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The Younger Dryas cooling 12,700 years ago is one of the
most abrupt climate changes observed in Northern Hemisphere
palaeoclimate records1–4. Annually laminated lake sediments are
ideally suited to record the dynamics of such abrupt changes,
as the seasonal deposition responds immediately to climate, and
the varve counts provide an accurate estimate of the timing
of the change. Here, we present sub-annual records of varve
microfacies and geochemistry from Lake Meerfelder Maar in
western Germany, providing one of the best dated records of
this climate transition5. Our data indicate an abrupt increase in
storminess during the autumn to spring seasons, occurring from
one year to the next at 12,679 yr BP, broadly coincident with other
changes in this region. We suggest that this shift in wind strength
represents an abrupt change in the North Atlantic westerlies
towards a stronger and more zonal jet. Changes in meridional
overturning circulation alone cannot fully explain the changes in
European climate6,7; we suggest the observed wind shift provides
the mechanism for the strong temporal link between North
Atlantic Ocean overturning circulation and European climate
during deglaciation.

The Younger Dryas cold period, the last major cold phase before
the Holocene warming, had an extensive impact on terrestrial
environments, in western Europe in particular. Indeed, its first
description arose from vegetation changes. Despite the detailed
record of the Younger Dryas cooling from the Greenland ice cores1,2,
and from marine and lake sediments3,4, the cause of the Younger
Dryas remains a matter of debate including even a major meteorite
impact8. The Younger Dryas climate change coincided with a
marked reduction in the North Atlantic meridional overturning
circulation3 (MOC), and a shutdown9,10 or weakening3 of the MOC
is the preferred explanation for the Younger Dryas cooling. This
shutdown, in turn, is typically explained as the result of a major
release of meltwater into the North Atlantic9,10.

However, the periods of highest meltwater rates during the last
glacial–interglacial transition, labelled as Meltwater Peaks 1A and
1B, occurred several hundred years before and after the Younger
Dryas, respectively11. This has led to speculation regarding specific
possible source regions for a catastrophic release of freshwater,
including both the Laurentide12 and Fennoscandian13 ice shields.
Likewise, several different paths for the meltwater have been
proposed12–14. The failure of palaeoclimatologists to find evidence

for the proposed source and path of the freshwater, even after an
intensive search15, is remarkable.

A further weakness in the ‘MOC shutdown’ hypothesis involves
the role of the MOC in circum-Atlantic climate. A premise behind
this hypothesis has been that the warm subtropical water flowing
northeastward into the high-latitude North Atlantic to feed the
formation of North Atlantic Deep Water is a major heat source for
the mild winters of western Europe. However, a compelling case
has been made that this northeastward flow of warm water is, in
itself, not responsible for the equable climate of modern Europe6,7.
Rather, the standing wave associated with the Icelandic Low and the
accompanying northward trajectory of the westerly winds over the
North Atlantic is a major source of wintertime heat, as is the simple
heat capacity of the ocean7. Thus, there is something of a paradox
with regard to MOC shutdown and cold conditions over Greenland
and Europe: a remarkable correlation is observed between these two
phenomena in the case of the Younger Dryas and the cold phases of
Dansgaard–Oeschger cycles16, yet shutdown of the MOC cannot, in
itself, explain the observed cooling. This situation has led to new
proposals for the cause of the Younger Dryas and the cold phases
of Dansgaard–Oeschger cycles, involving the winds6 and sea ice17,
with the MOC change potentially being a feedback or response to
these changes.

Here, we report a sedimentary record of wintertime wind
strength over a German maar lake in the Eifel region (Fig. 1),
spanning a 230-year time window of the late Allerød and transition
into the Younger Dryas (12.8–12.5 kyr). The present-day climate is
dominated by the prevailing westerly winds (Fig. 1). The sediment
record from Lake Meerfelder Maar (MFM) contains a succession
of 12,000 varves yielding a temporal resolution that allows insight
into even seasonal changes5. MFM is the only lake record in
western Europe that contains a continuous sequence of annual
layers throughout the Younger Dryas. This is probably due to the
exceptional situation of this lake: deep in a maar crater, with steep
crater walls attenuating wind stress over the lake surface. Earlier
studies have demonstrated the sensitivity of this lake to Younger
Dryas climate change18 and have shown that the environmental
shift at the beginning of the Younger Dryas occurred faster than
suggested by oxygen isotope and other records from the Greenland
ice cores2 (see the Supplementary Information). Here, we present
new geochemical major element micro-X-ray fluorescence scanner
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Figure 1 North Atlantic sea surface temperature (colours)29 and surface wind
fields (vectors)30 in the circum-North Atlantic region. a,b, Winds 10 m above
ground for the present-day months of August (a) and February (b). During the winter
today, the winds approach northern Europe from a southwesterly direction, as part of
the large-scale standing wave pattern of the westerlies23. c, Hypothesized patterns
of North Atlantic sea surface temperature and winds during the Younger Dryas
winter season. Winter sea ice cover (hatched area) is adopted from ref. 23.
Locations of Lake Meerfelder Maar (MFM) and the Greenland Ice Core Project ice
core are indicated.

data, with up to 30 measurements per varve, in combination with
seasonal sedimentation data that address conditions in the lake
most strongly affected by winter wind strength. Precision varve
counting of the entire record, 69 accelerator mass spectrometry
14C dates, and tephrochronological control allow the onset of the
Younger Dryas to be placed on a calendar timescale with great
accuracy (see the Supplementary Information).

The composition of seasonal sublayers and their succession
within the MFM varves is determined by climatically controlled
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Figure 2 MFM sediment changes and their relationship to the Greenland ice
core record. a, Greenland Ice Core Project oxygen isotopes1. b, Five-point running
mean varve thickness5 compared with Greenland Ice Core Project oxygen isotopes1,
each on its own independent chronology based on layer counting. c, Varve thickness
record for the Allerød–Younger Dryas transition. d, Scanner Fe-counts for the
Allerød–Younger Dryas transition at 50 µm resolution. The decreased amplitude of
the wintertime Fe maxima coincides with the cessation of siderite formation. From
about 12,700 varve yr BP, individual varves with low siderite appeared sporadically,
indicating years with stronger winds. At 12,679 varve yr, the system switched
irreversibly to the high-wind state.

environmental processes5. At the onset of the Younger Dryas,
the seasonal layer formation underwent a dramatic change, with
a 4–5-fold increase in annual sedimentation rate (Fig. 2) and a
change in varve composition (Fig. 3). Varve couplets of the Allerød
consist of spring/summer sublayers composed of amorphous
organic matter and few diatom frustules and autumn/winter
sublayers composed of authigenic siderite, the last indicating
stable anoxic bottom water conditions19. Detrital components are
almost absent in both sublayers. At the onset of the Younger
Dryas, siderite formation abruptly ceased, and autumn/winter
layers became composed of siliciclastic and organic detrital matter
from the catchment, with additions of reworked shallow-water
sediments. The reworked sediments are indicated by abundant
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Figure 3 Photomicrographs of varves before and after the onset of the Younger
Dryas event. a, Scanned thin section image (polarized light) of the Allerød–Younger
Dryas transition. Siderite layers are coloured light yellow; the white line indicates
micro-X-ray fluorescence scanner Fe data. b–e, Enlarged microscopic images of
early Younger Dryas and late Allerød under polarized (b,c) and plane parallel light
(d,e): Younger Dryas varves (b, d) are thick and composed of spring/summer diatom
layers and autumn/winter layers of reworked minerogenic and organic matter. Thin
Allerød-type varves (c,e) are characterized by spring/summer layers of amorphous
organic matter and autumn/winter layers consisting mainly of siderite.

periphytic diatoms that grow on submerged substrates in the
littoral zone. During spring/summer, thick monospecific diatom
layers (Stephanodiscus sp.) formed. Pollen changes indicate that
climate degradation ensued essentially immediately, given an
inherent timescale for biotic response of about 20 years (ref. 5).

The siderite varves that formed under anoxic bottom water
conditions during the Allerød indicate minimal seasonal (winter)
mixing of the water body, which is best explained by low
wind stress on the lake surface and a high lake level. With
the onset of the Younger Dryas cold period, the formation of
thick monospecific diatom layers (Stephanodiscus sp.) during
spring/summer is explained by an increase in the wind-driven
upward mixing of nutrient-rich bottom water. The reworked
sediments argue for a major fall in lake level and an increase in
wave activity at the shoreline due to windy conditions. Particularly
striking are the pronounced inter-annual to decadal oscillations
before the final shift, which occurred within one year (Fig. 2d).
These short-term fluctuations indicate that the change from calm
and wet to windy and dry conditions began with a period of
individual extreme years with Younger Dryas-like conditions.
However, the depositional system in the lake switched back after
these extreme years to Allerød-like conditions until the permanent
shift at 12,679 varve yr . The wind effects must have been very
strong because, in all other lakes in western Europe with annually
laminated sediments in the Allerød, varve formation ceased at the
onset of the Younger Dryas (see the Supplementary Information).

One previously uncovered clue regarding the mechanism for the
Younger Dryas cooling in northern Europe is that the cooling was
distinctly more pronounced during autumn, winter and spring20,21.
Today, inter-annual variation in winter climate in western Europe
is to a large degree controlled by the North Atlantic Oscillation
(NAO) through changes in atmospheric circulation22. Cold and dry
winters are characteristic for the negative mode of the NAO and a
weakened zonal flow, whereas stronger westerly winds are typical of
the positive NAO mode and cause warm and wet winters in western
Europe. However, the MFM record indicates a clear link between the
Younger Dryas cooling in western Europe and a strengthening of the
westerly winds over this region. Therefore, our observations call for
a shift in atmospheric and ocean conditions that are different from
the changes associated with the NAO.

Indications of cold and dry Younger Dryas winters associated
with strong westerly winds23 provide the first hint of the
atmospheric mechanism by which the cooling of Greenland and the
open North Atlantic might be imprinted on central Europe. Today,
the westerlies are a source of warmth to Europe, largely owing to the
prevailing southwesterly track of the winds as they approach the
continent24. To associate stronger westerlies with cooling requires
cooling and/or sea ice cover of the Atlantic waters over which the
westerlies passed. This could have been caused by a more zonal
or northwesterly (less southerly) path of storm tracks following
the southward shift of sea ice25, or by an equatorward shift in
the isotherms of the North Atlantic surface, or both. Assuming a
constant track for the westerlies, cooling of the subpolar North
Atlantic would have worked to reduce the heat transport to
Europe. Perhaps more importantly, this cooling would have made
the North Atlantic sea surface temperature gradient more zonal
and potentially stronger. These changes would have converted the
westerlies into a stronger and more zonal jet, which would also have
worked to cool Europe, especially during winter (Fig. 1c). Similarly,
the dry conditions in western Europe during the early Younger
Dryas are the expected result of a shift in the prevailing winds to a
trajectory that passed over colder and potentially ice-covered North
Atlantic waters, thus accumulating less latent heat26.

An oceanic trigger for this change is possible, perhaps through a
southward advance in sea ice, but an atmospheric trigger cannot be
ruled out. In either case, positive feedbacks exist that would support
the new Younger Dryas steady-state configuration, with cool polar
surface waters maintaining strong and zonal westerlies, and with
this state for the westerlies reducing the northward incursion of
warm waters from the Gulf Stream extension into the subpolar
North Atlantic (Fig. 1c). The abruptness of the changes noted at
MFM suggests a role for sea ice in these positive feedbacks, as sea
ice is a rapid and strong climate amplifier27. Given the currently
available records of the Younger Dryas reduction in North Atlantic
overturning, it is not yet possible to distinguish whether this
overturning change was the driver of the subpolar North Atlantic
cooling or a product of it. The latter possibility is not unreasonable,
in that the northward penetration of water from the lower latitude
Atlantic seems to be an important prerequisite for convection in the
Greenland–Iceland–Norwegian Sea28. In either case, reduction in
North Atlantic overturning is energetically consistent with subpolar
North Atlantic cooling and more zonal patterns for both sea surface
temperature gradients and the westerlies.

These results help to reconcile the tight observed connection
between North Atlantic overturning reductions and cooling in
Europe4,16 with the evidence that the ocean heat transport
associated with this overturning is not a major source of heat
to Europe7. Our data show that a cooling of the subpolar North
Atlantic affected atmospheric circulation over the Atlantic sector so
as to reduce the transport of heat to western Europe. Regardless
of whether North Atlantic overturning reduction was the cause
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or effect of this North Atlantic cooling, its coincidence with this
cooling leads to a temporal link among reduced North Atlantic
overturning, North Atlantic cooling and reduced wind-driven
heating of Europe.

METHODS

This study was carried out on composite profile MFM-6 derived from five
individual cores that were precisely correlated on the basis of microscopic
laminae identification. Previous studies of more than 20 cores from all parts
of the lake basin provide a good spatial knowledge of the sedimentation and
have demonstrated that all cores from the deepest part of the basin can be
correlated on a varve-to-varve base (see the Supplementary Information).
Varve structure and seasonal layer composition have been investigated
on overlapping series of large-scale thin sections. These data have been
complemented with geochemical major element micro-X-ray fluorescence
scanner data at 50 µm resolution providing geochemical information for
individual seasonal layers (5–8 data points/varve for the Allerød; 20–30 data
points/varve for Younger Dryas). These geochemical data could be directly
assigned to micro-facies data because XRF scanning has been carried out on
the same impregnated sediment blocks from which the thin sections have
been prepared. A detailed chronology for the MFM sediment record has been
obtained from microscopic varve counts and 69 accelerator mass spectrometry
14C dates on terrestrial macro-remains (see the Supplementary Information).
The Younger Dryas cooling is biostratigraphically defined and dated from
12,680–11,590 varve yr  thus comprising 1,090 varves5. A prominent time
marker at the base of this section is the Laacher See tephra, which has been
dated at 12,880 varve yr  and was deposited 200 varve years before the onset
of the Younger Dryas5.
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