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Zusammenfassung

In dieser Arbeit werden Deckschichtparameter im äquatorialen Atlantik während des Spätquar
tärs rekonstruiert. Dazu werden relative Häufigkeiten planktischer Foraminiferenarten sowie das
Sauerstoff-Isotopenverhältnis flachlebender planktischer Foraminiferen verwendet.

Zunächst werden unterschiedliche Methoden zur Rekonstruktion von Paläosalzgehalten der
Oberflächenwassermassen im tropischen Atlantik vor allem im Hinblick auf die jeweiligen
Fehler untersucht. Die Methoden wurden an Oberflächendatensätzen getestet und daraufhin auf
Sedimente des tropischen Kerns GeoB 1523-1 auf dem Ceara-Rücken angewendet.
Die Qualität der Paläosalzgehaltsberechnungen anhand des Sauerstoff-Isotopenverhältnisses
planktischer Foraminiferen wird durch Ungenauigkeiten in der unabhängigen Temperatur
schätzung sowie durch die für die Vergangenheit angenommene Beziehung zwischen der
Sauerstoff-Isotopenzusammensetzung des Meerwassers und dem Salzgehalt eingeschränkt. In
Abhängigkeit von der Steigung der regional gültigen, linearen Beziehung liegt der Fehler im
errechneten Salzgehalt zwischen 0.5 und 1.2 %0. In den tropischen Ozeanen sind die Fehler am
größten, so daß die Ergebnisse solcher Paläosalzgehaltsberechnungen hier als vorwiegend
qualitativ bezeichnet werden müssen.
Zwei weitere Methoden zur Rekonstruktion von Paläosalzgehalten wurden untersucht. Beide
Methoden verwenden relative Häufigkeiten planktischer Foraminiferenarten. Erstmalig wurde
dabei ein künstliches, neuronales Netzwerk zur Paläosalzgehaltsrekonstruktion eingesetzt.
Dessen Ergebnisse wurden mit denen einer Modern Analog Technique verglichen. Mit beiden
Methoden werden bei der Anwendung auf Oberflächensedimente die tatsächlich gemessenen
Salzgehalte zufriedenstellend reproduziert. Die Anwendung auf spätquartäre Sedimentkerne läßt
jedoch an der Zuverlässigkeit dieser Methoden zweifeln. Die Ergebnisse können durch die im
heutigen Ozean gemessene Beziehung zwischen Salzgehalt und Temperatur erklärt werden und
deuten darauf hin, daß die Foraminiferen-Vergesellschaftungen überwiegend durch Temperatur
und nicht durch den Salzgehalt bestimmt werden.

Ein weiteres Thema dieser Arbeit ist die Auswirkung der Temperatursensitivität planktischer
Foraminiferen auf ihr Sauerstoff-Isotopenverhältnis. Jede Art ist durch eine typische Optimum
temperatur und Temperatursensitivität gekennzeichnet. Anhand von holozänen Oberflächen
sedimenten konnte gezeigt werden, daß Globigerinoides sacculifer und Globigerinoides ruber
(rosa) Optimumtemperaturen von 22°C bzw. 27°C aufweisen. G. sacculifer zeigt dabei eine
geringe, G. ruber (rosa) eine hohe Temperatursensitivität. Die Temperatursensitivitäten können
Amplitude und Zeitlichkeit von Zeitserien des Sauerstoff-Isotopenverhältnisses beeinflussen.
Außerdem konnte gezeigt werden, daß Jahresmitteltemperatur, Saisonalität und das Sauerstoff
Isotopenverhältnis des Meerwassers für eine Lokation bestimmt werden können, wenn
Optimumtemperatur und Temperatursensitivität von mindestens drei Arten planktischer
Foraminiferen bekannt sind.



Anhand von 30 Schwerelotkernen und 43 Oberflächenproben wurden Änderungen in der
Sauerstoff-Isotopenzusammensetzung der planktischen Foraminifere G. sacculifer zwischen
dem letzten glazialen Maximum und heute im zentralen und westlichen äquatorialen Atlantik
regional zusammengestellt. Dabei zeigte sich, daß diese Änderungen im westlichen äquatorialen
Atlantik 2 %0 überschreiten, was einer Abkühlung von 4 °C entsprechen würde. Im Gegensatz
dazu wurden Temperaturänderungen zwischen dem letzten glazialen Maximum und heute in
dieser Region von CLIMAP nur mit etwa 1 °C angegeben. Die Diskrepanz kann zum Teil durch
Änderungen im hydrologischen Kreislauf erklärt werden. Dabei ist von reduzierten Nieder
schlagsmengen und einer Anreicherung der schwereren Sauerstoffisotope 180 im Niederschlag
auszugehen. Die verbleibende Diskrepanz zu CLIMAP wird als stärkere, eiszeitliche Abkühlung
interpretiert. Sie beläuft sich demnach im westlichen äquatorialen Atlantik auf 2-3°C.

Forschungsergebnisse der letzten Jahre haben gezeigt, daß Vergesellschaftungen planktischer
Foraminiferen in den Tropen in stärkerem Maße von der Mächtigkeit der Deckschicht als von
der Wassertemperatur abhängig sind. Diese Erkenntnis wird hier genutzt, um mit Hilfe einer
Modern Analog Technique Thermoklinentiefen in drei Sedimentkernen aus dem äquatorialen
Atlantik zu rekonstruieren. Die Ergebnisse können durch das vorherrschende Windsystem
erklärt werden. Während der Glaziale vertieft sich die Thermokline im westlichen tropischen
Atlantik und verflacht im Osten. Der äquatoriale Thermoklinengradient zeigt ein Maximum, was
auf eine Verstärkung der Südost-Passate zurückzuführen ist. In den Interglazialen nehmen die
Südost-Passate ab und der Thermoklinengradient geht zurück. Im östlichen Kern GeoB 1105-4
wird das Thermoklinensignal durch den Einfluß des afrikanischen Monsunsystems bestimmt.
Die Zeitserien des äquatorialen Thennoklinengradienten und des westlichen Kerns GeoB 2204
2 scheinen durch meridionale Temperaturgradienten im Südatlantik bestimmt zu werden.

Ein weiterer Themenkomplex dieser Arbeit ist der Versuch, Sauerstoff-Isotopen in ein
allgemeines Zirkulationsmodell des Ozeans einzubauen. Die Definition der Randbedingung für
die Sauerstoff-Isotope an der Meeresoberfläche geschieht mittels regional gültiger Beziehungen
zwischen dem Sauerstoff-Isotopenverhältnis des Meerwassers und dem Salzgehalt. Die Isotope
werden dann in einem Modellauf für den heutigen Ozean transportiert und die Ergebnisse mit
vertikalen, gemessenen Sauerstoff-Isotopenprofilen verglichen. Die Übereinstimmung ist recht
gut, Abweichungen im Zusammenhang mit dem antarktischen Zwischen- und Bodenwasser
deuten auf Probleme des Zirkulationsmodells hin. Außerdem wurden zur Überprüfung der
Ergebnisse theoretische Sauerstoff-Isotopenzusammensetzungen benthischer Foraminiferen
berechnet. Hierzu wurden die simulierten Sauerstoff-Isotopenverhältnisse des Meerwassers
sowie die simulierten Temperaturen an verschiedenen Kernlokationen verwendet. Die
errechneten Werte wurden mit Literaturdaten der Sauerstoff-Isotopenzusammensetzung benthi
scher Foraminiferen verglichen. Die Abweichungen sind systematisch und können auf ein
typisches Problem vieler Ozeanmodelle zUlückgeführ1 werden: Die simulier1en Temperaturfelder
der tieferen Wassermassen zeigen häufig überhöhte Werte.



Chapter 1

Introduction

Summary

The oxygen isotope composition and the relative abundances of planktonic foraminifera
are used to reconstruct mixed layer characteristics in the tropical Atlantic in late Quaternary deep
sea sediments.

Methods for the reconstruction of paleosalinities in the tropical Atlantic are investigated
and evaluated in terms of their respective uncertainties. The methods are used in conjunction
with surface sediments and the results are compared to present day salinities. Furthermore, they
are applied to core GeoB 1523-1 in the western equatorial Atlantic.

The quality of the salinity estimates derived from the oxygen isotope signature of
planktonic foraminifera is constrained by the accuracy of the independent temperature estimate.
Errors in the reconstructed salinities range between 0.5 and 1.2 %0 depending on the slope of
the regional oxygen-isotope salinity relationship. The findings suggest that sea surface salinity
estimates from oxygen isotopes are still rather qualitative for tropical oceans.

Additionally, two methods are investigated both of which employ foraminiferal
abundance data. An Artifical Neural Network is used for the first time in order to reconstruct
paleosalinities. Results are compared with those of a Modern Analog Technique. Both methods
give reasonable salinity estimates for surface sediments, but application to downcore sediments
yields unrealistic results and shows that the reconstructions are controlled by today's salinity
temperature relationship.

The effect of the temperature sensitivities of planktonic foraminifera on the oxygen
isotope record is also addressed in this thesis. Holocene surface sediments from the tropical and
subtropical North and South Atlantic are used to infer optimum temperatures and temperature
sensitivities of Globigerinoides sacculifer and Globigerinoides ruber (pink). G. ruber (pink)
and G. sacculifer have optimum temperatures around 2rC and 22°C, respectively. G.
sacculifer is only moderately temperature sensitive in contrast to G. ruber (pink) which tolerates
a small range of temperatures only. It is shown that the temperature sensitivities may influence
the amplitude and the timing of oxygen isotope time series of planktonic foraminifera. Knowing
the specific temperature ranges and sensitivities of three foraminiferal species, average
temperature, seasonality and the oxygen isotopic composition of sea water at a particular
location can be deduced.
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Glacial-to-modern changes in the oxygen isotopic composition of G. sacculifer are
mapped in the central and western tropical Atlantic on the basis of data from 30 gravity cores
and 43 surface sediment sampIes. It is shown that in the western region (Ceara Rise) the
glacial-interglacial differences exceed 2 %0. If interpreted in terms of temperature changes only
(4°C), these data conflict with temperature estimates on the basis of planktonic foraminiferal
census counts by CLIMAP (1°C). The discrepancy is partly attributed to increased salinities and
increased 180-content of precipitation. The remaining signal is explained in tenns of stronger
glacial cooling. The results suggest a lowering of sea surface temperatures in the western
equatorial Atlantic during the last glacial maximum (-18000 years before present) of 2-3 °C as
opposed to the estimates by CLIMAP (1°C).

Besides sea surface salinity and temperature reconstructions the question of glacial
interglacial fluctuations in thermocline depth in the tropical Atlantic is addressed. On the basis
of recent research results, which suggest a dominant control of mixed layer depth on the relative
abundances of planktonic foraminiferal species, a Modern Analog Technique is used to
determine past changes in thermocline depth in core GeoB 1105-4 from the eastern equatorial
Atlantic and in cores GeoB 2204-2 and GeoB 1523-1 from the western equatorial Atlantic. The
results show a strong dependency of thermocline depth on the late Quaternary equatorial wind
system. During glacials the thermocline deepens in the west and shallows in the east due to
enhanced zonal SE-trade winds. Interglacials are charcterized by a relatively shallow
thermocline in the west and a relatively deep thermocline at the location of core GeoB 1105-4.
In the east apredominant control of the monsoon system on the thermocline depth is obvious.
In the west the thermocline depth appears to be dominated by the strength of the SE-trade winds
which, in turn, are driven by subtropical-tropical temperature gradients in the southern
hemisphere. The tropical Atlantic east-to-west thermocline gradient is also dominated by the
SE-trade wind system.

In addition, this thesis reports on the effort to incorporate oxygen isotopes into a general
ocean circulation model as a passive tracer. A set of regional oxygen-isotope salinity
relationships are used in conjunction with monthly data of sea surface salinity in order to define
a boundary condition for the oxygen isotopes at the sea surface. The model run is performed
for the present day situation and the model output is then compared with measured vertical
oxygen isotope profiles. Along cross sections in the Atlantic and Pacific and in terms of
regional means the measured oxygen isotopic composition of sea water is reasonably weIl
reproduced by the model. Some model deficiencies with respect to the simulation of Antarctic
intermediate and bottom waters can be depicted. Additionally, theoretical oxygen isotope
compositions of benthic foraminiferal calcite tests are calculated using the simulated temperature
and the simulated oxygen isotopic composition of sea water. These are then compared with the
oxygen isotope record of benthic foraminifera at various core sites. The disagreement between
measured and calculated oxygen isotope compositions of benthic foraminifera reflects the warm
bias of the ocean model.
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Main objectives

3

The increase in atmospheric greenhouse gas concentrations during the past two centuries
is considered to be largely anthropogenic. It demands predictions of future climate change in
order to be able to assess the consequences for our civilization (Houghton et al. , 1995).
Recently, it has been speculated by many authors that future climatic changes might be more
rapid than previously thought (Broecker, 1997; Rahmstorf, 1997; Stocker and Schmittner,
1997). A better knowledge of the climate system at present and in the past will improve the
efforts to precisely predict changes in the future (Stocker, 1998).

The world's oceans are a substantial element of the climate system. They cover 71 % of
the earth's surface and contain 97.3 % of the earth's water. Water has a specific heat capacity
five times larger than air. Therefore, the oceans play an important role in storing heat and ocean
currents contribute to delivering heat from low to high latitudes. The oceanic portion of the heat
transport may be as large as 40 % of the total (Washington and Parkinson, 1986) while the
atmosphere contributes the remainder. The equatorial and South Atlantic surface circulation
plays a key role within the global climate system (Berger and Wefer, 1996; Wefer et al., 1996).
Heat is transported from the South Atlantic across the equator into the North Atlantic. In this
context the role of the equatorial Atlantic in the past is of particular interest for
paleoceanographic studies. In order to solve the problem of glacial heat transport it is necessary
to reconstruct in detail past changes in this part of the ocean-atmosphere system. Which tools
do we have to determine past states of the ocean-climate system?

One way is to look at the geological record. Deep sea sediments have been extensively
used to reconstruct ocean and climate history. Parameters like e.g. sea surface temperatures,
productivity, nutrient concentration or pC02-levels can be infered from proxy indicators. The
spatial and temporal data sets of the reconstructed parameters may then be directly interpreted in
terms of ocean circulation or climate change. This approach is employed in the majority of
paleoceanographic research.

A second possibility is to use parameters derived from proxies in conjunction with
numerical models. Since the ocean-climate system is highly complex and is determined by
many feedback mechanisms, general circulation models are promising tools to predict what
might be our future climate and may help to understand the present and past circulation. To test
the models, atmospheric and ocean circulation can be simulated for certain times in the past and
the results can be compared with proxy data. Also, models can generate fields of climatic
parameters that are not documented in the geological record (Herterich et al., 1998). However,
as long as ocean-only or atmosphere-only models are used, boundary conditions based on
spatial paleoceanographic parameters derived from proxies have to be prescribed at the ocean
atmosphere interface. For ocean models, sea surface temperature (SST) fields, sea surface
salinity (SSS) fields, and wind stress fields are required as boundary conditions. Far example,
CLIMAP (1981) SST are often used in general circulation model runs for the last glacial
maximum (e.g. Lautenschlager et al., 1992). The output of these models is then interpreted in
terms of circulation patterns and may be compared with other parameters derived from proxies.
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A third approach to learn about past climate and ocean circulation is to incorporate

proxies directly into numerical models as passive tracers. For example, oxygen isotopes may be

transported or the carbon cycle may be included in atmospheric or ocean general circulation

models (e.g. Meier-Reimer and Bacastow, 1990; Jouzel et al., 1994). On the one hand the

output of these models may help to understand observed patterns of the proxy. On the other

hand it can be used to test the circulation models.

With these approaches in mind, this thesis focuses on the reconstruction of late

Quaternary mixed layer characteristics in the equatorial Atlantic from foraminiferal proxy data.

The proxies used here are the oxygen isotope ratio in calcite tests of planktonic foraminifera and

the relative abundances of planktonic foraminiferal species. In general, the research presented in

this thesis centres on questions about late Quaternary

- changes in the evaporation-precipitation regime and SSS,
- changes in SST,

- variations in the surface wind fields and their influence on the surface layer of the ocean.

A focus within the late Quaternary is the last glacial maximum (-18 thousand years before
present). Additionally, work is done to improve the methods used for the reconstructions.

Like temperature, salinity is regularily measured on ocean expeditions throughout the
world. Global data sets contain annual, seasonal and monthly compilations of this parameter
(e.g. Levitus et al., 1994). Information about paleosalinities, however, is still sparse (Herterich

et al. , 1998). The lack of data is in contrast to the benefits that could be derived from
paleosalinity estimates. As an important oceanographic parameter it may be used to learn about

past ocean circulation patterns and the hydrological cycle. The sea surface salinity is directly

related to the evaporation-precipitation balance (E-P). Thus, paleosalinities contain valuable

paleoclimatic information about, e.g., changes in precipitation rates. Paleosalinity estimates

with high precisions would also be extremely useful for modelling studies, because they could

serve as boundary conditions in ocean general circulation models (Lorenz et al., 1996;

Herterich et al., 1998). So far, in most ocean model runs freshwater fluxes from atmospheric
general circulation models are used instead.

Recently, efforts have been made to deterrnine past sea surface salinities (SSS) from the
oxygen isotope record of planktonic foraminifera (Duplessy et al., 1991; Rostek et al., 1993;

Maslin et al., 1995; Wang et al., 1995). Spatial SSS reconstructions have been performed for

the last glacial maximum (LGM) in the high latitude North and South Atlantic (Duplessy et al.,
1991; Duplessy et al., 1996). In the tropical Atlantic, glacial-interglacial changes in SSS have

been estimated in two cores (Dürkoop et al. , 1997) but spatial data on particular time slices are

not available yet. However, the reliability of paleosalinity estimates from oxygen isotopes has

been questioned recently (Rohling and Bigg, 1998). In chapter 2 of this thesis, potential
methods for paleosalinity reconstructions in the tropical Atlantic are investigated and evaluated

with respect to their precision. Besides the oxygen-isotope method, a Modern Analog
Technique and an Artificial Neural Network are investigated. Both methods employ

foraminiferal abundance data to calculate past SSS.
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More frequently than für paleosalinity estimations the oxygen isotope record of
planktonic foraminifera is used to determine past SST. However, different species of
planktonic foraminifera prefer different temperature conditions and show different sensitivities
to temperature (Mix, 1987). In chapter 3, it is examined how the temperature sensitivity of
planktonic foraminifera affects the oxygen isotope record.

Temperature sensitivities of planktonic foraminiferal species are the basis for
temperature reconstructions using species counts. Transfer functions relate the relative
abundances of planktonic foraminiferal species in surface sediment sampIes to SST. When
applied to core data, paleotemperatures can be calculated (e.g. Imbrie and Kipp, 1971; Hutson,
1980). A prominent example is the CLIMAP (1976, 1981) SST data set for the LGM which is
frequently used as boundary condition in general circulation models of the ocean and the
atmosphere. The CLIMAP data set is characterized by a moderate glacial cooling of the tropical
oceans in the range of 0-2 °C which was doubted by other authors soon after publication
(Webster and Streeten, 1978; Rind and Peteet, 1985). Based on glacial snowline depressions in
tropical mountains, pollen data, and model results, they argued that a stronger cooling in the
order of 5-6 °C is more realistic. Recently, a vast amount of articles was published covering this
topic (see references in Broecker (1996) and the section on tropical SST in this chapter). The
oxygen isotope record of planktonic foraminifera is ambiguous concerning this topic. Broecker
(1986) saw his data in line with CLIMAP SST while Curry and Oppo (1997) interpret their data
from a western equatorial Atlantic core in terms of a minimum of 4°C cooling during the LGM.
In chapter 4 the oxygen isotope record of the planktonic foraminifer G. sacculifer is
summarized regarding glacial-to-modern changes in the central and western equatorial Atlantic
and is evaluated with respect to changes in the evaporation-precipitation regime and the debate
about glacial cooling in the tropics.

Besides the question about the magnitude of glacial cooling in the tropics, the equatorial
Atlantic wind system is an important topic discussed within the scientific community. Wind
stress exerted at the sea surface causes horizontal and vertical motion of surface waters. It is
responsible for surface currents, upwelling, and vertical mixing. Therefore, it also modifies the
distribution of parameters like SST and SSS.

In a number of studies it has been shown that the Atlantic trade wind system and the
African monsoon system have changed in a glacial-interglacial rhythm. The strength of the
monsoon is believed to be determined by boreal summer insolation in low latitudes (Prell and
Kutzbach, 1987; DeMenocal and Rind, 1993) with a maximum in monsoonal circulation at
times of maximum summer insolation over northern Africa. Enhanced solar heating of the
continentallandmass leads to the development of a pronounced low pressure cell over Africa
which causes strong southerly monsoonal winds. The SE-trade winds and their zonal
component are thought to be at their maximum strength during glacials (CLIMAP, 1981; Mix et
al. , 1986; McIntyre et al., 1989) although there are model results that suggest a weakening
(Lautenschlager and Herterich, 1990). Evidence from the central and eastem equatorial Atlantic
suggests increased upwelling and shallowing of the thermocline during glacials (Mix et al.,
1986; Ravelo et al. , 1990; Schneider et al., 1995; Rühlemann et al., 1998) in response to
weakened monsoons and enhanced zonality of the SE-trade winds. Meanwhile, in the western
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equatorial Atlantic the thermocline might have been deeper as specu1ated by some authors

(Ravelo et al., 1990; Curry and Lohmann, 1990; Rüh1emann et al., 1998). In chapter 5 of this

thesis the depth of the thermocline in the eastern and the western equatoria1 Atlantic is

reconstructed using the relative abundances of p1anktonic foraminifera in three gravity cores .

One of the most widely used proxies in pa1eoceanography is the oxygen isotope ratio of

carbonate tests of foraminifera, corals, and other calcite/aragonite producing biota (Wefer and

Berger, 1991). The oxygen isotope composition in carbonate tests depends on the oxygen

isotope composition of sea water and on the temperature of the ambient water mass. In order to

calculate temperatures from the oxygen isotope record, the oxygen isotopic composition of sea

water has to be known. Therefore, it is necessary to understand the mechanisms determining

the oxygen isotope distribution in the oceans. It is intriguing to incorporate oxygen isotopes in

general circulation models. For atmospheric models this has been done during the last decade

(e.g. Joussaumc et al., 1984; Jouzel et al., 1987; Hoffmann, 1995). Chapter 6 of this thesis

reports on an attempt to incorporate oxygen isotopes in an ocean general circu1ation model (the

Geophysical Fluid Dynamics Laboratory Modular Ocean Model - MOM). The oxygen isotopes

are includcd by defining a sea surface boundary condition on the basis of regional oxygen

isotope salinity relationships.

Global ocean circulation

At prescnt, the circulation in the world oceans is characterized by the global conveyor

bclt system as described by Gordon (1986) and Broecker et al. (1985). In the North Atlantic the

Gulf stream transports warm and saline water northwards into the northern North Atlantic,

where it is cooled by evaporation (Güt'don, 1986). Due to its high salinity it attains a density

sufficient for sinking and forms the North Atlantic Deep Water (NADW). The NADW flows to

the south and is exported to the Indian and Pacific Oceans by the Antarctic Circumpolar

Currcnt. There, the deep water masses eventually return to the surface. The conveyor belt is

closed by the surface circulation flowing from the Pacific through the Indonesian Seas into the

Indian Ocean fecding the Agulhas current. At the southern tip of Africa the Agulhas current

partly retrofleets back toward the Indian Ocean while another portion kaks into the Atlanic.

This relativcly wann water is fed into the Benguela Current, which transports water northwards

into the equatorial Atlantic. In the western equatorial Atlantic it crosses the equator and tlows

into the western North Atlantic where it joins the wann gulf stream. Recently it has been shown

that this model of the global thermohaline circulation is highly simplified and does not account

for the complcxity of the circulation patterns (Lutjeharms, 1996; Macdonald ami Wunsch.

1996; Schlitzer. 1996). However, the conveyor belt model is still useful for describing the main

features of the global thermohaline circulation especially with respect to the wmm-water sphere.
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The South Atlantic ocean circulation and hydrography

7

In general, meridional heat transport is characterized by the poleward redistribution of
thermal energy originally received from the sun. The South Atlantic is highly unusual because
heat is delivered from subtropical latitudes through the South Atlantic across the equator
(Gordon, 1986; Peterson and Stramma, 1991; Berger and Wefer, 1996) and into the North
Atlantic. Therefore, the South Atlantic plays a key roIe in redistributing heat in a global climatic

framework.
The surface circulation in the South Atlantic is dominated by the South Atlantic

subtropical gyre (Fig. 1). At the southern end of Africa the South Atlantic Current incorporates
Agulhas eddies (warm Indian Ocean water) and forms the Benguela current which constitutes
the eastern boundary current of the subtropical gyre. At 30 oS the northward directed Benguela
current leaves the coast and joins the South Equatorial Current (SEC) which crosses the South
Atlantic towards the Northwest. The strength of the SEC varies with the seasons and is

500S ~1:=::r!d==~ri±i±tf:i'fij5±t:t:ffi±fti±f,::b c±:i:::i::b±I±:e::t:I:I:i::I:i:ri::D:±J±ri±i:±J±I:i±ID±I:i±I:O±i±b±:i±i:::i::b±±±±±::i::i:dI 500S
700W 60° 50° 40° 30° 20° 10° 0° 10° 20° 30° 400 E

Figure 1: South Atlantic surface ocean circulation. AC: Agulhas Current; ACC:
Antarctic Circumpolar Current; BC: Brazil Current; BEC Benguela Current; FC:
Falkland Current; NBC: North Brazil Current; NEC: North Equatorial Current;
NECC: North Equatorial Counter Current; SAC: South Atlantic Current; SEC:
South Equatorial Current; SECC: South Equatorial Counter Current (after Peterson
and Stramma, 1991, and Tomczak and Godfrey, 1994, modified).
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strongest during boreal summer when the southern trade winds are at a maximum. At 100 S the
SEC meets the South American coast and bifurcates. Most of the water enters the North Brazil
Current (NBC), the remaining water flows south and feeds the Brazil Current as the western
boundary current of the subtropieal gyre. The NBC is responsible for the cross-equatorial water
and heat transport. Part of the NBC water, however, is retroflected at SON to form the North
Equatorial Counter Current which is highly seasonal and at a maximum during boreal summer
(Condie, 1991). The eastern equatorial Atlantic is characterized by the northern limb of the
SEC, the South Equatorial Counter Current and the small Angola cyclonie gyre.

Besides the import of warm surface water from the Indian and Pacific Ocean via the
Agulhas Current, the cold water route (Gordon, 1986) is of importance for the South Atlantic
water budget. A significant amount of cold water is entering the South Atlantic through the
Drake Passage (Rintoul, 1991) and is transfered northward as surface or intermediate water
(Macdonald and Wunsch, 1996). Both elements, the warm water route around the southern tip
of Africa and the cold water route through Drake Passage, are required to balance the export of
Atlantic deep waters to other ocean basins. The relative importance of the warm and cold water
routes, however, are still debated within the scientific community (Gordon, 1986; Rintoul,
1991; Macdonald and Wunsch, 1996; Schlitzer, 1996).

In Fig. 2 annual mean sea surface salinities (SSS) and sea surface temperatures (SST) in
the equatorial and South Atlantic as taken from Levitus et al. (1994) and Levitus and Boyer
(1994) are shown. The SST map demonstrates the asymmetrie temperature distribution due to
northward advection of cold water in the east and southward advection of warm water in the
west. Upwelling zones at the African coast are characterized by low temperatures. The SSS
map shows a general influence of the evaporation-precipitation regime which is governed by
atmospheric Hadley circulation. The highest salinities are observed in the subtropics where
precipitation is low, whereas lower salinities are recorded in the central tropics where
precipitation is high. At river mouths salinities are strongly reduced due to continental runoff.

Tropical sea surface temperatures at the last glacial maximum

One of the most controversial disputes in paleoceanography is the ongoing debate about
the magnitude of glacial cooling in the tropics. This debate was one of the motivations for the
research presented in chapter 4. Furthermore, the question about glacial SST influences many
aspects of the tropical Atlantie climate and ocean circulation at the last glacial maximum (LGM).
Therefore, the discussion about this issue shall be summarized here.

In 1976 and 1981 the CLIMAP group published their view of the glacial world and
presented their weIl known maps of sea surface temperatures, sea iee extent and continental ice
shields (CLIMAP, 1976,1981) for the LGM. On the basis offoramimiferal census counts (and
data from radiolaria and coccolithophoridae) they estimated that tropieal SST were only slightly
lower than they are today. In the subtropics of the Pacific they even found evidence for a glacial
warming. In Fig. 3 glacial-to-modern changes in August and February SST in the tropical and
South Atlantic according to CLIMAP (1994) are presented.
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Figure 2: Annual mean temperatures (upper panel, in Oe) and annual mean
salinities (lower panel, in %0) as deduced from the World Ocean Atlas 1994
(Levitus et al., 1994; Levitus and Boyer, 1994).
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Figure 3: Glacial eooling according to CLIMAP (1994). Upper panel: Modern
minus glacial August sea surface temperatures; Lower panel: Modern minus glacial
February sea surfaee temperatures.

Soon after the CLIMAP results were published, the diserepaney between their SST
estimates and evidence from glacial snowline depressions in tropical mountains, pollen data,
and model results was pointed out (Webster and Streeten, 1978; Rind and Peteet, 1985).



Chapter 1: Introduction 11

During the last decade numerous articles addressing the question about tropical cooling at the
LGM were published.

Most continental data suggest strong glacial cooling in the tropics. Besides the above
mentioned lowered snow lines and pollen data, the terrestrial evidence sterns from noble gas
concentrations in ground water (Stute et al., 1995) and the glacial-to-modern 180 shift in
tropical ice cores (Thompson et al., 1995, 1997). These data imply temperatures at sea level 5-6
°C cooler than today.

The marine record is ambiguous. While the foraminiferal assemblage based estimates of
CLIMAP were confirmed by alkenone data (Rostek et al., 1993; Sikes and Keigwin, 1994) and
oxygen isotopes in planktonic foraminifera (Broecker, 1986; Stott and Tang, 1996), evidence
from pore fluids in deep sea sediments (Schrag et al., 1996) and new results from planktonic
foraminiferal 180 in the equatorial Atlantic (Curry and Oppo, 1997; Sikes and Keigwin, 1994)
point towards stronger cooling of about 4-5°C. Sr/Ca-thermometry and the oxygen isotope
composition of Barbados corals (Guilderson et al., 1994) also suggest glacial temperatures
lowered by 4-6 °C, but the temperature changes based on Sr/Ca-ratios of corals may be
overestimated due to a glacial effect in the Sr budget of the ocean (Stoll et al., 1997).

Numerical model results are not consistent either. When CLIMAP boundary conditions
are used in atmospheric general circulation models, they are not able to simulate substantial
cooling (e.g., in tropical mountains) to match the terrestrial record (Rind and Peteet, 1985;
Anderson and Webb, 1994). However, recent results from a coupled ocean-atmosphere model
(Broccoli and Marciniak, 1996) achieved SST comparable with CLIMAP. The coupled model
of Ganopolski et al. (1998) demonstrated that cooling over land might have been consistent
with terrestrial data while SST were moderately lowered (3.3 °C in the tropical Atlantic).

Methods and materials

The methods and materials used in this thesis are described in detail in the respective
sections of the manuscripts. Relative abundances and the oxygen isotopic composition of
planktonic foraminifera are used here. Foraminiferal census counts were performed by
coauthors of the manuscripts or were published elsewhere and cited in the respective sections.
Oxygen isotope data of sediment cores used in chapter 4 are listed in Appendix B. Secondary
data, i.e., paleotemperature, paleosalinity and thelmocline depth estimates based on the Modern
Analog Technique or Aliifical Neural Networks are listed in Appendices A and C.

Accepted and submitted manuscripts:

The objectives of this thesis as described above were addressed in five manuscripts
which are published, in press, in revision or to be submitted to international journals. The

following manuscripts are presented in chapters 2-6:
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Abstract: Methods potentially useful for paleosalinity reconstructions are sumrnarized and applied
to surface sediments and two cores from the Atlantic. The first approach is based on the oxygen
isotope ratio in calcite tests of planktonic foraminifera in conjunction with an independent sea
surface temperature estimate. A two-step procedure from foraminiferal 8180 to the isotopic composition
ofsea-water and from there to an estimate ofpaleosalinity is proposed. The quality ofthe estimation
of8180 for sea-water depends heavily on the reliability ofthe independent temperature method. The
fmal salinities are obtained through an assumed 8180-salinity relationship for sea-water. Propagation
oferrors yields large deviations, especially in the tropics where slopes ofthe 8180-salinity relationship
are low. An uncertainty in temperature of± I°C leads to errors in the salinity reconstruction of±0.5 to
± 1.2 %0. Downcore application at a site in the western equatorial Atlantic indicates salinity increases
ofroughly 2.5 %0 in the glacials, but also demonstrates sensitivity ofthe results to the temperature
estimates and the 8180-salinity relationship. Two additional methods of paleosalinity estimation
were investigated both ofwhich employ forarniniferal abundance data. An Artificial Neural Network
was used for the first time to reconstruct paleosalinities. The obtained results were then compared to
results from a Modem Analog Technique. Application to surface sediments yields comparable
results for both methods, with standard deviations between 0.49 and 0.63 %0. Salinity calculations
perforrned on downcore data in the tropical and subtropical South Atlantic indicate that the results
are controlled by today's temperature-salinity relationship. This leads to the conc1usion that
paleosalinity reconstructions from species composition offoraminiferal assemblages are umealistic,
because of apredominant response of the fauna to temperature.
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Temperature and salinity determine the density of
a water mass, thus, they are important keys to the
thermohaline circulation and as boundary conditions
they are ofspecial interest for modelling purposes
(Washington and Parkinson 1986). The formation
of deep water is extremely sensitive to salinity
(Broecker and Denton 1989) and so, therefore, are
general circulation models of the ocean
(Lautenschlager et al. 1992). These models are
executed with Newtonian or flux boundary condi
tions. For sea-surface temperatures (SSTs),
Newtonian boundary conditions are usually em
ployed, i.e. direct SST estimates (e.g. from

CLIMAP 1976, CLIMAP 1981) are taken.
Paleosalinities have to be rough1y estimated, other
wise flux boundary conditions are used instead. This
implicates that sa1inities are replaced by freshwa
ter fluxes taken from atmospheric model outputs.
To improve ocean modelling, paleosalinity "mea
surements" with high accuracies are needed.

No direct methods exist so far. In other words,
there is no geological parameter that can be related
directly to paleosa1inity in the open ocean. Instead,
salinities are estimated by performing a number of
successive computations on compound proxies, each
ofwhich requires approximations.

Frolll FISCHER G, WEFER G (eds) 1998, Use 01 Proxies in Paleoceanography: Exalllpies Irom the South Atlantic.Springer-Verlag
Berlin Heidelberg, pp xxx-xxx.
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One method encountered in recent publications
(Duplessy et a1. 1991; Rostek et a1. 1993) is based
on the oxygen isotopic composition ofcalcite shells
of p1anktonic foraminifera, which depends on the
temperature and isotopic composition ofthe ambi
ent water mass. The isotopic composition of the
water is again empirically re1ated to salinity. The
most severe problems with the oxygen-isotope
method result from uncertainties in the isotope-sa
linity relationship and uncertainties in the estimated
temperature.

Other methods are based on the ecological pre
ferences offoraminiferal assemblages, relating rela
tive abundances ofplanktonic foraminiferal species
to oceanographic parameters. The most critical
point here is the isolation ofone desired parameter
(salinity) which does not account for complex de
pendency of the assemblages on various other fac
tors such as temperature, nutrients, seasonality and
thermocline structure, any one ofwhich may be of
greater significance in determining the overall
faunal composition.

The aim of this paper is to summarize recent
approaches for paleosalinity reconstruction and to
evaluate the pros and cons, flaws and perspectives
of the various methods. This will be pursued by
investigation of core-top and downcore data for
each method.

Salinity reconstructions using oxygen
isotopes

The paleotemperature equation

Several attempts have been made in the last dec
ade to estimate paleosalinities from the oxygen iso
tope compositions of calcite tests of planktonic
foraminifera (Fillon and Williams 1984; Broecker
1989; Spero and Williams 1990; Broecker 1990;
Sikes and Keigwin 1996). Recently, more quanti
tative approaches were made to reconstruct
paleosalinities downcore (Duplessy et a1. 1992;
Rostek et a1. 1993; Maslin et a1. 1995; Wang et a1.
1995; Kalle1 et a1. 1997) and on the time slice of
the last glacia1 maximum (Dup1essy et a1. 1991,
1996).
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The oxygen isotope composition recorded in the
tests of planktonic foraminifera is determined
mainly by the temperature and the isotopic compo
sition ofthe water mass in which they calcify. To a
lesser extent it also depends on the carbonate ion
concentration as shown by Spero et a1. (1997). This
effect will be neglected here.

The 180/160-ratio of the precipitated calcite is
greater than the 180/J60-ratio of the sea-water.
This difference decreases with increasing tempera
tures of the water at the time of calcite precipita
tion (Berger and Gardner 1975). Thus, measuring
the isotopic composition ofplanktonic foraminifera
and estimating the isotopic composition ofthe am
bient sea-water enables us to compute tempera
tures for this water mass. This method has been
used to reconstruct sea-surface temperatures since
Emiliani applied it to Pleistocene sediments in 1955
(e.g. Emiliani 1955; Vincent and Shackleton 1980;
Van Campo et a1. 1990; Keigwin 1996). The ap
proach is based on the theoretically and empirically
derived equation (Urey 1947; Epstein et a1. 1953):

where T is the temperature in °C, 8180
C

is the iso
topic composition of the calcite test in 0/00 relative
to the PDB standard and 8180

W
is the isotopic com

position ofthe ambient sea-water in %0 (PDB). Fig.
1 illustrates the dependency of t.8 180 (8 IS O

C


8 ISO
W

) on the temperature as determined in cul
ture studies by Erez and Luz (1983).

Reconstructing the oxygen isotope
composition 0/sea-water

Returning to equation (1), however, it is obvious that
if the water temperature is known from an inde
pendent method the oxygen-isotope ratio of sea
water can easily be calculated from8 180 measure
ments of foraminiferal tests. Solving equation (1)
for 8180

W
gives

Computing the oxygen-isotope ratio of sea
water can be regarded as the first step towards sa-
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year (e.g. Williams et a1. 1979; Deuser et a1. 1981;
Curry et a1. 1983; Mix 1987; Mulitza et a1. 1998).
Furthermore, vertical migration ofsome planktonic
foraminifera causes deviations of computed tem
peratures from sea surface conditions (e.g. Emi1iani
1971).

Additionally the so-called "vital effects" (Deuser
and Ross 1989) must be taken into consideration.
That is, some species ofplanktonic foraminifera do
not calcit)! in thermodynamic equilibrium with the
ambient sea-water (on which equation (1) is
based).

These problems are usually addressed by per
forming core-top calibrations for each selected
species of the form
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where T is the calculated isotopic temperature,
ISO

T is the actual temperature, k and mare the coef-
ficients ofthe regression line used for calibration.

Thus equation (2) has to be modified to

Fig. 1. Dependency of 8180
C

-8 180
W

on temperature as
determined in culturing experiments by Erz and Luz
(1983).

TiSO =kT+m (3)

linity reconstructions and may be used as a quality
control parameter. This was done for the first time
by Fillon and Williams (1984). Mix and Ruddiman
(1985) tried to remove the temperature effect from
the isotope curves of two tropical Atlantic cores.
They stated that a convincing interpretation oftheir
8 180

W
data was difficult, because after correcting

for temperature the two downcore records were
more dissimilar than before. Duplessy et a1. (1991)
reconstructed summer sea-surface water 8180 and
salinities for thc last glacial maximum in the North
Atlantic, while Rostek et a1. (1993), Wang et a1.
(1995) and Maslin et a1. (1995) proceeded directly
towards salinity estimations.

One problem inherent to using the8 180 ofplank
tonic foraminifera arises from the deviation ofthe
isotope record ofaselected species from an "ideal"
species, for which equation (1) holds. In reality, plots
of isotopic temperature vs. measured temperature
for core-top data sets are not identical to the ex
pected straight line with a slope equal to one. Pre
ference of a species for a particular temperature
results in lligher f1uxes during times oftheir "opti
mum temperature", meaning that downcore8 180 c
do not necessarily represent the same time of the

As an example Duplessy et a1. (1991) per
formed two calibrations for N pachyderma and G.
bulloides to cover a wide range of temperatures
encountered in the North and South Atlantic. Wang
et a1. (1995) calibrated G. ruber (white) for salin
ity reconstructions in the eastem tropical Atlantic.

For the purpose ofpaleosalinity reconstructions
the final 8 180

W
has to be converted from PDB

standard to V-SMOW standard by adding 0.270/00
(Hut 1987).

From sea-'rvater 5 180 to paleosalinities

There is a relationship between 8180 of sea-water
and its sa1inity (Craig and Gordon 1965), which can
be written as:

(5)

where b is the 8180 of a freshwater end member.
S is the salinity and a is the slope of the 8 180 w -
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where d is the correction for 8180 of sea-water
g

and S is the correction term for globally changing
g

salinities. Fig. 2 graphically illustrates the shift of
the 8180 w-salinity relationship neglecting changes
in the slope of the straight line.

Solving equation (6) for salinity yields:

evaporation-precipitation regime, modifications
have to be performed accounting for global effects
due to water storage in the continental ice-caps.
These corrections reflecting past variations ofboth
the 8180 of sea-water and salinity can either be
made as individual computational steps or can be
included in equation (5). We prefer the second strat
egy because it allows the formulation of a paleo
8180

W
salinity relationship which is useful in the

view of numerical models that inc1ude the trans
port of8180 in both atmosphere (Hoffmann 1995)
and ocean (Paul et al., this volume). Also, it allows
the evaluation of the hydrological cyc1e at a cer
tain time in the past (Wolff et al. in press).

Rewriting equation (5) gives:

How do we compute the correction telms d
g

and Sg? Maximum global glacial-interglacial
changes in 8 180 w and S have been estimated as
1.2 0/00 (see Wefer et al. 1996) and 1.1 %0 (Rostek
et al. 1993), respectively .The correction terms d

g

can be approximated from aglobai 8180
W

time
series, e.g. from the SPECMAP stack or the curve
given by Labeyrie et al. (1987) which have to be
adjusted to a maximum glacial-interglacialfl.8180 w
of 1.2 0/00. A global 8180 w-curve based on Labeyrie
et al. (1987) and Vogelsang (1990) for the last 360
kyrs is shown in Fig. 9D. The correction term for
salinity S can be obtained in the same way by

g

normalizing the global curve to 1.1 %0. Another
approach is to relate S to changes in sea level

g

relative to the modem should a sea level curve be
available (Rostek et al. 1993).

(6)

(7)

salinity relationship. When global data are used a
regression line with a = 0.5 and b = -17 can be in
ferred (Broecker 1986). However, different re
gions in the oceans are governed by different equa
tions (Berger and Gardner 1975; Fairbanks et al.
1992). While the slope of the 8 180 w-salinity rela
tionship approaches 1.0 towards the polar regions
(Vetshtein et al. 1974, Fairbanks et al. 1992), it
becomes smaller towards the equator. Fairbanks
computed a slope of 0.19 for the western equato
rial Atlantic. In the eastern equatorial Atlantic it is
as low as 0.08.

Why is there a relationship between 8180 of
sea-water and salinity? Both the 180/160 ratio and
salinity are controlled by the evaporation-precipi
tation regime. Excess ofevaporation over precipi
tation drives both salinity and 8180

W
up, because

salt is left behind during evaporation and oxygen
isotopes are fractionated with water vapor being
depleted in 8180 relative to sea-water.

But, while the salt content of water vapor is
constant and essentially equal to zero, the 8180 of
water vapor can vary considerably depending on
its origin and its residence time in the atmosphere.
While evaporating and precipitating waters have
quite similar isotopic signatures in the tropics, pre
cipitation in higher latitude is increasingly depleted
in 180 due to further fractionation (Craig and
Gordon 1965; Wefer andBerger 1991). This is the
reason why the slope ofthe straight line in equa
tion (5) increases at higher latitudes.

Various other influences complicate the system,
e.g., fractionation during evaporation and during
formation ofrainfall is influenced by windspeed and
temperature, respectively (Merlivat and Jouzel
1979). In fact, the relation between isotope enrich
ment and salinity increase is characterized by non
linearity (Ferronsky and Brezgunov 1989).

In a regional context, however, isotopic signa
tures ofprecipitation and evaporation remain rather
constant in the long-term annual mean. A linear
8 180 w-salinity relationship as is expressed in equa
tion (5) can be assumed (Epstein and Mayeda
1953). This straight line represents a continuum
between dry and moist conditions in a given region.

To reconstruct absolute salinity values from sea
water 8180, a 8 180 w-salinity relationship has to be
adopted and, ifwe ignore regional changes in the
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Application to core-top data

We computed salinities for aglobaI data set ofcore
top isotopic measurements. Data have been col
lected from the literature (references are summa
rized in Table 1). The data set comprises 777 mea
surements from high to low latitudes in a11 major
oceans with a large number of sampIes in the At
lantic and Indian Oceans, and only a few in the
Pacific. Isotopic data from four shallow-dwelling
planktonic foraminifera G. ruber, G. sacculifer, G.
bulloides and N. pachyderma have been used.
The data were not selected according to the size
fractions of analyzed foraminifera or the number
ofindividuals measured in one sample. Distinctions
between G. ruber (white) and G. ruber (pink)
were not made here.

In the first step, ölSO of sea-water was calcu
lated by inserting annual mean temperatures for a11
sampIe locations in equation (2). Temperatures
were taken from the WorId Ocean Atlas 1994
(Levitus and Boyer 1994). Calibrations according
to equation (3) were not applied. In the second step,
annual mean salinities were computed by inserting
the SMOW-corrected sea-water ölSO into equa
tion (7). AglobaI ölsOw-salinity relationship was
used (a = 0.5, b = 17), corrections for ice effects
are, ofcourse, not necessary for the modem ocean.

shift due to global ..-
salinity change .••• O\)

• '0 ~

• .......::'1~
shift due to t .....:·,-S·S \)
global change •••••• ~ 'Öo

in 8180 •• 'ö\'00~ ~ '0
w ••... •S
111 ~ '3

•••• \'OO~
'ö

salinity

Fig. 2. Shift ofthe 0 180 ·salinity relationship due to glo.
baI increase in 0180

W
and salinity, not accounting for

additional local shifts or changes in the slope of the
straight line.
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Application to downcore data

The oxygen isotope method ofpaleosalinity recon
struction has also been applied to a gravity core in
the western equatorial Atlantic. Core site GeoB
1523 is located in the Intertropical Convergence
Zone (lTCZ) off Brazil (3°50 N, 41 °37 W, water
depth: 3292 m). The core was taken on RV ME
TEOR cruise M 16/2 (Schulz et a1. 1991).

Isotopic measurements (Dürkoop et a1. 1997)
were made on the surface dwelling planktonic
foraminifer Globigerinoides sacculifer (without
sac1ike chamber). Paleosalinities were estimated
for sampIes at 10 cm intervals to coincide with the
available paleotemperature estimations. Tempera
tures were calculated by Modem Analogue Tech
nique (MAT) using relative abundances ofplank
tonic foraminifera. Temperatures were estimated
twice using slightly different MAT techniques, but
from the same fauna1abundance data. For the first
run, temperatures (HaIe and Pflaumann, this vol
urne) calculated by the SIMMAX technique
(Pflaumann et a1. 1996) were used. For compari
son, temperatures derived from MacMAT were
then used to calculate a second paleosalinity curve
(the procedure for temperature estimation is the
same as the computation ofsalinities by MacMAT
and is described in detail below). In both cases,
MAT summer temperature estimates were taken.
Calibration terms asindicated in equation (3) were
not used. Duplessy (1981) described deviations of
the ölSO

e
ofG. sacculifer obtained from nets com

pared to calculated equilibrium sea surface condi
tions, but he also stated that surface sediment sam
pIes gave results close to the equilibrium line, prob
ably due to gametogenic calcification. Thus, pro
ceeding without additional calibration is justified.
Paleosalinities were then computed using aölSOw
-salinity relationship for the entire Atlantic exclud
ing the polar regions derived from GEOSECS data
(1987) with a and b in equation (5) being 0.48 and
-16.3, respectively. Based on measurements in the
surficial water layer ofthe Brazil Basin, Pierre et
a1. (1991) reported a very similar slope oftheölsOw
-salinityrelationship ofO.5. Forreasons ofcompari
son, calculations were repeated with a 8 1SOW -sa
linityre1ationship fortoday's tropical Atlantic based
on GEOSECS measurements between 300 S and
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Speeies Region
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Rcferenee

bul, pal
rub

rub, sae
bul, pal, sae, rub

sae
pal
sae

sae, rub
rub, saee
rub, saee

sae
pal
sae

bul, pal

N. At1., South. Oe.
lndie

Egu. At1., South. At1.
South. Oe.

lndie
South. Oe.
NW. At1.

N.At1.
lndie

Paeifie
global

South. Oe.
Paeifie

South. Oe.

Duplessy et a1. 1991
Duplessy 1982
Mulitza 1994
Niebier 1995

Vineent and Shaekleton 1980
Charles and Fairbanks 1990
Showers and Margolis 1985

Durazzi 1981
Williams and Healy-Williams 1980

Savin and Douglas 1973
Heeht and Savin 1972

Melles 1991
Wu and Berger 1989

Grobe et a1. 1990

bul=G.bulloides; pal=N.pachyderma (sin.); rub=G.rllber; sae=G.sacclIlifer

Table 1. Speeies, regions and references ofthe core-top data compiled from the literature and used in conjunction
with the oxygen isotope method.

300 N. The equation obtained (a = 0.182, b = -5.6)
is close to an equation given by Fairbanks et al.
(1992) for the western equatoria1 At1antic. Correc
tions for the global ice effect were made for dgand
Sg from equation (6) by norrnalizing a giobalö l80
curve (Labeyrie et al. 1987 and Vogelsang 1990)
to a maximum i1Ö I80 w of 1.2 %0 and a maximum
L\S of 1.1 %0, respectively.

Salinity reconstructions usillg relative
abulldallces ofplallktonic foramillifera

Several authors have calculated past sea-surface
salinities using relative abundance data of
foraminifera (Imbrie and Kipp 1971; Kipp 1976;
Hutson 1980; Cullen 1981) or coccolithophores
(Giraudeau 1992) in deep-sea sediments. Since
salinity is correlated with temperature in the mo
dern ocean (Sverdrup et al. 1942), this approach
has often been criticized (Berger 1981; Vincent and
Berger 1981; Duplessy et al. 1991). Because tem
perature is the dominant factor in determining
foraminiferal assemblage compositions, it is argued
that the salinity estimate is not independent ofthe
temperature signal. Thus, applying the methods to

downcore data would give unrealistic results be
cause the temperature-salinity relationship cannot
be regarded as constant in time.

On the other hand, laboratory experiments
(Bijma et al. 1990) and fjeld studies (Cullen 1981;
Naidu 1993) show that foraminiferal species are,
to a certain degree, sensitive to salinity .
Foraminiferal assemblages are influenced by a
number offactors including temperature, salinity,
productivity and seasonality. As a consequence,
relative abundances of planktonic foraminifera
should contain information about each of these
environmental parameters.

There are various approaches for dealing with
foraminiferal count data. Three ofthem should be
mentioned here, two of them in greater detail.

All methods are based on the actualistic princi
pIe: Foraminiferal assemblages were deterrnined by
surface hydrography in the past as they are today.
We can therefore estimate paleoenvironmental
parameters by comparing downcore assemblages
with modem ones. For the latter, properties ofthe
ambient water masses are knowns.
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where Sij,k is the similarity index, n is the number
of species, i is the counting index of species, j is
the counting index of reference samples, k is the
counting index of subject sampIes, P is the relative
abundance in the core sampIe, and R is the re la
tive abundance in the reference sampIe.

In the second step, the most similar sampies of
the reference data set are taken to calculate the
salinity ofthc sampIe with unknown environmen
tal parameters. We used the five most similar sam
pIes, because this number gave the best results (as
will be shown later). The final value is computed
by weighting the salinities ofthe five "modem ana
logs" according to their similarity indices and then
averaging them:

set. The unknown environmental parameters are
then computed by averaging the parameters linked
to the most similar sampIes of the reference data
set, the "modem analogs". The computational pro
cedure is as follows:

Yectors are created containing the counts of all
species as components. All vectors are normalized
(to unity lengths). Then a similarity index (or dis
similarity index) is calculated between each sam
pIe of the reference data set and the sampIe data
set (see Overpeck et al. 1985, for a good overview
ofdissimilarity coefficients). We used the program
MacMAT developed by R. Sieger (Alfred
Wegener Institut, Bremerhaven). This program
uses a similarity index that is equal to the eosine of
the angle between the two vectors of which
foraminiferal relative abundances shall be com
pared. A similarity index ofone results from a com
parison of identical assemblages whereas an index
of zero means no similarity at all. The similarity
index is calculated as

Transferfimctions

Imbrie and Kipp (1971) were the first to recon
struct salinities using transfer functions. This well
known method is based on Q-mode factor analy
sis which reduces the total number of different
species to a smaller number of independent
foraminiferal assemblages in the core-top reference
data set. The next step involves a multiple linear
regression which relates these assemblages to
modern sea-surface salinities. The regression equa
tion is then used to compute salinities for fossil data.
This approach has been extensively used for sea
surface temperature estimation and is described in
detail elsewhere (e.g. Imbrie and Kipp 1971; Kipp
1976; Hutson and Prell 1980; Pflaumann 1985;
NiebIer 1995).

Modem Analog Technique

Another method which has been used in the past
to reconstruct paleosalinities (and paleo
temperatures) is the Modern Analog Technique
(MAT) as desribed by Hutson (1980). He was the
first to use this method far paleotemperature and
paleosalinity reconstruction on a core in the south
'west Indian Ocean. Prell (1985) recalculated sea
surface temperatures for the last glacial maximum
on the basis offoraminiferal COW1tS provided by the
CLlMAP group (1981). Overpeck et al. (1985)
uscd modern analogs tor the interpretation offos
si! pollen data. Recent workers have achieved dif
kring rcsults with their MAT methods tortempera
ture cstimation. While Pflaumann et al. (1996) see
thc potentialortheir SIMMAX above other meth
ods (for temperature estimation), Le (1993) rcceived
unstablc SST estimates whieh he claimed were due
to thc t~li!urc of his dissimilarity eoeffieient. We
uscd a MAT to compute salinities directly tor core
top and downcore data, and also to calculate
downcore tempcratures used for paleosalinity re
constructions with the oxygen isotope mcthod de
scribed above.

Compared to transfer functions, MAT is rela
tivcly simple in terms 01' its computational proce
durc. The relative abundances of planktonic
foraminifcra of each sampie are comparcd to the
counts orall sampies in the modern refercnce da ta

n

~P'k ·R~ 1,- I.J

S· i=!
1· k = -;=========J, n n

LPi\, LR;,j
i=! i=!

(8)
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with Sk denoting the estimated salinity ofthe sam
pIe, n

s
the number of most similar sampIes and Sj

the salinity of the referenee sampIe.
We employed MAT for paleosalinity reeonstrue

tion in eonjunetion with data from eore-tops and two
eores ofthe eentral and south Atlantie. To test the
method, we first applied it to the CLIMAP (1981)
eore-top data set (356 sampIes). The data set was
downloaded from SPECMAP Archive No 1 from
the NOAA ftp server. 42 speeies counts were in
eluded (only abundanees of G. ruber total, G.
sacculifer total and G. menardii eomplex were
excluded to avoid redundaney).

The entire data set was split into two subsets.
This was done by eonseeutively numbering the
eore-tops and then seleeting an even-numbered and
an odd-numbered set. The first half was used as a
referenee data set, whilst the seeond was used as
the sampIe data set, for whieh annual mean
salinities were eomputed. The results were eom
pared to the aetual sea surfaee salinities (annual
means) derived from Levitus (1982). In a seeond
step, the referenee and sampIe data sets were ex
changed and eomputations were performed for the
first half.

The MAT was optimized by ealculating salinities
using 2 to 10 most similar referenee sampIes (Fig.
3). Five sampIes were eonsidered optimal for sa
linity determination.

Annual mean paleosalinities were ealculated for
eore GeoB 1523-1loeated in the ITCZ. Thirty-five
species of planktonie foraminifera were distin
guished in the eore sampIes (see HaIe and
Pflaumann, this volume). The entire CLIMAP
eore-top data set was redueed aeeordingly and used
as the referenee data set.

Paleosalinities were also reeonstrueted for eore
RC 12-294 (Imbrie et al. 1989). This eore was
chosen in order to test the method on a eore in the
mid-latitudes, where the above mentioned linear

reference: odd

...

....... reference:even.- .. - .....'" .......

N~ 0.7

es
...- 0.65
:l
9
Cf)
~ 0.6 f- ::
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0.5 L-..L--'----L----JL--L--'---'-----JL-.l...--'---'-----'

o 2 4 6 8 10 12
number of most similar sampies

of the reference data set

relationship between temperature and salinity is
strongest. The eore site is located in the central
South Atlantie at the southern margin of the sub
tropieal gyre (37°15.6S, lOo5.8W). Foraminiferal
counts were obtained from SPECMAP Archive
No 1 from the NOAA ftp server. The data set was
redueed to 35 speeies for eonsisteney with Core
GeoB 1523-1. Again, the CLIMAP eore-top data
set served as referenee data set.

Before we proeeed to the results, we will in
troduee a new method ofpaleosalinity reconstrue
tion whieh also employs faunal relative abundanee
data: Artificial Neural Networks. We do so, beeause
the proeedure paralleIs MAT somewhat, so that
results of the two methods are easy to eompare.

Fig. 3. Optimization of MacMAT: Goodness-of-fit of
regression between calculated and observed salinities
(Levitus 1982) vs. the number ofmost similar sampies
ofthe reference data set used for estimation. Using 4 or
6 most similar sampies gave best results taking the odd
or even data set as reference, respectively. As a conse
quence 5 most similar sampies are used far further cal
culations.

Artificial Neural Networks

The idea to use artificial neural networks (ANN)
(Widrow and Lehr 1990) for paleosalinity reeon
struction originated from the following eonsidera
tions:

(9)

Os

ISij,k ·Sj
S =",,-j=..,:.l _

k Os

ISij,k
j=!
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1. Foraminiferal assemblages are influenced by
salinity as weIl as temperature and other factors.
2. The salinity-assemblage relationship might be
characterized by non-linearity.

Artificial neural networks are able to detect pat
terns other than linear dependency in contrast to,
e.g., transfer functions.

Tbe optimization ofan appropriately structured
neural network with the backpropagation learning
algorithm (Rurnelhart et al. 1986) is comparable to
fi tting a parameterized function by error minimiza
tion using steepest descent methods. The neural
network approach provides a large c1ass of
nonlinear model functions accompanied by a
matching optimization procedure.

In a layered feed-forward network (an exam
pIe is shown in Fig. 4), the outputofneuron i in layer
k is given by

27

If the number of species to be considered is
fixed (42 or 35 in our case), the two-layered and
fully connected neural network model is completely
described by the number ofhidden neurons NI' By
increasing NI the number of free parameters is
increased and the model can be fitted to a given
data set with an arbitrary small error. But the re
sults become useless when the model reproduces
the stochastic component of the data (compare
Barnett and Hasselmann 1979), i.e., the results are
poor for new input vectors which were not incor
porated in the training data.

To determine the optimum number of hidden
neurons, we trained various networks using the 42
species counted in 356 CLIMAP core-tops from
the Atlantic. As in MAT, only one half ofthe data

where N
K

_
I

is the number ofneurons in layer k-l,
W.(k) is the weight for input J' and f (ki) is the out-u out

put function of neuron i in layer k. In the present
case a two-layered network is used, where the input
layer (k=O) is not counted. There are two layers
ofneurons (k=I,2), the first ofwhich is called the
hidden layer. The output functions used are f (h)

out
=tanh and f (2i) =identity. y.(O) denotes the input

'out J

vector. The so-called dummy inputs are yo(kb l
Given a training set ofinput vectors accompa

nied by desired output vectors (in our case the
output is just a single value, i.e. the salinity), the neu
ral network can be optimized by backpropagation
ofthe output errors through the whole network to
adjust all weights, see e.g. Rumelhart et al. (1986).
InitiaIly, the network weights are set to small ran
dom values. Then an input vector representing the
relative abundances ofa foraminiferal assemblage
is chosen (randomly or in cyclic order) from the
training set and presented to the network. The
desired output value y (salinity), is used to adjust
the weights of the network with the
backpropagation algorithm. This is repeated until
convergence is achieved.

(

N
k

I )(k) = f(ki) "W(k) (k-I)
Y, out L.. IJ YJ

j=O
(10)

Relative Foraminiferal Abundances

Salinity

Fig. 4. Schematic structure ofan example neural network.
Input (top) are the relative abundances of the species
in a foraminiferal assemblage (while eight are shown, we
used 35 and 42), output (bottom) is the cOlTesponding
sea surface salinity. The number ofneurons in the hid
den layer (three in the example shown) detelTllines the
complexity ofthe mapping function.
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was used and the correlation of the network out
put with the other independent half was checked.
The results are shown in Fig. 5. Using either the
odd or the even half ofthe data to train the model,
we obtained a maximum goodness-of-fit for the
complementary data set with two or three hidden
neurons, respectively. Larger networks with four
or more hidden neurons consequently have too
many free parameters and reproduce in part the
stochastic component ofthe data. For the applica
tion to downcore data, which is described below,
we trained a network with three hidden neurons
using the complete set of core-tops, but only the
35 species which were also counted in the
downcore sampies. This approach is illustrated and
compared with MAT in Fig. 6.

A general problem ofthe backpropagation train
ing of neural networks is the large computation
expense. We required about a hundred thousand
presentations ofthe reference data before conver
gence was achieved. The number of necessary
training cyc1es increases dramatically with the size

1.0,-----------------

I"
I,
I
I.

0.2

0.0 '-- ....•- '--........ '-- '-- -.. .... ~-. '--
1 2 3 4 5

number of hidden neurons

Fig. 5. Goodness-of-fit of regression between the
salinities estimated with the neural network model and
given by Levitus (1982) as a function ofthe number of
hidden neurons. Foreground bars show the R2 for the
unused half of the data, background bars show the R2

for the reference half itself. White and dark gray bars
cOITespond to training with the odd halfofthe data, light
gray and black to training with the even half.
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of the network. Some computation time could be
saved if the steepest descent strategy which we
use is replaced by a line-search algorithm. Never
the1ess, ifno special neurocomputer is available, the
expenditure is much larger than for other methods,
such as transfer functions or MAT.

Results

Core-top results

Results from the oxygen isotope method applied to
core-tops are shown in Fig. 7 in a plot of the cal
culated salinities vs. annual mean salinities from
Levitus et al. (1994). A linear regression has been
performed. The goodness-of-fit (R2) ofthe regres
sion line is 0.59, and the standard deviation ofthe
calculated salinities from the annual means is 1.22
%0, which is considerably greater than those ob
tained by MAT and ANN. Fig. 8 illustrates the
results obtained for the CLIMAP core-top data set
by MAT and ANN as described above. The MAT
and ANN methods produce comparable results.
While the ANN shows a better goodness-of-fit than
MAT for the even data set as reference, MAT gives
higher R2-values for the odd data set. MAT pro
duces lower standard deviations in both cases (0.49
and 0.55 as opposed to 0.54 and 0.63 from ANN),
but straight regression lines deviate from the ex
pected curves by producing lower salinity values
in the range of36 to 37 %0 and higher salinity val
ues in the 34 to 35 %0 range. The regression lines
from the ANN output, on the other hand, lie quite
near the 1: 1 line.

When limited to intermediate values, however,
all methods, the oxygen isotope method, MAT, and
ANN show only weak correlations suggesting that
the methods are able to distinguish between high,
intermediate, and low salinities but do not represent
more than a qualitative estimate.

Downcore-Results

The results from application ofthe various meth
ods to core 1523-1 are shown in Fig. 9. After the
correction of the oxygen isotope curve of G.
sacculifer (Fig. 9A) for the temperature effect
(MacMAT summer temperatures of Fig. 9B) the



Chapter 2: On the reconstruction of paleosalinities 29

Fig. 6. Comparison of the Modern
Analog Technique and the neural net
work approach. Top: Modem Analog
Technique. The similaIity ofa sampie
assemblage to all reference assem
blages is checked. Then the salinities
conesponding to the most similar ref
erence assemblages - the modem ana
logs - are weighted according to the
similarity index and averaged. Bottom:
Artificial Neural Networks. The neu-
ral network is trained with the assem
blages and conesponding salinities of
the reference data set. The optimized
network weights are then used to es
timate salinities from sampie assem
blages.

Sampie data set
Assemblages

Sampie data set
Assemblages

Reference data set
Assemblages Salinities

resulting 0180 of sea-water (Fig. 9C) still shows
pronounced glacial-interglacial changes (of up to
2 %0). Fig. 9D illustrates the correction term for
globally changing 0180

W
in time as obtained from

Labeyrie et al. (1987) and Vogelsang (1990).
After inserting the 0180 w values in equation (7),
paleosalinities are finally obtained as shown in curve
"a" of Fig. 9E. Curve "b" is based on exactly the
same data, except that the independent tempera
ture estimates were calculated by the SIMMAX
MAT (HaIe and Pflaumann, this volume). The two
downcore salinity estimates show similar glacial
interglacial patterns, with generally higher salinities
in curve "b". This is due to very stable tempera
ture estimates by SIMMAX except in stage 6.
Additionally, both curves exibitconsiderable glacial
interglacial changes ofabout 2.5 0/00. At some points
the salinity estimates of the two curves differ by
as much as 1.5 0/00, which illustrates the sensitivity
of the oxygen isotope method with regard to the
used temperature estimate.

When today' SOl80w-salinity relationship ofthe
tropical western Atlantic is used (Fig. 10), the re
sulting salinity curve exibits even higher glacial-
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Fig. 7. Salinities obtained by the isotope method vs.
annual mean salinities taken from the World Ocean At
las (Levitus et al. 1994). 777 core-top oxygen isotope
values taken from the literature were used. Indepen
dent temperatures were taken from WOA (Levitus and
Boyer 1994). A regression line close to the expected is
also shown. Standard deviation (SD) refers to deviations
of estimated from observed salinities.
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W
curve E: Paleosalinity estimates from 8180

W
(curve a), paleosalinities ofcurve b employed SIMMAX summer

temperature estimates by HaIe and Pflaumann (this volume); F: Annual mean paleosalinity estimates from MAT; G:
Annual mean paleosalinity estimates from ANN.
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interglacial changes ofup to 6 %0, iIIustrating the
extreme sensitivity to the assumedö l80 w-salinity
relationship.

Fig. 9F shows the MAT-derived salinities which
are qualitatively comparable to the isotope derived
curves with low salinities in stages 1,5, 7 and high
salinities in stages 3,4 and 6. The glacial-intergla
cial amplitude is about 1 %0 as compared to at least
2.5 0/00 in the salinity estimates from the oxygen
isotope record. ANN-derived salinities (Fig. 9G)
also have a low amplitude ofabout 1.2 %0 and show
trends similar to the isotope-derived salinities in
stages 1 through 4. From stage 6 downwards, no
distinct features can be recognized. SaIinities from

MAT show an inverse correlation to MAT tempera
tures (Fig. 11), especiaIly to winter temperatures
(r = -0.66). This observation is discussed later in
more detail.

Fig. 12 shows summer SST, winter SST, and
salinities caIculated by MAT as well as ANN-de
rived saIinities for core Re 12-294. Salinities and
temperatures derived from MAT are highly corre
lated (r =0.95, Fig. 11) with generaIly higher tem
peratures and salinities in the interglacials and lower
values in the glacials. SaIinities from ANN paral
lel MAT-derived salinities most ofthe time with
some deviations in stages 6 and 7, and a higher
range of estimates.

Errors associated with the methods and
discussion 0/results

Interpretation ofproxy data and their application
to modeIling studies require some estimation ofthe
validity ofthe obtained values. Thus error analysis
should be performed.

Errors associated with the caIculation of
paleosalinities using the oxygen isotope method
may be introduced at several points:

One of the major factors of potential error is
the uncertainty associated with the independent
method ofpaleotemperature estimation. Tempera
tures can be obtained by caIculations based either
on foraminiferal count data (Transfer functions,
MAT) or on alkenone analysis (BrasseIl et al. 1986;
Prahl and Wakeharn 1987).

Imbrie et al. (1973) reported an accuracy of
about ±2°e for the 80% confidence interval for
their transfer equation F3. Later, other workers ob
tained standard error values between ± 1.4 and
±1°e (Kipp 1976; Hutson and Prell 1980; PreIl
1985). pflaumann et al. (1996) reported standard
deviations as low as ±0.9 oe. Their estimation is
based on core-top caIculation ofmodem ternpera
tures by a new MAT which emp10ys an unusuaIly
large core-top sample data base (SIMMAX).
SIMMAX differs from other MATs by a distance
weighting procedure in which the selected most
similar sampIes of the reference data set are
weighted according to their inverse geographical
distance from the subject sampIe. This approach
might optimize the resuIts for core-top caIculations,
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Fig.l0. A: 8180-salinity relationship for the equatoria1
western Atlantic based on unpub1ished GEOSECS data
(H. Craig); B: sa1inity estimates for GeoB 1523-1 (fIrst
150 kyrs) based on the above 8180 -sa1inity relationship
(thin line) as opposed to the estimates based on the 8180
-sa1inity relationship for the entire Atlantic (thick 1ine).
The differences in the two curves illustrate the sensi
tivity ofthe isotope method to the slope ofthe assumed
8180 -sa1inity relationship.
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but its applicability to paleoenvironments may be
questioned. Thus elTors of l°e are considered to
be a lower limit to the uncertainty associated with
temperature estimates obtained from the species
composition offoraminifera assemblages.

Reproducibility associated with the alkenone
method is reported by Müller et al. (1994) to be
±0.3°C. This precision is based solelyon duplicate
and multiple measurements ofthe same sampie and
cannot be considered as the total error of the
method. Rosell-Mel<!: determined an errror of
±0.7°e (95% significance) for calibrations ofcore
top sediments not including deviations due to re
gression (Rosell-Mel<!: et al. 1995). Sikes and
Volkman (1993) calculated an error envelope of±
O.6°e for their calibration. Application ofcalibra
tions to independent surface sediments and a sub
sequent comparison with measured temperatures
has not yet been perfonned. Furthennore, problems
may arise from unresolved questions conceming the
alkenone production throughout the year. Prahl et
al. (1995) found that temperature calculations on
alkenones in sediments off the coast of Oregon
show best fits with winter SST. Work in the east
equatorial South Atlantic (Schneider et al. 1995)
indicated that alkenone temperatures represent
annual mean values. Thus, the downcore tempera
tures obtained might represent different times of
the annual cycle. An elTor of 1oe for the alkenone
method is assumed here and might be a realistic
estimation (P. Müller, personal communication).

Vital effects account for the deviation of the
measured foraminiferal Öl80 from the theoretically
derived value based on the paleotemperature equa
tion. Literature review shows different vital effects
depending on species, material and location, a fact
that introduces an additional error to the measured
Ö180W' Further uncertainty might be introduced by
the basic problem of isotope analysis ofplanktonic
foramini fera regarding the preference ofa particu
lar species for a certain temperature range (Mulitza
et al. 1998). The elTors associated with vital effects
and temperature dependency of foraminifera are
neglected here because they cannot be quantified
yet. However, preliminary estimations show that
they have the potential to add significant uncertainty
to the reconstruction of the ÖI80

W
•
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We quantified elTors related to the independent
temperature estimate and the analytical error ofthe
measuring procedure of the foraminiferal ÖI80.
Assuming an analytical error ofO.07 %0 in the de
termination of ÖI80 e, an error of l°e in the tem
perature reconstruction and ignoring further pos
sible sources of elTor gives ± 0.22 %0 for ÖI80 w at
T = 25°e (Table 2). Propagation oferrors in equa
tion (7) yields a final error in salinity which depends
on the slope of the ÖI80 w -salinity relationship.
ElTor estimates of salinity for different values of
"a" are presented in Table 2. It can be seen clearly
that the lower the slope ofthe ÖI80 w -salinity rela
tionship is, the higher the associated elTor for the
estimated salinity will become. This result is espe
cially important in the evaluation ofthe use ofiso
tope studies for paleosalinity reconstruction in the
tropics, where slopes ofthe linear relationship might
be as low as 0.08 (Fairbanks et al. 1992). Here,
the insertion of ÖI80 w into equation (7) acts as an
amplifier of the possible elTor in temperature. In
the case ofcore GeoB 1523-1, we used a ÖI80 w 

salinity relationship ofthe entire modem Atlantic
with a slope of0.48 which resulted in a final elTor
of at least ± 0.5 %0. An equation derived for to
day's tropical Atlantic (slope ofO.18) yielded un
realistically high salinities ofup to 40 0/00; a lower
limit of the elTor estimates was 1.2 0/00.

T ~0180 ~s ~s ~s

(0C) (%0) (%0) (%0) (%0)
for ~T=I °C a=0.5 a=0.3 a=0.18

0 0.29 0.58 0.97 1.61
5 0.27 0.54 0.90 1.50
10 0.26 0.51 0.85 1.42
15 0.24 0.48 0.81 1.34
20 0.23 0.46 0.77 1.28
25 0.22 0.44 0.74 1.23
28 0.22 0.43 0.72 1.20

Table 2. Error estimates for the oxygen isotope method
assuming an error of ± 1°C in the temperature estimate
for different temperatures and varying slopes (a) ofthe
0180 -salinity relationship. ~0180 denotes the elTor in the
0 180 of sea-water, ~S deilOtes the error in the final sali
nityestimate.
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Fig. 13. Annual mean salinities vs. annual mean tem
peratures for about 1000 locations in the South Atlantic
(south of 100N and north of 400S) as taken from the
World Ocean Atlas (Levitus and Boyer 1994; Levitus et
al. 1994). Locations were selected in regular distances.
Note the positive correlation between temperature and
salinity in the subtropical regions. For temperatures
above 26°C salinities decrease with increasing tempera
tures, which is particularily true for the tropical regions
near the ITCZ. Grey field marks combinations ofT and
S which are possible for glacial conditions, but are not
represented in today's Atlantic Ocean.

along the temperature-salinity relationship toward
lower SSTs leading to higher salinities in the tropi
cal core GeoB 1523-1, and to lower salinities in core
RC 12-294. Since the temperature-salinity relation
ship is probably not constant over time and the
reference data set does not include temperature
salinity combinations that appear possible for the
glacials (no-analog situation: e.g. higher salinities
and lower temperatures in the subtropics, see Fig.
13), the results have to be questioned. The same is
true for salinities from ANN, because there are no
fundamental differences to MAT results in core RC
12-294.

The stilliarge amplitudes in salinities achieved
with a 8180 w -salinity relationship of the entire
Atlantic might be explained in two ways. On the
one hand there is evidence for drier conditions in
the nearby Amazon basin during the last glacial
maximum (LGM) (Clapperton 1993) which has
been confirmed by atmospheric circulation models
(Jouzel et al. 1994; Lorenz et al. 1996). On the other
hand, modelling the transport ofoxygen isotopes in
the atmosphere shows among the highest positive
deviations in 8180 of precipitation at the LGM
(Jouzel et al. 1994; Hoffmann 1995), i.e., an addi
tionallocal shift ofthe8180 w -salinity relationship
towards higher 8180 during glacials (Wolff et al.
in press) might be appropriate and would lower the
overall paleosalinity amplitudes.

The errors associated with paleosalinities recon
structed by MAT and ANN can easily be expressed
in terms of our core-top results. Standard devia
tions ofestimated to measured salinities range be
tween 0.49 and 0.63 %0. Salinities in the cores
GeoB 1523-1 and RC 12-294 showamplitudes
around 1 %0 which approximately equals the glo
bal glacial-interglacial salinity change due to the
storage of water in the polar ice caps. At first
glance this seems to be more promising than salin
ity estimates obtained from oxygen isotopes, espe
cially in the tropical regions. On the other hand, we
saw an inverse correlation between salinity and
temperature estimates from MATat site GeoB 1523
in the rTCZ and a strong positive correlation be
tween the two parameters in core RC 12-294 (Fig.
11). Especially at the latter location we would not
expect salinity decreases during glacials because
salinities were generally increasing in glacial stages
and the core is stilliocated north ofa possible melt
water influence (Niebier 1995). The two features
shown in Fig. 11 can be explained in terms ofto
day's prevalent temperature-salinity dependency.
In general, salinity is positively correlated with tem
perature, with the exception ofthe tropical regions
near the rTCZ (Fig. 13). Here, increasing tempera
tures near the rTCZ are accompanied by decreas
ing salinities which are due to higher precipitation.
Thus, salinities reconstructed from MAT are mainly
based on the temperature sensitivity of
foraminiferal assemblages. That is, the modem
analogs found for, e.g., glacial sampies "move"
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Conclusions

Salinity reconstruction using oxygen isotope ratios
of foraminiferal calcite tests are constrained by
uncertainties in the method of temperature deter
mination, the assumed8180 w-salinity relationships,
and possible vital effects. Knowledge of the eco
logical preferences ofplanktonic foraminifera is still
incomplete, accounting for additional error. Error
analysis shows low signal-to-noise ratios suggest
ing that paleosalinity reconstructions on the basis
of oxygen isotopes are still rather qualitative.
Accuracies needed for modelling purposes (± 0.1
%0, Herterich, personal communication) will be ex
tremely difficult to achieve. Future work is neces
sary to improve:
1. the accuracy of the independent temperature
reconstruction methods,
2. the knowledge of the preferred environmental
conditions ofplanktonic foraminifera and possible
vital effects, and
3. the knowledge of the regional 8 180

W
-salinity

relationships in the present and past and their de
termining factors.

Work on temperature sensitivities of some
planktonic foraminifera and the effect on the oxy
gen isotope record has shown that isotope analy
sis of three species has the potential to provide
direct estimates ofthe 8180

W
without the need for

independent temperature methods (Mulitza et al.
1998). Also, modelling might improve our under
standing of the 8 180 w-salinity relationship
(Herterich, personal communication).

Salinity reconstructions methods using
foraminiferal species data do not provide reliable
results when they are applied to downcore data,
since foraminiferal species abundance patterns
seem to be primarily controlled by temperature.
Therefore salinity estimates are governed by the
present day temperature-salinity relationships.

Future work should focus on the ecological
constraints offoraminiferal assemblages. Transfer
functions and MAT isolate single environmental
parameters and try to reconstruct these disregard
ing other factors. ANN's have the potential of
combining several parameters and may impart a
better insight into the dependency of faunal assem
blages on the environment' s properties as a whole.

Chaptcr 2: 011 thc rccol1structiol1 01' palcosalinities

It may then become possible to improve the deter
mination oftemperature, salinity, nutrient concen
tration, and other paleoceanographically important
parameters by using foraminiferal count data.

Acknowledgements

We would like to thank R.Sieger who provided the
program MacMAT. We thank B.Meyer-Schack
and M.Segl for performing the stable isotope analy
sis. Reviews by R. Zahn and W.H. Berger signifi
cantly improved the manuscript.
This is contribution No. 179 of Sonder
forschungsbereich 261 at University ofBremen.

References:

Barnett TP, Hasselmann K (1979) Techniques oflinear
prediction with application to oceanic and.atmos
pheric fields in the tropical Pacific. Revs Geophys
Space Phys 17: 949-968

Berger WH, Gardner N (1975) On the determination of
Pleistocene temperatures from planktonic
foraminifera. JForam Res 5: 102-113

Berger WH (1981) Paleoceanography: the deep-sea
record. In: Emiliani C (ed), The Sea, Vol. 7, Wiley
Interscience, New York, pp 1437-1519

Bijma J, Faber WW, Hernleben C (1990) Temperature and
salinity limits for growth and survival ofsome plank
tonic foraminifers in 1aboratory cultures. J Foram Res
20: 95-116

Brassell SC, Eglington G, Pflaumann U, Samthein M
(1986) Molecular stratigraphy: a new tool for climatic
assessment. Nature 320: 129 -133

Broecker WS (1986) Oxygen isotope constraints on
surface ocean temperatures. Quaternary Res 26: 2
14

Broecker WS (1989) The salinity contrast between the
Atlantic and Pacific oceans during glacial time.
Paleoceanography4: 207-212

Broecker WS, Denton GH (1989) The role of ocean
atmoshere reorganisations in glacial cycles. Geochim
CosmochimActa 53: 2465-2501

Broecker WS (1990) Salinity history of the Northern
Atlantic during the last deglaciation. Paleoceano
graphy 5: 459-467

Charles CD, Fairbanks RG (1990) Glacial to interglacial
changes in the isotopic gradients of southern ocean
surface waters. In: Bleil U, Thiede J (eds) Geological
History ofthe Polar Oceans: Arctic versus Antarc
tic. Kluwer Academic, Dordrecht, pp 519-538



Chapter 2: On the reeonstruetion of paleosalinities

Clapperton CM (1993) Nature ofenvironmental ehanges
in South America at the last glacial maximum.
Paleogeogr, Paleoclirnatol, Paleoeeol101: 189-208

CLlMAP Projeet Members (1976) The Surfaee ofthe Ice
AgeEarth.Seienee 191: 1131-1137

CLIMAP Project Members (1981) Seasonal reconstruc
tions of the Eatih's surfaee at the last glaeial maxi
mum. GSAMap andChartSerMC-36: 1-18

Craig H, Gordon LI (1965) Deuterium and oxygen-18
variations in the oeean and marine atmosphere. In:
Tongiorgi E (eds) Stable isotopes in oceanie stud
ies and paleotemperatures, Spoleto, Consiglio Naz
Delle Rieerehe, Laboratorio di Geol Nue, Pisa,
pp 9-130

Cullen JL (1981) Mierofossil evidenee for changing sa
linity patterns in the Bay of Bengal over the
last 20,000 years. Palaeogeogr, Palaeoclimatol,
Palaeoeeol35: 315-356

Curry WB, Thunell RC, Honjo S (1983) Seasonal
ehanges in the isotopie eomposition of planktonie
foraminifera eolleeted in Panama basin sediment
traps. Earth and Plan Sc Lett 64: 33-43

Deuser WG, Ross EH, Hernleben C, SpindleI' M (1981)
Seasonal ehanges in species composition, numbers,
mass, size, and isotopic composition ofplanktonic
foraminifera settling into the deep Sargasso Sea.
Palaeogeogr, Palaeoclimatol, Palaeoeeo133: 103-127

Deuser WG, Ross EH (1989) Seasonally abundantplank
tonic foraminifera ofthe Sargasso Sea: Suecession,
deep-water fluxes, isotopie eompositions and
paleoceanographic implieations. J Foram Res 19: 268
293

Duplessy JC (1981) Oxygen-18 enrichment ofplanktonic
forarninifera due to gametogenic calcification below
the euphotie zone. Science 213: 1247-1250

Duplessy JC (1982) Glacial to interglacial contrasts in
the northern Indian Ocean. Nature 295: 494-498

Duplessy JC, Labeyrie L, Amold M, Paterne M, Duprat
J, van Weering TCE (1992) Changes in surface sa
linity of the North Atlantic Ocean during the last
deglaeiation. Nature 358: 485-488

Duplessy JC, Labeyrie L, Juillet-Leclerc A, Maitre F,
Duprat J, Sarnthein M (1991) Surface salinity recon
struction ofthe North Atlantic Ocean during the last
glacialrnaximum. OceanolActa 14: 311-324

Duplessy JC, Labeyrie L, Paterne M, Hovine S, Fichefet
T, Duprat J, Labracherie M (1996) High Latitude
Water Sources During the Last Glacial Maximum and
the Intensity ofthe Global Oceanic Circulation. In:
Wefer G, Berger WH, Siedler G, Webb DJ (eds)
The South Atlantic - Present and Past Circulation.
Springer, Berlin, pp 445-460

37

Durazzi JT (1981) Stable-isotope studies ofplanktonic
foraminifera in North Atlantic core-tops.
Palaeogeogr, Palaeoclirnatol, Palaeoeco133: 157-172

Dürkoop A, HaIe W, Mulitza S, Pätzold J, Wefer G
(1997) Late Quaternary variations of sea surface
salinity and temperature in the western tropical
Atlantic: Evidence from 8 180 of Globigerinoides
sacculifer. Paleoceanography 12: 764-772

Emiliani C(1955) Pleistoeene temperatures. J Geo163: 538
578

Emiliani C (1971) Depth habitats of growth stages of
pelagic foraminifera. Science 173: 1122-1124

Epstein S, Buchsbaum R, Lowenstam HA, Urey HC
(1953) Revised carbonate-water isotopic temperature
scale. Bull Geol Soc Am 64: 1315-1325

Epstein S, Mayeda T (1953) Variation ofO-18 content of
waters from natural sourees. Geoehim Cosmochim
Acta 4: 213-224

Erez J, Luz B (1983) Experimental paleotemperature
equation for planktonic foraminifera. Geochim
CosmochirnActa47: 1025-1031

Fairbanks RG, Charles CD, Wright JD (1992) Origin of
global meltwater pulses. In: Taylor RE (ed) Radio
carbon after four decades. Springer, New York,
pp 473-500

Ferronsky VI, Brezgunov VS (1989) Stable isotopes and
ocean dynamics. In: Fritz P, Fontes JC (eds) The
marine environment. Elsevier, Amsterdam, pp 1-27

Fillon RH, Williams DF (1984) Dynarnics ofmeltwater
discharge from Northern hernisphere ice sheets dur
ing the last deglaciation. Nature 310: 674-677

GEOSECS Executive Comrnittee (1987) GEOSECS Atlan
tic, Pacific, and Indian Ocean Expeditions,
Shorebased Data and Graphies. In: Ostlund HG,
Craig H, Broeeker WS, Speneer D (eds) International
decade ofocean exploration. National Seience Foun
dation, WashingtonD.C., pp 1-200

Giraudeau J (1992) Coccolith Paleotemperature and
Paleosalinity estimates in the Caribbean Sea for the
rniddle-Iate Pleistocene (DSDP Leg 68 - Hole 502B).
Memorie di Scienze Geologiche 43: 375-387

Grobe H, Mackensen A, Hubberten H-W, Spiess V,
Fütterer DK (1990) Stable isotope record and late
Quaternary sedimentation rates at the Antarctic
continental margin. In: Bleil U, Thiede J (eds) Geo
logical History of the polar Oeeans: Arctic versus
Antarctic. Kluwer Acadernic, Dordrecht, pp 539-572

Hecht AD, Savin SM (1972) Phenotypic variation and
oxygen isotope ratios in recent planktonie
forarninifera. J Foram Res 2: 55-67

Hoffinann G (1995) Stabile Wasserisotope im allgemeinen
Zirkulationsmodell ECHAM. Max-Planck-Institut fiir



Meteorologie, Examensarbeit 27, pp 1-96
Hut G (1987) Stable isotope reference sampies for

geochemical and hydrological investigations. Con
sultant Group Meeting IAEA, Report to the Direc
tor General, Vienna, pp 1-42

Hutson WH (1980) The Agulhas Current during the late
Pleistocene: Analysis of Modern Faunal Analogs.
Science 207: 64-66

Hutson WH, Prell WL (1980) A paleoecological transfer
function, FI-2, for Indian Ocean planktonic
foraminifera. J Paleontol 54: 381-399

Imbrie J, Kipp NG (1971) A new micropaleontological
method for quantitative paleoclimatology: applica
tion to a Late Pleistocene Caribbean core. In:
Turekian KK (ed) Late Cenocoic glacial ages. Yale
University Press, New Haven, pp 71-181

Imbrie J, McIntyre A, Mix A (1989) Oceanic response to
orbital forcing in the late Quaternary: Observational
and experimental strategies. In: Berger A (ed) Climate
and Geo- Sciences. Kluwer Academic, Dordrecht,
pp 121-164

Imbrie J, van Donk J, Kipp NG (1973) Paleoclimatic in
vestigation of a late Pleistocene Caribean deep-sea
core: Comparison of isotopic and faunalmethods.
Quaternary Res 3: 10-38

Jouzel J, Koster RD, Suozzo RJ, Russel1 GL (1994)
Stable water isotope behaviour during the last gla
cial maximum: A general circulation model analysis.
J Geophy Res 99: 25791-25801

Kallel N, Paterne M, Labeyrie L, Duplessy J, Arnold M
(1997) Temperature and salinity records of the
Tyrrhenian Sea during the last 18,000 years.
Palaeogeogr, Palaeoclimatol, Palaeoecol135: 97-108

Keigwin LD (1996) The Little Ice Age and Medieval
Warm period in the Sargasso Sea. Science 274: 1504
1508

Kipp NG (1976) New transfer function far estin1ating past
sea-surface conditions from sea-bed distribution of
planktonic foraminiferal assemblages in the North
Atlantic. In: Cline RM, Hays JD (eds) Investigation
of late Quaternary Paleoceanography and
Paleoclimatology. Geol Soc Am Mem, pp 3-41

Labeyrie LD, Duplessy JC, Blanc PL (1987) Variations in
mode offormation and temperature ofoceanic deep
waters over the past 125,000 years. Nature 327: 477
482

Lautenschlager M, Mikolajewicz U, Maier-Reimer E,
Heinze C (1992) Application ofocean models for the
interpretation ofAGCM experiments on the climate
ofthe last glacial maximum. Paleoceanography 7: 769
782

Le J (1993) Paleotemperature estimation methods: Sen-

Cllaptcr 2: On thc rcconstruction 01" palcosalinitics

sitivity test on two western equatorial Pacific cores.
Quat Sc Rev 11: 801-820

Levitus S (1982) Climatological Atlas ofthe World Ocean.
NOAA Professional Paper 13: 1-173

Levitus S, Boyer TP (1994) World Ocean Atlas 1994,
Volume 4: Temperature, pp 1-117

Levitus S, Burgett R, Boyer TP (1994) World Ocean Atlas
1994, Volume 3: Salinity, pp 1-99

Lorenz S, Grieger B, Helbig P, Herterich K (1996)
Investigating the sensitivity of the Atmospheric
General Circulation Model ECHAM 3 to
paleoclimatic boundary conditions. Geol Rundschau
85: 513-524.

Maslin MA, Shackleton NJ, Pflaumann U (1995) Smface
water temperature, salinity, and density changes in
the northeast Atlantic during the last 45,000 years:
Heinrich events, deep water formation, and climatic
rebounds. Paleoceanography 10: 527-544

Melles M (1991) Paläozeanographie im Spätquartär am
Kontinentalrand des südlichen Weddel1meeres,
Antarktis. Ber Polarforsch 81, pp 1-190

Merlivat L, Jouzel J (1979) Global climatic interpretation
ofthe deuterium-oxygen-18 relationship for precipi
tation. J Geophys Res 84: 5029-5033

Mix AC (1987) The oxygen-isotope record ofglaciation.
In: Ruddin1an WF, Wright HEJ (eds) North America
and adjacent oceans during the last deglaciation.
Geo!. Soc. Am., Boulder, Colorado, pp 111-135

Mix AC, Ruddiman WF (1985) Structure and timing of
the last deglaciation: Oxygen isotope evidence. Quat
Sc Rev4: 59-108

Mulitza S (1994) Spätquartäre Variationen der
oberflächennahen Hydrographie im westlichen
äquatorialen Atlantik. Berichte, Fachbereich
Geowissenschaften, Univ. Bremen 57, pp 1-97

Mulitza S, WolffT, Pätzold J, Haie W, Wefer G (1998)
Temperature sensitivity ofplanktonic foraminifera
and its influence on the oxygen isotope record.
Marine Micropaleontology, 33 :223-240

Müller PJ, Schneider R, Ruhland G (1994) Late Quater
nary pC0

2
variations in the Angola Current: Evi

dence from organic carbon 0 13C and alkenone tem
peratures. In: Zahn R, Pedersen TF, Kaminski MA,
Labeyrie L (eds) Carbon cycling in ilie glacial ocean:
Constraints on the ocean's role in global change.
Springer, Heidelberg, pp 343-366

Naidu PD (1993) Distribution patterns ofrecent plank
tonic foraminifera in surface sediments ofthe west
ern continental margin ofIndia. Mar Geolll 0: 403
418

Niebier HS (1995) Reconstruction ofpalaeo-environmen
tal parameters using stable isotopes and faunal as-



Chapter 2: On the reconstruction of paleosalinities

semblages of planktonic foraminifera in the South
Atlantic Ocean. Berichte zur Polarforschung 167,
pp 1-198

Overpeck JT, Webb III T, Prentice, IC (1985) Quantita
tive interpretation offossil pollen spectra: Dissimi
larity coefficients and the method ofmodem analogs.
QuatemaryRes23: 87-108

pflaumann U (1985) Transfer function '134/6' - a new
approach to estimate sea-surface temperatures and
salinities of the eastem North Atlantic from the
planktonic foraminifers in the sediments. METEOR
Forschungs-Ergebnisse C39: 37-71

Pflaumann U, Duprat J, Pujol C, Labeyrie LD (1996)
SIMMAX: A modem analog technique to
deduce Atlantic sea surface temperatures from
planktonic foraminifera in deep-sea sediments.
Paleoceanography 11: 15-35

Pierre C, Vergnaud-Grazzini C, Faugeres JC (1991) Oxy
gen and carbon stable isotope tracers of the water
masses in the Central Brazil Basin. Deep Sea Res 38:
597-{fJ6

Prahl FG, Pisias N, Sparrow MA, SabinA (1995) Assess
ment of sea-surface temperature at 42 ON in the
California Current over the last 30,000 years.
Paleoceanography 10: 763-773

Prahl FG, Wakeharn SG (1987) Calibration ofunsaturation
patterns in long-chain ketone compositions for
paleotemperature assessment. Nature 330: 367-369

Prell WL (1985) Tbe stability oflow-Iatitude sea surface
temperatures: An evaluation ofthe CLIMAP recon
struction with emphasis on the positive SST anoma
lies. Dep. ofEnergy, Washington D.C., pp 1-60

Rosell-MellS A, Egington G, Pflaumann U, Samthein M
(1995) Atlantic core-top calibration of the Uk'37
index as a sea-surface paleotemperature indicator.
Geochim CosmochimActa 59: 3099-3107

Rostek F, Ruhland G, Bassinot FC, Müller PJ, Labeyrie
LD, Lancelot Y, Bard E (1993) Reconstructing sea
surface temperature and salinity using 8180 and
alkenone records. Nature 364: 319-321

Rumelhart DG, Hinton GE, Williams RJ (1986) Leaming
representations by back-propagating errors. Nature
323: 533-536

Savin SM, Douglas RG (1973) Stable isotope and mag
nesium geochemistry of recent planktonic
foraminifera from the South Pacific. Geol Soc ofAm
Bull84: 2327-2342

Schneider RR, Müller PJ, Ruhland G (1995) Late Quater
nary surface circulation in the east equatorial South
Atlantic: Evidence from alkenone sea surface tem
peratures. Paleoceanography 10: 197-219

Schulz HD und Fahrtteilnehrner (1991) Bericht und

39

Ergebnisse der Meteor-FahrtM1612, Recife - Belem
(28.04 - 21.05.1991). Berichte, Fachbereich Geo
wissenschaften, UnivBremen 19,pp 1-149

Showers WJ, Margolis SV (1985) Evidence for a tropi
cal freshwater spike during the last glacial/intergla
cial transition in the Venezuela Basin: 8180 and 813C
ofcalcareous plankton. Mal' Geo168: 145-165

Sikes EL, Volkrnan, JK (1993) Calibration ofalkenone
unsaturation ratios (Uk'37) for paleotemperature es
timation in cold polar waters. Geochim Cosmochim
Acta 57: 1883-1889

Sikes EL, Keigwin LD (1996) A reexamination of the
Northeast Atlantic sea surface temperature and sa
linity overthe last 16 kyr. Paleoceanography 11: 327
342

Spero HJ, Williams DF (1990) Evidence for seasonallow
salinity surface waters in the GulfofMexico over the
last 16,000 years. Paleoceanography 5: 963-975

Spero HJ, Bijma J, Lea DW, Bemis BE (1997) Effect of
sea-water carbonate concentration on foraminiferal
carbon and oxygen isotopes. Nature 390: 497-500

Sverdrup HU, Johnson MW, Fleming RH (1942) The
oceans: their physics, chemistry and general biol
ogy. Prentice-Hall, Englewood Cliffs, pp 1-1087

Urey HC (1947) The thermodynamic properties ofiso
topic substances. Jour Chem Soc 562-581

Van Campo E, Duplessy JC, Prell WL, Barratt N, Sabatier
R (1990) Comparison ofterrestrial and marine tem
perature estimates for the past 135 kyr off southeast
Africa: a test for GCM simulations ofpaleoc1imate.
Nature 348: 209-212

Vetshteyn VY, Malyuk GA, Rusanov VP (1974) Oxygen
18 distribution in the central arctic basin. Oceanol
ogy 14: 514-519

Vincent E, Shackleton NJ (1980) Agulhas Cunent tem
perature distribution delineated by oxygen isotope
analysis of foraminifera in surface sediments.
Cushrnan Foundation Special Publication 19: 89-95

Vincent E, Berger WH (1981) Planktonic foraminifera and
their use in paleoceanography. In: Emiliani C (ed) Tbe
Sea. Wiley-Interscience, New York, pp 1025-1119

Vogelsang E (1990) Paläo-Ozeanographie des Euro
päischen Nordmeeres an Hand stabiler Kohlenstoff
und Sauerstoffisotope. Bel' Sonderforschungs
bereich 313, UnivKie123,pp 1-136

Wang L, Samthein M, Duplessy JC, Erlenkeuser H, Jung
S, Pflaumann U (1995) Paleo sea surface salinities in
the low-Iatitude Atlantic: The 8 180 record of
Globigerinoides ruber (white). Paleoceanography
10: 749-761

Washington WM, Parkinson CL (1986) An Introduction
to Three-Dimensional Climate Modelling. University



40

Science Books, Mill Valley, pp 1-422
Wefer G, Berger WH (1991) Isotope paleontology:

growth and composition of extant ca1careous spe
cies. MarGeo1100: 207-248

Wefer G, Berger WH, Bickert T, Donner B, Fischer G,
KernIe-von Mücke S, Meinecke G, Müller PJ, Mulitza
S, Niebler HS, Pätzold J, Schmidt H, Schneider RR,
Segl M (1996) Late Qllatemary Surface Circlllation
ofthe South Atlantic: The Stable Isotope Record and
Implications far Heat Transport and Productivity. In:
Wefer G, Berger WH, Siedler G, Webb DJ (eds)
The SOUtlI Atlantic - Present and Past Circulation.
Springer, Berlin, pp 461-502

Widrow B, Lehr MA (1990) 30 years ofadaptive neural
networks: Perceptron, madaline, and back-propaga
tion. Proc IEEE 78: 1415-1441

Chapter 2: On the rcconstruction of paleosalinities

Williams DF, Be AWH, Fairbanks RG (1979) Seasonal
oxygen isotopic variations in living planktonic
foraminifera offBermuda. Science 206: 447-449

Williarns DF, Healy-Williarns N (1980) Oxygen isotopic
hydrographie relationships among recent planktonic
foraminifera from the Indian ocean. Nature 283: 848
852

WolffT, Mulitza S, Arz H, Pätzold J, Wefer G (1998)
Oxygen isotopes versus CLIMAP (18 ka) tempera
tures: A comparison from the tropical Atlantic. Geol
ogy 26: 675-678

Wu G, Berger WH (1989) Planktonic foraminifera:
Differential dissolution and the Quatemary stable
isotope record in the west equatorial Pacific.
Paleoceanography4: 181-198



Chapter 3

Temperature sensitivity of planktic foraminifera and
its influence on the oxygen isotope record

Stefan Mulitza

Tobias Wolff

Jürgen Pätzold

Walter HaIe

Gerold Wefer

Marine Micropaieontology 33 (1998), 223-240

41



42

ELSEVIER

Chapter 3: Temperature sensitivity of planktic foraminifera ...

mARinE
ml[ROPALEOnTOLOGY

Marine Micropaleontology 33 (1998) 223-240

Temperature sensitivity of planktic foraminifera and its influence on
the oxygen isotope record

Stefan Mulitza *, Tobias Wolff, Jürgen Pätzold, Walter HaIe, Gerold Wefer

Universität Bremen, Fachbereich Geowissenschqften, Klagenfurter Stmsse, Postfach 330440, D-28334 Bremen, Germany

Received 24 April 1997; accepted 23 September 1997

Abstract

We used oxygen isotope measurements from Holoeene sUl'face sediments to infer optimum temperature and temperature
sensitivity of the planktic foraminiferal species Globigerinoides ruber (pink) and Globigerinoides sacculiter. The (isotopic)
optimum temperature of G. ruber (pink) is dose to 27°C. G. sacculifer seems to have optimum vital conditions around
22°C and is less temperature sensitive than G. ruber (pink). Our estimations of optimum temperature and temperature
sensitivity are in good accordance with laboratory and field investigations. Two simple experiments show that the
temperature sensitivity of planktic foraminifera, determined from oxygen isotopes, can inftuence phase and amplitude of
oxygen isotope records, if the temperature distribution at the sea surface changes through time. To use this distortion for
paleoceanography, we suggest to derive an 'isotopic transfer function' which allows the calculation of average temperature,
temperature variability and the isotopic composition of seawater if the oxygen-isotope ditferences between at least three
species are known. © 1998 Elsevier Science B.Y. All rights reserved.

Keywords: planktic foraminifera; Holocene; Atlantic Ocean; oxygen isotopes

1. Introduction

Planktic foraminifera are one of the most com
monly used tools in paleoceanography. This fossil
group yields two main types of signal. First, the
abundance patterns of planktic foraminiferal species
in the sediment can be used to reconstruct paleoen
vironmental parameters such as SST with statistical
methods (e.g. Imbrie and Kipp, 1971). Second, the
oxygen-isotope ratios of these planktic foraminifera
serve as a proxy for the isotopic composition and
temperature of seawater in which the tests grew

* Corresponding author. Tel: +49-421-2187110. Fax: +49 421
2183116. E-mail: smul@palmod.uni-bremen.de

(Emiliani, 1954). On the one hand, this dual signal
from planktic foraminifera is of advantage, because
it theoretically permits removal of the temperature
effect from the 818 0 signal which would, in turn,
allow an estimation of the isotopic composition of
the ambient seawater (e.g. Duplessy et al., 1991).
On the other hand, the temperature dependency of
the foraminiferal f1ux bears problems for the inter
pretation of stable isotopes, if the species used for
8 18 0 is also temperature sensitive. That is, we do not
know exactly which seasonal 'temperature mixture'
is represented by the mean 818 0 of a foraminiferal
population in the sediment. Mix (1987) has shown
in a simple model that the temperature recorded
by a temperature-sensitive foraminiferal population

0377-8398/98/$19.00 © 1998 Elsevier Science B.Y. All rights reserved.
Pli S0377 8398(97)00040-6
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F(T) is the frequency of the foraminiferal species

2. Mix's model of temperature-depelldellt ftux

Tm
I

W(T)

T·Variablilly
2GW

Top!
I

E SF(T) = F(T)· W(T)
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:J u(T)u::
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Fig. I. Model of Mix (1987) showing how the temperature pref
erence [F(T)1of a species and the distribution of temperatures
[W (Tl1 determines the recorded temperature, e.g. by oxygen
isotope ratios of a species. The lower panel shows the resulting
flux [S F(Tll as a function of temperature. The recorded temper
ature (Tr) is the flux-weighted mean of all temperatures at the
site. 0"1\1 is the variability of temperatures and (YF the temperature
sensitivity of the foraminiferal species, expressed as standard
deviation.

and W (T) is the frequency of sea surface tempera
tures. The total flux (Ft ) is then:

Ft = / SF(T)dt (2)

The temperature sensed by the mean population
(Tr) is the flux-weighted mean of the temperature
distribution:

~. = ~t . (/ SF(T)· Tdt) (3)

With this model, Mix (1987) has elegantly
demonstrated how the temperature distribution and
individual ecological requirements of a speeies can
influence the temperature reeorded in the sediment.
For the two normal distributions F (T) and W (T)

(I)

should depend on both the seasonal distribution of
temperatures at the sea surface and the temperature
sensitivity of the eonsidered speeies. He stated that
"...the reeording of 818 0 by a foraminiferal popu
lation must be bettel' understood before temperature
and iee volume ean be isolated". Nevertheless, in
the past, some effOlis have been undertaken to re
move temperature from North Atlantie oxygen-iso
tope reeords (Duplessy et al., 1991; Wang et al.,
1995). These authors overeome the above mentioned
problems with so-ealled 'eore-top ealibrations'. Sueh
studies assume that the present relationships between
oxygen-isotope eomposition, eeology, and hydrogra
phy were the same in the past and that they ean be
adjusted to a eertain season 01' temperature range. In
this paper, we propose to test whether this assump
tion is justified with regard to two tropical speeies.
We have eompiled a data set of eore-top 818 0 values
far G. sacculifer and G. ruber (pink) eovering differ
ent hydrographie regimes. We will use this data set
to evaluate: (I) the influence of the SST distribution
and temperature sensitivity on the mean oxygen-iso
tope temperature recorded by a foraminiferal popu
lation in the sediment, (2) the consequences for the
late Quaternary isotope record and (3) the possible
application for paleoceanography.

The model employed here was deseribed by Mix
(1987). It illustrates the influence of the temperature
distribution on the mean isotope-temperature signal
of a temperature-sensitive foraminiferal population.
Fig. 1 shows the basic assumptions of the model. The
frequency distribution of temperatures at any site in
the ocean is assumed to be normally distributed
with a mean temperature (Tm) and some variability
expressed by the standard deviation (aw), a large (Jw

representing a large temperature variability and vice
versa. The foraminiferal flux is also assumed to be
normally distributed with an optimum temperature
(Topt ) and a standard deviation ((JF) which deselibes
the temperature sensitivity of a given speeies. A
high (JF indicates a large temperature toleranee. The
overall flux at a certain temperature [SF (T)] is then:

SF(T) = F(T) . W(T)
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underestimated by species A. This species tends to
calcify in the warmer season if the mean temperature
is lower than the optimum temperature. By con
trast, the flux of species B changes only little with
temperature and it records temperatures dose to the
annual mean. A situation with higher SST variability
is simulated in the lower panel (O'w = 4°C). The
underestimation of the average temperature change
is greater because the larger temperature variability
allows larger flux dose to the optimum temperature.

o
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10 20 30
3. Data and strategy

Is the model of Mix a suitable approximation to
reality? If so, we should expect a large influence
of the temperature distribution at the sea surface
on the temperature recorded in the sediment. As
demonstrated in the previous section, both the op
timum temperature and the temperature sensitivity
influence the flux pattern of planktic foraminifera.
Thus, our strategy to estimate temperature sensitiv
ity and optimum temperature should be to compare
only sampIes from stations with similar temperature
variabilities (O'w), but different mean temperatures
(1;11)' Expressed in terms of Mix's model, this could
be regarded as moving the normal distribution of
temperatures over the normal distribution of the
foraminiferal abundance. If the foraminiferal flux
is really temperature dependent, the difference be
tween the mean and the recorded temperature should
change with mean temperature. A plot of 1;. vs. Tm

should theoretically allow the estimation of Topt and
O'F' Topt should be where 1; equals 1;11' and O'F can
be calculated via the slope (S) of 1; vs. 1;11 using the
formula:

Species B (OF~4')

Species A (01'=1')

1:1

/,-
Optimum temperature

High temperature-variability
crw~4'

Topt=15'C

o

30

o -+'---'--Ir--~-~--'---~I
10 20 30

Tm (Mean Temperature, ·C)

Fig. 2. Outputs from the model shown in Fig. I, demonstrating
the effect of temperature sensitivity and temperature distribution
on the recorded temperature of a foraminiferal species. Species
A is very temperature sensitive. It largely underestimates the
change of temperatures. Species B is reJatively temperature toler
ant, recording temperatures close to the annual mean. The upper
panel illustrates a sitnation of low temperature variability (low
0'11'). Greater 0'11', as shown in the lower panel, increases the
effect of temperature sensitivity.

(4)
This approach, however, contains some inherent

difficulties. We do not know the exact tempera
ture variability (O'w), nor do we know the exact
depth habitat of a species for the time period in
which a surface sediment sampie is deposited. Re
sults from the water column, however, show that
the species examined here are predominantly Iimited
to the surface waters. The timing and magnitude
of the seasonal mixed-Iayer temperature cyde is
very weIl represented by oxygen isotope values of

(Fig. 1), Tr and Tm are linearly related. We can
simplify Eq. 3 to:

O'w O'F
Tr = Topt . + Tm . ----

O'w +O'F O'w +O'F

Fig. 2 compares model outputs of two theoretical
species having the same optimum temperatures but
different temperature tolerances. Species A is very
temperature-sensitive (O'F = 1°C), whereas species
B has a comparably large temperature tolerance
(O'F = 4°C). Assuming a constant temperature vari
ability (O'w = 1°C) a temperature change is largely

S
O'F =O'w'--

I - S
(5)



Chapter 3: Temperature sensitivity of planktie foraminifera ... 45

o204060 0 W

40 oN -t----'---~'-------,-l----'---_'_r_-_____,r.,...--_d--""_t_

20

.....-
Africa

20

Ql
U

.3 0
~
...J

South America

•.::
.- J:'

......

o

•..-
\,t-
•

20

.. ••

20

40 'S

20 oEo20
Longitude

40

40 'S -t---,----,----.-------r-----,--,----,---,---------,----+

60 'W

Fig. 3. Locations of surface sediment sampIes used in this study.

planktie foraminifera from sediment traps and plank
ton tows (Williams et al., 1981; Deuser and Ross,
1989). Therefore, it is realistie to assume that oxy
gen isotope values represent a mixture of sm'faee
water eonditions. The temperature range is known
for approximately the last 50 years. We must first
assume that this time period is representative of the
time period öf deposition of our surfaee sediment
sampIes. The next problem is how to estimate tem
perature variability from these data. An estimation
of the temperature variability ean be made based on
the maximum seasona1 temperature differenee. Low
seasonality stations should have a low temperature
variability and viee versa. Although no two positions
in the oeean have exaetly the same seasonality, sim
i1ar stations eould be found within a eertain range,
e.g. ±1°C. We eompi1ed a data set of eore-top 018 0
values from subtropical and tropical Atlantie eore
tops (Fig. 3; Ganssen, 1983; Mulitza, 1994). These
stations were sOlted aeeording to the seasona1ity of
the overlying surfaee water based on the maximum

seasonal differenee of the monthly temperature esti
mates eompiled by Levitus and Boyer (1994). Most
stations were found to have a seasonal range be
tween 3.13 and 5.29°C. We included oxygen isotope
data from surfaee sampIes deposited within this tem
perature range for testing Mix's model. The isotope
data are listed in Tables 1 and 2 together with the
hydrographie data used for the ealculations. Isotopie
temperatures (the 'reeorded temperature') have been
ealculated using the paleotemperature equation (Ep
stein et a!., 1953) as modified by Shaekleton (1974):

Tr = 16.9 - 4.38 . (oe - ow) + 0.1 . (Oe - ow)2 (6)

with Oe being the foraminiferal isotope value and
Ow being the isotope value of the ambient seawater.
Ow was estimated from salinity using the regression
equation illustrated in Fig. 4 (Broeeker, 1986; Craig,
unpub!. data). There are some hints that the slope
of the ow/salinity re1ationship is somewhat lower in
the tropies (Craig and Gordon, 1965; Fairbanks et
a!., 1992). However, ealculations using different re-
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annual mean temperature is below the optimum tem
perature of the species. The reverse response occurs
in the warm tropical realm: G. rubel' (pink) scatters
around the annual mean (it is dose to its 'optimum
temperature'), whereas G. sacculifer seems to pre
fer the colder season. Unfortunately, the deviations
from the annual mean at a certain temperature are
not very uniform. This can be explained by several
mechanisms blurring the isotope record in the sedi
ment. First of all, older shells could have been mixed

I
34.0 36.0

Salinity (0/00)

Fig. 4. Relationship between 818 0 of seawater and salinity for
Atlantic surface waters (GEOSECS, Craig, unpub!. data). The
regression was used to calculate 8 180 of seawater from salinity
(Levitus et a!., 1994) at the sites examined in this study.

gressions for the tropics and the subtropics did not
result in a significant change of the isotope tem
perature with respect to the equation in Fig. 4. As
we do not know the season of calcification or the
apparent llw, we selected only stations with seasonal
variations of llw (illlw in Tables land 2, calcu
lated from monthly salinities of Levitus et al., 1994)
smaller than ±O.2%o. This ensures an error of less
than one degree due to seasonal variations of llw
for the calculation of isotope temperatures. Fig. 5
shows scatter-plots of calculated isotope tempera
tures against the annual mean temperatures of Levi
tus and Boyer (1994). Neither species follows the 1: 1
relationship. The isotope temperatures of G. rubel'
(pink) are extremely distorted towards the summer
at colder temperatures and scattel' around the annual
mean at warmer temperatures (Fig. 5B). The values
of G. sacculifer deviate to the summer at colder
temperatures and to the colder season at warmer
temperatures (Fig. 5A). The change of temperature
in the surface water seems to be underestimated by
both species. Our explanation for this pattern points
to the temperature sensitivity of the species: in the
coider subtropical regions the ftux of both species
is greatest in summer (warm season) because the
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Table I
Oxygen-isotope values of G. sacculifer from core-top sampies and hydrographie data used in this study

Core Ref. La!. Long. 8180 Tan !':!.T 8w !':!.8w T;,o
(0) C) (%0, PDB) (OC) (OC) (%0, SMOW) (%0, SMOW) (OC)

12301-5 G 27.05 -15.05 -0.09 20.24 3.81 1.04 0.09 20.8

12302-3 G 26.00 -14.67 -0.41 20.25 3.66 1.03 0.09 22.2

12303-3 G 26.20 -14.79 -0.39 20.25 3.67 1.03 0.09 22.1

12304-3 G 26.23 -14.81 -0.39 20.25 3.67 1.03 0.09 22.1

12305-2 G 26.29 -14.86 -0.30 20.25 3.67 1.03 0.09 21.7

12306-2 G 26.49 14.93 -0.20 20.26 3.68 1.04 0.09 21.2

12307-3 G 26.41 -14.96 -0.24 20.26 3.68 1.04 0.09 21.4

12308-2 G 26.65 -15.05 -0.34 20.25 3.78 1.04 0.09 21.9

12309-1 G 26.84 -15.11 -0.21 20.25 3.79 1.04 0.09 21.3

12310-1 G 23.50 -18.72 -0.75 20.90 3.67 1.04 0.04 23.8

12317-1 G 22.86 -17.15 -0.80 20.13 3.26 0.96 0.05 23.6

12322-2 G 22.90 -17.16 -1.00 20.14 3.26 0.96 0.05 24.6

12323-1 G 22.91 -17.19 -0.52 20.15 3.26 0.96 0.05 22.3

12324-1 G 22.92 -17.22 -0.63 20.15 3.26 0.96 0.05 22.9

12327-2 G 23.13 -17.74 -0.75 20.50 3.49 1.00 0.04 23.6

12328-1 G 21.15 -18.57 -1.03 20.75 4.55 0.90 0.07 24.4

13526-4 G 21.00 -17.62 -1.24 20.33 4.69 0.85 0.08 25.2

13527-1 G 20.99 -17.66 -0.72 20.34 4.70 0.85 0.08 22.8

13528-2 G 20.99 -17.68 -1.25 20.34 4.70 0.85 0.08 25.2

13529-1 G 20.99 -17.70 -0.78 20.34 4.70 0.85 0.08 23.0

13530-1 G 21.00 -17.73 -0.69 20.35 4.69 0.85 0.08 22.6

13532-2 G 20.98 -17.88 -0.86 20.38 4.69 0.85 0.08 23.4

13533-1 G 20.99 -18.03 -1.l2 20.41 4.67 0.86 0.07 24.7

13534-1 G 21.02 -17.88 -0.58 20.38 4.66 0.85 0.08 22.1

13536-2 G 21.00 -17.58 -0.60 20.33 4.69 0.85 0.08 22.2

15626-1 G 29.22 -12.84 -0.10 19.69 3.95 0.96 0.12 20.4

15627-2 G 29.17 -12.09 -0.36 19.58 3.86 0.93 0.14 21.5

15628-4 G 29.08 -11.98 -0.22 19.58 3.85 0.93 0.14 20.8

15629-1 G 29.06 -11.95 -0.24 19.58 3.85 0.93 0.14 20.9

15630-1 G 29.04 -11.92 -0.22 19.57 3.85 0.93 0.14 20.8

15631-1 G 29.02 -11.90 -0.30 19.58 3.85 0.93 0.14 21.2

15632-1 G 28.91 -11.70 -0.13 19.57 3.84 0.93 0.14 20.4

15634-1 G 28.26 -13.40 -0.20 19.95 3.89 0.98 0.13 21.0

15635-2 G 27.20 -14.66 -0.44 20.22 3.82 1.04 0.10 22.3

15638-2 G 32.21 -10.45 -0.28 19.26 4.80 0.98 0.11 21.3

15639-1 G 32.49 -10.11 -0.12 19.25 4.85 0.98 0.11 20.6

15640-1 G 32.45 -9.96 -0.17 19.24 4.85 0.98 0.11 20.8

15641-2 G 32.43 -9.87 -0.15 19.23 4.87 0.98 0.11 20.7

15642-1 G 32.41 -9.85 -0.34 19.23 4.87 0.98 0.11 21.6

15643-1 G 32.40 -9.82 0.06 19.23 4.87 0.98 0.11 19.8

15644-1 G 32.40 -9.81 -0.17 19.23 4.88 0.98 0.11 20.8

15645-1 G 32.39 -9.80 -0.10 19.23 4.88 0.98 0.11 20.5
15646-1 G 32.38 -9.78 -0.17 19.22 4.88 0.98 0.11 20.8

15647-1 G 32.38 -9.77 -0.22 19.22 4.88 0.98 0.11 21.1
15648-1 G 32.37 -9.65 -0.21 19.21 4.92 0.98 0.11 21.0

15651-4 G 33.19 -9.83 -0.18 19.21 5.24 0.99 0.12 20.9

16012-3 G 25.40 -16.25 -0.09 20.36 3.45 1.05 0.08 20.8

GeoB 1027-2 M -19.66 9.14 -0.16 19.15 5.27 0.53 0.12 18.8
GeoB 1028-4 M -20.10 9.18 0.04 19.09 5.21 0.52 0.13 17.8

GeoB 1029-1 M -21.06 8.23 -0.28 19.30 5.01 0.53 0.14 19.3

GeoB 1030-3 M -21.08 7.78 0.06 19.39 5.00 0.54 0.14 17.8

GeoB 1031-1 M -21.89 7.10 -0.82 19.62 4.98 0.55 0.14 21.8
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Table I (continued)

Core Ref. Lat. Long. 0 18 0 7;111 6.1' Ow 6.ow 7iso
(0) C) (%0, PDß) (aC) (aC) (%0, SMOW) (%0, SMOW) CC)

GenB 1032-2 M -22.91 6.03 -0.64 19.86 5.05 0.58 0.13 21.2
GenB 1033-2 M -22.05 5.54 -0.28 20.02 4.98 0.59 0.14 19.5
GeoB 1034-1 M -21.72 5.43 -0.55 20.21 4.95 0.61 0.14 20.9
GeoB 1035-3 M -21.60 5.03 -0.59 20.27 4.95 0.61 0.14 2l.l
GenB 1041-1 M -3.48 -7.59 -1.01 25.18 5.06 0.56 0.36 22.8
GeoB 1048-2 M 20.91 -19.72 -0.32 21.21 4.61 0.93 0.09 21.3
GeoB 1104-5 M -1.16 -10.71 -0.59 25.76 5.13 0.55 0.41 20.8
GeoB 1108-6 M -2.17 -9.87 -0.85 25.42 5.22 0.56 0.40 22.0
GenE 1111-5 M -5.84 -8.65 -1.57 25.32 4.45 0.67 0.32 25.9
GeoB 1112-3 M -5.77 -10.75 -1.16 25.60 4.24 0.67 0.27 24.0
GeoE 1113-7 M -5.75 -11.04 -1.63 25.63 4.22 0.67 0.26 26.2
GeoB 1114-3 M -5.28 -10.20 -1.18 25.45 4.60 0.63 0.31 23.9
GeoB 1115-4 M -3.56 -12.58 -1.05 26.01 5.19 0.62 0.34 23.2
GeoB 1117-3 M -3.82 -14.90 -1.72 26.35 4.53 0.65 0.26 26.5
GenB 1121-1 M 20.84 -19.74 -0.41 21.22 4.64 0.93 0.09 21.7
GeoB 1203-2 M -26.55 5.02 -0.44 20.01 5.29 0.61 0.12 20.4
GenB 1207-2 M -24.60 6.86 -0.71 19.41 5.13 0.56 0.10 21.4
GenE 1208-1 M -24.49 7.11 -0.66 19.38 5.09 0.55 0.11 21.1
GeoB 1209-1 M -24.51 7.28 0.06 19.31 5.11 0.55 0.11 17.9
GeoB 1216-2 M -24.93 6.79 -0.51 19.40 5.14 0.56 0.10 20.5
GeoB 1217-1 M -24.95 6.73 -0.76 19.41 5.14 0.56 0.10 21.6
GeoB 1218-1 M -25.17 5.92 -0.55 19.66 5.17 0.58 0.10 20.7
GenB 1220-2 M -24.03 5.31 -0.84 19.96 5.12 0.60 0.11 22.2
GeoB 1402-7 M -2.18 -10.07 1.09 25.44 5.23 0.56 0,40 23.1
(JeoB 1403-2 M -1.20 -11.71 -0.97 26.00 5.18 0.57 0,42 22.6
GenE 1404-8 M -0.08 -10.78 -1.16 26.11 4.76 0.49 0.38 23.2
GeoB 1407-8 M -4.33 -10.25 -1.18 25,42 4.99 0.60 0.32 23.7
(JenB 1413-1 M -15.68 -9.46 0.04 23.34 4.24 1.03 0.10 20.1
(JeoB 1414-2 M -15.53 -10.73 -0.46 23.36 4.23 1.05 0.10 22.5
(JeoB 1415-1 M -15.53 -11.58 -0.26 23.41 4.11 1.07 0.11 21.6
(JeoB 1417-1 M -15.53 --12.71 -0.95 23.53 4.09 1.09 0.11 25.0
(JeoB 1419-1 M -15.54 -17.07 0.29 24.29 3.13 1.18 0.10 19.7
GeoB 1709-3 M -23.59 10.76 -0.39 17.90 4.28 0.42 0.13 19.3
GeoB 1715-1 M -26.48 11.64 -0.45 17.95 4.04 0.43 0.12 19.6
(JeoB 1721-4 1\1 -29.18 13.09 -0.69 18.22 4.38 0,46 0.09 20.8
(JenB 1722-3 1\1 -29,45 11.75 0.10 18.64 4.55 0.51 0.09 17.5
GeoB 1726-1 1\1 -30.27 3.26 0.45 19.71 4.89 0.63 0.17 16.5
GeoB 1728-3 1\1 -29.84 2.41 -0.07 19.86 5.06 0.64 0.19 18.9
GeoB 2102-1 1\1 -23.98 -41.12 -1.11 24.40 4.19 1.05 0.15 25.5
GeoB 2118-1 1\1 -22.09 -38.02 -0.99 25.14 4.38 1.17 0.16 25.5
GeoB 2119-2 M -21.73 -38.55 -0.10 25.08 4.23 1.17 0.15 21.3
(JeoB 2124-1 1\1 -20.96 -39.56 -1.30 25.06 3.98 1.16 0.18 27.0
GeoE 2125-2 1\1 -20.82 -39.86 -1.08 25.05 3.97 1.16 0.18 25.9
GeoB 2126-1 1\1 -21.27 -38.93 -0.83 25.21 4.07 1.18 0.18 24.8
(JeoB 2130-1 1\1 -20.62 -37.10 -1.04 25.48 4.19 1.22 0.22 26.0

(\" values were calculated with the regression equation in Fig. 4 and corrected to PDB by subtracting 0.27%" (Hut, 1987). Annual
temperatures (7;1I\) were interpolated from Levitus and Boyer (1994). Isotope temperatures were calculated with the equation of
Shackleton (1974). G = (Janssen (1983); 1\1 = 1\1ulitza (1994).
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Table 2
As in Table I for G. ruber pink

Core Ref. Lat. Long. 8180 Tan 6,T 8w 6,8w 1iso
(0) (0) (%0, PDB) CC) (OC) (%0, SMOW) (%0, SMOW) (OC)

12301-5 G 27.05 -15.05 -0.88 20.24 3.81 1.04 0.09 24.4

12302-3 G 26.00 -14.67 -0.74 20.25 3.66 1.03 0.09 23.7

12303-3 G 26.20 -14.79 -1.24 20.25 3.67 1.03 0.09 26.1

12304-3 G 26.23 -14.81 -1.04 20.25 3.67 1.03 0.09 25.1

12305-2 G 26.29 -14.86 -1.22 20.25 3.67 1.03 0.09 26.0

12306-2 G 26.49 -14.93 -0.98 20.26 3.68 1.04 0.09 24.8

12307-3 G 26.41 -14.96 -0.77 20.26 3.68 1.04 0.09 23.9

12308-2 G 26.65 -15.05 -0.83 20.25 3.78 1.04 0.09 24.2

12309-1 G 26.84 -15.11 -0.90 20.25 3.79 1.04 0.09 24.5

12310-1 G 23.50 -18.72 -1.22 20.90 3.67 1.04 0.04 26.0

12322-2 G 22.90 -17.16 -0.93 20.14 3.26 0.96 0.05 24.3

12323-1 G 22.91 -17.19 -1.16 20.15 3.26 0.96 0.05 25.3

12324-1 G 22.92 -17.22 -0.86 20.15 3.26 0.96 0.05 23.9

12325-4 G 22.99 -17.33 -1.09 20.18 3.28 0.96 0.05 25.0

12326-2 G 23.04 -17.41 -1.16 20.20 3.28 0.97 0.05 25.4

12327-2 G 23.13 -17.74 -1.16 20.50 3.49 1.00 0.04 25.5

12328-1 G 21.15 -18.57 -1.51 20.75 4.55 0.90 0.07 26.7

13526-4 G 21.00 -17.62 -1.79 20.33 4.69 0.85 0.08 27.8

13527-1 G 20.99 -17.66 -1.68 20.34 4.70 0.85 0.08 27.3

13528-2 G 20.99 -17.68 -1.46 20.34 4.70 0.85 0.08 26.2

13529-1 G 20.99 -17.70 -1.70 20.34 4.70 0.85 0.08 27.4

13530-1 G 21.00 -17.73 -1.74 20.35 4.69 0.85 0.08 27.6

13532-2 G 20.98 -17.88 -1.62 20.38 4.69 0.85 0.08 27.0

13533-1 G 20.99 -18.03 -1.46 20.41 4.67 0.86 0.07 26.3

13534-1 G 21.02 -17.88 -1.50 20.38 4.66 0.85 0.08 26.5

13536-2 G 21.00 -17.58 -1.74 20.33 4.69 0.85 0.08 27.6

15626-1 G 29.22 -12.84 -0.97 19.69 3.95 0.96 0.12 24.5

15627-2 G 29.17 -12.09 -1.09 19.58 3.86 0.93 0.14 24.9

15628-4 G 29.08 -11.98 -1.07 19.58 3.85 0.93 0.14 24.8

15629-1 G 29.06 -11.95 -0.74 19.58 3.85 0.93 0.14 23.2

15630-1 G 29.04 -11.92 -0.85 19.57 3.85 0.93 0.14 23.7

15631-1 G 29.02 -11.90 -0.85 19.58 3.85 0.93 0.14 23.7

15632-1 G 28.91 -11.70 -0.66 19.57 3.84 0.93 0.14 22.8

15634-1 G 28.26 -13.40 -0.67 19.95 3.89 0.98 0.13 23.1

15635-2 G 27.20 -14.66 -1.00 20.22 3.82 1.04 0.10 25.0

15638-2 G 32.21 -10.45 -0.82 19.26 4.80 0.98 0.11 23.8

15639-1 G 32.49 -10.11 -1.00 19.25 4.85 0.98 0.11 24.7

15640-1 G 32.45 -9.96 -0.86 19.24 4.85 0.98 0.11 24.0

15641-2 G 32.43 -9.87 -0.82 19.23 4.87 0.98 0.11 23.8

15643-1 G 32.40 -9.82 -0.63 19.23 4.87 0.98 0.11 23.0

15644-1 G 32.40 -9.81 -1.00 19.23 4.88 0.98 0.11 24.7

15645-1 G 32.39 -9.80 -0.84 19.23 4.88 0.98 0.11 23.9

15646-1 G 32.38 -9.78 -0.62 19.22 4.88 0.98 0.11 22.9

15647-1 G 32.38 -9.77 -0.87 19.22 4.88 0.98 0.11 24.1

15651-4 G 33.19 -9.83 -1.11 19.21 5.24 0.99 0.12 25.2

GeoB 1029-1 M -21.06 8.23 -0.78 19.30 5.01 0.53 0.14 21.6

GeoB 1033-2 M -22.05 5.54 -0.75 20.02 4.98 0.59 0.14 21.7

GeoB 1034-1 M -21.72 5.43 -0.96 20.21 4.95 0.61 0.14 22.7

GeoB 1035-3 M -21.60 5.03 -0.96 20.27 4.95 0.61 0.14 22.8

GeoB 1041-1 M -3.48 -7.59 -1.58 25.18 5.06 0.56 0.36 25.4

GeoB 1048-2 M 20.91 -19.72 -1.15 21.21 4.61 0.93 0.09 25.2

GeoB 1101-4 M 1.66 -10.98 -2.13 27.00 4.03 0.35 0.29 27.1



50 Chapter 3: Temperature sensitivity of planktie foraminifera ...

Table 2 (continued)

Core Ref. LaI. Long. 8180 Tan !::>.T 8w !::>.8w Tiso
CO) (0) (%0, PDB) (aC) (aC) (%0, SMOW) (%0, SMOW) (0C)

GeoB 1103-3 M -0.60 -9.26 -1.1 I 25.63 4.98 0.49 0.39 22.9
GeoB 1108-6 M -2.17 -9.87 -1.74 25.42 5.22 0.56 0.40 26.2
GeoB 1109-4 M -6.01 -7.75 -1.35 25.26 4.61 0.67 0.34 24.9
GeoB 1110-3 M -5.94 -8.14 -1.44 25.27 4.58 0.67 0.33 25.3
GeoB lII1-5 M -5.84 -8.65 -1.60 25.32 4.45 0.67 0.32 26.0
GeoB I I 13-7 M -5.75 - 11.04 -1.69 25.63 4.22 0.67 0.26 26.5
GeoB I I 14-3 M -5.28 -10.20 - 1.87 25.45 4.60 0.63 0.31 27.1
GeoB 1115-4 M -3.56 -12.58 -1.86 26.01 5.19 0.62 0.34 27.1
GeoB I I 16-1 M -3.62 -13.19 -1.24 26.12 5.04 0.63 0.32 24.1
GeoB 1117-3 M -3.82 -14.90 -1.51 26.35 4.53 0.65 0.26 25.5
GeoB 1121-3 M 20.84 -19.74 1.06 21.22 4.64 0.93 0.09 24.7
GeoB 1203-2 M -26.55 5.02 -1.34 20.01 5.29 0.61 0.12 24.5
GeoB 1204-3 M -25.05 5.50 0.45 19.85 5.16 0.60 0.11 16.4
GeoB 1207-2 M -24.60 6.86 -0.55 19.41 5.13 0.56 0.10 20.6
GeoB 1220-2 M -24.03 5.31 0.04 19.96 5.12 0.60 0.11 18.2
GeoB 1402-7 M -2.18 -10.07 -1.38 25.44 5.23 0.56 0.40 24.5
GeoB 1404-8 M -0.08 -10.78 -1.65 26.11 4.76 0.49 0.38 25.5
GeoB 1407-8 M -4.33 - 10.25 -1.67 25.42 4.99 0.60 0.32 26.0
GeoB 1413-1 M -15.68 -9.46 -0.89 23.34 4.24 1.03 0.10 24.4
GeoB 1414-2 M 15.53 -10.73 -0.91 23.36 4.23 1.05 0.10 24.6
GeoB 1415-1 M -15.53 -11.58 -l.l I 23.41 4.11 1.07 0.11 25.6
GeoB 1417-1 M -15.53 12.71 -0.97 23.53 4.09 1.09 0.1 I 25.1
GeoB 1418-1 M -15.53 -14.89 -1.08 23.88 3.53 1.13 0.10 25.8
GeoB 1419-1 M -15.54 -17.07 -1.27 24.29 3.13 1.18 0.10 26.9
GeoB 2102-1 M -23.98 -41.12 -1.61 24.40 4.19 1.05 0.15 27.9
GeoB 2119-2 M -21.73 -38.55 -1.23 25.08 4.23 1.17 0.15 26.7
GeoB 2124-1 M -20.96 -39.56 -1.32 25.06 3.98 1.16 0.18 27.1
GeoB 2125-2 M -20.82 -39.86 -1.65 25.05 3.97 1.16 0.18 28.7
GeoB 2126-1 M -21.27 -38.93 -1.64 25.21 4.07 1.18 0.18 28.7
GeoB 2130-1 M -20.62 -37.10 -1.69 25.48 4.19 1.22 0.22 29.2

upward by bioturbation in some eases. Seeondly, the whieh were derived from stations with eomparable
seasonality was not reaJly eonstant. Thirdly, the iso- annual mean temperatures within 1°C cJasses. This
topie measurements are assoeiated with an internal proeedure should result in a more reaJistie deviation
error on the order of ±O.l %0. Fourthly, the hydro- estimate.
graphie data might also not be representative of the
time period of deposition. FinaJly, and perhaps most 4. Temperature sensitivity and optimum
impOliant, some of the sampies are probably not temperature
representative of the average isotope value of the
foraminiferal population in the sediment. Sehiffel- Fig. 6 shows average isotope temperature versus
bein and HiIls (1984) have shown that 417 tests of the average temperature of the respeetive cJass. As
G. sacculifer must be measured in one sampie to previously noted, these graphs should enable us to
get a reprodueibility of 0.1 %0 with 90% reliability. estimate the optimum temperature (Topt ) and the tem-
Less than this number were measured by Ganssen perature sensitivity (CJF) of the two speeies. Theoret-
(1983) and Mulitza (1994). We assurne, however, ieaJly, the optimum temperature should be where the
that the above mentioned elTors are random. There- deviations from annual mean temperature are zero.
fore, to get a better estimation for the deviation of This means that the distribution of SST is eentered
Tr from Tm, we averaged aJl isotope temperatures exaetly over the ftux distribution. The temperature
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Generally, there are a lot of hints towards a tem
perature sensitivity of planktic foraminifera. Early
workers recognized that the distribution pattern of
planktic foraminifera in the sediment displays a cer
tain degree of similarity to the latitudinal tempera
ture distribution (e.g. Murray, 1897). Subsequently, it
has become obvious that many species, in pmiicular
some deep-dwelling foraminifera, are more sensitive
to other parameters than temperature, e.g., produc
tivity, oxygen concentration or stratification (lones,
1967; Mix, 1989; Ravelo, 1991). However, tempera
ture sensitivity is important, to some extent, at least
for some shallow dwelling species such as G. ruber
(pink) and G. sacculifer. In culture experiments, Bi
jma et al. (1990) have shown that vital processes of
G. ruber (pink) and G. sacculifer are influenced by
the water temperature in the culture vessel. Fig. 8
shows the percentage of reproduction and chamber
formation of the two species versus temperature.
Maximum reproduction of G. ruber (pink) occurs
very close to the optimum temperature inferred from
stable isotopes. Our results concerning the tempera
ture sensitivity are also substantiated by the results of
Bijma et al. (1990). For G. saccul~fer gametogenesis
changes very little between 20 and 30°C. By con
trast, reproduction of G. ruber (pink) is considerably
reduced below and above the isotopic optimum tem-

5. Reliability of the model
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tive of the two species. Its optimum temperature is
around 27°C and the slope of the regression is small
(S = 0.38). G. sacculifer has its apparent optimum
temperature near 22°C, and it seems to be less tem
perature sensitive than G. ruber (pink) (S = 0.54).
To calculate aF from S with Eq. 5 we need the
standard deviation (aw) of SSTs of our sampies. We
determined a value of 1.6°C by calculating the stan
dard deviation of all monthly SSTs for the positions
used in this study after subtraction of the respective
annual mean. This is only a rough estimate of the
true variability because the seasonality (and thus the
variability) is not really constant for our sampies.
However, using the approximated optimum temper
ature (Top,) and the temperature sensitivity (aF), we
can now estimate the frequency distributions of the
two species (Fig. 7). This will allow us to test our
results for Top, and aF with independent data.

Fig. 6. Isotopic temperatures averaged in one-degree classes of
annual mean temperatures of Levitus and Boyer (1994) for the
seasonality range between 3.13 to 5.29°C. afand 'l;,pt are the
temperature sensitivity and optimum temperature calculated from
the respective regression equation.

16 18 20 22 24 26 28
Average Temperature of Class (Oe)

sensitivity is related to the slope (S) as described by
Eq. 5. A broad aF leads to a steep slope close to the
1: 1 line (low temperature sensitivity), whereas a nar
rowaF results in a flat slope (high temperature sensi
tivity). To estimate Sand Topt> we fitted a regression
line through the data. The optimum temperature of
the two species can be estimated from the regression
equations by setting x = y. G. ruber (pink) seems
to be the warmer and the more temperature sensi-
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Fig. 7. Theoretical frequency distributions of G. rubel' (pink) and G. sacculifer inferred from the regression equations in Fig. 6,
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Fig. 8. Comparison of Topl with the results from culture experiments of Bijma et al. (1990). This study shows the response of vital
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vessel undergoing gametogenesis at a certain temperature.
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perature. Thus, the vital processes of G. ruber(pink)
appear to be more strictly limited by temperature
variation than those of G. saccullfer.

A second indication of the dissimilar responses
of G. ruber (pink) and G. sacculifer populations
to temperature COmes from the open ocean. Ottens
(1991) collected planktic foraminifera from eastern
North Atlantic surface waters. The concentrations
of G. ruher (pink) and G. saccul~fer are shown in
Fig. 9, overlain with our estimated optimum temper
atures and temperature sensitivities. The frequency
distribution of G. saccul~fer is very weIl centered
around the isotopic optimum temperature, reaching
maximum concentrations close to 22°C. The con
centrations of G. ruber (pink) are very low in the
Ottens (1991) transect reaching maximum numbers
of 3 ind.110 m'. Highest concentrations, however,
were found around 27°C, the optimum temperature
inferred from oxygen isotopes.

The temperature sensitivity is not so easy to eval
uate. A snapshot, like the transect of Ottens (1991),
taken over a short time period could also be influ-

enced by processes not directly related to temper
ature, e.g, the monthly 01' bimonthly reproduction
cycle of the species (Hemleben et al., 1989; Erez et
al., 1991). Therefore, to get a bettel' representation
of concentration vs, temperature, we averaged all
concentrations of Otten's G. saccul~fer and G. ruber
data over one-degree temperature classes (Fig. 10).
Assuming that the flux of planktic foraminifera to
the seafloor is proportional to the concentration in
surface water, we can now use the real frequency
distribution to calculate the temperatures recorded by
the respective foraminiferal species. This provides an
independent test for our 'isotopic-temperature-sensi
tivity estimate'. To be comparable with the surface
sediments, we used the same normal temperature
distribution as for the oxygen isotope calculations
(o-w = 1.6°C). Fig. II shows a comparison of the
recorded temperatures derived from oxygen isotopes
and the recorded temperatures derived from the Ot
tens (1991) data. Generally, the slopes of the two
lines are in fairly good correspondence with each
other for G. sacculifer, suggesting that the sensitivity
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Fig. 10. Concentrations of G. sacculifer (A) and G. rubel' (pink)
(B) averaged within one-degree temperature classes. Discrete
data are given in Fig. 9 (Ottens, 1991).

Fig. 11. Comparison of the recorded temperature calculated from
the regression in Fig. 6 (line) with the recorded temperature
calculated from the real distribution of the species in surface
waters (e) from the Ottens (1991) data. We also assumed a
normal distribution of temperatures and a aw of 1.6°C for the
calculation of the recorded temperatures with the Ottens (1991)
data.

estimate obtained using Mix's model is in accor
dance with real data from the water column. It must
be noted, however, that some evidence exists that G.
sacculifer adds a secondary layer of calcite at the end
of its life cycle, which makes the final 8180 value of
the shell up to 0.9%0 greater with respect to the initial
shell (Duplessy et al., 1981). This secondary calcite
should shift the regression line in Fig. 11 towards
colder isotope temperatures and our estimation of
the optimum temperature would be to low. In this

case, however, we need an alternative explanation
for the maximum abundance of G. sacculifer around
22°C in the data set of Ottens (1991).

An offset of about 1.5°C occurs for the two lines
for G. ruber (pink). One contributing factor to this
could be a vital effect of G. ruber (pink). Negative
offsets between -0.2 to -0.8%0 have been reported
by different authors (Deuser and Ross, 1989, and ci
tations therein). This would cause G. ruber (pink) to
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(7)

show a too-warm optimum temperature. The sensi
tivity estimate would be unaffected by a constant vi
tal effect. In addition, the large error associated with
the low concentrations of G. ruber (pink) in the work
of Ottens (1991) could bias the estimation of the
recorded temperature. However, our data show that
the simple model provided by Mix is a good first
order approximation for the real temperature depen
dency of the flux of G. ruber (pink) and G. sacculifer
to the seafloor, at least over longer time periods.

6. Influence on the isotope-temperature record

Using the estimated optimum temperature and
temperature sensitivity, we can now model the in
fluence of the temperature-dependent flux on the
isotope temperature recorded in the sediment. We
performed two sensitivity tests. For the first test we
assumed that the temperature variability (O'w) oscil
lates between 0 and 2°C around a mean temperature
(Tm) of 25°C (Fig. 12). The recorded temperatures of
the two species diverge from the point where temper
ature variability starts to increase. The reason is that
as soon as the temperature range starts to increase
both species have the opportunity to develop in the
season of their temperature preference, which is the
summer for G. ruber (pink) and the winter for G.
sacculifer in this experiment. To show that such a
response can actually be observed in the oxygen-iso
tope record, we compared two cores from regions
with different surface-water seasonalities (Fig. 13):
GeoB 1523 is from the western equatorial Atlantic,
where today's seasonality is small « 10c), while
GeoB 1112 was recovered from the eastern equato
rial Atlantic (Wefer et al., 1996) where the seasonal
contrast in temperature is as high as 5°C. 8180 dif
ferences of up to 1%0 are clearly illustrated in GeoB
1112. In contrast, Holocene differences in GeoB
1523 are near zero. GeoB 1112 reveals another in
teresting feature: minima and maxima of the two
isotope records are sometimes shifted with respect to
each other. We tested whether such a phenomenon
could also be due to temperature sensitivity. To this
pUl-pose, we conducted a second sensitivity test with
temperature variability (O'w) being phase shifted by
90° relative to temperature. As can be seen in Fig. 14,
such a combination causes a phase lag between min
ima and maxima of the two temperature records.

Consequently, we can speculate that the phase of
late Quaternary isotope records, which is a mixture
of ice volume and recorded temperature, may be
influenced by the temperature sensitivity of planktic
foraminifera.

7. Towards an isotopic transfer function

As noted previously, on the one hand, the oxy
gen-isotope record can be distorted by the temper
ature sensitivity of planktic foraminifera. On the
other hand, this distOltion provides new opportu
nities for paleoceanographic reconstructions. The
oxygen isotope difference between different planktic
foraminiferal species has been suggested as a tool for
the estimation of seasonality (Deuser, 1978; Deuser
and Ross, 1989). How seasonality can be quantified,
however, is still unclear. In this section, we will
demonstrate how this may theoretically be achieved.
The distribution of surface water temperatures can be
described by two parameters, the mean temperature
(Tm) and the temperature variability (O'w). In princi
pIe, these variables can be calculated by formulating
Eq. 4 for two different temperature-sensitive species
[e.g. G. sacculifer and G. ruber (pink)] and to solve
for one variable. This method, however, requires an
isotopic (recorded) temperature (~), which can be
calculated via Eq. 6, if 8w is known for the time
of calcification. Unfortunately, 8w can not be deter
mined as precisely as necessary for the past to obtain
good isotopic temperatures. It is, therefore, more
promising to use three species with different temper
ature sensitivities. Assuming that seasonal variations
of 8w are smalI, we can calculate the temperature
di fference of the recorded temperatures (I':,. Tr) for the
species 1 and 2 (and similarly for species 2 and 3)
with the formula:

1':,.8 180(12)
I':,.Tr(l2) = 0.22

Rewriting Eq. 4 for a temperature difference
(I':,.Tr) between species land 2 (and similarly for
species 2 and 3) yields:

(
O'F(I) O'F(2))

1':,.7;.(12) = Tm
O'w + O'F(I) O'w + O'F(2)

O'w O'w+ Topt(l) - T opt (2) (8)
O'w + O'F(I) O'w + O'F(2)
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Fig. 15 illustrates the method. The possible com
bi nations of Tm and (fw for one ~ Tl' of two species
is represented by a single line. The crosspoint of
the two lines is the only possible combination of
Tm and (fw for two ~ Trs derived from the same
hydrographie situation.

We can now combine Eqs. 8 and 9 to eliminate
Tm and to calculate (fw:

(fw = [~Tr(12) . (fF(2) ((fF(1) - (fF(3»

-~Tr(13) . (fF(3) ((fF(1) - (fF(2»]

X [(~T,)Pt(12) - ~Tr(l2»((fF(l) - (fF(3l)

- (~Topt(13) - ~Tr(13»((fF(l) - (fF(2» r J

(10)

and

(fF(3) )

(fw + (fF(3)

(fw (fw+ Topt(2) ----- - Topt (3) -----
(fw + (fF(2) (fw + (fF(3)

(9)

Now that we can calculate 1;11 and (fw, we can also
calculate Tl' for each individual species with Eq. 4.
This, in turn, enables us to calculate the isotopic
composition of seawater by solving for 0" in Eq. 6.
Theoretieally, the 'three-species approach' described
here should work in the ocean as long as temper
atures are truly normally distributed. Based on the
past 50 years of observations this assumption seems
to be unrealistic in some places. Today, especially in
regions with high seasonality, temperatures are often
bimodally distributed. However, the normal distri
bution may be a good approximation for abimodal
distribution if the means of the two subpopulations
are close to each other.

8. Conclusions

Mix's model was originally designed to illus
trate the influence of the temperature distribution at
the sea surface on the temperature recorded in the
sediment and not for real application. Our results
indieate that some observable phenomena ean be
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simulated with this model. Temperature sensitivity
and optimum temperature of G. sacculifer and G. ru
her (pink) derived from Holocene sediment surfaces

are in accordance with data from the water column
and from laboratory studies. We have demonstrated
that temperature sensitivity can inftuence amplitude
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and phase of the oxygen-isotope record in the sedi
ment. A simple linear 'calibration' does not account
for this distortion, because the slope of the relation
between recorded temperature and SST is dependent
on both the seasonality and the mean temperature.
This makes it difficult to estimate 818 0 values of
seawater from core top calibrated 8180 values for
G. ruber (pink) and G. sacculifer. However, if the
temperature sensitivity is known for at least three
species, it is theoretically possible to derive a set
of equations which allow us to calculate mean and
variability of SSTs, and 8180 of the surface ocean.
In the future, the model of Mix should be further
refined to reftect more realistic assumptions concern
ing the distributions of temperature and foraminiferal
abundance.
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Abstract

Glacial-interglacial differences in 8 180 values of Globigerinoides sacculifer have
been mapped in the western and central tropical Atlantic using data from surface and

core sediments. Glacial-interglacial differences in the western tropical Atlantic, if

attributed to temperature changes only, are at odds with temperature reconstructions

performed by CLIMAP. In the Ceara Rise region ~8180 values exceeding 2%0 are

recorded. They can only be partly attributed to changes in the precipitation

evaporation regime, i.e., higher salinities and 180-enriched precipitation. An

additional cooling of 1-2 °C as compared to CLIMAP's results is required to

balance the 8 180 record. Thus, temperature changes from glacial to modern times

amount to 2-3 °C in the tropical Atlantic off the northern coast of Brazil.

Introduction

61

Oxygen isotope ratios (8 180) of foraminifera have long been used to assess glacial

interglacial climate changes. The 8 180 values of the foraminiferal calcite tests are related to the

temperature and the isotopic composition of the ambient seawater (Emiliani, 1955). During

glacial periods both parameters were different from today. Sea-surface temperatures (SSTs)

were globally lower in glacial times, although the magnitude of the cooling in tropical regions is
debated within the scientific community (see discussion in Broecker, 1996). The seawater was

enriched in 180 due to preferential removal of the lighter 160 isotope during evaporation and its
storage as ice on land.

The last glacial maximum (LGM) 18 thousand years ago and the present represent end

members of climate states. Broecker (1986) used core-top sampies and LGM samples from the

world oceans to estimate glacial-interglacial temperature changes comparing the 8 180 values of

benthic and planktonic foraminifera. He concluded that tropical SSTs were lower by not more
than 2 °C at the LGM. During the past 10 years a number of new studies in different regions of

the tropical Atlantic significantly improved the oxygen isotope record of planktonic foraminifera

for the late Quaternary. The purpose of this study is to bring together these data and shed light
on regional differences within the glacial tropical Atlantic concerning the oxygen isotope

patterns of the planktonic foraminifer Globigerilloides saccul(j'er . Our results show that in the

western tropical Atlantic, low glacial-interglacial SST changes, as reconstructed from foramini

feral census count data (CLIMAP Project Members, 1981), are in contrast to the oxygen

isotope record, whereas both records are in good agreement in the other regions. We disCllSS

these patterns and their implications for regional changes in the hydrological cycle and glacial
tropical SSTs.
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G. sacculifer is an abundant, surface-dwelling foraminifer of the tropical and
subtropical oceans and is assumed to record mixed-layer conditions (e.g., Fairbanks et al.,
1982), although some influence of deeper waters due to secondary calcification is reported
(Duplessy, 1981). We used ÖI80 data of G. sacculifer from 43 surface sediment samples taken
from the tropical Atlantic between lat lOoS and lOoN and between long 500 Wand OOW (partly
published in Mulitza et al. , 1997). We exclusively used data from undisturbed sediment
samples recovered by multicorer or giant box corer (Fig. 1A). The LGM samples were taken
from 13 gravity cores; ÖI80 values of these samples were measured in our laboratory (partly
published in Dürkoop et al. , 1997; Meinecke, 1992; Mulitza, 1994; Wefer et al. , 1996).
Results of ÖI8 0 measurements of another 17 cores reported in the literature were included
(Curry and Crowley, 1987; Curry and Oppo, 1997; Emiliani, 1955; Kähler, 1990; Kassens
and Sarnthein, 1989; McIntyre et al., 1989; Mix and Ruddiman, 1985; Sarnthein et al., 1984;
Showers et al. , 1997; Sikes and Keigwin, 1994)*. We used cores with mean sedimentation
rates higher than 2 cm/kyr in order to minimize the effects of bioturbation. In two cases
sedimentation rates were ~ 1.5 cm/kyr. All downcore records of the ÖI80 values of G. sacculifer

were compared with a stacked isotope curve (stack-2, Mix and Ruddiman, 1985). This stack
comprises 18 well-dated ÖI80 curves of planktonic foraminifera, 13 of which are based on G.
sacculifer. In all cores we deterrnined the last relative maximum in ÖI80 values before the onset
of deglaciation and averaged two or more isotope values spanning the relative maximum.
Resolution is low in three cores and the LGM seems to be represented by a single value only.
In these cases we used this one measurement. Where I4C ages were reported, they were
included in the process of deterrnining the LGM.

Data are presented as glacial to interglacial differences in ÖI80 values (L1Ö I80). They
were obtained by averaging samples within 10 specific regions where several data points
cluster and measurements of LGM samples, as weIl as surface samples, were available (Fig.
1A). Subsequently, L1Ö 180 values were compared to glacial-interglacial annual mean
temperature differences (CLIMAP Project Members, 1994). Mulitza et al. (1998) demonstrated
that SSTs as reconstructed from the ÖI80 values of G. sacculifer of their surface sediment data
set are in good agreement with annual mean temperatures taken from the World Ocean Atlas
(Levitus and Boyer, 1994).

Oxygen isotope patterns

Generally, glacial-interglacial differences in ÖI80 values range between 1.8%0 and 2.0%0
throughout the study area; the highest values were around 2.1%0 in the Ceara Rise region and in
the southeastern part of the study area. Lowest values of roughly 1.6%0 are observed off the
Brazilian coast at lat 80 S (Fig. 1B). The precision associated with these values is estimated to be
0.12%0 based on the mean standard deviation of the ÖI80 values measured within the 10 boxes.

* Surface sediment and core data are listed in Appendix A.
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Figure 1: A: Map of region studied. Filled circles mark positions of surface
sediment samples, open circles mark sediment core positions. LGM is last glacial
maximum. B: Glacial to interglacial differences in (5 180 of G. sacculifer. Several
data points close to each other were averaged in order to reduce noise.

The pattern of ~(5180 values is contrasted by SST differences as reconstructed from
relative abundance data of planktonic foraminifera (CLIMAP Project Members, 1994). We
averaged CLIMAP's warm- and cold-season temperatures to approximate annual mean
temperature differences between the glacial and interglacial (Fig. 2A). To emphasize the
discrepancy between the oxygen isotope record and the SST estimates we computed the
residual ~(5180: the regional ~(5180 values (Fig. 1B) were modified by subtracting the global
glacial-interglacial change in (5 180 of seawater of 1.2%0 (see references in Wefer et aL, 1996).
The residuals (Fig. 2B) are then compared to theoretical ~Ö180 calculated from CLIMAP
temperature changes according to the öl80-temperature relationship of Epstein et aL (1953) for
each specific region. Other reported relationships are very similar in the temperature range
encountered in the tropics (see discussion in Mix, 1987). For temperatures between 24°C and
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Figure 2: A: Glacial to interglacial differences in annual mean temperatures (we
used mean of February and August temperatures) as reported by CLIMAP Project
Members (1994). B: L\8180 residuals after subtracting global glacial effect of 1.2%0
(right bar) as opposed to theoretical ~8180 residuals (left bar) computed from
CLIMAP temperature differences of A. Note discrepancy between 8180 record and
CLIMAP temperatures in northwest. C: Glacial minus modern P-E (precipitation
minus evaporation) from atmospheric model results (Lorenz et al., 1996).
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28°C a change in Öl80 of 0.22%0 is equivalent to a 1 °C temperature change.

In the eastern, northern, and southern parts of the study area oxygen isotope signatures

of G. sacculifer are in good agreement with temperature estimates of CLIMAP. Differences

between isotope and CLIMAP-based data range from 0%0 to 0.2%0. Toward the western part of

the study area these differences increase, reaching a maximum of 0.66%0 in Ceara Rise

sediments. Here, measured ~Ö180 are largest (0.88%0) and would be equivalent to a 4 °C

temperature decrease if attributed to temperature alone. Glacial annual mean SSTs according to

CLIMAP were only 1 °C lower than today in the same region.

Discussion

How much of the observed high glacial-interglacial differences of ÖI80 in the Ceara

Rise region can be attributed to changes in ÖI80 of seawater (ÖI80 w)? Whereas Curry and Oppo

(1997) interpreted the ÖI80 signature from aCeara Rise core as a SST decrease alone (> 4°C),

we believe that our data reflect both decreased temperatures and increased ÖI80 w during the

LGM. Since the Ö180 w is related to the sea-surface salinity, the planktonic foraminiferal oxygen

isotope signature can also be interpreted in terms of salinity changes (e.g. Keigwin and Boyle,

1989; Duplessy et al., 1991; Rostek et al., 1993). Dürkoop et al. (1997) adopted mean tropical

temperature changes of 2 °C (CLIMAP Project Members, 1981) and infered local salinity

(evaporation - precipitation) increases amounting to 1.7%0 in addition to the glacial effect by

subtracting the temperature effect from their Ö180 record. Our approach is to evaluate the

plausibility of changes in Ö180 w and salinities, and then discuss the consequences for glacial

western equatorial SSTs.

Like salinity, the Ö180 of seawater depends on the evaporation-precipitation (E-P)

balance. Therefore, in general, there are regionally applying, linear relationships between the

two parameters (Craig and Gordon, 1965; Fairbanks et al., 1992). Unlike salinity, the Ö180 w

also depends on the isotopic content of the precipitates. Consequently, the öl80-salinity

relationship has to be reevaluated for the past owing to changes in global glacial effects and

regional changes in the isotopic signatures of precipitation.

We assurne here that salinity and Ö180 w are determined by the simple mixing of a fresh

water end member (local precipitation and river runoff) and a salt-water end member (subtro

pical conditions with maximum salinity). Examination of former reports of regional Ö18 0_

salinity relationships of the Atlantic (Fairbanks et al., 1992; Pierre et al., 1991) reveals that all

linear equations are in fact bounded by an upper salinity limit of about 37.2%0 and a maximum

ÖI80 w of around 1.3%0.
Evaluation of regional changes in ÖI80 w and salinity (E-P) involves three steps: 1. The

salinity in the northwestern equatorial Atlantic is estimated to have been increased by 0.7%0 due

to significantly reduced precipitation in addition to the global salinity increase. 2. The Ö180_

salinity relationship is corrected for global effects and for increasing ÖI8 0 values of

precipitation in the northwestern equatorial Atlantic. 3. The estimated salinity is inserted in the

modified öl80-salinity equation.
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Evidence exists from observations and modeling studies that the climate at the LGM
might have been drier in the Amazon basin region and off the coast of northeast Brazil
(Clapperton, 1993; van der Hammen and Absy, 1994; Lorenz et a1., 1996). Clapperton (1993)
estimated areduction in precipitation by roughly 50% for the Amazon basin. Lorenz et a1.
(1996) perfOlmed a LGM run with the atmospheric general circulation model ECHAM3. Figure
2C shows the change in precipitation minus evaporation (P-E) and the significantly lower P-E
values off the northeastern coast of Brazi1. We assume that the present salinity difference
between the subtropical salt-water end member and the Ceara Rise located in the Inter tropical
convergence zone is halved during the LGM (0.7%0 as opposed to 1.4%0). The global glacial
interglacial salinity change is estimated to be 1.1%0 (Rostek et al., 1993). As a result the salinity
at the Ceara Rise increased by 1.8%0 to approximately 37.6%0 compared to 35.8%0 at present
(Table 1). Salinities (and (5 ISOw values) ofthe northwestern equatorial Atlantic equal 01' higher
than in the subtropics are considered unlikely because the underlying mechanism creating the
salinity gradient between the inner tropics and the subtropics is the Hadley circulation. The
strength of the Hadley cell may have been reduced (Gates, 1976), but there is no evidence that
it vanished during glacial times.

TABLE1. SALINITY AND ISOTOPIC COMPOSITION AT THE SEA SURFACE

Location Salinity 0180 Ll0 180
(%0) (%0, SMOW)* (%0)

Modern situation
Ceara Rise
subtropical maximum

35.8t
37.2

0.92
1.17

Glacial situation
Ceara Rise 37.6 2.32
subtropical maximum 38.3 2.39

*SMOW is standard mean ocean water.
tmodern salinity value is taken from Levitus et al. (1994)

1.4
1.2

Secondly, we modified the linear relation between (5 IS0 w and salinity (E-P) for today's
tropical Atlantic (based on data from GEOSECS Executive Committee, 1987) (Fig. 3).
Reduced precipitation in the west would have been accompanied by increased (5 ISO values of
precipitation in the eastern Amazon basin and off the northern coast of Brazil (Hoffmann,
1995) due to the inverse relationship between the precipitation rate in the tropics and its ISO
content (Dansgaard, 1964). Thus we shifted the fresh-water end member by 4%0 on the basis
of modeling results by Hoffmann (1995), who incorporated (5 ISO in the atmospheric circulation
model ECHAM. The salt-water end member was shifted based on global effects only, which
are 1.2%0 in (5 ISOw and 1.1%0 in salinity (Rostek et al., 1993).

Inserting today's and the estimated glacial salinity values far the Ceara Rise region into
the respective (5ls0-salinity equations (Fig. 3) gives (5 IS0 w values of 0.92%0 and 2.32%0, re

spectively. Thus (5 IS0 w was increased by 1.4%0 during the LGM (Table 1) which is only 0.2%0
more than the global effect of 1.2%0 already considered in Fig. 2B. As much as 0.68%0 in the
Ceara Rise region remains to be explained in terms of temperature amounting to about 3 oe.
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Figure 3: Modification of ö180-salinity relationship for northwestern equatorial
Atlantic as described in text. Today's relation is based on GEOSECS Executive
Committee (1987) data from between 300 S and 300 N in Atlantic. It is similar to
relationships as reported by Ferronsky and Brezgunov (1989) and Fairbanks et al.
(1992).

Irnplications

Plausible changes in the regional evaporation-precipitation regime of the northwestern

equatorial Atlantic as described here can only explain 0.2%0 of the oxygen isotope patterns, as

depicted in Figure 2B. The remaining residual ßÖ 180 of 0.4-0.68%0 in the four northwestern

equatorial Atlantic boxes have to be interpreted in terms of temperature changes. We conclude

that the oxygen isotope record of G. sacculifer is roughly in agreement with temperature

estimates by CLIMAP in the central to eastern equatorial Atlantic. After considering plausible

changes in salinity and the hydrological cycle an additional cooling of 1-2 °C as compared with

CLIMAP is needed in the northwestern equatorial Atlantic amounting to 2-3 °C lower SSTs at

the LGM.

Another explanation could be an even further increased salt buildup in the entire Atlantic

due to water vapor export to the Pacific, as suggested by Broecker (1989). This would enable

us to explain the high ßÖ 180 values in the west, but would leave us with mismatches in the

other regions of the study area, where good agreement (according to Figure 2B) is observed. In

view of our data we consider this hypothesis unlikely.

We think that reevaluation of late Quaternary tropical temperatures based on relative

abundances of planktonic foraminifera, such as the classic CLIMAP data set, may be

necessary. Planktonic foraminifera assemblages in the tropics may be controlled by factors

other than temperature (Molfino et al., 1982; Ravelo et al., 1990). Mixed-layer thickness rather

than temperature exerts the dominant control on tropical foraminiferal assemblages (Andreasen

and Ravelo, 1997).
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A temperature change in the northwestern equatorial Atlantic of 2-3 °C as depicted in
this study represents an intermediate estimate between the results of CLIMAP (~1 °C) and

tropical SST estimates from corals (Guilderson et al. , 1994) (~5 °C) and from the South

American continental record (e.g., Stute et al., 1995; Thompson et al., 1995) (5-6 °C). Recent

results from a coupled ocean-atmosphere model (Ganopolski et al. , 1998) also suggest

intermediate cooling rates of about 3.3 °c in the tropical Atlantic.
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Abstract

A Modern Analog Technique using planktonic foraminiferal abundance data was
designed in order to reconstruct thermocline depths in three gravity cores from the
tropical Atlantic. The method was tested on the reference data set showing a strong

dependency of the foraminiferal assemblages on thermocline depth. Application to
sediment cores from the eastern and the western equatorial Atlantic shows opposite
fluctuations in mixed layer thickness throughout the last 250 000 years. In general,

the thermocline deepens in the west and shallows in the east during glacial stages
due to stronger zonal trade winds. During interglacials the system relaxes and the
thermocline is relatively shallow in the west and relatively deep in the east. While
the eastern core shows a pattern characterized by the precession cycle, the western
equatorial Atlantic cores as weIl as an east-west thermocline gradient curve display
marked characteristics of southern hemisphere temperature changes. We compare
the east-west difference in thermocline depth with tropical-subtropical sea surface

temperature differences derived from two South Atlantic gravity cores using
alkenone paleotemperature estimates. The similarities of the curves in both shape
and timing indicate a major influence of South Atlantic meridional temperature
gradients on the southem trade wind system, especially in the western sector.

Introduction

73

Upper layer characteristics of the tropical oceans are essential in understanding the role
of the ocean as an important part of the earth's climate system. Besides sea water properties
such as temperature and salinity the structure of the water column is of particular interest. The
stability of the water stratification plays an important role in the formation of subsurface water
masses. Changes in stratification through time may thus influence global ocean circulation
patterns. Getting hands on these changes in the past might improve our understanding of

climate changes in both future and past.

Today, the upper equatorial Atlantic is a nearly perfect two layer system, consisting of
warm surface water separated from the underlying central waters by a sharp thermocline
(Hastenrath and Merle, 1987). The structure of the tropical thermocline is directly related to the
wind stress excerted at the sea surface. Seasonally varying SE-trades promote an east-west
asymmetry of equatorial mixed layer thickness. In boreal summer, enhanced wind stress
induces upwelling in the east and piles up water in the west, progressively deepening the
thermocline towards the South American coast (Fig. 1). Water accumulating in this manner at
the western boundary escapes in part as eastward flowing under-currents and counter-currents.
Also a substantial amount ofwater is exported into the North Atlantic (Flagg et al. , 1986; lohns
et al., 1990). This through-flow is the main pathway for the transport of surface and
thermocline waters into the North Atlantic, required to balance the southward cross-equatorial
transport ofNorth Atlantic Deep Water (Sverdrup et al., 1942). Decreasing wind stress in
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Figure 1: Tropical Atlantic wind system and hydrography. Upper panels: wind
direction and location of the ITCZ in boreal summer and winter (after Open
University Course Team, 1989). Positions of cores used in this study are marked
by filled circles. Lower panels: isotherms of a zonal profile along the equator during
the respective seasons (data from Levitus and Boyer, 1994).

boreal winter leads to relaxation of the E-W thermocline gradient.
It has been proposed that the modern seasonal cycle might be an analog for changes of

the late Quaternary trade wind system in the tropical Atlantic (McIntyre et al., 1989; Wefer et
al., 1996). In a number of studies (Mix et al., 1986; Ravelo et al., 1990; Schneider et al., 1995;
Rühlemann et al., 1998) it has been shown that the thermocline shallows in the eastern
equatorial Atlantic during glacials due to enhanced zonal trade winds and a reduced African
monsoon. Curry and Lohmann (1990) speculated about contemporaneous deepening of the

thermocline in the west.
The purpose of this paper is to check whether the thermocline in the western and eastern

tropical Atlantic react in opposite ways on late Quaternary changes in trade wind intensity (the
tropical Atlantic seesaw). To address this question we use a Modern Analog Technique in
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conjunction with foraminiferal census counts in order to reconstruct thermocline depths in three
cores in the equatorial Atlantic.

The western equatorial Atlantic cores do in fact show significant deepening of the
thermocline at times of thermocline shallowing in the east in analogy to the seasonal cycle. East
west differences display major similarities with global ice volume curves but leading the ice
volume signal by several millennia. Our results suggest an important role of South Atlantic
meridional temperature gradients as a forcing mechanism on the equatorial trade wind system.

Tropical Atlantic wind system and ocean circulation

Today the Intertropical Convergence Zone (ITCZ) is situated in the Northern
Hemisphere for much of the year. During boreal summer, it is located at its northernmost
position at about lOoN and strang SE-trades invade the northern hemisphere and accelerate the
South Equatorial Current to its maximum strength. Radiative heating of the north African land
mass leads to formation of low atmosheric pressure over the continent which causes strang
southerly monsoonal winds. Moisture-Iaden airmasses deliver intense precipitation to
Northwest Africa. Simultaneously, the westward wind stress excerted by the SE-trades
accelerates the South Equatorial Current which deepens the thermocline in the west and shoals
the thermocline in the east (Fig. 1).

The maximum in strength of the SE-trades coincides with a maximum in the zonal
component of the SE-trades and with the maximum in tropical-subtropical temperature
difference in the South Atlantic (Fig. 2). Flow of the North Brazil Current into the northern
hemisphere is also at its seasonal maximum. Sea surface temperatures are lowest in the eastern
basin due to divergence and upwelling of cold water (Hastenrath and Merle, 1987; Molinari et
al. , 1986) and the North Equatorial Counter-Current (NECC) accelerates to its maximum
strength.

In boreal winter the ITCZ migrates to its southernmost position at the equator. The NE
trades reach their maximum strength and climate is relatively dry over the Sahara and Sahel. At
the equator, the east-west pressure gradient and the thermocline asymmetry relax, the seesaw
swings back. Below the unsteady winds at the equator, the NECC is weak 01' even reverses in
spring (Richardson et al., 1991). At this time of the year sea surface temperatures are highest in
the eastern basin, owing to the shutdown of trade wind driven equatorial upwelling. Sea
surface temperatures in the west are relatively stable throughout the year, while they show large
seasonal variations in the east.
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Figure 2: Seasonal cycle of tropical-subtropical temperature gradient and
westward windstress along the equator. A: temperature gradient between core
locations GeoB 1523 (western equatorial Atlantic) and GeoB 1028 (eastern
subtropical South Atlantic at Walvis Ridge) as taken from Levitus and Boyer
(1994). B: zonal wind component (westward wind stress) averaged for the zone
between 50 S and 5°N in the tropical Atlantic (data from Picaut et al., 1985).

Materials and methods

Cores and Stratigraphy

We computed the depth of the theilliocline for the last 250 kyrs in three tropica1 Atlantic
gravity cores. Core GeoB 1105-4 was recovered from the equatorial divergence east of the mid
ocean ridge. Cores GeoB 2204-2 and GeoB 1523-1 were obtained from the western equatorial
Atlantic (Fig. 1). Station GeoB 2204 is located on the continental shelf of the Pernambuco
Coast off Brazil while GeoB 1523 is located on the Ceara Rise off the northern coast of Brazil.
The cores have sedimentation rates between 2.5 (GeoB 1523-1) and 4.5 cm/kyrs (GeoB 1105
4). Foraminiferal census counts were performed on samples taken at 10 cm intervals. The
average resolution, therefore, is between 2 and 4 kyrs in our cores. Age scales are based on
oxygen isotope stratigraphy using the surface dwelling foraminifer Globigerinoides sacculifer

(without saclike chamber) in cores GeoB 1523-1 (Mulitza et al. , 1998) and GeoB 2204-2
(Dürkoop et al., 1997) and the benthic foraminifer Cibicoides wuellerstorfi in core GeoB 1105
4 (Bickert and Wefer, 1996). All downcore oxygen isotope measurements were made at depth
intervals of 5 cm. The oxygen isotope curve of GeoB 1105-4 was compared to a second
oxygen isotope stratigraphy for core GeoB 1523-1 based on C. wuellerstorfi (Mulitza et al.,
1998) in order to avoid time lags between age scales based on benthic and planktonic
foraminifera. In all cases isotope events were determined by comparison with the SPECMAP
time scale (Imbrie et al., 1984). Fig. 3 displays oxygen isotope stratigraphies of the cores used
in this study.
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Figure 3: Oxygen isotope stratigraphy of the three cores used for thermocline
reconstructions. In core GeoB 1105-4 the benthic foraminifer C. wuellerstoifi was
used because oxygen isotope curve of the planktonic foraminifer G. ruber was
difficult to interpret probably due to the position of the core in the equatorial
upwelling region. Stratigraphies for cores GeoB 2204-2 and 1523-1 are based on
planktonic foraminifer G. sacculifer. A second curve for GeoB 1523-1 (C.
wuellerstoifi) is shown in order to demonstrate that no significant time lag between
benthic and planktonic signals exist.

Reconstructing thennocline depth
Foraminiferal census counts have extensively been used for reconstructing sea surface

temperatures (CLIMAP, 1976; CLIMAP, 1981; Prell, 1985; Pflaumann et al., 1996). They
presume that foraminiferal assemblages are primarily controlled by temperature. Recently there
is a growing body of evidence questioning the dominant control of sea surface temperature on
planktonic foraminifera in the tropical oceans (Molfino et al. , 1982; Ravelo et al. , 1990;
Andreasen and Ravelo, 1997; Chen and Prell, 1998). In fact, thermocline structure rather than
sea-surface temperature (SST) appears to be the most important factor. Andreasen and Ravelo
(1997) were the first to use these findings and designed transfer functions to calculate
thermocline depths using planktonic foraminiferal census counts. They applied their methods to
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Pacific core data and were able to depict a steeper east-west thermocline slope along the equator
in the Pacific for the time slice of the Last Glacial Maximum (LGM).

We designed a Modern Analog Technique (MAT) to reconstruct annual mean
thermocline depth in the tropical Atlantic. We defined the depth of the tropical thermocline as
the depth of the 18°C isotherm which is approximately the depth of maximum temperature
change with depth (Houghton, 1991; Andreasen and Ravelo, 1997). When the annual mean sea
surface temperature at a location drops below 19°C, the 18°C isotherm does not longer represent
a good estimate of the thermocline depth since the point of maximum temperature change moves
down towards lower temperatures. In these cases we calculated the depth of the inflection
point. Alternatively, the inflection point could be used in all cases, but application of the MAT
to the reference sampIes yielded bettel' agreement between calculated and observed values when
the 18°C isotherm was used. Also, results are easier to compare with recent publications using
the 18°C isotherm (Chen and Prell, 1998; Andreasen and Ravelo, 1997). In all cases we used
annual mean water temperatures from Levitus and Boyer (1994).

The reference data set used comprises planktonic foraminiferal census counts of 206
surface sediment sampIes from the equatorial Atlantic between 200 S and 200 N. It represents a
subset of the SIMMAX core-top data set published by Pflaumann et al. (1996). For this study
the original data were reduced to 27 planktonic foraminferal species in both reference data set
and in the core data sets.

Our modern analog technique uses the squared chord distance as dissimilarity index.
This index was proposed by Ortiz and Mix (1997) as the most reliable which we can confirm
by own unpublished results. Andreasen and Ravelo (1997) used this dissimilarity measure for
their thermocline reconstructions as weIl. To get a thermocline depth for each downcore
sampIe, the relative abundance data are presented to each sampie of the reference data set and a
dissimilarity index is computed. The thermocline depths of the five most similar reference
sampies are averaged and weighted according to their similarity.

In a first series of computations we applied the method to the surface sediment data set.
For each sampIe a thermocline depth was calculated using the other 205 sampIes of the data set.
Subsequently, we compared the results with the actual thermocline depths as calculated from
the World Ocean Atlas (Levitus and Boyer, 1994). In a second step we calculated thermocline
depths in the three tropical At1antic gravity cores. All time series analysis and interpolation
procedures in this study were done using AnalySeries (Version 1.0a7; Paillard et al., 1996).

Results

Core-tops

Application of the MAT to our entire core-top data set shows comparable correlation for
both temperature and thermocline depth (Fig. 4). In a second calculation we restricted our data
set to the inner tropics by allowing SST above 24°C only. On the one hand we get, as expected,
a weaker correlation between calculated and measured SST. On the other hand, calculated
versus measured annual mean thermocline depths still show a good correlation covering almost
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the whole spectrum of existing thermocline depths in today's ocean. Therefore, it is reasonable
to argue that in the inner tropics thermocline structure is more important than temperature in
determining the overall planktonic foraminiferal assemblages as has previously been stated
(Molfino et al., 1982; Ravelo et al. , 1990; Andreasen and Ravelo, 1997; Chen and Prell,

1998).
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Figure 4: Results of MAT when applied to the reference data set and to a reduced
reference data set. Upper left: MAT-derived thermocline depths are plotted against
measured thermocline depth as deduced from the World Ocean Atlas (Levitus and
Boyer, 1994). Upper right: MAT-temperatures vs. measured temperatures. Lower
left and right: The reference data set was reduced so that locations with annual mean
temperatures above 24°C were considered only. MAT-temperatures show weaker
correlation while thermocline reconstructions are comparable to those achieved with
the entire reference data set.
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Downcore thermocline reconstructions

Inspeetion of the time series of thermocline depth calculated for our three tropical cores

reveals roughly opposite trends in the west as compared to the east (Fig. 5). When the

thermocline deepens in the west, it shoals in the east and vice versa. In general, this pattern can

be regarded as a glacial-interglacial feature with increasing contrast in thermocline stmcture
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Figure 5: Thermocline reconstmctions for cores GeoB 1105-4, 2204-2 and 1523
1. Each curve is represented by a time series of the calculated values (solid line with
black dots) and a smoothed time series aehieved with a three point mnning mean
(solid line). Note the opposite trends in the eastern (1105-4) and the western (2204
2, 1523-1) equatorial Atlantic.

between the two regions during glaeial stages. Espeeially the early part of isotope stage 2

shows significant deepening of the thermocline in the west contras ted by a shallower
thermocline in the east. Cores GeoB 2204-2 and GeoB 1105-4 best doeument the opposite

behaviour of the thermocline in the west in eontrast to the east. Today, annual mean thermocline

depth is 174m at GeoB 2204, 144 m at GeoB 1523 and 72 m at GeoB 1105. For cores GeoB

1105-4 and 1523-1 these depths are closely matched by our eore-top sampIe estimates. In eore

GeoB 2204-2 the upper 14 em are missing so that our thermocline estimate of the first sampIe

reflects Mid-Holocene rather than today's conditions.

In stage 2 through stage 4 the contrast between the basin parts is at a maximum while

the situation during stage 5 is comparable to today. Stage 6 shows a slight deepening of the
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thermocline in the west in core GeoB 2204-2, but not in the northern core GeoB 1523-1.
During this period, the thermocline shallowed in the east. The strong east-west contrast as
recorded for the last glacial stage, however, is not recorded for stage 6. Stage 7 does not show
distinctly opposite trends in cores GeoB 2204-2 and GeoB 1105-4.

Comparing core GeoB 1523-1 with GeoB 2204-2 reveals that there are differences
between thermocline characteristics in the northern and the southern part of the western
equatorial Atlantic. While the more southerly core 2204-2 records a deep thermocline from
stage 2 throughout the later part of stage 4, core 1523-1 shows significant lowering of the
thermocline only during the later part of stage 3 and the early part of stage 2 suggesting that the
governing mechanisms of upper water stratification are different in the Ceara Rise Region as
opposed to the tropical Atlantic off the Pernambuco Coast of Brazil.

Generally, amplitudes of thermocline depth fluctuations are higher in the west (100 m)
as compared to the east (50 m)(Fig. 5). Interestingly, temperature reconstructions from MAT
based on the same data did only show minor fluctuations in core GeoB 2204-2 (own
unpublished data). Thus, the species composition of the sediments may record considerable
variations in thermocline depth while temperature changes are not reflected in the foraminiferal
assemblages.

In order to demonstrate the east-west asymmetry in thermocline depth throughout the
last 250 kyrs we calculated differences in thermocline depth between cores GeoB 2204-2 and
GeoB 1105-4. The cores were brought on the same time scale by linear interpolation at 500
years intervals before subtraction. The difference curve can be regarded as a measure of the east
to west thermocline gradient. In Fig. 6 the time series of the thermocline gradient is plotted
together with the SPECMAP curve (Imbrie et al. , 1984), the smoothed thermocline depth
curves of cores GeoB 2204-2 and Geob 1105-4, and a northern hemisphere summer insolation
time series (lune through September, 200 N). The latter is taken as a representative curve for the
strength of the African monsoon system.

The thermocline depth time series for core GeoB 1105-4 closely matches the northern
hemisphere insolation curve suggesting a dominant control of the African monsoon on eastern
equatorial Atlantic thermocline characteIistics.

The thermocline gradient time series is roughly shaped like the SPECMAP curve
suggesting an important influence of either global ice volume 01' higher latitude SSTs.
Moreover, a significant shift between the SPECMAP curve and the thermocline gradient curve
exists with the thermocline asymmetry leading the ice volume by several thousand years. This
feature is particularly expressed at termination 11. The shift associated with stage 2 and
termination I is smaller.

The thermocline gradient curve is also compared with alkenone-derived sea surface
temperature reconstructions (Fig. 7) of cores GeoB 1523-1 (Rühlemann, 1996) in the western
equatorial Atlantic and GeoB 1028-5 (Schneider et al. , 1995) in the subtropical southeast
Atlantic (Fig. 1). Both cores are considered representative for tropical and subtropical sea
surface temperatures. Paleotemperature estimates are based on the calibration of Prahl et al.
(1988). Recently, this method has been extensively used in the South Atlantic (Sikes and
Keigwin, 1994; Schneider et al., 1995; Müller et al., 1997). Müller et al. (1998) demonstrated
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Figure 6: from top to bottom: boreal summer insolation curve (June - September)
at 20oN, smoothed thermocline curve of GeoB 1105-4, smoothed thermocline curve
of GeoB 2204-2, thermocline gradient curve and SPECMAP curve. Shaded area
between the eastern and western equatorial Atlantic cores demonstrates the opposite
trends in thermocline depth of both regions. The thermocline difference curve was
achieved by subtracting thermocline depth time series of GeoB 1105-4 from
thermocline depth values of GeoB 2204-2. Note similarities in shape between
thermocline difference curve and SPECMAP curve as weIl as between the insolation
curve and GeoB 1105-4 thermocline depth time series.

that South Atlantic surface sediments confirm the calibration of Prahl et al. (1988) which is
valid throughout the last 250 kyrs (Müller et al., 1997).

Temperature estimates in core 1523-1 are only available for the sediments older than 30
kyrs due to very low alkenone concentrations in the younger sediments typical for low
production areas in the western tropical Atlantic. The overall pattern in this core is characterized
by stable sea surface temperatures between 25°C and 27°C. On the contrary, subtropical core
GeoB 1028-5 from the Walvis Ridge shows strong temperature fluctuations varying between
16°C and 23 oe.
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In Fig. 8 we show a temperature difference curve computed for both cores. Both
records were interpolated at 2 kyrs intervals before subtraction. The temperature difference time
series is considered a measure for the tropical-subtropical temperature gradient in the South
Atlantic. Subsequently, it is compared to the east-west thermocline gradient curve from Fig. 6.
A remarkable similarity between both time series is obvious.
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Figure 7: Sea surface temperatures at core locations GeoB 1523-1 and GeoB
1028-5 as reconstructed by the alkenone method.

Discussion

It is generally assumed that the precessional component of insolation is the governing
mechanism of the tropical trade wind system (Prell and Kutzbach, 1987; Pokras and Mix,
1987; McIntyre et al., 1989; Schneider et al., 1995). Specifically, during interglacial periods
northern hemisphere summer insolation maxima are assumed to promote maximum monsoonal
influence coinciding with minimal zonal trade wind activity, minimal equatorial upwelling and
maxima in eastern tropical Atlantic thermocline depth (McIntyre et al., 1989). In contrast,
glacials are characterized by low northern hemisphere summer insolation resulting in weak
monsoons over Africa, strong zonal trade winds and significant decrease in thermocline depth
in the east due to increased upwelling. In general, our data from core GeoB 1105-4 confirm
these models but evidence from the western equatorial core GeoB 2204-2 emphasizes a
significant influence of ice shield extent and/or intermediate latitude SSTs. The good match
between the SPECMAP curve and our east-west thermocline asymmetry curve reinforces
speculations about further mechanisms determining the tropical wind system and sea surface
hydrography. McIntyre et al. (1989) and Mix and Morey (1996) pointed out the importance of
southern hemisphere climate change on the equatorial Atlantic. They attributed tropical
temperature changes to variations in trade wind velocity and northward advection of heat from
high southern latitudes. McIntyre et al. (1989) described the tropical Atlantic hydrography in
terms of variations in northern and southern hemisphere insolation as described above plus an

important influence of heat advection. The advective term is thought to be at a minimum during
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Figure 8: Upper curve: Differences between alkenone temperatures of western
tropical Atlantic core GeoB 1523-1 and eastern subtropical South Atlantic core
GeoB 1028-5. Middle: East-west difference in thermocline depth as shown in Fig.
6. Lower curve: SPECMAP time series. Note similarities in shape and timing of the
two difference curves and the time lag of the SPECMAP curve with respect to the
others.

times of high northern hemisphere summer insolation and at a maximum when southern
hemisphere summer insolation is high.

Gur reconstructions suggest that the higher latitude South Atlantic may playamore
important role in the tropical wind system especially with respect to the western tropical Atlantic
and the equatorial thermocline gradient. South Atlantic temperature reconstructions generally
lead global ice volume by several millennia (Hays et al., 1976; Imbrie et al., 1989; Crowley,
1992). The tropical Atlantic thermocline gradient between east and west as depicted in this
study shows a clear leading with respect to global ice volume and synchronity with respect to
the tropical-subtropical alkenone temperature difference curve as shown in Fig. 8. We thus
assume a major role of the meridional temperature gradient between the tropical Atlantic and the
higher latitude South Atlantic as a driving force of the trade wind system. Rind (1998)
demonstrated the importance of latitudinal temperature gradients in climate change. His model
results showed that increased latitudinal temperature gradients intensify the Hadley circulation
leading to stronger surface winds.

At the same time, a positive feedback mechanism may operate: Increasing temperature
gradients between intermediate and low latitudes enhance the southern trades as the lower limb
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of the Hadley circulation which, in turn, accelerates the SEC. As a result warm water is
advected to the northwest and is piled up at the east coast of Brazil, whereas cold water
temperatures are achieved in the eastern subtropical South Atlantic by intensified upwelling.
Therefore, the temperature contrast is strengthened.

This model can explain why the time series of thermocline depth of core GeoB 2204-2
as weIl as the east-west difference curve show marked similarities with ice volume and southern
hemisphere temperature curves. In contrast, the eastern tropical Atlantic (GeoB 1105-4) is
obviously much more influenced by the African monsoon system which is governed by
northern hemisphere insolation and, therefore, precessional fluctuations. Here, thermocline
depth and upwelling is tightly linked to monsoonal variations.

Core GeoB 1523-1 cannot be interpreted as straight forward as the other two cores.
Since it is located at 4oN on the Ceara Rise it is influenced by northern and southern trade winds
(Fig. 1). Explaining the downcore record involves the difficulty of differentiation between both
parts of the trade wind system. Movements of the ITCZ to the South may enhance the influence
of the northern trade winds rendering difficult a simple explanation of the record.

It is weIl known that oxygen isotope records from Antarctic ice cores and sea surface
temperature time series of the southern hemisphere lead global ice volume, oxygen isotope
records from Greenland ice cores and northern hemisphere temperature reconstructions (Hays
et al., 1976; Imbrie et al., 1989; Crowley, 1992; Sowers and Bender, 1995). In the South
Atlantic this is true for records from higher latitudes, subtropics and equatorial regions (Imbrie
et al., 1989; Schneider et al., 1995). Evidence from the Indian Ocean, however, suggests that
this effect might be restricted to the Atlantic (Bard et al., 1997) because north and south Indian
Ocean alkenone temperatures covering the last deglaciation parallel northern hemisphere time
senes.

Our data add to the evidence that consequences of Antarctic and South Atlantic climate
changes leading global and northern hemisphere signals may weIl extend north into the tropical
Atlantic. Changing temperatures in South Atlantic high and mid-latitudes modify the latitudinal
temperature gradients which in turn influence the southern trade wind system as weIl as
equatorial Atlantic thermocline characteristics. The reasons for southern hemisphere leading in a
global climatic framework, however, remain to be found.

Conclusions

Relative abundances of planktonic foraminifera can be used to reconstruct the depth of
the thermocline in the late Quaternary equatorial Atlantic. During glacials the E-W thermocline
gradient is strongest. A significant deepening of the thermocline in the west as suggested by
Curry and Lohman (1990) is in fact recorded. Contemporaneously, the thermocline shallows in
the east as a response to stronger SE-trade winds and reduced monsoonal winds. The South
Equatorial Current is accelerated. During interglacials the seesaw swings back and the
thermocline shallows in the west and deepens in the east.
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In the east the thermocline time series is matched by northern hemisphere summer

insolation curves and may thus be explained in terms of a strong monsoonal influence on the

mixed layer thickness. The thermocline in the west and the thermocline gradient along the

equator are determined by South Atlantic meridional temperature gradients and, therefore, the

South Atlantic trade wind system.
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Abstract

First a short account on climate modelling in general is given. Then the results of a
numerical simulation of oxygen isotopes in the ocean are presented.
The isotopes are added to the Geophysical Fluid Dynamics Laboratory (GFDL)
Modular Ocean Model (MOM). The model is forced at the surface by the seasonal
cycles of climatological sea surface temperature, sea surface salinity and wind
stress. The surface boundary condition on the oxygen isotopes is based on a set of
8 180 w -salinity relationships applied to the seasonal cycle of climatological sea
surface salinity.
In present-day oceanography the oxygen isotope composition of seawater 8180 w is
a tracer much like salinity. In combination with temperature and salinity it may be
used to define water masses and differentiate between the effects of local
evaporation and precipitation, sea ice formation and decay, river run-off and glacial
meltwater. We compare our results with GEOSECS 8180w data and show how
model deficiencies are reflected in the representation of Antarctic intermediate and
bottom waters.
Using a paleotemperature equation we can also compute the equilibrium
fractionation of the oxygen isotope composition of calcite 8180 c from the simulated
temperature and 8180w fields. This is of particular importance for paleoceano
graphic studies. In principle we can now check the model circulation against spatial
distributions of benthic foraminiferal 8180. But from oxygen isotope records of
benthic foraminifera at a considerable number of core sites we conclude that in
praxis the warm bias typical for many ocean models can spoil this check. In order
to supply the temperature information missing from the deep sea cores this warm
bias must be reduced significantly, possibly by implementing an isopycnal transport
parameterization.

Finally we present the isotopic composition of the net surface freshwater flux that
can be diagnosed from the model, and we discuss the prospect of simulating
oxygen isotopes at the Last Glacial Maximum (LGM).

Introduction

91

Isotopes in the water molecule (H20) are powerful tracers that can be followed through
the different stages of the hydrological cycle (Schlotterer et al., 1996). In the geosciences, one
radioactive isotope, tritium (3H), and two stable isotopes, deuterium (2H) and oxygen-18
( 180), are considered. A water molecule containing either of these isotopes is heavier than a
normal water molecule. Therefore, water vapor evaporating from the sea surface is depleted in
heavy isotopes relative to ocean water, while rain precipitating from a cloud is enriched relative
to the cloud moisture. Whenever a water sample undergoes a phase transition (e.g.,
evaporation or condensation), isotopic fractionation occurs that is dependent on temperature.
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As a result, the isotopic composition of freshwater derived from precipitation shows a large
variation with latitude, height and continentality. The variation in the isotopic composition of
seawater is comparatively small and mainly determined by freshwater input and mixing
between water masses.

So far the stable isotopes deuterium and oxygen-18 have been incorporated into four
atmospheric models: the LMD model (Joussaume et al., 1984; Joussaume and Jouzel, 1993),
the NASA/GISS model (Jouzel et al., 1987), the ECHAM model (Hoffmann and Heimann,
1993; Hoffmann, 1995) and the GENESIS model (Mathieu, 1996). As these models account
for the various fractionation processes that occur at the sea sUl"face and all succeeding stages of
the hydrological cycle, they provide a tool for calculating the isotopic content of precipitation
DP as weIl as of evaporation DE (JuiIlet-Leclerc et al., 1997). Prior to their development there
was no way to estimate DE independently (Craig and Gordon, 1965). With respect to
oxygen-18, the D-notation means that the 180/160 ratio is given as the fractional difference
between the ratio in the water sample, Rsample, to the ratio in Vienna Standard Mean Ocean
Water (V-SMOW) 01' some other standard, Rstandard, expressed in perrnil: D= (Rsample 

RSlandard)/Rstandard X 1000.
The distributions of both salinity Sand oxygen isotope composition of seawater Dl80w

or simply Dw are mainly controlled by the same two processes precipitation P and evaporation
E. Locally, Sand Dw of surface waters are linearly related. However, the slope of the Dw-S
relationship varies between 0.1 for tropical surface waters and 0.6 for high-Iatitude surface
waters. This reflects the so-called temperature effect: in high latitudes, precipitation occurs at
lower temperatures and is more enriched in oxygen-18 than in 10w latitudes, which leads to a
strong depletion of the remaining cloud moisture. Furthermore, salinity is influenced by
freezing of sea ice, but Dw is almost not. Thus surface waters of the Southern Ocean show a
wide range of salinities although Dw - 0.3 is nearly constant. Finally freshwater input from
rivers or ice sheets can also modify the Dw-S relationship. Hence Sand Dw label the surface
waters in different ways. Mixing of water masses that originate from the sea surface creates the
characteristic vertical seetions known from GEOSECS (Birchfield, 1987; Östlund et al., 1987).

In present-day oceanography Dw allows to distinguish between different freshwater
sourees. Thus it is possible to investigate the influence of local P-E, sea ice formation and
decay, river-runoff and glacial meltwater on a water mass of interest (Weiss et al., 1979;
Jacobs et al., 1993; Bauch, 1995; Toggweiler and Samuels, 1995).
Paleoceanographic applications rest on the isotope content preserved in benthic and planktonic
forarninifera. For example, Broecker (1986; 1989) uses benthic and planktonic foraminifera to
constrain tropical SSTs and to determine the salinity contrast between tropical Atlantic and
Pacific, and Duplessy et al. (1991) present a reconstruction of Last Glacial Maximum (LGM)
sea surface salinities (SSS) derived from planktonic foraminifera. A number of studies address
the vertical structure of the ice-age ocean (e.g., Birchfield, 1987; Zahn and Mix, 1991;
Labeyrie et al., 1992).

In a paleoceanographic setting in which there is no direct proxy for salinity, the oxygen
isotope composition of seawater Dw and temperature T can be combined to characterize different
water masses. If aglobai ocean model is used to simulate Dw and T, the equilibrium
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fractionation of the oxygen isotope composition of calcite 8 I80 e or simply 8e can be uniquely

determined from a paleotemperature equation and compared with benthic foraminiferal 8180.
Here we test these ideas and apply them to the present-day situation. We incorporate8w into an
ocean model and find that it can indeed serve to trace the formation and spreading of deep and
bottom waters. But in order to compute 8e a warm bias that is a widespread problem in ocean

modelling must be reduced.

Short account on climate modelling

In the following we want to give a short account on the basis and mechanisms of
climate models. More complete but still very readable accounts on climate modelling in general
are the books by Washington and Parkinson (1986) and McGuffie and Henderson-Sellers
(1996). Although somewhat more technical, the articles on ocean modelling in particular by

Cane (1986) and Semtner (1986) are also quite useful.
A climate model is an attempt to simulate all processes that determine the real climate. It can
improve our understanding of these processes, as well as of the interactions among them.

Furthermore it can be used for forecasting future conditions or, in a paleoceanographic setting,
'hindcasting' past conditions. This is accomplished by solving numerically the fundamental

equations that govern the motions of the atmosphere, oceans and sea ice.
These fundamental equations are derived from the basic laws of physics, particularly the
conservation laws for momentum, mass and energy.

Conservation ojmomentum

Applied to the atmosphere or ocean, the law of conservation of momentum asserts that
the net force exerted on an air or water parcel equals the time rate of change of its momentum,

which is the product of its mass and velocity. The major forces acting on an air or water parcel
are the frictional forces, the gravitational force, the pressure gradient force and the forces
resulting from the Earth's rotation.

Conservation ojmass

The law of conservation of mass states that the mass transports entering or leaving a
volume of air or water must balance in such a way that mass is conserved. This law is often
referred to as the equation of continuity.

Conservation ojenergy

The temperature of an air or water parcel is a measure far its internal energy. The law of
conservation of internal energy is called the first law of thermodynamics which equates the time
rate of change of internal energy to the work done on an air or water parcel by compression or

expansion of its volume and the net heat gain or loss from external forces.
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Equation ofstate
In addition to the three conservation laws, atmospheric 01' ocean models require an

equation of state which relates several ofthe variables in the other equations to each other. For

the atmosphere, the equation of state is called the ideal gas law. It expresses a relationship

between the density, pressure, temperature and humidity of air. For the ocean, the equation of

state relates seawater density to pressure, temperature and salinity. The ocean model to be

described in the next section employs the equation of state as it has been defined by the Joint

Panel on Oceanographic Tables and Standards (UNESCO, 1981).

Prediction equations for active and passive tracers

In addition to the variables velocity, temperature and pressure, atmospheric models

contain a humidity variable and ocean models contain a salinity variable. Since they enter the

equation of state and cause density differences which drive atmospheric 01' ocean circulations,

they are called active tracers. Further variables that do not influence circulations are called

passive tracers. For each tracer aprediction equation is required which is obtained from a

conservation law, in anology to the conservation of mass.

Approximations

Several standard approximations are used to simplify the fundamental equations. On the

large scale, ocean motions are shallow and slow, and the gravitational force and the vertical
gradient of pressure are balanced very weIl. This means that the time rate of change of vertical

velocity is negligible compared to other terms in the conservation of momentum (Cane, 1986).

Therefore, in the hydrostatic approximation, it is dropped.

Since seawater is nearly incompressible, the time rate of change of density is neglected

in the equation of continuity, but density variations are generally included as far as buoyancy

effects are concerned. This is called the Boussinesq approximation (Washington and

Parkinson, 1986). Furthermore, in the conservation of energy the work done on a water parcel

by compression or expansion of its volume can be ignored, and the net heat gain or loss from

external sources now explicitly includes the vertical and horizontal eddy diffusions of heat.

In many ocean models the surface is assumed to be a horizontal rigid lid, whereby no vertical

motion is allowed at the top of the ocean. This boundary condition suppresses high frequency

external gravity waves and allows a longer time step.

Discretization

The first step in solving the model equations is to discretize them. Some atmospheric

models and most ocean models compute the temporal evolution of the variables velocity ,
temperature, humidity 01' salinity on a three-dimensional grid spanning the domain of interest.

Usually this grid is obtained by dividing the atmosphere 01' ocean into a number of boxes. A set

of coupled non-linear finite difference equations results which then is solved by various

numerical techniques, using a timestep approach.
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Initial and boundary conditions

The fundamental equations for the atmosphere and oceans involve spatial as weIl as
temporal derivatives. In order to step these equations through time, values for all variables must
be specified in space at some starting instant. This set of starting values in three-dimensional
space is the set of initial conditions. Furthermore a set of boundary conditions must also be
specified at the upper and lower boundaries as weIl as the lateral boundaries of the domain. For
example, at the ocean bottom the flow is required to parallel the slope.

A note 01 caution

Numerical modeling studies shed light on modeled phenomena, but extrapolations from
model results to the corresponding geophysical phenomena should not be done without caution
(Washington and Parkinson, 1986). This is because the controlled nature of modeling
experiments allows far more precise conclusions to be stated about modeled phenomena than
are possible regarding the cOlTesponding phenomena in the real world.

Ocean model

The governing equations of the ocean model used in the present study are the primitive
equations in spherical coordinates. The primitive equations differ from the fundamental
equations in that the hydrostatic, Boussinesq and rigid-lid approximations are applied (see
above). The ocean model is based on the Modular Ocean Model (MOM) 2.2 of the Geophysical
Fluid Dynamies Laboratory (GFDL) (Pacanowski, 1996). Additional features are the ability to
taper the horizontal viscosity and diffusivity coefficents in order to satisfy the viscous stability
criterion (Weaver and Hughes, 1996; NCAR Oceanography Section, 1996) and the inclusion
of extra metric terms in the momentum equations in order to preserve solid body rotation
(Wajsowicz, 1993).

The model resolution, land-sea mask and bathymetry are the same as in the
coarse-resolution ocean model of Large et al. (1997). The only exception is that two deep
verticallevels are added, such that the maximum model depth is now 5900 m, and that there are
27 vertical levels in total, monotonically increasing in thickness from 12 m near the surface to
450 m near the bottom. The longitudinal resolution is 3.6°. The latitudinal resolution is 1.8°
near the Equator (to better resolve the Equatorial cUlTents), increases away from the Equator to
a maximum of 3.4°, then decreases in the mid-latitudes as the eosine of latitude (to maintain
horizontally isotropie arid boxes) and is finally kept constant at 1.8° polewerd of 60° (to prevent
any further restrictions on the model time step).

The continental outlines of the model are shown in Figure 1. While the 9.4°-wide Drake
Passage closely matches its actual width, the Indonesian Channel, the Florida Straits and the
connections to the Sea of Japan are much wider than in reality. Furthermore the Bering and
Gibraltar Straits and the Red Sea outflow are closed.
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Figure 1: Continental outlines and bathymetry of the model. Contour interval is
0.5 km.

The bathymetry used in the present study is derived from the bathymetry used by Large
et al. (1997), which in turn is based on the data from the NOAA National Geophysical Data
Center (Sloss, 1988). This bathymetry is fairly realistic, e.g., the maximum depths of the Den
mark Strait and Faroe-Iceland ridge are 734 m and 903 m. Regions deeper than 5000 mare
filled in from the ETOP05 topography data (NCAR Data Support Section, 1986).

Since the horizontal resolution is coarser than the Rossby radius of deformation at all
latitudes, the effects of mesoscale eddies are only parameterized in terms of enhanced viscosity
and diffusion. The horizontal viscosity is AMH =2.5 X 105 m2 s-I. The vertical viscosity is AMV
= 16.7 X 10-4 m2 s-I. Following Bryan and Lewis (1979), depth-dependent horizontal and
vertical diffusivities are employed. Hence

AcH(Z) =ABH + (AsWABH) exp(-z/500m), (1)

such that the horizontal eddy diffusion A'tH decreases from ASH = 0.8 x 106 m2 s-I in the top
layer to ABH =0.4 X 106 m2 s-I in the bottom layer. Furthermore

A'tH(Z) = A* +Cr!1t arctan [A(Z-Z*] , (2)

where A* =0.6 X 10-4 m2 s-I, Cr =1.0 X 10-4 m2 s-I, A =rn-I and z* = 1000 m (Weaver and

Hughes, 1996), such that the vertical viscosity A'tH is about 0.1 x 10-4 m2 s-I at the surface and
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1.1 X 10-4 m2 s-I in the deep ocean. To increase the permissible time step, the flow variables

are Fourier filtered north of 75° N, and the horizontal viscosity AMH is tapered north of 81.9°

N.

The oxygen isotope composition of seawater Ow is introduced as a third tracer. It is

passive in the sense that it does not influence the ocean circulation.
In the control experiment (Experiment A), the acceleration technique of Bryan (1984) is

used to accelerate the approach to equilibrium in the deep ocean. Thus, in the first stage, the

tracer time step is ten times larger in the deep ocean than at the surface. Furthermore the surface

tracer time step is ten times larger than the time step of 3504 s for the momentum and barotropic

streamfunction equations. In the second stage, the integration is continued with equal time steps

of 3504 s for all equations at all depths. The length of the accelerated phase is 96 momentum

years, 960 surface tracer years and 9600 deep tracer years, as in the experiments of Large et al.
(1997). The length of the synchronous phase is 15 years, which is the minimum length

recommended by Danabasoglu et al. (1996). In the sensitivity experiment (Experiment B), the

length of the accelerated phase is 20 momentum years, 200 surface tracer years and 2000 deep

tracer years, and the length of the synchronous phase is 15 years.

Experiment A is started from a set of initial conditions that corresponds to astate of rest

with January-mean distributions of potential temperature and salinity from Levitus (1982). The

converged state at the end of the accelerated phase of Experiment A is then used as the set of
initial conditions for Experiment B.

The set of boundary conditions at the ocean surface consists of mid-month fields of the

zonal and meridional wind stress components, the sea surface temperature, the sea surface

salinity and the sea surface oxygen isotope composition. The surface wind stress fields are

obtained from the NCEP reanalysis data covering the four years 1985 through 1988 (Kalnay et

al. , 1996), and the surface temperature and salinity fields are derived from the climatologies of

Shea et al. (1990) and Levitus (1982), as described by Large et al. (1997).
The surface Ow forcing field is computed from the mid-month fields of the sea surface

salinity using a set of seven ow-salinity relationships, in a manner similar to Fairbanks et al.

(1992). The Ow and salinity data are taken from GEOSECS (Östlund et al., 1987), Mackensen

et al. (1996), Bauch (1995) and Vetshteyn et al. (1974). The set of ow-salinity relationships is
depicted in Figure 2 and summarized in Table 1.

All tracer equations are linearly restored to the surface forcing fields with a 50-day time

constant relative to the upper 50 m. The fraction of a grid cell covered by sea ice is diagnosed
from the climatology and subject to astrang restoring in temperature only, with a 6-day time

constant relative to the upper 50 m (Large et al., 1997)

Two different experiments are performed: In Experiment A, a slope of 1.030 and an

abscissa of -35.80 is used to compute the isotopic composition of Antarctic Surface Water

(AASW). In Experiment B, a constant value of -0.31%0 is used. This latter experiment takes

into account that in polar regions salinity is influenced by freezing of sea ice, but Ol8üw is
almost not.
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Figure 2: 8w-salinity relationships for various regions of the global ocean,based
on the GEOSECS data. The Tropics extend from 25° S to 25° N. The Arctic Ocean
includes the North Atlantic Ocean north of 60° N. The term Antarctic Zone is used
to describe the Southern Ocean surface waters south of the 2° C-isotherme. The
8w-salinity relationship for the Midlatitudes is applied to the remaining regions of
the global ocean.
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Region Slope Abscissa Note Reference

Arctic Ocean 1.010 -34.75 Vetshteyn et al., 1974
Bauch, 1995

Tropical 0.180 -5.63 GEOSECS
Atlantic
Tropical 0.285 -9.50 GEOSECS
Pacific
Tropical Indian 0.180 -5.74 GEOSECS
Midlatitudes 0.497 -17.05 GEOSECS
Antarctic Zone 1.030 -35.80 Experiment A Mackensen et al. 1996

0.000 -0.31 Experiment B

Table 1: Slopes and abscissas of Dw-S relationship
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Barotropic streamfunction

The vertically integrated volume transport is presented in Figure 3. Here we use a
streamfunction map rather than a vector map because on aglobaI scale a streamfunction map is
easier to visualize. The flow is directed along the streamlines, with the sense of rotation
clockwise for positive values and anti-clockwise for negative values of the streamfunction. The
flow rate through any line intersecting two adjacent streamlines is given by the contour interval.

The spatial features of the vertically integrated mass transport are determined by the
wind forcing and the bathymetry. Because of the identical winds and the almost identical
bathymetry, all gyre patterns and transport magnitudes are very similar to the solutions of Large
et al. (1997). The major currents and passage throughflows are reproduced reasonably weIl.

In the Northern Hemisphere, the maximum transport in the Gulf Stream is 21 Sv. This
is lower than that observed, which is about 40 Sv at 30° N, upstream of the recirculation regime
(Knauss, 1969), or 32.2±3.2 Sv for the Florida Current alone (Larsen, 1992). The maximum
transport in the Kuroshio is low, too. The Atlantic inflow into the Nordic Seas is 4 Sv, about
half the observational estimate by Gould et al. (1985).

In the Southern Hemisphere, we obtain for the Agulhas Current a maximum transport
of 62 Sv. This is in good agreement with the estimates of Gordon et al. (1987) and Stramma
and Lutjeharms (1996). The 25 Sv-flow through the Mozambique Channel is significantly
stronger than the 5 Sv observed by Stramma and Lutjeharms (1996). The flow in the Benguela
Current is 12 Sv. According to Garzoli and Gordon (1996), the observed transport at 30° S in
the upper kilometer of the ocean is 13 Sv, with considerable seasonal variations. The maximum
Brazil Current transport amounts to 30 Sv, on the high side of the estimate of Peterson and
Stramma (1991).

A distinct feature of the vertically integrated mass transport is the Antarctic Circumpolar
Current (ACC). The flow through Drake Passage is 225 Sv. An observational estimate for this
flow is 130±20 Sv (Whitworth and Peterson, 1985). Thus it is clearly overestimated in our
model. As demonstrated by Danabasoglu and McWilliams (1995), the ACC flow through the
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Figure 3: Annual-mean barotropie streamfunetion. Contour interval is 10 Sv
below a vertieally integrated volume transport of 60 Sv and 20 Sv above. The
dashed lines represent negative eontour levels and indieate anti-cloekwise
eireulation.

Drake Passage depends on the diffusion eoeffieients, showing an enhaneement in transport
with deereased diffusivity. Furthermore the ACC transport is larger in the ease of horizontal
diffusion than in the ease of isopyenal diffusion. In our model the vertically averaged horizontal
diffusivity is 0.43x103 m2 s-l. Extrapolating from the two solutions of Danabasoglu and
MeWilliams (1995) with horizontal diffusion we find a flow of about 250 Sv. From the studies
of Danabasoglu and MeWilliams (1995) and Large et al. (1997) we eonclude that we ean obtain
a lower and more realistic ACC transport by turning to an isopyenal diffusion parameterization.

Meridional overtuming streamfunction

The zonally integrated meridional overturning streamfunetion is presented in Figure
4a-e. Figure 4a shows the total transport of all the oeean basins in one seetion, whereas Figures
4b and e show the total transport broken down among the Atlantie and Indo-Paeifie basins,
restrieted to those latitudes where the oeean basins are limited zonally by eontinental
boundaries. The seetions that represent the meridional overturning streamfunction are read in
the same way as the barotropic streamfunetion map (Figure 3).

The mode of oeean eireulation most important for ventilating the deep sea is the vertieal
overturning (Toggweiler et al., 1989). It is usually thought of as a manifestation of the
thermohaline eireulation, although in the upper oeean the upwelling and downwelling indueed
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by the surface wind stress are the dominant processes. In Figure 4a two shallow cells are
depicted that straddle the Equator. These cells are driven by the divergence of the Ekman
transport under the easterly trade winds. Figures 4a and b also indicate downwelling in
mid-Iatitudes that produce another set of overturning cells, which is linked to wind-induced
divergences in the subpolar regions. The overturning cell in the Northern Hemisphere is much
weaker and shallower than the so-called Deacon cell in the Southem Hemisphere. This is due to
a partial cancellation between the northern cell and the thermohaline circulation (Toggweiler et
al. , 1989).

Between 1500 m and 3500 m the meridional overtuming is dominated by the southward
flow of North Atlantic Deep Water (NADW), which is produced at a rate of 21 Sv. As much as
7 Sv of this transport upwells north of the Equator, only 14 Sv of it is exported into the
Southern Ocean. An estimate for the total southward transport of NADW at 24° N is 17 ± 4 Sv
(Roemmich and Wunsch, 1985), which is somewhat larger than the 15-Sv flow in the model.

There is a northward flow of Antarctic Bottom Water (AABW) in all three ocean basins,

compensated by areturn flow above 4000 m depth. In the Atlantic, the deep inflow at the
bottom amounts to 3 Sv.

Potential temperature and salinity distributions

The annual and zonal mean distributions of potential temperature and salinity for the
Atlantic Ocean are presented in Figure 5. Figure 6a depicts the corresponding deviation of
potential temperature from the climatology of Levitus et al. (1994). All water masses are up to
4° C warmer than the observations, except for the AABW that is colder than the observations
by 0.5°-1.0° C. The warm bias is largest in the thermocline, which therefore is more diffuse
than observed. A warm bias and a diffuse thermocline are two widespread problems in ocean
modelling (Danabasoglu and McWilliams, 1995).

Figure 6b illustrates the deviation of salinity from the climatology of Levitus and Boyer
(1994) for the Atlantic Ocean. It reveals that the tongue of Antarctic Intermediate Water (AAIW)
is rather broad and much too salty in the model ocean. The AABW is too fresh by 0.30-0.35
psu.

Seawater oxygen isotope composition and benthic foraminiferal 8180

In Figure 7 the GEOSECS Ow along a cross section in the Atlantic Ocean is compared
with the annual and zonal mean Ow from Experiments A and B. Experiment A yields a very
heavy Ow of AABW, whereas in Experiment B the Ow of AABW is close to the GEOSECS
data. Both experiments result in the broad tongue of AAIW that is also evident from the salinity
distribution. The Ow of AAIW is heavier than observed by 0.1-0.2%0. Figure 8 extends the
comparison of the GEOSECS and the Experiment B Ow to the Pacific Ocean. In the upper 3000
m the agreement is reasonably good. The Ow of AABW is too light by about 0.1%0.

Unfortunately, there is no GEOSECS Ow data between 30° Sand 15° N.
Anticipating an application of the global ocean model in a paleoceanographic setting,

Figure 9 presents core-top benthic foraminiferal 0180 compiled from 169 Atlantic core sites. To
facilitate a comparison with the model ocean, the equilibrium fractionation of oI80 e is
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Figure 4: Annual-mean meridional overturning streamfunction. Contour interval
is 2 Sv except for the Atlantic where it is 1 Sv for negative levels. Negative contour
levels are represented by dashed lines that indicate anti-cIockwise circulation. Upper
panel (4a): global; lower panel (4b): Atlantic; next page (4c): Indo-Pacific.
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Figure 4 (continued)

computed for Experiment B. Two cases are studied: In the first case (Figure lOa) the model
temperature is inserted into the paleotemperature equation of Erez and Luz (1983). In the
second case (Figure lOb) the climatologic temperature of Levitus et al. (1994) is used. In the
latter case the decrease of 8 180 w with depth is correctly offset by a similar decrease of
temperature. Therefore, NADW and AABW can be seen in 8180 w, but cannot be distinguished
in Ö180 e. Below about 2000 m water depth a roughly constant level of about 3%0 is reached.
This is also suggested by the Atlantic core-top benthic foraminiferal 8180 shown in Figure 9
(Zahn and Mix, 1991). The warm bias in the model temperature introduces an artifical vertical
gradient into the 8180 e distribution that is evident in Figure lOa.

Net suiface 8180 flux
Figure 11 shows the net surface 8180 flux for the present Atlantic and Pacific oceans,

as diagnosed from the global ocean model. This flux can be compared with the output of an
atmospheric model that includes the stable water isotope cycles (e.g., Juillet-Leclerc et al.,
1997). A local minimum occurs in the equatorial zone between 10° Sand 10° N where
precipitation dominates over evaporation. Local maxima are found in the subtropics of each
hemisphere where there is a deficit of precipitation.
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Figure 5: Annual and zonal mean tracer distributions for the present Atlantic
Ocean. Upper panel (5a); Potential temperature. Contour interval is 2° C. Lower
panel (Sb): Salinity. Contour interval is 0.25 psu.
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Figure 6: Annual and zonal mean tracer distributions for the present Atlantic
Ocean. Difference between simulation and climatology. Upper panel (6a): Potential
temperature. Contour interval is 0.5 0 C. Lower panel (6b): Salinity. Contour
interval is 0.05 psu.
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Figure 7a: Seawater oxygen isotope composition for the present Atlantic Ocean
in units of parts per mil versus SMOW. Contour interval is 0.1 %0. GEOSECS OW
along a cross section in the Atlantic Ocean. Crosses indicate data points.

Water depth (km) Temperature (0C) Salinity (psu) Ow (%oSMOW)

Model Data Model Data Model Data

North Atlantic
> 1 4.95 34.87 34.93 0.28 0.24
2-4 4.66 2.9 34.86 34.92 0.29 0.26
>4 1.99 2.4 34.60 34.89 0.07 0.21

Pacific
2-4 2.75 1.7 34.44 34.67 -0.04 0.00
>4 1.08 1.1 34.41 34.70 -0.07 -0.01

Globe
Whole-basin mean 5.34 34.59 34.74 0.08 0.08

Table 2: Hydrography of present-day water masses. The observed temperature,
salinity and Ow are taken from GEOSECS as given in Zahn and Mix (1991) and
Labeyrie et al. (1992).
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Figure 7bc: Seawater oxygen isotope composition for the present Atlantic Oeean
in units of parts per mil versus SMOW. Contour interval is 0.1 %0. Upper panel
(7b) Annual and zonal mean Öw from Experiment A. Lower panel (7e): Annual and
zonal mean Öw from Experiment B.
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Figure 8: Seawater oxygen isotope compüsition für the present Pacific Ocean in
units of parts per mil versus SMOW. Contour interval is 0.1 %0. Upper panel (8a):
GEOSECS Öw along a cross section in the Pacific Ocean. Crosses indicate data
points. Lower panel (8b): Annual and zonal mean Öw from Experiment B.
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Figure 9: Benthic foraminiferal oxygen isotope composition for the present
Atlantic Ocean in units of parts per mil versus PDB (normalized to Uvigerina).
Contour interval is 0.25 %0. The oe data are compiled fram 169 core sites. Some
data are unpublished, but most of them are taken from the literature (Braecker,
1986; Birchfield, 1987; Curry et al., 1988; Zahn and Mix, 1991; Labeyrie et al.,
1992; Bickert, 1992; McCorkle and Keigwin, 1994).

Discussion

Table 2 summarizes the hydrography of the present-day water masses. The regional
means yield the same results as the zonal mean distributions shown in Figure 5a and Figure 6a:
The simulated temperature is warmer than the observations except far the AABW. As far as
salinity and Ol80w are concerned, the model is too fresh and light. The deviations are small
except for the bottom North Atlantic Ocean where the AABW influence is tao strang.

We find that a surface 0180w forcing field can be generated such that a global ocean
model reproduces the GEOSECS Ol80w data fairly weIl, both along cross sections in the
Atlantic and Pacific oceans and in terms of regional means. However, in order to simulate the
benthic foraminiferal 8180 data successfuIly, the bias towards warm temperatures must be
reduced significantly.
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A warm bias and diffuse thermocline are two widespread problems in ocean modelling,

which can probably be overcome by using diffusion of tracers along isopycnals rather than the

physically unjustifiable horizontal diffusion of tracers (Danabasoglu and McWilliams, 1995).
Furthermore, the formulation of Gent and McWilliams (1990) includes an additional tracer

transport by mesoscale eddies, which largely eliminates the effect of the Deacon cell on tracers.

Finally, the ACC transport through the Drake Passage can probably take a more realistic value
duc to the isopycnal form stress that supports more drag with weaker flow.

The improved fit of Experiment B as compared to Experiment A to the GEOSECS

8 18ü w of AABW in the Atlantic Ocean illustrates that sea-ice freezing and melting have a strong

effcct on salinity, but a very weak effect on 8180 w. This opens up the possibility to constrain
the role of sea-ice in past and present AABW formation.

If there had been no information on the salinity distribution in the ocean model, the

misrepresentation of AAIW (too broad and salty) and AABW (too fresh) could have been

anticipated from the 8180 w distribution. Having paleoceanographic applications in mind, this is

an encouraging result. Admittedly, the equilibrium fractionation of the oxygen isotope

composition of calcite 8180 c cannot be used to separate NADW and AABW in the present

Atlantic Ocean. But this may have been different during colder periods of the past. Still, it

would be desirable to incorporate an additional tracer into the ocean model that could bettel'
resolve the vertical structure of the deep ocean.
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In the present North Atlantic Ocean, water masses deeper than 1 km have considerably

higher salinity and 8w than in the global ocean. This salinity and 8w excess may have persisted

during glacial times although NADW was probaly produced at a lower rate (Labeyrie et al.,

1992). Zahn and Mix (1991) found that benthic foraminiferal 8180 data from the bottom

Atlantic Ocean (deeper than 4 km) and deep Pacific Ocean (2-4 km water depth) are 0.1-0.2%0

lower than from the deep Atlantic Ocean (2-4 km water depth) at the LGM. If the measured

gradients were taken at face value, and if the slope of the 8w-S relationship were assumed to be

larger at the LGM than at present, then Atlantic bottom waters and Pacific deep waters may

have had a common source in the Southern Ocean.

The required surface forcing fields for the LGM can be generated from a combination of

SST reconstructions, planktonic foraminiferal 8180 data and atmospheric model output (e.g.,

Heiterich et al., this volume). The simulated equilibrium fractionation of the oxygen isotope

composition of calcite 8 180 c can be directly compared with the benthic foraminiferal 8 180 data

for the LGM. Thus the simulation of oxygen isotopes in an ocean model has the potential to

investigate and validate circulation regimes very different from the present one.

Conclusions

In conclusion,

• a surface 8180 w farcing field can be generated such that a global ocean model reproduces the

GEOSECS 8180 w data fairly weIl, along cross sections in the Atlantic and Pacific oceans and in

terms of regional means,

• a successful simulation of benthic foraminiferal 8180 however requires areduction of the

warm bias typical for many ocean models, possibly by using an isopycnal transport

parameterization,

• 8 180 w turns out to be a good water mass tracer that has the potential to be applied in a

paleoceanographic setting,

• 8180 c taken by itself cannot be used to distinguish between NADW and AABW in the present

Atlantic Ocean, but maybe it can be used to do so at the LGM.
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Chapter 7

Conclusions

Principle results of research papers

- Paleosalinity reconstructions using 8180 of planktonic foraminifera are constrained by

the accuracy of the independent temperature estimate and the regional 8180-salinity relationship

(chapter 2). In the tropical Atlantic, errors associated with the paleosalinity estimates exceed

1%0. Paleosalinity reconstructions based on relative abundances of planktonic foraminifera give

unrealistic results due to apredominant response of the fauna to temperature.

- Planktonic foraminiferal species are characterized by optimum temperatures and
specific temperature sensitivities. While G. sacculifer shows a weak temperature sensitivity and

an optimum temperature around 22°C, G. rubel' (pink) is characterized by a pronounced

temperature sensitivity and optimum conditions around 27°C. If the temperatures at the sea
surface change through time the temperature sensitivites may influence phase and amplitude of

the oxygen isotope record (chapter 3).

- The western equatorial Atlantic is characterized by large glacial-to-modern changes in

8 180 of the planktonic foraminifera G. sacculi.ler (chapters 2 and 4). These changes are

interpreted in terms of increased salinities, 180-enriched precipitation and a glacial cooling of

the SST of 2-3°C. These oxygen-isotope based estimates of the western equatorial SST at the

LGM are intermediate between the reconstructions of CLIMAP (1°C) and the evidence from

comls and the South American continental record (5-6 °C) (chapter 4).

- Planktonic foraminiferal species counts can be used to reconstruct thermocline depths
in the tropical oceans (chapter 5). During glacials the thermocline was shallow in the eastern

equatorial Atlantic and it was deep in the west. The SE-trade winds were increased, the African

monsoon was weak, and the South Equatorial Current was accelerated. The east-to-west

thennocline gradient was at a maximum. During interglacials the system relaxed due to

weakened SE-trades and intensification of the monsoon. The equatorial thermocline gradient

was at a minimum. In the east the thermocline signal is dominated by monsoon related

periodicities. The thermocline structure in the west and the equatorial thermocline gradient

appeal' to be dominantly controlled by South Atlantic meridional temperature gradients which
lead global ice volume.
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- üxygen isotopes can be incorporated into ocean general circulation models. When a
sea surface Ö180 wforcing field based on regional applying ö18ü-salinity relationships is

defined, cross sections of measured Ö18ü wthrough the ocean basins are reasonably weIl

reproduced. Benthic foraminiferal Ö18Ü are not matched by the simulated Ö18Ü due to the warm

bias of the ocean model. However, the Ö18ü wis a promising indicator of different water masses

and a tracer that can be directly compared with the geological record.

The equatorial Atlantic during the last glacial maximum

What is the paleoceanographic and paleoclimatic picture of the equatorial Atlantic at the
last glacial maximum as depicted from these results?

Sea surface temperatures are generally lowered by 2-3 oe. In the western equatorial
Atlantic an increase in sea surface salinity is likely, probably due to a glacial reduction in
precipitation. Reduced precipitation rates are accompanied by 18Ü-enrichment of the precipi
tation, leading to a modification of the ö18ü w-salinity characteristics of western equatorial

Atlantic surface waters in addition to the global glacial effects.
The structure of the surface water mass is markedly different from today. In the western

equatorial Atlantic the thermocline is deeper than today while it shallows in the east where
upwelling is intensified. These changes in thermocline depth are directly linked to the surface
wind fields. Due to a greater meridional temperature gradient in the South Atlantic region the
SE-trade winds are stronger than today. At the equator the zonal component of the SE-trade
winds is enhanced. The South Equatorial Current is accelerated leading to the pronounced E-W
thermocline gradient.

Increased salinities in the western equatorial Atlantic may be interpreted in terms of
either areduction in the intensity of the South Atlantic Hadley circulation or reduced
atmospheric moisture contents in the tropics. The latter explanation is favored here, because a
stronger glacial thermocline gradient along the equator and increased trade wind intensity
suggest enhanced Hadley circulation. The atmospheric water vapor content may have been
reduced due to lower air and sea surface temperatures, especially in the eastern subtropical
South Atlantic where the SE-trade winds originate.

Future research

The reconstruction of paleosalinities from Ö18Ü in the tropics may be improved if the

errors of the independent temperature estimates can be minimized and past Ö18üw-salinity

relationships will be better understood. Further ÖI8ü w and salinity measurements of today's

surface ocean waters and the addition of oxygen isotopes to atmospheric and ocean circulation
models as well as to coupled models may help to solve this problem.

The question of tropical sea surface temperatures at the last glacial maximum has still to
be answered. Reevaluation of temperature reconstructions from planktonic foraminiferal
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assemblages should be undertaken. Research should focus on the sensitivities of planktonic

foraminiferal species on different enviranmental parameters. Foraminiferal species counts from
sediment trap sampies may help in this context. Knowiedge about the sensitivities of
1'oraminifera will also further improve our understanding of the foraminiferal oxygen isotope

record.

A promising tool in conjunction with planktonic foraminiferal species counts may be

arti1'icial neural networks. In contrast to transfer functions they can reiate foraminiferal

abundance data to several parameters simultaneousIy which appears to be more appropriate with

respect to the complexity 01' the system.

Improvement of the tools may then further improve the knowledge about the late

Quaternary equatorial Atlantic. The reconstruction of thermocline depths and sea sur1'ace

temperatures in sediment cores fram all parts of the equatorial Atlantic may help in answering

the questions about the role of the late Quaternm'y tropical Atlantic in delivering heat to the
northern hemisphere.
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Appendix

Explanations:

Appendix A: Data trom Chapter 2.

8180 ot G.sacculifer:

Twin (MacMAT):

Tsum (MacMAT):

Sal (T trom MacMAT):

Sal (T tram SIMMAX):

Sal (8180-Sal tropics):

Sal (ANN):

Sal (MacMAT):

Data trom Dürkoop et al. (1997)

winter temperature trom MacMAT

summer temperature tram MacMAT

salinity trom oxygen isotope method using Tsum trom MacMAT

salinity trom oxygen isotope method using Tsum tram SIMMAX (Haie

and Ptlaumann, 1998)

salinity trom oxygen isotope method using Tsum tram MacMAT

and 8180-salinity relationship tor the tropical Atlantic

salinity derived tram Artiticial Neural Network

salinity derived trom MacMAT

Appendix B: Data tram Chapter 4

8180 ot G.sacculifer

values averag

sed. rate

average ot values covering the LGM

number ot values averaged tor the LGM

sedimentation rate in cm/kyrs

Appendix C: Data trom Chapter 5

thermocline depth in m thermocline depth as reconstructed tram planktonic toraminiteral

assemblages using MAT
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Appendix A

GeoB 1523-1 :

depth age 8180 Twin Tsum Sal Sal Sal Sal Sal

saeeul. MaeMAT MaeMAT Tfrom Tfrom 818O-Sal ANN MaeMAT

MaeMAT SIMMAX tropies

(em) (kyrs) (%0) (0C) (0C) (%0) (%0) (%0) (%0) (%0)

3 2 -1.85 25.2 26.9 35.4 35.8 34.1 35.5 36.1
13 8 -1.24 25.4 27.3 36.7 36.8 37.3 35.5 35.8
23 12 -1.27 24.7 26.9 36.1 36.4 35.3 35.5 35.8
33 16 -0.08 22.1 25.0 37.0 38.1 36.2 36.2 36.4
43 19 -0.10 25.5 27.0 37.9 38.1 39.0 36.6 35.9
53 21 0.04 24.3 26.4 37.9 38.3 38.8 36.5 36.0
63 23 -0.23 24.1 26.4 37.6 37.9 38.3 36.7 36.2
73 27 -0.31 22.2 25.5 37.2 38.0 37.9 36.6 36.3
83 30 -0.13 22.4 26.3 37.9 38.3 39.5 36.7 36.8
93 34 0.02 22.2 25.9 38.0 38.7 40.0 36.5 36.4

103 37 -0.28 19.0 22.7 36.2 37.8 35.0 36.5 36.5
113 41 -0.37 20.4 24.2 36.5 37.9 35.8 36.2 36.6
123 44 -0.55 25.7 27.2 37.4 37.6 38.3 36.4 35.7
133 48 -0.54 21.4 25.0 36.6 37.5 36.1 36.2 36.1
143 51 -0.47 22.4 25.4 37.1 37.8 37.9 36.6 36.2
153 56 -0.53 21.0 25.5 36.8 37.6 36.7 36.1 36.6
163 62 -0.16 22.0 24.6 37.3 38.5 38.3 36.6 36.5
173 67 -0.38 18.1 22.5 35.8 37.9 33.8 36.7 36.2
183 70 -0.65 22.6 26.2 37.0 37.3 37.3 36.8 36.3
193 73 -1.18 22.1 25.6 35.8 36.6 34.2 36.4 36.7
203 76 -1.07 25.3 27.0 36.6 36.7 36.5 35.6 36.2
213 79 -1.18 23.5 26.2 36.4 36.9 36.5 36.1 36.1
223 84 -0.89 25.2 26.9 37.2 37.5 38.9 35.9 36.1
233 89 -0.99 23.7 25.9 36.3 37.0 35.8 36.5 36.1
243 93 -1.11 23.7 25.8 36.1 36.9 35.3 36.1 36.2
253 97 -1.35 23.7 25.9 35.9 36.7 35.2 35.9 36.1
263 101 -1.41 25.9 27.7 36.4 36.4 36.4 36.4 36.0
273 105 -1.02 24.9 26.7 36.5 36.8 36.0 35.8 35.9
283 108 -0.95 24.2 26.6 36.6 36.9 36.5 36.5 36.1
293 112 -1.08 24.5 26.8 36.4 36.7 35.8 36.7 35.9
303 117 -1.55 22.9 25.8 35.3 36.1 33.4 36.0 36.0
313 122 -1.54 25.5 27.2 36.3 36.4 36.7 36.0 35.8
323 126 -1.65 24.6 27.0 35.8 36.1 35.2 36.3 35.4
333 131 -0.01 20.8 24.0 37.2 38.6 37.7 36.2 36.1
343 135 0.09 20.1 23.9 36.9 36.9 36.1 36.1 36.3
353 139 0.08 22.2 25.0 37.4 37.2 37.5 36.2 36.5
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depth age 8180 Twin Tsum 5al 5al 5al 5al 5al

saeeul. MaeMAT MaeMAT Tfrom Tfrom 818O-8al ANN MaeMAT

MaeMAT 81MMAX tropies

(em) (kyrs) (%0) (0C) (0C) (%0) (%0) (%0) (%0) (%0)

363 142 -0.16 21.0 25.0 37.0 37.1 36.6 36.4 36.1
373 146 -0.07 23.4 25.8 37.6 37.4 38.2 36.2 36.5
383 149 -0.05 22.9 26.3 37.8 38.2 38.8 36.3 36.4
393 153 0.13 21.5 24.7 37.5 38.1 38.3 36.5 36.2
403 158 -0.43 24.0 26.4 37.4 37.8 38.4 36.1 36.1
413 162 -0.26 23.7 25.7 37.5 38.1 38.4 36.3 36.1
423 167 -0.80 21.6 24.6 35.9 37.2 34.4 36.3 36.1
433 171 -0.68 25.0 26.9 37.3 37.6 38.3 35.8 35.9
443 177 -0.36 23.7 25.9 37.2 37.9 37.7 36.3 36.1
453 183 -0.21 22.2 25.3 37.2 38.2 37.6 36.2 36.2
463 185 -0.68 22.4 25.0 36.2 37.2 34.7 36.5 36.3
473 187 -0.84 25.6 27.1 37.1 37.3 37.8 36.4 35.8
483 190 -1.29 24.4 26.4 36.1 36.6 35.5 36.5 36.0
493 192 -0.82 26.0 27.5 37.5 37.6 39.3 35.9 35.9
503 194 -1.65 25.5 27.2 35.8 36.0 34.8 36.1 35.9
513 205 -0.68 25.0 26.8 37.6 37.9 39.7 36.3 36.0
523 211 -0.89 24.7 26.9 37.2 37.6 38.7 36.1 35.8
533 216 -1.41 25.8 27.4 36.3 36.4 36.2 36.0 35.8
543 221 -0.80 25.6 27.6 38.0 37.9 41.4 35.6 35.8
553 226 -0.47 23.0 25.4 37.1 38.0 38.0 36.7 36.1
563 231 -0.67 23.7 26.0 37.0 37.6 . 37.8 36.8 35.9
573 238 -1.23 24.4 26.6 36.3 36.7 36.0 35.9 35.6
583 245 -0.26 23.9 26.6 38.0 38.4 40.4 36.1 35.9
593 252 -0.25 23.3 25.6 37.3 37.8 38.0 36.3 36.3
603 259 -0.45 20.8 24.0 36.7 38.0 36.9 36.2 36.6
613 266 -0.36 22.7 25.9 37.2 37.7 37.6 36.3 36.1
623 274 -0.38 24.9 27.0 37.9 38.4 39.8 36.9 35.9
633 283 -0.95 24.1 26.6 36.4 36.9 35.8 36.1 35.8
643 292 -0.32 24.0 26.5 38.0 38.6 40.5 36.2 35.9
653 301 -0.84 25.5 27.1 37.1 37.3 38.1 36.9 36.0
663 310 -0.79 22.7 25.5 36.7 37.7 36.9 36.9 36.1
673 320 -1.14 23.8 26.3 36.4 37.0 36.5 35.9 36.0
683 331 -1.82 24.9 26.9 35.6 35.7 34.7 35.9 35.8
693 346 -0.85 23.2 25.7 36.1 36.7 34.5 36.8 36.2
703 355 -0.22 23.8 25.9 37.5 38.2 38.1 36.6 36.4
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RC 12-294:
depth age salinity Twin Tsum salinity

MaeMAT MaeMAT MaeMAT ANN

(ern) (kyrs) (%0) (0C) (0C) (%0)

0 0.0 35.2 12.4 16.6 34.7

5 2.2 34.9 12.4 16.0 34.5

10 4.3 34.9 11.3 14.7 34.4

15 6.5 35.1 13.0 17.1 34.9

20 8.7 34.9 13.3 17.3 35.1

30 12.7 35.2 14.0 18.2 35.2

40 15.9 35.2 10.5 14.5 35.3

45 17.4 34.8 10.7 14.3 35.0

50 19.0 34.8 10.7 14.3 35.3

55 20.8 34.5 8.2 12.1 35.1

60 22.6 34.1 5.9 9.5 35.0

70 26.2 34.7 9.8 13.4 34.9

80 31.1 34.2 6.2 9.5 34.8

90 37.4 34.4 5.3 8.3 34.7

100 43.6 34.3 6.0 8.6 35.1

110 49.9 34.9 7.5 10.9 35.2

120 56.0 34.8 10.7 14.3 35.1

130 62.0 34.8 10.9 14.6 35.3

140 66.2 34.1 4.9 8.4 34.9

150 68.5 35.0 11.6 15.6 34.8

160 70.8 34.2 4.6 7.3 34.9

170 76.8 34.9 9.8 13.4 35.2

180 83.5 35.4 11.8 16.3 35.0

190 90.0 34.8 10.7 14.3 35.2

200 96.0 34.9 10.9 14.7 34.7

210 100.6 35.0 13.1 17.1 35.2

220 103.8 34.5 7.9 11.1 35.1

230 107.0 34.9 13.3 17.5 35.2

232 107.6 34.4 7.9 11.0 35.3

234 108.3 34.7 10.6 14.1 35.2

236 108.9 35.1 10.9 14.5 35.0

238 109.5 34.9 11.6 15.5 35.3

240 110.1 34.9 13.2 17.3 35.7

242 110.8 35.0 13.5 17.6 35.6

244 111.4 34.9 12.4 16.0 35.4

246 112.0 35.1 12.7 16.8 35.7

248 112.6 34.9 13.3 17.5 35.9

250 113.3 35.5 15.8 20.2 36.3

252 113.9 35.3 13.4 18.0 36.1

254 114.5 35.0 13.2 17.2 35.4

256 115.1 35.1 12.1 16.3 35.3

258 115.8 34.8 12.9 16.9 35.7

260 116.4 35.3 12.2 16.7 35.7

262 117.0 35.3 13.4 18.0 35.3

264 117.6 35.0 12.5 16.7 34.9

266 118.3 35.2 13.5 17.8 35.2

268 118.9 35.5 13.5 18.4 35.4

270 119.5 35.4 14.6 19.3 35.5

272 120.1 34.8 12.6 16.4 35.3

274 120.8 35.1 13.6 18.1 35.6
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depth age salinity Twin Tsum salinity

MaeMAT MaeMAT MaeMAT ANN

(ern) (kyrs) (%.,) (0C) (0C) (%0)

276 121.4 35.0 12.5 16.7 36.3

278 122.0 34.9 11.2 15.0 36.5

280 122.7 35.3 13.6 18.2 36.4

282 123.5 35.3 12.7 17.4 36.7

284 124.2 35.5 13.7 18.6 36.7

286 124.9 35.6 14.9 19.8 36.8

288 125.7 35.4 14.6 19.3 36.7

290 126.4 35.7 15.4 20.1 36.9

292 127.1 35.4 14.9 19.5 36.5

294 127.9 35.4 13.0 17.9 36.2

296 128.9 35.3 14.0 18.5 35.9

298 129.9 35.2 13.1 17.6 36.2
300 130.9 35.0 13.6 17.7 36.3
302 131.9 34.8 12.9 16.9 35.5
304 133.0 34.1 4.7 8.3 35.2

306 134.0 34.3 7.1 11.7 35.4
308 135.0 34.2 5.2 9.3 35.3

310 135.4 34.3 5.8 10.3 35.0

315 136.4 34.7 10.5 14.0 34.9
320 137.3 34.1 5.1 9.6 35.1

325 138.3 34.1 4.7 8.3 35.2

330 139.3 34.3 6.1 10.2 35.1
335 140.2 34.1 5.2 9.7 34.8
340 141.2 34.1 4.7 8.3 35.1

345 142.1 34.1 4.7 8.3 35.1

350 143.1 34.3 6.2 11.1 35.2
355 144.1 34.7 7.7 10.9 34.9

360 145.0 35.0 10.0 13.7 34.8

365 146.0 34.2 5.1 7.6 35.0
370 148.5 34.1 5.2 9.7 34.7
375 151.0 34.2 5.1 7.6 34.9
380 153.1 34.2 4.6 7.3 34.9

385 155.2 34.1 4.7 8.3 34.9
390 157.3 34.5 7.6 10.9 34.9
395 159.4 34.2 4.6 7.3 35.0
400 161.5 34.5 7.6 10.9 35.2
405 163.6 34.1 4.5 7.2 35.0

410 165.7 34.2 4.6 7.3 35.2
415 167.8 34.2 5.0 8.7 34.8

420 170.0 34.2 4.8 7.0 33.6
425 171.7 34.2 4.6 7.3 34.8
430 173.1 34.5 7.7 11.2 35.0
435 174.5 34.0 5.2 9.6 34.8
440 175.9 34.3 7.1 10.4 35.1

445 177.4 34.6 9.6 13.2 34.9
450 178.8 34.1 5.2 9.7 34.6
455 180.2 34.5 7.6 10.9 34.8
460 181.6 34.0 4.7 8.2 34.9
465 183.0 34.5 7.8 11.1 34.7
470 184.0 34.0 4.7 8.2 34.8
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depth age salinity Twin Tsum salinity

MaeMAT MaeMAT MaeMAT ANN

(ern) (kyrs) (%0) (oe) (oe) (%0)

490 191.3 34.9 12.1 16.0 34.7

495 194.0 35.1 11.3 15.4 33.6

500 197.7 35.3 14.3 18.7 34.7

505 201.3 35.5 12.6 17.2 33.7

510 205.0 35.0 11.6 15.9 34.4

515 210.5 34.8 11.2 14.7 34.5

520 216.0 34.3 6.3 8.9 32.3

525 219.0 34.6 8.6 12.8 34.3

530 222.0 34.3 6.5 9.6 34.3

535 225.0 35.0 9.9 13.6 34.4

540 228.0 34.8 10.0 13.7 34.6

545 230.5 34.9 9.1 12.7 34.2

550 233.0 34.7 10.5 14.1 34.0

555 235.5 35.2 12.6 16.9 34.9

560 238.0 35.0 12.5 16.7 34.2

565 241.7 35.7 14.0 18.3 35.1

570 245.3 35.1 13.4 17.9 35.8

575 249.0 35.1 13.4 17.9 35.5

580 254.0 35.5 13.0 17.7 35.1

585 259.0 34.1 4.7 8.3 34.7

590 264.0 34.1 4.5 7.2 34.2

595 269.0 34.8 11.2 14.7 34.9

600 270.4 34.1 4.5 7.2 34.3

605 271.8 34.1 4.7 8.3 34.5

610 273.2 35.1 12.8 16.9 35.0

615 274.5 34.1 4.6 7.7 34.2

620 275.9 34.0 4.3 8.1 34.3

625 277.3 34.0 4.9 8.4 34.8

630 278.7 34.1 4.6 8.2 34.4

635 280.1 34.1 5.2 8.5 34.4

640 281.5 34.3 6.4 9.3 33.9

645 282.9 34.7 9.7 13.9 34.9

650 284.2 34.5 9.5 12.5 34.8

655 285.6 34.8 10.0 13.7 34.9

660 287.0 34.9 13.3 17.5 35.2

665 291.0 34.4 6.7 10.8 34.9

670 295.0 34.3 7.0 9.9 34.5

675 299.0 34.1 5.1 8.6 34.6

680 299.9 34.1 4.7 8.3 34.7

685 300.8 34.1 4.7 8.3 34.9

690 301.8 34.8 8.8 12.1 34.8

695 302.7 34.2 5.1 7.6 35.0

700 303.6 34.2 4.6 7.4 34.6

705 304.5 34.4 6.3 9.5 34.9

710 305.4 34.7 9.7 14.0 34.6

715 306.3 35.0 10.4 14.3 34.5

720 307.3 34.7 8.5 11.6 34.4

725 308.2 34.7 10.4 13.6 35.0

730 309.1 34.8 9.3 12.9 34.8

735 310.0 34.6 8.6 12.3 34.5
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depth age salinity Twin Tsum salinity

MaeMAT MaeMAT MaeMAT ANN

(ern) (kyrs) (%0) (0C) (0C) (%0)

740 320.0 35.2 10.5 14.7 34.1
745 323.7 34.8 12.6 16.4 35.5
750 327.3 35.5 13.0 17.7 35.8
755 331.0 35.6 11.8 16.6 36.3
760 334.3 35.5 12.4 17.4 36.3
765 337.7 34.9 11.7 15.5 34.4
770 341.0 34.3 6.0 9.1 34.3
775 342.3 35.0 11.6 15.9 34.6
780 343.7 34.0 4.8 8.7 34.1
785 345.0 34.6 8.8 12.3 34.0
790 346.3 34.0 4.6 7.6 34.2
795 347.7 34.0 4.6 7.6 34.3
800 349.0 34.4 7.2 10.3 34.7
805 349.2 35.2 11.0 14.9 34.8
810 349.4 34.9 10.4 13.8 34.6
815 349.6 34.1 4.7 8.8 34.3
820 349.9 34.3 5.8 9.3 34.8
825 350.1 34.1 4.6 8.2 34.5
830 350.3 34.1 4.7 8.8 34.3
835 350.5 34.1 4.7 8.3 34.7
840 350.7 34.5 7.8 11.1 34.6
845 350.9 34.8 9.2 12.7 34.7
850 351.1 34.3 6.4 10.2 34.3

855 351.4 34.1 4.4 7.1 34.9
860 351.6 34.1 3.9 6.9 34.6
865 351.8 34.3 6.3 8.8 34.7
870 352.0 34.7 10.2 14.0 34.9
875 352.9 34.2 6.4 9.6 34.7
880 353.8 34.3 5.9 9.4 34.9
885 354.7 34.3 6.0 9.2 34.1
890 355.6 34.3 6.4 9.7 34.0
895 356.6 34.1 4.3 8.2 34.4
900 357.5 34.3 6.2 9.7 34.6
905 358.4 34.1 4.6 7.7 34.2
910 359.3 34.1 4.7 7.3 34.3
915 360.2 34.0 4.6 7.6 33.9
920 361.1 34.1 4.1 7.0 34.3
925 362.0 34.0 4.6 7.6 34.0
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Appendix 8

LGM data 8180 G. sacculifer

Core Lat Lon 8180 Author depth values sed.
G. saee. (m) averag rate

M 13519 6 -20 0.4 Sarnthein et al. (1984) 2862 3 2

V30-40 0 -23 0.51 Mclntyre et al. (1989) 3706 3 3.5

V25-59 1 -33 0.27 Mix and Ruddiman (1985) 3824 3 3

KNR110-43PC 5 -44 0.21 Curry and Crowley (1987) 3435 2 5

EN66-38 5 -21 0.27 Curry and Crowley (1987) 2931 2 1.5

V25-60 3 -35 0.15 Mix and Ruddiman (1985) 3749 3 2.5

KNR110-82 4 -43 0.21 Curry and Crowley (1987) 2816 3 2.3

V30-41 0 -23 0.45 Mix and Ruddiman (1985) 3874 3 2

RC13-189 2 -30 0.26 Mix and Ruddiman (1985) 3233 8 4

A180-73 0 -23 0.51 Emiliani (1955) 3749 1 2

234A 6 -22 0.06 Emiliani (1955) 3577 2 1.5

ODP Site 942 5.7 -49.1 0.18 Showers et al. (1997) 3400 3 30

V22-38 -10 -34 0.03 Mix and Ruddiman (1985) 3797 4 2

EW9209-1 5 -43 0.41 Curry and Oppo (1997) 4056 2 2.5

12PC51 0.1 -22.9 0.61 Sikes and Keigwin (1994) 3870 2 2

M16458 5.33 -22.05 0.69 Kassens and Sarnthein (1989) 3518 1 2

M16772 -1.35 -11.96 0.75 Kähler (1990) 3913 2 3

GeoB1112 -5.8 -10.7 0.62 Meinecke (1992) 3125 3 3.5

GeoB2204 -8.5 -34 0.14 Dürkoop et al. (1997) 2072 3 2.5

GeoB3176 -7 -34.44 0.29 this study; data in Arz (1998) 1385 3 30

GeoB3117 -4.29 -37.1 0.36 this study; data in Arz (1998) 800 6 18

GeoB3129 -4.6 -36.63 0.27 this study; data in Arz (1998) 830 3 50

GeoB3104 -3.66 -37.72 0.44 this study; data in Arz (1998) 767 2 10
GeoB1506 2.21 -35.18 0.31 this study 4310 2 2.3

GeoB1105 -1.67 -12.43 0.85 this study 3225 3 4
GeoB1041 -3.48 -7.6 0.84 this study 4033 2 3.5

GeoB1117 -3.8 -14.9 0.76 this study 3984 4 4

GeoB2215 0 -23.5 0.58 this study 3711 3 3

GeoB1515 4 -44 0.26 Mulitza (1994) 3129 2 3.5

GeoB1523 3.8 -41.6 0.1 Wefer et al. (1996) 3292 1 2
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Surface Sediment Data öHIO G. saccul.

GeoB- Lat. long. ö180
station G. sacc.

1046 7.34 -20.47 -1.39

1105 -1.67 -12.43 -1.03

1106 -1.76 -12.55 -1.05

1108 -2.17 -9.87 -0.85

1111 -5.84 -8.65 -1.57

1112 -5.77 -10.75 -1.16

1113 -5.75 -11.04 -1.63

1114 -5.28 -10.2 -1.18

1117 -3.82 -14.9 -1.06

1402 -2.18 -10.07 -1.09

1403 -1.2 -11.71 -0.97

1404 -0.08 -10.78 -1.16

1407 -4.33 -10.25 -1.18

1503 2.31 -30.65 -1.95

1504 2.29 -31.29 -1.58

1505 2.27 -33.01 -1.85

1505 2.27 -33.01 -1.67

1511 3.18 -46.34 .1.67

1512 5.9 -48.04 -1.57

1513 5.43 -46.93 -1.66

1514 5.14 -46.58 -1.53

1515 4.24 -43.67 -1.88

1522 4.03 -41.68 -1.81

1523 3.82 -41.62 -1.84

2202 -8.2 -34.26 -1.43

2204 -8.53 -34.02 -1.55

2205 -8.57 -34.35 -1.45

2206 -8.56 -34.48 -1.46

2207 -8.74 -34.14 -1.28

2208 -8.92 -33.7 -1.29

2215 -0.01 -23.49 -1.3

2216 0 -23.1 -1.28

3103 -3.65 -37.7 -1.4

3108 -4.18 -37.13 -1.62

3116 -4.31 -37.14 -1.49

3117 -4.3 -37.09 -1.63

3118 -4.56 -36.86 -1.9

3119 -4.57 -36.82 -1.6

3127 -4.57 -36.86 -1.67

3137 -4.67 -36.58 -1.92

3138 -4.67 -36.45 -1.51

3911 -4.67 -36.58 -1.7

3912 -3.65 -37.7 -1.33
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Core Oata 8180 G. saccuJifer

Core depth 813C 8180 Core depth 813C 8180
cm POS POS cm POS POS

GeoS 1506-2 3 1.67 -1.59 GeoS 1117-2 38 1.12 -0.26
8 1.73 -1.36 43 0.95 0.12

13 1.46 -1.24 original 48 0.85 0.20
18 1.29 -0.74 stratigraphy 53 0.93 0.67
23 1.07 -0.87 Meinecke, 58 0.92 0.34
28 1.13 -0.61 1992 63 1.00 0.71
33 0.98 0.31 G. ruber pink 68 1.06 0.74
38 1.18 0.31 73 1.01 0.83
43 1.18 0.10 78 1.14 0.78
48 1.01 0.10 83 1.00 0.63
53 1.09 0.13
58 1.21 0.33 GeoS 2215-10 3 1.53 -1.24
63 1.09 0.31 8 1.39 -1.32
68 0.89 -0.25 13 1.31 -1.21
73 0.78 -0.26 18 1.26 -0.81
78 0.73 -0.04 23 0.96 -0.53
83 0.85 -0.13 28 0.90 -0.20
88 1.07 -0.26 33 0.90 -0.01
93 0.96 -0.22 38 0.78 0.17
98 0.98 -0.15 43 0.80 0.62

48 0.99 0.51
GeoS 1105-4 23 1.33 -0.63 53 0.85 0.61

28 1.75 -1.16 58 0.78 0.54
original 33 1.07 -0.39 63 0.81 0.56

stratigraphy 38 0.70 0.12 68 0.92 0.59
Meinecke, 43 0.88 0.47 73 0.82 0.52

1992 48 0.72 0.39 78 0.89 0.49
G. ruber pink 53 0.79 0.40 83 0.81 0.46

58 0.66 0.05 88 0.98 0.38
63 0.67 0.77 93 0.80 0.32
68 0.49 0.91 98 0.76 0.28
73 1.11 0.87 103 0.92 0.33
78 0.71 0.54 108 0.88 0.15
83 0.76 0.48 113 0.91 0.17
88 0.63 0.41 118 0.80 0.10
93 0.68 0.66 123 0.95 0.15
98 0.88 0.58 128 0.98 0.27

133 0.72 -0.09
GeoS 1041-3 38 0.73 0.29 138 0.91 0.04

43 0.85 0.54 143 0.98 0.19
original 48 0.62 0.56 148 1.03 0.19

stratigraphy 53 0.82 0.85 153 0.99 0.13
Meinecke, 58 1.04 0.83 158 1.03 0.13

1992 63 0.75 0.19 163 0.92 0.15
G. ruber pink 68 0.88 0.51 168 1.06 -0.05

73 1.10 0.71 173 0.94 0.08
178 1.05 0.06
183 1.01 -0.11
188 0.95 -0.01
193 0.96 -0.17
198 0.83 -0.03
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Appendix C

Core depth age thermoeline Core depth age thermoeline
(em) (kyrs.) depth (m) (em) (kyrs.) depth (m)

GeoB 3 1.4 141 GeoB 17 6.9 124

1523-1 13 6.1 145 2204-2 27 10.9 149

23 10.8 125 37 15.0 180

33 15.5 131 47 19.0 194

38 17.8 198 57 22.4 194

43 18.7 125 67 25.8 198

48 19.6 191 77 29.2 195

53 20.5 189 87 32.6 198

63 23.2 199 97 36.0 193

73 26.7 198 107 39.4 196

83 30.2 181 117 42.8 196

93 33.7 173 127 46.2 197

103 37.2 178 137 49.6 194

113 40.7 155 147 53.0 192

123 44.2 126 157 61.0 201

133 47.7 155 167 66.7 199

143 51.2 146 177 70.0 199

153 56.0 139 187 73.3 198

163 62.0 131 197 76.7 169

173 66.5 132 207 80.0 188

183 69.5 154 217 83.5 175

193 72.5 133 227 87.0 168

203 75.5 145 237 91.8 166

213 78.5 137 247 96.6 155

223 83.5 125 257 101.0 166

233 89.0 120 267 105.0 137

243 93.0 128 277 108.7 170

253 97.0 150 287 112.0 136

263 100.8 138 297 115.3 155

273 104.5 117 307 118.7 155

283 108.2 129 317 122.0 192

293 112.4 122 327 127.2 113

303 117.2 126 337 132.4 132

313 122.0 127 347 137.7 176

323 126.3 129 357 143.0 177

333 130.7 138 367 148.3 193

343 135.0 138 377 152.8 175

353 138.6 136 387 156.5 150

363 142.1 143 397 160.1 191

373 145.7 13:' 407 163.7 138

383 149.2 124 417 167.4 151

393 153.2 147 427 171.0 164

403 157.7 100 437 174.4 145

413 162.1 110 447 177.9 147

423 166.6 115 457 181.3 168

433 171.0 121 467 184.4 156

443 177.0 132 477 187.1 184

453 183.0 113 487 189.9 197

463 1852 116 497 192.6 139

473 187.4 115 507 196.2 167

483 189.6 124 517 200.6 149

493 191.8 125 527 205.0 171

503 194.0 118 537 210.5 123

513 205.0 113 547 216.0 193

523 210.5 104 557 220.0 190

533 216.0 135 567 224.0 192

543 220.8 137 577 228.0 154

553 225.6 127 587 231.3 185

573 238.0 116 597 234.7 134

583 2453 117 007 238.0 147

593 252.3 119 617 243.5 149
627 249.0 140
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eore depth age thermoeline depth age thermoeline
(em) (kyrs.) depth (m) (em) (kyrs.) depth (m)

GeoB 1 1.0 88 558 125.6 79

1105-4 4 1.6 86 568 128.0 EB

7 2.3 00 578 130.8 (Q

13 3.5 112 588 133.6 54

38 8.8 91 598 136.2 54

48 10.9 84 608 138.7 57

58 12.9 82 618 141.1 57

68 14.6 73 628 143.6 63

78 16.3 64 638 146.0 56

88 18.0 61 648 148.0 62

98 19.1 54 658 150.0 56

108 20.2 62 668 152.8 54

118 21.3 57 678 156.5 57

128 22.4 62 688 160.1 57

138 23.6 63 698 163.7 57

148 24.7 63 708 167.4 68

158 25.8 82 718 171.0 71

168 26.9 84 728 173.2 67

178 28.0 104 738 175.4 68

188 30.4 82 748 177.5 EB

198 32.8 62 758 179.7 56

208 35.1 64 768 181.9 63

218 37.5 62 778 183.5 56

228 39.9 56 788 184.5 56

238 42.3 57 798 185.5 57

248 44.7 54 808 186.7 (Q

258 47.0 63 818 188.2 (Q

268 49.4 (Q 828 189.6 EB

278 51.8 82 838 191.1 71

288 54.0 00 848 192.5 71

298 56.0 68 858 194.0 71

308 58.0 67 868 198.4 EB

318 61.0 61 878 202.8 68

328 65.0 (Q 888 207.2 63

338 69.0 62 898 211.6 82

348 72.3 63 908 216.0 91

358 74.9 63 918 218.7 104

368 77.4 (Q 928 221.3 97

378 80.0 81 938 224.0 78

388 82.0 00 948 226.7 72

398 84.0 66 958 228.6 00
408 86.0 64 968 229.7 59

418 88.5 64 978 230.8 68

428 91.5 60 988 231.9 63

438 94.5 81 998 233.0 58

448 97.5 68 1008 234.1 68

458 100.0 fß 1018 235.2 66

468 102.0 84 1028 236.3 78

478 104.0 EB 1038 237.4 68

488 106.0 68 1048 239.8 fß

498 108.5 64 1058 243.3 68

508 111.5 81 1068 246.8 67
518 114.5 63 1078 250.3 63

528 117.5 73
538 120.5 00
548 123.2 67

Appendix


