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Introduction

O Space for Climate Action

= A Global Challenge:

The climate crisis requires innovative tools to monitor, understand, and mitigate its
effects.

= The Role of Satellites:
Satellites enable continuous, global observation of Earth, providing critical data for:
 Monitoring greenhouse gases (CO,, CHy,, etc.).
* Predicting extreme weather events.
* Analyzing changes in ecosystems and oceans.

= The Small Satellite Revolution:

With reduced costs and increased flexibility, nanosatellites and microsatellites make
these observations more frequent and accessible.
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 Nano-Satellites: A New Era for Earth Monitoring

= Why Nano-Satellites?
» Lower costs and rapid deployment.
» Adaptability for specific scientific missions.
« Capability to operate in constellations, enabling near real-time global coverage.

= Practical Applications:
« Measuring industrial and agricultural emissions.
« Tracking wildfires, polar ice, and rising sea levels.
« Enhancing climate models with high-precision data.

= A Promising Future:
Nano-satellites play a key role in the transition to a well-monitored planet, enabling

climate policies to be based on reliable and accessible data.
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NEW SPACE ANTARCTICA & NEW SPACE

VERS UNE ARMEE DE CUBESATs
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OBSERVER, EXPERIMENTER, COMPRENDRE ET AGIR POUR LE CLIMAT !
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Temperatures
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Atmospheric CO, at Mauna Loa Observatory
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Some effects of climate change

Heat waves

PR
§ et
European Heat Wave Black Saturday bushfires Californian Camp Fire
EU 2006 Australia 2009 US 2018
(70°000 dead, €13 billion in (173 dead, > €2 billion in (85 dead, > €6 billion in
damages) damages) damages)

There is also the summer of 2021 when Algeria experienced devastating wildfires, exacerbated by an
intense heatwave. The fires, particularly concentrated in the Kabylie region in northern Algeria, led to the
tragic loss of numerous lives, including both civilians and soldiers who were trying to combat the flames.


http://ec.europa.eu/health/ph_projects/2005/action1/docs/action1_2005_a2_15_en.pdf
http://ec.europa.eu/health/ph_projects/2005/action1/docs/action1_2005_a2_15_en.pdf
https://www.rms.com/newsroom/press-releases/press-detail/2018-11-19/rms-estimates-insured-losses-from-the-camp-and-woolsey-wildfires-to-be-between-usd-9-billion-and-13-billion
https://www.rms.com/newsroom/press-releases/press-detail/2018-11-19/rms-estimates-insured-losses-from-the-camp-and-woolsey-wildfires-to-be-between-usd-9-billion-and-13-billion
http://royalcommission.vic.gov.au/Commission-Reports/Final-Report.html
http://royalcommission.vic.gov.au/Commission-Reports/Final-Report.html
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Drought and Floods

Valencia e o Valencia

Untold Human Suffering in Pictures
Drought

Albufera Albufera
lagoon \ 5, " o lagoon
27

® 08,0ctober 2024 =3k ’, 30,October 2024

CLIMATE CHANGE -

) MARINE MONITORING

ATMQOSPHERE MONITORING

Figure 1. The impacts of climate-related droughts (left column) and floods i {/“ 3 at N\
(right column). Left column (top to bottom): “Children in dust storm” (Ethiopia, {‘O p ernICUS
2016; photograph: Anouk Delafortrie/EU/ECHO), a water hole that may have A p
become empty because of drought (Mozambique, 2016; photograph: Aurélie \ = ¢
Marrier d'Unienville/IFRC), drought-affected corn field in Paulding County, e | ] ) \ &

Okhio (United States, 2012; photograph: US Department of Agriculture/ Rt . 4 o R i} L ‘
Christina Reed), “Drought in Kenya's Ewaso Ngiro river basin” (Kenya, 2017; % A L 4 i
photograph: Denis Onyodi/Denis Onyodi/KRCS). Right column (top to bottom):
houses are nearly submerged by flooding (Bangladesh, 2020; photograph: =
Moniruzzaman Sazal/Climate Visuals Countdown), “A girl, duck in hand wades > : 4“

through the water in Rwangara” (Uganda, 2020; photograph: Climate Centre), ~ A y i

“two children a boy and a girl on a flooded riverbank” (Bangladesh, 2018; ENERCENE] MANAGEMENT
photograph: Moniruzzaman Sazal/Climate Visuals Countdown), “Residents

LAND MONITORING

wade through flooded streets to escape flood waters” (United Kingdom, 2008; John Deere fait a ppe| é Spacex
John Dal). All photos are licensed under Creative Commons and all quotes are
from the Climate Visuals project (https://climatevisuals.org). See suppl, tal pOU r connecter ses tracteurs en

file S1 for details and more pictures. toutes Cil‘COhStanceS
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Rising sea levels
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Rising sea levels
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Crops vields

Grain yield (t ha™)
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Season mean temperature (°C)

o N b~ 8 00 O

Global Crop Yields 1961-2018

Use images to filter by crop and map to filter by country
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Flat map of the world showing in red where decreases in corn yields are projected to
occur in 2071: parts of North america, South America, West Africa, Central Europe,
India, China. Credit: NASA/Katy Mersmann
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Rice production

Yield indicator

ICELAND RUSSIA

Region: World -

Resolution:  Countries -

Crop&  (® Cereals O rainfed
Water
regme: OGanlegmes @ irigted

O other crops

UZBEKISTAN

TURKMENISTAN Irrigated rice -

KOREAPWIIAPAN

Indicator:  (® Potentialyield (vp) O Actual yield (Ya)

)
QO vield gap (Yg) O Nutrients.
Atlan cHap ERITRER) VEMEN Potential yield (Yp) -
Atlantic g A
Ocean
BANRIY  enezue » Variable:  Meanvalue -
CoLomsia famenoon

EcuApoR cason ApplysPaMcropmask - @ No Oves
UA NEW
PEl UINEA

Indian e Legend:

tonnes/harvested... tonnes/harvested...

upto1 8-9

more than 15

45 12-13
56 13-14
6-7 14-15

No fill: GYGA countries with no data for this crop

B
N |
B
m
a

Yield indicator

ICELAND;

RUSSIA

Region: World -

Resolution: | Countries -

Crop& @ Cereals O rainfed
Water
regme: O Grain legumes © Irrigated

O Other crops

SouTH
KOREA

Irrigated rice -

38PN
indicator: O Potentialyield (vp)  (®) Actual yield (va)

saupy o Ovegan e O Notrents
PN

EMIRATES
ERITREA) YEMEN Actual yield (Ya) -
Atlantic

Ocean

. i P Variable: tean value -
PANAMA'  VenEZUELA souTk Variable: | Mean value

coLomBIA
ApplysPam cropmask @ No O Yes

" Indian Legend:
R tonnes/harvested. tonnes/harvested.
12 -
2-3 10-11
- 4-5 - 1218
o
7-8 more than 15
t- | l:l No fill: GYGA countries with no data for this crop




17
Chapter 1

Some effects of climate change

Reducing biodiversity

Vulnerable Endangered

70% dead in 3
Happy Soon endangered? generations Dead
(habitat < 5000 km?)
(population< 2500))
bi)ij;ngte: I;lf::r)lré’n , Example: Koala, African Example: Gorilla, black Example: Dinosaurs,
P elephant, panda, ... rhinoceros, blue whale... dodo...

ant
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Forums
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Institut

S,"):: }"I
Laplace

INSTITUT PIERRE SIMON LAPLACE

LABORATOIRE DES SCIENCES
DU CLIMAT ET DE L ENVIRONNEMENT

LABORATOIRE DE METEOROLOGIE DYNAMIQUE

LABORATOIRE D'OCEANOGRAPHIE ET DU CLIMAT:

EXPERIMENTATION ET APPROCHES NUMéRIQUES

e

DIRECTION DES SCIENCES DE LA MATIERE
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Anomalie de température [°C]

—— Observations (relatif a la période 1961-1990)

Modeéle climatique - développement durable (SSP1-2.6)
Modele climatique - développement basé sur les énergies fossiles (SSP5-8.5)

AT [°C]

Horizon 2100

20
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Models and satellites observations

=
S\
@ fﬁ&f
Equations Y

physiques .

@

Observations

Comparaisons
avec les modéles @ o~
K Modeles o

climatiques &

Calculs

®

L’espace et le NewSpace au service du climat,
Meftah M., 2023.

21



CChapter 1

C

Climate: thermal machine
(Earth energy budget)

Infra-Red Radiation

(not visible with eyes)
-> absorbed/reemitted
by GHG (so-called
greenhouse effect)

~

Atmyosphere(GH

ﬁ

Energy balance = + Solar Visible — Terrestrial Infra-Red

Difference between incoming solar radiation and outgoing radiation
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Importance of the key components
of the Earth energy budget

" Reflected Solar - : Absorbed Solar
. E— 2 Bl 2

Absorbed Solar Dutgoing Longwave Jet Radiation

23



ciaperl  [mportance of the key components
of the Earth energy budget

TOA imbalance 0.6:0.4

Incoming sop
solar 340.2+0.1 Reflected solar 100.0+2 Cloarisky 2307433 longwate
emission radiation
Shortwave All-sky 266.4+3.3
cloud effect r atmospheric
\ window
47 5+3 204

nsnble Latent
heatlng heatmg

Atmospheric
absorption  75£10

\ea

N

I
N

Longwave All-sky longwave
cloud effect absorption
Q -
h i ' Clear -sky emission
B \;‘_ ;‘,‘ —
-

Clear-sky 27.2+4.6

2
—Surface:

refection g, face shortwave 165:6 to surface
absorption All-sky emission
5 to surface

Earth Energy Imbalance = Incoming solar —
[ Reflected solar (OSR) + Outgoing longwave radiation (OLR) ]
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of the Earth energy budget

(a) OHC0-700m (ZJ) 100 (b) OHC700-2000m (ZJ)
200} 1APv4 (monthly) i

‘ == |APv4 (12-mon running mean)
150 | IAPv4 (95% CI)
\ 1APV3 (monthly)

100 ;r —— IAPV3 (12-mon running mean)

50+
of
-50
-100
150 1 -80
sl Baseline: 1981-2010 | 100 | Baseline: 1981-2010 1
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
(c) OHC0-2000m (ZJ) % (d) OHC2000-6000m (ZJ)
50 - Purkey and Johnson 2010 estimate (2000-6000m) |
40t
30 -
20}
10+
ot
.10-
<20 -
Baseline: 1981-2010 Baseline: 1981-2010
1960 1970 1980 1990 2000 2010 2020 . 1960 1970 1980 1990 2000 2010 2020

Ocean Heat Content Increase (2022 vs 2021)
Areas with significant increase (99% confidence level)

To estimate the temperature increase due to an energy imbalance of 0.6 W/m? over a decade, we
need to account for the distribution of this energy within the climate system, particularly in the
oceans, which absorb about 90% of the excess heat. Here's how to proceed:

Calculation Steps

1. Total Accumulated Energy: An energy imbalance of 0.6 W/m? sustained over a decade (10
years) results in an accumulation of energy.

Total Energy = 0.6 W/m® x 10 years x 3.15 x 107 s/year ~ 1.89 x 10° J/m’

2. Surface Area of Earth: The total surface area of Earth is approximately 5.1 x 10 m?, so
the total accumulated energy is:

Total Energy = 1.89 x 10°J/m” x 5.1 x 10**m? = 9.64 x 10 J
Converting this to zettajoules (1 2J = 102 J):

Total Energy = 9.64 x 102 J = 964 ZJ

3. Distribution of Energy (90% in the Oceans): Since the oceans absorb about 90% of this
energy, we have:

Ocean Energy = 0.9 x 9.64 x 102 J ~ 8.68 x 10%* J = 868 ZJ
4. Temperature Increase of the Oceans:

¢ The volume of the upper 700 meters of the ocean, which responds most quickly to
climate changes, is approximately 3.6 x 1017 m3.

« The specific heat capacity of seawater is about 4.18 x 10° J/(kg K).
o The density of seawater is around 1025 kg/ m’.

Using these values, we calculate the average temperature increase in the upper 700 meters

of the ocean:

7 o 8.68 x 102 ]
3.6 x 1017 m3 x 1025kg/m* x 41807/ (kg K)

AT ~ 0.55°C
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At ~1.6 um, the entire CO, column is
measured. Whereas at ~15um, it’s
sensitive to the temperature of the
stratosphere.

The ~8 um band is sensitive to
silicates (deserts).

The ~10pum band 1s sensitive first to
the surface temperature and then to
emissivity.

At ~19.2 um, it's sensitive to the
presence and characteristics of high
cirrus clouds.

At ~40 um, 1t depends on
stratospheric water vapor.
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observations
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The El Nifio—Southern Oscillation (ENSO) recurring
climate pattern causes fluctuations in heat storage
in the ocean, leading to temporary global warming
during El Niflo phases (recent major events: 1982—
1983, 1997-1998, and 2014-2016) when the ocean
surface warms up in the central and eastern tropical
Pacific Ocean, removing heat by radiating it back to
space. Since May 2023, negative OLR anomaly
values indicate the return of El Nifio to the tropical
Pacific after seven years.
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Satellites constellation

O Importance of satellite observations.

= Satellite observations are useful for:

o Understanding how clouds and aerosols influence Earth's energy balance
from the top of the atmosphere to the surface.

o Better determining atmospheric and oceanic circulations.

o Better understanding the processes related to large tropical convective
systems and their life cycle.

o Understanding trends and patterns of change associated with sea ice and
snow cover in polar regions.

o Improving seasonal to interannual forecasts, ...

» To improve our understanding of Earth's energy balance, observations are

needed over several time scale ranges (multi-decadal variations, annual,
seasonal, monthly, and the diurnal cycle of these different systems).

= This information/observations are important for refining models.
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Satellites constellation

O Importance of Earth radiative budget at the top of the atmosphere

« The first challenge comes from the studies by Lindzen in 1994 and 1998. These
studies argue that the response time of surface temperature isn't just influenced
by A (the climate feedback parameter that accounts for individual feedback
processes) and the ocean's mixed layer heat capacity. The diffusion coefficient
k, found at the base of the mixing layer, also plays a crucial role. This coefficient,
however, is not well-understood. The deep ocean and the oceanic mixing layer
are pivotal in determining how surface temperature reacts over time. The climate
feedback parameter measures how Earth's climate reacts to energy changes
entering and exiting the planet. To accurately determine A, another separate
observation is essential.

 The second challenge involves the unpredictability in historical
measurements of radiative forcing, particularly from aerosols, which
counterbalance some of the radiative forcings from CO,. The accurate
values for k and A remain elusive. To address these uncertainties, Hansen et al.
in their 2005 and 2011 studies suggest utilizing precise ocean heat content
measurements. This approach offers a way to tackle the uncertainties in
assessing historical radiative forcing and the vertical heat diffusion in the ocean
over past periods.
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M. Meftah, 2023.
Livre : L’espace et le NewSpace au service du climat.

O Requirements

Produit Fréquence | Résolution | Incertitude Stabilité
de mesure par
requise décennie
Tableau de synthése — Bilan radiatif de la Terre
Rayonnement Mensuel 10-100 km Exigences 0,1 W/m?
a ondes (résolution / en moyenne | par décade
longues sortant du cycle NA* globale :
(OLR) diurne), 1,0 W/m?
3 heures * Non
applicable
Rayonnement Mensuel 10-100 km Exigences 0,1 W/m?
a ondes (résolution / en moyenne | par décade
courtes sortant du cycle NA globale :
(OSR) diurne) 1,0 W/m?2
Irradiance Journalier NA/ 0,54 W/m? 0,1 W/m?
solaire totale NA par décade
(TSI)
Irradiance Journalier 1 nm < 0,3 % 1 % par
solaire 290 nm ; décade
spectrale 2 nm 290-
1000 nm ;
5 nm 1000-
1600 nm ;
10 nm
1600-
3200 nm

satellite constellations.

Produit Fréquence | Résolution | Incertitude Stabilité
de mesure par
requise décennie
Tableau de synthése — Atmosphére
Profil de 3 heures 25km/ 0,5°C 0,05 °C
température 1 km
troposphérique
Profil de 3 heures 100 km / 0,5°C 0,05 °C
température 2 km
stratosphérique
Tableau de synthése — Composition atmosphérique
CO2 3 heures 2-10 km / 1 ppm 0,2 ppm par
NA 0,2 ppm décade
biais
interrégional
Colonne de 3 heures 2-10 km / 1 ppm 1,5 ppm par
CO2 NA décade
troposphérique
CO, 3 heures 2-10 km / 1 ppm 1,5 ppm
troposphérique 5 km
Colonne de 3 heures 2-10 km / 10 ppb 7 ppb
Méthane NA
troposphérique
Méthane 3 heures 2-10 km / 0,5 ppb 0,7 ppb
troposphérique 5km
Méthane Journalier | 100-200 km 5% 0,30 %
stratosphérique /
2 km

water vapor, etc.) and temporal resolution (3 hours).

To achieve these performance levels (time criteria), it is necessary to implement

Spatial resolution (< 30 km for Earth radiative budget, <10 km for convective cells and

30
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Scientific issue:

Earth's energy imbalance
(Climate
change), including
radiative impacts of —
aerosols and
clouds (highly variable
spatially and temporally),
key uncertainties in
climate sciences.

- Diurnal variations (LTAN 3H00, 6H00, 9H00, 12H00)

- Few km for spatial resolution

EEI has been identified as a
fundamental diagnostic for
analyzing climate variability
and anticipating future
climate changes. EEIl direct
measurement represents one
of the greatest challenges in
climate research.

Definition of
parameters and
performances
requirements:

Resolve diurnal
variations (e.g. every
3 hours) and small
scales (ideally few km

ds T

resolution)

1 satellite

-

-

10 satellites

’ ‘). ar 3
Cang A,

0%

\\

RN,

-50

0

100

.

150

“Small Sat” constellation for multi-
point observations

Instruments

identification \

Detailed instruments
and subsystems
modelling

Performance analysis:

Revisit time and spatial resolution as as a
function of
instruments characteristics (including
power and data storage)
and configuration (e.g. number of
satellites).
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OLR Bias [Wm~2]

Satellites constellation
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O Requirements

Requirements for Uvsq-Sat—Launched on 24 January 2021 from Cape Canaveral, Florida, USA

ECV  Absolute accuracy  Stability per year Spatial resolution Temporal resolution (global map)
OSR  +10.00Wm2 +5.00 Wm 2 2500 km per element 30 days with one CubeSat
OLR  410.00Wm—?2 +1.00 Wm 2 2500 km per element 30 days with one CubeSat
Requirements for Inspire-Sat 7—Launched on 15 April 2023 from Vandenberg, California, USA
ECV  Absolute accuracy  Stability per year Spatial resolution Temporal resolution (global map)
OSR  +5.00 Wm 2 +1.00 Wm 2 2500 km per element 10 days with two CubeSats
OLR  +5.00Wm~2 +1.00 Wm 2 2500 km per element 10 days with two CubeSats
Requirements for Uvsq-Sat NG—Launch Date in 2025 or in 2026
ECV  Absolute accuracy  Stability per year Spatial resolution Temporal resolution (global map)
OSR  +3.00Wm 2 +1.00 Wm—2 2500 km per element 5 days with three CubeSats
OLR +3.00 Wm 2 +1.00 Wm 2 2500 km per element 5 days with three CubeSats
CO,  +4.0ppm +1.0ppm 2-10km per pixel > 30 days
CHy;  £25.0ppb +10.0 ppb 2-10km per pixel > 30 days
Requirements for a Hypothetical Satellite Constellation Named Terra-F—Horizon 2035
ECV  Absolute accuracy  Stability per decade  Spatial resolution Revisit time
TSI ~ +054Wm™2 +0.14 Wm 2 - 24h
OSR  +1.00Wm—2 +0.10 Wm—2 10-100 km per pixel 3h
OLR  +1.00Wm™2 +0.10 Wm—2 10-100km per pixel ~ 3h
EEI  £1.00Wm 2 +0.10 Wm 2 - 24h
CO, +1.0 ppm +1.5ppm 1-5km per pixel 3h
CHy;  £10.0ppb +7.0ppb 1-5km per pixel 3h




Chapter 2 . .
Satellites constellation

O Synergy with other space-based missions

Today’s satellite instruments only
cover up to the mid-infrared part
of the spectrum (4-15 microns).

Forum will extend our view into the
far-infrared (up to 100 microns).

Uvsqg-Sat A
Inspire-Sat Uvsq-Sat NG

Uvsqg-Sat NG

ATSR

1.0 micron' WET B 10 microns
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Synergy
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Conclusions

Our main scientific goal is:
- To observe essential climate variables with a constellation of small satellites.

The INSPIRE goals are:
- To initiate a Space Program, and to teach courses related to Space.
- To have Laboratory facilities for hardware development and specialized personnel for
teaching.
- To have facilities for building and testing CubeSat/small Instruments.
- To have ground stations for satellite operations.

Our positions are:
- To Design for simplicity and robustness:
— Assume designs will fail and then prove they will work.
— Design the satellite for easy assembly and disassembly.
— Have respectable margins, robust safe modes, few deployables, graceful
performance. degradation, and frequent preventative satellite resets.
- To Build an experienced team—it matters:
— A successful team has veteran member(s) and frequent informal peer reviews
(discussions) with proven subject matter experts.
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