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Abstract
Major Holocene shifts to cool and wet climate types in the temperate
zones correspond to suddenly increasing values of the atmospheric 14C
content, suggesting a link between changing solar activity and climate
change. In the temperate zones the transition from the Subboreal to the
Subatlantic (ca 850 cal BC) represents a sudden, strong shift from a
relatively dry and warm climate to a humid and cool episode. The
moment of change occurred at, or maybe even just before the start of a
sharp rise of the atmospheric 14C content. In previous studies, we
postulated two amplification mechanisms: a) increased cosmic ray flux
causes an increase in atmospheric 14C content, and also a climate shift, b)
a decline of solar UV causes a reduced stratospheric ozone concentration,
leading to climate change at the earth surface. Two phenomena indicate
that mechanism a) is much less likely than mechanism b):
1) The enhancement of cosmic ray intensity to relatively high levels took
place several decades after the climate shift.
2) In Central Africa and in Western India there was a shift to dryness.
Chronological differentiation in solar output may play a role, but this is
purely hypothetical.

1.  INTRODUCTION

Over the last few hundred years, changes in solar irradiance have been relatively small (less than 1
W/m2). As a consequence, solar forcing of abrupt climate change has been controversial [1].
However, there is strong evidence from the past for an important role of the sun upon climate
change [2-5]. To explain this past evidence of solar forcing, we postulated two possible
amplifying mechanisms that could explain how relatively small changes in solar irradiance could
lead to abrupt climatic shifts [6].

a) Changes of cosmic ray intensity (modulated by fluctuating solar wind) might have an effect on
cloud formation and thus on the planetary albedo and on temperature [7], and/or

b) Within the small changes of solar activity, changes in UV are important [1]. Changes in solar
UV have an effect on ozone formation in the lower stratosphere. Variations in the ozone
concentration modulate the stratospheric temperature, leading to changes in the stratospheric
circulation that could be propagated downwards to the Earth’s surface, thus influencing
atmospheric circulation patterns world-wide [8, 9].



We review the evidence for solar forcing of climate change at the Subboreal-Subatlantic
transition, as found in raised bogs and other paleodata, and we evaluate the possible contribution
of both mechanisms mentioned above.

2. RAISED BOG AS ARCHIVES OF PAST CLIMATE

Peat deposits are valuable archives for paleoclimate studies. The so-called raised bogs in NW-
Europe are rainwater fed and the paleohydrological changes of such bogs mainly reflect climate
shifts. A climate shift around 850 calendar years BC is visible in raised bog profiles as a transition
from peat which was formed during a period of a relatively warm climate (darker, more
decomposed peat) to lighter coloured upper peat, formed during a period of cooler, wetter
climatic conditions. We use the Radiocarbon (14C) method for precise dating of climate-induced
transitions in peat layers. Radiocarbon ages are expressed in BP, Radiocarbon "years" relative to
1950 AD. Radiocarbon years are different from calendar years because the production of 14C has
not been constant in the past due to changes in both the geomagnetic field strength and in solar
activity. The 14C time scale is calibrated by measuring the 14C content of tree rings, dated
absolutely by means of dendrochronology [10]. The solar activity changes characterise the
calibration curve by means of fluctuations (the so-called "wiggles"). Calibration of a single
Radiocarbon date usually yields an irregular probability distribution in calendar age, quite often
over a long time interval. This is problematic in paleoclimatological studies, especially when a
precise temporal comparison between different climate proxies is required. However, a sequence
of (uncalibrated) 14C dates can be matched to the wiggles in the calibration curve (wiggle-match
dating [11, 12]). A high-resolution 14C sample sequence can result in a precise chronology of the
peat core. This dating strategy also revealed relationships between atmospheric 14C variations and
short-term climatic fluctuations (as detected in peat deposits) caused by solar variations. Data from
Holocene lake deposits in the Jura Mountains also strongly point to a relationship between 14C
fluctuations and paleohydrological shifts under the influence of climate change [2].

The climate shift around 850 cal BC (Subboreal-Subatlantic transition) was one of the most
important climate shifts during the Holocene. We focused on this transition, which was
immediately followed by a sharp rise of the atmospheric 14C content during the period between
850 and 760 cal BC. We identified the peat-forming mosses (representatives of the genus
Sphagnum) in peat profiles of Northwest and Central European raised bogs. Knowing the
ecological preferences of the mosses, we could interpret the recorded changes in species
composition in terms of hydrological changes, related to climate change [13, 14]. Before the
climate shift from the Subboreal to the Subatlantic period, Sphagna of the section Acutifolia were
important peat formers in the Dutch bogs. Then Sphagnum papillosum and Sphagnum
imbricatum took over. This change of the peat-forming plants indicates a shift from relatively
warm, to cooler, wetter climatic conditions. The paleo-record from raised bogs shows that the
abrupt climate shift happened at, or maybe even shortly before, the start of the period of the
sharply rising atmospheric 14C content (Figure 1). In various lowland regions in the Netherlands
where settlement sites were present, the climate shift at the Subboreal-Subatlantic transition caused
a considerable rise of the ground water table so that arable land was transformed into wetland,
where peat growth started. Bronze Age farmers living in such areas had to migrate because they
could no longer produce enough food in their original settlement areas. Like the raised bog
evidence, the archaeological evidence also points to a climate shift just preceding the enhanced
cosmic ray intensity [13].

We also found strong evidence for climate change around 850 cal BC in other parts of the
world [15, 16 and references therein]. In the temperate zones of Europe, North America and
South America there is evidence for an equatorward shift of suddenly enhanced Westerlies, while
the climate changed (cooling, higher effective precipitation).



Fig. 1: The radiocarbon calibration curve (lower diagram) for the period between 1000 to 500 BC and
corresponding atmospheric fluctuations (D14C, upper diagram). The moment of the climate shift, which precedes
the rise of the atmospheric radiocarbon content, is indicated with an arrow.



3. THE CONTRIBUTION OF AMPLIFYING MECHANISMS

The observed climate changes around 850 cal BC may have been caused by the lowering of solar
irradiation through two amplifying factors, namely, (1) increased cosmic ray intensity stimulating
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Fig. 2A Simplified model of the tropospheric circulation (similar to the present situation) before the discussed
climate change around 850 cal BC. ITCZ: Intertropical Convergence Zone; STJ: Subtropical Jet; PFT: Polar
Front Jet.
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Fig. 2B: As in Fig. 2A, but for the period directly after the climate change around 850 cal BC. Grey arrows
denote changes which may be summarised as follows: equatorward shift of location of Jets, expansion of polar
cells (i.e., cooling in mid-latitudes), relocation of mid-latitude storm tracks (regional increase in precipitation),
and reduction of strength of Hadley Cells (i.e., drier conditions in the tropics).

cloud formation and possibly also precipitation in certain regions, and (2) reduced solar UV
intensity, causing a decline of stratospheric ozone production and cooling as a result of less
absorption of sunlight. Figure 2 [after Ref. 6] shows the effect a decline of solar UV would have
on the atmospheric circulation near the Earth’s surface [compare Refs. 8 and 9]: a decrease in the



latitudinal extent of Hadley Cell circulation (weakening of the monsoon) may have occurred with
concomitant equatorward relocation of mid-latitude storm tracks [see also Ref. 17]. This picture
fits in with the paleoclimatological evidence from the northern and southern temperate zones
(cooler, wetter) and the contemporaneous dryness crisis in Central Africa and Western India, which
is evident from pollen records and archaeological evidence [13, 16]. The evidence during the
Subboreal-Subatlantic transition strongly supports the "Haigh model" [8, 9] as an effective
amplification mechanism for changes in solar activity. The combination of detailed
paleoclimatological data from different parts of the world delivers circumstantial evidence for the
suggestion that the UV-ozone mechanism had more effect on climate than the mechanism related
to the increase of the cosmic ray intensity.

In summary, we conclude that there is paleo-evidence for solar forcing of climate change
around 850 cal BC. Of the two possible amplification mechanisms, the reduced UV scenario was
most likely the effective one. There seem to be two arguments against an important role of cosmic
rays (cloud formation) in relation to climate change:

1) Detailed series of radiocarbon dates from archaeological sites and raised bogs [11, 13, 14, 18]
show that the abrupt climate change around 850 cal BC had already occurred when the
cosmogenic isotope 14C only started to show an initially insignificant rise. This is supported by
data for 10Be (another cosmogenic isotope, the production of which more directly reflects
changing cosmic ray intensities than 14C), showing a corresponding and more or less
contemporaneous rise as shown by 14C. For this event there might be a delay of approximately
10 years in the 14C rise only [J. Beer, pers. comm.; compare Ref. 19]. Consequently, the time-
lag in the rise of the 14C content (compared to climate change) cannot be attributed to possible
delaying processes related to the carbon cycle. In other words: the strong rise in cosmic ray
intensity only followed climate change, and thus cannot have triggered the change [compare
Ref. 12 for major climate shifts during the Little Ice Age in relation to similar increases of
atmospheric Radiocarbon].

2) The widespread dryness in the tropics (weaker monsoon in Central Africa and Western India)
after 850 cal BC is not an effect that is expected to occur with enhanced cloud formation under
the influence of increased cosmic ray intensity. However, the dryness in the tropics may not be
inconsistent, as climatic teleconnections are not always straightforward (e.g., in the case of El
Niño) and it could be that cooling in the mid-latitudes (where enhanced cloud formation due
to increased cosmic ray intensities may be favoured) has resulted in drying in some regions in
the tropics. On the other hand, it must be noted that the observed world-wide, but strongly
contrasting changes in climate at the Subboreal-Subatlantic transition fit remarkably well in the
model for an important role of solar UV (see Fig. 2).

An important role for the reduced UV-scenario would raise one, yet unanswered, question:
could a considerable decline of solar activity indeed have chronologically different phases
(effective electromagnetic signal before magnetic signal; so first a UV decline with strong effects
on climate, and later a more gradual decline of solar wind affecting the increased production of
cosmogenic isotopes)? Solar physicists might be able to answer this question. Alternatively,
detailed observations of variations in solar activity in the near future may reveal a solution to the
question about which amplification mechanism plays a role in solar forcing of climate change.
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