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ABSTRACT

Estimates of the change in surface seawater 3'30 (5'80s,,) between the Last Glacial Maximum (LGM) and
Late Holocene (LH) are derived from homogenous data sets with rigorous age control, namely MARGO
sea surface temperature (SST) estimates and oxygen isotopic ratios (3'80) of planktonic foraminifers.
Propagation of uncertainties associated with each proxy allows the identification of robust patterns of
change in 5'80yy,. Examination of these patterns on a regional scale highlights which changes in surface
currents and hydrological cycle are consistent with both planktonic isotopic data and reconstructed SST.
Positive local annual mean LGM-LH 3'®0q, anomalies characterize the glacial tropical Indian Ocean,
portions of the western and eastern margins of the North Pacific, the Iberian margin and the tropical
North Atlantic, as well as the South African margin. Although reduced precipitation during the LGM with
respect to the LH may have contributed to some extent to these local enrichments in surface seawater
180, the largest positive anomalies appear to be related to changes in ocean circulation. Large local
negative annual mean LGM-LH 3'80,,, anomalies are found in the South Pacific and North Atlantic,
reflecting the equatorward migration of surface temperature fronts during the LGM with respect to the
LH. In the northern North Atlantic, a region characterized by large discrepancies between SST estimates
based on different proxies, only SST estimates based on planktonic foraminifer counts yield annual mean
LGM-LH 580, anomalies consistent with a southward shift of the polar front at the LGM relative to the
LH.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

LGM sea surface temperatures (SST) (Kucera et al., 2005a; MARGO
P. M., 2009). However, changes in SST are not sufficient to fully

Given the large amount of well-dated paleoclimatic data exist-
ing for the Last Glacial Maximum (LGM), this time interval is a good
target to constrain climate sensitivity and evaluate the capability of
models to simulate a climate that is drastically different from the
present one (e.g. Braconnot et al. (2012)). Environmental proxy data
have been compiled in several projects aimed at reconstructing
LGM surface conditions (e.g. Bartlein et al. (2011); MARGO P. M.
(2009)). The Multiproxy Approach for the Reconstruction of the
Glacial Ocean surface (MARGO) project produced a reassessment of

* Corresponding author.

http://dx.doi.org/10.1016/j.quascirev.2014.09.020
0277-3791/© 2014 Elsevier Ltd. All rights reserved.

describe the changes in surface ocean conditions, as changes in
surface water salinity are equally important in determining surface
water density, and hence deep-water formation processes and
ocean circulation. Although quantitative reconstructions of past sea
surface salinity (e.g. Duplessy et al. (1991)) are subject to large
uncertainties (Rohling and Bigg, 1998), there is a positive correla-
tion between surface seawater oxygen isotopic ratios (3'®0gy) and
salinity that directly results from Rayleigh fractionation processes
during evaporation and condensation (Epstein and Mayeda, 1953).
Changes in 8'®0g, can thus be interpreted in terms of changes in
land-based ice volume, river runoff, local precipitation-evaporation
budget, or surface oceanic currents.
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In addition to a global synthesis of LGM multiproxy SST esti-
mates (MARGO P. M., 2009), the MARGO project also compiled
global datasets of planktonic foraminifer oxygen isotopic ratios
(3'80,) for the Late Holocene (LH) (Waelbroeck et al., 2005) and
LGM (this study, supplementary Table S1). MARGO datasets are
characterized by a rigorous definition of the LGM and LH chro-
nozones, i.e. 19—23 cal ky BP (ka) and 0—4 ka, accompanied by an
assessment of uncertainty (or chronozone quality levels) (Kucera
et al.,, 2005a).

Here we combine MARGO planktonic foraminifer 3'®0. data and
SST estimates to derive regional estimates of the change in surface
seawater 3'®0gy between the LGM and LH. The present study
thereby provides the first set of LGM-LH seawater %0y LGM-LH
anomalies computed in a systematic way from homogenous data
sets with rigorous age control. Furthermore, examination of the
estimated LGM-LH 8'80s,, anomalies on a regional scale highlights
which changes in surface currents and hydrological cycle are
consistent with both planktonic isotopic data and reconstructed SST.

2. Material and methods

We computed LGM-LH 580y, anomalies in 119 sites where both
planktonic foraminifer 380, and SST anomalies are available
(Fig. 1). In some cores, planktonic foraminifer 880, data are avail-
able for multiple species, yielding a total of 136 LGM-LH 580y,
anomaly estimates. Among those, we only discuss and plot signif-
icant 5'80s,, anomalies (i.e. anomalies larger than the correspond-
ing computed propagated 1 sigma error), i.e. 121 3'80,,, anomaly
estimates from 110 sites (Figs. 2—4).

2.1. Planktonic 6'%0, anomalies

MARGO LGM planktonic 3'80. dataset (this study) consists of
data from 243 deep-sea cores with thorough age control that has
been checked for internal consistency (supplementary Table S1).
MARGO LGM planktonic 8'®0. data were attributed LGM chro-
nozone quality levels of 1—4, as defined in Kucera et al. (2005a),
with the LGM interval extended from 21 ka + 2 ky to 21 ka + 3 ky in

.
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certain cases, in order to maximize geographical coverage. The LH
planktonic 8'80. data are from the previously published MARGO LH
planktonic 80, dataset (Waelbroeck et al., 2005) to which we
added 11 new LH planktonic 880, data points in key sites (sup-
plementary Table S2). In the present study, we only retain cores
with high LGM and LH chronozone quality levels (i.e. levels 1 to 3
for LGM samples, and 1 to 4 for LH samples according to Kucera
et al. (2005a) in which both LGM and LH planktonic 80, data
were available from the same planktonic foraminifer species. At
each site, we computed LGM-LH calcite 880, anomalies for all
species for which 5'80. data were available, i.e. Globigerinoides
sacculifer, Globigerinoides ruber (white), Globigerina bulloides, and
Neogloboquadrina pachyderma (left).

2.2. SST anomalies

Following the approach adopted in (MARGO P. M., 2009), LGM-
LH SST anomalies are defined as the difference between LGM SST
estimates and World Ocean Atlas SSTs. MARGO proxy-specific LGM
SST estimates were derived from two types of proxies: microfossil-
based (transfer functions based on planktonic foraminifer, diatom,
dinoflagellate cyst and radiolarian abundances) and geochemical
(alkenones and planktonic foraminifer Mg/Ca) proxies. The use of a
common data set of ambient temperatures at 10 m water depth for
the calibration of all proxies (Kucera et al., 2005a) makes MARGO
proxy-specific LGM SST estimates easily inter-comparable. At each
site, MARGO multiproxy SST estimates were obtained by careful
combination of the estimates yielded by different proxies, taking
into account the error of the calibration for each proxy, the number
of samples per core on which the LGM SST estimate is based, the
quality of the age model for each core, and the uncertainty due to
the calibration error for each proxy (MARGO P. M., 2009). The final
5° x 5° MARGO LGM multiproxy SST field was obtained by
combining multiproxy SST estimates within each grid cell, taking
into account the degree of convergence among the SST estimates
within each grid cell (MARGO P. M., 2009).

In the present study, we use MARGO LGM-LH SST proxy-specific
anomalies when available. In addition, we interpolated MARGO
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Fig. 1. A. Locations of the cores meeting our selection criteria (see methods in main text). B. LGM-LH planktonic foraminifer calcite 5'0, anomaly. C. LGM planktonic foraminifer

3'80, (this study). D. LH planktonic foraminifer 3'0, (Waelbroeck et al., 2005).



104

C. Waelbroeck et al. / Quaternary Science Reviews 105 (2014) 102—111

SST anomaly (°C)

multiproxy estimate

40°S
[ |
40°E 60°E 80°E 100°E 120°E
B1.
20°N‘ foraminifer estimate
\_d
EQ
20°S
40°S
[ |
40°E 60°E 80°E 100°E 120°E

Mg/Ca estimate
ol

!

40°S

40°E 60°E 80°E 100°E 120°E

40°E

60°E 80°E 100°E 120°E

Ocean Data View

Ocean Data View

Ocean Data View

i
i
i

A2

20°N

B2.

40°s

40°s

Residual §'80,, anomaly (%)

40°E 60°E 80°E 100°E 120°E

Ocean Data View

40°E

60°E

80°E 100°E 120°E

40°E 60°E 80°E 100°E 120°E

Ocean Data View

40°E 60°E 80°E 100°E 120°E

Fig. 2. Indian Ocean and South China Sea annual mean SST anomalies (left panels) and corresponding residual 5'®0g, anomalies (right panels). A1. Multiproxy annual mean SST
anomaly interpolated from MARGO multiproxy gridded field (MARGO P. M., 2009). A2. Residual 5'80s,, anomaly derived from SST anomalies shown in A1 and planktonic foraminifer
3'80, anomalies. B1. and B2. Same as in A but for annual mean SST anomalies reconstructed using planktonic foraminifer abundances. C1. and C2. Same as in A but for annual mean
SST anomalies derived from planktonic foraminifer Mg/Ca. D1. and D2. Same as in A but for annual mean SST anomalies derived from alkenone UXs;.
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Fig. 3. Pacific Ocean annual mean SST anomalies (left panels) and corresponding residual 3'®0,, anomalies (right panels). A1. Multiproxy annual mean SST anomaly interpolated
from MARGO multiproxy gridded field (MARGO P. M., 2009). A2. Residual 3'®0y, anomaly derived from SST anomalies shown in A1 and planktonic foraminifer 5'®0. anomalies. B1.
and B2. Same as in A but for annual mean SST anomalies reconstructed using planktonic foraminifer abundances. C1. and C2. Same as in A but for annual mean SST anomalies
derived from planktonic foraminifer Mg/Ca. D1. and D2. Same as in A but for annual mean SST anomalies derived from alkenone UX3;.
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multiproxy gridded field in order to derive SST anomaly estimates
at each site from the surrounding four grid nodes, and compare
them with proxy-specific estimates where the latter are available.

2.3. Seawater 630, anomalies

The temperature dependence of the equilibrium fractionation
between calcite and water 3'30 links foraminifer calcite 330, to the
temperature of the water in which shell precipitation takes place
(O'Neil et al., 1969; Kim and O'Neil, 1997). In the present study we
use the quadratic approximation of the (O'Neil et al., 1969) equation
given in (Shackleton, 1974) to derive 3'80s,, from foraminifer 580,
data and SST estimates. We directly calculate LGM-LH 3'®0gy
anomalies from calcite 3'80. and SST anomalies. In this way, we
minimize the dependence of the results on LH 3'80;,, data (see
Supplementary material), which are poorly constrained in some
areas (Schmidt et al., 1999).

We assume that MARGO LGM-LH temperature anomalies at
10 m water depth may be considered a reasonable estimate of LGM-
LH calcification temperature anomalies of the different planktonic
foraminifer species used in this study. We are aware that the extent
to which this assumption is valid is extremely difficult to ascertain.
Moreover, in order to derive LGM-LH §'80g, anomalies, we
combine planktonic foraminifer 3'80. data with different SST esti-
mates yielded by proxies that are sensitive to different seasons and
water depths than planktonic foraminifers. Also, growing season
and habitat depths of the different proxy carriers might have
changed through time (Fraile et al., 2009; Rosell-Melé and Prahl,
2013) and transfer functions calibrated against near-surface tem-
peratures might not remain valid through time (Telford et al., 2013).
Despite these caveats, at sites where 3'%0. data are available on
several planktonic foraminifer species, we could verify that LGM-
LH 5'80,, anomalies derived from the different species were
similar within error, thereby validating the above method. We infer
that our method yields robust estimates of LGM-LH 3'80g,, anom-
alies for the water column mixed layer.

We perform a careful estimation of the propagated error on the
computed LGM-LH 580, anomalies (see Supplementary material)
and obtain errors (defined as 1 sigma throughout the study)
comprised between 0.35 and 0.95%c (average error ~0.50%0) on
LGM-LH 3'®0y, anomalies derived from proxy-specific annual
mean SST estimates, and slightly larger errors, comprised between
0.35 and 1.40%o (average error ~0.60%o), on LGM-LH §'®0s,, anom-
alies derived from interpolated multiproxy annual mean SST esti-
mates (Supplementary material). These error estimates should be
considered as minima, given the difficulty in ascertaining all the
uncertainties.

In addition, we note that in the laboratory, planktonic forami-
nifera 3'%0 and 3'3C are influenced by the ambient carbonate ion
concentration ([CO3~]) of seawater (Spero et al., 1997) and field
studies have confirmed the impact of the carbonate ion effect (CIE)
on foraminifera shell geochemistry (Russell and Spero, 2000;
Peeters et al., 2002). If we assume that the surface ocean was in
equilibrium with LGM atmospheric CO, concentration, then LGM
surface ocean [CO3~] would have been 60—100 pmol kg~! higher
than the LH ocean (Lea et al., 1999). Such an increase in [CO3™]
would have produced a decrease in shell 3'®0. of 0.07—0.25%0
depending on species and [CO3~] change (Spero et al., 1997; Bijma
et al., 1999). Because we do not account for this CIE correction here,

one would need to increase the LGM-LH 5'80g,, anomalies by
0.07—0.25%o to obtain CIE-corrected surface seawater 3'80 change.
Such a correction would therefore leave our conclusions
unchanged.

In order to facilitate the interpretation of our results, we sub-
tract the mean LGM ocean 3'%0 enrichment from significant LGM-
LH 5'80g,, anomalies before plotting them. The LGM mean ocean
380 enrichment with respect to the LH represents the average
effect of the change in global ice volume on seawater oxygen
isotope geochemistry between these two periods. An LGM mean
ocean §'®0 enrichment of 1.0 + 0.1%o has been established by
different approaches (Schrag et al., 1996; Adkins et al., 2002;
Duplessy et al., 2002; Schrag et al, 2002). The residual 8'®0gy
anomalies (i.e. LGM-LH 3'80,, anomalies — 1%) plotted in Figs. 2 to
4 and supplementary Figs. S1—S3 thus represent changes in surface
water 3'80 related to local changes in river runoff, evaporation-
precipitation, or ocean circulation. Figs. 2—4 present for each
ocean basin, annual mean proxy-specific SST anomalies and the
corresponding residual 3'80s,, anomalies, as well as interpolated
multiproxy annual mean SST anomalies and corresponding residual
3180,y anomalies.

3. Results and discussion

Data coverage is unfortunately sparse in large portions of the
Pacific Ocean, and in the South Atlantic and Indian Oceans (Fig. 1).
In the following, we thus focus on regional changes in a limited
number of areas.

3.1. Indian Ocean and South China Sea

Annual mean SST reconstructed from LGM planktonic fora-
minifer counts are close to modern values in the northern tropical
Indian Ocean, 0.7—2.4 °C lower than modern values in the southern
tropical Indian Ocean, and 0.4—2.0 °C lower than modern values in
the South China Sea (SCS) (Fig. 2B). LGM SST derived from alkenone
unsaturation ratios UK'37 are comparable to foraminifer-based SST
estimates in the southern tropical Indian Ocean, but significantly
lower elsewhere, reaching temperatures 3 °C lower than modern
values in the Bay of Bengal and Arabian Sea, and about 4 °C lower
than modern values in the SCS (Fig. 2D). In the area where LGM
planktonic foraminifer Mg/Ca SST estimates are available, just north
of Australia, these are even lower than those derived from UX3;,
reaching temperatures 3.0—3.6 °C lower than modern values
(Fig. 2C). SST anomalies computed by interpolation of MARGO
multiproxy gridded field are comprised within the range of SST
anomalies provided by the different proxies, as expected (Fig. 2A).

Except for one site in the Mozambique Channel, annual mean
residual 8'80s,, anomalies in the tropical Indian Ocean are positive,
irrespective of the specific SST estimates used to compute them
(Fig. 2 and S1). The average tropical Indian Ocean annual mean
residual 8'80,, anomaly derived from alkenone UX'3; or multiproxy
SST is ~ +0.4%o, and that derived from foraminifer SST is ~ 4-0.6%o.
This increase in local surface water 380 at the LGM with respect to
the LH could reflect either a decrease in precipitation over the re-
gion, or a change in the advection of salty surface waters into or out
of the region. A reduction in precipitation at the LGM compared to
the present is supported by pollen-based precipitation re-
constructions over eastern Africa (Bartlein et al., 2011). There are no

Fig. 4. Atlantic Ocean annual mean SST anomalies (left panels) and corresponding residual 3'®0s, anomalies (right panels). A1. Multiproxy annual mean SST anomaly interpolated
from MARGO multiproxy gridded field (MARGO P. M., 2009). Sites north of 50°N with positive multiproxy annual mean SST anomalies have been discarded (see supplementary
Fig. S2 for the complete set of data). A2. Residual 5'80s,, anomaly derived from SST anomalies shown in A1 and planktonic foraminifer 3'®0. anomalies. B1. and B2. Same as in A but
for annual mean SST anomalies reconstructed using planktonic foraminifer abundances. C1. and C2. Same as in A but for annual mean SST anomalies derived from planktonic
foraminifer Mg/Ca south of 50°N and from dinoflagellate cyst abundances north of 50°N. D1. and D2. Same as in A but for annual mean SST anomalies derived from alkenone U¥ 7.
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pollen reconstructions for India and western Asia, but grain size
analyses of sediment from the Arabian Sea have been interpreted as
indicating reduced precipitation during the LGM with respect to
the LH (Caley et al., 2011b). In addition, several studies have shown
that the Agulhas leakage of warm and salty surface waters from the
low latitude Indian Ocean into the South Atlantic around South
Africa was reduced during glacials with respect to interglacials
(Peeters et al., 2004; Caley et al., 2011a), thereby resulting in the
retention of salty surface waters in the tropical Indian Ocean during
glacials. Positive annual mean 3'30s,, anomalies in the tropical In-
dian Ocean could thus result from the combination of reduced
precipitation and reduced export of salty surface waters into the
Atlantic Ocean.

It is noteworthy that numerical simulations of 8'80s,, during the
LGM obtained with isotope-enabled coupled climate models pro-
duce positive 880, anomalies of 0 to +0.3%o in the Arabian Sea,
and +0.2 to +0.3%o in the Bay of Bengal (Caley et al., 2014; Ullman
et al, 2014) after correcting for LGM ice volume, in excellent
agreement with our estimates.

In the SCS, two of the three sites with alkenone UX'3; data yield
3804w anomalies smaller than the corresponding propagated error.
Hence, only residual 5'80g,, anomalies computed from foraminifer
and multiproxy SST anomalies are in sufficient numbers to provide
an interpretable picture. These two approaches yield residual
31805,y anomalies between ~ —0.3 and ~ +0.4%o, suggesting little
change in precipitation, or surface advection in the SCS during the
LGM with respect to the LH. Complimentary reconstructions of SCS
regional hydrology also produce conflicting results. For instance,
whereas Chinese speleothem §'®0 records (Cheng et al., 2009)
indicate a reduction in precipitation north of the SCS during the
LGM, other studies indicate enhanced monsoon rainfall on land
leading to increased river discharge into the SCS during the LGM
with respect to the present (Colin et al., 2010).

3.2. Pacific Ocean

Mg/Ca SST estimates are available from 9 sites across the
western and eastern equatorial Pacific and one site East of New
Zealand. All data from this proxy indicate that LGM SST was 1-3 °C
lower than at present (Fig. 3C). There are only three locations in the
Pacific Ocean where annual mean SST reconstructions are based on
multiple proxies: Hawaii, where reconstructed SST anomalies based
on planktonic foraminifer counts and alkenones are consistent, the
Galapagos in the eastern equatorial Pacific, and the southwest Pa-
cific to the east of New Zealand, where SST anomalies derived from
planktonic foraminifer counts (—10.6 + 1.3 °C and —-8.2 + 1.3 °C,
respectively) and Mg/Ca (-1.5 + 1.5 °C and —2.7 + 1.5 °C, respec-
tively) are very far apart (Fig. 3). The overall picture of interpolated
multiproxy SST anomalies shows LGM SSTs 0.9—3.6 °C lower than
at present in the equatorial and north Pacific, with the exception of
the Northwest Pacific margin and Japan Sea where LGM annual
mean SSTs were 0.6—4.7 °C higher than at present (MARGO P. M.,
2009) (Fig. 3A). However, the largest positive anomalies recon-
structed north of Japan are based mainly on alkenone UX3; and
might not be true annual mean SST anomalies since the seasonality
of the alkenone production could have changed through time
(Minoshima et al., 2007; MARGO P. M., 2009). In the following, we
do not discuss data from north of Japan, which are characterized by
very high computed annual mean residual 3'80g,, anomalies.

Although there is only sparse data coverage in the central Pa-
cific, annual mean residual 61805‘,\, anomalies derived from inter-
polated multiproxy SST appear to indicate that surface water 3'30
was ~0.3%o lower than at present in the central North Pacific and
higher than at present on the western and eastern margins of the
North Pacific. We obtain an average 380, anomaly of +1.0%0 along

the Californian coast, and of +0.6%o south of Japan (Fig. 3). These
high positive residual §'®0y,, anomalies values suggest reduced
runoff due to drier conditions along the adjacent coasts during the
LGM and/or advection of salty waters into these regions. Pollen-
based reconstructions of LGM precipitation indicate drier condi-
tions in western North America, just south of the Laurentide ice-
sheet (at ~50°N), and wetter conditions further south, down to
~30°N (Thompson and Anderson, 2000; Huang et al., 2001; Bartlein
et al.,, 2011), but data are sparse south of 30°N. Pollen-based re-
constructions of LGM precipitation are almost non-existent in
eastern Asia besides one site in Japan showing drier conditions than
at present (Bartlein et al., 2011). However, even if climatic condi-
tions on the western and eastern sides of the North Pacific were
indeed drier during the LGM, a change in the precip-
itation—evaporation budget and runoff alone could hardly explain
residual §'%0s, anomalies as large as +0.6 or +1.0%o in coastal
waters that are in direct connection with the open ocean. These
large anomalies instead very likely indicate a change in surface
currents between the LH and the LGM.

At present, the Kuroshio western boundary current carries
warm and salty equatorial surface waters northward through the
East China Sea (ECS) and along Japan eastern margin up to ~35°N
where it diverts eastward to form the northern limb of the North
Pacific subtropical gyre. Paleoceanographic studies have shown
that during the LGM the Kuroshio path was restricted to lower
latitudes and did not enter the ECS (Ujiié et al., 2003). The increase
in LGM surface water temperature and 3'®0 at the sites located
south of Japan and just east of the ECS could therefore be explained
by the Kuroshio flowing above the sites, or nearer to these sites
during the LGM. Interestingly, N. pachyderma (s) 0, data from
the Japan Sea record values that are 1.7%o lower during the LGM
than during the LH (Gorbarenko and Southon, 2000). These data
produce a large negative residual 380, anomaly (—2.6%0) at that
site indicating a large decrease in surface water 3'80 in the Japan
Sea. These data suggest that continental runoff largely exceeded
evaporation in this area during the LGM, likely due to the quasi-
isolated nature of the Japan Sea relative to the open Pacific as a
consequence of sea level dropping to depths below the sills that
underlie the pathways into the region (Oba and Irino, 2012).

In the modern ocean, the California current forms the eastern
limb of the North Pacific subtropical gyre that advects cold and
relatively '®0-depleted sub-Arctic surface waters southward along
the western coast of North America. Moreover, extensive upwelling
of sub-surface waters currently occurs along the California coast
driven by northeasterly winds (Huyer, 1983). Our results show that
LGM surface waters along the California coast were characterized
by both lower SSTs and higher 830y, values than during the LH. A
study based on a latitudinal transect of cores along the West
American coast shows that the California current was strongly
reduced during glacial maxima (Herbert et al., 2001). Other studies
suggest that upwelling was also reduced during the LGM relative to
today (Dean et al., 1997; Ortiz et al., 1997). At present, 380, values
along the Californian coast are ~ —0.3%., whereas 8'®0g,
reaches +0.4 to +0.6%0 in the North Pacific subtropical gyre
(Schmidt et al., 1999). An annual mean residual 5'80g,, anomaly
of +1.0%o is thus consistent with reduced upwelling and a higher
proportion of surface waters from the North Pacific subtropical gyre
being entrained in the surface waters off California during the LGM
than during the LH.

In the equatorial Pacific, annual mean residual 880, anomalies
are not markedly different from zero, suggesting no significant
change with respect to modern conditions. The sole significant
31804, anomaly computed in the South Pacific is derived from
foraminifer SST at ~45°S east of New Zealand, with an estimated
annual mean SST anomaly of —8 °C and computed annual mean
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residual 3'80g, anomaly of —2%o.. These values are consistent with a
northward shift of the Southern Ocean surface temperature fronts
(Howard and Prell, 1992), such that cooler and fresher waters were
found at that site during the LGM compared to the LH.

3.3. Atlantic Ocean

There are large discrepancies among reconstructed annual
mean SST anomalies based on separate proxies in the northern
North Atlantic and Nordic Seas (MARGO P. M., 2009). North of
~45°N, reconstructed annual mean SST anomalies based on plank-
tonic foraminifer abundances range between -9 and -11 °C,
whereas alkenone UX'5; and dinoflagellate cyst abundances yield
positive anomalies in most locations, reaching +5 to +6 °C in the
latter case in the Nordic Seas (supplementary Fig. S2). However, it is
unlikely that LGM annual mean SSTs were higher than at present in
the high latitude North Atlantic since polar amplification leads to
larger LGM-LH surface temperature anomalies in those regions
than at lower latitudes (Masson-Delmotte et al., 2006). Moreover,
elevated LGM SSTs derived from dinoflagellate cyst abundances
have been shown to correspond to “no-analog” situations (de
Vernal et al., 2006), and positive SST anomalies derived from
alkenone UX'3; in the northern North Atlantic have been suggested
to result from a bias in SST reconstructions at very low tempera-
tures (Conte et al., 2006) or advection of the light alkenone carriers
over large distances (Mollenhauer et al.,, 2006). More generally,
alkenone UX'3; and dinoflagellate cyst abundances likely record
temperature signals that correspond to different seasons and water
depths than those recorded by planktonic foraminifer in this region
(de Vernal et al., 2005). In the subsequent discussion, we will thus
only retain the high latitude sites for which negative SST anomalies
were reconstructed (Fig. 4 and supplementary Fig. S3).

Along the Iberian margin and in the western tropical Atlantic,
the different SST proxies yield consistent anomalies of —2 to —4 °C
(Fig. 4). In the Mediterranean Sea, only foraminifer SST re-
constructions are available. These reconstructions yield LGM SSTs
that are 7—10 °C lower than at present in the western Mediterra-
nean Sea, and ~5 °C lower than at present in the Adriatic Sea. In the
central equatorial Atlantic and eastern South Atlantic, all separate
proxies yield negative anomalies although SST anomalies derived
from planktonic foraminifer counts are much more negative (—6 °C
in the central equatorial Atlantic and —11.6 °C off Namibia) than
Mg/Ca-based (—3 °C and —3.6 °C, respectively) and alkenone-based
(=2 °Cand -1 °C, respectively) SST anomalies (Fig. 4). It should be
noted that low confidence was assigned to SST estimates based on
planktonic foraminifer counts in sites located along South-West
Africa (Kucera et al., 2005b). This area is indeed characterized by
upwelling of cold subsurface waters that strongly influences the
distribution of planktonic foraminifer species, leading to a lack of
analogs and large offsets (up to 4 °C) among the different statistical
techniques (Kucera et al., 2005b).

Mapping annual mean residual 5'®0g,, anomalies computed
from interpolated multiproxy SST (Fig. 4) reveals positive residual
61805W anomalies in the open northern North Atlantic. However,
this picture contrasts with the large negative residual 3'®0g,
anomalies of ~ —1.7%c computed from foraminifer SSTs around
50°N (Fig. 4B and supplementary Fig. S3). These large negative
residual 51805W anomalies are consistent with a southward shift of
the polar front such that fresher and colder surface waters were
present at these sites during the LGM with respect to the LH. North
of these sites, the large positive residual 3'®0g, anomalies (+0.6 to
+1.5%0) computed from multiproxy SST anomalies result from un-
realistically small negative multiproxy SST anomalies due to the
impact of alkenone UX3; and dinoflagellate cyst positive annual
mean SST estimates on the weighted multiproxy average. We thus

consider that the positive residual 3180, anomalies computed
from interpolated multiproxy SST estimates in the northern North
Atlantic are not realistic. It is interesting to note that isotope-
enabled couples climate models produce negative 3'%0y,, anoma-
lies north of 40°N in the North Atlantic, reaching ~ —0.3%o (Ullman
et al.,, 2014) to ~ —0.7%o (Caley et al., 2014) after correction for the
LGM ice-sheet contribution. These modeling results lend support to
our decision to discard positive residual 3'80,,, anomalies
computed from alkenone U¥'3; and dinoflagellate cyst SST esti-
mates north of 50°N.

Consistent patterns emerge at lower latitudes in the open
Atlantic Ocean. Positive residual 880y, anomalies are computed
based on all separate SST proxies on the Iberian margin ranging
from +0.1 to +0.8%o, with average values of +0.3%o and +0.2%o for
residual slsosw anomalies computed from foraminifer and alke-
none UX3; SST, respectively (Fig. 4). In contrast, residual 3'30gy
anomalies computed in the western Mediterranean Sea are nega-
tive (average residual 3'80s,, anomaly ~ —0.4%). At present, 3'80g
is about +0.9%o on the Iberian Margin and +1.3 to +1.6%o in western
Mediterranean Sea (Schmidt et al., 1999). Residual 880y, anoma-
lies thus indicate that the gradient in surface water 3'0 between
these two regions was attenuated during the LGM with respect to
today. Previous studies have indicated that this situation was likely
the result of a significant reorganization of surface water circulation
in the western Mediterranean Sea and that the inflow of Atlantic
water was reduced at the LGM with respect to present day (Rohling,
1999; Rogerson et al., 2010). Interestingly, residual 3'®0s,, anoma-
lies computed in the Adriatic Sea are positive (average residual
3804w anomaly ~+0.4%o0), pointing to decreased runoff east of the
Alps during the LGM with respect to the LH.

The positive residual 3'80s,, anomalies computed along the
Iberian margin are consistent with pollen-based reconstructions of
LGM precipitation indicating overall drier conditions in the Medi-
terranean region during the LGM than at present (Bartlein et al.,
2011). Positive residual 3'80g,, anomalies along the Iberian margin
are also consistent with surface conditions in the open tropical
North Atlantic, as residual 3'80,, anomalies between 0 and 20°N are
positive and range between +0.2 and +0.5%.. This pattern is in line
with studies indicating an increase in salinity of surface waters in
the tropical North Atlantic (Carlson et al., 2008) and Caribbean
(Schmidt et al., 2004) during the LGM with respect to the LH. Such a
pattern can be attributed to a slowdown of the advection of salty
surface waters towards the high northern latitudes (Carlson et al.,
2008), a southward displacement of the intertropical convergence
zone (ITCZ) (McGee et al., 2014), or a combination of both.

In the tropical South Atlantic and along the Brazilian margin,
residual 3'80,, anomalies derived from foraminifer SST are positive
too, but lower than in the tropical North Atlantic, with values close
to +0.2%o. There are only 2 sites where SST estimates based on
different proxies are available: (i) on the northern Brazilian margin,
the annual mean residual 51805W anomalies computed from alke-
none UX3; and Mg/Ca SST are negative and equal to ~ —0.1 and ~
—0.3%o respectively. The residual 8'80s,, anomalies computed from
foraminifer SST in two neighboring sites, however, yield an average
residual 3'80g,, anomaly of +0.3%o. (ii) Off southern Brazil, the re-
sidual 5'80g,, anomaly computed from alkenone U¥37 SST is 0.0%o,
whereas that computed from foraminifer SST is +0.3%o. The sign of
computed residual 3'80s,, anomalies in the tropical South Atlantic
and along the Brazilian margin thus depends on the type of SST
proxy used, thereby preventing us to identify a robust pattern.

In the central equatorial Atlantic, negative residual 580,
anomalies of ~ —0.1 and ~ —0.3%o are computed from alkenone UX'5;
and Mg/Ca SST respectively. This points to a more southerly posi-
tion of the ITCZ during the LGM than during the LH, as indicated by
paleoclimatic records (McGee et al., 2014).
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Finally, a very large positive residual 8805, anomaly is computed
for the South Atlantic off Namibia, reaching +1.0%o for Mg/Ca SST
and +1.6%o for alkenone UK'37 SST. Drier conditions over western
South Africa during the LGM have been proposed in a number of
studies based on pollens (Shi et al., 1998), clay composition (Gingele,
1996) or leaf-wax isotopic composition (Collins et al., 2013). How-
ever, a change in the precipitation—evaporation budget and runoff
alone can not explain residual 3'®0s, anomalies as large as +1.0
to +1.6%o in coastal waters that are in direct connection with the
open ocean. MARGO multiproxy SST reconstructions indicate that
LGM annual mean SSTs along the south-west African coast were
2—4°Clower than at present (Fig. 4). These low SSTs were attributed
to enhanced upwelling of colder water along the continental margin
or enhanced advection of subpolar waters into the Benguela current
(MARGO P. M., 2009). Our results indicate that the latter hypothesis
can be discarded since subpolar surface waters are characterized by
lower 3'80 values than those to the north. In the modern ocean, the
main source of upwelled waters in the Namibian region is Eastern
South Atlantic Central Water (ESACW) from 150 to 500 m depth
(Shannon, 1985). At present, ESACW originates near the Cape of
Good Hope and ESACW deeper layers are partly composed of cold
Antarctic Intermediate Water from up to 500 m depth and Sub-
Antarctic waters transported equatorward out of the Antarctic
Circumpolar Current (Garzoli and Gordon, 1996). Our results suggest
that upwelled waters were colder and ®0-enriched relative to the
modern ocean. Such waters could originate from a mixture of re-
circulated South Atlantic central waters originating from lower
latitudes, Glacial North Atlantic intermediate water and circumpolar
deep water. The latter two water masses could indeed partly feed
upwelling along the south western African coast as a result of the
northward displacement of the Antarctic divergence together with
the equatorward migration of the Southern Ocean surface temper-
ature fronts at the LGM (Howard and Prell, 1992; Peeters et al.,
2004). Clearly, more data from the South Atlantic are necessary to
constrain the water sources for this anomaly.

4. Conclusions

The present study provides the first set of 3'80s,, anomalies
computed in a systematic way from homogenous data sets with
rigorous age control. Examination of the estimated '80s, anom-
alies on a regional scale brings new constraints on the knowledge of
the LGM surface ocean, highlighting which changes in surface
currents and hydrological cycle are consistent with both planktonic
isotopic data and reconstructed SST:

(1) Annual mean residual §'®0,, anomalies in the tropical Indian
Ocean are generally positive, with average LGM 380, values
0.4—0.6 %o higher than LH values. This increase in 31804y
most likely results from the combined effect of decreased
precipitation over the adjacent continental regions, and
reduced Agulhas leakage of warm and salty surface waters
from the Indian into the Atlantic Ocean during glacials.

(2) Annual mean residual 3'0s, anomalies in the North Pacific
exhibit high positive values South-West of Japan (~+0.6%o)
and along the Californian coast (~+1.0%o). We interpret these
large anomalies as mainly reflecting a change in surface
currents between the LGM and the LH. On the one hand,
higher LGM surface water temperature and 5'20 than during
the LH at the two sites located south of Japan could be
explained by the Kuroshio Current flowing nearer to these
sites during the LGM. On the other hand, a residual 880,
anomaly of +1.0%. along the Californian coast is consistent
with reduced upwelling and a strongly reduced California
current leading to a higher proportion of surface waters from

the North Pacific subtropical gyre in surface waters off Cali-
fornia during the LGM than during the LH.

(3) The sole data in the South Pacific yield a large negative re-
sidual 5'80g,, anomaly (—2.0%o) at a site located east of New
Zealand and characterized by LGM SSTs 8 °C lower than at
present. These values are consistent with previous studies
indicating that Southern Ocean surface temperature fronts
shifted northward by several degrees of latitude during the
LGM.

(4) Our results in the South Atlantic indicate that surface waters
along western South Africa were both colder and richer in
180, with residual 81805W anomalies of +1.0 to +1.6%o off
Namibia. We suggest that this is due to the northward
migration of the Southern Ocean surface fronts and Antarctic
divergence during the LGM leading to a higher proportion of
a mixture of Glacial North Atlantic intermediate water and
circumpolar deep water being entrained in the upwelled
waters off Namibia at that time than at present.

(5) In the northern North Atlantic (north of ~50°N), a region
characterized by large discrepancies between SST estimates
based on different proxies (MARGO P. M., 2009), comparison
of annual mean residual 61805\,\, anomalies derived from
different SST reconstructions shows that only SST estimates
based on planktonic foraminifer counts yield seawater
3180,y anomalies consistent with a southward shift of the
polar front at the LGM relative to the LH, as indicated by
continental data (i.e. ice core or pollen data).
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