Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9 Climate
Manuscript under review for journal Clim. Past of the Past
Discussion started: 6 March 2018

(© Author(s) 2018. CC BY 4.0 License.

Discussions

A model-data comparison of the Last Glacial Maximum surface

temperature changes
Akil Hossain, Xu Zhang, Gerrit Lohmann

5  Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany.

Abstract. Over the Last Glacial Maximum (LGM, ~21ka BP), the presence of vast Northern Hemisphere ice-sheets caused
abrupt changes in surface topography and background climatic state. While the ice-sheet extent is well known, several
conflicting ice-sheet topography reconstructions suggest that there is uncertainty in this boundary condition. The terrestrial
10  and sea surface temperature (SST) of the LGM as simulated with six different Laurentide Ice Sheet (LIS) reconstructions in a
fully coupled Earth System Model (COSMOS) have been compared with the subfossil pollen and plant macrofossil based
and marine temperature proxies reconstruction. The terrestrial reconstruction shows a similar pattern and in good agreement
with model data. The SST proxy dataset comprises a global compilation of planktonic foraminifera, diatoms, radiolarian,
dinocyst, alkenones and planktonic foraminifera Mg/Ca-derived SST estimates. Significant mismatches between modeled
15 and reconstructed SST have been observed. Among the six LIS reconstructions, Tarasov’s LIS reconstruction shows the
highest correlation with reconstructed terrestrial and SST. In the case of radiolarian, Mg/Ca, diatoms and foraminifera show
a positive correlation while dinocyst and alkenones show very low and negative correlation with the model. Dinocyst-based
SST records are much warmer than reconstructed by other proxies as well as Pre-industrial (PI) temperature. However, there
are large discrepancies between model temperatures and temperature recorded by different proxies. Eight different PMIP3
20  models also compared with temperature proxies reconstruction which show mismatches with the the proxy records might be
due to misinterpreted and/or biased proxy records. Therefore, it has been speculated that considering different habitat depths
and growing seasons of the planktonic organisms used for SST reconstruction could provide a better agreement of proxy data
with model results on a regional scale. Moreover, it can reduce model-data misfits. It is found that shifting in the habitat
depth and living season can remove parts of the observed model-data mismatches in SST anomalies.
25
1 Introduction

The climate state at the LGM usually serves as a vital test case for numerical climate models because of its distinct climate
background (e.g. GHG, CO2, etc [Ahn and Brook, 2008; Clark et al., 2009; Zhang et al., 2013]) from present day, as well as
30 the abundance of proxy data at that time (Duplessy et al., 1988; Bard et al., 2000; Adkins et al., 2002; Peltier, 2004;
Gersonde et al., 2005; Clark et al., 2009; Hesse et al., 2011; Gutjahr and Lippold, 2011). As a result, simulating the LGM is
recognized as a core experiment in the Paleoclimate Modeling Intercomparison Projection (PMIP) (Kageyama et al., 2013).
One fundamental characteristic of the LGM is the presence of massive continental ice sheets over Eurasia and North
America, accounting for the sea level lowstand at that time (Clark et al., 2009). Previous studies proposed that these northern
35  hemisphere ice sheets, especially the North American Laurentide ice sheet (LIS), are of crucial importance on modulating
glacial climate (Zhang et al 2014, Ullman et al., 2014; Gong et al., 2015). However, there is a large spread of reconstructed
LIS with fundamental different geometries and a wide range of sea level equivalent from ~48 m to ~70 m during the LGM
(Liccardi 1998; Argus and Peltier, 2010; Braconnot et al., 2012; Tarasov et al., 2012; Lambeck et al., 2014). Therefore, this
will lead to a wide spread of simulated LGM climate states of which reliability needs to be evaluated with paleo-
40  reconstructions to narrow down the uncertainty itself.

Terrestrial, marine and ice-core records are the key archives of past climate changes by providing valuable information of
different climate elements (e.g. surface temperatre, etc.). These records can give qualitative inferences about climate
(Kohfeld and Harrison, 2000) or can be statistically analyzed to provide climate reconstructions (Waelbroeck et al., 2009;

45 Bartlein et al., 2011). The latter is thus a useful archive for a quantitative comparisons with the simulations of model
(Braconnot et al., 2012).

There have been several studies focusing on model-data comparisons of the LGM climate evolution to identify and explain
model-data mismatches. Previous attempts have shown that models can generally simulate the right sign of climatic change
50 from the LGM to the PI but with less magnitude relative to the reconstructions (Kageyama et al., 2006; Masson-Delmotte et
al., 2006; Braconnot et al., 2007, 2012). Based on surface ocean reconstruction as well as pollen- and plant macrofossil-
based reconstruction data, Harrison et al. (2014) showed that models overestimate sea surface cooling (especially in the
tropics) (Waelbroeck et al., 2009) and consistently underestimate land cooling (especially in winter) (Bartlein et al., 2011). A
recent study by Jonkers and Kucera (2017) analyzed core top stable oxygen isotope (§'0) values of different planktonic
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55  foraminifera species. They found that planktonic foraminifera ecology exerts a significant influence on the proxy signal since
bloom seasons, as well as habitat depth of planktonic foraminifera vary at different locations.

Over the last few decades, compilation of different proxies (e.g., planktonic foraminifera, dinoflagellate cyst, alkenones,
planktonic foraminifera Mg/Ca, diatoms, and radiolaria) is widely used to reconstruct LGM sea surface temperature (Rosell-

60  Melé et al., 1995; Niirnberg et al., 1995; Bard et al., 1997; Herbert et al., 1998; Lubinski et al., 2001; Pflaumann et al., 2003;
Rosenthal et al., 2004; Barker et al., 2005; Kucera et al., 2005; de Vernal et al., 2005; Greaves et al., 2008; Waelbroeck et al.,
2009). Thereby, two parameters might influence the estimations of LGM SST anomalies: changes in bloom seasons (Rosell-
Melé et al., 1995; Sikes et al., 1997; Barker et al., 2005; Haug et al., 2005; Davis and Brewer, 2009; Fraile et al., 2009; Kim
et al., 2015), and changes in habitat depth of different species (Niirnberg et al., 1995; Bentaleb et al., 1999; Barker et al.,

65  2005; de Vernal et al., 2006; Kim et al., 2015). Specifically, planktonic foraminifera assemblages in the sediment encompass
active communities from different water depths and seasons; Dinocyst assemblages may be a more accurate proxy for the
reconstruction of sea-surface conditions in cold environments (de Vernal et al., 2005). Alkenones record a temperature signal
which reflects the surrounding water temperature during the lifetime of algae. Generally, species-dependent ecological
preferences can influence the recorded information and therefore, the reconstructed temperature is subject to changes in

70  habitat depth and seasonality of the alkenone-producing organisms (Miiller et al., 1998; Baumann et al., 2000; Andruleit et
al., 2003; Haug et al., 2005). Similarly, Mg/Ca ratios from planktonic foraminifera estimates SST over wide ranges of
seasons and water depths (Deuser and Ross, 1989; Mohtadi et al., 2009; Regenberg et al., 2009; Fallet et al., 2010).
Therefore, comparison with outputs from climate model will help to understand the recording system itself.

75 In this study, we have performed simulations with six LIS reconstructions in an atmosphere-ocean fully coupled climate
model (COSMOS) to explore the “best-fit” LIS that can force a more consistent pattern with proxies during the LGM. In
addition, proxy records are compared with all available model outputs (PMIP3 dataset is also included) to assess the
potential ecological effect on data interpretation. This exercise will thus provide us an unprecedented insight of the LGM
climate in both data and model world.

80
2 Methods and data

In this study, a comprehensive fully coupled Earth System Model, COSMOS (developed mainly at the Max Planck Institute
for Meteorology (MPI), Hamburg), has been used. Our version includes the ECHAMS5 atmosphere model (Roeckner et al.,

85  2003), complemented by a land-vegetation model JSBACH (Raddatz et al., 2007), at T31-resolution with 19 vertical layers
as well as the ocean model MPI-OM (Marsland et al., 2003) in GR30 resolution with 40 uneven vertical layers. The setup
used in this study is identical to the COSMOS-1.2.0 release (Stepanek and Lohmann, 2012) which is used for glacial
climates (Gong et al., 2012; Zhang et al., 2013, 2014; Werner et al., 2016).

90 Two different simulations were performed in the study, one for the pre-industrial (PI) and one for LGM climate. For the PI
climate, COSMOS has been run using PI boundary conditions (greenhouse gas concentrations, orbital forcing, ice-sheet
topography, land surface and ocean bathymetry) (Wei et al., 2012). For the LGM simulation, greenhouse gas concentrations
(CO, = 185 ppm; CH, = 350 ppb; N,O = 200 ppb) and orbital forcing as well as surface boundary conditions (ocean
bathymetry, terrestrial topography, runoff routes according to ice sheet reconstruction) are imposed in accordance with the

95  PMIP3 protocol (Braconnot et al., 2012; Zhang et al., 2013). An increased global salinity (1 PSU (Practical Salinity Unit)
added compared to modern values) accounts for an LGM sea level drop of approximately 116 m. The present experiments
for six ice-sheet reconstructions were run for at least 1000 model years. Therefore, both simulations are rated as equilibrated
and considered the last 100 model years for analyses.

100  Six alternate reconstructions of LIS topography with different elevation have been investigated in this study e.g., the
reconstruction of ICE-6G v2.0 (Argus and Peltier, 2010; hereafter Ice6g), ANU (Lambeck et al., 2014; hereafter Lambeck),
GLAC-1a (Tarasov and Peltier, 2004; hereafter Tarasov), Licciardi et al. (1998; hereafter Licc) and Gowan et al. (2016;
hereafter Gowan) are used. Among them, Ice6g, Lambeck, and Tarasov provide overall higher elevation than the remaining
two. Another one is the ice-sheet provided for the PMIP3 LGM experiments which is a blended product of three different

105  ice-sheet reconstructions including Tarasov, Ice6g, and Lambeck by averaging them (hereafter LGMctl). The experimental
designs and boundary conditions of the LGM simulations are imposed according to the PMIP3 protocol (Braconnot et al.,
2012).

The model results of our study have been compared with the LGM continental temperature and precipitation reconstruction
110 by Bartlein et al. (2011), which is mainly based on subfossil pollen and plant macrofossil data. This dataset includes
reconstructions of four temperature variables: mean temperature of the warmest month (MTWA), the growing degree days
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above a baseline temperature of 5 °C (GDD5), mean temperature of the coldest month (MTCO) and mean annual
temperature (MAT) (Bartlein et al., 2011). The dataset considers a quantified estimate of combined uncertainties arising from
the age scale uncertainties, data resolution and sampling, calibration model uncertainty, and analytical uncertainties. The

115  original site-based reconstructions were re-gridded as anomalies (LGM-PI) on a regular latitude/longitude grid of 2° by 2° to
facilitate comparison with climate model outputs. The grid-cell anomaly value was obtained by averaging, while grid-cell
uncertainty is a pooled estimate of the standard error (Bartlein et al., 2011).

The Multiproxy Approach for the Reconstruction of the Glacial Ocean Surface (MARGO) project in 2009 has compiled and

120 analyzed an updated synthesis of seasonal sea surface temperatures (SSTs) and seasonal sea ice cover during the LGM
(Kucera et al., 2005) based on all prevalent microfossil-based (planktonic foraminifera, diatoms, dinoflagellates and
radiolarian abundances) and geochemical (alkenones and planktonic foraminifera Mg/Ca) palaeothermometers from deep-
sea sediments (Waelbroeck et al., 2009). Different types of records provide various information about ocean surface
conditions: for example, alkenone data only give a measure of mean annual SST while foraminiferal assemblages can be

125  analyzed statistically to obtain seasonal variation in SSTs (Waelbroeck et al., 2009). The various datasets have been
subsequently combined to provide gridded datasets of annual SST (SSTann), winter SST (SSTwin), summer SST (SSTsum),
where winter is defined as January, February, March in the northern hemisphere and July, August, September in the southern
hemisphere (and vice versa for summer). The MARGO dataset combines 696 individual SST reconstructions. The coverage
is especially dense in the tropics, the North Atlantic and the Southern Ocean while several oceanic regions remain

130  undersampled: for example, the subtropical gyres, especially in the Pacific Ocean. The entire SST dataset was projected onto
a regular grid of 5°x5° resolution by averaging individual site-based reconstructions that fall into the same cell, weighted by
an index of the reliability of each contributing reconstruction (Waelbroeck et al., 2009). The representativeness of an LGM
SST estimate at a given site depends on the number of samples per core (a larger number increases the representativeness)
and on the quality of the age model for each core (Waelbroeck et al., 2009).

135
To check whether other models also show the same pattern as ours, the proxy-derived observational data has been compared
with different PMIP3 model experiments (listed in Table 1) as described above for the LIS simulations.
3 Results

140

3.1 Data Model Comparison: Sea surface temperature changes

Due to the prescribed change in glacial ice-sheet configuration, greenhouse gas concentrations, and orbital parameters, the
simulated LGMctl run annual mean SST is 3.1 °C colder than the modelled PI climate in ice-free ocean areas. Most of the

145  regions show a uniform cooling in the range of -2 to —4 °C (Fig. 1). In the high latitudes of the Southern Hemisphere, the
model simulates a pronounced annual mean cooling of SST (up to -2 °C) around Antarctica (Fig. 1), in line with proxy data
(Gersonde et al., 2005). A robust meridional temperature gradient is well simulated close to 40~45° N in the Northern
Hemisphere, and the most pronounced cooling is found off (adjacent to Greenland) in the northern North Atlantic, the
eastern coast of Iceland to the eastern part of Nordic Sea, where temperature is decreased by —15 °C (Fig. 1). Both features

150  agree with reconstructions (Kucera et al., 2005; de Vernal et al., 2006). The result from this study are also in agreement with
the temperature change documented by CLIMAP, which suggests that the most robust annual mean cooling (up to —10 °C)
observed in the North Atlantic and extended to the western Mediterranean (-6 °C) (Bard and Sonzogni, 1997; Pflaumann et
al., 2003; Rosell-Melé et al., 2004).

155  The reconstructed SSTs from the MARGO project are used to compare with the model outputs and to assess the capability of
the current models for simulating SSTs during the LGM. Among 275 temperature data points of MARGO project, the mean
LGM SST change in the model run is more than 2 °C warmer (colder) than the reconstructed temperature change in about 24
cases (107 cases), while the model-data variations of LGM anomalies range between —15 and +4 °C (Fig. 1). Several sites
with opposite sign (where model showing cooling and observational data showing warming) are located in the northern

160 North Atlantic and western part of North Pacific. The highest correlation coefficient is found for the Tarasov_LIS ice sheet
reconstruction (measured R = 0.16, RMSE = 3.5%o) and the lowest for the Gowan_NAIS (R = 0.10, RMSE = 3.1%o),
although correlation coefficient is quite low and almost similar for remaining LIS reconstructions (Table 1). Discrepancies
between these model LGM simulations and MARGO project data may result from the seasonal and depth bias which will be
elaborated later.

165
The glacial ocean state has been under debate since the first reconstruction of the LGM sea surface temperatures and sea ice
coverage by the CLIMAP project (CLIMAP Project Members, 1976). The SST reconstruction by the MARGO project
(Waelbroeck et al., 2009) compared to CLIMAP indicates a more pronounced cooling in the eastern mid-latitude of the

3
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North Atlantic than in the western basin, a 1-3 °C cooling in the western Pacific warm pool (Fig. 1), as well as ice-free
conditions in the Nordic Sea during glacial summer. According to MARGO study, in all the ocean basins, there is a large
longitudinal gradient in LGM SST anomalies which are absent in the most of atmosphere-ocean coupled simulations of the
PMIP2 project (Waelbroeck et al., 2009). A rather uniform SST cooling during the LGM in the range of 2-4 °C has been
found (Fig. 1).

3.2 Data Model Comparison: Land Surface temperature changes

The annual mean SAT of reconstructed LGMctl run is 5.9 °C colder than the modelled PI climate. Most regions show a rather
uniform cooling for all of the model runs in the range of —4 to —8 °C (Fig. S2). Alaska is the only region that shows warmer
than average in the model because of the increased distance to sea ice covered Arctic Ocean regions during the LGM,
possibly due to the glacial sea level drop of approximately 120 m (Werner et al., 2016). The cold regions are mostly adjacent
to the FIS and LIS, e.g., most of central North America and central Europe. There is another region of exceptional cooling
located in northern Siberia where the temperature decreased down to —15 °C. The results agree with the temperature change
of ensemble-mean LGM by the fully coupled climate simulations within the CMIP5/PMIP3 and PMIP2 projects (Braconnot
et al., 2007; Harrison et al., 2014).

For a comparison with proxy data, the model results have been compared with the LGM continental temperature
reconstruction by Bartlein et al. (2011), which is mainly based on plant macrofossil and subfossil pollen data. The highest
correlation coefficient and lowest deviations are found for the Tarasov_LIS ice-sheet reconstruction (R = 0.41, RMSE =
5.0%0) and the lowest correlation coefficient and largest deviations for the Gowan_NAIS (R = 0.29, RMSE = 5.4%o) (Fig.
S2). Different core locations with the largest model-data variations are located near the boundary of the FIS and LIS. These
deviations might simply be due to the coarse model resolution of 3.8°x3.8° that cannot resolve small-scale temperature
changes close to the glacier area in sufficient detail. Overall, the model results agree well with the reconstructed LGM-PI
temperature changes at the different core points (Fig. S2).

3.3 Six different proxies SST Annual Mean

As the pattern of SST has shown the similar pattern in all LIS reconstructions and low correlation with MARGO dataset, it
has been compared with six individual MARGO proxies. All the proxies agree with the model in the LGM cooling over the
eastern part of North Atlantic, Mediterranean Sea, Southern Hemisphere and around Australia. This simulated pattern is
recorded consistently by foraminiferal assemblages and few available Mg/Ca estimates (Barker et al., 2005). Most of Mg/Ca,
diatoms and radiolaria are in good agreement with the model.

A positive correlation coefficient has been found for four proxies with LGMctl run LGM-PI anomaly, e.g., foraminifera (R =
0.43), Mg/Ca (R = 0.51), diatoms (R = 0.63) and radiolaria (R = 0.82) while the annual mean SST of dinoflagellates (R = -
0.23) and U*; (R = - 0.04) show negative and very low correlation coefficient. However, large deviations between model
LGM SST and temperature recorded by different microfossil proxies still exist (Fig. 3). These deviations are smaller in the
Pacific and the Indian Ocean than in the Atlantic. In case of foraminifera, several sites in the Arctic Ocean, east of
Greenland, in the South Atlantic around 15-25° S and in the Eastern Pacific around 0-35° S show warming trends where the
model shows cooling anomalies. There are several core locations for dinoflagellates in the North Atlantic, e.g., the south and
east of Greenland as well as south of Svalbard, are showing warming trends. These deviations in the North Atlantic might be
caused by dinoflagellates transfer functions (Waelbroeck et al., 2009).

However, in the most densely sampled Nordic Sea, the reconstructed LGM SST have large uncertainties. In the North
Atlantic, there are several data points around 50-60° N warmer than the model. In contrast to the North Atlantic, the SST in
Northwest Pacific is warmer at the LGM than present in comparison to the model. These results are mainly based on
alkenone unsaturation ratios (U*3;) and, rather than representing a warm anomaly in the annual mean SST values, these core
points might indicate that the seasonality of alkenone production has changed through time (Minoshima et al., 2007).

3.4 Seasonality of the recorder system

A comparison of SST trends of four proxies (for diatoms and radiolaria, we have only Southern Hemisphere local summer
data) with local winter (DJF), local spring (MAM), local summer (JJA), local autumn (SON), and annual mean SST, as
simulated by the anomalies (LGM-PI) of LGMctl run, indicates which season shows the best agreement between proxy
reconstruction and model (Fig. 4a). In the North Atlantic Ocean, the best agreement of planktonic foraminifera,
dinoflagellates, and alkenones is found for local summer while Mg/Ca ratio shows the best agreement for local winter (Fig.

4
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4a). In the rest of the ocean areas, clear evidence for a preferred season is absent. Some cores in proximity to each other
show best-fit with different seasons in the model. All these proxies are mainly produced in the spring-summer months as
there is very small biological production during the cold and dark winter, so one might expect all of the proxies to record
similar signal. However, the individual reconstructions are very different from each other (Fig. 4a).

230
According to Ternois et al. (1996), seasonal variability in alkenones biological production should be considered if they are
used as a proxy to reconstruct the temperature. There is a possibility that the SST reconstruction based on alkenones might
be biased towards warmer than average climatic conditions or might represent a summer signal prominently if the growth
season of alkenone-producing organisms shifted towards the summer (de Vernal et al., 2006). On the other hand, the timing

235  of the maximum foraminiferal production during the LGM did not occur at the same time of the year as present day. The
change in the timing of the maximum production of planktonic foraminifera could lead to a bias in reconstructed
paleotemperature if the seasonality change is not taken into account (Fraile et al., 2009). Due to the temperature sensitivity of
the considered foraminiferal species, during the LGM the most significant production occurred during warmer season of the
year (Fraile et al., 2009). Finally, Mg/Ca measurements in surface dwelling foraminifera from the central North Atlantic tend

240  to represent slightly colder than PI conditions in the corresponding water layers (de Vernal et al., 2006).

The correlation between the foraminifera proxy record and the climate simulation of the model is higher for annual mean (R
= 0.43) than for local winter (R = 0.10) or summer (R = 0.34). For Mg/Ca, there is a higher correlation for the summer mean
(R = 0.57) than for the winter mean (R = 0.47) or the annual mean (R = 0.51). The agreement between the simulated and the

245  reconstructed LGM-PI SST anomalies is still stronger for the local summer than for the other seasonal or annual mean in the
North Atlantic Ocean, because the simulated cooling anomaly is much more pronounced for summer than for the annual
mean (Fig. 4b). Table 2 shows the correlations coefficient between modelled and reconstructed trends. The correlation
between different proxy (foraminifera, dinoflagellates, Mg/Ca ratios and alkenone) records and the model have been
increased significantly for best-fit season. For Mg/Ca, there is a higher correlation for the best-fit season (R = 0.59) than the

250  annual mean (R = 0.51) (Table 1 & 2). Foraminifera also show significantly high correlation for best-fit season (R = 0.54)
which is even higher than the annual mean (R = 0.43). Dinoflagellates and alkenones show positive correlation for the best-
fit season (dinoflagellates, R = 0.01; alkenones, R = 0.19) while they show negative correlation for annual mean (Table 1 &
2).

255 3.5 Habitat depth of the recorder system

In this study, the observational data of MARGO project is composed of different planktonic organisms which are known to
be able to shift in the different water columns (Conte et al., 2006). To observe whether deeper layers in the model would be
in better agreement with the temperature reconstruction than the surface, the model for different layers of the upper 183 m of

260  the ocean was compared to the proxy records (Fig. 5a). Layers below these depths can be ignored since alkenone-producing
organisms require sunlight for photosynthesis.

From Fig. 3, it is observed that most of the core sites in the North Atlantic are in best agreement with the surface layers (0 to
37 m) and the Southern Hemisphere with the subsurface layers (between 70 to 183 m). For dinoflagellates, most of the core

265  points also agree with the subsurface layer. For the Mg/Ca ratio, the same upper layers are also considered, but from Fig. 5a
it can be seen that a big part of the record agrees best with the upper level of the ocean although a few cores in the North
Atlantic agrees with subsurface layers. For alkenones, a big part of the records agrees best with the deeper layers of the
ocean, between 70 and 183 m (Fig. 5a). Rest of the cores have no clear reference to a preferred ocean layer (Fig. 5a).

270 Investigations of foraminiferal Mg/Ca distributions in Atlantic, Pacific, and Indian Ocean have found that 75-100% of
foraminifera species live between 0 to 40 m water depths (van Donk, 1977; Kim et al., 2015). Alkenone-based temperature
records do not always precisely represent the SST, because of ambiguities due to the habitat depth of alkenone-producing
organisms (Ohkouchi et al., 1999; Lee and Schneider, 2005). The planktonic foraminifera live over a range of depths, mostly
between about 75 and 250 m water depth (de Vernal et al., 2006).

275
The correlation between the reconstructed and simulated LGM-PI anomalies has also been increased significantly for best-fit
depth. A higher correlation has been found for the best-fit depth mean (R = 0.65) than for the annual mean (R = 0.51) in case
of Mg/Ca (Table 1 & 3). Foraminifera also show significantly high correlation for best-fit depth mean (R = 0.54) which is
even higher than for annual mean (R = 0.43). A positive correlation has been found for the best-fit depth in case of

280  dinoflagellates and alkenones (dinoflagellates, R = 0.16; alkenones, R = 0.36) (Table 3) while they show negative correlation
for annual mean (Table 1).
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If we consider best-fit seasons and depths together at the same time at a specific data point in the model simulations, the
mismatch between the climate simulation of the model and different proxy records has been decreased, while correlation
coefficient has been increased significantly (Fig. S4; Table S5). Planktonic foraminifera inhabit a wide range of the water
column and even show variability in their seasonal abundance. The average proxy signal in sedimentary foraminifera is
weighted towards conditions at the season and depth of calcification rather than reflecting annual mean surface conditions
(Jonkers and Kucera, 2017).

3.6 Data Model Comparison: PMIP3 models

In most of the PMIP3 models, tropical cooling is more pronounced than in the MARGO reconstruction. The highest
mismatch between the data and model is located in the Northwestern Pacific. All of the models produced a significant
cooling of 4-6 °C during LGM in the Northwestern Pacific, whereas a few MARGO records indicated opposite result
(warming of 2 °C or higher). Thus, the large discrepancy between data and model is likely caused by the large uncertainties
in the reconstructed data. The models and MARGO both show a more uniform LGM cooling in the Indian Ocean than in
Pacific and Atlantic (Fig. 2) (Wang et al., 2013).

In this study, we analyze simulations from the PMIP3 model experiment to test the capability of the current model for
simulating the LGM sea surface temperatures with particular attention on model-data comparisons. Therefore, the anomaly
of the LGM and PI simulated SST fields of all PMIP3 models have been compared with MARGO data-set and also with four
individual proxy-based SSTs separately. A large mismatch and low correlation are found for most of the cases (listed in Table
S2). Overall, the anomaly of the LGM and PI SST fields simulated by the PMIP3 models and the LIS simulation runs are
comparable. Because of space limitations, all individual model anomalies and their agreement/disagreement with the proxy-
derived SST trends is not shown here (shown in Figs. S5-12). Instead, the ensemble median (Fig. 2a) typically displays the
common signal. In this case, it is the mean value of the fourth and fifth ensemble member out of eight models which are
ordered according to ranked values. However, among all models, IPSL-CM5A-LR shows the highest correlation and lowest
RMSE with the MARGO data-set (Fig. 2b; Table S2). Since the results of the PMIP3 runs show large mismatches, we have
continued to the next step. The habitat depth, seasonality, and habitat depth-seasonality together in all models have been
compared with individual proxies (listed in Table S3-4 and S6). In this case, also correlation increased significantly. Overall,
the agreement between the PMIP3 models and the SST reconstructions is almost similar to the case of COSMOS.

4 Discussions
4.1 Uncertainties of the SST reconstructions

From the above data-model comparison, it is observed that several cores in the North Atlantic show opposite sign that means
where the model shows warming, proxies show cooling. For this reason, it is assumed that SST takes into account seasonal
and depth biases. The alkenones and dinoflagellates reconstructed temperature trends show a negative correlation to the
simulated pattern. The observed mismatches between the model simulations and the proxy records might be caused by
misinterpreted and/or biased proxy records as well as by model deficiencies.

Uncertainties in the interpretation of sea surface temperatures estimate based on alkenone-derived mainly stem from the
unknown water depth and season of alkenone production as well as from the lateral advection of alkenones (Glacial Ocean
Atlas, 2017). In general, marine planktonic diatoms are particularly abundant in nutrient-rich waters with high biomass, and
during seasonal blooms in the open oceans (Cervato and Burckle, 2003; Bopp et al., 2005; Armbrust, 2009; Malviya et al.,
2016). Investigations on sediment traps reveal that the signal recorded in the sediment record is primarily generated during
summer and early fall. That’s why it has been argued whether winter temperatures can be reconstructed from radiolarian
assemblages. Foraminiferal Mg/Ca is believed to be influenced by pH, salinity, and dissolution (Glacial Ocean Atlas, 2017).
Uncertainties in the calibration of Mg/Ca for temperature are large in the low-temperature domain (Lea et al., 1999).

4.2 Seasonal biases

The interpretation of our data-model comparison suggests Mg/Ca are winter biased, while foraminifera, dinoflagellates, and
alkenones are summer biased. One source of uncertainty in dinocyst is the low productivity and fluxes, particularly in the
Nordic Sea, which could have resulted in over representation of transported material (de Vernal et al., 2005). The seasonal
contrast of temperature or annual amplitude of temperature is a source of uncertainty for planktonic foraminifera. The
seasonality of the temperature signal depends on thermal diffusion and stratification in the upper water layer. In the open
ocean, particularly in modern offshore of the North Atlantic, the weak stratification advances high thermal inertia in a thick
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340 mixed layer, which creates low thermal amplitude from winter to summer. Because of this, most open ocean proxies
commonly give a mixed temperature signal which does not allow seasonal temperatures to be easily differentiated (de Vernal
et al., 2006).

In the present-day ocean, calibrations of alkenone based on mean annual SST appear to result in smaller errors than those

345  based on monthly or seasonal temperature (Miiller et al., 1998). This suggests a production during months or a continuous
production during the year when SST values are correlated to the annual mean. Records of alkenone-based reconstructions of
SSTs have been analyzed accounting for shifts in the seasonality of alkenone production (Haug et al., 2005). Therefore, in
the North Atlantic, alkenone production might be more concentrated in summer months during the LGM than at present,
which would impinge in the analysis of the outcomes and perhaps in the calibration. In the high-latitude, the time of

350 maximum production of alkenone could conceivably occur during the summer, rather than during the autumn or spring
(Antoine et al., 1996; de Vernal et al.,, 2006). The degree of seasonal bias might be dependent spatially since the
biogeographical characteristics of the ocean differ from one place to another (Prahl et al., 2010). As summarized by Lorenz
et al. (2006), the maximum production of coccolithophorids occurs in summer in high latitudes (Baumann et al., 1997,
2000), which agrees with the idea that UX3; record summer temperature signal (Sikes et al., 1997; Prahl et al., 2010).

355  Satellite data also agrees with the idea of summer-biased alkenone records (Iglesias-Rodriguez et al., 2002). Seasonality in
phytoplankton production is commonly less pronounced in tropical and subtropical regions (Jickells et al., 1996), and
alkenone-derived SST from low-latitude sites are therefore more likely to be representative for temperatures close to the
annual mean values (Miiller and Fischer, 2001; Kienast et al., 2012).

360 4.3 Habitat depth biases

Changes in the habitat depth of the SST over the LGM result in deviations between model simulations and proxy records.
Such changes in recording season and habitat depth could have been caused by changes in insolation over the LGM or by
related changes in the nutrient distribution and ocean temperature that the individual proxies are exposed to (Lohmann et al.,

365  2013). Comparing the reconstructed LGM temperature trends at model levels in the upper 183 m does not remove the
discrepancy between models and proxies. Planktonic foraminifera live over a range of ocean depths, mostly between about
75 and 250 m water depth (de Vernal et al., 2006). A recent study (Kim et al., 2015) suggested that foraminiferal Mg/Ca
record temperatures at depths of 0-40 m in the water column. Concentration of U*s;is high in the subsurface water column of
the central Pacific Ocean (Lee and Schneider, 2005) agree with model simulation. Most of the planktonic foraminifera

370  species in polar waters inhabit subsurface waters (Bé and Tolderlund, 1971) and may be found below the thermocline as it is
frequently the case in the Arctic, subarctic and other stratified waters where it occurs along or below the halocline (Kohfeld
et al., 1996; de Vernal et al., 2002; Hillaire-Marcel et al., 2004; de Vernal et al., 2006). Planktonic foraminifera normally
migrate vertically throughout their life cycle, forming calcite at deeper layers as they mature. This temperature/depth
migration results in heterogeneity of Mg/Ca ratios within tests of individual foraminifera (Niirnberg, 1995; Jha and

375  Elderfield, 2000; Elderfield and Ganssen, 2000; Benway et al., 2003). It has been observed that various planktonic species
add a calcite crust in colder, deeper water immediately prior to reproduction (Barker et al., 2005). Many species of
planktonic foraminifera live at depths higher than 50 m (Erez and Honjo, 1981; Deuser and Ross, 1989; Anand et al., 2003)
which agrees with the studied model simulation.

380  The results from the habitat depth and seasonality are based on the model output which does not provide any diagnostic on
the planktonic organisms real ecological behavior. However, they provide an oceanic regions mapping where even small
changes in the ecology of planktonic organisms can have huge consequences on the reconstructed SST anomalies. It
reinforces the idea that proxy organisms may be affected by ecological specificities (Leduc et al., 2010, Lohmann et al.,
2013).

385
4.4 Seasonal and habitat depth biases

As we see from above observation that considering blooming season or habitat depth of the proxies cannot resolve the model
data mismatch completely, we consider shifts in depth habitat and growing season at the same time from the LGM to PI
390  which reduces the model-data disagreement (Fig. S4; Table S5 & S6).

It is questionable whether proxy-recording organisms act in such a way, as they would likely try to hold their preferred
ecological conditions by changing their blooming seasons in a way which mitigates the climate changes (Mix, 1987). Fraile
(2008) and Fraile et al. (2009) using a planktonic foraminifera model analyzing the seasonality of the foraminifera showed
395  that the organisms usually record a weaker temperature signal when the global temperature change is applied. By decreasing
the global temperature by 2 °C and 6 °C, they did a model sensitivity study and observed a shift in abundance of the
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maximum planktonic foraminifera towards warmer seasons, which would reduce the temperature trend recorded in Mg/Ca
(Fraile et al., 2009).

400  On the contrary, planktonic organisms have several limiting factors such as temperature, nutrient, and light-availability.
When those factors alter oppositely, the organisms try to change their living season without modifying their basic ecological
requirements. For example, nutrient or food availability might shift towards autumn or spring so that living season might
change accordingly. To explain such changes, more research using complex ecosystem models of different planktonic
organisms need to be performed, such as ecophysiological models, used to reproduce the growth of planktonic foraminifera

405 (Lombard et al., 2011).

For our model-data comparison, it is worth to mention that climate models have some limitations and are unable to represent
the full complexity of the physical Earth System. The proxy records used in most of the studies are more often located in
coastal areas, and climate models do not well represent these regions because of their low resolution (Lohmann et al., 2013).

410 Coastal areas may be particularly sensitive to external forcing, as their thermal inertia is lower than the open ocean due to
land-ocean interactions and a shallower thermocline. Moreover, the representation of mixed layer dynamics may be essential
to improve climate simulations and its agreement with palaeoceanographic reconstructions.

5 Conclusions
415
We evaluated the ability of different Earth System Models to capture marine and terristerial temperatures for the LGM. For
our model simulations, we considered different versions of COSMOS (while changing the LIS) and models participating in
the PMIP3. The model results have been compared with terrestrial temperature reconstruction data showing a similar pattern
and good agreement. SST reconstruction shows deviations with the model results. Several cores in the North Atlantic show
420  opposite signs where model show cooling and proxies show warming trends. It is assumed that SST takes into account
seasonal and depth biased.

The amplitudes of the simulated anomalies are significantly smaller than the reconstructed temperature trends by alkenones.
This deviation persists for all considered models, even if we take into account seasonality and different water depths at

425  which the recording organisms may have lived. As for the Holocene (Lohmann et al., 2013), this raises important questions
as to whether climate models have fundamental deficiencies, and/or whether our understanding of the proxy records still
needs to be refined. For the LGM, we find the best agreement between reconstruction and annual mean temperatures in low
latitudes. We have found that Mg/Ca show winter biased, while foraminifera, dinoflagellates, and alkenones are summer
biased. Comparing the reconstructed LGM temperature anomalies with the model levels of the upper 183 m does not remove

430  the discrepancy between models and proxies. For Mg/Ca ratios, a large number of records fit best with the model surface
layer. In case of the remaining three proxies, the best-fit agreement is found in the subsurface layer. Thus, we find mostly the
highest agreement between proxy-record and simulated temperature anomalies in the subsurface layer depth. Observational
data again compared with different PMIP3 models and found the almost similar pattern as in COSMOS. There may be
several mechanisms that can be responsible for the observed mismatch between the reconstructed and the modelled

435 magnitude of the LGM SST anomalies. It is therefore conceivable that the observed mismatch between modelled and
reconstructed LGM climate evolution is related to the lack of representativeness of long-term temperature anomalies in
climate models as well as to the interpretation of the paleoclimate data. As a logical next step, a direct simulation of the
recorder system, as it is now routinely done in the case of §'°O (e.g., Werner et al., 2016), is required.

440  Acknowledgements. This study is supported by Helmholtz Programme PACES program of the AWI and the BMBF funded
project PalMod. We are grateful for constructive comments provided by Dr. Christoph Voelker. We thank the many
contributors making their proxy SST data available in the MARGO project. We acknowledge the World Climate Research
Programme’s Working Group on Coupled Modelling, which is responsible for CMIP, and we thank the climate modelling
groups of PMIP3/CMIP5 (listed in this paper) for producing and making available their model output. The US Department of

445  Energy’s Program for Climate Model Diagnosis and Intercomparison provides coordinating support and led development of
software infrastructure in partnership with the Global Organization for Earth System Science Portals.

Reference

Adkins, J. F.,, Mclntyre, K., and Schrag, D. P.: The salinity, temperature, and deltal80 of the glacial deep ocean, Science,
450 298, 1769-1773, doi:10.1126/science.1076252, 2002.
Ahn, J. and Brook, E. J.: Atmospheric CO- and climate on millennial time scales during the last glacial period, Science, 83,
83-85, doi:10.1126/science.1160832, 2008.
Anand, P, Elderfield, H., and Conte, M. H.: Calibration of Mg/Ca thermometry in planktonic foraminifera from a sediment



Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9 Climate

Manuscript under review for journal Clim. Past of the Past
Discussion started: 6 March 2018 D -
© Author(s) 2018. CC BY 4.0 License. iseussions

trap time series, Paleoceanography, 18(2), 2003.
455  Antoine, D., André, J., and Morel, A.: Oceanic primary production: 2. Estimation at global scale from satellite (Coastal Zone
Color Scanner) chlorophyll, Global Biogeochem. Cy., 10(1), 57-69, doi:10.1029/95gb02832, 1996.
Andruleit, H., Stdger, S., Rogalla, U., and Cepek, P.: Living coccolithophores in the northern Arabian Sea: ecological
tolerances and environmental control, Mar. Micropaleontol., 49, 157-181, 2003.
Armbrust, E. V.: The life of diatoms in the world's oceans, Nature, 459(7244), 185-192. doi:10.1038/nature08057, 2009.
460  Argus, D. F, and Peltier, W. R.: Constraining models of postglacial rebound using space geodesy: a detailed assessment of
model ICE-5G (VM2) and its relatives, Geophys. J. Int., 181(2), 697-723, doi:10.1111/j.1365-246X.2010.04562.x,
2010.
Bard, E., Rostek, F., Turon, J., and Gendreau, S.: Hydrological impact of heinrich events in the subtropical northeast atlantic,
Science, 289, 1321-1324, 2000.
465 Bard, E., Rostek, F., and Sonzogni, C.: Interhemispheric synchrony of the last deglaciation inferred from alkenone
paleothermometry, Nature, 385, 707-710, 1997.
Barker, S., Cacho, 1., Benway, H., and Tachikawa, K.: Planktonic foraminiferal Mg/Ca as a proxy for past oceanic
temperatures: a methodological overview and data compilation for the Last Glacial Maximum, Quaternary Sci. Rev.,
24(7-9), 821-834. doi:10.1016/j.quascirev.2004.07.016, 2005.
470  Bartlein, P. J., Harrison, S. P., Brewer, S., Connor, S., Davis, B. A. S., Gajewski, K., Guiot, J., Harrison-Prentice, T. I.,
Henderson, A., Peyron, O., Prentice, I. C., Scholze, M., Sepp4, H., Shuman, B., Sugita, S., Thompson, R. S., Viau, A.
E., Williams, J., and Wu, H.: Pollen-based continental climate reconstructions at 6 and 21 ka: a global synthesis, Clim.
Dyn., 37, 775-802, doi:10.1007/S00382-010-0904-1, 2011.
Baumann, K. H., Andruleit, H., and Samtleben, C.: Coccolithophores in the Nordic Seas: comparison of living communities
475 with surface sediment assemblages, Deep-Sea Res. Pt. I1, 47(9), 1743-1772, 2000.
Baumann, K. H., Andruleit, H., Schroder-Ritzrau, A., and Samtleben, C.: Spatial and temporal dynamics of coccolithophore
communities during low production phases in the Norwegian-Greenland Sea, Grzybowski Found. Spec. Publ. 5,
Krakow, 227-243, 1997.
Bé, A. W. H. and Tolderlund, D.S.: Distribution and ecology of living planktonic foraminifera in surface waters of the
480 Atlantic and Indian oceans. In: Funnel, B.M., Riedel, W.R. (Eds.), The Micro-paleontology of Oceans, Cambridge
University Press, Cambridge, pp. 105-149, 1971.
Bentaleb, 1., Grimalt, J. O., Vidussi, F., Marty, J. C., Martin, V., Denis, M., Hatte, C., and Fontugne, M. : The C-37 alkenone
record of seawater temperature during seasonal thermocline stratification, Mar. Chem., 64, 301-313, 1999.
Benway, H.M., Haley, B.A., Klinkhammer, G., and Mix, A.: Adaptation of a flow-through leaching procedure for Mg/Ca
485 paleothermometry, Geochem. Geophys. Geosy., 4(2), doi: 10.1029/2002GC000312, 2003.
Bopp, L., Aumont, O., Cadule, P.,, Alvain, S., and Gehlen, M.: Response of diatoms distribution to global warming and
potential implications: A global model study, Geophys. Res. Lett., 32:1-4.
Braconnot, P., Harrison, S., Kageyama, M., Bartlein, P., Masson-Delmotte, V., Abe-Ouchi, A., Otto- Bliesner, B., and Zhao,
Y.: Evaluation of climate models using palaeoclimatic data, Nat. Clim. Change, 2(6), 417-424,
490 doi:10.1038/nclimate1456, 2012.
Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Peterchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert,
E., Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A., Lainé A., Loutre, M.-F., Marti, O., Merkel, U., Ramstein,
G., Valdes, P., Weber, S. L., Yu, Y., and Zhao, Y.: Results of PMIP2 coupled simulations of the Mid-Holocene and Last
Glacial Maximum — Part 1: experiments and large-scale features, Clim. Past, 3, 261-277, 2007.
495  Cervato, C. and Burckle, L.: Pattern of first and last appearance in diatoms: Oceanic circulation and the position of polar
fronts during the Cenozoic, Paleoceanography 18:1055, 2003.
Clark, P., Dyke, A., Shakun, J., Carlson, A., Clark, J., Wohlfarth, B., Mitrovica, J.X., Hostetler, S.W. and McCabe, M.: The
Last Glacial Maximum, Science, 325(5941), 710-714, doi: 10.1126/science.1172873, 2009.
CLIMAP Project Members: The surface of the ice-age Earth. Science (New York, NY), 191(4232), 1131, 1976.
500 Conte, M. H., Sicre, M.-A., Riihlemann, C., Weber, J. C., Schulte, S., Schulz-Bull, D., and Blanz, T.: Global temperature
calibration of the alkenone unsaturation index (U*y) in surface waters and compari-son with surface sediments,
Geochem. Geophy. Geosy., 7, Q02005, doi:10.1029/2005GC001054, 2006.
Davis, B. and Brewer, S.: Orbital forcing and role of the latitudinal insolation/temperature gradient, Clim. Dyn., 32, 143-165,
2009.
505 Deuser, W. G. and Ross, E. H.: Seasonally abundant planktonic foraminifera of the Sargasso Sea: Succession, deep-water
fluxes, isotopic composition, and paleoceanographic implication, J. Foramin. Res., 19, 268-293, 1989.
de Vernal, A., Rosell-Melé, A., Kucera, M., Hillaire-Marcel, C., Eynaud, F., Weinelt, M., Dokken, T., and Kageyama, M.:
Comparing proxies for the reconstruction of LGM sea-surface conditions in the northern North Atlantic, Quaternary
Sci. Rev., 25, 2820-2834, doi:10.1016/j.qu ascirev.2006.06.006, 2006.
510 de Vernal, A., Eynaud, F., Henry, M., Hillaire-Marcel, C., Londeix, L., Mangin, S., Matthiessen, J., Marret, F., Radi, T.,
Rochon, A., Solignac, S., and Turon, J.-L.: Reconstruction of sea-surface conditions at middle to high latitudes of the
Northern Hemisphere during the last glacial maximum (LGM) based on dinoflagellate cyst assemblages, Quaternary
Sci. Rev. 24, 897-924, 2005.
de Vernal, A., Hillaire-Marcel, C., Peltier, W.R., Weaver, A.J.: The structure of the upper water column in the northwest
515 North Atlantic: Modern vs. Last Glacial Maximum conditions, Paleoceanography 17, 1050, 2002.
Duplessy, J. C., Shackleton, N. J., Fairbanks, R. G., Labeyriefi, L., Oppo, D., and Kallel, N.: Deepwater Source Variations
during the Last Climatic Cycle and Their impact on the Global Deep-water Circulation, Paleoceanography, 3, 343—
360, 1988.



Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9 Climate
Manuscript under review for journal Clim. Past of the Past
Discussion started: 6 March 2018

(© Author(s) 2018. CC BY 4.0 License.

520

525

530

535

540

545

550

555

560

565

570

575

580

Discussions

Elderfield, H. and Ganssen, G.: Past temperature and §'®0 of surface ocean waters inferred from foraminiferal Mg/Ca ratios,
Nature, 405(6785), 442-445, doi:10.1038/35013033, 2000.

Erez, J., and Honjo, S.: Comparison of isotopic composition of planktonic foraminifera in plankton tows, sediment traps and
sediments, Palaeogeogr. Palaeocl., 33(1-3), 129-156, 1981.

Fallet, U., Brummer, G. J., Zinke, J., Vogels, S., and Ridderinkhof, H.: Contrasting seasonal fluxes of planktonic
foraminifera and impacts on paleothermometry in the Mozambique Channel upstream of the Agulhas Current,
Paleoceanography, 25, A4223, doi:10.1029/2010PA001942, 2010.

Fraile, 1., Mulitza, S., and Schulz, M.: Modeling planktonic foraminiferal seasonality: Implications for sea-surface
temperature reconstructions. Marine Micropaleontology, 72(1), 1-9, 2009.

Fraile, I.: Modeling the spatial and temporal distribution of planktonic foraminifera, Ph.D., University of Bremen, Bremen,
Germany, 2008.

Gersonde, R., Crosta, X., Abelmann, A., and Armand, L.: Sea-surface temperature and sea ice distribution of the Southern
Ocean at the EPILOG Last Glacial Maximum — a circum-Antarctic view based on siliceous microfossil records,
Quaternary Sci. Rev., 24, 869-896, doi:10.1016/j.quascirev.2004.07.015, 2005.

Glacial Ocean Atlas: Proxies: Surface ocean proxies, Retrieved April 11, 2017, from http://www.glacialoceanatlas.org/,
2017.

Gong, X., Zhang, X., Lohmann, G., Wei, W., Zhang, X., and Pfeiffer, M.: Higher Laurentide and Greenland ice sheets
strengthen the North Atlantic ocean circulation, Clim. Dyn., 45(1-2), 139-150, doi:10.1007/s00382-015-2502-8, 2015.

Gowan, E. J., Tregoning, P., Purcell, A., Lea, J., Fransner, O. J., Noormets, R., and Dowdeswell, J. A.: ICESHEET 1.0: A
program to produce paleo-ice sheet reconstructions with minimal assumptions, Geosci. Model Dev., 9(5), 1673-1682,
2016.

Greaves, M., Caillon, N., Rebaubier, H., Bartoli, G., Bohaty, S., Cacho, I., Clarke, L., Cooper, M., Daunt, C., Delaney, M.,
deMenocal, P., Dutton, A., Eggins, S., Elderfield, H., Garbe- Schoenberg, D., Goddard, E., Green, D., Groeneveld, J.,
Hastings, D., Hathorne, E., Kimoto, K., Klinkhammer, G., Labeyrie, L., Lea, D. W., Marchitto, T., Martinez-Boti, M.
A., Mortyn, P. G., Ni, Y., Nuernberg, D., Paradis, G., Pena, L., Quinn, T., Rosenthal, Y., Russell, A., Sagawa, T,
Sosdian, S., Stott, L., Tachikawa, K., Tappa, E., Thunell, R., and Wilson, P. A.: Interlaboratory comparison study of
calibration standards for foraminiferal Mg/Ca thermometry, Geochem. Geophys. Geosy., 9, Q08010,
doi:10.1029/2008GC0019 74, 2008.

Gutjahr, M. and Lippold, J.: Early arrival of Southern Source Water in the deep North Atlantic prior to Heinrich event 2,
Paleooceanography, 26, 1-9, doi:10.1029/2011PA00 2114, 2011.

Harrison, S. P., Bartlein, P. J., Brewer, S., Prentice, I. C., Boyd, M., Hessler, 1., Holmgren, K., Izumi, K., and Willis, K.:
Climate model benchmarking with glacial and mid-Holocene climates, Clim. Dyn., 43, 671-688, doi:10.1007/s00382-
013-1922-6, 2014.

Haug, G.H., Ganopolski, A., Sigman, D.M., Rosell-Mele, A., Swann, G.E.A., Tiedemann, R., Jaccard, S.L., Bollman, J.,
Maslin, M.A., Leng, M.J., and Eglington, G.: North Pacific seasonality and the glaciation of North America 2.7 million
years ago, Nature 433, 821-825, 2005.

Herbert, T. D., Schuffert, J. D., Thomas, D., Lange, C., Weinheimer, A., Peleo-Alampay, A., and Herguera, J.-C.: Depth and
seasonality of alkenone production along the California margin inferred from a core top transect, Paleoceanography,
13, 263-271, 1998.

Hesse, T., Butzin, M., Bickert, T., and Lohmann, G.: A model-data comparison of §13 C in the glacial Atlantic Ocean,
Paleoceanography, 26, PA3220, doi:10.1029/2010PA00 2085, 2011.

Hillaire-Marcel, C., De Vernal, A., Polyak, L., and Darby, D.: Size-dependent isotopic composition of planktic foraminifers
from Chukchi Sea vs. NW Atlantic sediments-implications for the Holocene paleoceanography of the western Arctic,
Quaternary Sci. Rev., 23(3), 245-260, 2004.

Iglesias-Rodriguez, M. D., Brown, C. W., Doney, S. C., Kleypas, J., Kolber, D., Kolber, Z., Hayes, P.K. and Falkowski, P. G.:
Representing key phytoplankton functional groups in ocean carbon cycle models: Coccolithophorids, Global
Biogeochem. Cy., 16(4), 2002.

Jha, P., and Elderfield, H.: Variation of Mg/Ca and Sr/Ca in planktonic and benthic foraminifera from single test chemistry,
Eos Trans. AGU, 81, 48, 2000.

Jickells, T. D., Newton, P. P,, King, P. L. R. S., Lampitt, R. S., and Boutle, C.: A comparison of sediment trap records of
particle fluxes from 19 to 48 N in the northeast Atlantic and their relation to surface water productivity. Deep-Sea Res.
Pt. I, 43(7), 971-986, 1996.

Jonkers, L., and Kucera, M.: Quantifying the effect of seasonal and vertical habitat tracking on planktonic foraminifera
proxies. Climate of the Past, 13(6), 573, 2017.

Kageyama, M., Braconnot, P., Bopp, L., Mariotti, V., Roy, T., Woillez, M. N., Caubel, A., Foujols, M.A., Guilyardi, E.,
Khodri, M. and Lloyd, J.: Mid-Holocene and last glacial maximum climate simulations with the IPSL model: part II:
model-data comparisons. Climate dynamics, 40(9-10), 2469-2495, 2013.

Kageyama, M., Lainé, A., Abe-Ouchi, A., Braconnot, P., Cortijo, E., Crucifix, M., De Vernal, A., Guiot, J., Hewitt, C.D.,
Kitoh, A. and Kucera, M.: Last Glacial Maximum temperatures over the North Atlantic, Europe and western Siberia: a
comparison between PMIP models, MARGO sea—surface temperatures and pollen-based reconstructions, Quaternary
Sci. Rev., 25(17), 2082-2102, doi: 10.1016/j.quas cirev.2006.02.010, 2006.

Kienast, M., Maclntyre, G., Dubois, N., Higginson, S., Normandeau, C., Chazen, C., and Herbert, T. D.: Alkenone
unsaturation in surface sediments from the eastern equatorial Pacific: Implications for SST reconstructions,
Paleoceanography, 27(1), 2012.

Kim, R. A, Lee, K. E., and Bae, S. W.: Sea surface temperature proxies (alkenones, foraminiferal Mg/Ca, and planktonic

10



Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9 Climate
Manuscript under review for journal Clim. Past of the Past
Discussion started: 6 March 2018

(© Author(s) 2018. CC BY 4.0 License.

Discussions

foraminiferal assemblage) and their implications in the Okinawa Trough. P. Earth Planet. Sc., 2(1), 43, 2015.
585 Kohfeld, K. E. and Harrison, S. P: How well can we simulate past climates? Evaluating the models using global
palaeoenvironmental datasets, Quaternary Sci. Rev. 19, 321-346.

Klockmann, M., Mikolajewicz, U., and Marotzke, J.: The effect of greenhouse gas concentrations and ice sheets on the
glacial AMOC in a coupled climate model, Clim. Past, 12(9), 1829-1846, 2016.

Kucera, M., Weinelt, M., Kiefer, T., Pflaumann, U., Hayes, A., Weinelt, M., Chen, M.-T., Mix, A. C., Barrows, T. T., Cortijo,

590 E., Duprat, J., Juggins, S., and Waelbroeck, C.: Reconstruction of sea-surface temperatures from assemblages of
planktonic foraminifera: multi-technique approach based on geographically constrained calibration data sets and its
application to glacial Atlantic and Pacific Oceans, Quaternary Sci. Rev., 24, 951-998,
doi:10.1016/j.quascirev.2004.07.014, 2005.
Lambeck, K., Rouby, H., Purcell, A., Sun, Y., and Sambridge, M.: Sea level and global ice volumes from the Last Glacial
595 Maximum to the Holocene, Proc. Natl. Acad. Sci. USA, 111(43), 15296-15303, doi:10.1073/pnas.1411762111, 2014.

Lea, D. W,, Mashiotta, T. A. and Spero, H. J.: Controls on magnesium and strontium uptake in planktonic foraminifera
determined by live culturing, Geochim. Cosmochim. Acta 63, 2369-2379, 1999.

Leduc, G., Schneider, R., Kim, J.-H., and Lohmann, G.: Holocene and Eemian sea surface temperature trends as revealed by
alkenone and Mg/Ca Paleothermometry, Quaternary Sci. Rev., 29, 989-1004, 2010.

600 Lee, K. E., and Schneider, R.: Alkenone production in the upper 200m of the Pacific Ocean. Deep-Sea Res I, 52(3), 443-456.
doi:10.1016/j.dsr.2004.11.006, 2005.

Licciardi, J. M., Clark, P. U., Jenson, J. W., and Macayeal, D. R.: Deglaciation of a soft-bedded Laurentide ice sheet,
Quaternary Sci. Rev., 17, 427-448, doi:10.1016/S0277 -3791(97)00044-9, 1998.

Lohmann, G., Pfeiffer, M., Laepple, T., Leduc, G., and Kim, J. H.: A model-data comparison of the Holocene global sea

605 surface temperature evolution, Clim. Past, (9), 1807-1839, 2013.

Lombard, F., Labeyrie, L., Michel, E., Bopp, L., Cortijo, E., Retailleau, S., Howa, H., and Jorissen, F.: Modelling planktic
foraminifer growth and distribution using an ecophysiological multi-species approach, Biogeosciences, 8, 853-873,
doi:10.5194/bg-8-853-2011, 2011.

Lorenz, S. J., Kim, J. H., Rimbu, N., Schneider, R. R., and Lohmann, G.: Orbitally driven insolation forcing on Holocene

610 climate trends: Evidence from alkenone data and climate modeling, Paleoceanography, 21(1), PA1002,
doi:10.1029/2005PA001152, 2006.

Lubinski, D. J., Polyak, L., and Forman, S. L.: Freshwater and Atlantic water inflows to the deep northern Barents and Kara
seas since ca 13 14C ka: foraminifera and stable isotopes, Quaternary Sci. Rev., 20(18), 1851-1879, 2001.

Malviya, S., Scalco, E., Audic, S., Vincent, F., Veluchamy, A., Poulain, J., Wincker, P., Iudicone, D., de Vargas, C., Bittner, L.

615 and Bowler, C.: Insights into global diatom distribution and diversity in the world’s ocean, Proc. Natl Acad. Sci. USA,
113(11). doi:10.1073/pnas.1509523113, 2016.

Marsland, S. J., Haak, H., Jungclaus, J. H., Latif, M., and Roske, F: The Max-Planck-Institute global ocean/sea ice model
with orthogonal curvilinear coordinates, Ocean Modell., 5, 91-127, doi:10.10 16/S1463-5003(02)00015-X, 2003.

Masson-Delmotte, V., Kageyama, M., Braconnot, P., Charbit, S., Krinner, G., Ritz, C., Guilyardi, E., Jouzel, J., Abe-Ouchi,

620 A., Crucifix, M., Gladstone, R. M., Hewitt, C. D., Kitoh, A., LeGrande, A. N., Marti, O., Merkel, U., Motoi, T.,
Ohgaito, R., Otto-Bliesner, B., Peltier, W. R., Ross, 1., Valdes, P. J., Vettoretti, G., Weber, S. L., Wolk, F., and Yu, Y.:
Past and future polar amplification of climate change: Climate model intercomparisons and ice-core constraints, Clim.
Dyn., 26, 513-529, doi:10.1007/s00382 -005-0081-9, 2006.
Minoshima, K., Kawahata, H. and Ikehara, K.: Changes in biological production in the mixed water region (MWR) of the
625 northwestern North Pacific during the last 27 kyr, Palaeogeogr. Palaeocl., 254, 430-447, 2007.

Mix, A. C.: The oxygen—isotope record of glaciation, in: North America and adjacent oceans during the last deglaciation, The
Geology of North America, K-3, edited by: Ruddiman, W. F. and Wright, H. E., Geol. Soc. Am., Boulder CO, 111-135.

Mohtadi, M., Steinke, S., Groeneveld, J., Fink, H. G., Rixen, T., Hebbeln, D., Donner, B., and Herunadi, B.: Low-latitude
control on seasonal and interannual changes in planktonic foraminiferal flux and shell geochemistry off south Java: a

630 sediment trap study, Paleoceanography, 24, PA1201, doi:10.1029/2008PA001636, 2009.

Miiller, P. J., and Fischer, G.: A 4-year sediment trap record of alkenones from the filamentous upwelling region off Cape

Blanc, NW Africa and a comparison with distributions in underlying sediments, Deep-Sea Res. Pt. I, 48(8), 1877-1903,

2001.
Miiller, P. J., Kirst, G., Ruhland, G., von Storch, I., and Rosell-Melé, A.: Calibration of the alkenone paleotemperature index
635 UK3; based on core-tops from the eastern South Atlantic and global ocean (60° N-60° S), Geochim. Cosmochim. Acta,

62, 1757-1772, 1998.
Nuernberg, D.: Magnesium in tests of Neogloboquadrina pachyderma sinistral from high northern and southern latitudes, J.
Foramin. Res., 25(4), 350-368. doi:10.2113/gsjfr.25.4.350, 1995.
Ohkouchi, N., Kawamura, K., Kawahata, H., and Okada, H.: Depth ranges of alkenone production in the central Pacific
640 Ocean, Global Biogeochem. Cy., 13, 695-704, 1999.
Otto-Bliesner, B. L., Schneider, R., Brady, E. C., Kucera, M., Abe-Ouchi, A., Bard, E., Braconnot, P., Crucifix, M., Hewitt,
C.D., Kageyama, M. and Marti, O.: A comparison of PMIP2 model simulations and the MARGO proxy reconstruction
for tropical sea surface temperatures at last glacial maximum, Clim. Dyn., 32(6), 799-815, 2009.
Prahl, F. G., Rontani, J.-F., Zabeti, N., Walinsky, S. E., and Sparrow, M. A.: Systematic pattern in Uk37 Temperature
645 residuals for surface sediments from high latitude and other oceanographic settings, Geochim. Cosmochim. Acta, 74,
131-143, doi:10.1016/j.gca.2009.09.027, 2010.
Peltier, W. R.: Global glacial isostasy and the surface of the Ice age earth: the Ice-age earth: the Ice-5g (VM2) model and
GRACE, An. Rev. Earth Planet. Sci., 32, 111-149, doi:10.1146/annurev. Earth.32.082503.144359, 2004.

11



Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9 Climate

Manuscript under review for journal Clim. Past of the Past
Discussion started: 6 March 2018 D -
© Author(s) 2018. CC BY 4.0 License. iseussions

Pflaumann, U., Sarnthein, M., Chapman, M., d'Abreu, L., Funnell, B., Huels, M., Kiefer, T., Maslin, M., Schulz, H.,
650 Swallow, J. and Van Kreveld, S.: Glacial North Atlantic: Sea-surface conditions reconstructed by GLAMAP 2000,
Paleoceanography, 18(3), 1065, doi:10.1029/2002PA000774, 2003.
Raddatz, T. J., Reick, C. H., Knorr, W., Kattge, J., Roeckner, E., Schnur, R., Schnitzler, K.-G., Wetzel, P., and Jungclaus, J.
(2007). Will the tropical land biosphere dominate the climate-carbon cycle feedback during the twenty first century?
Clim. Dyn., 29, 565-574, doi:10.1007/s00382-007-0247-8, 2007.
655 Regenberg, M., Steph, S., Niirnberg, D., Tiedemann, R., and Garbe-Schonberg, D.: Calibrating Mg/Ca ratios of multiple
planktonic foraminiferal species with §180-calcification temperatures: Paleothermometry for the upper water column,
Earth Planet. Sc. Lett., 278(3), 324-336, doi:10.1016/j.eps1.2008.12.019, 2009.
Roeckner, E., Bauml, G., Bonaventura, L., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S., Kirchner, I., Kornblueh, L.,
Manzini, E., Rhodin, A., Schlese, U., Schulzweida, U., and Tompkins, A.: The atmospheric general circulation model
660 ECHAMS. PART I: Model description, Report 349, Max-Planck-Institut fiir Meteorologie, Hamburg, 2003.
Rosell-Melé, A., Bard, E., Emeis, K. C., Grieger, B., Hewitt, C., Miiller, P. J., and Schneider, R. R.: Sea surface temperature
anomalies in the oceans at the LGM estimated from the alkenone- UX37 index: comparison with GCMs. Geophys. Res.
Lett. 31, 1L.03208, 2004.
Rosell-Melé, A., Eglinton, G., Pflaumann, U., and Sarnthein, M.: Atlantic core-top calibration of the UK3; index as sea-
665 surface palaeotemperature indicator, Geochim. Cosmochim. Acta, 59, 3099-3107, 1995.
Rosenthal, Y., Perron-Cashman, S., Lear, C. H., Bard, E., Barker, S., Billups, K., Bryan, M., Delaney, M. L., deMenocal, P.
B., Dwyer, G. S., Elderfield, H., German, C. R., Greaves, M., Lea, D. W., Marchitto Jr., T. M., Pak, D. K., Paradis, G.
L., Russell, A. D., Schneider, R. R., Scheiderich, K., Stott, L., Tachikawa, K., Tappa, E., Thunell, R., Wara, M.,
Weldeab, S., and Wilson, P. A.: Interlaboratory comparison study of Mg/Ca and Sr/Ca measurements in planktonic
670 foraminifera for paleoceanographic research, Geochem. Geophys. Geosy., 5, Q04D09, doi:10.1029/2003GC000650,
2004.
Schmidt, G. A.: Enhancing the relevance of palaeoclimate model/data comparisons for assessments of future climate change,
J. Quaternary Sci., 25(1), 79-87. doi:10.1002/jgs.1314, 2010.
Stepanek, C., and Lohmann, G.: Modelling mid-Pliocene climate with COSMOS, Geosci. Model Dev., 5, 1221-1243, 2012.
675  Sikes, E. L., Volkman, J. K., Robertson, L. G., and Pichon, J.-J.: Alkenones and alkenes in surface waters and sediments of
the Southern Ocean: Implications for paleotemperature estimation in polar regions, Geochim. Cosmochim. Acta, 61,
1495-1505, 1997.
Tarasov, L., Dyke, A. S., Neal, R. M., and Peltier, W. R.: A data-calibrated distribution of deglacial chronologies for the
North American ice complex from glaciological modeling, Earth Planet. Sc. Lett., 315-316, 30-40,
680 doi:10.1016/j.epsl.2011.09.010, 2012.
Tarasov, L. and Peltier, W. R.: A geophysically constrained large ensemble analysis of the deglacial history of the North
American ice-sheet complex, Quaternary Sci. Rev., 23, 359-388, doi:10.1016/j.quascirev.2003.08.004, 2004.
Ternois, Y., Sicre, M.-A., Boireau, A., Conte, M. H., and Eglinton, G.: Evaluation of long-chain alkenones as paleo-
temperature indicators in the Mediterranean Sea, Deep-Sea Res. Pt. I, 44, 271-286, 1997.
685  Ullman, D. J., A. Legrande N., A. Carlson E., F. Anslow S., and J. Licciardi M.: Assessing the Impact of Laurentide Ice Sheet
Topography on Glacial Climate, Clim. Past 10.2, 487-507, 2014.
van Donk J.: 6180 as a tool for micropalaeontologists. In: Ramsay ATS, editor. Oceanic Micropalaeontol. London:
Academic Press. p. 1345-70, 1977.
Waelbroeck, C., Paul, A., Kucera, M., Rosell-Melé, A., Weinelt, M., Schneider, R., Mix, A. C., Abelmann, A., Armand, L.,
690 Bard, E., Barker, S., Barrows, T. T., Benway, H., Cacho, I., Chen, M.- T., Cortijo, E., Crosta, X., de Vernal, A.,
Dokken, T., Duprat, J., Elderfield, H., Eynaud, F., Gersonde, R., Hayes, A., Henry, M., Hillaire-Marcel, C., Huang, C.-
C., Jansen, E., Juggins, S., Kallel, N., Kiefer, T., Kienast, M., Labeyrie, L., Leclaire, H., Londeix, L., Mangin, S.,
Matthiessen, J., Marret, F., Meland, M., Morey, A. E., Mulitza, S., Pflaumann, U., Pisias, N. G., Radi, T., Rochon, A.,
Rohling, E. J., Sbaffi, L., Schéfer-Neth, C., Solignac, S., Spero, H., Tachikawa, K., and Turon, J.-L.: Constraints on the
695 magnitude and patterns of ocean cooling at the Last Glacial Maximum, Nat. Geosci., 2, 127-132,
doi:10.1038/ngeo411, 2009.
Wang, T., Liu, Y., and Huang, W.: Last glacial maximum sea surface temperatures: A model-data comparison, Atmos.
Oceanic Sci. Lett., 6, 233—239, doi: 10.3878/j.issn.1674-2834.13.0019, 2013.
Weber, S. L., Drijfhout, S. S., Abe-Ouchi, A., Crucifix, M., Eby, M., Ganopolski, A., Murakami, S., Otto-Bliesner, B., and
700 Peltier, W. R.: The modern and glacial overturning circulation in the Atlantic ocean in PMIP coupled model
simulations, Clim. Past, 3, 51-64, 2007.
Wei, W., Lohmann, G., and Dima, M.: Distinct modes of internal variability in the global meridional overturning circulation
associated with the Southern Hemisphere westerly winds, J. Phys. Oceanogr., 42, 785-801, doi:10.1175/JPO-D-11-
038.1, 2012.
705  Wermner, M., Haese, B., Xu, X., Zhang, X., Butzin, M., and Lohmann, G.: Glacial-interglacial changes in H,'®*0O, HDO and
deuterium excess—results from the fully coupled ECHAMS/MPI-OM Earth system model, Geosci. Model Dev., 9(2),
647-670, 2016.
Zhang, X., Lohmann, G., Knorr, G., and Purcell, C.: Abrupt glacial climate shifts controlled by ice sheet changes, Nature,
512(7514), 290-294. doi:10.1038/nature13592, 2014.
710  Zhang, X., Lohmann, G., Knorr, G. and Xu, X.: Different ocean states and transient characteris-tics in Last Glacial
Maximum simulations and implications for deglaciation, Clim. Past 9, 2319-2333, 2013.

12



Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9
Manuscript under review for journal Clim. Past
Discussion started: 6 March 2018

(© Author(s) 2018. CC BY 4.0 License.

BY

715

720

725

730

735

Figures

Climate
of the Past

Discussions

$$920y uadQ

13

EGU



Clim. Past Discuss., https://doi.org/10.5194/cp-2018-9 Climate ¢
Manuscript under review for journal Clim. Past of the Past >
Discussion started: 6 March 2018 _— 2

Discussions

(© Author(s) 2018. CC BY 4.0 License.

740

745

750

-10 8 6 -4 -2 -1 -0505 1 2 -0 8 6 -4 -2 -1 -0505 1 2

R=0.10 R=0.16
Figure 1: Global SST anomalies of the annual mean from six different LIS experiments output compared with MARGO
data-set. Background color fill: simulated global pattern of annual mean sea surface temperature changes between the LGM

and PI climate. The colors fill of the circles show the temperature anomalies as recorded by different proxy records,

respectively.
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Figure 3: Global SST anomalies of the annual mean LGM LIS experiment output, and temperature trends based on
planktonic foraminifera, Mg/Ca, dinocyst, alkenones (U*s;), diatoms and radiolarian reconstructions of MARGO project.
Background color fill: simulated annual mean SST changes between the Tarasov_LIS and PI. The circles localize the three

different proxy records, respectively.
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LGMctl vs UK37 Best Fit Season LGMctl vs UK37 Seasonal Best Fit SST
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Figure 4: (a) The circles localize the foraminifera, MgCa, dinoflagellates and U*3; records and the colors fill of the circles
represent the seasonal/annual mean in which the reconstruction agrees best with model. (b) Background color fill: simulated
global pattern of annual mean sea surface temperature changes between the LGM and PI climate. Colors fill of the circles
show the tempera- ture trend recorded by corresponding seasonal/annual mean shown in (a) at the sample locations.
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Figure 5: (a) The circles localize the foraminifera, MgCa, dinoflagellates and U*3; records and the colors fill of the circles

represent the different depth (m) mean in which the reconstruction agrees best with model. (b) Background color fill:

simulated global pattern of annual mean sea surface temperature changes between the LGM and PI climate. Colors fill of the

765  circles show the temperature change recorded by corresponding depth mean shown in (a) at the sample locations.

Foraminifera)

Figure 6: The colors fill of the circles represent the seasonal/annual mean in which the reconstruction of foraminifera,

MgCa, dinoflagellates and U*;; records agree best with ensemble median of all PMIP3 models.
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Figure 7: The colors fill of the circles represent the different depth (m) mean in which the reconstruction of foraminifera,
MgCa, dinoflagellates and U*s; records agree best with ensemble median of all PMIP3 models.
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Table 1: Correlation and RMSE between COSMOS LIS models annual mean SST and MARGO project dataset and
MARGO proxies annual mean SST

MARGO Foraminifera MgCa Dinoflagellates Uy,
R, RMSE
LGMctl 0.14, 3.16 0.43, 2.68 0.51, 5.93 -0.23, 6.43 -0.04, 3.42
Gowan 0.10, 3.10 0.44, 2.54 0.64, 5.92 -0.26, 6.64 -0.09, 3.48
Ice6g 0.15, 3.54 0.47, 2.59 0.61, 5.91 -0.24, 6.61 -0.15, 3.54
Lambeck 0.15, 3.08 0.44, 2.61 0.57,5.93 -0.17, 6.36 -0.05, 3.36
Licc 0.10, 3.12 0.45, 2.53 0.72, 5.89 -0.22,6.72 -0.15, 3.68
Tarasov 0.16, 3.15 0.48, 0.68, -0.22, -0.17,
Median_LIS 0.15, 3.08 0.48, 2.58 0.62, 5.90 -0.23, 6.69 -0.12, 3.57

Table 2: Correlation and RMSE between best-fit season of COSMOS LIS SST and proxies annual mean SST

Foraminifera MgCa Dinoflagellates Uk,
R, RMSE
LGMctl 0.54, 2.52 0.59, 5.85 0.01, 4.88 0.19, 3.28
Gowan 0.59, 2.18 0.73, 5.68 -0.01, 5.74 0.19, 3.18
Ice6g 0.59, 2.24 0.67, 5.67 0.00, 5.72 0.14, 3.26
Lambeck 0.57,2.15 0.63, 5.66 0.09, 5.81 0.21, 3.27
Licc 0.60, 2.26 0.75, 5.70 0.01, 5.50 0.15, 3.12
Tarasov 0.60, 2.22 0.67, 5.67 0.01, 5.78 0.13, 3.29
Median_LIS 0.59, 2.22 0.67, 5.67 0.02,5.74 0.16, 3.25

775

Table 3: Correlation and RMSE between best-fit depth of COSMOS LIS SST and proxies annual mean SST

Foraminifera MgCa Dinoflagellates Uy,
R, RMSE
LGMctl 0.62, 2.10 0.65, 5.72 0.16, 4.57 0.36, 2.90
Gowan 0.65, 2.06 0.75,5.71 0.39, 4.15 0.38, 2.85
Ice6g 0.64, 2.06 0.72, 5.69 0.11, 4.70 0.27, 3.03
Lambeck 0.65, 2.05 0.72,5.71 0.08, 4.74 0.31, 2.95
Licc 0.66, 2.04 0.78,, 5.69 0.37,4.24 0.33,2.92
Tarasov 0.65, 2.05 0.71, 5.84 0.08, 4.78 0.28, 3.02
Median_LIS 0.65, 2.05 0.72,5.70 0.15, 4.63 0.31, 2.95
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