THE SHARP RISE OF AC ca. 800 cal BC: POSSIBLE CAUSES, RELATED CLIMATIC
TELECONNECTIONS AND THE IMPACT ON HUMAN ENVIRONMENTS
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ABSTRACT. In this study we report on accelerator mass spectrometry (AMS) wiggle-match dating of selected macrofossils
from organic deposits ca. 800 cal BC (ca. 2650 BP). Based on paleological, archaeological and geological evidence, we found
that the sharp rise of atmospheric 14C between 850 and 760 cal BC corresponds to the following related phenomena:

1. In European raised bog deposits, the changing spectrum of peat forming mosses and a sharp decline in decomposition
of the peat indicate a sudden change from relatively dry and warm to cool, moist climatic conditions.

2. Asa consequence of climate change, there was a fast and considerable rise of the groundwater table so that peat growth
started in areas that were already marginal from a hydrological point of view.

3. Therise of the groundwater table in low-lying areas of the Netherlands resulted in the abandonment of settlement sites.

4. The contemporaneous earliest human colonization of newly emerged salt marshes in the northern Netherlands (after
loss of cultivated land) may have been related to thermal contraction of ocean water, causing a temporary stagnation
in the relative sea-level rise.

Furthermore, there is evidence for synchronous climatic change in Europe and on other continents (climatic teleconnections
on both hemispheres) ca. 2650 BP. We discuss reduced solar activity and the related increase of cosmic rays as a cause for the
observed climatological phenomena and the contemporaneous rise in the 14C-content of the atmosphere. Cosmic rays may
have been a factor in the formation of clouds and precipitation, and in that way changes in solar wind were amplified and the
effects induced abrupt climate change.

INTRODUCTION

Natural variations in the atmospheric radiocarbon content, which are reflected as wiggles in the 14C
calibration curve, severely limit the possibilities for high-resolution dating of changes in vegetation
and climate recorded in lake deposits and bogs. van Geel and Mook (1989) stressed the importance of
the strategy of 14C wiggle-match dating (WMD) of organic deposits, and the fact that WMD can
reveal relationships between 14C variations and short-term climatic fluctuations caused by solar and/
or geomagnetic variations (Wigley and Kelly 1990; Davis, Jirikowic and Kalin 1992; Magny
1993a,b; Jirikowic, Kalin and Davis 1993; Stuiver and Braziunas 1993). Kilian, van der Plicht and
van Geel (1995) have shown that by using the strategy of WMD, raised-bog deposits in particular can
be dated more precisely. The technique of precise wiggle-matching is usually restricted to samples
showing annual banding (trees, annually laminated lake sediments). The assumption of constant
accumulation, or a linear time-depth relation (Kilian, van der Plicht and van Geel 1995), is evidently
simplistic for complex peat sequences. However, it seems to suit brief stratigraphic intervals well, and
can easily be adapted to fit a more complex picture (Kilian, van Geel and van der Plicht ms.).

With WMD, the raised-bog archive can be compared effectively with other proxy data archives, more
so because WMD showed that an unexpected 14C reservoir effect plays a role in raised-bog deposits
(individual conventional 14C dates appeared to be 100-250 yr too old). WMD is an elegant way of
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identifying this reservoir effect and of estimating its magnitude. Moreover, Kilian, van der Plicht and
van Geel (1995) showed that the sharp rise of the former 14C content of the atmosphere (A4C, as it is
calculated from the dendrochronologically dated 14C-calibration curve) between ca. 2750 and 2450
BP (ca. 850-760 cal BC), appeared to be synchronous with the transition from the often highly decom-
posed, so-called “older Sphagnum peat”, to the less decomposed “younger Sphagnum peat” at the
Subboreal/Subatlantic transition in northwest European raised bogs. This change in decomposition
and also in species composition of raised bogs represents one of the most clearly defined climate
shifts during the Holocene, and was used by Blytt and Sernander (Sernander 1910) in their classical
division of the Holocene. The Subboreal was interpreted as representing a relatively warm, dry
period and the Subatlantic as a humid and, especially in the beginning, a cold episode.

Van Geel, Buurman and Waterbolk (1996) illustrated and interpreted the succession of peat-forming
mosses in a core from the raised bog Engbertsdijksveen and described details of the correspondence
between the changing moss composition, the fluctuations in the pollen curve of Corylus avellana
(Hazel) and the rise in AMC ca. 800 cal BC. Van Geel et al. (1996) combined paleoecological evi-
dence with archaeological information for the impact of climate change ca. 800 cal BC on human
populations in the Netherlands. They also considered evidence from elsewhere in Europe and other
areas for a synchronous climate change. Here, we present new and more detailed evidence for the
abovementioned climate change and we discuss the apparent link between trends in changes of solar
activity and cosmic rays, cloudiness, precipitation and temperature changes. An example of that link
is provided by Svensmark and Friis-Christensen (1997). We apply their discussion here, in addition
to another possible mechanism, to the Subboreal/Subatlantic climate change.

Radiocarbon, Paleoecology and Archaeology of Investigated Sites

The End of the Bronze Age Habitation in West-Friesland and AMS Dating of the Rising Groundwater
Table at the Site Enkhuizen-Dijk

Tidal activity ceased ca. 3500 BP in the northeast part of the province of Noord-Holland as a conse-
quence of the closure of a tidal inlet. The area known as West-Friesland became attractive for Bronze
Age farmers who colonized the area ca. 3350 BP. During the later habitation period, for which 13 14C
dates are available (ranging from 2760 to 2620 BPp; see Table 1), people adapted to increasing wetness

TABLE 1. 4C Dates of the “Terpen” Phase (Extremely
Wet Conditions) of Excavated Settlement Sites in West-
Friesland, the Netherlands

14C age
(yr BP) Lab no. Material

2760 £35  GrN-7475 Wood
2745 +30 GrN-8561 Charcoal
2745 £30  GrN-7507 Charcoal
2740 £40 GrN-7508 Charcoal
2710 £35  GrN-7509 Charcoal
2700+£70  UtC-2355 Charred seeds
2690 £ 25 GrN-8563 Charcoal
2685+30 GrN-8562 Charcoal
2680+50 GrN-5051 Charcoal
2660+ 60 UtC-2356 Charcoal
2650 +£30 GrN-8334 ‘Wood
2650 +45  GIN-5048 Charcoal
262020 GrN-8564 Charcoal
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of the area by building their houses on dwelling mounds (“terpen”). However, the settlement areas
eventually became so wet that no further adaptations were possible and the area was abandoned
shortly after 2620 BP, and was not reoccupied until medieval times. The 14C dates of archacological
material for the period of accelerated rise of the water table range between ca. 850 and 800 cal BC.
Apart from the archaeological evidence, van Geel, Buurman and Waterbolk (1996) also referred to
ample paleoecological evidence for an accelerated water table rise in West-Friesland during this
period and they realized that: 1) the period of the dwelling mound phase was contemporaneous with
the beginning of a rapid increase in 14C content of the atmosphere, and 2) indications for increasing
wetness and the final abandonment of the area reflect the abrupt climatic change as recorded in
raised-bog deposits (a shift from older, highly decomposed, to younger, fresh Sphagnum peat).

Enkhuizen-dijk is a site where the rise of the water table was recorded in sediments (van Geel,
Hallewas and Pals 1983). The Bronze Age soil surface consisted of sandy clay (Fig. 1). The upper
ca. 5 cm of the soil was a pitch-black horizon, containing numerous charcoal particles. On top of the
black soil surface, a 14-cm-thick shallow water deposit and a 45-cm-thick peat deposit were present.
In 1980 a bulk sediment sample of the shallow water deposit was conventionally dated at 2800 + 50
BP (GIN-10993). However, the sediment contained many small charred particles, possibly eroded
from the pitch-black soil horizon which had been exposed during the preceding habitation phase. In
1995, we realized that the original 2800 BP date for the recorded rise of the water table was probably
too old. The metal box containing the original sediment core was still available, so we selected seeds
and moss remains for AMS dating from the levels at 13, 14, 15 and 17 cm. Figure 1 shows the new
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Fig. 1. Stratigraphic position of AMS samples dating a sudden rise of the water table at the site Enkhuizen-dijk (van Geel
et al. 1983) and calibration of the mean value of these dates.
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dating results (four GrA- dates ranging between 2760 and 2690 BP). The pool deposit showed char-
acteristics of running water, and, after comparison with the calibration curve, we conclude that the
sequence of the four AMS dates from bottom to top apparently does not represent a chronological
order. Therefore, we calibrated the mean value of the four dates as shown at the right side of Figure
1. The calibration results in a probability distribution in calendar years, ranging from ca. 906 to ca.
820 cal BC (95% confidence level). This range includes the moment of the start of the sharp rise of
AC (more cosmic rays, more clouds, more precipitation; see discussion and Fig. 2), which is the
most probable calendar age for the suddenly rising water table. This also fits with the archaeological
14C dates for the start of the period of extremely wet conditions (Table 1).

Rising Water Tables at Zwolle-Ittersumerbroek

At Zwolle-Ittersumerbroek (province of Overijssel), near the river Issel, a Late Neolithic/Bronze
Age/Early Iron Age settlement area was excavated on a relatively low coversand plateau (Waterbolk
1995a,b). The termination of local settlements was caused by a rise in the water table and related
peat growth and deposition of clays and sands by the river IJssel. The youngest 14C dates of the set-
tlement (2670 35 BP, 2600 + 30 BP and 2540 + 30 BP, GrN-18122, 18726 and 18123, respectively)
indicate that the area became uninhabitable (apparently as a consequence of impeded drainage after
abrupt climate change) during the period of sharp increase of A!C (compare the above mentioned
dates with the calibration curve and corresponding A'4C as illustrated in Fig. 3).

Start of Peat Growth in the Raised Bog Fochtelooér Veen

The former raised bog Fochtelooér Veen is situated in the eastern part of the province of Friesland, at
arelatively low part of the sandy Pleistocene area. It is a remnant of the large bog complex of Smilde-
Fochteloo-Haule, situated on a slightly northwest-sloping plateau that forms part of the watershed
between two river systems (Vecht and Ems). The western part of the former bog complex has been
removed in historical time (peat was used for fuel), and it is in this formerly peat-covered area that
archaeological evidence for settlement sites is present. Klaver (1981) studied a peat column located
<1 km from a prehistoric barrow excavated at “de Knolle” in 1926. The barrow was built in the Mid-
dle Bronze Age and contained a secondary urn burial dating from the Early Iron Age. Barrow and urn
cemeteries are generally situated within or at the edge of a so-called Celtic field-system. Such Celtic
(arable) fields have been identified at various places in and near the former bog area, but not so far
near this particular spot. The local topography suggests that at least a part of the Celtic field to be
expected here must have been lying between the sample site and the barrow. A detailed study of the
occupation history of the area in relation to bog growth is in preparation by H. T. Waterbolk.

In the column studied by Klaver (1981), a bulk peat sample that had been taken ca. 3.5 cm above the
sandy subsoil was conventionally #C dated at 2520 + 55 BP (GrN-10130). The complete sample
sequence had been taken, and stored in metal boxes, so in 1995, to address new questions, we took
extra material from the column to apply 4C AMS wiggle-match dating. The wiggle-matched dating
results from a series of six contiguous charcoal and peat samples on top of the sandy subsoil show that
peat growth started here ca. 2690 BP (Fig. 3; Table 2). As in the area of West-Friesland, a sharp rise of
the water table as a consequence of climate change in the area of the Fochtelooér Veen will have
caused the loss of formerly cultivated land in the beginning of the Early Iron Age. The horizontal line
in Figure 3 (p. 542) shows that the evidence for climate change is at the start of a sharp rise of A1C.
For our interpretation (more cosmic rays mean more clouds and precipitation) we refer to the discus-
sion and to a simplified illustration of changes in the landscape of the northern Netherlands (Fig. 2).

According to Kilian, van der Plicht and van Geel (1995), conventionally dated bulk samples of
raised-bog peat often show a reservoir effect (100-250 14C yr too old). The source of old carbon
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TABLE 2. 14C Dates Fochtelooér Veen-I, the Netherlands

Sample 14C age
(cm) (yr BP) Lab no. Material

69 2190 +50 GrN-10132  Bulk sample of peat

45 2410+55 GiN-10131  Bulk sample of peat

29 2520+55 GiN-10130  Bulk sample of peat

28 2495 +40 GrA-5283 AMS-date of selected overground remains of
Calluna and Erica

27 2500 +50 GrA-5284 AMS-date of selected overground remains of
Carex, Calluna and Erica

26 2690 £50 GrA-5285 AMS-date of selected overground remains of
Carex and charred stems and leaves of Cal-
luna and Erica

25 2730 £50 GrA-5287 AMS-date of unidentified charred material

25 2750 £50 GrA-5286 Duplo of GrA-5287

24 2820+ 50 GrA-5278 AMS-date of unidentified charred material

could not be directly detected yet, but based on circumstantial evidence they supposed that methane
from deeper peat layers is taken up by methane-consuming bacteria, thus forming a source of old
carbon in the root zone of especially ericaceous plants. Fungi associated with the living roots are
likely to fix CO, and may transport CO; into the roots of their host plant. In the present study the
peat cores do not show evidence of reservoir effects. The samples from the Fochtelooér Veen as
shown in Figure 3 represent the start and early growth of the peat-forming vegetation (no raised bog
yet). The samples were at low vertical distances from the sandy subsoil, so there was no thick peat
layer that could be an important source of “old”, carbon-containing gas. The AMS samples from
Carbury Bog (see Table 3) consisted of carefully selected aboveground plant remains. Only sample
GrA-976 consisted of ca. 1 volume percent rootlets of Ericales, but, fitting quite well in the
sequence of the series of dates, this sample does not seem to show an apparent age.

TABLE 3. 14C AMS dates from Carbury Bog, Ireland

Sample  '4Cage
(cm) (yr BP) Labno.  Material

100 2515+50 GrA-2136  Seeds of Rhynchospora alba

99 2625 +30 GrA-976 Sphagnum imbricatum, ca. 1 vol.% rootlets of Eri-
cales

98 2615 +35 GrA-975 Sphagnum imbricatum

97 270035  GrA-979 Sphagnum imbricatum

96 271535 GrA-980 Sphagnum imbricatum

95 285035 GrA-981 Stems and opercula of Sphagnum species, seeds and
stems of Rhynchospora alba, overground remains of
Ericales and some elytra of Coleoptera

Colonization of the Salt Marshes in the Northern Netherlands

The loss of cultivated land in Pleistocene sandy areas in the northern Netherlands (areas that were
already marginal from a hydrological point of view) caused depopulation. A causal relationship
between this depopulation and the colonization of the salt marshes in the northern Netherlands dur-
ing the Early to Middle Iron Age was already mentioned by Waterbolk (1959, 1966). Arguments for
migration to the salt marsh areas were based on archaeological evidence: pottery of the so-called
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Ruinen-Wommels type was found in both areas. 14C dates from the earliest settlements in the salt
marsh area are particularly important. The start of the settlement at Middelstum (Boersma 1983) is
dated at 2555 * 35 BP, which may indicate that the earliest colonization occurred during or shortly
after the period of climate change, when A14C showed a steep rise. The colonization of the salt
marsh area was not only related to the abovementioned environmental changes in the adjacent Pleis-
tocene areas. Earlier migration was not possible because salt marshes emerged for the first time ca.
2650 BP (Roeleveld 1976; Griede 1978). Van Geel, Buurman and Waterbolk (1996) postulated that
a slowing in sea level rise, contemporaneous with climate change, was caused by thermal contrac-
tion (for the phenomenon of thermal expansion, see Mérner 1995; Wigley and Raper 1993) of the
upper layer of the ocean (Fig. 2) and/or of reduced velocity and pressure on the coast by the Gulf
Stream. Moreover, after this climate change in the temperate zones more water will have accumu-
lated in glaciers, as ground water in soils, in fens and bogs, and in clouds.

Evidence for Climatic Change Elsewhere in Europe and on Other Continents ca. 800 cal BC

In a review paper, van Geel, Buurman and Waterbolk (1996) compiled evidence for a considerable
and abrupt climate change ca. 850 cal BC. The evidence was based on studies of lake and peat depos-
its, pollen analysis, dendrochronology, geomorphology, glacier studies and archaeological informa-
tion. It was concluded that a climate change to cooler, wetter conditions occurred in the temperate
and boreal zones of Europe, North- and South America, Japan and New Zealand. In addition to the
paleoclimatological-archaeological evidence as mentioned by van Geel, Buurman and Waterbolk,
new 14C dates from the earliest Scythian grave monuments in Europe may indicate that extreme cli-
matological conditions in Central Asia triggered the migration of Scythians to southeast Europe and
western Asia. The oldest dates of the Kelermess monuments (northwest Caucasus) are 2690 + 150
and 2610 * 60 BP (Zaitseva et al. 1998), and thus also may correspond to the period of the sharply
rising 14C content of the atmosphere.

A climate change to cooler, wetter conditions in the temperate and boreal zones is in contrast with
evidence for contemporaneous climate change in the Caribbean and in tropical Africa, where a
change to drier conditions occurred. For the present study the example of evidence for climate
change in Cameroon (Reynaud-Farrera, Maley and Wirrmann 1996) was derived in more detail:
extra pollen samples were studied and extra samples from the sediment core were AMS-dated. In
the discussion of the present paper we will use the recently published evidence for the effect of
changing solar activity, related changes in cosmic rays, and the effect of such changes on cloudiness
in the tropical and non-tropical part of the world (Pudovkin and Raspopov 1992; Raspopov et al.
1997; Svensmark and Friis-Christensen 1997). Here we present our AMS data from the Carbury
Bog (Ireland) and Lac Ossa.

The Start of Sphagnum imbricatum in Carbury Bog, Ireland

Kouwenberg (1985) studied pollen and macrofossils in a peat sequence from the raised bog Carbury
Bog, 46 km west of Dublin. The abrupt appearance and dominance of the oceanic species Sphagnum
imbricatum was dated in the first instance by extrapolation of two 14C dates at ca. 2600 BP. The
original samples had been taken in metal boxes and stored at the laboratory in Amsterdam. In 1994,
with new questions in mind, we took six contiguous subsamples around the transition from the more
decomposed ericaceous peat to the fresh S. imbricatum peat. From these subsamples we selected
aboveground macrofossils for AMS-dating (Table 3). For the relevant interval the changing
frequencies of a selection of peat forming plant taxa (according to Kouwenberg 1985) are shown in
the diagram (Fig. 4), and the corresponding AMS dates are shown in relation to the calibration curve.
Considering the pureness of the selected material (almost no rootlets; see Table 3) no reservoir effect
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was expected (cf., Kilian, van der Plicht and van Geel 1995). Figure 4 shows that the sharp increase
of the oceanic species S. imbricatum is at the start of the sharp rise of A*C ca. 850 cal BC.

Dating Climate Change as Recorded in the Sediments of Lac Ossa (Cameroon)

From palynological evidence in southwest Cameroon, Reynaud-Farrera, Maley and Wirrmann
(1996) recorded a major change in vegetation at low and high altitudes after ca. 2730 BP and addi-
tional pollen analysis performed on the same core (Fig. 5) confirms this event. All the forest types
present in this region since at least ca. 5000 BP were affected synchronously. A great extension of pio-
neer taxa such as Alchornea, Macaranga, an increase of Poaceae and the strong decrease of pollen
taxa belonging to the Biafrean and montane forests were observed. This major change in the forest
communities from southwest Cameroon is linked to a major climatic event, an arid crisis, previously
recognized in the Congo and Cameroon ca. 3000 BP (Elenga and Vincens 1990; Elenga, Schwartz
and Vincens 1992, 1994; Elenga et al. 1996; Maley 1992; Schwartz 1992; Giresse, Maley and Brenac
1994). This climatic event was also detected in East Africa between ca. 4000 BP and ca. 2500 BP
(Vincens 1986, 1989; Hamilton 1987; Bonnefille and Riollet 1988; Roche, Bikwemu and Ntaganda
1988; Ssemmanda and Vincens 1993; Jolly, Bonneville and Roux 1994). The dry phase is responsible
for the extension of disturbed and/or open types of vegetation. It leads to local fragmentation of the
African forest, as it has been observed in some forested areas in the Congo with the occurrence of iso-
lated enclosed savannas (De Foresta 1990; Schwartz, Guillet and Dechamps 1990), and to a complete
drying up of some lakes such as lake Sinnda in the Niary valley (Congo) (Vincens et al. 1994). These
local openings of the forests made the migration of Iron Age populations possible (Bantu immigra-
tion) as well as the spreading of metallurgic techniques which appeared at ca. 2400-2200 BP within
a central African domain, which is now completely forested (Schwartz 1992).

The climate change originally recorded in Lac Ossa was only roughly dated by interpolation between
two 14C dates: 3330 + 50 BP (244 cm; Beta-73084) and 2442 + 43 BP (174 cm; Utc-3911). Bearing in
mind the possibility that climate change here was also contemporaneous with the sharp rise of AC
ca. 2650 BP, we AMS-dated extra samples from core OW4 of Lac Ossa (Fig. 5). Table 4 shows all the
14C dates from core OW4. The pollen diagram shows the changes in the vegetation occurring from
sample 200 cm onward. There are some irregularities in the sequence of 1C dates that prevent the

TABLE 4. 14C Dates (Bulk Sediment Samples) Lac Ossa, Cameroon

Depth 14C age (yr BP) Lab code
7.9 cm 90 + 60 Beta 73082
63.7 cm 740 = 50 Beta 86769
124 cm 1890 + 60 Beta 73083
174 cm 2442 + 43 Utc 3911
178 cm 2000 =70 GrA-4266
180 cm 2470 £ 60 GrA-4273
185 cm 2520 + 50 GrA-6853
197 cm 2830 £ 50 GrA-5560

200 cm: sharp change in forest composition after climate change
to drier conditions

204 cm 2600 £ 50 GrA-6851
210 cm 2840 £ 50 GrA-5559
244 cm 3330 +£50 Beta 73084
360 cm 3880 = 60 Beta 73085
525 cm 4580 + 60 Beta 73086
549 cm 4770 £ 60 Beta 73087
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application of WMD. Especially the date at 197 cm does not fit in the sequence. Nevertheless, the
samples show that the change in the forest composition, as recorded at the 200-cm level, was contem-
poraneous with the rise in A*C ca. 850 cal BC.

DISCUSSION
Climate Change ca. 800 cal BC and its Relation to AC, Cosmic Rays and Solar Activity

The noted abrupt climate change ca. 2650 BP corresponds to one of a number of Holocene cold
events identified by Harvey (1980). He analyzed the published proxy climate evidence and found
indications for at least three Holocene phases with simultaneous cooling in Europe, North America
and the Southern Hemisphere, viz., ca. 4700-4500 BP, ca. 27002300 BP and the Little Ice Age.

Recently, O’Brien et al. (1995) inferred a direct correlation with the above periods in glaciochemical
time series derived from the GISP2 Greenland Ice core. Based on changing concentrations of sea salt
and terrestrial dusts, O’Brien et al. conclude that the cool phases are characterized in the North Atlan-
tic region by an intensified polar atmospheric circulation, more often bringing winter-like, stormy
weather to the region. Cooler climates reoccurred at intervals of ca. 2600 yr. Earlier, a similar oscil-
lation was inferred by Dansgaard et al. (1984) using the Camp Century 6180 Greenland ice core
record. Moreover, as reported by Kerr (1995), Bond found evidence for small increases of ice-rafted
debris in the Holocene part of North Atlantic Ocean cores at an interval of 10002400 yr, thus possi-
bly coinciding with the quasi-cycle found by O’Brien et al. (1995). The discussed periods may cor-
respond to so-called triple oscillation events during which the 1#C production rate changed, as recon-
structed from tree rings (Stuiver and Braziunas 1989; Stuiver et al. 1991). The triple oscillations are
defined as A'“C intervals during which at least two Sporer and Maunder type patterns occurred. The
Sporer- and Maunder events were periods (1416-1534 AD and 1645-1715 AD, respectively) during
which a minimum number of sunspots were present, thus coinciding with reduced solar activity (esti-
mated 0.4% reduction) and with a corresponding increase in atmospheric 14C. Stuiver and Braziunas
(1989) argue that such century-scale A4C variations during the Holocene are best explained by vari-
ations in the 14C production rate induced by solar change. This conclusion is partly based on the sim-
ilarity of the 1°Be and '“C records (Beer et al. 1994). Stuiver and Braziunas (1989) note that there are
no indications that changes in the ocean circulation caused the discussed 4C variations (viz., by a
reduced CO, gas exchange at the air-sea interface or a reduced upwelling of 14C deficient deep ocean
water). It is now generally believed that the triple oscillations in A4C are caused by a reduced solar
activity. The triple oscillations were reconstructed at ca. 85007800 cal BP, ca. 5400-4700 cal B, ca.
26802200 cal BP and 1100400 cal BP. Accordingly, a ca. 2500-yr quasi-cycle of solar variability
seems present in the 14C record in tree rings. As changes in the magnetic-dipole moment follow a
cycle of 8-10 ka (Harvey 1980), fluctuations in the geomagnetic field can be excluded as a cause for
the triple AC variations. A possible correlation between the A4C triple oscillation and the quasi-
cycles of cold periods reported by Harvey (1980), O’Brien et al. (1995), Dansgaard et al. (1984) and
others may indicate that the forcing mechanism behind the cool events is a variation in solar wind.
Such a relation was already suggested in the 1960s by Bray (1968).

How could a relatively small reduction in solar activity induce the relatively large change in global
climate inferred for 2650 BP? Answering this question involves a considerable degree of specula-
tion, since the effect of solar variability on the Holocene climate is still controversial (e.g., Wigley
1981; Roederer 1995). In any case, to provide an answer, it is necessary to look at the effect of solar
variations on the atmosphere. An important effect of a reduced solar activity is an increase in the
cosmic-ray flux. This increase in turn produces more 14C in the stratosphere.
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Two theories are available that explain how a relatively small reduction of solar radiation and an
accompanying increase in cosmic-ray flux may affect the lower stratosphere. The first theory is
based on the notion that a reduction of (ultraviolet) radiation may also lead to a decline in ozone pro-
duction in the lower stratosphere (Harvey 1980). This could trigger the inferred climate changes.
Such a mechanism may be deduced from recent climate modeling studies by Haigh (1994, 1996),
who performed simulations with climate models to study the relation between the 11-yr solar activ-
ity cycles, ozone production and climate change. First, Haigh (1994) used a chemical model of the
atmosphere and found that a 1% increase in UV radiation at the maximum of a solar activity cycle
generated 1-2% more ozone in the stratosphere. Subsequently, Haigh (1996) used this increase in
the stratospheric ozone content as input in a January climate model experiment. In the simulation
results, this increase in stratospheric ozone produced a warming of the lower stratosphere by the
absorption of more sunlight. In addition, the stratospheric winds were also strengthened and the tro-
pospheric westerly jet streams were displaced poleward. The position of these jets determines the
latitudinal extent of the Hadley cells and, therefore, the poleward shift of the jets resulted in a similar
displacement of the descending parts of the Hadley Cells. This ultimately led to a poleward reloca-
tion of the mid-latitude storm tracks. Recently the results of Haigh (1996) are supported by an anal-
ysis of Christoforou and Hameed (1997), who found a close correlation between solar activity, as
expressed by mean annual sunspot numbers, and the intensity and locations of low and high pressure
centers in the North Pacific area.

The opposite effect to the one simulated by Haigh may have played a role in the discussed climate
change ca. 2650 BP (800 cal BC). The observed strong increase of atmospheric 4C during the period
ca. 2650 BP may have been caused by reduced solar activity. Such a reduction in solar activity could
also have resulted in a decrease in the stratospheric ozone content. If one assumes that this decrease
in stratospheric ozone content leads to an opposite effect to the one simulated by Haigh (1996), a
decrease of the latitudinal extent of the Hadley Cell circulation follows. Furthermore, an expansion
of the Polar Cells and a repositioning of the main depression tracks at mid-latitudes towards the
equator may be inferred.

A contraction of the Hadley Cell circulation and a possible weakening of monsoons would be con-
sistent with the inferred drier conditions in the tropics ca. 2650 BP. Similarly, an expansion of the
Polar Cells and a shift of storm tracks closer to the equator would possibly be compatible with the
reconstructed cooler and wetter conditions at middle latitudes in both hemispheres.

The second theory is based on the idea that an increase in the cosmic ray flux may directly lead to
an increase in global cloud cover. This relation may be explained by ionization in the atmosphere by
cosmic rays, thus positively affecting aerosol formation and cloud nucleation (Pudovkin and
Raspopov 1992; Raspopov et al. 1997; van Geel et al. ms.). Svensmark and Friis-Christensen
(1997) found an excellent correlation between the variation in cosmic ray flux and the observed glo-
bal cloud cover for the most recent solar cycle. An increase in the global cloud cover is believed to
cause a cooling of the earth, especially when low altitude clouds are involved, because more incom-
ing radiation is reflected (Svensmark and Friis-Christensen 1997). Earlier, Friis-Christensen and
Lassen (1991) analyzed for the period 18611989 the similarity between the Northern Hemisphere
temperature record and the length of the solar cycle (as an indicator of solar activity), and found a
close match. Moreover, it is expected that the effect would be most marked at high latitudes, since
the shielding effect of the geomagnetic field is larger near the equator. Indeed, the correlation
between cosmic-ray flux and cloud cover increases going from the Equator towards the poles
(Svensmark and Friis-Christensen 1997).
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A direct increase in cloudiness and accompanying cooling would be in agreement with the recon-
structed wetter and cooler conditions at middle latitudes ca. 2650 BP. The inferred drier conditions
in the tropics are less easily explained by this second theory. One may speculate, however, that the
proposed changes in cloud cover and temperature may invoke changes in the atmospheric circula-
tion, possibly involving an increase in the number of El Nifio events and drier conditions at several
places in the tropics (Svensmark, personal communication 1997).

Possibly, the inferred decrease in solar activity triggered variations in the ocean circulation through
the above-inferred changes in the atmosphere. An increase in precipitation at middle latitudes by a
change in the position of the storm tracks or by the above inferred changes in the atmosphere could
have disturbed the thermohaline circulation in the North Atlantic Ocean. This relationship was ten-
tatively postulated by Stuiver and Braziunas (1993) for the Maunder minimum. Through its associa-
tion with the Gulf stream, this thermohaline circulation releases significant amounts of heat to the
atmosphere at mid-latitudes, contributing to the relatively mild climate of Europe today. The thermo-
haline circulation is driven by the formation of North Atlantic deep water (NADW). Modeling stud-
ies have shown that the thermohaline circulation may indeed be very sensitive to changes in the
freshwater flux (e.g., Rahmstorf 1994). A weakening of the thermohaline circulation would have two
major effects. First, it would cause a relatively intense cooling of Europe. Second, the cooling could
have caused an increase in the area covered by sea-ice and snow, generating further cooling through
the positive ice-albedo feedback. In conclusion, ca. 2650 BP a weakening of the thermohaline circu-
lation could have amplified the climate change originally initiated by the reduced solar activity. It
should be noted, however, that the thermohaline circulation may change due to the internal variabil-
ity of the atmosphere-ocean system, thus without a trigger mechanism like a reduced solar activity.

The above hypothesis—involving a weakening of the thermohaline circulation—agrees with the
reconstruction of the surface salinity and density for an ocean core at the Rockall plateau (55°N,
14'W) by Duplessy et al. (1992). The reconstructed surface salinity and density of the ocean water
show a clear minimum ca. 25003000 BP. This minimum is simultaneous with a small decrease
(1°C) in the sea surface temperature.

CONCLUSION

A sudden and sharp rise in the atmospheric 14C content ca. 2650 BP was found to be contemporane-
ous with abrupt climate change at middle latitudes of the Northern Hemisphere (Europe, North
America, Japan) and Southern Hemisphere (New Zealand, South America), changing to a cooler
and wetter climate, and, in the tropics (Africa, Caribbean), changing to a drier climate, as evidenced
by archaeological and paleoecological data.

The inferred variations in atmospheric 14C content and in climate may be tentatively explained by
reduced solar activity. Two possible mechanisms are given. The first one is based on the idea that a
reduced solar input could have reduced the stratospheric ozone content. The latter process may have
been the trigger mechanism responsible for a decreased latitudinal extent of the Hadley Cells, an
expansion of the Polar Cells and an Equator-ward displacement of the mid-latitudinal storm tracks.
These inferred variations in the atmospheric circulation are consistent with the reconstructed cli-
matic changes based on archaeological and paleoecological data.

The second theory is based on the notion that an increase in cosmic-ray flux, accompanying the
reduction in solar activity, could have directly caused an increase in global cloud cover through the
formation of cloud condensation nuclei. An increase in cloud cover would probably have led to more
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precipitation and cooler conditions at middle latitudes, again in agreement with the inferred climate

changes.

A weakening of the thermohaline circulation in the Atlantic Ocean, as a result of the displacement
of the mid-latitudinal storm tracks, could have played an additional role. Such a weakening could
have caused a relatively strong cooling of Europe through the reduced release of heat by the Gulf

Stream and through the positive ice-albedo feedback.
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