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[1] A prominent feature in the Southeast Atlantic is the
Angola-Benguela Front (ABF), the convergence between
warm tropical and cold subtropical upwelled waters. At
present, the sea-surface temperature (SST) gradient across
the ABF and its position are influenced by the strength of
southeasterly (SE) trade winds. Here, we present a record of
changes in the ABF SST gradient over the last 25 kyr.
Variations in this SST contrast indicate that periods of
strengthened SE trade-wind intensity occurred during the
Last Glacial Maximum, the Younger Dryas, and the Mid to
Late Holocene, while Heinrich Event 1, the early part of the
Bølling-Allerød, and the Early Holocene were periods of
weakened SE trade-winds. INDEX TERMS: 4267
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1. Introduction

[2] An important hydrological feature in the Southeast
Atlantic is the Angola-Benguela Front (ABF), the generic
convergence between the cold Benguela Coastal Current
(BCC) and the warm Angola Current (AC) (Figure 1)
[Shannon et al., 1987]. At present, the ABF migrates
seasonally between 15� and 17�S off Angola with a typical
horizontal SST gradient [Shannon et al., 1987] and delin-
eates the northern boundary of the SE trade-wind field [e.g.,
Nelson and Hutchings, 1983]. North of the ABF, the winds
turn clockwise due to the increasing influence of the
continental heating on central Africa and induce onshore-
directed monsoonal winds [Peterson and Stramma, 1991].
Off Namibia, south of the ABF, the SE trade winds induce
coastal upwelling during austral winter [e.g., Nelson and
Hutchings, 1983]. The close linkage between the ABF
position and the shift in the direction of the zonal compo-
nent of the SE trade-wind field along the African coast is
related to the extension of the intense coastal upwelling
constricted in the north by the ABF [Lütjeharms and
Meeuwis, 1987]. In addition, SE trade winds influence heat
transport from the South Atlantic subtropical zone into the
western equatorial Atlantic by affecting the intensity of the
South Equatorial Current (SEC) [e.g., Johns et al., 1998].

When SE trade winds are strong, the SEC is subsequently
strengthened. At the same time, the South Equatorial
Countercurrent is enhanced [Philander and Pacanowski,
1986], thus increasing the AC intensity and the heat
transport into the region north of the ABF. In conclusion,
strong SE trade winds trigger both a cooling south of the
ABF due to strengthened upwelling and a warming north of
the ABF due to stronger intrusion of warm equatorial waters
by the AC. This opposing current regime driven by the trade
winds then results in a large SST gradient across the ABF.
[3] For the past 20 kyr, when global climate underwent

dramatic changes from an ice age into the Holocene inter-
glacial conditions, there is barely any information regarding
the changes in the intensity of Southern Hemisphere atmo-
spheric circulation. Often variations in the amount and
composition of lithic grains and pollen in marine sediments
are used to reconstruct changes in wind strength [e.g., Shi et
al., 2000; Stuut et al., 2002]. However, these ‘‘paleo-wind’’
indicators provide ambiguous information on the changes in
wind-intensity, because they may be more dependent on
changes in continental climate or in weathering and vegeta-
tion cover. In addition, changes in wind trajectories may have
altered the lithic grain or pollen signal at a certain site in the
marine realm [e.g., Dupont and Wyputta, 2003].
[4] In a novel approach, we therefore attempt to recon-

struct variations in SE trade-wind intensity over the South
Atlantic at centennial to millennial time scales for the last
25 kyr based on temporal variations in Southeast Atlantic
SST. For this purpose, following the above described
modern situation where the SST gradient across the ABF
seems to be strongly related to the intensity of the westerly
directed zonal component of the SE trade winds, we
selected two marine sediment cores (ODP 1078C and GeoB
1023-5) located north and south of the ABF. Together, these
two records provide a high resolution record of variations in
SST gradient across the ABF and thus we assume a measure
for changes in SE trade-wind intensity over the last 25 kyr.

2. Materials and Methods

[5] ODP 1078C (11�55.240S, 13�24.010E) was recovered
near the Bight of Angola at a water depth of 426 m
[Shipboard Scientific Party, 1998] (Figure 1). The age
model for ODP 1078C was established by eight accelerator
mass spectrometry (AMS) 14C determinations on planktonic
foraminiferal tests and mollusks fragments (Table 1). SST
estimates were based on the alkenone method [e.g., Müller
et al., 1998]. The alkenone-derived SST record from ODP
1078Cwascomparedwith that fromGeoB1023-5 (17�09.50S,
11�00.50E, 1978 m water depth) [Kim et al., 2002; Kim and
Schneider, 2003] (Figure 1). Alkenone-derived SSTs can be
considered to reflect annualmeanSSTs in theupper10mof the
surface ocean [e.g.,Müller et al., 1998]. We thus assume that
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differences between two alkenone-derived SST records pre-
sented here reflect the annual mean temperature contrast of
surface waters across the ABF.

3. Results and Discussion

[6] Figure 2a shows variations in alkenone-derived SST
for ODP 1078C over the past 25 kyr north of the ABF. SSTs

varied between 22 and 23�C during the Last Glacial
Maximum (LGM, 21 ± 2 cal kyr BP) and reached the
lowest value of 20.9�C at 16.3 cal kyr BP during Heinrich
Event 1 (H1, 18–15 cal kyr BP). Afterwards, the SSTs
increased through the course of the deglaciation, indicating
a warm period during the time interval of the Younger
Dryas (YD, 13–11.5 cal kyr BP). During the Holocene, the
SSTs continued to increase to a core-top value of 24.9�C
with a slight cooling around 5 cal kyr BP.
[7] Figure 2b shows variations in alkenone-derived SST

for GeoB 1023-5 over the past 21 kyr. SSTs in the Southeast
Atlantic increased from about 18�C during the LGM to
about 21.5�C at 14.5 cal kyr BP south of the ABF. The
general warming trend associated with the deglaciation
phase continues during H1, but was interrupted by a cold
event of about 1000 years duration which corresponds with
the YD cold event. Afterwards, the SSTs continued to
increase to 22.5�C at about 5 cal kyr BP, and finally
decreased to a value of 20.4�C.
[8] The modern annual mean SSTs at the two locations

are 25.4 and 19.9�C, respectively [Levitus and Boyer,
1994], showing a modern SST contrast value of 5.5�C
(Figure 1). In order to evaluate the past variations in SST
contrast across the ABF (�SSTABF), we subtracted the
southern SST record from the northern one (Figure 2c).
For the calculation of �SSTABF, the data from ODP 1078C
and GeoB 1023-5 were interpolated with 100 year time
intervals. The obtained �SSTABF values range between 1
and 5�C, which we assign to variations in SE trade-wind
intensity over the last 25 kyr.
[9] During the LGM and the YD, high �SSTABF values

suggest an amplified intensity of the SE trade-wind. For H1
and the Early Holocene (EH, 11-8 cal kyr BP), decreasing
�SSTABF values imply a weakening of the SE trade-wind
intensity. During the late part of the Bølling-Allerød (BA,
15–13 cal kyr BP) and the Mid to Late Holocene (MLH,
8–0 cal kyr BP), in contrast to H1 and the EH, the SE trade-
wind intensity gradually strengthened. This interpretation is

Figure 1. (a) Location map showing positions of sediment
cores discussed in this study, the oceanographic setting
[e.g., Shannon et al., 1987], and annual mean sea-surface
temperatures [Levitus and Boyer, 1994] in the Southeast
Atlantic. (b) SST distribution pattern in July, 1996 based on
Advanced Very High Resolution Radiometer (AVHRR)
data from http://podaac.jpl.nasa.gov:2031/DATASET_
DOCS/avhrr_pathfinder_sst.html. The black line indicates
the 22�C contour. c) Schematic profile of change in
the direction of the zonal component of winds across the
ABF at 10�E. A meridional component of winds is not
represented by the arrows.

Table 1. Age control points for ODP 1078C.

Lab no.
Core,
Section

Interval
[cm]

Depth
[cmbsf ]

14C age
[yr BP]

±Error
[yr]

Agea [�R = 0 yr]b

[cal kyr BP] Analysed Material

KIA13022 1H-1 30–32 31 1070 35 0.641 planktic/benthic forams & otoliths
KIA13021 1H-1 90–92 91 2490 40 2.132 planktic forams
KIA16170 1H-2 22.5–24.5 174 4210 35 4.294 planktic forams
KIA16169 1H-2 47.5–49.5 199 4900 35 5.259 planktic forams
KIA13018 1H-2 110–112 261 6685 45 7.224 planktic forams/fract. mollusks
KIA13036 1H-3 30–32 331 8570 60 8.996 planktic forams/fract. mollusks
KIA13035 1H-3 60–62 361 8930 70 9.545 snail
KIA13017 1H-4 0–2 451 9520 70 10.281 mollusks
KIA13016 1H-5 0–2 601 10920 90 12.517 planktic forams/fract. mollusks
KIA13025 2H-1 40–42 711 12110 90 13.743 fract. mollusk/scaphopods
KIA13014c 2H-1 40–42 711 12260 90 13.815 fract. mollusk/scaphopods
KIA13013 2H-1 110–112 781 12730 80 14.148 fract. mollusk
KIA13026 2H-2 50–52 871 15530 120 17.975 fract. mollusks
KIA13010 2H-2 80–82 901 16990 130 19.655 planktic forams
KIA13009 2H-2 110-112 931 17790 140 20.575 fract. mollusk
KIA13034c 2H-2 140-142 961 15780 120 18.262 fract. mollusk
KIA13032c 2H-3 0–2 971 16610 +130/�120 19.218 fract. mollusk
KIA13031 2H-3 10–12 981 19070 170 22.048 fract. mollusk

aTo convert uncorrected 14C ages into calendar ages, the CALIB 4.3 program was used [Stuiver et al., 1998].
bRegional 14C reservoir ages (�R) are assumed to be 0 year.
cnot used data for the age model.
The radiocarbon AMS measurements on foraminiferal tests and mollusks were carried out at the Leibniz-Labor, Christian-Albrechts Universität, Kiel,
Germany [e.g., Schleicher et al., 1998].
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consistent with the abundance record of the coccolitho-
phorid F. profunda from the equatorial eastern Atlantic
(RC 24-08, Figure 2d) which serves as an indicator for
nutricline depth and hence SE trade-wind intensity in the
equatorial Atlantic [McIntyre and Molfino, 1996]. The F.
profunda record shows that the SE trade-wind intensity was
strong or increased during the LGM, the BA, the YD, and
the MLH. In contrast, SE trade-wind intensity decreased
during H1 and the EH. As a result, the reconstructed SST
gradient and the abundance of the coccolithophorid F.
profunda are very consistent. This result demonstrates that
the method used here to reconstruct trade-wind intensities is
appropriate and that the three sediment cores considered seem
to be coherent. However, more high-resolution SST records
from this region are needed to filter out local SST changes
which are unrelated to the ABF and thus to verify our results.
[10] Low abundances of dinoflagellates Polyspaeridium

zoharyi in GeoB 1023-5 during the LGM, the BA, the YD,
and theMLH (Figure 2e) [Shi et al., 2000] indicate that warm

tropical surface waters did not reach the site of GeoB 1023-5.
We can therefore assume that the SST gradient across the
ABF was strengthened but the ABF position did not move
northward. In contrast, during H1 and the EH, increasing
abundances of P. zoharyi indicate increasing influence of
warm tropical surface waters to the core site of GeoB 1023-5.
This implies that, although the ABF position did not migrate
southward, the ABF intensity weakens during those periods,
resulting in less pronounced SST contrast across the ABF.
An evidence for stability of the ABF position over the last
25 kyr relative to the modern position is that both SST
records from north and south of the ABF changed in anti-
phase (Figures 2a and 2b). This is in agreement with the
results of Jansen et al. [1996] who showed that during
Marine Isotope Stages 1 and 2, the ABF was located close
to its modern position between 15� and 17�S.
[11] One likely forcing mechanism that may have con-

trolled changes in the SE trade-wind intensity is low-latitude
insolation changes at semi-precessional time scales [e.g., 8.4
and 7.6 kyr, McIntyre and Molfino, 1996]. The overall
similarity between the �SSTABF and F. profunda records
which indicate SE trade-wind intensity and direct response
to wind-driven equatorial divergence, respectively, supports
this hypothesis. However, the timing of maxima in SE
trade-wind intensity does not exactly fit to periodicities of
8.4 and 7.6 kyr.
[12] Climatic changes initiated in the low-latitudes may

have propagated to the high-latitudes [e.g., McIntyre and
Molfino, 1996], causing variations in the extent of circum-
Antarctic sea ice. On the other hand, circum-Antarctic sea
ice coverage may have been controlled much more by
changes in Southern Hemisphere summer insolation [Kim
et al., 1998; Shemesh et al., 2002]. In this context, strength-
ened SE trade winds during the LGM could be associated
with an equatorward expansion of the circum-Antarctic sea
ice cover during that period [Crosta et al., 1998], resulting
in a northward displacement of the polar front and thus
steeper meridional temperature and surface air pressure
gradients associated with Hadley Cell circulation [e.g.,
Rind, 1998]. This is supported by grain size and pollen
studies in the Southeast Atlantic showing increased humid-
ity in Southwest Africa due to a northward displacement of
Westerlies and enhanced SE trade winds during the LGM
[Shi et al., 2000; Stuut et al., 2002].
[13] During H1, the weakening of the SE trade-wind

intensity was probably related to a pole-ward migration of
the polar front in the Southern Hemisphere due to decreas-
ing sea ice [Shemesh et al., 2002] and climate anti-phase
behaviour between hemispheres [Blunier et al., 1998]. A
renewed northward expansion of the circum-Antarctic sea
ice during the BA and the YD [Shemesh et al., 2002] may
have re-intensified the SE trade winds. The increase in SE
trade-wind intensity during the YD was furthermore asso-
ciated with global cooling during this period [Rutter et al.,
2000]. This study implies that the hypothesis of Kim and
Schneider [2003] is more likely for the YD than the
assumption of thermohaline circulation influence for warm-
ing in the tropical western Atlantic [Rühlemann et al.,
1999]. The recent study [Lea et al., 2003] shows cooling
for the Cariaco basin which is also an argument against
overall thermohaline circulation driven warming in the
tropical western Atlantic warm pool.

Figure 2. Comparison of SST record from (a) ODP 1078C
with that from (b) GeoB 1023-5. The SST record for GeoB
1023-5 is plotted according to the updated age model [Kim
and Schneider, 2003]. (c) �SSTABF is the difference in
alkenone-derived SSTs between ODP 1078C and GeoB
1023-5. Data from GeoB 1023-5 were interpolated to match
the age model of ODP 1078C. (d) Percentages of the deep-
dwelling coccolithophorid F. profunda from RC24-08
relative to all other coccoliths [McIntyre and Molfino,
1996]. The line represents the three-point running average.
(e) Percentages of tropical dinoflagellates P. zoharyi from
GeoB 1023-5 relative to all other dinoflagellate cysts [Shi et
al., 2000]. Solid triangles mark 14C age control points.
Vertical grey bars show the H1 and YD time intervals.
Arrows indicate modern annual mean SSTs at the location
of ODP 1078C (25.4�C) and GeoB 1023-5 (19.9�C) and the
corresponding SST difference between the two cores
(5.5�C).
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[14] The maximum wet conditions prevailed in Africa
during the EH, suggesting that the increase in boreal
summer insolation during this period promoted a much
stronger monsoonal circulation [e.g., COHMAP members,
1988; DeMenocal et al., 2000]. This could have caused a
decrease of SE trade-wind intensity as it appears from
the reduced SST gradient across the ABF. In contrast,
the �SSTABF increased towards its maximum value at the
end of the Holocene, which coevals with the intensification
of Southern Hemisphere summer insolation [Berger and
Loutre, 1991]. The circum-Antarctic sea ice was absent
during the EH and re-advanced during the MLH [Hodell et
al., 2001] which, alternatively or in combination with the
weakening of the monsoonal system [e.g., DeMenocal et
al., 2000], may have caused an increase of SE trade-wind
intensity associated with the global cooling observed for the
Late Holocene, the so-called Neoglaciation [e.g., Denton
and Karlen, 1973].

4. Conclusions

[15] In order to investigate past changes in SE trade-wind
intensity, we have reconstructed variations of the SST-
gradient across the Angola-Benguela Front. The Last Gla-
cial Maximum, the Younger Dryas, and the Mid to Late
Holocene were intervals of strong or continuously increas-
ing temperature contrast and inferred strength of SE trade
winds. We assume that stronger SE trade winds led to a
strong upwelling-related cooling south of the ABF and a
warming north of the ABF due to enhanced advection of
warm tropical waters by the Angola Current. In contrast,
Heinrich Event 1 and the Early Holocene were intervals of
decreasing �SSTABF. This is attributed to a weakening in
SE trade-wind intensity, causing weaker upwelling south of
the ABF and less strong warm tropical water transport
towards the north of the ABF. The timing of the �SSTABF

suggests that the expansion or retreat of circum-Antarctic
sea ice forced by the southern high-latitude insolation
changes seems to be the dominant mechanism for variations
in the Southern Hemisphere trade-wind intensity. However,
we cannot rule out the possibility that weaker or stronger
monsoonal winds caused by the low-latitude semi-preces-
sional insolation cycles changed the strength of the zonal
component of trade winds.
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