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Influence of Cosmic Rays on Earth’s Climate
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During the last solar cycle Earth’s cloud cover underwent a modulation more closely in phase with
the galactic cosmic ray flux than with other solar activity parameters. Further it is found that Earth’s
temperature follows more closely decade variations in galactic cosmic ray flux and solar cycle length,
than other solar activity parameters. The main conclusion is that the average state of the heliosphere
affects Earth’s climate. [S0031-9007(98)07774-6]

PACS numbers: 92.70.Gt, 42.68.Ge, 96.40.Kk
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For more than a hundred years there have been report
an apparent connection between solar activity and Eart
climate [1,2]. A strong indication of a link between
long term variations in solar activity and Earth’s climat
was found in 1991 by Friis-Christensen and Lassen [3
who showed that an empirically constructed measure
solar activity, the filtered solar cycle length, matched ve
closely variations in northern hemispheric temperatu
during the past 400 years. Another example is the 11 y
variation of stratospheric pressure levels found to be
phase with solar activity [5]. In spite of these repor
an accepted causal link between solar activity and effe
in Earth’s lower atmosphere has not been found. T
initial speculations were directed towards the most obvio
and direct way solar activity could affect Earth’s climate
namely, via changes in the solar irradiance. But bas
on recent satellite measurements of the solar constan
is found that the variations are too small (0.1%) to expla
the observed temperature changes [6].

Recently it was found that the Earth’s cloud cover, o
served by satellites, is strongly correlated with solar cyc
variation of galactic cosmic ray flux (GCR) monitors [7]
Clouds are important in Earth’s radiation budget, and
systematic variation will have climatic effects [7]. GCR
consists of very energetic particles (mainly protons) th
are produced in stellar processes in our Galaxy. Some
them enter Earth’s atmosphere where nuclear proces
take place and produce secondary particles which c
penetrate still deeper into the atmosphere [8]. Ionizati
in the lower part of the atmosphere is almost exclusive
produced by GCR and is the meteorological variable su
ject to the largest solar cycle modulation [9]. Previou
and current speculations on the effect of the ionizatio
have been mainly related to optical transparency, by
ther changes in aerosol chemistry or an influence on
transition between the different phases of water [7,9–1

If there is a causal relation between cosmic ray flu
and cloud cover it is expected that the long term vari
tions in cosmic ray should reflect variations in Earth
temperature and should be important in an explanation
the high correlation between solar cycle length and glob
temperature.
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This Letter is organized as follows. It will be shown
that the Earth’s cloud cover within the last solar cyc
follows variations in GCR more closely than the 10.7 c
radio flux, the latter being indicative of other solar activit
parameters. By assuming that there exists a cau
relation between Earth’s cloud cover and variations
GCR, it is argued and found that long term variation
(1937–1996) in solar activity given by GCR reflec
variations in Earth’s temperature.

Figure 1 is a composite of satellite observations
Earth’s total cloud cover. The cloud data comprise th
NIMBUS-7 CMATRIX project [14] (triangles), the In-
ternational Satellite Cloud Climatology Project (ISCCP
[15] (squares), and finally data from the Defense Sat
lite Meteorological Program (DMSP) Special Sensor M
crowave/Imager (SSM/I) (diamonds) [16]. These da
sets reflect different satellite coverage, instrumentatio

FIG. 1. Composite figure showing changes in Earth’s clou
cover from four satellite cloud data sets together with cosm
ray fluxes from Climax (solid curve, normalized to May
1965) and 10.7 cm solar flux (dashed curve, in units
10222 Wm22 Hz21). Triangles are the Nimbus7 data, square
are the ISCCP_C2 and ISCCP_D2 data, diamonds are
DMSP data. All of the displayed data have been smooth
using a 12 month running mean. The Nimbus7 is for th
southern hemisphere over oceans with the tropics exclud
The DMSP data are total cloud cover for the southe
hemisphere over oceans, and finally the ISCCP data ha
been derived from geostationary satellites over oceans with
tropics excluded. Also shown are 2-standard-deviation er
bars for the three data sets, one for each 6 months.
© 1998 The American Physical Society 5027
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and algorithms to derive the cloud cover, and as a
sult only variations in cloud cover will be compared
The error bars in the figure are purely statistical erro
and do not include systematic drifts that could be in th
data. For details, see Svensmark and Friis-Christen
[7]. In the figure the cloud data is compared with varia
tions in GCR flux and the 10.7 cm radio flux from the
sun. One sees that there are clearly differences betw
the variation of GCR and the radio flux. From 1987 t
the present the two follow each other. However, the
is a lag between the two of almost two years prior
1987. What is crucial in this context is that Earth’s clou
cover follows the variation seen in GCR, and not nece
sarily the variations in the 10.7 cm radio flux which close
follows variations in total solar irradiance, soft x rays, an
ultraviolet radiation [6].

Having established that variations in GCR are a go
candidate for indirectly influencing Earth’s climate, base
on data covering the last solar cycle, it is important
compare with variations in solar activity over a longe
time span. However, there are no reliable data of clo
cover outside the period already used. But if variatio
in GCR cause a climatic effect, it should be reflecte
in variations in Earth’s temperature and hopefully bett
than variations in other solar activity parameters. T
investigate this a long data series of GCR flux is neede
Instrumental recordings of cosmic rays started arou
1935. The first measurements were done primarily wi
ionization chambers, which measure mainly the mu
flux. The muons are responsible for most of the ionizatio
in the lower part of the troposphere [8]. Ahluwalia ha
constructed a measure of cosmic ray flux, based on
chambers, covering the period 1937 to 1994 [17], whic
is shown in Fig. 2. This extended data string is mad
by annually combining mean hourly counting rates fro
Cheltenham/Fredericksburg (1937–1975) and Yakut

FIG. 2. Top curve is cosmic ray flux from the neutron
monitor in Climax, Colorado (1953–1996). Middle curve i
annual mean variation in cosmic ray flux as measured
ionization chambers (1937–1994). The neutron data have b
normalized to May 1965, and the ionization chamber data ha
been normalized to 1965. Bottom curve is the relative sunsp
number.
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(1953–1994). These data represent part of the h
energy GCR spectrum. Figure 2 also plots the data fro
the Climax neutron monitor (1953–1995) in Colorado
which measures the low energy nucleonic part of the GC
spectrum. For comparison the relative sunspot numb
is plotted, which closely follows the solar 10.7 cm flux
Notice that the amplitudes of the solar activity cycl
and the amplitudes of GCR are not closely related [18
which is fortunate since it gives a possibility to make
distinction between long term trends in the two.

Figure 3 displays four different measures of long ter
solar activity together with Earth’s temperature. In the fig
ure, 11 year averages of the northern hemispheric land
marine temperatures [19,20] are shown in all four pane
The panel 3a shows in addition the unfiltered solar c
cle length. Panel 3b displays the 11 year averaged (
chamber 1937–1994) cosmic ray flux (thick solid line
for comparison the Climax neutron monitor is also show
(thin solid line, scale not shown). Note that the axis for th
cosmic rays has been reversed, so that higher temperat
correspond to fewer cosmic rays which also means high
solar activity. Panel 3c shows the 11 year average o
sunspot number, and finally panel 3d shows decade va
tions in reconstructed solar irradiance adapted from Le
et al. [6]. The most direct correspondence between so
activity and temperature seems to be between solar cy
length and variations in cosmic ray flux. The variation
in reconstructed solar irradiance more closely follow th
variations in the sunspot number panel 3d.

FIG. 3. 11 year average of northern hemispheric mari
and land temperatures (dash-dotted line) compared with
unfiltered solar cycle length; (b) 11 year average of cosm
ray flux (from ion chambers 1937–1994, normalized to 1965
thick solid line; the thin solid line is cosmic ray flux from
Climax, Colorado neutron monitor (arbitrarily scale); (c) 1
year average of relative sunspot number; (d) decade variat
in reconstructed solar irradiance (zero level corresponds
1367 Wym2, adapted from Leanet al. [6]). Note the 11 year
average has removed the solar cycle in (b) and (c).
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Clouds reflect more energy than they trap and this lea
to a cooling in the range of 17 to35 W m22 [21–23]. It
is not easy to estimate the net change in radiative forci
from a solar modulation of the cloud cover. The ma
problem is that it is not known which part of the cloud
volume is affected. This is important because differe
cloud types have different radiative properties. Althoug
the net effect of clouds is to cool the planet, high th
clouds tend to warm the Earth’s surface, and therefore o
could imagine that an increase in cosmic ray flux cou
lead to a warming. However, high thin clouds whic
tend to warm the Earth’s surface occur in associati
with high thick cooling clouds, and together the tw
cloud types tend to mitigate their effect on the energ
balance [24]. The results of Fig. 3b seem to suggest t
an increase in cloud cover results in a cooling, whic
again suggest that a larger part of the cloud volume
affected.

From Fig. 3 it is seen that the temperature in the peri
1970–1990 rose by approximately0.3 ±C. It is possible
to compare the variation in cosmic ray flux (assuming
is directly correlated with cloud cover) and this temper
ture change via some simple assumptions. From clo
satellite observations and numerical cloud modeling
is found that a 1% change in the total composition
Earth’s cloud cover corresponds to 0.5 Wym2 change in
net radiative forcing [25]. From Svensmark and Friis
Christensen [7] it is known that from 1987 to 199
global cloudiness changed approximately 3.0% which c
be estimated to be 1.50 Wym2 [7]. In the same period
cosmic rays from the ion chamber changed 3.5%
seen in Fig. 2. We can now calculate the approxima
radiative forcing by noting that the mean 11 year avera
increase of cosmic rays in Fig. 3 from 1975 to 1989
1.2% which then corresponds to a possible 0.5 Wym2

change in cloud forcing. This is a fairly large forcing
about 4 times the estimated change in solar irradian
The resulting temperature change is difficult to estima
exactly. Studies obtained from a general circulatio
model gave a sensitivity (0.7 to1 ±CyW m22 for DS ­
0.25%, where S is the solar constant) [26]. The direc
influence of changes in solar irradiance is estimated
be only 0.1 ±C [6]. The cloud forcing, however, gives,
for the above sensitivity, 0.3–0.5±C, and has therefore
the potential of explaining nearly all of the temperatur
changes in the period studied.

The solar cycle length has been shown to be
important parameter due to its close connection wi
temperature variations of the Earth. This parameter
determined empirically and it has not been straightforwa
to interpret. The present work gives a hint on why it
relevant to Earth’s climate. The physical interpretatio
is based on the close agreement between variations
solar cycle length, GCR flux, and temperature as se
in Fig. 3. The solar cycle length is therefore a measu
of the processes occurring within the sun of unknow
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dynamical origin which manifest themselves in the sola
activity within the heliosphere that modulates the GCR
averaged over the solar cycle.

This does not imply that other factors cannot affec
clouds or climate. However, a cloud cover that is modu
lated by solar activity in this way will have an influ-
ence on climate and could be important in explaining th
observed agreement between climate proxies and so
activity [1,3,4]. There is at present no detailed understan
ing of the microphysical mechanism that connects solar a
tivity and Earth’s cloud cover. It is necessary to identify
a microphysical mechanism, which might not be an eas
task. The present study hopes to increase not just the int
est in finding a physical mechanism but to point at wher
and how to locate it in the atmosphere.

We thank E. Friis-Christensen and P. Thejll for man
discussions. We also thank Carlsbergfondet and the Kn
Højgaard fond for support.

*Present affiliation: Danish Space Research Institute
Juliane Maries Vej 30, DK-2100, Copenhagen Ø
Denmark. Correspondence should be directed to th
above address.

[1] J. A. Eddy, Science192, 1189 (1976); Clim. Change1,
173 (1977).

[2] See, for example, J. R. Herman and R. A. Goldberg,Sun,
Weather, and Climate(Dover, New York, 1978).

[3] E. Friis-Christensen and K. Lassen, Science254, 698
(1991).

[4] K. Lassen and E. Friis-Christensen, J. Atmos. Terr. Phy
57, 835 (1995).

[5] K. Labitzke and H. van Loon, Ann. Geophys.11, 1084
(1993).

[6] J. Lean, J. Beer, and R. Breadley, Geophys. Res. Lett.22,
3195 (1995).

[7] H. Svensmark and E. Friis-Christensen, J. Atmos. So
Terr. Phys.59, 1225 (1997).

[8] D. Lal and B. Peters,Encyclopedia of Physics,edited by
S. Flugge (Springer-Verlag, Berlin, 1967), No. XLVI in 2,
p. 551.

[9] E. R. Ney, Nature (London)183, 451 (1959).
[10] R. Dickinson, Bull. Am. Meteorol. Soc.56, 1240 (1975).
[11] M. I. Pudovkin and O. M. Raspopov, Geomagn. Aeron.32,

593 (1992).
[12] M. Pudovkin and S. Veretenenko, J. Atmos. Terr. Phys

57, 1349 (1995).
[13] B. A. Tinsley, J. Geomagn. Geoelectr.48, 165 (1996).
[14] L. L. Stowe, C. G. Wellemayer, T. F. Eck, H. Y. M. Yeh,

and the Nimbus-7 Team, J. Clim.1, 445 (1988).
[15] W. B. Rossow and R. Schiffer, Bull. Am. Meteorol. Soc.

72, 2 (1991).
[16] F. Weng and N. C. Grody, J. Geophys. Res.99, 25 535

(1994); R. R. Ferraro, F. Weng, N. C. Grody, and
A. Basist, Bull. Am. Meteorol. Soc.77, 891 (1996).

[17] H. S. Ahluwalia, in Proceedings of the 25th Interna-
tional Cosmic Ray Conference, Durban, South Africa
1997 (Potchefstroomse Universiteit, Potchefstroom, Sout
Africa, 1997), Vol. 2, pp. 109–112.
5029



VOLUME 81, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 30 NOVEMBER 1998

ce

,

,
),
[18] H. S. Ahluwalia and M. D. Wilson, J. Geophys. Res.101,
4879 (1996).

[19] P. D. Jones, Clim. Monitor25, 20 (1997);25, 66 (1997).
[20] The northern hemispheric temperatures are the better d

since there are far more recordings compared with th
southern hemisphere. In the southern hemisphere t
ocean tends to mask a solar response in the temperatur

[21] G. Ohring and P. F. Clapp, J. Atmos. Sci.37, 447 (1980).
[22] V. Ramanathan, R. D. Cess, E. F. Harrison, P. Minni
5030
ata
e
he
es.

s,

B. R. Barkstrom, E. Ahmad, and D. Hartmann, Scien
243, 57 (1989).

[23] P. Ardanuy, L. L. Stowe, A. Gruber, and M. Weiss
J. Geophys. Res.96, 1 (1991).

[24] D. L. Hartmann, inAerosol–Cloud–Climate Interactions
edited by P. V. Hobbs (Academic Press, New York, 1993
p. 151.

[25] W. B. Rossow and B. Cairns, J. Clim.31, 305 (1995).
[26] D. Rind and J. Overpeck, Quat. Sci. Rev.12, 357 (1993).


