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Paleo sea surface salinities in the low-latitude Atlantic:
The 6'®0 record of Globigerinoides ruber (white)

L. Wang,! M. Sarnthein,! J-C. Duplessy,? H. Erlenkeuser,® S. Jung,'

and U. Pflaumann’

Abstract. On the basis of the comparison of 6'*0 values of Globigerinoides ruber (white)

(8'%0¢6. nier) from modern sediments and measured sea surface temperatures (SST) and salinity
(8SS), 8'%0¢. nuer values most clearly record summer SST and SSS of the uppermost 50 m of
water in the low-latitude Atlantic. A new transfer equation is presented for estimating local summer
paleo SSS at 0-50 m depth using 8'%Og. ruw.r, paleo SST, and the global 8'%0 ice effect of sea water,
with the standard error reaching £0.72 - £0.77%o SSS. The equation was applied to a 35 kyr long
8%0g. runerrecord and paleo SST estimates based on planktonic foraminiferal assemblages to recon-
struct the paleo SSS changes along the east Atlantic margin off the northwest Sahara. The resulting
local SSS show a general increase by 0.3-1.4%o during the last glacial maximum (LGM) and large
parts of glacial Termination I, suggesting a general increase in the upwelling of the highly saline
North Atlantic Central Water and/or a reduced lateral advection of less saline Canary Current water.
Two short salinity lows (up to 0.35%o less than today) during and after the LGM are coeval with
the Heinrich meltwater events 1 and 2 in the North Atlantic, indicating the breakdown of coastal
upwelling and meltwater advection from the north. Both events are followed by an extreme SSS
maximum (38.15%0) along with the restoration of the salinity conveyor belt. At 9.0-5.5 ka the
salinity minimum (up to 0.65%o less than today) reflects the continental runoff linked to the

phase of strong North Saharan humidity during the early Holocene climatic optimum.

Introduction

Recent paleo salinity reconstructions from 8'%0 values of
planktonic foraminifera in the high-latitude and midlatitude
North Atlantic and the equatorial Indian Ocean show that the
distribution of sea surface salinity (SSS) has markedly differed
from today during the last glacial maximum (LGM) [Duplessy
et al., 1991, 1993; Rosteck et al., 1993]. Variations in SSS
and sea surface temperature (SST) in both low and high lati-
tudes during the LGM suggest a systematic change in the
global thermohaline circulation. In order to better understand
these variations in the global oceanic salt budget, the recon-
struction of surface salinity in the low-latitude Atlantic is of

special interest, because it may provide important insights

into various underlying climatic processes such as (1) evapora-
tion from and (2) precipitation over the ocean. (3) Near the
continental margin, it may help reconstructing the freshwater
input from the subtropical continents, both as a result and
record of changes in continental aridity/humidity.
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The planktonic foraminifera Globigerinoides ruber (white)
lives and calcifies in the topmost surface layer of the ocean (0-
25 m) [Tolderlund and Bé, 1971; Fairbanks et al., 1982;
Williams et al., 1981; Hemleben et al., 1989]. Hence the shell
composition of this species is a good candidate to be used for
estimating paleo SSS in a low-latitude ocean. In this paper, we
present a strategy to calibrate the oxygen isotope values of
calcite tests of G. ruber (white) with the modern SSS and SST
distribution. Moreover, we test this relationship with a down-
core record from the low-latitude eastern Atlantic using paleo
SST data derived from planktonic foraminifera assemblages
[U. Pflaumann et al. SIMMAYX, a transfer technique to deduce
sea surface temperature from planktonic foraminifera - the
EPOCH approach submitted to Paleoceanography, 1995;
hereinafter refe_rred to as Pflaumann et al., submitted
manuscript; also Pflaumann et al., unpublished data, 1994] for
reconstructing the history of freshwater runoff from the
northwest Sahara.

Methods and Strategy

The basic relationship between water temperature (T) and the
8'%0 signal of carbonate is summarized in equation (1) [0’Neil
et al., 1969; Shackleton, 1974; Duplessy et al., 1991]:
7 =16.9- 4.38(3'%0 cuponuec - 50 nic )
+0.1(3%0 ppr -0 )’ M
This relationship is derived from a laboratory calibration of

the isotope fractionation factor and is used as proxy for inter-
preting the 8'%0 records of past temperature regimes. If paleo-
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temperatures are known, (1) can be resolved to decipher the
8180 composition of paleo water masses in which the carbon-
ate precipitation has occurred, which mainly corresponds to
the paleo salinity of a water mass, in addition to the global
8180 ice effect. To estimate past SSS variations of the low-
latitude Atlantic, the 8'%0 signals of the surface dwelling
species G. ruber (white) are used together with paleo SST data
derived from counts of the faunal composition of planktonic
foraminifera (SIMMAX transfer function, Pflaumann et al.,
submitted manuscript).

Both the isotopic composition and the salinity of sea
surface water are influenced by the local evaporation/precipita-
tion pattern, by lateral freshwater input, and by the global ice-
volume effect during the glacial-interglacial cycles [Duplessy,
1978; Labeyrie et al., 1987]. Accordingly, paleo SSS can be
calculated from paleo SST and planktonic 8'%0 values, using a
8180-versus-salinity relationship of sea surface water to be
defined in this paper, as shown in (2):

Salinity = /(890 ,,,,, » 8°0,,, paleo SST) (2

To arrive at a transfer function for paleo salinity values as
outlined in (2), various calculation steps are necessary as
summarized in Figure 1.

Note that because of a poorer correlation between calculated
and measured SSS than between calculated and measured SST
(see below), which originates from both the local frontal
systems of SSS and the small SSS range covered by our data
set, we tested the validity of our equations in the SST domain,
where the range is much broader and hence the result more
promising.
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Development of a Transfer Function for SSS

Calibratlon of the Relationship Between Salinity
and 3'*0 Values of Sea Surface Water

Although SSS is linearly correlated with the 8'%0 composi-
tion of sea surface water [Geochemical Ocean Sections Study
(GEOSECS) Excutive Committee, 1987, Duplessy et al.,
1991], this relationship varies in different regions of the
ocean [Craig and Gordon, 1965; Ganssen, 1983], because both
salinity and 8'%0 also depend on the origin of a particular
surface water mass and the different sources of freshwater. For
estimating paleo SSS in the low-latitude Atlantic, the regional
3!80-versus-salinity relationship has been derived from the
GEOSECS data set collected in the Atlantic from 40°S to 40°N
[GEOSECS Excutive Committee, 1987] using the best fit of
least squares regression (equations (3) and (4)). Note that the
8180-versus-salinity relationship is fairly constant in the sur-
face water from different parts of the Atlantic (Figure 2). Hence
we may assume that it won't have changed significantly in the
past. If paleo salinity is deduced from a known isotopic com-
position of sea water (as independent variable), (3) is obtained
(line A in Figure 2):

Salinity =34.027+2.3348'%0_,,,  (in SMOW)
or

Salinity = 34.657+2.3348'%0,,,,  (inPDB) )

(In this equation the GEOSECS §'%0,,,.. data is adjusted by
-0.27 from Standard mean ocean water (SMOW) to Pee Dee
belemnite (PDB).)

Calibration of Eq.3 $8S and 8180w ater Calibration of Eq. 4
SSS vs 3180water __ GEOSECS data 40°N - 40°S 318 Owater vs SSS
based on GEOSECS data based on GEOSECS data
calibration data set of 8180 /
fG.
surta “c':“ p G "‘b“:;mm, Test and definition of optimum | Eq. 1
$SS of Levi G. ruber habitat In surface water
itus (1982) . .
—————— | based on SST signal in §'20G.ruber
\ (Tisotope) Vs measured SST (Tm)
\
\
\

Calibration of Tisotope VS Tm
based on G. ruber calcite for summer 0-50m

Eq. 5

Derivation of paleo-SSS | Egs. 3, 7-8
from 3'80 G ruber and paleo-SST
based on SIMMAX24, egs. 1,3,5,6

Figure 1. Strategy steps in developing transfer equation (8) for paleo SSS based on §'%0 values of

Globigerinoides ruber (white) and paleotemperatures.
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A: S%. =2.335'%0 + 34.03; 12=0.70 (Salinity vs. §'80) |;

15 =1-

B: 580 = 0.30S%. -9.98; r2=0.70 (§'80 vs. Salinity)
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Figure 2. The §!%0 and salinity values of sea surface water (0-250 m) in the low-latitude Atlantic (40°N-40°S)
[GEOSECS Excutive Committee, 1987]. Line A reflects regression of salinity versus 8'%0 ratio; line B reflects

regression of 8'%0 versus salinity ratio.

On the other hand, if the isotope values are calculated from a
known salinity (as independent variable), regression equation
(4) is received (line B in Figure 2):

5"%0, .., =-9.986+0.30Salinity (in SMOW)

or
5%0,,,, =-10.146+0.30Salinity  (inPDB)  (4)

Equations (3) and (4), the results of which appear different,
are based on the same 46 pairs of measured salinity and 820
values. The correlation of the two variables is highly signifi-
cant in each equation as shown by correlation coefficient of
0.84 (r? = 0.70; standard errors of 0.35%0 in salinity and
0.13%o in 8'%0, respectively).

Test of the Temperature-versus-6'30 ,.,.,
Relationship

Both the seasonal and depth distributions of a species con-
tribute to the 8'%0 composition of planktonic foraminiferal
tests in the sediment [Williams et al., 1981, Hemleben et al.,
1989]. Because the narrowly confined habitat of G. ruber
mainly depends on temperature [Tolderlund and Bé, 1971;
Bijma et al., 1990; Molfino, 1993], the 8'%0 signal of G.
ruber tests reflects the water property for a small depth range
of about 10-25 m in the surface ocean. Moreover, the §'%0
signal represents a certain season of the year, where and when
most tests of G. ruber in a sediment assemblage have been
produced, i.e., when the optimum temperature conditions for
this species have prevailed [Ganssen, 1983; Deuser, 1987].
The 3'%0 composition of G. ruber tests is in equilibrium with
the ambient sea water, and thus the §'%0 values of sea water de-
rived from (1) are subject to a habitat effect; more specifically,
they depend on the temperatures occurring at particular water
depths and certain seasons.

In order to apply the SST equation (1) to any 8'%0 record of
G. ruber, a proper calibration of the outlined habitat effect is
necessary first to determine precisely which water layer and
which season are reflected by the 8'%0; ,,,., signal.
Subsequently, the relationship between (1) the modern SST

and the subsurface temperature averages reflecting the opti-
mum habitat of G. ruber and (2) the corresponding §'%0 iso-
topic temperature (T,,) of G. ruber test is defined. Finally, this
regression is employed for calculating the paleo SSS of the
ambient water mass and the pertinent season where G. ruber
has produced its test in isotopic equilibrium with sea water. T,
was also reported as "effective temperature” by Duplessy et al.
[1991].

The data set used for our calibration is composed of §'%0
values of G. ruber from 50 surface sediment samples in the
low-latitude Atlantic (Table 1, Figure 3) and is based on pub-
lished and unpublished data from Kiel University and other
sources (Table 1). The 50 values of 8'%0,,,,, were selected
from altogether 170 core top data in the low-latitude Atlantic
mostly recovered from the west African continental margin,
because they probably represent the best approximation to the
“genuine surface sediment” record. The selection was based on
two criteria: (1) most of the samples were carefully picked
from the top 1-3 cm core depth, and (2) the sedimentation rates
at the core sites were equal to and/or higher than 2.5 cm/kyr
based on accelerator mass spectrometry (AMS) 'C analogue
stratigraphy [Winn et al., 1991] and direct dating (Table 1). At
the samples from the eastern Gulf of Guinea, sedimentation
rates are assumed to be high per analogy with dated local cores
[Univ. of Kiel, unpublished data, 1993] and because of the
strong local river discharge. Samples from very steep conti-
nental slopes (>5°) were discarded because of significant
downslope sediment reworking in the nepheloid layer.

In summary, the S0 samples of our study may represent a
sediment record of the last 400 to 1200 years and accordingly,
the SSS and SST values reconstructed by 8'0 values of G.
ruber may qualify for a calibration with modern SST and SSS
data that probably represent an average of the last hundred
years [e.g., Levitus, 1982]. We prefer 8'%0 values measured on
G. ruber from surface sediments to 80 values of specimens
from plankton hauls and the Levitus SSS and SST data to in
situ measurements because (1) the sediment data present a
long-term average of the surface water hydrography; (2) the
effects of calcium carbonate dissolution may be similar to the
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Figure 4. Comparison of measured SST [Levitus, 1982] (T,) and isotopic SST (T;,,) calculated from 820 values
of G. ruber and measured SSS [Levitus, 1982]. Four different cases help to determine the dominant habitat of this
species, which controls 830 values/SSS signals of their carbonate tests: (a) summer SST at sea surface (0 m), (b)
summer SST at 0-50 m water depth, (c) annual SST at sea surface (0 m), and (d) annual SST at 0-50 m water depth.
Note the best correlation between T, and T, in case of Figure 4b. Regression lines are based on "Reduced Major

Axis" method of Davis [1986]

effects encountered at samples further downcore; and (3) the
sediment record provides a data set comprising a broader
SST/SSS range in the east Atlantic than any set of plankton
haul data. However, at nearshore hydrographic frontal systems
linked to fluvial freshwater input (e.g., off the Niger and
Congo deltas), the Levitus data were replaced by regional
synoptic data set such as the EQUALANT atlas [Kolesnikov,
1973]. These data clearly depict small-scale plumes of low-
salinity surface water, which otherwise are smoothed largely
away by the data treatment of Levitus [1982]

Isotopic SSTs (T,,) are compared (Figure 4) with various
sets of modern SST data (T,,) [Levitus, 1982; Kolesnikov,
1973]. T, values are calculated via (1) from §'%0y ,,,., values
and from measured SSS of the pertinent water horizon to deduce
8180, via (4). In the regressions of Figure 4, the summer and
annual Levitus SSS values of both the true surface (0 m) and the
average at 0-50 m are employed alternatively (i. €., summer at
0 m, annual average at 0 m, summer at 0-50 m, and annual av-
erage at 0-50 m). To achieve a match between the data obtained
from the two hemispheres, the Levitus data from opposite
caloric seasons are combined. That means February to April
(i.e., summer) data from the south are lumped with August to
October data from the north. In the Gulf of Guinea, however,
data of the northern summer must be employed, because here

the regional river discharge is clearly linked to precipitation
maxima during northern summer (drainage basins at 5-15°N).
This implies that summer SST values in the Gulf of Guinea are
lower than the annual average values (Table 1)

The best correlation between T, and T, exists in the case of
summer temperatures at 0-50 m with a significant relationship
of r = 0.75. This demonstrates that in the low-latitude
Atlantic, or more accurately, in the region represented by the
calibration data set, 3'%0 values of G. ruber tests mainly reflect
the summer temperature and salinity of the topmost 50 m in
the surface ocean (Figure 4), although, to some degree, the
tests are a product of all seasons.

In Figure 4b, the slope of the regression line of 0.963
comes close to a 1:1 correlation, if we use the Reduced Major
Axis approach (RMA) described by Davis [1986] instead of the
least squares regression technique. The RMA procedure mini-
mizes the product of the deviations in both the X and the Y
directions of a wide scattered bivariate data matrix. It is useful
in expressing the mutual relationship between two variables
which are both subject to errors and neither can be regarded as
a function of the other such as in our case. The RMA is defined
by an ordinary linear equation. The slope is defined as the ratio
of the standard deviations of the two variables and in our case
those of the T,,, and T,,. The RMA of Figure 4b results in (5),
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T,, =3.147+0.9637, )

Based on SSTs calculated from (5), paleo SSS at 0-50 m can
now be deduced from (2) for the summer season.

The standard error of (5) is £1.43°C. The systematic devia-
tion of the regression line from the 1:1 correlation is about
2.5°C in the temperature range 18-28°C. The shift originates
from both the preferential near-surface habitat and the short-
term seasonal timing of G. ruber. Finally, this deviation has
to be considered for the paleo salinity calculation via the cor-
rection of all paleo SST estimates according to (5). On the ba-
sis of various long 8'%0 records of G. ruber (mainly unpub-
lished University of Kiel records) comprising the last 2-3
glacial cycles, we assume that this 8'%0 versus SST relation-
ship has remained constant over the last 250 to 350 kyr, be-
cause the 8'30 level of glacial and interglacial oscillations
remained unchanged.

The Transfer Equation for Paleo-Salinity

Using the 520 value of G. ruber tests and measured and/or
reconstructed summer temperatures for 0-50 m (T,,) which are
characteristic of the habitat of this species, the 3!20 value of
sea water (8'%0,,,,.,) can be calculated from (1) if T is replaced
by T,, (using (5)) as shown in (6) to take into account of the
habitat effect of G. ruber:

8180“" =8|806. ruber ~ 21.9

+4310.6+10(0.9637, +3.147) ©)

Finally, SSS can be estimated by inserting (6) into (3) as
shown in (7). This approach is based on the assumption that
the relationship between the salinity and 8'%0,,,, . of the pre-
sent sea surface water masses does not change through past
times in the low-latitude Atlantic, because there is no signifi-
cant spatial variation in the modern data (Figure 2):

$5§ =34.657+2.334(5"%0 ..., - 21.9)
+2.3344[310.6+10(0.9637, +3.153) )

The standard error of the salinity estimates from (7) can be as-
sessed on two ways. First, the error can be calculated directly
by adding the errors of the two transfer equations contained in
(7), which amount to £0.35% SSS for (3) and +0.69%. SSS
(corresponding to 11.43°C) for (5), leading to an additive
standard error of 10.77%o SSS [Hartung, 1989]. Further analyt-
ical uncertainties in paleo SST estimates and oxygen isotope
measurements (< £1°C equal to about 0.5%0 SSS and < 10.1%0
8180, respectively) sum up to an additive error of about 0.6%o
SSS, which is about equal to the standard error in (7) itself.

On the other hand, the standard error can be derived from a
direct comparison of modern measured versus calculated salini-
ty values (Table 1 and Figure 5). The standard error of this
regression is 10.72%o for salinity, which is a range similar to
the error found by the first approach. If (7) is employed for
reconstructing paleo salinities, one has to take into account
regional small-scale SSS gradients of 2-4%o in the modern
low-latitude Atlantic and glacial-to-interglacial salinity
changes amounting to about 1.0-1.5%c because of the global
ice effect. In this case, (7), with its standard error of +0.72-
10.76%o, is promising to reveal, at least, the general trend of
salinity fluctuations, especially along the ocean margins
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Figure S. Comparison of measured summer salinity (0-50 m
water depth) [Levitus, 1982] and isotopic salinity estimates
calculated from 8'%0 values of G. ruber (equation 8) and summer
SST (0-50 m water depth) [Levitus, 1982, Kolesnikov, 1973]
Differences between the paleo SSS estimates using equation of
this paper (8) and equation (9) of Rosteck et al. [1993]

where the continental freshwater input may have changed
significantly along with changes in low-latitude climate.

The Role of the 580 Ice Effect

Past changes in global ice volume during glacial-to-inter-
glacial cycles imply that both §'%0,,,. and SSS values calcu-
lated by means of (6) and (7) have been enlarged by the global
ice effect during glacial times by an amount yet to be defined
precisely. Local SSS variations that record changes of the re-
gional climate are only linked to changes in the local fresh-
water input and evaporation/precipitation regime. Hence these
figures can be estimated more precisely by subtracting the
effects of sea level changes on global salinity and 8§20,
changes from our overall salinity estimates based on (6) and
(7). We are using the estimates of the global §'%0 ice effect
derived from the U/Th dated sea level curve, which amount to
1.3%o for the last glacial-to-interglacial transition [Fairbanks
and Matthews, 1978; Fairbanks, 1989, 1990; Bard et al.,
1990]. Beyond 30.47 calendar (cal) kyr B.P., we employ the
ice effect curve published by Labeyrie et al. [1987] and
Vogelsang [1990], as summarized in (8).

SSSjoens =34.657+2.334(8%0 ;. ,,,, - 8%0,, - 21.9)
+2.334¢/310.6+10(0. 9637, +3.147) ®

This transfer equation assumes that the modern ratio of 1%o
change in 8'%0,,,. equating to 2.334%, SSS (equation 3) has
been constant through all times. On the basis of this assump-
tion, (8) can serve for estimating past changes in local sum-
mer salinity within the top 50 m of surface water in the low-
latitude Atlantic.
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Test Records: East Atlantic Paleo Salinity
Variations off the Northwest Sahara

The 8'%0 curves of G. ruber and paleotemperature records of
Meteor core 12309-2 (26°50.3’N, 15°06.6'W, 2820 m water
depth) serve as an example to estimate the local variations in
paleo SSS based on the outlined reconstruction strategy. These
data (Table 2) promise important insights into the changes of
the freshwater input along the east Atlantic continental mar-
gin and hence of the rates of North African precipitation and
evaporation. Modern salinity at site 12309-2 is purely con-
trolled by the salinity of both the Canary Current and upwelled
North Atlantic Central Water (NACW) during summer
[Sarnthein et al., 1982b], the salinity of which is fairly high
(2 37.25%c in both the source region of downwelling and at
about 200 m depth; [Levitus, 1982; Bainbridge, 1981]).
Today, no freshwater input from the North Sahara is recog-
nized south of the rare floods of the Wadi Draa mouthing near
28°40°N (Figure 3).

In Figure 6a, we compare a 8!%0 curve of Cibicidoides
wuellerstorfi, used for stratigraphic classification (see age
marks in cal year), with the 8!%0 signal of G. ruber serving as
base for our paleo salinity reconstruction. On the basis of
Winn et al: [1991], the sedimentation rates in core 12309-2
range from 5.6 cm/kyr in the Holocene to 11.5 cm/kyr in
glacial times. Hence our 5-cm average sampling space enables
us to resolve time spans of 900 years in the Holocene and 450
years in the glacial and across Termination 1. The variations in
the global 8'%0 ice effect (8'%0,, in equation (8)) are defined
by the U/Th dated sea level curve between O to 30.47cal ka
B.P. [Fairbanks, 1990; Bard et al., 1990] and between 30.15
to 40 cal kyr B.P. by the 8'%0,., curve of Labeyrie et al.
[1987] and Vogelsang [1990], the data of which have been
found to be less reliable in our test calculation. The composite
8'%0 curve is adjusted to a LGM-versus-interglacial A8'%0 ice
value of 1.3%o [Fairbanks, 1989].

As shown in Figure 6b, the relative abundance of G. ruber
(white) varies from a few tenths of a percent during glacial
times to nearly 10% in the mid Holocene. Hence the oxygen
isotope signals of G. ruber are strongly affected by downcore
bioturbation of G. ruber tests across glacial Termination I as
compared to the much less distorted benthic §'80 record of
C. wuellerstorfi that has occurred more persistently over
glacial-to-interglacial times [Lutze et al., 1979]. To account
for this bioturbational shift of the 8'%0g,,,., signal, the 5'%0
curves of G. ruber were adjusted to the 830 stratigraphic
record of C. wuellerstorfi using three age control points that
can be recognized easily in most 8'%0 records, that is, the end
(17.1 cal kyr) and the beginning (18.3 cal kyr) of Termination
IA and oxygen isotope event 3.1 (29.5 cal ka; arrows in Figure
6a). The ages between the three switch points were adjusted by
telescoping based on the assumption of constant sedimenta-
tion rates in between.

In the top 50 m water depth, summer temperatures varied
moderately by 3 °C over the last 38,000 years (Figure 6c,
Table 2). A unique abrupt warming by 3 °C occurred at the end
of the LGM (after 18,000 yr B.P.). The small-scale short-term
SST variability at 27-19 cal kyr B.P. (A1.8°C) is little sub-
stantiated by data. In summary, one may expect that past SST
variations have generally influenced the reconstructed varia-
tions in paleo SSS by less than 0.5-0.75 %o, except for the
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Table 2. Oxygen Isotope Values, Paleo SST Values Estimated by
SIMMAX24, and Paleo SSS Estimated by equation (8) of Core M12309

No. Agein 3'%0  Paleo SST 8'%0 Paleo SSS
of Calendar G.ruber Estimates ice effect  Estimates for
sample Years, (white), (interpolated), (interpolated), 0-50 m,
M12309 x 1000 %0 PDB °C %o PDB %o
1 0.00 -0.52 20.20 0.00 36.40
2 0.22 -0.32 20.20 0.00 36.86
3 1.11 -0.39 20.39 0.00 36.79
4 1.99 -0.31 20.30 0.00 36.93
5 2.87 -0.45 20.73 -0.01 36.83
6 3.76 -0.35 20.67 -0.02 37.08
7 4.64 -0.35 20.82 -0.04 37.19
8 553 -0.64 20.82 -0.04 36.51
9 647 -0.62 20.26 0.05 36.08
10 7.58 -0.61 20.24 0.11 35.96
11 8.69 -0.45 20.00 0.12 36.18
12 9.80 -0.01 2043 0.21 37.20
13 10.24 -0.33 20.24 0.22 36.34
14 10.68 -0.01 19.97 023 36.94
15 11.13 0.24 19.75 0.24 3740
16 11.57 0.17 19.89 0.25 37.28
17 1197 0.51 19.62 0.25 37.93
18 1226 0.67 19.47 0.26 38.22
19 1255 0.62 19.50 0.26 38.10
20 1285 049 19.64 0.27 37.86
21 13.14 0.57 19.63 0.28 38.00
22 1343 0.69 19.53 031 38.16
23 14.01 0.52 20.66 0.37 38.18
24 1459 1.08 20.90 043 3946
25 17.50 0.73 18.70 0.59 3720
26 18.00 1.29 18.38 0.77 3792
27 18.50 1.62 18.12 0.96 38.13
28 19.49 1.44 18.32 1.05 37.60
29 2048 1.21 19.69 1.01 37.83
30 2058 1.11 19.86 1.00 37.69
31 2147 1.29 18.60 0.94 37.64
32 2256 1.51 19.35 0.95 3849
33 2345 1.62 19.61 1.01 38.76
34 2419 147 19.01 1.00 38.12
35 2454 1.22 18.64 1.00 3737
36 25.18 1.28 18.97 0.97 37.74
37 26.17 1.37 19.63 0.85 38.55
38 2652 1.51 19.88 0.80 39.12
39 2716 141 18.93 0.73 38.57
40 2850 1.12 19.55 0.51 38.72
41 3204 0.99 19.65 0.63 38.19
42 3558 1.21 20.29 0.63 39.00
43 3735 1.08 19.93 0.64 38.51

SIMMA X?24 is the transfer function for estimating paleo SST from
planktonic foraminifera assemblage (Pflaumann et al. submitted
manuscript).

SST rise during early Termination I which corresponds to
about A1.5%o SSS.

The variations in summer SSS (Figure 6d, Table 2) based on
(8) suggest significant and reasonable changes in hydrogra-
phy over the last glacial cycle. During the last glacial, local
salinity generally exceeded the Holocene level by about 0.5-
1.0%0 reaching 37.2-38.1%o, in addition to changes linked to
the variations in global ice volume. Likewise, summer SSS
was high during late stage 3, although this stage is poorly
resolved. An extreme maximum (38.2%0) occurred right after
Termination 1A [Duplessy et al., 1981] near 14.5 cal kyr B.P
(equal to 12.5 k '“C yr B.P.).
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Figure 6. Reconstruction of local paleo salinity changes at the east Atlantic margin, about 27°N, over the last
37,000 years, based on proxydata of Meteor core 12309-2. (a) Oxygen isotope values of G. ruber (white) com-
pared with 3'%0 record of C. wuellerstorfi (315-400 pm) [Zahn-Knoll, 1986] used for age control [Winn et al.,
1991; Alley et al., 1993; M. Sarnthein, unpublished data, 1993]. Numbers indicate calendar year B.P. (x1000).
Global 8'%0,, record is after U/Th dated sea level curve of the last 30.47 kyrs [Fairbanks, 1989, 1990; Bard et al.,
1990; Fairbanks and Matthews, 1978] and after global 8'%0 ice effect curve of Labeyrie et al. [1987] and
Vogelsang [1990] between 31.5 to 40.0 cal kyr B.P. Conventional 14¢ ages are converted to calendar years fol-
lowing the technique of Winn et al. [1991]. Solid circles on 8'%0 ice effect curve match the 8'%Qg; ., data.
Arrows mark major age control points, where the G. ruber record is adjusted to the §'30 record of C. wuellerstorfi.
(b) Percentage of G. ruber (white) in total planktonic foraminiferal assemblage >149 pm. (c) Summer sea surface
temperatures (SST) curve for 0-50 m depth based on SIMMAX24 transfer function of Pflaumann et al. (submitted
manuscript) and faunal counts of Thiede [1977]. Solid circles on this curve indicate interpolated SST estimates
matching in age the level of 'O, ,,,, data. (d) Paleo SSS curve and standard errors (shaded area) estimated using
equation (8). (e) Differences between the paleo SSS estimates using equation of this paper (8) and equation (9) of
Rosteck et al. [1993]
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Four factors may induce such changes in local SSS along the
east Atlantic margin, near site 12309-2: (1) a decrease or
increase in the continental runoff from the nearby northern
Sahara; (2) changes in both the coastal upwelling intensity of
the highly saline NACW and its original salinity values, for
example, by variations in the precipitation-evaporation ratio
over the subtropical North Atlantic; (3) changes in the dynam-
ics of the Canary Current and its salinity; and (4) local
changes in the precipitation-evaporation ratio at core site
12309.

As the modern continental runoff near site 12309-2 is al-
ready zero, the clearly increased salinity during the last glacial
maximum (LGM) and stage 3 (36.9-38.1%o0) and especially the
SSS maximum after Termination IA (38.2%0) may be best ex-
plained by a differential advection of the less saline Canary
Current water (<36.5%o; Levitus [1982]) and/or by culmina-
tions in the upwelling of NACW, the salinity of which
(>37.2%0; Bainbridge [1981]) may have increased signifi-
cantly. Local evaporation is probably less important because
the salinity at site 12309 appears largely controlled by the
high current dynamics in this region. These conclusions are
corroborated by the glacial SSS range found in the subtropical
North Atlantic, which has reached a level of 37.25-37.75%0
[Duplessy et al., 1991], which is almost as high as the peak
values in core 12309. Moreover, increased zonal SST anoma-
lies (east Atlantic margin versus central Atlantic) demonstrate
that the glacial intensity of coastal upwelling was much en-
hanced [Pflaumann, 1980; Climate: Lang-Range Interpreta-
tion, Mapping, and Prediction (CLIMAP) Project Members,
1981; Sarnthein, 1982] and thus the advection of NACW. We
surmise that either a short-term culmination in the upwelling
of highly saline NACW and/or a turnoff of the advection of
cold and less saline Canary Current water from the north may
best explain the special short lasting salinity spike (A2%o)
near 14.5 cal kyr B.P. Note that it is coeval with the sudden
postglacial restoration of the Atlantic Salinity Conveyor
Belt, subsequent to the great meltwater event of the Heinrich
layer 1 [Sarnthein et al., 1994]. A well defined extreme SST
maximum provides evidence for either processes (Figure 6c¢)
by forming the base of maximum evaporation in the northeast
Atlantic. A medium high salinity of 37.0-37.4%c persisted
until the Younger Dryas (about 12.0 cal kyr B.P.).

The glacial high salinities offshore northwest Africa con-
firm the complete lack of freshwater discharge from the North
Sahara during the LGM and major parts of Termination I,
which has been also suggested by numerous evidence from
continental, lacustrine, and marine sediment records
[Sarnthein, 1978, Rossignol-Strick and Duzer, 1979;
Koopmann, 1981; Sarnthein et al., 1982a, b; Street-Perrott et
al., 1989;] and, moreover, by recent climate models [Prentice,
1992].

On the other hand, the various salinity lows during the last
40 kyr may record (1) increased continental runoff, (2) a break-
down in the upwelling of NACW, and (3) a lateral advection of
low-salinity sea water from the north via the Canary Current.
Thus these minima are difficult to. interpret. In the early Holo-
cene from 9.0 to 5.5 ka, the salinity was extremely reduced, by
up to 1%0 lower than today. These phases parallel a period of
pronounced humidity and high lake levels in the northern and
southern Sahara [Sarnthein, 1978; Rossignol-Strick and
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Duzer, 1979, Street and Grove, 1979; Sarnthein et al., 1982a,
b; Hooghiemstra et al., 1987, Ritchie and Haynes, 1987,
Petit-Maire, 1989]. Hence a major portion of this low-salinity
signal can be attributed to thé continental runoff through the
Wadis of South Morocco, which has fed the Canary Current.
The other part of the early Holocene salinity reduction may be
related to a reduction in coastal upwelling of NACW, a feature
clearly evidenced also by paleoecological evidence [Petit-
Maire, 1980] and reduced zonal SST anomalies [Pflaumann,
1980] for the early-to-middle Holocene. At 10.0 cal kyr B.P.,
however, the upwelling was still stronger than today [Schulz,
1994].

The two salinity lows (A1.6%0) at about 17.5 and 24.5 cal
kyr ago, which are coeval with the long-term LGM aridity
maximum in the Sahara [Sarnthein, 1978; Rossignol-Strick
and Duzer, 1979; Street and Grove, 1979, Sarnthein et al.,
1982b; Hooghiemstra et al., 1987], can hardly be assigned to
continental runoff. They rather indicate short lasting complete
breakdowns of coastal upwelling and coincide precisely in age
with the great North Atlantic meltwater events linked to
Heinrich layers 1 and 2 [Bond et al., 1992, 1993; Sarnthein et
al., 1992, and M. Sarnthein et al., Variations in surface ocean
circulation in the northern North Atlantic over the last 55,000
years: A timeslice record, submitted to Paleoceanography,
1994; hereinafter referred to as Sarnthein et al., submitted
manuscript]. Hence, these salinity lows probably also record,
for the first time, a southward advection of meltwater via the
Canary Current into subtropical latitudes, an advection that
helped suppressing the upwelling activity. A similar explana-
tion may apply to the extremely short lasting (~S00 years)
salinity low prior to 10 cal kyr B.P. Further high-resolution
paleo salinity records may help to trace more precisely these
meltwater signals down to low latitudes and to uncover their
implications for African continental aridity and humidity [L.
Wang et al., manuscript in preparation, 1995].

Finally, in Figure 6e we show SSS anomalies that result
from the difference between the results produced by our equa-
tion (8) and those produced by equation (9) of Rosteck et al.
[1993]:

ssS,; =5. +(88"0; ,,, -2a7-8%, ) /e ©

This equation (9) was recently developed for the equatorial
Indian Ocean, where S,, is modern salinity (i.e., 36.68%o),
A8'%0; b is the difference between §'%0 ,,,., values of
downcore samples and the core top value (-0.52%o), AT is the
difference between paleo and modern SSTs (T ,,, 20.96°C), and b
and ¢ are empirical coefficients (-0.2 and 0.37, correspond-
ingly). The differences between the records produced by the
two approaches (+0.45 to -0.01%0SSS) are encouragingly low
and lie within the standard error range of (7). Note the small
deviation that applies to the salinity spike near 14.5 cal kyr
B.P.

Conclusions

1. Isotopic sea surface temperature (SST) values that were
estimated from 8!%0 values of G. ruber (white) in modern sedi-
ments and Levitus [1982] salinity data were calibrated against
various data sets of measured SST. The results show that the
isotopic composition of G. ruber reflects most closely the
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average water mass at 0-50 m water depth during summer
(r = 0.75; equation (5)).

2. On the basis of Levitus SST data (0-50 m) for summer and
8'80 values G. ruber of modern sediments, a new transfer equa-
tion (8) was developed to estimate past local sea surface salin-
ity values in the low-latitude Atlantic. These values generally
match the Levitus [1982] SSS data (0-50 m) with r = 0.81 and a
standard error of £0.72 - £0.77%o. The new transfer equation is
particularly important for estimating the continental paleo
runoff and the atmospheric water cycle in low latitudes from
marine sediment cores.

3. The new equation was employed to tentatively recon-
struct east Atlantic paleo salinity changes off the northwest
Sahara where today continental runoff is absent and upwelled
highly saline North Atlantic Central Water increases the local
SSS in the Canary Current. During the LGM and large parts of
Termination I the local SSS increased by 0.3-1.35%0, suggest-
ing a general increase in the upwelling of highly saline
NACW. Precisely coeval with Heinrich meltwater events 1 and
2, the upwelling broke down completely as recorded by short
lasting salinity lows (36.1-37.0%o), possibly also induced by
meltwater advection in the Canary Current from the north.
Subsequently, major salinity spikes that are linked to SST
maxima may reflect an evaporation maximum in the subtropi-
cal North Atlantic, the restoration of the Atlantic salinity
conveyor belt, and a minimum in the Canary Current advec-
tion. The early Holocene salinity minimum near 9.0-5.5 ka
reflects a strong continental runoff linked to the outstanding
phase of north Saharan humidity during this time.
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