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Solar Changes and the Climate

By Joseph D'Aleo, Olavi Kärner, Richard C. Willson, and Ian Clark

Timescales

The sun affects our climate in direct and indirect ways. The sun changes in 
its activity on timescales that vary from 11, 22, 80, and 180 years and more. 
A more active sun is brighter due to the dominance of faculae over cooler 
sunspots; in this way, the irradiance emitted by the sun and received by the 
Earth is higher during active solar periods than during quiet solar periods. 
The amount of change of the total solar irradiance (TSI) during the course of 
an 11-year cycle, based on satellite measurements since 1978, is about 0.1%. 
This was first discovered by Willson and Hudson (1991) from the results of 
the SMM/ACRIM1 experiment, and was later confirmed by Fröhlich and 
Lean (1998). This finding has caused many to conclude that the solar effect 
on climate is negligible; however, many questions still remain about the 
actual mechanisms involved and the sun’s variance on century and longer 
timescales.

The irradiance reconstructions of Hoyt and Schatten (1997); Lean et 
al. (1995); Lean (2000); Lockwood, Stamper, and Wild (1999); and Fligge and 
Solanki (2000) assumed the existence of a long-term variability component 
in addition to the known 11-year cycle, such that, during the seventeenth 
century, Maunder Minimum total irradiance was reduced in the range of 
0.15%–0.6% below contemporary solar minima. 

The cumulative energy of even the most dramatic solar-energetic 
events during a solar cycle is miniscule compared with TSI. The largest flare 
during the past 30 years was barely identifiable as a small variation in TSI 
data. TSI comprises so many orders of magnitude greater in total energy 
transfer to the Earth that even tiny variations can cause climate swings like 
the “Little Ice Age.” Special amplification mechanisms must be postulated to 
produce measurable climate forcings by high-energy solar events like flares, 
solar wind, and coronal mass ejections (CMEs).

Wang, Lean, and Sheeley (2005) used a solar reconstruction model that 
simulated the eruption, transport, and accumulation of magnetic flux dur-
ing the past 300 years using a flux-transport model with variable meridional 
flow. They suggested a radically different picture of the long-term variation 
of solar output, most notably an increase since 1700 of only 27% on the lower 
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end of the previously estimated range (0.037%). In its Fourth Assessment 
Report (AR4), the Intergovernmental Panel on Climate Change (IPCC) has 
embraced this finding to support its claims that there is only a small solar 
influence on recent climate change. This result contrasts sharply with other 
estimates mentioned above, as well as Lockwood, Stamper, and Wild (1999), 
who showed how the total magnetic flux leaving the sun has increased by a 
factor of 2.3 since 1901. Moreover, as the AR4 itself states in chapter 2, long-
term trends in geomagnetic activity and cosmogenic isotopes, together with 
the range of variability in sun-like stars (Baliunas and Jastrow, 1990), sug-
gested that the sun is capable of a broader range of activity than witnessed 
during recent solar cycles.

In addition, the AR4’s conceptualization of solar forcing does not 
account for the sun’s eruptional activity (e.g., flares, solar wind, bursts from 
CMEs, and solar wind bursts from coronal holes), which may have a mag-
nifying effect on the basic TSI variances through indirect means. Labitzke 
(2001) and Shindell et al. (1999) have shown how ultraviolet radiation, which 
changes as much as 6–8% even during the 11-year cycle, can produce sig-
nificant changes in the stratosphere that propagate down into the mid-tro-
posphere. The work of Svensmark and Friis-Christensen (1997), Palle Bago 
and Butler (2000), Tinsley and Yu (2004), Shaviv (2005), and many others 
have documented the possible effects of the solar cycle on cosmic rays, and 
through them the amount of low cloudiness. It may be that, through these 
other indirect factors, solar variance is a much more important driver for 
climate change than is currently assumed. It may be that solar irradiance 
measurements are useful simply as a surrogate for the total solar effect.

Correlations with total solar irradiance

In recent years, satellite missions designed to measure changes in solar irra-
diance, though promising, have produced their own set of problems and 
conflicts. Fröhlich and Lean (1998) noted the problem that no one sensor 
collected data over the entire time period from 1979, “forcing a splicing of 
data from different instruments, each with their own accuracy and reliability 
issues, only some of which we are able to account for.” Their assessment sug-
gested no increase in solar irradiance had occurred in the 1980s and 1990s. 

There are three TSI composites available, denoted Active Cavity 
Radiometer Irradiance Monitor (ACRIM), Physikalisch-Meteorologisches 
Observatorium Davos (PMOD), and Institut Royal de Météorologie (IRMB) 
(Royal Meteorological Institute of Belgium, Brussels), each originating from 
the same underlying data but differing based on analysis techniques (Fröhlich, 
2006). Willson and Mordvinov (2003) found a TSI trend of 0.04% per decade 
during solar cycles 21–23. Further, they found specific errors in the dataset 
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used by Lean and Fröhlich to bridge the “ACRIM Gap” between the ACRIM1 
and ACRIM2 satellite experiments (1989–1991). Lean and Fröhlich’s results 
arose from modifying the published results from the Nimbus7/ERB, ERBS/
ERBE, and SMM/ACRIM1 experiments instead of making algorithm improve-
ments and reprocessing raw satellite data. 

Lean and Fröhlich added degradation corrections to the results of 
Nimbus7/ERB and ACRIM1 results, which had the effect of lowering their 
TSI results during the solar cycle 21 maximum and conforming the TSI time 
series to the predictions of Lean’s solar proxy model. Their method is not con-
sistent with the degradation analyses published by the ACRIM1 science team. 
Fröhlich and Lean chose overlapping ERBS/ERBE results to relate ACRIM1 
and ACRIM2 results across the crucial “ACRIM Gap.” Willson has argued 
that the ERBS/ERBE results are inferior to those of the Nimbus7/ERB in 
general, and specifically during the “ACRIM Gap,” when uncorrected sensor 
degradation of the ERBS/ERBE results causes lower results after the “Gap” 
and the absence of a trend in the Lean-Fröhlich composite TSI time series 
(Willson and Mordvinov, 2003).

Not surprisingly, given the uncertainty on the decadal scale, studies 
vary on the importance of direct solar irradiance on the longer century time-
scale. Wang, Lean, and Sheeley (2005) suggest that long-term solar forc-
ing is 70% smaller than earlier thought, with no significant effect in the last 
half-century. Lockwood, Stamper, and Wild (1999) estimated that changes 
in solar luminosity can account for 52% of the change in temperatures from 
1910–1960, and 31% of the change from 1970–1999. Scafetta and West (2007) 
argued that total solar irradiance accounted for up to 50% of the warming 
since 1900 and 25–35% since 1980. The authors noted the recent departures 
may result “from spurious non-climatic contamination of the surface obser-
vations such as heat-island and land-use effects [Pielke et al., 2002; Kalnay 
and Cai, 2003].”

The United States Historical Climatology Network (USHCN) database, 
though regional in nature, provides a useful check on these findings, as it is 
more stable, has less missing data, and has better adjustments for changes 
to location and urbanization. Figure 1 shows the 11-year running mean of 
USHCN mean temperature data over the period from 1895–2005, and the 
total solar irradiance (TSI) data for the same interval obtained from Hoyt 
and Schatten (1997, updated in 2005). The Hoyt-Schatten TSI series uses 
five historical proxies of solar irradiance, including sunspot cycle amplitude, 
sunspot cycle length, solar-equatorial rotation rate, fraction of penumbral 
spots, and decay rate of the 11-year sunspot cycle. It confirms a strong cor-
relation (r-squared of 0.59). The correlation increases to an r-squared value of 
0.64 if temperature is lagged three years, close to the five-year lag suggested 
by Wigley (1988) and used by Scafetta and West (2006). 
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Two other recent studies that have drawn clear connections between 
solar changes and the Earth’s climate are Soon (2005) and Kärner (2002). 
Soon (2005) showed that Arctic air temperatures correlated with solar irradi-
ance far better than with greenhouse gases over the last century (figures  2a, 
2b). For the 10-year running mean of total solar irradiance (TSI) compared 
to Arctic-wide air temperature anomalies (Polyakov et al., 2003a), he found a 
strong correlation—r-squared of 0.79—compared to an r-squared correlation 
with greenhouse gases of just 0.22.
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Figure 1:  Running mean of USHCN mean annual temperature (° F)
versus total solar irradiance, 1900–2000

Source: National Climate Data Center, 2007; total solar irradiance data up to 2005 supplied by 
Doug Hoyt, personal communication, 2006. 
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Year

Figure 2a:  Correlation between solar output and Arctic air temperature 
anomalies

Source: Soon, 2005.
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Kärner (2002) studied the time-series properties of daily total solar 
irradiance and daily average tropospheric and stratospheric temperature 
anomalies. He showed that average temperature anomalies exhibit a temporal 
evolution characterized by antipersistency, in which the variance expands as 
the observed sample length increases on all timescales, but at a diminishing 
total rate. CO2 forcing is not antipersistent; instead, it has a steadily increas-
ing trend, implying persistency. But Kärner showed that total solar irradiance 
is antipersistent, implying a discriminating hypothesis: the dominant forcing 
mechanism will endow the atmospheric temperature data with its time-series 
property. Since the temperature series is antipersistent, this implies that solar 
forcing dominates. The test supported this finding on all available timescales, 
from daily to decadal. He concluded that:

The revealed antipersistence in the lower tropospheric temperature incre-
ments does not support the science of global warming developed by IPCC 
[1996]. Negative long-range correlation of the increments during last 22 
years means that negative feedback has been dominating in the Earth 
climate system during that period. The result is opposite to suggestion of 
Mitchell (1989) about domination of a positive cumulative feedback after 
a forced temperature change. Dominating negative feedback also shows 
that the period for CO2 induced climate change has not started during the 
last 22 years. Increasing concentration of greenhouse gases in the Earth 
atmosphere appeared to produce too weak forcing in order to dominate 
in the Earth climate system. (Kärner, 2002)

Warming due to ultraviolet effects through ozone 
chemistry

Though solar irradiance varies slightly over the 11-year cycle, radiation at 
longer ultraviolet (UV) wavelengths are known to increase by several percent 
with still larger changes (factor of two or more) at extremely short UV and 
X-ray wavelengths (Baldwin and Dunkerton, 2004). Palamara (2003) reports 
that, during a solar flare, extreme ultraviolet can increase by a factor of 10 
(Foukal, 1998).

Ozone in the stratosphere absorbs this excess energy and converts it 
to heat, which has been shown to propagate downward and affect the general 
circulation in the troposphere. Shindell et al. (1999) used a climate model that 
included ozone chemistry to reproduce this warming during high flux (high 
UV) years. Labitzke and Van Loon (1988), and later Labitzke in numerous 
papers, have shown that high flux (which correlates very well with UV—she 
notes changes 6–8% over the 11-year cycle) produces a warming in low and 
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middle latitudes in winter in the stratosphere, and then penetrates down into 
the middle troposphere. 

The winter of 2001/02, when cycle 23 had a very strong high-flux second 
maxima, provided a good test of Shindell and Labitzke and Van Loon’s work.

Geomagnetic activity, weather, and climate

As early as 1976, Bucha speculated on the variations of geomagnetic activity, 
weather, and climate. In recent years, Bochnicek et al. (1999), and Bucha and 
Bucha (1998), have shown statistically significant correlations between geo-
magnetic activity and the atmospheric winter circulation patterns in high and 
mid-latitudes, as controlled to a large degree by the Northern and Southern 
Annular Modes (NAM and SAM) and modulated by the Quasi-Biennial 
Oscillation (QBO). They have found the tendency for the modes to be cold 
during the east QBO at solar minimum and during the west QBO at solar 
maximum, and for the modes to be warm at the west phase during the solar 

Figure 3:  Solar cycle 23, strong high-�ux second maxima around January 2002
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minima and warm at the east phase during solar maxima. This relates to the 
strength of the stratospheric vortex, which Baldwin and Dunkerton (2004) 
showed controls the tendencies in the middle and lower atmosphere for the 
phase of the Arctic Oscillation (AO) and North Atlantic Oscillation (NAO). 
Since the QBO alternates east and west approximately every year, this would 
suggest a tendency for winters to alternate cold and warm near solar maxima 
or minima, but would not argue for long-term changes.

Helio- and geomagnetic activity, solar winds, 
cosmic rays, and clouds 

A key aspect of the sun’s effect on climate may well be the indirect effect on 
the flux of Galactic Cosmic Rays (GCR) into the atmosphere. The hypothesis 
is that cosmic rays have a cloud-enhancing effect through ionization of cloud 
nuclei. As the sun’s output increases, the solar-wind-induced atmospheric 
magnetic field shields the atmosphere from GCR flux. Consequently, the 
increased solar irradiance is accompanied by reduced cloud cover, amplifying 
the climatic effect. Likewise, when solar output declines, increased GCR flux 
enters the atmosphere, increasing cloudiness (and thus planetary albedo) and 
adding to the cooling effect associated with the diminished solar energy.

In an excellent treatise on the geomagnetic solar factors, Palamara 
(2003) noted how Forbush was the first to conclude that there was a rela-
tionship between geomagnetic activity and cosmic ray decreases (called the 

“Forbush decrease”). Ney (1959) proposed a chain of events whereby solar 
activity influences atmospheric temperatures via cosmic rays and ionization, 
with the greatest effects in polar regions. Dickinson (1975) proposed that 
cosmic rays could modulate the formation of sulphate aerosols which could 
serve as cloud nuclei. In a series of papers, Tinsley and coauthors proposed 
instead that cloud-cover changes could relate to changes in atmospheric elec-
tricity brought about by ionization (Tinsley and Yu, 2004). These theories 
were points of contention among researchers concerning the mechanisms 
proposed. There was little evidence to support any of them until Svensmark 
and Friis-Christensen (1997) found changes of 3–4% in total cloud cover 
during the solar cycle 21.

This paper was also quickly challenged. Among the challenges, 
Kristjansson and Kritiansen (2000) and Jorgensen and Hansen (2000) dis-
puted the theoretical mechanisms linking cosmic rays to clouds, the latter 
arguing the changes in clouds might be explained by the El-Nino Southern 
Oscillation (ENSO) or volcanic eruptions. Kernthaler et al. (1999) repeated 
Svensmark’s work but included the polar regions, where it was thought the 
effects would be greatest because that is where the cosmic ray attenuation 
was greatest. They found that by including the polar regions the correlations 

http://www.fraserinstitute.org


Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers  l  17

www.fraserinstitute.org  l  Fraser Institute

were weakened. Friis-Christensen (2000) reported this latter work was 
based on data subject to instrument calibration problems and that, with the 
adjusted cloud data, Kernthaler’s work could not be reproduced. Though they 
acknowledged some effect on cloudiness could be attributed to ENSO, they 
could not rule out the influence of cosmic rays.

Svensmark’s work received support from papers by Tinsley and Yu 
(2004), and Palle Bago and Butler (2001). The latter showed that low clouds 
in all global regions changed with the 11-year cycle in inverse relation to the 
solar activity extending over a longer period than the original Svensmark 
and Friis-Christensen (1997) study. Usoskin et al. (2004) found a signifi-
cant correlation between the annual cosmic ray flux and the amount of low 
clouds for the past 20 years. They found that the time evolution of the low 
cloud amount can be decomposed into a long-term trend and inter-annual 
variations, the latter depicting a clear 11-year cycle. They also found that the 
relative inter-annual variability in the amount of low cloud increases pole-
wards and exhibits a highly significant one-to-one relation with inter-annual 
variations in the ionization over the latitude range 20–55° S and 10–70° N. 
This latitudinal dependence gives strong support for the hypothesis that the 
cosmic-ray-induced ionization modulates cloud properties.

The conjectured mechanism connecting GCR flux to low cloud forma-
tion received experimental confirmation in the recent laboratory experiments 
of Svensmark et al. (2006) and Svensmark (2007), which demonstrated that 
cosmic rays trigger the formation of water droplet clouds. 

Le Mouel et al. (2005) showed a strong correlation of geomagnetic 
indices and global temperature over the last century with some departure 
after 1990, perhaps indicating anthropogenic effects.

Shaviv (2005) found that when including the changes in cosmic rays 
over the last century, the total solar influence could be responsible for 0.47° C 
(±0.19° C), or roughly 77% of the total reported warming.

This issue is yet to be resolved but may indeed turn out to be an impor-
tant solar-climate link, considering the plethora of correlations of climate 
trends with the GCR proxies (e.g., cosmogenic nuclides; Solanki et al., 2004) 
over a multitude of timescales, as compiled in Veizer (2005) and Scherer et 
al. (2006). Svensmark (2007) integrated the results of a dozen studies by 
him and other colleagues over a decade in a new theory he called “cosmo-
climatology” that may help explain changes on the century and longer-term 
timescales.
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Long timescales

The review in the IPCC Fourth Assessment Report (AR4) of million-year-
timescale climate change also overlooks the work of Veizer et al. (2000), 
showing greenhouse periods were asynchronous with high CO2, as modeled 
by Berner and Kothavala (2001). This research was undertaken independently 
of, but almost simultaneously with, research by Shaviv (2002), who dem-
onstrated a variable flux of cosmic rays impinging on our solar system. The 
intensity of this cosmic ray flux, which originates from supernovae, follows 
the 140-million-year cycle of our solar system’s migration through the spiral 
arms of the Milky Way Galaxy. These independent reconstructions show that 
climate over the past 600 million years is highly synchronous with cosmic 
radiation. As proposed for modern climate variability, the mechanistic con-
nection between these records is that of ionization and cloud nucleation in 
the atmosphere, leading to an increase in cloudiness. However, on these long 
timescales of the Phanerozoic Eon, high frequency variability in solar activity 
and attenuation of cosmic radiation is negligible. The impact of cloudiness on 
both long- and short-term climate cycles is significant. Change in cloudiness 
of only a few percent can engender, through changes in albedo, a climatic 
forcing greater than the entire IPCC-proposed anthropogenic “greenhouse 
effect.” Further, cloudiness is recognized by the IPCC’s AR4 as one of the 
greatest sources of uncertainty in climate modeling. 
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Shaviv (2002a, 2002b) proposed that the CRF reaching the planet
has not only an extrinsic variability due to its attenuation by so-
lar wind, but also an intrinsic one arising from a variable inter-
stellar environment. For example, a nearby supernova could
bathe the solar system with a higher CRF for many millennia,
leave a detectable 60Fe imprint in ocean-floor deposits, and per-
haps even give rise to a “cosmic ray winter” (Fields and Ellis,
1999) due to increased cloudiness and planetary albedo. Shaviv
(2002a, 2002b) proposed that a particularly large CRF variability
should arise from passages of the solar system through the Milky
Way’s spiral arms that harbor most of the star formation activity.
Such passages recur at ~143 ± 10 m.y. intervals, similar to the
135 ± 9 m.y. recurrence of the paleoclimate data (Veizer et al.,
2000). Unlike the extrinsic solar-induced CRF modulations,
which change the ionization rate at the bottom of the tropo-
sphere by typically <10%, the galactic flux variations are much
larger and are expected to be about an order of magnitude more
effective. It is these intrinsic CRF variations that may be responsi-
ble for the long-term climate changes over the past 1 Ga.
Specifically, the “icehouses” and the oxygen isotope cold inter-
vals (Fig. 1) appear to coincide with times of high CRF (Fig.
2), as deconvolved from galactic diffusion models and 
exposure ages in iron meteorites (Shaviv, 2002a, 2002b). The
shorter-term annual to multi-millennial climatic effects, superim-
posed on this long-term baseline, would then reflect the 
extrinsic modulations of the CRF due to variable solar activity.
Changes in orbital parameters and in solar and terrestrial 
magnetic fields may also potentially modulate this superimposed
CRF-solar impact.

CORRELATION OF THE CRF AND PALEOTEMPERATURE
DATA

In order to estimate the intrinsic CRF reaching Earth, we used
a diffusion model that takes into account the geometry and 

dynamics of the spiral arms, and considers that cosmic rays are
generated preferentially in these arms. We chose three sets of
diffusion model parameters (Fig. 2)2, which span the entire
range of CRF histories that are consistent with observational con-
straints, the latter limiting the period of CRF oscillations to P0 =
143 ± 10 m.y. (Shaviv, 2002a, 2002b). Because the statistical
record of exposure ages for iron meteorites has Poisson noise,
the CRF histories we used are not directly extracted from it but
they are the smoothed output of the galactic diffusion models
constrained to fit the meteoritic record (see Shaviv 2002b for fur-
ther caveats).

We model the temperature anomaly using the generalized
form of:

∆Tmodel = A + B × t + C × ƒ(pCO2(t)) + D × g (Φ(t,P0)) (1)

where A, B, C, D, P0 are normalization parameters used to fit the
observed ∆Ti. 

The constant A normalizes for the average ∆T while the term
B × t describes a linear temporal trend in ∆T. A term of this form
is expected due to the increasing solar luminosity during the
Phanerozoic, but may also arise from a possible secular variation
in the CRF reaching the solar system; for example, from a chang-
ing star formation rate. A contribution to this term may also arise
from systematic errors in the detrending procedure of the δ18O
data. The third term considers the possibility that CO2 variations
affect ∆T , but at this stage we assume that the term is zero and
defer its discussion to subsequent text. The fourth term arises
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Geological 
Reconstruction Residual
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(Cosmic Rays + linear)
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Φ
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Figure 2. The cosmic ray flux (Φ) and tropical
temperature anomaly (∆T) variations over the
Phanerozoic. The upper curves describe the
reconstructed CRF using iron meteorite exposure age
data (Shaviv, 2002b). The blue line depicts the
nominal CRF, while the yellow shading delineates
the allowed error range. The two dashed curves are
additional CRF reconstructions that fit within the
acceptable range (together with the blue line, these
three curves denote the three CRF reconstructions
used in the model simulations). The red curve
describes the nominal CRF reconstruction after its
period was fine tuned to best fit the low-latitude
temperature anomaly (i.e., it is the “blue”
reconstruction, after the exact CRF periodicity was
fine tuned, within the CRF reconstruction error). The
bottom black curve depicts the 10/50 m.y. (see Fig.
1) smoothed temperature anomaly (∆T) from Veizer
et al. (2000). The red line is the predicted ∆Tmodel for
the red curve above, taking into account also the
secular long-term linear contribution (term B × t in
equation 1). The green line is the residual. The largest
residual is at 250 m.y. B.P., where only a few
measurements of δ18O exist due to the dearth of
fossils subsequent to the largest extinction event in
Earth history. The top blue bars are as in Figure 1.

—————
2The observational constraints (for P0 = 143 ± 10 m.y.) include the cosmic ray
10Be age, and limits on CRF variations derived from iron meteorites. The
three models that we utilize (Fig. 2) have a constant cosmic ray diffusion 
coefficient of D1,2,3 = 0.1, 0.3, 1 × 1028 cm2/sec, and a galactic scale height of
l1,2,3 = 0.5, 0.8, and 1.5 kpc, respectively.

6 JULY 2003, GSA TODAY

Figure 4:  Cosmic ray �ux (upper diagram) and tropical ocean temperature 
anomaly variations over the past 500 million years

Year

Source: Shaviv and Veizer, 2003. The upper curve is based on meteorite exposure ages from 
Shaviv, 2002. The lower curves show the �t of cosmic rays with temperature anomaly 
reconstruction from Veizer et al., 2000.

http://www.fraserinstitute.org


Fraser Institute  l  www.fraserinstitute.org

http://www.fraserinstitute.org


Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers  l  21

www.fraserinstitute.org  l  Fraser Institute

References

Baldwin, M.P., and T.J. Dunkerton (2004). The Solar Cycle and 
Stratospheric-Tropospheric Dynamical Coupling. Journal of Atmospheric 
and Solar-Terrestrial Physics 67: 71–82.

Baliunas, S., and R. Jastrow (1990). Evidence for Long-Term Brightness 
Changes of Solar-Type Stars. Nature 348: 520–22. 

Berner, R.A., and Z. Kothavala (2001). GEOCARB III. A Revised Model 
of Atmospheric CO2 Over Phanerozoic Time. American Journal of Science 
301: 182–204.

Bochnicek, J., V. Bucha, P. Heijda, and J. Pycha (1996). Relation Between 
the Northern Hemisphere Winter Temperatures and Geomagnetic or Solar 
Activity at Different QBO Phases. Journal of Atmospheric and Terrestrial 
Physics 58: 883–97.

Bochnicek, J., V. Bucha, P. Heijda, and J. Pycha (1999). Possible Geomagnetic 
Activity Affects on Weather. Annales Geophysicae 17: 925–32.

Bucha, V. (1976). Variations of the Geomagnetic Field, the Climate and 
Weather. Studia Geophysica et Geodaetica 20: 149–67.

Bucha, V. (1993). Impact of Solar Perturbations on Changes in the 
Atmospheric Circulation. In W. Schroeder (ed.), The Earth and the 
Universe (newsletters of the ICH of the IAGA): 125–32. 

Bucha, V., and V. Bucha Jr. (1998). Geomagnetic Forcing of Changes in 
Climate and the Atmospheric Circulation. Journal of Atmospheric and 
Terrestrial Physics 60: 145–69.

Dickinson, R.E. (1975). Solar Variability and the Lower Atmosphere. 
Bulletin of the American Meteorological Society 56: 1240–48.

Feynman, J., and A. Ruzmaikin (1999). Modulation of Cosmic Ray 
Precipitation Related to Climate.  Geophysical Research Letters 26: 2057–60. 

Fligge, M., and S.K. Solanki (2000). The Solar Spectral Irradiance Since 
1700. Geophysical Research Letters 27: 2157–60.

http://www.fraserinstitute.org


22  l  Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers

Fraser Institute  l  www.fraserinstitute.org

Foukal, P. (1998). Solar Irradiance Variations and Climate. In S.T. Suess and 
B.T. Tsurutani (eds.), From the Sun: Auroras, Magnetic Storms, Solar Flares, 
Cosmic Rays (AGU): 105–12.

Friis-Christensen, E.(2000). Sun, Clouds and Climate—An Editorial 
Comment. Climatic Change 47: 1–5.

Fröhlich, C. (2006). Solar Irradiance Variability Since 1978. Space Science 
Reviews 125, 1–4: 53–65. DOI: 10.1007/s11214-006-9046-5.

Fröhlich, C., and J. Lean (1998). The Sun’s Total Irradiance: Cycles, Trends, 
and Related Climate Change Uncertainties Since 1976. Geophysical 
Research Letters 25: 4377–80.

Fröhlich, C., and J. Lean (2004). Solar Radiative Output and Its Variability: 
Evidence and Mechanisms. Astronomy and Astrophysics Review 12: 273–320.

Gleissberg, W. (1958). The 80-Year Sunspot Cycle. Journal of British 
Astronomy Association 68: 150.

Hoyt, D.V. (1979). Variations in Sunspot Structure and Climate. Climate 
Change 2: 79–92.

Hoyt, D.V., and K.H. Schatten (1997). The Role of the Sun in Climate 
Change. Oxford University Press.

Jorgensen, T.S., and A.K. Hansen (2000). Comments on “Variation of 
Cosmic Ray Flux and Global Cloud Cover—a Missing Link in Solar-Climate 
Relationships. Journal of Atmospheric and Solar-Terrestrial Physics 62: 73–77.

Kalnay, E., and M. Cai (2003). Impact of Urbanization and Land-Use 
Change on Climate. Nature 423: 528–31.

Kärner, O. (2002). On Non-Stationarity and Anti-Persistency in 
Global Temperature Series. Journal of Geophysical Research 107, D20.               
DOI: 10.1029/2001JD002024.

Kernthaler, S.C., R. Toumi, and J.D. Haigh (1999). Some Doubt Concerning 
a Link Between Cosmic Rays and Global Cloudiness. Geophysical Research 
Letters 26: 863–65.

Kniveton, D.R., and M.C. Todd (2001). On the Relationship of Cosmic Ray 
Flux and Precipitation. Geophysical Research Letters 28: 1527–30.

http://www.fraserinstitute.org


Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers  l  23

www.fraserinstitute.org  l  Fraser Institute

Kristjansson, J.E., and J. Kritiansen (2000). Is There a Cosmic Ray Signal 
in Recent Variations of Global Cloudiness and Cloud Radiative Forcing. 
Journal of Geophysical Research 105: 12851–63.

Labitzke, K. (2001). The Global Signal of the 11-Year Sunspot Cycle 
in the Stratosphere: Differences Between Solar Maxima and Minima. 
Meteorologische Zeitschrift 10: 83–90.

Labitzke, K., and H. van Loon (1988). Associations Between the 11-Year 
Solar Cycle, the QBO and the Atmosphere. Part I: The Troposphere and 
Stratosphere in the Northern Hemisphere Winter. Journal of Atmospheric 
and Terrestrial Physics 50: 197–206. 

Landscheidt, T. (2000). Solar Wind Near Earth, Indicator if Variations in 
Global Temperatures. In M. Vazquez and E. Schmiedere (eds.), The Solar 
Cycle and Terrestrial Climate (European Space Agency Special Publication 
463): 497–500.

Lean, J. (2000). Evolutiom of the Sun’s Spectral Irradiance Since the 
Maunder Minimum, Geophysical Research Letters 27: 2425–28.

Lean, J., J. Beer, and R. Bradley (1995). Reconstruction of Solar Irradiance 
Since 1610: Implications for Climate Change. Geophysical Research Letters 
22: 3195–98.

Le Mouel, J.-L., V. Kossobokov, and V. Courtillot (2005). On Long-
Term Variations of Simple Geomagnetic Indices and Slow Changes in 
Magnetospheric Currents: The Emergence of Anthropogenic Global 
Warming After 1990? Earth and Planetary Science Letters 232: 273–86.

Lockwood, M., R. Stamper, and M.N. Wild (1999). A Doubling of the Sun’s 
Coronal Magnetic Field During the Past 100 Years. Nature 399: 437–39.

Marsden, D., and R.E. Lingenfelter (2003). Solar Activity and Cloud 
Opacity Variations: A Modulated Cosmic Ray Ionization Model. Journal of 
the Atmospheric Sciences 60: 626–36.

Marsh, N.D., and H. Svensmark (2000). Low Cloud Properties Influenced 
by Cosmic Rays. Physical Review Letters 85: 5004–07.

http://www.fraserinstitute.org


24  l  Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers

Fraser Institute  l  www.fraserinstitute.org

Marsh, N., and H. Svensmark (2003a). Galactic Cosmic Ray and El Niño–
Southern Oscillation Trends in International Satellite Cloud Climatology 
Project D2 Low-Cloud Properties. Journal of Geophysical Research 108, D6: 
4195. DOI: 10.1029/2001JD001264. 

Marsh, N., and H. Svensmark (2003b). Solar Influence on Earth’s Climate. 
Space Science Reviews 107: 317–25.

Mitchell, J.F.B. (1989). The Greenhouse Effect and Climate Change.  
Reviews of Geophysics 27: 115–39.

Ney, E.R. (1959). Cosmic Radiation and the Weather. Nature 183: 451–52.

National Climate Data Centre (2007). GHCN Global Gridded Data.  
<http://www.ncdc.noaa.gov/oa/climate/research/ushcn/ushcn.html>, as of 
December 4, 2008.

National Oceanic and Atmospheric Administration, Space 
Environment Centre (2007). Solar Cycle 23 Progression.                                                      
<http://www.sec.noaa.gov/SolarCycle/>, as of January 5, 2009.

Palamara, D. (2003). Solar Activity and Recent Climate Change: Evaluating 
the Impact of Geomagnetic Activity on Atmospheric Circulation. Ph.D. 
thesis, School of Geosciences, University of Wollongong.

Palle Bago, E., and C.J. Butler (2000). The Influence of Cosmic Rays on 
Terrestrial Clouds and Global Warming. Astronomy & Geophysics 41:  
4.18–4.22.

Palle Bago, E., and C.J. Butler (2001). Sunshine Records from Ireland: 
Cloud Factors and Possible Links to Solar Activity and Cosmic Rays. 
International Journal of Climatology 21: 709–29.

Polyakov, I.V., G.V. Alekseev, R.V. Bekryaev, U.S. Bhatt, R. Colony, M.A. 
Johnson, V.P. Karklin, D. Walsh, and A.V. Yulin (2003a). Long-Term Ice 
Variability in Arctic Marginal Seas. Journal of Climate 16: 2078–85.

Polyakov, I., D. Walsh, I. Dmitrenko, R. L. Colony, and L. A. 
Timokhov (2003b). Arctic Ocean Variability Derived from 
Historical Observations. Geophysical Research Letters 30, 6: 1298.                                                      
DOI: 10.1029/2002GL016441.

http://www.fraserinstitute.org


Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers  l  25

www.fraserinstitute.org  l  Fraser Institute

Scafetta, N., and B. J. West (2007). Phenomenological Reconstructions 
of the Solar Signature in the Northern Hemisphere Surface Temperature 
Records Since 1600. Journal of Geophysical Research 112, D24S03.        
DOI: 10.1029/2007JD008437.

Scherer, K., H. Fichtner, T. Borrmann, J. Beer, L. Desorgher, E. Fluekiger, 
H-J. Fahr,  S.E.S. Ferreira, U.W. Langner, M.S. Potgieter, B. Heber, J. 
Masarik, N. Shaviv, and J. Veizer (2006). Interstellar-Terrestrial Relations: 
Variable Cosmic Environments, the Dynamic Heliosphere, and Their 
Imprints on Terrestrial Archives and Climate. Space Science Reviews.    
DOI: 10.1007/s11214-006-9126-6.

Shaviv, N.J. (2002). The Spiral Structure of the Milky Way, Cosmic Rays, 
and Ice Age Epochs on Earth. New Astronomy 8: 39–77.

Shaviv, N.J. (2005). On Climate Response to Changes in the Cosmic Ray 
Flux and Radiative Budget. Journal of Geophysical Research 110, A08105: 
1–15. DOI: 10.1029/2004JA010866. 

Shaviv, N.J., and J. Veizer (2003). Celestial Driver of Phanerozoic Climate? 
GSA Today 13, 7: 4–10.

Shindell, D.T., D. Rind, N. Balachandran, J. Lean, and P. Lonergan (1999). 
Solar Cycle Variability, Ozone, and Climate. Science 284: 305–08.

Solanki, S.K., M. Schüssler, and M. Fligge (2000). Evolution of the Sun’s 
Large-Scale Magnetic Field Since the Maunder Minimum. Nature 408: 
445–47.

Solanki, S.K., M. Schüssler, and M. Fligge (2002). Secular Variation of the 
Sun’s Magnetic Flux. Astronomy and Astrophysics 383: 706–12.

Solanki, S.K., Mursula K. Schüssler, and K. Alanko (2004). Unusual 
Activity of the Sun During Recent Decades Compared to the Previous 
11,000 Years. Nature 431: 1084–87.

Soon, W. W.-H. (2005). Variable Solar Irradiance as a Plausible Agent 
for Multidecadal Variations in the Arctic-Wide Surface Air Temperature 
Record of the Past 130 Years. Geophysical Research Letters 32, L16712. 
DOI: 10.1029/2005GL023429.

http://www.fraserinstitute.org


26  l  Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers

Fraser Institute  l  www.fraserinstitute.org

Soon, W.H., E. Posmentier, and S.L. Baliunas (1996). Inference of Solar 
Irradiance Variability From Terrestrial Temperature Changes, 1880–
1993: an Astrophysical Application of the Sun-Climate Relationship. 
Astrophysical Journal 472: 891–902.

Svensmark, H. (1998). Influence of Cosmic Rays on Earth’s Climate. 
Physical Review Letters 22: 5027–30.

Svensmark, H. (2007). Cosmoclimatology: A New Theory Emerges. 
Astronomy & Geophysics 48, 1: 1.18–1.24. 

Svensmark, H., and E. Friis-Christensen (1997). Variation of Cosmic 
Ray Flux and Global Cloud Cover: A Missing Link in Solar-Climate 
Relationships. Journal of Atmospheric and Solar-Terrestrial Physics 59: 
1125–32.

Svensmark, H., N. Marsh, J.O. Pepke Pederson, M. Enghoff, and U. 
Uggerhoj (2006). Experimental Evidence for the Role of Ions in Particle 
Nucleation Under Atmospheric Conditions. Proceedings of the Royal 
Society A. 

Theijl, P., and K. Lassen (2000). Solar Forcing of the Northern Hemisphere 
Land Air Temperature. Journal of Atmospheric and Solar-Terrestrial 
Physics 62: 1207–13.

Tinsley, B.A., and F. Yu (2004). Atmospheric Ionization and Clouds as 
Links Between Solar Activity and Climate. AGU Monograph 141: 321–40.

Usoskin, I.G., N. Marsh, G.A. Kovaltsov, K. Mursula, and O.G. Gladysheva 
(2004). Latitudinal Dependence of Low Cloud Amount on Cosmic 
Ray Induced Ionization. Geophysical Research Letters 31, L16109.                  
DOI: 10.1029/2004GL019507. 

Veizer, J. (2005). Celestial Climate Driver: a Perspective from Four Billion 
Years of the Carbon Cycle. Geoscience Canada 23: 13–28.

Veizer, J., Y. Godderis, and L.M. François (2000). Evidence for Decoupling 
of Atmospheric CO2 and Global Climate curing the Phanerozoic Eon. 
Nature 408: 698–701.

Wang, Y.M., J.L. Lean, and N.R. Sheeley (2005). Modeling the Sun’s Magnetic 
Field and Irradiance Since 1713. Astrophysical Journal 625: 522–38.

http://www.fraserinstitute.org


Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers  l  27

www.fraserinstitute.org  l  Fraser Institute

Wigley, T.M.L. (1988). The Climate of the Past 10,000 Years and the Role of 
the Sun. In F.R. Stephenson and A.W. Wolfendale (eds.), Secular Solar and 
Geomagnetic Variations in the Last 10,000 Years. Kluwer.

Willson, R. (1997). Total Solar Irradiance Trend During Solar Cycles 21 and 22. 
Science 277: 1963–65.

Willson, R.C., and H.S. Hudson (1991). The Sun's Luminosity Over a 
Complete Solar Cycle. Nature 351: 42–44.

Willson, R.C., and A.V. Mordvinov (2003). Secular Total Solar Irradiance 
Trend During Solar Cycles 21–23. Geophysical Research Letters 30, 5: 1199.

Yu, Fangqun (2002). Altitude Variations of Cosmic Ray Induced 
Production of Aerosols: Implications for Global Cloudiness and Climate. 
Journal of Geophysical Research 107, A7. DOI: 10.1029/2001JA000248.

http://www.fraserinstitute.org


Fraser Institute  l  www.fraserinstitute.org

http://www.fraserinstitute.org


Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers  l  29

www.fraserinstitute.org  l  Fraser Institute

About the authors

Joseph D'Aleo has over three decades of experience as a meteorologist 
and climatologist. He holds B.S. and M.S. degrees in Meteorology from 
the University of Wisconsin and was in the doctoral program at New York 
University. Mr. D'Aleo was a Professor of Meteorology at the college level 
for over eight years (six years at Lyndon State College in Vermont) and 
was a cofounder and the first Director of Meteorology at the cable TV 
Weather Channel. From 1989–2004, Mr. D'Aleo was Chief Meteorologist 
at WSI and Senior Editor for WSI's popular Intellicast.com web site. Mr. 
D'Aleo is a Certified Consultant Meteorologist and was elected a Fellow 
and Councilor of the American Meteorological Society. He has served 
as member and Chairman of the American Meteorological Society's 
Committee on Weather Analysis and Forecasting. He has authored and/or 
presented numerous papers focused on advanced applications enabled by 
new technologies and the role of natural solar and ocean cycles on weather 
and climate. His published works include a resource guide for Greenwood 
Publishing on El Niño and La Niña. Mr. D'Aleo is currently Executive 
Director for ICECAP, an organization and international web site that will 
bring together the world's best climate scientists to shed light on the true, 
complex nature of climate change. He was also a contributing author to the 
Non-Intergovernmental Panel on Climate Change (NIPCC) Report.

Olavi Kärner studied mathematics at the University of Tartu, Estonia 
before receiving his Ph.D. in Atmospheric Physics from the Leningrad 
Hydrometeorological Institute in 1974. In 1966, Dr. Kärner joined the 
Tartu Observatory in Tõravere, Estonia, and since 1977 he has held 
the position of Research Associate, Atmospheric Sensing Group. His 
scientific interests include time series analysis for climate studies and the 
development of satellite cloud classification methods for radiation budget 
calculations. In 1993, Dr. Kärner and coauthor Dr. Sirje Keevallik published 
Effective Cloud Cover Variations.

Richard C. Willson holds a doctoral degree in Atmospheric Sciences from 
the University of California-Los Angeles and B.S. and M.S. degrees in 
Physics from the University of Colorado. He is a Senior Research Scientist 
in the employ of Columbia University’s Center for Climate Systems 
Research. His work in this field, which began at the University of Colorado 
and continued at the Jet Propulsion Laboratory and Columbia University, 

http://www.fraserinstitute.org


30  l  Critical Topics in Global Warming: Supplementary Analysis of the Independent Summary for Policymakers

Fraser Institute  l  www.fraserinstitute.org

has been in the area of development of state-of-the-art solar irradiance 
measurement techniques for both total and spectral irradiance. He 
developed prism, grating, and interference spectroscopy instrumentation 
for spectral observations in both laboratory and flight environments. 
He developed the Active Cavity Radiometer instrumentation for total 
irradiance observations and has conducted flight 15 experiments on 
balloons, sounding rockets, the Space Shuttle, and satellite platforms. He 
has served as the Principal Investigator for the Solar Maximum Mission 
ACRIM I, Space Shuttle Spacelab I and Atmospheric Laboratory for 
Applications and Science (ATLAS) ACRIM’s, Upper Atmosphere Research 
Satellite (UARS) ACRIM II and EOS/ACRIM III experiments.

Ian Clark holds a B.Sc. and an M.Sc. in Earth Sciences from the University 
of Waterloo and a doctorate in Earth Sciences from the Université de 
Paris-Sud. Dr. Clark is a Professor in the Department of Earth Sciences 
at the University of Ottawa. He conducts research on past climates and 
environmental change in the Arctic. His current programs involve field 
work with students in the Yukon Territory and on the Mars environment 
analogue site on Devon Island in Nunavut, which is supported by the 
Canadian Space Agency. Dr. Clark teaches courses on Quaternary Geology 
and Climate Change and on Groundwater Geochemistry. Further, he 
is director of the G.G. Hatch Isotope Laboratory, an internationally 
renowned facility supporting research in Earth and environmental science.

http://www.fraserinstitute.org

