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ChapterChapter 1 - Introduction 

INTRODUCTIO N N 

1.11 Global warming: a more active sun? 

Globall  warming is of great concern. Along with the current human-induced rise of atmospheric C02 

concentration,, temperatures appear to be increasing (Meijer, 2001), sea level is rising, many 
glacierss are melting (Thompson et al., 2002), and more extreme weather events are reported by the 
media.. Climate changes are expected to affect our lives within the near future, or even already 
today.. However, increasing C02 is surely not the only factor driving climate change. To predict 
futuree climate changes and understand past climate changes, knowledge of the natural climate 
systemm is required. 

ClimateClimate change 
Althoughh atmospheric C02 concentrations have been rising steadily since ca. AD 1850 (from ca. 
2755 ppm in pre-industrial times to almost 370 ppm in 2000; Meijer, 2001), temperature has not 
changedd in a similar fashion (e.g., Lean and Rind, 1999). Several regions on Earth are not 
experiencingg any warming, or are even experiencing cooling. Some glaciers are currently 
expanding,, and current movements of glaciers are influenced by climatic events of decades to 
centuriess ago. The role of important components in the climate system (such as clouds or 
volcanoes)) is not known sufficiently. Moreover, solar activity has shown variations in the past that 
correspondedd well with changes in climate. An example relevant to inhabitants of the Netherlands is 
thee claim that 'Elfstedentochten' (skating tours on natural ice in the northern part of the 
Netherlands)) during the 20th century were most often held when the sun was close to a minimum of 
itss ca. 11 year sunspot cycle (http://web.inter.nl.net/hcc/e.v.brummelen/sunspot.htm, in Dutch). 
Althoughh this correspondence between solar activity and weather probably is fortuitous, other 
intriguingg possible terrestrial reactions to the 11 year solar cycle are reported by Currie et al. 
(1993),, Ram et al. (1997), Soukharev and Labitzke (2000) and Cini Castagnoli et al. (2002). 

SolarSolar variability 
Althoughh the eleven year sunspot cycle is probably the best known solar cycle, there also are cycles 
off  much longer duration (e.g., 80-90 year Gleissberg cycle; Hoyt and Schatten, 1997. For Holocene 
reconstructionss see Damon and Peristykh, 2000), and other parameters of the sun vary in a more or 
lesss cyclic way too. Solar variations have been recorded in, e.g., irradiance (Pap and Fröhlich, 
1999),, spectral composition of irradiance (Rottman, 1999; Fligge et al, 2001), rotation (Howe et 
al,al, 2000; Vorontsov et al, 2002), magnetic field (Lockwood et al., 1999; Durney, 2000; Solanki et 
al.,al., 2000), solar wind (Zieger and Mursula, 1998; Lyon, 2000), diameter (Rozelot, 2001), area 
coveredd by corona (Soon et al., 2000), amount, grouping and location of sunspots (Hoyt and 
Schatten,, 1997) and sunspot cycle length (Lassen and Friis-Christensen, 1995). 
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SolarSolar forcing of climate change 
Satellitee measurements of solar irradiance during the last few solar cycles show that solar irradiance 
differss by only ca. 0.1% between a quiet and an active sun (Pap and Fröhlich, 1999). Such small 
changess in irradiance are thought not to be able to directly cause detectable changes in terrestrial 
climate.. However, the irradiance measurements cover a few decades only and it is known from 
sunspott observations and studies of sun-like stars that solar activity probably has varied 
considerablyy more in the past. Furthermore, as mentioned above there is more to solar variability 
thann just changes in irradiance, and changes of these other factors could perhaps be amplified and 
thuss trigger climate change. Van Geel et al (1999) discuss possible amplifying factors for solar 
forcingg of climate change. At present the most likely forcing mechanism involves variations of solar 
UVV irradiance, which cause changed production of ozone and related absorption of heat in the 
Earth'ss atmosphere, resulting in shifts of the atmospheric circulation cells (Haigh, 1996; van Geel et 
ai,ai, 1999; Schuurmans et al, 2001; Rozema et al., 2002). Whilst the eleven year solar cycle is often 
assumedd to be of too short a duration to cause changes in the Earth's climate (the climate system 
wouldd dampen such short-term changes), longer-term solar activity changes may have had a 
significantt effect on climate. Therefore, longer-term data on solar variability and climate change, as 
presentt in natural archives, are needed. Climate changes can be reconstructed from abiotic and/or 
bioticc climate 'proxy' records (e.g., ice cores, marine sediments, tree rings, and lake and peat 
deposits),, and solar activity changes can be derived from the cosmogenic isotope record in, e.g., tree 
ringsrings and ice cores. 

1.22 Holocene archives of solar activity 

Satellitee measurements of solar irradiance only started about AD (Anno Domini) 1980 (Pap and 
Fröhlich,, 1999), and observations of sunspots were recorded more or less reliably from ca. AD 1700 
onwardss (Hoyt and Schatten, 1997). Fortunately, it is possible to reconstruct solar activity in the 
pastt by using archives of cosmogenic isotopes (Beer, 2000). Cosmogenic isotopes (e.g., 3H, ,0Be, 
l4C,, 26A1,36C1) are produced by cosmic rays (energetic ionized nuclei and electrons of both galactic 
andd solar origin; Hoyt and Schatten, 1997) colliding with the upper atmosphere of the Earth. Solar 
windd (a low-density proton-electron gas, streaming from the sun) in combination with the Earth's 
magneticc field, provides a shield against cosmic rays so that only a low amount of cosmic rays can 
enterr the Earth's atmosphere. The strength of the shield depends on the intensity of the solar wind 
andd on the Earth's magnetic field. As the Earth's magnetic field probably fluctuates only on time-
scaless of thousands of years (e.g., Merrill et al, 1996; Beer, 2000; Beer et al, 2002), short-term 
fluctuationss in archives of cosmogenic isotopes can be attributed to changes in solar activity. It is 
importantt to note that high solar activity will lead to increased shielding against incoming cosmic 
rays,, and thus to decreasing atmospheric levels of cosmogenic isotopes (and in the same way, low 
solarr activity will result in increasing atmospheric contents of cosmogenic isotopes). In other words, 
nott only the extremes (maxima, minima) but also the directions of the slopes of the cosmogenic 
isotope-archivess indicate changing solar activity. 
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Beryllium Beryllium 
Inn ice cores, concentrations of the cosmogenic isotope 10Be (Beryllium) have been measured 
throughoutt parts of the Holocene and older periods (Beer et al., 1983,1988; Yiou et al., 1997). The 
recordss provide archives of changes in solar activity over parts of the Holocene, although there are 
somee problems concerning the accuracy of the chronologies of ice cores (Southon, 2002), 
concentrationss of  l0Be in ice cores are influenced by snow accumulation rate and climate processes 
(Yiouu et alt 1997), and l0Be records have not yet been published at high resolution (such records 
wil ll  be published soon; J. Beer and R. Muscheler, pers. comm., 2002). 

Radiocarbon Radiocarbon 
Radiocarbonn is the best-known cosmogenic isotope. In the upper atmosphere, collisions of mainly 
protonss from cosmic rays with atmospheric molecules produce neutrons. These neutrons collide 
withh nitrogen nuclei (14N), transforming them into l4C. The MC atoms rapidly oxidize to 14COz and 
enterr the global carbon cycle. Part of the ,4C02 stays in the atmosphere, much dissolves in the 
ocean,, and a small part is taken up by plants during photosynthesis. Atmospheric concentrations of 
l4CC are very low; only 1 in every ca. 1012 carbon atoms consists of  l4C (most of the remaining part is 
l 2C,andl.l%isl 3C). . 
Althoughh 12C and l3C are stable isotopes, '4C is an unstable, radioactive isotope with a half-life of 
57300  40 years (Godwin, 1962). This isotope can be used for dating purposes: a plant which has 
takenn up its last C02 5730 years ago, will nowadays contain onlyy half of the original amount of  14C. 
Byy measuring the 14C/C ratio (C being the total of  12C, l3C and 14C), the tl4C age' of for example 
subfossill  plants can thus be determined (e.g., Mook and Streurman, 1983): 

In2< < 
l4C/CC = [14C/C],o-e"5S68 (1.1) 

or,, rewritten: 

55688 . i4C/C 
C a g e== ln-77 (1.2) 

ëë lo2 [,4C/C]/o 

Heree [14C/C]/0 is the ,4C/C ratio at t0, t0 is the moment in time when an organism stopped 
exchangingg carbon with its surroundings (died), / is the time passed since *0 (the 14C age), and 5568 
iss the value of the l4C half-life as determined originally (by convention, this value is used to avoid 
confusionn with old ,4C dates; e.g., van der Plicht, 2000). 
Whilee exchanging carbon, all organisms discriminate between the different C isotopes 
(fractionation)) because of mass dependent effects, thus resulting in some l4C age offsets. This 14C/C 
fractionationn is corrected for by determining the 13C/12C ratio. 
Thee 14C/C ratio of a sample can be determined by measuring its radioactivity (14C radiation; 
conventionall  dating). Because for conventional dating rare events of radioactive decay have to be 
counted,, large sample sizes (grams of C) and long counting times (1 or more days) are needed. 
Usingg AMS dating, the ,4C concentration is measured directly (Accelerator Mass Spectrometry; 
Tunizz et al., 1998; van der Plicht et al  ̂ 2000). Therefore with AMS sample sizes can be much 
smallerr (down to ca. 100 \ig C) and measurements last some hours at most. 
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TheThe "C calibration curve 
Tree-ringss can be dated precisely by matching trees with overlapping tree-ring sequences 
(dendrochronology):: one can reconstruct for example that a certain tree-ring was produced cal 
(calendarr years) AD 1612 or 3454 cal BC (Before Christ) exactly. In order to be able to transfer 14C 
agess into calendar ages, MC ages have been measured of many hundreds of tree-rings of exactly 
knownn real age (calendar age). The 14C ages of the sequence of tree-rings are plotted in Fig. 1.1 (l4C 
calibrationn curve INTCAL98, Stuiver et al., 1998). . 

-100000 -9000 -80000 -7000 -6000 -5000 4000 -3000 -2000 -1000 
Cafendarage(BOAD) ) 

10000 2000 

Fig.Fig. 1.1 The INTCAL98 '4C calibration curve from 10,000 cal BC (BC ages are negative) to 
ADAD 1950 (thick curves show 1 a error envelope; Stuiver et al, 1998). From the calibration curve, 
atmosphericatmospheric '4C concentrations are derived (thin curves show 1 a error envelope. Values have been 
detrendedfordetrendedfor millennial-scale changes in geomagnetic field; residual A.'4C, in promilles. Stuiver et 
al.,al., 1998). Above the graph, horizontal bars indicate temporal focus of'4C wiggle-match dated peat 
records:records: 1) van der Plicht et al. (submitted), 2) this thesis (chapters 2, 3, 5), 3) Speranza et al. 
(2002),(2002), 4) Kilian et al. (1995, 2000) and 5) Mauquoy et al. (2002 [chapter 6]). All studies showed 
wet-shiftswet-shifts occurring together with major rises in AI4C. 
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Itt can be seen clearly that there is no one-to-one relationship between calendar age and l4C age; 
theree are long-term fluctuations and short-term 'wiggles' (de Vries, 1958). These excursions are the 
resultt of past fluctuations in atmospheric ,4C content, and thus of changes in the value of [uC/C]f0 in 
thee equations given above. For example, from ca. 750 to 400 cal BC, ,4C ages of tree-rings remain 
similarr at ca. 2450 BP (where BP, before present, is the number of years before AD 1950). This 
mustt have been the result of a decline in atmospheric l4C content: from 750 to 400 cal BC 
atmosphericc 14C concentrations were decreasing, resulting in similar l4C/C ratios at the time of 
measurement,, and thus in similar l4C ages. Just before and after the 14C age 'plateau' just 
mentioned,, within ca. 100 calendar years l4C ages of the calibration curve decrease by ca. 200-300 
yearss (the l4C/C ratio increases faster than the calendar ages). These were periods of increasing 
atmosphericc 14C levels. From the fluctuating slope of the calibration curve, past changes in 
atmosphericc 14C content can thus be derived (Fig. 1.1, A14C). Often the long-term trend of A14C 
(relatedd to geomagnetic changes) is removed to better reveal the short-term changes (residual A14C, 
20000 year moving average; Stuiver et al, 1998). As explained above, the short-term increases in 
cosmogenicc isotopes were most probably caused by decreasing solar activity (and decreasing levels 
off  cosmogenic isotopes by increasing solar activity). 
Inn the present thesis, it was investigated whether decreases in solar activity during the mid-
Holocenee and the 'Littl e Ice Age' (as recorded by several large and rapid increases in Al4C; see Fig. 
1.1)) were coeval with changes in climate (Denton and Karlén, 1973; Stuiver and Braziunas, 1993; 
Stuiverr et al, 1995; Bond et al, 2001; Magny, in press) as reflected by changes in local vegetation 
compositionn of raised bogs. 

133 Raised bogs as Holocene archives of climate change 

Justt as is the case for solar activity, past changes in climate (weather) have also only been measured 
reliablyy for a few centuries at most. For evidence of climate change further back in time (e.g., the 
Holocene)) we must therefore look for alternative, 'proxy' climate archives. Raised bogs provide 
suchh archives. Raised bogs are organic deposits consisting of remains of ombrotrophic (rain-
dependent)) plants such as peat mosses {Sphagnum species). Such deposits have accumulated year 
byy year, new plants growing upon the plant remains from previous years. Their very wet habitats 
andd the active acidification of their environments (Clymo, 1963) ensures that dead plant remains 
fromfrom raised bogs are only partly decomposed and thus remain recognisable even after several 
millennia.. Plants from raised bogs are highly sensitive to moisture (0kland, 1990), with species 
suchh as Scheuchzeria palustris and Sphagnum cuspidatum growing at the lowest and wettest places, 
andd with, e.g., Calluna vulgaris on drier and higher parts (hummocks). Identification of plant (and 
animal/fungal)) remains along a vertical sequence will thus provide an indication of changing local 
moisturee conditions over time. As the plants in raised bogs derive their water and nutrients from 
precipitationn exclusively, changing moisture conditions thus may indicate changes in effective 
precipitationn (precipitation minus evapo-transpiration). A 'classic' event of moisture conditions 
changingg simultaneously in raised bog deposits throughout the North Atlantic is known as the 
Subboreal/Subatlanticc transition. This considerable climate change occurred during a major increase 
off  A,4C at ca. 850 cal BC (van Geel et al, 1996). 
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Besidess remains of strictly local plants, fungi and invertebrates, raised bog sequences also store 
pollenn grains and spores from the landscape surrounding the bog. These can give additional 
informationn about environmental conditions (e.g., van Geel, 1978). 
Duringg most of the Holocene, extensive areas of the northeastern part of the Netherlands were 
coveredd with raised bogs. During the last few centuries most of the peat deposits were removed and 
usedd as fuel. Nowadays only some small, drained remnants of the former raised bogs remain. 
Exampless of such remnants are Engbertsdijksvenen in Overijssel, and Meerstalblok in Drenthe. The 
palaeoecologyy of these raised bogs has been studied extensively (e.g., Casparie, 1972; van Geel, 
1978;; Dupont, 1985; Kilian et al, 1995, 2000). In order to identify climatic responses to solar 
variabilityy during the mid-Holocene, in the present thesis additional archives of climate change 
weree recovered by analysing precisely dated cores ('4C wiggle-match dating) from the bogs 
mentionedd above. Cores Eng-XV and Eng-XVI were taken from Engbertsdijksvenen, core MSB-2K 
wass collected from Meerstalblok (Fig. 1.2). The cores were studied at high resolution (subsequent 
sampless of 0.5-1 cm). In addition, late Holocene raised bog sequences from Denmark and England 
thatt provide an archive of climate change during the Littl e Ice Age, were studied (Mauquoy et al., 
20022 [chapter 6]). 

Fig.Fig. 1.2 Locations of cores Eng-XV and Eng-XVI (E) and core MSB-2K (M). 
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1.44 l4C chronologies and " C wiggle-match dating 

Too identify climate responses to, e.g., rapid changes in solar activity, proxy archives of climate 
changee have to be dated at high precision and accuracy. Although many studies have used cores 
fromfrom raised bog deposits to infer past changes in climate, often the dating precision of such studies 
wass poor because often only a few samples per core were UC dated. These samples also often 
consistedd of bulk material, which introduces chances of erroneous ,4C ages (Kilian et al, 1995). 
Usingg conventional dating, relatively large amounts of peat have to be used, which often means that 
thickk slices of peat are dated (e.g., 8 cm thickness; Hughes et al., 2000). A l4C age of such a sample 
wil ll  represent a too long 'time-slice'. Moreover, usually the 14C ages are calibrated into calendar 
ages,, using the l4C calibration curve as described in § 1.2 and shown in Fig. 1.1. At periods with 
majorr excursions in the calibration curve, calibration of a l4C date wil l result in large confidence 
intervalss (or even several separated intervals) on the calendar time scale (compare Dehling and van 
derr Plicht, 1993). Such factors often result in peat records with a chronology mat cannot be used to 
givee precise and accurate dates to events such as wet-shifts. Using such rather imprecise 
chronologies,, it is difficult to safely compare indications for short-term climate changes with other, 
independentlyy dated proxy climate records and with, e.g., the short-term changes in solar activity as 
reflectedd by the A14C record with its calendar (dendro-) time scale. 

1414CC wiggle-match dating 
Thee approach of  l4C wiggle-match dating (WMD), in combination with AMS l4C dating of many 
smalll  samples of carefully selected and cleaned above-ground macrofossils, appears to result in 
moree precise and accurate chronologies (e.g., Kilian et al, 1995, 2000). With WMD, the 
stratigraphicc position of  14C dates is used, instead of calibrating every individual  l4C date of a peat 
core.. A sequence of uncalibrated l4C dates is matched to the tree-ring l4C calibration curve (Stuiver 
etet a!., 1998) by adapting the depth-calendar age scale of the peat sequence (van Geel and Mook, 
1989).. For the WMD-procedure, the depth scale of a peat sequence is adapted as follows: in the first 
instance,, a value for linear accumulation rate (e.g., 15 cm yr"1) of the peat core is assumed and the 
peatt sequence is plotted together with a relevant part of the l4C calibration curve. The peat sequence 
iss then shifted in time as well as expanded or compressed in accumulation rate to get the best match 
withh the l4C calibration curve. Often, an entire peat 14C sequence will not match very well with the 
l4CC calibration curve when assuming that the entire peat deposit has accumulated linearly. Based on 
changess in stratigraphy and on most probable placements of  14C dates on the calibration curve, 
hiatusess and changes in peat accumulation rate can then be inferred. In this way, subsets of  l4C 
sequencess are distinguished, and these subsets are then matched individually to the 14C calibration 
curvee (Kilian et al, 1"5> 2 0 0° ; Speranza et al, 2000; Mauquoy et al, 2002 [chapter 6]; chapters 2, 
3,4). . 
Althoughh WMD appears to enhance precision of  ,4C peat chronologies, some issues still remain. 
Thuss far, high-resolution 14C sequences of peat deposits have been wiggle-match dated during 
periodss with major wiggles in the l4C calibration curve. One of the aims of this research was to find 
outt how WMD performs during periods with less pronounced excursions in the 14C calibration 
curve.. Moreover, although for calibration of individual  ,4C dates confidence intervals (e.g., at 1 
standardd deviation level) on the calendar time scale can be calculated, until recently there was no 
easy-to-understandd method to assess confidence intervals on the calendar time scale for WMD 
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chronologiess of organic deposits (e.g., Bronk Ramsey, 1998). Therefore, claims that WMD of 
organicc deposits provides more precise chronologies than calibration of individual  14C dates, could 
nott be substantiated and quantified. In the present thesis, a numerical approach to solve the above 
issuess is presented (chapter 3). 

1.55 Outline of the diesis 

Inn the next three chapters, the approach of  14C wiggle-match dating will be discussed. In chapter 2, 
thee method is introduced. This chapter was written as an extended abstract of an oral presentation 
aboutt 14C wiggle-match dating presented at the 2002 Annual Discussion Meeting 'Constructing 
Chronologies'' (Quaternary Research Association, UK). In chapter 3, a numerical approach to 14C 
wiggle-matchh dating is presented, and it is applied to several high-resolution 14C dated peat cores. 
Chapterr 4 discusses a problematic ,4C wiggle-match dated peat core, and concludes with a list of 
guideliness for those who plan to apply 14C wiggle-match dating. 
Inn chapters 5 and 6, wet-shifts are inferred from changes in local vegetation composition from peat 
sequencess that were 14C wiggle-match dated at high resolution. The calendar ages of these wet-
shiftss are compared with changes in A14C (which is a proxy for solar activity). It is shown that wet-
shiftss often correspond with major decreases in solar activity. Chapter 5 focuses on the mid-
Holocene,, and chapter 6 focuses on the Littl e Ice Age. 
Whenn discussing local vegetation reconstructions of the peat cores in chapters 2, 3, 4 and 5, only 
thosee data are reported that were considered to be most relevant. At the end of the thesis, as 
appendicess the complete records (microfossils, macrofossils and/or chemical analysis) of peat cores 
Eng-XV,, Eng-XVI and MSB-2K are presented. 
Ass most chapters were written to form independent manuscripts, some repetition (e.g., of theory and 
methods)) was inevitable. 
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