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How much will climate change this century? esa

: Global surface temperature change Example of
|DCC relative to 1850-1900 “Reason for Concern”

INTERGOVERNMENTAL PANEL oN ClimaTe change

e feC5 : » +5°C.if clouds amplify
very high the warming, a positive
high cloud feedback

shading represents the

CLIMATE CHANGE 2023 4 uncertainty ranges for
Synthesis Report

the low and high
emissions scenarios

» +3°C if clouds stay
about the same

A Report of the Intergovernmental Panel on Climate Change 2

—_low
very low

NOW!

2011-2020 was
around 1.1°C warmer
0 than 1850-1900

1950 2000 2015 2050 2100

Figure 3.3: Synthetic risk diagrams of global and sectoral assessments and examples of regional key risks. The burning embers result from a literature based
expert elicitation. Panel (a): Left - Global surface temperature changes in °C relative to 1850—1900. These changes were obtained by combining CMIP6 model simulations with
observational constraints based on past simulated warming, as well as an updated assessment of equilibrium climate sensitivity. Very likely ranges are shown for the low and high
GHG emissions scenarios (SSP1-2.6 and SSP3-7.0). Right - Global Reasons for Concern, comparing ARG (thick embers) and ARS (thin embers) assessments. Diagrams are shown for 2
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Climate forcing, feedbacks, and sensitivity esa

5o Assessment of Climate Feedbacks Net cloud feed back [gositive

Ipcc 151 Water Vapour + Lapse Rate s : / (hlgh Conflden Ce)
INTERGOVERNMENTAL PANEL on ClimaTe chanee 1.01 : > .
0.5- o | Cloud feedbacks remain
Climate Change 2021 AR YUV » largest contributor to

The Physical Science Basis

-1.51

ol I'l \ et uncertainty of net feedback,
\ ! but the uncertainty is reduced
2.0 /
o I compared to AR5 (by ~50%).
Planck . "
-3.01 0?6 I ARG I CMIP5S I CMIP6 ngh Confldence that
35 radiative feedbacks are
compared with those assessed in this Report (red). Individual feedbacks for CMIP models are averaged across six radiative kernels as computed in Zelinka et al. (2020). | a rg eSt SOU rce Of uncertaintv

Climate Feedback (W m~2 °C™1)

Figure 7.10 | Global mean climate feedbacks estimated in abrupt4xC02 simulations of 29 CMIP5 models (light blue) and 49 CMIP6 models (orange),

Atmospheric energy budget p—)enurbaﬁm glgtmsglggg#; changes——— Qﬁ;:ggrgm s composion Feedback responses N p rOJ e ct g I (o) ba I warmin g
Gy 1] (2] . . (3] ) . ; )
Adjustments Biogeochemical
encal o, fedback out to 2100 under increasing
Re H'\gre'r?om? ~ . . .
P ’ s,  or stable emission scenarios.
- =
Absorbed - ‘ s lCIoud ‘I
sunlight L Adjustments ) }eedback_ -
* Pt raibe g N
o~ T vapod, ure N fewer low clouds ¢ N N N
Longwave ( Increased greenhous; Increased greenhouse IF(:?Ea!ed'grEéﬁuuse U n Ce rta I n tv IS d O m I n a te d
radiative \tgases or aerosols * gases or aerosols f gases or aerosols .
emission - __,/’ Surface and . Surface albedo and by ae rOSOI E RF in StrOﬂ g

vegetation biogeochemical
response
Working Group | Contribution to the
Sixth Assessment Report of the
Intergovernmental Panel on Climate Change

mitigation scenarios.
ter
Increased surfaoetemperat [Chapter 7 -5]

No change in meteorology or surface

No change in surface temperature
temperafure

Figure TS.14 | Schematic representation of changes in the top-of-atmosphere (TOA) radiation budget following a perturbation. The intent of this fiqure is to
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Climate and cloud feedbacks (AR6 7.4.2.4)

,,—4- Rising-of Tropopause
£, N

(" Rising high clouds (+) §
4

Fewer anvil clouds (-)

“ -
- Enhanced stability

Destabilization

Surface warming

T

Major advances since AR5

o Comprehensive assessment of feedbacks in
different cloud regimes (cf. Table 7.9)

o Increased confidence of the positive low-cloud
amount feedback

o Improved understanding of the cloud phase
change feedback

Rising of tropopause

Enhanced s'ra’biji,'fy———"“'-~.~

=
T -~‘s

Figure 7.9 | Schematic cross section of diverse cloud responses to surface warming from the tropics to polar regions. Thick solid and dashed curves indicate the
tropopause and the subtropical inversion layer in the current climate, respectively. Thin grey text and arrows represent robust responses in the thermodynamic structure to greenhouse
warming, of relevance to cloud changes. Text and arrows in red, orange and green show the major cloud responses assessed with high, medium and low confidence, respectively,
and the sign of their feedbacks to the surface warming is indicated in the parenthesis. Major advances since AR5 are listed in the box. Figure adapted from Boucher et al. (2013).

Cloud feedback A climate feedback involving changes in any
of the properties of clouds as a response to a change in the local
or global surface temperature. Understanding cloud feedbacks and
determining their magnitude and sign requires an understanding of
how a change in climate may affect the spectrum of cloud types,
the cloud fraction and height, the radiative properties of clouds, and
finally the Earth’s radiation budget.

Box SPM.1.3: The onsidered in this Report

{Box 7.1,7.3,7.4,7.5153.2}

and the AR6 assessed very likely range, which is based on multiple lines of evidence. These CMIP6 models also show
than CMIP5 and the ARG assessed best estimate. The

FAQ 7.2: What is the role of clouds in a warming climate?

Clouds affect and are affected by climate change. Overall, scientists expect clouds to amplify future warming.

L o L
,— -~ ’— -~ ,— -~

~
~o ~ ~o

,ATtItUde (Warming) N Amount (Warming) Ss CompOSItlon (Cooling) \\\
, Higher cloqfs \‘ Fewer (low level) cloqu \ More water droplets \
l More outgoing erfergy Less incoming enefgy 1 More incoming energy 1

trapped by cl§uds 1 reflected back to space I reflected back to space 1
\ il L ’

Incoming
solar

energy

Vo

Incoming

\/ \/

FAQ 7.2, Figure 1| Interactions between clouds and the climate, today and in a warmer future. Global warming is expected to alter the altitude
(left) and the amount (centre) of clouds, which will amplify warming. On the other hand, cloud composition will change (right), offsetting some of the
warming. Overall, clouds are expected to amplify future warming.

FAQ 7.2 | What Is the Role of Clouds in a Warming Climate?

Outgoing

energy
Surface

|\

and whether those changes will amplify or partially offset the warming caused by increasing concentrations of

ireenhouse iases and other human activities. Scientists have made siinificant iroiress over the iast decade and

Clouds cover roughly two-thirds of the Earth’s surface. They consist of small droplets and/or ice crystals, which
form when water vapour condenses or deposits around tiny particles called aerosols (such as salt, dust, or smoke).
Clouds play a critical role in the Earth’s energy budget at the top of our atmosphere and therefore influence
Earth’s surface temperature (see FAQ 7.1). The interactions between clouds and the climate are complex and
varied. Clouds at low altitudes tend to reflect incoming solar energy back to space, creating a cooling effect by
preventmg this energy from reachmg and warmlng the Earth. On the other hand, h|gher cIouds tend to trap

resultlng in an overall net cooling effect on

have altered this climate effect of clouds in two different ways by changing the abundance of the aerosol
particles in the atmosphere and by warming the Earth’s surface, primarily as a result of increases in greenhouse
gas emissions.
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HIGHER CLOUD

PRESENT CLIMATE §

High thin clouds trap outgoing heat |
more than they reflect incoming solar energy,
warming the atmosphere s

‘4.

M -

F

Low thick clouds reflect incoming solar energy
more than they trap outgoing heat,
C00ling the atmosphere

Overall, clouds currently cool
the climate system

(LOUDS AND CLIMATE

FUTURE CLIMATE

‘ More high thin clouds mean
more outgoing heat is trapped

Fewer low thick
less solar en
s reflected back t

Cloud distribution is expected to change
in the future and amplify climate warming




ERF and aerosol-cloud-radiation interactions

esa

Change in effective radiative forcing from 1750 to 2019 -
ERF (W m~2)

2.16 [1.90 to 2.41]

0.54 [0.43 to 0.65]
0.21[0.18 to 0.24]

Carbon dioxide

Other well-mixed
greenhouse gases

Ozone 0.47 [0.24 to 0.71]
Stratospheric 0.05 [0.00 t0 0.10]
water vapour _ _

Albedo Land use Light absorbing particle -0.20 [-0.30 to -0.10]

snow and ice 0.08 [0.00 to 0.18]

Contrails & aviation- 0.06 [0.02 to 0.10]

induced cirrus

-0.22 [-0.47 t0 0.04]

Aerosol-cloud Aerofol-rgdiation 20.84 [1.45 t0 -0.25]

Aerosols

Total anthropogenic 2.72[1.96 to 3.48]

Solar H -0.02 [-0.08 to 0.06]

-2 -1 0 1

2
Effective radiative forcing (W|m™2

gases (WMGHGs), ozone, stratospheri¢ water vapour, surface albedo, contrails and aviation-induced Cirrus, aerosols, anthropogenic total, and solar).
Aerosol: 1.30 Wm-2 CO,: 0.51 Wm*2

Total anthropogenic uncertainty: 1.52 Wm-2

Figure 7.6 | Change in effective radiatiye forcing (ERF) frorF 1750 to 2019 by contributing forciig agenF (carbon dioxide, other well-mixed greenhouse

°C

=-1.0

Attributed temperature change relative to 1750

Carbon dioxide (CO;y) Volcanic
Methane (CHg)
Nitrous oxide (N20) — Total

Halogenated gases

Tropospheric aerosols

- Total anthropogenic

Figure 7.8 | Attributed global surface air temperature change (GSAT) from
1750 to 2019 produced using the two-layer emulator (Supplementary
Material 7.5M.2), forced with ERF derived in this chapter (displayed in
Figure 2.10) and climate response constrained to assessed ranges for key
climate metrics described in Cross-Chapter Box 7.1, The results shown are the

1750 1800 1850 1900 1950

2

uncertainty bars/shading: very likely ranges (5-95%) 000
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Effective radiative forcing of aerosols and clouds

Eesa

50, [ aerosol type

Organic carbon

Black carbon

Ammonia

Aerosol effective_radiative forcing

AR5
. assessmerit

| 1 | ARG
assessment
Aéresol-radiation interactions H

: Erfergy
|—| balance

constralnts

. Observational
i evidence

.

CMIP5 3 XXX XX X ' Combined
: model
CMIP6 X XBWCHOOK X | evidence
—l—!—l—l—l—l—l—l—!—l—l—l—l—l—l—l—l—l—l—l—!—!—i—!—l—l—l—l—!—l—
-1.0 -0.5 0.0 0.5
W m™2

Figure 7.5 | Net aerosol effective radiative forcing (ERF) from different
lines of evidence. The headline AR6 assessment of —1.3 [-2.0 to —0.6] W m™

7.3.3.4. In AR5, the overall assessment of total aerosol ERF (ari+aci) used the median of all
ESM estimates (...) but placed more confidence in a subset of models that were deemed more
complete in their representation of aerosol-cloud interactions. These models, which include
aerosol effects on mixed-phase, ice, and/or convective clouds, (...)

Likewise, studies that constrained models with satellite observations (...) were given extra
weight. (...)

Finally, based on higher resolution models, doubt was raised regarding the ability of ESMs to
represent the cloud-adjustment component of ERFaci with fidelity.

[In ARG], the best estimate and range is revised relative to AR5, partly based on updates to the
above lines of argument. (...) As in AR5, there is still reason to question the ability of ESMs to
simulate adjustments in LWP and cloud cover in response to aerosol perturbation, (...)

There is thus strong evidence for a substantive negative total aerosol ERF, which is supported
by the broad agreement between observation-based and model-based lines of evidence for
both ERFari and ERFaci that has emerged since ARS.

However, considerable uncertainty remains, particularly with regards to the adjustment
contribution to ERFaci, as well as missing processes in current ESMs, notably aerosol effects
on mixed-phase, ice, and convective clouds. This leads to a medium confidence in the
estimate of ERFari+aci and a slight narrowing of the uncertainty range.

(..))

There is high confidence that ERFaci contributes most (75-80%) to the total aerosol effect.

7
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Next-gen climate models with interactive aerosols (ICON-HAM-lite)

Weiss et al., 2025, GMD (5 km model grid)
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https://doi.org/10.5194/gmd-18-3877-2025

AEROSOLS AND CLIMATE esa

Aerosols — tiny particles such as dust suspended in the air — affect the climate, either directly
' 0 the atmosphere, or indirectly by influencing how clouds form

More aerosols mean brighter , : Fewer aerosols mean that
reflective clouds . B clouds are less reflective
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€SA | JAx,

EarthCARE: an Earth Explorer satellite mission for
cloud, aerosol, and Earth radiation budget research

09/10/2025

Alex Hoffmann on behalf of the joint ESA and JAXA EarthCARE Team

Joint Training in Atmospheric Composition

Online Webinar
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ESA’s Earth Observation fleet Eesa
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Earth Explorers:

Pioneering scientific:and
technical excellence-
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rom early ideas to implementation... Eesa
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2. MISSION JUSTIFICATION AND OBJECTIVES > 1~ = . - ropean Space ncy (ESA), in cooperation with the Japan observations and provide a development and test environ-
| 4 P ; Acrospace Exploration Agency (JAXA), to measure global  ment for L1 and L2 processors.

The need for the ERM [2].(3] ean be intutively explained with table 2.1, by Chahine The effccts of uncertaintics in our 7 - = a - profiles of aerosols. clouds and precipitation properties to- ‘Within this paper the EarthCARE observational require.
capabilities fo estimate clouds and humsdity ‘stmosphere are much larger than the effcet of the CO, which is however most - gether with radiative fluxes ed heating rates. The  ments are addressed. An overvies iven of the space seg-
| —— . ) going, N e . n he elen i space segment
2 5 ! B vpreseoationia ve : o o sckcnc i ey
AR ; - § - 8 > 6 4 and it
(i - - : ] 1] s
: .

are described and the data products are introduced
Specific humidity

Atm. temperature

1 Introduction

The Earth Cloud, Aerosol and Radiation Explorer (Earth-
CARE) will provide global profiles of clouds, aerosols an
pi ed rad

he pltform will fy at 3 relatively
o<t ? > diative flux

” with an equatorial revisit time of 25., The scientiic payload e

consists of four instruments: an atmospheric lida, a cloud. <M. Atmosph ophysical propeties and

profiling radar with Doppler capability, i ated radiative fluxes will be used (o evaluate the represe
2807 and 2 beoadband radiome ion of scrosols, clouds and precipitation in weather forecast
from these instruments are processed in the ground segmet, climato models aed belp mprove thelr parameterisation

; . . which produces and disribuies a wide ange of scence data
The abjective of the ERM, schenaically shown in in inderstinding e wansport o encegy ? i product. As well as the Level 1 (L1) prodact of cach in
a0 wierbewecn e Earbs suface A e s x
[——— A Cloud, Aerosol, and L
“The performance requireen . nthe Eoropean Space Agoncy REPORTS FOR ASSESSMENT Py 4 THE SIX CANDIDATE EARTH EXPLORER MISSIONS
A spatiale enne

e number of multple 2 products
THE FIVE CANDIDATE EARTH EXPLORER CORE MISSIONS arhiation Mice)
rRagiation VSSIon

ARE satllte includes four scientific instu-
ments: an atmospheric lidar, 3 Doppler cloud radar a mult
il oot spectral imager and  broadband radiometer. The instruments

o benefiting have been characterised, calibrated, tested and integrated on

Published by Capernicus Publications on behalf of the European Geosciences Union.

1998

Earth Radiation Mission Candidate EarthCARE Candidate (Ph A) Wehr et al, AMT
https://doi.org/10.1117/12.332702 Report for Mission Selection Science and system overview publication
https://doi.org/10.5194/amt-16-3581-2023

EarthCARE Candidate (Ph 0) lllingworth et al, BAMS
Report for Assessment Mission description publication
https://doi.org/10.1175/BAMS-D-12-00227 .1
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EarthCARE:

Scientific objectives

754#.4 Eesa

£ -
A T e

See EarthCARE Mission Recjuir‘ement;Doéument (MRD) for Amore details on mission objectives and requirements.

Systematic  provision  of
vertical profiles of clouds
and aerosols, collocated
with measurements of solar

apg%woﬁedng%solé%ﬁaal

dlodds ' heat or cool the

Direct verf@ggtioR® of impact
of clouds and aerosols on
atmospheric heating rates
and radiative fluxes.
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,54364 esa
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CPR instrument

- Profiles of radar reflectivity, vertical
velocities of cloud and precipitation particles.

- Radar signal allows penetration much deeper
into clouds, compared to lidar.

- Synergistic use with the atmospheric lidar
and multispectral imager used to classify
atmospheric targets and derive atmospheric
profiles, important for making radiative
transfer calculations.

19
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ATLID instrument

®arthcat®

/- Bi-static, 355 nm UV lidar \
- Actively controlled co-alignment loop

» Transmitter
- Power laser head emits 37 mJ pulses
of 26 ns at a repetition rate of 51 Hz
- Linear polarised output

- 15 m ground fOOtprlnt pOIntS 30 s .- - FiltarTransn'lis’:gifi- |
backwards to minimise specular e pectrum o backscatered
reflection

itraty unit

arb
s 2 8 o ¢
R £ [ ~

** Horzontal sampling distance
=285m

* 3-channel receiver | T T
- Cross-polar channel T e )

- Co-polar, spectrally broadened
molecular backscatter (*Rayleigh”)
channel - Aerosol properties including altitude, thickness, detailed

_ Co-polar, particulate backscatter optical properties and aerosol type.
\ channel (*Mie") / - High-spectral resolution receiver and depolarisation channel.

- Profiles of aerosols, thin clouds and the top of thick clouds.
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MSI instrument

Provision of scene context information.
Derivation of *"MSI-only” cloud and aerosol data products.

Nadir pixel used in retrieval of synergistic products with the
ATLID and CPR.

Across-track data (selected channels) used for creation of 3D
scenes, for 1D and 3D radiative transfer calculations to calculate

radiative properties.
Used to improve the unfiltering of BBR measured radiances.

3 » THE EUROPEAN SPACE AGENCY



BBR instrument

4 ’;_,_7* . | l’—“
- Unfiltered, top-of-atmosphere | ! N Sl
radiances, short-wave and long- F e 3
:‘ " L -
wave fluxes iy e
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Eesa

CPR Level 1b (JAXA)

Radar reflectivity
Doppler velocity profiles

CPR Level 2a

Radar echo product, feature
mask, cloud type, liquid and
ice cloud properties, vertical
motion, rain and snow
estimates, ...

Operational
software
developed
directly by
science teams

ATLID Level 1b (ESA)
Attenuated backscatter in

* Rayleigh channel

e Co-polar Mie channel

* Cross-polar Mie channel

ATLID Level 2a

Feature mask and target
classification, extinction,
backscatter & depol. profiles,
aerosol properties, ice cloud
properties, ...

Synergistic Level 2b
Target classification, cloud &
aerosol prof. at x-sectn, ...

3D Scenes Construction
Expand syn. retrievals across-
track using MSI; =40km wide

Radiative Transfer Proaucts De—

calculated radiances, fluxes,
heating rate profiles

MSI Level 1b/c (ESA)

TOA radiances for four solar

channels, TOA brightness
temperatures for three
thermal channels

MSI Level 2a

Cloud mask, cloud micro-
physical parameters, cloud
top height, aerosol
parameters, ...

+ theory

Assessment

Comparison of calculated
fluxes and radiances to BBR
observations

BBR Level 1b (ESA)
Filtered TOA short-wave and
total-wave radiances

BBR Level 2b

Unfiltered top-of-atmosphere
radiances, short-wave and
long-wave fluxes

Products are enhanced by
using MSI

MiCTOPhSYiCal
observations

direct
observations
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EarthCARE data production model (ESA)

esa

®arthcat®

ESA Chain: 24 Data Processors

EarthCARE production model ]

EarthCARE]

Legend

Gesa
EC-TN-ESA-SYS-0380
Issue 8 (13 Sep 2023)

LO

— Aux

M-DRK | M-TRF

Lic/d

reuse of calibration produc(s)

m previous processar runs

ToRD ) rocessar name
L2a
Products produced
by single processor
Inpus’
Opcional
inpuns
Products used by other processors
as indicated by these symbols:
# xIsG
& XMET

s

J

AMT special issue: EarthCARE Level 2 algorithms and data products

https://amt.copernicus.org/articles/special_issuel1156.html

Cloud-top, vertically integrated, layerwise

Aerosol
Aerosol layer height, classification

Optical thickness,

Layer-mean extinction-to-backscatter ratio
Layer-mean particle linear depolarization ratio
Angstrom exponent

Cloud and precipitation
Cloud-top height, phase, type
Optical thickness

Effective radius

Liguid, ice, rain water path
Surface snow rate

Surface rain rate

AM-ACD
AC-TC
BM-RAD
ACM-CAP
ACM-COM

Radiation
Radiative fluxes at TOA

Broadband radiances at TOA ‘\'““*- BMA-FLX

Vertical profiles

Aerosol

Aerosol fraction

Aerosol species

Extinction
Extinction-to-backscatter ratio
Particle linear depolarization ratio

Cloud and precipitation
Extinction

Effective radius

Liquid, ice, rain water content
Snow rate, median diameter
Rain rate, drop size
Cloud/precipitation fraction
Cloud/precipitation classification

Radiation
Broadband radiances
Radiative fluxes

Atmos. Meas. Tech., 17, 3081-3083, 2024 Atmospheric
https://doi.org/10.5194/amt-17-3081-2024

© Author(s) 2024. This work is distributed under Measurement
the Creative Commons Attribution 4.0 License. Techn lques
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EarthCARE data products )54.;64 Eesa

Eesa

« Mutual dependency at Level 1 requiring for strong coordination between
Agencies

Separate Level 2 chains provide opportunity for collaboration
and comparison

Each agency coordinates the validation of its own products

25
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Q) Data release schedule esa

Jan 2025 Level 1b Single Sensor Products

O
March 2025 Level 2a Single Sensor Products

Level 2b Two Sensor Products

Dec 2025
Level 2b Synergistic Products

Free and Open Data Policy

https://earth.esa.int/eogateway/missions/earthcare/data

https://www.esa.int/Applications/Observing_the_Earth/FutureEO/EarthCARE/EarthCARE_goes_live_with_data_now_available to_all
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https://www.esa.int/Applications/Observing_the_Earth/FutureEO/EarthCARE/EarthCARE_goes_live_with_data_now_available_to_all

Synergy images,
published 16 October (Launch + 20 Weeks))%*" Lesa

Atmospheric heating
from EarthCARE in synergy

Warming effect
with cloud layer absorbing heat emitted from Cooling effect
Earth's surface and the atmosphere in cloud top layer

Heating rates
derived from the Atmospheric Lidar,
the Cloud Profiling Radar and the Multispectral Imager

Observmq the Earth/FutureEO/EarthCARE/EarthCA T e

27
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https://www.esa.int/Applications/Observing_the_Earth/FutureEO/EarthCARE/EarthCARE_synergy_reveals_power_of_clouds_and_aerosols
https://www.esa.int/Applications/Observing_the_Earth/FutureEO/EarthCARE/EarthCARE_synergy_reveals_power_of_clouds_and_aerosols

EarthCARE validation sources

FAAM-RAF

s

Validation sources

Satellite

Surface
routine

Surface
campaign

Airborne
campaign

Model

V] 2 4 6 8 10 12 14 16
Number of proposed validation activities

L1
products

Aerosol

Cloud and
Precipitation

Radiation

Validation targets

5 10 15 20 25
Number of proposed validation activities

0

CECMWF gt
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EarthCARE data with aircraft tracks

Two aircraft
seen in CPR data

Cloud top measured by
& Atmospheric Lidar (ATLID) %,

MAESTRO 4
flight track

Atlantic Ocean I

Cloud structure measured by
Cloud Profiling Radar (CPR) %

hitps://www.esa.int/Applications/Observing the Earth/FutureEOQ/EarthCARE/Taking to the skies for EathCARE
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https://www.esa.int/Applications/Observing_the_Earth/FutureEO/EarthCARE/Taking_to_the_skies_for_EarthCARE

Telescope

Main plate

Radiator

M1
M2

H

U1

Struts | _

ATLID Stable Structure Assembly
(SSA) and equipments

elastic backscatter lidar equat
l_ range
P,(R) = P, nr g G(R)

L

\

Laser power per pulse

2l

2) w2

I\
DR \
Power Laser Head
(PLH) b Y ~
- o

Beam-Expander
(E-BEX)

Telescope support
baseplate (TSB)

Emission baffle

2-way transmittance

A
[ |

R
a(RHdAR'

ion

molecules aerosols

Mie Scattering,

J | J

Y
system variables

B: volume backscatter coefficient

o extinction coefficient: absorption + scattering by molecules + aerosols

larger particles

Y
atmospheric variables

— Direction of incident light

e | - 41l

H=—
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ATLID: High Spectral Resolution Lidar 354#,4 esa

Non-HSRL lidar
One measurement but two unknowns

®arthcat®

Aerosol or cloud particles

Scattered light 1 2_[2 -
- is not thermally _ <), ##)az
o broadened P(Z) - Z_2(IBPart (Z) + ﬂMol (Z))e
aPart .
Fast moving gas molecules . Must assume S = —"%~ in order to
v Elastic Ravleigh
b t - — T — T ﬂMien . Y |g Part
L 311.000 ) signa ' '
< 1-00¢ el recover backscatter and extinction.
e R
w “ 8 710.100 5
&8 5 HSRL lidar
] 1 a
l b 0-10 v Two measurement and two unknowns
= 30.010
L
M 2 j a(z')dz'
Aerosol -
- 0.01 ) ) ) 0.001 or cloud Part (Z) ﬁ Part (Z)e
-Scattered light 005 0.00 0.05 layer
is thermally v—v, [em™']
broadened 2J’ a(z)dz'
Py (2) = :BMol (z)e

Compared to e.g. CALIPSO where total
(Mie+Ray) signals are not separated: 1 L f ()
« Direct measurement of aerosol extinction =0y N(Z)e

« Measurement of extinction-to-backscatter ratio z”

* Improved daylight performance

=» Can determine S !

31
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®arthcat®

Eos g
Ko i
Ea.af ] FP-based High Spectral El-
“ o0l : Resolution z

-0.10 =-0.05 000 005 0.10 i

Wavenumbes diiecence [em-1] Polarized beam splitter

Rayleigh
Parallel
-— -
Channel
Signal
g 1004
Ews
‘:nsn A Transmission
3§ goas
g, | P06 —c0s oo oos o0
g Wavenumber difference [om™!]
g4
(-3

Separation Unit -010 -005 000 0.0

Wavenumber difference [omF]

Mie
Parallel
Channel
Signal

(3]

Polarization-
Spectral
crosstalk and
" calibration

correction
procedures

oL ! ) . 1
=010 =-0.0% 000 0.0% 0.10
Wavenumber difference [em!]

—

Input Atmospheric Signal

Perpendicular
Channel
Signal

Polarized beam splitter

ATLID has three channels:

1. A perpendicular channel

2. Aparallel (mainly-) particulate scattering channel
3. Aparallel (mainly-) molecular scattering channel

|

Pure Particulate
(Mie) Parallel
ATB

Pure Molecular
Rayleigh Parallel
ATB

Pure Particulate
(Mie)
Perpendicular
ATB

After spectral/polarization cross-talk correction and calibration
1. Perpendicular particulate channel (cross-polar Mie)

2. Parallel particulate scattering channel (co-polar Mie)
3. Molecular scattering channel (Rayleigh)

32
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ATLID: Level-1 data %*A esa

€ 10”
] | —
< ‘ '
] (V5]
5 E o e 107
uropean b E
— !
g 7y aerosol‘ w . ’ﬁ,, L
I Gl | i"l'tlunn 1n f i ”I il Rl
. ‘ s- \G RNl IM &ka h.im:i il &H M"‘I\ WWM‘,MHW 10_7

Latitude (°N)
* High spectral resolution lidar (HSRL) separately measures backscatter of particles (clouds & aerosols)

and air (Rayleigh scattering)

« Can unambiguously calculate the important profile of extinction coefficient from how much the air
backscatter is attenuated .
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Aerosols modelled with NASA’s Goddard Earth Observing System
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GEOS run from August 1 to September 14, 2024

Credits: NASA Global Modeling Assimilation Office (GMAO) and NASA Scientific Visualization Studio (SVS)
https://svs.gsfc.nasa.gov/5572/; DOI: 10.5281/zenodo.16782523



https://svs.gsfc.nasa.gov/5572/
https://zenodo.org/records/16782523

®arthcat® 1 1 O
100
90

Lidar ratio, sr
3

40 -

30 -

. Aged boreal J

20 biomass burning =

10 Marine _

0 [ A A A A l A A A L l A A A A l L A A A l A A L A l A A A L l L A A A l A L A A |
0 5 10 15 20 25 30 35 40

Particle linear depolarization ratio, %

Aerosol classification from measurements of lidar ratio and particle linear depolarization ratio at 355 nm.

Ground-based observations were performed with the Raman-polarization lidars (POLIS) (University of Munich, dots) and Polly XT (Leibniz Institute for Tropospheric

Research, open squares) at Cape Verde (dust, marine, dust and smoke, dusty mixtures; dots; Grof} et al. 2011); Leipzig, Germany (pollution, aged boreal biomassburning
aerosol, dusty mixtures; open squares); Munich, Germany (volcanic ash; dots; Grof3 et al. 2012); in the Amazon basin (smoke; open squares; Baars et al. 2012); and over

the North Atlantic (dust, dust and smoke; open squares; Kanitz et al. 2013). Source: Figure 8, lllingworth et al, 2015 35
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https://doi.org/10.1175/BAMS-D-12-00227.1

ATLID: A-PRO cloud and aerosol process

®arthcat®

simulated/modelled scene

Longitude [°E]

309.91 302.84 298.60 295.56 293.13 291.03
| 20.00 r T r T 0.1
p —y 17.501 (a) All particulate species (model) 102
AFM |~ - e 15.00
Pestare Mok R g 12.50 103
S i = 10.00
A A-ICE ATC A-EBD =] 104
. — o | e 2 07.50f
1 T I 0250 i .
YT 10
Latitude [*N]
Longitude [°E]
20 %%9.91 302.84 298.60 295.56 293.13 291.03 10
17501 (b) Weaky absorbing fine-mode particles (model) "
y 10
P 15.00 |
Missing data -
Out of parameter space g 12301 10°
Stratospheric smoke £ 10.001 .
Stratospheric sulfate 2 07.50| v TR— 10°
Stratospheric ash 05.00 ' ,
Stratospheric ice 02,50 10
Nitric acid trihydrate 7l _‘ & \
Supercooled ternary solution %59 59.61 50.15 40.60 31.00 2136 0
Dusty aerosol mix Latitude [°N]
Dusty smoke Longitude [°E]
Srnal_ce i 2038091 302.84 298.60 295.56 293.13 29103,
Continental pollution ' ‘ ' ‘ '
Marine aerosol 17501 (c) Spherical coarse-mode particles (model) i T
Dust 15.00 | s
lee cloud T
£ 1250 105
Supercooled cloud =
(Warm) Liquid cloud g 10000 R 100
Clear 2 07501 TR .
Attenuated 05.00f 107
T —
Surface or sub-surface 02.50 i)
00.00 i sihag i A ?ﬁr‘v " ¥ 108
68.89 59.61 50.15 40.60 31.00 21.36
Latitude [°N]

Extinction [m~"] Extinction [m~']

Extinction [m~']

Height [km]

Height [km)

Height [km]

-56.50 -60.25

Longitude [°E]

-63.02 -68.83

(d) Lidar ratio (retrieval)

o
it
wv
45.39
Latitude [°N]
Longitude [“E]
-50.74 -56.50 -60.25 -63.02 -65.24 -67.14 -68.83
20.00 - - T r T 1.0
17. . . . . . -
50 (e) Particle linear depolarization ratio (retrieval) 0.8
15.00 ) 8o
s
0635
©
Rl
3
0.4 °
Q
[
02°
45.39
Latitude [°N]
Longitude [°E]
-50.74 -56.50 -60.25 -63.02 -65.24 -67.14 -68.83
20.00 T T T T ¥ Missing data
17.50 (SJlut‘of p:rar_neter skpace
501 . . N ratosphetic smoke
(f) Target classification (retrieval) Stratospheric sulfate
15.00 | Stratospheric ash
. Stratosphericice
Nitric acid trihydrate
12.50 | Supercooled ternary solution
Dusty aerosol mix
10.00 | Dusty smoke

07.50
05.00
02,50

00.00 s
68.26

60.76 53.12

Smoke
i Continental pollution
Maritne aerosol

us
L Ice cloud
Supercooled cloud
(Warm) Liquid cloud
Clear

Attenuated
Surface or sub-surface

37.63

45,39
Latitude [°N]

A-TC (target classification algorithm), description in: Donovan et al, 2024, Wandinger et al., 2023 and Irbah et al., 2023
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https://doi.org/10.5194/amt-17-5301-2024
https://doi.org/10.5194/amt-16-2485-2023
https://doi.org/10.5194/amt-16-2795-2023

ATLID: smoke from wildfires into UTLS #%4 esa

o https://earth.esa.int/eogateway/success-story/earthcare-sees-canadian-wildfire-smoke-spreading-over-the-northern-hemisphere

2025 was second only to 2023 in the intensity of the Canadian wildfires, and just ahead of 2024.

Injection of dense smoke plumes into the upper atmosphere.
6 June 2025 — Europe

Smoke

EarthCARE can tracked smoke layers over vast distances.

What's the impact on long-term climate, ozone, TR

cloud formation and radiative forcing?

1 June 2025 — Canada &

Smoke

Tropopause

s 10° 10"
= S i - o Extinction coefficient [m-1]

Brighlness temperature at 10.8 pm [K]
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Towards scientific exploitation %A Eesa

#< https://earth.esa.int/eogateway/missions/earthcare

EAFthCARE- L. ., EarthCARE DATA
~ INSTRUMENTS =~ '/
- " Discover how to access EarthCARE data.

] ;’itﬂems used in EarthCARE jy
m?jﬁn E el s
b o E G I

| EXPLORE INSTRUMENTS | ¥= % @ ACCESS MISSION DATA |

EarthCARE Product Data Handbook:
| https://earthcarehandbook.earth.esa.int/

https://www.earthcarescience.net/home

«€——— Assimilation window ———>

_—

Radiative closure Model evaluation Data assimilation
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https://www.earthcarescience.net/home
https://earth.esa.int/eogateway/missions/earthcare
https://earthcarehandbook.earth.esa.int/

@artheat®

EarthCARE retrieved total water content

. . . . — 15 - |
https://www.earthcarescience.net/science/radiative-closure E | i, | o 10°
2O A |‘* WVl e ' | Eto
https://www.ecmwf.int/en/about/media-centre/news/2025/earthcaré- ° [ ";f‘“ aliSa gl T
. . . e L e | Ll S %) " st i
instruments-working-together-evaluate-atmospheric-models —— 30 20 0 10°
EarthCARE calculated solar heating rate - e ‘
= 15 :- ‘. | N » ] 10
=< 10 | 0‘"\' : I “ = )
= / It 4 -y NP I | \ ‘J | 8 °
=) (" * i ol IRY . . <
N\ Solar radiation infrared radiation 5 ' al o ﬂ’!i ' L Vit { i Mo L e |
EarthCARE calculated thermal-infrared heating rate B
A15!—[_'__"' AT Ty I o I T W I'A- I i3
T g 5k o '{"n ‘y{ N !i‘.a-%k» '.f..:ff.s., tom ALY o > .
0 “ e ol h‘& Pl e e T e L8 hie? | "i'i: I ‘:"_"‘““"‘;1
60 50 40 30 20 10
r— 1000 Upwarril solar radiation : : ‘ : : :
Trapped Trapped E
Absorbed infrared radiation infrared radiation % 500 |- |
« EarthCARE continually compares computed = . ! |
ﬂuxes from ACM'RT tO measurements by the Upwarcli thermal-infrared radiation : :
broadband radiometer (processed by BMA-FLX) e 2L ' -
e : : : S 200 - a
- If they agree, it gives us confidence in the retrieved % | P~ |
cloud properties; if they disagree then we have R 7 , Computed from retrievals | | [ |
something to improve in our algorithms or 60 50 40 e Ny 10 o
something to learn about the atmosphere! 39
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- - Peter Hill,
Model eval: CAMS aerosols extinction oo @ @SA

David Donovan

®arthcat® - ATL-EBD particle_extinction_coefficient_355nm_low_resolution; aerosol only
https://www.earthcarescience.net/science/model-evaluation - ATLID A-EBD | . i il
EIS- s
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Have never before been able to evaluate aerosol profiles
globally with such resolution & accuracy, nor above clouds!
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- - Peter Hill,
Model eval: CAMS aerosols in India oo @ @SA

David Donovan

®arthcat®

EarthCARE natural colour image (M-RGR) 08 Apr 2025, 08:58-09:11 UTC

v E

Unprecedented quantitative, global
evaluation of aerosol profiles in
CAMS air-quality forecasts!

45 CAMS 355-nm optical depth 08 Apr 2025, 09 UTC

Height (km)

0
T 8
<
Z £ 8
2 2 4
8 T
2 2
= \ .
— 0 ~
45 40 35 30 25 20 15 10 B 0 -5
Latitude (°N)
Aerosol 355-nm optical depth _ -
25 ! I — I N1 CAMS underestimates high [
EarthCARE < . . .
2H O AERONET 2 optical depth in south-west India |-
CAMS z
15 - A ‘z -

Optical depth

o

55 60 65 70 75 30 35 90 95 915 ) 20 35 Good agreement between g
Longitude (°E) EarthCARE and AERONET 41

o llc= N 1= oI D " = he Bl 5K im s= E1 == == %] > THE EUROPEAN SPACE AGENCY




Improving ice/snow fall speed in ECMWF model esa

arthcat®

y EarthCARE ., 35 Rebecca Murray-Watson, Mark Fielding,
CPR mean fall speed . EarthCARE 7T Mean 0°C level 20 Richard Forbes
Z10 2.0
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Data assimilation and NWP impact e, @oesa

https://www.ecmwi.int/en/newsletter/183/earth-system-science/earthcare-data-begin-make-impact ~|mpact on 5-day forecast skill
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Shannon Mason @ esa

®arthcat®

CPR-FMR attenuated reflectivity factor frame 06293G

https://earth.esa.int/eogateway/success-story/earthcare-reveals-how-

atmospheric-ripples-boost-cloud-formation-over-antarctica =10 Wi
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Polar Stratospheric Clouds

®arthea® 13 Jan 2025, 23:25-23:36 UTC 03579B-C  452°N

winter polar vortex

Type II PSC
Type IPSC

ol m.m e,

\TL D co-polar channel

Co-polar backscatter [m-1 sr-1]

23:27 23:28 23:29 23:30 2331 23:32 23:33
13 Jan 2025

69.8°N 756°N
174°E 80°E

Cross-polar backscatter [m-1 sr-1]

23:26 23:27 23:28 23:29 23:30 23:31 23:32 23:33 5 23:35 23:36 (UTC)
13 Jan 2025

Polar Stratospheric Clouds (PSCs) over the Arctic (and Antarctica)

Form inside the polar vortex, at heights of ~20-30 km

PSC Type I: supercooled nitric acid (and sulfuric acid) and water (T < -78°C)
T Contribute to polar ozone depletion (see Tritscher et al., 2021)
MWM e o olialhpiadi ARl ‘ '* PSC Type ll: ice crystals (nacreous clouds) (T ~< -83 to -85 °C)

& ?/WWWWMQ bSCs over Kiruna, 19 Jan 2025 Mountain leewaves (gravity waves) can form lenticular PSCs
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eye of a hurricane
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Klyuchevskaya Sopka (Kamchatka)
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\ In a nutshell: ,54464 €esa

®arthcat®

EarthCARE explores the scientific basis of the interactions between cloud, aerosol, and radiation, and will
improve satellite algorithms, numerical weather predictions, and climate model projections, with new features
such as synergetic observations by four sensors

EarthCARE hosts two unique remote sensing instruments, CPR (Doppler Radar) and ATLID (High Spectral Resolution
Lidar)

The EarthCARE satellite was successfully launched on 28 May 2024
Level 1 products were released to the public on 14th January 2025
Level 2 single-sensor products and 2-sensor synergy products were released on 17th March 2025

3-sensor and 4-sensor synergy products are scheduled to be released in December 2025

Validation results show very promising early product quality and offering significant scientific opportunities.
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Nickname "HAKURYU" ("White Dragon") proposed by JAXA:

"The nickname embodies the distinctive appearance of the EarthCARE satellite. In
Japan, dragons are revered as divine creatures governing water, aligning with the
EarthCARE mission of elucidating the radiation balance mechanism of the Earth’s
atmosphere through the interaction of water and ice cloud formations with
aerosols.

Among dragons, HAKURYU is believed to fly faster than others, resonating with
the image of satellites orbiting the Earth at high speeds.

Furthermore, in the Five Elements philosophy, white represents the west,
symbolizing good cooperation with Europe, located in the western direction from
Japan."
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Evolving ERF(arit+aci) uncertainties Eesa

®arthcat®
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climate change

Climate Change 2021
EarthCARE The Physical Science Basis
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Figure 2.1: Global annual mean radiativeforcing at the top afatmasphere corresponding to Figure 7.6 | Change in effective radiative forcing (ERF) from 1750 to 2019 by contributing forcing agents (carbon dioxide, other well-mixed greenhouse
changes ﬁ'Om 1750 to 2000 fOllOang IPCC (2001) Iogether with some more recent gases (WMGHGs), ozone, stratospheric water vapour, surface albedo, contrails and aviation-induced cirrus, aerosols, anthropogenic total, and solar).
; e ~ i Aerosol :
The height of a bar indicates a best estimate of the forcing, and the Aok . snddi ; ; :
accompanying vertical line a ey range of values. Where no bar is present indirect assessments of aerosol direct and indirect effects (modelling and satellite xl.udzes). The IPCC
e b L C R U S el effect values show smaller direct forcings than recently derived by Bellouin et al. (up to
-2 3 . . . . . s .
: -1.9 Wm’, see text). Note that although direct radiative forcing is fairly well known, indirect
LEVEL OF SCIENTIFIC Hinh  Madkun' Madhiin 1 / Very Very Very Very 3 3 Y
UNDERSTANDING ) " - 0 low low low low Jforcing of aerosols is extremely uncertain. (A: Takemura et al., 2002, B: Kaufman et al.,
2003, C: Takemura, 2003a, D: Takemura, 2003b, E: Nakajima et al., 2001, F: Sekiguchi et
P al., 2003) Estimates of the SW, LWS and NET cloud feedbacks are much larger than the other
Figure 2-2: The influence of external factors on climate can be broadly compared using the concept of E) WGI TAR SPM, WGI TAR values in the graph..
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Aerosols, climate change and air quality Eesa

FAQ 6.2: Limiting climate change and improving air quality?

CLIMATE SYSTEM CHANGES
Climate change and air quality are so intimately linked that addressing one issue can affect the other one.

9 Q ‘ a climate feedback
Current actions to Current actions to

temperature  precipitation weather patterns cryosphere
.. . . . . Warming compounds
limit climate change improve air quality

Cooling compounds

RADIATIVE FORCING
No direct climate effect

@ @ 6

absorption scattering  albedo changes

- ~
-~ - \\ | ATMOSPHERIC COMPOSITION
Cd &
Nitrous Carbon s \
oxide M(eé';'_f';e monoxide R Nitrate \‘ -~
(N,0) ) w0 (e0) ’ \ .
Carbon Halogenated ««“ Nitrogen Volatile ﬁﬁmk e 1 atmospheric chemistry and physics
dioxide compounds oxides organic #Carbon carbon Sulphate e
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/ / AIR POLLUTION
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7 ,, [ AN \ V i EMISSIONS FROM NATURAL SYSTEMS
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Figure 6.1 | Sources and processes leading to atmospheric short-lived climate forcer (SLCF) burden and their interactions with the climate system.
FAQ 6.2 | What Are the Links Between Limiting Climate Change and Improving
Air Quality?

[.]

[ Climate benefit ] [ Crop benefits ] [ Health benefits } There are, however, also ‘win-lose’ actions. For example, wood burning is defined as carbon neutral because

a tree accumulates the same amount of carbon dioxide throughout its lifetime as is released when wood from
that tree is burned. However, burning wood can also result in significant emissions of air pollutants, including
carbon monoxide, nitrogen oxides, volatile organic compounds, and particulate matter, that locally or regionall

FAQ 6.2, Figure 1 | Links between actions aiming to limit climate change and actions to improve air quality. Greenhouse gases (GHGs) and aerosols Air quality and climate change represent two sides of the same coin, and addressing both issues together could
(orange and blue) can affect dimate directly. Air pollutants (bottom) can affect human health, ecosystems and climate. All these compounds have common sources

lead to significant synergies and economic benefits while avoiding policy actions that mitigate one of the two
and sometimes interact with each other in the atmosphere which makes it impossible to consider them separately (dotted grey arrows). issues but worsen the other.
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Airborne validation campaigns 354#,4 esa
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Legacy, Future and Internat’l Collaborationj%g{/l @esa
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