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Abstract Retreat or advance of an ice sheet perturbs the Earth's solid surface, rotational vector,

and the gravitational field, which in turn feeds back onto the evolution of the ice sheet over a range of
timescales. Throughout the last glacial cycle, ice sheets over the Northern Hemisphere have gone through
multiple growth and retreat phases, but the dynamics during these phases are not well understood. In

this study, we apply a coupled ice sheet-glacial isostatic adjustment model to simulate the Northern
Hemisphere Ice Sheets over the last glacial cycle. We focus on understanding the influence of solid Earth
deformation and gravitational field perturbations associated with surface (ice and water) loading changes
on the dynamics of terrestrial and marine-based ice sheets during different phases of the glacial cycle. Our
results show that solid Earth deformation enhances glaciation during growth phases and melting during
retreat phases in terrestrial regions through ice-elevation feedback, and gravitational field perturbations
have a stabilizing influence on marine-based ice sheets in regions such as Hudson Bay in North America
and Barents and Kara Seas in Eurasia during retreat phases through sea-level feedback. Our results

also indicate that solid Earth deformation influences the relative sensitivity of the North American and
Eurasian ice sheets to climate and thus the timing and magnitude of their fluctuations throughout the last
glacial cycle.

1. Introduction

During the last glacial cycle, ice sheets in the Northern Hemisphere (Northern Hemispheric Ice Sheets,
henceforth NHIS) went through multiple phases of growth and retreat during the buildup phase (~120-21
ka; e.g., Dyke, 2004; Hughes et al., 2016; Kleman et al., 2010; Svendsen et al., 2004) until global ice volume
and extent reached a maximum and global mean sea level was ~130 m lower than at present day at the Last
Glacial Maximum (~26.5-21 ka; LGM; Austermann et al., 2013; Clark et al., 2009; Denton & Hughes, 1981).
At the LGM, the British-Irish, Fennoscandian, and Barents-Kara Ice Sheets (BKIS) covered Eurasia (Eura-
sian Ice Sheet Complex, henceforth EISC; Hughes et al., 2016), the Laurentide, Cordilleran and Innuitian
Ice Sheets covered North America (North American Ice Sheet Complex, henceforth NAISC; Dyke, 2004),
and the Greenland Ice Sheet (GIS) grew beyond its modern extent (Fleming & Lambeck, 2004). After the
LGM, the EISC and NAISC retreated throughout the last deglaciation, ending in the final retreat of the Fen-
noscandian Ice Sheet by ~9 ka (e.g., Cuzzone et al., 2016; Hughes et al., 2016) and the Laurentide Ice Sheet
(LIS) by ~7 ka (Ullman et al., 2016). The last deglaciation phase ended with subsequent slowing of melting
from the Antarctic and GIS by ~4 ka (Yokoyama et al., 2019).

Understanding the glacial-cycle dynamics of the NHIS is challenging since the ice sheet evolution is cou-
pled with other components of the Earth system, and direct records of the long-term ice sheet evolution
are limited because they are eroded away over multiple growth and retreat phases (Dyke et al., 2002; Kle-
man et al., 2010). A broad spectrum of modeling work has been done to explore the dynamics of the NHIS
throughout the last glacial cycle, even when focusing only on the literature that studies the Northern Hemi-
sphere as a whole (e.g., Abe-Ouchi et al., 2013; Banderas et al., 2018; Berends et al., 2018; Bonelli et al., 2009;
Charbit et al., 2007; Ganopolski et al., 2010; Liakka et al., 2016; Niu et al., 2019; Tarasov & Peltier 1997;
Zweck & Huybrechts, 2005), during the pre-LGM buildup phase (Beghin et al., 2014; Charbit et al., 2013;
Kleman et al., 2013; Stokes et al., 2012; Timmermann et al., 2010) and during the last deglaciation phase

HAN ET AL.

1of 15


https://orcid.org/0000-0002-3819-5275
https://orcid.org/0000-0002-2463-7917
https://orcid.org/0000-0002-2665-362X
https://orcid.org/0000-0003-2800-6466
https://doi.org/10.1029/2020JF006040
https://doi.org/10.1029/2020JF006040
https://doi.org/10.1029/2020JF006040
https://doi.org/10.1029/2020JF006040
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JF006040&domain=pdf&date_stamp=2021-04-19

A
AUV
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2020JF006040

(Gregoire et al., 2015; Tarasov et al., 2012; Ullman et al., 2015). These studies have focused on different
physical processes such as ice-atmosphere interactions (Beghin et al., 2014; Liakka et al., 2016), ice-ocean
interactions (Timmermann et al., 2010), the role of orbital and greenhouse gas forcing on the evolution
of the NHIS (Abe-Ouchi et al., 2013; Bonelli et al., 2009; Ganopolski et al., 2010; Gregoire et al., 2015),
ice-sheet sensitivity to climate forcing (Banderas et al., 2018; Berends et al., 2018; Charbit et al., 2007;
Tarasov & Peltier, 1997), ice-sheet sensitivity to climatological or glaciological model parameters (Charbit
et al., 2013; Zweck & Huybrechts, 2005), and ice-sheet sensitivity to isostatic solid Earth deformation (Cru-
cifix et al., 2001; van den Berg et al., 2008).

It has long been recognized that mass exchange between ice and water on the solid surface perturbs the
gravitational field and rotation vectors and deforms the solid Earth. These responses together—termed
“Glacial Isostatic Adjustment” (GIA)—Ilead to spatially and temporally variable changes in the elevations
of the solid surface and the sea surface (e.g., Farrell & Clark, 1976; Mitrovica & Milne, 2002). The effects
of GIA, in turn, feed back onto the dynamics and mass balance of ice sheets. In the interior of an ice sheet,
viscoelastic deformation of the solid Earth underneath the ice alters the ice surface elevation, changing at-
mospheric conditions (i.e., temperature and precipitation) and feeding back onto the surface mass balance
of the ice sheet (termed the “ice-elevation feedback”; e.g., Levermann & Winkelmann, 2016). For example,
when an ice sheet melts and the ice surface elevation is lowered, increases in air temperature (lapse rate-in-
duced) and precipitation (due to warmer air) lead to increased surface melting and accumulation, feeding
back either negatively or positively onto the ice sheet's surface mass balance. On the edge of an ice sheet,
solid Earth depression and associated changes in ice surface slopes enhance ice flux into the ablation zone
(Schoof, 2007, Weertman, 1974). If an ice sheet is marine-based and terminates in water, changes in local
water depth due to changes in the solid Earth surface and gravitational equipotential surface feed back onto
the ice mass flux across the grounding line (the so-called sea-level feedback; e.g., Gomez et al., 2010). When
a marine-based ice sheet loses mass, the solid Earth is uplifted and the sea surface height drops near the
retreating ice sheet because of the weakened gravitational attraction between ice and ocean (henceforth
“ice-ocean gravity”), leading to a local sea level fall that acts to stabilize the ice sheet (Gomez et al., 2010).

Despite this existing knowledge of feedbacks between ice sheet dynamics, sea level change and solid Earth
deformation, it is only recently that modeling studies have developed fully coupled, dynamic ice sheet-GIA
models. Coupled models have been applied to simulate the evolution of the past and future Antarctic Ice
Sheet (Gomez et al., 2013, 2015, 2018; Konrad et al., 2015) and past global ice sheets (de Boer et al., 2014),
but are not yet applied extensively to the Northern Hemisphere. Unlike the Antarctic Ice Sheet where tem-
peratures are colder, surface melting is minimal and ice mass loss happens dominantly through dynamic
flow of ice across the grounding line (e.g., Shepherd et al., 2018), the dynamics of the NHIS are strongly
sensitive to atmospheric forcing (e.g., Bonelli et al., 2009; Charbit et al., 2007; Niu et al., 2019) and hence the
ice-elevation feedback would have played a significant role in NHIS evolution during the last glacial cycle.
At the same time, the sea-level feedback would have influenced the dynamics of marine-based sectors of ice
sheets in regions such as Barents and Kara Seas in Europe and over Hudson Bay in North America.

While paleo-ice sheet and sea level observations are extensive in the Northern Hemisphere, the process-
es driving observed changes remain often poorly understood. For example, the ice sheet mechanisms as-
sociated with meltwater pulse events (observed in relative sea level records; Fairbanks, 1989; Harrison
et al., 2019) and Heinrich events (observed in ice-rafted debris records; Heinrich, 1988) are still debated.
Furthermore, uncertainty remains in the individual contributions from the NAISC, EISC, and GIS to ob-
served sea level changes (e.g., Bassis et al., 2017; MacAyeal, 1993). In addition, a number of recent studies
(Batchelor et al., 2019; Carlson et al., 2018; Dalton et al., 2019; Pico et al., 2017) have proposed that the LIS
was smaller than previously thought during the Marine Isotope Stage 3 (Lisiecki & Raymo, 2005) and rapid-
ly grew up to its LGM extent, but the processes driving this potential change remain relatively unexplored.
In this regard, applying a coupled ice sheet-GIA model to the NHIS can both provide insight into the driving
mechanisms of ice sheet change, and facilitate modeling glaciologically consistent paleo-ice sheet evolution
synchronously with associated gravitationally consistent, spatially variable sea-level change, which can be
directly compared to geomorphological data of ice-sheet change (e.g., terminal moraines, proglacial depos-
its, or esker) and geophysical data of sea-level change (e.g., local relative sea-level records, GRACE data or
present day GPS uplift rates).
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In this study, we couple a dynamic ice sheet model with a global GIA model and apply the coupled model
to simulate the NHIS over the last glacial cycle. Our central goal is to understand the influence of solid
Earth deformation and spatially variable gravitational field (and thus sea surface height) changes associated
with surface (ice and ocean) loading redistribution on the evolution of the NHIS during growth and retreat
phases throughout the last glacial cycle, which we term “deformational effects” and “gravitational effects,”
respectively. In the following sections, we introduce the ice sheet and GIA models and the coupling proce-
dure (Section 2), show the results of NHIS ice volume changes over the last glacial cycle from simulations
that include deformational and gravitational effects both separately and together, and explore how each
effect plays a role in the distribution and timing of ice cover changes in North America and Eurasia during
growth and retreat phases (Section 3). We finish with a discussion of our results in the context of existing
literature (Section 4) followed by conclusions (Section 5).

2. Methods
2.1. Coupled Ice Sheet—Glacial Isostatic Adjustment Modeling

We couple a dynamic ice sheet model to a GIA model using the coupling algorithm described by Gomez
et al. (2013) that has been previously applied to the past and future evolution of the Antarctic Ice Sheet.
We review the key aspects of the modeling here, and more detailed descriptions of each model and the
coupling procedure can be found in the following studies: Pollard and DeConto (2009, 2012)—ice sheet
model, Gomez et al. (2013, 2015)—GIA model and coupling methods. The ice sheet model (Pollard & De-
Conto, 2012) combines shallow ice approximation and shallow shelf approximation (SSA) dynamics. The
ice flux across the grounding line is parameterized following Schoof (2007), which avoids the need for high
resolution around the grounding zone and allows long-term and large-scale simulations to be feasible. The
simplified dynamics capture grounding-line migration reasonably well in idealized intercomparisons (Pat-
tyn et al., 2012, 2013), although with somewhat larger differences on smaller space and timescales (Drouet
et al., 2013; Pattyn & Durand, 2013). The spatial resolution of the ice sheet model is 0.5-degree latitude and
1-degree longitude on a regular lat-lon grid, on which the domain of the model spans 35°N-90°N in latitude
and 0-360 degrees in longitude. The time resolution for the ice model is 0.5 year.

Climate forcing is obtained from a matrix of general circulation model (GCM) solutions for prescribed
orbital configurations, atmospheric CO, levels and ice sheet sizes (DeConto & Pollard, 2003; Pollard, 2010;
Pollard & DeConto, 2005). The GCM is the Global Environmental and Ecological Simulation of Interactive
Systems (GENESIS) version 3 (Thompson & Pollard, 1997) and is run in spectral resolution of T31 (i.e., 48
latitude by 96 longitude cells). Each GCM solution contains an equilibrated climate condition for given pre-
scriptions of the aforementioned variables. At any point during an ice sheet model simulation, monthly air
temperature and precipitation are obtained by interpolating the values between the GCM-solution matrix.
Monthly air temperature and precipitation are then interpolated in time to 5-day-time-step (which is the
time-stepping of our surface mass balance model) annual cycle, after which the annual climate is bilinearly
interpolated from the GCM grid to the ice model grid. In this procedure, a lapse rate correction from the
topography assumed in the GCM matrix solutions to the modeled ice surface elevation is applied to both
temperature and precipitation. While the appropriate lapse-rate value is uncertain, we use an atmospheric
lapse rate of 8°C/km, which is larger than what is suggested in some studies (e.g., Abe-Ouchi et al., 2007)
but within the range used in other previous studies (e.g., Erokhina et al., 2017; Marshall et al., 2002). In the
supporting information, we show equations for the lapse rate correction and the sensitivity of the NHIS vol-
ume to different parameter values used in the correction (Figure S4). In calculating surface mass balance,
we consider explicit snow and embedded liquid amount in pore space and allow refreezing and runoff of
meltwater, where runoff only happens when snowpack is saturated with embedded liquid. Surface melt
is computed by solving a linearized surface energy flux equation instead of using the Positive-Degree-Day
scheme. We use a sub-grid scheme that straightforwardly interpolates the sloping ice surfaces within each
cell and performs separate surface mass balance calculations for sub-grid portions of the cell before averag-
ing them together, which reduces the dependency of the calculations on the model resolution. In the matrix
climate forcing, GCM sensitivities are adjusted by multiplying the climate differences (temperature and
precipitation) between pairs of matrix solutions by 2.5 due to orbital changes (the orbital forcing is shown
in Figure S1), and by 1.05 due to ice-sheet-extent changes. These ad hoc adjustments represent uncertainty
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in the GCM climate sensitivities and are needed to achieve reasonably realistic orbital scale and 100-ky ice
sheet cycles in our current ice sheet model. We note that the focus of this study is on the sensitivity of ice
sheet variations to ice-Earth-sea level feedbacks (rather than comparing our model results to data-based ice
sheet reconstructions), and the climate is adjusted simply to yield overall realistic cycles, that is, with re-
peated growth and retreat phases on orbital time scales expanding toward a maximum similar to the LGM,
followed by a relatively rapid and complete or near-complete deglaciation similar to that since the LGM. In
future work, we plan to improve the climate modeling.

For basal sliding, we use the Weertman sliding law with an exponent m = 2 (Weertman, 1957). The basal
sliding coefficient is set to high (i.e., deformable sediment and faster ice flow) 10" m a~* Pa~ in regions in
which the present-day topography is ocean-covered, and low (i.e., hard rock and slower ice flow) at 107" m
a™ Pa~? in regions in which the present-day topography is above the sea level. In the supporting informa-
tion, we perform additional simulations with more complex basal sliding coefficients based on the sediment
distribution suggested by Gowan et al. (2019) and show that our conclusions remain the same.

The GIA model solves the general sea level theory described by Mitrovica and Milne (2003), Kendall
et al. (2005), and Gomez et al. (2010). The model considers ice cover changes and a radially varying vis-
coelastic Earth structure as inputs and computes the responses of the solid Earth and gravitational field
associated with changes in surface (ice and ocean) loading. We assume a spherically symmetric, self-grav-
itating viscoelastic Earth model (so-called SGVE; Peltier, 1974) that is rotating (Mitrovica et al., 2001), and
adopt the elastic and density profile of the Earth structure from the seismic model PREM (Dziewonski &
Anderson, 1981). Unless otherwise indicated, we adopt a lithospheric thickness of 120 km and upper and
lower mantle viscosity of 5 x 10%° and 5 x 10> PaS, respectively. The GIA model performs simulations with
a resolution of spherical harmonic degree and order 512, and the solutions account for the multi-normal
response of the viscoelastic Earth to surface loading (Peltier, 1974). Since the dynamic ice sheet model sim-
ulates ice cover changes only over the Northern Hemisphere, we adopt the Antarctic Ice Sheet history from
the ICE-6G_C model (Argus et al., 2014; Peltier et al., 2015) to produce global ice coverage as an input to
the GIA model.

The coupling procedure is as described by Gomez et al. (2013). Initial conditions for coupled ice sheet-GIA
model simulations are taken from a previous ice sheet model simulation that is spun up to reach an equi-
librium initial state at the last interglacial (125 ka) where only the GIS exists in the Northern Hemisphere.
Initial topography in the ice sheet model domain (35°N-90°N latitude) is given by the ETOPO2 modern
global topography data set (National Geophysical Data Center, 2006). The initialized ice configuration and
topography in the Northern Hemisphere are then passed to the GIA model, and merged with ICE-6G_C ice
history and topography outside the ice sheet model domain (90 S-35 N latitude). The initial topography for
this domain (90 S-35 N latitude) is computed from a standalone GIA model simulation with ICE-6G_C over
the last glacial cycle in which the predicted modern topography converges with the ETOPO2 topography.

At the start of a coupled simulation, the dynamic ice sheet model computes ice sheet change over the North-
ern Hemisphere every 0.5 years for the duration of a coupling interval (200 years) and passes the thickness
of the ice sheets at the end of the coupling interval to the GIA model. The GIA model then merges the ice
cover predicted by the ice sheet model in the Northern Hemisphere and ICE6G_C ice history in Antarctica
and computes global variations in sea level due to ice loading changes across the current coupling interval.
The resulting sea level change is passed back to update the bedrock elevation and the sea level in the ice
sheet model, and the ice sheet model runs forward for the next coupling interval. This process continues
throughout the coupled simulation.

In order to consider the effects of solid Earth deformation and spatially varying gravitational-field changes
on the evolution of the NHIS throughout the last glacial cycle (i.e., deformational and gravitational effects),
we perform four different coupled ice sheet-GIA model simulations in the main text: 1) a simulation on a
viscoelastic, rotating Earth in which the GIA model accounts for spatially varying gravitational field chang-
es due to ice-ocean gravity (referred to as a “fully coupled” simulation), 2) a simulation on a viscoelastic
rotating Earth in which ice-ocean gravity is not incorporated and the sea surface height shifts uniformly
across the globe (referred to as a “deformable Earth-noIOG” simulation; as done by Gomez et al., 2013), and
3) a simulation on a rigid, rotating Earth in which ice-ocean gravity is accounted for (referred to as a “rigid
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X16 Earth-I0G” simulation). In the supporting information, we review the
e ot NG modified sea level equation for these coupled simulations excluding ice-
gl Zarth, 108 ocean gravity and solid Earth deformation. We note that we have varied
— our model setup by repeating these simulations at a range of ice sheet
£ model resolutions adopting a range of model parameters (i.e., basal slid-
§ ing coefficients, surface mass balance and Earth structure parameters)
g controlling the distribution of ice at the LGM and contribution of global
= mean sea level change during the deglaciation. Some of these results are
shown in the supporting information (Figures S3-S5).
0> ‘ | L\
120 100 60 40 20 0
time (ka) 3. Results
Figure 1. Changes in the Northern Hemisphere ice volume over the 3.1. Northern Hemisphere Ice Volume Changes Over the Last
last glacial cycle. Time series of total Northern Hemisphere ice volume Glacial Cycle

simulated with a coupled ice sheet-GIA model on a deformable Earth that
captures the full multi-normal mode response (blue line), on a rigid Earth Figure 1 shows NHIS volume variations during the last glacial cycle in

(black line), and for a simulation on a deformable Earth that neglects ice- simulations performed with the coupled ice sheet-GIA model. In all of
ocean gravity (red line).

the simulations, the NHIS show multiple growth (marked in white bars

in Figure 1) and retreat (marked in light yellow bars in Figure 1) phases

across the glacial cycle, driven primarily by changes in solar insolation
due to cyclical changes in Earth's orbit (i.e., Milankovitch cycles). The initial growth phase starts at ~120
ka, reaching the first glacial peak at ~110 ka. Other growth phases occur at 100-90, 77-63 ka and a more
gradual buildup into the LGM occurs from 52 to 20 ka. Retreat phases occur at 110-100, 90-77, 63-52, and
20-6 ka (the last deglaciation). We also provide snapshots of ice thickness at various times during the last
glacial cycle in Figure S2 to put our results into context with several published reconstructed ice histories
(Lambeck et al., 2014; Peltier et al., 2004; Tarasov et al., 2012).

Figures 2a and 2b show ice volume and the rate of change of volume, respectively, in North America, Eura-
sia and Greenland based on the fully coupled simulation (blue line in Figure 1; Figures 2c and 2d are based
on the rigid-IOG simulation shown by the black line in Figure 1). While the volume of the NAISC in our
simulations is always greater than that of the EISC (Figures 2a and 2c), the ice loss during retreat phases
is not always dominated by the NAISC. The EISC is the dominant contributor to the global mean sea level
changes during the first (110-100 ka) and the third (63-52 ka) retreat phases, while the NAISC is the dom-
inant contributor during the second (90-77 ka) and the final (20-6 ka; the last deglaciation) retreat phases.
Thus, our results suggest that the evolution of the NHIS over the last glacial cycle is complex and dynamic,
and the EISC and the NAISC behave differently at each growth and retreat phase.

3.2. Deformational Effects During Growth and Retreat Phases

In this section, we explore the impact of solid Earth deformation on NHIS evolution by comparing the fully
coupled simulation (blue line in Figure 1; Figures 2a and 2b) to the rigid Earth-IOG simulation (black line
in Figure 1; Figures 2c and 2d).

A comparison of the blue and red lines with the black line in Figure 1 suggests that incorporating solid Earth
deformation leads to larger variations in NHIS volume throughout the last glacial cycle. For example, from
~77-63 ka, the increase in the volume of the NHIS is ~40% greater for the deformable Earth case than for
the rigid case, and the decrease in ice volume is ~25% greater during the last deglaciation. In particular, on a
rigid Earth, the changes in volume of the NAISC are smaller in magnitude (Figure 2c) and with less variable
rates of change (Figure 2d) compared to the deformable Earth case (Figures 2a and 2b). The differences are
most pronounced during the retreat phases between 90-77 and 20-6 ka (the last deglaciation). These results
indicate that the modeled fluctuations in volume of the NAISC are more sensitive to solid Earth deforma-
tion than those of the EISC. The NAISC is larger and thicker than the EISC (e.g., see Figure 3), leading
to bedrock deformation that is both greater and more sensitive to deeper, higher viscous structure within
the Earth's mantle. The solid Earth therefore takes longer to relax toward isostatic equilibrium following
NAISC changes than following EISC changes, and the effects of the deformation on ice surface-elevation
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Figure 2. Changes in volume of individual ice sheets on the Northern Hemisphere over the last glacial cycle. (a) Time
series of the volume of the North American Ice Sheet Complex (NAISC, solid line), Eurasian Ice Sheet Complex (EISC,
dash-dotted line), and the Greenland Ice Sheet (GIS, dotted line) based on the fully coupled simulation (i.e., blue solid
line in Figure 1). (b) Rate of change of volume of each ice sheet complex, in units of m*/ky, calculated based on frame
(a). (c and d) Equivalent to frames (a), (b) but calculated from a simulation on a rigid Earth (rigid-IOG simulation,
black line in Figure 1).

are enhanced. We also note that the two ice sheet complexes are underlain by different topographic features,
which could also pre-dispose the NAISC to be more sensitive to solid earth deformation than the EISC.

Figure 3 explores the impact of solid Earth deformation on changes in the distribution of ice over the North-
ern Hemisphere during the initial ice growth phase from 120 to 110 ka. During this phase, the LIS in North
America advances to cover Hudson Bay (Figures 3a and 3b) with a maximum thickness of ~3,080 m to the
south of the bay (yellow star in Figure 3b). The red line in Figure 3a shows the location of the cross section
displayed in Figure 3c. Along this cross section, the LIS reaches a thickness of ~2,930 m to the south of
James Bay at latitude ~56-degrees North (Figure 3c). The bedrock underneath the ice sheet subsides by up
to 315 m from its initial elevation of 200 m below sea level and changes its slope as the ice sheet builds up,
lowering the highest point of the ice surface on the cross section down to ~2,615 m at 110 ka (Figure 3c).
When the bedrock elevation is fixed in the rigid Earth-IOG simulation (dashed magenta line in Figure 3c),
the ice sheet along the cross section at the same location builds up to a smaller thickness of ~2,760 m by
110 ka. Since the bedrock elevation at this location remains at 200 m below sea level throughout the 10-ky
period, the ice-surface elevation remains at ~2,960 m, which is ~245 m higher than on deformable Earth
(compare the solid magenta line to the lightest purple line in Figure 3c). In the deformable Earth case, the
ice surface remains lower in elevation, and hence, warmer in temperature with higher precipitation relative
to the rigid Earth case, allowing the ice sheet to grow thicker (Figure 3d). Note that both simulations begin
from the same initial condition, and Figure 3 focuses on the effect of solid Earth deformation during the
first growth phase as bedrock elevation between the two simulations initially diverges. Later in the simula-
tions, bedrock elevation differences, and hence, deformational effects on ice cover, are larger (see Figure 1).
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Figure 3. Initial buildup of ice sheet over the Northern Hemisphere between 120 and 110 ka. (a and b) Snapshot of the
NHIS at (a) 120 and (b) 110 ka predicted in the fully coupled simulation. Grounded ice and floating ice are represented
in blue and magenta, respectively. Blue contour lines show ice sheet grounding lines and black contour lines represent
present-day coast lines. The yellow star in frame (b) shows the location where the NHIS reach a maximum thickness
110 ka. (c) Cross section of the elevation of the Laurentide Ice Sheet surface (solid lines) and the bedrock beneath the
ice sheet (dashed lines) along Hudson Bay (red line in frame a) at the indicated times between 120 and 110 ka. Magenta
lines correspond to the elevation of LIS surface (solid line) and bedrock (dashed line) at 110 ka simulated on the rigid
Earth (red line in Figure 1). (d) Difference (deformable minus rigid) in cumulative snowfall over continents, in meters,
between the deformable and rigid Earth simulations from 120 to 100 ka.

Next, we explore the impact of solid Earth deformation on an ice cover retreat. Figure 4 focuses on the
retreat phase from ~90 to 77 ka, during which differences between the rigid Earth and deformable Earth
simulations are the largest (compare the black and blue lines in Figure 1). Similar to the first growth phase
shown in Figure 3, the LIS builds up thicker on the deformable Earth than on the rigid Earth during the sec-
ond growth phase from 100 to 90 ka. Across Hudson Bay by 90 ka on the deformable Earth, the LIS builds up
to ~680 m thicker than on the rigid Earth near latitude ~63-degrees North. The highest points of ice-sheet
surface are at near latitude ~52-degrees North in both cases, but the ice-surface elevation is ~535 m lower
and ice thickness is 295 m greater on the deformable Earth than on the rigid Earth (compare the darkest
blue and the magenta lines in Figure 4c). This lower ice-surface elevation on a deformable Earth translates
to ~2.35-degree Celsius warmer surface air temperature relative to the rigid Earth case. Additionally, the
slope of the bedrock at the edges of the ice sheet becomes more retrograde as the ice sheet advances on the
deformable Earth. The resulting increase in surface ablation and the steeper bedrock slope in the deforma-
ble Earth case allows the edge of the ice sheet to retreat to Hudson Bay where the retreat accelerates (see the
rapid grounding line retreat over the bay from 82.5 to 77.5 ka in Figure 4c). This accelerated retreat is due
to both the steeper bedrock slope on the edge of the ice sheet and a slippery marine bed allowing for faster
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Figure 4. NHIS evolution during the 90-77 ka retreat phase. Snapshots of ice thickness at (a) 90 and (b) 77.5 ka. (c)
Cross section of the surface elevation of the Laurentide Ice Sheet (solid lines) and bedrock elevation (dashed lines)
along Hudson Bay (red line in frame a) at times between 90 and 77 ka modeled in the fully coupled simulation (solid
blue line in Figure 1a). Solid and dashed magenta lines represent the elevation of ice surface end bedrock at 90 ka,
respectively, on a rigid Earth. Frames (d-f) are analogous to frames (a—c) but simulated on a rigid Earth.

flow over Hudson Bay (see Section 2). Conversely, on the rigid Earth, the bedrock slope remains unchanged
and not enough retreat occurs to reach the unstable region, and Hudson Bay remains ice covered in North
America (see Figures 4d-4f).

Overall, Figures 3 and 4 indicate that deformation of the solid Earth enhances thickening (thinning) of ice
sheets during growth (retreat) phases in our model. During growth phases, our results show more snow
precipitation over a large portion of the area in which ice sheets buildup on the deformable Earth compared
to the rigid Earth case (Figure 3d). Lowered ice-surface elevation and warmer air temperature due to solid
Earth subsidence allows increased precipitation, which dominates over increased surface melting. During
retreat phases, lowered ice surface and delayed uplift of the solid Earth keeps the ice surface lower in el-
evation, and surface melting dominates over increased precipitation. This positive feedback in both cases
leads to greater-magnitude ice volume fluctuations on the deformable Earth than on the rigid Earth in our
simulations (i.e., more ice buildup during growth phases between 77-63 and 52-20 ka and more ice loss
during retreat phases between 90-77 and 20-6 ka, Figure 1). In the supporting information, we show that
our conclusions on the role of deformation on the NHIS evolution remain true in additional fully coupled
simulations with varying surface mass balance parameters (Figure S5).

3.3. Gravitational Effects on Marine-Based Ice Sheets During Retreat Phases

The results above show that solid Earth deformation has a positive feedback on ice buildup and retreat over
longer timescales (>010° yr). Next, we focus on the negative feedback of gravitational field perturbations
on the evolution of marine sectors of ice in North America and Eurasia on shorter timescales (<010° yr).
Figure 5 illustrates the evolution of the LIS during its rapid retreat between 80 and 78.5 ka over Hudson Bay.
Figure 5a shows that until 80 ka, Hudson Bay is covered by the LIS both in the fully coupled simulation and
the deformable Earth-noIOG simulation with similar extent (see the grounding lines in blue and red lines).
By 79 ka (Figure 5b), the LIS in both simulations undergo marine-based retreat over the bay (i.e., the bed-
rock elevation at the edge of the ice sheet is negative during the retreat, and hence the ice is marine-termi-
nating). Then, between 79 and 78.5 ka, the ice sheet re-advances into the bay in the fully coupled simulation
in which ice-ocean gravity is included. In contrast, the ice sheet continues to retreat when ice-ocean gravity
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79 ka

deformable Earth-lIOG simulation
deformable Earth-nolOG simulation

Figure 5. The effect of ice ocean gravity on the extent and timing of retreat over Hudson Bay toward the end of 90-80
ka deglacial phase. At (a) 80 ka, (b) 79 ka, and (c) 78.5 ka. Blue and red lines represent the results from the coupled
simulation on a deformable Earth in which ice-ocean gravity is incorporated (i.e., fully coupled simulation) and
excluded (i.e., deformable Earth-noIOG coupled simulation), respectively. Positive bedrock topography at respective
times are in gray.

is excluded (Figure 5c). When ice-ocean gravity is incorporated, the sea surface height near the retreating
ice sheet drops, increasing the sea level fall at the grounding line associated with ice loss. This stronger sea
level fall when ice-ocean gravity is incorporated feeds back onto less ice flux across the grounding lines,
eventually allowing the grounding lines to re-advance over Hudson Bay.

The Barents-BKIS was a marine-based ice sheet that extended into the Barents and Kara seas north of Sibe-
ria and Scandinavia at the LGM. Figure 6 focuses on the impact of ice-ocean gravity on the extent and thick-
ness of the BKIS during the last deglaciation by comparing the fully coupled and deformable Earth-nolOG
simulations. In general, the largest differences occur in regions of ice-ocean interface where the ice is ma-
rine-terminating and the sea-level feedback on ice dynamics is active. Up until 13 ka, before major retreat
in this region, the extent of the BKIS in the two simulations is similar, and differences in ice thickness along
the grounding line are less than 100 m (Figure 6a). Between 12.3 ka and 11.5 ka (Figures 6b-6d), the ice
sheet retreat is delayed, and ice remains thicker in the fully coupled simulation, which includes ice-ocean
gravity. For example, differences in ice thickness reach up to ~1,260 m in the Kara Sea at 11.8 ka (see the
regions in dark yellow in Figure 6c), and at the same time, the grounding line in the deformable Earth-nol-
OG simulation is up to ~300 km further inland (Figure 6¢). By 11 ka, the two simulations show the similar
extent of grounding lines between the two simulations with and without ice-ocean gravity (there is some
floating ice remaining in the Barents Sea in the fully coupled simulation; see the yellow region outside of
the grounding lines in Figure 6e). The retreat of the BKIS is complete in both simulations by 10.5 ka (Fig-
ure 6f). We note that the grounding line differences are relatively small for the NAISC, because not much
of the NAISC margin was marine-retreating before 11 ka. Thus, Figures 5 and 6 suggest that the sea-level
feedback impacts the timing of marine-based ice sheet retreat during the last deglaciation in the Northern
Hemisphere, leading to slowed retreat or re-advance of the ice margin, but does not play a big role in the
evolution of ice sheet interiors.

4. Sensitivity of Ice Volume Variations to Adopted Earth and Climate Model
Parameters

Our results add to a body of literature showing that the modeled influence of Earth deformation on ice
sheet evolution is sensitive to the parameters governing both the sensitivity of the ice sheet model to the
timing and magnitude of deformation in the Earth model and to climate. Previous studies have suggested
the important role of solid Earth deformation in generating the ~100-ky periodicity saw-tooth pattern of
the Late Quaternary glacial cycles (e.g., Abe-Ouchi et al., 2013; Oerlemans, 1981) and debated the influence
of solid Earth deformation during ice growth and retreat phases in the Northern Hemisphere (e.g., Crucifix
et al., 2001; van den Berg et al., 2008). Incorporating a simple “Local Lithosphere Relaxing Asthenosphere”
(LLRA; see Le Meur & Huybrechts, 1996) bedrock model in a 200 ky-long simulation, Crucifix et al. (2001)
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-300

-500
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Figure 6. Stabilization of marine-terminating Barents-Kara Ice Sheets due to gravitational effects between 13 and

11 ka during the last deglaciation. (a—f) Differences in ice thickness (in meters) modeled in the coupled simulation in
which ice-ocean gravity is incorporated and not incorporated (i.e., fully coupled minus deformable Earth-nolOG) at (a)
13 ka, (b) 12.3 ka, (c) 11.8 ka, (d) 11.5 ka, (e) 11 ka, and (f) 10.5 ka. Blue and red contour lines represent grounding lines
of ice sheets in the fully coupled and deformable Earth-noIOG coupled simulations, respectively. Thin black contour
lines represent present-day shorelines. Bedrock topography above sea level at respective times are in gray. Note that the
color is saturated in frame (c) and (d).

suggested that solid Earth deformation always acts to inhibit ice buildup during growth phases and to en-
hance ice loss during retreat phases. They also performed sensitivity tests varying bedrock density and
relaxation time parameters and showed that their modeled ice volume changes are mainly controlled by the
bedrock density parameter in the LLRA model. This parameter influences the equilibrium depression of
the bedrock under loading (e.g., a smaller value of bedrock density results in a higher value of equilibrium
depression). Their simulations showed that a smaller (higher) value of bedrock density leads to a smaller
(higher) ice volume. Later, van den Berg et al. (2008) performed 1-D ice sheet model simulations using an
Elastic Lithosphere and Relaxed Asthenosphere (ELRA; see Le Meur & Huybrechts, 1996) bedrock model
that incorporates elastic flexure of the lithosphere as well as isostatic relaxation of the asthenosphere and
a surface ice mass balance model that better captures the ice-elevation feedback at ice sheet margins. They
showed that solid Earth deformation can feed back either positively or negatively on ice buildup depending
on the choice of flexural rigidity, which controls the bending of the lithosphere in the bedrock model. They
also performed 3-D ice sheet model simulations over Eurasia and showed that a lower value of the flexural
rigidity (i.e., more bending of the lithosphere, resulting in more depression under loading and a higher
peripheral bulge at the edge of the loading) results in a larger ice sheet.

Unlike the studies mentioned above, our results indicate that solid Earth deformation feeds back positively
on ice volume changes, enhancing both ice sheet buildup and retreat (Figures 1-4). In this study, we in-
corporate a self-gravitating, viscoelastic, spherical Earth model (SGVE) that takes a systematically different
and more sophisticated approach to treating isostatic deformation. Previous studies have shown that the
largest differences between ELRA and SGVE Earth models occur in the peripheral regions of an ice sheet
(e.g., Konrad et al., 2014; Le Meur & Huybrecht, 1996; van den Berg et al., 2008), and the differences also
depend on the size of the loading. To test sensitivity of the NHIS dynamics and the effects of solid Earth
deformation on NHIS dynamics to varying Earth Structure and surface mass balance parameters, we show
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the results of additional coupled simulations adopting a range of Earth structure profiles (i.e., lithospheric
thickness, upper, and lower mantle viscosities) in the SGVE model (Figure S3) and the surface mass balance
parameters in the ice sheet model in the supporting information (Figures S4 and S5). Figure S3 indicates
that the NHIS volume is not very sensitive to any single parameter but is more sensitive to a combination
of parameters. Simulations with an Earth model that combines a thinner lithosphere and lower mantle
viscosities produce larger variations in ice volume than those adopting a thicker lithosphere and higher
mantle viscosities. We find that ice volume changes are even more sensitive to the choice of lapse rate and
temperature correction (surface mass balance) parameters determining the climate forcing (Figure S4). In
particular, we find that both the modeled NHIS volume changes and the sensitivity of the ice volume to
solid Earth deformation vary with these parameters (Figure S5); the latter sensitivity increases with the
adopted lapse rate. However, we highlight that our main conclusion on the role of deformational effects on
NHIS dynamics still holds for the range of surface mass balance parameters and Earth model parameters
we explored: Solid Earth deformation acts to enhance ice buildup during growth phases and enhance ice
loss during retreat phases. In the context of existing literature, our results suggest that the role of solid Earth
deformation on modeled ice sheets depends on both the adopted Earth model (e.g., LLRA, ELRA, or SGVE,
with the latter being most realistic; Le Meur & Huybrecht, 1996) and their parameters, and on the surface
mass balance model incorporated in the ice sheet model.

5. Discussion and Conclusions

In this study, we coupled a dynamic ice sheet model with a GIA model and applied the coupled model
to the Northern Hemisphere over the last glacial cycle. We simulated glaciologically consistent ice sheet
dynamics, gravitationally self-consistent sea level change and solid Earth deformation, and explored the
feedbacks that arise between these systems. Our results demonstrate that solid Earth deformation enhanc-
es buildup during growth phases and melting during retreat phases, leading to more dynamic ice cover
changes throughout the last glacial cycle (Figures 1-4). Gravitational effects have a stabilizing influence on
marine sectors of ice sheets in both North America and Eurasia during more rapid (<010 yr) retreat phases
(Figures 5 and 6).

Our results suggest that the dynamics and sensitivity to climate of each ice sheet complex in the Northern
Hemisphere differed due to deformational effects (Figures 1 and 2). In particular, we find that solid Earth
deformation enhances the sensitivity of the NAISC to climate more than the EISC (Figure 2). These find-
ings are in agreement with Bonelli et al. (2009), who simulated the NHIS over the last glacial cycle using a
fully coupled climate-ice sheet model and showed that the Laureantide and Fennoscandian Ice Sheet have
different responses to atmospheric CO2 concentration and insolation. Adding to their results, we find that
the different responses of the EISC and the NAISC to climate may also be associated with differences in
solid Earth deformation in response to different sizes of surface loading changes. The dependence of solid
Earth deformation on the size of the load has been well explored in other studies (e.g., Crucifix et al., 2001;
Le Meur & Huybrechts, 1996; Peltier, 1974; van den Berg et al., 2008).

In addition to being sensitive to the details of the bedrock and climate forcing models (see Figures S3-S5
and discussion in Section 4), our results comparing simulations that include and exclude solid Earth defor-
mation suggest that the magnitude of ice volume variations is sensitive to the initial bedrock condition at
the start of every growth and retreat phase. Thus, ice volume changes during the earlier part of the last
glacial cycle in our simulations may also depend on the initial bedrock elevation in the last interglacial. The
solid Earth was not at isostatic equilibrium at the start of the last glacial cycle, since the glacial maximum
of the penultimate glacial cycle (192-135 ka) was only established around 150-140 ka (Colleoni et al., 2016;
Grant et al., 2014; Jakobsson et al., 2016; Rohling et al., 2014), and sea level records and modeling indicate
ongoing GIA effects throughout the last interglacial (e.g., Clark et al., 2020; Dendy et al., 2017). This on-
going GIA could have influenced initial buildup of the NHIS at the start of the last glacial cycle. In subse-
quence work, we will apply the coupled model over multiple glacial cycles. The dependence of the rate and
magnitude of ice cover changes on initial bedrock state may also provide insight into a possible setting for a
rapid glaciation of the LIS from a small-sized configuration during the Marine Isotope Stage 3 to the LGM
extent suggested by recent studies on the LIS configuration (e.g., Batchelor et al., 2019; Carlson et al., 2018;
Dalton et al., 2019; Pico et al., 2017).
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While deformational effects have a strong influence on ice volume variations over continental regions, grav-
itational effects due to ice-ocean gravity impact the timing and extent of ice sheet retreat regionally in ma-
rine terminating areas. For example, we found that the gravitationally driven draw-down of the sea surface
due to local ice loss caused marine-ice sheet grounding lines to re-advance or to be delayed in retreat over
Hudson Bay and Barents-Kara Seas near the end of the retreat phases (Figures 5 and 6). Existing work has
applied coupled ice sheet-sea level modeling to show the stabilizing influence of gravitational effects on
marine-sectors of the Antarctic Ice Sheet (deBoer et al., 2014; Gomez et al., 2013, 2015; Konrad et al., 2015).
This study suggests that coupled models, which more precisely capture ice sheet-sea level feedbacks in
marine areas than models that do not take into account ice-ocean gravity and complex solid Earth defor-
mation, can potentially provide insight into the mechanisms driving marine-based ice sheet dynamics not
only in Antarctica but also in Eurasia and North America. For example, these effects may have played a role
in the suggested rapid collapse of marine-sectors of the EISC that contributed to the Meltwater Pulse 1A
event (Brendryen et al., 2020), in ice stream surging (Andreassen et al., 2014; Bjarnadéttir et al., 2014) and
ice-rafted debris fluxes from the EISC during Heinrich Stadial 1 (e.g., Ng et al., 2018; Toucanne et al., 2015),
and in the suggested Hudson Bay ice saddle collapse that might explain the 8.2 ka cold event (Gregoire
et al., 2012; Lochte et al., 2019; Matero et al., 2017). Furthermore, studying the observed rapid collapse
of paleo marine-terminating ice sheets such as the BKIS may, in turn, provide insight into the conditions,
mechanisms, timing and extent of future collapse of marine sectors of the Antarctic Ice Sheet, which are a
significant source of uncertainty in future sea-level projections (Church et al., 2013).
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