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=PFL  Interactive sequences

« We will use the PointSolutions app in class for polls and short exercises.
« All answers are anonymous.

* Please go to: responseware.eu

« Enter as guest, do not provide any name or contact information.

« Be aware, the data will go outside of Switzerland, but will be erased when the
session is closed.

« Let's try. Session ID is: env421


applewebdata://1A0F3125-4F6D-4D67-BB25-E50156585DAC/responseware.eu

=PFL Whatis your background?

Engineering
Economy
Social science or humanities

25% 25% 25% 25%

o 0w p

Other science

Go to: responseware.eu

Login: enter as guest

Session-ID: env421




=PFL  Have you studied climate change already ?

A. Not at all.
B. Previous classes addressed part of it.

C. | had specific classes on climate change science
(like ENV-410 by Julia Schmale).

0% 0% 0%




=PFL  Have you studied the energy systems already ?

A. Not at all.
B. Previous classes addressed part of it.

C. | had specific classes on energy system science (like
ME-409 by Francois Maréchal).

0% 0% 0%




[ ]
=PFL  General outline
g

1. 18.02.2025 Introduction to the climate system. Earth energy balance. Greenhouse
gases and aerosols

25.02.2025  Introduction to energy systems. Energy balance fundamentals
EBl 04.03.2025  Radiative forcing. Feedback mechanisms. Climate sensitivity
E3 11.03.2025  Overview of energy technologies

7p]
o
PR - 18.03.2025  Climate archives: geological to millennial time scales Conf. Michael Sigl + QCM
an) evaluation (graded)
m 25.03.2025 Climate variability. Climate change scenarios. Carbon cycle feedbacks.
01.04.2025 Technologies’ impacts Conf. Alexis Quentin
_ 08.04.2025  Tipping points. Extreme events. Regional climate change
15.04.2025  Climate change impacts on renewable energy systems. Impact of J. Castella (Watted) :
- RES on climate PowerPlay game

29.04.2025  Field visit : floating solar platform + dam (Romande Energie)
06.05.2025 Intro to systemic approach on local scale climate/energy engineering  Start of group work

(VA 13.05.2025  Group work on chosen case study
(KRN 20.05.2025  Group work on chosen case study

27.05.2025  Presentation of group reports Reports are graded

Applications
A

- Exam session between 16.06.2025 and 05.07.2025 7



=PFL  Additional information

Lectures give you the general introduction to the topic
Exercises will discuss specific content more in detail and partly quantitatively
Group work: you will be assigned to groups of 5 (we will use Moodle)

Grading :
» Exercises in Week 5 : 20 %
* Group project: 30 %
* Final written exam: 50 %

Online discussion forum Ed Discussions



=PFL Gmups

Groups of 5 students

Rule:
2 students per group who already followed ENV-410

You organize yourselves
A spreadsheet will be made available on Moodle.



=PrL

ENV-421 leaming outcomes

. Discuss the concepts of climate variability at different time scales and climate
sensitivity

. Draw the energy balances of an energy conversion system
. Describe the climate limitations to energy conversion scenarios

. Interpret climate data and model outputs

Lectures will provide the concepts.
Exercises will help you deepen your knowledge and apply it.

10



=PrL

ENV-421 transversal skills

Plan and carry out activities in a way which makes optimal use of available time and
other resources.

=» Plan according to exams and report

Communicate effectively with professionals from other disciplines.
=» Different background in groups + seminars + field visit

Summarize an article or a technical report.
=>» specific exercises

Access and evaluate appropriate sources of information.
=>» specific exercises

11



Questions?




=PFL  Why should we matter about climate and energy together ?

Source : NASA scientific visualization studio
https://svs.gsfc.nasa.gov/5190/



https://svs.gsfc.nasa.gov/5190/

=PFL  Why should we matter about climate and energy together ?

= Monthly global temperature anomalies from January 1880 to August 2024.

= Deviations from the period 1951-1980 (set to 0°C as a reference).
> Acceleration of the warming at the turn of the 1980s.
> Last two decades: warmest on record. Source : NASA scientific visualization studio

> 2024: warmest year on record ; +1.6°C above the 1850-1900 mean. Plpsirivs gellasa o 14
|



https://svs.gsfc.nasa.gov/5190/

=PFL  Why should we matter about climate and energy together ?

Atmospheric CO, mixing ratio:
1800 : ~280 parts per million
End of 2024: 425 parts per million (+50%)

Last updated May 10, 2024
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Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCQO,)
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The near-linear relationship o5
between the cumulative
CO,; emissions and global
warming for five illustrative
scenanios until year 2050
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Linear relation between cumulative CO, and temperature increase
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https://scrippsco2.ucsd.edu/

=PFL  Why should we matter about climate and energy together ?

Most of the extra CO, comes from
burning fossil fuels = energy

Our World
in Data

, —— Modern biofuels

Global direct primary energy consumption

Energy consumption is measured in terawatt-hours?, in terms of direct primary energy®. This means that fossil
fuels include the energy lost due to inefficiencies in energy production.

160,000 TWh Other
renewables
Solar m
140,000 TWh Wind
- Hydropower
Nuclear
120,000 TWh —— QGas
100,000 TWh
80,000 TWh ol -
60,000 TWh
40,000 TWh
—— Coal
20,000 TWh
Traditional -
0 TWh biomass
1800 1850 1900 1950 2000 2023

Data source: Energy Institute - Statistical Review of World Energy (2024); Smil (2017) OurWorldinData.org/energy | CC BY

Note: In the absence of more recent data, traditional biomass is assumed constant since 2015.

82%

16



=PFL  Why should we matter about climate and energy together ?

N\

B CLiIvATE |

Renewable
Pl cnergies

Source : bombermoon / Getty Images
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https://news.web.baylor.edu/news/story/2024/renewable-energy-goals-are-unattainable-2050
https://news.web.baylor.edu/news/story/2024/renewable-energy-goals-are-unattainable-2050

=PFL  Quiz : what is the average annual carbon footprint
of a Swiss citizen ?

In CO,, equivalent (including all greenhouse gases)

A. 2tons
B. 8tons
C. (13 tons
D. 21tons

0% 0% 0% 0%




=PFL  Quiz : how much Swiss glacier mass is lost
depending on your travel mean ?

Paris to Geneva by air

= 500 km

= CO, emission per km and per individual :
* 300 g (short-haul flightt)

= 1 kg of extra CO, melts 15 kg of glacier ice

(source: Marzeion et al., Nature, 2018)

* 120 g by car
* 2 g by train

0%

19


https://www.nature.com/articles/s41558-018-0093-1

=PFL - Quizz : how much Swiss glacier mass is lost
depending on your travel mean ?

Paris to
Geneva by air:
~2 tons of ice

melted
«lce Watch» exhibition

2 ‘ in Paris during COP 21
1 (Iﬂjl( ‘ , = s ~ in 2015

Photo : Eric Feferberg / AFP

20






=PFL  Definition of «climate» and «climate change»

= Climate is the average weather in a given area over a long period
of time.

Definition by the World Meteorological Organization (WMO) :
30 years.

= Climate change is any systematic change in the long-term
statistics of climate variables such as temperature and
precipitation, sustained over several decades or longer.

= |t can be generated by:

o Natural forcings (changes in solar radiation or changes in the
Earth’s orbit, plate tectonics,natural internal processes of the
climate system).

o Anthropogenic forcing.

= https://www.climateurope.eu/what-is-climate-and-climate-change/
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https://www.climateurope.eu/what-is-climate-and-climate-change/
https://www.realclimate.org/index.php/archives/2012/01/the-dog-is-the-weather/

=P7L  The climate system: five «spheres» ...+1

All marine and terrestrial
ecosystems and living
organisms, including dead
organic matter (litter, soil organic
matter, marine detritus).

Carbon

Water in solid form: sea ice, lake
ice, river ice, snow cover,
glaciers, ice sheets, frozen
ground (including permafrost).

Albedo

The upper layer of the solid Earth :
crustal rocks and the cold and
mainly elastic part of the uppermost
mantle.

- Volcanism

Respiration
Transpiration

Biosphere

v/ < Ty
o/ Anthropogenic
. Emissionss

Plant'8lom “
Carbon Storgge” |

j Anthroposphere

l,- HBld Cufrent TS aannar y v r0duCtion
4 ) P, Oxygen

3
elting lce

N

< Ocean-Aj
g s . 2 & EA e
’ Raocks &:Soils: . 4 ’ # Gds EAXCUSRES

Carbon.Storage .

Lithosphere

Atmosphere

The gaseous envelope
surrounding the Earth.

Energy balance

Anthroposphere : human activities
having significantly affected Earth’s
biogeochemistry and climate.

Forcing

Condensation
Precipitation

Water in liquid form: oceans,
seas, rivers, lakes,
underground water.

Water cycle

Source: Karsten Scheider / 23
Science Photo Library



https://www.sciencephoto.com/media/1290989/view/earth-s-climate-system-illustration
https://www.sciencephoto.com/media/1290989/view/earth-s-climate-system-illustration

=prL. Atmosphere

Four layers structuring it based on the 120

vertical temperature profile:

110

* Troposphere: sun warms the surface,
because atmosphere is mostly transparent
to visible solar radiation, warm and moist air
rises, cools with altitude and forms clouds,
average lapse rate of -6.5 °C km-L.

« Stratosphere: dry and ozone-rich (critical
for life on Earth); ozone absorbs UV
radiation; air warms with altitude
(inversion).

Altitude (km)

* Mesosphere: lack of heat source (high
energetic radiation absorbed above); cools
with altitude.

» Thermosphere: warms with altitude due
to absorption of solar radiation (X-rays,
extreme UV) and photodissociation of
nitrogen and oxygen molecules.

Weather and Climate, 6th Edition, 2013
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Source: Aguado and Burt, Understanding

-120 -80

Tropopause

Temperature

MESOSPHERE

0.1 mb

For climate change we care about:

the troposphere (emissions,

greenhouse effect, clouds, aerosols)
the stratosphere (volcanic eruptions,
chemical change

STRATOSPHERE

Form

=40)
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=prL. Atmosphere

. The atmosphere is very dynamic
at time scales of hours to weeks

. Convection in equatorial regions
. Dry in subtropical regions

. Gyres in mid and high latitudes
. Westerlies in mid-latitudes

. Polar fronts at high latitudes

1958:181:23:30

Thermal infrared image of the Earth
From Meteosat ESA satellite

Precipitation (P)
vs.
evaporation (E)

P<E P-=E P>E
1

< .
-¢ L

Subtropics

Subtropics

Source: W. Ruddiman, Earth’s Climate: Past and Future,
2nd edition, 2007
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=PFL  Qceans (a major part of hydrosphere)

. 70 % of Earth surface. Mean depth of 3800 m
50 % of energy transport in tropics and subtropics

. 300 times the mass of the atmosphere = Huge reservoir
of heat/cold

. They move because of wind, Earth rotation and density

Ocean mean surface temperature (°C) (composite for May 2001) differences

Heated from top

Pacific ocean temperature profile (°C)

Tpot0 [°C]

25

1000

20

5 10 15 20 25 30 35

OC -;

40°S 20°S EQ 20°N

Source: MODIS data, NASA / GSFC Source: WOCE Atlas, Pacific ocean, P16 section
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https://earthobservatory.nasa.gov/images/1869/modis-global-sea-surface-temperature
https://talleylab.ucsd.edu/whp_atlas/pacific/p16/sections/ctd/2500/ctd_2500.htm

u u Source : https://ariane-code.cnrs.fr/
Ocean circulation ekt

“"Global”™ trajectory in the OPA-MEMO model
https: Yarlane-code.cnrs.fr/

e ; e

2.0 years

LE,Blanke, CHRS/LOPS

2000 —=4h00  —4O00 —5500 —HECIIZ]CI =) —E.IEICICI -1h00 1000 500 0

| | | | | | T | |
depth tm3

Ariane OPA-NEMO model simulation of the displacement of a numerical water parcel



https://ariane-code.cnrs.fr/

=PFL  What is the main driver of deep ocean circulation ?

Atmospheric winds at surface
Gradients of solar radiation
Water density differences
The Coriolis effect
Volcanic activity at mid-ocean ridges
| don’t know

mmooOw>

0% 0% 0% 0% 0% 0%

- - - -

5 A. B. C. D. E. 2p



=P7L  Global Ocean Circulation (thermohaline circulation)

Green shading, high
salinity

The thermohaline circulation
(thermo = heat, haline = salt) in

oceans redistributes heat, carbon, Wy
oxygen and salinity
It impacts marine ecosystems,

regional climate and weather

Source: IPCC, ARG6, Box 2.2

OWhere there is localized mee | Warm, surface currents.
exchange of water between

the surface and the deep = | Cold, bottom currents.
ocean (convection ).

Deep water forms in the North Atlantic and near Antarctica and flows

. . throughout th n ins.
m  Source: Demystifying Climate Models Fig. 6.3 oughoutthe ocean basins 29



https://link.springer.com/book/10.1007/978-3-662-48959-8

=P7L  Biosphere (terrestrial and marine)

. Largest terrestrial biomass: tropical rainforests (20-25%)
- Largest marine biomass: phytoplankton (90%)

fﬂ "v »

Multiple role in the climate system
Modulation of biogeochemical cycles (C, N, P, S, O,...)
through photosynthesis and respiration
Large effect on planetary albedo and energy balance
Impact on the hydrological cycle through soil moisture and

evapotranspiration

| ]
>0 0203 05 ) 23 5 | 2-2q7 5 10 152030 30 Maximum Minimum
Ocean: Chlorophyll a Concentration (mg/m3) Land: Normalized Difference Land Vegetation Index

Source : SeaWIiFS Project, Goddard Space Flight Center and ORBIMAGE



https://en.wikipedia.org/wiki/SeaWiFS
https://en.wikipedia.org/wiki/Goddard_Space_Flight_Center
https://en.wikipedia.org/wiki/ORBIMAGE

EPFL

Biosphere (terrestrial and marine)

Terrestrial biosphere
Strong dependency on changes in

temperature and precipitation

Annual precipitation (cm)

400
Tropical . . B i R A - : N

300 ramiorest 8 e A A e ; .?g e | t" f

Multiple role in the climate system
200 4 Modulation of biogeochemical cycles (C, N, P, S, O,...)
Jemperate e Y through photosynthesis and respiration
o d A | B . o . Large effect on planetary albedo and energy balance
forest s s . A . . Impact on the hydrological cycle through soil moisture and
subopial | B e\iapotranspiro
B —

Average annual temperature (°C)

Source : Forseth, I. (2010) Terrestrial

Biomes. Nature Education Knowledge 3(10):11 [ Bt

>0 0203 .05 | ) 5 | 7 PR L] 10 1520 30 50 Maximum Minimum

Ocean: Chlorophyll a Concentration (mg/m3) Land: Normalized Difference Land Vegetation Index

Source : SeaWIiFS Project, Goddard Space Flight Center and ORBIMAGE 31



https://en.wikipedia.org/wiki/SeaWiFS
https://en.wikipedia.org/wiki/Goddard_Space_Flight_Center
https://en.wikipedia.org/wiki/ORBIMAGE

=PFL Cryosphere (terrestrial and marine)

. Continuous Permafrost

. Sealce . Discontinuous Permafrost

. Glaciers -~ Sea Ice 30 Yr Ave Extent
. Ice Sheet 50% Snow Extent Line

- Ice Shelves - Max Snow Extent Line

= https://www.wikiwand.com/en/Cryosphere

Multiple role in the climate system

Snow, sea-ice and glaciers : Albedo effect
(largest albedo).

Regulation of global sea level (potential of ~6 m
with Greenland, potential of ~60 m with
Antarctica).

Impact on ocean circulation (sea ice and
freshwater inputs) but also atmospheric
circulation (jet stream).

Glaciers are important source of freshwater (2
billions inhabitants around the Hindu-Kush
Himalayas).

Permafrost dynamics impacts the carbon cycle
and solil stability.

32


https://www.wikiwand.com/en/Cryosphere

n Reflectivity of f
=PrL A malnr parameter : Albedo 1:en(?r?—tgllgo?bii;l\j\:h?tceesurface

0: non-reflective black surface

NOAA-20 V

IIRS Global Albedo (Daily Composite)

- PSR = .':I;’"rh LY

Albedo of oceans
. Not measured with this instrument

. Varies with zenith angle (higher with large
angle)

. Varies with wave patterns and with
chlorophyll concentration

. Typical values : from 0.05 to 0.22

- https://www.star.nesdis.noaa.gov/jpss/albedo.php



https://www.star.nesdis.noaa.gov/jpss/albedo.php

=PFL  Which month for this global map ?

NOAA-20 VIIRS Global A

S

Ibedo (Daily Composite)

E.

Albedo

December
March

August

oo ®p

October
| don’t know

0%

0%

0%

A.

B.

C.

0%
D.

0%




=PFL A major parameter : Albedo

Ocean Chlorophyll Concentration ey Land Vegetation (NDVI)

Low High

Mar 2017

https://svs.qgsfc.nasa.qov/5006/



https://svs.gsfc.nasa.gov/5006/

=PrL Water cycle : connecting climate system components

= Evaporation: water changes state from a liquid

| Global water cycle to vapor.

39 = Condensation: water vapor changes into water

droplets (clouds).

. A

I

3 Precipitation =  Advection: movement of solid, liquid, and
‘ e gaseous water through the atmosphere.

R AN R TRy o , R ». = Precipitation: in solid or liquid phase.
= Runoff: movement through land.

' Evaporation | ' ik . 50 . @ " Infiltration: movement of water into the ground from

;;B} g -7 the surface.
L 4
: P M " Percolation: movement of water past the soil and
4 ’i A\ .

q\,,_,_
5 going deep into the groundwater.

= Sublimation: ice and snow change into vapor
[ Plant uptake = without going through the liquid phase.
Groundwater discharge L .
= Transpiration: moisture from plants and trees
fluxes in 103 km3 yr-1 evaporates into the atmosphere.

Total: ~500,000 km3/year
Human-induced emissions: ~1,500 km3/year (0.3%)

Water vapor is the most abundant
= Source: https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrological-cycle green house gas on Earth. 36



https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydrological-cycle

=P7L Carbon cycle : connecting climate system components

60+ 20

Reservoirs:
= Continental biosphere.
pmospher rease:4(P9C" ))Net,andﬂux = ul = QOceans.
tmos & ot £
R ol 3 mul - E = Cryosphere (permafrost).
et ocean % gl Bl o ® g = Atmosphere.
071 IoJ A - - z - » Lithosphere (tectonics, volcanism).
- el 24| 3 2l 5 :
= g cgf g » Anthroposphere (fossil fuel, land use).
=1 A | Fluxes and time scales:

gas exchange

80

» Yearly driven by photosynthesis and respiration.
Decadal-centennial time scales by anthropogenic
impact and climate variability.

= Millenial to millionary time scales by orbital forcing.
=  Multi-millionary time scales by tectonics and

Ocean-atmosphere
784

getation
V330650

g volcanism.
5003400
| reserves
~383-1135
ik o
o5 430 pes 095" Carbon dioxide is the second most

abundant greenhouse gas on Earth.

Stocks in (peta) 1015 g of C
Fluxes in 1015g yr-1of C

37

®™  Source: https://www.pmel.noaa.gov/co2/file/Fig%206.1%20Schematic%200f%20the%20global%20carbon%20cycle




mere
=PFL - Anthroposphere s o organtvoposs
Source : https://globaia.org/anthroposphere

8 billion humans: & .
A sphere of ~1 km ¥
diameter \

One could add:
Land use / agriculture / forestry|
Contrails from aircrafts
Coastal eutrophisation

HUMAN ROADS RAILWAYS AIR SHIPPING FISHING SUBMARINE TRANSMISSION
SETTLEMENTS ROUTES LANES EFFORTS CABLES LINES


https://globaia.org/anthroposphere

=PFL  Timescales

L — |

Minutes Days Year 100 years Thousand Million
years years
Ocean
surface
Atmosphere layer Deep ocean
- - - -
Sea ice Ice sheets
- - L
Biosphere
- -

Note : The lithosphere works on even longer time scales (tectonics)

m 39

Source : Meincke, J.; Latif, M., Geographische Rundschau 47(2): 90-96, 1995



=L Important observed changes in the climate system

Six key indicators of ongoing changes: Essential climate variables

CO, concentration

Atmosphere

: Precipitation |

-4
| NH temperate land

111 |
iSH subtropical tand | NI I LM I 0 VROIDWEE I (L dmnieni
| |
| |
| i |
' |
| . |
| |
| |
|
' 1N
|
| |
| |
| |
|
| |
| | |
1 Ocean heat content [ |
| |
N N
9

1850 1950 2018

Annual averages.
Grey indicates that data are not available.

|
I Glacier mass loss
~
|
|

 -‘  _ 1: Global surface temperature
O LT

|
1 Global sea level
|

I
—

®  Source: IPCC ARG, Chl, Fig. 1.4
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=PFL Earth’s Energy Balance

Albedo

Reflected Solar - :
Radiation Incoming Solar |§

-99 Radiation ' TOA Imbalance 0.71
(-98, -100) 340 (0.61, 0.81)
L (339.9, 340.1)

! Absorbed by |

Atmosphere
77
(72, 82)

" Reflected at | . " Absorbedat | - L ( surface | [ Absorbed at
Surface Surface | Surface Imbalance 0.71 Emission | Surface
) , 164 ' (0.61, 0.81) 398 | 345
(-20, -26) RECRL) (-395, -401) | (338, 352)

Source: https://ceres.larc.nasa.gov/science/

pre——

Outgoing LW '

Radiation

(-238, -242) |

":Atmosphere

-240

LW cooling
-186
(-178, -194)

J ¥

|

Unit: W.m2

Shortwave:

* Incoming solar radiation: +340
* Reflected: -99 (Earth’s albedo)
* Absorbed by atmosphere: +77
» Absorbed at surface: +164

« Emitted by surface: -398

» Atmospheric loss (in all directions):
-186

« Qutgoing to space: -240

Greenhouse gases absorb surface
infrared radiation and re-emit in all
directions, including back to the
surface.

On average:
» The surface has a net surplus of

radiant energy
* The atmosphere has a net loss.

Imbalance compensated by sensible
(conduction & convection) and latent
heat (evaporation) transfer from the
surface to the atmosphere. 42


https://ceres.larc.nasa.gov/science/

=PFL  It's a lot about electromagenetic radiation...

Energy (electron volts, eV)

108 106 104 102 1 102 104 10° 102 108
ultraviolet jnfrared short-
gamma AM
— l X-rays rays rays radar |FM| TV ——
=2l Y e, e
1014 1012 IOJQ_.- 1038 10° 104 102 1 102 104

---“."‘ Wavelength (metefs, m) ...'..-~.....

Visible light

400 500 600 700
390 Wavelength (nanometers, nm) 760

Source: https://ozonedepletiontheory.info/what-is-radiation.html

4 pm

Sun Earth

Intensity

(0.5 1 5 11 a0
Wavelength (um)

shortwave longwave

= Figure 4.7, Wallace and Hobbs, 2006

Visible: 0.39 — 0.76 pum, define each color
with single wavelength (monochromatic)

Solar radiation: < 4 pm, shortwave

Terrestrial radiation: > 4 um, longwave
(thermal infrared)

43


https://ozonedepletiontheory.info/what-is-radiation.html

=PFL  Blackbody radiation: Stefan-Boltzmann law

Objects emit radiation. In case of a blackbody, it absorbs all radiations and it emits radiation independently of direction, or compaosition
of the body. Its radiation only depends on the temperature of the body.

The blackbody is losing energy by emission of radiation, so heat must be supplied to keep its temperature constant.

Most objects can be approximated by using blackbody radiation laws.

Stefan-Boltzmann law : the total flux density (irradiance) Fp
isgivenas: Fp =0T

o =5.67 x 108 W m2 K4 ( Stefan-Boltzmann constant)

Effective emission temperature of a blackbody can be calculated
from its irradiance Fp.

F 5 corresponds to the integration of the radiation of the blackbody
over all wavelengths.

Photo : a wild boar seen by thermal camera, Pulsar company

m  Source: Wallace and Hobbs, 2006 44
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=PFL  Blackbody radiation

A

Ultraviolet 1 Visible Infrared
R ——

When the temperature of the blackbody increases:

= The intensity of radiation increases
= The maximum radiation is observed at shorter
wavelength.

® A maximum

Radiation intensity

Maximum radiation of the sun: 0.5 um
Radiation temperature: ~5780 K

Wavelength A (pm)

Emission spectra of a blackbody at four different temperatures

Source : MIT


https://www.mit.edu/~ashrstnv/black-body-radiation.html

=PrL  Solar constant and radiative balance

Source: NOAA Space Weather Prediction Center

Sunspot Number

The solar luminosity (irradiance x surface) is 3.8x1026 W

Due to the conservation of energy, the same amount of energy is
distributed in any sphere centered on the sun ; with a radius r the

surface area is 4mr?2. For the Earth, r = 150x106 km

So the energy received by each m2 on Earth is: 3.8x1026 / 4712

= 1370 W m—2 Solar constant

It can vary because of:

1750 1800 1850 1900 1950 2000

‘(— 147 million km —>‘<— 152 million km —»{

Source: https://atmos.uw.edu/~hakim/101/seasons/

Eccentricity of the Earth’s orbit (r varies by +1.75 %). Currently
larger solar constant in January as the Earth is closer to the sun.

Lower in July.

It varies by 0.01 to 0.02% as the sun rotates (29-day cycle). Different
groups of sunspots facing the Earth.

It varies by 0.1 % over the 11-year solar cycle, together with
sunspot maxima (2025: current maximum, running from 2019 to 2030).

It increases as the Sun ages (1 % every 100 million years). 46


https://atmos.uw.edu/~hakim/101/seasons/
https://svs.gsfc.nasa.gov/14683

=PFL Earth’s Energy Balance

™ Radation : : Outgoing LW | Solar constant is 1370 W m-2
Radiation /ncom/ng Solar

-99 Radiation | TOA Imbalance 0.71 ' ”af’éigon .
(-98, -100) 340 (0.61, 0.81) ey |
, (339.9, 340.1) :

Earth receives on average 340 W m-
Why such a difference ?

—_— =>» See exercise this afternoon
 Atmosphere |

Atgfbed by >, LW cooling

Atmosphere ’ 7';881 o4
77 .‘(- I )

(72, 82)

" Reflected at | . " Absorbed at | - —— [ Surface | [ Absorbed at
Surface Surface Surface Imbalance 0.71 Emission | Surface

.23 : 164 | (0.61, 0.81) -308 | 345
(-20, -26) (159, 169) (-395, -401) (338, 352)

Source: https://ceres.larc.nasa.gov/science/


https://ceres.larc.nasa.gov/science/

=PFL What gets through the atmosphere ?

I I Ll ] L] L] L L] I L] Ll 1 L] I L I L] ¥ i
2.0 - Top of Atmosphere —_ Black : irradiance reaching the top of the atmosphere.
= 1 Red : irradiance reaching the Earth’ surface. Less radiation at
£ i i all wavelengths, with specific windows of much lower
,.:,F'- 1.5 At Surface — irradiance. This implies that the Earth’s atmosphere interacts
= I - with solar radiation.
:’ 10 m Below : Blue : irradiance at 10 m below the ocean surface.
2 1.0F ODcean Surface -
= i . Blue : Water suppresses a large part of solar irradiance (only
E § 7 ~16% remaining at 10 m) and all of it at long wavelengths
» 1 (absorption, scattering). Explains why blue dominates when
0.5 i diving in water.
= .‘- -
ﬂ ﬂ F 1 'I 'l Nl L Il I Il 1 1 I L 1 '] 'l"Il"
S00 1000 1500 2000

Wavelength (nm)

= Source: SORCE, University of Colorado



https://lasp.colorado.edu/sorce/instruments/sim/science/

=PFL What gets through the atmosphere ?

2500 1

Irradiance

1500 -

1000 -

500

2000

.
. .
N
.
' .
.
.

UV|| Visible

Loss of irradiance in the UV domain

Black Body (Temperature 5900 K)

Extraterrestrial sunlight

Terrestrial sunlight

1250 1500 1750 2000
Wavelength

Source: www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra

2250 nm

Depth of penetration of solar UV radiation

Source: Wallace and Hobbs,2006

A
<_N2, 02, N, O—’l
| 0, |

ionosphere I

Photoionization Photodissociation

0 — — .
0 0.05 0.1 0.15 0.2 0.25 0.3

Wavelength (um)
Remove electrons from Break molecules, ultraviolet 1 <
atoms, extreme ultraviolet 1 0.31 um, down to stratosphere,
< 0.1 um, in ionosphere O, breakup produces O4

(upper part of thermosphere)  (reduces UV at surface)
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https://www.sciencedirect.com/book/9780127329512/atmospheric-science
https://www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra

=PFL  What gets through the atmosphere ?

( ) : . . :
Loss of intensity in the visible domain
W
0 2500 - —
Y m2 pm
c
i
S 2000 - Black Body (Temperature 5900 K)
k=
Extraterrestrial sunlight
1500
Terrestrial sunlight
1000 -
500 -

1000

1250 1600 1750 2000 2250 nNmM

UV | Visible IR Wavelength

Source; www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra
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https://www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra

=PrL Why does the radiation intensity at Earth’ surface is lower than at
the top of the atmosphere In the visible domain ?

Loss of intensity in the visible domain

psog. — W A. Surface further from sun
§ m? um B. Surface colder than top of atmosphere
0 slack Bodly (1 5900 K) /C. Absorption by atmosphere

. ac o emperature .
Je 2000 yiiemp D- Reflection by clouds
Extraterrestrial sunlight
1500 1
Terrestrial sunlight
1000 1
500 -

1000 1250 1600 1750 2000 2250 nNmM

UV | Visible IR Wavelength
0% 0% 0% 0%

> 0O -

Source: www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra o o N \_,
'\\S\Q/ (\_,-é \0\\ \0\\(.;
S o Q& N
&K e’ {5'00 o

& & & o

= s < W < 51


https://www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra

=PFL  What gets through the atmosphere ?

Reflected Solar

Radiation Incoming Solar §
Radiation
( ) : T . : g
Loss of intensity in the visible domain 98, - (2909, 240.9)
W
” 2500 1 —
y m2 um
c
O
-r% 2000 - Black Body (Temperature 5900 K)
k=
Extraterrestrial sunlight
1500
Terrestrial sunlight
1000 -
500 - 1 Reflected at Abéorbed at
Surface ; Surface
-23 e 164
\__ (-20, -26) (159, 169)

1000 1250 1600 1750 2000 2250 nNmM

UV | Visible IR Wavelength

Visible wavelength: attenuation by clouds and by

Source; www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra . . ]
scattering in clear sky regions (aerosols)

o 52


https://www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra

=PFL What gets through the atmosphere ?

Specific wavelengths with strong absorption Absorptivity: 1=fully opaque, 0=tully transparent

— —— Source: httgs://www.e—education.qu.edu/meteo3ll2 p7.html
1
w CH,
2500 - — 0
S m= pm 1
S N,O
é 2000 - Black Body (Temperature 5900 K) %
k= >
Extraterrestrial sunlight "S’ ()2 a 03
1500 - a
Terrestrial sunlight 5
7
2 CO,
1000 - 2
H,O
500 - 2
Atmosphere
0
1000 1250 1500 1750 2000 2250 M 0.1 0.2 03 04 06 08 1 1.5 2 3 $§ 6 8 10 20 30 MM
uv | visible Wavelength UV-visible near infrared thermal infrared
Terrestrial radiation
e’

Source; www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra

Near infrared: trace gases absorbing over specific wavelength ranges

o 53


https://www.sciencedirect.com/topics/physics-and-astronomy/solar-spectra
https://www.e-education.psu.edu/meteo3/l2_p7.html

=P7L  What gets back to space ?

Thermal infrared:

Absorptivity: 1=fully opaque, O=fully transparent

domain of Earth radiation 1
CH,
0
) 4 .
Mm
z - N.O
£ Sun Earth
o >
H 2
= .2 02 and 03
e
] o
T T — T - - — T T T T — —
0.5 1' 5 10 50 2
’ 0 c02
Wavelength (um} <L 5
1
Source: Figure 4.7, Wallace and Hobbs, 2006 HZO
0
L Atmosphere
0
0.1 02 03 04 06 081 15 2 3 5 6 8 10 20 30 UM
UV-visible I near infrared thermal infrared
o : ‘ , , Terrestrial radiation
[ Reflected at | e ‘ = v e o - Surface |~ [ Absorbed at |
Surface | ‘Surface Imbalance 0.71 Emission Surface
.23 et ~ (081,081) .308 245 | _ _ .
. (20, -26) _ (159, 169) | (-395, -401) | (338, 352) | Thermal infrared: trace gases absorbing over specific

wavelength ranges

o4



=P7L  What gets back to space ?

Nimbus 4 satellite measurement of the Earth’s infrared spectrum.
Observations over the tropical Pacific ocean in April 1970.

Dashed lines: emission spectra of blackbodies at different temperatures

- IR
band
—
5 0
a
LA
- L
o 280
®
g WV ~ P
band -~ 260
—_— '

_ 7 240
_ 220
— — Z -200
- | l

-
water vapor_, -
- -5

| L1 1 1 1 111111l
9 10 11 12131415 1820 25
Wavelength (pm)

Source: Hanel and Conrath, Nature, 1970

It shows that:

» Part of the spectrum fits the emission of a
blackbody close to 25°C (surface of tropical
Pacific) — atmospheric window without
absorption.

« Alarge part of the spectrum sees a much
reduced radiation in two specific windows (~9.5
and 15 um) and below 8 um.

« Overall, about 40% of a blackbody emission at
~25°C is lost — absorption by the atmosphere
(greenhouse effect).

» The corresponding blackbody temperature gives
indications of the source of emission.

95


https://ntrs.nasa.gov/api/citations/19700023849/downloads/19700023849.pdf




=PFL  Greenhouse gases

Some fundamentals:

1. Temperature measures the average energy of molecular motion in matter: translation, intramolecular vibration, and
rotation.

2. Molecular vibrations (and some rotations) have energy level spacings that correspond to IR energies in the
electromagnetic spectrum. Thus IR radiation absorbed by molecules causes increased vibration.

3. Collisions between energized molecules and other molecules in the atmosphere transfer energy to the whole
medium, increasing the average thermal energy and thus raising temperature.



=PFL  Greenhouse gases

Oxygen attracts electrons
more strongly than carbon

cO,
4. Some molecules have a dipole: the average center of o o o
their charges do not always coincide. In equilibrium .:.:. g? e?”"'b”””;: nOIR
for CO,, no dipole moment. 5 ag;oo:eprt?:r:nen , NO
4, Molecular vibrations absorb IR energy if the molecule ‘
changes its dipole moment. All molecules with three or In equilibrium: no SI_I‘I;H:T{I:EHWG LBEN[EING
more atoms meet this criterion and are IR absorbers. dipo?e moment. no IR l gherknergy owerEnergy l
5. The Earth’s atmosphere is composed at ~99% of N, absorption. . . .
(78%), O, (21%), and Ar (~0.9%), which are not IR
absorbers. The remaining 0.1% includes so-called symmetric stretching bending - ‘twisting’

«trace gases», several of them absorbing IR.

6.  This s the case for water vapor, which is the main Absorption at 4 um .=.=. ‘::.5;’

greenhouse gas.
asymmetric stretching wagging
7. Water vapor and other greenhouse gases are naturally

present in the atmosphere. The greenhouse effect is a
natural phenomenon.

Absorption at 15 pm

m Source: http://mwww.chm.bris.ac.uk/motm/C0O2/?C=S:0=A 58



http://www.chm.bris.ac.uk/motm/CO2/?C=S;O=A

=PFL  Greenhouse gases

Strong absorption by greenhouse gases in the thermal infrared range. Many more greenhouse gases than H,0, CO,, CH,, N,0O, O,
1 \ IASI interferometer on Eumetsat satellite
© o 1
)
CH4 t__ﬁ —
0 = _g IASI
1 S @©
O = 0
Z 1
N,O -
16
H,"0 mlu
£ 0
.2 02 and 03 1—“.— = Sl v
- [0)
e - s T VW :
o o . CH
A co S °, * co 2
g 2 I 0
0 @ 1.00- -
c
1 = CFC-11 l \r \V w
|_ -
HZO CFC-12 HNO, ocs
0 0.95
: Atmosphere 2 / ” “ ”J i
o CH
© NH CH OH PAN
0 :’_IIHCOOH_ I —
0.1 02 03 04 06 08 1 1.5 2 3 4 5 6 8 10 20 30 UM 800 1000 1200 1400 1500 1300 2000 2200 2400 2600
- - - - 1
UV-visible | near infrared thermal infrared ! 1 Wavenumber (cm )1 '
\ terrestrial radiation 15.4 pm 10 um 5 pm 3.6 um
m Source: Clerbaux et al., Atm. Chem. Phys. 2009
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https://acp.copernicus.org/preprints/9/8307/2009/acpd-9-8307-2009.pdf

=PFL  Greenhouse gases: an inconsistency ?

Do you see an anomaly among
the molecular constituants ?
Which one ? (only one response)

B
Rank Responses N 9
E 'g IASI
1 CO (two atoms s g
but strong dipole) 'W,'! '"|”|||||mi m : MWWI ooy
2 0
1 T
@
4 E 10%—
5 E CFC-11 l HNO \V \U
CFC-12 ocs
6 0.95
© -
© CH, ’ h \W V
@ NH CH_OH PAN
= ° HCOOH °,

800 1000 1200 1400 1600 1800 2000 2200 2400 2600
-1
Wavenumber (cm™)
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=PFL  Atmospheric windows

= The atmosphere is largely transparent (window) for shortwave

Radiation Transmitted by the Atmosphere radiation
0.2 1 10 70
2| Downgoing Solar Radiation Upgoing Thermql Radiation = There is a window in the longwave spectrum where the absorption
= 20.75% T . 15-] T i . .
§ 0-75% Transmitted 5-30% Trarfsmitted or scattermg is reduced.
=
T.g = The window is between ~8-9 pm and ~10-12 um (O absorption
§ in-between, at 9.6 um).
v
= Increased amount of greenhouse gases tends to reduce the window.
100
£ 75 Clear-Sky Atmospheric Transmission
|9
E 50 _ Light from the Sun Thermal Radiation from Earth
o © = ~70% Reaches the Ground ~20% Escapes to Space
25 =
Q9
0 HE
100 o p— T T ar—
i e : ‘ i,
S o = &Y | 1 | | 1 -
GCJ Carbon Dioxide 8 ‘ ‘ , !
o — 8 60 | ‘W =
Q : Oxygen and Ozone @ w X 1 | I L.
g N . A = 5l B I
3 20- : || | | | 1 :
E_) Methane 3 20 < ) ’ _,‘ | ) Sl
—% l Nitrous Oxide T | visible | Infared
A £ A T 15 T z 1
= - , 0.2 1 10 60
Rayleigh Scattering Wavelength (um)

0.2 1 10 70
Wavelength (um)

Absorption Bands [ |H,0 [[]co, [Jcr, Jro [ o,z0, [ omer [ Raveish

Scattering

m Source: Wikipedia Source: Introduction to Climate Data Science, Durham University 61



https://commons.wikimedia.org/wiki/File:Atmospheric_Transmission.png
https://seancraven.github.io/CDS_book/

Solar radiation (shortwave) largely transmitted through Earth’s
atmosphere (when no clouds).

Earth’s surface absorbs the solar radiation and warms.

|
=PFL  Greenhouse effect in a nutshell
Clear-Sky Atmospheric Transmission
52 ~70% Reaches the Ground % Cecqtaigan

10

o

40 -

20

Absorb / Scatter (%)

o

I

uv

| visible |

Infared

0.2

Absorption Bands | |H,0 []co, [cH, Jno [ o0,

Wavelength (um)

10 60

Rayleigh
Scattering

l Other

The Earth emits thermal infrared IR (longwave) radiation
(~blackbody).

The atmosphere is much less transparent to thermal infrared radiation
and absorbs it (except for a window).

The absorbed radiation warms the atmosphere.

The atmosphere emits thermal IR radiation in all directions, including
towards the surface.

The net thermal IR flux from the Earth (~blackbody) to space is
reduced.

The radiative cooling of the Earth’s surface is reduced and leads to
surface warming.

On top of that:

= Convective transport of sensible heat and latent heat (phase
change of water vapor) cools the surface and warms the
troposphere.

» This leads to an observed lapse rate of -6.5 K / km.

f 'Absorbed at
Surface

. Surface |’
Emission

" Absorbed at |
Surface
-23 = 164 -398 345

" ( Reflected at
Surface

—

\_ (20, -26) (159, 169) ,

(338, 352) |

(-395, -401) |




=PFL  Aerosols

Aerosols are suspensions of liquid, solid or mixed particles of variable chemical composition and size distribution.

Protein Urban particle Mineral dust Pollen grain
- "\ ‘
~ ' ..
r& _. )’@ (NH,),504 v
¢ / B O Ca-sulfate
1 L nm LT e Ca-carbonate
Clouds & Fog Precipitation
Aerosol - ~ (Rain, Snow, Graupel, Hail)
e A
Gas = i & A

Molecules Proteins Viruses Bacteria Spores Pollen

Sulfate, SOA, Soot Mineral Dust, Sea Spray Diameter (m)

1E-10 1E09 1E-08 1EO7 1E-06 1E-05 1E-04 1E-03 1E-02 1.E-01

100pm 1nm 10nm 100nm 1pwm 10um 100pwm Imm 1cm 10cm

- ultrafine - - fine - - coarse -

Source: Frohlich-Nowoisky et al. (2016), https://doi.org/10.1016/j.atmosres.2016.07.018
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=PFL  Aerosols and their sources

* Primary aerosols: directly emitted into the atmosphere from natural or anthropogenic sources.
» Secondary aerosols: formed in the atmosphere by chemical reactions (nucleation) ; they can then coalesce to form bigger aerosols.

Natural

Forest fires

Traffic / Transport Domestic activities Industry

Anthropogenic 64



=P*L  What is the typical residence time of a 10 pm
aerosol in the atmosphere ?

Residence time: average time for an aerosol to
remain in the atmosphere after emission and
before it is removed by gravitation, dry or wet
deposition or chemical transformation.

A. Few seconds
B. Few hours
C. Fewdays

D. Few weeks

E. Few months

. | don’t know 0% 0% 0% 0% 0% 0%
K. L L K 2
00@6 \(\o‘)@ $6'8\% $e@éo 06& ’ @O\XA

Lifetime of seconds to weeks ! y“z’ Q®‘$ <& Q@“‘ \v\é\ 0‘5‘&
(greenhouse gases = years) & «® N

— Large spatial heterogeneity 65



=PFL  Aerosol climate effects

-\

Atmospheric Solar radiation Indirect interaction with solar

transport —VW\y IR radiation radiation through clouds
ﬁ _ » Cloud condensation nuclei (CCN)
Direct interaction with -0 Cloud i, » |ce nucleating particles (INP)
solar radiation = Generate clouds (warming or
cooling depending on altitude)
Absorption (warming) CCN/IN oo = Enhance cloud reflectivity (more
mostly black carbon, mineral b

droplets, higher albedo) and cloud
4 44 lifetime (thus cooling)

[ ]
dust Ae rosol ..... //
Y )
@ “G\) Gases

as/pafﬁde 4
Conversigp . @

Transformations

Scattering (cooling)

mostly sulfate and nitrate
aerosols, sea spray,

Transformations

secondary aerosols Precipitations
Climate impact through surface albedo
Emissions J (desert dust, black carbon) — warming
Source: Baray et al., Atm. Measurement Tech., 2020
|
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https://i2-prod.mirror.co.uk/incoming/article26480115.ece/ALTERNATES/s1200e/0_TOPSHOT-FRANCE-WEATHER-ENVIRONMENT.jpg

=L Cooling or heating by clouds

Cloud effect on the Earth’s radiative balance depends on cloud amount, cloud altitude and cloud opacity Source: Zelinka et al.. Nature 2017

- PRESENT CLIMATE

High thin clouds
more than they reflect incoming solar energy,
warming the atmosphere

25 0 25

B s -
Net cloud radiative effect (W m™2)

: More high thin clouds mean
CIrTUS, - more is trapped
6 to 12 km

Qb A = All-sky versus clear-sky net radiative
CLIMAT® flux 2001-2016, based on satellite

. observations and modelling.
Stratus, cumulus,... , Clouds affect

Up to 2 km N and are affected = Annual global mean: reduce the
Fewer low thick clodds mean L radiative input by 18 W.m2,

Low thick clouds reflect incomiﬁg solar energy. less solar energ
more than they trap outfoing heat, is reflected back to sp}ﬁ » Future scenarios could change the

LOWER CLOUD

cooling the atm !here . .
sk &p sign of the cloud impact.

B Source: European Space Agency 67



https://www.esa.int/ESA_Multimedia/Images/2024/05/Clouds_in_the_climate_system
https://www.nature.com/articles/nclimate3402

=PFL  Earth’s energy balance

Solar Incoming Radiation
7/2005 - 6/2015

Incoming solar shortwave
radiation at top of the
atmosphere. CERES-
EOS satellite data.

= High clouds along the equator

= Altitude of Tibetan Plateau

= Warm deserts and subtropical
oceans

= Cold polar regions

Outgoing Longwave Radiation
1985-1986

Annual mean net outgoing
longwave radiation.
NASA/ERBS satellite data

NODATA 110 130 150 170 190 210 230 25 270 290 310 330

W/m*2

- Sources: NASA CERES Project and NASA/ERBE Project

A Scales are different !

Absorbed Shortwave Radiation
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Annual mean net downward
shortwave radiation.
NASA/ERBS satellite data

= High albedo of deserts
and high latitudes

= Cloud cover

= Low solar radiation at
high latitudes

Balance Balance

Deficit Deficit

—

Heat Heat
transfer transfer

Radiant energy
in one year

90 60 30 0 30 60  9(
°North Latitude °South

===Average annual ===Average annual
solar radiation absorbed infrared radiation emitted

Net radiation: outgoing
longwave minus net
downward shortwave

The motor of latitudinal
transport of energy by the
atmosphere and the oceans
from the equator to the péles'!
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https://ceres.larc.nasa.gov/resources/images/
https://science.larc.nasa.gov/erbe/?doing_wp_cron=1739720354.8322379589080810546875

and aerosols

The climate system can be described as “spheres”, having their own dynamics and interacting between each other. The

anthropogenic impacts add another sphere.
The Earth’s climate system is driven by the sun.

The atmosphere mediates the flow of energy from the sun to the Earth and back to space (effects of greenhouse gases,

aerosols and clouds).

Convection and latent heat transfer are important physical phenomena transferring heat from the surface to higher altitudes.

In addition to energy transfer, water and carbon are important molecules flowing between the spheres.

The greenhouse effect is a natural phenomenon. Human activities increase it, in particular by affecting the atmospheric window of

longwave radiation centered at 10 um.
Aerosols impact the radiative balance both on shortwave and longwave radiations. Major control on clouds.

The spatial and temporal patterns of energy distribution between latitudes (and altitudes) drive atmospheric and oceanic circulations.

ePFL  Summary: Climate system, Earth energy balance, greenhouse gases
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