INTRODUCTION TO
CLIMATE CHANGE




GUIDELINES FOR TODAY

GOAL: To provide fundamental physical understanding of
climate change, related uncertainties, and now the
sclence can inform adaptation and mitigation

Please ASK QUESTIONS as they occur by dropping
them Into the Zoom chat



WARM UP QUESTION

WHAT PERCENT OF GLOBAL
WARMING CAN BE ATTRIBUTED
BLAMED) ON HUMAN ACTIMVITIES?



Climate Change
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Impacts and Risks
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Climate Change

causes
Impacts and Risks

Impacts ALSO
depend on. where
Vou live (exposure),
ana how well 9
agapted (vulnerable) .

Human Society Ecosystems

)/Ou are Limits to adaptation including biodiversity

Losses and damages Limits to adaptation

. Losses and damages
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Dealing with climate risks involves
Understanding what is happening

climate science)



Dealing with climate risks involves
Understanding what is happening

climate science)

Preventing as mucnh warming as we can

climate mitigation)



Dealing with climate risks involves
Understanding what is happening

climate science)

Preventing as mucnh warming as we can

climate mitigation)

Dealing with the changes that do happen

climate adaptation)






The Earth’s
Climate System

The
carth’s

Climate Wt
System

https://www.geomar.de/en/discover/ocean-and-
climate/model-simulations/the-earths-climate-

system



https://www.geomar.de/en/discover/ocean-and-climate/model-simulations/the-earths-climate-system
https://www.geomar.de/en/discover/ocean-and-climate/model-simulations/the-earths-climate-system
https://www.geomar.de/en/discover/ocean-and-climate/model-simulations/the-earths-climate-system

https://www.alabamawx.com/wp-content/uploads/

2019/06/weather-vs-climate_orig.jpg

WHAT YOU GET

CONDITIONS OF THE
ATMOSPHERE OVER A SHORT
PERIOD OF TIME

CAN CHANGE WITHIN
MINUTES OR HOURS

Saturday Sunday

WHAT YOU EXPECT

HOW THE ATMOSPHERE BEHAVES
OVER A LONG PERIOD OF TIME
AND SPACE

AVERAGE REGIONAL WEATHER
PATTERN OVER DECADES

FES RS YL RIS F

30 Year Normal Average Temperature (F)




- —

4
:
i
~
3
|l
I”‘/ , "
i
N
"l.
ey

w

-
Py ~ 4

s . _v.’ "‘!"f:

*»

Kl
-
.
» -
B
- .
o

CLIMATE

IS what you expect

WEATHER

IS what you get

",A’ : ‘ ."~"“s
e ol T o '943,}' [ﬂ‘v, o
.

g’ ..
. < 7
) \’. »
ot~ v ?’ »
v :
4 & L /
t.‘ " ' ;'
p ' -~
- ' -
7 ~.O . .'- 3
o -
a
, .
“‘ Sl s -~ N
" aul ~ -
h "
: Q'
> 2 '
. -
~



Temperature

Temperatures (°F)

B Highs

B Lows

@
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WHEN WE TALK ABOUT GLIMATE CHANGE, WE'RE
NOT TRYING TO PREDICT THE WEATHER

Wil it rain on April 14, 20917

How hot will it be on July 21, 20857



WHEN WE TALK ABOUT CLIMATE CHANGE, WE’RE
NOT TRYING TO PREDICT THE WEATHER

-> What will average April
rainfall be in the 2090s?

How hot will it be on July 21, 20857



WHEN WE TALK ABOUT CLIMATE CHANGE, WE’RE
NOT TRYING TO PREDICT THE WEATHER

-> What will average April
rainfall be in the 2090s?

-> How much higher will the
severity of heatwaves be at the
end of the 21st century?




The Terrestrial Planets
~ VENUS EARTH ~ MARS
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Natural

The Greenhouse
Gas Effect

water vapor

% Naturally occuring greenhouse
(% gases trap some heat from the sun
&
o2

to maintain a livable climate.

carbon dioxide (CO2) GREENHOUSE g gne
methane (CHa)

nitrous oxide (N20)



Carbon dioxide concentration at Mauna Loa Observatory*

440 &

Full record ending June 22, 2026

*Latest CO, reading: 430.56 ppm
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https://www.csiro.au/en/research/environmental-impacts/climate-change/State-of-the-Climate/Greenhouse-gases
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https://www.csiro.au/en/research/environmental-impacts/climate-change/State-of-the-Climate/Greenhouse-gases

THE GREENHOUSE EFFECT

Natural Human-Enhanced
9% . . . : R
% Naturally occuring greenhouse Burning fossil fuels emits %%
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The relative warming potential of the
most important greenhouse gases

«——— Carbon dioxide = Global warming potential of 1 2 3 ’ 5 o o

28 €— Methane SUlphur hexafluoride

Comes from both natural and human-caused sources

Often used in electrical equipment
and semiconductor manufacturing

265 Nitrous oxide

Often used in the medical,
food, and automotive
iIndustry

12,400

Hydrofluorocarbons

Often used in air conditioning and refrigeration systems

11,100 16,100

Perfluorocarbons Nitrogen trifluoride

Often used in industrial processes
and semiconductor manufacturing

Often used in semiconductor manufacturing
and flat-panel displays like LCDs

Source: Global Warming Potentials (GWPs) given for 100 year time horizon, IPCC 2021
https://www.climatepartner.com/en/knowledge/glossary/carbon-dioxide-equivalent



https://www.climatepartner.com/en/knowledge/glossary/carbon-dioxide-equivalent
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The Eocene
H0-33.9 MYA

Ellsmere Island 50 MYA

IPIS S8y
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Ice Age Cycles
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ppmv

Ice Age Cycles
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Ice Sheets
During the LGM

dark = now
light = ~25 kybp

images from: http://en.wikipedia.org/wiki/lce age



http://en.wikipedia.org/wiki/Ice_age
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THE WORLD IS WARMING
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RECORD HIGH: 2024
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2025: RANK #2 OR #3
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https://www.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges/
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Temperature anomaly (°C from 1850-1900)
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https://www.theclimatebrink.com/p/higher-warming-predictions-for-2026
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https://climate.nasa.gov/vital-signs/ice-sheets/

GREENLAND MASS VARIATION SINCE 2002 RATE OF CHANGE

Data source: Ice mass measurement by NASA's GRACE \l/ 264

satellites. Gap represents time between missions.

Credit: NASA billion metric tons per

year since 2002
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Mass balance of the Greenland Ice Sheet

Greenland — T T T T T T .
Ice Sheet 0 - -0
\ g
_ —2 £
1Gt = G 100 - :
Q — 4 5
Mass of all land mammals 2 o
on earth (excluding © -2000 — g C
&) @)
humans) i ©
S g ¢
e 2X mass of all humans on = -3000 = %
earth — Total — 10 3
4000 — Surface
e 5 5 million blue whales — Dynamics — 12
) . . . ] | | | | | | |
3 millon Boeing 74/ jets 2000980 1985 1990 1995 2000 2005 2010 2015 2020

Year

https://energyeducation.ca/encyclopedia/Gigatonne

https://climate.copernicus.eu/ESOTC/2019/ice-sheets O Europea St te of the Climate | 2019
https://www.nature.com/articles/s41586-019-1855-2.pdf

Cope s Climate Change Service




The Riverside Church
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McCarty Glacier,
Alaska

http://www.windows2universe.org/teacher resources/teach glacier.html



http://www.windows2universe.org/teacher_resources/teach_glacier.html

Blomstrandbreen Glacier
Svalbard, Norway 2024

https://www.theguardian.com/environment/2024/nov/05/people-do-not-want-to-believe-it-is-true-the-photographer-capturing-the-vanishing-of-glaciers




Change in Sea level (cm, 1993-2023)
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Global sea level difference from 1993-2010 (mm)
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Global sea level (cm)
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https://www.nature.com/articles/s41467-021-22079-2/
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Heat Waves Are Increasing Almost Everywhere

Confidence in human contribution
to the observed change
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Trend, Extreme

Heat days
(1960-2018)
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CLIMATE CHANGE-FUELED EXTREME HEAT

Average annual extremely hot summer days made at least 2x more likely by climate change

12
10

1970s 1980s 1990s 2000s 2010s 2020-2024

DENVER

Average annual summer (June-August) days with maximum temperatures at or
above 96.1°F (local 95th percentile) and a Climate Shift Index level of 2 or higher.

Source: ERAS and Climate Central's Climate Shift Index system. CLIMATE C.D CENTRAL

QO NN B OO
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MORE RISKY HUMID HEAT

Days with heat index of 80°F or higher

1979 BATON ROUGE 2023



North
America

More Intense Storms In Some Regions
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HEAVIER DOWNPOURS

Change in precipitation on heaviest 1% of days

70 CHANGE
1998-2021

40%
30%
20%
10%

0%

Change in total precipitation falling on the heaviest 1% of days, 1958-2021.

Source: USGCRP, 2023: Fifth National Climate Assessment. CLIMATE C.D CENTRAL
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How do we know the changes we are
seeing are from human activities?

Detection: HOVV have things changed!
EX:Is it getting warmer?

Attribution: VWHY have things changed!
EX: IS it getting warmer because of
anthropogenic greenhouse gas emissions?




Concept diagram of climate modeling  **

3-D grid box emitted and momentum  incoming
(CO2, dust, H20) reflected radiation (winds) solar radiation

/

Climate
Vodels

computer programs used to simulate

the state of the climate system based | 4
oNn prescribed forcings (volcanos,

GHGs, solar variability, etc)

| N

. (currents)
mountains

heat transfer

Important tools for attribution and weather N\ (ocean to atmosphere)

studying future climate system

water
\ vapour

MOSt common class of climate model
s the general circulation model (GCM)

https://www.nature.com/articles/s41612-025-00955-8 Source: 2000 W.F. Ruddiman



https://www.nature.com/articles/s41612-025-00955-8

Hotter

What’s Really Warming the World?

Skeptics of manmade climate change offer various natural
causes to explain why the Earth has warmed 1.4 degrees
Fahrenheit since 1880. But can these account for the
planet’s rising temperature? Watch to see how much
different factors, both natural and industrial, contribute

to global warming, based on findings from NASA’s
Goddard Institute for Space Studies.

Colder 1880 2014 Based on an interactive by Bloomberg



2010-2019 relative to

1850-1900

As of 2019,
WOrlo
warmed

~71.1°C since
1850-1990
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Fuman
GHGs alone
would have

warmed
world by
1.50

2010-2019 relative to

1850-1900
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However, other
human drivers
(aerosols, lanao
use change)
counteracted
some of this
warming

2010-2019 relative to

1850-1900
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Combined,
all human
forcings have
warmed the
globe by 1.1°

2010-2019 relative to

1850-1900
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Climate Change is Already Increase the
aey OtVerity and Risk of Many Extreme Events

® /45 More severe or likely @ 76 Less severe or likely 81 Had no influence 6/ Inconclusive

https://interactive.carbonbrief.org/attribution-studies/index.html



Climate Change is Already Increase the
aey OtVerity and Risk of Many Extreme Events

Rain & flooding (223)

® /43 More severe or likely @ 76 Less severe or likely

https://interactive.carbonbrief.org/attribution-studies/index.html

81 Had no influence

6/ Inconclusive
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What does the future look Iike?

Uncertainty in Global decadal mean ANN temperatur

Uncertainty does g
NOT meanwe |
don’t know

Climate models

are our main tool

| ots of sources  E
of uncertainty

2020 2040 2060 2080 2100



Most Important Uncertainties Change over Time

Uncertainty in Global decadal mean ANN temperature
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Most Important Uncertainties Change over Time

Uncertainty in Global decadal mean ANN temperature

100

oW well 1
our moaels
agree Or NOT a8

(structural
uncertainty) B

S
= 30
S

0

2020 2040 2060 2080 2100
Year



Most Important Uncertainties Change over Time
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Confidence

‘In the IPCC reports, confidence is

e E— Statement of fact
expressed qualltatively and tells us how
certain we are that scientific findings Very high confidence
are valid. [he level of configence Is
determined by the type, amount, quallty High confidence
and consistency of evidence”

o—— Medium confidence

Confidence Terminology Degree of confidence in being correct

Very high confidence At least 9 out of 10 chance
High confidence About 8 out of 10 chance

Medium confidence About 5 out of 10 chance O—— I_OW Confidence

Low confidence About 2 out of 10 chance
Very low confidence Less than 1 out of 10 chance

o—— \Very low confidence

https://theconversation.com/lost-in-translation-confidence-and-certainty-in-climate-science-17181

https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-1/



Likelihood

"Ihe certainty of scientific findings is then described using
likelihoods. FINdings are assessed probabilistically using
opnservations, moaelling results or expert juagement.”

Likelihood Outcome probability
i _ _ Virtually certain 99-100%
Allison crlmmlns: Extremely likely 95-100%
' ) 0
"VWhen you look at a product qn z/%/l;/ke/y gg:“ggoﬁ
Amazon, the number of stars More likely than not ~ >50-100%
has Is the likelihood and the About as likely as not  33-66%
number of reviews it has is the Unlikely 0-33%
confidence Very unlikely 0-10%

Extremely unlikely 0-9%
~ Exceptionally unlikely — 0-1%

https://theconversation.com/lost-in-translation-confidence-and-certainty-in-climate-science-17181

7
https://www.ipcc.ch/report/ar6/wg1/chapter/chapter-1/



Temperature & Precipitation (land)

(a) Global temperature change (b) Global land precipitation change
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https://www.ipcc.ch/report/ar6/wg1/figures/chapter-4/figure-4-2

Simulated change at 2°C global warming

Temperature

Widespread, unidirectional; Robust
model response;

Consistent with observed patterns Simulated change at 4°C global warming
(e.g., enhanced warming over land,
polar amplification)

https://www.ipbcc.ch/report/ar6/wg | [#5PM

O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 --->
Change (°C)

Warmer 2



Tem perature Extremes

Change In # days Tx>35°C Change in # days Tx>35°C

Low Warming Scenario High Warming Scenario
(2080-2100) (2080-2100)
<] I days |

-15 5 -1 1 5 15 30 45 7360 75 100 150 200



Changes In 10=-year heat extremes

Future global warming levels

1850-1900 Present 1°C
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) 2.8 times
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Changes In 10=-year heat extremes

Future global warming levels

1850-1900 Present 1°C 1.5°C
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Changes In 10=-year heat extremes

Future global warming levels

1850-1900 Present 1°C 1.5°C 2°C
9p)
=
Q
S e e ®e¢
— ¢ ¢ % %°
O
Q.
>.
>
Ll Once now likely will likely will likely
8 OCCUrS occur occur
) 2.8 times 4.1 times 5.6 times
o (1.8-3.2) (2.8-4.7) (3.8-6.0)

https://www.ipcc.ch/report/ar6/wg | [#5PM
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Changes In 10=-year heat extremes

1850-1900 Present 1°C
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https://www.ipcc.ch/report/ar6/wg | [#5PM

now likely

OCCcurs
2.8 times
(1.8-3.2)

Future global warming levels

1.5°C

will likely
occur
4.1 times

(2.8-4.7)

7

2°C

will likely
occur
5.6 times

(3.8-6.0)

4°C

will likely
occur
9.4 times

(8.3-9.6)



Simulated change at 2°C global warming

Precipitation
(rain+snow)

Robust results for some areas: wetter
high latritudes, drier subtropics;

Higher uncertainty b/c more processes
(humidity, stability, energy, etc)

https://www.ipbcc.ch/report/ar6/wg | [#5PM

<--- =40 -30 -20 -10 0 10 20 30 40 --->
< Change (%)

7 78

Drier Wetter



Changes In 10=-year heavy rainfall

Future global warming levels

1850-1900 Present 1°C
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Changes In 10=-year heavy rainfall

Future global warming levels

1850-1900 Present 1°C 1.5°C
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Changes In 10=-year heavy rainfall

Future global warming levels

1850-1900 Present 1°C
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now likely
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1.5 times
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will likely
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(1.6-2.0)



Changes In 10=-year heavy rainfall

1850-1900 Present 1°C
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now likely

OCCcurs
1.3 times
(1.2-1.4)

Future global warming levels

1.5°C

will likely
occur

1.5 times
(1.4-1.7)

82

2°C
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occur
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(1.6-2.0)

4°C
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Simulated change at 2°C global warming

= - -y
<= > =
Q 3

Soil Moisture
& Drought

Robust results for some areas:
wetter high latritudes, drier
subtropics;

Higher uncertainty b/c more
processes (humidity, stability,
energy, etc)

https://www.ipbcc.ch/report/ar6/wg | [#5PM

|| g

<--- -1.5 -1.0 -0.5 0 0.5 1.0 1.5 --->

Change (standard deviation \
Trfer of interannual variability) Wetter = 83 T T




Changes in 10=-year soil moisture drought

Future global warming levels

1850-1900 Present 1°C
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Changes in 10=-year soil moisture drought

Future global warming levels

1850-1900 Present 1°C 1.5°C
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now likely
oCccurs

1.7 times
(0.7-4.1)

Future global warming levels

1.5°C

will likely
occur

2.0 times
(1.0-5.1)
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Changes in 10=-year soil moisture drought

2°C

will likely
OCCur
2.4 times

(1.3-5.8)
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now likely
oCccurs

1.7 times
(0.7-4.1)

Changes in 10=-year soil moisture drought

Future global warming levels

1.5°C

will likely
occur

2.0 times
(1.0-5.1)

87

2°C

will likely
OCCur
2.4 times

(1.3-5.8)

4°C

will likely
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4.1 times

(1.7-7.2)



Arctic Sea Ice

(b) September Arctic sea ice area

10° km?
10
8
6
4
SSP1-1.9
2 SSP1-2.6
- Practically ice-free - 22p3.70
0 SSP5-8.5
1950 2000 2015 2050 2100
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Sea Level Rise & Coastal Floodiﬁg

MHHW stands for Mean Higher High Water, which 1s defined as the average of the highest observed water level at the selected location on each tidal day during the period 1983-2001

Flooding days during the 21st century

The graph below shows the number of days per year that sea level in Montauk, NY is projected to exceed 53 cm above MHHW.

» Read more

i NOAA Sea Level Rise Scenarios ®
Choose the local mean sea level projection(s) to use:
350 i NOAA Intermediate
@ NOAA Interm. Low
NOAA Interm. High
300 Medians and likely
. ranges (17-83%)
(O
0; 250
-
)
Q
»n 200
>
(v}
L
S 150
L™
O
O
+ 100
50
2810 2020 2030 2040 2050 2060 2070 2080 2090 2100

https://sealevel.nasa.gov/flooding-days-projection/



Climate Impact Drivers

BAR CHART LEGEND
B Regions with high confidence increase

B Regions with high confidence decrease

U EAN o N N o))
U U U U U U

1%
GG

=
G U ) Un NUMBER OF LAND & COASTAL REGIONS

-
Example: Extreme heat
50/55: vulnerable regions
B 49/50: high confidence for increased risk
1/50: medium confidence for increased risk

https://www.ibcc.chireport/arblwg | |#SPM 90 https://interactive-atlas.ipcc.ch/

O Extreme heat




Open Ocean
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REFLECTION

WHALT IS THE MUDDIEST POINT SO
FARY THAT IS, THE THING LEAST
CLEAR TO YOU?
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EMISSIONS AVOIDED = WARMING AVOIDED

SSP5-8.5

The near-linear relationship
between the cumulative
CO, emissions and global
warming for five illustrative

scenarios until year 2050 SSP1-2.6
SSP1-1.9 /
P
)

SSP3-7.0

\

A\

Historical global
warming

O
U

9,
2.
S
<
~
0
O
S

Cumulative CO, emissions since 1850

1000 2000 3000 4000 4500 GtCO,

e ~ L Ccalivit < "
AR - R . Y SN G A e S ';, _
; R, < gy ) b
. RN LT ey v DR - ' gh v v
v
:

https://www.ipcc.ch/report/ar6/wg | [#5PM



(a) Temperature response to net-zero CO, by 2070
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KAYA IDENTITY
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GH Gemzsszans Il P P G E
P = global population
(3 = world GDP

£ = global energy consumption
= GHG emissions from human sources (fossil fuels)



GHG

eMmisSSLONS

GDP per capita

([economic consumption)
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energy intensity

(How much enerqy for a unit of
economic proauctivity)
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Global greenhouse gas emissions by sector and end use, 2023

>76% of GHG
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Global greenhouse gas emissions by sector and end use, 2023

>76% of GHG
—MISSIONS from

—nergy
/‘/ WORLD
ﬂ RESOURCES
s/ INSTITUTE

https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors



Global greenhouse gas emissions by sector and end use, 2023 104
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Trends in sectoral emissions, 1990-2023

Emissions for industrial processes, electricity/heat and transportation sectors are growing fastest

Electricity/Heat (Energy Subsector) Transportation (Energy Subsector)
MtCO2e MtCO2e
8,000
15,000
6,000
10,000
4,000
5,000
2,000
\0/‘\/ . WORLD
V\/\ RESOURCES
L 2
S INSTITUTE 0 5

1990 2023 1930 2023

https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors
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\y{/, WORLD
Flow of global greenhouse gas emissions in 2023 €0 RESOURCES
A% INSTITUTE
Sector () Energy () Industrial Processes () Agricutture (i) Land Use, Land-Use Change and Forestry (i) Waste

Sector/Subsector End Use

Electricity and Heat 33.6% Commercial B

Agriculture;&Fish:
ocated Fuel Corr

Buildings 6.3% : R : . = | .
Other Fuel Combustion 1.2% — alia :

1.8% Non-ferrous/metals; =

1:3% Food and to

Manufacturing and Construction 12.2% — ~chinerv 16% . m
: . X DACCO

Transportation 14.3%

International Bunker 2.4% p— : 7 = s 0.5% Rail=

L 17%Ship.
Fugitive Emissions 6.8% ared'1.1% - —
. 0.6% Transmission and distribution
Vented 4.2%

Industrial Processes 6.2% Comontia%

19.3% CH4

Livestock{&{Manure|6.6%;

Agriculture 12.3% mmmﬂ% — ‘
Agriculture;Soilst3:7%) = -

0.6%:Burning= : A 5.6% N20

L'andfills}2/4%;
Waste 3.8% 14% \WAstewater - 2.8% F-Gases

https://www.wri.org/insights/4-charts-explain-greenhouse-gas-emissions-countries-and-sectors



Energy

Agriculture,
-orestry
and Other
| and Use
(AFOLU)

Total: 59 Gt CO_-eq
(2019)

Industry
(indirect)

Figure data based on IPCC AR6 WG3 Report (2022). Percentages shown do not add to exactly 100% due to rounding to two significant figures.
Credit: Dr. Priya Donti



GHG Emissions (GtCO,-eq yr™)

15

10

a.AFOLU global trends in GHG emissions and removals
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Annual CO, emissions by world region Our World

Emissions from fossil fuels and industry* are included, but not land-use change emissions®. International aviation
and shipping are included as separate entities, as they are not included in any country's emissions.

40 billion t _International
— aviation
 International
35 billion t shipping
Oceania
L Asia (excl. China
30 billion t and India)
25 billion t
— China
20 billion t
15 billion t — India
— Africa
—~ South America
10 billion t | North America
(excl. USA)
— United States
> billion t - European Union
(27)
—. Europe (excl.
Ot T EU-27)
1750 1800 1850 1900 1950 2000 2024

Data source: Global Carbon Budget (2025) https://ourworldindata.org/ico2-emissions ~ Qur\WorldinData.org/co2-and-greenhouse-gas-emissions | CC BY



https://ourworldindata.org/co2-emissions

|10
CO, emissions per capita

Carbon dioxide (CO,) emissions from burning fossil fuels and industrial processes®. This includes emissions from
transport, electricity generation, and heating, but not land-use change®.
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World
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CO, emissions per capita

Carbon dioxide (CO,) emissions from burning fossil fuels and industrial processes®. This includes emissions from
transport, electricity generation, and heating, but not land-use change®.

https://ourworldindata.org/co2-emissions
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https://ourworldindata.org/co2-emissions

CO, emissions per capita, 2024

Carbon dioxide (CO,) emissions from burning fossil fuels and industrial processes®. This includes emissions from
transport, electricity generation, and heating, but not land-use change®.

Saudi Arabia 20.38t
Australia 14.48 t
United States 14.2 t
Canada 1342t
Russia 12.29 t
South Korea 11.29t
China 8
Iran 8.
Japan /.77t
Poland 7.08 t
South Africa 6.87t
Germany 6.77 t
Greece 531t
Spain t
hile 3.
Thailand 3.7
Vietnam 3.
Mexico 3.52t
Georgia
Indonesia
Ecuador
Bolivia 2
Egypt 2221
|n ia 22 t https://ourworldindata.org/co2-emissions
Peru t
Costa Rica
El Salvador
Guatemala 1
Zimbabwe 0.8
Nepal 0
Zambia 0.5
Cameroon M 0.33
Yemen W 0.25
Uganda 1 0.13 t
Somalial 0.0/t

O
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CO, emissions per capita, 2024

Carbon dioxide (CO,) emissions from burning fossil fuels and industrial processes®. This includes emissions from
transport, electricity generation, and heating, but not land-use change®.

Saudi Arabia 20.38t
Australia 14.48 t
United States 14.2 t
Canada 1342 t
Russia 12.29 t
South Korea 11.29 t
China 8.66t
Iran 8.66 t
Japan /.77t
Poland 7.08 t
South Africa 6.87t
Germany 6.77 t

Greecs - 531t Climate equity/justice:
L:A'h:ﬂ 3{; | Recognition that climate change is
donesi a social, ethical, and political
: ISsue, and that addressing its root
requires confronting historical
~Nepal mm 0.6 responsibility, colonial legacies,
T emen oz and systemic injustices.

Indonesia 2

Bé)livia 2223
gypt -

India 2.2

Peru

Costa Rica

El Salvador

Guatemala

Somalial 0.0/ t

1
Zimbabwe 0.8

Ecuador
https://ourworldindata.org/co2-emissions
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Our World
in Data

Kaya identity: drivers of CO, emissions, World

Percentage change in the four parameters of the Kaya ldentity, which determine total CO, emissions. Emissions
from fossil fuels and industry are included. Land-use change emissions are not included.

+25096 . _
CO, emissions

+200%

GDP per capita

#1507 Population GOOD N EWS
efficiency is increasing
+100%

+5096

+0% ——t —

——— — | | B
#— Carbon intensity (CO. / energy)
r// ‘\

-50% Energy intensity (Energy / GDP) {4

| | | | | N\ ' '
1965 1980 1990 2000 2010 ooCarbon intensity (CO: /$)

T S -
Data source: Global Carbon Budget (2025) and other sources OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY 114

Note: GDP per capita is measured in 2011 international-$ (PPP). This adjusts for inflation and cross-country price differences.



Our World
in Data

Kaya identity: drivers of CO, emissions, World

Percentage change in the four parameters of the Kaya ldentity, which determine total CO, emissions. Emissions
from fossil fuels and industry are included. Land-use change emissions are not included.
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B ——— — -
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CO, emissions "
+200% A
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+150% _
Population
+100%

+50% BAD NEWS
total emissions still increasing

+0% ——t —

\WCarbon intensity (CO- / energy)
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| | I | | | 1 1
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Data source: Global Carbon Budget (2025) and other sources OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY 115
Note: GDP per capita is measured in 2011 international-$ (PPP). This adjusts for inflation and cross-country price differences.



The Scale of the Challenge

+1.2% -58% +54% +1.9% +01%
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GOVID
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emISSIONS

O
(:I)

QO
O
|

A0 39.3 Gt 33SGt 391Gt 357Gt 35.8 Gt

J%MJLHJ”—JH UL[”IJ%M JuHJam HuHJa -1 Jul-1
2019 2020 2021 2022 2023

Daily CO, emissions (MtCO, d)



https://www.nature.com/articles/s43017-024-00532-2#Sec3
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The Paris Agreement (COP 21, Dec 2015)

“The Paris Agreement’s central aim is to strengthen the global response to the
threat of climate change by keeping a global temperature rise this century well
below 2 degrees Celsius above pre-industrial levels and to pursue efforts

to limit the temperature increase even further to 1.5 degrees Celsius.”

20 [imit comes from Yale Economist Willlam Nordhaus in his
975 paper: "Can We Control Carbon Dioxide?”

Based on Idea that It would be reasonable to try to keep
climate change within limits of “normal variation”

Nordhaus stressed that his thought process was
"deeply unsatisfactory”
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+4°C

+3°C

+2°C

—— 1.5°CPARIS AGREEMENT GOAL CAT Warmlﬂg DFOJeCtIOﬂS
; WE ARE HERE Global temperature
12 S anming increase by 2100

November 2025 Update

PRE-INDUSTRIAL AVERAGE

Climate Outcomes for Gurrent
and Committed Scenarios

https://climateactiontracker.org/global/cat-thermometer/
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+4°C

Policies
& action

+3°C

+2°C

—  1.5°CPARIS AGREEMENT GOAL

; WE ARE HERE

1.3°C Warming
in 2023

PRE-INDUSTRIAL AVERAGE

https://climateactiontracker.org/global/cat-thermometer/

Real world action based on current policies t

CAT warming projections
Global temperature
increase by 2100

November 2025 Update

Climate Outcomes for Gurrent
and Committed Scenarios
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Real world action based on current policies t

HC 2030
Policies éf::ti
& action only
+3°C
+2.6°C

+2°C

+1.5°C

—  1.5°CPARIS AGREEMENT GOAL

; WE ARE HERE

1.3°C Warming
in 2023

PRE-INDUSTRIAL AVERAGE

https://climateactiontracker.org/global/cat-thermometer/

2030 & 2035 targets only
Based on submitted NDC targets* t

CAT warming projections
Global temperature
increase by 2100

November 2025 Update

Climate Outcomes for Gurrent
and Committed Scenarios



Policies & action

Real world action based on current policies t

2030 & 2035 targets only
Based on submitted NDC targets* t

Hac 2030
Policies I:S;rzgogtss
& action only
) Pledges
+3°C & targets
+2.6°C
+2.2°C

+2°C

+1.5°C

—  1.5°CPARIS AGREEMENT GOAL

; WE ARE HERE

1.3°C Warming
in 2023

PRE-INDUSTRIAL AVERAGE

https://climateactiontracker.org/global/cat-thermometer/

Based on 2030 & 2035 NDC targets* and
submitted and binding long-term targets t

CAT warming projections
Global temperature
increase by 2100

November 2025 Update

Climate Outcomes for Gurrent
and Committed Scenarios
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Policies & action 122
Real world action based on current policies t

2030 & 2035 targets only
Based on submitted NDC targets* t

+4°C Based on 2030 & 2035 NDC targets* and
2030 submitted and binding long-term targets t
Policies & 2035 s nick; :
: targets Optimistic scenario
& action only Best case scenario and assumes full
Pledges implementation of all announced targets
+3°C & targets including net zero targets, LTSs and NDCs*
+2.6°C Optimis.l'.ic + Temperatures continue to rise after 2100
scenario * |f either 2030 or 2035 NDC target ker th jected
o eicher or dargecs are weaker than projecce
+2-2°C +2.4°C emissions levels under policies & action, we use levels from
Policies & action
+20C +109°C
+1.5°C +1.5°C

— 1.5°CPARIS AGREEMENT GOAL CAT Warmlng DFOJECtIOﬂS
; WE ARE HERE Global temperature
-3 & Werming increase by 2100

November 2025 Update

PRE-INDUSTRIAL AVERAGE

Climate Outcomes for Gurrent
and Committed Scenarios

https://climateactiontracker.org/global/cat-thermometer/



Global greenhouse gas emissions GtCO,e /year
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2035 EMISSIONS GAPS

CAT projections and resulting
emissions gaps in meeting the 1.5°C
Paris Agreement goal

Policies & action

Historical

incl. LULUCF Target Implementation
gap gap
26 — 31 31-37
— GtCOze GtCOze

1.5°C emissions gaps in 2035

Gaps are calculated against the median ﬂgl”tﬂate Nov 2025
iccl ° ccion
of the benchmark emissions for 1.5°C. Tracker Update

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

https://climateactiontracker.org/global/cat-emissions-gaps/



Countries: Proposed Gontributions

If all countries followed the rated
country's approach, warming
could be held below—but not well
below—2°C for the "Almost
sufficient” category. For the
"Insutficient” category, the range is
2°C to 3°C, for the "Highly
Insufficient” 3°C to 4°C, and for
"Critically insufficient” above 4°C.
Given that the overall rating is an
agqgregate of different elements,
we do not provide a warming
range for it. .

CRITICALLY INSUFFICIENT HIGHLY INSUFFICIENT

1.5°C PARIS AGREEMENT
%MOST SUFFICIENT COMPATIBLE

http://climateactiontracker.org/countries.html







CLIMATE ADAPTATION

Robustness: \Vithstanding a range of
outcomes with no/minimal impact

Resilience: Recovering quickly after impact



ANY warming avoided Is warming we
don’t have to adapt to

(even it we don't meet Faris Goals)

4°C5 ‘
e.g. coral
3 reefs decline : :
>99%
2 ,
' e.0. cora\_ .
| reefs decline ’ c
| py /0-90% K
0 . .
Warm-water Kelp  Seagrass Epipelagic  Rocky Salt
corals  forests meadows shores marshes

- - - . - | . o N - oA
] '
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\ l
\

Risk/impact

Moderate

Undetectable

| Transition range

Confidence level
assigned to
transition range

Low » Very high

Q

 midpoint of transition
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ADAPTATION

A Incremental
adaptation through
successful coping

C Y ()

B Proactive
adaptation through
learning and feedback

Adapting

C Coping to maintain
status quo, undertake
adaptive strategies
where possible

Coping (

No ‘ /
— QN
response
) D Increased E Maladaptive outcome
Maladaptlng vulnerability through of strategies initially set

Inaction out to help adapt 128

https://www.sciencedirect.com/science/article/pii/S2590332220304838#fig2



https://www.sciencedirect.com/science/article/pii/S2590332220304838#fig2

Spectrum
(Worst to Best)

Outcomes

Target population
irreversibly more
vulnerable to climate
change

Higher vulnerability to
climate change than
before, vulnerability new
or different
Pathway Lock-in based on
choices/Future adaptation
opportunities in future
undermined

Target population more
vulnerable to climate
change, still fixable

Higher vulnerability to climate
change than before
High opportunity costs
High risk of pathway lock-in,
but some opportunities to
reverse remain

Others adversely
affected by strategy

Higher or new
vulnerability introduced
Limited or no options for

addressing new
vulnerability

Ineffective
Adaptation

Strategy has
negligible
positive or

negative impact

Short-medium
term effectiveness,
no negative
consequences in
the long term

Impacts of climate
change addressed, root
causes of vulnerability

still remain

Long-term
positive impact

Vulnerability to climate
change addressed

Transformation to
climate resilient
pathway

Root causes of vulnerability
addressed through system
transformation

Continuum of possible outcomes from
Mal)adaptation strategies

https://www.sciencedirect.com/science/article/pii/S2590332220304838#fig2
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Spectrum
(Worst to Best)

Outcomes

Target population
irreversibly more
vulnerable to climate
change

Higher vulnerability to
climate change than
before, vulnerability new
or different
Pathway Lock-in based on
choices/Future adaptation
opportunities in future
undermined

Target population more
vulnerable to climate
change, still fixable

Higher vulnerability to climate
change than before
High opportunity costs
High risk of pathway lock-in,
but some opportunities to
reverse remain

Others adversely
affected by strategy

Higher or new
vulnerability introduced
Limited or no options for

addressing new
vulnerability

Ineffective
Adaptation

Strategy has
negligible
positive or

negative impact

Effective adaptation increases
short and long-term resilience,
generates co-benefits, and
requires cooperation

https://www.sciencedirect.com/science/article/pii/S2590332220304838#fig2

Short-medium
term effectiveness,
no negative
consequences in
the long term

Impacts of climate
change addressed, root
causes of vulnerability

still remain

Small-scale irrigation is
developed for farmers,
but climate change
continues to pose
challenge for agriculture

Long-term
positive impact

Vulnerability to climate
change addressed

Mediation groups with

upstream/downstream
users are established to
help create sustainable

guotas for water use,
making everyone happy,

building social capital

Transformation to
climate resilient
pathway

Root causes of vulnerability
addressed through system
transformation

Few or no real-world
examples exist — this is
an ideal outcome



https://www.sciencedirect.com/science/article/pii/S2590332220304838#fig2

Target population
irreversibly more
vulnerable to climate
change

Spectrum
(Worst to Best)

Higher vulnerability to
climate change than
before, vulnerability new
or different
Pathway Lock-in based on
choices/Future adaptation
opportunities in future
undermined

Outcomes

Sell land when value almost
nothing due to climate
pressures, quit farming to
do wage labour in climate-
sensitive sector likely to
result in loss of
employment in the near
future

https://www.sciencedirect.com/science/article/pii/S2590332220304838#fig2

Target population more
vulnerable to climate
change, still fixable

Higher vulnerability to climate
change than before
High opportunity costs
High risk of pathway lock-in,
but some opportunities to
reverse remain

Maintain land but engage in
seasonal wage labour
elsewhere, missing
opportunities to improve
farming conditions, making
changes to livelihood strategy
costly or impossible

Others adversely
affected by strategy

Higher or new
vulnerability introduced
Limited or no options for

addressing new
vulnerability

Develop irrigation that
extends life of farming
practices in the location,
creates significant water
stress downstream leading
to new climate change
vulnerability

Ineffective
Adaptation

Strategy has
negligible
positive or

negative impact

Short-medium
term effectiveness,
no negative
consequences in
the long term

Impacts of climate
change addressed, root
causes of vulnerability

still remain

Long-term
positive impact

Vulnerability to climate
change addressed

Transformation to
climate resilient
pathway

Root causes of vulnerability
addressed through system
transformation

Maladaptation may generate
short term benefits, but can
create conflicts and will not
lead to long-term sustainability
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ALSO, adaptation easier and more
effective a lower warmlng [SVEIS

Agro-forestry 1.5°C
and forestry 2 C

0

Changes in cropping
pattern and crop system

O

0o

Effectiveness

Large Moderate Small | Negligible
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https://www.sciencedirect.com/science/article/pii/S2590332224000873
https://www.carbonbrief.org/guest-post-climate-adaptation-becomes-less-effective-as-the-world-warms/

Negligible

& Effectiveness

Small | Moderate

Co-benefts, Maladaptation, | D‘g

Lo L 290, 3°C 4°C



https://www.sciencedirect.com/science/article/pii/S2590332224000873
https://www.carbonbrief.org/guest-post-climate-adaptation-becomes-less-effective-as-the-world-warms/

Climate
change
mitigation

Biodiversity measures
(& corresponding sections in the main text)

Cobenetits
Avolding deforestation (2.1) +
& Trad eOﬁS Avoiding degradation of permafrost areas .

(2.1)
1
'I:O ‘ | 'I:e Reforestation, avoiding forests degradation o
C | | | a (2.1)
1 :
AC-U O m Coastal restoration (2.1) +
Restoring degraded semi-arid ecosystems o
(2.1) -
Restoring inland wetlands (2.1) ?
Contribution to climate change mitigation Reliability of the mitigation outcome
Significantly positive, strong scientific evidence Indirect positive ++ High
Potentially positive, incomplete evidence & quantification Loose or non-existent link + Medium

Unresolved, lack of evidence, system-dependent, tradeoffs Negative, strong scientific evidence  ? Unresolved, lack of evidence



https://onlinelibrary.wiley.com/doi/pdfdirect/10.1111/gcb.16109
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Geoengineering

Reflecting solar radiation
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https://education.cfr.org/learn/reading/what-geoengineering

Reflecting solar radiation
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Not Theoretical...

Inside Climate News e riewning nowvertisent |nSight: How two weather balloons led
Mexico to ban solar geoengineering

Justice & Health By Cassandra Garrison
An Indigenous Groupgs ObjeCtiOIl tO March 27, 2023 4:02 PM EDT - Updated March 27, 2023 @ ‘ Aa \ ‘ < \

Geoengineering Spurs a Debate About Social
Justice in Climate Science

The Sami people of Northern Sweden say blocking out the sun with
reflective particles to cool the earth is the kind of thinking that
produced the climate crisis in the first place.

(= ByHaley Dunleavy
) July7,2021
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A Private Company Wants to Block | J8¥S
the Sun, Responsibly

Stardust sold geoengineering to investors. Now it needs to sell it to the Climeworks Signs fir st Al Carbon removal deal
public.

By Molly Burgess
8 hours ago - 2 min read Q Bookmark

By Alexander C. Kaufman

¢}



Mammoth: our newest facility

Located in Iceland, Mammoth is about ten times bigger than its predecessor
plant, Orca.

e Company: ClimeWorks, Location: Iceland

e Powered 100% renewable (geothermal) energy; target
peak capacity of 36,000 tons of CO2 per year (actual
will be slightly lower)

e Annual Global Human CO2 Emissions: ~38.6
BILLION tons (2024)

e To nullify these CO2 emissions, we would need
~1,072,222 these plants operating in equivalent
capacity (e.g., powered fully by renewable energy).

https://climeworks.com/news/the-carbon-removal-production-waterfall



https://climeworks.com/news/the-carbon-removal-production-waterfall

Disadvantages of CDR

May be costly to
mplement at large scales

May take a long time to
see climate benefits

May have other,
unintended consequences
for ecosystems (e.q.,
ocean fertilization)

Disadvantages of SRM

Must be continuously maintained,
which can be expensive

Does not address the 1Issue of
ocean acidification at all

Global governance nightmare

May have other, unintended climate
conseguences (e.g., precipitation)

NONE OF THESE HAVE BEEN DEMONSTRATED TO WORK ON A
SCALE NECESSARY TO ADDRESS CLIMATE CHANGE (YET).



The only thing that we kKnow works

IS to leave it in the ground

50
a) CO, emissions (billion tonnes per year) c) Warming relative to 1850-1900 (°C)
40 - .
Net Zero scenario 504
30
20 - Emissions, IPCC
Glossary definition
10 1
10 ...stabilizing global
0 ' temperature
-109 | 0.5 Mid-range response,
Passive uptake constant post-2020 @ '
-20 by land & ocean non-CO, forcing GRIORD
1 1 T T f 1 0.0 ‘ 1 T r r '
2000 2025 2050 2075 2100 2125 2150 2000 2025 2050 2075 2100 2125 215(

https://www.nature.com/articles/s41586-024-08326-8
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https://www.nature.com/articles/s41586-024-08326-8

1NNk back over the session. VWnat are
the three things you most want to
remembper’? Take 60 seconds



MORE EMISSIONS = MORE WARMING; \Warming
only stops when emissions stop

Avoiding the worst outcomes will require BOTH
adaptation and mitigation

Any policy decisions will need to consider lots of
uncertainties \n terms of climate system response,
cO-benefits and tradeoffs

Geoengineering proposals are stopgaps, at best, and
have never been demonstrated to work at scale



THANK YOU




