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Abstract: Centennial- to millennial-scale changes in global climate over the last 60 ky were first
documented in ice cores from Greenland, with ice sheets around the North Atlantic and its thermo-
haline circulation (THC) as prime candidates for a potential trigger mechanism. To reach a new
quality in understanding the origin and causal links behind these changes, two strategies were inti-
mately tied together in this synthesis, high-resolution 3-D ocean modeling and paleoceanographic
reconstructions. Here, five time series with a time resolution of several decades and various time
slices of surface and deep-water paleoceanography were established from hundreds of deep-sea
cores for the purpose of monitoring rapid changes across the North Atlantic and testing or initiat-
ing model results. Three fundamental modes were found to operate Atlantic THC. Today, mode I
shows intensive formation of North Atlantic Deep Water (NADW) and strong heat and moisture
fluxes to the continents adjacent to the North Atlantic. Peak glacial mode II leads to a reduction in
NADW formation by 30-50 %, in line with a clear drop in heat flux to Europe. The glacial Nordic
Seas, however, remain ice-free during summer and little influenced by meltwater, in contrast to the
sea west of Ireland, where iceberg meltwater blocks an eastbound flow into the Norwegian Sea and
induces a cold longshore current from Faeroe to the Pyrenees. The subsequent Heinrich 1 (H1)
meltwater mode III leads to an entire stop in NADW and intermediate-water production as well as
areversed pattern of THC, stopping any heat advection from the central and South Atlantic to the
north. In contrast to earlier views, the Younger Dryas, possibly induced by Siberian meltwater,
began with mode I and ended with mode III, continuing into the Preboreal. Modeling the impact
of modes I to III on the global carbon budget, we find that the atmosphere has lost 34—54 ppmv
CO, from interglacial to glacial times, but has gained 23—-62 ppmv CO, at the end of H1 within a
few decades, equivalent to 33—90 % of modern, man-made CO, release. The robust 1500-y Dans-
gaard-Oeschger (D-O) cycles and their multiples of as much as 7200 years, the Heinrich event cy-
cles, are tied to periodical changes between THC modes I/1I and II/1I1. In the Irminger Sea rapid
D-O coolings are in phase with initial meltwater injections from glaciers on East Greenland, here
suggesting an internal trigger process in accordance with binge-purge models. Ice rafting from East
Greenland and Iceland occurs only 240-280 y later, probably inducing a slight sea-level rise and,
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in turn, Heinrich ice rafting from the Laurentian ice sheet during H1, H2, H4, H5. At H1 a major
surge from the Barents shelf has lagged initial cooling by 1500 y and entails the most prominent
and extended reversal in Atlantic THC over the last 60 ky (probably also at the end of glacial stage
4, at H6). Meltwater stratification in the Irminger Sea reaches its maximum only 640 y after ini-
tial meltwater injection and induces, via seasonal sea-ice formation, brine-water injections down
to 4 km water depth, signals leading the classic D-O jump to maximum warmth by only 125 y. It
may be inferred from this short-phase lag that brine water-controlled deep-water formation prob-
ably entrains warm water from further south, thereby forming the key trigger mechanism for the
final turn-on of the Atlantic THC mode II roughly within a decade (or mode I, in case of favorable

Milankovitch forcing).

Introduction

The Northern North Atlantic: Amplifier and
Potential Trigger of Climate Variability

In contrast to the North Pacific, both the extension into
very high latitudes and the funnel-style narrow geo-
metry of the northern North Atlantic result in a bundle
of unique effects on the climate system. Here, warm sur-
face water originates from the Caribbean Sea via the
Gulf Stream and North Atlantic Drift. This inflow water,
which is more saline than anywhere else in the high-
latitude oceans, is finally advected to sites with extreme
cooling and deep-water formation, sites which mark the
onset and terminus of the Atlantic and global thermo-
haline circulation system (Fig. 1; Schmitz 1995). Deep-
water convection results in a huge release of heat and
moisture to the atmosphere, the Nordic “heat pump” of
Europe (Berger et al. 1987), which is partly based on
“heat piracy” (Berger and Wefer 1996) in the central
and South Atlantic. The Arctic connection across the
Barents shelf and the Fram Strait further enhances this
potential of high-latitude climatic forcing via Arctic
sea-ice export, freshwater advection from Siberian
rivers, differential states of albedo linked to variable sea-
ice cover, and finally, by deep-water formation, current-
ly an important factor, on the Barents shelf. The features
and variability of modern oceanography in the northern
North Atlantic have recently been reviewed by Hopkins
(1991), Lozier et al. (1995), Dickson et al. (1996), Sy et
al. (1997) and Schifer-Neth and Paul (this volume).
Some major structures relevant to this study are summa-
rized in Figure 1.

Different from the Southern Ocean, North Atlantic
deep-water formation follows a long-lasting exposure
of Atlantic surface water to the atmosphere and hence
leads to oxygen enrichment in the deep Atlantic, which
finally provides the principal oxygen source of the
global deep ocean (Bainbridge 1981). In addition, the
modern North Atlantic also forms an important sink for

CO, transfer in deep water from the northern to the
southern hemisphere (Tans et al. 1990; Broecker and
Peng 1992).

The strong cooling induced by the Greenland ice
sheet results in a zonal temperature contrast unique to
the Nordic Seas. It has lasted, at least, over the last three
million years (Thiede et al. 1998; Jansen et al. 1996;
Henrich 1990). Over this time, the high latitudes of the
Greenland-Iceland-Norwegian (GIN) Seas and the ad-
jacent Eurasian landmass were particularly sensitive to
changes in summer insolation, that is, to Milankovitch
orbital forcing, as has been established for the nume-
rous major and minor glacial-to-interglacial cycles in
many studies (Thiede et al. 1998; Raymo et al. 1989;
Ruddiman et al. 1989; Ruddiman and MclIntyre 1981;
Imbrie et al. 1992, 1993; Robinson and McCave 1994).
Variations in both atmospheric CO, concentration and
the size of continental ice sheets via their crustal
isostasy are important in modifying the orbital perio-
dicities of climate. Many authors link the origin of
quasi-100-ky glacial cycles to these two variables, par-
ticularly since there is little insolation forcing in this
frequency band (e.g. Imbrie et al. 1993; Saltzman and
Verbitsky 1993).

What Makes the Last 60 ky Special?

The results presented here focus on climate variability
over the last 60 ky, that is, nearly half a 100-ky glacial
cycle, for a number of reasons:

(1) During this time, chronostratigraphic resolution
has reached a precision of decades to centuries in both
'4C datings of marine sediments and annual layer counts
in polar ice records, back to more than 50 ky ago (ka).

(2) Based on ice-core records, the climate showed an
extreme natural variability over the time span 60—10 ka
(Dansgaard et al. 1993; Grootes and Stuiver 1997).
Similar variations, but of smaller amplitude, were re-
cently discovered in marine and ice-core records from
the Holocene (Sirocko et al. 1996; Bond et al. 1997,
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Fig. 1: Modern Atlantic thermohaline circulation, presented as a four-layer system (modified after Schmitz 1995; Dickson and Brown
1994; Schmitz and McCartney 1993). Numbers denote water transport in Sverdrups (1 million m® per second). AABW = Antarctic
Bottom Water; IC =Irminger Current; LSD = Labrador Sea Water; MOW = Mediterranean Outflow Water; NAD = North Atlantic Drift;
NADW = North Atlantic Deep Water; NC = Norwegian Current; SSBW = Southern Source Bottom Water, a dilute derivative of AABW
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Wang et al. 1999). Great hemispheric temperature
changes probably took less than ten years (Dansgaard
etal. 1989; Alley et al. 1993). These short-term changes
imply various alternative “pacemakers”, such as pro-
cesses in the ocean and atmosphere, which remain
poorly understood. In Table 1 an overview of current
prime objectives and alternative concepts in North
Atlantic paleoceanography is given. While three major
modes of Atlantic thermohaline circulation now appear
as basically established (Sarnthein et al. 1994; Alley and
Clark 1999), the processes responsible for abrupt, that
is, on a scale of decades, changes in climate and on a
scale of centuries to millennia in climate periodicities,
remain generally unknown. This particularly applies to
questions of high vs. low latitude and external vs. in-
ternal forcing of changes in the ocean. The vast quan-
tity of new findings, arguments and controversial con-
ceptual models is partly listed in Table 1. It urgently
requires an up-to-date review and synthesis, the goal of
this paper.

(3) Finally, some technical constraints enforce a fo-
cusing of our high-resolution studies in the Nordic Seas
to the last 60 ky. Because of high concentrations of ice-
rafted debris (IRD) the length of sediment sections ob-
tained in conventional marine kasten and piston cores
rarely exceeds 7-9 m. These cores, retrieved from a total
of nearly 120 sites, provide a sound spatial and temporal
(spanning several decades) sampling density for pale-
oceanographic proxy data in the Greenland-Iceland-
Norwegian Seas, required as input for our numerical
modeling experiments. Only recently have a number of
ODP and IMAGES-CALYPSO cores overcome this
“magic” boundary in core length (Dreger 1999; Jansen
et al. 1998; Jansen et al. 1996; Thiede et al. 1996).

To improve our understanding of the complex cli-
matic modes and the external and internal forcing
mechanisms listed in Table 1, a “new quality” in the re-
construction of North Atlantic paleoceanographic time
series and time slices, which each represent extreme
climatic states, has been attempted. In particular, two
different strategies were inherently interrelated, (1) the
generation of space filling (Fig. 2) and ultrahigh-reso-
lution, quantitative proxy data which serve for either
model boundary conditions or an appropriate valida-
tion of the model output, and (2) high-resolution
(0.5-1.0°) three-dimensional (3-D) ocean modeling
(Fig. 3/ Table 3).

Both the initialization of these numerical models
and the calibration of paleoceanographic proxy data are
based on the modern ocean temperature and salinity
data set of Levitus et al. (1994) and Levitus and Boyer
(1994). These data were modified by Seidov et al.

(1996) to cope with the loss of important fine structures
in the Levitus data such as the Polar Front, a loss large-
ly due to gridding long-term data series. For recent and
more precise calibrations of the 'O signal of plank-
tonic foraminifera, the new superior “Hydro-Base”
data set (Curry 1996; Lozier et al. 1994; Simstich 1998)
was employed. The data base for the proxy data used
in this paper is outlined in Figure 4. More details on
the transfer functions, quality and error ranges of the
proxy data are given by Weinelt et al. (this volume).
All proxy data are stored in the PANGAEA data bank
<http://www.pangaea.de>.

Records and Mechanisms of Climatic Change
on a Scale of Millennia to Centuries

The Ice-Core Record

The Milankovitch orbital cycles (Berger and Loutre
1991; Kog and Jansen 1994; Stoner et al. 1998) set the
stage for the pronounced and global climate variability
observed on time scales of decades to millennia. Such
variability reaching back to 110,000 y B.P. was first
demonstrated convincingly in the twin ice cores from
the Greenland summit (Dansgaard et al. 1993; Grootes
et al. 1993; Taylor et al. 1993). Counting of annual
layers in the GISP2 ice core provided age control back
to 50,000 years B.P. (Meese et al. 1994; Bender et al.
1994). Brief but large climate fluctuations, with warm
phases lasting from approximately one hundred to sev-
eral thousand years, are most prominent in marine iso-
tope stage (MIS) 3, 58-30 ka (Fig. 5). The most striking
features of these climate oscillations are rapid jumps
from episodes of peak cold to phases of moderately
warm climate, the Dansgaard-Oeschger (D-O) events.
The jumps occur within less than 10-20 years (Dans-
gaard et al. 1989; Alley et al. 1993) and correspond to a
warming of 7-15 °C/20 °C (Johnsen et al. 1995; Cuftey
et al. 1995). The D-O events terminate with a gradual
deterioration of climate over time, ending with a jump
back to peak cold.

The major sub-Milankovitch period in the GISP2
ice-core record is approximately 1470 years between
60 and 10 ka (Fig. 5; Grootes and Stuiver 1997). This
periodicity weakens or disappears from the ice §'30
record under extremely cold (MIS 2) and warm (MIS
1 and 5.1-5.3) conditions, but persists in chemical sig-
nals of atmospheric change in both high and low lati-
tudes (O’Brien et al. 1995; Sirocko et al. 1996) in the
GISP2 record dominated by a strong 2300-y cyclicity
(Mayewski et al. 1997).
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Fig. 2: Location of sediment cores (Sarnthein et al. 1995, supplemented by positions from Jung 1996; Rasmussen et al. 1996; Kroon
etal. 1997; Volker et al. 1998; Dreger 1999; Spielhagen et al. 1997). Arrows mark main surface-water currents, broken lines modern
sea-ice boundaries in the Nordic Seas during winter and summer. Asterisks mark cores with AMS '“C age control. Underlined sites
have time series with a resolution of several decades. See Table 2 for cores discussed in text
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Prime objectives in paleoceanography to be tested by proxydata and ocean modeling in the Northern North Atlantic

Table 1
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Table 1 (continued)

(S661 UasSupf pun 42342 )66 UUDWIPIL] PUD UIYIUIDS )
(8661 1V 12 u28pY)21ds)

(L661 "D 12 ULDS] *£66] UISSURY “Q66] [V 12 OBIYUDIN ‘966 IS PUD 124201S ‘166 [
‘1D 12 UIYIUIDS {066 ] WNIA PUD UISUDL Q66 ] D 12 [DULIA 2P 066] SYUDGLID] pUD S214DY)))
(8661 1P 12 [pYyoUDpY
S661 Sauof puv uImS12Y {[66] 12y2204g {£86] WIMS12Y puv 2]kog ‘7661 2]140g)

(€661 1712 1]V *6861 1V 12 pAvDISun(y)

(2661 1D 12 12242018 L6611V 12 JHIT ‘9661 "IV 12 SALDYD Q661 41242204g “T6G] "IV 12 puog)
(9661 OULfJo puv 2USUII Q66 2UDD) PUD JUWI]) )

(E661 UOIUIM ‘C66 ] 421]d PUD IDADS {0661 “IP 12 4242204 Q661 HPID Puv £2]]V)

(8661 PN puv Jungy q ‘vE66 1 [P0 )

(8661 4242018 “9661 'V 12 SALDYD Q661 IV 12 421Un]g ‘F661 IV 12 49pudg *L66]1 1P 12 pAvg)
(6661 424]120A)

(8661 401D pup &211 “£661 IV 12 puog)
(L661 1712 rysmadvpy
661 MO pup 428.19g 966 OULJON pup aIUIOI /661 42A1MIS pUD S2100.45))

(L661 41253211018 pup y1oN-12f2S)
(*doad ur y1aN-12fpYy28 ‘1661 42112d)

(S661 F10]D puv 2qvIIJ ‘8661 FV]D puv £a]1y)

«m‘QQN .NB el :QE\NQQ% .NQ NGQQQN .Nﬁ el GENG.TSD .NMQQN .NG el NNMVSQ&D
G661 IV 12 [Jomsapmo(] L661 IV 12 0[1110D) 696 "D 12 1240204g £66] ‘T661 [P 12 puog)
(9961 Yoru12F)

(L66] "IV 12 USUYOf /66 4124111 PUD $21004K))

(S661 IV 12 1241204 ‘9661 ‘[P 12 P|2adLy UDA ‘66 ‘[P 12 SHUDINIW

9661 IV 12 UYSNE] ‘/66] UISUDL PUD [DAUOL] SHGT IV 12 [PAUOLT Q66T PIPH PUp uayyog
G661 10T puv pUog €661 10 12 PUOg S661 10 12 PV 8661 PAVE ‘861 IV 12 42Y2204g )

{umnIpunuod Suro3uo ue —
(A1ddns 191eM)[9W O1OTY UAPPNS JO JNSAI B —

(goun) DHLL S[II Y UOHR[[I0S0 O-(T Joyjoue jsnf —

(uononpold MAVN JO-pauing yiim JUdA? YOLIUIOH Joyjoue —
:se [[ods p[oo sef1 1o3unox ay) SuIpueIsIopu() e

'K O uey ssof unim soueyd ydniqe o) Jurpes| se pue —
({3uro10§ OpMe[-ySIY UIAYINOS IO/ PUL WIY)IOU —
{,S3UT0I0J SpmT)E] MO] 10 YIIY —
({101e[[1050 21oydsoune / Ueado [BUIdIUT UB —
SJUOAD YOLIUTY J0F pasodoid se J0Je[[1s0 90T [euI)uI Uk —
KQq paonpur se sa[oAd onewr[d , A-00S[,, PUB YOLIUIOH JO UISLIO,, 9y} SUIORI], e

*SJBWIIO 9pMINE] UIdYINOS PUE WIYIIOU
uaamjaq drysuonerar oseydnue o) Jo asuodsar pue urdto oy —
‘sreusdis 197em-doop pue 9oeIns UM STe[ pue sped] oY) —
IOA0DUN 0] SJUAAQ JoSYIso)-pIeeSsue(] 03
PaYuI[ s[euSIs Aew[d pue ueado jo sdiysuone[ar aseyd oy) Sunewnsy .

" KII[IQELIRA JO SPUEQ,, PUE SJU9AD dIporrade —

woly  s9[04d puog,, pue
‘SJUQAQ YOLIUIOH ‘ToSY0so-pIeeSsue( ur sanorporad onyy —
Surysm3unsi «

‘uoneulIo} MAVN U0 1oedul [eUOISAT [ENUAIIJIP J1oY) —
pue ‘uononpoid 19)em)[ou JO SIJel [eIIUSISHIP —

‘$JUQAQ YOLIUIOH

Jo 1oyyewoded owrid se BIABUIPUEROS JO ‘SPURS] YSHII Y} ‘PULIUIIID)
‘PUB[I] ‘BOLIWY YILION] JOIS Wwoly sa31ns Jo s3e| pue sped| [enudjod —

¢ Sprek deros,, pue sainoi 3109201 onuey Jolew oy —
Ajnuopr 03 A1ddns @[ YoLIUIOH JO UONBIND PUB SIOINOS Y} SUTUTUWLIANO( o

‘SPIOJ3T 2I0J-321 —

puE QuULIEW —
Jo AydeIr3nensouoryd o[eds-[eruujuad juliof & JUIysIqeIsy »

:AN[IqELIBA I[BIS-[BIUUS[IIIA €



Sarnthein et al.

372
SST and SSS (Measured or Reconstructed)
Wind Field (Modeled)
v FORCING
MODELS
Carbon Cycle Sedimentation

(Basin Scale)

Particle Tracing

Iceberg Drift
IRD Deposition

RESULTS v

EVALUATION

Circulation Pattern
Sedimention Pattern
Carbon Budget

Paleoceanographic
Tracers

Fig. 3: Scheme of Ocean General Circulation Models (OGCMs)
employed in this paper (modeling constraints in Table 3).
NNA = Northern North Atlantic; NA = North Atlantic; Lay. =
Layers; SST = sea surface temperature; SSS = sea surface salin-
ity; IRD = Ice rafted debris

Potential Mechanisms of Rapid Change

To explain the severe and rapid temperature variations on
top of Greenland many models have been put forward
(Broecker et al. 1985; Broecker et al. 1990; Broecker
1991; Broecker and Denton 1991). Some models use
internal ocean oscillators akin to El Nifio events (e.g.

Table 2: Core locations mentioned in the text

Clement and Cane 1998, in prep.). Others employ ice-
and/or meltwater-caused disturbances of ocean ther-
mohaline circulation as external forcing in the presence
of continental ice sheets in one way or another (MacAyeal
1993a, b; Paillard and Labeyrie 1994). The bifurcation
process in the Rahmstorf model (1995), which uses an
iceberg surge-derived low-salinity meltwater lid off-
shore Labrador to throttle Atlantic thermohaline cir-
culation (THC), may come closest to reproducing the
climate features observed. It shows that meltwater
produces a prolonged initial phase of strong climatic
instability, but little deterioration, lasting up to 700
years, followed by an abrupt cooling over approxi-
mately a decade. The cooling leads to a cold phase of
undefined length, terminated by a nearly instantaneous
transition back to stable warm conditions. This THC
mechanism may also help to explain, by turning North
Atlantic “heat piracy” off or on (Berger and Wefer
1996; Stocker 1998), the interhemispheric anti-phase
relationship of short-term climate variability recently
found in ice cores from parts of Antarctica (Blunier et
al. 1998) and in South Atlantic sediment cores (Little
etal. 1997).

Over the past ten years some of the postulated events
of giant glacial surges during MIS 1-3 and the resulting
tracks of iceberg armadas across the North Atlantic have
been in fact identified as “Heinrich” layers of ice-rafted
debris in many marine sediment cores (Heinrich 1988;
Bond et al. 1992, 1993; Grousset et al. 1993; Cortijo et
al. 1997). Moreover, Maslin et al. (1995), Rasmussen et
al. (1996), Jung (1996), Vidal et al. (1997) and Elliot
et al. (1998) have documented linkages between past

Core Latitude Longitude Water Depth
ENAM 93-21 62°44.0' N 03°59.9'W 1020 m
M 15612 44°21.6'N 26°32.6' W 3050 m
M 23071 67°05.1' N 02°54.5'E 1308 m
M 23259 72°02.0' N 09°16.0'E 2518 m
M 23414 53°32.2'N 20°17.3'W 2196 m
M 23415 53°10.7'N 19°08.7" W 2472 m
M 23416 51°34.1'N 20°00.0' W 3616 m
M 23417 50°40.1' N 19°25.9'W 3850 m
M 23418 52°33.0'N 20°20.0' W 2841 m
M 23419 54°57.7'N 19°45.3' W 1491 m
MD 95-2011 66°58.2' N 07°384'E 1048 m
MD 95-2012 72°09.1' N 11°26.1'E 2094 m
ODP 609 50°00.0' N 24°00.0' W 3900 m
PS 2644 67°52.0' N 21°45.9'W 778 m
SO 82-5 59°11.2'N 30°54.3'W 1416 m
Vv 23-81 54°15.0'N 16°50.0' W 2393 m
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Fig. 4: Derivation and quality of paleoceanographic proxy data (Weinelt et al. this volume) used in this paper

changes in Atlantic THC and both the high-frequency
D-O cycles and the low-frequency Heinrich events su-
perimposed.

Variations in Surface-Water Oceanography

A number of new paleoceanographic records with an
ultrahigh resolution of 20-80 years over MIS 2-3
(Fig. 5) define the various processes linked to D-O
cycles on a more precise time scale (Table 4) and thus
help to better constrain the origin of Heinrich (H) and
D-O events. The records stem from a four-core transect
extending from the Irminger Sea across the Icelandic
Sea to the northeastern Norwegian Sea, from 59°-72° N
(Fig. 2). Age control is based both on tuning character-

istic features of SST, planktonic 8'80 minima, or IRD
records to the GISP2 ice record and on a total of more
than 320 accelerator mass spectrometry (AMS) '“C ages
(Voelker et al. 1998; Dreger 1999; van Kreveld et al.
subm.). In this manner the age uncertainty of the (nar-
rowly spaced) age control points may reach one-third of
a D-O cycle (500 y), in most cases 50—100 y (equal to
one sample spacing) relative to the GISP2 record, which
is sufficient for high-resolution phase analyses within
the 1460- (or 1470-)y frequency band (Fig. 6).

Based on this transect summer sea-surface temper-
atures (SST) in the Nordic Seas have only varied at the
low level of 1-5 °C from 60-11.6 cal. ka (Fig. 5).
Hence, the short-term but marked planktonic 8'%0
minima in cores PS2644, M23071 and MD952012,
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Fig. 5: Southwest-northeast running transect (see Fig. 2 and Table 2) of marine sediment records sampled in cm increments
(MD952012:20-500 cm/ky; 23071: 7-16 cm/ky; PS2644: 20 cm/ky; SO82-5: 12 cm/Kky) of climatic change in the northern North
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and Stuiver 1997). §'30 minima of planktonic N. pachyderma (sin) reflect low-salinity meltwater spikes, where SST values (based
on planktonic foraminifera census counts) are low
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Table 3a: Ocean circulation models employed and modeling constraints

Ocean Circulation 1. Global 2. North Atlantic (NA) 3. Northern North
Atlantic (NNA)

Model Type MOM (Pacanowski et al. 1993) IM (Seidov 1996) MOM (Pacanowski et al. 1993)

Setup Description Seidov and Haupt (1999) Seidov et al. (1996) Schifer-Neth (1998)

Parameters

Resolution (lon. X lat.) / 6°x4°/12 1°x1°/12 0.5°x0.5°/17

Vertical Layers

Horizontal Diffusivity / 2x107/2.5x10° 1x 107 / nonexistent 5%10°/5x10°

Viscosity [em®s™]

Vertical Diffusivity / 1.0/10.0 1.0/2.5 1.0/1.0

Viscosity [em®s™]

Surface Relaxation Time [d] 50 50 30

Surface Layer Thickness [m] 100 100 50

Tracer Time Step [d] 1 2 0.5

Modern Forcing *=Summer **=Winter ***=Annual Mean

SST Levitus and Boyer (1994)***  Idem*** Idem**

SSS Levitus et al. (1994)*** Idem*** Idem**

Wind Lorenz et al. (1996)*** Lautenschlager Hellermann and
(unpubl.)*** Rosenstein (1983)**

Integration Time [a] 10000 1200 500

LGM Forcing

SST from planktonic Sarnthein et al. (1995); Idem*** Weinelt et al. (1996);

foraminifera census counts

SSS from foraminifera §'0
and SST

Schulz (1995);
Weinelt et al. (1996);
CLIMAP (1981)%**:*

Duplessy (1982); Duplessy
etal. (1991, 1996)***

Sarnthein et al. (1995);
Weinelt et al. (1996)%***

CLIMAP (1981);
supplemented by new
Kiel data*

Sarnthein et al. (1995);
Weinelt et al. (1996); supple-
mented by new Kiel data*

Wind Lorenz et al. (1996)%%** Lautenschlager (unpubl.)***  Hoffmann (unpubl.)*

Integration Time [a] 8500 950 500

Meltwater Forcing

SST from planktonic Sarnthein et al. (1995); Idem?*#** Diagnosed LGM fluxes*

foraminifera census Schulz (1995);

counts / Heat Flux Weinelt et al. (1996)%**

SSS from foraminifera 8'*0 Sarnthein et al. (1995); Idem*** Freshwater input (from

and SST / Freshwater Flux Weinelt et al. (1996) new Kiel data) added to
plus LGM data*** diagnosed LGM fluxes*

Wind as for LGM*** Idem?™*** Idem*

Integration Time [a] 1200 1050 50-100

Sea Ice

No air-sea heat and momentum fluxes if SST drops below —1.88 °C.
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Table 3b: Models of iceberg drift, sediment dispersal and the oceanic carbon cycle

Icebergs, IRD Deposition (Schifer-Neth and Stattegger 1998)
¢ Free drifting cylindrical icebergs (diameter = 10 km; height = 300 m)
« IRD deposition proportional to iceberg melt rate (IRD concentration = 1 %o per volume)
* Techniques:
— ocean-iceberg feedbacks including:
— currents (passive drift transport)
— temperature (using an empirical temperature vs. melt-rate relationship)
— heat transfer from ocean to icebergs (proportional to amount of melting ice)
— meltwater runoff from the icebergs into the ocean
— iceberg drift velocity enhanced by wind; proportional to wind speed (based on observations)

Sedimentation, Particle Tracing (Haupt et al. 1998)
* Sediment volume transport and pelagic sediment dynamics
* Sediment distribution pattern on the sea floor
 Pathways of particle transport
* Routes of the major ocean currents and/or transports of settling particles
 Techniques:
— semi-Lagrangian formulation
— particles with uniform settling velocity (0.05 cm s™)
— sedimentation and erosion rates based on observations (flocculation ignored)
— benthic boundary layer with smooth topography (thickness = 1 cm)
— fluvial and aeolian sediment sources
— particle transport velocity affected by bottom slope

Carbon Cycle (Schulz et al. in press)
« Ocean-atmosphere distribution of inorganic carbon and carbon isotopes (8'°C, A*C)
* Techniques:
— formation/remineralization of particulate organic matter and CaCO,-skeletons
— export production as function of nutrients available in surface water
— temperature-dependent isotope fractionation during gas exchange
— isotopic composition of particulate organic matter as function of the ambient CO,-concentration
* Resolution: 5 major oceanic basins (12 layers) plus homogeneous atmosphere
* Forcing: Water fluxes derived from global OGCM velocity fields (annual average)

Table 4: Timing of Heinrich Events and the LGM on *C and calendar time scales, primarily based on newly '*C dated IRD and
8'80 meltwater records in cores 23071 and PS2644, choosing dates with a minimum '*C reservoir effect. Details of the location of
Heinrich events in the marine sediment record and their definition in GISP2 as in Figure 5 (Voelker et al. 1998; Voelker 1999)

Heinrich- Marine *C Ages Calendar Age Interval (ky)
Event (corr. for —400 y) (GISP2) (between age means of H.E.)
H1 >12.8-14.8 ka 14.67-18.1 ka (!)

AT.4
(LGM) (15.0-18.0 ka) (18.0-21.5 ka)
H2 20.4-21.0 ka 23.4-24.2 ka

A58
H3 25.6-26.4 ka 29.0-30.2 ka

A9.6
H4 32.4-34.2ka 38.4-<40.0ka

AG6.7
H5 43.5-44.4 ka 45.4-46.4 ka

A13.6=2-6.8
H6 >57ka 58.3 — about 60 ka
Average: 7.2+ 2.4

(for spatial variations of “C ages at base of H4 compare Fig. 10)
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and Stattegger 1997), dotted 80 % confidence line with AnalySerie program (Paillard et al. 1996)
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which comprise shifts of up to 1.5%o, in many cases
opposed to the SST trend, are largely ascribed to short-
term meltwater pulses. The larger 8'*0 spikes corre-
spond to Heinrich events H1-H6, as confirmed by
coeval IRD spikes and planktonic foraminiferal 8"*C
minima (lit. cit.). Following the ice-surge model, melt-
water pulses have been connected to the cold episodes
in the age-calibrated isotopic temperature record of
GISP2 to create a common time scale (lit. cit.). In con-
trast to the Nordic Seas, summer SST in the warm
Irminger Current southwest of Iceland (core SO82-5)
vary over a broad range of < 2-9 °C and depict in great
detail the rapid warmings and coolings of each D-O
cycle in the ice record. However, the 8'80 record in this
part of the Irminger Sea remains largely unaffected by
meltwater, except for a distinct meltwater signal at H3
(Fig. 5; van Kreveld et al. subm.).

The surface-water records of MIS 2-3 also reveal
striking zonal difference (Fig. 5): In the west, the IRD
and 8'®0 records of cores SO82-5 and PS2644 were
able to depict every single D-O cycle with distinct am-
plitudes. In the east, in cores M23071 and MD952012
from the Norwegian Sea, most 8'*0 oscillations rarely
exceed the noise level and can only be recognized
by comparison with parallel, stronger variations in
planktonic 8"*C (Volker 1999). In addition to these,
several wide-spaced, modest 880 excursions reflect
Heinrich meltwater events H3 and H4 and, more pro-
nouncedly, H1 and H6. H1 spikes are most prominent
near the Faeroe Islands (ENAM 93-21) and to the west
of the Barents shelf (23259, MD952012; compare
Fig. 12c). Here, however, the onset of the event was
possibly delayed by 1500 '“C years (Fig. 7; Dreger
1999).

In conclusion, the origin of frequent, possibly melt-
water-induced, climate disturbances during MIS 2-3
may be more closely constrained, in part, similar to
Elliot et al. (1998): Surging ice sheets on Greenland
and Iceland, easily traced by hematite-stained quartz
(Bond et al. 1997) and volcanic glass produced flows
of meltwater and icebergs along with each D-O stadial,
whereas surges from Canada, traced by dolomite de-
bris, and from Europe only accentuated some major
stadials, the Heinrich events. Surges from the Barents
Shelf contributed particularly to H6 and late HI.
Moreover, since basaltic glass from Iceland always
increased prior to the increase of any other IRD in the
Heinrich layers (Bond and Lotti 1995), it is evident
that the Nordic iceberg discharge clearly preceded,
thus in some way triggered ice surges and IRD input
from North America and elsewhere at any stadial
event.

Variations in North Atlantic Deep Water
Oceanography

The variations in surface-water oceanography outlined
above correspond to major changes in the origin and
ventilation of North Atlantic Deep and Intermediate
Water (Rasmussen et al. 1996). Jung (1996) traces their
spatial variability along the southern slope of the Rockall
Plateau in the (epi-) benthic stable-isotope records of six
cores (Figs. 2 and 8). The records form a 1-D time
transect from 1500-3800 m depth over the last 60 ky,
with a mean time resolution of 350 — > 1000 y, rising to
160-250 y across the H events.

Beyond some ongoing problems in precisely match-
ing the “wiggle-waggles” of the six stable-isotope re-
cords on centennial time scales, major long-term change
can be identified between (1) the warm and fairly stable
THC regime over the last 11.6 ky, i.e., since the end of
the Younger Dryas, and (2) the highly instable regime
of MIS 2-3, 11.6-60 ka, with abundant bottom water
momentarily advected from sources in the Southern
Ocean (SSBW; 8'3C values of < 0.4 — < 0.8 %), which
ascended up to <2.6-2.0 km depth, in contrast to depths
of > 3.6 km today. Nevertheless, the glacial regime of
MIS 2-3 also finally reached some stability between H1
and H2 (Fig. 8a).

(3) Superimposed upon these long-term trends in
deep-water chemistry, flickering extreme ventilation
minima (< 0.2 — < 0.4 %o 8'*C) record the incursion of
SSBW along with the Heinrich events (including a
Heinrich-style event H5.2 prior to D-O event 14) and
many other stadials. On the other hand, the short-term
8"3C-ventilation maxima reaching down to > 3 km
(blue spikes > 0.8 %o in Fig. 8a) are characteristic of
North Atlantic Deep Water (NADW) and match most
warm D-O events, such as D-O 5-8 and 11-14 between
H3 and H5.2.

(4) In parallel, the 8O transect in Figure 8b
reveals some short-term but extreme 3'*0 minima
(A 0.5-1.0%0), extending across all water depths during
H1, H3-H6 and once more, during the early LGM
(confined to less than 2300 m w.d.). Jansen and Veum
(1990) first suggested that these synglacial 8'*0 mini-
ma may record cold brine-water spikes. They bear an
excellent, barely fractionated 8'%0 signal of extensive
seasonal sea-ice formation which was tied to the
highly '®0 depleted meltwater lids of iceberg flotillas
during Heinrich and, less importantly, during other
D-O stadials. The deep-water records of Figure 8§ thus
closely match the various surface-water records of
frequent meltwater incursions into the North Atlantic
during MIS 2-3.
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D-O and Heinrich Events in the Spectral Domain

Detailed records of THC variability provide a new age
basis for calibrating Heinrich events on the calendar
time scale (Table 4; Voelker et al. 1998). In part, the new
ages differ considerably from previous estimates (Bond
et al. 1993; Cortijo 1995; Elliot et al. 1998). From H1
to HS the average time span between two successive
Heinrich events in the records presented here amounts
to 7.4 ka, but increases to 13.6 ky between HS5 and H6.
If the probable Heinrich event 5.2 between HS5 and H6
is included, prior to D-O event 14 near 52 ka (Fig. 8),
the average spacing between Heinrich events 1 and 6
drops to a relatively uniform time span of 7.2 + 2.4 ky,
equal to several D-O cycles. The postulated “5.2” event
is indeed supported by major IRD layers found at the
respective depths in various cores from the Rockall
Bank (Jung 1996) and in core SO82-5 (Fig. 5).

In the spectral domain, however, dominant power
is centered on 1.5 ky (1460-1510 years) for most of
the marine proxy records in the four cores, such as for
GISP2 (Fig. 6; Grootes and Stuiver 1997; van Kreveld
et al. subm.; Volker 1999). Further prominent period-
icities occur near 2.9 (such as with D-O cycles 8, 12
and 14) and 5.1 ky, probably multiples of the 1500-y
cycle. A weak periodicity near 620-740 years may
reflect a harmonic. A minor periodicity persists near
1.05 ky, possibly a harmonic of the 2.3 ky cycle found
by Mayewski et al. (1997). Unexpectedly, little power
is centered near 7.2 ky for the Heinrich events, except
for the stable isotope records of core 23071, salinity
at site SO82-5 and the IRD record of core MD952012
(Fig. 6).

The 1480-/2900-y cycles in the marine sediment re-
cord rarely show the characteristic asymmetry of D-O
cycles in the Greenland ice records (Fig. 5; SO82-5).
As is the case on Greenland, they also begin with an
abrupt jump from peak cold to moderately warm cli-
mate, which in some cases is interrupted by a very short
“Younger Dryas-style” setback (van Kreveld et al.
subm.). The warm interstadials, however, have each per-
sisted over a few hundred up to 1,500 years, prior to
jumping back directly to peak cold.

In the frequency domain (Fig. 9), the maximum cool-
ings at site SO82-5 lie in phase with SSS minima, which
means with meltwater injections to the Irminger Sea
(van Kreveld et al. subm.). This evidence clearly sup-
ports the models invoking glacial surges and meltwater
as the ultimate source of climatic instability during MIS
3 (Broecker et al. 1990; MacAyeal 1993a, b; Paillard
and Labeyrie 1994; Rahmstorf 1995). On the other
hand, the 240-y lag of IRD spikes vs. sea-surface cool-

ing at site SO82-5, similar to early findings by Bond
and Lotti (1995), appears to be opposed to these mod-
els, but is of little significance. Not the icebergs but
their meltwater injections to the specific sites of deep-
water convection (such as the Irminger and Labrador
Seas) are crucial in throttling Atlantic THC. Over the
first 250 years, the melting icebergs from East Green-
land were obviously jammed in the narrow Denmark
Strait and advanced to the south only later, after size
reduction. This view is supported by the timing of
IRD spikes to the north of the Denmark Strait, at site
PS2644, where they appear > 100 years earlier, nearly
in phase with the SSS minima to the south and cooling
(Fig. 9; Voelker 1999).

The IRD spikes, in turn, lead (1) the planktonic (e
minima by nearly 300 y, recording a maximum in sur-
face-water stratification, (2) the related brine-water sig-
nals in the benthic §'30 record by approximately 330y,
and (3) the final abrupt returns to maximum warmth by
460y (van Kreveld et al. subm.). Accordingly, the brine-
water signals lead the D-O events of abrupt warming
by less than 130 y, nearly within our sampling resolu-
tion. Based on these leads and lags it is evident that in-
tensive brine-water formation has finally triggered the
enigmatic abrupt onset of THC and flushing of the deep
Atlantic within approximately a decade through entrain-
ing further deep water and, in consequence, further
surface water from farther south. Thereby, a long-term
slow-down or even reversal of THC during the last
third of the D-O cycles was suddenly ended, initiating
the D-O events which remain unexplained.

Résumé on Processes Driving the 1500-Year D-O
Cycles

The spatial and temporal patterns in short-term SST
variability and iceberg-derived meltwater injections
yield a number of features in North Atlantic paleocean-
ography, which in total may have controlled climatic
variability between 60 and 10 ka at periodicities of cen-
turies to millennia:

e Based on clear phase relationships (Fig. 9) it is
clear that, in harmony with various models, the rapid
cooling of the D-O stadials was indeed linked to melt-
water injections throttling the convection of NADW.
As surmised by Bond and Lotti (1995) this meltwater
primarily originated from icebergs surging from Ice-
land, East Greenland and/ or farther north, as shown by
(1) the dispersal of low SSS, (2) a persistent input of he-
matite-stained quartz to the Irminger Sea during D-O
stadials (van Kreveld et al. subm.), and (3) a decline
in the accumulation rates of IRD from the Icelandic to
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Fig. 9: Mean temporal leads of iceberg, meltwater and brine-water events at site SO82-5 in the North Atlantic (van Kreveld et al.
subm.; Voelker 1999; core locations in Table 2 and Fig. 2) with respect to maximum warming in the Irminger Current and on Green-
land summit (GISP2; in phase) in a 1460-y D-O cycle. Numbers indicate internal response time in years and single-phase errors

(based on coherent signals only)

the Irminger Sea by a factor of ~ 2 (Fig. 5; PS2644 vs.
S0O82-5, when data are supplemented by differential
sedimentation rates). Thus, internal binge-purge pro-
cesses in parts of the East Greenland ice sheet with a
time constant of 1500/3000 years may have acted as
the pacemaker of global cooling.

e Prior to reaching the “open” North Atlantic via the
Irminger Sea, most icebergs from Greenland were
probably jammed in the Denmark Strait for nearly 250
years, as shown by the lead of IRD and SSS signals in
the western Icelandic Sea.

e In the Irminger and Icelandic Seas prominent IRD
spikes equally mark both the Heinrich events and the
other cold D-O stadials. Therefore, no basic but only
gradual differences in the origin of average D-O sta-
dials and the major Heinrich events can be seen, ap-
parently accentuating some “normal” D-O stadials.

e Based on a phase lead of Icelandic IRD, each Hein-
rich event was probably induced by a slight sea-level
rise proceeding from initial D-O surges from Iceland
and East Greenland and triggering much larger surges
from major ice sheets near sea level with an internal
time constant of ~ 7.2 ky. In particular, H5, H4 and H2
resulted from great iceberg and meltwater injections
from eastern Canada, in addition to abundant meltwater
in the North Iceland and East Greenland Currents
(Grousset et al. 1993; Gwiazda et al. 1996b; Cortijo et
al. 1997). Only during H3 did the flux of meltwater and
icebergs from East Greenland, which passed across the
Icelandic and Irminger Seas, dominate any other Hein-
rich meltwater discharge (in harmony Grousset et al.
1993). Relatively modest traces of European meltwater
and IRD occur in the Norwegian Sea, except for H6 and

H1. Here most prominent §'30 meltwater signals south-
west of the Barents shelf (Figs. 5, 7 and 12c; Sarnthein
et al. 1995) suggest large surges from a glaciated
Barents shelf (Laberg and Vorren 1995; Landvik et al.
1998), which produced the most extended and pro-
nounced reversals in Atlantic THC together with major
ice rafting from Labrador to the mid-latitudes, marking
the end of glacial stages 4 and 2.

e In view of its extremely short phase lead (< 130 y
in core SO82-5; Fig. 9) to the SST maximum in the
D-O cycles, intensive brine-water convection in the
northern North Atlantic is considered to be the crucial
process which has finally entrained warm surface water
from the subtropics and thereby triggered the resump-
tion of the “conveyor belt” and rapid warming, the
“jump” characteristic of D-O events which each corre-
sponded to a general recovery of northern hemisphere
climate.

e However, a major problem remains unsolved, i.e.
how the mechanisms of D-O cycles during MIS 2-3
continued over the Holocene (Sirocko et al. 1996; Bond
etal. 1997; Wang et al. 1999) and MIS 5 (Ninnemann et
al. 1999), since no major surges are known at these
times (only once, 8.2 cal. ka) and the climate proxies on
Greenland exhibit much smaller variability on a scale of
centuries to millennia during the Holocene than was the
case during MIS 2-3 (Grootes and Stuiver 1997).

Age of the LGM and Heinrich 1 Time Slices:
Problems by the “C Reservoir Effect

Finally, the high-resolution time series has permitted
improvements on the age definition of two time slices
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which represent the most prominent climatic extremes
over the last 60 ky, the Last Glacial Maximum (LGM)
and Heinrich event 1. Both time slices present intervals
of short-term relative climatic stability, sufficiently
long for assembling basin- and ocean-wide sets of pale-
oceanographic data at sedimentation rates of > 2.5 —
> 5.0 cm/ky to parameterize and validate general ocean
circulation models discussed in the section below. In
the North Atlantic the LGM is clearly defined at the age
interval between D-O interstadial 2 and Heinrich event
1, that is, at 18-15 C ka (equal to approximately
22-18.1 cal. ka; Fig. 5; Table 3). However, the precise
age boundaries of Heinrich event 1 appear to be more
controversial.

In cores from the Rockall Plateau and mid-Atlantic
ridge, directly below the “Heinrich IRD track” (Bond
and Lotti 1995), the base of IRD layer H1 is largely
coeval with the abrupt decrease in benthic and plank-
tonic 8'"°C and 8'®0 values (Fig. 7; Jung 1996; Vidal
et al. 1997; Kiefer 1998; Chapman and Shackleton
1998). This is different from the upper continental
margin of Portugal, where Zahn et al. (1997) found an
enigmatic 1000-y lag in the local IRD signal vs.the
benthic and planktonic 8'*0 and 8'°C signals at 1100 m
water depth.

Based on rough '“C dates of planktonic N. pachy-
derma (sin), H1 first began northwest of Iceland 16.1
'4C ka, in the central North Atlantic approximately 15
14C ka and west of the Barents shelf only < 14.5/<13.6
4Cka (Fig. 7; Sarnthein et al. 1995; Volker et al. 1998;
Dreger 1999). This age transgression may only partial-
ly reflect a real time lag between initial ice surges from
Iceland and/or Greenland, subsequent surges from
Labrador, and a final response of the ice sheet on the
Barents shelf, where Laberg and Vorren (1996) dated a
last glacial advance near 13.7 '*C ka.

In part, age differences in Figure 7 merely reflect a
variable '“C reservoir effect in different marine regions,
implying that the onset of Heinrich 1 may have been
coeval all over the northern North Atlantic. This model
is supported (1) by the benthic '*C ages in core PS2644
northwest of Iceland which are systematically younger
than the planktonic '*C ages measured in parallel and
fully confirm the general base age of approximately
15 ka. (2) Similar to Heinrich 1, extremely variable '“C
reservoir effects also mark the base of the Heinrich-4
IRD layers and meltwater signals, supposed to be
generated synchronously across the northern North
Atlantic. Here, local shifts in '*C age reach as much as
2.5 ky, with maximum ages directly below the center
of the Heinrich meltwater track as traced by Cortijo
et al. (1997) and minimum ages along its periphery

(Fig. 10). This small-scale variability in '*C reservoir
ages may come from long-term suppressing exchange
with the atmosphere. It may also result from the wind-
driven transport of Heinrich icebergs, entrenching sev-
eral hundred meters deep below the sea surface (down
to > 800 m according to sidescan records of plough
marks; von Bodungen et al. 1988) and inducing mul-
tiple processes to vertically admix “old” intermediate
water of unknown origin. In addition, the extensive
release of “old” CO, and CH, from air bubbles in
melting iceberg flotillas may significantly increase the
local reservoir age by as much as > 5000 y (Domack
et al. 1989).

However, low planktonic '“C ages in front of the
Barents shelf, which put the base of the most prominent
local “H1” meltwater spike at much less than 14.5 and
at less than 13.6 ka (Fig. 7, cores MD952012 and
23259), indeed reflect a date which is significantly
younger than the base of H1 in the North Atlantic else-
where (Dreger 1999; in accordance with Vorren and
Laberg 1996). The higher '*C age of 14.8 ky in core
MD952012 is ascribed to the local 'C reservoir effect,
rising with the onset of meltwater discharge. Based on
an age reversal in core 23074, the same bias can be as-
sumed for most '“C ages near the base of H1 in neigh-
boring cores 23071 and 23074 as well as MD952011
from the Vgring Plateau. Here the low age of “14.9 ka”,
dating a tiny precursor meltwater spike as a distal signal
of the onset of H1 further south, is specifically regarded
as the only trustworthy number (Dreger 1999). Thus the
main meltwater spike will be as young as that in front
of the Barents Shelf, to which it is spatially connected
(Sarnthein et al. 1995).

Accordingly, it can be inferred that H1 resulted from
an overlap of at least two separate major surges, ap-
proximately 1500 years apart, an early surge from Lab-
rador and a later surge from the Barents shelf, in addi-
tion to initial surging from East Greenland. Indeed, a
number of high-resolution cores from the North Atlantic
reveal a markedly duplicate structure of the H1 IRD
maximum (Elliot et al. 1998).

The end of Heinrich 1 meltwater and IRD signals is
constrained more uniformly near 13.0-13.4 '*C ka (in
harmony with Steinsund et al. 1991; Bond and Lotti
1995; Vidal et al. 1997; Vorren and Laberg 1996).
Below the top, a deep-water coral is dated at < 13.1 *C
ka equal to < 16.2 U/Th ka (MD952011 in Fig. 7;
Dreger 1999). The '“C age of 12.7 ka can be converted
to 14.8 cal. ka (Bard et al. 1993; Alley et al. 1993;
Hughen et al. 1998), and the basal age of 15 "*C ka to
~ 18.0 cal. ka (Voelker et al. 1998). Accordingly, the
Heinrich 1 cold phase formed the most extensive and
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Fig. 10: Variations in *C ages at the base of Heinrich 4 IRD layers and §'®0 meltwater signals (Sarnthein et al. in prep.). A 0.5 and
A 1.0%oisolines indicate meltwater- (MW) induced planktonic 8'*0 minimum belt along the Heinrich iceberg track (Cortijo et al. 1997)

extended D-O stadial of MIS 2-3, lasting approxi-
mately 3 ky, the equivalent to two average Dansgaard-
Oeschger cycles.

Three Fundamental Modes of Surface and
Deep-Water Circulation

Since Stommel (1961) most authors agree that the
Atlantic and global thermohaline circulation system
(Fig. 1) underwent fundamental changes from inter-
glacial to glacial times (Table 1). In contrast to pre-
vious concepts (Broecker et al. 1985; Bryan 1986; Du-
plessy et al. 1988) this basin-wide compilation of epi-
benthic 8"°C data (Fig. 11a; Sarnthein et al. 1994), a
proxy of deep-water ventilation (Duplessy et al. 1981;
Broecker and Peng 1982; Zahn et al. 1986; Boyle 1992;
Mackensen et al. 1993), has revealed three main states

of deep-water circulation in the eastern Atlantic consis-
tent with records from the western and southern
Atlantic (e.g. Boyle and Keigwin 1986; Ninnemann et
al. 1999): (I) The modern/Holocene state with vigor-
ous NADW formation in both the Greenland-Iceland
and Labrador Seas is responsible for relatively strong
heat advection to the adjacent continents in high lati-
tudes, particularly to northwestern Europe. (II) A more
moderate NADW formation is characteristic of peak
glacial times, the LGM. During this time, deep con-
vection primarily took place in the Irminger and
Labrador Seas and was only modest and occasion-
ally brine-water supported in the Greenland-Iceland-
Norwegian Seas, with poor warming of the adjacent
northern continents. (IIT) During the Heinrich 1-type
meltwater mode, North Atlantic deep-water formation
was turned off completely except for brine-water pro-
duction. Accordingly, the amount of oceanic heat ad-
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Fig. 11: Modes of (eastern) Atlantic thermohaline circulation. Vertical transects are based on both epibenthic §'*C values (left column,
in per mill; Sarnthein et al. 1994; supplemented) and model results (right column, with meridional overturning rates in Sverdrups;
Seidov et al. 1996). LGM = Last Glacial Maximum, lumping 15-16 and 18-20 “C ka and excluding a short-lasting negative excur-
sion along the NADW-SSBW boundary near 17-18 '“C ka. MWE = Heinrich 1 meltwater event; YD = Younger Dryas. Arrows in
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vection to the northern continents approached zero.
Mode III probably also applies to various other Hein-
rich events and further century-long cold spells imme-
diately prior to the D-O events (Fig. 8).

In harmony with these major modes of deep- and
intermediate-water circulation, we have defined three
corresponding modes of surface-water hydrology which
cover nearly the total bandwidth of glacial-to-inter-

glacial variability in the North Atlantic (Fig. 12). In
contrast to modern and LGM modes, which are domi-
nated by the advection of subtropical warm surface
water up to Svalbard, mode III is outstanding because
of two major (Heinrich 1) meltwater plumes, a large
one west of the Barents shelf, a minor one to the north-
west of Iceland. In contrast, the peak glacial mode II
shows little meltwater all over the North Atlantic, ex-
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cept for the region to the west of Ireland. In contrast to
previous expectations (Table 1) the horizontal and ver-
tical distribution of water masses during the early half
of the Younger Dryas (YD) lasting 1300 y does not re-
semble mode III but, rather, the modern mode I (Figs.
11a and 12d). Only the meltwater episode near the end
of the Younger Dryas and the early Preboreal (Fair-
banks 1989) are in keeping with mode III (discussion
of stratigraphic details below).

For a better understanding of the physical mecha-
nisms which control the three modes and their alterna-
tion, numerical equilibrium experiments with a 3-D
ocean circulation model (Fig. 3; Table 3) were driven by
the spatial distribution of SST and SSS in the northern
North Atlantic during modern, glacial, and Heinrich 1
times (Fig. 11b; Seidov et al. 1996; Schifer-Neth and
Stattegger 1997; Schifer-Neth 1998). The model re-
sults clearly reproduce the three fundamental modes of
deep-water circulation reconstructed from our proxy
data (Fig. 11a) and, likewise, the consistent patterns of
associated surface-water currents.

The Glacial Mode

In contrast to the expectations based on previous sur-
face reconstructions (CLIMAP 1981; Ruddiman and
Mclntyre 1981; Duplessy et al. 1991), the peak glacial
North Atlantic differed little from the modern mode
(Figs. 12a, b). SST values in the northeastern Atlantic
and (eastern) Nordic Seas were indeed much reduced,
down to approximately 3—5 °C during summer (similar
to early data of Kellogg 1980). On the other hand, they
were still high enough to preclude a perennial sea-ice
cover, even provided the error range of foraminifera-
based SST proxy data (Weinelt et al. 1996; Pflaumann
et al. in prep.). A continuous CLIMAP-style (1981)
sea-ice cover occurred only during glacial winter. In
harmony with this interpretation, the late LGM per-
centages of CaCO, (10-14 %) in sediments from the
central Nordic Seas (Fig. 13) directly resemble CaCO,
values below the modern Arctic water mass which is
largely ice-free during summer and is a major site of
deep-water convection today.

Based on summer SST and planktonic 3'%0 values,
glacial SSS values reached approximately 36-36.5 per
mill in large parts of the Greenland-Iceland-Norwegian
Seas as compared to 36.5-38.0 per mill in the glacial
subtropical Atlantic (Seidov et al. 1996). These values
imply a high density, sufficient to permit (seasonal)
deep-water convection in both the Irminger-Labrador
and Greenland-Iceland-Norwegian Seas (Weinelt et al.
1996), which in turn entails an ongoing inflow of

Atlantic surface water deep into the Greenland-
Iceland-Norwegian Seas.

This inflow is indeed registered in both the distribu-
tion of proxy data and modeled current patterns at sites
immediately west and northwest of Iceland and, partic-
ularly, to the southeast of Iceland (Fig. 12). LGM water
masses from the Atlantic finally reached the northern
slope of Svalbard (Hebbeln et al. 1994; Sarnthein et
al. 1995; Hald et al. 1996; Spielhagen et al. 1997) and
largely contributed to continuing northward heat trans-
port, to high evaporation and to a positive atmospheric
moisture balance over northwestern Europe, important
for the continued build-up of continental ice sheets
during the LGM. This holds particularly true for the ice
sheet on the Barents shelf, which advanced to the shelf
break only after 19 14C ka, a last time as late as 13.7 *C
ka, as evidenced in marine sediment cores from the
Barents shelf (Vorren and Laberg 1996) and slope
(Dreger 1999) and in model experiments (Lambeck
1995).

In contrast to small glaciers surging into the LGM
Nordic Seas, abundant icebergs drifting from Labrador
and Greenland ended by melting in a widespread “scrap
yard” around the Rockall Bank. This is documented by
extensive IRD deposits (Robinson et al. 1995) and fre-
quent deep plough marks down to > 800 m depth
(von Bodungen et al. 1988) along the southern slope of
the Iceland-Scotland Ridge, which at that time was less
than 300 m deep and hence blocked the drift of larger
icebergs farther to the north. Iceberg melt led to an ex-
tensive lid of low-salinity surface water to the west of
Ireland (Fig. 12b; ~ A 0.4 %0 8'0 ). This lid, in turn, in-
duced a clockwise gyre and a north-south flowing cold
longshore current down to western France (Sarnthein et
al. 1995), which strongly enhanced the LGM cooling of
Western Europe. Furthermore, the meltwater lid led to
asteep SSS gradient of > 1 %o along its northern bound-
ary and hindered the direct flow of Atlantic surface
water in the east, via the Faeroe Channel into the Nordic
Seas, different from the situation today. Rather, the in-
flow of Atlantic water followed the west-east running
salinity front near 63° N from the southeastern tip of
Iceland to the north side of the Faeroe Islands (Fig. 12b).
Fairly warm glacial summer SST (3.5 °C) around the
southern tip of Greenland were possibly induced by the
westward flowing branch of the Irminger Current.

In Atlantic intermediate and deep-water compart-
ments, the composite evidence of epibenthic 8'*0 and
8"3C values makes it possible to distinguish four dif-
ferent water masses during the LGM and to trace them
back to their source regions (Figs. 11a and 14; Jung
1996; Sarnthein et al. 1994; Zahn et al. 1997):
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Fig. 12 (continued)

(1) A derivate of southern-source bottom water
(SSBW) with minimum ventilation (< 0.2%o 8'*C) is
confined to the deep eastern Atlantic continental margin
up to approximately 2800-2600 m depth along the
Rockall Plateau.

(2) Strongly ventilated (1.5-1.8%0 &"*C) Upper
NADW with fairly high densities (4.9-5.2%¢ 8'°0), a
glacial equivalent of the modern Labrador Sea Deep
Water (LSD), occurs above 1900 m depth in the [rminger
Sea and debouches down to 2200-2400 m in the north-
eastern Atlantic.

(3) A small-scale but extremely dense (5.25-5.5 %o
8'80) water layer with medium ventilation (up to 0.9 %o
83C) is ascribed to the Lower NADW, which is sand-
wiched near 2000-2200 m depth between water masses
(1) and (2) along the slopes of the mid-Atlantic Ridge
and the southern Rockall Plateau. This dense water
mass is traced across the Faeroe Channel back to the
glacial Intermediate Water of the Nordic Seas and
directly recorded in core PS2644 at 800 m depth north
of Iceland. Here benthic 8'0 values of ~ 5.6 %o mark
the pertinent extreme density, with benthic 8'°C values
of ~ 1.6%o¢ which reflect the strong ventilation of this
water mass (Volker 1999).

In contrast, the glacial planktonic 8"*C values of
N. pachyderma (sin) are low all over the northern North

401

Atlantic (< 1.1-1.2%o; Keigwin and Boyle 1989; Sarnt-
hein et al. 1995; corrected for a vital effect of 0.85 %o;
Labeyrie and Duplessy 1985; Simstich 1998) and do
not yet reveal any particular source region in surface
water, where highly ventilated deep- and intermediate-
water masses (2) and (3) may originate.

Finally, (4) a strongly diluted derivate of glacial
Mediterranean Outflow Water (MOW) occurs along the
upper continental slope of Portugal near 1200 m depth.
Its ventilation is similar to that of Upper NADW, its
8'80 values, however, are ~ 1 %o lower, near 4.0—4.2 %o.
Thus, the temperature and salinity of this glacial MOW
derivate exceed that of LSD by > 5 °C and 0.5 %o, given
a similar density range (Zahn et al. 1997).

Likewise, our high-resolution model experiments
identify at least three different current systems at dif-
ferent depth levels in the glacial northern North
Atlantic (Figs. 11b, 15; Seidov et al. 1996; Schéfer-
Neth 1994). In harmony with the proxy data patterns,
the relative flux rates of Upper NADW, Lower NADW
and SSBW amount to approximately 14, 0.2 and 3.7 Sv,
respectively. As compared to the modern mode, these
rates would imply a glacial increase in the formation of
LSD (Upper NADW) by ~ 50 % and a 50 % reduction
in the formation of Lower NADW. The incursion of
SSBW in total may have increased by approximately
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Fig. 13: Distribution of % CaCO, in southern Nordic Sea sediments during the LGM (Henrich 1998, modified). Values of 12-14 %
equate to the values below the modern Arctic convection zone in the eastern Greenland Sea (Fig. 12a)

50 %, but remained generally constant in the eastern
Atlantic.

As aresult of reduced glacial turnover rates of Lower
NADW and the enhanced incursion of SSBW along the
eastern Atlantic continental margin, 8"3C isolines in
Figure 11a depict a partial upwelling of SSBW directly
in front of the zonal Azore fracture zone scarps near 37° N
up to approximately 2500-2000 m depth, akin to the
SSBW upwelling found south of the Iceland-Scotland
Ridge. This topography-induced admixture of upwelled
SSBW from below is necessary to balance in- and out-
flow volumes of deep water and lea