nature
gﬁOSClCIlCC

LETTERS

PUBLISHED ONLINE: 18 JANUARY 2009 DOI:10.1038/NGEO411

Constraints on the magnitude and patterns of
ocean cooling at the Last Glacial Maximum

MARGO Project Members*

Observation-based reconstructions of sea surface temperature
from relatively stable periods in the past, such as the Last
Glacial Maximum, represent an important means of constrain-
ing climate sensitivity and evaluating model simulations'. The
first quantitative global reconstruction of sea surface temper-
atures during the Last Glacial Maximum was developed by
the Climate Long-Range Investigation, Mapping and Prediction
(CLIMAP) project in the 1970s and 1980s (refs 2,3). Since
that time, several shortcomings of that earlier effort have
become apparent*. Here we present an updated synthesis of
sea surface temperatures during the Last Glacial Maximum,
rigorously defined as the period between 23 and 19 thousand
years before present, from the Multiproxy Approach for the Re-
construction of the Glacial Ocean Surface (MARGO) project®.
We integrate microfossil and geochemical reconstructions of
surface temperatures and include assessments of the reliability
of individual records. Our reconstruction reveals the presence
of large longitudinal gradients in sea surface temperature in all
of the ocean basins, in contrast to the simulations of the Last
Glacial Maximum climate available at present®”.

Studies following the Climate Long-Range Investigation,
Mapping and Prediction (CLIMAP) project mainly reanalysed
old primary data, applied single new proxies or concentrated
on specific ocean basins®*!'. The Multiproxy Approach for the
Reconstruction of the Glacial Ocean Surface (MARGO) project’s
objective has been to compile and analyse available estimates of
Last Glacial Maximum (LGM) sea surface temperatures (SSTs)
based on all prevalent microfossil-based (transfer functions
based on planktonic foraminifera, diatom, dinoflagellate cyst
and radiolarian abundances) and geochemical (alkenones and
planktonic foraminifera Mg/Ca) palaeothermometers. The
MARGO project approach is to argue that no current proxy method
is objectively better than another to provide an accurate picture of
past SST, and that consequently the multiproxy approach yields
the least biased representation of past reality. By using a rigorous
definition of the LGM time interval (19-23 cal kyr Bp; ref. 4), many
records used previously had to be discarded. Other key features
are the use of a common data set of ambient temperatures for the
calibration of all proxies and the assessment of the reliability of
individual SST estimates®.

The MARGO compilation combines 696 individual SST
reconstructions (Fig. 1). The coverage is especially dense in the
North Atlantic, the Southern Ocean and the tropics. Several oceanic
regions remain undersampled, such as the subtropical gyres,
especially in the Pacific Ocean. Individual proxies have different
spatial coverage and analyses of multiple palacothermometers on
the same material remain rare. To address this spatial bias, we
have projected the entire SST data set onto a regular grid of

5° x 5° resolution (Figs 1 and 2). Each grid cell has been assigned
an SST estimate by averaging individual proxy reconstructions
that fall into the same cell, weighted by their mean reliability
index (see the Methods section and Supplementary Information).
The uncertainty associated with the resulting multiproxy SST
reconstruction has been computed considering the differences
between the single proxy reconstructions in each grid cell (see the
Methods section). The choice of the grid size is a compromise
enabling us to assess the divergence of multiple SST estimates
within each grid cell, as well as to resolve spatial SST gradients in
different ocean basins.

The resulting SST anomalies (LGM—World Ocean Atlas (WOA)
SST; ref. 12) exhibit an array of robust spatial and seasonal features
(Figs 2—4). There is an overall agreement in the magnitude of the
latitudinal anomalies between geochemical and microfossil proxies
(Fig. 3g,h). As originally suggested by CLIMAP, the strongest
annual mean cooling (up to —10°C) occurred in the mid-latitude
North Atlantic and extended into the western Mediterranean
(—6°C, Fig.2). However, in contrast to CLIMAP, MARGO data
indicate that the cooling was more pronounced in the eastern
than in the western basin. The magnitude and position of a
steep temperature gradient between 45 and 60° N are supported
by four different proxies, confirming the robustness of previous
single proxy reconstructions in this region®!®!! (Fig. 3a,b). Existing
coupled atmosphere—ocean general circulation model (AO-GCM)
simulations for the LGM show significant disagreement with
respect to the location and magnitude of the North Atlantic cold
anomaly® while exhibiting stronger glacial cooling in the western
than in the eastern Atlantic (http://pmip2.Isce.ipsl.fr/) (ref. 7). This
demonstrates that the robust MARGO North Atlantic east—west SST
anomaly gradient is a good target with which the skill of models
can be evaluated.

In contrast with the CLIMAP reconstruction, all proxies
also agree on ice-free conditions in the Nordic seas during
glacial summer'. However, large discrepancies with respect to
glacial temperatures recorded by different microfossil proxies
remain (Fig. 3a). Positive anomalies derived from dinocyst transfer
functions have been interpreted as representing a ‘no-analogue’
situation under partial sea ice coverage and glacial wind fields". In
contrast, foraminifera-based estimates seem to be consistent with
glacial oxygen isotope patterns'*. However, there is at present no
objective way to reconcile the divergent proxy results and thus,
paradoxically, the glacial conditions in the most densely sampled
Nordic seas remain associated with large uncertainties. In contrast
to the North Atlantic, some areas of the glacial Northwest Pacific
seem to have been slightly warmer at the LGM than at present. These
results are based mainly on alkenone unsaturation ratios (UY ) and,
rather than a warm anomaly in the annual mean SST values, they

*A full list of authors and their affiliations appears at the end of the paper.
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Figure 1| MARGO data coverage. a, Distribution of data points. b, Number of proxy records per 5° x 5° grid cell. ¢, Number of different proxy types per

5° x 5° grid cell.

might indicate that the seasonality of the alkenone production has
changed through time.

The best convergence between the various proxy estimates
occurs within the 30° S-30° N band (Figs 3 and 4). Strong inter-
basin differences as well as clear west—east gradients within each
basin mark the equatorial oceans, although anomalies are smaller
in the Pacific and Indian Ocean than in the Atlantic. Tropical
cooling is more extensive than that proposed by CLIMAP. Existing
AO-GCM LGM simulations (http://pmip2.Isce.ipsl.fr/) exhibit
either no significant west—east gradient in the tropics, or much
weaker and even reverse west—east gradients (see Supplementary
Information, Tables S1,S2, Figs $3,S4). Discrepancies between
these LGM simulations and MARGO data may result from
the fact that some forcing factors, such as glacial dust and
aerosol distribution, were not included in the LGM simulations’.
However, even in simulations of present-day conditions, it is
difficult for state-of-the-art climate models to resolve the observed
west—east gradients in the tropical and subtropical oceans'®
and current climate models produce discordant simulations
of present-day and future climate in the tropics'’. In this
context, MARGO’s robust LGM results in tropical latitudes
could be extremely useful in identifying the causes for the
models’ divergent results.

Other remarkable features of the tropical reconstructions are
a 1-3°C cooling of the western Pacific warm pool, which is
supported by three available proxies'®'®2°, and a 1-3°C cooling
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off northwest Australia that suggests an ongoing transport of warm
waters along the Indonesian throughflow warm water route'®. The
contracted subtropical gyres in the Atlantic Ocean experienced
little cooling in their centre (<—2°C). In the Pacific, parts of
both the northern and southern subtropical gyres may have
been warmer than at present by up to 1-2°C, as suggested by
the few available data points. Interestingly, this feature, which
was also reconstructed by CLIMAP but has attracted significant
controversy, is not simulated by any of the recently available
AO-GCM simulations’.

Large cooling of the eastern boundary current (EBC) systems in
the Southern Hemisphere is reconstructed by all proxies, making
this a very robust feature of the climate and ocean circulation
during the LGM (Fig. 4). This pattern is consistently recorded
by foraminiferal assemblages and by the few available Mg/Ca
estimates®. It is less prominent in the annual average SST recon-
tructions from alkenones (Figs 2,4). The alkenone-derived LGM
values for EBC systems generally seem only moderately colder
than the present day (<—2°C), although new UL estimates
from the southeastern Pacific not yet considered in the MARGO
compilation reveal a 5-6°C cooling off Chile**. Such cooling
was not strongly present in the CLIMAP reconstruction, but doc-
umented by more recent foraminiferal reconstructions®?*. The
large EBC cooling could have resulted from enhanced Ekman
pumping, the upwelling of colder water along the continental
margins and, in the case of the eastern South Atlantic, enhanced
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Figure 2 | Maps of reconstructed LGM sea surface temperature
anomalies. Anomalies are computed as LGM-WOA98 (ref. 12) values.
a, Northern Hemisphere summer (July-August-September). b, Northern
Hemisphere winter (January-February-March). ¢, Annual mean. The
symbols show the location and proxy type of the original available data
(see Fig. 1). Note the uneven spacing of the diverging colour scheme

and isotherms.

advection of subpolar waters into the Benguela current'®?. This
could in turn result from a general increase in wind strength
during glacials and a northward shift in the westerlies and Southern
Ocean frontal systems in response to increased sea ice extent
around Antarctica® (Fig. 2).

In the Southern Ocean, proxy data indicate a northward shift
of the polar front during the LGM to a position at 45° S (ref. 26),
associated with a —2 to —6 °C cooling during glacial austral summer
relative to today. Estimates from siliceous microfossil assemblages
are supported by foraminiferal transfer function results, notably
in the southern Indian Ocean, where most Southern Ocean
foraminifera data points are located'®. We note that the Southern
Ocean and the subtropical South Atlantic and Pacific are regions
where large disagreements occur among the latest AO-GCM LGM
simulations’, ranging from no cooling to anomalies exceeding
—10°C (see Supplementary Information, Table S2, Figs $3,54).

Analysis of the entire multiproxy MARGO data set yields
average mean annual anomalies computed from blocks between
90° S—90° N (Table 1) of —2.442.2 °C in the Atlantic, —1.64+1.1°C
in the Indian, —1.5 4+ 1.8°C in the Pacific and —1.9 £ 1.8°C
for the global ocean. The average mean annual cooling in the
15°S-15° N tropical band is more pronounced in the Atlantic
(—2.91+1.3°C) and less pronounced in the Indian (—1.4£0.7°C)
and Pacific (—1.2 £ 1.1°C) oceans, resulting in —1.7 £ 1°C for
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the global ocean. The relatively large uncertainties associated with
basin-wide averages (see the Methods section) are caused by the
high proportion of regions not covered by proxies; they are not
the result of method-specific uncertainties nor do they reflect
discrepancies between estimates by different proxies. They are due
to the fact that the LGM oceans were thermally highly structured
with large gradients across small distances. This observation
clearly highlights the danger of extrapolating individual LGM SST
reconstructions into global fields.

The average mean annual cooling obtained for the tropical
Atlantic (Table 1) is —2.9£ 1.3 °C. This is indistinguishable from
the value obtained by ref. 27 for the 20° S-20° N band (3.0°C)
and thus confirms the GLAMAP reconstructions that were based
solely on faunal assemblages of foraminifera**®. Using CLIMBER-2
model results as in ref. 27, MARGO SST synthesis translates
into a range of climate sensitivities of 1-3.6 °C. However, this
result is model dependent. For instance, the MIROC3.2 model
shows an asymmetry in climate sensitivity calculated by decreasing
rather than increasing the greenhouse gases, which indicates that
direct estimates of climate sensitivity from the LGM are likely
to underestimate the future climate sensitivity for the coming
centuries”. More generally, ref. 1 showed that for current state-
of-the-art models, there is no linear relationship between LGM
cooling and temperature change for a doubling of the pre-industrial
atmospheric CO, concentration.

With the advent of the multiproxy method, we have not
only been able to produce a new reconstruction of the glacial
ocean surface, but also to deliver uncertainty estimates (see
Supplementary Information, Figs S1,S2). Taken together, this yields
new observational bounds on the sensitivity of the Earth’s climate
system, with the perspective of improving existing climate models
that are being used in the assessment of ongoing and future
climate change. We note, however, that uncertainties in model
forcing and model representations of climate mechanisms and
feedbacks complicate the attribution of model-data discrepancies
and that the climate sensitivity depends on the climate state and
forcing'. This situation clearly calls for further advances in the use
of palaeo-proxy data to constrain coupled climate models. More
specifically, MARGO global multiproxy synthesis demonstrates that
LGM climate was characterized by large east-west gradients at
tropical latitudes and in the North Atlantic. These essential features
reflect major changes in oceanic and atmospheric circulation, but
are not captured by existing AO-GCM LGM simulations. Future
work will need to identify the exact causes for these model-data
discrepancies to improve our understanding of past and present
ocean and atmosphere circulation, and our ability to predict
future climate change.

Methods

Contour mapping. Calculation of 5° x 5° block averages yields a grid coverage of
~20% for the global ocean (varying between ~14% for the Pacific and ~25% for
the Atlantic and Indian oceans), whereby ~30% of the grid cells with data combine
SST reconstructions by more than one proxy. For illustrative purposes, the block
averages were interpolated using the near-neighbour program of Generic Mapping
Tools*® Version 4. The search radius was set to 2,000 km. The contour maps were
prepared using Generic Mapping Tools Version 4.

Error assessment. We assume that the uncertainty inherent to the WOA98
data'? is much smaller that in the LGM reconstructions so that the uncertainty
of the LGM-WOA98 anomalies is practically identical to the uncertainty of the
individual LGM estimates.

To assess the error on individual LGM estimates, we use a conservative
approach taking into account (1) the error of the calibration for each proxy;
(2) the number of samples per core on which the LGM SST reconstruction is
based; (3) the quality of the age model for each core; (4) the uncertainty due
to the stationarity through time and in space of the calibration error, defined
specifically for each proxy.

The error due to the calibration method can be quantified as the standard
error of the residuals of the calibration equation, or as the root-mean-squared
error of prediction (RMSEP) determined by holding a portion of the calibration
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Figure 3 | Latitudinal averages of estimated LGM SST anomalies derived from microfossil and geochemical proxies. SST anomalies derived from
foraminifera and dinocyst assemblages (a,c,e,g) and from foraminifera Mg/Ca ratio and alkenones Ug; (b,d,f h). Arithmetic averages (circles), minima (red
triangles) and maxima (blue triangles) anomalies are shown for 5° latitude bands. Samples from the Southern Ocean, between 70° W and 20° E were
assigned to the Atlantic Ocean, between 20 and 150° E to the Indian Ocean and between 150° E and 70° W to the Pacific Ocean. Samples from the

Mediterranean were only used to calculate global latitudinal averages.

data set back, developing the predictor based on the remaining part of the data and
applying it on the held-back data'®. For the MARGO compilation, the calibration
errors/RMSEPs (10') range typically between 1 and 1.5°C (see Supplementary
Information, Table S3-S8).

The representativeness of a LGM SST estimate at a given site depends on
the number of samples per core on which the LGM SST reconstruction is based
(a larger number increases the representativeness) and on the quality of the age
model for each core. These uncertainties are incorporated in the quality flag for
number of samples, gyum, and in the quality level of the age model, g, as defined
in ref. 5. Similarly, the uncertainty due to the stationarity through time and in
space of the calibration error is incorporated in the SST reconstruction reliability
flag, g.«1, defined specifically for each proxy and reflecting, for example, possible
no-analogue situations and known regional or sedimentological bias. These three
semi-quantitative flags can be averaged to produce a mean reliability index:
q=1(0.75"Gstr + Gum + Gre1) /2.75, Where g, ranges from 1 to 4 (ref. 5) and g,um and
vt range from 1 to 3 (see Supplementary Information). The uncertainty of each
LGM SST reconstruction is then calculated as a function of the calibration error,
ocar, and the reliability index:

OLGM = 0caL " 4-

To estimate the errors of LGM anomalies for individual blocks, op gy, we
consider the uncertainty of individual SST reconstructions and the degree of
convergence among the SST estimates within each block. Assuming Gaussian error
propagation and using quality flags for weighting the block mean, we obtain:

ZLI (Wi 'O’LGM,i)2
Z?:l (i) '

OB-LGM =

where w; is the inverse of the average reliability index.
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The uncertainty due to the degree of convergence among the SST estimates
within each block can be estimated by their standard deviation, op.yar. The
resulting estimate of block mean uncertainty, oy, is then the combination

of the two errors:
_ /2 2
0B =1/ 05 16M T 5 var-

The uncertainty of the regional averages, orec-p, is a function of the uncertainty
values for individual blocks, weighted by the area of the blocks, and the
number of blocks:

Z?:l (af'UBJ)Z
Zle (a;) '

OREG-B =

where g; is the area of each block 7.

However, only a fraction of the total number of blocks per zone have a SST
value assigned to them. The uncertainty of the mean thus has to be increased by
the uncertainty due to the unknown SST values. This uncertainty is a function
of the variance among the SST values for the blocks: in regions with relatively
homogeneous SST anomaly distribution, it is less likely that the unknown
blocks will have a large effect on the regional mean than in areas with large
variations in SST anomalies. Therefore, the uncertainty due to the unknown
blocks can be approximated by the standard deviation among the block means
within each zone, orpgvar, and this uncertainty can be combined with orgg.p

in the following way:
2 N—n 2
OREG = | Opgg.p T N OREG-VAR>

where N is the total number of blocks and 7 is the number of blocks with data.
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Figure 4 | Map and longitudinal averages of LGM SST annual mean anomalies for the 30° S-30° N tropical band. a, Longitudinal averages of the LGM
SST annual mean anomalies derived from foraminifera assemblages, foraminifera Mg/Ca and alkenones U§7 The symbol size is proportional to the average
of the three quality indices (see Supplementary Information). Error bars indicate RMSEP (Mg/Ca and alkenones—U§;) or range of the estimates by the
different statistical techniques (foraminifera assemblages). b, Map of gridded (5° x 5°) SST annual mean anomalies showing the location of the data

as in Fig. 1.

Table 1| Regional mean SST anomalies (modern — LGM) based on block-averaged data with reliability weighting.

Global Ocean Atlantic Ocean Indian Ocean Pacific Ocean
Regional Total Regional Total Regional Total Regional Total

Latitude mean error mean error mean error mean error
zone Q) (o) °C) 0) 0 (§(9) O ()

Annual mean 15°S-15° N 1.7 1 -2.9 1.3 1.4 0.7 -1.2 11
30°S-30°N -1.5 1.2 2.3 1.5 -1.3 0.7 11 1.2
60° S-60° N -1.9 1.7 —2.6 2 -1.6 1 -1.5 1.8
90°S-90° N -1.9 1.8 —2.4 2.2 -1.6 11 —-15 1.8

JAS* 15° S-15° N -1.5 1.6 -3 1.9 -1.2 1 -0.9 1.8
30°S-30°N -1.3 17 —-2.3 2.3 —1 1 —-0.9 1.7
60° S-60° N -1.9 21 2.7 2.7 -1.5 13 —1.4 2
90°S-90° N -1.8 2.2 —-2.5 29 —-1.5 13 —-1.4 2

JEM' 15° S-15° N -1.6 1.4 —-2.5 1.7 -1.3 0.8 —-1.2 1.7
30°S-30°N —-1.4 1.6 2.2 2.1 —1 1 -1 1.7
60° S-60° N -2 2 —2.8 23 -1.8 13 -1.6 21
90°S-90° N -2 2 2.7 2.4 -1.7 13 -1.5 2.1

*JAS: July-August-September.

fJFM: January-February-March.
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