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Abstract.  The exceptionally long interglacial warm period known as Marine Isotope 1 

Stage 11 (MIS-11; 428-397 ky ago) is often considered as a potential analogue for 2 

future climate development in the absence of human influence. We use a new high-3 

resolution sea-level record – a globally integrated ice-volume signal – to compare 4 

MIS-11 and the current interglacial (Holocene). It is found that sea-level rise into both 5 

interglacials started over similar timescales relative to the respective insolation 6 

increases, and progressed up to –50 m at similar rates of 1.0-1.2 m per century. 7 

Subsequent weak insolation changes anomalously prolonged the MIS-11 deglaciation 8 

over more than 20 ky. The main sea-level highstand was achieved at the second MIS-9 

11 insolation maximum, with a timing closely equivalent to that of the Holocene 10 

highstand compared to its single insolation maximum. Consequently, while MIS-11 11 

was an exceptionally long period of interglacial warmth, its ice-volume minimum/sea-12 

level highstand lasted less than 10 ky, which is similar to the duration of other major 13 

interglacials. Comparison of the ends of MIS-11 and the Holocene based on timings 14 

relative to their respective maxima in mean 21 June insolation at 65°N suggests that 15 

the end of Holocene conditions might have been expected 2.0-2.5 ky ago. Instead, 16 

interglacial conditions have continued, with CO2, temperature, and sea level 17 

remaining high or increasing. This apparent discrepancy highlights the need to 18 

consider that: (a) comparisons may need to focus on other orbital control indices, in 19 

which case the discrepancy can vanish; and/or (b) the feedback mechanisms that 20 

dominate the planetary energy balance may have become decoupled from insolation 21 

during the past 2 millennia.  22 
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 23 

Introduction 24 

MIS-11 is often considered as a potential analogue for future climate development 25 

because of relatively similar orbital climate forcing (e.g., Droxler and Farrell, 2000; 26 

Loutre and Berger, 2000, 2003; McManus et al., 2003; Masson-Delmotte et al., 2006; 27 

Dickson et al., 2009). However, there is an obvious difference in that the current 28 

interglacial (Holocene) spans a single insolation maximum (summer, 65°N), while 29 

MIS-11 spanned two (weak) astronomical precession-driven insolation maxima 30 

separated by a minor minimum (due to coincidence of a minimum in 400-ky orbital 31 

eccentricity with a maximum in the Earth’s axial tilt (Laskar et al., 2004)). Important 32 

evidence for the anomalously long duration of MIS-11 across two successive 33 

insolation maxima comes from atmospheric CH4, CO2 and temperature records from 34 

Antarctic ice cores, whereas all ‘typical’ interglacials since that time terminated after 35 

one insolation maximum (EPICA Community Members, 2004; Siegenthaler et al., 36 

2005; Jouzel et al., 2007; Loulergue et al., 2008). Antarctic temperature and CO2 did 37 

not evidently respond to the weak insolation minimum within MIS-11, but other data 38 

suggest a brief (and commonly mild) relapse to more glacial-style conditions 39 

(Loulergue et al., 2008; Dickson et al., 2009). A long period of interglacial warmth 40 

(with a brief relapse within MIS-11) is also evident from high-resolution temperate 41 

pollen records (Tzedakis, 2009). 42 

 43 

Until recently, understanding ice-volume history through MIS-11 has been impaired 44 

by a lack of continuous and highly resolved time-series of sea-level change. For many 45 

years, deep-sea benthic foraminiferal stable oxygen isotopes (δ18O) provided the best 46 

continuous records, but they suffer from large potential complications associated with 47 
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unconstrained deep-sea temperature changes. Qualitatively, these records suggest that 48 

the MIS-11 sea-level highstand occurred during the second (larger) MIS-11 insolation 49 

maximum, with a similar magnitude as the current interglacial (Holocene) highstand 50 

(McManus et al., 1999, 2003; Lisiecki and Raymo, 2005). For the first time, we here 51 

use a recently published, independent, continuous, and highly resolved relative sea-52 

level (RSL) record through MIS-11 and the Holocene from the Red Sea method 53 

(Rohling et al., 2009).  54 

 55 

Material and Methods 56 

The Red Sea method exploits changes in the residence-time of water in the highly 57 

evaporative Red Sea that result from sea-level imposed changes in the dimensions of 58 

the very shallow (137 m) Strait of Bab-el-Mandab, which is the only natural 59 

connection between the Red Sea and the open ocean (Winter et al., 1983; Locke and 60 

Thunell, 1988; Thunell et al., 1988; Rohling, 1994; Rohling et al., 1998; Siddall et al., 61 

2002, 2003, 2004). The concentration effect causes high salinities and heavy δ18O in 62 

the Red Sea with falling sea level, and is constrained as a function of sea level by 63 

hydraulic control calculations for the Strait (Rohling et al., 1998; Siddall et al., 2002, 64 

2003, 2004). The sensitivity of δ18O to sea-level change is then applied to translate 65 

planktonic foraminiferal δ18O records from central Red Sea sediment cores into 66 

records of relative sea-level change. The theoretical confidence limit of ±6 m (1σ) 67 

(Siddall et al., 2003, 2004) is confirmed by practical reproducibility margins of ±6.5 68 

m (1σ) (Rohling et al., 2009). Results from the Siddall et al. (2003, 2004) calculations 69 

were corroborated using an independent (numerical) quantification approach (Biton et 70 

al., 2008), as well as by empirical scaling of independent Red Sea records to coral-71 

reef sea-level data (Arz et al., 2007). 72 
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 73 

Response times of δ18O in the Red Sea surface-water system to sea-level change are 74 

less than a century (Siddall et al., 2004; Biton et al., 2008; Rohling et al., 2008a). The 75 

method produces excellent within-basin reproducibility based on analyses by different 76 

teams in different labs, using different cores and different materials (Siddall et al., 77 

2003, 2008; Arz et al., 2007; Rohling et al., 2008a, 2009). The various quantification 78 

methods include isostatic components (Siddall et al., 2004; Biton et al., 2008; see also 79 

Rohling et al., 2008b), and tectonic influences were empirically constrained (Rohling 80 

et al., 1998; Siddall et al., 2003, 2004). Agreement with coral/speleothem markers 81 

from around the world demonstrates that Red-Sea-based records closely reflect global 82 

sea-level change (Siddall et al., 2003, 2004, 2006, 2008; Rohling et al., 2008a, 2009; 83 

Dutton et al., 2008; Thomas et al., 2009). 84 

 85 

The record used here is the latest composite sea-level record from the Red Sea method 86 

(Rohling et al., 2009). It combines data for different carbonate phases (foraminiferal 87 

carbonate and bulk sediment) from three central Red Sea cores, namely KL11, MD92-88 

1017, and KL09. Core KL11 spans the interval 0-360 ka, MD92-1017 the interval 0-89 

470 ka, and KL09 the interval 0-520 ka. Reproducibility of the sea-level signals 90 

between the various datasets is ±6.5 m (1σ) throughout the record, and the overall 91 

mean temporal resolution of the composite is ~250 years. 92 

 93 

Rohling et al. (2009) constrained the chronology of the sea-level record by graphic 94 

correlation to the EPICA Dome C ice-core Antarctic Temperature anomaly record of 95 

Jouzel et al. (2007), using the EDC3 time scale (Parrenin et al., 2007). Parrenin et al. 96 

(2007) noted that the EDC3 chronology seems to be systematically offset from the 97 



 5 

stacked global deep-sea benthic oxygen isotope record of Lisiecki and Raymo (2005), 98 

which contains a considerable ice-volume component. Rohling et al. (2009) supported 99 

this observation, noting that straightforward use of the EDC3 chronology for sea level 100 

would imply a systematic offset from radiometric U-Th ages of coral and speleothem 101 

sea-level benchmarks. The offset was ascribed to a lagged response of ice volume/sea 102 

level to temperature change, resulting from inertia in the ice response that makes it 103 

react to heating/cooling over a longer, integrated millennial-scale period rather than to 104 

instantaneous temperature. 105 

 106 

To convert the sea-level record to a U-Th equivalent chronology, we shift it to 107 

systematically 4 ky younger values, based on the offset between the EDC3 age and 108 

the radiometric age from fossil corals for the mid-point of the last deglaciation. Only 109 

in the Holocene do we deviate from this simple –4 ky shift; there, the chronology of 110 

the sea-level record is linearly scaled from ‘EDC3–4ky’ at the end of the last 111 

deglaciation, to 0 ka at the top. The resultant sea-level chronology is within 500 yr of 112 

radiocarbon constraints in the Holocene (Siddall et al., 2003), and within 1.5% of U-113 

Th datings as previously compiled for all major interglacials of the past 500 kyr 114 

(Siddall et al., 2006, 2009; Rohling et al. 2009) (Table 1, Fig. 1). The adjustment also 115 

brings the sea-level chronology into close agreement with that of the Lisiecki and 116 

Raymo (2005) benthic oxygen isotope record. There are two major advantages to our 117 

‘anchoring’ (on orbital scales) of the sea-level chronology to radiometrically dated 118 

sea-level benchmarks. First, it allows reliable plotting of sea level alongside records 119 

of the various orbital insolation solutions. Second, it makes the sea-level chronology 120 

independent of adjustments/ uncertainty in the ice-core chronologies. 121 

 122 
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We show the ice-core data using the EDC3 chronology (Parrenin et al., 2007). For 123 

glacial terminations 2 (T2), T3, and T4, Kawamura et al (2007) reconstructed ages for 124 

Dome Fuji that are older, namely about EDC3+2kyr, EDC3+1kyr, and EDC3+3kyr, 125 

respectively. Given that no Dome Fuji ages have (yet) been published for T5, we 126 

tentatively use the T4 result of Kawamura et al. (2007) to infer a +3 kyr age 127 

uncertainty for T5 in our plots of the Antarctic ice-core data. As stated above, the U-128 

Th anchored sea-level chronology is not affected by that uncertainty. 129 

 130 

We also present planktonic foraminiferal data for the Holocene and MIS-11 from the 131 

same samples as the sea-level data (Fig. 2). This gives us local central Red Sea 132 

control on peak interglacial intervals. If the Holocene and MIS-11 are properly 133 

‘aligned’ using the sea-level signal, then peak interglacial conditions in the same 134 

samples as indicated by the faunas should also be reasonably well aligned; in other 135 

words, the faunas provide an internal validation criterion for any ‘alignment’. We do 136 

not use the faunas to compare with peak interglacial conditions from other data in 137 

other records because that would require assumptions about extra-regional 138 

synchroneity and comparability between different types of proxy data, which we 139 

explicitly wish to avoid. Finally, we present magnetic susceptibility data – also from 140 

the same samples as the sea-level reconstruction – which in the Red Sea record has 141 

been found to reflect wind-blown dust (hematite) input, and which was found to be 142 

systematically high during glacials and low during interglacials, probably due to a 143 

combination of source availability (soil moisture?) and wind strength/direction 144 

(Rohling et al., 2008b). 145 

 146 

Comparison between MIS-11 and the Holocene 147 



 7 

The sea-level record of Rohling et al. (2009) represents a continuous time-series that 148 

is based on a uniform technique applied to multiple sedimentary archives that include 149 

both MIS-11 and the Holocene. It places the MIS-11 highstand at a similar (within 150 

uncertainty) level as the Holocene highstand. This contradicts other, time-slice 151 

specific suggestions of potentially high MIS-11 sea levels (e.g., Droxler and Farrell, 152 

2000; Hearty and Olsen, 2007; and references therein), but confirms temporally 153 

continuous global deep-sea benthic δ18O records (McManus et al., 1999, 2003; 154 

Lisiecki and Raymo, 2005; Dickson et al., 2009). If any rapid fluctuations to +10 or 155 

even +20 m had occurred within MIS-11, then these would at ‘typical’ fast 156 

interglacial rates of rise of up to 2 m/century and lowering of ~1 m/century (Rohling 157 

et al., 2008a) have spanned 1500 to 3000 years, which would not go undetected in the 158 

Red Sea record. Given that there is no indication of this, the Red Sea record strongly 159 

supports the MIS-11 sea-level review of Bowen (2009), which also places MIS-11 sea 160 

level within uncertainties at the present-day level. 161 

 162 

Our record of sea-level changes is a globally integrated signal of ice-volume change 163 

that avoids potential bias associated with region-specific climate records, and its 164 

chronology is ‘anchored’ to radiometric ages of sea-level benchmarks for all major 165 

interglacials considered (Table 1, Fig. 1). It therefore offers strong validation 166 

regarding the temporal (insolation-based) ‘alignment’ for comparison between the 167 

onset of the last deglaciation (Termination 1, T1) and that into MIS-11 (T5), as shown 168 

in Fig. 3. This alignment is similar to that suggested previously (EPICA Community 169 

Members, 2004; Broecker and Stocker, 2006), and it closely aligns the glacial 170 

maxima before T1 and T5. Our records reveal that the MIS-11 highstand was 171 

achieved only in association with the second MIS-11 insolation peak (Fig. 3d). The 172 
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initial phases of deglaciation (up to –50 m) for T5 and T1 not only had similar timings 173 

relative to the preceding insolation minima, but they also had similar mean rates of 174 

change, with a 50-60 m rise in 5 kyr, or 1.0-1.2 m per century (Fig. 3d). During T5, 175 

however, sea level then remained at around –50 m for almost 4 kyr as insolation 176 

decreased from the first (minor) MIS-11 maximum. This was followed by a slow 177 

(~0.3 m per century) sea-level rise over 16 kyr up to the MIS-11 highstand (Fig. 3d). 178 

 179 

Our observation that the Holocene interglacial ice-volume minimum is best compared 180 

with the latter phase of MIS-11 is supported by Holocene(-like) planktonic 181 

foraminiferal assemblages – dominated by Globigerinoides sacculifer and 182 

Globigerinoides ruber (with Globigerinita glutinata) – in the same samples as the 183 

highstand phase (Figs. 2, 3d). Also in the same sample series, the interglacial wind-184 

blown dust minimum occurs at around the highstand period, following decreasing 185 

values through the first insolation maximum and a brief peak that predates the 186 

highstand phase (Fig. 3c). 187 

 188 

To facilitate comparison of ice-volume signals through the highstands, we align our 189 

records using the second (larger) insolation maximum of MIS-11 and the single 190 

Holocene insolation maximum (Fig. 4). This alignment is similar to that advocated 191 

previously by Loutre and Berger (2000, 2003), Crucifix and Berger (2006), and 192 

Ruddiman (2005, 2006). With this alignment, Holocene(-like) foraminiferal faunas  193 

were clearly established in the Red Sea with similar timings in both interglacials, 194 

when RSL rose above about –25 m. This alignment also reveals that the two 195 

highstands are similar within the intervals between 2 and 8.5 kyr after the insolation 196 

maxima (Fig. 4c,d). Glaciation (sea-level fall) commenced ~8.5 kyr after the MIS-11 197 



 9 

insolation maximum, and Holocene-like fauna disappeared in MIS-11 when RSL 198 

dropped back below about –25 m at around 395 ka (Figs. 2, 4c,d). In the faunal data, 199 

peak interglacial conditions start at the same time, but last longer than in the 200 

windblown dust record; the dust record suggests that peak interglacial conditions (i.e., 201 

the dust minimum) had already ended at around 400 ka (Fig. 3c). Despite reasonably 202 

similar insolation histories, no glacial inception is apparent since the Holocene 203 

insolation maximum; sea level remains high (Fig. 4d). The CO2 and ΔTaa records also 204 

declined following a ~9-kyr high after the final MIS-11 insolation maximum. In 205 

contrast, they stayed high (ΔTaa) or even rose (CO2) during the last 2 to 2.5 kyr of the 206 

Holocene (i.e., more than 9 kyr since the Holocene insolation maximum) (Fig. 4a,b). 207 

Note that use of a +3 kyr age correction to the EDC3 chronology of the ice-core ΔTaa 208 

and CO2 records for T5 (based on the age shift for T4; Kawamura et al., 2007) would 209 

only accentuate the discrepancy between dropping MIS-11 values and rising/stable 210 

Holocene values (Figs. 3-6). 211 

 212 

The double insolation peak clearly makes MIS-11 different from ‘normal’ one-213 

maximum interglacials. Deglaciation started with a similar timing relative to orbital 214 

insolation for both MIS-11 and the Holocene. However, subsequent weak insolation 215 

changes prolonged the MIS-11 deglaciation over an anomalously long period of time. 216 

First, a weak insolation minimum stabilized ice-volume. Then, slow (0.3 m per 217 

century sea-level equivalent) ice-volume reduction led to the final MIS-11 sea-level 218 

highstand, associated with the second insolation maximum. We find that, although 219 

MIS-11 marks an extended (25-30 kyr) period of warmth, the first 15-20 kyr of MIS-220 

11 occurred as part of an extended deglaciation, while the actual interglacial ice-221 
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volume minimum/sea-level highstand lasted less than 10 kyr, which is similar to that 222 

of other major interglacials in the past half million years. 223 

 224 

Discussion and Conclusions 225 

We demonstrate that the Holocene sea-level history is best compared with the 226 

inception of MIS-11 and then with the highstand over the first 8.5 kyr after the second 227 

MIS-11 insolation maximum. Differences between the climatic developments through 228 

MIS-11 and the Holocene might be ascribed to a ‘memory’ in the climate system 229 

(especially the ice sheets) that causes different time-integrated responses through the 230 

double insolation peak of MIS-11 relative to the single insolation peak of the 231 

Holocene. From that point of view, the search for a direct analogue of the Holocene 232 

should be diverted to low-eccentricity interglacials associated with a single insolation 233 

maximum. This draws attention to MIS-19 (~780 ka), for which greenhouse gas 234 

concentrations can still be derived from Antarctic ice cores (Loulergue et al., 2008), 235 

although sea-level data similar to that used here for MIS-11 and the Holocene would 236 

require new, deep (Integrated Ocean Drilling Project) drilling in the central Red Sea. 237 

Recent comparisons of CO2 and CH4 trends through MIS-19 with those of the 238 

Holocene, in the absence of sea-level constraints, have been used to suggest that the 239 

Holocene should have terminated already (Kutzbach et al., 2009), although opinions 240 

remain divided (Tzedakis, 2009). 241 

 242 

Regardless of whether developments toward the MIS-11 highstand can be used as an 243 

analogue for the Holocene or for future climate developments, the highstand and the 244 

insolation decrease marking its end are similar to those for the Holocene (Fig. 4c,d). 245 

Despite this similarity, and although the ice-sheets during MIS-11 were exposed for 246 
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much longer to generally increased insolation, our comparison in Fig. 4 suggests that 247 

the MIS-11 sea-level highstand ended 2.0-2.5 kyr sooner than the Holocene highstand 248 

(relative to the respective maxima of mean insolation for 21 June at 65°N). 249 

 250 

On the one hand, the apparent 2.0-2.5 kyr discrepancy may suggest that – instead of 251 

mean insolation for 21 June at 65°N (Laskar et al., 2004) (Figs. 3c, 4c) – other orbital 252 

controls should be considered (e.g., Huybers, 2006). The same alignments from Figs. 253 

3 and 4 are shown in Figs. 5 and 6, but based on the record of integrated summer 254 

energy at 65°N for months with insolation above a threshold of 325 W m-2 (i.e., 255 

temperature above ~0°C), which is a leading alternative hypothesis for explaining the 256 

timing of Pleistocene glacial cycles, with a stronger obliquity influence (Huybers, 257 

2006). The alignment based on this record (hereafter referred to as Huy325) for the 258 

onset of deglaciation (Fig. 5) is closely similar to that shown in Fig. 3. In contrast to 259 

Fig. 4, however, the alignment using Huy325 in Fig. 6 suggests that the Holocene sea-260 

level highstand has not ‘outlived’ the MIS-11 highstand, and that modern sea level 261 

instead may remain high for another 2 kyr. Use of yet another orbital control index, 262 

namely the Milankovitch (1941) caloric summer half-year index (which also has 263 

added weight for obliquity relative to the June 21, 65°N insolation record) still places 264 

the best MIS-11 insolation analogue to the present near the precession-dominated 265 

insolation minimum of ~398 ka (Ruddiman, 2007) (as in Fig. 4). Clearly, questions 266 

remain as to the nature of the most applicable index for orbital insolation control. 267 

More profoundly, we question whether it is correct to expect that one specific index 268 

for orbital control would apply equally to deglaciation and glacial inception. Perhaps, 269 

for example, deglaciation is controlled by integrated summer energy, and glacial 270 

inception by instantaneous insolation values? 271 



 12 

 272 

Finally, the alignment shown in Fig. 4 (which is similar to that of Ruddiman, 2005, 273 

2007) exemplifies a completely different, more controversial (Spanhi et al., 2005; 274 

Siegenthaler et al., 2005), possibility. It has been argued that variability in the 275 

planetary energy balance during Pleistocene glacial cycles was dominated by 276 

greenhouse gas and albedo related feedback mechanisms, and that the role of 277 

insolation was limited to only triggering the feedback responses (Hansen et al., 2008). 278 

Hence, the apparently anomalous climate trends of the most recent 2.0-2.5 millennia 279 

should also be investigated in terms of changes in these feedback responses due to 280 

processes other than insolation, including controversial suggestions concerning man’s 281 

long-term impacts from deforestation and CH4 and CO2 emissions (Ruddiman, 2003, 282 

2005, 2006, 2007; Hansen et al., 2008). There is support from modelling studies that 283 

the relatively minor early anthropogenic influences may have been sufficient to delay 284 

glacial inception (Vavrus et al., 2008; Kutzbach et al., 2009).  285 

 286 

Targeted new research is needed – both into alternative orbital controls, and into the 287 

potentially long history of anthropogenic impacts on the main climate feedback 288 

parameters – before conclusive statements can be made about current climate 289 

developments based on the end of MIS-11. 290 
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Figure Captions 
 291 

Figure 1. Comparison of the chronology of the continuous sea level record (Rohling 292 

et al., 2009) after adjustment as described in Material and Methods. Data are as listed 293 

in Table 1. One scenario (black) uses narrowly-defined U-Th age ranges (Siddall et 294 

al., 2009) compared with intervals where the continuous sea-level record (Rohling et 295 

al., 2009) exceeds –10 m excluding early and late individual spikes. A second 296 

scenario (blue) uses broadly defined U-Th age ranges (Siddall et al., 2006; Rohling et 297 

al., 2009) compared with intervals where the continuous sea-level record (Rohling et 298 

al., 2009) exceeds –10 m including early and late individual spikes. Black and blue 299 

lines are linear regressions through the two scenarios; both have r2 > 0.998, and a 300 

slope of 1.0 (within a margin of 0.004). The mid-point age difference is typically 301 

within ±1.5% (Table 1), and both linear regressions are indistinct from the equal-age 302 

isoline (red, dashed). 303 

 304 

Figure 2. Comparison of planktonic foraminiferal assemblages between the Holocene 305 

and MIS-11 with the Red Sea relative sea-level (RSL) record (Rohling et al., 2009). a. 306 

Relative abundances of the three dominant planktonic foraminiferal species 307 

throughout the Holocene in cores GeoTü KL11 (Schmelzer 1998) and GeoTü KL09 308 

(Siccha et al., 2009), which highlights development of the modern-type fauna at ~10.5 309 

ka when sea level stood at ~25 m below the present day (the shaded area indicates 310 

glacial-type fauna in KL11 and and interval of indurated sediment section, which is 311 

typical for glacial conditions in the Red Sea, in KL09); triangles indicate the positions 312 

of calibrated AMS 14C ages on which the age model for the Holocene in both cores is 313 

based (Schmelzer, 1998; Siccha et al., 2009). b. Abundances of the same species as in 314 

(a) across the MIS-11 sea level highstand from GeoTü KL09 together with their 315 



 18 

calculated maximum dissimilarity to the Holocene faunas from the same core. The 316 

faunal counts for MIS-11 were produced using the same methods as in Siccha et al. 317 

(2009). Glacial-like faunas before and after the MIS11 sea-level highstand are 318 

highlighted in yellow. Comparison with the RSL record indicates that Holocene-like 319 

faunas existed during MIS-11 when sea level stood higher than roughly –25 m.  320 

 321 

Figure 3. Comparison of signals through MIS-11 (red) and the Holocene (black), as 322 

aligned (vertical dashed line) using the insolation minimum before the deglaciation.  323 

a. Antarctic ice-core temperature anomaly relative to the mean of the last 1000 years 324 

(ΔTaa) (Jouzel et al., 2007). b. Antarctic ice-core CO2 concentrations (Siegenthaler et 325 

al., 2005). The blue line – which is virtually vertical on these timescales – represents 326 

the anthropogenic CO2 increase over the last century to about 390 ppmv today. c. 327 

Mean insolation for 21 June at 65°N (Laskar et al., 2004), along with a (purple) 328 

magnetic susceptibility based record of wind-blown dust concentration in the central 329 

Red Sea (Rohling et al., 2008b). d. Relative sea level (RSL) record for MIS-11 (red, 330 

and long-term average in pink) and the Holocene (black, long-term average in grey, 331 

and coral-based values in blue diamonds) (Rohling et al., 2009). Heavy green (MIS-332 

11) and blue (Holocene) lines are records for the same intervals from the global 333 

benthic δ18O stacked record (Lisiecki and Raymo, 2005). Thick horizonal bars 334 

indicate intervals with Holocene(-like) planktonic foraminiferal fauna in MIS-11 335 

(pink) and the Holocene (grey) in the central Red Sea (see Fig. 2).  The ΔTaa and CO2 336 

records are presented using the EPICA Dome C 3 (EDC3) timescale (Parrenin et al., 337 

2007), and a +3 kyr age uncertainty is indicated for the T5 data, based on the result 338 

for T4 from Kawamura et al. (2007). All corals are plotted using their original U-Th 339 

ages. Red Sea data are shown on the chronology discussed in this paper. 340 
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  341 

Figure 4. Same as Fig. 3, but now aligned (vertical dashed line) using the peak 342 

insolation maximum.  a. Antarctic ice-core temperature anomaly relative to the mean 343 

of the last 1000 years (ΔTaa) (Jouzel et al., 2007). b. Antarctic ice-core CO2 344 

concentrations (Siegenthaler et al., 2005). c. Mean insolation for 21 June at 65°N 345 

(Laskar et al., 2004). d. Relative sea level (RSL) record for MIS-11 (red, and long-346 

term average in pink) and the Holocene (black, long-term average in grey, and coral-347 

based values in blue diamonds) (Rohling et al., 2009). Thick horizonal bars indicate 348 

intervals with Holocene(-like) planktonic foraminiferal fauna in MIS-11 (pink) and 349 

the Holocene (grey) in the central Red Sea. Chronologies are as in Fig.1. 350 

 351 

Figure 5. The same plotted parameters as in Fig.3, but using the integrated summer 352 

energy at 65°N for days with insolation above a threshold of 325 Wm-2 (Huy325; 353 

Huybers, 2006) as shown in (d) to portray an alternative insolation alignment (see 354 

Discussion and Conclusions). Panels a-c are as in Fig. 3a-c. New panel d is 355 

theHuy325 record. Panel e is as in Fig. 3d. 356 

 357 

Figure 6. The same plotted parameters as in Fig.4, but using the Huy325 record (d) to 358 

portray an alternative insolation alignment (see Discussion and Conclusions). Panels 359 

a-c are as in Fig. 4a-c. Panel d is the Huy325 record. Panel e is as in Fig. 4d. 360 
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Table 1. U/Th based ages of coral and speleothem samples of past interglacials. 

 
Coral & Speleothem data 
 

Continuous sea-level record after age 
adjustment  

Marine 
Isotope 
Stage 

Narrowly 
defined Age 

(y)  

Narrowly 
defined 

uncertainty 
range (y)  

Broadly 
defined Age 

(y) 

Broadly 
defined 

uncertainty 
range (y) 

Age 
(y) 

Narrowly 
defined 

uncertainty 
range (y) 

Broadly defined 
uncertainty range 
(incl. early & late 

spikes; y) 

        

1 3500 ±3500 3500 ±3500 3550 ±3550 -4350 / +4350 

5e 120000 ±4000 124500 ±7500 123250 ±4550 -6750 / +5550 

7a 197000 ±3000 195500 ±7500 196600 ±2000 -2000 / +2000 

7e 237000 ±1000 239400 ±11400 237300 ±600 -600 / +600 

9c 321000 ±8000 321000 ±8000 325950 ±1450 -1450 / +1450 

11 404000 ±6000 404000 ±6000 402050 ±2700 -2700 / +4650 

13 480000 ±7000 480000 ±7000 484300 ±700 -700 / +700 

The ‘narrow’ definition is as compiled in Siddall et al. (2009). The ‘broad’ definition 
is as compiled in Siddall et al. (2006) and Rohling et al. (2009). These values are 
compared with sea-level data used here after the chronological adjustment discussed 
in Material and Methods. Interglacials in the continuous record of Rohling et al. 
(2009) are measured on the basis of upcrossings through –10 m. 
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