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ABSTRACT

We present well-dated high-resolution Holocene records of sea-
surface temperature (SST) and upwelling intensity off northwest (NW)
Africa. We identify long-term cooling trends over the Holocene in the
subtropical North Atlantic in response to boreal summer insolation. A
pronounced cooling event of ~1 °C ca. 8.5 cal ka indicates a large-scale
reorganization of the ocean current system possibly induced by melt-
water from the northern North Atlantic. Our alkenone SST record off
Cape Ghir provides strong evidence for the impact of ocean circula-
tion changes on subtropical North Atlantic SSTs. It is likely that cold
waters were propagated to the subtropics via the Canary Current in a
way similar to Heinrich events and the Younger Dryas off Cape Blanc.
We find 2-3 k.y. periodic variations in SST and upwelling intensity off
NW Africa superimposed on the cooling trend. Such a cycle has been
documented in various paleoclimate archives in phase with solar forc-
ing. We show that these variations on millennial time scales are linked
to the North Atlantic subtropical gyre circulation and the Northern
Hemisphere atmospheric circulation, and in particular to changes in
the pressure gradient between the Icelandic Low and the Azores High.
This suggests that oceanic circulation, in response to solar forcing,
played a more important role in the generation of 2-3 k.y. cyclicity than
has been previously considered.

Keywords: alkenone sea-surface temperature, Holocene, North Atlantic
subtropical gyre circulation, upwelling intensity, trade winds.

INTRODUCTION

Although the Holocene has been regarded as a relatively stable cli-
matic period when compared to the last glacial and viewed in a long-
term perspective, paleoclimate records provide growing evidence of an
unstable Holocene climate mode in the North Atlantic realm (e.g., Bond
et al., 2001; Mayewski et al., 2004). Well-dated paleoclimate records are
unique tools for detecting natural Holocene climate variations beyond
the instrumental period and to validate climate models that provide
past climate scenarios and climate forecasts. However, there is a lack
of high-resolution Holocene climate records for the middle to low lati-
tudes, especially in the North Atlantic subtropical gyre and in eastern
boundary current systems.

Here we present high-resolution paleoclimate records obtained from
marine sediment core GeoB 60072 recovered from coastal northwest
(NW) Africa (30°51.0'N, 10°16.1’W, 582 m water depth; Fig. 1). In this
region, the eastern branch of the North Atlantic subtropical gyre circula-
tion is maintained by the southwestward flowing Canary Current along the
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Figure 1. North Atlantic surface ocean circulation (black lines, modi-
fied from Meincke, 2002), location of Iceland Low (L) and Azores
High (H), dominant Northeast trade winds (yellow arrows), and sea-
surface temperature (SST) distribution pattern (blue and pink shad-
ing) during positive North Atlantic Oscillation (NAO) phase. GS—Gulf
Stream, NAC—North Atlantic Current, LC—Labrador Current. Purple
star represents location of GeoB 6007-2.

edge of NW Africa (Stramma and Siedler, 1988). The wind-driven coastal
upwelling of cool and nutrient-rich subsurface water is strongly coupled
with the northeast (NE) trade winds.

METHODS AND DATA

We applied the alkenone paleothermometry to estimate sea-surface
temperatures (SSTs) and the alkenone concentration for phytoplankton
productivity (e.g., Miiller et al., 1998; Lawrence et al., 2006). Alkenone
SST records off NW Africa represent principally the yearly average of
the mixed-layer temperature (Miiller and Fischer, 2001). At our sediment
core location Globigerina bulloides proliferates in highest numbers during
summer and fall, when upwelling is strongest due to enhanced NE trade
winds (Abrantes et al., 2002). During stronger upwelling periods, higher
G. bulloides abundances should correspond to heavier 8'%0; ,,ia.s Values,
because the advection of cold, nutrient-rich deeper waters to shallow level
results in higher 8'30 values of planktic foraminifera (e.g., Kroon and Dar-
ling, 1995). Therefore, we use the 80 ,.uias &S an isotopic indicator for
changes in upwelling intensity off NW Africa.

In order to identify coherent regional SST variations, we compared the
alkenone SST record from GeoB 6007-2 to other alkenone SST data from
the North Atlantic, Mediterranean Sea, and Red Sea regions. We applied
empirical orthogonal function (EOF) and singular spectrum analysis (SSA)
to assess temporal and spatial distribution patterns and to identify millennial-
scale temporal variations in the paleoclimate records. We also examine the
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link between SST and ocean circulation using instrumental data and model
simulations. (Further information on methods and data is available as sup-
plementary materials in the GSA Data Repository'.)

RESULTS AND DISCUSSION

The most pronounced feature of the alkenone SST record from GeoB
6007-2 is a gradual cooling of ~2 °C from 10 cal ka to present (Fig. 2A).
A remarkably abrupt cooling of ~1.0 °C ca. 8.5 cal ka and millennial-scale
variations of 0.5 °C are superimposed on the long-term trend. In contrast,
the alkenone concentration (Fig. 2B) and 8'*0y; ,,,,1.s (Fig. 2C) records do
not show a clear long-term trend, but higher variability on centennial to
millennial time scales.

Compared to a distinct and pronounced minimum in 8'®*0O,,, the
8.2 ka event (Fig. 2D; see Rohling and Pilike, 2005, for a review), the
abrupt cooling event recorded off NW Africa started earlier and lasted
longer. However, such a sharp and strong cooling event was not repeated
off NW Africa in the following Holocene. Considering such distinctive-
ness of cooling and the age model uncertainties due to unknown regional
reservoir effect, we regard the cooling ca. 8.5 cal ka off NW Africa as the
8.2 ka event. The 8.2 ka event is widely documented around the North
Atlantic region (e.g., von Grafenstein et al., 1998). It is assumed that the
8.2 ka event, the most abrupt and widespread cold event in the past 10 k.y.,
was caused by a sudden increase in freshwater flux associated with the
final deglaciation stages of the Laurentide ice sheet (Barber et al., 1999;
Renssen et al., 2001). It is likely that a massive freshwater influx slowed
down the thermohaline circulation (THC) and the associated climate
signal was propagated to the subtropics via the Canary Current in a way
similar to Heinrich events and the Younger Dryas off Cape Blanc (Zhao
et al., 1995). According to a freshwater modeling study for Holocene con-
ditions (Lohmann, 2003; Prange et al., 2004), the site GeoB 6007-2 seems
to be a proper location to detect the temperature response of THC slow-
down induced by high-latitude freshening (Fig. DR1; see footnote 1). The
numerical experiments suggest that an intensification of the Canary Cur-
rent is associated with anomalous advection of cold water from the north.

For the Holocene, the first EOF,, ... of the alkenone SST records
(Figs. 3A, 3B), representing 62% of the total variance of alkenone SST,
and its associated time coefficient (PC1 ,.,.... Fig. 3C) show a long-term
cooling in the eastern North Atlantic and the western Mediterranean Sea,
and a warming in the northern Red Sea and the western North Atlantic.
The overall long-term cooling in the North Atlantic can be explained by the
decreasing boreal summer insolation throughout the Holocene (Fig. 3D;
Berger and Loutre, 1991), supporting work by Marchal et al. (2002) and
Lorenz et al. (2006). In addition to the direct insolation influence, there is a
trend toward a weaker Icelandic Low (Rimbu et al., 2003) associated with
high-latitude sea ice responses (Lohmann et al., 2005).

The reconstructed signals from the SSA components of the PC1 ...
(PC1 jenone:SSA34, Fig. 4A), and the GeoB 6007-2 alkenone SST, alke-
none concentration, and 80 ;s Tecords (SST:SSA12, K’37:SSA34,
and 8'30:SSA12, Figs. 4B—4D), show millennial-scale variability with a
2-3 k.y. periodicity. The North Atlantic Deep Water (NADW) production
record from Ocean Drilling Program (ODP) Site 980 (NADW:SSA12,
Oppo et al., 2003) also shows the 2-3 k.y. cycle (Fig. 4E), contemporane-
ous with the PC1,,.,,.. and the GeoB 6007-2 paleoclimate records, within
the age uncertainties. Such a 2-3 k.y. cycle has been documented in vari-
ous paleoclimate archives (Mayewski et al., 2004).

Our study supports the hypothesis that solar activity is involved in the
2-3 k.y. cycle during the Holocene (Rohling et al., 2002; Mayewski et al.,

!GSA Data Repository item 2007094, Figure DR1 (temperature, salinity,
and horizontal velocity characteristics after a meltwater perturbation), Table DR1
(radiocarbon age data) and Table DR2 (core locations and supplemental informa-
tion for each SST record), is available online at www.geosociety.org/pubs/ft2007.
htm, or on request from editing @ geosociety.org or Documents Secretary, GSA,
P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 2. Records from GeoB 6007-2. A: Alkenone sea-surface tem-
perature (SST). B: Alkenone concentration (K37, sum of C;,., and C,,.,
alkenones). C: 80 ,.10i0es- SOlid triangles mark “C age control points
for GeoB 6007-2. D: %0, record from Greenland Ice Sheet Project 2
(GISP2; Stuiver and Grootes, 2000). Vertical gray bar shows inferred
timing of 8.2 ka event in GeoB 6007-2 and GISP2 records. VSMOW—
Vienna standard mean ocean water. VPDB—Vienna Peedee belemnite.

2004). The signature of solar variations during the Holocene is consistent
with the spatial pattern as obtained from instrumental data covering the
past 150 yr (Lohmann et al., 2004; Dima et al., 2005). This is inferred
from the similarity of the anti-phase SST signal between the northeastern
North Atlantic and the northern Red Sea (Fig. 3B). Our results of the EOF
analysis reinforce the findings of Rimbu et al. (2004), who argued that
during the Holocene, the Arctic Oscillation—North Atlantic Oscillation
(AO-NAO)-like atmospheric circulation was the dominant climate mode
at millennial time scales. However, the positive AO-NAO-like phases in
the PC1, .o (Fig. 4A) correlate with the warmer periods of alkenone
SST record off NW Africa (Fig. 4B), not showing the expected cooling
for this region during a positive AO-NAO phase (Fig. 1). This implies
that other mechanisms were involved in the 2-3 k.y. cycle of alkenone
SST in the NW Africa upwelling region. The alkeneone concentrations
(Fig. 4C) are higher during the cold periods, indicating that SST and
productivity are positively coupled on 2-3 k.y. cycles but negatively with
the AO-NAO-like phases. In contrast, the reconstructed SSA signal of the
004 puoides TECOTd shows increased upwelling intensity off NW Africa
(heavier 8% 0, i Values, Fig. 4D) during positive AO-NAO phases
(Fig. 4A). The increased NADW production periods (Fig. 4E) are also
coupled to the positive AO-NAO-like phases (Fig. 4A). This is similar to
observations from the instrumental period, which shows that during the
positive AO-NAO phases the North Atlantic circulation is strengthened,
causing increases in the oceanic heat transport by the Gulf Stream—North
Atlantic Current from the subtropics to the northern North Atlantic (Curry
and McCartney, 2001). In this picture SST anomalies are propagated along
the gyre circulation pathways (cf. Sutton and Allen, 1997).

In order to demonstrate the relation of the SST off NW Africa to the
Gulf Stream, we performed a correlation and regression analysis between
the strength of the Florida Current and SST for the period 1982-2005. A sig-
nificant relationship is found for values above and below +0.02 °C/Sv when
applying a Student’s t-test (not shown). Figure 5 reveals the significant rela-
tion of SSTs off NW Africa with the Florida Current. From the analogy with
the instrumental record, we argue that during the Holocene positive phases
the North Atlantic subtropical gyre circulation was strengthened and warmer
surface water was transported to the NW Africa upwelling region. Therefore
we assume that warming recorded in alkenone SST off NW Africa during the
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Figure 3. A: Alkenone-derived sea-surface temperature (SST) estimates
used for empirical orthogonal function (EOF) analysis (Table DR2; see
footnote 1). ODP—Ocean Drilling Program. B: First EOF,.,,.n. Of alke-
none SST variability, which describes 62% of alkenone SST variance.
C: Associated time coefficients (PC1,,cnone)- Values from EOF,,..one
map in B are correlation coefficients between PC1,.,o.. and normal-
ized alkenone SST field. Numbers in parentheses in B correspond to
cores in A. D: Insolation changes at 65°N for July induced by Earth’s
orbital parameters (Berger and Loutre, 1991).

positive AO-NAO phases was the consequence of a more sensitive response
to the North Atlantic subtropical gyre circulation than to the strengthened
upwelling intensity. Given that temperature and salinity has a positive rela-
tion in the subtropical oceans (Wolff et al., 1999), stronger gyre circulation
during the positive AO-NAO phases might also have increased salinities in
the study area (Fig. DR1; see footnote 1). Consequently, increased salini-
ties might have caused heavier 8Oy, ;s Values, while warmer SSTs
exercised competing influences on the 8"O; , s Signal. The heavier
004 puwices Signals during the positive AO-NAO phases imply that the
salinity effect on 8'* O ;. Might have overpowered SST effect. How-
ever, there is no sound evidence that the increased advection of saltier water
mass via the gyre circulation outweighed simultaneously increased SSTs in
controlling 80y, ,uwices- Our study therefore highlights the needs of salinity
reconstruction and G. bulloides abundance data for a better understanding
of 80 puioices Signals (SST versus salinity and gyre circulation versus
upwelling) and for changes in upwelling intensity off NW Africa.
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Figure 4. Reconstruction of time coefficients. A: PC1,cone (PC1aikenone:
SSA34, 27%). SSA—singular spectrum analysis. B: GeoB 6007-2
alkenone sea-surface temperature (SST) (SST:SSA12, 36%). C: GeoB
6007-2 alkenone concentration (K'37:SSA34, 23%). D: GeoB 6007-2
8"®Ogyopigerina butioides (8'°0:1SSA12, 27%). E: 8"°C ipicidoides wuetterstori (NOFth
Atlantic Deep Water (NADW) NADW:SSA12, 36%) from third and
fourth or first two SSA components. 8°C.. ,.c/erstoris from Ocean Drill-
ing Program (ODP) Site 980 (55°N, 15°W; 2179 m water depth, Oppo
et al., 2003) records contribution of high 5'°C NADW relative to low
8'°C Southern Ocean Water, and is used as proxy for past NADW pro-
duction changes. All records shown as gray trace were detrended
and normalized before SSA analysis, in order to capture millennial-
scale climate variations. AO—Arctic Oscillation. NAO—North Atlan-
tic Oscillation.
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Figure 5. Regression of sea-surface temperature (SST) with Gulf
Stream index. Units are °C per 1Sv = 10° m%/s. Monthly SSTs were
provided by Reynolds et al. (2002) on 1° grid. We also used data from
oceanic current flowing northward along eastern coast of Florida
carrying warm tropical waters that eventually feed Gulf Stream
(Baringer and Larsen, 2001). Common time for SST and Florida Cur-
rent is period 1982-2005.

CONCLUSIONS

Our well-dated Holocene high-resolution SST record off NW Africa
shows a long-term cooling trend of ~2 °C in the subtropical North Atlantic
in response to boreal summer insolation. Superimposed on the cooling
trend, we detect a pronounced cooling event of ~1 °C ca. 8.5 cal ka and
a 2-3 k.y. cycle of climate variability. The cooling event coincides with a
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distinct and pronounced temperature drop associated with a slowdown of
NADW formation related to the 8.2 ka event. Our alkenone SST record off
Cape Ghir provides the first evidence for the impact of this event on sub-
tropical North Atlantic SSTs. Besides this shift, the 2-3 k.y. cycle is the
most dominant and coherent periodicity of alkenone SST and upwelling
intensity in the North Atlantic realm during the Holocene. The alkenone
SST off NW Africa was more sensitive to the North Atlantic subtropical
gyre circulation than to the upwelling intensity. This implies that the ocean
circulation played a more significant role for 2-3 k.y. periodic variations
than was previously thought. Future studies will elaborate the associated
modes and spatio-temporal patterns of Holocene climate variability by
using more high-resolution data and models.

ACKNOWLEDGMENTS

We thank the GHOST contributors for providing their alkenone data. We
acknowledge constructive comments by H. McGregor, E.J. Rohling, T. Herbert,
and four anonymous reviewers. This study was funded by grants from the Ger-
man Ministry of Research and Education through the Global Holocene Spatial and
Temporal Climate Variability program and the Marine, Coastal, and Polar Systems
program, as well as from the German Research Foundation to the Research Center
Ocean Margin, University Bremen.

REFERENCES CITED

Abrantes, F., Megers, H., Nave, S., Bollman, J., Palma, S., Sprenglel, C.,
Henderiks, J., Spies, A., Salgueiro, E., Moita, T., and Neuer, S., 2002,
Fluxes of micro-organisms along a productivity gradient in the Canary
Islands region (29°N): Implications for paleoreconstructions: Deep-Sea
Research. Part II, Topical Studies in Oceanography, v. 49, p. 3599-3629,
doi: 10.1016/S0967-0645(02)00100-5.

Barber, D.C., Dyke, A., Hillaire-Marcel, C., Jennings, A.E., Andrews, J.T.,
Kerwin, M.W., Bilodeau, G., McNeely, R., Southon, J., Morehead, M.D.,
and Gagnon, J.-M., 1999, Forcing of the cold event of 8,200 years ago by
catastrophic drainage of Laurentide lakes: Nature, v. 400, p. 344-348, doi:
10.1038/22504.

Baringer, M.O., and Larsen, J.C., 2001, Sixteen years of Florida Current transport
at 27N: Geophysical Research Letters, v. 28, p. 3179-3182.

Berger, A., and Loutre, ML.F., 1991, Insolation values for the climate of the last
10 million years: Quaternary Science Reviews, v. 10, p.297-317, doi:
10.1016/0277-3791(91)90033-Q.

Bond, G., Kromer, B., Beer, J., Muscheler, R., Evans, M.N., Showers, W., Hoff-
mann, S., Lotti-Bond, R., Hajdas, 1., and Bonani, G., 2001, Persistent solar
influence on North Atlantic climate during the Hocene: Science, v. 294,
p. 2130-2136, doi: 10.1126/science.1065680.

Curry, R.G., and McCartney, M.S., 2001, Ocean gyre circulation changes asso-
ciated with the North Atlantic Oscillation: Journal of Physical Oceanog-
raphy, v.31, p.3374-3400, doi: 10.1175/1520-0485(2001)031<3374:
OGCCAW>2.0.CO;2.

Dima, M., Felis, T., Lohmann, G., and Rimbu, N., 2005, Distinct modes of inter-
decadal variability in a climate reconstruction of the last centuries from a
South Pacific coral: Climate Dynamics, v. 25, p. 329-336, doi: 10.1007/
$00382-005-0043-2.

Kroon, D., and Darling, K., 1995, Size and upwelling control of the stable isotope
composition of Neogloboquadrina dutertrei (d’Orbigny), Globigerinoides
ruber (d’Orbigny) and Globigerina bulloides d’Orbigny; examples from the
Panama Basin and Arabian Sea: Journal of Foraminiferal Research, v. 25,
p- 39-52.

Lawrence, K.T., Liu, Z., and Herbert, T.D., 2006, Evolution of the eastern tropical
Pacific through Plio-Pleistocene glaciation: Science, v. 312, p. 79-83, doi:
10.1126/science.1120395.

Lohmann, G., 2003, Atmospheric and oceanic freshwater transport during weak
Atlantic overturning circulation: Tellus, v. 55 A, p. 438-449.

Lohmann, G., Rimbu, N., and Dima, M., 2004, Climate signature of solar irra-
diance variations: Analysis of long-term instrumental, historical, and
proxy data: International Journal of Climatology, v. 24, p. 1045-1056, doi:
10.1002/joc.1054.

Lohmann, G., Lorenz, S.J., and Prange, M., 2005, Northern high-latitude cli-
mate changes during the Holocene as simulated by circulation models, in
Drange, H., et al., eds., The Nordic Seas: An integrated perspective: Ameri-
can Geophysical Union Geophysical Monograph 158, p. 273-288.

Lorenz, J.S., Kim, J.-H., Rimbu, N., Schneider, R.R., and Lohmann, G., 2006,
Orbitally-driven insolation forcing on Holocene climate trends: Evidence
from alkenone data and climate modelling: Paleoceanography, v. 21,
p- PA1002, doi: 10.1029/2005PA001152.

390

Marchal, O., Cacho, 1., Stocker, T.F., Grimalt, J.O., Calvo, E., Martrat, B., Shackle-
ton, N., Vautravers, M., Cortijo, E., van Kreveld, S., Andersson, C., Kog, N.,
Chapman, M., Sbaffi, L., Duplessy, J.-C., Sarnthein, M., Turon, J.-L., Duprat,
J., and Jansen, E., 2002, Apparent long-term cooling of the sea surface in the
Northeast Atlantic and Mediterranean during the Holocene: Quaternary Sci-
ence Reviews, v. 21, p. 455-483, doi: 10.1016/S0277-3791(01)00105-6.

Mayewski, P.A., Rohling, E.J., Stager, J.C., Karlén, W., Maasch, K.A., Meeker,
L.D., Meyerson, E.A., Gasse, F., van Kreveld, S., Holmgren, K., Lee-Thorp,
J., Rosqvist, G., Rack, F., Staubwasser, M., Schneider, R.R., and Steig, E.J.,
2004, Holocene climate variability: Quaternary Research, v. 62, p. 243—
255, doi: 10.1016/j.yqres.2004.07.001.

Meincke, J., 2002, Climate dynamics of the North Atlantic and NW-Europe: An
observation-based overview, in Wefer, G., et al., eds., Climate develop-
ment and history of the North Atlantic realm: Berlin, Heidelberg, Springer-
Verlag, p. 25-40.

Miiller, PJ., and Fischer, G., 2001, A 4-year sediment trap record of alkenones
from the filamentous upwelling region off Cape Blanc, NW Africa and a
comparison with distributions in underlying sediments: Deep-Sea Research.
Part I, Oceanographic Research Papers, v. 48, p. 1877-1903, doi: 10.1016/
S0967-0637(00)00109-6.

Miiller, P.J., Kirst, G., Ruhland, G., von Storch, I., and Rosell-Melé, A., 1998,
Calibration of the alkenone palacotemperature index based on core-tops
from the eastern South Atlantic and the global ocean (60°N-60°S): Geo-
chimica et Cosmochimica Acta, v. 62, p. 1757-1772, doi: 10.1016/S0016-
7037(98)00097-0.

Oppo, D.W., McManus, J.E,, and Cullen, J.L., 2003, Deep water variability in the
Holocene epoch: Nature, v. 422, p. 277-278, doi: 10.1038/422277b.

Prange, M., Lohmann, G., Romanova, V., and Butzin, M., 2004, Modelling
tempo-spatial signatures of Heinrich Events: Influence of the climatic back-
ground state: Quaternary Science Reviews, v. 23, p. 521-527, doi: 10.1016/
j-quascirev.2003.11.004.

Renssen, H., Goosse, H., Fichefet, T., and Campin, J.-M., 2001, The 8.2 kyr BP
event simulated by a global atmosphere-sea-ice-ocean model: Geophysical
Research Letters, v. 28, p. 1567-1570, doi: 10.1029/2000GL012602.

Reynolds, R.W., Rayner, N.A., Smith, T.M., Stokes, D.C., and Wang, W., 2002,
An improved in situ and satellite SST analysis for climate: Journal of
Climate, v. 15, p. 1609-1625, doi: 10.1175/1520-0442(2002)015<1609:
AIISAS>2.0.CO;2.

Rimbu, N., Lohmann, G., Kim, J.-H., Arz, H.W., and Schneider, R., 2003, Arctic/
North Atlantic Oscillation signature in Holocene sea surface temperature
trends as obtained from alkenone data: Geophysical Research Letters, v. 30,
p- 1280, doi: 10.1029/2002GL016570.

Rimbu, N., Lohmann, G., Lorenz, S.J., Kim, J.-H., and Schneider, R.R., 2004,
Holocene climate variability as derived from alkenone sea surface tempera-
ture and coupled ocean-atmosphere model experiments: Climate Dynamics,
v. 23, p. 215-227, doi: 10.1007/s00382-004-0435-8.

Rohling, E.J., and Pilike, H., 2005, Centennial-scale climate cooling with a sud-
den cold event around 8,200 years ago: Nature, v. 434, p. 975-979, doi:
10.1038/nature03421.

Rohling, E.J., Mayewski, P.A., Abu-Zied, R.H., Casford, J.S.L., and Hayes, A.,
2002, Holocene atmosphere-ocean interactions: Records from Greenland
and the Aegean Sea: Climate Dynamics, v. 18, p. 587-593, doi: 10.1007/
$00382-001-0194-8.

Stramma, L., and Siedler, G., 1988, Seasonal changes in the North Atlantic sub-
tropical gyre: Journal of Geophysical Research, v. 93, p. 8111-8118.
Stuiver, M., and Grootes, P.M., 2000, GISP2 oxygen isotope ratios: Quaternary

Research, v. 53, p. 277-284, doi: 10.1006/qres.2000.2127.

Sutton, R.T., and Allen, M.R., 1997, Decadal predictability in Gulf Stream sea
surface temperature: Nature, v. 388, p. 563-567, doi: 10.1038/41523.

von Grafenstein, U., Erlenkeuser, H., Miiller, J., Jouzel, J., and Johnsen, S., 1998,
The cold event 8200 years ago documented in oxygen isotope records of
precipitation in Europe and Greenland: Climate Dynamics, v. 14, p. 73-81,
doi: 10.1007/s003820050210.

Wolff, T., Grieger, B., Hale, W., Diirkoop, A., Mulitza, S., Pitzold, J., and Wefer,
G., 1999, On the reconstruction of paleosalinities, in Fischer, G., and Wefer,
G., eds., Use of proxies in paleoceanography: Examples from the South
Atlantic: Berlin, Springer-Verlag, p. 207-228.

Zhao, M., Beveridge, N.A.S., Shackleton, N.J., Sarnthein, M., and Eglinton, G.,
1995, Molecular stratigraphy of cores off northwest Africa: Sea surface
temperature history over the last 80 ka: Paleoceanography, v. 10, p. 661—
675, doi: 10.1029/94PA03354.

Manuscript received 17 August 2006
Revised manuscript received 12 December 2006

Manuscript accepted 17 December 2006

Printed in USA

GEOLOGY, May 2007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


