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Rapid Laurentide Ice Sheet growth  
preceding the Last Glacial Maximum  
due to summer snowfall

Lu Niu      , Gregor Knorr    , Uta Krebs-Kanzow, Paul Gierz     & 
Gerrit Lohmann    

There has been extensive research into the nonlinear responses of the Earth 
system to astronomical forcing during the last glacial cycle. However, the 
speed and spatial geometry of ice sheet expansion to its largest extent at the 
Last Glacial Maximum 21 thousand years ago remains uncertain. Here we 
use an Earth system model with interactive ice sheets to show that distinct 
initial North American (Laurentide) ice sheets at 38 thousand years ago 
converge towards a configuration consistent with the Last Glacial Maximum 
due to feedbacks between atmospheric circulation and ice sheet geometry. 
Notably, ice advance speed and spatial pattern in our model are controlled 
by the amount of summer snowfall, which is dependent on moisture 
transport pathways from the North Atlantic warm pool linked to ice sheet 
geometry. The consequence of increased summer snowfall on the surface 
mass balance of the ice sheet is not only the direct increase in accumulation 
but the indirect reduction in melt through the snow/ice–albedo feedback. 
These feedbacks provide an effective mechanism for ice growth for a 
range of initial ice sheet states and may explain the rapid North American 
ice volume increase during the last ice age and potentially driving growth 
during previous glacial periods.

Marine Isotope Stage 3 (MIS 3, about 60–29 thousand years ago (ka)) 
was a relative warm period during which the glaciation process was 
roughly halfway towards the Last Glacial Maximum (LGM, ~21 ka) within 
the last glacial cycle1,2. In parallel, millennial-scale abrupt climate shifts 
(known as Dansgaard–Oeschger oscillations) occurred more frequently 
before 32 ka than thereafter3. The final glaciation from MIS 3 to the LGM 
starting after ~38 ka was also characterized by a gradual decrease in 
boreal summer insolation4,5, decreasing greenhouse gas (GHG) concen-
trations (for example, refs. 6–8) in the atmosphere (Fig. 1a), advancing 
Northern Hemisphere ice sheets and a sea-level drop in the order of 
tens of metres (for example, refs. 9–13) (Fig. 1h, dots/dotted lines).

However, large uncertainties in ice sheet configurations and asso-
ciated ice growth persist from MIS 3 to the LGM, given that the glacial 
geomorphological record from this period is mostly erased by the 

following ice sheet expansions2,14–18. Consequently, both ice sheet and 
sea-level reconstructions during MIS 3 show a considerable diversity, 
with differences in estimations of global mean sea level up to 60 m 
(refs. 13,18–21). Particularly, recent work proposed that the Laurentide 
Ice Sheet (LIS) volume could be substantially reduced (for example, 
ref. 20). Interestingly, despite the large spread in ice sheet/sea-level 
reconstructions during MIS 3 using different reconstruction methods, 
monotonically rapid decreases in sea level after around 32 ka are con-
sistently depicted across these reconstructions (Fig. 1h)22. Moreover, 
given such fundamental ice sheet differences before the final phase of 
ice growth it is open to question how these differences impact on the 
North American ice sheet evolution towards the LGM.

So far, investigations with complex Earth system models focusing 
on this period are relatively sparse. Moreover, the underlying climate 
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Fig. 1 | Boundary conditions, such as orbital parameters, CO2 values 
and North American ice sheet initial configurations, and spatial and 
temporal patterns of the simulated ice sheets. a, Insolation at 65° N at June 
solstice (red), CO2 (dark blue), obliquity (light blue), precession parameters 
(green), eccentricity (purple) and Greenland ice core records (grey)3,5,8. b–d, 
Reconstructed ice thickness at 38 ka from Glac1D19 (b), Paleomist13 (c) and a 
glacial index simulation using PISM standalone model (PISM-index) (d). Black 
contours depict surface elevation with a 500-m interval. Yellowish contours 
denote reconstructed ice sheet extents from different reconstruction datasets 
(Glac1D, Paleomist and Ice6g53) at 21 ka. Grey lines and circles show longitude 

and latitude, respectively. The basemaps are drawn using the reconstruction 
datasets. e–g, Corresponding simulated ice thickness distributions (ice volume 
of ~100 m in sea-level equivalent, m SLE) for experiments Tran_Glac1d (e), Tran_
Paleomist (f) and Tran_PISMindex (g). h, Evolution of ice volume of the North 
American ice sheets from different experiments (solid lines), in comparison 
with ice volume estimations based on reconstructed North American ice 
margins54 (Methods, purple solid circles represent the best estimates, error 
bars indicate the maximum and minimum estimates) and reconstructed global/
relative sea-level data11,13,18,55–59 (Methods). The time axis corresponds to the ice 
sheet model years.
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conditions and ice sheet evolution are often examined separately due to 
computational constraints: climates at certain time slices are simulated 
using comprehensive General Circulation Models (GCMs) with fixed ice 
sheet boundaries, whereas ice sheet simulations use climates derived 
from the GCM output. This leads to mis-/inadequate representations of 
internal feedbacks between ice sheets and other Earth system compo-
nents (such as ice–albedo feedback and readjustments of atmospheric 
circulation), yet their impact could be important23. Although transient 
simulations on glacial–interglacial timescales could also be conducted 
with Earth system models of intermediate complexity, for example, 
refs. 24,25, these models typically have relatively coarse spatial reso-
lutions, and representations of more advanced atmospheric–ocean 
dynamics are limited.

Therefore in this study, we aim at a complex modelling approach 
allowing for a comprehensive representation of internal climate feed-
backs, using a comprehensive state-of-the-art Earth system model 
with interactive ice sheets (AWI-ESM). Our study aims to disentangle 
the physical processes that are responsible for the ice sheet growth 
from an intermediate size towards the LGM with a focus on coupled 
atmosphere–ocean–ice sheet interactions. Due to the computational 
burden of our comprehensive coupled model approach, we use an 
asynchronous coupling scheme in our study (Methods). Note that 
neither the resemblance of a specific trajectory of ice volume changes 
nor the simulation of the exact timing of the LGM conditions are the 
aim of this study. In our comprehensive coupled climate–ice sheet 
model simulations, we reproduce the fast growth of the ice sheet from 
MIS 3 to the LGM. One of the key processes in this ice sheet expansion 
involves adjustments in moisture transport from the low latitudes of 
the Atlantic basin and summer snowfall. This causes a convergence 
towards a LGM ice sheet configuration, regardless of the choice of the 
initial state of the MIS 3 ice sheet.

Convergent LIS evolution
At first, three transient simulations (experiments Tran_Glac1d, 
Tran_Paleomist and Tran_PISMindex) are conducted with the same 
insolation5 and GHG8 changes covering the period from 38 ka to 
20 ka (Fig. 1a). These experiments only differ in their initial ice sheet 
configurations (especially over North America) at the starting point 
38 ka as they are based on three different ice sheet reconstructions 
(Glac1D-38k, Paleomist-38k and PISM-index-38k; Fig. 1b–d). Two of 
the initial conditions are taken from the glacial isostatic adjustment 
(GIA)-based ice sheet reconstructions Glac1D19 and Paleomist13, respec-
tively. Another initial condition is obtained by a standalone ice sheet 
simulation using a glacial index method (PISM-index, Methods). The 
ice coverage in Glac1D-38k is comparatively extensive (the south-
western margin of the LIS almost reaches the LGM extent), whereas in 
Paleomist-38k ice sheets are considerably reduced. In PISM-index-38k, 
an asymmetrical distribution of the LIS is exhibited, with the ice sheet 
over the eastern region being more extensive, while largely reduced 
over the western region.

Starting with our experiments at 38 ka, a high boreal summer inso-
lation until ~32 ka prevents a pronounced ice sheet growth of the LIS 
and Cordilleran ice sheet (CIS) (Fig. 1h and Extended Data Fig. 1a–c). The 
increases of ice volume start to speed up as the insolation continues to 
decrease. For experiments initialized from the Glac1D-38k boundaries, 
the LIS first shows a pronounced eastward advance before expanding 
southward. For experiments with Paleomist-38k initial condition, the 
LIS continues to expand in multiple directions (east, west and south). 
For experiments with PISM-index-38k as a starting condition, sub-
stantial ice sheet advance occurs in the discontinuity between the LIS 
and CIS, although ice retreats in the eastern area in response to high 
insolation before 32 ka. In the end, the simulated LIS evolves into con-
figurations that match with the reconstructed LGM extents (Fig. 1e–g).

To eliminate the effects of transient insolation and GHG changes 
in a quasi-equilibrium perspective, similar experiments but with fixed 

21 ka insolation and GHGs are conducted (experiments 21k_Glac1d, 
21k_Paleomist and 21k_PISMindex). As a result of comparatively low 
insolation, the glacial advances of the ice sheets are faster (compared 
individually to their transient counterparts), but the spatial extents 
of the ice sheets are rather similar (Extended Data Fig. 1d–f). The 
simulated ice sheets first advance to LGM-like configurations and 
then further advance to a quasi-equilibrated configuration (Extended 
Data Fig. 2).

Although large initial differences are visible among Glac1D-38k, 
Paleomist-38k and PISM-index-38k ice sheets, all of the simulated 
ice sheets evolve into states that show a reasonable match with the 
reconstructed LGM extents. It indicates that internal climate feedbacks 
between ice sheets and other climate components play an important 
role, as they lead to readjustment of the mass balance of the ice sheets.

Spatial heterogeneities in surface mass balance 
changes
To understand the convergent evolution of the North American ice 
sheets, the spatial distributions of the surface mass balance (SMB) 
for ice sheets at intermediate sizes (70 m SLE) both in summer and 
winter are compared (Fig. 2 and Extended Data Fig. 3). Distinct spatial 
patterns are shown in summer SMB (Fig. 2d–f), whereas winter SMB 
patterns hardly differ among experiments (Extended Data Fig. 3a–c). 
Consistent with the positive SMB patterns, snowfall is more intense in 
summer across all experiments, with the spatial patterns exhibiting 
greater differences than those shown in winter (Fig. 2g–i and Extended 
Data Fig. 3d–f). In general, the positive SMB/snowfall is enhanced in 
summer when the southern margin of the ice sheet deviates from a 
zonal orientation in different experiments, which seems to counteract 
the asymmetric distributions of the LIS.

To understand spatial heterogeneities in SMB through time, we 
present Hovmöller diagrams illustrating the annual mean SMB changes 
over the southern ice sheet margin (ice thickness of 0–2,500 m) 
through time at different longitudes (Fig. 3d–f, shaded) and changes 
in the latitudes of the southern ice sheet margin (Fig. 3d–f, contour 
lines). Besides at the east and west coasts, a particularly positive SMB 
centre is detected in the interior of the North American continent. 
Although the patterns vary among different experiments, this centre 
always exhibits a continuous westward migration over time and seems 
to be consistent with the rapid ice sheet expansions (Fig. 3d–f, contour 
lines). Large positive SMB is simulated where the southern margin of 
the ice sheet is in northwest to southeast orientation, which supports 
a gradual reduction in the asymmetry of the ice sheet distribution.

Moreover, we separate the SMB changes into summer (including 
accumulation and ablation zones) and winter contributions and we 
find that positive SMB centres are dominated by changes in summer 
(Fig. 3g–l and Extended Data Fig. 4a–f). The trajectory of maximal 
annual mean SMB centres is not only corresponding with an increase in 
positive SMB in the accumulation zone but also with a reduction in the 
intensity of negative SMB in the ablation zone. Overall, the most rapid 
expansion of the southern ice sheet is controlled by both increased 
accumulation and reduced ablation during summer, whereas no pro-
nounced changes are detected during winter for the LIS.

The underlying processes and the role of summer 
snowfall
To determine the cause of the SMB changes, we compare the snow/
precipitation and surface air temperature changes (Fig. 3m–o and 
Extended Data Figs. 4g–i and 5). For the LIS, snowfall variations in sum-
mer strongly resemble the total SMB variations, and the summer SMB 
changes over both the accumulation and ablation zones (Fig. 3d–l). 
In contrast, no obvious linkage is shown between the surface air tem-
perature and the ice sheet expansion patterns (Extended Data Fig. 5).

To gain a deeper process understanding, the seasonal variations 
of SMB components along a certain longitude (97° W) through time are 
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quantitatively compared over areas with rapid ice expansions (Fig. 4). 
Two important phases are shown for the ice sheet growth: From 32 ka, 
declining background temperatures reduce melt, and the annual mean 
SMB shifts from negative to near zero (Fig. 4a,c,e). Thereafter (after 
~28 ka), precipitation/snowfall largely increases over the south of the 
LIS southern margin, whereas the near-surface temperature shifts from 
a decreasing to an increasing trend as ice sheet advances towards lower 
latitudes (Fig. 4a,d). For LIS, more snowfall accumulates from May 
to October than from November to April (snowfall during summer is 
roughly twice as large as that during winter; Fig. 4e). Corresponding with 
periods of fast ice expansions (Fig. 4d), large positive total SMB is evident 
(Fig. 4e, red line). The increase in total SMB is not solely attributed to the 
large increase in accumulation (blue bars), it is also attributed to strong 
decrease in summer melt (orange bars). More interestingly, changes in 
melt are closely correlated with albedo variations in summer (Fig. 4f,g), 
whereas contributions linked to surface air temperature are less obvious 
because different temperatures can co-exist for the same albedo values, 
especially for relatively low values (Fig. 4g).

This points to snowfall as a key to variations in albedo, as intensi-
fied snowfall can strongly suppress the melt–albedo feedback (melt 
lowers albedo, which in turn enhances melt). To deduce the effect 
of summer snowfall, we conduct a sensitivity test (ST) on the SMB: 
we reduce the summer ( JJA) snowfall to the respective winter (DJF) 
amount, while all other variables are kept unchanged, and recalcu-
late the SMB over time (Fig. 4e, grey lines). In this ST, we find both a 
reduction in accumulation (grey dashed line) and an increase in melt 

(grey dotted line), which is accompanied by a lowered summer albedo 
(Fig. 4f, grey line), resulting in a largely decreased total SMB (Fig. 4e, 
grey solid line). In this sense the underlying SMB dynamics can be inter-
preted as a direct (accumulation) and indirect (melt) effect of boosted 
summer snowfall, which reduces initial ice sheet asymmetries. These 
effects are also robust if insolation is kept constant after 30 ka (Fig. 4e,f, 
black line; experiment STI, Methods), highlighting the importance 
of internal dynamics towards the establishment of full LGM ice sheet 
conditions.

Moisture transport pathways and a self-adaptive 
mechanism
Figure 5 illustrates the vertically integrated water vapour transport 
(arrows) and vertically integrated moisture flux convergence (VIMFC, 
shaded) at different ice sheet conditions. For the LIS, the water vapour 
sources seem to be related to different pressure systems in different 
seasons. In boreal winter, the LIS is influenced by southward shifts of 
the mid-latitude jet stream and the storm track system (Fig. 5d–f). 
However in summer, warm and humid low-level southerly winds are 
formed due to the northward shift of the Azores High (Fig. 5a–c). This 
pathway provides an effective atmospheric moisture bridge towards 
the interior of the continent. More specifically the water vapour stems 
from the Gulf of Mexico area in the relatively warm subtropics and 
is advected further north over the Great Plains before it reaches the 
southern margin of the LIS. Depending on the shape of the southern ice 
sheet margin, the wind pattern and the related precipitation centre are 
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Fig. 2 | Simulated intermediate states of the North American ice sheets, the 
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distributions of the North American ice sheets at intermediate sizes (70 m SLE) 
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(c). d–f, The corresponding SMB over ice sheets in summer ( JJA). g–i, The 
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surface elevation with a 500-m interval. Yellowish contours are reconstructed ice 
sheet extents from different datasets (Glac1D, Paleomist and Ice6g) at 21 ka. Grey 
lines and circles indicate longitude and latitude, respectively.
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also different. The strong enhancements of precipitation are favourable 
for LIS build-up. Water vapour from the west (Pacific) also partly influ-
ences the eastern LIS, but the strength is much smaller than from the 
south. For the CIS, water vapour is mainly transported from the Pacific 
Ocean (with more precipitation/snowfall simulated over the western 
coast during winter). This indicates that the CIS and LIS are possibly 
controlled by different atmospheric transport pathways.

On the basis of our results, we propose a self-adaptive mechanism 
of the LIS evolution (Fig. 6). The northward moisture transport in sum-
mer that controls the southern advancement of the LIS can in turn be 
redirected by the shape of the southern ice sheet margin. First, if the 
initial distribution of the LIS is Glac1D-38k-like (symmetric case in 
Fig. 6), more precipitation is over the southeastern margin (than the 
mid-western) which favours for the southeast expansion of the LIS. The 
presence of the Rocky Mountains could yield a warm and dry summer 
climate in the North American interior, which inhibits the western 

expansion of the LIS during its build-up26 (that is, towards a zonally 
asymmetric distribution). Secondly, if the ice sheet distribution is 
characterized by a more asymmetric configuration, the northward 
moisture transport pathway is re-arranged by the corresponding ice 
sheet orography. Consequently, more water vapour is transported 
farther north into the continental interior, which reduces the asym-
metricity of the ice sheet.

Implications for ice sheet evolution
In this study, we investigated the period of ice sheet growth from an 
intermediate size towards the LGM, using the state-of-the-art Earth 
system model AWI-ESM with interactive ice sheets. Our study empha-
sizes the important role of the internal climate feedbacks, especially 
the interplay between the atmospheric circulation and the ice sheet 
orography changes, on the ice sheet evolution. In particular for the 
final build-up of the LIS leading to the LGM, abundant moisture 
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Fig. 3 | Annual mean and summer surface mass balance and summer snowfall 
changes of the North American ice sheets at different longitudes over time. 
a–c, Ice sheet margins at 38 ka, 28 ka and 21 ka from experiment Tran_Glac1d (a), 
Tran_Paleomist (b), Tran_PISMindex (c). d–f, Hovmöller Diagram of meridional 
mean total annual mean SMB of the North American ice sheets (NAIS) through 
different model years for experiment Tran_Glac1d (d), Tran_Paleomist (e), 
Tran_PISMindex (f). g–i, Same as d–f, but for summer ( JJA) over the accumulation 

zone. j–l, Similar as g–i, but over the ablation zone. m–o, Same as g–i, but for 
summer ( JJA) snowfall. Black/grey contours in d–o are latitudes of the southern 
margin of the NAIS at different longitudes. The calculated areas are chosen with 
ice thickness between 0 m and 2,500 m. Contours that are dense along time 
axis indicate fast south expansion of the NAIS; contours that are dense along 
longitudes indicate longitudinally asymmetric distribution of the LIS. The time 
axis corresponds to the ice sheet model years.
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transported from the Gulf of Mexico reaches the southern margin of 
the LIS, facilitating rapid ice sheet expansion by affecting both snow 
accumulation and ice melt via snow/ice–albedo feedback, with neg-
ligible effects due to transient changes of summer insolation in the 
northern high latitudes.

Furthermore, our model results indicate that the equilibrium 
state of the LIS is larger than an LGM-like configuration, which is  
consistent with the assumption that the LGM ice sheets are prob-
ably not representing an equilibrium solution but rather a transient 
state27,28. Similarly, the rapid ice sheet expansion resulting from the 
proposed mechanism could effectively shorten the time for the LIS to 
reach the LGM-like configuration and further an equilibrium glacial 
maximum state. Additionally, we note that a decline in insolation and/
or GHGs, along with the resultant cooling, are prerequisites for the 
self-adaptive mechanism-induced rapid growth to kick in. We further 
note that even though the self-adaptive mechanism drives the LIS 
towards a LGM configuration, the ice sheet geometry (at intermediate 

ice sheet volumes) is a crucial element for millennial-scale abrupt 
events during MIS 3 under specific insolation and GHGs forcing 
conditions, for example, refs. 29–31. We highlight that aside from 
the Milankovitch control, the processes regulating the growth of 
ice sheets towards a glacial maximum state are more complex than 
previously assumed, which necessitates the use of complex Earth 
system models.

Although fully reconstructing the dynamics of ice sheet evolution 
from a geological perspective is challenging for the studied period, 
research focusing on specific regions offer partial insights. In particu-
lar, previous studies suggest a late build-up of the CIS–LIS saddle. The 
related reorganization of the ice drainage network in the southwest 
LIS (the shutdown/switch on of the related ice streams), the late local 
LGM of the northwest LIS and the subsequent migration of the Kee-
watin Ice Dome seems to be consistent with the experiment Tran_Pal-
eomist32–35. The hydrological features over North America at the LGM 
and the following deglaciation have been extensively investigated in 
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components and background climate conditions along longitude 97° W 
through time in experiment Tran_Paleomist. a, Background temperature (B. 
temp.) and precipitation (B. precip.) variations in the south of the LIS southern 
margin at longitude 97° W in experiment Tran_Paleomist. b, Monthly variations 
of mean accumulation (including snowfall and refreeze, shaded) and snowfall 
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latitudes of the LIS southern margin (green, with dark green indicating periods of 
southern advances). e, Changes in SMB components: total annual SMB (red line), 
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previous studies, with particular focus on the winter season36–42. The 
presence of the continental-scale LIS rearranges the atmospheric 
circulation (for example, southward shifts of mid-latitude jet stream 
and/or storm track, southeast shift of North Pacific atmospheric rivers 
and zonalization of the North Atlantic jet at the LGM) and is found to 
dominate changes in the hydrological cycle43–45. Our climate model in 
general shows consistent features with previous findings46. Compared 
to winter, hydroclimate changes during summer have received less 
attention. Nevertheless, it has been proposed that a low-level southerly 
flow regime (from the Gulf of Mexico) that resembles a contemporary 
Great Plains low-level jet configuration is the primary route of mois-
ture transport during summer47. The presence of the LIS enhances the 
thermal gradient (baroclinicity) which favours the development of syn-
optic cyclones (increased moisture convergence by transient eddies) 
along the ice sheet margin at the LGM45. Consistently, palaeoglacier 
reconstructions show lower east-side equilibrium-line altitudes in the 
southeastern Rocky Mountains, probably due to the increased Gulf 
moisture48. Evidence from pluvial deposit and pedogenic carbonates 
in southwestern North America also suggest enhanced northward 
moisture transport during the presence of a large LIS49–51. Our results 
indicate that the proposed regime may also exist during the period 
when the LIS grows from an intermediate size towards the LGM. More 

importantly, we show that this is also the dominating factor in LIS 
development.

The low-level southerly flow is largely controlled by the orogra-
phy of the North American continent, that is, the Rocky Mountains 
in the west and the southern margin of the LIS both constrain the 
northward moisture conveyor. This is different from the present day, 
where the large-scale LIS is absent. The mutual effects between the 
geometry of the LIS and the shape of the moisture conveyor finally 
result in self-adaptive LIS developments. Thus, a comprehensive 
GCM including explicit atmospheric dynamics and a sufficient spatial 
resolution to resolve LIS ice sheet margin heterogeneities is required 
to adequately simulate the ice sheet developments during this period. 
In addition, we emphasize the role of the ocean and air–sea coupling, 
which facilitates the water vapour transport from the subtropics 
(Extended Data Fig. 6). To test the importance of these interactions 
for specific ice volume trajectories in comparison to ice sheet recon-
structions, future simulations with a synchronous ice sheet coupling 
are essential (Extended Data Fig. 7). Further investigations will also 
consider the Eurasian ice sheets, which show diverse responses in our 
different simulations, indicating that the mechanism for the Eurasian 
ice sheet development might be governed by different dynamics, for 
example, ref. 52.
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Methods
Earth system model AWI-ESM with interactive ice sheets
Here we apply the state-of-the-art Earth system model (AWI-ESM, ver-
sion 2.1) asynchronously coupled to the Parallel Ice Sheet Model (PISM, 
version 1.2). AWI-ESM-2.1 includes the global General Circulation Model 
(GCM) ECHAM6 for the atmosphere and land surface components and 
FESOM2 for the sea ice–ocean component61. ECHAM6 is the sixth gen-
eration of the ECHAM atmospheric GCM62. Driven by radiative forcing, 
it incorporates diabatic processes with large-scale circulations. The 
dynamic core of ECHAM6 is based on the vorticity and divergence form 
of the primitive equations, and thermodynamic coordinates are with 
temperature and surface pressure. Compared with previous versions, 
an improved radiative transfer scheme (RRTM-G) for both shortwave 
and longwave spectrum is applied63. The representations of surface 
albedo over land and ocean are also substantially improved. Besides, 
an optimized dynamic vegetation model JSBACH that accounts for 
the land processes is also included. The resolution is T63 (~1.9°) on 
a Gaussian grid, with 47 vertical levels extending up to 0.01 hPa of 
the atmosphere. For ECHAM6, representation of tropical variability 
and improved performance in the circulation over mid-latitudes are 
remarkable62. FESOM2 (Finite-volumE Sea ice–Ocean Model) resolves 
global sea ice–ocean characteristics on an unstructured mesh with 
multi-resolution modelling functionality64. It uses the linear free sur-
face scheme to account for surface freshwater fluxes in which a virtual 
salinity flux is introduced as an additional surface boundary condition. 
The resolution ranges spatially from 20 km over dynamically active 
regions to 140 km elsewhere. The flux exchanges between ECHAM6 and 
FESOM2 are conducted via OASIS3-MCT. AWI-ESM-2.1 has been used 
for palaeoclimate simulations at different time slices and is also part of 
the Paleoclimate Modelling Intercomparison Project 4 (PMIP4)46,65,66. 
The model shows comparable performances as other PMIP4 models for 
the LGM. When applied to the mid-Holocene and the last interglacial, 
good performances are also shown in insolation driven seasonality 
variations, intertropical convergence zone/Northern Hemisphere 
Hadley circulation shifts and Northern Hemisphere summer monsoon 
intensification65.

The ice sheet model PISM is a three-dimensional 
thermo-mechanically coupled shallow ice sheet model67. The hybrid 
shallow ice approximation and shallow shelf approximation are used for 
computing the stress balance. For ice deformation, the enthalpy-based 
Glen–Paterson–Budd–Lliboutry–Duval law is used68–70. Enhancement 
factors of 5.0 and 0.5 are added to shallow ice approximation and 
shallow shelf approximation, respectively. For the bedrock deforma-
tion underneath the ice sheets, the Lingle–Clark scheme is used71,72. 
The spatial resolution of the model domain is 20 km, with a Northern 
Hemisphere polar stereographic projection. PISM applies a boundary 
surface interface between top-ice-surface and firn layers. The inter-
face covers ice surfaces and all other grounded areas. Top-ice-surface 
temperature and climatic surface mass balance that is calculated from 
a separated surface energy balance model is used as input for PISM. 
The ice mask is selected based on a threshold ice thickness of 0.5 m. 
The PICO scheme is used for ocean-induced melting below ice shelves. 
For the ice sheet spin-up, a heuristic scheme is applied to determine 
the temperatures at depth (using ice thickness, surface temperature, 
surface mass balance and geothermal flux), which is a solution of a 
steady one-dimensional differential equation, and vertical velocity is 
linearly interpolated based on the surface mass balance67.

A notable feature of the coupled model set-up is the application 
of an advanced surface mass balance scheme dEBM (diurnal energy 
balance model)73. Most of previous ice sheet simulations have used the 
semi-empirical positive degree-day scheme, which only takes surface 
air temperature into account for surface melt, for example, ref. 27. The 
positive degree-day scheme is often calibrated based on modern obser-
vations from the Greenland Ice Sheet, which appears not suitable for 
the glacial ice sheets with substantially different background climate 

and radiative forcing74–76. The dEBM scheme used here accounts for 
changes in the Earth’s orbit and atmospheric composition, implicitly 
accounts for the diurnal melt–freeze cycle and uses physics-based, 
non-empirical parameters. Only the albedo scheme has been calibrated 
specifically for today’s Greenland surface mass balance: it distinguishes 
three surface types with distinct albedo values Af,c for fair and cloudy 
conditions: new snow (Af,c = {0.845, 0.895}), dry snow (Af,c = {0.73, 0.78}) 
and wet snow or bare ice (Af,c = {0.55, 0.6). The classification of surface 
types is conducted based on energy balance, accumulation and snow 
height. The dEBM scheme is particularly suitable for palaeo simulations 
because it is computationally inexpensive and requires only monthly 
input (that is, near-surface temperature, precipitation, cloud cover, 
short- and longwave radiation).

Asynchronous coupling is conducted between the climate com-
ponents and the ice sheets. Due to the computational limits coming 
from the relatively high-resolution GCM (approximately 50 model 
years per day on the German Climate Computing Center (Deutsches 
Klimarechenzentrum, DKRZ) supercomputer), an acceleration fac-
tor of 20 is applied (five climate model years vs 100 ice sheet model 
years). The acceleration factor has been tested both in simple flowline 
models and more complex models under equilibrium conditions77,78. 
A coupling cycle consists of four phases: (1) the AWI-ESM-2.1 is first 
integrated for five years for a given ice sheet configuration. (2) The 
climate model output is then used to generate forcing for the ice sheet 
model PISM: multiyear mean ocean temperature and salinity at the 
ice–ocean boundary and the SMB at the surface as calculated by dEBM 
from monthly atmospheric forcing. (3) The ice sheet model PISM is 
integrated for 100 years. (4) Finally, to complete the coupling cycle, 
the simulated ice sheet state provides new boundary conditions for 
the climate model. Ice mass changes are translated into respective 
freshwater discharges and are transferred via a hydrology model to 
the nearest coasts, and changes in ice mask and orography are com-
municated to the atmospheric component. As such, the simulations 
between AWI-ESM and PISM are switched back and forth. To be noted, 
the bathymetry in FESOM2 is fixed at 38 ka condition, because change 
of bathymetry on an unstructured mesh is currently not technically 
applicable. The influence of bathymetry changes on our conclusion 
is considered to be minor, because the North American ice sheets are 
mostly land based. The coupling between the climate and the ice sheets 
are applied to the Northern Hemisphere, whereas the Antarctic ice 
sheet is kept fixed at 38 ka.

Experimental details
Three ice sheet configurations during MIS 3 (around 38 ka) are used as 
initial conditions (Fig. 1b–d): two are from two palaeo-ice sheet recon-
structions of Glac1D19 and Paleomist13 and one is from a standalone ice 
sheet simulation using the glacial index method (PISM-index, derived 
from the LGM and present-day climates from AWI-ESM). The Glac1D 
and Paleomist datasets are based on geophysical modelling of glacial 
isostatic adjustment (GIA) processes and are partially constrained 
by far-field/local relative sea level and geological observations. The 
ice coverage from Glac1D-38k is extensive, where the southwestern 
margin of the ice sheet almost reaches to the LGM extent. Contrarily, 
the ice sheet from Paleomist-38k is considerably reduced. In the one 
from PISM-index-38k, more ice is present over southeast of the ice 
sheet. This is probably because the glacial index method generates 
the climate forcing from composites of two climate states (LGM and 
present day), where the LGM state introduce intensified precipitation 
over the southeastern margin of the corresponding LGM ice sheet, 
whereas precipitation over its west and interior are almost absent.

In the reference transient simulations, perturbations of freshwa-
ter (0.3 Sv) are imposed into the Ruddiman belt after 32 ka to mimic a 
weaker than the modern Atlantic meridional overturning circulation 
(AMOC) state (Fig. 1a). To test the development of LIS in the face of a rel-
atively strong AMOC, we have also conducted sensitivity experiments 
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without freshwater perturbations. The characteristics of simulated 
climate responses between strong and weak AMOC states align with 
proxy-based reconstructions of climate fluctuations of Dansgaard–
Oeschger oscillations (DOs) (Extended Data Fig. 6). The growth rate of 
the LIS is largely impeded when compared with weakened AMOC mode, 
not only due to higher surface temperature over North America but also 
reduced moisture transport from the Gulf of Mexico (Extended Data 
Fig. 6). Although the explicit succession of abrupt millennial timescale 
events are not captured in our simulations79, the results suggest that 
in our model configuration, the dominant growth mode arises from 
stadial (that is, rather weak) AMOC conditions (Extended Data Fig. 7, 
black and grey lines). For our study, higher acceleration factor of 100 is 
also tested for transient and fixed 21 k scenarios (Extended Data Fig. 7, 
red and blue lines). The reorganization of atmospheric circulation is 
mainly orographically controlled and is independent of the accelera-
tion factors.

To deduce the effect of summer snowfall, a sensitivity test on the 
SMB (ST) is conducted. In the ST experiment, summer ( JJA) snowfall is 
reduced to the winter (DJF) amount, whereas all other variables are kept 
unchanged, and then the SMB over time is recalculated using dEBM. 
The newly calculated total SMB, accumulation (snow and refreeze), 
melt and surface albedo are indicated in grey lines in Fig. 4e,f. To test 
the direct role of decreasing summer insolation (incoming shortwave 
radiation) on the SMB, we conducted another sensitivity test (STI). In 
this experiment, we fix the insolation at 30 ka, whereas all other vari-
ables are kept unchanged, and then recalculate the SMB using dEBM. 
The newly calculated total SMB and surface albedo is illustrated in black 
lines in Fig. 4e,f. This STI experiment (together with a further sensitivity 
test with solely varying insolation but fixed all other variables at 30 ka) 
confirms that the direct contribution of insolation on the SMB after 
30 ka is negligible, highlighting the importance of internal climate 
dynamics towards the establishment of full LGM ice sheet conditions.

Model–data comparison
In Fig. 1h, the simulated ice volume changes of the NA ice sheets are 
compared with global mean sea level estimates or relative sea level 
observations based on corals11,55,56, foraminiferal oxygen isotopes57–59, 
or glacial isostatic adjustment (GIA) models13,18 (dots/dotted lines). 
Note that the decreases in reconstructed global/relative sea levels 
during this period also account for changes of the Eurasian ice sheets 
(EIS) and the Antarctic Ice Sheet. However, before ~30 ka, the extents 
of the EIS were very limited (sea level equivalent ice volume was less 
than 5 m) and mainly restricted in the mountainous areas13,19,54. From 
~30 ka to 21 ka, expansions of the EIS happened, with increased sea level 
equivalent ice volume around 15 m. For the contribution of Antarctic 
ice sheet to global seal level, large uncertainties prior to the LGM still 
exist, which varies between 5 and 22 m (ref. 54). Sea level contribu-
tion from Greenland ice sheet during this period is rather negligible 
(around 1 m). Furthermore, changes in ice volume of the NA ice sheets 
are also compared to estimates based on ice extent reconstructions 
(purple error bars). The related ice volumes are calculated using a 
simple area-volume scaling relationship54: V = cAγ. The scaling exponent 
γ is 1.25 (ref. 80). The coefficient c is derived from output of ice sheet 
modelling in this study for the NAIS (c = 0.03233). In general, our simu-
lated ice volume changes show a good match with the reconstructions. 
In particular, the simulated ice volume changes from Tran_Paleomist 
match very well with the ice extent derived estimations (purple error 
bars). These add credibility to our proposed mechanism for explaining 
the rapid ice sheet expansions.

A model–data comparison in terms of the ocean state is also con-
ducted. During MIS 3, millennial-scale abrupt climate shifts occurred, 
with which transitions between weak AMOC states and warm AMOC 
states happened. Here we compare our results with different published 
records to assess the reliability of different AMOC states30 (Extended 
Data Fig. 6). From the figure, we see that the characteristics of simulated 

climate responses between strong and weak AMOC states align with 
proxy-based reconstructions of climate fluctuations of DOs. Our model 
shows good performance during MIS 3, and it is comparable to other 
climate models30,81,82. In our simulations, the global annual mean sur-
face temperatures (at approximately 33 ka) are 3.0 °C, 2.6 °C and 2.7 °C 
cooler than the pre-industrial (PI) state for Tran_Glac1d, Tran_Paleom-
ist, Tran_PISMindex, respectively. The magnitude of this temperature 
difference is similar to the cooling in other studies81,82.

Data availability
The reconstructed palaeo records, including ice core, CO2 levels, 
global/relative sea levels and ice sheet reconstructions, are available 
through the referenced sources. The AWI-ESM model data discussed 
in this study are available via Zenodo at https://doi.org/10.5281/
zenodo.10646880 (ref. 83).

Code availability
The AWI Earth System Model (AWI-ESM, version 2.1) consists of the 
atmospheric component ECHAM6 (including land surface scheme 
JSBACH) and the ocean–sea ice component FESOM (https://fesom.de/
models/awi-esm/). The ECHAM6 model is distributed by the Max Planck 
Institute for Meteorology in Hamburg and is available upon request. A 
modified version can be found at: https://gitlab.awi.de/paleodyn/Mod-
els/echam6. The source code of the FESOM2 model is available to the 
public via Github at https://github.com/FESOM/fesom2 (ref. 84). The 
Parallel Ice Sheet Model PISM is available via Github at https://github.
com/pism/pism (ref. 85). The coupling between the climate model and 
the ice sheet model is conducted via ESM-Tools from Github at https://
github.com/esm-tools/esm_tools (ref. 86).
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Extended Data Fig. 1 | Spatial evolution of simulated North American ice sheets. Changes in ice sheet extents under transient orbital and Greenhouse gases (GHGs) 
forcing in every 5000 ice sheet model years, initialized from ice sheet configurations at 38 ka from a) Glac1D, b) Paleomist and c) PISM-index, respectively. d-f ) same as 
in a-c), but with fixed 21 ka orbital and GHGs forcing.
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Extended Data Fig. 2 | Ice thickness patterns of North American ice sheets at 
different ice volumes in experiments with fixed 21k orbital and Greenhouse 
gas forcing. Ice thickness distributions when the ice volume of the North 
American ice sheets (excluding Greenland ice sheet) reaches 70 m in Sea Level 
Equivalent (SLE) for experiment a) 21k_Glac1d, b) 21k_Paleomist and c) 21k_

PISMindex. d-f ) same as a-c, but for 100 m SLE. g-i) same as a-c, but for 120 m SLE. 
Black contours depict surface elevation with a 500 m interval. Yellowish contours 
represent reconstructed ice sheet extents from different reconstruction datasets 
(Glac1D, Paleomist and Ice6g) at 21 ka.
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Extended Data Fig. 3 | Simulated surface mass balance and snowfall in winter 
with North American ice sheets at intermediate states. Surface mass balance 
(SMB) over ice sheets in winter (DJF) with ice sheets at intermediate states 
(70 m SLE) from different experiments: a) Tran_Glac1d, b) Tran_Paleomist, c) 

Tran_PISMindex. d-f ) Same as a-c, but for snowfall. Black contours depict surface 
elevation with a 500 m interval. Yellowish contours represent reconstructed ice 
sheet extents from different datasets (Glac1D, Paleomist, and Ice6g) at 21 ka.
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Extended Data Fig. 4 | Winter surface mass balance and snowfall changes 
of the North American ice sheets at different longitudes over time. Ice 
sheet margins at 38 ka, 28 ka and 21 ka from experiments a) Tran_Glac1d, b) 
Tran_Paleomist, c) Tran_PISMindex. Hovmöller Diagram of meridional mean 
winter (DJF) surface mass balance (SMB) of the North American ice sheets 
(NAIS) through different model years for experiments d) Tran_Glac1d, e) 

Tran_Paleomist, f ) Tran_PISMindex. g-i) same as d-f, but for snowfall. Black/grey 
contours in d-i represent latitudes of the southern margin of the NAIS at different 
longitudes. Contours that are dense along time axis indicate fast south expansion 
of the NAIS; contours that are dense along longitudes indicate longitudinally 
asymmetric distribution of the Laurentide Ice Sheet. The time axis corresponds 
to ice sheet model years.
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Extended Data Fig. 5 | Summer precipitation and surface air temperature 
changes of the North American ice sheets at different longitudes over time. 
a-c) Same as Extend Data Fig. 4a-c. Hovmöller Diagram of meridional mean 
summer ( JJA) precipitation of the North American ice sheets (NAIS) through 
different model years for experiments d) Tran_Glac1d, e) Tran_Paleomist, f ) 
Tran_PISMindex. g-i) same as d-f, but for surface air temperature. Black/grey 

contours in d-i represent latitudes of the southern margin of the NAIS at different 
longitudes. Contours that are dense along time axis indicate fast south expansion 
of the NAIS; contours that are dense along longitudes indicate longitudinally 
asymmetric distribution of the Laurentide Ice Sheet. The time axis corresponds 
to ice sheet model years.
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Extended Data Fig. 6 | Climate changes between stadial and interstadial 
conditions (weak and strong AMOC) with orbital and Greenhouse gases 
forcing at 29 k. a) Surface temperature differences between simulated strong 

and weak AMOC phases. b) same as a, but for precipitation. The dots represent 
the corresponding changes in paleoclimate proxy records, as show in Extended 
Data Tables 2–3 from Zhang et al. 30.
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Extended Data Fig. 7 | Simulated ice volume changes of the North American 
ice sheets from various sensitivity experiments using different acceleration 
factors. Fixed 21 ka orbital and Greenhouse gases (GHGs) experiment with 
acceleration factor of 100 with different initial ice sheet conditions (red). Transient 
orbital and GHGs experiment with acceleration factor of 100 (blue). Transient 

orbital and GHGs experiment with acceleration factor of 20 at weak (black) 
and strong (grey) AMOC conditions (dashed grey line represents continued 
experiment with fixed 21 ka orbital and GHGs). The experiments are initialized 
from different ice sheet boundary conditions: a) Glac1D-38k, b) Paleomist-38k, c) 
PISM-index-38k. Time axis corresponds to ice sheet model years.
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