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Abstract. We demonstrate that the temperature signal in thel Introduction
planktonic foraminifera assemblage data from the North At-

lantic typically does not originate from near-surface watersThe composition of planktonic foraminifera assemblages in
al’ld argue that thIS haS the pOtential to biaS sea Surface ter%-cean surface Sediments appears to be re'ated to sea sur-
perature reconstructions using transfer functions calibrategace temperatures (SST) (Murray, 1897) and has been used to
against near-surface temperatures if the thermal structure ghake quantitative SST reconstructions since the late 1960s,
the upper few hundred metres of ocean changes over timgyhen transfer functions for estimating past climatic con-
CMIP5 climate models indicate that ocean thermal Struc-ditions from the modern re'ationship between Species and
ture in the North Atlantic changed between the Last Glacialthe environment in a modern calibration set were developed
Maximum (LGM) and the pre-industrial (PI), with some re- (sachs et al., 1977). These reconstructions constitute a large
gions, mainly in the tropics, of the LGM ocean lacking good fraction of the available palaeoceanographic data, and have
thermal analogues in the PI. been synthesised into regional or global maps of past SST
Transfer functions calibrated against different depths re-qy key time periods. Compilations for the Last Glacial Max-
construct a marked subsurface cooling in parts of the tropicalmum (LGM; 21ka) by CLIMAP (CLIMAP Project Mem-
North Atlantic during the last glacial, in contrast to previous pers, 1976) found colder conditions at high latitudes, but sur-
studies that reconstruct only a modest cooling. These posprisingly reported warmer than modern conditions in the sub-
sible biases in temperature reconstructions may affect eStitropicaI ocean. MARGO (MARGO Project Members, 2009)
mates of climate SenSitiVity based on the difference betWeerﬂeported less extensive Warming in the Subtropicsy and mod-
LGM and pre-industrial climate. Quantifying these biasesest cooling in the tropics. Such estimates of LGM climate
has the potential to alter our understanding of LGM climate have been extensively used to validate climate models (Bra-
and improve estimates of climate sensitivity. connot et al., 2012) on the premise that if the models can-
not reproduce past climate, they are unlikely to be useful
for predicting future climate. Recently, foraminifera-derived
SST estimates were central to an extensive network of LGM
climate anomalies that Schmittner et al. (2011) used to es-
timate climate sensitivity, the amount that the global aver-
age climate will warm following a doubling of atmospheric
CO, concentrations. Schmittner et al. (2011) estimated that
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climate sensitivity is 2.2C, considerably smaller than the
IPCC estimate of about°® (Hegerl et al., 2007), and with g—
a narrower uncertainty range. However, the Schmittner et
al. (2011) estimate is sensitive to biases in oceanic LGM tem-
perature anomalies, and these anomalies are dominated by
foraminiferal records. As uncertainty in climate sensitivity z
constitutes the largest source of uncertainty in climate projec-“
tions beyond a few decades (Knutti and Hegerl, 2008), poten-
tial sources of bias in planktonic foraminifera assemblages
must be carefully evaluated. -
Transfer functions for reconstructing past environmen- 27
tal conditions make a number of assumptions (Birks et al.,
2010). If these assumptions are violated, reconstructions are
potentially erroneous. The implications of some of these
assumptions for planktonic foraminifera-derived SST have é—
been explored, including the potential for spatial autocor-
relation to make reconstructions appear more certain than
justified by the data (Telford and Birks, 2005). In this pa-
per we focus on the assumption that environmental variablesz _|
other than the one of interest have negligible influence dur- - g0 sow A 20w ow
ing the time window of interest or that the joint distribution
of these variables of interest in the past is the same as t
day (Birks et al., 2010). If foraminifera assemblage compo-
sition is controlled by several environmental variables, and
the correlation between these variables changes over time,

this assumption will be violated. _ .. updated foraminifera and ocean temperature data. We then
_ The assemblage composition of planktonic foraminifera e reconstructions of temperature at different water depths
is usually F:allbrated ggalnst either seasonal or ann.ugl Me3fhr 5 collection of North Atlantic cores, and argue that the
EST atfa flxedldeli)th in the upper ocean. AIIt(houghllt IS wel! reconstruction that best explains the variability in the faunal
nown from plankton tow studies (Fairbanks et al., 1980; o qrq since the last glaciation reflects the depth that most
Wilke et al., 2009) and from geochemical evidence of calCi-jnfenced faunal composition. We finish by using the out-
fication depths using oxygen isotopes (Ganssen and Kroorl, ;+ ot cMmIP5 climate models to identify parts of the ocean
2000) and mggnesm.m./calulum ratios &@ux et al., 2008) _with thermal structures not present in the modern ocean; it
that planktonic foraminifera live at a broad range of depths injg ere that the potential for bias in reconstructions is great-

Fhe upper ocean, Pflaumann et al. (1996) showed that3 atleagt it foraminifera assemblages are tracking subsurface rather
in the Atlantic Ocean, transfer function performance is ,bGStthan near-surface temperatures. We conclude by discussing
at 10 m or the mean of the top 75 m. If the temperature S|gna[he likely sign of the potential, possibly regionally varying,

recorded in planktonic foraminifera assemblages integrateg,qeq in transfer function SST estimates using climate model
the influence of thermal structure of the whole upper OCearbutput

rather than the temperature at a fixed depth, the assumptions

of transfer functions may be violated. Transfer function esti-

mates of near-surface temperatures will then only be correct Methods

if the thermal structure of the upper few hundred metres of

ocean has remained constant. This is unlikely given the reor¥We used the 862-site North Atlantic planktonic foraminifera
ganisation of ocean circulation during the LGM (e.g. Lynch- calibration set compiled by Kucera et al. (2005) (Fig. 1).
Stieglitz et al., 1999). Despite this potential bias, the effectOcean temperatures were extracted from the World Ocean
of changing thermal structure on transfer function SST esti-Atlas (WOA, 1998), interpolated to the calibration set obser-
mates has never been systematically explored. That it couldations. We used the caloric warm and cold season, and mean
be important has recently been demonstrated for the Mediterannual temperatures at the 14 standard WOA depths between
ranean by Adloff et al. (2011). the surface and 500 m.

We undertake several analyses to investigate the poten- Sixteen planktonic foraminifera assemblage time series
tial for bias in SST estimates should the foraminifera signalstraddling the last termination from the North Atlantic were
track subsurface temperature rather than near-surface condiompiled and their taxonomy harmonised to match the cali-
tions. First, we repeat the analyses of Pflaumann et al. (1996)yration set (Table 1, Fig. 1). The following selection criteria
both on an Atlantic-wide scale and on a regional scale, usingvere used: foraminifera counted in the greater than 150 um

GIK23258-2@

[ ]
MD95-2011

0Eig. 1. Map of the North Atlantic Ocean showing calibration set
sites (pale blue), core sites (red), and the 1400-km-radius circles for
testing the regional performance of transfer functions.
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Table 1.Cores used in the analyses.

Number of Timespan

Core Location observations  (ky BP)  Reference

GIK23258-2 14E,75 N 285 1-14 Sarnthein et al. (2003)
HM107-04 19.2 W, 67.2N 92 0-13 Knudsen et al. (2004)
HM107-05 17.9W, 66.9 N 56 0-16 Knudsen et al. (2004)
MD95-2011 7.86E,67 N 380 0-14 Risebrobakken et al. (2003)
NA87-22 147 W, 555N 104 1-14 Duplessy et al. (1992)
CH77-02 36.2W, 52,7 N 153 0-12 Marchal et al. (2002)
CH69-09 47.4W,41.8 N 58 1-17 Labeyrie et al. (1999)
SU81-18 10.2W, 37.8 N 41 0-21 Duplessy et al. (1992)

V32-8 32.8W,32.8N 25 2-23 Mix (2006a); Mix et al. (1986)
V22-222 43.6 W, 28.9 N 30 2-21 Mix (2006c); Mix et al. (1986)
V30-51 19.9W,19.9N 18 2-32 Mix (2006d); Mix et al. (1986)
V30-49 21.2W, 18.# N 26 2-23 Mix (2006e); Mix et al. (1986)
M35003-4 61.2W, 12.°N 76 0-23 Hils (1999)

RC09-49 58.8W, 11.2 N 22 2-22 Mix (2006f); Mix et al. (1986)
V25-75 53.2W, 8.6°N 35 2-28 Mix (2006g); Mix et al. (1986)
V30-36 27.3W,5.@N 23 2-33 Mix (2006b); Mix et al. (1986)

fraction to match the calibration set, resulting in the rejec-tal variable. Our 95 % significance level will thus be liberal.
tion of some high-latitude sites; core location north 8N\6  We repeated this analysis on the deep- and shallow-dwelling
to avoid the edge of the calibration set; cores should sparspecies (Hemleben et al., 1989) in each core separately to
the last termination, with several observations from both thetry to determine which group carries a stronger temperature
Holocene and the deglaciation with a temporal resolution ofsignal.
~ one observation per millennium or better. We used the output from time slice simulations of LGM
The SST reconstructions were derived for each depth andnd pre-industrial (PI) climate performed by four coupled
season using the modern analogue technique (MAT) with fiveclimate models participating in the Coupled Model Intercom-
analogues (as between four and six analogues, dependirarison Project CMIP5 to identify areas of the North Atlantic
on depth and season, gave the lowest root mean square dtGM that have poor thermal analogues in the Pl ocean. The
ror of prediction) and squared chord distances (Prell, 1985)models included in the analysis are listed in Table 2; the
Performance of the transfer functions was estimated using. GM and PI simulations were performed in compliance with
leave-one-out cross-validation, and is reported both for thePMIP3 protocol. Complete documentation of the models
whole North Atlantic Ocean and for nine arbitrarily defined and experimental setup can be found on the PMIP3 website
1400-km-radius regions covering the North Atlantic. (http://pmip3.Isce.ipsl.fj/ We generated monthly climatolo-
Reconstructions of warm and cold season temperature aies for 50-yr periods (simulations years indicated in Table 2)
WOA standard depths from the surface down to 500 m wereof the LGM and Pl simulations. For each model, we interpo-
calculated using MAT. We attempted to determine the seasoiated July temperatures in every grid box to 10-m intervals in
and depth at which temperature variability appears to be mosthe top 300 m of the ocean, and found the Euclidean distance
important by using a constrained ordination to find the pro-from the simulated LGM ocean to the most similar grid box
portion of the variance in the fossil data explained by eachin the simulated PI ocean.
reconstruction (Telford and Birks, 2011). We assume that All analyses were run using the R statistical language ver-
reconstructions that explain least variance in the fossil dataion 2.14.1 (R Development Core Team, 2011). Reconstruc-
are probably from depths that did not drive the variability in tions were generated with the rioja package version 0.7-3
the fossil data. We used redundancy analysis (Rao, 1964) fofJuggins, 2012); the statistical significance and importance of
the constrained ordination because the taxonomic turnovereconstructions was tested with the palaeoSig package ver-
in the cores is relatively small. The statistical significancesion 1.1-1 (Telford, 2012); redundancy analysis was fitted
of the reconstructions was assessed by testing if they exwith the vegan package version 2.0-2 (Oksanen et al., 2011).
plained significantly more of the variance than a null model
of 999 transfer functions trained on random data (Telford and
Birks, 2011). We used a white noise null model because o8 Results

the complexity of generating spatially autocorrelated random _ o )
data with the correct spatial structure for each environmenPlanktonic foraminifera-SST transfer function performance
for the whole North Atlantic Ocean is best near the surface
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Table 2. CMIP5 coupled models and periods of the time slice simulations used in this analysis. The sponsoring institutions of the models
are GISS-E2-R, NASA/GISS Goddard Institute for Space Studies, USA; MIROC-ESM, Center for Climate System Research (University of
Tokyo), National Institute for Environmental Studies, and Frontier Research Center for Global Change (JAMSTEC), Japan; IPSL-CM5A-LR,
Institut Pierre Simon Laplace, France; and MPI-ESM-P, Max Planck Institute for Meteorology, Germany.

Model Atmosphere Ocean Simulation period (years)

GISS-E2-R 2x25 xL40 1°x 1.25 x L32 Pl: 4481-4530 LGM: 3050-3099
MIROC-ESM T42 ~2.8)xL80 0.5 —1.7 x 1.4 xL44 PI: 2280-2329 LGM: 4648—-4699
IPSL-CM5A-LR  3.7% x1.9° xL39 2°x2°xL31 Pl: 2750-2799 LGM: 2751-2800
MPI-ESM-P T63 6 1.9P)xL47 1.5 x1.5° xL40 Pl: 2930-2979 LGM: 1850-1899

The regional differences in the performance of transfer
—e— Summer functions with depth are reflected in the time series of re-
—e—  Winter constructions at different depths. For cores north ¢f\e5

--» - Annual the reconstructions from different depths and seasons resem-
ble one another, with an offset (Fig. 4a). Tropical cores have
very different reconstructions for different depths. For exam-
ple, near-surface temperature reconstructions from site V30-
36 (Fig. 4b) indicate little variability over the last 30 000 yr,
whereas reconstructions from 75- and 100-m depth suggest
a warming from the glacial into the Holocene of ovetG

and reconstructions from greater depths have less variability,
with a cooling of up to 2C.

The difference between reconstructions at different depths
in the time series is manifested in the proportion of the vari-
ance in the fossil data that they explain (Fig. 5). The pro-
file of variance in the fossil data explained by temperature
0 1(|)0 2(')0 3(')0 4(')0 5(')0 reconstructions at different water depths and seasons varies

Depth m geographically (Fig. 5).
The four sites in the Nordic Seas have similar shaped pro-
Fig. 2. Transfer function performance for the whole North Atlantic files (Fig. 5a—d). The amount of variance explained is high
calibration set, shown as thé between measured and predicted and statistically significant for the top 200—300 m, and de-
temperatures for different depths and seasons. clines steeply below this. Towards the surface, the variance
explained by warm-season reconstructions declines.

The three sites in the North Atlantic Drift (Fig. 5e—g) have
: B‘road peaks in the amount of variance explained by warm-
The warm season has a maximufhbetween 30 and 50m.  geac0n reconstructions, with a maximum at about 200 m. The
This result is similar to that of Pflaumann et al. (1996), Who o ters for the cold season are flatter, and explain less than

only considered the top 75 m, confirming that their result wasy, o \yarm season at its peak. At these sites all reconstructions
not an artefact of the SIMMAX method (Telford et al., 2004) are statistically significant.

or Fhe older, less precise SST data they used (_Levitus, ;982). The single site off the Portuguese margin (Fig. 5h), which
This would seem to support the current practice of attrlbut-iS possibly influenced by seasonal upwelling, has a unique

ing transfer function results to a fixed depth representing theprofile, with the amount of variance explained by the recon-
mixed layer. However, different patterns emerge when per-

¢  th for f ) i diff X _ “structions slowly increasing with depth.
ormance of the transfer functions in different regions Is esti- - g g sites in the North Atlantic subtropical gyre have
mated (Fig. 3). In several regions there is a pronounced dro

r?diosyncratic profiles (Fig. 5i—j). The amount of variance ex-

in 2 near the surface during the warm season, and in the tmpglained by reconstructions at V32-8 is greatest in the warm

ics this is also found for the cold season and the annual mea eason at the surface, and declines with depth until recon-

te_mpe_:ratzure_. This result suggests that the near monotonic dyctions are not statistically significant below about 200 m.
cline in r< with depth for the cold season and annual meana; v22.222 the pattern is more complex, with the warm-

temperature in the whole North Atlantic is, at least in part, go 46 reconstruction explaining more at about 75m than
an artefact of mixing together different regions with different at the surface, below this the amount explained first falls

depth sensitivities. then rises, but the magnitude of the changes is small. The

for the cold season and the annual mean temperature (Fig. 2
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Fig. 3. Transfer function performance, shown as tiebetween measured and predicted temperatures for different depths and seasons, for
sites in different 1400 km radius regions (see Fig. 1) of the North Atlantic calibration set. Legend as Fig. 2.
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pattern for the cold season is similar, except it does not show
the near-surface decline. All reconstructions at this site are
statistically significant.

The patterns in variance explained and the significance
levels change south of 2Bl. The two sites near the West
African upwelling cells (Fig. 5k—I) both have near-surface
reconstructions that explain the most variance, with the
warm season explaining more than the cold. Reconstruc-
tions of subsurface temperatures explain very little variance,
but reconstructions below 200 m explain more, especially
at V30-49.

At the tropical sites (Fig.5m—p), near-surface reconstruc-
tions explain little variance and are typically not statisti-

Fig. 4.Warm-season reconstructionsfordifferentwaterdepthsfromca”y significant. Subsurface reconstructions explain about

(a) V22-222 andb) V30-36.

www.clim-past.net/9/859/2013/

twice as much of the variance as near-surface reconstruc-
tion, and are statistically significant, or almost so. Recon-
structions from below 150 m also explain little variance and

Clim. Past, 9, 858+0, 2013
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Fig. 5. The proportion of variance in the fossil data explained by reconstructions of warm (red) and cold (blue) season temperatures at different
depths. The horizontal dashed grey line represents the 95 % significance level, assessed by finding the proportion of variance explained by
reconstructions of random environmental data. Note that the y-axis scale changes between plots and cannot be directly compared as th
diversity is different at each site.

are not statistically significant. Both seasons explain a similablages, are not statistically significant in most sites, whereas
amount of variance. the shallow-dwelling taxa give statistically significant re-
When the foraminifera assemblages are divided into deepeonstructions in half these sites, and the pattern resembles
and shallow-dwelling taxa, the similarity between the vari- that of the whole assemblage in most sites. These results
ance explained by the reconstructions in these groups and th&how that the subsurface SST signal is not solely carried
whole assemblage varies geographically (Fig. S1 in the Supby deep-dwelling species. This may reflect the ecology of
plement). In the northern North Atlantic (Fig. S1a—h in the foraminifera, with species migrating through the water col-
Supplement), the sites are dominated by deep-dwelling taxamn during their life cycle. Alternatively, this result could be
and the pattern of variance explained in the deep-dwellingbecause the properties of the upper water column depend on
taxa is similar to that explained in the whole community, the temperature gradient in the subsurface — a measure for
whereas the shallow-dwelling taxa have varied responses thahixing/stratification.
are often not statistically significant. The pattern is more var- Figure 6 shows, for each grid box, the Euclidean distance
ied in the tropical and subtropical North Atlantic (Fig. 1li-p between the vertical temperature profiles in the top 300 m of
in the Supplement). Reconstructions from the deep-dwellinghe simulated LGM ocean and the most similar profile in the
taxa, which constitute about 10% of the tropical assem-PI. Large values indicate grid boxes that lack good analogues

Clim. Past, 9, 859870, 2013 www.clim-past.net/9/859/2013/
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s s 2o °c 5 10 1 at depth, but have either stronger (red) or weaker (blue) stratifica-

Fig. 6. Euclidean distance between LGM July temperatures overtlon' i planktoqlc fora_rmmfera responded to_temperature at100m,
a transfer function calibrated against 10 m will reconstruct the same

the top 300m of the water column and the nearest analogues in thgST in all three cases. The reconstruction for the case with the
PI ocean for four CMIP5 model¢a) GISS,(b) MIROC, (c) IPSL, e N . u )
weaker stratification will be biased towards warm temperatures;

d) MPI. . e . :
() conversely, the case with stronger stratification will have a cold bias
to the reconstruction.

for the LGM thermal structure in the modern ocean. The spa-

tial pattern is similar for all four CMIP5 models (Fig. 6), . .
gults are not surprising. They pose both opportunities and

with less good analogues in the Nordic Seas and around th hall ¢ | hv. which we di bel
Gulf Stream separation, and the worst analogues in the areq'2€Nges for palaeoceanography, which We diSCuss below.

south of the subtropical gyre. This inter-model consistency4 10 tuniti
suggests that these are robust features. ' pportunities

The greatest opportunity is the potential for more meaningful
4 Discussion reconstructions, leading to improved understanding of past

climate. For example, the temperature reconstructions from
Planktonic foraminifera assemblages in the sediment inte10 and 75 m at V30-36 (Fig. 4) are very different, suggesting
grate live communities from different seasons and watereither only minor temperature changes over the last 30 000 yr
depths. Since their composition reflects the thermal structur@r pronounced variability. If strong subsurface cooling at the
of the entire upper ocean, it would be surprising if recon-LGM can be reconstructed at other sites across the tropics,
structions of temperature from one depth in one season peiit will challenge the consensus that the tropical oceans only
fectly captured SST changes through space and time. Howexperienced moderate cooling at the LGM (MARGO Project
ever, as long as the thermal structure of the upper oceaMembers, 2009).
remains the same, transfer functions based on a fixed cali- Acknowledging that changes in foraminifera assemblages
bration depth should not be biased. Our analysis of Northacross the last termination, in most of the North Atlantic,
Atlantic foraminifera time series across the last terminationwere more sensitive to subsurface conditions than sur-
(Figs. 4, 5) as well as model simulations of the LGM and PI face conditions will allow greater insight into palaeoceano-
(Fig. 6) indicate that ocean thermal structure has changed angraphic processes by exploiting information on the sea-
that transfer-function-based reconstructions are affected. Weonal and depth sensitivity of proxies. This has already
find that the depth at which planktonic foraminifera assem-been attempted, for example by Jansen et al. (2008) who
blages are usually calibrated to — 10 m — is rarely the depttexamined the contrasting SST reconstructions from the
that explains the most variance in the fossil data in the NorthVgring Plateau in the Nordic seas: diatoms and alkenones
Atlantic. Given our ecological knowledge on the vertical and reconstruct a warm early Holocene, whereas planktonic
seasonal abundances of planktonic foraminifera (Chapmarfpraminifera SST reconstructions, both isotopic and faunal,
2010; Fairbanks et al., 1980; Wilke et al., 2009), these re-are warmest in the late Holocene. Jansen et al. (2008) argue

www.clim-past.net/9/859/2013/ Clim. Past, 9, 85870, 2013



866 R. J. Telford et al.: Calibration depth mismatch biases SST reconstructions

that alkenone and diatoms represent summer SST, whild.3 Implications

planktonic foraminifera represent subsurface conditions and

are sensitive to the temperature set during winter ventilationlf palaeoceanographic change can be thought of as the re-
They conclude that the contrasting reconstructions indicatelistribution, expansion and contraction of water masses with
that direct enhanced insolation rather than advection of warnfixed thermal properties, our results are but a curiosity. In this
water was responsible for the early Holocene thermal optimacase, in a given water mass, the surface temperature is tied
Another study by Adloff et al. (2011) finds a discrepancy be- to the subsurface temperature which the foraminifera are re-
tween climate model output and reconstructed SST for thesponding to, so a surface reconstruction will be valid because
Eastern Mediterranean during the early Holocene thermabf this correlation. Our comparison of CMIP5 LGM and Pl
optimum. They find that these data can be reconciled by conecean temperature data demonstrates that this simplistic no-
sidering the foraminifera-derived reconstruction to represention of climate change is incorrect. In the model output, much

the upper water column rather than just the surface. of the tropical North Atlantic has a thermal structure in the
LGM that is not found in the PI ocean. It is here that the
4.2 Challenges consequences of foraminifera being sensitive to subsurface

) ) ) o . rather than surface temperatures are likely to be most severe,
The first challenge is to interpret the ambiguity in having o it is here where reconstructions from different depths

multiple reconstructions — one for each depth and season exjitter most. Perhaps not coincidently, the tropical ocean is
amlngd. There may be (_’:\deswe to try to attach palaeoclimatg ere | GM faunas have poor modern analogues (Mix et al.,
meaning to several, or indeed all of these. For example, thg 999 and where there is a large mismatch between climate
record from V30-36 (Fig. 4b) could be interpreted as hav-pqqe| output and proxy data (Otto-Bliesner et al., 2009). For
ing little temperature change at the surface, .byt pro'nouncegxamme, proxy data show an east-west gradient in the size
temperature changes subsurface. However, it is unlikely tha6f the LGM temperature anomaly in the tropical Atlantic
there is sufficient information in the fossil data to reconstruct,,pich is not replicated in the model output (Otto-Bliesner
several independent variables simultaneously (Telford and; al., 2009). Our results suggesting large subsurface cool-

Birks, 2011). Therefore, at any given time, it is likely that juq in the western tropical Atlantic imply that this result may
only one of the multiple reconstructions can be considered,qqq revisiting.

The statistical significance of each reconstruction may help 1o non-analogue ocean thermal structure has two con-
guide the choice of which should be considered. sequences for planktonic foraminifera assemblage-based re-
The second challenge is that the depth and season thahnsiryctions: first that the uncertainty in the tropical recon-
explains the most variance may vary not only geographi-gictions is likely to be underestimated, and second that re-

cally, but also with time at one site. Here we consider as-cqnsiryctions are likely to be biased. Therefore, we need to
semblage changes over the last termination. Different pate,nsider the sign and likely magnitude of this bias.

terns may have been found if we had considered only inter- |t ihe thermal gradient was weaker in the past, subsur-
glacial or only glacial periods. Theoretically, the framework ¢, temperatures now associated with warm surface con-
we develop here could be used to explore this problem usingiions would have been associated with cooler SST in the
a moving-window analysis, but there may be problems withy,4t (Fig. 7). Consequently, foraminifera assemblages now
obtaining adequate f‘?un'St'C analogues. ) i . associated with warm SSTs because of their relationship with
Other challenges include problems using and displaying.,q|er subsurface conditions would in the past have been as-

this information. There is a long tradition of drawing maps of g, ciated with cooler SSTs, and reconstructions will have a
SST anomalies (CLIMAP Project Members, 1976; MARGO \\arm pias. Conversely, if the thermal gradient was steeper,

Project Members, 2009). If reconstructions have to be mad%ST reconstructions will have a cold bias.

for different depths in different regions, producing suchmaps o reconstructions using transfer functions calibrated

will be proplemaﬂc. This dpes n_ot re_duce the utility of the against different depths show marked subsurface cooling at

reconstructions for comparing with climate model output.  gome tropical sites, in contrast to previous reconstructions of
Planktonic foraminifera assemblage-based SST recong madest cooling. If this bias is widespread in tropical sites,

structions have traditionally been assigned a priori to a fixed; may be sufficient to produce a bias in estimates of climate

depth, typically 10m. This contrasts with reconstructions gensitivity based on the difference between LGM and mod-
based on foraminifera geochemistry, where the temperaturg, climate. A sensitivity study undertaken by Schmittner

change in their habitat may be possible to reconstruct accug; | (2011) finds that a global 8 bias in LGM ocean
rately, but the depth and season which this represents is Ung, 4 alies gives a°C change in climate sensitivity. Harg-
clear a priori and needs to be estimated post hoc. Our resulig,5yes et al. (2012) find that there is a 1 : 1.2 relationship be-
suggest that assignment of the signal in assemblage-basggleen modelled tropical LGM temperatures anomalies and
reconstructions to a particular depth and season needs 10 h§mate sensitivity in an ensemble of PMIP2 models, and use
treated in a similar manner to the geochemistry data. this relationship to estimate climate sensitivity from LGM
proxy data; if the LGM cooling has been underestimated by
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1°C, their estimate of climate sensitivity would be 1@  comprehensive for assessing the fit between observed and
too low. Both these results suggest that estimates of climatenodelled assemblages; for example, they include only a sub-
sensitivity are sensitive to biases in the proxy data, but beset of taxa and are not resolved in depth. A more achievable
cause the sign of the bias in the foraminifera-SST recon-short-term goal is to use forward models of foraminifera as-
struction may vary by region, we cannot estimate the signsemblages to help constrain the sign and likely magnitude
or magnitude of the global mean bias. of biases in SST reconstructions. Transfer functions, cali-

There has been some debate about which season plankrated against 10-m SST, could be generated for simulated
tonic foraminifera assemblages can be used to reconstrudbraminifera assemblages forced by Pl climate model output.
(Kucera et al., 2005). Our results render this debate largelyThese transfer functions could be used to reconstruct SST
moot as they show that the signal in the foraminifera assemfrom simulated foraminifera assemblages forced by LGM
blage data is usually from the subsurface where seasonalitgonditions, and the spatial extent, sign and magnitude of any
is subdued relative to the surface. bias in the reconstructions determined.

4.4 Solutions 4.5 Other proxies

The obvious solution to the problem of planktonic A potential solution would seem to be to try to constrain
foraminifera being sensitive to subsurface rather than nearforaminifera assemblage-based estimates of SST with other
surface temperatures in much of the North Atlantic would proxies. If proxies that represent different depth are com-
seem to be to calibrate planktonic foraminifera assemblagepared, any discrepancies may indicate periods when the ther-
against a different, more ecologically relevant depth. This hagnal structure of the upper ocean changed. However, discrep-
been done, for example by Andersson et al. (2010) who reancies could also be due to changing seasonality of the pro-
constructed 100-m SST. Reconstructions of subsurface corfuction of the other proxies (Chapman et al., 1996).
ditions could be interpreted in much the same way as surface The potential biases we discuss in this paper for plank-
reconstructions, and could be used as a target for estimatonic foraminifera assemblage-based SST reconstructions in
ing climate sensitivity. However, the most ecologically rel- the North Atlantic will apply to other oceans and some other
evant depth varies in space and time, and the assemblag@soxies. Assemblage or geochemistry data from taxa that
will probably integrate the communities from several depthsare constrained to live in the photic zone because they, or
and seasons, so selecting a more appropriate fixed depth féheir symbionts, are photosynthetic — for example diatoms
temperature reconstructions for each location is probably nofKo¢ Karpuz and Schrader, 1990) — can be used to calcu-
trivial and does not completely circumvent the problem. Thelate surface temperatures, but may generate biased results
method we develop here can only be used to identify the mosif the seasonality of the proxy production changes. Other
relevant depth from time series. It cannot be used for singlenicropalaeontological proxies that are not constrained to
assemblages. live in the photic zone, for example radiolarians (Pisias et
Since the most appropriate depth probably changes wittl., 1997), risk the same biases as planktonic foraminifera
time, it might be useful to try to identify the most appropri- transfer functions if the ocean thermal structure changes.
ate depth for each time period in each assemblage time series Estimates of SST from geochemical proxies on subsurface
with a moving window analysis rather than using a single micropalaeontological proxies may also be biased. Mg/Ca
fixed depth. Assigning the signal in the assemblage data to #atios ands*80 of foraminiferal tests may accurately record
dynamic rather than fixed depth is probably not tractable. lttemperature at the time and depth of calcification, but if the
will be difficult to demarcate periods where specific depthsseasonality or depth of calcification has change@i@lix et
are optimal, and assemblages with poor analogues in thél., 2009), or the ocean thermal structure has changed, esti-
modern ocean may generate spurious results. mates of SST will be biased. Therefore, constraining the ap-
An alternative solution is to use forward modelling — eco- parent recording depth of foraminifera transfer function SST
logical models that predict the planktonic foraminifera as- reconstructions by comparison with other proxies is unlikely
semblages given the output of a climate model. The matcho yield sufficient confidence.
between the fossil assemblage and the model assemblage
could then be assessed directly rather than having to esti-
mate temperatures from the assemblages to compare with Conclusions
model temperatures. Ideally, forward models of foraminifera
assemblages would be run in conjunction with forward mod-We present evidence that planktonic foraminifera assem-
elling of the geochemistry of planktonic foraminiferal tests blages can be more sensitive to subsurface temperatures than
(Schmidt and Mulitza, 2002) for a comprehensive solution.the 10-m SST they are usually calibrated against. Conse-
Forward modelling of planktonic foraminifera assemblagesquently, reconstructions of 10-m SST are likely to be biased,
has been developed by Fraile et al. (2008) and Lombard e¢specially in the tropics where non-analogue ocean thermal
al. (2011), but these forward models are not yet sufficientlystructures occurred in the LGM. The sign and magnitude of
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the bias is likely to vary regionally, probably with a warm Chapman, M. R., Shackleton, N. J., Zhao, M., and Eglinton, G.:

bias in the tropical North Atlantic. Foraminifera-based re- Faunal and alkenone reconstructions of subtropical North At-

constructions for other ocean basins remain to be assessed. lantic surface hydrography and paleotemperature over the last 28

This problem exposes the limitations of using transfer _kyr, Paleoceanography, 11, 343-357, 1996. .

functions to reconstruct past climate to compare with model©leroux, C., Cortijo, E., Anand, P., Labeyrie, L., Bassinot,

output. The most promising solution is to use forward mod- - C&llon, N., and Duplessy, J. C.. Mg/Ca and Sr/Ca ra-

els of planktonic foraminifera assemblages which can be di- tios in planktonic foram'n'fera' proxies for upper water col-

. . . umn temperature reconstruction, Paleoceanography, 23, PA3214,

rectly compared with qbserved fossn.foramlmfera assem-  .i10.1029/2007PA001502008.

blages; however, considerable work is needed to develoggroux, C. Lynch-Stieglitz, J., Schmidt, M. W., Cortijo, E.,

these models. and Duplessy, J.-C.: Evidence for calcification depth change
of Globorotalia truncatulinoides between deglaciation and
Holocene in the Western Atlantic Ocean, Mar. Micropaleontol.,

Supplementary material related to this article is 73. 57-61. 2009.
available online at: http://www.clim-past.net/9/859/2013/  cLimAP Project Members: The surface of the ice-age Earth, Sci-
cp-9-859-2013-supplement.pdf ence, 191, 1131-1137, 1976.
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