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Abstract :   
 
This chapter summarises the environmental changes that accompanied the rapid growth of the Northern 
Hemisphere ice sheets c. 35–30 cal ka BP and their maximum extent c. 29–19 cal ka BP, with a special 
focus on the European continent and its surrounding margins. 
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The Last Glacial Maximum (LGM) is the end stage of the last ice age that began about 116,000 

years ago with the beginning of ice sheets building up.  This first increase in the size of the ice 

caps corresponds to a decrease in the insolation received at 65°N and a synchronous decrease 

in temperatures in the North (Greenland) and South (Antarctica) Poles. Atmospheric CO2 

concentration decreases only several thousand years after this first decreased in insolation. The 

ice sheets continued to build up slowly over the next tens of thousands of years and the level of 

carbon dioxide also decreased progressively (notably by a greater dissolution of CO2 in the 

ocean). This decrease of CO2 reinforced the cooling initiated by astronomical parameters and 

amplified by the albedo increase as the result of the southern migration of the tundra and the 

growth of the ice sheets, and the associated atmospheric changes increasing the arrival of 

moisture to the northern hemisphere high latitudes (Crucifix and Loutre, 2002; Kageyama et 

al., 2004; Sanchez Goñi et al., 2005).  

The LGM sensu lato occurred between 29,000 and 19,000 years before today (29-19 cal ka 

BP), although its definition is a matter of debate (e.g. Clark et al., 2009; Hughes & Gibbard, 

2015; Mix et al., 2001). It is characterized by a maximum ice extent and hence a minimum sea 

level. LGM sea level is estimated about 120-130 m lower than today (Yokohama et al., 2000; 

Lambeck et al., 2014), thus implying that a significant portion of the continental shelves 

currently below sea level (including the shelf between France and the British Isles as well as 

the North Sea in Europe) were above sea level at the LGM. The level of CO2 was at its lowest 

(185 ppm). The extension of sea ice in the northern hemisphere completely isolated Greenland 

in summer and winter. In the south, the sea ice around Antarctica extended further north than 

50°S in winter, i.e., a northward extension of more than 10° than at present. Overall, the 

atmospheric temperature was about 6°C colder than today (−6.5 to −5.7 °C; Tierney et al., 

2020). However, there are large regional disparities, especially the polar regions, where the 



large ice sheets were located, cooled much more than the lower latitudes. These disparities are 

documented by numerous climate archives and reproduced by climate models. The extension 

of the ice pack towards the lower latitudes, particularly in the North Atlantic and around 

Antarctica, also lead to a decrease in air temperature of nearly 10°C in East Antarctica (Werner 

et al., 2018), more than 11°C in West Antarctica (Cuffey et al., 2016) and more than 20°C in 

the centre of the Greenland ice sheet (Dahl-Jensen et al., 2001; Buizert et al., 2018). The LGM 

is not only affected by colder temperature in the high latitudes but also by significant changes 

in the intensity of precipitation and in the location of monsoon zones (displaced further south 

than present day; Yang et al., 2015; An et al., 2015). Vegetation cover was significantly 

different from that at present (Prentice et al., 2000; Harrison and Bartlein, 2012).  

In southwestern Europe, deep-sea and terrestrial pollen archives show that instead of the 

temperate forests of our interglacial period, Pinus and heathlands-steppes dominate this region 

(Fletcher and Sanchez Goñi, 2008; Naughton et al., 2007; Turon et al., 2003). Climatic 

conditions were colder and drier during the LGM in this region than they are today, explaining 

this glacial vegetation cover, but wetter than during the Heinrich Stadials (HS) bracketing it. 

The Pinus species characteristic of mountain forests, P. nigra and P. sylvestris, dominated 

southwestern Europe, a region characterised by Mediterranean vegetation today (Desprat et al., 

2015). 

Continental ice caps at the LGM essentially covered the northern part of the continents in the 

Northern Hemisphere (Elhers & Gibbard, 2004). Reconstructions of the ice sheet extent, 

topography and altitudes based on data and ice-sheet modeling (Peltier, 1994, 2004; Lambeck 

et al., 2000; Hughes et al., 2016) show that, in addition to the Greenland ice cap, a huge ice 

sheet (i.e. Laurentide Ice Sheet; LIS), with a thickness reaching 4 km in places, covered a large 

part of North America (Dyke et al., 2002). Northern Eurasia was also completely covered by 

the European Ice Sheet Complex (EISC; Hughes et al., 2016; Clark et al., 2012) that attained 



its maximum extent (5.5 Mkm2) and volume (up to 3 km thick; ~24 m Sea Level Equivalent) 

at ~21 cal ka BP (Hughes et al., 2016). The latter was formed by the Fennoscandian and British-

Irish Ice Sheets, and a recent compilation shows that its westernmost limit along the 

northwestern European margin was reached up to 6000-7000 years earlier (at ~27–26 cal ka 

BP) than the eastern limit on the Russian Plain (at ~20–19 cal ka BP) (Hughes et al., 2016; 

Patton et al., 2016). 

Sediments from the northwestern European margin record the growth, as well as the 

fluctuations, of the western EISC. Depositional processes strongly change on the margin, 

especially when ice extended across the continental shelf, as shown along the British–Irish 

(Dunlop et al., 2010; O’Cofaigh et al., 2012) and Norwegian (Mangerud, 2004) shelves. Hence, 

glacial and glacigenic sedimentation dominates north of ~50-55°N at the LGM (Weaver et al., 

2000). The ice built trough-mouth fans (Laberg & Vorren, 1995; King et al., 1998) and left 

iceberg scour marks on the upper slope and shelf (Sacchetti et al., 2012; O’Cofaigh et al., 2012). 

European-sourced dropstones of ice-rafted origin are also widely recognized down to the 

abyssal plain, and their highly variable flux through the LGM emphasize the instability of the 

marine-terminating ice-streams (e.g. Irish Sea Ice Stream; Scourse et al., 2009; Peck et al., 

2007). A major change in the sedimentation on the northwestern European margin also occurred 

when the Fennoscandian and British-Irish ice sheets merged into the North Sea (Sejrup et al., 

2009; Clark et al., 2012), leading to the formation of a huge river system (2.5 x 106 km²; Patton 

et al., 2017), the so-called Fleuve Manche, or Channel River, that drained the western European 

continent and the southern limb of the EISC (Gibbard, 1988; Toucanne et al., 2010). Thus, the 

Channel River routed substantial amounts of meltwater to the North Atlantic from ~35-30 cal 

ka BP to ~17 cal ka BP (Zaragosi et al., 2001; Ménot et al., 2006; Toucanne et al., 2009) and 

inputs of glacigenic sediment off the Channel River mouth increase substantially, as shown by 

the huge increase in turbidite flows in the northern Bay of Biscay 45-48°N (Zaragosi et al., 



2006). On this interval, Channel River sediments reveal that the evolution of western EISC 

margins was accompanied with substantial ice recession in the Baltic region (from Denmark to 

Poland; Toucanne et al., 2015). These events occurred both in the growth of the ice sheet to its 

LGM position (i.e., during HS 3 and HS 2) and during the last deglaciation (i.e. at ~22 cal ka 

BP, ~20-19 cal ka BP and from 18.2 to 16.7 cal ka BP that corresponds to the first part of HS 

1). These meltwater discharges in the North Atlantic region could explain the concomitant 

weakening of Atlantic Meridional Overturning Circulation (AMOC) (e.g. Ivanovic et al., 2018) 

responsible for the marine-based ice stream purge cycle of the LIS, or so-called Heinrich events 

(HE) (Alvarez-Solas et al., 2010; Boswell et al., 2019). LIS-sourced IRD are recognized all 

along the European margin during the last glacial period (Grousset et al., 2000; Scourse et al., 

2000; Peck et al., 2007; Hodell et al., 2017; de Abreu et al., 2003). Their arrival in the northeast 

Atlantic is coeval with a southward shift of the polar front, as far south as the Iberian Peninsula, 

as shown by planktic foraminifera (Eynaud et al., 2009) and alkenone-based sea surface 

temperature reconstructions (Bard et al., 2000; Rodrigues et al., 2017). Such a major cooling of 

the North Atlantic climate occurred for the last time at the end of the LGM, about 18-16 cal ka 

BP (i.e. HS 1 that is the marine equivalent of the Oldest Dryas; Naughton et al., 2007). 

Although the Greenland water isotope records (18O) are often considered as the best key 

archives for deciphering the climate evolution in the North Atlantic region over the last climatic 

cycle, it is worth noting that Greenland 18O does not capture the full climatic variability 

(Buizert et al., 2018). As a prominent example, the Greenland 18O is not able to capture the 

signature of the HE and HS: the HS do not exhibit lower 18O than non-HS (Guillevic et al., 

2014). We can thus wonder if the same is true for the LGM and the early EISC deglaciation 

and if the absence of any strong 18O signal over the period encompassing 27 to 18 cal ka BP 

is the result of a lack of sensibility of the 18O signal. The lack of sensitivity of the 18O record 

to climatic variability during this period could be the result of the extremely large sea ice 



extension around Greenland that would isolate Greenland from receiving moisture/precipitation 

from the North Atlantic. In particular, the Ca2+ concentration is an indicator of source strength 

and transport conditions from terrestrial sources (high latitude Asian desert for Greenland; 

Biscaye et al., 1997). The latter proxy suggests, for example, two massive reorganizations of 

the Northern Hemisphere atmospheric circulation during HS2 (see the d1 and d2 ion peaks in 

Rohling et al., 2003). They coincide (within age uncertainties) to the two-step retreat (by about 

400 km) of the Irish Sea Ice Stream (Smedley et al., 2017; Chiverell et al., 2020), shown by the 

discrete pulses in Irish-sourced IRD recorded on the Porcupine Seabight (Scourse et al., 2000, 

2009).  

As for ice marginal fluctuations, the vegetation record, together with aeolian periglacial 

deposits (i.e. loess; Antoine et al., 2009; Moine et al., 2017), supports the idea of abrupt climate 

changes during the LGM. The vegetation record clearly identifies succession of a steppe-open 

forest landscapes from HS 2 to HS 1. Deep-sea pollen records from the western Iberian margin 

show that HS 2 and HS 1 were composed of two major phases. The beginning of each HS was 

marked on land by an important pine forest reduction and the expansion of heathers 

synchronous with sea-surface temperature cooling suggesting that these first phases were cold 

and wet. Pinus forest expansion characterising the second phase of each HS indicates a less 

cold episode associated, during HS1, with an increase of dryness as suggested by the 

development of semi-desert vegetation (Naughton et al., 2009, 2016). These vegetation changes 

suggest substantial shifts in the atmospheric circulation patterns. During the first phases of HS 

2 and HS 1 the thermal front and polar jet stream was displaced as far south as 37ºN, facilitating 

the transfer of moisture to western Iberia via the westerlies. In contrast, the thermal front and 

polar jet stream was displaced further north of 41ºN during the second phase of HS 2 and HS 1 

preventing the entering of moisture at these latitudes. The northward displacement of the 



thermal front and jet stream during this second phase is also supported by climate simulations 

(Ziemen et al., 2019). 

  

Knowledge of the state of the Earth at the LGM is an important benchmark for understanding 

the sensitivity of global environmental systems to change (Mix et al., 2001). For this reason, 

the LGM is a period widely targeted for simulations since the first earth system modelling (e.g. 

Alyea, 1972; Williams et al., 1974; Kutzbach and Guetter, 1986). The first and second phase of 

Palaeoclimate Modelling Intercomparison Project (PMIP: Braconnot et al., 2007a, b) focused 

on the LGM because a strong effort in paleoclimatic syntheses has been done (e.g. CLIMAP, 

1981; EPILOG, Mix et al., 2001; MARGO Project Members, 2009; Bartlein et al., 2011; 

Schmittner et al., 2011; Braconnot et al., 2012) hence facilitating model evaluations. The LGM 

was hence chosen when paleoclimate experiments were included in the fifth phase of the 

Coupled Modelling Intercomparison Project (CMIP5: Taylor et al., 2012; Braconnot et al., 

2012). As shown above, the LGM period in Europe is complex and continuing to explore this 

complexity is a unique opportunity to test model performance, and hence reduce the uncertainty 

about the magnitude of the ongoing climate changes (Braconnot et al., 2012). 

 

 

 

Figure 26.1- Sequence of LGM and last deglaciation from ice core and marine records. First 

panel: 18O of ice in the NorthGRIP ice core (NGRIP members 2004); second panel: Ca2+ and 

d-excess from the NorthGRIP ice core (Ruth et al., 2007; Landais et al., 2018); 3rd panel: CH4 

from the WAIS-D ice core (Rhodes et al., 2015); 4th panel: Channel River discharge 

reconstructed from flood events per 250 years (blue line; Toucanne et al., 2015) and branched 



and isoprenoid tetraether (BIT) index, a proxy for the relative fluvial input of terrestrial organic 

matter in the marine environment (red line; Ménot et al., 2006). 

 

 

References: 

Alvarez-Solas, J., Charbit, S., Ritz, C., Paillard, D., Ramstein, G., Dumas, C. (2010). Links 

between ocean temperature and iceberg discharge during Heinrich events. Nature Geoscience, 

3(2), 122–126. 

An, Z., Wu, G., Li, J., Sun, Y., Liu, Y., Zhou, W., et al. (2015). Global monsoon dynamics and 

climate change. Annual Review of Earth and Planetary Sciences, 43, 29–77. 

Antoine, P., Rousseau, D.-D., Moine, O., Kunesch, S., Hatté, C., Lang, A., et al. (2009). Rapid 

and cyclic aeolian deposition during the Last Glacial in European loess: a high-resolution record 

from Nussloch, Germany. Quaternary Science Reviews, 28(25–26), 2955–2973. 

Bard, E., Rostek, F., Turon, J.-L., Gendreau, S. (2000). Hydrological impact of Heinrich events 

in the subtropical northeast Atlantic. Science, 289(5483), 1321–1324. 

Bartlein, P. J., Harrison, S. P., Brewer, S., Connor, S., Davis, B. A. S., Gajewski, K., et al. 

(2011). Pollen-based continental climate reconstructions at 6 and 21 ka: a global synthesis. 

Climate Dynamics, 37(3), 775–802. 



Biscaye, P. E., Grousset, F. E., Revel, M., Van der Gaast, S., Zielinski, G. A., Vaars, A., Kukla, 

G. (1997). Asian provenance of glacial dust (stage 2) in the Greenland Ice Sheet Project 2 ice 

core, Summit, Greenland. Journal of Geophysical Research: Oceans, 102(C12), 26765–26781. 

Boswell, S. M., Toucanne, S., Pitel-Roudaut, M., Creyts, T. T., Eynaud, F., Bayon, G. (2019). 

Enhanced surface melting of the Fennoscandian Ice Sheet during periods of North Atlantic 

cooling. Geology, 47(7), 664–668. 

Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Peterchmitt, J.-Y., Abe-Ouchi, 

A., et al. (2007a). Results of PMIP2 coupled simulations of the Mid-Holocene and Last Glacial 

Maximum–Part 1: experiments and large-scale features. Climate of the Past, 3(2), 261–277. 

Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Peterchmitt, J.-Y., Abe-Ouchi, 

A., et al. (2007b). Results of PMIP2 coupled simulations of the Mid-Holocene and Last Glacial 

Maximum–Part 2: feedbacks with emphasis on the location of the ITCZ and mid-and high 

latitudes heat budget. Climate of the Past, 3(2), 279–296. 

Braconnot, Pascale, Harrison, S. P., Kageyama, M., Bartlein, P. J., Masson-Delmotte, V., Abe-

Ouchi, A., et al. (2012). Evaluation of climate models using palaeoclimatic data. Nature Climate 

Change, 2(6), 417–424. 

Buizert, C., Keisling, B. A., Box, J. E., He, F., Carlson, A. E., Sinclair, G., DeConto, R. M. 

(2018). Greenland‐wide seasonal temperatures during the last deglaciation. Geophysical 

Research Letters, 45(4), 1905–1914. 

Chiverrell, R. C., Thomas, G. S. P., Burke, M., Medialdea, A., Smedley, R., Bateman, M., et 

al. (2020). The evolution of the terrestrial-terminating Irish Sea glacier during the last 

glaciation. Journal of Quaternary Science. 

Clark, C. D., Hughes, A. L., Greenwood, S. L., Jordan, C., Sejrup, H. P. (2012). Pattern and 

timing of retreat of the last British-Irish Ice Sheet. Quaternary Science Reviews, 44, 112–146. 



Clark, P. U., Dyke, A. S., Shakun, J. D., Carlson, A. E., Clark, J., Wohlfarth, B., et al. (2009). 

The last glacial maximum. Science, 325(5941), 710–714. 

CLIMAP Project Members. (1976). The surface of the ice-age earth. Science, 1131–1137. 

Crucifix, M., Loutre, F. M. (2002). Transient simulations over the last interglacial period (126–

115 kyr BP): feedback and forcing analysis. Climate Dynamics, 19(5–6), 417–433. 

Cuffey, K. M., Clow, G. D., Steig, E. J., Buizert, C., Fudge, T. J., Koutnik, M., et al. (2016). 

Deglacial temperature history of West Antarctica. Proceedings of the National Academy of 

Sciences, 113(50), 14249–14254. 

Denton, G. H., Alley, R. B., Comer, G. C., Broecker, W. S. (2005). The role of seasonality in 

abrupt climate change. Quaternary Science Reviews, 24(10–11), 1159–1182. 

Desprat, S., Díaz Fernández, P. M., Coulon, T., Ezzat, L., Pessarossi-Langlois, J., Gil, L., et al. 

(2015). Pinus nigra (European black pine) as the dominant species of the last glacial pinewoods 

in south-western to central Iberia: a morphological study of modern and fossil pollen. Journal 

of Biogeography, 42(10), 1998–2009. 

Dunlop, P., Shannon, R., McCabe, M., Quinn, R., Doyle, E. (2010). Marine geophysical 

evidence for ice sheet extension and recession on the Malin Shelf: New evidence for the western 

limits of the British Irish Ice Sheet. Marine Geology, 276(1–4), 86–99. 

Dyke, A. S., Andrews, J. T., Clark, P. U., England, J. H., Miller, G. H., Shaw, J., Veillette, J. J. 

(2002). The Laurentide and Innuitian ice sheets during the last glacial maximum. Quaternary 

Science Reviews, 21(1–3), 9–31. 

Ehlers, J., Gibbard, P. L. (2004). Quaternary glaciations-extent and chronology: part I: Europe. 

Elsevier. 

Eynaud, F., De Abreu, L., Voelker, A., Schönfeld, J., Salgueiro, E., Turon, J.-L., et al. (2009). 

Position of the Polar Front along the western Iberian margin during key cold episodes of the 

last 45 ka. Geochemistry, Geophysics, Geosystems, 10(7). 



Eynaud, F., Malaizé, B., Zaragosi, S., De Vernal, A., Scourse, J., Pujol, C., et al. (2012). New 

constraints on European glacial freshwater releases to the North Atlantic Ocean. Geophysical 

Research Letters, 39(15). 

Fletcher, W. J., Sanchez-Goni, M. F. (2008). Orbital-and sub-orbital-scale climate impacts on 

vegetation of the western Mediterranean basin over the last 48,000 yr. Quaternary Research, 

70(3), 451–464. 

Gibbard, P. L. (1988). The history of the great northwest European rivers during the past three 

million years. Philosophical Transactions of the Royal Society of London. B, Biological 

Sciences, 318(1191), 559–602. 

Grousset, F. E., Pujol, C., Labeyrie, L., Auffret, G., Boelaert, A. (2000). Were the North 

Atlantic Heinrich events triggered by the behavior of the European ice sheets? Geology, 28(2), 

123–126. 

Guillevic, M., Bazin, L., Landais, A., Stowasser, C., Masson-Delmotte, V., Blunier, T., et al. 

(2014). Evidence for a three-phase sequence during Heinrich Stadial 4 using a multiproxy 

approach based on Greenland ice core records. Climate of the Past, 10(6), 2115–2133. 

Harrison, S. P., Bartlein, P. (2012). Records from the past, lessons for the future: what the 

palaeorecord implies about mechanisms of global change. In The future of the world’s climate 

(pp. 403–436). Elsevier. 

Hodell, D. A., Nicholl, J. A., Bontognali, T. R., Danino, S., Dorador, J., Dowdeswell, J. A., et 

al. (2017). Anatomy of Heinrich Layer 1 and its role in the last deglaciation. Paleoceanography, 

32(3), 284–303. 

Hughes, A. L., Gyllencreutz, R., Lohne, Ø. S., Mangerud, J., Svendsen, J. I. (2016). The last 

Eurasian ice sheets–a chronological database and time‐slice reconstruction, DATED‐1. Boreas, 

45(1), 1–45. 



Hughes, P. D., & Gibbard, P. L. (2015). A stratigraphical basis for the Last Glacial Maximum 

(LGM). Quaternary International, 383, 174–185. 

Ivanovic, R. F., Gregoire, L. J., Burke, A., Wickert, A. D., Valdes, P. J., Ng, H. C., et al. (2018). 

Acceleration of northern ice sheet melt induces AMOC slowdown and northern cooling in 

simulations of the early last deglaciation. Paleoceanography and Paleoclimatology, 33(7), 807–

824. 

Kageyama, M., Charbit,S., Ritz, C., Khodri, M., Ramstein, G., 2004. Quantifying ice-sheet 

feedbacks during the last glacial inception. Geophysical Research Letters 31, L24203, 

doi:10.1029/2004GL021339 

King, E. L., Haflidason, H., Sejrup, H. P., Løvlie, R. (1998). Glacigenic debris flows on the 

North Sea Trough Mouth Fan during ice stream maxima. Marine Geology, 152(1–3), 217–246. 

Laberg, J. S., Vorren, T. O. (1995). Late Weichselian submarine debris flow deposits on the 

Bear Island Trough mouth fan. Marine Geology, 127(1–4), 45–72. 

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., Sambridge, M. (2014). Sea level and global ice 

volumes from the Last Glacial Maximum to the Holocene. Proceedings of the National 

Academy of Sciences, 111(43), 15296–15303. 

Landais, A., Capron, E., Masson-Delmotte, V., Toucanne, S., Rhodes, R., Popp, T., et al. 

(2018). Ice core evidence for decoupling between midlatitude atmospheric water cycle and 

Greenland temperature during the last deglaciation. Climate of the Past, 14, 1405–1415. 

Mangerud, J., Gyllencreutz, R., Lohne, Ø., Svendsen, J. I. (2011). Glacial history of Norway. 

In Developments in Quaternary Sciences (Vol. 15, pp. 279–298). Elsevier. 

MARGO Project Members, Waelbroeck, C., Paul, A., Kucera, M., Rosell-Melé, A., Weinelt, 

M., et al. (2009). Constraints on the magnitude and patterns of ocean cooling at the Last Glacial 

Maximum. Nature Geoscience, 2(2), 127. 



Ménot, G., Bard, E., Rostek, F., Weijers, J. W., Hopmans, E. C., Schouten, S., Damsté, J. S. S. 

(2006). Early reactivation of European rivers during the last deglaciation. Science, 313(5793), 

1623–1625. 

Mix, A. C., Bard, E., Schneider, R. (2001). Environmental processes of the ice age: land, 

oceans, glaciers (EPILOG). Quaternary Science Reviews, 20(4), 627–657. 

Moine, O., Antoine, P., Hatté, C., Landais, A., Mathieu, J., Prud’homme, C., & Rousseau, D.-

D. (2017). The impact of Last Glacial climate variability in west-European loess revealed by 

radiocarbon dating of fossil earthworm granules. Proceedings of the National Academy of 

Sciences, 114(24), 6209–6214. 

Naughton, F., Goñi, M. S., Desprat, S., Turon, J.-L., Duprat, J., Malaizé, B., et al. (2007). 

Present-day and past (last 25 000 years) marine pollen signal off western Iberia. Marine 

Micropaleontology, 62(2), 91–114. 

Naughton, F., Goñi, M. S., Kageyama, M., Bard, E., Duprat, J., Cortijo, E., et al. (2009). Wet 

to dry climatic trend in north-western Iberia within Heinrich events. Earth and Planetary 

Science Letters, 284(3–4), 329–342. 

NGRIP Project Members. (2004). High-resolution record of the Northern Hemisphere climate 

extending into the last interglacial period. Nature, 431, 147–151. 

Ó Cofaigh, C., Telfer, M. W., Bailey, R. M., Evans, D. J. (2012). Late Pleistocene 

chronostratigraphy and ice sheet limits, southern Ireland. Quaternary Science Reviews, 44, 

160–179. 

Patton, H., Hubbard, A., Andreassen, K., Winsborrow, M., Stroeven, A. P. (2016). The build-

up, configuration, and dynamical sensitivity of the Eurasian ice-sheet complex to Late 

Weichselian climatic and oceanic forcing. Quaternary Science Reviews, 153, 97–121. 



Patton, H., Hubbard, A., Andreassen, K., Auriac, A., Whitehouse, P. L., Stroeven, A. P., et al. 

(2017). Deglaciation of the Eurasian ice sheet complex. Quaternary Science Reviews, 169, 148–

172. 

Peck, V. L., Hall, I. R., Zahn, R., Grousset, F., Hemming, S. R., Scourse, J. D. (2007). The 

relationship of Heinrich events and their European precursors over the past 60 ka BP: a multi-

proxy ice-rafted debris provenance study in the North East Atlantic. Quaternary Science 

Reviews, 26(7–8), 862–875. 

Peltier, W. R. (1994). Ice age paleotopography. Science, 265(5169), 195–201. 

Peltier, W. R. (2004). Global glacial isostasy and the surface of the ice-age Earth: the ICE-5G 

(VM2) model and GRACE. Annu. Rev. Earth Planet. Sci., 32, 111–149. 

Prentice, I. C., Jolly, D., BIOME 6000 participants (2000). Mid-Holocene and glacial-

maximum vegetation geography of the northern continents and Africa. Journal of 

Biogeography, 27(3), 507–519. 

Rhodes, R. H., Brook, E. J., Chiang, J. C., Blunier, T., Maselli, O. J., McConnell, J. R., et al. 

(2015). Enhanced tropical methane production in response to iceberg discharge in the North 

Atlantic. Science, 348(6238), 1016–1019. 

Rodrigues, T., Alonso-García, M., Hodell, D. A., Rufino, M., Naughton, F., Grimalt, J. O., et 

al. (2017). A 1-Ma record of sea surface temperature and extreme cooling events in the North 

Atlantic: A perspective from the Iberian Margin. Quaternary Science Reviews, 172, 118–130. 

Rohling, E., Mayewski, P., Challenor, P. (2003). On the timing and mechanism of millennial-

scale climate variability during the last glacial cycle. Climate Dynamics, 20(2), 257–267. 

Sacchetti, F., Benetti, S., Cofaigh, C. Ó., Georgiopoulou, A. (2012). Geophysical evidence of 

deep-keeled icebergs on the Rockall Bank, Northeast Atlantic Ocean. Geomorphology, 159, 

63–72. 



Sanchez-Goni, M. F., Loutre, M.-F., Crucifix, M., Peyron, O., Santos, L., Duprat, J., et al. 

(2005). Increasing vegetation and climate gradient in Western Europe over the Last Glacial 

Inception (122–110 ka): data-model comparison. Earth and Planetary Science Letters, 231(1–

2), 111–130. 

Schmittner, A., Urban, N. M., Shakun, J. D., Mahowald, N. M., Clark, P. U., Bartlein, P. J., et 

al. (2011). Climate sensitivity estimated from temperature reconstructions of the Last Glacial 

Maximum. Science, 334(6061), 1385–1388. 

Scourse, J. D., Hall, I. R., McCave, I. N., Young, J. R., Sugdon, C. (2000). The origin of 

Heinrich layers: evidence from H2 for European precursor events. Earth and Planetary Science 

Letters, 182(2), 187–195. 

Scourse, J. D., Haapaniemi, A. I., Colmenero-Hidalgo, E., Peck, V. L., Hall, I. R., Austin, W. 

E., et al. (2009). Growth, dynamics and deglaciation of the last British–Irish ice sheet: the deep-

sea ice-rafted detritus record. Quaternary Science Reviews, 28(27–28), 3066–3084. 

Sejrup, H. P., Nyg\aard, A., Hall, A. M., Haflidason, H. (2009). Middle and Late Weichselian 

(Devensian) glaciation history of south-western Norway, North Sea and eastern UK. 

Quaternary Science Reviews, 28(3–4), 370–380. 

Smedley, R. K., Chiverrell, R. C., Ballantyne, C. K., Burke, M. J., Clark, C. D., Duller, G. A. 

T., et al. (2017). Internal dynamics condition centennial-scale oscillations in marine-based ice-

stream retreat. Geology, 45(9), 787–790. 

Spratt, R. M., Lisiecki, L. E. (2016). A Late Pleistocene sea level stack. Climate of the Past, 

12(4), 1079–1092. 

Taylor, K. E., Stouffer, R. J., Meehl, G. A. (2012). An overview of CMIP5 and the experiment 

design. Bulletin of the American Meteorological Society, 93(4), 485–498. 

Tierney, J. E., Zhu, J., King, J., Malevich, S. B., Hakim, G. J., Poulsen, C. J. (2020). Glacial 

cooling and climate sensitivity revisited. Nature, 584(7822), 569–573. 



Toucanne, S., Soulet, G., Freslon, N., Jacinto, R. S., Dennielou, B., Zaragosi, S., et al. (2015). 

Millennial-scale fluctuations of the European Ice Sheet at the end of the last glacial, and their 

potential impact on global climate. Quaternary Science Reviews, 123, 113–133. 

Toucanne, S., Zaragosi, S., Bourillet, J.-F., Cremer, M., Eynaud, F., Van Vliet-Lanoë, B., et al. 

(2009). Timing of massive ‘Fleuve Manche’discharges over the last 350 kyr: insights into the 

European ice-sheet oscillations and the European drainage network from MIS 10 to 2. 

Quaternary Science Reviews, 28(13–14), 1238–1256. 

Toucanne, S., Zaragosi, S., Bourillet, J.-F., Marieu, V., Cremer, M., Kageyama, M., et al. 

(2010). The first estimation of Fleuve Manche palaeoriver discharge during the last 

deglaciation: Evidence for Fennoscandian ice sheet meltwater flow in the English Channel ca 

20–18 ka ago. Earth and Planetary Science Letters, 290(3–4), 459–473. 

Turon, J.-L., Lézine, A.-M., Denèfle, M. (2003). Land–sea correlations for the last glaciation 

inferred from a pollen and dinocyst record from the Portuguese margin. Quaternary Research, 

59(1), 88–96. 

Weaver, P. P., Wynn, R. B., Kenyon, N. H., Evans, J. (2000). Continental margin 

sedimentation, with special reference to the north-east Atlantic margin. Sedimentology, 47, 

239–256. 

Werner, M., Jouzel, J., Masson-Delmotte, V., Lohmann, G. (2018). Reconciling glacial 

Antarctic water stable isotopes with ice sheet topography and the isotopic paleothermometer. 

Nature Communications, 9(1), 1–10. 

Yang, S., Ding, Z., Li, Y., Wang, X., Jiang, W., Huang, X. (2015). Warming-induced 

northwestward migration of the East Asian monsoon rain belt from the Last Glacial Maximum 

to the mid-Holocene. Proceedings of the National Academy of Sciences, 112(43), 13178–

13183. 



Yokoyama, Y., Lambeck, K., De Deckker, P., Johnston, P., Fifield, L. K. (2000). Timing of the 

Last Glacial Maximum from observed sea-level minima. Nature, 406(6797), 713–716. 

Zaragosi, S., Eynaud, F., Pujol, C., Auffret, G. A., Turon, J.-L., Garlan, T. (2001). Initiation of 

the European deglaciation as recorded in the northwestern Bay of Biscay slope environments 

(Meriadzek Terrace and Trevelyan Escarpment): a multi-proxy approach. Earth and Planetary 

Science Letters, 188(3–4), 493–507. 

Zaragosi, S., Bourillet, J.-F., Eynaud, F., Toucanne, S., Denhard, B., Van Toer, A., Lanfumey, 

V. (2006). The impact of the last European deglaciation on the deep-sea turbidite systems of 

the Celtic-Armorican margin (Bay of Biscay). Geo-Marine Letters, 26(6), 317–329. 

Ziemen, F. A., Kapsch, M.-L., Klockmann, M., Mikolajewicz, U. (2019). Heinrich events show 

two-stage climate response in transient glacial simulations. Climate of the Past, 15(1), 153–168. 

 

 

 

 

 

 

 


