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Abstract. The Laurentide ice-sheet affected the North At-
lantic Ocean during the last glacial period, but its impact
on the global atmospheric circulation remains unclear. Here,
we use the Australian Earth System Model to investigate
the relative roles of Marine Isotope Stage 3 (65 000-25 000
years ago; 65-25 ka) boundary conditions in shaping global
climate ~49ka, a period marked by prominent millennial-
scale variability. Our simulations show that Northern Hemi-
sphere (NH) ice sheets were the primary driver of large-scale
circulation changes. In particular, NH ice-sheet topography
induced a 6 and 4° southward shift of the NH westerlies
during boreal winter and summer, respectively, increasing
rainfall over Eurasia during summer by 31 % but reducing
it in winter. In contrast, orbital forcing and greenhouse gas
(GHG) changes did not lead to a significant NH westerly
shift, while ice-sheet albedo strengthened the NH westerlies
(10 %—14 %) through enhanced cooling (by 3—4 °C) without
altering their position in both seasons. NH ice-sheet topog-
raphy also affected the global atmospheric circulation, lead-
ing to an additional 0.9° southward shift of the Intertropical
Convergence Zone (ITCZ) and a 1.5° southward displace-
ment of the NH Hadley cell in austral summer, relative to
changes simulated due to orbital forcing plus GHG (0.6 and
2° southward shifts for the ITCZ and the NH Hadley cell, re-
spectively), and albedo (0.4 and 0.1°, respectively). The full

glacial boundary conditions, including changes in Antarctic
ice-sheet topography, also led to a 2° equatorward shift of
the Southern Hemisphere (SH) Hadley cell, and a 2.5° equa-
torward shift of the SH westerlies during austral winter. Or-
bital forcing plus GHG and albedo primarily modulated the
strength of the SH westerlies and tropical atmospheric circu-
lation. These results highlight the role of ice-sheet topogra-
phy in controlling shifts in the atmospheric circulation and
the role of surface albedo in modulating atmospheric circu-
lation intensity through radiative cooling.

1 Introduction

Earth’s climate history has been shaped by the expansion
and retreat of Northern Hemisphere (NH) ice sheets, partic-
ularly during the last glacial cycle. The expansion of large
NH ice sheets has long been associated with global and re-
gional cooling, particularly over the North Atlantic, which
is directly influenced by the ice sheet extent and height
(Kageyama et al., 2021). Ice sheet growth affects land-ocean
geography by lowering sea levels (Lambeck et al., 2014), ex-
posing land bridges, and altering local heating patterns due
to the differing heat capacities of land and ocean (Byrne and
O’Gorman, 2013). Additionally, changes in land bridges and
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oceanic gateways, such as the Bering Strait, influence large-
scale ocean circulation, including the Atlantic Meridional
Overturning Circulation (AMOC) (Hu et al., 2015). These
factors have significant implications for the climate system,
particularly through their impact on the atmospheric circula-
tion and ocean currents.

In today’s climate, warm water in the North Atlantic is
transported northward via the Gulf Stream, and atmospheric
Rossby wave propagation results in a northeastward-tilted
Atlantic jet stream. This configuration contributes to the rela-
tively mild winters in Europe compared to regions at similar
latitudes in North America (Seager et al., 2002; Brayshaw
et al., 2009). However, during past glacial periods, and par-
ticularly the Last Glacial Maximum (LGM; 19-21 ka), thick
ice sheets covered northern North America and may have
reached up to 5km in height (Peltier, 2004). This so-called
Laurentide Ice Sheet (LIS) caused a pronounced southward
shift of the jet stream, and in some cases, a more zonal orien-
tation compared to today’s tilted pattern (Manabe and Broc-
coli, 1985; Pausata et al., 2011; Lofverstrom et al., 2014;
Ullman et al., 2014). This southward shift of the jet stream,
which was primarily driven by ice sheet topography, rather
than changes in albedo or greenhouse gas (GHG) forcing
(Pausata et al., 2011), had important consequences for Eu-
ropean climate, impacting winter storm tracks, precipitation,
and seasonal temperatures (Lofverstrom et al., 2014).

Previous research on the impact of NH ice sheets on cli-
mate (Broccoli and Manabe, 1987; Pausata et al., 2011;
Lofverstrom et al., 2014; Ullman et al., 2014; Wang et al.,
2018; Izumi et al., 2023) primarily focused on the LGM,
an important period due to its extreme climate conditions,
including the coldest global temperatures (Kageyama et al.,
2021), lowest atmospheric CO» levels (Kohler et al., 2017),
and most extensive ice sheets (Peltier, 2004; Clark et al.,
2009; Kageyama et al., 2017; Gowan et al., 2021). Most of
these studies examined the North Atlantic region, assessing
the impact of ice sheets on NH westerlies and the Atlantic
jet, with limited investigation into regions beyond this sec-
tor. Lofverstrom et al. (2014) investigated both the LGM as
well as pre-LGM ice sheets of Marine Isotope Stage (MIS)
5b (~88ka) and MIS 4 (~ 66ka) and found that the west-
erlies shifted southward in all ice sheet configurations, but
a fully zonal jet orientation emerged only during the LGM.
They also suggested that the ice sheet topography dynam-
ically induced warming in Alaska and central Asia, poten-
tially contributing to the westward expansion of the Eurasian
ice sheets from MIS 4 to the LGM. Other studies, such as Ull-
man et al. (2014) and Zhang et al. (2014a), further explored
the impact of different LIS heights on both the atmosphere
and the ocean.

In contrast, the climate of MIS 3 (65-25 ka) has received
comparatively less attention in the context of ice sheet—
atmosphere interactions. Existing studies of MIS 3 have
largely concentrated on large-scale oceanic responses, such
as AMOC variability, surface temperature patterns, and sea
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ice changes (Merkel et al., 2010; Brandefelt et al., 2011; Guo
et al., 2019; Malmierca-Vallet and Sime, 2023). Some have
investigated tropical climate variability, including changes
in El Nifio-Southern Oscillation (ENSO) behaviour during
this period (Brandefelt et al., 2011; Merkel et al., 2010),
while others reported a southward-shifted ITCZ and asso-
ciated changes in tropical precipitation and Southern Hemi-
sphere (SH) circulation (Guo et al., 2019). However, the de-
tailed, mechanistic impacts of NH ice sheets on atmospheric
circulation during MIS 3 — particularly beyond the North At-
lantic — remain underexplored. This gap may be partly due to
the significant millennial-scale climate variability that char-
acterizes MIS 3 — including abrupt temperature fluctuations
in Greenland of 8—10°C (Huber et al., 2006) and multiple
episodes of AMOC weakening (Menviel et al., 2020 and ref-
erences therein) — which makes it challenging to isolate the
equilibrium climate response to boundary conditions. Here,
we employ quasi-equilibrium climate simulations with pre-
scribed 49 ka boundary conditions and systematically iso-
late the effects of orbital parameters and GHGs, ice-sheet
albedo, and ice-sheet topography. This framework enables
us to quantify the mechanistic contribution of each forcing
to atmospheric circulation and hydroclimate changes during
MIS 3.

The period around 49ka stands out due to one of the
highest obliquity values (24.43°) of the last glacial cycle
(Berger, 1978), resulting in greater summer insolation in both
hemispheres compared to the preindustrial (PI). Variations
in obliquity alter the distribution of incoming solar radiation
across latitudes at the top of the atmosphere. High obliquity
increases incoming solar insolation at high latitudes in sum-
mer, while decreasing it in winter, leading to enhanced sea-
sonal contrast with warmer summers and colder winters in
both hemispheres. These changes in radiative forcing influ-
ence the large-scale atmospheric circulation and can affect
the position and strength of the Hadley circulation and the
ITCZ (Mantsis et al., 2014; Liu et al., 2015; Zhang et al.,
2022). In particular, 49 ka exhibits an obliquity value higher
than some interglacial periods, such as the Last Interglacial
(LIG, 127ka), yet features a climate state marked by low
CO» (~ 199 ppm, similar to LGM (Koéhler et al., 2017)) and
extensive Laurentide and Scandinavian ice sheets (Gowan
et al., 2021), leading to a colder-than-PI climate. Further-
more, global sea levels were approximately 60—-65 m lower
than PI (Shakun et al., 2015). This unusual combination
of strong seasonal insolation forcing, associated with high
obliquity and low atmospheric CO, and extensive ice sheets,
provides an opportunity to investigate how competing cli-
mate forcings interact to shape atmospheric teleconnections
and hydroclimate responses on a planetary scale.

Here, we use the Australian Earth System Model
(ACCESS-ESM1.5) to examine the influence of glacial ice
sheets on global atmospheric circulation, focusing on their
cascading effects across Eurasia, the tropics, and the SH. Our
analysis emphasizes the role of the ice sheets in modulat-
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ing Rossby waves, Hadley circulation, and the Intertropical
Convergence Zone (ITCZ), shaping rainfall patterns in both
hemispheres, and influencing regional climates, such as over
Eurasia and northern Australia. In addition, we examine how
the larger MIS 3 ice-sheets, relative to PI, influence the SH
westerlies.

2 Methods

2.1 Model description

We employ the Australian Community Climate and
Earth System Simulator-Earth System Model version 1.5
(ACCESS-ESM1.5), a comprehensive Earth system model
developed for the Coupled Model Intercomparison Project
Phase 6 (CMIP6) (Ziehn et al., 2020). The atmospheric
model is the UK Met Office Unified Model version 7.3
(UM7.3) (Martin et al., 2010; The HadGEM2 Develop-
ment Team et al., 2011) with a horizontal resolution of
1.875° x 1.25° and 38 vertical levels. The land surface is
represented by the Community Atmosphere Biosphere Land
Exchange (CABLE) model version 2.4 (Kowalczyk et al.,
2013), which includes biogeochemical processes through the
CASA-CNP module (Wang et al., 2010). The ocean com-
ponent consists of the NOAA/GFDL Modular Ocean Model
version 5 (MOMS) (Griffies, 2012), featuring a horizontal
resolution of 1° x 1°, with the meridional spacing refined to
0.4° in the Southern Ocean and 0.33° near the equator, and
50 vertical levels. Furthermore, sea ice processes are sim-
ulated using the Los Alamos National Laboratory Consor-
tium Model for Sea Ice Development (LANL CICE) version
4.1 (Hunke et al., 2010). The coupling between the atmo-
sphere, ocean and sea ice components is achieved through
the Ocean Atmosphere Sea Ice Soil-Model Coupling Toolkit
(OASIS-MCT) (Craig et al., 2017). The ocean carbon cycle
is modeled using the World Ocean Model of Biogeochem-
istry and Trophic dynamics (WOMBAT) model for ocean
biogeochemistry which includes a nutrient-phytoplankton-
zooplankton-detritus (NPZD) scheme (Oke et al., 2013).

This model has previously been used to simulate the Last
Interglacial (ligl27k) time slice (127 ka) as part of the Tier
1 Paleoclimate Model Intercomparison Project 4 (PMIP4)-
CMIP6 experiments (Yeung et al., 2021), MIS9e (~ 336-
321ka; Duboc et al., 2025), and the mid-Holocene (6ka;
Mackallah et al., 2022).

2.2 Experimental setup and diagnostics

As a reference for our paleoclimate simulations, we use the
1000-year pre-industrial (PI) control simulation (piControl)
based on the year 1850 CE by Ziehn et al. (2020). We analyse
the average of the last 100 years of this simulation (Fig. A1,
black line). Orbital parameters and GHG concentrations for
the PI configuration are provided in Table 1.

https://doi.org/10.5194/cp-22-1457-2026

1459

Table 1. Orbital parameters and Greenhouse gas concentrations for
PI and 49 ka climate.

PI 49ka
Orbital parameters
Eccentricity 0.01674 0.01292
Obliquity (°) 23.459 24.435
Perihelion-180 (°)  100.33 62.451
Greenhouse Gases
COy 284.3ppm 199 ppm
N,O 273 ppb 237 ppb
CHy 808.2ppb  432ppb

To investigate the climate around 49ka, the boundary
conditions are changed in a step-wise manner using the
ACCESS-ESM1.5 model. The first experiment, 49ka-co,
simulates a baseline climate with orbital parameters (Berger,
1978) and GHG concentrations (Kohler et al., 2017) being
set to 49ka values (Table 1). 49ka-co is run for 618 years
(Fig. A1, cyan line).

The model uses prescribed Plant Functional Types (PFTs)
that remain fixed during each individual simulation. We mod-
ified the PFT distributions in selected simulations to re-
flect the altered boundary conditions. Therefore, in a sec-
ond step, 49ka-alb, we modify the land surface properties
by incorporating only the ice-sheet extent (no topography
yet) from Gowan et al. (2021) corresponding to 52.5 ka. We
adopted the maximal scenario with an ice-capped Hudson
Bay (Fig. 1d). This time period was chosen because the sim-
ulated ice sheet at 52.5 ka most closely matches the sea-level
estimates for 48-52 ka, based on global seawater 8180 stack
records (Shakun et al., 2015). The NH ice sheets at this time
period include two separate ice sheets over the North Amer-
ican continent — Laurentide in the east and Cordilleran in the
west — as well as the Greenland Ice Sheet and Fennoscandian
and Eurasian ice sheets (Fig. 1d). Their extent and height are
smaller than during the LGM (not shown), which featured
a single, extensive LIS over North America and continuous
ice sheet coverage from Eurasia to Scandinavia, fully cover-
ing the Barents Sea. The Antarctic Ice Sheet (AIS) at 52.5 ka
also has a smaller extent compared to that of the LGM, es-
pecially over the Ross and Weddell Seas. At 52.5 ka, the LIS
was up to 3 km thick, while the AIS was up to 3.6 km thick.
In the present day, permanent ice cover in the NH is restricted
to Greenland (Fig. 1c).

In the 49ka-alb experiment, additional modifications are
introduced at different stages (Fig. A1, orange line). The veg-
etation cover is modified to reflect ice coverage by removing
vegetation in ice-covered regions and converting needle leaf
evergreen forests in areas between the Cordilleran and LIS
to bare soil (Fig. 1a, b). These modifications align with the
vegetation reconstruction from Allen et al. (2020) for 52 ka.
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Figure 1. (a, b) Vegetation and ice mask changes at 49 ka compared to PI. The color indicates the dominant Plant Functional Type (PFT) of
each grid cell. (¢, d) Ice sheet thickness (m) and extent from Gowan et al. (2021) for PI and 52.5 ka (refer to the description in the text for

the choice of 52.5 ka ice sheets).

Table 2. Boundary conditions used in the different 49 ka experiments. Model years indicate the total number of years that the corresponding

experiment has run for as shown in the time series of Fig. Al.

Experiment Model years  Years Orbital parameters ~ Albedo and  Salinity = Topography
analysed and GHGs vegetation and runoff

49ka-co 0to 618 569 to 618 49ka PI PI PI

49ka-alb 297 to 569 520 to 569 49ka 52.5ka PI PI

49ka-full 824 to 1584  1485t0 1584 49ka 52.5ka 52.5ka  52.5ka

Additionally, C3 crops are removed, and replaced by the next
two most dominant vegetation types in the corresponding
grid cell. For example, in India, C3 crop values are replaced
by the broadleaf deciduous type and C4 grass. In Europe and
eastern North America, they are replaced by the broadleaf
deciduous type and C3 grass, while they are replaced by the
broadleaf deciduous type in China. 49ka-alb (Fig. A1, orange
line) starts from year 297 of 49ka-co, and was run for a total
of 272 years with the above mentioned albedo and vegeta-
tion changes (Table 2). As can be seen in Fig. Al, 49ka-alb
is not in complete equilibrium. To this 49ka-alb experiment,
we add a gradual increase in surface salinity from year 547
(Fig. A1, magenta line), to account for the 44 m sea level
drop relative to PI, based on the prescribed ice sheet, achiev-
ing a global average increase of +0.33 psu from PI levels. At
year 729, the Bering Strait is closed.

Our final experiment, referred to as 49ka-full (Fig. Al,
blue line, Table 2), starts at year 824, when the topography
is adjusted to reflect conditions at 52.5 ka, based on Gowan
et al. (2021), including an increase in ice sheet height and
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changes to the land-sea mask, such as the closure of the
Bering Strait (done in the previous step), Hudson Bay, the
Sahul and Sunda shelves, and the Tasman Gateway (Fig. 1).
Nearest-neighbour interpolation is applied to determine veg-
etation types on newly exposed land. The river runoff is also
adjusted at year 1258, to reflect the 52.5ka topography. In
total, 49ka-full is run for 760 years, with 325 years incor-
porating all the boundary conditions. In the Results section,
we compare the averages of the last 100 years of 49ka-co,
the last 50 years of 49ka-alb, and the last 100 years of the
49ka-full experiment (Table 2, Fig. Al, darker colors). Al-
though the deep ocean has not fully equilibrated in the 49ka-
co and 49ka-alb simulations, our comparison with the 49ka-
full simulation focuses primarily on atmospheric circulation
responses, which adjust to changes in boundary conditions
much more rapidly than the ocean. Surface and atmospheric
variables exhibit no systematic drift over the analysis period,
supporting the robustness of the diagnostics presented here.
The ITCZ position is determined using the precipitation
centroid index (Braconnot et al., 2007), which identifies the
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latitude that evenly divides the tropical precipitation amount
between 20°S and 20° N. This approach effectively repre-
sents the center of mass of tropical rainfall distribution. The
strength of the northern Hadley cell is determined by the
maximum value of the atmospheric mass streamfunction, v,
within the 400-600 hPa pressure range, while the strength of
the southern Hadley cell is determined by its minimum value
over the same vertical pressure range (Eq. 1).

p
wzz’f’i%“’/udp )
0

where, R is the radius of the earth, ¢ is latitude, g is
gravitational acceleration, v is the meridional wind and
p is pressure. ¥ is expressed in Sverdrups (Sv), where
1Sv=10"kgs .

3 Results

3.1 Simulated glacial climate at 49 ka compared to Pl

We first describe the 49ka-full experiment in comparison to
PI. At 49ka, the higher obliquity (24.43°) compared to PI
(23.45°) results in slightly increased summer insolation in
both hemispheres (Fig. A2). Despite the higher obliquity,
the glacial simulation (49ka-full) exhibits substantial oceanic
and atmospheric cooling due to lower GHG concentrations
and extensive ice sheet expansion at this time (Fig. 2). Global
annual mean surface air temperatures (SATs) at 49ka are
2.7°C lower than PI (Table Al and Fig. 2a), with the NH
cooling by 4.9 °C and the SH by 2 °C (not listed). The most
pronounced cooling is simulated in ice sheet regions and
northern high latitudes. Seasonal variations are evident in the
NH (Table A1), where temperatures drop by 6.4 °C in win-
ter (DJF) and 2.6 °C in summer (JJA). Over SH, DJF (austral
summer) SATs are 1.7 °C lower, while JJA (austral winter)
SATs are 2.4 °C lower (Table A1).

Global mean ocean temperature is 1 °C lower, and global
annual mean sea surface temperature (SST) (Fig. 2b) is
reduced by 1.2°C (Table Al). The simulated SATs and
SSTs anomalies show a good agreement with proxy records
indicating a qualitative estimate of the changes between
Greenland Interstadial (GI 13; 49ka-50ka) and PI climate
(Fig. 2a,b). Higher SSTs in the Labrador region are associ-
ated with a stronger AMOC in 49ka-full, with a transport
rate of 31 Sv (about 10Sv greater than the PI value). This
strengthening is attributed to topographical changes and the
presence of ice sheets, which enhance westerly winds over
Baffin Bay and weaken them over the Labrador Sea (Fig. A3,
middle panels). These wind changes modify the North At-
lantic gyres, leading to an overall strengthening while shift-
ing the separation between the subpolar and polar gyres
southward and orienting the subpolar gyre in a more zonal
direction (Fig. A3, bottom panels). A strengthening of the
cyclonic circulation in the Labrador Sea is also simulated,
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which increases the westward transport of warm water from
south of Iceland to the Labrador Sea and further strengthens
the AMOC (reflected by the increase in mixed layer depth in
this region in 49ka-full compared to PI, Fig. A3, top panels).
The stronger AMOC also influences sea ice extent. During
boreal winter, the sea ice edge at 49 ka expands in the North
Pacific and Nordic Sea sectors but retreats in the Labrador
Sea due to the influx of warm water (Fig. 2b, orange dashed
line compared to black dashed line). In boreal summer, the
49 ka sea ice edge is similar to PI across most regions, except
in the Nordic seas, where the sea ice edge extends further
south than in PI by 5 to 6° latitude (Fig. 2b, orange solid line
compared to black solid line). In the SH, austral summer sea
ice retreats in the South Atlantic as stronger North Atlantic
Deep Water (NADW) formation leads to a deep-ocean warm-
ing of about 0.3 °C (not shown), and this warm water gets
upwelled in the South Atlantic (Fig. 2b, orange dashed line
compared to black dashed line). However, the austral winter
sea ice edge remains similar to PI in the South Atlantic while
expanding in the Indian and Pacific sectors of the Southern
Ocean (Fig. 2b, orange solid line compared to black solid
line).

Drier conditions are simulated at 49ka compared to PI
over NH high-latitude land regions, particularly over the LIS,
due to colder conditions and reduced atmospheric moisture
availability (Fig. 2c). However, precipitation increases in the
North Atlantic and Eurasia between 30° N and 60° N, as well
as over India and East Asia. In contrast, most land areas in
the SH display decreased precipitation, except over northern
Australia, parts of Southeast Africa, and over eastern Brazil.

3.2 Impact of 49ka boundary conditions on the
circulation over North Atlantic and Eurasia

At 49ka (experiment 49ka-full), the presence of large ice
sheets over North America significantly alters the atmo-
spheric circulation, particularly in the North Atlantic region.
In DJF, the westerlies over the North Atlantic strengthen due
to the strong meridional temperature gradient and shift by
~ 6° southward compared to PI (Figs. 3a, c, and 4a), with
a more zonal flow replacing the northeast-southwest tilt of
the wind field (Fig. 5). This pattern is evident both at the
surface and at the jet stream level in the upper troposphere
(Fig. A4). Geopotential height (GH) differences (Fig. 3e)
indicate that the LIS induces a high-pressure system (not
shown) over North America, initiating a Rossby wave re-
sponse. This Rossby wave causes a southward shift of the
Icelandic low and a weakening of the Azores High, contribut-
ing to the zonal orientation of the westerlies (Figs. 3c, 5,
and AS5). The southward shift and more zonal orientation of
the jet alter moisture-bearing storm tracks, which in PI were
tilted southwest-northeast, to a more southerly pathway at
49 ka. This reorganization of pressure systems (not shown),
with a negative GH anomaly extending from the North At-
lantic to eastern Eurasia (Fig. 3e), alters precipitation pat-
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Figure 2. Annual mean anomalies of surface air temperature (SAT), sea surface temperature (SST), and precipitation for 49 ka climate
(exp 49ka-full) compared to PI. Contours show seasonal mean 15 % sea ice concentration for (orange) 49 ka and (black) PI during DJF
(dashed) and JJA (solid). Stippling indicates non-significant changes based on a Student’s z-test at the 95 % confidence level. Stars in panels
(a) and (b) indicate qualitative estimates of the changes between Greenland Interstadial (GI 13) and PI climate, as inferred from the proxy
records (MDO1-2444, ODP-977A,MD95-2043, MD01-2443,MD95-2042 (Martrat et al., 2007); ODP-1233 (Kaiser et al., 2005); TR163-19
(Lea et al., 2000); RC13-110 (Feldberg and Mix, 2003); ODP846B (Martinez et al., 2003); TG-7 (Calvo et al., 2001); MD97-2120 (Pahnke
et al., 2003); MDO07-3128 (Caniupan et al., 2011); EPICA Dronning Maud Land (EPICA community members, 2006); WAIS (WAIS Divide
Project Members, 2015); NGRIP (Huber et al., 2006; Kindler et al., 2014); SO188-17286-1 (Lauterbach et al., 2020)). Dark (light) blue stars

represent much colder (slightly colder) climate in proxy records.

terns, enhancing precipitation over the North Atlantic and
western Europe (Fig. 3g). However, colder conditions over
Eurasian landmasses lead to drier conditions inland in DJF,
despite negative GH anomalies (Fig. 3a, e, g).

The westerlies are also shifted southward in JJA (Figs. 3d
and 4b), with the flow remaining more zonal in 49 ka than
during PI (Fig. 5, right panels), coinciding with a positive
GH anomaly over the Labrador Sea region while a nega-
tive GH anomaly forms over Europe (Fig. 3f). These GH
anomalies enhance the westerly flow and contribute to mois-
ture transport convergence (not shown) toward the Eurasian
landmass, increasing precipitation along the westerlies in the
North Atlantic Ocean and over parts of Eurasia (Fig. 3d, f,
h). In addition, minor cooling over Eurasia (Fig. 3b) further
contributes to the increased precipitation. Precipitation also
increases north of 60° N in Asia (Fig. 3h) due to higher spe-
cific humidity (not shown) resulting from warmer conditions
and the development of a negative GH anomaly (Fig. 3b,

Clim. Past, 22, 1457—-1479, 2026

f). The warming in this region arises from the topographi-
cal changes corresponding to 49 ka, where ocean points have
been converted to land. Since land has a lower heat capacity
than the ocean, it warms more rapidly in summer, amplifying
the temperature-driven moisture increase. Conversely, north
of 60° N in Europe precipitation decreases. This is due to the
colder north-easterly winds and the presence of a blocking
high over the Labrador-Greenland sector, which suppresses
rainfall in these areas.

The role of individual boundary conditions becomes ev-
ident in the 49ka-co experiment, which includes only or-
bital parameters and GHGs. During DJF, strong cooling in
the 49ka-co experiment reduces moisture availability, lead-
ing to widespread drying over NH landmasses (Fig. 6a, c).
The westerlies are enhanced and slightly shift southward
(~ 1°) (Figs. 4a and 9a). This shift is accompanied by a low-
pressure anomaly over the North Atlantic and a high-pressure
system over Europe, which enhances subsidence and sup-
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presses precipitation over Europe (Fig. 6b, c). This pattern
is consistent with the overall drying trend in the NH, except
for a small increase in precipitation over the North Atlantic
Ocean (Fig. 6¢), likely due to storm activity in this region. In
49ka-alb, changing the vegetation and albedo has little im-
pact compared to 49ka-co, except over northern North Amer-
ica (Fig. 6d, f), where cooling is enhanced by 8 °C and drying
increases by 25 % due to the albedo change over the LIS. The
westerlies intensify further compared to 49ka-co, but their
position shifts back to the PI configuration (Fig. 4a). The
GH response features a low-pressure anomaly over the Hud-
son Bay and Labrador Sea, which is consistent with some
increased precipitation in this region (Fig. 6e, f).

https://doi.org/10.5194/cp-22-1457-2026

In JJA, the 49ka-co experiment shows no change in west-
erly strength and position over the North Atlantic (Figs. 4b,
7b, and 9b) and modest temperature and little significant pre-
cipitation changes over the NH landmass (Fig. 7a, ¢). In
contrast, the 49ka-alb experiment exhibits pronounced dry-
ing over the Laurentide region and northern Europe, driven
by intense cooling from albedo changes and persistent high
pressure over these regions (Fig. 7d—f). While the wester-
lies strengthen in 49ka-alb, their position remains unchanged
(Figs. 4b and 9b). This intensification leads to slightly wetter
conditions inland over Eurasia in the 49ka-alb scenario.

In summary, only the full implementation of the ice sheet,
including its topography, can induce a significant planetary
wave response in the atmosphere, with southward-shifted
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and intensified North Atlantic westerlies (Figs. 4a, 6, 7,
and 9). This response results in substantial drying over the
northern high-latitude landmasses, including the Laurentide
region during DJF, along with increased milder and wetter
conditions over Eurasia during JJA.

Clim. Past, 22, 1457—-1479, 2026

3.3 Impact of 49 ka boundary conditions on tropical and
SH atmospheric circulation.

In DJF, the presence of the LIS forces a southward shift of
the Ferrell cell. This displacement further leads to a south-
ward migration of the NH Hadley cell’s southern edge, shift-
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ing from 7.5°S in PI to 11°S in 49ka-full (Fig. 8a, see zero
contour), and results in a globally averaged ITCZ shift of
approximately 1.5° southward in DJF (Figs. 3g and 9a). Ad-
ditionally, the NH Hadley cell strengthens by 20 Sv relative
to PI (refer to Sect. 2.2 for diagnostics). The southward shift
of the NH Hadley cell and ITCZ during DJF is also captured
in 49ka-co (Fig. 8c), where the NH Hadley cell strengthens
by +11 Sv relative to PI. The shift in the ITCZ is driven by
peak summer insolation in the SH due to higher obliquity
at 49ka. However, the magnitude of change in 49ka-co is
smaller than in 49ka-full (Figs. 8a and 9a), with an ITCZ
shift of 0.6°. Implementing albedo changes in 49ka-alb en-
hances the Laurentide cooling, further strengthening the NH
Hadley cell (by +8 Sv), albeit without additional displace-
ment (9.5°S in 49ka-co vs. 9.6°S in 49ka-alb) (Fig. 8c, e).
The minor shift in the NH Hadley cell and ITCZ position
explains why lower latitude precipitation changes remain in-
significant between 49ka-alb and 49ka-co (Fig. 6c¢, f). How-
ever, the inclusion of topography in 49ka-full results in a
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slight additional strengthening of the NH Hadley cell and a
more substantial southward ITCZ shift (by 1.5° relative to
49ka-alb), due to the stronger temperature gradient between
the two hemispheres (Fig. 9a, Table Al).

During JJA, the southern edge of the SH Hadley cell shifts
northward by 2° in 49ka-full, moving from 32°S in PI to
30° S, along with a northward shift of the Southern Ferrel cell
(Fig. 8b, see zero contour). This shift causes a slight north-
ward migration of the global ITCZ (Fig. 3h), while the SH
Hadley cell strengthens by 35 Sv. In 49ka-co, a slight warm-
ing over the North Atlantic and stronger cooling in the SH
shifts the SH Hadley cell’s southern edge to 31°S, accom-
panied by a strengthening of +22 Sv (Figs. 8d and 9b). The
changes in 49ka-alb do not alter the SH Hadley cell’s latitu-
dinal position significantly but weaken its strength to PI lev-
els (Figs. 8f and 9b), due to intensified Laurentide cooling.
As a result, precipitation changes in the lower latitudes re-
main small (Fig. 7c, f). Temperature contrasts between hemi-
spheres are reduced by ice sheet topography (Table A1, com-
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parison of JJA NH minus SH SAT differences between 49ka-
full, 49ka-alb and 49ka-co), which induces localized warm-
ing in Siberia and strong Antarctic cooling, and by changes in
the land-sea mask with the replacement of ocean grid cells by
land. This reduced thermal gradient with warming in the NH
leads to a slight northward ITCZ shift, further strengthening
the SH Hadley cell and shifting it an additional 1° northward,
toward the warmer hemisphere, relative to 49ka-alb.

The SH westerlies also exhibit distinct responses across
the simulations. In DJF, they weaken slightly in 49ka-co and
49ka-alb, accompanied by a small northward shift (Fig. 4c).
In contrast, in 49ka-full, they remain in the same position
as in PI but strengthen due to the increased height and
extent of the AIS. During JJA, the SH westerlies weaken
across all 49 ka simulations compared to PI, with the most
pronounced weakening occurring in the experiment where
albedo is changed (Fig. 4d). However, in 49ka-full, they shift
northward by 2.5°, a displacement linked to the northward
shift of the SH Hadley cell in 49ka-full (Figs. 4d and 9b).
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3.4 Impact of 49 ka boundary conditions on Australian

rainfall

The implementation of 49 ka boundary conditions leads to
a notable increase in Australian rainfall during the monsoon
season (Figs. 3g and 9a). This section focuses on the large-
scale processes driving this regional rainfall response. While
a detailed analysis of monsoon changes in other regions lies
beyond the scope of this study, our results underscore the
influence of NH ice sheets on hemispheric-scale atmospheric
dynamics.

The presence of NH and larger AISs induces substantial
atmospheric circulation changes by modifying the Hadley
and Ferrel cells and influencing the westerlies in both hemi-
spheres. These shifts propagate through the atmosphere, al-
tering surface pressure systems and triggering a hemispheric-
scale response.

During DIJF, the full boundary conditions in 49ka-full
force a southward shift of the Hadley and Ferrel cells
(Fig. 8a), enhancing subsidence over East Asia around 40° N
and leading to drier conditions (Fig. 3e, g). This south-
ward displacement of the NH Hadley cell extends across
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hemispheres, impacting Australian rainfall by shifting con-
vergence southwards along with the ITCZ (Fig. 8a). These
changes explain the wetter conditions in northern Australia
and drier conditions over the Maritime Continent (Fig. 3g).
A comparable but weaker response is simulated in the 49ka-
co experiment (Fig. 6¢). In contrast, changes in albedo do not
impact Australian precipitation significantly (Fig. 6f). How-
ever, modifying the topography induces wetter conditions in
northern Australia driven by shifts in the Hadley cell and
ITCZ, while southern Australia experiences drier conditions
(Fig. 6h, ).

During JJA, in response to the 49 ka boundary conditions,
most of Australia experiences drying (Fig. 3h), primarily
due to the establishment of blocking high-pressure systems
south of the continent (Fig. 3f). These high-pressure systems
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reinforce subsidence and restrict moisture transport from
the Southern Ocean into the Australian region (not shown).
However, the drying response is not significant over cen-
tral Australia and remains less pronounced along the eastern
and western edges of the continent. The southwestern part of
Australia becomes wetter, while the southeastern region ex-
periences drying, due to the northward displacement of the
westerlies, resembling a negative winter Southern Annular
Mode (SAM). Significant drying also occurs across northern
Australia and much of the Maritime Continent south of the
equator.

When only orbital parameters and GHGs are modified,
the SH Hadley cell shifts northward and strengthens. How-
ever, in this scenario, the weakening of the SH westerlies
and the southward displacement of subtropical high-pressure
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systems result in increased rainfall over southern Australia
(Fig. 7b, c). Introducing albedo changes alone has little im-
pact on the Australian climate (Fig. 7d—f). However, when
ice sheet topography is incorporated, the northward shift in
SH westerlies linked with the strengthening and equatorward
displacement of the SH Hadley cell causes enhanced sub-
sidence and thus drier conditions over Australia, coinciding
with the northward ITCZ migration (Figs. 7i and 4d). Com-
pared to the PI climate, this drying effect is somewhat miti-

Clim. Past, 22, 1457—-1479, 2026

gated, as the westerlies — despite their northward shift — re-
main weaker overall.

4 Discussion

Our simulations of the 49 ka glacial climate reveal a com-
plex interplay of ice sheet topography, GHG forcing, and or-
bital configurations. The results underscore how large-scale
climatic features, such as atmospheric circulation patterns,
precipitation distribution, and ocean circulation, respond to

https://doi.org/10.5194/cp-22-1457-2026



H. Saini et al.: The influence of glacial Northern Hemisphere ice sheets on atmospheric circulation

glacial boundary conditions. Additionally, much of the ex-
isting research has focused primarily on the North Atlantic
region, driven by the greater availability of paleoclimate data
from this area and the presence of extensive North Amer-
ican ice sheets that strongly influenced both regional and
global climate. Our results add to this literature by demon-
strating that the influence of glacial ice sheets extends well
beyond the North Atlantic, with significant climatic impacts
also occurring in other regions, including the SH. Although
the present experimental design does not fully isolate the in-
dividual contributions of the Laurentide and AISs, sensitiv-
ity experiments and previous studies indicate that the NH ice
sheet topography, dominated by the LIS, provides the pri-
mary control on midlatitude circulation changes. SH circula-
tion changes arise from the combined influence of both ice
sheets, with Antarctic topography acting primarily through
modulation of interhemispheric temperature gradients.

Here, the simulated state in the 49ka-full experiment rep-
resents an interstadial climate. The global annual mean cool-
ing in 49ka-full relative to PI (a 2.7 °C reduction in global
SATs) aligns with the expected glacial forcing associated
with lower GHG concentrations and extensive ice sheet ex-
pansion. The pronounced winter cooling in the NH, ex-
ceeding 6 °C, is similar to PMIP4 simulations of LGM cli-
mate, with ice sheet-driven albedo changes amplifying high-
latitude cooling during glacial periods (Kageyama et al.,
2021). This magnitude of cooling from PI is also broadly
consistent with other MIS 3 modelling studies, though direct
comparisons are not possible as applied boundary conditions
between other MIS 3 studies and ours were different. For ex-
ample, Guo et al. (2019) found a 2.9 °C globally averaged
annual mean cooling over a 38 ka time slice using the Nor-
wegian Earth System Model (NorESM). Simulations using
the Community Climate System Model version 3 (CCSM3)
model suggest stronger cooling, with Merkel et al. (2010)
reporting a 3.4 °C drop at 35ka, and Zhang et al. (2014b)
estimating 3.5 °C at 38 ka.

4.1 Changes in AMOC

Proxy records suggest significant AMOC variability during
the MIS 3 period, with stronger AMOC during the onset of
interstadials (Bohm et al., 2015; Henry et al., 2016; Men-
viel et al., 2020), and weak AMOC during stadials. The
processes driving this AMOC variability are still debated
(Menviel et al., 2020). Model simulations of MIS 3 climates
show a range of AMOC responses depending on the pre-
scribed boundary conditions, particularly the configuration
of Northern Hemisphere ice sheets. For example, CCSM3
simulations at 35 and 44 ka show AMOC reductions of ap-
proximately 40 % (Merkel et al., 2010) and 50 % (Brande-
felt et al., 2011), respectively, while a University of Victo-
ria (UVic)-ESM simulation at ~ 40 ka produces a ~ 33 % re-
duction relative to PI (Saini et al., 2024). In contrast, other
simulations show little change or a modest strengthening of
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the AMOC. For example, Zhang et al. (2014b) simulated
a ~7% strengthening at 38 ka using CCSM3, while Guo
et al. (2019) reported a ~ 13 % strengthening at 38 ka using
NorESM. Similarly, Van Meerbeeck et al. (2009) simulated
a 22 % increase in AMOC strength during MIS 3 compared
to PI (estimated from Menviel et al., 2008) using the LOVE-
CLIM model.

The simulated AMOC in our 49ka-full simulation is strong
(31 Sv) with a 47 % increase relative to PI. This strengthen-
ing is driven by changes in the LIS, which enhances west-
erly winds over Baffin Bay while weakening them over the
Labrador Sea, intensifying the cyclonic circulation in the
Labrador Sea and facilitating the transport of warm, saline
waters to the region. This process is also associated with sea
ice retreat in polar regions, which further reinforces AMOC
strength. These findings align with earlier modelling studies
emphasizing the role of topography and ocean—atmosphere
interactions in AMOC enhancement (Pausata et al., 2011;
Zhang et al., 2014a; Hu et al., 2015; Brown and Galbraith,
2016; Klockmann et al., 2018; Sherriff-Tadano et al., 2018;
Guo et al., 2019). For example, Pausata et al. (2011) demon-
strated that the presence of an extensive ice sheet during
the LGM enhanced AMOC by altering atmospheric circu-
lation patterns. However, their simulations also showed that
the cooling effects from lower GHG concentrations and in-
creased albedo suppressed AMOC strength. In our 49ka-full
experiment, these cooling effects appear to be offset by the
relatively high insolation state at 49 ka, allowing topographi-
cal impacts to dominate.

The simulated AMOC in 49ka-full is stronger than that
reported in most previous MIS 3 simulations. However, the
spread among MIS 3 simulations highlights the sensitivity
of AMOC strength to the prescribed LIS configuration. Pre-
vious studies focusing on LGM climate have shown that
changes in North Atlantic westerlies induced by the pres-
ence of the LIS can strengthen the AMOC through en-
hanced wind-driven circulation and deep-water formation
(Muglia and Schmittner, 2015). Consistent with this mech-
anism, the stronger AMOC in our 49ka-full simulation is
associated with LIS-driven changes in atmospheric circula-
tion and enhanced westerlies over the North Atlantic. Con-
versely, changes in LIS height have also been shown to
strongly affect AMOC stability and can trigger transitions
between different overturning states (Zhang et al., 2014a), in-
dicating that different ice-sheet reconstructions can produce
markedly different AMOC responses. Since the LIS evolved
substantially throughout MIS 3 and remains poorly con-
strained (Malmierca-Vallet and Sime, 2023), alternative but
equally plausible ice-sheet configurations may yield weaker
AMOC states than simulated here. This sensitivity is consis-
tent with evidence for large AMOC variability during MIS 3,
including rapid transitions and possible overshoots following
Heinrich stadials. We therefore interpret the strong AMOC in
49ka-full as a response to the specific ice-sheet configuration

Clim. Past, 22, 1457-1479, 2026



1470

prescribed in our experiments rather than as a robust feature
of all MIS 3 climates.

Evidence based on foraminifer assemblages and mineral
grains in ice-rafted debris also suggests a northward retreat
of sea ice and higher temperatures in the Labrador Sea be-
tween ~ 56 and 49 ka, potentially driven by the insolation
maxima (Griem et al., 2019). After 49 ka, sea ice variabil-
ity increased, with near-perennial sea ice cover during most
stadials and seasonal ice-free conditions during interstadials.
However, it remains uncertain whether interstadials reflect a
mean state or are primarily linked to Dansgaard—Oeschger
(D-0O) variability.

4.2 Changes in NH westerlies

The simulated changes in the North Atlantic westerlies and
associated precipitation patterns during DJF highlight the
critical role of ice sheet topography in driving atmospheric
circulation (Fig. 9a). At 49ka, the surface westerlies shift
southward and adopt a more zonal flow (Fig. 3), aligning
with previous studies (Lofverstrom et al., 2014; Ullman et al.,
2014; Pausata et al., 2011; Kageyama et al., 2021; Stadel-
maier et al., 2024), which emphasize the influence of glacial
ice sheet topography on jet stream reorganization. Our re-
sults further expand on this, demonstrating that the high-
pressure system induced by the LIS initiates a Rossby wave
response, shifting the Icelandic low southward and weaken-
ing the Azores High. These circulation changes lead to re-
duced precipitation over NH landmasses during DJF.

During JJA, the changes in westerlies and pressure re-
sult in increased rainfall over Eurasia (Fig. 9b), with the
jet stream extending further inland. Additionally, this rain-
fall increase is supported by milder land temperatures and
enhanced moisture availability (not shown). Our findings on
seasonal precipitation changes are consistent with those of
Lofverstrom et al. (2014), as the ice sheet configuration used
in our study closely resembles their MIS 4 ice sheet setup.
However, while their study reports a fully zonal orientation
of the jet stream only during the LGM, our results demon-
strate that this change can also occur with a MIS 3 ice sheet
configuration, suggesting a dynamic response to glacial ice
sheets earlier in the glacial period.

4.3 Changes in tropical atmospheric circulation and SH
westerlies

The presence of ice sheet topography leads to a more pro-
nounced southward shift of the NH Hadley cell during DJF
and a stronger northward shift of the SH Hadley cell dur-
ing JJA, compared to our simulations that include only GHG
concentrations, orbital parameters, and an ice mask at 49 ka
(Fig. 9a, b). This enhanced Hadley cell shift in 49ka-full
drives a more substantial southward displacement of the
ITCZ during DJF (Fig. 9a). Consequently, the northern trop-
ics experience drier conditions, while precipitation increases
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in the southern tropics, consistent with the mechanisms pro-
posed by Chiang and Bitz (2005).

During JJA, LIS topography induces warming over
Siberia, in agreement with previous studies (Liakka and
Lofverstrom, 2018; Bakker et al., 2020), which attribute
this warming to large-scale atmospheric circulation changes
driven by pressure differences linked to LIS height. In con-
trast, AIS topography enhances cooling over Antarctica dur-
ing austral winter. This interhemispheric contrast, i.e. rela-
tively warmer conditions in the NH and colder conditions
in the SH, pushes the ITCZ northward and strengthens the
SH Hadley cell. Additionally, the SH Hadley cell northward
shift is associated with the northward displacement of the
SH westerlies (Fig. 9b), consistent with Ceppi et al. (2013),
who demonstrated that interhemispheric teleconnections link
ITCZ migration with changes in Hadley cell strength and SH
jet positioning. Likewise, NH cooling during DJF drives a
southward shift of the North Atlantic westerlies, influencing
the Hadley cell strength and position, and pushing the ITCZ
closer to the equator.

These circulation shifts generate regional impacts. In-
creased subsidence over East Asia creates a high-pressure
anomaly, leading to drier conditions, while the southward-
shifted ITCZ enhances convergence over Australia, increas-
ing rainfall. The larger shift in the ITCZ and the NH Hadley
cell coincides with the maximum increase in Australian rain-
fall (Fig. 9a).

The weakening of the SH westerlies during both DJF
and JJA under a high-obliquity climate (49ka-co and 49ka-
alb) compared to a low-obliquity climate (PI) aligns with
findings from Timmermann et al. (2014). However, the in-
creased height and extent of the AIS counteract this weak-
ening during DJF, leading to SH westerly intensification in
49ka-full. Additionally, our results indicate that NH wester-
lies strengthen with albedo changes relative to orbital param-
eter and GHG adjustments, whereas SH westerlies weaken
under the same conditions (Fig. 4). Introducing topographi-
cal changes induces an equatorward shift in both NH and SH
westerlies during their respective winter seasons (Fig. 4a, d).

Overall, our study reveals nonlinear interactions between
large-scale atmospheric circulation, surface westerlies, and
precipitation patterns under different combinations of bound-
ary conditions (Fig. 9). Orbital forcing, GHGs, albedo, and
ice sheet topography collectively shape these interactions in
a nonlinear manner.

4.4 MIS 3 hydroclimate in Australia

Proxy records from marine sediments, lake sediments, and
river systems show that Australia experienced spatially vari-
able climates during MIS 3, with greater-than-modern mean
water availability peaking between ~ 49 and ~ 40 ka (Kemp
et al., 2019). Wet conditions, especially in central and north-
ern Australia between ~ 50 and ~ 45 ka, are linked to an in-
tensified Australian monsoon driven by the summer insola-
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tion peak. Our model results align with these observations,
showing increased annual precipitation over much of Aus-
tralia at 49 ka, with particularly intensified monsoonal rain-
fall in the northern regions (Figs. 2c and 3g). The increase in
monsoonal rainfall during austral summer is consistent with
a southward displacement of the ITCZ due to the intensi-
fied NH Hadley cell, driven by increased SH insolation in
response to high obliquity. However, our results also reveal
that the southward shift of the ITCZ and Hadley cell occurs
in the 49ka-full simulation (which includes ice sheet topog-
raphy) as well as in the 49ka-co and 49ka-alb simulations
(which lack ice sheet topography). Despite this, the intensi-
fied Australian monsoon rainfall is more pronounced in the
49ka-full experiment, as the presence of ice sheets induces
larger shifts of the Hadley cell and ITCZ.

Our simulations generally show an insignificant response
in southern Australian annual rainfall at 49ka, although
austral winter exhibits some drier conditions. These results
are consistent with those of Weij et al. (2024), in which
speleothem growth rates from southwest and southeast Aus-
tralia indicate drier-than-modern conditions around 49 ka. In
contrast, paleo records from Kemp et al. (2019) suggest in-
creased rainfall in southern Australia. The wetter signal in
that study is interpreted as a response to changes in the SH
westerlies, involving either strengthening or an equatorward
shift. While the wind response is consistent with the equa-
torward shift simulated in the 49ka-full experiment, the rain-
fall response is not reproduced, indicating that southern Aus-
tralian precipitation is not solely controlled by latitudinal
shifts of the westerlies in ACCESS-ESM1.5. Instead, rainfall
anomalies appear to be more strongly influenced by persis-
tent subtropical high-pressure anomalies and associated sub-
sidence over the Australian continent, which suppress mois-
ture transport convergence despite the shift in westerlies.
This may indicate limitations in the simulated coupling be-
tween storm-track variability and regional precipitation un-
der glacial boundary conditions. However, the contrasting in-
terpretations from available proxy records also suggest that
hydroclimate conditions in southern Australia during MIS 3
remain uncertain.

5 Conclusions

Our results, based on a stepwise set of MIS 3 boundary con-
dition experiments, underscore the impacts of orbital forc-
ing, greenhouse gases, surface albedo, and ice-sheet topog-
raphy on global atmospheric circulation and regional hy-
droclimate. Orbital parameters and greenhouse gases alone
produce limited dynamical shifts, while the addition of ice-
sheet albedo primarily enhances high-latitude cooling with-
out substantially altering circulation patterns. In contrast, the
presence of NH ice sheets during MIS 3 strengthens and
shifts the North Atlantic westerlies equatorward by 6° in DJF
and 4° in JJA, leading to increased precipitation over the
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North Atlantic in both seasons, while over the Eurasian land-
mass precipitation increases in boreal summer but decreases
in winter due to colder conditions. These ice sheet-induced
changes affect the global atmospheric circulation, with a
southward shift of the NH Hadley cell and ITCZ during DJF,
resulting in enhanced monsoonal rainfall over northern Aus-
tralia, while producing a comparatively weak hydroclimatic
response in southern Australia. Regional differences, partic-
ularly between northern and southern Australia, reflect con-
trasting dynamical controls, with northern Australia domi-
nated by monsoon and ITCZ-related moisture convergence,
and southern Australia more strongly influenced by sub-
tropical high-pressure anomalies and associated subsidence.
These patterns are broadly consistent with proxy evidence
indicating spatially heterogeneous hydroclimate conditions
during MIS 3, with records suggesting both wetter and drier
conditions across different regions and archives.

Although our experiments do not isolate the individual
roles of the Laurentide and AISs, they show that the com-
bined ice sheet configuration contributes to an equatorward
shift of the SH westerlies and SH Hadley cell. Overall, our
findings highlight the importance of the LIS in modulating
atmospheric circulation and climate dynamics, noting that
its geometry and extent varied substantially during MIS 3
and the deglaciation, likely contributing to diverse AMOC
responses and associated climate changes.
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Figure A1. Time series of anomalies of annual mean (left) globally, (middle) southern hemisphere (SH), and (right) northern hemisphere
(NH) averaged surface air temperature (SAT) and sea surface temperature (SST) for (black) PI, (cyan) 49ka-co, (orange)49ka-alb, and (blue)
49ka-full compared to PI. 49ka-co is orbital parameters+GHGs, 49ka-alb is 49ka-co with albedo and vegetation changes. Additional changes
to 49ka-alb are shown in magenta colors (49ka-alb+). At year 547, surface salinity is gradually increased to account for the 44 m sea level
drop relative to PI, to account for the increase of continental ice mass, achieving a global average increase of +0.33 psu from PI levels.
At year 729, the Bering Strait is closed. The 49ka-alb+ experiment is not analysed in the manuscript. At year 824, the 49 ka topography is
implemented. River runoff is adjusted to reflect the 49 ka topography at year 1258. Darker colors indicate the periods used for the analysis
of time averages from each experiment. The horizontal red line is the zero line for each diagnostic shown.
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Table A1. Global mean values for PI, 49ka-full, 49ka-alb, and 49ka-co experiments. The values in the brackets show differences from PI.

Experiments PI 49ka-full 49ka-alb 49ka-co

Annual mean SAT (°C) 15.41 1271 (=2.7)  13.11(-2.3) 13.05(—2.36)

DJF NH SAT (°C) —475 —11.15(—6.4) —9.25(—4.5) —7.75 (=3)

JJA NH SAT (°C) 14.95 12.35(=2.6)  12.15(-2.8) 14.25 (-0.7)

DIJF SH SAT (°C) 2.85 115 (-1.7) 2.15(-0.7) 1.95(-0.9)

JJA SH SAT (°C) —4.85 —725(-24) —645(-1.6) —645(—1.6)

Annual mean Ocean Temp (°C) 4.32 3.3(—1.02) 3.49 (—0.83) 3.62 (—0.7)

Annual mean SST (°C) 18.95 17.75(—1.2)  17.65 (—1.3) 17.75(—1.2)
Data availability. All final data from the modelling Competing interests. At least one of the (co-)authors is a mem-
simulations is  published on the DRYAD repository ber of the editorial board of Climate of the Past. The peer-review

(https://doi.org/10.5061/dryad.37pvmcw 1 m, Saini et al., 2026).

Author contributions. HS, LM, JRB, and RND designed the
study. HS performed the modelling simulations with assistance
from DKH. HS conducted the analysis, interpreted the results and
wrote the manuscript with input from LM. JRB, RND, DKH and
YD provided valuable comments on the manuscript.

https://doi.org/10.5194/cp-22-1457-2026

process was guided by an independent editor, and the authors also
have no other competing interests to declare.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. Himadri Saini, Josephine R. Brown, Rus-
sell N. Drysdale, Yanxuan Du, and Laurie Menviel would like to

Clim. Past, 22, 1457-1479, 2026


https://doi.org/10.5061/dryad.37pvmcw1m

1476

acknowledge funding from the Australian Research Council (ARC)
grant DP220102134. Laurie Menviel acknowledges support from
ARC grant SR200100008. David K. Hutchinson acknowledges sup-
port from ARC grant DE220100279. Josephine R. Brown received
support from ARC Centre of Excellence for Weather of the 21st
Century (CE230100012).

This research was supported by the Australian Government’s
National Collaborative Research Infrastructure Strategy (NCRIS),
with access to computational resources provided by the National
Computational Infrastructure (NCI) through the National Computa-
tional Merit Allocation Scheme. The authors thank Commonwealth
Scientific and Industrial Research Organisation (CSIRO) for de-
veloping the ACCESS-ESM1.5 model configuration and making it
freely available to researchers. The high performance computing
(HPC) resources required to run the model are available through
UNSW Resource Allocation Scheme.

Financial support. This research has been supported by the
Australian Research Council (Grant numbers: DP220102134,
SR200100008, DE220100279, and CE230100012).

Review statement. This paper was edited by Irina Rogozhina and
reviewed by two anonymous referees.

References

Allen, J. R., Forrest, M., Hickler, T., Singarayer, J. S.,
Valdes, P. J., and Huntley, B.: Global vegetation patterns
of the past 140000 years, J. Biogeogr., 47, 2073-2090,
https://doi.org/10.1111/jbi.13930, 2020.

Bakker, P., Rogozhina, 1., Merkel, U., and Prange, M.: Hypersensi-
tivity of glacial summer temperatures in Siberia, Clim. Past, 16,
371-386, https://doi.org/10.5194/cp-16-371-2020, 2020.

Berger, A.: Long-term variations of caloric insolation resulting
from the Earth’s orbital elements, Quaternary Res., 9, 139-167,
https://doi.org/10.1016/0033-5894(78)90064-9, 1978.

Bohm, E., Lippold, J., Gutjahr, M., Frank, M., Blaser, P., Antz,
B., Fohlmeister, J., Frank, N., Andersen, M., and Deininger,
M.: Strong and deep Atlantic meridional overturning cir-
culation during the last glacial cycle, Nature, 517, 73-76,
https://doi.org/10.1038/nature 14059, 2015.

Braconnot, P., Otto-Bliesner, B., Harrison, S., Joussaume, S., Pe-
terchmitt, J.-Y., Abe-Ouchi, A., Crucifix, M., Driesschaert, E.,
Fichefet, Th., Hewitt, C. D., Kageyama, M., Kitoh, A., Lainé,
A., Loutre, M.-F., Marti, O., Merkel, U., Ramstein, G., Valdes,
P, Weber, S. L., Yu, Y., and Zhao, Y.: Results of PMIP2 coupled
simulations of the Mid-Holocene and Last Glacial Maximum —
Part 1: experiments and large-scale features, Clim. Past, 3, 261—
277, https://doi.org/10.5194/cp-3-261-2007, 2007.

Brandefelt, J., Kjellstrom, E., Naslund, J.-O., Strandberg, G.,
Voelker, A. H. L., and Wohlfarth, B.: A coupled climate model
simulation of Marine Isotope Stage 3 stadial climate, Clim. Past,
7, 649-670, https://doi.org/10.5194/cp-7-649-2011, 2011.

Brayshaw, D. J., Hoskins, B., and Blackburn, M.: The basic in-
gredients of the North Atlantic storm track. Part I: Land—

Clim. Past, 22, 1457—-1479, 2026

H. Saini et al.: The influence of glacial Northern Hemisphere ice sheets on atmospheric circulation

sea contrast and orography, J. Atmos. Sci., 66, 2539-2558,
https://doi.org/10.1175/2009JAS3078.1, 2009.

Broccoli, A. and Manabe, S.: The influence of continen-
tal ice, atmospheric CO2, and land albedo on the cli-
mate of the last glacial maximum, Clim. Dynam., 1, 87-99,
https://doi.org/10.1007/bf01054478, 1987.

Brown, N. and Galbraith, E. D.: Hosed vs. unhosed: interruptions
of the Atlantic Meridional Overturning Circulation in a global
coupled model, with and without freshwater forcing, Clim. Past,
12, 1663-1679, https://doi.org/10.5194/cp-12-1663-2016, 2016.

Byrne, M. P. and O’Gorman, P. A.: Land-ocean warming con-
trast over a wide range of climates: Convective quasi-equilibrium
theory and idealized simulations, J. Climate, 26, 4000-4016,
https://doi.org/10.1175/JCLI-D-12-00262.1, 2013.

Calvo, E., Pelejero, C., Herguera, J. C., Palanques, A.,
and Grimalt, J. O.: Insolation dependence of the south-
eastern Subtropical Pacific sea surface temperature over
the last 400kyrs, Geophys. Res. Lett., 28, 2481-2484,
https://doi.org/10.1029/2000GL012024, 2001.

Caniupan, M., Lamy, F.,, Lange, C. B., Kaiser, J., Arz, H., Kilian,
R., Baeza Urrea, O., Aracena, C., Hebbeln, D., Kissel, C., Laj,
C., Mollenhauer, G., and Tiedemann, R.: Millennial-scale sea
surface temperature and Patagonian Ice Sheet changes off south-
ernmost Chile (53 S) over the past 60 kyr, Paleoceanography, 26,
https://doi.org/10.1029/2010PA002049, 2011.

Ceppi, P., Hwang, Y.-T., Liu, X., Frierson, D. M., and Hartmann,
D. L.: The relationship between the ITCZ and the Southern
Hemispheric eddy-driven jet, J. Geophys. Res.-Atmos., 118,
5136-5146, 2013.

Chiang, J. C. and Bitz, C. M.: Influence of high latitude ice cover
on the marine Intertropical Convergence Zone, Clim. Dynam.,
25, 477-496, 2005.

Clark, P. U., Dyke, A. S., Shakun, J. D., Carlson, A. E., Clark,
J., Wohlfarth, B., Mitrovica, J. X., Hostetler, S. W., and Mc-
Cabe, A. M.: The Last Glacial Maximum, Science, 325, 710—
714, https://doi.org/10.1126/science.1172873, 2009.

Craig, A., Valcke, S., and Coquart, L.: Development and
performance of a new version of the OASIS coupler,
OASIS3-MCT_3.0, Geosci. Model Dev., 10, 3297-3308,
https://doi.org/10.5194/gmd-10-3297-2017, 2017.

Duboc, B., Meissner, K. J., Menviel, L., Yeung, N. K. H.,
Hoogakker, B., Ziehn, T., and Chamberlain, M.: Simulated ocean
oxygenation during the interglacials MIS Se and MIS 9e, Clim.
Past, 21, 1093-1122, https://doi.org/10.5194/cp-21-1093-2025,
2025.

EPICA community members: One-to-one coupling of glacial cli-
mate variability in Greenland and Antarctica, Nature, 444, 195—
198, https://doi.org/10.1038/nature05301, 2006.

Feldberg, M. J. and Mix, A. C.: Planktonic foraminifera, sea sur-
face temperatures, and mechanisms of oceanic change in the Peru
and south equatorial currents, 0—150ka BP, Paleoceanography,
18, https://doi.org/10.1029/2001PA000740, 2003.

Gowan, E. J., Zhang, X., Khosravi, S., Rovere, A., Stocchi,
P., Hughes, A. L., Gyllencreutz, R., Mangerud, J., Svend-
sen, J.-I., and Lohmann, G.: A new global ice sheet recon-
struction for the past 80000 years, Nat. Commun., 12, 1199,
https://doi.org/10.1038/s41467-021-21469-w, 2021.

Griem, L., Voelker, A. H., Berben, S. M., Dokken, T. M., and
Jansen, E.: Insolation and glacial meltwater influence on sea-ice

https://doi.org/10.5194/cp-22-1457-2026


https://doi.org/10.1111/jbi.13930
https://doi.org/10.5194/cp-16-371-2020
https://doi.org/10.1016/0033-5894(78)90064-9
https://doi.org/10.1038/nature14059
https://doi.org/10.5194/cp-3-261-2007
https://doi.org/10.5194/cp-7-649-2011
https://doi.org/10.1175/2009JAS3078.1
https://doi.org/10.1007/bf01054478
https://doi.org/10.5194/cp-12-1663-2016
https://doi.org/10.1175/JCLI-D-12-00262.1
https://doi.org/10.1029/2000GL012024
https://doi.org/10.1029/2010PA002049
https://doi.org/10.1126/science.1172873
https://doi.org/10.5194/gmd-10-3297-2017
https://doi.org/10.5194/cp-21-1093-2025
https://doi.org/10.1038/nature05301
https://doi.org/10.1029/2001PA000740
https://doi.org/10.1038/s41467-021-21469-w

H. Saini et al.: The influence of glacial Northern Hemisphere ice sheets on atmospheric circulation

and circulation variability in the northeastern Labrador Sea dur-
ing the Last Glacial period, Paleoceanography and Paleoclima-
tology, 34, 1689-1709, https://doi.org/10.1029/2019PA003605,
2019.

Griffies, S. M.: Elements of the modular ocean model (MOM),
GFDL Ocean Group Tech. Rep, 7, 47, 2012.

Guo, C., Nisancioglu, K. H., Bentsen, M., Bethke, 1., and Zhang,
Z.: Equilibrium simulations of Marine Isotope Stage 3 climate,
Clim. Past, 15, 1133-1151, https://doi.org/10.5194/cp-15-1133-
2019, 2019.

Henry, L., McManus, J., Curry, W., Roberts, N., Piotrowski, A.,
and Keigwin, L.: North Atlantic ocean circulation and abrupt cli-
mate change during the last glaciation, Science, 353, 470-474,
https://doi.org/10.1126/science.aaf5529, 2016.

Hu, A., Meehl, G. A., Han, W., Otto-Bliestner, B., Abe-
Ouchi, A., and Rosenbloom, N.: Effects of the Bering
Strait closure on AMOC and global climate under differ-
ent background climates, Prog. Oceanogr., 132, 174-196,
https://doi.org/10.1016/j.pocean.2014.02.004, 2015.

Huber, C., Leuenberger, M., Spahni, R., Fliickiger, J., Schwander,
J., Stocker, T. F., Johnsen, S., Landais, A., and Jouzel, J.: Iso-
tope calibrated Greenland temperature record over Marine Iso-
tope Stage 3 and its relation to CH4, Earth Planet. Sc. Lett., 243,
504-519, https://doi.org/10.1016/j.epsl.2006.01.002, 2006.

Hunke, E. C., Lipscomb, W. H., Turner, A. K., Jeffery, N., and EI-
liott, S.: CICE: The Los Alamos sea ice model documentation
and software user’s manual version 4.1 la-cc-06-012, T-3 Fluid
Dynamics Group, Los Alamos National Laboratory, 675, 500,
2010.

Izumi, K., Valdes, P., Ivanovic, R., and Gregoire, L.: Impacts of
the PMIP4 ice sheets on Northern Hemisphere climate dur-
ing the last glacial period, Clim. Dynam., 60, 2481-2499,
https://doi.org/10.1007/s00382-022-06456-1, 2023.

Kageyama, M., Albani, S., Braconnot, P., Harrison, S. P., Hopcroft,
P. O., Ivanovic, R. E,, Lambert, E., Marti, O., Peltier, W. R., Pe-
terschmitt, J.-Y., Roche, D. M., Tarasov, L., Zhang, X., Brady, E.
C.,Haywood, A. M., LeGrande, A. N., Lunt, D. J., Mahowald, N.
M., Mikolajewicz, U., Nisancioglu, K. H., Otto-Bliesner, B. L.,
Renssen, H., Tomas, R. A., Zhang, Q., Abe-Ouchi, A., Bartlein,
P.J., Cao, J., Li, Q., Lohmann, G., Ohgaito, R., Shi, X., Volodin,
E., Yoshida, K., Zhang, X., and Zheng, W.: The PMIP4 contri-
bution to CMIP6 — Part 4: Scientific objectives and experimental
design of the PMIP4-CMIP6 Last Glacial Maximum experiments
and PMIP4 sensitivity experiments, Geosci. Model Dev., 10,
4035-4055, https://doi.org/10.5194/gmd-10-4035-2017, 2017.

Kageyama, M., Harrison, S. P., Kapsch, M.-L., Lofverstrom, M.,
Lora, J. M., Mikolajewicz, U., Sherriff-Tadano, S., Vadsaria,
T., Abe-Ouchi, A., Bouttes, N., Chandan, D., Gregoire, L.
J., Ivanovic, R. F, Izumi, K., LeGrande, A. N., Lhardy, F,
Lohmann, G., Morozova, P. A., Ohgaito, R., Paul, A., Peltier,
W. R., Poulsen, C. J., Quiquet, A., Roche, D. M., Shi, X., Tier-
ney, J. E., Valdes, P. J., Volodin, E., and Zhu, J.: The PMIP4 Last
Glacial Maximum experiments: preliminary results and compar-
ison with the PMIP3 simulations, Clim. Past, 17, 1065-1089,
https://doi.org/10.5194/cp-17-1065-2021, 2021.

Kaiser, J., Lamy, F., and Hebbeln, D.: A 70-kyr sea sur-
face temperature record off southern Chile (Ocean
Drilling Program Site 1233), Paleoceanography, 20,
https://doi.org/10.1029/2005PA001146, 2005.

https://doi.org/10.5194/cp-22-1457-2026

1477

Kemp, C., Tibby, J., Arnold, L., and Barr, C.: Australian
hydroclimate during Marine Isotope Stage 3: a syn-
thesis and review, Quaternary Sci. Rev., 204, 94-104,
https://doi.org/10.1016/j.quascirev.2018.11.016, 2019.

Kindler, P., Guillevic, M., Baumgartner, M., Schwander, J., Landais,
A., and Leuenberger, M.: Temperature reconstruction from 10 to
120 kyr b2k from the NGRIP ice core, Clim. Past, 10, 887-902,
https://doi.org/10.5194/cp-10-887-2014, 2014.

Klockmann, M., Mikolajewicz, U., and Marotzke, J.: Two AMOC
states in response to decreasing greenhouse gas concentrations
in the coupled climate model MPI-ESM, J. Climate, 31, 7969—
7984, https://doi.org/10.1175/JCLI-D-17-0859.1, 2018.

Kohler, P., Nehrbass-Ahles, C., Schmitt, J., Stocker, T. F., and Fis-
cher, H.: A 156 kyr smoothed history of the atmospheric green-
house gases CO,, CHy, and N>O and their radiative forcing,
Earth Syst. Sci. Data, 9, 363-387, https://doi.org/10.5194/essd-
9-363-2017, 2017.

Kowalczyk, E., Stevens, L., Law, R., Dix, M., Wang, Y., Harman,
I., Haynes, K., Srbinovsky, J., Pak, B., and Ziehn, T.: The land
surface model component of ACCESS: description and impact
on the simulated surface climatology, Aust. Meteorol. Ocean.,
63, 65-82, https://doi.org/10.1071/ES13005, 2013.

Lambeck, K., Rouby, H., Purcell, A., Sun, Y., and Sambridge, M.:
Sea level and global ice volumes from the Last Glacial Maximum
to the Holocene, P. Natl. Acad. Sci. USA, 111, 15296-15303,
https://doi.org/10.1073/pnas.1411762111, 2014.

Lauterbach, S., Andersen, N., Wang, Y. V., Blanz, T., Larsen, T.,
and Schneider, R. R.: An ~ 130kyr record of surface water tem-
perature and §180 from the northern Bay of Bengal: Investi-
gating the linkage between Heinrich events and Weak Monsoon
Intervals in Asia, Paleoceanography and Paleoclimatology, 35,
€2019PA003646, https://doi.org/10.1029/2019PA003646, 2020.

Lea, D. W., Pak, D. K., and Spero, H. J.: Climate im-
pact of late Quaternary equatorial Pacific sea sur-
face temperature variations, Science, 289, 1719-1724,
https://doi.org/10.1126/science.289.5485.1719, 2000.

Liakka, J. and Lofverstrom, M.: Arctic warming induced by the
Laurentide Ice Sheet topography, Clim. Past, 14, 887-900,
https://doi.org/10.5194/cp-14-887-2018, 2018.

Liu, Y., Lo, L., Shi, Z., Wei, K.-Y., Chou, C.-J., Chen, Y.-C.,
Chuang, C.-K., Wu, C.-C., Mii, H.-S., Peng, Z., Amakawa, H.,
Burr, G. S., Lee, S.-Y., DeLong, K. L., Elderfield, H., and Shen,
C.-C.: Obliquity pacing of the western Pacific Intertropical Con-
vergence Zone over the past 282,000 years, Nat. Commun., 6,
10018, https://doi.org/10.1038/ncomms10018, 2015.

Lofverstrom, M., Caballero, R., Nilsson, J., and Kleman, J.: Evo-
lution of the large-scale atmospheric circulation in response to
changing ice sheets over the last glacial cycle, Clim. Past, 10,
1453-1471, https://doi.org/10.5194/cp-10-1453-2014, 2014.

Mackallah, C., Chamberlain, M., Law, R., Dix, M., Ziehn, T., Bi, D.,
Bodman, R., Brown, J., Dobrohotoff, P., Druken, K., Evans, B.,
Harman, I., Hayashida, H., Holmes, R., Kiss, A., Lenton, A., Liu,
Y., Marsland, S., Meissner, K., Menviel, L., O’Farrell, S., Rashid,
H., Ridzwan, S., Savita, A., Srbinovsky, J., Sullivan, A., Tren-
ham, C., Vohralik, P., Wang, Y., Williams, G., Woodhouse, M.,
and Yeung, N.: ACCESS datasets for CMIP6: methodology and
idealised experiments, Journal of Southern Hemisphere Earth
Systems Science, 72, 93—116, https://doi.org/10.1071/ES21031,
2022.

Clim. Past, 22, 1457-1479, 2026


https://doi.org/10.1029/2019PA003605
https://doi.org/10.5194/cp-15-1133-2019
https://doi.org/10.5194/cp-15-1133-2019
https://doi.org/10.1126/science.aaf5529
https://doi.org/10.1016/j.pocean.2014.02.004
https://doi.org/10.1016/j.epsl.2006.01.002
https://doi.org/10.1007/s00382-022-06456-1
https://doi.org/10.5194/gmd-10-4035-2017
https://doi.org/10.5194/cp-17-1065-2021
https://doi.org/10.1029/2005PA001146
https://doi.org/10.1016/j.quascirev.2018.11.016
https://doi.org/10.5194/cp-10-887-2014
https://doi.org/10.1175/JCLI-D-17-0859.1
https://doi.org/10.5194/essd-9-363-2017
https://doi.org/10.5194/essd-9-363-2017
https://doi.org/10.1071/ES13005
https://doi.org/10.1073/pnas.1411762111
https://doi.org/10.1029/2019PA003646
https://doi.org/10.1126/science.289.5485.1719
https://doi.org/10.5194/cp-14-887-2018
https://doi.org/10.1038/ncomms10018
https://doi.org/10.5194/cp-10-1453-2014
https://doi.org/10.1071/ES21031

1478

Malmierca-Vallet, 1., Sime, L. C., and the D-O community mem-
bers: Dansgaard—Oeschger events in climate models: review and
baseline Marine Isotope Stage 3 (MIS3) protocol, Clim. Past, 19,
915-942, https://doi.org/10.5194/cp-19-915-2023, 2023.

Manabe, S. and Broccoli, A.: The influence of continental ice sheets
on the climate of an ice age, J. Geophys. Res.-Atmos., 90, 2167-
2190, https://doi.org/10.1029/JID090iD01p02167, 1985.

Mantsis, D. F,, Lintner, B. R., Broccoli, A. J., Erb, M. P., Clement,
A. C., and Park, H.-S.: The response of large-scale circulation
to obliquity-induced changes in meridional heating gradients,
J. Climate, 27, 5504-5516, https://doi.org/10.1175/JCLI-D-13-
00526.1, 2014.

Martin, G., Milton, S., Senior, C., Brooks, M., Ineson, S.,
Reichler, T., and Kim, J.: Analysis and reduction of
systematic errors through a seamless approach to mod-
eling weather and climate, J. Climate, 23, 5933-5957,
https://doi.org/10.1175/2010JCLI3541.1, 2010.

Martinez, 1., Keigwin, L., Barrows, T. T., Yokoyama, Y.,
and Southon, J.: La Nifa-like conditions in the eastern
equatorial Pacific and a stronger Choco jet in the north-
ern Andes during the last glaciation, Paleoceanography, 18,
https://doi.org/10.1029/2002PA000877, 2003.

Martrat, B., Grimalt, J. O., Shackleton, N. J., de Abreu, L., Hutterli,
M. A., and Stocker, T. F.: Four climate cycles of recurring deep
and surface water destabilizations on the Iberian margin, Science,
317, 502-507, https://doi.org/10.1126/science.1139994, 2007.

Menviel, L., Timmermann, A., Mouchet, A., and Timm,
O.: Meridional reorganizations of marine and terrestrial
productivity during Heinrich events, Paleoceanography, 23,
https://doi.org/10.1029/2007PA001445, 2008.

Menviel, L. C., Skinner, L. C., Tarasov, L., and Tzedakis,
P. C.: An ice-climate oscillatory framework for Dansgaard—
Oeschger cycles, Nat. Rev. Earth Environ., 1, 677-693,
https://doi.org/10.1038/s43017-020-00106-y, 2020.

Merkel, U., Prange, M., and Schulz, M.: ENSO variability and tele-
connections during glacial climates, Quaternary Sci. Rev., 29,
86-100, https://doi.org/10.1016/j.quascirev.2009.11.006, 2010.

Muglia, J. and Schmittner, A.: Glacial Atlantic overturning in-
creased by wind stress in climate models, Geophys. Res. Lett.,
42, 9862-9868, https://doi.org/10.1002/2015GL064583, 2015.

Oke, P. R., Griffin, D. A., Schiller, A., Matear, R. J., Fiedler,
R., Mansbridge, J., Lenton, A., Cahill, M., Chamberlain,
M. A., and Ridgway, K.: Evaluation of a near-global eddy-
resolving ocean model, Geosci. Model Dev., 6, 591-615,
https://doi.org/10.5194/gmd-6-591-2013, 2013.

Pahnke, K., Zahn, R., Elderfield, H., and Schulz, M.:
340,000-year centennial-scale marine record of Southern
Hemisphere climatic oscillation, Science, 301, 948-952,
https://doi.org/10.1126/science.1084451, 2003.

Pausata, F. S. R., Li, C., Wettstein, J. J., Kageyama, M., and
Nisancioglu, K. H.: The key role of topography in altering
North Atlantic atmospheric circulation during the last glacial
period, Clim. Past, 7, 1089-1101, https://doi.org/10.5194/cp-7-
1089-2011, 2011.

Peltier, W. R.: Global glacial isostasy and the surface
of the ice-age Earth: the ICE-5G (VM2) model and
GRACE, Annu. Rev. Earth Planet. Sci.,, 32, 111-149,
https://doi.org/10.1146/annurev.earth.32.082503.144359, 2004.

Clim. Past, 22, 1457-1479, 2026

H. Saini et al.: The influence of glacial Northern Hemisphere ice sheets on atmospheric circulation

Saini, H., Meissner, K. J., Menviel, L., and Kvale, K.: Transient re-
sponse of Southern Ocean ecosystems during Heinrich stadials,
Paleoceanography and Paleoclimatology, 39, e2023PA004754,
https://doi.org/10.1029/2023PA004754, 2024.

Saini, H., Hutchinson, D. K., Brown, J. R., Drysdale, R. N., Du,
Y., and Menviel, L.: ACCESS model outputs for simulations
performed under MIS 3 boundary conditions, Dryad [data set],
https://doi.org/10.5061/dryad.37pvmcw1m, 2026.

Seager, R., Battisti, D. S., Yin, J., Gordon, N., Naik, N., Clement,
A. C., and Cane, M. A.: Is the Gulf Stream responsible for
Europe’s mild winters?, Quarterly Journal of the Royal Mete-
orological Society: A journal of the atmospheric sciences, Ap-
plied Meteorology and Physical Oceanography, 128, 2563-2586,
https://doi.org/10.1256/qj.01.128, 2002.

Shakun, J. D., Lea, D. W., Lisiecki, L. E., and Raymo, M. E.: An
800-kyr record of global surface ocean §180 and implications
for ice volume-temperature coupling, Earth Planet. Sc. Lett., 426,
58-68, https://doi.org/10.1016/j.epsl.2015.05.042, 2015.

Sherriff-Tadano, S., Abe-Ouchi, A., Yoshimori, M., Oka, A., and
Chan, W.-L.: Influence of glacial ice sheets on the Atlantic
meridional overturning circulation through surface wind change,
Clim. Dynam., 50, 2881-2903, https://doi.org/10.1007/s00382-
017-3780-0, 2018.

Stadelmaier, K. H., Ludwig, P, Pinto, J. G., and Ijjvéri,
G.: Changes in Atmospheric Dynamics Over Dansgaard-
Oeschger Climate Oscillations Around 40ka and Their Im-
pact on Europe, J. Geophys. Res.-Atmos., 129, e20231D040247,
https://doi.org/10.1029/20231D040247, 2024.

The HadGEM?2 Development Team: G. M. Martin, Bellouin, N.,
Collins, W. J., Culverwell, I. D., Halloran, P. R., Hardiman, S.
C., Hinton, T. J., Jones, C. D., McDonald, R. E., McLaren, A. J.,
O’Connor, F. M., Roberts, M. J., Rodriguez, J. M., Woodward,
S., Best, M. J., Brooks, M. E., Brown, A. R., Butchart, N., Dear-
den, C., Derbyshire, S. H., Dharssi, 1., Doutriaux-Boucher, M.,
Edwards, J. M., Falloon, P. D., Gedney, N., Gray, L. J., Hewitt,
H. T., Hobson, M., Huddleston, M. R., Hughes, J., Ineson, S., In-
gram, W. J., James, P. M., Johns, T. C., Johnson, C. E., Jones, A.,
Jones, C. P, Joshi, M. M., Keen, A. B., Liddicoat, S., Lock, A. P.,
Maidens, A. V., Manners, J. C., Milton, S. E., Rae, J. G. L., Rid-
ley, J. K., Sellar, A., Senior, C. A., Totterdell, I. J., Verhoef, A.,
Vidale, P. L., and Wiltshire, A.: The HadGEM2 family of Met Of-
fice Unified Model climate configurations, Geosci. Model Dev.,
4,723-757, https://doi.org/10.5194/gmd-4-723-2011, 2011.

Timmermann, A., Friedrich, T., Timm, O. E., Chikamoto, M. O.,
Abe-Ouchi, A., and Ganopolski, A.: Modeling obliquity and
CO, effects on Southern Hemisphere climate during the past
408 ka, J. Climate, 27, 1863-1875, https://doi.org/10.1175/JCLI-
D-13-00311.1, 2014.

Ullman, D. J., LeGrande, A. N., Carlson, A. E., Anslow, E. S.,
and Licciardi, J. M.: Assessing the impact of Laurentide Ice
Sheet topography on glacial climate, Clim. Past, 10, 487-507,
https://doi.org/10.5194/cp-10-487-2014, 2014.

Van Meerbeeck, C. J., Renssen, H., and Roche, D. M.: How did
Marine Isotope Stage 3 and Last Glacial Maximum climates dif-
fer? — Perspectives from equilibrium simulations, Clim. Past, 5,
33-51, https://doi.org/10.5194/cp-5-33-2009, 2009.

WALIS Divide Project Members: Precise interpolar phasing of abrupt
climate change during the last ice age, Nature, 520, 661-665,
https://doi.org/10.1038/nature14401, 2015.

https://doi.org/10.5194/cp-22-1457-2026


https://doi.org/10.5194/cp-19-915-2023
https://doi.org/10.1029/JD090iD01p02167
https://doi.org/10.1175/JCLI-D-13-00526.1
https://doi.org/10.1175/JCLI-D-13-00526.1
https://doi.org/10.1175/2010JCLI3541.1
https://doi.org/10.1029/2002PA000877
https://doi.org/10.1126/science.1139994
https://doi.org/10.1029/2007PA001445
https://doi.org/10.1038/s43017-020-00106-y
https://doi.org/10.1016/j.quascirev.2009.11.006
https://doi.org/10.1002/2015GL064583
https://doi.org/10.5194/gmd-6-591-2013
https://doi.org/10.1126/science.1084451
https://doi.org/10.5194/cp-7-1089-2011
https://doi.org/10.5194/cp-7-1089-2011
https://doi.org/10.1146/annurev.earth.32.082503.144359
https://doi.org/10.1029/2023PA004754
https://doi.org/10.5061/dryad.37pvmcw1m
https://doi.org/10.1256/qj.01.128
https://doi.org/10.1016/j.epsl.2015.05.042
https://doi.org/10.1007/s00382-017-3780-0
https://doi.org/10.1007/s00382-017-3780-0
https://doi.org/10.1029/2023JD040247
https://doi.org/10.5194/gmd-4-723-2011
https://doi.org/10.1175/JCLI-D-13-00311.1
https://doi.org/10.1175/JCLI-D-13-00311.1
https://doi.org/10.5194/cp-10-487-2014
https://doi.org/10.5194/cp-5-33-2009
https://doi.org/10.1038/nature14401

H. Saini et al.: The influence of glacial Northern Hemisphere ice sheets on atmospheric circulation 1479

Wang, N., Jiang, D., and Lang, X.: Northern westerlies during
the Last Glacial Maximum: Results from CMIP5 simulations,
J. Climate, 31, 1135-1153, https://doi.org/10.1175/JCLI-D-17-
0314.1, 2018.

Wang, Y. P., Law, R. M., and Pak, B.: A global model of carbon,
nitrogen and phosphorus cycles for the terrestrial biosphere, Bio-
geosciences, 7, 2261-2282, https://doi.org/10.5194/bg-7-2261-
2010, 2010.

Weij, R., Sniderman, J. K., Woodhead, J. D., Hellstrom,
J. C, Brown, J. R., Drysdale, R. N., Reed, E., Bourne,
S., and Gordon, J.: Elevated Southern Hemisphere mois-
ture availability during glacial periods, Nature, 626, 319-326,
https://doi.org/10.1038/541586-023-06989-3, 2024.

Yeung, N. K.-H., Menviel, L., Meissner, K. J., Taschetto, A. S.,
Ziehn, T., and Chamberlain, M.: Land—sea temperature contrasts
at the Last Interglacial and their impact on the hydrological cy-
cle, Clim. Past, 17, 869-885, https://doi.org/10.5194/cp-17-869-
2021, 2021.

https://doi.org/10.5194/cp-22-1457-2026

Zhang, P., Xu, J., Holbourn, A., Kuhnt, W., Xiong, Z., and Li, T.:
Obliquity induced latitudinal migration of the Intertropical Con-
vergence Zone during the past 410 kyr, Geophys. Res. Lett., 49,
€2022GL100039, https://doi.org/10.1029/2022GL 100039, 2022.

Zhang, X., Lohmann, G., Knorr, G., and Purcell, C.: Abrupt glacial
climate shifts controlled by ice sheet changes, Nature, 512, 290—
294, https://doi.org/10.1038/nature13592, 2014a.

Zhang, X., Prange, M., Merkel, U., and Schulz, M.: Insta-
bility of the Atlantic overturning circulation during Ma-
rine Isotope Stage 3, Geophys. Res. Lett., 41, 4285-4293,
https://doi.org/10.1002/2014GL060321, 2014b.

Ziehn, T., Chamberlain, M. A., Law, R. M., Lenton, A., Bodman,
R. W, Dix, M., Stevens, L., Wang, Y.-P., and Srbinovsky, J.:
The Australian earth system model: ACCESS-ESM1.5, Journal
of Southern Hemisphere Earth Systems Science, 70, 193-214,
https://doi.org/10.22033/ESGF/CMIP6.4248, 2020.

Clim. Past, 22, 1457-1479, 2026


https://doi.org/10.1175/JCLI-D-17-0314.1
https://doi.org/10.1175/JCLI-D-17-0314.1
https://doi.org/10.5194/bg-7-2261-2010
https://doi.org/10.5194/bg-7-2261-2010
https://doi.org/10.1038/s41586-023-06989-3
https://doi.org/10.5194/cp-17-869-2021
https://doi.org/10.5194/cp-17-869-2021
https://doi.org/10.1029/2022GL100039
https://doi.org/10.1038/nature13592
https://doi.org/10.1002/2014GL060321
https://doi.org/10.22033/ESGF/CMIP6.4248

	Abstract
	Introduction
	Methods
	Model description
	Experimental setup and diagnostics

	Results
	Simulated glacial climate at 49ka compared to PI
	Impact of 49ka boundary conditions on the circulation over North Atlantic and Eurasia
	Impact of 49ka boundary conditions on tropical and SH atmospheric circulation.
	Impact of 49ka boundary conditions on Australian rainfall

	Discussion
	Changes in AMOC
	Changes in NH westerlies
	Changes in tropical atmospheric circulation and SH westerlies
	MIS 3 hydroclimate in Australia

	Conclusions
	Appendix A
	Data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

