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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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Heliosphere, Cosmic Rays and Solar Activity
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the atmosphere

Ionizes the atmosphere

Produces new isotopes,
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How can STARS influence Climate?

Net effect of clouds is to cool the Earth by about 30 W/m2



Svensmark & Friis-Christensen, JASTP 1997, Svensmark, PRL  1998, Marsh & Svensmark, PRL, 2000. (update 2005)

Link between Low Cloud Cover and Galactic Cosmic Rays?
Solar cycle variation
ISCCP IR Low cloud data 

Calibration?
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Empirical evidence for a relation between cosmic rays and climate

If the link is between cosmic rays and clouds, 
what would the mechanism be?



Precurser to clouds: Aerosols

1-2 nm stable aerosols CCN   > 50 nm

CLOUD

Cosmic Ray Ionization

Growth



Aerosols and microphysics of clouds
Satellite observations of ship tracks

Visible: 0.9 mm



Experimental challenges

1-2 nm stable aerosols

2004 - 2007

0                    10      20   30  40  50 60
q (cm-3 s-1)

H2SO4  concentration ~ 2*108 (cm-3)

O3 ~ 25 ppb
SO2 ~ 300 ppt
RH  ~ 35%

Svensmark et al. Proc. R. Soc. A (2007) 463, 385–396

+ +- - ?



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.

CCN



RESULTS FROM GEO-CHEM-TOMAS Global 
Circulation Model

(No ion-effects on growth)

Solar cycle response
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Modeling says NO
to an effect of ions on CCN



Is the theory dead again?





Coronal Mass Ejections
Natural experiments for testing the GCR-atmosphere link



AERONET, SSM/I, MODIS and ISCCP data for 
5 strongest Forbush decreases

Aerosols Clouds
Liquid water Liquid cloud fraction Low Clouds

Svensmark, Bondo, Svensmark, Geo. Phys. Lett., 2009
Svensmark, Enghoff, Shaviv, Svensmark, J. Geophys Res., 2016



Back to our experiments



Experimental and theoretical challenges

1-2 nm stable 
aerosols

CCN   > 50 nm

CLOUD

GROWTH ?
Mainly from H2SO4–H2O gas

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



The theoretical breakthrough 
2015-2017Cosmic Rays
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10% atm.
1%  exp.

~GRion/GR0 = G(n0, nion, m0, mion ,d) ~  70 nion
n0

Aerosol+

Ions

H2SO4-H2O ~ n0 ~ 106 molecules/cm3

Growth from neutral molecules

~ 103 ions/cm3

Growth from ions

Naively: 
GRion/GR0 ~ nion/ n0 ~ 10-3 ~ 0.1%

A few numbers

1. Coulomb forces
2. Mirror forces
3. Van der Waals forces
4. Viscous forces

Enhanced
interactions

Sulphuric acid-water  molecule



2 M. Boy and M. Kulmala: Nucleation events

Fig. 1. Aerosol number size distribution from the DMPS system at 2m height in Hyytiälä.

ment campaigns of the BIOFOR project (Biogenic Aerosol
Formation in the Boreal Forest), a two times higher value of
surface layer sensible heat flux took place on nucleation days
than on days without nucleation (BIOFOR 1 from 11 April
to 22 May in 1998, BIOFOR 2 from 17 July to 29 August
in 1998 and BIOFOR 3 from 11 March to 30 April in 1999,
Hyytiälä, Finland).

In 1999, seventy nucleation events were observed at the
boreal forest site in Hyytiälä. Table 1 gives a summary
of observed meteorological and physical parameters for all
event cases. The dry aerosol number size distribution is
shown as an example of a nucleation event for the 19th of
May (Fig. 1). The detectable 3 nm particle concentrations in-
creased by 1 to 3 orders of magnitude around 9 a.m. (Nucle-
ation event start) and later decreased to their original levels
by 3 p.m. (Nucleation event end). A new cluster needs time
to grow to 3 nm in size. This time varies under different at-
mospheric situations, but because we do not know the exact
growth time to 3 nm the start and the cut-off of the parti-
cle bursts will be used as nucleation start and nucleation end
throughout this paper. The purpose of this paper is to anal-
yse the meteorological and physical conditions necessary for
such bursts to take place and in particular our aim is to find a
general correlation that could be used to determine the prob-

ability of newly formed particles to occur.

2 Measurements

Data were collected at the Station for Measuring Forest
Ecosystem-Atmosphere Relations (SMEAR II) in Hyytiälä,
Finland. The station is located in Southern Finland (61�51’
N, 24�17’ E, 181m asl), within extended areas of Pine domi-
nated forests. For a detailed description of SMEAR II station
and instrumentation, we refer to Vesala et al. (1998). The
conditions at the site are typical for a background location,
however, occasionally measurements were polluted by the
station buildings (0.5 km) and the city of Tampere (60 km)
both located in a west-south-west direction from the instru-
ments.
Nucleation events have been classified into 3 groups

(Mäkelä et al., 2000). Class A events are categorised by high
amounts of 3 nm particles and continuous growth to larger
particle sizes (Fig. 1). Class B events show the same be-
haviour with less clarity and class C events are marginal nu-
cleation events where one of the two stages was not clearly
observed. This type of classification is quite subjective and
takes into account the uncertainties and limitations of the
instrumentation. Because of this there will always exist an

Atmos. Chem. Phys., 2, 1–16, 2002 www.atmos-chem-phys.org/acp/2/1/

Aerosol formation in a forest in Finland
2 M. Boy and M. Kulmala: Nucleation events

Fig. 1. Aerosol number size distribution from the DMPS system at 2m height in Hyytiälä.
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Experimental challenge
To measure changes in aerosol growth rate of < 1% 

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



Jasmin Tröstl et al. doi:10.1038/nature18271

nm/hour

WHY IT IS IMPORTANT IN THE ATMOSPHERE
Growth rates of aerosols are small => low H2SO4 concentrations

H2SO4 ~ 106 molecules/cm3



[H2SO4] ~ 106 molecules/cm3

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



Consequences

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

1. Consistent with Forbush decreases (days to weeks)

2. Consistent with Solar cycle impact on energy changes in the 
oceans ~ 1.5 W/m2  (11 years cycle) 

3. Consistent with climate changes over the Holocene 
(104years)

4. Consistent with climate change over geological times 5-10 oC
(106-108 years)



Cosmic ray, aerosol, cloud link



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 2oC 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 10oC occur as the Sun and Earth, travelling 
through the Galaxy, visit regions with more or fewer exploding stars.



Droplet formation Cloud

Cosmic ray ionization

Nucleation

Summery of Mechanism

Growth



Addition of ”neutral” aerosols

Svensmark, Enghoff, Pepke Pedersen, 2012

CCN

More particles compeating for the same gas, therefore slower
growth and larger losses, as also seen in model results.

TESTING THE GROWTH OF AEROSOLS EXPERIMENTALY



Addition of aerosols using ionization

Svensmark, Enghoff, Pepke Pedersen, 2012

CCN

Contradicts the model results



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 
past northward
shifts of the 
intertropical 
convergence zone3, 
whose northward 
migration stops near 
the southern shoreline 
of Arabia in the
present climate

U. Neff et al., Nature 411, 290 - 293 (2001)



Coronal Mass Ejections
Natural experiments for testing the GCR-atmosphere link



Carbon 13 and super nova activity

Svensmark, Mon. Not. R. Astron. Soc., 423, 1234-1253 (2012)

-500 -400 -300 -200 -100 0
Time [Myr]

0.0

0.5

1.0

1.5
SN

(t
)/

SN
(0

)

-2

0

2

4

6

8

δ13
C

   
[p

er
 m

ill
]



6 8 10 12 14 16 18 20
d [nm]

-4

-2

0

2

4

6

8

10

Δ
T 

[m
in

]

6 8 10 12 14 16 18 20
d [nm]

-4

-2

0

2

4

6

8

10

Δ
T 

[m
in

]

6 8 10 12 14 16 18 20
d [nm]

-4

-2

0

2

4

6

Δ
T 

[m
in

]

mean=       1.23743

a) b) c)

Even the details in the theory fits the experiment 



42

Cosmic rays and climate over the last 10.000 years
Bond et al, Science 294, 2001

Last 1000 years
Little Ice Age

• Little Ice Age is merely the most recent of a dozen such events during 
the last 10.000 years

Adapted from Kirkby

According to icecores
CO2 levels has been
constant ~280 ppm
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Aerosol and cloud response to changes in ionization


