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Improving past sea surface temperature estimates

based on planktonic fossil faunas

C. Waelbroeck,! L. Labeyrie,!-2 I.-C. Duplessy,!J. Guiot,3

M. Labracherie,4 H. Leclaire,! and J. Duprat4

Abstract. A new method of past sea surface temperature (SST) reconstruction based on the modern analog technique
(Prell, 1985) and on the indirect approach (Bartlein et al., 1986) has been developed: the revised analog method (RAM).
Applied to planktonic foraminifera, this technique leads to significant improvements in modern SST reconstruction with
respect to former methods: our estimates are characterized by much lower residuals and a better coverage of the observed
SST range. Moreover, the error of RAM estimates of past SSTs is lower than that associated with former reconstructions,
particularly at middle and high latitudes. In low latitudes, cold season SSTs reconstructed by RAM during glacials are 1°-
3°C lower than previously estimated. Our results tend thus to reconcile paleoestimates of glacial temperatures based on

planktonic microfossils and on continental data in the tropics.

1. Introduction

During the last decade, two methods have been commonly
used to assess past sea surface temperatures (SSTs) based on
planktonic faunal composition: the Imbrie and Kipp transfer
function [Imbrie and Kipp, 1971] and the modern analog tech-
nique (MAT) [Hutson, 1979, Prentice, 1980; Overpeck et al.,
1985; Prell, 1985]. However, these methods often give differ-
ent results. One issue is thus to determine which reconstruc-
tions are the best and why. On the other hand, SSTs recon-
structed by both these methods in low latitudes during the last
glacial maximum (LGM) are at most 2°-3°C cooler than present
SSTs [Climate Long-Range Investigation, Mapping, and Pre-
diction (CLIMAP), 1981; Prell, 1985], whereas studies based
on continental data reconstruct temperatures 3°-9°C colder than
the current SSTs at those latitudes. For example, reconstruc-
tions obtained from pollen records imply a cooling of 3°-6°C
with respect to the present time [Bush and Colinvaux, 1990;
Bonnefille et al., 1992], and data on snow lines or tree lines
lead to an estimated cooling of 4°-9°C [Peterson et al., 1979].
Consequently, both the Imbrie and Kipp (I&K) and MAT meth-
ods are suspected of producing biased SSTs in certain cases.
Finally, reconstruction and modeling of the past ocean circula-
tion demand an accurate description of surface water tempera-
ture and salinity. Salinity can be derived from the planktonic
180/10 ratio of planktonic foraminifera if SST is known
[Duplessy et al., 1991]. However, the uncertainty of recon-
structed salinities rapidly increases with the uncertainty of

ILaboratoire des Sciences du Climat et de I’Environnement, Labo-
ratoire mixte CNRS-CEA, Domaine du CNRS, Gif-sur-Yvette, France.

2Also at Depariement des Sciences de la Terre, Université Paris-sud
Orsay, Orsay cedex France.

3Laboratoire de Botanique Historique et Palynologic, CNRS URA
1152, Marseille, France.

4Département de Géologie et Océanographie, CNRS URA 197, Uni-
versité de Bordeaux I, Talence, France.

Copyright 1998 by the American Geophysical Union.

Paper number 98PA00071.
0883-8305/98/98PA-00071$12.00

SSTs. So, in order to be able to detect salinity changes, it is
crucial to keep the error associated with SST estimates the low-
est possible.

For all these reasons our goal has been to determine why the
existing methods give different results and to propose a new
method, which minimizes the uncertainty and biases associ-
ated with the SST estimates. We first shortly describe the Im-
brie and Kipp (I&K) and MAT methods and the way results ob-
tained with these methods are biased. We then present the re-
vised analog method (RAM), discuss its performance, and give
examples of reconstructions obtained by this method.

2. Biases in Former SST Reconstructions

A detailed description of the I&K and MAT methods is given
by Imbrie and Kipp [1971] and Prell [1985]. Both methods as-
sume, as do all paleoclimatic reconstruction methods, that the
relationship linking the faunal assemblages from a collection
of core tops to the environmental conditions measured at the
corresponding sites can also describe, the evolution in time of
the faunas at a single site in response to changes in the envi-
ronment or climate.

The I&K method is based on several additional important
hypotheses, which are not all verified in the real ocean. We
discuss here the hypotheses that lead to systematic biases in
the temperature estimates: (1) the response of each assemblage
can be approximated by an equation of the second degree in the
independent variables representing the physical parameters of
the ecosystem (i.e., SST, salinity, nutrient concentration,
primary production, etc.); (2) when several environmental pa-
rameters are simultaneously reconstructed, these are assumed to
be statistically independent. The method consists in convert-
ing the core-top faunal composition into a small number of
end-member assemblages by factor analysis and of deriving a
regression equation (the transfer function) between these as-
semblages and the measured environmental variables. The
transfer function is then applied to paleosamples to estimate
paleoenvironments. The two hypotheses mentioned above
warrant the existence of a solution in which each environ-
mental variable is expressed as a function of the end-member
assemblages [Imbrie and Kipp, 1971]. Examining the envi-
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Figure 1. (a) Mean annual sea surface temperature (SST) [Levitus, 1994] versus mean annual primary production [Antoine et
al., 1996] and (b) mean annual surface salinity [Levitus, 1994] versus mean annual SST at the core-top sites of the world data-

base used by Prell [1985].

ronmental parameters values at the sites of the modern data-
base used in the reconstructions, one immediately realizes that
some are highly correlated. This is the case, for instance, of
SST and primary production, of SST and salinity, of summer
SST and winter SST, etc., as is illustrated in Figure 1 for the
world database composed of 1145 sites used by Prell [1985].
In those cases, the two hypotheses are not verified, and a rela-
tionship defining each environmental variable as a function of
the assemblages cannot be properly derived. In other words,
the I&K method is, indeed, used outside its domain of validity.
As a matter of fact, the transfer function derived in the I&K
method is only a formulation of the relation between the as-
semblages and the environmental variables observed for the
majority of the database sites and is unable to successfully re-

construct past environmental conditions corresponding to
faunas which are marginal with respect to the main trends
emerging from the modern database. This explains why mod-
ern SSTs reconstructed by this method differ so much from
measured SSTs in certain sites and, in particular, at high lati-
tudes (Figure 2a).

On the contrary, MAT’s only assumption is that the present
spatial relations between the faunal composition and the envi-
ronment can serve as temporal relations at a single site. The
method consists in looking in the database for core tops
(called “best analogs”) which have the “closest” faunal com-
position to that of the sample, and then averaging the modern
values of environmental variables measured at the correspond-
ing core tops sites. In order to do that, a “dissimilarity coeffi-
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Figure 2. Estimated versus measured SST at the 615 sites of the North Atlantic database for the Imbrie and Kipp transfer
function (I&K), modem analog techmque (MAT), and revised analog method (RAM) (r, correlation coefficient and SD, stan-

dard deviation as in Table 1).

cient” is defined which measures how different the faunal com-
positions of two given samples are. There exist several dis-
similarity measures among which the squared chord distance
gives the best results according to Prell [1985] and is the most
commonly used. We use this dissimilarity measure in the pres-
ent study also. Although MAT does not suffer from the same

limitations as the 1&K method, the procedure used to select the
modern analogs induces other limitations. Two criteria are si-
multaneously applied: (1) only the analogs whose dissimilar-
ity coefficients are lower than a fixed threshold value are re-
tained; (2) a fixed number of best analogs are involved in the
averaging leading to the estimation of the environmental con-



WAELBROECK ET AL.. IMPROVING PAST SEA SURFACE TEMPERATURE ESTIMATES

ditions. The first selection criterion is inappropriate to define
which modern analogs should be kept or rejected because the
value of the dissimilarity coefficient depends on the diversity
of the faunas and is intrinsically larger in low latitudes than in
high latitudes. Therefore the same threshold value cannot serve
in different sites or along the whole length of a given core.
The second criterion is also too rigid: the constant number of
best analogs selected, N, is often either too large or too small,
depending on the specific sample studied. If the first few best
analogs correspond to a homogeneous type of environmental
conditions, a large value of N will unnecessarily degrade the
reconstruction by including in the averaging procedure core
tops that are quite different from the sample. On the contrary,
if a large number of core tops have faunal composition resem-
bling that of the sample, a small value of N could induce large
errors in the reconstruction because the averaging would not be
sufficient. These bad selection criteria are partly responsible
for the poor modern SST reconstructions obtained for the low-
est and highest SSTs (Figure 2b). The second main weakness of
MAT is the fact that it is sometimes not possible to find satis-
factory analogs because of the incomplete coverage of the
modern database. Finally, when applied to foraminiferal fau-
nas, the method is unable to reconstruct the temperature gradi-
ents in very high latitudes because the fauna becomes mono-
specific (the only species found is left-coiling Neogloquadrina
pachyderma). Note that the SSTs reconstructed by the 1&K
method are even less reliable at these latitudes (Figure 2a).

The ability of the I&K and MAT methods to reconstruct
SSTs from sediment trap assemblages has been tested by Ortiz
and Mix [1997] who also concluded that temperature biases as-
sociated with MAT estimates are smaller than those generated
by 1&K, even when regional transfer functions are developed.
Finally, improved modern SST estimates have been obtained
by Pflaumann et al. [1996] with a version of MAT which uses a
dissimilarity coefficient based on the squared cosine theta dis-
tance and which computes the average of the modem analogs
SSTs weighted by the inverse of the geographical distance be-
tween the sample and the selected analog core-top locations.
Weighting by the inverse geographical distance favors the
geographically closest analogs even when there is no reason
to suspect the best analogs to be the less distant. Whereas this
seems to improve the modern reconstructions, it could consid-
erably degrade the reconstructions of paleoenvironments if
fossil fauna migrated along with climate and ocean circulation
changes and developed away from their modern centers during
certain periods.

3. The Revised Analog Method

3.1. The Method

The revised analog method (RAM) is based on MAT with the
following important changes. We implemented an objective
selection criterion of the best analogs, and the indirect ap-
proach, also called response surface method, already success-
fully applied in palynology [Bartlein et al., 1986].

Our selection method assumes that the dissimilarity coeffi-
cient permits us to discriminate between different ecological
regimes: that is, samples with close dissimilarity values per-
tain to the same type of fauna, and a large change in dissimilar-
ity indicates a shift from one type of fauna to another. There-
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Figure 3. Examples of sharp increases (“jumps”) encountered in the
dissimilarity coefficients of the first 15 best analogs in three samples
from core 90-013-013-P.

fore, for each studied sample, we look for sharp increases (or
jumps) in the curve obtained when the dissimilarity coefficient
is drawn as a function of the rank of the best analogs selected
(Figure 3). We then keep the group of best analogs encountered
before the first jump is detected, retaining a minimum of two
best analogs. More precisely, we define a “jump” as an in-
crease in dissimilarity larger than a fraction o of the dissimi-
larity of the last modemn analog selected. In cases where no
jump is encountered we keep a given number of best analogs .
The value of « is usually between 0.1 and 0.3. In this work we
take f equal to the fixed number of best analogs selected in
MAT (presently 10). As shown hereafter, RAM’s results are
not very sensitive to changes in f.

The indirect approach consists in remapping the data in the
environmental space before searching for analogs. The first
step is to build a regular grid in the environmental space, i.e.,
in the present case, the plane whose axes are the modemn warm
and cold season SSTs. In contrast to Bartlein et al. [1986], we
do not compute a surface representing the dependence of the
foraminiferal abundances on the environmental variables but
simply compute the foraminiferal abundances at a number of
grid nodes of the SST plane. This is done by interpolating the
abundances of the database core tops, located within a given
radius R centered on the grid node and weighted by their Euclid-
ean distance to this grid node. In that way, interpolation is
permitted only between core-top assemblages associated with
close SST conditions (SST difference < 2R in both seasons).
Accordingly, the remapping procedure generates new data
when at least one core top is found within a distance R of the
grid node. Two additional parameters are thus introduced by the
indirect approach, i.e., the grid step ¥y and the interpolation ra-
dius R. We obtain good results for R approximately equal to
the grid step y (see section 3.3). Note that several different
physical variables can be simultaneously interpolated by us-
ing adimensional coordinates. In summary, this interpolation
procedure allows us to create additional data points which tend
to homogenize the SST and faunal abundance coverage of the
reference database. Figure 4 shows the Globigerina bulloides
abundance before and after remapping in the environmental
space for the North Atlantic with y= 0.3°C and R = y. In this
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Figure 4. (a) Globigerina bulloides abundance at the 615 North Atlantic sites. (b) Globigerina bulloides abundance after re-
mapping in the environmental space with y=0.3°C and R =y (see text). The interpolation procedure creates 839 additional data

points.

case the number of additional data points is 839. One has the
option to keep the reference data points together with the
newly interpolated data points or to only utilize the interpo-
lated data points in further calculations. In the latter .case this
leads to a smoothing of the original database which has the
advantage of eliminating the fraction of the noise associated
with the variability of physical parameters one does not wish
to reconstruct. However, the smoothing may erase part of the
signal variability, especially if the chosen grid step is large.
In the present study we have kept the original data set together
with the interpolated assemblages.

3.2

RAM’s ability to reconstruct modern SSTs is illustrated in
Figure 2c and quantified in Table 1. These results have been ob-
tained for the I&K, MAT, and RAM methods using the same da-
tabase: the North Atlantic database (a subset from the Atlantic
database from Pflaumann et al. [1996] consisting of 615 core
tops located between 0° and 80°N) and the corresponding aver-
age winter and summer SSTs interpolated from the 1° x 1°
WOA94 data set [Levitus, 1994]. We classed the modern SSTs
into .cold and warm season groups to correctly take into ac-
count low-latitude core-top assemblages. MAT and RAM mod-
ern SST reconstructions are obtained by excluding the sample
being assessed from the database. The numbers given in Table

Performance

1 for Pflaumann et al.’s method are taken from Table 1 of
Pflaumann et al. [1996] and correspond to a larger database
covering the Eastern North and South Atlantic. MAT and RAM
results were obtained by running FORTRAN codes on a Digital
workstation Alpha.

RAM gives better results than MAT, which itself gives bet-
ter results than 1&K. This is marked by higher correlation coef-
ficients between estimated and measured SSTs and by lower
standard deviations of the residuals (i.e., differences between
estimated and measured SSTs). The improvement is particularly
evident at the cold and warm ends of the temperature range
(Figure 2). This translates into much higher correlation coeffi-
cients between the estimated and measured SSTs over the cold-
est and warmest temperatures (Table 1) and a better coverage of
the observed SST range: the minimum SST reconstructed by
RAM is much closer to the minimum measured cold and warm
season SSTs than those reconstructed by the other methods
(Table 1). The important improvement obtained in reconstruct-
ing very cold environments in which the foraminifera assem-
blages are not completely monospecific is indeed one of the
main achievements of the method. The poor estimates given
by MAT in that kind of environment result from the fact that
there are not many core tops located in the very high latitudes
in the reference database. Therefore, when assessing the SST of
one of these high-latitude core tops, several modern analogs
retained by MAT are more southerly core tops. The average
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Table 1. Comparison of Selected Methods to Reconstruct Sea Surface Temperatures in the Atlantic
Method 1&K MAT Pflaumann et al. This Study Measured SST
[1996] [Levitus, 1994]
Number of species 35 35 26 35
Number factors/best analogs 5 10 10 computed (< 10)
Number of calibration points 615 615 738 615
Region North Atlantic North Atlantic Eastern North and North Atlantic
South Atlantic

Cold season SSTs < 4°C

r 0.422 0.757 0.841

SD on the residuals, °C 1.81 1.28 1.05

Minimum SST, °C -0.26 (res.=2.44) -0.96 (res.=0.95) -14 -1.85 (res.=0.09) -2.00
Cold season SSTs > 22°C

r 0.675 0.842 0917

SD on the residuals, °C 1.25 0.81 0.60

Maximum SST, °C 27.45 (res.=0.08) 26.82 (res.=0.55) 27.2 26.74 (res.=0.63) 27.37
Cold season SSTs (all)

r 0.984 0.994 0.99 0.997

SD on the residuals, °C 1.59 0.98 0.90 0.70
Warm Season SSTs < 8°C

r 0.481 0.722 0.799

SD on the residuals, °C 237 1.89 1.79

Minimum SST, °C +4.13 (res.=2.89) +1.13 (res.=2.77) +0.4 -0.64 (res.=0.05) -1.64
Warm Season SSTs > 24°C

r 0.567 0.821 0.934

SD on the residuals, °C 1.31 0.75 0.45

Maximum SST, °C 27.58 (res.=1.55) 27.39 (res.=1.74) 28.6 29.26 (res.=0.13) 29.13
Warm Season SSTs (all)

r 0.976 0.991 0.99 0.995

SD on the residuals, °C 1.88 1.12 0.96 0.91

The abbreviations are defined as follows: I&K, Imbrie and Kipp transfer function, MAT, modemn analog technique; SST, sea surface
temperature; r, correlation coefficient equals Cov (estimates, measurements)/(SD estimates)(SD measurements); SD, standard deviation; and

res., residual equals estimated SST minus measured SST.

SST computed on the 10 modern analogs is thus systematically
too warm, and the associated standard deviation (SD) is too
large. By optimizing the modern analog selection and adding
interpolated data around the high-latitude core-tops of the ref-
erence data set our method brings an adapted answer to this
problem.

The SD of the residuals is a measure of the reconstructed
SSTs’ error envelope. This error results, in part, from the error
on the foraminiferal species counts and, in part, from the sta-

Table 2. Sensitivity Analysis

tistical nature of the method itself. The respective importance
of these two sources of errors is difficult to assess. In order to
lower the counting error on polar samples (containing domi-
nant left-coiling N. pachyderma), Pflaumann et al. [1996] in-
creased the number of specimens counted per sample from 300
to 2500. However, the fact that our method leads to a clear de-
crease in the error envelope with respect to Pflaumann et al.’s
method shows that the statistical method itself is responsible
for a large portion of the error envelope.

Parameters Winter Estimates Summer Estimates

/4 B % °C R r SD r SD

Control run 0.1 10 0.3 0.3 0.997 0.70 0.995 0.91
Sensitivity runs control control control -50% 0.995 091 0.992 1.08
control control control +50% 0.997 0.73 0.994 0.98

control control 0.45 control 0.996 0.84 0.992 1.08

0.2 control control control 0.997 0.71 0.994 0.96

control 15 control control 0.997 0.71 0.995 091

Indirect approach alone control control control 0.995 0.86 0.992 1.09
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3.3. Sensitivity Analysis

We evaluated the sensitivity of our modem SST reconstruc-
tions to changes in the method’s parameters (Table 2). The
quality of the reconstructions is more sensitive to changes in
the interpolation radius R than to changes in the grid step 7y
and show less sensitivity to the threshold value of the dissimi-
larity increase rate o. The maximum number of best analogs,
B, has almost no impact on the results. Implementing the indi-
rect approach alone while keeping MAT’s selection criteria of
the best analogs considerably degrades the results (Table 2):
the dispersion increases over the entire temperature range,
while the biases occurring at high and low temperatures in
MAT estimates tend to reappear. The new selection method and
the interpolation procedure contribute in similar proportions
to improving the estimates.

4. Applications to Fossil Faunas

We have applied RAM to several cores from the Atlantic
Ocean (Figure 5 and Table 3) in order to examine the impact of
the method on paleo-SST reconstructions. On one hand, we
have chosen middle-latitude to high-latitude cores with good
Holocene records in order to be able to compare core-top SST
estimates with modern measured SSTs. Among those the
northernmost core has the advantage of allowing us to test
RAM'’s reconstruction of low paleo-SSTs with respect to MAT
during the Younger Dryas event. On the other hand, we have
focused on low latitudes and checked whether RAM reconstruc-
tions during glacials differ from previous estimates or not.

4.1. Data and Methods

The planktonic foraminiferal species distribution of core
CH 69-09 was determined at Laboratoire des Sciences du Climat
et de I’Environnement (LSCE) (Gif), on the basis of counts of
at least 300 individuals per level. Planktonic foraminifera of
core 90-013-013-P were counted at Département de Géologie et
Océanographie (DGO) (Bordeaux). Planktonic (or benthic,
when available) '30/1%0 ratios as a function of depth as well as
the main isotopic stages are reported in Figures 6-10. The
180/160 ratio of planktonic and benthic foraminifera is ex-
pressed as 8180 in per mil versus Pee Dee belemnite (PDB).
The 3'80 of G. bulloides in core CH 69-09 was measured at
LSCE on a Finnigan MAT251 mass spectrometer. The mean
external reproducibility (16) of carbonate standards is *
0.05%o. The 8'30 data are calibrated with respect to National
Bureau of Standards NBS19 [Hut, 1987, Coplen, 1988]). The
other 8!80 records and planktonic foraminiferal distributions
used in the present study were previously published (Table 3).

Table 3. Core Coordinates and Sources of Data

For each core we have reconstructed SSTs on the basis of
planktonic foraminiferal abundances both by MAT and RAM
methods. In middle-latitude cores, cold and warm season SSTs
were evaluated using the same core-top and modern SST data-
base as in section 3. In low latitudes we used an extended core-
top database consisting of the world database of Prell [1985],
45 additional core-tops from the Indian Ocean [Cayre et al.,
1998], and the North Atlantic database described above. This
enlarged world database comprises 1582 core-tops. The mod-
ern hydrological data are the measured mean seasonal SSTs
[Levitus, 1994] at the corresponding 1582 sites classed into
cold and warm season groups.

For each level the error on the SST estimate is defined as the
standard deviation on the set of SSTs corresponding to the se-
lected best analogs, as in the MAT technique [Prell, 1985].
Note that this definition of the error of a given sample esti-
mate is conservative since the reconstructed SST also depends
on the error of foraminiferal counts and on the set of parame-
ters used in the reconstruction method. The average errors on
RAM and MAT estimates over the total length of each core are
reported in Table 4. The error of RAM reconstructions is al-
ways lower than that associated with MAT estimates since the
selection of modern analogs is optimized in RAM and the
standard deviation on the corresponding set of SSTs is thus re-

Data Reference

Core Depth, m Latitude, N Longitude, W
SU 81-18 3135 37°46° 10°1r
CH 69-09 4100 41°45° 47°21’
90-013-013-P 3380 58°13" 48°22’
V 25-59 3824 01°22’ 33°29°
V 25-56 3512 03°33’ 35°14

5'%0 (benthic), SST (foraminiferal)
3'0 (planktonic), SST (foraminiferal)
8'%0 (planktonic)

SST (foraminiferal)

8'%0 (benthic), SST (foraminiferal)
§'%0 (planktonic), SST (foraminiferal)

Duplessy et al. [1992]

This study

Hillaire-Marcel et al. [1994]
This study

Mix and Ruddiman [1985]
Mix and Fairbanks [1985]
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Table 4. Average Error of SST Reconstructions and Resulting Error of Salinity Estimates

Core Cold Season SST, Warm Season SST, Resulting Error of Salinities?
average SD, °C average SD, °C
MAT This study MAT This study MAT This study
SuU 81-18 1.29 0.75 1.67 0.98 0.76 0.45
CH 69-09 1.83 1.49 2.70 1.87 1.23 0.85
90-013-013-P 1.21 0.34 1.47 0.41 0.67 0.19
V 25-59 1.46 0.96 0.88 0.82 0.40 0.37
V 25-56 1.30 1.18 0.66 0.61 0.30 0.28

3Using Duplessy et al.'s [1991] recontruction and the present-day relationship between salinity and seawater §'%0.

duced. The gain is, however, more important at middle and
high latitudes than at low latitudes (e.g., the error is reduced by
more than 70% in core 90-013-013-P). This is due to the fact
that because of the greater faunal diversity at low latitudes, dis-
similarity coefficients are larger and tend to increase more con-
tinuously (i.e., jumps are rarely detected, and the number of se-
lected modern analogs is larger). Therefore the use of RAM
leads to an important lowering of the error on salinity esti-
mates in middle and high latitudes (Table 4).

The error associated with MAT reconstructions is so large
that it is very often greater than the difference between MAT
and RAM estimates. Hereafter, we analyze differences in SST
reconstructions when the difference obtained for several con-
secutive levels is larger than the error associated with RAM
SST estimates for these levels.

4.2. Middle Latitudes

4.2.1. SU81-18 (37°46°N, 10°11°W). The SSTs recon-
structed by RAM for core SU 81-18 surface samples are practi-
cally identical to the measured cold and warm season SSTs,
whereas MAT estimates are underestimated by ~1°C in both
seasons (Figure 6). This is explained by the fact that all the
best analogs selected by RAM are interpolated data points re-
sulting from the remapping procedure. In the present case they
compensate for the lack of core-tops in the reference database,
with faunas and SSTs similar to those of core SU 81-18. Be-
cause the best analogs selected by RAM down core are also
mainly interpolated data points, the other discrepancies be-
tween RAM and MAT estimates encountered along the core are
likely to reflect incorrect MAT estimates too. In particular,

Depth, cm
0 100

300

SST, °C

Figure 6. SST signals reconstructed by MAT and RAM, and benthic
5'%0 versus depth in core SU 81-18 (37°46’N, 10°11°’W). Modern SSTs
from the World Ocean Atlas 1994 (WOA 94) [Levitus, 1994] are de-
noted by open circles.

this is the case of the SSTs reconstructed by RAM at the be-
ginning of the Holocene (120-160 cm), which are ~1°C warmer
than those estimated by MAT. The RAM summer SST signal
does, indeed, exhibit significant variations during the Holo-
cene, which did not appear in previous SST reconstructions be-
cause of the large error associated with these estimates. For in-
stance, warm episodes can now be identified around 30 and 90
cm, corresponding to accelerator mass spectrometry (AMS)
14C ages given by Bard et al. [1987], of 1.4 and 5.2 ka, respec-
tively.

4.2.2. CH69-09 (41°45°N, 47°21°W). We find the same
SST pattern in this core as in core SU81-18, but considerably
amplified (Figure 7). The core-top SST reconstructed by MAT
is ~2°C too cold in winter and 2.5°C too cold in summer. In
this case, RAM’s excellent reconstruction results from the use
of the larger and more homogenous database obtained by in-
terpolation and from the optimized selection of modemn ana-
logs. For the first two levels, RAM retains 4 and 2 best ana-
logs, respectively, instead of the 10 best analogs kept by
MAT. Because core CH 69-09 is located along the modern Gulf
Stream path, its modern foraminiferal assemblage has the dis-
tinct feature of comprising species living in the warm waters
of the Gulf Stream together with species living in the underly-
ing colder waters. Our results demonstrate that in contrast to
MAT, RAM correctly reconstructs SST in this particular hydro-
logical setting. RAM is, indeed, able to restrict the selection
of best analogs to core-tops located along the Gulf Stream
path, whereas MAT retains 10 modern analogs in any case.
RAM estimates in the rest of the core are also characterized by
either a reduced number of selected best analogs or a large pro-
portion of interpolated best analogs. Therefore it is not sur-
prising that RAM reconstructions significantly differ from
MAT estimates in many other sections of the core. For in-
stance, the SSTs we reconstruct at the beginning of the Holo-
cene are 2°-5°C warmer in both seasons than those estimated
by MAT. In long sections of stage 5 our summer SST estimates
are also significantly higher than MAT estimates. In particu-
lar, SSTs remain high at each new increase in ice volume, as al-
ready noted by Ruddiman and Mclintyre [1984] in the North At-
lantic.

However, the very high summer SSTs reconstructed by RAM
in many portions of the core, including the core-top, seem not
to be imprinted in the G. bulloides isotopic record. In fact, the
temperature of deposition of calcite derived from the core-top
G. bulloides 880 and from the measured modern salinity
(using the paleotemperature equation) is 12.6°C, whereas the
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Figure 7. SST reconstruction and planktonic 8'80 versus depth in core CH 69-09 (41°45’'N, 47°21'W) (open

Figure 6).

measured modem SST is 20.9°C [Levitus, 1994] (RAM esti-
mate is 20.8° + 0.25°C). This can be explained by the fact that
G. bulloides’s preferred habitat is waters between 5° and 10° to
18°C [Bé, 1977]. As a result, this species tends to live in
deeper waters when SST increases beyond the upper limit of its
temperature range and does therefore not record SSTs above
this limit. Temperature and salinity conditions, consistent
with the G. bulloides 880 measured in the core-top sample
are, in fact, encountered between 50 and 100 m water depth at
the core site (temperature = 13°-14°C and salinity = 35.5)
[Levitus, 1994].

Finally, in the coldest section of the Holocene record (from
~45 to 100 cm) our SST estimates are in agreement with MAT
estimates. Therefore, in the present case, the large temperature
oscillations occurring during the Holocene appear to be even
larger than previously thought. We suggest that these tempera-
ture oscillations could be caused by latitudinal drifts of the Gulf
Stream track.

400

: 2

Figure 8. SST reconstruction and planktonic 8'%0 versus depth in core
90-013-013-P (58°13°N, 48°22’W) (open circles are as in Figure 6).

5'%0 bullo., PDB

circles are as in

4.2.3. 90-013-013-P (58°13°N, 48°22°W). In this core
we obtain important differences between RAM and MAT esti-
mates in summer as well as some smaller differences in winter
(Figure 8). RAM reconstructions of the core-top samples are
again much closer to measured SSTs than MAT estimates, as a
result of the remapping and optimized selection of modern ana-
logs (two modern analogs retained for the core-top sample). As
in core CH 69-09, warm periods appear to be warmer than es-
timated by MAT. This is particularly evident for the beginning
of the Holocene (250-390 cm) and the Bolling-Allerdd episode
(420-450 cm) where the difference in SST estimates reaches
2°C. Interestingly, in contrast to the signal reconstructed in
CH 69-09, RAM estimates during cold periods are much colder
than MAT estimates. This points out MAT’s incapacity to re-
construct SSTs < +1.1°C in summer and < -1°C in winter. The
SSTs estimated by RAM during the Younger Dryas (YD) are
colder than MAT estimates by ~1°C in winter and 2.5°C in
summer. As a result, the warming marking the transition from
the YD to the Holocene appears to be ~4°C greater than previ-
ously estimated.

In cores CH 69-09 and 90-013-013-P our results confirm
that SSTs have been highly variable during the Holocene.
Moreover, in core SU 81-18 RAM reconstruction reveals that
SSTs have also significantly varied during that period. There-
fore, in all three cores examined here, RAM estimates indicate
that SSTs have not been stable throughout the Holocene.

4.3. Low Latitudes

In the two cores examined at low latitudes, cold season SSTs
exhibit a much larger low-frequency variability (periods > 20
kyr) than warm season SSTs. In this respect our results confirm
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Figure 9. SST reconstruction and benthic 880 versus depth in core V 25-59 (01°22'N, 33°29'W)

previous SST reconstructions in the equatorial Atlantic [e.g.,
Mcintyre et al., 1989]. However, whereas RAM and MAT re-
constructions of the warm SST signal are in good agreement,
we obtain large discrepancies in reconstructed cold season
SSTs in several sections of the cores. For these levels an im-
portant fraction of the modern analogs selected by RAM are in-
terpolated data points.

4.3.1. V 25-59 (01°22°N, 33°29°W). Cold season SSTs
reconstructed by RAM during the last glacial are 1°-3°C cooler
than those obtained by MAT (Figure 9). Therefore our estimate
of the deglacial warming experienced during the cold season at
this site is ~4°C, in agreement with continental data [e.g.,
Bush and Colinvaux, 1990]. Mcintyre et al. [1989] have re-
constructed SSTs in this core by the 1&K method and obtained
a signal similar to that reconstructed by MAT. They obtained a
deglacial warming of ~2°C at the stage 2-1 transition and
4.5°C at the stage 6-5 transition, resulting in an unexplained
contrast between the two last climatic cycles. These authors
concluded that the western equatorial Atlantic has been charac-
terized by minimal variation in surface hydrology during the
entire last climatic cycle. Conversely, our results show that
both the two last climatic cycles experienced important cool-
ings during glacials. Therefore we suggest that the very large
difference previously found between the two last glacial-
interglacial transitions is, at least partly, an artefact of the re-
construction method.

0 100 200 300 400

4.3.2.V25-56 (03°33’S, 35°14°W). Here, also, we ob-
tain lower cold season SSTs during glacials than previously es-
timated (Figure 10). In particular, cold season SSTs are ~2°C
cooler during isotopic stage 4 and 1°-2°C cooler during stage
6. Note that the cold season SST signal reconstructed by MAT
during stage 6 is very noisy whereas our reconstruction exhib-
its a clear shift in temperature from the end of isotopic stage 6
to stage Se.

In summary, cold season SSTs reconstructed by RAM in the
equatorial Atlantic during glacials are 1°-3°C lower than MAT
estimates. A survey of the continental records of environ-
mental conditions at the LGM encompassing palynological
and paleobotanical evidences, data on former snow lines, and
periglacial features shows that mean annual temperatures were
4°-9°C colder than present in the 10°S-10°N latitudinal band in
Africa and South America [Peterson et al., 1979]. More re-
cently, a temperature decrease of 4°-6°C with respect to the
present time has been inferred from pollen records from low-
land Panama for the LGM [Bush and Colinvaux, 1990]. In equa-
torial Africa a temperature decrease of 3 + 1.9°C has been re-
constructed from a pollen sequence [Bonnefille et al., 1992].
Our results tend thus to reconcile studies based on planktonic
microfossils and on continental data.

Our reconstructions can also be compared to SSTs based on
the unsaturation ratios of long chain alkenones produced by
phytoplankton (Z/f; index). This method produces a single

500 600 700

SST, °C

MAT
——RAM

== 80 sacc.

Figure 10. SST reconstruction and planktonic 5'30 versus depth in core V 25-56 (03°33'S, 35°14'W).
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SST estimate which can be interpreted as the annual average,
summer, or winter SST, depending on the calibration equation
used [Rosell-Melé et al., 1995]. A cooling of only 1.8°C has
been estimated by this method in core 12PC51 (0°0’N,
22°59°W), whereas warm season MAT estimates in the same
core imply a cooling of 3.8°C [Sikes and Keigwin, 1994].
However, several U records in the east equatorial Atlantic
show glacial to interglacial differences of ~3.5°C in annual
mean SST, which is ~1.5°C greater than the difference esti-
mated by CLIMAP [Schneider et al., 1995). Also, spring SST
derived from the &/f record of Ocean Drilling Program core
658 (20°45°N, 18°35’W) exhibits coolings of ~3°, 5°, and 6°C
for glacial stages 2, 6, and 10, respectively [Eglinton et al.,
1992]. The latter two studies tend thus to support our results.

5. Conclusions

We have discussed the main differences between the 1&K and
MAT methods and shown that MAT estimates are intrinsically
less biased than I&K estimates. A new method of past SST re-
constructions based on MAT and on the indirect approach has
been developed: the revised analog method (RAM). Our results
demonstrate that this method leads to significant improve-
ments of the reconstructed modern SSTs, marked by reduced re-
siduals over the entire SST range. The improvement is particu-
larly important for low summer and winter SSTs, the minimum
SSTs estimated by RAM reaching -1.85°C in winter and -
0.64°C in summer, whereas minimum SSTs reconstructed by
former methods were overestimated by 0.6°-1.7°C in winter
and 2°-5.8°C in summer. The correlation between reconstructed
and measured SSTs is significantly closer to 1 for high tem-
peratures too.

We have applied this new technique to several cores re-
trieved in the Atlantic from low and middle latitudes. In cores
where the surface samples have been preserved, core-top SSTs
estimated by RAM are practically equal to measured SSTs
whereas MAT estimates are off by 1°-2.5°C. RAM’s excellent
reconstruction results from the combination of the larger and
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tudes is thus greatly increased.
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