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ABSTRACT
We present well-dated high-resolution Holocene records of seasurface 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 meltwater from the northern North Atlantic. Our alkenone SST record off
Cape Ghir provides strong evidence for the impact of ocean circulation 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 forcing. 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.
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Figure 1. North Atlantic surface ocean circulation (black lines, modified from Meincke, 2002), location of Iceland Low (L) and Azores
High (H), dominant Northeast trade winds (yellow arrows), and seasurface temperature (SST) distribution pattern (blue and pink shading) 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.

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 climatic period when compared to the last glacial and viewed in a longterm 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 latitudes, 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 6007–2 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 circulation is maintained by the southwestward flowing Canary Current along the
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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., Müller et al., 1998; Lawrence et al., 2006). Alkenone
SST records off NW Africa represent principally the yearly average of
the mixed-layer temperature (Müller 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 δ18OG. bulloides values,
because the advection of cold, nutrient-rich deeper waters to shallow level
results in higher δ18O values of planktic foraminifera (e.g., Kroon and Darling, 1995). Therefore, we use the δ18OG. bulloides as 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 millennialscale temporal variations in the paleoclimate records. We also examine the
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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 information 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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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 δ18OG. bulloides (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 δ18Oice, the
8.2 ka event (Fig. 2D; see Rohling and Pälike, 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 distinctiveness 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 conditions (Lohmann, 2003; Prange et al., 2004), the site GeoB 6007–2 seems
to be a proper location to detect the temperature response of THC slowdown induced by high-latitude freshening (Fig. DR1; see footnote 1). The
numerical experiments suggest that an intensification of the Canary Current is associated with anomalous advection of cold water from the north.
For the Holocene, the first EOFalkenone of the alkenone SST records
(Figs. 3A, 3B), representing 62% of the total variance of alkenone SST,
and its associated time coefficient (PC1alkenone, 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 PC1alkenone
(PC1alkenone:SSA34, Fig. 4A), and the GeoB 6007–2 alkenone SST, alkenone concentration, and δ18OG. bulloides records (SST:SSA12, K´37:SSA34,
and δ18O: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), contemporaneous with the PC1alkenone and the GeoB 6007–2 paleoclimate records, within
the age uncertainties. Such a 2–3 k.y. cycle has been documented in various 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.,
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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 supplementary materials in the GSA Data Repository1.)
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Figure 2. Records from GeoB 6007–2. A: Alkenone sea-surface temperature (SST). B: Alkenone concentration (K′37, sum of C37:3 and C37:2
alkenones). C: δ18OG. bulloides . Solid triangles mark 14C age control points
for GeoB 6007–2. D: δ18Oice 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 PC1alkenone (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
δ18OG. bulloides record shows increased upwelling intensity off NW Africa
(heavier δ18OG. bulloides 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 significant 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 relation 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 4. Reconstruction of time coefficients. A: PC1alkenone (PC1alkenone :
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
δ18OGlobigerina bulloides (δ18O:SSA12, 27%). E: δ13CCibicidoides wuellerstorfi (North
Atlantic Deep Water (NADW) NADW:SSA12, 36%) from third and
fourth or first two SSA components. δ13CC. wuellerstorfi from Ocean Drilling Program (ODP) Site 980 (55°N, 15°W; 2179 m water depth, Oppo
et al., 2003) records contribution of high δ13C NADW relative to low
δ13C Southern Ocean Water, and is used as proxy for past NADW production changes. All records shown as gray trace were detrended
and normalized before SSA analysis, in order to capture millennialscale climate variations. AO—Arctic Oscillation. NAO—North Atlantic Oscillation.
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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 EOFalkenone of alkenone SST variability, which describes 62% of alkenone SST variance.
C: Associated time coefficients (PC1alkenone ). Values from EOFalkenone
map in B are correlation coefficients between PC1alkenone and normalized 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 relation 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 salinities might have caused heavier δ18OG. bulloides values, while warmer SSTs
exercised competing influences on the δ18OG. bulloides signal. The heavier
δ18OG. bulloides signals during the positive AO-NAO phases imply that the
salinity effect on δ18OG. bulloides might have overpowered SST effect. However, there is no sound evidence that the increased advection of saltier water
mass via the gyre circulation outweighed simultaneously increased SSTs in
controlling δ18OG. bulloides. Our study therefore highlights the needs of salinity
reconstruction and G. bulloides abundance data for a better understanding
of δ18OG. bulloides signals (SST versus salinity and gyre circulation versus
upwelling) and for changes in upwelling intensity off NW Africa.
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Figure 5. Regression of sea-surface temperature (SST) with Gulf
Stream index. Units are °C per 1Sv = 106 m3/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 Current 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 subtropical 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.
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