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ABSTRACT 
For the understanding of current and future climate change it is a basic prerogative 
to properly understand the mechanisms, which controlled climate change after the 
Last Ice Age. According to the IPCC 5th assessment report (in prep.) the Sun has 
not been a major driver of climate change during the post-Little Ice Age slow 
warming, and particularly not during the last 40 years. This statement requires critical 
review as the IPCC neglects strong paleo-climatologic evidence for the high 
sensitivity of the climate system to changes in solar activity. This high climate 
sensitivity is not alone due to variations in total solar irradiance-related direct solar 
forcing, but also due to additional, so-called indirect solar forcings. These include 
solar-related chemical-based UV irradiance-related variations in stratospheric 
temperatures and galactic cosmic ray-related changes in cloud cover and surface 
temperatures, as well as ocean oscillations, such as the Pacific Decadal Oscillation 
and the North Atlantic Oscillation that significant affect the climate. As it is still 
difficult to quantify the relative contribution of combined direct and indirect solar 
forcing and of increased atmospheric CO2 concentrations to the slow warming of 
the last 40 years, predictions about future global warming based exclusively on 
anthropogenic CO2 emission scenarios are premature. Nevertheless, the cyclical 
temperature increase of the 20th century coincided with the buildup and 
culmination of the Grand Solar Maximum that commenced in 1924 and ended in 
2008. The anticipated phase of declining solar activity of the coming decades will 
be a welcome ‘natural laboratory’ to clarify and quantify the present and future 
role of solar variation in climate change. 
 
1. INTRODUCTION 
Future climate change, whether cooling or warming, will probably have considerable 
consequences for sea level, food production, world economy, biodiversity and health. 
The natural climate system varies on long as well as on short time-scales, neither of 
which is properly understood. How much of the 20th century warming was induced by 
natural, rather than by anthropogenic forcing remains a major open and hotly debated 
question. In order to explain global warming during the last century it is necessary to 
understand the contribution of natural processes and particularly of solar forcing to 
climate change and its retention time, versus that of the so-called enhanced greenhouse 
effect, commonly referred to as Anthropogenic Global Warming. 
In addition to historical documents recording weather and climate change 
observations, nature itself provides valuable information stored in various archives, 
such as the ice sheets of Greenland and Antarctic, lacustrine and marine sediments, 
peat deposits and tree rings. Based on so-called paleodata (climate proxy data) an 
increasingly clear picture of past climate changes is emerging, though we are still a 
long way from understanding all processes involved. Any primary cause of climate 
change may trigger a chain of secondary reactions, some of which amplify the primary 
change. The problem is to identify all relevant processes and to quantify their climate 
forcing factors, including numerous interlinked components of the climate system in 
the atmosphere, biosphere, cryosphere, and hydrosphere. 
This paper discusses: (1) one of the most abrupt solar-forced climate changes since 
the end of the Last Ice Age (ca. 11,500 years ago) that occurred between the Minoan 
and Roman warm times, around 850 years BC; (2) general evidence for significant 
solar forcing of climate change after the Last Ice Age and during the Modern Warm 
Period; (3) IPCC views on the very minor climate forcing role of the Sun that 
contradict evidence discussed in (1) and (2). 
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2. A LATE HOLOCENE CLIMATE CHANGE - THE 850 BC COOLING 
EVENT 
Climate changes during Holocene times (11,500 years ago to present) can be 
reconstructed in temperate zones, such as NW-Europe, on the base of the natural 
archives provided by peat sequences which formed in rainwater-fed raised bogs 
(wetlands). In peat deposits plant remains can be readily identified. Using information 
on the ecological habitat of peat forming plant species permits to assess vegetation 
changes in temporal peat sample sequences, which can be interpreted in terms of local 
hydrological changes in response to climate changes. The degree of decomposition of 
peat-forming plants is also related to climatic conditions: more decomposed peat is 
formed under drier conditions, and well preserved plant remains represent periods of 
wetter conditions. 
 
Based on the analysis of Scandinavian peat profiles, Blytt and Sernander [1] 
subdivided the Holocene into alternating periods interpreted as representing relatively 
dry and warm, respectively cool and wet climatic conditions. Later this subdivision 
appeared to be too simplistic, although the so-called Subboreal-Subatlantic transition 
of the Blytt-Sernander scheme, that occurred around 850 BC, is still recognized as an 
abrupt and intense global climate change. Peat profiles of NW-Europe document that 
this climatic crisis involved a rapid change from relatively dry and warm to cool, 
wetter conditions that can be attributed to a major decline in solar activity [2,3]. After 
850 BC increased windiness persisted for about 200 years [4]. 
 
2.1. Radiocarbon, the Sun and climate change 
The radiocarbon (14C) method is commonly used for dating Holocene climate-induced 
shifts as recorded in peat deposits and lacustrine sediments. Radiocarbon delivers, 
however, more than only the possibility of dating organic material. Past changes in the 
atmospheric radiocarbon level are a proxy for solar activity and there are strong links 
between 14C fluctuations and climate shifts. The period between 850 BC and 760 BC 
is characterized by a steep increase in the atmospheric radiocarbon content (arrow in 
fig. 1) and corresponds in temperate zones to an extremely cool and wet period 
[2,3,4,5,6]. 
 

 
 
Figure 1: Mid-European lake level changes and atmospheric radiocarbon fluctuations 
during the last 11,500 years (after Magny, 2007) [16]. Periods of low solar activity 
(high radiocarbon values) are linked with high lake levels, while low lake levels 
occurred during periods of high solar activity (low radiocarbon values). The arrow 
points to the 850 BC event. 



 
In order to further explain the link between variations in past solar activity and climate 
change, some aspects of the production and decay of the radioactive carbon isotope 
14C need to be discussed. The carbon isotope 14C is produced in the upper layers of 
the troposphere and the stratosphere by spallation of nitrogen atoms with thermal ions 
derived from cosmic rays. Therefore 14C is referred to as a cosmogenic isotope. The 
intensity of the cosmic ray flux reaching the Earth depends on the strength of the solar 
interplanetary magnetic field, the solar wind, a proton-electron gas emitted by the Sun, 
and the geomagnetic field, which together shield the Earth from galactic cosmic rays 
(GCR). As the flux of GCR reaching the Earth anti-correlates with solar activity, it is 
a proxy for solar activity. When formed by the action of GCR, 14C is oxidized to 
14CO2, becomes part of the carbon cycle and is taken up by plants and animals. When 
these die, their carbon uptake ceases and the decay of radiocarbon with a half-life of 
5730 +/- 40 years commences and thus can be used for dating purposes. Radiocarbon 
ages are expressed in years BP (Before Present) as radiocarbon ‘years’ relative to 1950 
AD. Radiocarbon ‘years’ differ from calendar years because through time the 
production of 14C is not constant, mainly due to changes in the intensity of solar 
activity and the GCR flux. The 14C scale is calibrated to a calendar time scale by 
measuring the 14C content of tree rings, which can be exactly dated by means of 
dendrochronology. 
 
Past fluctuations in solar activity caused the so-called ‘wiggles’ of the 14C 
calibration curve. Closely spaced sequences of 14C dates obtained from peat deposits 
display wiggles that can be correlated with the wiggles of the radiocarbon calibration 
curve. The method of dating peat sequences using 14C ‘wiggle-match dating’ has 
greatly improved the precision of radiocarbon chronologies [7] since it was first 
applied by van Geel and Mook [8]. By now, high precision calendar age chronologies 
can be obtained by 14C wiggle-matching of peat sequences that show evidence for 
temporary increases in mire surface wetness during the early Holocene, at the 
Subboreal/Subatlantic transition and during the Little Ice Age (1650-1850), which 
coincided with periods of suddenly increasing atmospheric 14C production, reflecting 
low solar activity. Peat records showing such phenomena are available from the 
Netherlands [3,9,10], the Czech Republic [11], the UK and Denmark [12]. Since 
production of radiocarbon is regulated by solar activity, periods of increased mire 
surface wetness have been interpreted as evidence for solar forced climate change 
(effects of sharply declining solar activity). In ice cores, variations in the occurrence 
of the cosmogenic radioisotope 10Be, which has a half-life of ± 1.36 million years [13], 
provide an independent record of changes in solar activity that reaches back into the 
Pleistocene. 
 
2.2. Evidence for solar-forced climate change over longer time spans 
Magny [14,15,16] published a long record of Holocene climate-related water table 
changes for lakes in southeastern France and adjacent Switzerland (fig. 1). Lake level 
fluctuations correspond closely to atmospheric 14C fluctuations with low lake levels 
occurring during periods of high solar activity and low atmospheric 14C, while high 
lake levels correspond to periods of low solar activity and high atmospheric 14C. 
Moreover, there is increasing evidence for solar climate forcing coming from studies 
of marine sediments, stalagmites and ice cores. Bond et al. [17] showed that in the 
North Atlantic ice-rafted debris was transported further southward during periods of 
relatively low solar activity. The temporal correlation of fluctuations in the 
cosmogenic isotopes 14C and 10Be and ice rafted debris points to a dominant control 
of North Atlantic climate changes by variations in solar activity. Sejrup et al. [18] 
provided evidence for solar forcing of the Norwegian Sea temperature during the last 
millennium. Neff et al. [19] studying the climate archive of stalagmites in Oman, 
showed that their oxygen isotope record can be interpreted as a proxy for fluctuations 
in monsoonal rainfall and is linked to the delta 14C record, thus suggesting that 
changing monsoon intensity was driven by changes in solar activity. Marchitto et al. 



[20] recorded a response of the tropical Pacific Ocean to solar forcing during the early 
Holocene. Muscheler et al. [21] compared fluctuations of 14C and 10Be with oxygen 
isotope changes in ice cores of Greenland and showed that early Holocene climate 
shifts - as reflected by the oxygen isotope record – correlate with changes in the 
production of the cosmogenic isotopes and thus with changes in solar activity. Haltia- 
Hovi et al. [22] established a link between variations in solar activity and the spacing 
of annual laminae of lacustrine sediments in Finland. In the same vein Kokfelt and 
Muscheler [23] concluded from lake sediments in northern Sweden that the Sun was 
an important climate driver during the last 1000 years and that summer precipitation 
may have been affected by variations in solar activity. Holzhauser et al. [24] compared 
glacier and lake level fluctuations in west-central Europe during the last 3500 years 
and found that advances of glaciers, periods of higher lake levels and fluctuations in 
atmospheric 14C were synchronous. 
 
Moreover, the record of lake sediments and peat deposits yields evidence for the 
relationship between solar forced changes to cooler, wetter climatic conditions and the 
economy of prehistoric people. In a special issue of Quaternary International [25], 
several papers give further support to the concept that climatic conditions had a strong 
impact on the cultural developments of human societies [26,27,28]. Sirocko et al. [29] 
showed that freezing of the river Rhine during strong winters of the last 230 years 
coincided with temporary minima in solar activity. Based on climate proxy data, there 
is increasing evidence that variations in solar irradiance are a very important driving 
force of climate variations not only at longer but also at short time scales. Van Geel et 
al. [30], Beer and van Geel [31] and Engels and van Geel [32] presented overviews of 
solar forced climate shifts based on palaeo-data. For an up to date overview of peer-reviewed 
papers addressing solar forcing of climate change readers are referred to 
http://chrono.qub.ac.uk/blaauw/ (‘Club de Soleil’). 
 
2.3. Socio-Economic effects of the 850 BC cooling event 
The solar-forced climate deterioration around 850 BC was one of the most intense and 
abrupt climate changes during the second half of the Holocene. It had a strong socioeconomic 
impact in areas that were already marginal from a hydrological point of 
view (high ground water table). In the northern Netherlands increased rainfall and 
lower temperatures caused a sudden rise of the ground water table that transformed 
arable land to wetland, fostering the growth of peat. Farming communities living in 
such areas were forced to migrate because they could no longer subsist on local food 
production [2]. One of the best examples of the impact of this climate shift comes from 
West-Friesland in the northern Netherlands, which was inhabited by Bronze Age 
farmers between ca. 1600 and 800 BC. Extensive archaeological investigations on 
settlement sites, including detailed archaeobotanical and archaeozoological studies, 
yielded information on husbandry and environment. Between about 850 and 800 BC, 
people adapted to the suddenly increasing wetness of the region by building their 
houses on dwelling mounds. Around 800 BC the area had become so wet that no 
further adaptation was possible. The loss of cultivated land in West-Friesland and in 
many other parts of the northern Netherlands forced farming communities to move to 
the newly emerging salt marsh area along the northern coast of the Netherlands. Van 
Geel et al. [2] postulated that this change to a cooler climate caused a stagnation of the 
Holocene sea level rise in response to thermal contraction of the upper layer of the 
ocean and/or a reduced velocity and pressure on the coast by the Gulf Stream. For the 
first time extensive salt marshes developed, providing a new habitat for the farmers, 
who had lost their arable land and homesteads owing to a rising water-table. In the 
Alpine domain the climate shift around 850 BC marked the beginning of major glacier 
advances, culminating around 600 BC [24]. 
 
In south-central Siberia archaeological evidence suggests that after 850 BC the 
population density and cultural development of the nomadic Scythian population 
increased. Pollen studies showed a decline of xerophytic taxa, while tree birches and 
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moisture demanding Cyperaceae replaced shrub birches. Van Geel et al. [33] 
suggested that this vegetation change reflects an abrupt climatic shift towards 
increased humidity owing to an equator-ward displacement of mid-latitude storm 
tracks. Areas that initially were hostile semi-deserts changed into attractive steppes 
with a high biomass production and carrying capacity. These newly available steppes 
provided an ideal habitat for herbivores, making them very attractive to nomadic 
tribes. The Central Asian equestrian Scythian culture expanded, and an increasing 
population density stimulated westward migration towards southeastern Europe. 
The climate shift of about 850 BC was apparently of a worldwide nature. For 
instance, massive glacier advances in the south-central Andes of Chile were probably 
induced by an equator-ward shift of mid-latitude storm tracks, as also indicated for the 
northern hemisphere [5]. There is also strong evidence for a climate change around 
850 BC in the Central African rain forest belt [3]. Pollen studies point to a drastic 
change in the vegetation cover (from rain forest to a more open savannah landscape) 
reflecting an aridity crisis. This climate and vegetation change induced Bantu farmers 
to migrate from the south into the Central African rainforests. Moreover, a dryness 
crisis in northwest India [6] speaks for a period of weak monsoons after the climate 
shift of 850 BC. 
 
This change to dryness in central West Africa and India, and the contemporary 
increase of precipitation in temperate zones is compatible with the hypothesis that - 
after a decline in solar activity - there was a decrease in the latitudinal extent of the 
Hadley Cell circulation, probably slowing down the monsoon, while the mid-latitude 
storm tracks of the temperate zones were enhanced and shifted equator-ward [34]. 
Evidence from paleo-data indicates that in some areas the climate shift of 850 BC had 
a positive effect on cultural and economic development, such as for the Scythian 
culture and Bantu farmers whilst in other areas, such as the northern Netherlands, it 
was a severe crisis that triggered migration and new technological and cultural 
developments [31,35]. 
 
3. DIRECT SOLAR FORCING AND AMPLIFICATION MECHANISMS 
The Sun has since long been recognized as the dominant driver of the Earth’s climate. 
The amount of solar energy reaching the Earth varies with the Earth’s orbit around the 
Sun, as well as with the activity of the Sun that changes over time scales from minutes 
to millennia. 
 
Satellite-based direct measurements of the Total Solar Irradiance (TSI) and Solar 
Spectral Irradiance (SSI) are only available since 1978. For pre-space age times, TSI 
estimates are derived from various proxies, such as the number of sunspots (since 
1610), the solar open magnetic field (since 1963), the galactic cosmic ray flux (neutron 
monitor data since 1964) and the density of the cosmic isotopes 14C in tree rings and 
10Be in ice and deep-sea sediment cores [13,36,37,38,39]. Since TSI estimates based on 
proxies are relatively poorly constrained, they vary considerably between authors, such 
as Wang et al. [40] and Hoyt and Schatten [41]. There is also considerable disagreement 
in the interpretation of satellite-derived TSI data between the ACRIM and PMOD 
groups [42,43]. Assessment of the Sun’s role in climate change depends largely on 
which model is adopted for the evolution of TSI during the last 100 years [44,45,46]. 
 
The ACRIM TSI satellite composite shows that during the last 30 years TSI 
averaged at 1361 Wm-2, varied during solar cycles 21 to 23 by about 0.9 Wm-2, had 
increased by 0.45 Wm-2 during cycle 21 to 22 to decline again during cycle 23 and the 
current cycle 24 [47]. By contrast, the PMOD TSI satellite composite suggests for the 
last 30 years an average TSI of 1366, varying between 1365.2 and 1367.0 Wm-2 that 
declined steadily since 1980 by 0.3 Wm-2. On centennial and longer time scales, 
differences between TSI estimates become increasingly larger. Wang et al. [40] and 
Kopp and Lean [48] estimate that between 1900 and 1960 TSI increased by about 0.5 
Wm-2 and thereafter remained essentially stable, whilst Hoyt and Schatten [41] 
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combined with the ACRIM data suggest that TSI increased between 1900 and 
2000 by about 3 Wm-2 and was subject to major fluctuations in 1950-1980 [46,49]. 
Similarly, it is variably estimated that during the Maunder Solar Minimum (1645- 
1715) of the Little Ice Age TSI may have been only 1.25 Wm-2 lower than at present 
[40,50,51,52] or by as much as 6 ± 3 Wm-2 lower than at present [39,41], reflecting a 
TSI increase ranging between 0.09% and 0.5%, respectively (fig. 2). 
 
If a small centennial-scale TSI fluctuation [40,52] is assumed, the cyclical increase 
in global surface temperatures of about 1.1 0C between the Maunder Minimum of the 
Little Ice Age and the Modern Warm Period cannot be fully explained. Indeed, TSI related 
direct solar forcing is thought to account for only about 40% of this temperature increase 
[36,50,53]. Therefore, a substantial amplification of TSI-related 
direct solar climate forcing is required to explain the post-Maunder temperature 
increase that culminated in the late 1990s and early 2000s towards the end of the 
uniquely long-lived Grand Modern Solar Maximum that apparently had commenced 
in 1924 and ended in 2008 [39,54,55]. 
 
Similarly, strong paleo-evidence for solar forcing of Holocene climate changes, 
involving temperature fluctuations of 1-2 0C [18,56], requires powerful amplification 
effects if small TSI fluctuations of around 2 Wm-2 are assumed [13, 37,48], though 
considerably less if TSI fluctuations of up to 10 Wm-2 as proposed by Shapiro et al. 
[39] are considered. 
 

 
 
Figure 2. Phases of the Pacific Decadal Oscillation compared with the TSI 
reconstruction by Hoyt & Schatten - ACRIM and the TSI reconstruction by Kopp 
and Lean, 2011- PMOD, as used by the GCMs (modified after Scafetta, 2013) [46]. 
Since climate forcing by anthropogenic CO2 emissions, as postulated by the IPCC, can 
be excluded for pre-industrial times, three mechanisms of indirect solar climate 
forcing, amplifying direct solar climate forcing, have been proposed; these probably 
play an important role also in recent climate fluctuations: 1) changes in solar UV 
radiation-related stratospheric ozone production underlying changes in atmospheric 
circulation, 2) the cosmic ray control on cloud formation and Albedo, and 3) solar and 
lunar tidal forcing of oceanic and atmospheric oscillations (PDO: Pacific Decadal 
Oscillation; AMO: Atlantic Multidecadal Oscillation; North Atlantic/Arctic 
Oscillation (NAO/AO). 



 
3.1. Solar UV radiation, stratospheric ozone and atmospheric circulation 
Solar radiation variability is strongly wavelength-dependent, with higher variability in 
the UV domain. Moreover, variations in UV radiation and TSI are not fully 
synchronized. Measurements show that during on average 11-year solar cycles 
variations in UV radiation are with 2-6% considerably larger than those of TSI (about 
0.1%). Therefore, similar and probably even larger discrepancies between TSI and UV 
radiation than the observed variations may have occurred during longer time frames 
[39,51, 52,57]. 
 
Variations in UV radiation affect particularly the stratosphere in which UV-C 
radiation is totally and UV-B partially absorbed by oxygen molecules, producing 
ozone, causing warming of the stratosphere and affecting its dynamics [52,58,59]. As 
the warm stratosphere emits infrared radiation it can warm the much colder upper 
troposphere [50,57]. Moreover, as the stratosphere and troposphere are dynamically 
coupled across the temperature inversion of the tropopause, warmer stratospheric air 
masses can be inserted into the troposphere at the polar jet front [60] (fig. 3). By this 
mechanism, variations in UV radiation, ozone production and the stratospheric 
temperature may have a direct bearing on the Earth’s climate. 
 

 
 
Figure 3: Troposphere-Stratosphere interaction after Geerts and Linacre (1997) [60]. 
http://www-das.uwyo.edu/~geerts/cwx/notes/chap01/tropo.html Abbreviations: PFJ 
- Polar Front Jet, STJ – Sub-Tropical Jet, ITCZ – Inter-Tropical Convergence Zone 

 
A chemical-atmospheric model indicates that during the peak of solar cycles a 1% 
increase in UV radiation causes a 1–2% increase of the stratospheric ozone 
concentration [58,59]. Moreover, satellite measurements suggest that during the 
maximum of solar cycles the temperature of the upper stratosphere (40-50 km) 
increases by about 1K [50,61]. Climate models indicate that warming of the 
stratosphere, particularly in low latitudes where the incidence of solar irradiation is 
nearly vertical, strengthens stratospheric winds while the tropospheric jet streams are 
displaced pole-ward. Since the position of the jets determines the latitudinal extent of 
the Hadley Cell circulation, their pole-ward shift causes also a pole-ward displacement 
of the mid-latitude storm tracks [50,61]. This concept is compatible with the results of 
a coupled atmosphere-ocean general circulation model and marine sediment core data, 
which indicate that solar-induced stratospheric ozone variations strongly influence 
mid-latitude troposphere dynamics [62]. 



 
Since with decreasing solar UV-irradiance and an increasing GCR flux the ozone 
content of the stratosphere decreases [51,63], the stratosphere begins to cool and, by 
cooling the upper troposphere, affects the climate. Prolonged low solar UV-irradiance 
may therefore foster climate deterioration in the northern hemisphere and an increase 
in extreme weather events due to greater temperature differences between the oceans 
and the upper atmosphere [64]. 
 
The climate deterioration that occurred around 850 BC involved not only a 
decrease in TSI and but also an increase in the GCR flux, as indicated by the observed 
strong increase in atmospheric 14C and 10Be. Simultaneously a decline of solar UV 
irradiance caused a decrease in stratospheric ozone concentrations and a cooling of the 
lower stratosphere. Consequently the latitudinal extent of the Hadley Cell circulation 
decreased and mid-latitude storm tracks were displaced equator-ward [3]. 
 
3.2. Solar activity, Galactic Cosmic Ray flux, cloud cover and Albedo 
TSI and the open solar magnetic flux (solar wind) anti-correlate with the GCR flux, 
which varies by up to 20% during the 11-year solar cycles [51]. According to 
Dickinson [65], Pudovkin and Raspopov [66], and Raspopov et al. [67], ionization of 
the troposphere by GCR positively affects aerosol formation and thus cloud-nucleation. 
Svensmark and Friis-Christensen found support for this potentially 
important indirect solar climate-forcing mechanism [68]. 
 
Clouds play a very important role in the Earth’s energy budget by (a) impeding 
solar shortwave radiation from reaching the Earth’s surface (cooling effect), (b) 
reflecting solar shortwave radiation back to space (cooling effect), and (c) impeding 
long-wave infrared radiation emanating from the Earth’s surface to escape to space 
and reflecting it back to the surface (warming effect) [69]. By contrast to IPCC models 
[70], observations show, however, that the cooling effect of clouds exceeds 
considerably their warming effect [71,72]. The cooling effect of clouds is furthermore 
documented by a statistical analysis of global cloud cover versus global surface air 
temperatures, which indicate that a 1% increase in cloud cover corresponds to a 
0.07 0C decrease in surface temperatures 
(http://www.climate4you.com/ClimateAndClouds.htm#LowCloudCoverVersusGloba 
lSurfaceTemperature). 
 
Based on satellite records Marsh and Svensmark [73,74] and Svensmark et al. [75] 
established a close correlation between variations of the GCR flux and the global low 
cloud cover during 1984 to 2006, spanning solar cycles 21 to 23. Laken et al. [76] 
confirmed their findings. The CLOUD experiment of CERN shows how cosmic rays 
promote the formation of clusters of molecules (“particles”) that in the real atmosphere 
can grow and seed clouds [77,78], thus confirming the results of the Danish National 
Space Institute experiment on the cloud/cosmic ray relationship [79]. 
 
Measurements show that between 1964 and the 1990s the total magnetic flux 
leaving the Sun (solar wind) increased by a factor of 1.4 (fig. 4) with surrogate 
measurements indicating that it increased since the Little Ice Age by 350%, while the 
GCR flux decreased by about 50% to reach a low in the 1990s [13,80,81]. Earth-shine 
data show that the Earth’s Albedo, reflecting changes in cloud-cover, decreased 
between 1985 and 2000 by almost 10% and thereafter remained stable [82,83]. The 
observed decrease in Albedo (cloud cover) and the GCR flux (see Oulu Cosmic Ray 
Station http://cosmicrays.oulu.fi/) is compatible with the concept of the GCR/cloud 
relationship and its contribution to the 20th century warming. 
 



 
 
Figure 4. Total solar magnetic flux derived from geomagnetic aa data for 1868-1996 
(black line bounding grey shading) and from interplanetary observations for 1964- 
1996 (blue line). Variation of annual mean sunspot number (purple shaded area). The 
solar magnetic flux has increased by 40% since 1964 and by a factor of 2.3 since 
1901 (after Lockwood et al., 1999) [81]. 
 
At geological time scales variations in the GCR flux are an order of magnitude greater 
than those caused by changes in the solar magnetic flux and solar wind in response to 
variations in solar activity, owing to the solar system passing through spiral arms of 
the Milky Way galaxy. This is compatible with the proxy record of tropical sea-surface 
temperatures, glacial deposits and meteorites of the last 520 million years [84,85,86]. 
The concept of “more GCR, more clouds and cooling, respectively less GCR, less 
clouds and warming” is, however, still hotly disputed since the observed variability in 
low-cloud cover correlates equally well with the GCR flux, TSI and solar UV 
irradiances and thus should not be ascribed to a single mechanism [51,87,88]. 
 
3.3. Solar forcing of Pacific Decadal Oscillation (PDO) 
The PDO, with a cyclicity of about 60 years, is characterized by two different oceanic 
and atmospheric circulation patterns that alternate every 20-30 years and give rise to 
changes in areas of warm and cold surface waters [89]. During positive PDO phases, 
TSI-induced warming of global surface temperatures is enhanced, while during 
negative PDO phases TSI-induced warming is dampened up to net cooling. El Niños 
are more frequent and stronger during positive PDO phases while La Niñas are more 
frequent and stronger during the negative PDO phases, indicating interaction between 
the essentially independent PDO and ENSO phenomena. The PDO, which affects the 
entire Pacific Ocean, is essentially in phase with the Atlantic Multidecadal Oscillation 
(AMO) but leads it by 10-15 years. On the other hand, the phase of the North 
Atlantic/Arctic Oscillation (NAO/AO) ante-correlates with the phase of the AMO and 
the PDO [90,91,92]. The PDO, partly reinforced by the AMO, involves large-scale 
variations in atmospheric and oceanic flow patterns and sea surface temperatures, 
which, in combination with TSI fluctuations (fig. 2), apparently influence global 
surface temperatures (fig. 5). 
 
The warming and cooling trends of the 20th century global surface temperature 
curve closely coincide with positive, respectively negative phases of the PDO. The 
cooling phase of 1882-1914 reflects a negative PDO phase; 1914-1947 warming 
coincided with a positive PDO phase; slight cooling between 1947 and the late 1970s 



coincided with a negative PDO phase; subsequent warming coincided with a positive 
PDO phase; around 2005 the PDO switched again to a negative phase, contributing to 
the recent stagnation and slow decrease of surface temperatures (fig. 5). 
 

 
 
Figure 5. Phases of Pacific Decadal Oscillation compared with global surface 
temperatures, atmospheric CO2 concentrations (smooth line: Antarctic ice core data; 
serrated line: Mauna Loa observatory) and the sunspot number. Thick lines for 
temperatures and sunspots represent a 25 year moving average smoothing of the raw 
data. Modified after L. McInnes, 2009, http://en.wikipedia.org/wiki/Solar_variation 
 
The driving mechanism of the PDO may be of an astronomical-physical type, 
involving gravitational interaction of Jupiter and Saturn with the Sun that affects solar 
activity as well as the Earth’s rotation rate [49,93,94,95,96]. Moreover, multidecadal 
repeating patterns in the soli-lunar tidal dynamics may also be important in regulating 
ocean oscillations because, when in alignment with the Moon, the Sun adds an extra 
46% to the Moon’s gravitational “pull” on Earth. The gravitational interaction of the 
Sun and its planets with the Earth is strongest when Venus, Mars and Jupiter are 
halfway between perihelion and aphelion (line of nodes) and are in alignment with the 
Earth and Moon at line of nodes. This happens rarely, though various degrees of 
alignments occur approximately every 30-35 years. These cause greater than average 
changes in the Earth’s rotational speed and a phase-change of the PDO [64,96]. Under 
such a scenario a PDO-type effect may have contributed to the rapid climate 
deterioration around 850 BC that coincides with a marked decrease in TSI [13]. 
 
Based on global circulation models (GCMs), which assume only very small secular 
TSI variability simulating the Wang/Lean proxy model [38,40,48], the IPCC 
acknowledges that prior to the 1950s climate variations were controlled by the Sun but 
that since then anthropogenic CO2 emissions must be held responsible for the increase 
in global surface temperatures. The GCMs adopted by the IPCC are based on the 
combined TSI models of Wang et al. [40] and the PMOD group [43], which do not 
reflect the 1882-1914, 1947-1977 and post-2005 PDO-related cooling phases. This 
implies that the PDO phenomenon cannot be related to TSI fluctuations and thus ought 
to be regarded as an internal climate oscillation of unknown origin. On the other hand, 
the combined TSI models of Hoyt and Schatten [41] and the ACRIM team [42,47] 
clearly indicate that these PDO-related cooling phases coincide with periods of 



decreased TSI [46] (fig. 2), suggesting that the PDO is dominated by variations in 
solar activity with changes in ocean currents playing a subordinate role in its climatic 
effects. As such, the PDO phenomenon would not qualify as an indirect solar forcing 
mechanism and therefore ought to be attributed to planetary-solar oscillations [46,49, 
94,97]. 
 
Variations in solar activity, UV radiation and the GCR flux are genetically linked 
[51]. Decreasing/increasing UV radiation and an increasing/decreasing GCR flux 
reinforce each other’s climatic effects by reducing/increasing the energy that reaches 
the Earth’s surface and thus amplify the effect of the accompanying TSI changes. The 
response to such a change in the Earth’s energy balance and rotation rate is a 
reorganization of the Earth’s atmospheric and oceanic circulation systems, the climatic 
effects of which are overprinted by the PDO-AMO [46,96]. 
 
4. DISCUSSION AND CONCLUSION 
In Chapter 5 of the draft IPCC 5th Assessment Report the ‘Information from 
Paleoclimate Archives’ gives a valuable overview of indications for climate change 
derived from the various paleoclimate archives. Essential information and an 
interpretation concerning the sensitivity of the climate system to relatively small 
changes in solar activity are, however, missing. The role of the Sun is presented in an 
answer to a Frequently Asked Question: ‘Is the Sun a major driver of climate 
changes?’ The relevant part of the answer provided by the IPCC is quoted here: 
 
“The Sun is not a major driver of the climate changes over the past 40 years 
because instrumental TSI and SSI records contain no significant trend; whereas 
records of global mean temperature and greenhouse gas concentrations contain 
significant trends of increasing values. This lack of agreement in trends demonstrates 
that the Sun did not play a role during this period.” 
In the draft of the IPCC Summary for Policymakers, CO2 is mentioned as “the 
strongest driver of climate change. Its relative contribution has further increased since 
the 1980s and by far outweighs the contributions from natural drivers. It is very likely 
that early 20th century warming is due in part to external forcing, including 
greenhouse gas concentrations, tropospheric aerosols, and solar variations. Climate 
model simulations that include only natural forcings (volcanic eruptions and solar 
variations) can explain a substantial part of the pre-industrial temperature variability 
since 1400 but fail to explain more recent warming since 1950”. 
 
With this information to policymakers the authors of the IPCC 5th Assessment 
Report may soon find themselves disqualified since TSI and SSI vary considerably at 
centennial and millennia scales in response to planetary tidal forcing of solar activity 
[94,98,99], as evident by major climate changes throughout the Holocene [13, 37,100]. 
Of these the 850 BC cooling event is just one example. 
 
There is no doubt that during the past 40 years atmospheric CO2 concentrations 
increased, partly owing to fossil fuel consumption. During the second half of the 20th 
century solar activity has, however, also reached a very high level [101], with TSI 
increasing considerably more than what the GCMs allow for [49,102]. Indeed, the 
long-lived Grand Modern Solar Maximum that had commenced in 1924, culminated 
in the second half of the 20th century and ended in 2008 [55,103,104] involved 
TSI fluctuations of up to 3 Wm-2 [46]. Moreover, the GCMs conveniently overlook the 
fact that the 20th century temperature increase involved, apart from an important TSI 
increase, also an increase in solar UV radiation and a decrease in the GCR flux, as well 
as their fluctuation during the different PDO phases. In the 5th Assessment report of 
the IPCC, models assuming natural climate forcing only, indicate no temperature 
increase during the 20th century. By contrast, Holocene paleo-climatologic data 
indicate that the Earth’s climate is very sensitive to even small fluctuations in solar 
radiation. In view of the observed TSI increase during the 20th century [46], it is 



therefore highly unlikely that temperatures would have remained stable during this 
time, provided greenhouse gas emissions had remained stable. Indeed, the observed 
cyclical temperature rise of the 20th century can be explained by the buildup of the 
modern Grand Solar Maximum that culminated in the 1990s and early 2000s. This 
suggests that the climate models of the IPCC, as presented in its 5th Assessment Report 
(high sensitivity to greenhouse gases, low sensitivity to TSI variations), must be 
erroneous due to neglect of the observed TSI variation. 
 
In discussions on the postulated role of CO2 as a climate-forcing agent it is often 
stated that the full temperature increase in response to current atmospheric CO2 
concentrations has not yet occurred. According to Hansen et al. [105] the planet is out 
of energy balance due to positive climate forcings. Hansen et al. estimate that owing 
to increasing anthropogenic emissions the time required for 60% of the equilibrium 
response (global warming) to be achieved is in the range of 25 to 50 years (‘warming 
in the pipeline’). 
 
The postulated time lag between an initial disturbance of the climate system and the 
re-establishment of its energy balance is generally attributed to the thermal inertia of 
the oceans. However, since it is difficult to quantify the rate at which the warm upper 
ocean layers mix with the cooler deeper ones, climate lag estimates vary significantly. 
A delayed response of the climate system may be expected for all climate-forcing 
mechanisms. The fact that the observed temperature increase of the 20th century 
coincided with the Grand Modern Solar Maximum that involved not only an increase 
in TSI, but also an increase in solar UV irradiance and a decrease in the GCR flux, 
both of which amplify the effects of TSI, as well as the overprinting effects of the 
PDO, is inexplicably ignored by IPCC. 
 
Climate change is a natural phenomenon; the climate has never been and will never 
be stable. To understand the extent of the human influence on climate, the causes of 
natural changes must be fully understood first. The IPCC, claiming to understand 
natural climate forcing factors, concludes that their contribution to climate change is 
minor, and asserts that only anthropogenic global warming forced by CO2 emissions 
can explain the discrepancy between the observed global average surface temperature 
and GCMs that do not include CO2 forcing. 
 
The IPCC dismisses the important role of the Sun in natural climate change as 
evidenced by the climate history and blames mankind for climate change without 
presenting convincing physical evidence that increasing atmospheric CO2 
concentrations are indeed the cause of global warming, a highly controversial subject 
[106,107]. The important decline in solar activity that commenced with the end of the 
Grand Modern Solar Maximum in 2008 [55,101,104,108,109,110,111] will provide 
the opportunity to clarify the dispute about natural, directly and indirectly solar forced 
climate change and its relative importance to as yet unproven anthropogenic climate 
warming [112, 113]. 
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