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The connection between cosmic rays,
clouds and climate

1. Cosmic Rays and climate
— Empirical evidence
— Cosmic rays and clouds
— A serious problem for the theory

2. The final piece of the puzzle

— The microphysical mechanism, theoretically
and experimentally

— How relevant is cosmic rays for climate in the
real atmosphere?

3. Conclusion
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Cosmic Rays [%]

Heliosphere, Cosmic Rays and Solar Activity
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Cosmic rays in Incoming proton
20 km of 100 GeV
the atmosphere

lonizes the atmosphere

Produces new isotopes,
e.g. 14C, 26Al, 19Be

0 km I ICE




Temperatures over the last 1000 years
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How can STARS influence Climate?

INFRARED COMPOSITE FROM 21 MAR 0F AT 21:00 UTC (SSEC:UW-MADISON)

1 INFRARED COMFOSITE FROM 21 MAR B7 AT 21:00 UTC (SSEC:UW-MADISMHIDAS

Net effect of clouds is to cool the Earth by about 30 W/m?



Link between Low Cloud Cover and Galactic Cosmic Rays?

Solar cycle variation
ISCCP IR Low cloud data
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Sea Level Change
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Precurser to clouds: Aerosols

Cosmic Ray lonization

Growth
¢® oo %
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1-2 nm stable aerosols CCN >50 nm
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Experimental challenges
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1-2 nm stable aerosols
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So experimentally there is good evidence for the
generation of ultrafine aerosols by ions ~ 1-3 nm

* An important remaining question:

Will the small aerosols grow to Cloud
Condensation Nuclei (~¥ 50 nm) ?

Nucleation
If not no impact on clouds.



RESULTS FROM GEO-CHEM-TOMAS Global
Circulation Model
(No ion-effects on growth)

Solar cycle response
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Is the theory dead again?
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ONE TIME | SAID WEATHER IS HARDER THAN PARTICLE PHYSICS BUT REALLY WEATHER IS PARTICLE
+ PHYSICS v




.

S® 1%

. ¥ . ..r
p .V.‘
!
. i
5 S
v o J

N
- . ' .
0y o,

"

"

)
‘b ' "._

& ‘
-
»
. -
.
, :
LA "
. - »
»
-
d .
' :
i '\l
: 0
.

un

:

: .t _;
Sorry-for

-

-

L

:

| . o A5 g IR o TR
i ~ " y . " - 3 'l“
. ¥ : )/ e
. K ’ “ ‘
o o L : ! . :
. S > foumm Y,
L% .
N . : oy ¢ Y J -
.y
\/ "’ . 28 y L 2 4 S

1Spot t

“

O. ,‘
)

the trouble |

:




Coronal Mass Ejections

Natural experiments for testing the GCR-atmosphere link
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AERONET, SSM/I, MODIS and ISCCP data for
5 strongest Forbush decreases

Aerosols Clouds

Liquid water  Liquid cloud fraction = Low Clouds
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Back to our experiments




Experimental and theoretical challenges

\[

1\ We spent two years on a wrong theory
~\ Experiments ruled it out

S GROWTH ?
Mainly from H,SO,—H,0 gas
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- The theoretical breakthrough
Cosmic Rays 2015-2017

lons Aerosols
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A so far ignored effect



A few numbers

Growth from neutral molecules

H,SO,-H,0 ~ Ny ~ 10 molecules/cm3

‘ Sulphuric acid-water molecule

Growth from ions 1

lons ~ 10%ions/cm?3

Naively:
O - Aerosol GR../GR,~ n../ n,~ 102~ 0.1%
\ J
Y
1. Coulomb forces ~
2. Mirror forces Enhanced
3. Van der Waals forces > . .
4. Viscous forces D Interactions




Particle diameter [m]

Aerosol formation in a forest in Finland

Hyytiala 19-05-1999
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M. Boy, M. Kulmala, Atmos.Chem. Phys. 2 (2002) 1-16.



Experimental challenge
To measure changes in aerosol growth rate of < 1%
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Svensmark, Enghoff, Shaviv, and Svensmark, Nature Comm. 8:2199, 2017
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After 3100 Hours of measurements we get:
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Theory and experiments are consistent !

Svensmark, Enghoff, Shaviv, and Svensmark, Nature Comm. 8:2199, 2017



AT [min]

Even the details in the theory fits the experiment
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WHY IT IS IMPORTANT IN THE ATMOSPHERE
Growth rates of aerosols are small => low H2S04 concentrations

H2S04 ~ 10° molecules/cm?3
| nm/hour

- 1.0
o 0.5
L~ 0.2
L4 —0.1
5.0x107
2.0x10°

1.0x10?
5.0x10°

2.0x10°
1.0x10°
5.0x10*

2.0x10°

Jasmin Trostl et al. doi:10.1038/nature18271



Growth velocity relative to ion-free growth, in %
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Consequences

Experimental growth of aerosols to large sizes
under the influence of cosmic rays

Consistent with Forbush decreases (days to weeks)

Consistent with Solar cycle impact on energy changes in the
oceans ~ 1.5 W/m? (11 years cycle)

Consistent with climate changes over the Holocene
(10%years)

Consistent with climate change over geological times 5-10 °C
(10%-108 years)



Cosmic ray, aerosol, cloud link

Milky Way

Galactic cosmic rays , Solar wind modulation
' of cosmic rgys

Reflected Sun light
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Conclusion

Cosmic rays, high-energy particles raining down from exploded stars, knock electrons out of air molecules.
This produces ions, that is, positive and negative molecules in the atmosphere.

The ions help the formation clusters of mainly sulphuric acid and water molecules to form and become
stable against evaporation. This process is called nucleation and results in small clusters (aerosols). These
small aerosols need to grow nearly a million times in mass in order to have an effect on clouds.

The second role of ions is that they accelerate the growth of small aerosols into cloud
condensation nuclei — seeds on which liquid water droplets form to make clouds. The more
ions the more aerosols become cloud condensation nuclei.

IMPLICATIONS
When the Sun is lazy, magnetically speaking, there are more cosmic rays and more low clouds, and the
world is cooler.

When the Sun is active fewer cosmic rays reach the Earth and, with fewer low clouds, the world warms up.
The Sun became unusually active during the 20th Century and as a result part of the “global
warming” observed.

Cooling’s and warmings of around 2°C have occurred repeatedly over the past 10,000 years, as the Sun’s
activity and the cosmic ray influx have varied.

Over many millions of years, much larger variations of up to 10°C occur as the Sun and Earth, travelling
through the Galaxy, visit regions with more or fewer exploding stars.



Summery of Mechanism
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TESTING THE GROWTH OF AEROSOLS EXPERIMENTALY

Addition of ”"neutral” aerosols
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More particles compeating for the same gas, therefore slower
growth and larger losses, as also seen in model results.

Svensmark, Enghoff, Pepke Pedersen, 2012



Addition of aerosols using ionization
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Strong coherence between solar variability and the monsoon in Oman
between 9 and 6 kyr ago

The formation of
stalagmites in northern
Oman has recorded
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Coronal Mass Ejections

Natural experiments for testing the GCR-atmosphere link
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Carbon 13 and super nova activity
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AT [min]

Even the details in the theory fits the experiment

AT [min]

_4.. | - '

[ PEEPEET I BN ST T T R T T Vi G i T Vil s v s u I .ﬂ L Y [
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
d [nm] d [nm] d [nm]




Cosmic rays and climate over the last 10.000 years

Bond et al, Science 294, 2001
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Atmospheric Relevance

HADLEY CIRCULATION 1, ~1 3105 3
jgmuirlme of growth 5-7 days

Supernova
Remnant

40 South Equator 40 North




Aerosol and cloud response to changes 1n 10nization
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