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Contents of the course (modules 1-2)

1. Physical foundations

Greenhouse effect

Climate feedbacks

Aerosols

Convection

Meridional structure of the atmosphere
General circulation: atmosphere, ocean
Natural variability and teleconnections

2. Contemporary changes
* Observations of change
* Overshoot
* Attribution
* Climate projections
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Observations of change @ ITIN=RIS

Main climate factors

Forcings Internal variability
Solar irradiance ENSO, 10D
Orbital parameters AMOC
Greenhouse gases *
Aerosols * NAO
Volcanos Feedbacks
Land Use * Water vapour
Ice-albedo
Clouds

*) These can directly be affected by human activities
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CO, mlxmg ratio from air measurements
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Observations of change

CO, mixing ratio from ice cores
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Observations of change

CO, mixing ratio:
last

= agreement among sites with
different characteristics
(coastal/inland, warm/cold, low/high
impurities)

resolutio

n (years)
Law Dome ~10 high
EPICA DML ~15

South Pole ~50
Dome C 400 very low
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Figure 2. Trace gas mixing ratios over the last 1000 years from ice cores and atmospheric
measurements. (a) COsg; the solid line is Mauna Loa annual average atmospheric data; red squares
are from Law Dome [16]; green circles from Siple [18]; black triangles from the EPICA DML site;
turquoise squares from South Pole [19]. (b) CH4 on the CSIRO calibration scale; line is annual



Observations of change

Signature of fossil CO,

Suess effect:

o 12C and 13(C stable isotopes

« plants mainly absorb 12C during
photosynthesis

- ancient organic mattertoo is poorin 13C

—> fossil fuels combustion (releasing CO,)

leads to emission of 12C

- dilution of 13C in the atmosphere

Alternative processes for CO, increase
(ruled out by §13C data):

* volcanic origin

* oOceanoutgasing
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Fig.9. The complete record of CO, and 6'3C from the Law Dome ice cores and firn. The smoothing spline is
weighted by the statistical error in, and density of, data; effective smoothing is 25 years after 1800 AD and ~ 130
years before 1800 AD. (Light grey symbols are rejected points from the section “Summary of data selections and
corrections” and are included here only to provide a perspective on the selection processes. Crosses indicate ethanol
contaminated samples, open circles are other rejections).
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CO, mixing ratio during the Holocene
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Figure 3. CO2 and CH,4 mixing ratios over the last 10kyr. The blue lines represent atmospheric
measurements from flasks collected at South Pole; the red squares are from Law Dome ice cores
[10,16]; the black triangles are from Dome C ice cores [25]. Note that Dome C has a much wider

age distribution for each sample (see text) and therefore shows a smoothed signal compared
with Law Dome.
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Observations of change optimum  interGiaciay

CO, mixing ratio
In the late
Quaternary

Deuteriumis a
proxy of Antarctic
temperature
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Figure 4. COg and CHy mixing ratios over the last 800 kyr. Also shown for comparison is the Dome
C deuterium profile [3], which acts as an Antarctic temperature proxy. COjy is from Dome C and
Vostok ([9] and references therein); CHy is from Dome C ([8] and references therein). Note that
the plots are shown with time running from right to left and that the increased values of the last
200 years are not included. The black vertical line on the CHy4 plot is the period of known warmth
above present in the last interglacial in Greenland (referred to in §5a).
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Warm Period, -3.3 Myr)
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10,000-year
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Peak Global Surface Air Temperature Anomaly (°C)

=>» The observed

sea levelriseisonlya
partial response to the
already realized
warming.

Ice sheets and glaciers
are committed to losing
considerable massin
the future, even without
further changein air
temperature
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Annual Increase of CO, at Mauna Loa
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Seasonal cycle amplitude now One year of CO; daily and weekly means at Mauna Loa
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Observations of change

CO, mole fraction (ppm)

N,O mole fraction (ppb)
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Observations of change
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Global Average Temperature 1850 - 2024
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The warmingin
2023/2024 has been
extraordinary.

Naturale causes:
- EINino
- HungaTonga?

Human causes:

- GHG emissions

- reduction in man-
made sulfur aerosols
from shipping

BERKELEY EARTH.
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Observations of change

last half century’s growth
rate of temperatures and
CO, are well correlated

Also other factors (such
as volcanic eruptions and
oceanic cycles) influence
T variability
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Observations of change @ITIN=RIS
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Atmospheric Temperature Changes in CMIP-5 Simulations

Thermal structure of the atmosphere
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Observations of

Ocean warming

mocean mland mice matmosphere

*) IPCC ARG SYR (2022)

G. Mannarini
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Copernicus Ocean State Report (data till 2023)

* state-of-the-art scientific knowledge for the European regional . COPERNICUS
seas and the global ocean OCEAN

* Using model data as well as satellite and in-situ
measurements

* 120 scientific experts and a peer-review process SUMMARY

¥ ISSUES

e contributes to the EU Mission: Restore Our Ocean and Water




Observations of change

Copernicus Ocean State Report (data till 2023)

SEA SURFACE TEMPERATURE

UNITS: °C/decade

e @ Q13

Ocean .
+001°C/decade

North West Iberian-

Shelf Biscay-Ireland

+002 °C/decade +002 °C/decade

TIME: 1982-2023

Ocean
and Water

Northeast Atlantic o O 2 5
and Adjacent Seas .
+003 °C/decade
Baltic Sea BRckse Met;diterranean
Q038 @055 @04
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KEY FIGURES

Global sea surface is
warming differently.
75% of the ocean
surface in the northern
hemisphere is warming
faster than the global
average, and 35% in the
southern hemisphere.

Arctic Ocean
Mediterranean Sea
Baltic Sea

North West Shelf Seas
Iberia-Biscay-Irish Seas
Black Sea

Northeast Atlantic and
Adjacent Seas (including
European Regional Seas)

QOOO00e
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Copernicus Ocean State Report (data till 2023) e

North West Shelf Seas

Iberia-Biscay-Irish Seas
Black Sea

Northeast Atlantic and
Adjacent Seas (including
European Regional Seas)
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Copernicus Ocean State Report (data till 2023) i
zzl:i;s\:laest Shelf Seas
Iberia-Biscay-Irish Seas

Northeast Atlantic and
Adjacent Seas (including >
European Regional Seas)
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Mean sea level rise

Area averaged Sea Level: Global Ocean

—— Area averaged sea level
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Observations of change

Copernicus Ocean State Report (data till 2023)

Italy's surface is
0.30 - 10%km?

ANNUAL SEA ICE EXTENT

UNITS: million km?/ decade TIME: 1979-2023

NORTHERN HEMISPHERE

Arctic Observations
+002 105 km?/decade

September 1993-2023 September 2023

SOUTHERN HEMISPHERE

Antarctic Observations
@ 003~
+006 10°km?/decade

*The observed trend is not statistically significant

February 1993-2024 ) February 2024

Cryosphere

KEY FIGURES

Arctic: Since 1979 a loss of
nearly 2.2 million km? of
sea ice was observed. If this
area represented a country,
it would be the 11* largest
country in the world.

Baltic: The Baltic Sea
had a moderate winter
of 2022/23, with 15%
total sea ice coverage.

Antarctic: In 2023,
Antarctica's sea ice hit record
lows not seen since satellite
observations began in 1979.
The maximum extent was
16.8 million km? 19 million
km? less than the 1993-2010
average and corresponding
to a loss three times

the size of France.
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Changes in Arctic and Antarctic sea ice area
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Overshoot

Paris Agreement

7723\

¢ \
Y

&)

UNITED NATIONS
2015

Article 2

1. This Agreement, in enhancing the implementation of the Convention,
including its objective, aims to strengthen the global response to the threat of
climate change, in the context of sustainable development and efforts to eradicate

poverty, including by:

(a) Holding the increase in the global average temperature to well below
2°C above pre-industrial levels and pursuing efforts to limit the temperature
increase oabove pre-industrial levels, recognizing that this would
igni ”5"' reduce the risks and impacts of climate change;
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Overshoot

@ITIN=RIS

Paris Agreement: first threshold (+1.5 °C) is quickly approaching

Global warming reached an estimated 1.36°C in October 2024.
If the 30-year warming trend leading up to then continued,
global warming would reach 1.5°C by June 2030.
Extrapolate from: October 2024
| ' ) | ' | ' ' ' i f ' ' ) ! : ' | | ) ' . | .
2000 2004 2008 2012 2016 2020 December 2023 April 2024 August 2024
2.0°C
15 I e el ool Lo et oo Sosts oo S Al ].' '.5. .(.:.
............................................................... 136%C
1.0
0.5 S,
!
0.0 s
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2024 2030
1970 1980 1990 2000 2010 2020 2030 2040 2050 2060
—— Temperature trend Observed temperature change since pre-industrial times IPCC likely estimate IPCC projections

O The 1.5°C global warming
threshold is going to be
reached before end of 2030,
assuming rate of growth of
last 15 years
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Carbon budget — a tool for policy

Radiative budget Carbon budget

Strengths Includes all climate Linear, simple,
drivers cumulative, actionable
Weaknesses Complex, non-linear, Ignores non-CO, short-
uncertain, short-lived lived effects (*)

effects (aerosols,
methane) hard to model

*) considered in Earth system models and climate scenarios



Overshoot

The global carbon cycle

9.7+0.5 1.4 £0.7 /7 Atmospheric CO,
e?, ¢ +5.2
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The anthropogenic
perturbation occurs on |
top of an active carbon

cycle
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Carbon budget

(a)

. O Total anthropogenic emissions have been stable over the last decade
2 (~11GtCa™)
1 [ 1.7 GtC a™!: strong potential of halting deforestation for emissions
§ reductions
of, | : |  The remaining carbon budget for a 50 % likelihood to limit global
b T e 0 warming to 1.5 °C is 65 GtC from the beginning of 2025, equivalent to
(c) around 6 years, assuming 2024 emissions levels

CO, Emissions (GtC yr™')

1960 1980 2000 2020
Year
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Attribution
Case Study: May 2025’s Iberian heat wave

= EL PAIS Espaﬁa SUSCRIBETE  INICIARSESION  ~

EL TIEMPO >

Las claves del episodio de calor extraordinario:
estara en el podio de los tres peores registrados
en mayo

Este miércoles comienza la fase mas dura del fendmeno, que se prolongara hasta el
domingo y en el que se esperan mas de 10 grados por encima de lo normal
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VICTORIA TORRES BENAYAS

Madrid - 28 MAY 2025 - 05:30 CEST
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Case Study: May 2025’s Iberian heat wave

Dataset: ©
Storyline Simulation Anomalies - Present day climate: 30/05/2025
. (30.0-72.0°N, 25.0°W-42.0°E)
Anomaly of: w
‘ Storyline Simulations v = An O m a ly

Climate Conditions: %

) Pre-industrial conditions
© Present-day conditions

) Conditions under 4°C global
warming

climatology (usually, last 30-year
average) for a specific date

Time Period:

O single Day
) Multiple Days

‘ 2025-05-30

Average 2m Air Temperature Anomaly (°C)

Variable:

‘ Average 2m Air Temperature Vv

- ER— *) using a CMIP6 coupled climate model
eglon: ow statistics

© Predefined selection ) Landandsea @ Landonly () Seaonly
() Manual selection

ﬂ > *
: . o Spatial standard deviation . o X o m ‘
‘ Europe (30-72°N, 25°W-42°E) v Spatial mean (°C) ) Minimum (°C) Maximum (°C) scE’Nlc
-0.73 3.00 -7.63 12.07
Please choose parameters and click on 'Create Plot' to create a new plot!

=>» the heatwave over Iberian peninsula reached +10 °C with respect to present climatology

difference between simulation* and



Attribution

Case Study: May 2025’s Iberian heat wave

Extreme Forecast
Index - EFI

difference between
cumulative
distribution function
of the Model-climate
and the distribution
of the current
forecast’s ensemble

EFIl 2 m temperature

Fri 30 May 2025 12UTC ©ECMWF t+12-36h VT: Sat 31 May 2025 00UTC - Sun 01 Jun 2025 00UTC
Extreme forecast index and Shift of Tails (black contours 0,1,2,5,8) for 2m mean temperature

Thu 29 May 2025 00UTC ©ECMWF VT: Sat 31 May 2025 00UTC - Sun 01 Jun 2025 00UTC 0-24h
2m mean temperature (in °C) Model climate Q50 (climate median)

-70 -50 -40 35 -30 -25 -20 -15 10 5 0 5 10 15 20 25 30 35 40 50

-1 -09 -08 -07 -06 -05 0.5 06 07 08 09 1

www.ecmwf.int
CC BY 4.0 and ECMWF Terms of Use

S ECMWF

@ITIN=RIS

Model-climate

average from asetof
medium range re-
forecasts, created
using the same
calendar start dates
over several (usually

- 30)years

=>» the statistical exceptionality of the event is also confirmed by the ECMWF model
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Case Study: May 2025’s Iberian heat wave: storyline scenario

Dataset:

Differences between:

Storyline Simulations v

O PD-PI
+4°C - PD
+4°C - P

Time Period:

© single Day
Multiple Days

2025-05-30
Variable:
Average 2m Air Temperature v

Region:

© Predefined selection
Manual selection

Europe (30-72°N, 25°W-42°E) v

Create Plot

PD - Pl - 30/05/2025
(30.0-72.0°N, 25.0°W-42.0°E)

=

i

ki

¥

=39

o
“‘

Cao L

@ show statistics ©

Land andsea @ Land only

Spatial mean (°C)

Sea only

Spatial standard deviation

(°Q

Minimum (°C)

Average 2m Air Temperature (°C)

Maximum (°C)

1.80

0.67

0.07

Present Day - Prelndustrial
difference or “warming signal of
the day”

difference between simulation for a
specific date and simulation with
pre-industrial forcing, nudged* to
the synoptic conditions of the
same date

*) i.e., the temporal evolution of
the large-scale midtroposphere
dynamics has been prescribed

=» the heatwave over Iberian peninsula would have reached just +7 °C with respect to present climatology
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Case Study: May 2025’s Iberian heat wave: storyline scenario

Dataset: @
PD - PI - 30/05/2025 Present Day - Prelndustrial
Differences between: o (30'0-7_?'0,NT 25.9 W-4270 E) . 7] . .
7 - s B Y — 6
o, N f P difference or “warming signal of
O PD-PI @ y i the day”
+4°C - PD _— - o
+4°C-PI 4 E
I - difference between simulation for a
ime Period: . . ) ) .
B et > E specific date and simulation with
e , t pre-industrial forcing, nudged to
2025-05:30 L@ the synoptic conditions of the
Variable: @ same date
F-1
Sea Surface Temperature V. = ' .
Region:
© Predefined selection
Manual selection @ show statistics O
| Europei(50:/2°N, 2°Weaik) v Spatial mean (°C) Spatial stan(c:z;d deviation Minimum (°C) Maximum (°C)
1.74 0.75 -0.24 6.80

Create Plot

=» much warmer Barents, Baltic, and North Seas surface
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Case Study: May 2025’s Iberian heat wave: storyline scenario

Dataset: ®
+4°C - PD - 30/05/2025
Differences betwasn: (30.0-72.0°N, 25.0°W-42.0°E)
| 4K warmer world- PresentDay

Storyline Simulations v .

- difference
O +4°C-PD o

() +4°C-PI o . . .

) - difference between a simulation
Time Period: =
—_— 5 for a 4 °K warmer world, nudged
ingle Day o . oy e

) Multiple Days o to the synoptic conditions of the
20250530 | c specific, present-day date, and
— 8 the simulation for the same day
Sea Surface Temperature v ‘
Region:
© Predefined selection

) Manual selection @ show statistics ®

Spatial mean (°C) Spatial stan(cj(a:;'d deviation Minimum (°C) Maximum (°C)

3.1 0.79 0.00 7.26

Europe (30-72°N, 25°W-42°E) v ‘

Create Plot

=>» clear footprint of Arctic amplification in the Greenland Sea
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Case Study: May 2025’s Iberian heat wave: storyline scenario

Dataset:

+4°C - PD - 30/05/2025
(30.0-72.0°N, 25.0°W-42.0°E)

Differences between:

4K warmer world- PresentDay

‘ Storyline Simulations v ‘

S po-p 2 difference

O +4°C-PD <

() +4°C-PI g

Time Period: § difference between a simulation
O sigieoss 8 for a 4 °K warmer world, nudged
S s to the synoptic conditions of the
EZZI 5 specific, present-day date, and
Variable: Z the simulation for the same day
‘ Average 2m Air Temperature v ‘

Region:
© Predefined selection
) Manual selection @ show statistics ©
‘ Europe (30-72°N, 25°W-42°F) v () Landandsea @ Landonly () Seaonly
Spatial standard deviation
Spatial mean (°C) pat 1 Minimum (°C) Maximum (°C)
Create Plot (°C)
3.61 0.69 0.23 6.78

=>» anthropogenic warming will be strongest over land, the same heatwave would reach +15 °C



Scenarios and Projections

IPCC ARG6 — global mean surface temperature

ARG6 scenarios were based
on SSPs:

socio-economic and
technological

storylines and drivers
underlying the emissions
and land use pathway:

e SSP1: Sustainability
 SSP2:"Middle of the Road”
 SSP3: Regional Rivalry

* SSP4:Inequality

* SSP5: Fossil-fueled Development

5 (d) Assessed GSAT

SSP1-2.6

4 SSP3-7.0
SSP5-8.5

.

T
~

(Do) 0061-0G81 0} eAlElRY

(&%)
1

N
1
I
(9%

—_—
1
I
O

GSAT 2081-2100 relative to 1995-2014 (°C)

-1
0 T T T T T T T T T T T T T T T T
2000-2019 2020-2039 2040-2059 2060-2079 2081-2100
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=>» Future warming
levels remain
uncertain, varying by
scenario from
climate stabilization
(SSP1) to sustained
warming (SSP2-5)



Scenarios and Projections
IPCC ARG — sea level rise

Projected global mean sea level rise under different SSP scenarios
2.5 . 1

> 7
m Median (medium confidence) : /
2 L L|kely_ range (medlym confldenc_e) / SSP5-8.5 _
Satellite extrapolation (see caption) . /
— - — - Likely range of extrapolation /S/SP3-7 0
15— — SSP5-8.5 Low confidence 83 percentile S
S L SSP5-8.5 Low confidence 95" percentile
05

Historical

SSP1-1.9

SSP1-2.6

2000

2100 2150

2150 medium
& low confidence
projections
(see caption)

@ITIN=RIS

=>» Sea levels will
continue to rise even
in the scenarios
(SSP1-*) where
global temperatures
stabilize
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IPCC AR7: pro posed scenarios AR7 scenarios will be emission-driven and plausible
(i.e., having a non-negligible likelihood of occurring)
Socioeconomic Narratives
(28Fs) (a) (b)
120 5
100 A :
v 4 ML
Integrated Assessment Models ~ 80 e i
(IAMs) = & e VLHO
D 60 A . VLLO
S /V- % 31
C 40 v
: 2
Emissions & Land Use 2 201 o 5
Trajectories 5 “ ‘E ke
G} 0 g
5 §
_20 i - 1 .
(Earth System Models (CMIP6)) —40 -
l 2000 20'20 20'40 20'60 20'80 21'00 21'20 21'40 (2JOOO 20'20 20'40 20'60 20l80 21‘00 21'20 21l40
emissions pathways for expected temperature outcomes
(C“mate Pf°le°t'°"s) the proposed scenarios using a probabilistic model

Van Vuuren et al. (2025), https:// her rni rg/preprints/2025/ here-2024-3765/


https://egusphere.copernicus.org/preprints/2025/egusphere-2024-3765/
https://egusphere.copernicus.org/preprints/2025/egusphere-2024-3765/
https://egusphere.copernicus.org/preprints/2025/egusphere-2024-3765/
https://egusphere.copernicus.org/preprints/2025/egusphere-2024-3765/
https://egusphere.copernicus.org/preprints/2025/egusphere-2024-3765/
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