumulative carbon dioxide (CO:) emissions over the period {rom 1751 Lo 2017, Figures are h.m d on production-hased emissions
which measure CO: produced domestically from fossil fuel ¢ mnlul\tmn and cement, and do not correct for emissions embedded in trade
(i.e. consumplion- hased). Emissions from international travel are not included.

North America Asia
457 billion tonnes CO, 457 pillion tonnes CO,
29% global cumulative emissions 29% global cumulativé emissions

: Indi
EU-28 Russia & bilon
353 billlon tonnes GO, 101 tillion tannes
22% global cumulative eimissions E% global emissions

Oceania
20 billion tonnes CO,
1.2% g]obal emissions

|L|n|| ies in Illé- EUIU|h3 1 Union have been grouped as the "ELR28° since international targets and negotiations are typically set a3 g collaborative target between EU countries
§ii) g for i
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1.6 —
how much CO,?
1.4 —
1.2 Biomass 2020+ 6
E; 1.0 —
£
'S 0.8
=
E 0.6 4 Other (for example, plastic)
Bl Metals _
0.4 | WEE Asphalt Anthropogenic
B Bricks mass
0.2 | W Aggregates (for example, gravel)
B Concrete

1900 1920 1940

1960 1980

Year

2000

2020
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2.

1.7 Tt

*

1.6
1.4
1.2 Biomass 2020+ 6
E; 1.0 —
=
'S 0.8 -
=
E 0.6 4 Other (for example, plastic)
B \etals _
0.4 | WEE Asphalt Anthropogenic
B Bricks mass
0.2 | W Aggregates (for example, gravel)
Bl Concrete

1900 1920 1940

1960 1980 2000 2020

Year -
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where did all the CO2 go?
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where did all the CO2 go?
https://youtube.com/watch?v=dwVsD9CiokY
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Global warming potential of greenhouse gases over 100-year timescale

Global warming potential' measures the relative warming impact of one unit mass of a greenhouse gas relative to
carbon dioxide.

SFs

23,500

PFC-14 6,630

Nitrous oxide (N20) §§ 265

Global greenhouse gas emissions by gas

HFC-152a | 138 Greenhonse gas emissions are converted to carbon dioxide-equivalents (CO.eq) by multiplying each gas by its
woo-year "global warming potential value: the amount of warming one tonne nll' the gas would create relative lo

one tonne of CO, over a 1oo-vear timescale, This breakdown is shown for 2016,

Methane (CHa) | 28

Nih|||l'-.||'!:i||:-l:f"i__ﬁ )]
Carbon dioxide (COz) | 1 OurWerdinData.oe - Rosearcl bt b g s he ' st bl weh

Source: IPCC, 2014: Climate Change 2014: Synthesis Report. OurWorldinData.org/co2-and-greenhouse-gas-emissions « CC BY

1. Global warming potential: Global warming potential (GWF) measures the amount of heat absorbed by a greenhouse gas relative lo the same mass
of carbon dioxide (CQOz). It measures the amount of warming a gas creates compared {o CO:z. Carbon dioxide is given a GWP value of one. If a gas had a
GWP of 10 then one kilogram of that gas would generate ten times the warming effect as one kilogram of CO:. Since greenhouse gases spend different
amaounts of time in the atmosphere, their global warming potential depends on the length of time that it's measured over. For example, GWP can be
measured as the warming effect over 20 years, 50 years, or 100 years. Potent but short-lived greenhouse gases — like methane, for example — will have a
higher GWP when measured over 20 years than over 100 years. The GWP value for methane over 100 years (GWP100) is 28. This means one kilegram

of methane would cause 28 times the warming of one kilogram of COz. M,_
14
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Consumption-based CO2 emissions per capita vs. GDP per capita, 2020

— Consumption-based emissions' are national emissions that have been adjusted for trade. It's production-based
emissions minus emissions embedded in exports, plus emissions embedded in imports.

— GDP per capita is adjusted for price differences between countries (PPP) and over time (inflation).

251t & B Africa
i B Asia
Kuwait Srunei B Europe
W North America
20t United Arab Emirates, M Oceania
2 Saudi Arabia B South America
o )
2 ° Malta i 1:48B.
© Y United States BOOM |
Q -
o 15t . S
2 . = Dots sized by
g e o o2uth Korea L ixembourg Population
£ . . (historical
g .Hong Kong estll‘l'tales)
2 10t Russia Japan
‘g China . % Jsrael ® Netherlands
%. Malagygia | '.United Kingdom
L]
E . - L]
? South Africa . Cypruse
. It . @ E2XIC0 anama
© India. Indoriesia, ®® ., °
« *_ AR s s Ldosta Rica
" . *Nepal Pakistan g Guamala L8l
pzambiques thiopia g * »
0 t"__ o 4 ;.!’i 3 o _'_Q_! — £
$2,000 $5,000 $10,000 $20,000 $50,000 $100,000
GDP per capita

Source: Global Carbon Project (2022); Population based on various sources (2023); Data compiled from multiple sources by World Bank
QurWorldInData.org/co2-and-greenhouse-gas-emissions « CC BY

1. Consumption-based emissions: Consumption-based emissions are national or regional emissions that have been adjusted for trade. They are

calculated as domestic (or ‘production-based’ emissions) emissions minus the emissions generated in the production of goods and services that are

exported to other countries or regions, plus emissions from the production of goods and services that are imported. Consumption-based emissions =

Production-based — Exported + Imported emissions L

W~
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The price of solar modules declined by 99.6% since 1976 e

Price per Watt of solar photovoltaics (PV) modules (logarithmic axis)
The prices are adjusted for inflation and presented in 2019 US-5.

$50
With each doubling of installed capacity the price
of solar modules dropped on average by 20.2%.
This is the learning rate of solar modules.
$10
$5
$2
$1
$0.5 i M\2016
SN SAAW ik SOR 42019
1 MW 10 MW 100 MW 1,000 MW 10,000 MW 100,000 MW
LODDOOOWatt cymulative installed solar PV capacity (logarithmic axis)
Data: Lafond et al. (2017) and IRENA Database; the reported learning rate is an average over several .
studies reported by de La Tour et al (2013) in Energy. The rate has remained very similar since then. Licensed under CC-BY
OurWorldinData.org - Research and data to make progress against the world's largest problems. by the author Max Roser
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The price of electricity from new power plants {elifg
Electricity prices are expressed in 'levelized costs of energy’ (LCOE). Ir
LCOE captures the cost of building the power plant itself as well as the
ongoing costs for fuel and operating the power plant over its lifetime.

$359

The price of electricity from solar
declined by 89% in these 10 years.

$300/MWh

5200/ MWh

$135 e
susx
$111

N

LY
© $175 Gas peaker
37%

-9 51

$100/MWh

The price of onshore wind electricity

#5155 Nuclear
— +26%

31 Solar thermal tower

# %109 Coal
2%

e 856 (Gas(combined cycle)
-32%

Onshore wind
Solar Photovoltaic

L3 #1]
declined by 70% in these 10 years.
S0/MWH
200 2019

ed Cost of Enargy Analysls. Versmn 130

OurWorkdnDataors .
RN RN RN R R RN R RN AR R RN RN RRRARRRRRRRARRY
Patrick Blaser — Paleoclimatology — Day 5
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Primary energy consumption by source, World
Primary energy is shown based on the ‘substitution’ method which takes account of inefficiencies in energy
production from fossil fuels.

Qil
50,000 TWh
Coal
40,000 TWh Gon
30,000 TWh
20,000 TWh
10,000 TWh Hydropower
Nuclear
— Wind
Solar
Other renewables
0 TWh . _ , . : Biofuels
1965 1980 1990 2000 2010 2022
Source: Energy Institute Stafistical Review of World Energy (2023) OurWorldInData.org/energy « CC BY

——
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Carbon intensity: CO2 emissions per dollar of GDP Puniiore
This is measured as the kilograms of COz emitted per dollar of GDP. Emissions include fossil fuel and industry
emissions' . Land use change is not included. GDP data is adjusted for inflation and differences in the cost of living
between countries.

in Data

1.6 ka/$
1.4 kg/$
1.2 kg/$
1 kg/$
0.8 kg/$
0.6 kg/$ China
0.4 kg/$ ?Jurj;:add States
— India

Lower-middle-income countries
Low-income countries
European Union (28)

0.2 kg/$

0 kgf‘r$ ! 1 T T 1
1820 1850 1900 1950 2018

Source: Maddison Project Database 2020 (Bolt and van Zanden, 2020); Global Carbon Project (2022)
Note: GDP data is expressed in international-$° at 2011 prices.
OurWorldInData.org/co2-and-greenhouse-gas-emissions « CC BY
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examples on fossil fuels
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* average energy Intensity EU ~ 0.2 kg CO,, per € spent
* how much is 0.2 kg CO,?

* @ 20°C ideal gas ~ 24 litres / mole
* 0.2 kg CO, ~ 4.5 moles

- ~ 100 litres CO, gas

(that’'s a nice bath in a small tub)

CCCCEEEE TR PP PR E TR EEEE ] | UNIL | Un iversité de Lausanne
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same as spending
: average 16 €!
* how much does burning coal heat )

the planet vs. e.g. your house?

* 1 kg coal: 30 MJ heating value (8 kWh), 3.2 kg CO,

* 70 ppm CO, increase ~ climate forcing of 2.5 W/m?

* Earth surface ~ 510.000.000 km2 - 1.3 *10*™> W
« ~ 800 Gt C in atmosphere (3000 Gt CO,)

* 3.2 kg CO, from coal ~ 10*° of atm. CO, ~ 1W

* 8000 h~333d~1year
* over 100 years ~ 100 x more heating in atmosphere
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(a) Effective radiative forcing from 1750 to 2022 ERF (W m~2)

2.25[1.98 to 2.52]

0.56 [0.45 to 0.67]
0.22 [0.19 to 0.25]

Carbon dioxide

Other well-mixed
greenhouse gases

0.48 [0.24 t0 0.72)

Ozone
otratospharic 0.05 [0.00 to 0.10]
water vapour SR -

Albedo Ight absorbing particies on -0.20 [-0.30 to -0.10]

snow and ice 0.06 [0.00 to 0.14]

Contrails & aviation- 0.05 [0.02 to 0.09]

induced cirrus
-0.21 [-0.42 to 0.00]

Aerosols Aerosol-cloud Aerosol-radiation -0.77 [-1.33 t0 -0.23]
Total anthropogenic _—I 2.91[2.19 to 3.63]
Solar I-I 0.06 [-0.02 to 0.14]

-1 0 1 2 3
Effective radiative forcing (W m‘2)
FEEEEEEEEr et et e e et e e et e e et e e e e e et e e e e e et e e e e e e et r e e e e e e e el | UNIL | Université de Lausanne

Patrick Blaser — Paleoclimatology — Day 5 Forster et al. (2023), 54
Earth System Science Data



| Modeling | _Feedbacks | __Humans | _IPCCAR6 | Conclusions _

Human Influence

~(b) Time evolution of effective radiative forcing 1750-2022

4 i
] —— Carbon dioxide (CO;)  —— Volcanic
1 —— Methane (CH4) ~—— Solar
3 1 — Nitrous oxide (N,0) — Total
{ — Halogenated gases . Total anthropogenfc 90% range
i Ozone (O3) = Total anthropogenic |
2 ] —— Tropospheric aerosols ;
i Other anthropogenic y V.
= i . LA A *;’f _
N A I T/t S W T
= IV PV e W= V=WV = V=Y T e e | Ml
-1 4
- A1
] ¥ Y T ' T T Y : T ' b T Y Y T Y
1750 1800 1850 1900 1950 2000
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Forster et al. (2023),
Earth System Science Data
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n

~ 1.0} y
Eg Tl ,J( :
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= : “ :
g_g 04r ‘ .
5% 02} l 1“," ]
@ 2 A -
" oo\ LM "’ {

_0_2'_ i
185b"{87s"{900"{925"{gsb"{QTS"éoob"éozsy
|||||||f||i||||||||i|||'|||||||'f||i|||i|||f||||||:||||||i||f|||||||'||||||f|||||||||‘||||||'|||||||f||f|U'*:IL U”'VEF“:;‘—::‘M”E
Patrick Blaser — Paleoclimatology — Day 5 Forster et al. (2023), 56

Earth System Science Data



| Modeling | _Feedbacks | __Humans | _IPCCAR6 | Conclusions _

Human Influence

500 -

400 -

300 +

200

Energy Change (Z))

100 A

(a) Earth Heat Inventory

Ocean (0-700 m)
Ocean (700-2000 m)
Ocean (=>2000 m)
Ice

Land

Atmosphere

1980 1990 2000 2010 2020 i/

CEEEeerrer et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e T EE TP EEEELEL T UNIL | Universite de Lausanne

Patrick Blaser — Paleoclimatology

—Day 5 Forster et al. (2023), 57

Earth System Science Data



| Modeling | _Feedbacks | __Humans | _IPCCAR6 | Conclusions _

Human Influence

Planetary Boundaries

CLIMATE CHANGE

COz
concentration

BIOSPHERE

INTEGRITY STRATOSPHERIC OZONE

: | DEPLETION
-':5:-_."- 5.3‘.2 opera.:_____.-
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LAND-SYSTEM LOADING

CHANGE

Freshwater use
(Blue water)
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‘Big Five’ Mass Extinctions in Earth’s History

A mass extinction is defined by the loss of at least 75% of species within a short period of time (geologically, this is around 2 million years).

Extinction rate 1. End Ordovician (444 Mya) | i
‘amilies per million years, 86% i i
i perm yeass) i 579 specn_es , S.End Pgrmlan (250 Mya) 5. End Cretaceous (65 Mya)
20 [ 57% genera 96% species = _
27% families extinct — 56%genera e ;,t:;ceireas
- » (1)
IR tamllies etinet 17% families extinct
15 . . 4. End Triassic (200 Mya)
2. Late Devonian (360 Mya) 80% species
75% species 47% genera
35% genera 23% families extinct
19% families extinct '
10
:Fut_ure near-term ]
extinction rates
‘are driven by human
‘actions today
5
P
14,7°
Extinctions are a natural part of evolution,

but background rates are typically less than

[ 150
M‘— b
0 5 families extinct per million years

Cambrian | Ordovician Silurian! Devonian Carboniferous | Permian | Triassic | Jurassic | Cretaceous | Paleogene |Neogane
500 450 400 350 300 250 200 150 100 50 0
Millions of years ago (Mya)
Sources: Barnosky et al. (2011); Howard Hughes Medical Ins e; MceCallum (2015), Vertebrate biodiversity losses point to a sixth mass extinction,

QurWoarldinData.org - Research ar

Jata to make pr t the world's largest problems. Licensed (

incder CC-BY by the authar Hannah Ritchie,
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IPCC

Intergovernmental Panel on Climate Change
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IPCC

Projections based on
Representative Concentration Pathways (RCP)

* RCPX has climate forcing of X W/mzin 2100
* does not consider feedbacks on emissions

* RCP2.6: peak @ 490 ppm in 2020
* RCP4.5: rise to 650 ppm in 2100
* RCP6.0: stabilising 800 ppm in 2100
* RCP8.5: > 1370 ppm in 2100
Wil
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IPCC ARG

Human activities are responsible for global warming

Humans are res sible

hanges in global surface temperature

3%

Obsorved warming is driven by amissions

from human activities with GHG warming

Global surface temperature has ncreased by partly masked by serosol coaling 2010-5n4
1.1°C by 2011-2020 compared to 1B50-1900 [change from 150-E900)
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H : % bect - Dimension  #— -
b) Vulnerability of population & per capita emissions per country in 2019 of Rick: Vulnerability
high 100
g0 ™
B 0 rmore vulnerable Vulnerability assessed on national data.
25 ' s e i oy Vulnerability differs between and within countries
5 =8 70 per capita and is exacerbated by inequity and marginalisation.
SEE -
BB8s &l
s B 5
Pas »
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e @
o= .
25s "% ‘r & “e
255 204 -,
s E
10
low 04

0 10 20 30 4a . 0 B0
&/1 2019 emissions per capita of 180 nations in tons of CO;
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a1 4

Photovoltaics Onshore Offshore Passenger
(PV) wind wind electric vehicle
- _— Li-zion battery packs
h{) m ; r SO0 "
a) Market Cost £ ' =
E cn g e
Since ARS, the unit costs of some S 0 < 1200
forms of renewable energy and S S
of batteries for passenger EVs % 300 2 o0
have fallen. et _ -~
below this point, costs can 0 =
be less than fossil fuels —_._\“__) i ! S 100
2 | HUU
Fossil fuel cost (2020) : \‘\ MM\
I
U .
2010 2010 2010
800 40 8
2
b) Market Adoption g =
_ _ E 600 30 @ b
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of renewable energies has = -
' - =
increased multiple times, 2 a0 %0 2 4
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a) Global GHG emissions b) 2030

70 , e

. Trend from implemented policies

® GHG emissions (GtCO,-eqfyr)

0 o=l = 60!
— . l_ : - — 2019
” Limit warmil;:g to 2°C (>67%) i -4%
) or 1.5 (>50%) after high |
. overshoot with NDCs until 2030 I
A0 | 40! [ | -26%
Limit warming
to 2°C (>67%) !
30 301 = 43%
: to be on-track to limit
0 20, warming to 1.5°C,
=i we need much more
i reduction by 2030
i La'mi{ warming to A
! 1.5°C (>50%) with
. no or limited overshoot . 7 Past GHG emissions and
: f ¢ uncertainty for 2015 and 2019
0 - : | . : . gE==so======4 < (dot indicates the median)
2010 2015 2020 2025 2040 2035 2040 2045 2050
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a) AR6 integrated assessment framework on future climate, impacts and mitigation

- NflUence m = o

Socio-economic changes

L influence

Mitigation Policy

that change which drives

Impacts / Risks

CO; emissions for SSP-based scenarios
and C1-C8 categories

Temperature for 55P-based scenarios over the
21" century and C1-C8 at 2100

color shml’h‘.g shows
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o8
and 95P1-2.6 \_g
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can be
represented as
“burning embers”

=
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The world at - The world at ] The world at
0 +5C 42C | 4FC
1 1 | 1 L |
v T)
a) Annual hottest-day temperature change Annual hattest day temperature is projected to increase most
< Y - ) (1.5-2 times the GWL} in some mid-latitude and semi-arid
] | & 7 P regions, and in the South American Mansoon region.

I1|

b) Annual mean total column soil moisture change rojections of annusf mean sall mafsture araely follow
projections in annual mean precipitation but also show

L Ech:mﬂu?
15 00 o5 060 0 some differences due to the influence of evapatranspiration.

]I
G- et
“ = A
Ao .-‘“‘-‘? i
‘Lf Lo
1
¢) Annual wettest-day predpitation change Annual wettest day precipitation |s projected to increase
B> change (1%) In almost all continental regions, even in regions where

5020 30 40 projected annual mean soil moisture decline.
) 2

)
\
R wllls . ~ “m\
W Yo o X \ - T \ ‘I.- : .
e = e e e
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IPCC ARG

Examples of impacts without additional adaptation

i 1 I ——
a) Risk of f{*

0% 0.1 1 5 10 20 40 60 80 100%
species losses -

Percentage of animal
species and seagrasses
exposed to potentially
dangerous temperature
conditions'

'"Projected temperature conditions above
the estimated historical (1850-2005)
maximum mean annual temperature
experienced by each species, assuming
no species relocation.

Yncludes 30,652 species of birds,
mammals, reptiles, amphibians, marine
fish, benthic marine invertebrates, krill,
cephalopods, corals, and seagrasses,
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IPCC ARG

54
&

b) Heat-humidity
risks to
human health

—_— T ST -

4

Historical 1991-2005 1.7-2.3°C 2.4-3.1°C 4.2 -5.4°C
Days per year where *Projected regional impacts utilize a global threshold beyond which daily mean surface air temperature and relative humidity may induce
combined temperature and  hyperthermia that poses a risk of mortality. The duration and intensity of heatwaves are not presented here. Heat-related health outcomes
humidity conditions pose a risk vary by location and are highly moderated by socio-economic, occupational and other non-climatic determinants of individual health and
of mortality to individuals®  socio-economic vulnerability. The threshold used in these maps is based on a single study that synthesized data from 783 cases to
determine the relationship between heat-humidity conditions and mortality drawn largely from observations in temperate climates.
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IPCC ARG

¢) Food production 35% 30 -5 20 5 -0 3 +3 +10
impacts BET 7 Soeew ﬁi—aﬂfﬁ'? S “fj%r--_
%‘ =3: ; TF“. é.':‘j&:'\ |
B 24 Ry \ 4
| 14 . y ¥ {4 4 - :
c1) Maize yl&!d"_ 1.6 — 2.4°C 3.3-4.8°C 3.9 - 6.0°C
Changes (%) in yield

*Projected regional impacts reflect biophysical responses to changing temperature, precipitation, solar radiation, humidity, wind, and CO;
enhancement of growth and water retention in currently cultivated areas. Models assume that irrigated areas are not water-limited.
Models do not represent pests, diseases, future agro-technological changes and some extreme climate responses.

o R— o
Porcedi ‘& T . 2% . -
b .- By
- M\,_ N .
? #
i L

Areas with little or no
production, or not assessed

c2) Fisheries yields /. " =

Changes (%) in '% f;:-?\ﬂ]:\_s ‘ng .‘ ]
4"1" A

maximum catch d , #27  Areas with model disagreement
potential il e _ o :
0.9 -2.0°C 3.4-5.2°C
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IPCC ARG

a) High risks are now assessed to occur at lower global warming levels

Global surface temperature change

relative to 1850-1900

shading represents the
uncertaint r:mm‘-‘ﬂ“:rr
the low unH high

2rni 13 551 LN‘S SCHI"Tm 10S

§cs5

very high
high
intermediate

low
————— very low 1§

— L

2000 2015 2050

K 2011-2020 was j

around 1.1°C warmer
than 1850-1800 0

2100

Global Reasons for Concern (RFCs)
in ARS (2014) vs, ARG (2022)

i

|

e

AR5 ARG AR5 ARG AR5 AR6 AR5 ARG AR5 AR6
Unique & Extreme Distribution Global Large scale

threatened weather of impacts aggregate singular
systems Bvents impacts events

risk is the potential for

gaduerse consegquences

Risk/impact

Very high
High
Moderate

! Undetectable

I Transition range

Confidence level
assigned to
transition range

s
Low —» Very high

L

. midpoint of transition

il
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IPCC ARG

b) Risks differ by system

Land-based systems Ocean/coastal ecosystems
§°cs
e.c?. over 100 million | . |=
additional people 4 .
exposed : e.g. coral ‘ : :
3 | reefs decline | : :
s [ >99% F .
: 2 " 4 i |= ) e.g. coral _ i
e.g. increase in the 3~ & : | [* ] reefs decline | i F : i \
length of fire season | ! B s [ T by 70-90% x E 2
I3 . : 38
Wildfire Permafrost Biodiversity Dryland  Tree  Carbon Warm-water Kelp Seagrass Epipelagic Rocky Salt
damage degradation  loss water mortality  loss corals  forests meadows shores  marshes
scarcity
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IPCC ARG

) Risks to coastal geographies increase with sea level rise and depend on responses

O® OR O® O®

Global mean sea level rise relative to 1900
em em

: 100
very high
low-likellhood, high impact e

eyt / high
storyline, including ice-sheet , |
75 fr'r;tgbih'ty process%s / g Intermeciate 75
. " low
50 . _/!/f very low 50
25 25
_ 1986-2005_
- baseline
1950 2000 2050 2100

Risks are
assessed with
medium confidence

()
No-to-moderate
response

(®)
Maximum potential
response

il
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IPCC ARG

d) Adap‘tatlon and Heat-related morbidity and mortality Food insecurity
affect levels of climate a world with low population
related risks 3 | SSP3 SSP1 growth, high income, and
2 . reduced inequalities, food
Limited adaptation (failure to proactively 7 ' |= produced in low GHG
adapt; low investment in health systems); T e B ] emission systems, effective
incomplete adaptation (incomplete - H E land use regulation and high
adaptation planning; moderate investment . 8 g |2 s adaptive capacily (12, low
in health systems); proactive adaptation 13 13 : ' 3 challenges to adaptation).
(proactive adaptation management; higher 0 The S5P3 pathway has the
investment in health systems) i . Limited Incomplete Proactive high > low /| opposite trends.
adaptation adaptation adaptation Challenges to Adaptation
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IPCC ARG

example risks

B°C 4
3 :
s :
2 ¢ -
1.5 : : : s
| F . Is i
§°C4
O I . ‘ - .
Food Biodiversity Mortalityand  Delayed ; . ! :
production and morbidity impacts of -’ : : ) ]
from crops,  ecosystems from heatand  sea level ’
fisheries and in Africa infectious rise in the - . : ) : :
livestock disease  Mediterranean 13 ) I3 -
in Africa in Africa I it 't 3 = :
0
Water quality Healthand Water scarcity Coastal ~ Heat stress,
and wellbeing  topeoplein  floodingto  mortality
availability in the southeastern people
in the Mediterranean Furope morbidity
Mediterranean infrastructures  to people
in Europe  in Europe
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IPCC ARG

Sea level rise 15m
greater than 15m
cannot be ruled
out with very

Sea level rise will continue for millennia, but how  Mohemisons

m
fast and how much depends on future emissions
a) Sea level rise: observations and projections 2020-2100, 2150, 2300 (relative to 1900)
&m
T
cark . 1 I
Unavoidable sea level rise will cause: o e | -
flooding during storms | @ sm
| 2
™ 0O - - f
> = : :
Losses of coastal Groundwater Flooding and damages : .§ A
ecosystems and salinisation to coastal infrastructure | o Ll
ecosystem services | 2
: : g it I =
These cascade into risks to: livelihoods, settlements, health, |
well-being, food and water security and cultural values. |
i 3m
I
| 4
likely I 3
ranges I =
By 2050 sen level of sea =
i rise by 2100 level rise e %l
2 e Extreme sea level events that f;’(j:;”{ 5. @
gy 2 1 billion  occured once per century will be R =
‘= e | d ] . 4 i
=% people exposed  20-30 tiMeS more frequent P o .E
5 .= i
TR very high 2
_m T; Im hlgh ™ _g Tm
a w nlermediate
" & low
'g E very low
(G- Observed
0 1 + - [ - 0
1900 1950 2000 2020 2050 2100 2150 2300
— — — Llowlikelihood, Ngh-impact stargline, incud pi
instability processes under the very high emiss CEnann “Aﬁ,—
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IPCC ARG

Every ton of CO, adds to global warming:
b) Cumulative CO, emissions and warming until 2050

B°c 3-
25

o

L]

=

o 2

[Ng]

o

[a5]

=

1

o

=

=

S

o 1

=
05
0

these emissions determine how
much warming we will experience

Historical global
warming

1000

g S e S e e i

SSP1-2.61

'
I
I
I
I
I
|
I
I
I
I
I
|
I
I
|

S5P1-1.9L

|
I
I
I
I
I
I
I
I
I
I
I
I
I
i
3

2000 000

& Cumulative CO, emissions (GtCO,) since 1850

different emissions
scenarios and their
ranges of warming

SSP5-8.5
SSP3-7.0

$SP2-4 5

. B
= B
’

4000 4500

il
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IPCC ARG

a) While keeping warming to 1.5°Cid b) While keeping warming to below 2°C i
(>50%) with no or limited overshoot (>67%)
50 Policies in place in 2020 % Policies in place in 2020

GHG

40

GHG

€O,

Historical Historical

GHGs reach net zero
later than CO.

# Gigatons of CO; equivalent per year (GICO-eqlyr)

CHas CHs
| — et 2ero [} = NEL 2810
2000 2020 2040 . 2060 2080 2100 2000 2020 2040 2060 - 2080 2100
c) Timing for net zero
; not all
GHG I & scanarios
reach net
co l : zero GHG : I
2 by 2100 :
2000 2020 2040 2060 2080 2100 2000 2020 2040 2060 2080 2100
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IPCC ARG

b) Increased frequency of extreme & o
sea level events by 2040 K

Frequency of events that currently occur

on average once every 100 years -
N S N
The absence of a circle indicates an inability to perform . { 9 ¢ o
an assessment due to a lack of data. & ® e ®
| P 2 Xk

d "-—:' Y X ..

Projected change to Annual event ‘1' (%]

1-in-100 year events Decadal event &}

under the intermediate . Twice-a-century event

SSP2-4.5 scenario | No change @

CEEEEEECEE TP E U ELEEEEEEEEEEEEE LT T L] UNIL | Université de Lausanne
Patrick Blaser — Paleoclimatology — Day 5 79



| Modeling | _Feedbacks | Humans | IPCCAR6 | Conclusions _
IPCC ARG

- le f More frequent and more intense
example Tor @ Extreme heat and drought

O

complex risk

Reduced household Reduced soil moisture Food prices
income and health increase

e S e

Food yield
Reduced |abour - Reduced
capacity and quality losses food security

O G

Decreased Increased malnutrition

uality of life (particularly maternal malnutrition
uathy and child undernutrition) R
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Today’s Overview

* Climate Modelling
* Climate Feedbacks and Tipping Points
* The Human Influence
— human civilisation
— human emissions
— other influences
* IPCC ARG projections
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Outlook

Monday Introduction Earth History
Tuesday Proxies | Cenozoic Hot & Warm House
Wednesday pealie Clinels s Pleistocene G-IG climate
components
Thursday Pt :l & C"”T‘ate S Abrupt Climate Change
nteractions
Friday Current Climate Change Future & Synthesis
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Further Literature

* Princeton Primers in Climate series
— Paleoclimate (Michael L. Bender, 2013)
Princeton University Press

* Introduction to Climate Science
Open Textbook by Andreas Schmittner, 2019

(https://open.oregonstate.education/climatechange)

* IPCC (Sixth Assessment Report, 2021)
(https:/lwww.ipcc.ch)

* ourworldindata.org
* carbonbrief.org

* PC game “Fate of the World” M,—
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https://open.oregonstate.education/climatechange
https://www.ipcc.ch/

Conclusions?
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