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Some results relevant to the discussion of a possible link
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Abstract. Based on a 16-year observation period (1980-1995), it was claimed recently that Earth's
climate was linked to variations in the flux of cosmic rays penetrating into the atmosphere via their

postulated effect on global cloud cover. Data from three independent studies yield information
relevant to the ongoing discussion of the likelihood of the existence of such a link. (1) Model
calculations show that the relative change in the ion production rate from a solar maximum to a
solar minimum is of the same order as, or even greater than, the corresponding change in global
cloud cover. (2) However, the smoothed combined flux of '*Be and *°Cl at Summit, Greenland,
from 20-60 kyr B.P. (proportional to the geomagnetically modulated cosmic ray flux) is unrelated
to the corresponding 5'*0 and CH, data (interpreted as supraregional climate proxies). (3) Further-
more, although a comparison of the incoming neutron flux with cloud cover in Switzerland over
the last 5 decades shows a significant correlation at times during the 1980s and 1990s, this does

not occur during the rest of the period.

1. Introduction

The relative importance of the Sun as a factor involved in
climate change is an important topic of current scientific
debate. Eddy [1976] suggested that a decrease in solar activity
during the Maunder Minimum (1645-1715 A.D.) may have
been the reason for the cooler climate prevailing at that time.
During the last decade, there has been increasing evidence
that changes in climate may be closely related to changes in
solar activity [Damon and Jirikowic, 1992; Lean et al., 1995;
Lassen and Friis-Christensen, 1995; Magny, 1993; Stuiver et
al., 1995, 1997, Reid, 1997; Svensmark and Friis-
Christensen, 1997; Svensmark, 1998; Tett et al, 1999].
However, the total solar irradiance, which has been measured
by satellite since 1978, changes only by ~1 %o (on timescales
exceeding 1 year) between the maximum and the minimum of
the solar cycle [Willson, 1997, Beer et al, 2000]. Larger
irradiance changes over longer timescales are possible, but, as
yet, no measurements exist that would support such a
hypothesis. There is therefore no generally accepted model
providing a quantitative explanation of how the Sun (via total
solar irradiance changes) might trigger climate changes, such
as the transitions to and from the Little Ice Age, which are of
the order of 1°-2°C [Mann et al., 1998; Pfister, 1999].

However, it was claimed recently that the missing link in
the solar-climate relationship had been found [Svensmark and
Friis-Christensen, 1997]. It was suggested that changes in
solar activity and geomagnetic field intensity might be
triggering changes in the Earth’s climate by modulating the
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galactic cosmic ray (GCR) flux penetrating into the atmosphere
[Svensmark and Friis-Christensen, 1997; Svensmark, 1998].
In its original form, this hypothesis was based mainly on the
argument that changes in oceanic cloud cover occurred in
phase with changes in the GCR flux during a period of several
years in the 1980s and 1990s. Further investigations [Marsh
and Svensmark, 2000] support the earlier results, but restrict
the observed correlations to the mean global low cloud cover
below an altitude of ~3200 m. The studies of Svensmark and
Friis-Christensen [1997] and Svensmark [1998] have
generated much well-publicized controversy, not only among
scientists, but also in the more popular literature [e.g., Calder,
1997]. For this reason, we refer here to the proposed empirical
link between GCRs, cloud cover, and air temperature as the
Svensmark link, in spite of the fact that the deterministic
microphysical mechanism by which GCRs might influence
cloud formation has not yet been ascertained beyond all
doubt. Several such microphysical mechanisms have been
proposed, however [e.g., Dickinson, 1975; Tinsley, 1996a, b,
2000]. Dickinson [1975], for instance, speculated that GCR-
induced ionization near the tropopause might influence the
formation of sulfate aerosol cloud condensation nuclei. In
contrast, Tinsley [1996a, b, 2000] proposed a mechanism
whereby GCRs modulate the ionosphere-Earth current density
flow J: in the global electric circuit, thereby modulating rates
of ice nucleation. Although both of these mechanisms may lead
to similar impacts by GCRs on mid-latitude and low-latitude
cloud cover because of variations in the solar wind over the
solar cycle, they differ in their prediction of the effect of the
terrestrial modulation of GCRs by variations in the
geomagnetic dipole field. This is because J: responds
differently to variations in the geomagnetic field than it does
to variations in solar activity, whereas the production of
cloud condensation nuclei by cosmic ray ionization does not.
Therefore, to distinguish between the different cloud formation
mechanisms, one must investigate the impact of the
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Figure 1. Relative variation in ion concentration in the Earth’s atmosphere (1 - Pua/Pmin) between the solar
minimum (® =200 MeV) and the solar maximum (® = 1000 MeV) as a function of latitude and altitude. P,
and Ppa denote ion production rates at the solar minimum and solar maximum, respectively; ® is the solar

modulation parameter [Masarik and Beer, 1999].

geomagnetic field on cloud formation. Assuming that cloud
cover, and therefore climate, does vary with the modulated
GCRs penetrating into the atmosphere, then if the Dickinson
mechanism is correct, variations in GCR flux should have an
influence on the climate, irrespective of whether these
variations are the result of solar activity or of modulation by
the geomagnetic field. According to the Tinsley mechanism,
however, one would expect climate to be strongly correlated
with solar activity, but not with geomagnetic field strength.

Since the validity or lack thereof of the Svensmark link has
far-reaching implications for the current discussion on global
climate change, we feel that all available relevant data should
be scrutinized to determine whether or not they support this
link. From our work on atmospheric ion production, polar ice
cores, and alpine climate history, we have three such sets of
data that can be examined to provide some indication of the
plausibility of the Svensmark link and also, potentially,
provide some help in determining the validity of the
postulated cloud formation mechanisms.

2. Results and Discussion

1. Since clouds are important for the Earth’s radiation
budget [Ramanathan et al., 1989], any variation in cloud
cover caused by changes in the GCR flux will affect the
climate. GCRs consist of energetic particles (87% protons,
12% o-particles, 1% heavier particles) [Masarik and Beer,
1999]. When they enter the Earth’s atmosphere, nuclear
reactions take place, yielding secondary particles that can
penetrate more deeply into the atmosphere. As a consequence,
ionization in the atmosphere takes place at the same altitudes
at which cloud formation occurs. Thus the effects of this
ionization on optical transparency, either via changes in
aerosol chemistry or via an influence on the transition
between different water phases, could be responsible for the
observed correspondence between GCRs and cloud cover
[Dickinson, 1975; Svensmark, 1998].

The physical model of Masarik and Beer [1999], which
describes the propagation of GCR particles in the atmosphere,

was employed to provide data on the ion production rate as a
function of solar activity and geomagnetic dipole field
intensity. Using a Monte Carlo code to simulate GCR
interactions with the Earth’s atmosphere, we calculated the
ionization rates of atoms in the atmosphere caused by the
primary and secondary particles of the GCR. Our calculations
show that, depending on altitude and latitude, between 3%
and 53% more ions are produced during the solar minimum
than during the solar maximum (Figure 1). The difference
between the ionization rates at the solar minimum and the
solar maximum is smaller at lower latitudes than higher
latitudes. Assuming a quasi-stationary equilibrium to exist
between ion production and recombination processes, the
application of the ion balance equation of Ermakov et al.
[1997] leads to the conclusion that the relative difference in
ion concentration is less than or equal to the relative
difference in the production rates. The relative difference in the
ionization rate between solar minimum and solar maximum is of
the same magnitude as, or larger than, the observed difference
in cloud cover. This relative difference decreases with
decreasing altitude, and at the altitudes at which clouds are
formed (about 0 to 12 km), it is of the order of 3-30%.
However, it should be stressed here that, as admitted by
Svensmark and Friis-Christensen [1997] and Marsh and
Svensmark [2000], the role played by ions in the cloud
formation process is still not completely understood. It is
therefore not at all evident that variations in the number of
ions in the atmosphere caused by variations in the GCR flux
substantially  affect cloud cover. Nevertheless, our
calculations of the ion production rate as a function of altitude
and latitude now make it possible to make quantitative
comparisons of the variations in cloud cover at different
altitudes and latitudes with corresponding variations in ion
production. This is potentially of great importance to an
examination of the Svensmark link in combination with the
Dickinson mechanism, since the ion production rate in the
atmosphere can now be calculated for the past (e.g., for the
Maunder Minimum [Eddy, 1976]), if geomagnetic . field
strength and solar activity are known.
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2. The crucial point of the Svensmark link is that the change
in the GCR flux has the potential to explain nearly all the mean
global warming observed over the last few decades
[Svensmark and Friis-Christensen, 1997, Svensmark, 1998;
Marsh and Svensmark, 2000]. If the proposed causal
relationship between GCR flux, cloud cover, and mean global
temperature is correct, then long-term variations in the GCR
flux can be expected to cause corresponding variations in the
mean global temperature. Svensmark and Friis-Christensén
[1997] stated that changes in the geomagnetic dipole field
intensity induce corresponding changes in the GCR flux and
should therefore have a significant effect on the global climate
which would occur independently of solar luminosity.
However, this statement is only true if the Dickinson
mechanism (or some similar mechanism involving the GCR
modulation of ionization) is responsible for cloud formation. If
the Tinsley mechanism is responsible, however, one would
expect no strong correlation to exist between geomagnetic
field strength and climate. Therefore, if the Earth's climate can
be shown to have been affected by the geomagnetic dipole
field via the GCR flux independently of variations in solar
activity, this would yield a strong indication of the validity of
both the Svensmark link and the Dickinson mechanism. In
contrast, the lack of such an influence would tend to call into
question the general validity of the Svensmark link if it is
assumed to act through the Dickinson mechanism, but not if it
is assumed to act through the Tinsley mechanism.

A very significant change in the GCR flux penetrating into
the atmosphere occurred ~40 kyr ago during the so-called
Laschamp event, when the geomagnetic field intensity was
only ~10% of its present value [Meynadier et al., 1992; Tric
et al., 1992; Guyodo and Valet, 1996; Wagner et al., 2000]. I
the Svensmark link and the Dickinson mechanism are valid,
we would expect significant global cooling to have occurred
at this time. The Greenland Ice Core Project (GRIP) ice core
from Summit, Greenland, provides an ideal archive to test this
inference. Measurements of the radionuclides '®Be and **Cl in
the GRIP core, which are proxies for the GCR flux [Masarik
and Beer, 1999], are available for the last ice age
[Baumgartner et al., 1997; Yiou et al, 1997]. It has been
shown that, after low-pass filtering, the combined flux of '°Be
and *CI reflects the GCR flux, which is modulated by the
changing geomagnetic field [Baumgartner et al, 1998;
Wagner et al., 2000]. Combining and low-pass filtering the
19Be and **Cl fluxes reduces transport and solar activity effects,
which are assumed to occur on timescales shorter than 3 kyr
[Damon and Sonett, 1991]. The §'®0 and CH, data can be
regarded as proxies for the climate of the North Atlantic region
at least [Bond et al., 1993; Dansgaard et al., 1993; Blunier et
al., 1998]. It is suggested that they are controlled by the
hydrological cycle at low latitudes [Chappelaz et al., 1993]
and are therefore proxies for a supraregional climate. Both
records are available as a function of time [Dansgaard et al.,
1993; Blunier et al., 1998].

In Figure 2 the combined, low-pass-filtered flux of '°Be and
38CI (reflecting the GCR flux modified by the géomagnetic
field) is compared with the 8'%0 and CHy data (reflecting the
climate). If both the Svensmark link and the Dickinson
mechanism are valid, the maximum of the combined flux of '°Be
and *°Cl should be correlated with the §'®0 data (note the
inverse scale) and CH, data. A high value of the combined flux
of "“Be and *°Cl corresponds to a high GCR flux, which,
according to the Svensmark link, should result in an increase
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in global cloud cover and a lower mean global temperature.
This is, however, clearly not the case. During the Laschamp
event (36-41.5 kyr B.P.), marked by a peak in the radionuclide
data, the combined flux of '°Be and **Cl is not significantly (p
<0.1) correlated with either 8'®0 (+* = 0.07%) or CH, (* =
0.09%). The same applies over the entire time interval shown
in Figure 2‘(r2 =0.3% and 0.4%, respectively). This suggests
that the relationship between geomagnetic field, GCRs, and
climate proposed by Svensmark and Friis-Christensen [1997]
and Svensmark [1998] is unlikely to be valid for the period
investigated here. This conclusion is strengthened by the fact
that the variation in the GCR flux that occurred during the
Laschamp event was substantially greater than the variations
associated with the 11-year solar modulation that occurred
during the 1980s and 1990s [Wagner et al, 2000;
Baumgartner et al., 1998; Masarik and Beer, 1999]. Our
result that the enhanced GCR flux prevailing during the
Laschamp event had no significant impact on climate is
inconsistent with the Svensmark link acting through the
Dickinson mechanism. However, it is not inconsistent with a
scenario in which the Svensmark link acts via the Tinsley
mechanism.

3. The plausibility of the Svensmark link can also be
investigated on a much shorter timescale using recent climate
data. One weak point of the Svensmark link is that the
comparison between cloud cover and neutron flux
measurements on which it rests is based on a series of only 16
years of cloud cover data (1980-1995). This rather short data
series is a composite of four even shorter series (< 7 years) from
different satellites, which might give rise to intercalibration
problems [Kernthaler et al., 1999]. However, the existence of
longer-term historical cloud cover observations allows the
comparison of cloud cover and GCRs to be extended back to
the beginning of the Cheltenham neutron flux data series in
1937, albeit only on a regional basis. There are three major
possible outcomes of such an extended comparison with
regional cloud cover: (1) the detection of a consistent,
common signal over the entire observation period would lend
support to the Svensmark link; (2) the failure to detect any
such signal during the entire observation period would not
lend support to the Svensmark link, but” would also not
invalidate it because of the regional nature of the cloud cover
data; (3) the detection of a common signal during the period
on which the Svensmark link is based (1980-1995), but not
previous to this period, may indicate that any correlation
between cloud cover and incident neutron flux is confined to
the last 2 decades, thus calling into question the general
validity of the link.

In Figure 3 the measured neutron flux since 1937 is
compared with corresponding observations of the mean cloud
cover over the Swiss Plateau. Figure 3a illustrates the neutron
flux registered at Cheltenham (United Kingdom), Climax
(United States), and Jungfraujoch (Switzerland). The neutron
fluxes registered in various parts of the world are similar
[Svensmark  and  Friis-Christensen, 1997], so the
concatenated Cheltenham and Climax curves can beé considered
to be representative of global values from 1937 up to the
present. The similarity of the Jungfraujoch and Climax curves
shows that fluctuations in the neutron flux incident on the
Swiss Alps do not diffeér substantially from global values.

Time series of historical cloud cover observations covering
much of the 20th century are available from various
meteorological stations in Switzerland. On the Swiss Plateau
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Figure 2. (a) Normalized, combined flux of '°Be and **C1 after low-pass filtering (cutoff frequency = 1/3000 yr'')
[Baumgartner et al., 1998; Wagner et al., 2000]. The peak at 38 kyr B.P. corresponds to a minimum in the
Earth’s geomagnetic field intensity, the so-called Laschamp event (36-41.5 kyr B.P.). (b) The 8'*0 data from
the Greenland Ice Core Project (GRIP) ice core after low-pass filtering (cutoff frequency = 1/3000 yr'). These
data can be interpreted as a climate proxy for the North Atlantic region at least [Bond et al., 1993; Dansgaard
et al., 1993; Blunier et al., 1998]. The proportion of variance shared between the combined flux of '°Be and
*®Cl and the 8'®0 data during the Laschamp event is essentially zero. The proportion of shared variance over
the period 20-60 kyr B.P. is also essentially zero. (¢) CHa data from the GRIP ice core after low-pass filtering
(cutoff frequency = 1/3000 yr'"). These data can also be interpreted as a climate proxy. Again, the proportion of
variance shared between the combined flux of °Be and *°Cl and the CH, data during the Laschamp event is
essentially zero. The proportion of shared variance over the period 20-50 kyr B.P. is also essentially zero. The
8'%0 and CH, data are well correlated (2 = 0.61).

(300-600 m above sea level (asl)), the comparatively low-
lying part of Switzerland north of the Alps, air temperatures
show a very high degree of spatial coherence, so that a mean
time series based on data from the four stations Basel-
Binningen (BS), Neuchétel (NE), Ziirich-MZA (ZH), and Bern-
Liebefeld (BE), can be considered to be representative of the
whole Swiss Plateau [Livingstone and Lotter, 1998]. The
Swiss Plateau also shows a high degree of spatial coherence
with respect to cloud cover, and cloud cover data from the
same four stations are highly correlated: a comparison of each
monthly mean anomaly cloud cover series individually with

the mean of the other three anomaly series (1901-1998, n =
1176) yielded correlations significant at the p < 0.0001 level
with shared variances (+%) of 72% (BS), 75% (NE), 80% (ZH)
and 81% (BE). Thus the mean cloud cover time series of all
four stations, hereafter referred to as series C1 (Figure 3b), can
be considered to be generally representative of the mean cloud
cover over the Swiss Plateau, integrated over all altitudes.
Simultaneous, independent measurements of relative sunshine
duration (RS1, Figure 3b) exhibit a temporal structure similar
to that of series Cl, confirming the reliability of the cloud
cover observations (the monthly anomalies of RSl and Cl
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over the period 1901-1998 show 79% shared variance). An
indication that the Swiss cloud cover data are of at least
European significance is given by the fact that the monthly
anomalies of series C1 are significantly inversely correlated (p
< 0.0001) with the monthly anomalies of air temperature series
measured several hundred kilometers from the Swiss Plateau in
the western European North Atlantic coastal region,
including Manley's [1974] central England air temperature
series as extended by Parker et al. [1992] (1901-1990; n =
1080, * = 18%) and the Netherlands De Bilt series (1901-
1990; n = 1080, r* = 11%). In addition, the fact that the
advances and retreats of Swiss Alpine glaciers are known to
reflect the same climate changes that are recorded in various
different climate archives (e.g., polar ice cores, tree rings, North
American alpine glaciers) distributed throughout  the
Northern Hemisphere [Hormes et al., 1998; Rothlisberger et
al, 1980; Denton and Karlén, 1973] points to the
supraregional significance of the Swiss climate data.
Comparison of Figures 3a and 3b reveals that, over the
period on which the Svensmark correlation is based (the
shaded area in Figure 3), a broad structural similarity does
indeed exist between the neutron flux data and cloud cover
over the Swiss Plateau. The rieutron flux maximum in 1986-
1987 and minimum in 1990-1991, for instance, coincide well
with corresponding extremd in series Cl, and a running
correlation between monthly anomalies of the concatenated
Cheltenham/Climax neutron flux data and seties C1 is
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significant at the p < 0.05 or even the p < 0.01 level during a
large part of the 1980-1995 period (Figure 3c). At first sight
this would appear to lend regional support to the global
Svensmark link. However, there is fio convincing evidence
relating series C1 to the neutron flux data previous to 1979.
The third of the three outcomes listed above therefore applies.
The fact that global satellite cloud cover data and regional
cloud cover over the-Swiss Plateau both correlate well with
the incident neutron flux during the last 2 decades, coupled
with the lack of such a correlation in the case of the Swiss data
prior to 1979, suggests the possibility that the correlation in
the case of the global cloud cover data may also be confined to
the last 2 decades. )
A more detailed analysis revealed considerable seasonal
variability in the degree of similarity between the Climax
neutron flux data and series C1 in 1980-1995, with by far the
strongest relationship being apparent in winter (1980-1995;
n =16, ¥’ = 60%, p < 0.001). In winter, frequent temperaturc
inversions over the Swiss Plateau result in persistent stratus
with a mean thickness of 200-500 m and an upper limit of 800-
1400 m that essentially decouples the Swiss Plateau from
processes occurring at higher elevations [Benision and
Rebetez, 1996]. The strong relationship found between the
neutron flux data and winter cloud cover over the Swiss
Plateau is therefore consistent (on a regional scale) with the
fact that the same neutron flux data are qualitatively well-
correlated with optically thick low-altitude cioud cover (< 3.2
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Figure 3. (a) Neutron flux measured at Cheltenham, United Kingdom (spline-interpolated annual means, 1937-
1959); Climax, Colorado, United States (12-month running means, 1953-1998); and Jurigfraujoeh, Switzerland
(12-month running means, 1958-1998). The data were standardized by removing the mean and dividing by the
standard deviation. (b) Mean cloud cover (C1) and relative sunshine duration (RS1) on the Swiss Plateau:
mean of measurements from Basel-Binningen (316 m above sea level (asl)), Neuchétel (487 masl), Ziirich-MZA
(556 masl) and Bern-Liebefeld (570 masl) (12-month running means). (c) Running correlation coefficient r
between monthly anomalies of the neutron flux at Cheltenham and Climax and of the mean cloud cover (C1) on
the Swiss Plateau (11-year sliding data window, 132 monthly anomialies; the p < 0.01 and p < 0.05
significance levels are shown). The time period on which the Svensmark [1998] correlation is based is shaded.
Note that an inverse scale has been used for RS1 to facilitate comparison.
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km), but not with middle- or high-altitude cloud cover, on the
global scale [Marsh and Svensmark, 2000]. However, the lack
of a correlation between GCRs and middle- and high-altitude
global cloud cover also implies that the mechanisin by which
GCRs might influence the climate is unlikely to be one
involving the formation of cloud condensation nuclei by
ionization due to GCRs, as this, regardless of whether it
occurs via the nucleation of water droplets or via sulfate
aerosols, would be expected to have its greatest relative effect
near the tropopause [Roberts and Olson, 1973; Dickinson,
1975]. The Tinsley mechanism, however, is not inconsistent
with a scenario in which the primary climatically relevant
influence of GCRs is on low cloud cover. Given the potential
importance of the effect of GCR-related variations in J; on
storm tracks and winter cyclone intensity, especially over the
North Atlantic [Tinsley, 2000], and the importance of such
large-scale climatic processes over the North Atlantic in
winter for the climate of western Europe, e.g., via the North
Atlantic Oscillation [van Loon and Rogers, 1978; Hurrell,
1995, 1996; Hurrell and van Loon, 1997], then a correlation
between GCRs and winter stratus over the Swiss Plateau
provides some evidence for the relative plausibility of the
Tinsley mechanism compared with any of the mechanisms that
involve the production of cloud condensation nuclei near the
tropopause. However, the fact that the correlation in the case
of the Swiss data is limited to the same time period as that of
the Svensmark correlation does not allow a general statement
to be made that would clearly support either the general
existence of the empirical Svensmark link or any mechanism
that might account for it.

3. Conclusions

The investigations described here are intended as a
contribution to the current debate on the link between GCRs
and Earth’s climate. Our calculations suggest that the relative
increase in the ionization rate from a solar maximum to a solar
minimum is of the order of or even larger than, the
corresponding increase in cloud cover observed by
Svensmark and Friis-Christensen [1997] and Svensmark
[1998]. This may support the Svensmark link. However,
neither the measurements of cosmogenic radionuclides, 8180,
and CH, in the GRIP ice core during the Laschamp event nor
modern observations of cloud cover over Switzerland support
the general validity of the Svensmark link. We therefore
believe that the qualitative and quantitative role of the Sun in
forcing the climate is still an open question.
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