Studies the influence of
galactic cosmic rays on aerosols and clouds,
and their implications for climate
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« Background: Earth’s climate, cosmic rays, aerosols and clouds
« CLOUD Experiment: Concept, methods, results

 Visitto CLOUD
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Earth’s climate
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EopmD Global surface temperature
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‘s=) Climate radiative forcings in Industrial Age

Emitted Resulting atmospheric Radiative forcing by emissions and drivers
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Radiative forcing relative to 1750 (W m2)

Anthropogenic aerosol
forcings are poorly
understood.

Natural part is very small.

Is there a missing natural
forcing?

Is that from varying cosmic
ray flux, modulated by sun?

A + B > The CLOUD experiment




‘as=)  Link between Cosmic rays and Climate ?

L

* Numerous correlations suggest GCR-climate connection.
« But no established mechanism to explain this.

Eichler et al. GRL 36 (2009)
Several recent . 1 T T T T T T ]
observations,  © 5 solar/GCR (rhs): "°Be
e.g. by ~ - 4
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EopmD Cosmic rays

High energy particles from outer space

« Mostly protons; ~90%

« Helium nuclei (alpha particles); ~9%

« Others: Electrons, heavy nuclei; 1%

Earth atmosphere protects from the cosmic rays

« Lacking protection against cosmic rays is a major problem for
long space travels.

Top of the atmosphere . .
Proton collides with an

| atmosphere molecule.
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(sm) Solar > Cosmic ray > Climate mechanism?

‘l
solar * modulation
variabilty 27/ et
) cosmic

N . solar
(@pparentlink)  jnsolation  albedo rays

" ~

climate cloud cover
variability _ ____ﬁ_ﬁ_!gnlsatlon in troposphere

« Higher solar activity — reduced GCRs — reduced cloud cover — warmer
climate

» Satellite observations not yet settled:
Significant GCR-cloud correlations reported by some (Svensmark, Laken...)
and weak or excluded by others (Kristjansson, Wolfendale...)
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scattering and unperturbed cloud 1.increased cloud 2. increased cloud lifetime
absorption of albedo {drizzle suppression)
solar radiation
N R _
v
“direct effect” “indirect effect”

(more cloud droplets)

cloud droplet

(~10-20 pm) «  All cloud droplets form on aerosol “seeds” known as cloud condensation
nuclei - CCN
* Cloud properties are sensitive to number of droplets
X \r“:, «  More aerosols/CCN:

_ ¥ — Brighter clouds, with longer lifetimes

T *  Sources of atmospheric aerosols:
— Primary (dust, sea salt, fires)

C"’ﬂ“i‘:’-‘u;dfégﬁ;ﬂ" — Secondary (gas-to-particle conversion)

~100 nirm)

See youtube: “No particles no fog” https://www.youtube.com/watch?v=EneDwuOHrVg
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https://www.youtube.com/watch?v=EneDwu0HrVg

EopmD What is an aerosol? &)

Definition: Suspension of small (liquid or solid) particles in a gas

Diesel soot: ca. 0.1 um Ammonium sulfate: ca. 0.1 um




EopmD Primary Aerosol Sources D

Mineral dust Volcano » Sulfates,
dust

s
Biomass burning
IS LAy L
> Qrganics.__ .

Traffic emissions » Soot Industrial Emissions
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Caan Secondary aerosol production: @y
cloud Gas-to-particle conversion i
0.3 nm 1nm 100 nm >10 um
gaIaCt_'C cluster critical ’
) cosmic ion cluster
Solar Wlnd/ H.0 H.0 H.0
modulates rays stO; HSO, ™ = Bl .
- H,SO
NO, H,SO, H,S0O, 200Uy cloud er?;;}?et
//’ aerosol condensation
0, neutral critical particle, nucleus, CCN
/- H,0 cluster cluster CN
0= )
ion pairs \ HEW/
Ng*\
H5O*
» Trace condensable vapour - CN — CCN critical cluster

 But contributing vapours and nucleation rates poorly
known
* H2S04 is thought to be the primary condensable

nucleation
barrier

oS
bl

-
5
vapgur in atmosphe_re (sub ppt) | | g0 %
* lon-induced nucleation pathway is energetically = Pongy, <
favoured but limited by the ion production rate and G Sous 2
. e . <1 \H*Qfﬂh? =
ion lifetime 2
- Candidate mechanism for solar-climate variability charged dluster
This secondary aerosol formation is 0 No. Hp804 molecules

the key object of study in CLOUD
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EopmD Primary vs. secondary aerosols

Origin of global cloud condensation nuclei, CCN, 500-1000 m above ground level

Primary production Secondary production - nucleation
(dust, sea-spray, biomass burning) (gas-to-particle conversion)
B: CCN(0.2 %) contribution from Primaries A: CCN(0.2%) contribution from nucleation

B i

LR CEELER R R )

0 25 50 75 100 % 0 25 50 75 100 %

Merikanto et al., ACP, 2009

About 50% of all cloud drops are
formed on secondary aerosols

Secondary aerosol formation — nucleation
IS poorly understood and
Is the key object of study in CLOUD

CLOUD - A.Onnela 13




Colomp CLOUD experiment concept &)

1. Fill chamber with
clean air
+ water vapour \

2. Set temperature

and pressure —>
Chamber

Controlled experimental

‘sample’ of Earth’
3. Add trace gases, sample’ of Earth’s

atmosphere
condensable species _——
In atmospheric, extremely low
concentrations
~1 molecule in 1012 air molecules 7\ N\

4. Expose to ionizing beam,
and possibly to UV-light

CLOUD - A.Onnela

7. Carefully flush the
chamber and clean
the chamber walls
between experiments

6. Repeat
experiment (typically
some hours),
possibly with varying
parameters

5. Observe

« Particle growth size distribution

« Electrical charge distribution
* Cloud droplet/ice particle concentrations,
. etc.

14



(b CLOUD @

Unique capabilities:
« temperature stability: <0.1°C
« temperature range: -90°C to +30°C; cleaning at +100°C

« surface cleanliness: <10 pptv”) organics contamination,
stainless steel (and gold), no teflon, no O-rings

 ultrapure gas supplies
« UV system: negligible heat load by use of fibre optics.
 field cage 30 kV/m

Highly advanced aerosol chamber already as such!

*) pptv = part per trillion, 1 / 1012

CLOUD - A.Onnela 15



Colomp CLOUD

air return duct <€— thermal housing

(chamber exhaust & pressure control )

(ﬁbre—oplic uv Mtem)_@ \ clearing field HV-
(_ Pt100 system ) ] e ank A4 4 Analysing instruments:
- = - - - -

- -
field cage electrode aerosols:
CPCb, DEG-CPC, PSM, rDMA, SMPS
— I H
I —{lons/charged aerosols: NAIS, Gerdien )
35 GeVic et 3m CLOUD mass spectrometers: ]
-2 LeVie . | chamber [ CIMS, PTR-MS, PTR-TOF, APi-TOF
| k sampling _(gases: O3, 502, LOPAP )
— I prabes
—{ conditions: dewpoint, T, P
beam hodoscope 4 field cage electrode PO J
- - - - - - -

) ) mixer fan
heat circulation hh == clearing field HV-
exchanger XX
{ UV sensor)

thermo-

regulator MH3
S02
o I
dewar
_ (_humidifier )
evaporator

lig.O2
dewar

de-ionised water l ﬁurlﬁer
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- PS East Hall

T11 beam area
(3.5 GeVl/c)

Proton Synchrotron (PS) accelerator,
first operation in 1959
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CLOUD in CERN PS-T11 beam

W
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EopmD CLOUD Aerosol chamber

« 27 M3
* Pressure: Atmospheric £ 0.3 bar
* Only metallic seals

* Electropolished inner surfaces

CLOUD - A.Onnela
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Ultra-pure air

Oxygen analyser
creating an interlock signal

Exhaust

YV “05 XMFC 1106
Sampling

% ]ms / XANA 9118
N, <5 %V /

‘ YVI205  XMFC 1206

YV 1208 XMFC 1209

CLOUD - A.Onnela
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Exhaust YVUOS XMFC 1109 >
~
=
S““Pl“‘g Aerosol
@D INE0 L Filter
. _—
O, % m:[ 0.01um
2
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o Gas system

CLD-09 Distribution | o

1/10/2009, S Haider |
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HV field cage
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Mixing fan
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EopmD Thermal system

Temperature Temperature reading
sensor in return air flow,

Air flow in insulated duct

Insulation
housing
Air flow
between
insulation Air Air / liquid

and chamber circulation HEX
wall \/

Air flow in insulated duct

4| Liquid

suppl
@ Setting of fan speed & rgtz?/n
.‘ pipes
N Setting of temperature set point -

Control 1 Thermal
room liquid
supply unit
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Cp=) CLOUD with the measurement instruments

CLOUD - A.Onnela
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55%6‘%3 Aerosols from gas-to-particle conversion / Cosmic rays

0.3 nm 1nm 100 nm >10 pm
gaIaCt_'C cluster critical
cosmic ion cluster
rays H,SO, HSO4_ H,O H,O H,O
H,SO
NO, H,SO, H,SO, 2SO, cloud chc:]Lécliet
aerosol condensation
0, neutral critical partlcle nucleus CCN
/v H,0 c uster cluster
ion pairs @ . Q
\.
PS Beam, -tof-
Hodoscone NAIS_, API-tof-MS, CIMS DewPoint CPC, SMPS, CCNC,
P Gerdien PTRMS Sna
pper, AMS HTDMA
(VOC)
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Further results available in:
Role of sulphuric acid, ammonia and
galactic cosmic rays in atmospheric
aerosol nucleation,
nature, 24 August 2011,
doi:10.1038/nature10343
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Example of a typical measurement “run”
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LETTER

Results from CLOUD

First major publication
5 years after CLOUD
approved in CERN
programme,

2 years after first run

25 AUGUST VOL 476 | NATURE | 429

doi:10.1038/nature10343

Role of sulphuric acid, ammonia and galactic cosmic
rays in atmospheric aerosol nucleation

JTasper Kirkby', Joachim Curtius?,

Jodo Almeida®?,

Eimear Dunne®, Jonathan Duplissy"**, Sebastian Ehrhart?,

Alessandro Franchin®, Stéphanie Gagné™®, Luisa Ickes®, Andreas Kiirten®, Agnieszka Kupc’, Axel Metzger®,

Francesco Riccobono”, Linda Rondo”, Siegfried Schobesberger’, Georgios Tsagkogeorgas

' Daniela Wimmer”, Antonio Amorim®,

Federico Bianchi”!'!, Martin Breitenlechner®, André David', Josef Dommen”, Andrew Downard'?, Mikael Ehn®,
Richard C. Fl:lg:mu Stefan Haider! ,Arrrun Hansel®, Daniel Hauser®, Werner Jud®, Heikki Junninen®, Fabian Kreissl®,

Alexander Kvashin", Ari Laaksonen'

, Katrianne Lehtipalo®, Jorge L1ma Edward R. Lovejoy', \’ladmur Mal\hmutm

Serge Mathot', Jyri Mikkild®, Pierre Mmgmette Sandra Mogo®, Tuomo Nieminen®, Antti Onnela', Paulo Pereira®, TU'LIM\:I Petija’,
Ralf Schmtzhofer John H. Semfeld“ Mikko S1p1.1:1’ ® Yuri Stozh.l\m“ Frank Stratmarml”, Antonio Tomé®, Joonas '\:m.h:lnen ,

Yrijo Viisanen'® . Amn v rt:ll:l Paul E. W, :lgner
Kenneth S. Carslaw”

CLOUD institutes:

I—hmuell Walther®,

CLOUD now “in production”. Examples of the produced results:

J. Almeida et al., Molecular understanding of amine-sulphuric acid particle
nucleation in the atmosphere, Nature, 2013

H. Keskinen et al., Evolution of particle composition in CLOUD nucleation
experiments, Atmospheric Chemistry and Physics, 2013

S. Schobesberger et al., Molecular understanding of atmospheric particle
formation from sulfuric acid and large oxidized organic molecules, PNAS, 2013
F. Riccobono et al., Oxidation Products of Biogenic Emissions Contribute to
Nucleation of Atmospheric Particles, Science, 2014

F. Bianchi et al., Insight into acid-base nucleation experiments by comparison of
the chemical composition of positive, negative and neutral clusters, PNAS, 2014
J. Kirkby et al., lon-induced nucleation of pure biogenic particles, Nature, 2016
J. Trostl et al., The role of low-volatility organic compounds in initial particle
growth in the atmosphere, Nature, 2016

E. Dunne et al., Global particle formation from CERN CLOUD measurements,
Science, 2016
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Germany:

Portugal:

Russia:
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United Kingdom:

United States of America:

Ernest W emg:lrmer
, Douglas R. Worsnop™", Urs Baltensperger” & Markku Kulmala®

Heike Wex'", Paul M. Winkler’,

University of Innsbruck

University of Vienna

Finnish Meteorological Institute

Helsinki Institute of Physics

University of Eastern Finland

University of Helsinki

Johann Wolfgang Goethe University Frankfurt
Karlsruhe Institute of Technology

Leibniz Institute for Tropospheric Research
University of Beira Interior

University of Lisbon

Lebedev Physical Institute

CERN

Paul Scherrer Institut

University of Manchester

University of Leeds

California Institute of Technology
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Recreating of boreal forest conditions,
to understand the observed aerosol
particle nucleation and growth.

Hyytiala, Finland

31
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Further information on the CLOUD experiment:
https:llhome.rnlabout/experimentslcloud
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Thank you for your attention!
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Back-up slides
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History of CO,

Atmospheric CO, (ppm)

400 . 400
. GLOBALVIEW-CO; (1979-2012); http//www.esrl.noaa.gov/gmd/ccgg/globalview/
Jan 2012: 393 ppm A/V Keeling data (1958-1979): Scripps CO; program; http:/scrippsco2.ucsd.edu/
#  Law dome ice core: Etheridge et al., JGR 101 (1996), MacFarling Meure et al., GRL 33 (2006)
~@- Siple ice core: Neftel et al., Nature 315 (1985)
n/V Vostok ice core: Petit et al., Nature 399 (1999)
n/V EPICA Dome C ice core: Siegenthaler et al., Science 310 (2005), Lithi et al., Nature 453 (2008)
3 50 yBCE = years before common era; kyBCE = thousands of years before common era 350
Contact: andy.jacobson@noaa.gov
@
Jan 1979: 336 ppm
300 l 300
fhe &) N
Preindustrial: about 278 ppm ‘11 1 I’" !
l 1 ! gl Ny
" Y | 1 R '1
250 - -1 it L1t i 250
U *l 1 i t f
) : [ Y o f ¢
I { ;‘v I ‘ f Iin 11.‘ " I\
[ I _" ~: | ” 1 N g | :
; & ! i l' l } ' ! fne
200 . - i 3 / 200
; \:1'." [ 1 -- ¥ lf N
o . ‘ ! |
Ice ages: about 185 ppm
800 kyBCE 600 kyBCE 400 kyBCE 200 kyBCE 2012
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+100%

+50%
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