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72074 Tübingen, Germany
2
MARUM – Center for Marine Environmental Sciences and Faculty of Geosciences,

University of Bremen, Klagenfurter Straße, 28359 Bremen, Germany
3
Alfred Wegener Institute for Polar and Marine Research, Am Handelshafen 12,

27570 Bremerhaven, Germany
*
now at: Geological-Paleontological Institute and Museum, University of Hamburg,

Bundesstraße 55, 20146 Hamburg, Germany

Received: 9 January 2013 – Accepted: 4 February 2013 – Published: 12 February 2013

Correspondence to: Y. Milker (yvonne.milker@uni-hamburg.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

837

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-print.pdf
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD

9, 837–890, 2013

Global and regional

sea surface

temperature trends

during MIS11

Y. Milker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

Abstract

The Marine Isotope Stage (MIS) 11 (424–374 ka) was characterized by a protracted

deglaciation and an unusually long climatic optimum. It remains unclear to what de-

gree the climate development during this interglacial reflects the unusually weak orbital

forcing or greenhouse gas trends. Previously, arguments about the duration and tim-5

ing of the MIS11 climatic optimum and about the pace of the deglacial warming were

based on a small number of key records, which appear to show regional differences.

In order to obtain a global signal of climate evolution during MIS11, we compiled a

database of 78 sea surface temperature (SST) records from 57 sites spanning MIS11,

aligned these individually on the basis of benthic (N =28) or planktonic (N =31) stable10

oxygen isotope curves to a common time-frame and subjected 48 of them to an Em-

pirical Orthogonal Function (EOF) analysis. The analysis revealed a high commonality

among all records, with the principal SST trend explaining almost 49 % of the variabil-

ity. This trend indicates that on the global scale, the surface ocean underwent rapid

deglacial warming during Termination V, in pace with carbon dioxide rise, followed by15

a broad SST optimum centered at ∼410 kyr. The second EOF, which explained 19 %

of the variability, revealed the existence of a different SST trend, characterized by a

delayed onset of the temperature optimum during MIS11 at ∼398 kyr, followed by a

prolonged warm period lasting beyond 380 kyr. This trend is most consistently mani-

fested in the mid-latitude North Atlantic and Mediterranean Sea and is here attributed to20

the strength of the Atlantic meridional overturning circulation. A sensitivity analysis in-

dicates that these results are robust to record selection and to age-model uncertainties

of up to 3–6 kyr, but more sensitive to SST seasonal attribution and SST uncertainties

>1
◦
C. In order to assess the effect of orbital forcing on MIS11 SST trends, the annual

and seasonal SST anomalies recorded in a total of 74 proxy records were compared25

with CCSM3 (Community Climate System Model, version 3) runs for three time slices

representing orbital configuration extremes during the peak interglacial of MIS11. The

modeled SST anomalies are characterized by a significantly lower variance compared
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to the reconstructions. Nevertheless, significant correlations between proxy and model

data are found in comparisons on the seasonal basis, indicating that the model cap-

tures part of the long-term variability induced by astronomical forcing, which appears

to have left a detectable signature in SST trends.

1 Introduction5

Marine Isotope stage (MIS) 11 (424–374 ka) (Lisiecki and Raymo, 2005) stands out

among the middle Pleistocene interglacials by its unusually long climatic optimum and

a subdued orbital forcing due to low orbital eccentricity (Tzedakis et al., 2009). The

MIS11 configuration of orbital parameters is similar to the Holocene and MIS11 has

been often considered an analogue to the present interglaciation (Berger and Loutre,10

1991; Loutre and Berger, 2003; EPICA community members, 2004). However, whereas

the present interglaciation has so far lasted through one single summer insolation max-

imum at 65
◦
N, the MIS11 interglacial optimum spans two such insolation maxima.

Further, the deglaciation culminating in MIS11 climatic optimum (Termination V) was

associated with an unusually weak orbital forcing, making orbital alignment with the15

Holocene difficult, and driving a protracted deglacial sea-level rise during Termination V,

twice as long as during Termination I (Lisiecki and Raymo, 2005; Rohling et al., 2010;

Tzedakis, 2010). In contrast to the differences in orbital parameters, the greenhouse

gas concentrations in the atmosphere during MIS11 and the rate of their increase dur-

ing Termination V were similar when compared to the preindustrial Holocene (Petit et20

al., 1999; Siegenthaler et al., 2005).

During MIS11, warm interglacial conditions lasted longer than in any other mid to

late Pleistocene interglacial and the peak sea level appears to have been slightly

higher than at present (Raymo and Mitrovica, 2012). The presence of an extended

“climatic optimum”, lasting around 30 kyr, has been documented in sea surface tem-25

perature records across the world ocean (McManus et al., 1999; Hodell et al., 2000;

Kandiano and Bauch, 2003; De Abreu et al., 2005; Voelker et al., 2010; Dickson et al.,
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2009; Stein et al., 2009), in temperature proxies from Antarctic ice cores (Petit et al.,

1999; Jouzel et al., 2007; Pol et al., 2011) and in terrestrial pollen records (Tzedakis,

2010). Like the Holocene, the MIS11 climatic optimum appears to have been a sta-

ble interglacial period (McManus et al., 1999; Oppo et al., 1998), characterized by

low-amplitude millennial-scale climate variability (Oppo et al., 1998, 2003; Healey and5

Thunell, 2004; Pol et al., 2011).

On the other hand, temperatures in the northern high latitudes during MIS11 appear

lower than in the Holocene (Bauch et al., 2000; Helmke et al., 2003) and their temporal

development seems to deviate from the global trend (Kandiano et al., 2012). These

differences have been linked to changes in the strength of the Atlantic meridional over-10

turning circulation, underlining the importance of the response of oceanic circulation

to global forcing during Termination V and MIS11 (Dickson et al., 2009). Until now, the

congruence of SST trends during MIS11 has never been assessed objectively, on a

global basis and with an explicit consideration of dating uncertainty. Such analysis is

essential to determine the robustness and timing of MIS11 climatic optimum and the15

relationship between MIS11 SST trends with global forcing.

Here, we present a global compilation of sea surface temperature (SST) records

for MIS11, aligned by oxygen-isotope stratigraphy, that cover a large proportion of the

global oceans on both hemispheres. The aim of this study is to analyze temporal trends

in the SST records and to investigate their linkage to global and regional climate vari-20

ability during this period. Specifically, the following questions will be addressed: (i) what

are the roles of orbital and greenhouse gas forcing in MIS11 climate variability, (ii) to

which extent is regional climate variability reflected in SST trends, (iii) how does tempo-

spatial climate variability simulated by a state-of-the-art climate model for orbital con-

figuration extremes of MIS11 correspond to that found in proxy records?25
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2 Material and methods

2.1 Material

We compiled a total of 78 marine SST records from 57 sites, covering a large ge-

ographical range (175
◦
E–172

◦
W and 57

◦
N to 54

◦
S), and water depths from 826 to

4620 m (Table 1). Most records stem from cores drilled in the Atlantic and Pacific5

Oceans, but the database also includes records from the Indian Ocean, the South-

ern Ocean, and the Mediterranean Sea (Fig. 1). We have only chosen SST records

for which stable benthic or planktonic foraminiferal oxygen isotope data are avail-

able with a sufficient temporal resolution to establish a robust stratigraphic frame-

work for each record (Sect. 2.2). Most datasets were derived from the Pangaea (http:10

//www.pangaea.de) and National Oceanic and Atmospheric Administration (NOAA)

(ftp://ftp.ncdc.noaa.gov) websites. Data not available online were provided by the prin-

cipal investigators or extracted from published figures through digital image processing.

The SST records are based on different proxies. Aware of the significant differences

in the part of the seasonal SST cycle that is represented by each proxy, we have at-15

tributed the individual SST records to seasons. Thus a total of seven records based

on planktonic foraminiferal Mg/Ca in low- to mid-latitudes were attributed to annual

SST (see Barker et al., 2005), and all 25 alkenone (Uk′

37) records were attributed to

annual SST (see Müller et al., 1998) (Fig. 3d). A total of 27 seasonal SST records are

based on foraminiferal, radiolarian and diatom assemblages using transfer functions in-20

cluding the Modern Analog Technique (MAT) (Prell, 1985), the Imbrie-Kipp Technique

(IKT) (Imbrie and Kipp, 1971), the Revised Analog Method (RAM) (Waelbroeck et al.,

1998), and SIMMAX (Pflaumann et al., 1996), while one record based on the artifi-

cial neural network approach (Malmgren and Nordlund, 1997; Malmgren et al., 2001)

was attributed to annual SST (Fig. 3d). Among the individual studies, the calibration25

datasets and the exact definitions of the seasons vary, but all transfer functions have

been calibrated to a representation of “surface” SST and differences due to different
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calibration data are unlikely to affect the shape of the SST trends. Finally, one SST

record was derived by subtracting the benthic δ18
O from the δ18

O signal of the plank-

tic foraminifer Neogloboquadrina pachyderma (McManus et al., 1999) and another one

using the relative abundance of N. pachyderma (sinistral) (Vázquez Riveiros et al.,

2010). Both of these records are from high-latitude settings and were considered to5

represent the summer growth season, following the authors of these studies. Further-

more, we included one stack that is based on the mean SSTs calculated from Uk′

37,

Mg/Ca, and Tex
H
86 measurements (Caley et al., 2011) and considered to represent an-

nual SST. Thus, all SST records can be taken at first approximation to represent a

“surface” signature, which has been attributed seasonally as far as possible. Neverthe-10

less, we acknowledge that a strict direct comparison of the reconstructed SST values

will be challenging and, therefore, we only compare trends and anomalies in this study.

2.2 Chronostratigraphy

To allow a direct comparison of SST trends, all records were tuned to the LR04 stack

(Lisiecki and Raymo, 2005) on the basis of benthic or planktonic δ18
O. The tuning15

was carried out for the period between 200 to 550 ka using the AnalySeries software

(Paillard et al., 1996) (Fig. 2a–c). The longer tuning time interval enabled a better cor-

relation between the LR04 stack and the δ18
O data, because it includes more than

one glacial–interglacial cycle. For the majority of the records, the δ18
O data with their

corresponding core depths were tuned to the LR04 stack. For a few records, partic-20

ularly in the Southern Hemisphere, the original age models were used to guide the

tuning to the LR04 stack. Where both benthic and planktonic δ18
O data were avail-

able, the benthic records were used for tuning with priority. Depending on the temporal

resolution of the records, between 6 and 18 tie points were defined for the target time

interval 300–500 ka. This interval was selected because it covers the entire MIS11 and25

the major portion of the preceding and following glacials, allowing multiple robust tie

points to be defined. The temporal resolution of all proxy records was calculated for
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the 300–500 ka time interval (Fig. 3a, Table 1). Age model quality was evaluated on the

basis of the correlation between the LR04 stack and the stable oxygen isotope curve

of each record, as implemented in the AnalySeries software (Table 1).

2.3 Analysis of SST trends

To extract principle SST trends in the global compilation, the stratigraphically tuned5

SST records were subjected to an Empirical Orthogonal Function analysis (principal

components analysis applied on equally spaced time series). This method projects

a multivariate dataset onto a subset of a few principle components, whilst retaining

as much information as possible (Hannachi et al., 2007; Jolliffe, 2002; Hammer and

Harper, 2006). As the first step of the EOF analysis, the tuned SST time series were10

linearly interpolated to a temporal resolution of 1000 yr and all records were normal-

ized to unit variance, preventing the first EOFs from being dominated by variables with

large variance. Of the total of 57 sites, SST records from 48 sites (34 representing

annual and 14 representing caloric summer SST) covered the interval of 370–430 ka

and were included in the analysis (Table 1, Fig. 3e). This interval was selected to allow15

the inclusion of the most records, whilst covering the entire MIS11. The 11 records

not included in the analysis either ended or started within MIS11. Since we were only

interested in the shape of SST trends, we have merged records attributed to annual

and summer SST in one joint analysis. We believe this is justified since the biggest

difference is likely to be that of a systematic offset, rather than a difference in the shape20

of the trends. Nevertheless, to assess to what degree this decision may have affected

the results, we have also carried out the analyses separately for annual and caloric

summer SST.

In order to test the EOF sensitivity to age model uncertainty, the analysis was re-

peated on data in which the age control points of all records were randomly resampled25

with an age uncertainty of 3, 5, and 6 kyr. The lowest value corresponds to the mean

temporal resolution of the records (Table 1); values higher than 6 kyr were not tested as

they would equate to age uncertainties approaching the shortest orbital cycle, implying
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a total failure of the orbital tuning procedure. All age models in this study are based

on the age assignment to a small number of distinct features in stable isotope records,

between which an interpolation takes place. As first approximation, we consider that

each of the age model control points is liable to the same uncertainty, and that these

uncertainties are symmetrical and independent of each other. The randomized age5

model for each record was then created by stepwise linear correlation between the

resampled control points. We have not carried out an auto-correlated age uncertainty

propagation between the control points, but the algorithm we used detected and re-

jected all trials where the resampling created chronological reversals (such situation

may arise when age model control points are closer than twice the age uncertainty of10

the resampling).

Next, in order to assess the robustness of the EOF pattern to uncertainties in the

SST values, the SST reconstructions were resampled under a simulated proxy uncer-

tainty of 1, 2, and 4
◦
C. The lowest value corresponds to the typical value of a SST

proxy uncertainty due to calibration. Higher values of SST uncertainty acknowledge15

the possibility that the SST reconstructions may be misattributed seasonally between

glacial and interglacial ocean conditions, reflecting, for example, shifts in the produc-

tion season of the proxy carrier. Finally, we used a jackknifing approach to examine the

sensitivity of the EOFs to the number of records used in the analysis. EOFs were re-

calculated, with 1000 replications, after randomly excluding 5, 15, 25, and 35 records20

during each replication. The EOF analysis was then carried out with 1000 replicates

considering various combinations of age model uncertainty, SST proxy uncertainty and

record exclusion. All EOF calculations were carried out with an algorithm written in

MATLAB R2012a, which is available in the Supplement (S3).

2.4 Model-data comparison of climate variability25

A comparison of SST anomalies in the proxy data with climate model output was car-

ried out for three time slices (394, 405, and 416 ka before present) during the peak

MIS11 interglacial (MIS11.3) when the influence of ice sheets on climate was supposed

844

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-print.pdf
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD

9, 837–890, 2013

Global and regional

sea surface

temperature trends

during MIS11

Y. Milker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

to be small. The three time slices reflect different extremes of the orbital configurations

during peak MIS11. The 394 and 416 ka time slices are characterized by minimum

and maximum obliquity (cf. Fig. 8a), respectively, while precession is almost identi-

cal. The 405 ka time slice coincides with the LR04 oxygen isotopic minimum (Lisiecki

and Raymo, 2005) and high northern summer insolation (cf. Fig. 8a). For model-data5

comparison, arithmetic averages of all proxy values in each tuned record that fall into

a 10 kyr interval centered on the respective model time slice were extracted from the

proxy records. In this way, we have made sure that age model uncertainties in the proxy

data were taken into account, whilst we acknowledge that the proxy time-slice data are

likely to have been smoothed. The time slice simulations were performed with the Na-10

tional Center for Atmospheric Research (NCAR) Community Climate System Model

version 3 (CCSM3) which is described in the following section.

CCSM3 is a state-of-the-art coupled climate model that performs without flux correc-

tions. The global model is composed of four separate components representing atmo-

sphere, ocean, land, and sea ice (Collins et al., 2006). Here, we use the low-resolution15

version of CCSM3, which is described in detail by Yeager et al. (2006). In this version,

the resolution of the atmosphere is given by T31 (3.75
◦

transform grid) spectral trun-

cation with 26 layers, while the ocean model has a nominal horizontal resolution of

3
◦

(like the sea-ice component) with 25 vertical levels. The latitudinal resolution of the

ocean grid is variable, with finer resolution around the equator (0.9
◦
). The land model20

is defined on the same horizontal grid as the atmosphere and includes components

for biogeophysics, biogeochemistry, the hydrologic cycle, as well as a dynamic global

vegetation model. In order to improve the simulation of vegetation cover, new param-

eterizations for canopy interception and soil evaporation have been implemented into

the land component (Oleson et al., 2008).25

A pre-industrial control run was performed following the protocol established by the

Paleoclimate Modeling Intercomparison Project, Phase 2 (Braconnot et al., 2007; Otto-

Bliesner et al., 2006; Merkel et al., 2010). The control run was integrated for 600 yr

starting from present day initial conditions. For the selected time slices of MIS11.3,
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appropriate orbital parameters (Berger, 1978) and greenhouse gas concentrations

were prescribed, as given in Table 2, while all other forcings (ice sheet configura-

tion, ozone distribution, sulfate aerosols, carbonaceous aerosols, solar constant) were

kept at pre-industrial levels. Starting from the last year of the (quasi-)equilibrated pre-

industrial control run, all MIS11.3 simulations were integrated for 400 yr so that the5

surface climatologies could reach a statistical equilibrium. For each experiment, the

mean of the last 100 simulation years was used for analysis.

For a direct proxy-model comparison, we used only such proxy SST records for which

at least one value was available in each of the three time-slice intervals and calculated

the differences between the SST average for the three time slices and the SST average10

of each time slice. In all cases, the seasonal attribution has been preserved, allowing

data-model comparison on a seasonal basis. The comparison is synoptic in that north-

ern summer SST and southern winter SST are analyzed together and vice versa. The

eventually selected 74 records contain a total of 35 annual, 16 Northern Hemisphere

summer, and 23 Northern Hemisphere winter SST records (Fig. 3f, Table 1). Model15

data have been extracted from the surface layer (0–20 m) field of the nearest grid cell

to each proxy record. For the data-model comparison, we calculated the proxy-based

and modeled SST anomalies of the Northern Hemisphere summer (July–September

in the model) and winter (January–March in the model) periods and the annual SST

anomalies relative to the mean SST of the 390–420 ka time interval (the average of20

the 394, 405, and 416 ka time slices in the model).

To test the agreement between proxy and modelled SST anomalies in a quantitative

way, the correlation between the proxy and modelled data for each season and each

time slice was calculated using the PAST software package (Hammer et al., 2001). The

type of correlation analyses was adapted to the results of normality tests applied on25

the data sets. Pearson’s product-moment correlation was used where the data were

normally distributed (Shapiro–Wilk test), while Spearman’s rank-order correlation was

used when the data did not meet these requirements. In order to assess not only the

strength of the direct relationship between the modelled and proxy-based anomalies,
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but also to compare the direction of change in the data, Cohen’s κ (Cohen, 1960)

was used. Here, the temperature anomaly values were categorized into three nom-

inal values, i.e. negative, positive, and no change relative to the mean SST of the

390–420 ka time interval (the average of the 394, 405, and 416 ka time slices in the

model data). On the basis of those categories, it was counted how often proxy data and5

model predictions were in agreement with each other, and how often they contradicted

and if so, in which way they contradicted (e.g. model=positive and proxy=negative,

or model=no change and proxy=positive). This resulted in contingency tables with

counts of all nine possible relations, from which Cohen’s κ and corresponding p-values

(for H0 =no agreement between raters) were calculated in the SPSS software pack-10

age (version 20). Verbal assignments of quality of agreement solely on the basis of

the κ value are in accordance with standard values given in the literature (e.g. Altman,

1991). Finally, to quantify the differences in variability in the proxy records and the cli-

mate model, the variance of the SST anomalies in the proxy and model data sets were

calculated for each time slice and season, and compared using an F-test.15

3 Results

3.1 Age model quality

In order to quantify the quality of our age models, we examined both the correlation

of the δ18
O records with the LR04 stack (Lisiecki and Raymo, 2005) as well as their

temporal resolution. The majority of the benthic isotope records (44 records, i.e. 77 %)20

shows a high correlation of r ≥0.80 for the entire tuning time interval between ∼200

and ∼550 ka (Table 1). Ten records (18 %) show a moderate correlation with the LR04

stack (r =0.60 between r =0.80). Three records show a low correlation with the benthic

stack with r =0.50 for ODP 882, r =0.46 for MD03-2699, and r =0.36 for ODP 1168.

The records from MD03-2699 and ODP 1168 are characterized by low δ18
O values in25

the later part of MIS11. According to Voelker et al. (2007) the benthic δ18
O values of
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core MD03-2669 are strongly affected by the Mediterranean Outflow Water (MOW) dur-

ing glacial and interglacial inceptions, making it difficult to establish a benthic-isotope-

based age model. We therefore used the LR04 age model provided by Voelker et

al. (2010), which is mainly based on the correlation of the benthic δ18
O record of

MD03-2669 with that of ODP Site 980 (Oppo et al., 1998; McManus et al., 1999).5

The benthic δ18
O record of ODP 1168 was tuned with the help of the original age

model given in Nürnberg et al. (2004). The ODP 882 benthic δ18
O record has the low-

est resolution of all records used and the tuning to the LR04 stack was guided by the

age model given in Haug (1995). When only the MIS11 interval (370–430 ka) is consid-

ered, 52 records (91 %) show a correlation with the LR04 stack higher than r =0.8. Four10

records (8 %) exhibit correlation coefficients between r =0.6 and r =0.8 and one record

(ODP 1168) has a correlation of less than 0.6 (i.e. r =0.19) (Table 1). To determine the

δ18
O records’ quality, the records were divided into classes depending on their tempo-

ral resolution. For records MD97-2142 and MD01-2443 the mean temporal resolution

based on two different δ18
O records was calculated (Table 1). Eleven records (19.3 %)15

have a temporal resolution higher than 1000 yr (Fig. 3a). A total of 21 records (36.9 %)

have a temporal resolution between 1000 and 3000 yr, and 16 records (28.0 %) have

a resolution between 3000 and 5000 years. Nine of the records (15.8 %) have a low

temporal resolution of less than 5000 yr (Fig. 3a). The mean temporal resolution of

all records used is approximately 3000 yr. This is the value which was used as the20

minimum estimate of age uncertainty in the age-model sensitivity simulation.

3.2 Temporal resolution of SST proxy records

To evaluate the temporal resolution of SST records, the records have been divided

into the same classes as described above for the δ18
O records. For records having

more than one SST record, the mean temporal SST resolution was calculated for this25

evaluation. A total of eight SST records (14.0 %) have a temporal resolution of more

than 1000 yr (Fig. 3b), 24 records (43.0 %) have a moderate temporal resolution be-

tween 1000 and 3000 yr, and 14 records (24.6 %) have a resolution between 3000 and
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5000 yr. Eleven SST proxy records (19.3 %) have a low resolution of less than 5000 yr

(Fig. 3b). The mean temporal resolution is 3127 yr, indicating that the records should

collectively be able to resolve orbital-scale variability, but not millennial variability. De-

pending on the specific temporal resolution of each record, varying amounts of SST

data points were available for the comparison of the proxy with modeled SST anoma-5

lies for the 390–420 ka time interval. From a total of 74 records used for this compari-

son, 26 records (35.1 %) provided only less than ten data points each for the total time

interval (Fig. 3c). For 36 records (48.6 %) 10–40 data points per record were available,

whereas 9 records (12.1%) contained more than 40 but less than 130 data points per

record, and three records (4.1 %) provided more than 130 data points each.10

3.3 Empirical Orthogonal Function analysis

EOF analysis (Fig. 4) of the 48 SST records spanning the entire target time interval

revealed the existence of a strong commonality in the shape of the SST trends. The

first three EOFs together explained around three quarters of the variability in the data,

irrespective of the combination of age-model and SST-proxy uncertainty and record15

selection (Table 3). Almost one half of the variability is explained by the first EOF, which

describes a temporal trend of a rapid deglaciation, followed by a broad temperature

optimum centered on 410 ka and a slow decrease of SST towards the end of MIS11.

The second EOF explains nearly 20 % of the total variability and shows a delayed onset

of the temperature optimum during MIS11 after 410 ka, followed by a prolonged warm20

period lasting beyond 380 ka. The third EOF explains around 8 % of the total variability

and shows a cyclic pattern with a period of about 30 kyr.

For the first EOF, 40 % of the records have significant positive loadings >0.75,

33 % of the records have positive loadings between 0.5 and 0.75, and only 4 records

(ODP 999, ODP 1168, RC11-210 and V22-174) show negative loadings (Fig. 5). The25

latter records reflect SST changes in the Mediterranean Sea, the tropical Atlantic and

Pacific, as well as in southeastern Australian coastal regions. In contrast, the load-

ings of the second EOF are more diverse and show a geographical pattern. Only four
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of the records show strong positive loadings >0.75 to EOF2 (Fig. 5). These records

are primarily associated with SST changes in the North Atlantic region (IODP U1313,

ODP 958) and the Mediterranean Sea (ODP 976). Records with positive loadings to

EOF2 between 0.5 and 0.75 are further observed in the Caribbean Sea (V12-122),

at the western coast of South Africa (ODP 1082), northwest off Australia (MD00-5

2361), and in the North Pacific (ODP 882, RC11-210). Finally, high loadings of the

third EOF are limited to a few records, indicating that this EOF (and all subsequent

EOFs) tends to express patterns specific for individual sites, rather than highlighting

commonalities among the records. Specifically, the summer SST variations in one core

(GIK 13519) from the tropical Atlantic show significant positive loadings and the sum-10

mer SST changes in another core (RC 11-210) from the tropical Pacific Ocean show

significant negative loadings to EOF3 (Fig. 5).

Both the shape of the first two EOFs (Fig. 4) and the amount of variance explained

by them are remarkably robust to age-model and temperature uncertainty (Table 3).

The temperature uncertainty has a stronger influence on the EOF robustness than15

the uncertainty of the age model. Compared with a temperature uncertainty of 1
◦
C, a

temperature uncertainty of 4
◦
C reduces the variance explained by EOF1 from 48 to

35 % (Table 3). In contrast, an increase of age uncertainty from 3 to 6 kyr reduces the

amount of variance explained by the first EOF by less than 1 % (Table 3). Similarly,

a reduction of the number of records included in the analysis has a relatively small20

influence on the variance that is explained by the EOFs, as long as the subsampling

is limited to more than 50 % of the total number of records (Table 3). A similar pattern

of robustness against uncertainties and subsampling is seen in the scores of the first

two EOFs (Fig. 4). The uncertainties (expressed as the 90 % confidence interval) of

the score values increase only moderately with an increasing age uncertainty from 3 to25

6 kyr, but more rapidly for rising temperature uncertainties.

In contrast to the robustness of the first two EOFs, the third EOF scores are sensitive

both with respect to temperature uncertainty and record selection (jackknifing). The

cyclic signal of EOF3 loses significance already at temperature uncertainty of 2
◦
C and
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with jackknifing at the level of withholding around 25 records at a time (Fig. 4). This

behavior is consistent with the EOF3 signal being associated with a small number of

records characterized by low amplitude of the SST signal. We conclude that the third

EOF, and by inference all subsequent ones, do not express any general climatic signals

and are not interpreted further in this study.5

The EOF analyses carried out separately for the 34 annual and 14 summer SST

records show similar general trends for the first two components, but small temporal

lags with respect to the joint analysis (Fig. S1 in the Supplement). The lags amount to

around 3–4 kyr, which coincides with the average temporal resolution of the records.

The loadings of individual records in the separate analyses are largely similar to those10

in the joint analysis (Fig. S2 in the Supplement).

3.4 Comparison of proxy with modeled SST anomalies

The most striking pattern when comparing the proxy-based SST anomalies with model

results is the large difference in their variance. Whilst proxy-based SST anomalies

range by 4
◦
C (up to 6

◦
C), the modeled SST anomalies range irrespective of season or15

time slice rarely by more than 1
◦
C. This pattern is clearly seen in the comparison of the

variances of the anomalies in proxy data and model results (Table 4). Notwithstanding

the striking differences in the amount of SST change at the studied sites between

the proxy data and the model, the direction of change and the regional patterns of

anomalies show a number of similarities.20

A comparison between the proxy-based and modeled SST anomalies in MIS11

(Fig. 6) shows a generally better agreement for the boreal summer than for the bo-

real winter and the annual temperature anomalies (the latter is not shown). For the

boreal summer, a robust trend to colder (390–400 ka) and warmer temperatures (400–

410 and 410–420 ka) can be observed for the northernmost Atlantic region (Fig. 6).25

On the other hand, a higher SST increase in the North Atlantic was modeled for the

410–420 ka time slice, while the proxy records show a higher SST increase for the

400–410 ka time interval. Modeled positive SST anomalies in the (Sub)Tropics during
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the 390–400 ka time interval only partly agree with the SST anomalies recorded in

the sediments, while negative SST anomalies modeled for the Southern Ocean region

are in better accordance with the proxy data. The general temperature increase sim-

ulated for the 400–410 ka time slice is also reflected by the positive SST anomalies

in the proxy records except for the tropical Pacific and Indian Oceans. A temperature5

increase in the Northern Hemisphere accompanied by a temperature decrease in the

(Sub)Tropics as reflected by modeled positive and negative SST anomalies, respec-

tively, can also be observed in the proxy data for the 410–420 ka interval, especially for

the Atlantic and Indian Oceans and the South China Sea. For the tropical Pacific, the

Caribbean Sea, and for two South Atlantic sites the proxy data show opposite trends10

to the model data (Fig. 6).

The modeled negative SST anomalies in the Southern Hemisphere for the boreal

winter season for the 390–400 ka time slice generally agree well with the proxy data,

while model and proxy data for the (sub)tropical regions as well as the Northern Hemi-

sphere partly show opposite trends. The simulated SST increase in the Northern Hemi-15

sphere and the (Sub)Tropics accompanied by negative anomalies in the Southern

Hemisphere during the 400 to 410 ka time interval can also be observed from the proxy

data for the Atlantic and Southern Ocean regions, while the observations disagree with

the model data for the tropical Pacific and the South China Sea (Fig. 6). Modeled pos-

itive SST anomalies in the Southern Hemisphere and negative temperature anomalies20

in the (Sub)Tropics are in agreement with most of the proxy records of the 410–420 ka

interval, too, while particularly in the North Atlantic model and proxy data show opposite

trends.

Despite the apparently good qualitative agreement between model and proxy data

(Fig. 6), a quantitative comparison shows a different picture (Fig. 7, Table 4). A sta-25

tistically significant correlation between proxy and model data can be observed for the

boreal summer for the 390–400 and 410–420 ka intervals, with r =0.56 (p=0.026) and

r =0.64 (p=0.008), respectively, as well as for the boreal winter for the 400–410 ka

period (r =0.43, p=0.043). For all other time slices, the seasonal and annual SST

852

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-print.pdf
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD

9, 837–890, 2013

Global and regional

sea surface

temperature trends

during MIS11

Y. Milker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

anomalies show low correlations between proxy and modeled data (Table 4, Fig. 7).

Cohen’s κ, which was used to test whether or not the proxy and modeled data are

qualitatively in agreement, shows a fair agreement for boreal summer during the 390–

400 and 410–420 ka time slices as well as for the boreal winter during the 400–410 and

410–420 ka time intervals (Table 4). However, all these agreements are not statistically5

significant, with p-values ranging between 0.091 and 0.932.

4 Discussion

4.1 Global and regional climate trends in the proxy SST records

Under the limitation of the uncertainty in the alignment of the benthic oxygen isotope

stack with insolation as carried out by Lisiecki and Raymo (2005), it is possible to10

explore the relationship between insolation forcing and the global SST pattern during

MIS11 as revealed by the EOF1 scores (Fig. 8a). Such comparison is justified, because

the SST records at each site are co-registered with the stable oxygen isotope variations

used to align the records temporarily, but are in all cases entirely independent of these.

This comparison reveals a rapid global temperature rise during Termination V occurring15

between 430 and 425 kyr. Highest global temperatures during MIS11 were reached at

around 411 kyr when the high latitude summer insolation was at its minimum. The SST

cooling trend into the glacial inception started at around 405 kyr, corresponding to the

onset of ice-sheet growth as indicated by benthic isotopes and the Red Sea sea-level

curve (Fig. 8d).20

Across MIS11, the first EOF1 follows a consistent glacial-interglacial pattern with cold

SSTs during MIS12 (>430 ka) and MIS10 (<370 ka), and a relatively long duration of

warmer SSTs from 416 to 405 kyr. A similar trend is reflected in the Antarctic tempera-

ture change based on the deuterium record of the EPICA Dome C ice core (Jouzel et

al., 2007) (Figs. 8b and 9b). However, the position of the interglacial temperature peak25

is offset with a temperature peak in the Antarctic record lagging the EOF1 signal as well
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as the mean global temperature peak calculated from all records (not shown here) by

∼4 kyr (Figs. 8b and 10). The EOF1 signal is similar to mean relative SST changes in

the South Atlantic and the Southern Ocean (Fig. 8b), while North Atlantic records with

high loadings to EOF1 are characterized by a slower temperature decrease during the

late MIS11 period – a pattern more similar to the CO2 record measured in the Dome C5

Antarctic ice core (Siegenthaler et al., 2005) (Figs. 8c and 9a). Compared to the δ18
O

sea-water record of ODP Hole 1123 as a proxy for ice volume (Elderfield et al., 2012),

it seems that the deglacial SST rise indicated by EOF1 preceded the reduction of the

global ice volume by ∼5 kyr (Fig. 8d and e). This pattern remains even when the sea

level development during MIS11 is approximated by the Lisiecki and Raymo (2005)10

stack or by the Red Sea stable isotope record by Rohling et al. (2009) (Figs. 8d, 9c

and d),indicating a faster reaction of the surface ocean to insolation and greenhouse

gas forcing than that of the slowly melting ice sheets.

The temporal resolution of our study and the level of temporal uncertainty make it dif-

ficult to address the phasing of different proxies during MIS11 at millennial time scales,15

but we note that the global SST trend indicated by EOF1 scores does not precede

CO2 (Fig. 8c). Further, we observe a lag between the global SST peak and the tem-

perature peak over Antarctica (Fig. 8b). This lag is around 4 kyr and is robust to dating

uncertainties (Fig. 10). This would indicate that during the interglacial, temperature

over Antarctica was not as closely coupled to the global mean as during the deglacia-20

tion, perhaps reflecting more strongly the antiphased Southern Hemisphere insolation

pattern (Laepple et al., 2011).

The second EOF scores in our analysis follow a trend that differs from the global pat-

tern and indicate a later establishment of a relative temperature maximum and a longer-

lasting period of warmer temperatures during late MIS11 and into MIS10 (Fig. 8e and f).25

This regional trend is primarily reflected in the SST records of the mid-latitude North

Atlantic, the Mediterranean Sea as well as in one record south off Australia, where high

positive loadings to EOF2 are observed (Fig. 5). A similar trend, with delayed onset of

interglacial conditions after Termination V and a longer lasting interglacial optimum, has
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been recently reported also from the Eastern Mediterranean (Maiorano et al., 2012).

The apparent later onset of MIS11 optimum and the longer duration of interglacial

warmth have been also noted by the authors of the individual records included in our

compilation, particularly for records from the North Atlantic region. These authors hy-

pothesized that the persistence of the northern ice sheets throughout MIS11 may have5

led to a dominant negative mode of the North Atlantic Oscillation (NAO) (Kandiano et

al., 2012) whilst the associated sustained meltwater input in the (sub-)polar regions

may have resulted in a less stable AMOC (Voelker et al., 2010). In either case, these

phenomena would lead to a reduced ocean heat transfer into the North Atlantic, caus-

ing a delayed optimum in the SST trends. Indeed, Dickson et al. (2009) conclude that10

a stronger AMOC during MIS11 was first established at 415 ka. Similarly, mean δ13
C

of benthic foraminifera from water depths between 1100 and 2300 m in the North At-

lantic that can be used as a proxy for NADW production Lisiecki et al. (2008) show

increasing values from 425 to 405 ka, where the heaviest values were reached before

only slightly decreasing until the end of MIS11 (Fig. 8f). This trend, which is indicative15

for enhanced NADW production between 410 and 400 ka, is quite similar to our EOF2

scores as well as to the mean relative temperature anomaly trends found in the records

with high EOF2 loadings (Fig. 8e and f). The persistence of longer lasting warmer tem-

peratures in the terrestrial high northern latitudes in the late MIS11 and into MIS10

has also been explained by a weaker Siberian High pressure system during times of20

insolation minima due to lower ice and snow accumulation rates, leading to weakened

East Asian winter monsoon (EAWM) as reflected by the GT32 grain size distribution

in Chinese loess sequences (Hao et al., 2012) showing a similar pattern to our EOF2

signal (Fig. 8f).

4.2 Comparison of the climate variability between proxy and model SST25

The observation of a much lower variance in modeled temperature trends when com-

pared to paleo-data (Table 4) has been found in other studies where marine and ter-

restrial proxy have been compared with simulated temperature trends for the Holocene
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period (Brewer et al., 2007; Sundqvist et al., 2010; Zhang et al., 2010; O’ishi and Abe-

Ouchi, 2011; Lohmann et al., 2012). In principle, such disagreement might be caused

by an underestimation of temperature changes in climate models, as also suggested

by e.g. O’ishi and Abe-Ouchi (2011), Lohmann et al. (2012) and Brewer et al. (2007),

by an overestimated proxy SST variability, or a combination of both. Underestima-5

tion of climate variability in model simulations may be caused by shortcomings in the

model physics (e.g. subgrid-scale parameterizations associated with clouds in the at-

mosphere or mixing in the ocean) and/or missing climate components (e.g. continental

ice sheets) resulting in a lack of potentially important feedback mechanisms. At single

sites, undersimulated SST variance may also be caused by too coarse grid resolution,10

such that e.g. shifts in oceanic fronts or upwelling zones are not resolved. Higher vari-

ance in the proxy data may result from noise and calibration uncertainties in the proxy

records as also suggested by Brewer et al. (2007) and Sundqvist et al. (2010) as well

as from a different temporal SST resolution. The latter phenomenon, however, should

lead to a lowering of proxy variance with record resolution (assuming that the records15

are all subsampling a signal with similar spectral properties).

In order to explore the potential causes of variance in the SST reconstructions

by proxies, we plot SST variance against sampling resolution for all records using

the proxy-model comparison (Fig. 11). The majority (eight) of the SST records with

higher variability (Fig. 11) was reconstructed with the Modern Analog Technique (MAT)20

and other transfer functions applied on microfossils such as radiolarians, diatoms and

foraminifera. The main assumptions when using microfossils for past SST estimates

via transfer functions are that (1) the microfossil composition that is used to create a

transfer function is systematically related to SST and (2) the ecology of the microfossil

assemblages has not significantly changed since the time of interest. The presence25

of a variable SST during the MIS11 indicated by these methods thus could reflect the

effects of nuisance parameters of the reconstructed SST or large shifts in the ecology

of the microfossils. The latter seems unlikely on the time scale of one glacial cycle, but

the former could indeed be significant, especially where the fossil assemblages differed
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from the calibration dataset, resulting in the detection of very different modern analogs

with small changes in the assemblages. On the other hand, regression based transfer

function methods, such as the MAT and the Imbrie-Kipp method, are unlikely to yield

SST reconstructions with variance inflating the level of variance in the assemblage

data. In our case, SST records based on MAT yield for records with similar resolution5

similar variance (Fig. 11), indicating that the variance of the reconstructions is unlikely

to have been inflated due to the presence of no-analog faunas. In individual cases,

the high variance in SST reconstructions by proxies can be attributed to nuisance vari-

ables. For example, Becquey and Gersonde (2002) concluded that carbonate disso-

lution may result in an over- or underestimation of SSTs when using foraminifera with10

varying dissolution resistance for the application of transfer functions. These authors

further conclude that their summer SSTs estimated with MAT for core PS2489 (used

in this study) are overestimated by 6–7
◦
C for a short interval within MIS11. Whether or

not the same can be said for all records in this study remains unclear.

Despite the large differences in variance and considering all the potential sources15

of uncertainty in the proxy-based SST values, it is remarkable that in several cases

not only a visual agreement between the direction of SST change implied by data and

models is similar, but also a positive relationship between the values of SST anomalies

from both approaches can be observed (Figs. 6 and 7). Whereas it is likely that many of

the proxies used could produce SST reconstructions systematically shifted from their20

a-priori seasonal or vertical attribution, the calculation of SST anomalies between the

investigated time slices should largely reduce this problem, as long as the shifts in

species ecology causing such misattribution remained temporarily stable. Apparently,

especially for the boreal summer season reconstructions, the signal in the proxy-based

SST anomalies resonated with processes captured by the CCSM3 model runs. Since25

these model runs differ mainly by orbital parameters (with greenhouse gas concentra-

tions being largely similar, Table 2), it appears that orbital forcing has left a detectable

signature in the global SST pattern during MIS11, despite its unusually low magnitude.
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5 Conclusions

Using a compilation of SST records from 57 sites, aligned to a common time scale

through oxygen isotope stratigraphy, and a series of CCSM3 model runs forced by

greenhouse gas concentrations and orbital parameters, we investigated global patterns

of MIS11 SST and their correlation with forcing mechanisms.5

– An empirical orthogonal function analysis of 48 SST records revealed the pres-

ence of two main SST trends, which collectively explained nearly three quarters

of the variation in the dataset. We have shown that the results of this analysis

are robust against sample selection and errors in the age model, but are more

sensitive to SST uncertainty.10

– The main SST trend describes the global glacial-interglacial pattern, showing

rapid deglaciation followed by a broad climatic optimum culminating around

410 ka. The SST development during MIS11 optimum is not in phase with Antarc-

tic temperature and CO2. This lag is the dominant signal in the second EOF. We

speculate that this phase difference, which is most strongly manifested in the15

North Atlantic, may be explained by a later establishment of a stable AMOC in

MIS11.

– The second EOF further differs from the global SST trend by a protracted warmer

period during MIS11, lasting into MIS10. This regional trend may reflect not only a

later onset but also a longer duration of a stable North Atlantic THC during MIS11.20

– The comparison of the CCSM3 model with the proxy data shows that similar tem-

perature trends can be found especially for the summer seasons. It further shows

that the SST variability found in the proxy data is significantly higher than in the

model. This is more likely a consequence of an underestimation of SST changes

in climate models. Alternatively, SST reconstructions for MIS11 would have to be25

subject to pervasive influence of nuisance parameters which vary at millennial
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time scales. The general agreement between proxy-derived and modeled SST

anomalies indicates the MIS11 climate was responding to insolation forcing, de-

spite the low orbital eccentricity.

Supplementary material related to this article is available online at:

http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-supplement.zip.5
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Table 1. Summary of the MIS11 SST records used in this study. Longitude, latitude, and water

depth of each record are provided. The type of δ18
O records used for the age model tuning,

the quality of the age models (expressed as the correlation coefficients of the stable isotope

records with the LR04 stack; Lisiecki and Raymo, 2005), and the temporal resolution of the age

models and SST data is indicated. Records used for the Empirical Orthogonal Function (EOF)

analysis are marked with an asterisk, those used for the proxy–data model comparison with an

x; also given are the total number of available data points and types of SST records used in the

study.

Record Longitude Latitude Water depth δ18
O record used Reference (δ18

O record) Quality/resolution of records Data used for proxy-model Type of SST record Reference (SST record)

for age model comparison [x] and EOF[*]

tuning

age age age SST annual summer winter total

model model model data SST SST SST no. of

quality – quality – resolution resolution data data data proxy

200–500 ka investigated (kyr) (kyr) data

time used for

interval proxy-

model

comparison

DSDP 90-594 174.95 −45.52 1204 Uvigerina spp. Dudley and Nelson (1994) 0.85 0.89 4.30 2.1 x* x SH 21 MAT Schaefer et al. (2005); Hayward et al. (2008)

DSDP 91-607 −32.96 41.00 3427 C. wuellerstorfi, Ruddiman et al. (1989) 0.93 0.97 3.10 2.5 (Uk ′

37); 2.8 x* x x 8 (TF); 11 Uk ′

37; TF – foraminiferal assemblages Lawrence et al. (2010); Ruddiman et al.

C. kullenbergi (TF) (Uk ′

37) (1989)

E49-18 90.15 −46.05 1459 G. bulloides Hays et al. (1976) 0.92 0.95 3.00 3.2 x* SH 7 TF – radiolarian assemblages Hays et al. (1976)

FR194-GC3 149.98 −44.25 2667 G. bulloides Pelejero et al. (2006) 0.78 0.91 4.60 4.6 x* 5 Uk ′

37 Pelejero et al. (2006)

GeoB1312 −29.66 −31.66 3436 C. wuellerstorfi Hale and Pflaumann (1999) 0.96 0.97 3.90 3.9 x* SH x SH 8 MAT
h

Hale and Pflaumann (1999)

GeoB1722 11.75 −29.45 3973 C. wuellerstorfi Bickert and Mackensen (2003) 0.96 0.96 1.40 1.8 x* 23 Uk ′

37 Jahn (2002)

GeoB2204 −34.02 −8.53 2072 G. sacculifer Dürkopp et al. (1997) 0.92 0.94 3.50 6.6 x x 5 MAT
h

Hale and Pflaumann (1999)

GIK13519 −19.85 5.67 2860 G. sacculifer Sarnthein et al. (1984) 0.88 0.87 8.60 5.6 x* SH x SH 6 TF – foraminiferal assemblages Pflaumann (1986)

GIK17957 115.31 10.90 2195 G. sacculifer Jian et al. (2000) 0.62 0.87 10.90 5.6 x* x 10 TF – foraminiferal assemblages
j

Jian et al. (2000)

GIK23414 −20.29 53.54 2199 C. wuellerstorfi Kandiano and Bauch (2007) 0.94 0.94 0.40 0.4 x x 68 MAT, TFT, RAM
i

Kandiano and Bauch (2007)

IODP U1313 −32.96 41.00 3426 C. wuellerstorfi Voelker et al. (2010) 0.92 0.88 0.34 0.4 x* 106 Uk ′

37 Naafs et al. (2011)

K708-7 −24.08 53.93 3502 N. pachyderma Ruddiman et al. (1986) 0.86 0.71 4.90 4 x* x 9 TF – foraminiferal assemblages Ruddiman et al. (1986)

MD00-2361 113.48 −22.08 1805 G. ruber Spooner et al. (2011) 0.80 0.91 3.47 5.5 x* x SH x SH 10 MAT Spooner et al. (2011)

MD01-2443 −10.18 37.88 2952 Benthic
c
/ De Abreu et al. (2005); 0.96/ 0.97/ 0.47/ 0.43/0.37 (TF); x x x 110/136 MAT

h
; Uk ′

37 De Abreu et al. (2005);

G. bulloides Voelker and De Abreu (2011) 0.83 0.85 0.32 0.35 (Uk ′

37) (TF)/131 Voelker and De Abreu

(Uk′

37) (2011); Martrat et al. (2007)

MD03-2628 −77.71 17.36 846 G. ruber Sepulcre et al. (2009) 0.90 0.98 6.70 6.7 x* 7 Uk′
5

37 Sepulcre et al. (2011)

MD03-2699 −10.66 39.04 1865 C. wuellerstorfi, Voelker et al. (2010) 0.46
g

0.72
g

0.35 0.4 x* 109 Uk ′

37 Voelker et al. (2010); Rodrigues et al. (2011)

C. pachyderma
b,g

MD05-2901 110.74 14.38 1454 G. ruber Li et al. (2009) 0.79 0.79 1.20 1.3 x* 22 Uk ′

37 Li et al. (2009)

MD06-3018 166.15 −23.00 2470 C. wuellerstorfi
a

Russon et al. (2010) 0.97 0.97 4.60 4.6 x* 8 Mg/Ca of G. ruber Russon et al. (2010)

MD07-3077 −14.22 −44.15 3770 G. bulloides, Vázquez Riveiros et al. 0.93 0.90 0.40 1.2 x SH 23 Percentages of N. pachyderma Vázquez Riveiros et al. (2010)

N. pachyderma (2010)

MD96-2048 34.02 −26.17 660 C. wuellerstorfi Caley et al. (2011) 0.73 0.85 5.00 3.8 * stack of Uk ′

37, Mg/Ca and Tex
H
86 Caley et al. (2011)

MD96-2077 31.25 −33.17 3781 G. inflata Bard and Rickaby (2009) 0.79 0.89 2.60 2.9 x* 11 Uk′

37 Bard and Rickaby (2009)

MD96-2085
d

12.94 −29.70 3001 G. inflata Chen et al. (2002) 0.91 0.91 1.80 2.3 x SH 21 TF – foraminiferal assemblages Chen et al. (2002)

MD97-2140 141.77 2.03 2547 G. ruber Garidel-Thoron et al. (2005) 0.97 0.98 5.10 5.4 x* 5 Mg/Ca of G. ruber Garidel-Thoron et al. (2005)

MD97-2142 119.47 12.69 1557 G. ruber Shiau et al. (2008)
d
; Chen et 0.84/ 0.86/ 1.7/ 2.5 (Uk ′

37)/ x* x x 19 (Uk ′

37; Uk′

37; TF – foraminiferal assemblages Shiau et al. (2008)
d
; Chen et al. (2003)

al. (2003) 0.80 0.86 1.3 2.2 (TF) 19 TF)

MD99-2277 −6.32 69.25 G. umbonata Kandiano et al. (2012) 0.76 0.93 0.83 1.73 (Uk ′

37); x x 22 (Uk ′

37); Uk ′

37; TF – foraminiferal assemblages Kandiano et al. (2012)

1.12 (TF) 31 (TF)

ODP 722 59.80 16.62 2033 G. sacculifer Clemens et al. (1996) 0.92 0.97 4.80 1.5 x* 13 Uk ′

37 Herbert et al. (2010)

ODP 723 57.61 18.05 816 P. obliquiloculata Niitsuma et al. (1991) 0.92 0.82 2.10 9.2 * 4 Uk ′

37 Emeis et al. (1995)

ODP 806 159.36 0.32 2520 G. ruber Lea et al. (2000); Medina- 0.90 0.93 5.30 3 x* 12 Mg/Ca of G. ruber Lea et al. (2000); Medina-Elizalde and Lea

Elizalde and Lea (2005) (2005)

ODP 846 −90.82 −3.10 3296 C. wuellerstorfi Mix et al. (1995) 0.92 0.96 2.40 2.4 x* 17 Uk ′

37 Liu and Herbert (2004); Lawrence et al.

(2006); Herbert et al. (2010)

ODP 882 167.60 50.36 3255 Uvigerina spp. Haug (1995) 0.50 0.94 15.90 6.6 x* 4 Uk ′

37 Haug (1995)

ODP 958 −20.00 24.00 3795 C. wuellerstorfi Kandiano et al. (2012) 0.97 0.97 1.24 1.7 (Uk ′

37), x* x 28 (Uk ′

37); Uk ′

37; MAT & RAM
f

Kandiano et al. (2012)

1.5 (TF) 28 (TF)

ODP 975 4.51 38.90 2415 G. bulloides Kandiano et al. (2012) 0.89 0.89 1.20 6.13 (Uk′

37), x x 59 (TF); MAT & RAM
f
; Uk ′

37 Kandiano et al. (2012)

1.03 (TF) 8 (Uk ′

37)

ODP 976 −4.31 36.21 1110 G. bulloides von Grafenstein et al. (1999) 0.78 0.86 4.20 4.6 * MAT Gonzales-Donoso, unpublished data

ODP 980 −14.70 55.48 2179 C. wuellerstorfi Oppo et al. (1998); 0.98 0.96 0.40 0.3 x* 156 scaling of oxygen isotope record of McManus et al. (1999)

McManus et al. (1999) N. pachyderma
d

ODP 982 −15.85 57.51 1134 C. wuellerstorfi, Venz et al. (1999) 0.72 0.95 2.20 3.2 x* 18 Uk ′

37 Lawrence et al. (2009)

C. kullenbergi

ODP 999 −78.74 12.74 2828 G. ruber Schmidt et al. (2006) 0.92 0.88 1.60 1.8 x* 20 Mg/Ca of G. ruber Schmidt et al. (2006)
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Table 1. Continued.

Record Longitude Latitude Water depth δ18
O record used Reference (δ18

O record) Quality/resolution of records Data used for proxy-model Type of SST record Reference (SST record)

for age model comparison [x] and EOF[*]

tuning

age age age SST annual summer winter total

model model model data SST SST SST no. of

quality – quality – resolution resolution data data data proxy

200–500 ka investigated (kyr) (kyr) data

time used for

interval proxy-

model

comparison

ODP 1012 −118.28 32.28 1773 Benthic Herbert et al. (2001) 0.95 0.93 1.60 1.5 x* 25 Uk ′

37 Herbert et al. (2001)

ODP 1020 −126.43 41.00 3038 Benthic Herbert et al. (2001) 0.98 0.97 2.50 2.5 x* 10 Uk ′

37 Herbert et al. (2001)

ODP 1082 11.82 −21.09 1281 G. inflata Jahn et al. (2003) 0.70 0.83 1.70 1.8 * 6 Uk ′

37 Jahn (2002)

ODP 1085 13.99 −29.37 1713 C. wuellerstorfi Dickson et al. (2009) 0.72 0.70 0.63 0.9 x* 40 Uk ′

37 Dickson et al. (2009)

ODP 1089 9.89 −40.94 4620 Cibicidoides spp. Hodell et al. (2003b) 0.98 0.98 0.30 2.6 (Uk ′

37); x* 11 Uk ′

37 Weller (2006); Cortese et al. (2004)

2.5 (TF)

ODP 1090 8.90 −42.91 3702 Cibicidoides spp. Becquey and Gersonde 0.93 0.98 2.60 2.4 x SH 14 MAT Becquey and Gersonde (2002)

(2002)

ODP 1093 5.87 −49.98 3631 N. pachyderma Hodell et al. (2003a) 0.91 0.91 0.80 0.4 x* SH 80 TF – diatoms Kunz-Pirrung et al. (2002)

ODP 1094 5.13 −53.18 2807 N. pachyderma Hodell et al. (2003a) 0.77 0.61 0.48 0.5 x* SH 121 TF – diatoms Kunz-Pirrung et al. (2002)

ODP 1123 −171.50 −41.79 3290 U. peregrina Hall et al. (2001); Elderfield 0.97 0.97 1.90 2.4 x* 11 ANN Crundwell et al. (2008)

et al. (2010)

ODP 1143 113.29 9.36 2772 C. wuellerstorfi Tian et al. (2002) 0.91 0.97 2.70 1.9 x* 12 Uk ′

37 Li et al. (2011)

ODP 1146 116.27 19.46 2091 U. peregrina Clemens and Prell (2003) 0.97 0.97 1.67 1.38 x* 14 Uk ′

37 Herbert et al. (2010)

ODP 1168 144.41 −42.61 2463 C. wuellerstorfi Nürnberg et al. (2004) 0.36 0.19 3.40 3.4 x* 12 Mg/Ca of G. bulloides Nürnberg et al. (2004)

ODP 1172 149.93 −43.96 2622 G. bulloides Nürnberg and Groeneveld 0.75 0.60 2.20 2.2 x* 10 Mg/Ca of G. bulloides Nürnberg and Groeneveld (2006)

(2006)

ODP 1239
d

−82.08 −0.67 1414 C. wuellerstorfi Rincón-Mart́ınez et al. (2010) 0.96 0.90 4.10 3.6 x* 7 Uk ′

37 Rincón-Mart́ınez et al. (2010)

PS2076 13.47 −41.15 2109 G. bulloides Niebler (1995) 0.76 0.91 12.80 12.8 *SH TF – foraminiferal assemblages Niebler (1995)

PS2489 8.97 −42.87 3794 C. wuellerstorfi, Becquey and Gersonde 0.97 0.97 1.50 1.5 x* SH 23 MAT Becqey and Gersonde (2003)

Cibicidoides spp., (2003)

U. peregrina

RC11-210 −140.10 1.82 4420 G. tumida Pisias and Rea (1988) 0.86 0.92 4.10 4.8 x* x 6 TF – radiolarian assemblages Pisias and Rea (1988)

RC13-110 −95.65 −0.10 3231 Cibicides sp. Pisias et al. (1990) 0.93 0.94 4.30 5 x* 6 TF – radiolarian assemblages Pisias and Mix (1997)

RC17-177
d

159.45 1.76 2600 G. sacculifer Le and Shackleton (1992) 0.90 0.96 3.50 4.5 x 7 Mg/Ca of G. ruber and G. sacculifer
k

De Villiers (2003)

V12-122 −74.40 17.00 2800 G. sacculifer McIntyre and Ruddiman 0.91 0.93 6.10 5.3 x* x 6 TF – foraminiferal assemblages Imbrie (1997)

(1997)

V22-174 −12.82 −10.07 2630 G. sacculifer McIntyre and Imbrie (1997) 0.86 0.93 7.60 8 x* SH x SH 3 TF – foraminiferal assemblages Imbrie et al. (1997)

a
The authors made a correction of +0.640/00 for C. wuellerstorfi.

b
Isotope data of C. pachyderma and C. wuellerstorfi were grouped together in this study.

c
De Abreu et al. (2005) measured multiple benthic species (C. robertsonianus, U. peregrina, G. affinis, C. wuellerstorfi, C. kullenbergi,

H. elegans, O. umbonatus and C. carinata) and calibtrated they to Uvigerina peregrina.
d

Data were taken from the original publications.
e

The authors applied two different calibrations of their alkenone data. In this study the calibration based on Conte et al. (2006) was used.
f

The mean of SSTs estimated with MAT and RAM data was used in this study.
g

The original age model was used in this study.
h

For the summer and winter SSTs the mean of two MAT estimates was used in this study.
i
The mean of SSTs calculated with MAT, RAM and TFT was used in this study.

j
The mean of two SSTs calibrated with different equations was used in this study.

k
The mean of SSTs based on Mg/Ca ratios of G. ruber and G. sacculifer was used in this study.
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Table 2. Greenhouse gas concentrations used in forcing the CCSM3 experiments (Siegenthaler

et al., 2005; Schilt et al., 2010; Lourergue et al., 2008). See also Fig. 8a.

Experiments CO2 CH4 N2O

(ppmv) (ppbv) (ppbv)

0 ka BP 280 760 270

394 ka BP 275 550 275

405 ka BP 280 660 285

416 ka BP 275 620 270
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Table 3. Variances explained by the first three empirical orthogonal functions (EOF) of the

MIS11 SST records, including 5 and 95 % confidence limits (see also Fig. 4). Re-calculations

were made with varying age and temperature uncertainties and a random exclusion of records

(jackknifing, jack5 means that five records were excluded per replication). Control run refers to

analysis of raw data without consideration of uncertainties. EOF results presented in Fig. 8 and

discussed in Sect. 4.1 are given in bold.

Parameter EOF1 5 % 95 % EOF2 5 % 95 % EOF3 5 % 95 %

control run 51.43 19.87 6.91

1000, 3 kyr, 1
◦
C 48.72 46.86 50.60 18.77 17.32 20.39 7.49 6.54 8.57

1000, 3 kyr, 2
◦
C 44.49 42.04 46.98 17.59 15.46 19.72 7.91 6.66 9.30

1000, 5 kyr, 1
◦
C 48.49 46.54 50.59 18.90 17.19 20.68 7.45 6.42 8.56

1000, 5 kyr, 2
◦
C 44.14 41.57 46.73 17.83 15.63 20.00 7.90 6.71 9.32

1000, 5 kyr, 4
◦
C 35.46 32.07 38.78 15.91 13.35 18.54 8.64 7.08 10.53

1000, 6 kyr, 1
◦
C 48.42 46.33 50.66 18.94 17.03 20.89 7.46 6.41 8.62

1000, 6 kyr, 2
◦
C 44.01 41.31 46.60 17.83 15.45 20.15 7.91 6.59 9.42

1000, 5 kyr, 1
◦
C, jack5 48.56 45.75 51.66 18.94 16.46 21.35 7.55 6.36 8.81

1000, 5 kyr, 1
◦
C, jack15 49.00 44.01 53.75 18.97 15.38 22.63 7.85 6.21 9.63

1000, 5 kyr, 1
◦
C, jack25 49.63 42.76 55.79 19.39 14.14 24.91 8.21 6.13 10.68

1000, 5 kyr, 1
◦
C, jack35 51.30 41.66 61.43 20.18 13.28 27.59 9.14 6.50 12.64

876

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-print.pdf
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD

9, 837–890, 2013

Global and regional

sea surface

temperature trends

during MIS11

Y. Milker et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
Table 4. Correlation coefficients and Cohen’s values between the proxy and model SST anoma-

lies for the three MIS11 time slices (Table 2), as well as a comparison of variances in the proxy

and model data (statistically significant values are given in bold).

Correlation Cohen’s Kappa Variance

Temperature r/ρ p-value Correlation κ Agreement p-value Variance Variance F-value p-value

anomaly method quality proxy data model data

(Altman, 1991)

390–400 ka annual 0.210 0.2254 Pearson −0.145 poor 0.2650 0.65 0.07 90.47 <0.0001
390–400 ka summer 0.555 0.0257 Spearman 0.333 fair 0.1460 0.86 0.17 52.47 0.0028
390–400 ka winter 0.301 0.1624 Pearson −0.017 poor 0.9320 2.02 0.09 23.65 <0.0001
400–410 ka annual −0.157 0.3667 Spearman −0.138 poor 0.2950 0.60 0.02 36.26 <0.0001
400–410 ka summer −0.006 0.9827 Spearman −0.231 poor 0.2420 2.72 0.03 107.59 <0.0001
400–410 ka winter 0.425 0.0433 Spearman 0.214 fair 0.1900 2.07 0.03 73.62 <0.0001
410–420 ka annual −0.039 0.8260 Spearman −0.201 poor 0.1600 1.17 0.05 23.90 <0.0001
410–420 ka summer 0.636 0.0081 Spearman 0.394 fair 0.0910 0.40 0.11 3.71 0.0156
410–420 ka winter 0.387 0.0800 Spearman 0.261 fair 0.1150 1.93 0.07 26.06 <0.0001
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Fig. 1. Position of the sea surface temperature (SST) records used in this study. The compi-

lation contains SST records based on Mg/Ca, Uk ′

37, transfer functions (TF) including Artificial

Neural Network (ANN), scaling of oxygen isotopes values in Neogloboquadrina pachyderma

and percentages of N. pachyderma (see Sect. 2.1), and one SST stack based the mean of

Mg/Ca, Uk ′

37 and TEX
H
86 (Table 1).
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Fig. 2. Example for the age tuning of the benthic δ18
O record of ODP Hole 1020 to the benthic

LR04 stack (Lisiecki and Raymo, 2005): (A) selection of age control points in the δ18
O of ODP

1020 and the LR04 stack, (B) comparison of the tuned δ18
O record of ODP Hole 1020 with the

LR04 stack, and (C) nine benthic and planktonic oxygen isotope records from the North Atlantic

used in this study tuned to the LR04 stack by the method as shown in panels (A) and (B). The

gray area indicates the MIS11 time interval according to Lisiecki and Raymo (2005).
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Fig. 3. Mean temporal resolution of the age models based on stable oxygen isotope records

used in this study (A). Mean temporal resolution of the SST records used in this study (B).
Number of available data points for the comparison of the proxy and model data temperature

anomalies for the 390–420 ka time interval and number (C). Number of SST records used in this

study for each proxy (D). Seasonal attribution of SST records used for the Empirical Orthogonal

Function (EOF) analysis (E) and seasonal attribution of SST records used for the proxy-model

data comparison (F).
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Fig. 4. Results of an Empirical Orthogonal Function (EOF) analysis of MIS11 SST records

(Fig. 1, Table 1), including results of a sensitivity analysis with respect to age and tempera-

ture uncertainties. Re-calculations were made for age uncertainties of 3, 5 and 6 kyr, and for

temperature uncertainties of 1, 2 and 4
◦
C (A). To test for sensitivity of the EOF to record se-

lection, jack-knifing was applied and 5, 15, 25 and 35 samples were randomly excluded from

the data set (age and temperature uncertainties were set to 5 kyr and 1
◦
C) (B). All calculations

were made with 1000 iterations and the confidence intervals are given for each analysis. For

variances explained by the EOFs see Table 3.
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EOF1 (48.5%)

EOF2 (18.9%)

EOF3 (7.5%)

< 0.25

< -0.25

0.25 to 0.5

-0.25 to -0.5

0.5 to 0.75

-0.5 to -0.75

0.75 to 1.0

-0.75 to -1.0

Fig. 5. Spatial distribution of the mean loadings of the first three EOF, based on 1000 iterations

using an age and a temperature uncertainty of 5 kyr and 1
◦
C. Positive loadings are given in

red, negative loadings are given in blue. Variance explained by each component is given in

brackets. Almost all records show high positive loadings on the first EOF, while high positive

loadings on the second EOF are restricted to the North Atlantic Ocean and the Mediterranean

Sea, and south off Australia.
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Fig. 6. A comparison of the boreal summer and winter sea surface temperature anomalies of

proxy records with CCSM3 climate model results for 390–400, 400–410 and 410–420 ka time

slices. Color and size scales indicate the magnitude of temperature anomalies relative to the

mean SST of the three time slices.
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Fig. 7. Correlations between the proxy SST anomalies (annual, boreal summer and boreal

winter) and the model SST anomalies for 390–400, 400–410 and 410–420 ka time slices. Given

are the r-, ρ- and p-values (Table 4). Higher positive correlations between the proxy and model

data can be observed for the boreal summer seasons of the 390–400 and 410–420 ka time

slices and for the boreal winter season of the 400–410 ka time slice.
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Fig. 8. Caption on next page.
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Fig. 8. Scores of the first EOF with their confidence intervals versus (A) orbital parameter

(June insolation at 60
◦
N and obliquity (Laskar et al., 2004), (B) relative temperature changes

in the South Atlantic and Southern Ocean and Antarctic temperature changes recorded in the

Dome C ice core during MIS11; Jouzel et al., 2007); [a]) (thin pink line: original data; thick pink

line: smoothed curve), (C) mean relative temperature change in the North Atlantic records with

high loadings to the first EOF and CO2 concentration recorded in the Dome C ice core from

the Antarctic (Siegenthaler et al., 2005; [b]), and (D) relative sea-level changes in the Red Sea

(Rohling et al., 2009; [c]) and the LR04 benthic stack (Lisiecki and Raymo, 2005; [l]). Scores

of the second EOF mean relative temperature changes in records with high positive loadings

(>0.75) on the second EOF versus (E) δ18
O of sea water as proxy for ice volume (Elderfield

et al., 2012; [d]), and (F) mean δ13
C values in the North Atlantic as a proxy for NADW strength

and the East Asian winter monsoon signal as reflected by the GT32 grain size (content of

>32 µm particles) in loess sequences (Hao et al. 2012; [m]; note inverse scale). For the mean

of δ13
C North Atlantic records between 1100 and 2300 m water depth were selected according

to according to Lisiecki et al. (2008). The δ13
C records used here are from Shackleton and

Hall (1984) [e], Oppo et al. (1998) [f], Venz et al. (1999) [g], Raymo et al. (1998) [h], McIntyre

et al. (1999) [i], Kleiven et al. (2003) [j], and Raymo et al. (2004) [k]. The EDC ages of the

records from the Dome C ice core in (B) and (C) were converted into LR04 ages (Lisiecki and

Raymo, 2005); [l]) according to Parrenin et al. (2007).
∗

Records with high EOF2 loadings are

from IODP U1313 & ODP 958 (North Atlantic), ODP 975 & ODP 976 (Mediterranean Sea) and

ODP 1168 (south off Australia).
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Fig. 9. Cross plots showing the correlation between EOF1 scores and (A) atmospheric CO2

concentration (Siegenthaler et al., 2005), (B) Antarctic temperature change (Jouzel et al.,

2007), (C) Red Sea relative sea level change (Rohling et al., 2009) and (D) the benthic LR04

stack (Lisiecki and Raymo, 2005). Most EOF runs (74–89 %) given here as numbers (n) show

an earlier SST optimum than that recorded in Antarctica. EDC ages of the Antarctic temperature

record were converted into LR04 ages according to Parrenin et al. (2007).
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Fig. 10. Caption on next page.
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Fig. 10. Sea surface temperature optima during MIS11 calculated with various EOF analyses

based on age and temperature uncertainties of 3–6 ka and 1–2
◦
C, respectively, and jackknifing

versus temperature optimum observed in Antarctica (Jouzel et al., 2007) showing a lag of

∼4 kyr between the SST optimum calculated with EOF1 and the Antarctic temperature optimum

during MIS11. EDC ages of the Antarctic temperature record were converted into LR04 ages

according to Parrenin et al. (2007).
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Fig. 11. Variances of the proxy SST records versus their temporal resolution. High variances

in the SSTs are found in low resolution records particularly estimated with the Modern Analog

Technique while most of the other records showing lower variances with higher resolution.

890

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-print.pdf
http://www.clim-past-discuss.net/9/837/2013/cpd-9-837-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

