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The Thames Below Westminster (1871)
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FIG. 1| (color). Global average of monthly cloud anomalies for
{a) high (=440 hPa), (b) middle (440—680 hPa), and (c) low
(=680 hPa) cloud cover (blue). To compute the monthly cloud
anomalies the annual cycle is removed by subtracting the cli-
matic monthly average (July 1983 —June 1994) from each month
on an equal area grid before averaging over the globe. The global
average of the annual cycle over this period for high, middle,
and low IR detected clouds is 13.5%, 19.9%, and 28.7%, respec-
tively. The cosmic rays (red) represent neutron counts observed
at Huancayo (cutoff rigidity 12.91 GeV) and normalized to
October 1965,
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 ‘Snowball Earth occurred only
when star-making peaked.
The Galaxy’s baby booms
intensified the cosmic rays.”

— “The Chilling Stars” by
Svensmark and Calder
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Annotated Roadmap to the Milky Way

(artist’s concept)

NASA / JPL-Caltech / R. Hurt [SSC-Caltech]) ssc2008-10b
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Thunderstorms create
charge separation.

Solar min (high cosmic-ray flux)

Positive charge flows through ionosphere (~80 km)
due to the higher conductivity of the upper
atmosphere compared to the lower atmosphere.

+ + = + +

NN

Cosmic rays create ions,

which allows current to +
flow through atmosphere, +
+
_ _ | Clouds have high resistance |
to current, charge builds up
on top and bottom of clouds.
+ + +
= T F T4

Current flows from ionosphere to surface in clear atmosphere.
Current depends on ion concentrations from cosmic rays.

Earth Surface

Solar max (low cosmic-ray flux)

Possibly more charge in ionosphere
due to slower current to surface?

+ + + +

+ + + + +

Fewer cosmic rays — fewer ions — = +
higher resistance to current flow.

Change in charge buildup at
< cloud edges should be
\ = modified (unclear if increase
or decrease)

+ +
- + +
+ :

Current flows from ionosphere to surface in clear atmosphere.
Current depends on ion concentrations from cosmic rays.

¥ y
- = - - httB://www.FeaIcIimate.o_rg/index.php/archives/2011
Earth Surface /09/cosmic-rays-and-clouds-potential-mechanisms/
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TravL

(EDEDFE)

~1nm

Freshly nucleated particle

Source: Sulfuric acid, organic,
ammonia and water molecules
in gas phase collide and stick
together as a particle. A gas-
phase ion may aid in this
process

Composition: Mostly sulfate,
organics and water. ~10s-100s
of individual molecules.

T
=

[t

>10 um

Cloud Condensation
Nuclei (CCN)

Sources: (1) Growth of freshly
nucleated particles by
condensation of sulfuric acid
and organic vapors. (2)
Primary emissions from
combustion, sea spray or dust.

Composition: Mostly sulfate,
organics and water if formed
from growth of nucleated
particles. Also includes soot,
sea salt and dust if formed from
primary emission. >100,000x
the mass of a freshly nucleated
particle.

Cloud droplet

Source: Fast condensation of
water vapor onto CCN when
atmospheric relative humidity
exceeds 100%.

Composition: >99.9% water.
>1,000,000x the mass of a
CCN.

http://www.realclimate.org/index.php/archives/2011
/09/cosmic-rays-and-clouds-potential-mechanisms/
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292 H. Svensmark et al.
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Figure 4. (a) N{d>3 nm) as a function of ion density, n., under steady state with environmental
conditions corresponding to SOs (155 p.p.t.), H20 (RH 35%) and H2S04 (2% 10% cm ™). The model
response for a range of nucleation rates, S (black solid, right-hand secale), together with 1 sigma

uncertainties (dotted) are also included. (b) The evolution of ion current (blue) and N(d>3 nm)
(red) over a 2 day steady-state experiment.



R, #h=#EE52010 EEOEDH AT —ZILHRALEATLD,

E”

Sunspot Mumber

llLlIl!IlIllIlJllJl

llllillllllllll

IlJIlIl]IlJIlIl]IlJ

Cosmic Ray (counts)

L
]
lﬂ_
L
(=}
o

28 :

1980 1985 1990 1995 2000 2005 ' 2010
Time(year)

M1 (a) KEBARAE, (b) KEEESEE () FHMT 7y 27 A, (d) LHCPIYEEE RO KB ZL.

P
oy}
|

1K 1 1 L1l I 111

IR Low Cloud (%)




« FHIERERD/NAA=7T
e SEP&EGLE
_j(B7J1_7I/7‘—Cﬁ&L

FHEHEINEHETEL

— Forbush Decrease

- hEkESOIRTES
A DVER AT F R D
WA I lab s

FHENKBIED, EILELH?



TH— 7‘J~/:L&I_JH‘—H #_é‘%ﬁ%/ztﬁ,%% = ﬁ%#_%é

Watts/m

Particlesfcm®sec sr

107° &
107 [

2001
100
= 0
-100

-200

120F
1105

&£ 100

90
80

I L L----E-----i-----‘i‘-- -i-- I I I I '-;-' L I T '-'--'ﬂ?-;-k-'r!'
WA JJJJ—J

. D .

"'é';'i'"éf:'rén's'éJﬁ".:!a'"41"p'rtéh;sl&'ﬁé&.élhéfs.;.'ﬂ.'n' N N

2
= 2440508

= — e i el L Rl Ll il

B) K= IRILF— :Iu%(lvlevﬁa%)
b Hn!w i

’Illh ' “rni Iﬂ"l*h’j'lh‘ .E
ﬂ 4_ﬂth_LiLw LLL__L_h hhd4hh4

e e B O
e T B R

i I- LE " i I | i i — A
j J'ﬂu Lﬂ:&Lw'_ummﬂiLyLﬂt'u'utmﬂiv' el oo peg .l g et

i| D) Forbush Decrease

i, A,

1 L} 1 =
B 5 EErr e WEEEY PRDRE CRERRT SRR

Coo . . . ' .

15 12 17 19 21 23 23

December 2006 (Universal Time)

11



=
N
_w/
N
jui
N
W”J
B+
S
10
D
2D
L
6
m
_I_
A
D
T
4o
N

Ot
il
[

0je
il
kv

Ol
~,

T7aviL

%) XYWITD

ISCCP

. pﬁ,%wﬂf

2 8 8
= {=] (=]

315

40 H| Mo

0.310

MODIS

o,
R

A@E@f 111111

=10 =5

SSMW/I

=15

105 0 5 10 15 20

(;w/Bx) omo

o A.rf.x ]
J._..l.'f 3
N
{5 N 3
z // \ E
m ./ — - — e
NS
o T 4
AN / 3
) m i o n o
o 1 o & - -

WUk F-OvE waossbuey

10 15 20

-15-10-56 0 5

5 10 15 20

ys

0

=15

-10-5 0 5 10 15 20

-15

days
W, EdhsEEN, (a) = 7O N,

(c) KEDE G, (d) K EE (after Svensmark et al., 2009).

da

days

days

v Va2 BN RBICBIAENTAIOFEH ST T A

T
(b) %Mk &,

B 5 74—



CWC change (%)

cloud fraction change (%)

=10

=]

]
Ln

[]
L]

SSM/

" d

%
+
1

T T

£
i

m#\; '

x

}

cloud fraction change (%)

T O N O T

0 20

40 60 80 100 120 140
strength (%)

ISCCP

C

1

T T TTT

~.
-
T

x

Angstrom exponent (340-440 nm) (%)

0 20

40 60 80 100 120 140
strength (%)

MODIS
51r1--|-1- TT T T 7T T T
b
o + 4
ﬁm 1
-10._ -
ZEI”I4EII”E*DII.EDIL;D'.T.I.;EII.I.:H{]
strength (%)
AERONET
d
105- +
: X i
“10f '
E x
40
EEU4D illﬁﬂll;ﬂéi‘iﬂl{ll'll'iﬂ

strength (%)

TA—T v 1 RE ORI (1adh)
(2 CTE/NS AR (i) NEILT Do

M6 KEBEHEEEENT A YOMBE. (a)
KE, (b) KEDHE G, (c) Kk EE,

(d) =7 0V Vi (after Svensmark et al.,
2009).

Fig.6 Correlation plot between cosmic-ray in-
duced ionization rate and cloud param-
eters as shown in Figure 5 (after Svens-
mark et al., 2009).
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Fig. 1. Global daily means of the parameters e, 7, CF, CCN, LWP, and A averaged for Forbush
decreases 1 to 5 (Table 1). The dashed line shows the averaged cosmic ray neutron counts
from the Climax neutron monitor. The black curve is the response in the cloud parameter and
the red curve shows a 3-day smoothed version of the black curve. The light and dark grey
bands represent 1 and 2 ¢ centered around the base level (days —15 to -5).
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Fig. 2. Comparison of the Forbush decrease magnitude and its impact in each of the six
parameters. Black lines indicate the weighted linear trends of the data points, with slope values
and their standard deviation written on each plot. Broken lines indicate the linear trends with
the exceptional 119 % Halloween Event (FD 1) excluded. Note that the x-axis starts at 30 %.



ERPENNEERTHLODEILLIEE,

IT7AYVILNEDOTIARREEGZEAZS

Albedo effect _ Lifetime effect g
% *L l, \ Larger drops More rain
Less cloud
Less cloud-active
aerosol

t =10 min t =20 min t = 30 min t = 40 min t = 50 min t = 60 min

Polluted Smaller drops
More cloud

Stevens and Feingold 2009 Nature

More cloud-active
aerosol




ARK-BEFTLERSAL

ERIK AT LONE EIRNRE

less aerosol

/

V-

larger
droplet

BDI1—

AV

a

I70VILRAL \

NN

more aerosol

~

aerosols
removed

smaller |[EE®74—

droplet

d

A

more precipitation

low albedo phase

mBEiE

Sk

h

AV

o

aerosols
remain

—d

less precipitation

high albedo phase

Emit

BEREDEWNIZLDITIZEDNEL TEELE DA FEME (Baker & Charlson, 1990)



http://www.jamstec.go.jp/less/space_earth/ja/research-introduction/cloud-formation.html
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Fig. 1. Annual mean surface-air temperatures (°C) in GCM simulations of Middle Cretaceous (~100 Ma, low sea-
level stand) and zonal averages (A) with CO, concentration 1x PAL (280 parts per million by volume), (B) with 4x
PAL CO,, and (C) with 4x PAL CO, and increased liquid-cloud r, and P.. (D) Zonal average temperatures for land
and ocean, land only, and ocean only, with ocean () and temrestrial (6, 7) proxy temperature data for the Middle
Cretaceous shown as solid rectangles. Dotted line indicates data from simulation with 1x PAL CO,; dashed, with
4x PAL CO,; and solid, with 4x PAL CO, and increased liquid-cloud r, and P,.

Kump&Pollard2008Science
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