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Abstract 1 

Due to the lack of data, the extent, thickness and drift patterns of sea ice and icebergs in the glacial 2 

Arctic remains poorly constrained. Earlier studies are contradictory proposing either a cessation of 3 

the marine cryosphere or an ice drift system operating like present-day. Here we examine the 4 

marine Arctic cryosphere during the Last Glacial Maximum (LGM) using a high-resolution, 5 

regional ocean-sea ice model. Whereas modern sea ice in the western Arctic Basin can circulate in 6 

the Beaufort Gyre for decades, our model studies present an extreme shortcut of glacial ice drift. In 7 

more detail, our results show a clockwise sea-ice drift in the western Arctic Basin that merges into a 8 

direct trans-Arctic path towards Fram Strait. This is consistent with dated ice plough marks on the 9 

seafloor, which show the orientation of iceberg drift in this direction. Also ice-transported iron-10 

oxide grains deposited in Fram Strait, can be matched by their chemical composition to similar 11 

grains found in potential sources from the entire circum-Arctic. The model results indicate that the 12 

pattern of Arctic sea-ice drift during the LGM is established by wind fields and seems to be a 13 

general feature of the glacial ocean. Our model results do not indicate a cessation in ice drift during 14 

the LGM.15 
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1. Introduction 16 

The nature of the Arctic sea ice cover during late Pleistocene glaciations is still debated, ranging 17 

from a perennial sea-ice cover to that of a near kilometre thick ice shelf covering the entire basin 18 

that would essentially halt ice drift (e.g., Jakobsson et al., 2010 and publications referenced therein; 19 

Grosswald and Hughes, 2008). Recently published stratigraphic data at the Northwind Ridge close 20 

to Chukchi margin (Polyak et al., 2007) show some evidence for ice-grounding shallower than 21 

1,000 m water depth during the Last Glacial Maximum (LGM) 23–19 thousand years before present 22 

(ka BP). Most of geophysical/geological evidence is thought to have formed in Marine Isotope 23 

Stage (MIS) 6 (~185‒132 ka BP) and was retrieved from various sites, including ice streamlines at 24 

Yermak Plateau near Fram Strait, Morris Jessup Rise north of Greenland, at the Lomonosov-Ridge 25 

close to the North Pole, Mendeleev Ridge, Northwind Ridge and Chukchi Plateau and Alaska 26 

Beaufort Margin, which do not support the idea of a shelf ice cover of Antarctic type during the 27 

LGM (Jakobsson et al., 2010). However, there are still extremes of postulated glacial sea-ice drift, 28 

varying from no substantial change from today (Phillips and Grantz, 2001) to a resting ice massif 29 

with only occasional break-up north of Fram Strait (Nørgaard-Pedersen et al., 2003; Bradley and 30 

England, 2008). 31 

In the central Arctic Ocean, LGM climate reconstructions are limited and challenging due to low 32 

sedimentation rates and bioproduction (Nørgaard-Pedersen et al., 1998; Stein, 2008; Stein et al., 33 

1994). Polyak et al. (2004) present a sedimentary record of the Mendeleev Ridge confirming that 34 

LGM sediments poorly conserve biological remains (benthic and planktonic foraminifers) favouring 35 

the interpretation of a thick lid of pack ice or even an ice-shelf covering the western Arctic Ocean. 36 

Along the continental margin at Fram Strait where modern North Atlantic waters are penetrating the 37 

Arctic Ocean. Nørgaard-Pedersen et al. (2003) suggest seasonal open water conditions and north of 38 

Fram Strait a glacial perennial ice cover. Bradley and England (2008) conclude that seasonal open 39 

water conditions along the coast from the northern edge of the Barents Sea ice-sheet to the Laptev 40 

Sea shelf edge existed caused by narrow coastal boundary currents or offshore katabatic winds 41 
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(Knies et al., 1999; Vogt et al., 2001). Contrary to these findings, Müller et al. (2009) propose a 42 

permanent LGM sea-ice cover based on Biomarker data at the northern Fram Strait location (Core 43 

PS2837-5; Lat 81°13’N, Long 02°22’E).  44 

A milestone in illuminating the LGM and providing data for numerical modeling was the first 45 

comprehensive reconstruction of global surface conditions provided by the CLIMAP (Climate: 46 

Long range Investigation, Mapping, And Prediction, 1981) project, including seasonal sea surface 47 

temperatures (SST) and extent of sea ice. CLIMAP (1981) proposed perennial ice cover in the 48 

central Arctic Ocean and Nordic Seas implying a shutdown of the northern North Atlantic inflow 49 

and seasonal sea-ice cover in the North Atlantic down to 50°N latitude. These findings have been 50 

revised and expanded by SST reconstructions in the Atlantic sector of the GLAMAP Group 51 

(Pflaumann et al., 2003) that show a discrepancy of 8°C warmer summer temperatures in the Nordic 52 

Seas. Along the Faroe-Shetland Passage, Hebbeln et al. (1994) also observed limited sea-ice 53 

expansion with seasonally open, warmer waters in the Greenland and Norwegian Seas. However, 54 

quantitative reconstructions of SST in Nordic Seas based on different proxies diverge by more than 55 

10°C (de Vernal et al., 2006). They relate potential discrepancies among the proxies to diverse 56 

salinity tolerance, trophic levels, taphonomy and lateral advection. For example, Mg/Ca ratios 57 

indicate surface temperatures up to 10°C (Meland et al., 2005), whereas δ18O values suggest less 58 

than 4°C both derived from shells of N. pachyderma assemblages at Nordic Seas (de Vernal et al., 59 

2006). In light of the proxy uncertainties and different hypotheses of late Pleistocene glaciations in 60 

the Arctic, we address the glacial sea ice and ocean circulation by a numerical model instead. For 61 

this purpose, we deploy a regional ocean-sea ice model that has been used in recent studies (e.g., 62 

Kauker et al., 2003) and operational sea-ice cover predictions (Kauker et al., 2009), and we equip it 63 

with boundary conditions that are representative of the LGM. We use this regional ocean-sea ice 64 

model to investigate the glacial Arctic sea ice system and propose a model- and proxy-based ice 65 

drift reconstruction for the LGM.  66 

 67 
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 68 

2. Methods and data 69 

2.1 Experimental design 70 

The model studies use the North Atlantic/Arctic Ocean Sea Ice Model (NAOSIM), developed at the 71 

Alfred Wegener Institute (Kauker et al., 2003; Köberle and Gerdes, 2003). The spatial domain of 72 

the ocean/sea-ice model captures the Arctic Ocean, the Nordic Seas and the northern North Atlantic 73 

(90°N−50°N). The model has a horizontal resolution of 0.25° × 0.25° per grid box (~27 × 27 km, 74 

respectively) and 30 unevenly spaced levels in the vertical. A dynamic-thermodynamic sea ice 75 

model with a viscous plastic rheology (Hibler, 1979) is coupled to the ocean model (Kauker et al., 76 

2003).  77 

 78 

2.1.1 Atmospheric forcing  79 

The present model studies are forced by differing atmospheric boundary conditions including the 80 

parameters 2 m air temperature above surface, dew point temperature, cloudiness, precipitation, 81 

zonal and meridional component of wind speed, and surface wind stress. The modern control run 82 

(CTRL) is forced by atmospheric data fields provided by the NCEP/NCAR reanalysis project 83 

(Kalnay et al., 1996), whereas glacial atmospheric data was generated by simulations of an 84 

atmospheric general circulation model (Lohmann and Lorenz, 2000; Romanova et al., 2004). The 85 

atmospheric boundary forcing of model study LGMC is derived from a dataset of the global 86 

atmospheric model ECHAM3/T42L19, which was adapted to the glacial boundary conditions by 87 

Lohmann and Lorenz (2000). In one sensitivity study that used sea surface temperature, ice cover as 88 

well as albedo reconstruction as per CLIMAP (1981), Lohmann and Lorenz (2000) decreased 89 

CLIMAP SSTs in the tropics (30°S–30°N) by 3°C. Compared to the standard atmospheric LGM 90 

run, the sensitivity study with artificial cooling in the tropics is in better agreement with marine and 91 

terrestrial proxy data (Lohmann and Lorenz, 2000) and is used as present atmospheric boundary 92 

forcing for LGMC. 93 
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For another model study (LGMG), the atmospheric data fields are provided by the same atmosphere 94 

model, ECHAM3/T42L19 with glacial setup (Romanova et al., 2004). LGMG atmospheric 95 

boundary conditions are forced by glacial SST, albedo, and sea ice reconstruction of the Atlantic 96 

region provided by GLAMAP 2000 (Glacial Atlantic Ocean Mapping; Paul and Schäfer-Neth, 97 

2003). In contrast to CLIMAP (1981), reconstructions of GLAMAP 2000 exhibit year-round 98 

warmer SSTs in North Atlantic and summer ice free conditions in the central and eastern part of the 99 

Nordic Seas with winter expansion south of Iceland and Faeroe (Pflaumann et al., 2003). The 100 

atmospheric data fields force NAOSIM twice per day and are repeated over a 15 year cycle. 101 

 102 

2.1.2 Glacial Arctic freshwater budget 103 

So far, knowledge of the glacial Arctic freshwater budget is sparse. In general the glacial circum 104 

Arctic ice sheets hindered the northward transport of latent heat (see Stein, 2008). This resulted in 105 

an isolated Arctic domain characterized by decreased temperatures and humidity and in 106 

consequence with reduced meteoric precipitation and a weakened hydrological cycle (Lohmann and 107 

Lorenz, 2000). The Pacific westerlies are split into a shifted branch southward to the flank of the 108 

Laurentide ice sheet at 40-50°N latitude (Clark et al., 1999; Lambeck et al., 2002) and a northward 109 

excursion across the Canadian Arctic as indicated by modeling results (e.g. Lohmann and Lorenz, 110 

2000). The Siberian sector is influenced by cold, dry winds on the lee side of the Fenno-111 

Scandinavian ice sheet (Hubberten et al., 2004; Siegert and Marsiat, 2001; Siegert and Dowdeswell, 112 

2004) as well as an anticyclonic regime over Siberia that hinders the advection of Atlantic air 113 

masses (Arkhipov et al., 1986; Velichko et al.,1997). Furthermore, the Bering Land Bridge 114 

connecting Asia and North America is blocking the Pacific inflow of freshwater for the Arctic 115 

Ocean. As a consequence the total freshwater budget for the Arctic Ocean is decreased (Martinson 116 

and Pitman, 2007). The presumed glacial Arctic river inflow roughly corresponds to half (1,800 117 

km3/a) of today’s annual budget of 3,300 km3/a (Aagaard and Carmack, 1989), which ranges 118 
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between glacial runoff in the AGCM (1,082 km3/a) and a modeling study using a more realistic 119 

river routing (~2,000 km3/a; Alkama et al., 2008). 120 

The model takes into account changes in salinity by water transport, precipitation, snowmelt, sea ice 121 

melting, freezing, and river runoff. Apart from the salinity advection term in the ocean, salinity 122 

fluxes in the model are not associated with momentum and volume. An additional salinity restoring 123 

term at the sea surface using the present climatology of salinity fields (Levitus and Boyer, 1994; 124 

Levitus et al., 1994; National Snow and Ice Data Center, 1997), prevents the model climate from 125 

broadly drifting in the Arctic Ocean and is necessary to obtain a halocline (Steele et al., 2001). The 126 

restoring term has a long time scale of 180 days and the additional freshwater flux adds ~17 mm/a 127 

to the Arctic Ocean. The salinity restoring term is applied to all model studies presented here. In 128 

one sensitivity study (LGMC_sal), we applied glacial sea surface salinity from a climate model 129 

output (Shin et al., 2003a, b) in order to discuss the impact on the results. 130 

2.1.3 Model setup 131 

The control run (CTRL) uses the ocean/sea-ice model used by Kauker et al. (2003) and Köberle and 132 

Gerdes (2003). The atmospheric forcing data consists of the NCEP/NCAR reanalysis project 133 

(Kalnay et al., 1996) for the period 1948–2007. The last 30 years (1977–2007) of CTRL are used 134 

for comparison with the glacial sensitivity studies. For the change in morphology of the glacial 135 

ocean, the present-day land-sea mask (NOAA, 1988) is adapted to the ice sheets in the Northern 136 

Hemisphere (Ehlers and Gibbard, 2007) and sea level is lowered by 120 m (Fairbanks, 1989). 137 

Thermodynamic processes on a sub-grid scale, like open water areas between sea-ice, seven ice 138 

classes are defined following a Gaussian distribution around the mean sea-ice thickness. Model 139 

studies without limitations show sea-ice thickness >80 m after 120 modeled years along the 140 

northern Barents Sea shelf edge, north of Greenland and Baffin Bay without reaching an 141 

equilibrated sea-ice thickness. In the glacial model runs, the potential mean sea-ice thickness of 142 

each grid cell is limited to a maximum of 30 m in order to reach equilibrium. The upper limit of 143 

mean sea-ice thickness in the sea-ice model was motivated by the maximum height of pressure 144 
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ridges observed by present-day observations of first-year ice as reported by Polyak et al. (2010). As 145 

a consequence of the glacial water storage over land, an additional increase in salinity of 1 psu 146 

(practical salinity unit) is prescribed for the open boundary condition of the northern North Atlantic 147 

inflow. In order to account for a temperature decrease, the lateral temperature at the southern 148 

boundary is reduced by 2°C, consistent with global ocean simulations (e.g., Butzin et al., 2005). 149 

Experiments testing the prescribed southern boundary characteristics (barotropic stream function) 150 

with a glacial model setup have only minor effects on the through flow of the Arctic Ocean (cf. Fig. 151 

S8). 152 

The ocean model is initialized by an LGM simulation of a general circulation model (NCAR-153 

CCSM; Shin et al., 2003a, b) and the initial conditions of the sea-ice model (zonal and meridional 154 

component of sea-ice drift velocities, snow-cover thickness, sea-ice thickness) are set to zero to 155 

avoid any preconditioning. 156 

We note that the total water mass of the upper Arctic Ocean layer (0‒1,000 m) of the NAOSIM 157 

present-day setup is typically exchanged within 30 years (Karcher and Oberhuber, 2002) in 158 

agreement with observations on tracer contaminants (MacDonald and Bewers 1996; MacDonald et 159 

al. 2004). The lengths of the model runs are 120 model years, only the last 30 years are used for 160 

analysis. Major contribution of present water mass exchange happens through western Fram Strait, 161 

where salty and warm Atlantic waters enter the Arctic Ocean in the upper ~200 m (Fig. S7a). All of 162 

our glacial model simulations exhibit a displaced inflow of bottom waters >2m/s stronger than the 163 

Atlantic Water Current in CTRL, which equals an increase of surface outflow of the Arctic Ocean 164 

because of mass conservation (Fig. S7b‒f, Fig. S8). Changes in the barotropic stream function 165 

(±50% psi compared to LGMC) at the southern boundary of the prescribed northern North Atlantic 166 

inflow as already shown for present-day conditions (Kauker et al., 2005) don't significantly impact 167 

rates of water exchange at Fram Strait (Fig. S8). In response experiments with present-day setup 168 

Kauker et al. (2005) state that barotropic anomalies at 50°N latitude do not pass the Greenland-169 

Scotland Ridge, but an increase of 2°C for the upper 500 m of the southern boundary water column 170 



 10

effectively warms the West Spitsbergen Current by ~0.5°C (as shown in 300 m depth) within two 171 

years. 172 

In order to analyze the importance of glacial wind fields with respect to the respective SST 173 

reconstruction and the presence of glacial ice sheets, we performed another sensitivity study. The 174 

sensitivity study (LGMC_PDw, LGMG_PDw) uses the glacial setup (LGMC, LGMG) and is run 175 

with present-day wind fields (Lohmann and Lorenz, 2000). 176 

2.2 Geological data 177 

The sedimentary record shown in Fig. 1 is derived from AMS14C-dated box core PS1230 (Lat 178 

78°51’N, Long 04°46’W; 1,235 m below sea level; Darby et al., 2002; Darby and Zimmerman, 179 

2008), which is located at the centre of modern sea-ice export through Fram Strait (Vinje et al., 180 

1998). Using a geochemical fingerprinting method, Darby et al. (2002) and Darby and Zimmerman 181 

(2008) are able to identify the source of individual detrital iron oxide minerals (in the 45-250µm 182 

fraction) transported by sea ice and/or icebergs. Geographically distinct sources of sea-ice 183 

formation and/or iceberg calving are identified by >2000 circum-Arctic compositional groups 184 

applying statistical analysis (clustering and discriminant function analysis; Darby et al., 2002). The 185 

statistical approach typically matches 50-60% of the analyzed grains per sample (~100 grains), 186 

therefore a weighted percentage (wt%) is used to avoid anomalously large percentages when grain 187 

numbers are low (Zimmerman and Darby, 2008). In general, the sedimentary record shows an 188 

elevated level of coarse IRD during late MIS3 (~60‒27 ka BP) and MIS2 (~27‒12 ka BP) including 189 

the LGM (Fig.1, marked in blue), whereas the Holocene signal (12‒0ka) is dominated by fine-190 

grained sediment (<10 % coarse fraction; marked in red). The fine-grained nature of this Holocene 191 

sediment suggests sea-ice rafted debris (Pfirman et al., 1989; Reimnitz et al., 1998; Nürnberg et al., 192 

1994; Darby et al., 2011). For the reconstruction of glacial/interglacial ice-drift pattern (Fig. 1, solid 193 

blue and dashed red lines) the same method was applied to a transect of sediment cores bisecting 194 

the central Arctic Ocean (Bischof and Darby, 1997).  195 
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Furthermore geophysical evidence of the sea-floor along the Alaska-Beaufort margin (Engels et al., 196 

2008) and Chukchi-Borderland (Polyak et al., 2001; 2007) show glaciogenic iceberg scours, which 197 

indicate grounding of large ice masses and the direction of ice drift that are used for model 198 

comparison (Fig. 1). 199 

 200 

3. Results 201 

3.1 Simulation of Arctic sea-ice dynamics and thermodynamics 202 

For CTRL, mean westerlies are >4.5 m/s in the northern North Atlantic sector and katabatic winds 203 

are localized above the Greenland ice sheet (Fig. 2). The Nordic Seas of LGMC are enclosed by 204 

katabatic winds off the eastern flank of Greenland ice sheet and the western flank of the Barents Sea 205 

ice sheet, whereas the speed of westerlies is reduced compared to CTRL. The wind speeds in 206 

LGMG compared to LGMC are larger in general and form an anomalous Icelandic Low (Fig. 2c).  207 

In the central Arctic Ocean, a closed perennial sea-ice cover with mean thickness of 3 m is found 208 

(Fig. 4a). Perennial ice, >8 m thick, is observed primarily in parts of the northern coast of the 209 

Canadian Archipelago and the coast of northern Greenland (Fig. 4a). The sea-ice drift follows the 210 

Beaufort Gyre and Transpolar Drift (Fig. 5a) exiting the Arctic Ocean through Fram Strait. Today’s 211 

single year sea-ice, represented by present day control run (CTRL), evolves and melts in the circum 212 

Arctic shelf-seas and further south especially in Baffin Bay and along the East Greenland Current 213 

within a year (Fig. 3a,d). The minimum of modern sea-ice export across Fram Strait is directly 214 

linked to the minimum sea-ice extent in late summer (Fig. 3, Fig. 6) with a dramatic drop of sea-ice 215 

velocities starting in May (9.4 cm/s) and reaching its minimum in September (2.3 cm/s) before 216 

recovering (Fig. S5). Present locations of sea-ice formation include the entire circum-Arctic 217 

shelves, especially the expansive, shallow marine shelf areas of the Laptev, Kara and East Siberian 218 

Seas (not shown). 219 

In contrast, the central glacial Arctic Ocean in LGMG and LGMC is almost completely isolated 220 

from the atmosphere by a perennial sea-ice cover throughout the year (Fig. 3). Only in the Beaufort 221 
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Sea, along the shelf edge of the Canadian Archipelago is sea ice produced within open water areas 222 

(polynyas) (Fig. 3). The northern branch of Pacific westerlies, which are split by the Laurentide ice-223 

sheet is directed towards the Beaufort Sea and Canadian Archipelago (Fig. 2). There, early stage sea 224 

ice is pushed offshore into the Beaufort Sea and open water surfaces are conserved along the coast 225 

(Fig. 3; Fig. 4). At the northern Barents, Kara, and Laptev Sea shelf edge enclosing the Eurasian 226 

Basin, sea ice is stuck (<0.2 cm/s sea-ice drift) along the rim and reaches the upper limit of 227 

prescribed ice thickness (Fig. 4 b. c). Further north of the rim and along the Siberian shelf edge 228 

August sea-ice cover declines to <50% in LGMG and <60% in LGMC (Fig. 3 b, c). This is mainly 229 

caused by ice dynamics, since surface air temperatures during summer rarely reach positive values 230 

and surface ocean waters are close to the freezing point (not shown). 231 

A general zonal gradient of sea-ice thickness in the Nordic Seas (Fig. 4) is maintained by two flow 232 

patterns: The northward inflow of warm, salty North Atlantic waters along the Norwegian and West 233 

Spitsbergen Current in addition to katabatic winds offshore of the Barents Sea ice sheet (Fig. 2) 234 

limit sea-ice cover there (Fig. 4). The southward East Greenland Current (EGC) carries cold, 235 

relatively fresh water and sea ice from the Arctic. Along the EGC, a permanent sea-ice cover arises 236 

and extends to the oceanic polar front, which separates polar and Arctic water masses (Fig. 3). In 237 

contrast, seasonal sea-ice production occurs in the Arctic and Atlantic waters of the Nordic Seas. In 238 

LGMG less sea-ice concentration than LGMC with seasonally open water conditions along a more 239 

pronounced North Atlantic inflow is shown in the Nordic Seas (Fig. 3b, e; Fig. 4b). Baffin Bay is 240 

characterized by a permanent, static sea-ice cover and sea-ice thickness close to the artificial limit 241 

of 30 m (Fig. 3; Fig. 4b, c). In the southern region of Baffin Bay, the sea-ice cover destabilizes (Fig. 242 

4b, c), and inter-annual ice-free areas emerge at the West Greenland coast of the Labrador Sea, 243 

where sea ice is formed again. The juvenile sea ice in the Beaufort Sea moves anti-cyclonally across 244 

the Canadian Basin and merges with a transpolar drift towards Fram Strait (Fig. 5b, c). In the glacial 245 

scenarios, the gyre of sea-ice drift is centered in the Amerasian Basin further towards the Ellesmere 246 

Island compared to CTRL. Generally the colder glacial climate scenario based on CLIMAP data 247 



 13

shows a slow linear stream flow pattern directly towards Fram Strait. North of Ellesmere Island 248 

glacial sea ice either gets entrapped in the anticyclonic gyre (LGMG) or takes a direct pathway 249 

along the coast of Greenland to Fram Strait (LGMC). In contrast to present-day sea-ice export, the 250 

Laptev-Sea and Kara-Sea shelf edge barely show offshore transport of ice. Along the Barents and 251 

Kara Sea shelf edge, sea-ice drift is comparably faster in LGMG than in LGMC (Fig. 5b, c). 252 

 253 

3.2 Water mass characteristics at Fram Strait and in the central Arctic Ocean 254 

The sea-ice drift in the glacial Arctic Basin is a result of a balance between wind stress and ocean 255 

drag (and internal ice stress). In order to understand the contribution of ocean drag, it is necessary to 256 

analyse the vertical structure of water masses. For present day (CTRL) the mean sea surface salinity 257 

fields of the central Arctic domain are ~31psu  and ~33psu for LGMG and LGMC, respectively (see 258 

supplementary Fig. S1a, b, c). The halocline in the central Arctic Ocean is situated at ~200 m for 259 

CTRL and ~80 m for the glacial sensitivity studies and a barotropic mode prevails (LGMG, LGMC, 260 

Fig. S1d, e, f). All presented glacial simulations show enhanced Arctic inflow of Atlantic bottom 261 

waters (ca. -3.5 m/s), colder (<-1.8°C) and saltier (>36psu) than present day, and the outflow of 262 

fresh Arctic waters at the water surface. At the present location of the West Spitsbergen Current 263 

glacial model studies exhibit a similar to present day maximum speed (~1 m/s) of waters entering 264 

the Arctic. Along the East Greenland Current the outflow is centered at around 200 m water depth 265 

through Fram Strait. Since the present-day Atlantic water inflow is shifted towards the bottom, an 266 

Arctic boundary current west of Svalbard exhale through Fram Strait (Fig. S7b‒f, Fig. S8). The 267 

boundary current is consistent with the general ocean circulation in the central Arctic Ocean of the 268 

glacial model scenarios (not shown). For the glacial model studies the water passage through the 269 

Barents Sea is blocked by an ice sheet which potentially redirects a branch of the North Atlantic 270 

Current towards Fram Strait leading to increased water mass exchange at this location. Modulations 271 

of the Atlantic water stream function at the southern boundary of the model do not affect water 272 

properties at Fram Strait (Fig. S8). A similar effect has been reported by Kauker et al. (2005) for 273 
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present-day conditions. We note that deeper levels of the ocean model are not in full equilibrium 274 

(see supplement). Based on LGMC we set up a sensitivity study for the surface salinity restoring 275 

term using surface salinity fields derived from the NCAR-CCSM output (Shin et al., 2003a, b). For 276 

the glacial Arctic Ocean the surface salinity anomaly of the new restoring term is higher than 277 

LGMC, but the overall large-scale effect is almost additive (Fig. S2a). The absence of relative fresh 278 

Pacific waters in the Beaufort Sea is mimicked by the surface salinity restoring term with maximum 279 

surface salinity anomalies of ~4psu (Fig. S2a). An increase of salinity in the Arctic surface waters 280 

(Fig. S2a) deepens the halocline as indicated at the Fram Strait section (Fig. S7d). The exchange of 281 

water masses at Fram Strait is decreased and similar in pattern compared to other glacial model 282 

studies, but still higher than present-day. Higher surface salinity can also impact the formation of 283 

sea ice and the quantity of sea-ice transport through Fram Strait but does not affect the overall 284 

results presented in this study (Fig. S2b, c).  285 

3.3 Arctic sea-ice thickness and its export to Nordic and Labrador Seas 286 

Along the transport path in the direction of Fram Strait, sea ice (mostly driven by dynamical ice 287 

growth) increases its thickness between 11 and 20 m (Fig. 4b, c). At this location, temperature and 288 

wind stress of the respective model run (LGMC, LGMG) as well as ice resistance, determine the 289 

velocity of the ice drift and the sea-ice thickness. As ice drift rates in LGMC are by up to 2 cm/s 290 

lower than in LGMG (Fig. 5b, c, Fig. S5), the residence time of Arctic sea ice is prolonged, and up 291 

to 20 m ice thickness evolves just north of Fram Strait (Fig. 4c). The simulated sea-ice export rate 292 

through Fram Strait ((95±21) × 103 m3/s; Table 1) in CTRL is consistent with estimates based on 293 

observation values of a 50-yr period (1950–2000: 91.9±21.1 × 103 m3/s; Vinje, 2001). The 294 

minimum of present-day sea-ice transport during late summer (Fig. 6) is associated with a dramatic 295 

decline in summer ice-drift velocities (Fig. S5). Also present-day sea-ice thickness across Fram 296 

Strait decreases in September and recovers during winter months (Fig. S6). Seasonal sea-ice export 297 

in CTRL is dominated by changes in ice drift velocities (2.3‒10.8 cm/s, Fig. S5). The sea ice melts 298 

along the East Greenland Current and rarely reaches the Denmark Strait ((30±10) × 103 m3/s of sea-299 
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ice export). However up to three times more sea-ice quantity exiting through Fram Strait in the 300 

glacial model runs LGMG and LGMC (Table 1) is transported into the Nordic Seas (Fig. 6). The 301 

elevated glacial sea-ice flux into the Nordic Seas is caused by thicker sea ice exiting the Fram Strait 302 

(Fig. S6). During summer the glacial ice cover destabilizes north of Fram Strait and thick sea ice, up 303 

to 10.5 m in LGMC and 8.5 m in LGMG, is crossing the gateway (Fig. S6), causing maximum sea-304 

ice export in September (Fig. 6). During the rest of the year glacial sea-ice export is predominantly 305 

influenced by variation of ice drift velocity (Fig. S5). The ice drifts via the East Greenland Current 306 

southwards into the ablation areas of the Labrador Sea and into the region south of Iceland (Fig. 5b, 307 

c). Here, it becomes apparent that the sea-ice export through the Denmark Strait (LGMG: (348±17) 308 

× 103 m3/s; LGMC: (163±30) × 103 m3/s; Table 1) reacts to changes in wind fields. Additional sea 309 

ice, formed in the Nordic Seas, is transported in LGMG via the Denmark Strait in the direction of 310 

the Labrador Sea. This is due to enhanced cyclonic circulation over Iceland (Fig. 2c).  311 

In LGMC_PDw and LGMG_PDw, the ocean model is forced with present-day wind fields: Sea-ice 312 

export through Fram Strait is significantly reduced (Fig. S3), the gradient of sea-ice thickness (Fig. 313 

S4a, b), and local areas of sea-ice formation in the Arctic Ocean change. Without katabatic winds 314 

off the Barents-Sea ice sheet and stronger westerlies than during LGM (Fig. 2) the zonal gradient of 315 

sea-ice cover is not simulated (Fig. S4a, b). From late summer until late spring (August until 316 

March) the southward transport of sea-ice through Faroe-Shetland Passage and across Iceland-Faroe 317 

Ridge is reversed (not shown). Therefore the standard deviation, shown in Table 1 exceeds the 318 

mean of sea-ice export through both gateways.  319 

 320 

4. Discussion 321 

4.1 Model performance under glacial conditions 322 

The ice strength parameter, formulating rheology of sea-ice models, is tuned to fit present-day 323 

observational values. It describes the softness/hardness of sea ice relevant for deformation processes 324 

and build-up of pressure ridges and is typically adapted to the time step of the atmospheric forcing. 325 
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The actual ice thickness is directly affected by this parameter and exhibits a linear relationship to 326 

ice strength. For sea-ice thicknesses >3m, where sea-ice growth is primarily driven by ridging and 327 

rafting, the ice strength might be underestimated (non-linear) leading to anomalous high pressure 328 

ridges like shown in the present-day simulation at CAA and northern Greenland (Fig. 4a). The 329 

compressive strength of sea ice sheets increases as the ice thickens due to the fact that thick sea ice 330 

is generally less saline as shown by material measurements (Timco and Frederking, 1990). But still, 331 

material properties of old multiyear sea ice are poorly observed (Timco and Weeks, 2010). 332 

Consequently the glacial model simulations would suggest a rather extreme case of sea-ice 333 

thickness in the central Arctic Ocean. For elaborating the effect of ice strength parameterization 334 

sensitivity studies of varying ice strength parameter values could be setup and a regime shift in case 335 

of extreme ice thicknesses might be implemented in the model. Since these problems are beyond the 336 

scope of our work, follow-up studies of the glacial Arctic marine cryosphere and tuning of the 337 

present-day model configuration can focus on these questions. 338 

It should be noted, that our model approach lacks potential atmosphere-ocean feedbacks (Bengtsson 339 

et al., 2004; Semenov et al., 2009), especially in the hydrological cycle and Bering Strait through 340 

flow by the restoring term (see section 2.1.2). The freshwater budget and surface runoff affecting 341 

the stratification in the Arctic Ocean during LGM remains unclear and has to be defined in more 342 

detail, since our studies suggest that stratification is dominated by salinity. 343 

Jakobsson et al. (2010) test the freshwater balance of a conceptual two-layer model of the Arctic 344 

Ocean. A decrease in freshwater supply of the upper Arctic halocline layer (as expected by a 345 

decrease in the hydrological cycle of a cold climate, see section 2.1.2) results in an increase of 346 

Atlantic water influx through Fram Strait (Jakobsson et al., 2010). However, interpreted 347 

neodymium isotope data from the ACEX sediment core location, Lomonosov Ridge, suggest a 348 

longer residence time of bottom water masses during glacial intervals (Haley et al., 2008). Here we 349 

reconcile glacial water mass exchange through Fram Strait by a three dimensional ocean simulation. 350 

The glacial model scenarios show a consistent, stronger than present-day water mass exchange 351 
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across Fram Strait (Fig. S7). Modifications of the Arctic freshwater balance and thus surface 352 

halocline waters do not effectively change the through flow of Fram Strait waters (Fig. S7) favoring 353 

inflow of North Atlantic waters as an operator. Experiments testing the prescribed southern 354 

boundary barotropic stream function with a glacial model setup have only minor affects on the 355 

Arctic Ocean (Fig. S8). However, Kauker et al. (2005) have shown that changes in the baroclinicity 356 

of southern boundary characteristics of the model with a present-day setup can progress into the 357 

Arctic within two years. Indeed model-data comparison actually favor a shoaling and weakening of 358 

the glacial Atlantic Meridional Overturning Circulation (Hesse et al., 2011, and references therein), 359 

which suggests stronger baroclinicity in the North Atlantic sector. 360 

Earlier experiments with NAOSIM show a strong effect of continental freshwater and Pacific water 361 

through Bering Strait on the Arctic circulation (Prange and Lohmann, 2003; Lohmann et al., 2005). 362 

For the early Holocene, the model studies suggest that a gradual increase in the flux of Pacific water 363 

through Bering Strait slowly affects the polar climate by melting ice, increasing stratification, and 364 

causing an enhanced anticyclonic pattern over the Canadian Basin and the East Siberian Sea 365 

(Lohmann et al., 2005; Dyck et al., 2010). As a logical next step, we will elaborate the effect of 366 

Arctic freshwater on the Arctic circulation during the termination of the LGM. 367 

4.2 Atmospheric circulation of the glacial Nordic Seas. 368 

Our results are also interesting for the validation of paleoclimate reconstructions. In the Nordic 369 

Seas, the prescribed atmospheric boundary conditions are not consistent with the simulated sea-ice 370 

cover. Neither a perennial ice cover proposed by CLIMAP (1981) nor a seasonal ice cover 371 

(GLAMAP; Pflaumann et al., 2003) is captured by our studies, indicating a general mismatch of 372 

ocean/sea-ice dynamics and SST-reconstruction. This emphasizes the importance of ice sheets and 373 

SST reconstruction in the Atlantic sector modifying the atmospheric circulation (Byrkjedal et al., 374 

2006) and therefore sea-ice cover.  375 

The annual mean sea-ice export from the Arctic (0.19–0.26 Sv) continues south via the EGC and is 376 

modified by sea ice melting along the way, being deflected or reinforced by seasonal ice, which 377 
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mainly evolved in the Norwegian Sea (not shown). Due to zonal drift patterns, a gradient of sea-ice 378 

thickness becomes apparent in the Nordic Seas (Fig. 4b,c). Meland et al. (2005) also find the pattern 379 

of that gradient in their SST reconstruction. In the absence of katabatic winds off the Barents-Sea 380 

ice sheet, the zonal pattern cannot be obtained (Fig. S4).  Byrkjedal et al. (2006) have shown that 381 

the presence of sea-ice in the northern North Atlantic sector diminishes the Icelandic Low in 382 

contrast to less sea ice in the northern North Atlantic Ocean which favors the formation of a 383 

cyclonic pattern. In turn LGMG suggests that a moderate cyclonic circulation over Iceland 384 

contributes to enhanced sea-ice export across Denmark-Strait. The sea-ice transport from the Arctic 385 

Ocean and the Nordic Sea across the Denmark Strait (0.16–0.32 Sv) contributes to the freshwater 386 

budget in the northern North Atlantic. 387 

 388 

 389 

4.3 Hypotheses of the glacial marine cryosphere in the central Arctic Ocean 390 

The solid lines shown in Fig. 1 indicate the glacial ice drift proposed by Bischof and Darby (1997), 391 

compared to the recent patterns (dashed lines). Present sea-ice formation and sediment entrainment 392 

take place primarily in shallow water (<50 m water depth) of the Siberian Shelf. The Laptev Sea 393 

and the Kara Sea are important regions for sediment-laden sea ice along today`s Transpolar Drift 394 

(Nürnberg et al., 1994). This signal is reflected for the last 8 ka in the fine-grained sediment 395 

composition, an indicator for sea-ice rafted debris (Pfirman et al., 1989; Reimnitz et al., 1998; 396 

Nürnberg et al., 1994). The provenance of Fram Strait sediment was determined by matching the 397 

chemical signature of detrital iron oxide grains to >2000 potential circum-Arctic source 398 

compositions (Darby et al., 2002; Darby and Zimmerman, 2008). The sediments of the last ice age 399 

in the Fram Strait sediment core PS1230 are primarily from the Canadian Arctic Archipelago 400 

(Banks Island, Queen Elizabeth Island), which was covered by the Laurentide and Innuitian ice 401 

sheets at that time (Ehlers and Gibbard, 2007). Calving Laurentide ice into the Arctic Ocean at this 402 

time occurred along the Amundsen Trough (Stokes et al., 2006) and the M’Clure Strait (Stokes et 403 
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al., 2005). It has not yet been clarified whether these calving events led to an ice shelf in the Arctic 404 

Ocean or whether perennial sea ice with icebergs of Antarctic dimension prevailed (Jakobsson et 405 

al., 2010). The Eurasian shelf seas were either covered by the Fennoscandinavian ice sheet (Ehlers 406 

and Gibbard, 2007) or exposed. 407 

We propose that icebergs, which are also an important transport medium for sediments especially 408 

during the transition from glacial maxima to deglacial intervals, moved in the Arctic Ocean 409 

synchronously with sea ice. While the iceberg drift is usually directed by several forces (water drag, 410 

wind stress, Coriolis force, inclination of the sea surface and interaction with sea-ice cover), iceberg 411 

drift buoys in the Weddell Sea (Antarctic) confirm that there is a coherent sea ice/iceberg 412 

movement at ~90% sea-ice concentration (Schodlok et al., 2006). Low sedimentation rates, the 413 

absence of microorganisms, or even a hiatus in the sediment record, actually imply a thicker than 414 

today perennial ice cover with little melting in the central Arctic Ocean (Nørgaard-Pedersen et al., 415 

1998; Polyak et al., 2004; Stein et al., 1994; Stein, 2008). The model studies show a gradient of sea-416 

ice thickness across the Arctic Ocean that is different from today. Due to the convergence of drift, 417 

sea ice is compressed to thicknesses of 11–20 m just north of Greenland and the advection area of 418 

Fram Strait, comparable to the recent pressure ridges of up to 20–30 m thickness in this area (e.g., 419 

Polyak et al., 2010). Whereas halted sea-ice would accumulate snowfall which slowly converts 420 

snow to firn and glacier ice up to 40 m height as seen from landfast-ice remnants of the little ice-age 421 

(Bradley and England, 2008). In this case variations of ice thickness in the central Arctic Ocean 422 

would be dependent on the surface mass balance and thermodynamic processes. Bradley and 423 

England (2008) argue that limited atmospheric circulation in the glacial Arctic Ocean favor this 424 

process and propose a mean ice thickness of 50 m in the Arctic Ocean. In the atmospheric forcing 425 

of our model studies, the North Pacific westerlies at the Laurentide ice sheet diverge forming a 426 

southern and northern branch. Winds of the northern branch are redirected across CAA intruding to 427 

the Arctic interior where sea-ice along the coast of CAA is pushed offshore to the central Arctic 428 
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Ocean. Sea ice is converging and pressure ridges of exceptional height evolve along its way towards 429 

Fram Strait forming a trans-arctic gradient of sea-ice thickness controlled by sea-ice dynamics. 430 

4.4 Comparison of simulated and reconstructed glacial ice drift 431 

Pleistocene ice drift reconstruction is illustrated by Phillips and Grantz (2001) utilizing the average 432 

MIS2 composition and distribution of erratics in Arctic Ocean sediments. They propose that the 433 

main Arctic circulation patterns, the Beaufort Gyre and Transpolar Drift operated, on average, 434 

during late Pleistocene glacial episodes. Further they associate westward migration of eolian sand 435 

dunes across northern Alaska (e.g. Dinter et al., 1990) with wind patterns driving the Beaufort Gyre 436 

at least since the LGM. In general these findings agree with the applied wind forcing fields of our 437 

model studies (Fig. 2b, c) as well as the anticyclonic sea-ice rotation in the Amerasian Basin (Fig. 438 

5b, c). 439 

Furthermore, ice plough marks (Fig. 1, blue arrows) along the Alaskan Beaufort Sea shelf edge and 440 

the border area of the Chukchi Sea, dated to the LGM, imply the orientation of ice drift (Engels et 441 

al., 2008; Polyak et al., 2001; Polyak et al., 2007), which is consistent with the clockwise 442 

circulation in our model studies (Fig. 5b,c). Based on the IRD and DFA analysis Bischof and Darby 443 

(1997) reconstruct iceberg trajectories originating from northwest Canada and the western Canadian 444 

Arctic Archipelago (Amundson Trough) traversing the Northwind Ridge and Chukchi Plateau 445 

before reaching Fram Strait. Icebergs sourcing from the Queen Elizabeth Islands primarily take a 446 

more direct route across central and southeastern Alpha Ridge (Bischof and Darby, 1997). They 447 

state that icebergs from the Innuitian and Laurentide ice-sheet take a direct pathway out of the 448 

Arctic Ocean without multiple anticyclonic rotations in the Amerasian Basin (Fig. 1, blue lines). In 449 

our glacial model studies we still observe a downscaled anticyclonic gyre of ice drift in the Western 450 

Arctic whose center of rotation is shifted towards CAA compared to the present-day. This actually 451 

allows ice of the northern edge of the Laurentide ice-sheet to traverse the central Arctic Ocean in an 452 

arched pattern along the western Arctic shelf margin without multiple rotation in the glacial gyre 453 

(Fig. 5b,c) as proposed by Bischof and Darby (1997). During at least two glacial maxima, 454 
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diamicton was deposited by grounding ice at the Chukchi Borderland (Polyak et al., 2007), which 455 

would divert sea-ice drift further northwards. Ice at the rim of the Innuitian ice sheet either takes the 456 

same arched pattern (LGMG, Fig. 5b) or slowly moves parallel to the coast of northern Greenland 457 

towards Fram Strait (LGMC, Fig. 5c). Differences in the atmospheric circulation (Fig. 2c) and 458 

pressure fields in the Arctic cause deviations in size and location of the anticyclonic ice drift pattern 459 

of LGMC and LGMG (Fig. 5). Further the reduced speed of sea-ice drift of our glacial model 460 

studies is directly affected by increased internal ice stress due to elevated ice thickness (not shown). 461 

Between Ellesmere Island and North Greenland (Lincoln Sea) Larsen et al. (2010) mapped glacial 462 

landforms and sediments and found evidence of shelf-based ice during the early stages of the last 463 

glacial ~30ka ago, which is not in the scope of the ocean/sea-ice model. For the formation of an ice 464 

shelf, thick multiyear sea-ice is required in order to disable shelf-ice calving into the ocean 465 

(Jakobsson et al., 2010; Larsen et al., 2010). The initialization started with outlet glacier streams 466 

that were deflected by the eastward sea-ice movement and final coalescence into an ice-shelf 467 

(Larsen et al., 2010). In our model studies, the Lincoln Sea is occupied by perennial sea-ice of 468 

maximum thickness (Fig. 4b, c) and virtually no ice-drift (Fig. 5b, c), which are favorable 469 

conditions for sustaining an ice-shelf. Further north, multi-year ice is drifting at 0.2-1cm/s 470 

eastwards in agreement with the scenario of Larsen et al. (2010). 471 

 472 

5. Conclusions  473 

The panarctic ice-shelf cover postulated by Grosswald and Hughes (2008) provides an extreme case 474 

of glaciation with virtually no ice drift, which is not supported by our model simulations as well as 475 

more recent reconstructions (Jakobsson et al., 2010) nor the IRD record in Fram Strait (Darby and 476 

Zimmerman, 2008). Phillips and Grantz (2001) point out that the Beaufort Gyre and Transpolar 477 

Drift have been stable during late Pleistocene forced by wind fields consistent with proxy evidence 478 

from North Alaska. In contrast, our model studies still show an anti-cyclonic rotation in the 479 

Canadian Basin, which is shifted compared to the present-day pattern and a Transpolar Drift which 480 
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is deflected or not present during LGM. Applying modern wind fields to the glacial model setup 481 

result in a general mismatch of simulated ice drift, ice cover and proxy data. As a consequence 482 

glacial wind stress is interpreted as the dominant operator of sea-ice drift. The arched pattern of 483 

simulated sea-ice drift results in a gradient of sea-ice thickness in the Arctic Ocean that is 484 

predominantly forced by glacial wind fields. The sources of MIS2 IRD in Fram Strait and other 485 

parts of the Arctic (Darby et al., 2002; Darby and Zimmerman, 2008) and the orientation of dated 486 

ice plough marks (Engels et al., 2008; Polyak et al., 2001; Polyak et al., 2007) substantiate our 487 

results. 488 

Our approach overcomes the drawbacks of global climate models in representing circulation 489 

changes on a regional scale. The validation of our high-resolution regional Arctic ocean-sea ice 490 

model, which has been used for hindcast and sea-ice prediction so far (Kauker et al., 2009) against 491 

the Last Glacial Maximum is crucial to understand physical processes concerning other climate 492 

regimes than today.  493 
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Figure Captions 

Fig. 1: Reconstruction of last glacial/interglacial ice drift in the Arctic Ocean. Black land/sea-mask 

marks the modern and grey, the glacial boundaries of the model. Weighted proportion (wt%) of the 

iron oxide grains from core PS1230 (Lat 78°51’N, Long 04°46’W; 1,235 m water depth) (Darby et 

al., 2002;Darby and Zimmerman, 2008), assigned to the individual regions of origin (blue and red 

areas). Solid blue lines indicate glacial, dashed red lines are interglacial ice drift (Bischof and 

Darby, 1997). Blue arrows indicate ice plough marks, dated to the LGM (Engels et al., 2008; 

Polyak et al., 2001; Polyak et al., 2007). 

 

Fig. 2: Atmospheric boundary forcing of wind fields 10 m above surface (m/s) for the respective 

model studies. (a): 30-year mean (years 1977–2007) of wind fields derived from NCAR/NCEP 

reanalysis data (Kalnay et al., 1996) to force present-day model run (CTRL). (b): 15-year mean of 

wind field data referring to the cold glacial exeriment LGMC. (c): Anomaly plot of 15-year mean of 

wind field forcing data LGMG-LGMC.  

 

Fig. 3: Mean sea-ice concentration (100%) for summer (August) in the upper row and winter 

(February) conditions in the lower row are displayed. (a), (d): Present-day control run CTRL. (b), 

(e): LGMG. (c), (f): LGMC. 

 

Fig. 4: Mean sea-ice thickness (m) for modern and glacial conditions. (a): Present-day control run 

(CTRL). (b): LGMG. (c): LGMC. 

 

Fig. 5: Streamlines of 30-yr mean sea-ice drift (cm/s) for modern and glacial conditions. (a): Model 

study CTRL. (b): LGMG. (c): LGMC. Not shown: sea ice drift with a mean sea ice concentration of 
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<10% (in general northern North Atlantic; see Fig. 3) and a velocity of <0.2 cm/s (e.g. Canadian 

Archipelago, Baffin Bay). 

 

 

Fig. 6: Seasonal cycle of mean sea-ice export (Sv = 106m3/s) across the Fram Strait for CTRL, 

LGMG and LGMC. 

 

 

Table 1: Mean sea-ice transport and standard deviation (103m3/s) through ocean gates of the North 

Polar Seas and budget of the Nordic Seas are shown for each model study. Positive (negative) 

values denote sea-ice import (export) to Nordic Seas. 

 Fram Strait Denmark 

Strait 

Iceland-Faroe 

Ridge 

Faroe-

Shetland  

Passage 

∆ Nordic Seas 

sea-ice 

transport 

CTRL 95 ± 21 - 30  ± 10 0 0 65 

LGMG 264 ± 32 - 348 ± 17 - 60 ± 14 - 3 ± 2 - 147 

LGMC 194 ± 40 - 163 ± 30 - 139 ± 26 - 8 ± 9 - 116 

LGMG_PDw 115 ± 38 - 153 ± 41 - 1 ± 25 6 ± 6 - 33 

LGMC_PDw 88 ± 33 - 146 ± 39 - 1 ± 51 27 ± 36 - 32 
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