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Abstract Recent glacial periods have included several periods of rapid sea level drop that are still

not well understood. Here we show that rapid sea level drops can occur due to merger of two separate

ice sheets without correspondingly rapid climate forcing. Using the Parallel Ice Sheet Model (PISM), we
simulate glaciation of the Laurentide Ice Sheet (LIS) by gradually decreasing equilibrium-line altitude
(ELA). Merger of the extended Keewatin sector of the Laurentide Ice Sheet with Labrador sector of the
Laurentide Ice Sheet south of Hudson Bay causes a positive feedback between increasing surface elevation
and increasing surface mass balance in the merger region, leading to fast ice sheet growth. The simulated
saddle merger of LIS lowers sea level by 20 m in less than 20 kyr with periods of sea level fall exceeding

2 m/kyr, similar to those observed in paleo-sea level records.

Plain Language Summary Sea level dropped by about 120 m over a period of more than
80,000 years during the last ice age, though during brief intervals it has dropped by more than 20 m in
less than 10,000 years. However, the cause of these rapid sea level drops is not known. Using a computer
model of the flow of the North American Ice Sheet, we show that ice sheets grow quickly when separate
ice sheets merge due to the increase of elevation and snowfall rate in the merger region. The simulated
quick growth of ice sheets leads to a fast decrease in equivalent sea level similar to the past sea level
records, as freshwater is sequestered on land in the form of an enlarged ice sheet. This study may provide
a general explanation for rapid sea level falls in past ice ages.

1. Introduction

Proxy reconstructions of past ice volume and global mean sea level show that 100 kyr glacier-intergla-
cial cycling has dominated global sea level variability over the last 0.8 Ma (Grant et al., 2014; Spratt &
Lisiecki, 2016). While the mechanism of the late Pleistocene ice ages are still not completely understood,
many climate feedbacks have been proposed to take part, including isostatic adjustment (Pollard, 1982),
amplification by CO, variations (Gildor et al., 2002; Sigman et al., 2010; Toggweiler, 1999), rapid sea ice
feedbacks that lead to atmospheric temperature changes and thus control the snow accumulation over the
ice sheets (Gildor & Tziperman, 2000), and more. Shorter than orbital time scales of ice volume and sea
level change are also found to be important components of Pleistocene climate, notably including millen-
nial-scale periods of rapid sea level rise, such as Meltwater Pulse 1A (Bard et al., 1996; Fairbanks, 1989).
Using a coarse model of ice sheet flow and evolution, Gregoire et al. (2012) simulated a separation of the
Cordilleran Ice Sheet (CIS) and Laurentide Ice Sheet (LIS) causing a large meltwater pulse, consistent with
the sea level jump associated with Meltwater Pulse 1A, and the separation of two ice domes composing the
Laurentide Ice Sheet causing another smaller meltwater pulse. Similarly, Robel and Tsai (2018) found that
a simple model of ice saddle separation accounting only for ice saddle geometry and a simple elevation-de-
pendent surface mass balance can explain the occurrence, timing and amplitude of such deglacial meltwa-
ter pulses. However, some dynamical processes like ice streams are not included in such models, which play
an important role in ice sheet reconstruction and deglaciation (De Angelis & Kleman, 2005, 2007; Robel &
Tziperman, 2016; Stokes & Clark, 2001).

Though much attention has been paid to rapid sea level rise during deglaciation, sea level reconstructions
reveal many periods of rapid sea level fall at rates approaching mean rates of sea level rise during degla-
ciation (Figure 1; m/kyr). The purpose of this study is to provide an explanation for such periods of rapid
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Figure 1. Reconstructed sea level changes. (a) The first principal component of the sea level from present to 798 kyr
ago, and (b) the rate of sea level change (blue line shows the moving average of each 10 kyr). Data are from Spratt and
Lisiecki (2016).

sea level fall, specifically the merging of distinct ice domes within the North American Ice Sheet Complex.
Previous studies of rapid sea level fall events have mainly focused on measuring the timing and ampli-
tude of these events (Chappell & Shackleton, 1986; Siddall et al., 2003; Waelbroeck et al., 2002). K. Cutler
et al. (2003) realized that the generally flat terrain of interior North America allowed quick expansion of
ice accumulation areas, and that low summer insolation value could lead to periods of rapid glaciation. The
same study also posits the possibility that periods of enhanced advection of moisture into the continental
interior may cause enhanced rates of glaciation and sea level fall. However, it should be noted that neither
of these hypotheses are supported by calculations (model-based or otherwise) estimating the rates of sea
level fall that could be generated by such physical processes.

In this study, we provide the first model-based explanation of periods of rapid sea level fall without an
equally rapid period of climate change driving this fall. Specifically, we find that during the glaciation of
the LIS, the “saddle merger” of two ice sheets will trigger fast ice sheet growth, leading to rapid sea level fall
of 10-20 m over approximately 10 kyr, consistent with observed rapid sea level drop events. The proposed
mechanism may be expected to occur during the glaciation of any multi-domed ice sheet. In Section 2, we
describe the configuration of the numerical ice sheet model experiments. Then we analyze the saddle merg-
er event simulated in this model and the resulting rapid sea level drop in Section 3. Summary and discussion
are given in Section 4.

2. Model Setup

In order to capture realistic ice sheet processes including ice flow, ice sheet geometry, and their interaction
with surface mass balance, we use the Parallel Ice Sheet Model (PISM) version 1.0 from the University of
Alaska, Fairbanks (Bueler & Brown, 2009; the PISM authors, 2015). We use a hybrid stress balance scheme
in PISM combining shallow ice and shallow shelf approximations to efficiently simulate both slow and
fast flowing regions. The simulations are performed on a rectangular Cartesian coordinate system from a
polar stereographic projection of the domain, containing the North America continent at 20 km horizontal
resolution (451 x 351 grid cells). Though this is too coarse to represent grounding zones accurately, it is
of sufficient resolution to simulate the geometry of land-based ice sheet margins, which are the focus of
our analysis in this study. The bed topography is initialized at a modern state (National Geophysical Data
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Figure 2. Snapshots of ice thickness and ice surface velocity. (a—c) The ice thickness and (d-f) the surface ice velocity. The first column is the initial condition
for the simulation, the second column is at 8 kyr when the merger of the two ice sheets starts, and the third column is at 23 kyr after the merger of the two ice
sheets. In each panel, the thick black lines indicate sea level, the blue lines show the ice sheet edges, and the red square shows the location where the saddle
merger occurs. The thin black lines in the three lower panels are ice thickness contours with an interval of 1,000 m starting from 1,000 m.

Center, NESDIS, NOAA, U.S. Department of Commerce, 2001) and then allowed to adjust assuming an
elastic lithosphere, relaxing to ice sheet loading (Lingle & Clark, 1985).

Due to the large uncertainties associated with climate forcing of ice sheets (at millennial time scales), the
goal of this study is to determine the extent to which ice sheet geometry and dynamics alone can explain
the rapid sea level drops in the absence of short-lived climate forcing (which may exist in some paleoclimate
reconstructions, but be absent in others). Thus, we opt to prescribe the surface mass balance (SMB) on the
ice sheet to vary linearly with ice sheet elevation and increasing toward the North. We set the surface mass
balance anomaly (see Figure S2) at sea level to produce a steady-ice sheet extent that is, generally consistent
with geological reconstructions of the ice sheet southern margins and volume at the Last Glacial Maximum
(LGM, Roy & Peltier, 2018). The vertical SMB profile controls the growth and total steady state volume of
the ice sheet. The SMB profile (see Figure S1) is negative at sea level and increases to a maximum value at
1 km height, and then declines exponentially toward high altitudes in line with observations of SMB varia-
tion with elevation for thick polar ice sheets (Boulton et al., 1984; P. M. Cutler et al., 2000). The till friction
angle is specified based on a compilation of geological observations of sediment and bedrock properties
over North America (see Figure S3, Gowan et al., 2019).

3. Results

We initiate a simulation of the Laurentide Ice Sheet from an ice-free modern bed topography with the
equilibrium line at 700 m and run to a steady state (see Figure S8) as the initial condition for saddle merg-
er event (Figures 2a and 2d). This initial ice sheet configuration includes two ice sheets separated by the
Hudson Bay with ice streams discharging into Hudson Bay and at other land- and marine-terminating
boundaries (Figure 2a). There are floating ice shelves on the west side of Hudson Bay which are fed by ice
streams (Figure 2d). At the steady initial configuration, the Hudson Bay area separates ice sheets and has a
negative mass balance without ice due to its low-elevation. The simulated ice sheet at this initially separated
state has a small dome in Quebec, which is similar to previous reconstructions of pre-LGM ice sheets (Dyke
et al., 2002; Gowan et al., 2021). As we use a prescribed surface mass balance profile with net accumulation
at elevations over 700 m, the simulated ice sheet on the western side of Hudson Bay first grows on west-
ern high mountains and exhibits as an extended Keewatin sector of the Laurentide Ice Sheet expanding
eastward with ice overgrown in Alaska, which is different from previous reconstructions with a smaller
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ice dome restricted in Keewatin (Gowan et al., 2021). In reality, Alaska is warm, dry, and largely ice-free
due to the influences of North American Ice Sheet Complex on atmospheric circulations (Lofverstrom &
Liakka, 2016; Roe & Lindzen, 2001; Tulenko et al., 2020), which is not represented by our idealized climate
forcing. Nonetheless, the dynamics we describe here are expected any time there are two nearby growing ice
sheets, so this model configuration should be considered just one possible example.

We apply a gradual change in the prescribed surface mass balance profile by decreasing the ELA from 700
to 500 m linearly over 20 kyr to resemble a conservative estimate for ELA changes over obliquity cycles
(Andrews et al., 1972; Pelto, 1992). This decreasing ELA leads to the growth and merger of the Keewatin
sector and the Labrador sector of the Laurentide Ice sheets. Figure 2b shows the start of the merger be-
tween the two ice sheets (8 kyr). The merged region quickly increases in elevation due to the convergence
of ice sheet flow, which in turn causes an increase in SMB (following the profile in Figure S1). The merger
of separate ice sheets initiates the height-mass balance positive feedback between ice thickness and SMB
(Oerlemans, 1981; Weertman, 1961), leading to the fast ice sheet growth. This merger process starts from
the southern Hudson Bay and quickly covers the whole Hudson Bay. The ice surface velocities show that ice
flow changes direction from primarily E-W (along the saddle long axis) to N-S (across the saddle short axis),
causing an acceleration in ice sheet growth (Figure 2e). These changes are not qualitatively dependent on
the speed of the ELA forcing (see Figures S4-S7).

After the merger (23 kyr), Hudson Bay is completely covered by ice including a greatly expanded marine
terminus through which greater discharge balances the greater accumulation over the newly expanded ice
sheet area (Figures 2c and 2f). The merged ice sheet has two peaks and displays a saddle shape along the
merged area. The simulated ice sheet after the merger exhibits similar locations for ice domes as the ICE-7G
reconstruction at the LGM (see Figure S9, Roy & Peltier, 2018).

Figure 3 shows the temporal evolution of the saddle merger event through diagnosis of the ice sheet mass
balance components inside and outside of the merger region (occurring between the times marked by ver-
tical dashed lines). The volume of the ice sheet has almost doubled with the decrease of ELA in 20 kyr (Fig-
ure 3a) and the snapshots in Figure 2 show that the increase of ice volume is mainly caused by ice growth
in the merger region (See Figure S10 for difference in ice thickness). Meanwhile, the equivalent sea level
dropped by more than 20 m and the maximum decline rate of 2 m/kyr occurs at about 18 kyr (Figure 3b).

The rate of sea level change can be decomposed into contribution due to SMB, ice discharge at the ice sheet
margins, and basal mass balance (BMB) (Figure 3). The ice discharge and BMB are positive, causing sea
level rise, while SMB and total mass balance contribution are negative, causing sea level fall. The basal heat
flux in the model leads to the constant subglacial melting, thus small positive BMB in the unit of equiva-
lent sea level. The SMB of the ice sheet in the beginning of our simulation continues to increase (shown as
decreasing red line in Figure 3c) because the saddle merger event increases the ice sheet elevation in the
merger region.

During the saddle merger event, the SMB of the merger region (indicated by the red square in Figure 2)
dominates the total SMB change while the SMB of other areas changes little (Figure 3d). Near the end
of the merger event, ice discharge in the merger region increases slightly due to the increased length of
marine-terminating margin in Arctic Canada, compensating only slightly for the greatly increased SMB in
the merger region. The dominance of SMB changes over discharge changes indicates the importance of the
ice sheet merger, rather than potential marine ice dynamic flux changes (i.e., due to the marine ice sheet
instability of the advancing ice sheet), in generating this rapid sea level fall. Since the saddle merger initiates
above sea level (South of Hudson Bay), the rapid initial increase in SMB is not accompanied by an increase
in ice discharge. By the end of the saddle merger event, the ice sheet margin has expanded into the Hudson
Strait, producing enough ice discharge to balance the greatly increased SMB. Similar saddle mergers seen in
reconstructions (e.g., Gowan et al., 2021) have a similar progression of rapidly increasing ice sheet elevation
in the merger region, followed eventually by an increase in ice discharge through marine margins.

Figure 4 shows a schematic illustration of the mechanism of saddle merger: Isolated ice sheets expand
relatively slowly at the edges as ELA is lowered (Figure 4a). However, when two separate ice sheets merge
together, there is much less area of low-elevation melting margin, causing a significant increase in SMB
(Figure 4b). Once the saddle merger occurs, ice flow reorients from being the direction of the proximate
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Mass balance and sea level change during the glaciation
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Figure 3. Ice sheet responses to the decrease of the equilibrium-line altitude (ELA) during one glaciation (the vertical
dashed lines indicate the merger event). (a) The specified ELA (brown line) and the ice volume evolution (orange line);
(b) the rate of sea level change (cyan line) and the change of sea level (orange line); (c) surface mass balance (SMB, red
line), ice discharge to the ocean (blue line), basal mass balance (BMB, green line), and the total mass balance (black
line); (d) SMB at the merger region (purple line), SMB outside the merger region (pink line), and the total SMB (red
line; this line is the same as the red line in panel (c)); and (e) ice discharge to the ocean from the merger region (purple
line), ice discharge outside the merger region (pink line), and the total discharge (blue line; this line is the same as the
blue line in panel (c)). Both the mass balance and discharge are defined in the unit of sea level equivalent (SLE).

margins, to being across the newly formed ice saddle (toward the rapidly advancing Northern saddle mar-
gin, which is in Hudson Bay in our simulation). These perpendicular velocities accelerate the merging
process by converging ice flow from the two ice domes. The saddle merger event combines small ice sheets
into a larger one in a short time and triggers fast sea level fall. Different ice sheet reconstructions (e.g.,
Gowan et al., 2021; Stokes et al., 2012) include similar merger events occurring in various locations and
times throughout the last glacial period. The goal of this study has been to model the dynamics of one such
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Figure 4. Schematic diagram illustrating the mechanism for the ice saddle merger. (a) Before the merger and (b) after
the merger. Red lines show negative mass balance and blue lines show positive mass balance. The brown areas indicate
the bottom topography. Vectors in (a) show the direction of ice flow. ELA, equilibrium-line altitude.

event, even if the specific dynamics of this event are not identical to reconstructions, which are themselves
subject to considerable uncertainty from sparse observations and differences in the representation of phys-
ical processes in ice sheet models.

4. Summary and Discussion

The main finding of our work is that a saddle merger during the glaciation of the North American Ice Sheet
Complex under a slowly and gradually decreasing ELA can cause sudden and rapid sea level fall, offering
a potential explanation for some of the many periods of abrupt sea level fall during Northern Hemisphere
glaciations (K. Cutler et al., 2003). Our simulations show that a saddle merger south of Hudson Bay leads
to a sea level drop of more than 20 m in less than 20 kyr. This saddle merger event comes from the quick
increase in ice sheet elevation when separate ice sheets merge, causing SMB to increase, resulting in fast ice
sheet growth and sea level fall. The merger process triggers the positive height-mass balance feedback in the
merger region, which follows the prescribed gradient as Figure S1 in this study.

Though constraining the extent of ice sheets prior to the LGM is complicated by the overprinting of gla-
ciated landscapes (Hughes & Gibbard, 2018), there are a number of potential merger events in recent ob-
servationally constrained studies. Kleman et al. (2013) show in a simulation that merger events occur on
North America and Europe at about 86.2 and 64 kyr ago. Batchelor et al. (2019) show many merger events
of Northern Hemisphere ice sheets through the Quaternary. Gowan et al. (2021) (PaleoMIST 1.0) indicate
two merger events (about 65 and 40 kyr ago) in Hudson Bay and one merger event (25 kyr ago) between
Laurentide Ice Sheet and Cordilleran Ice Sheet.

Our simulated saddle merger event provides an interpretation for rapid sea level drops in paleo-sea level
records. This saddle merger happens solely due to glaciological mechanisms even in the absence of rapid
cooling in climate. One general implication from our simulations is that the glaciation of any multi-domed
ice sheet, such as the North American Ice Sheet Complex or the Greenland Ice Sheet could potentially cause
rapid sea level drops through saddle mergers. Saddle mergers may occur in a marine setting where increas-
ing SMB over a rapidly growing saddle is accompanied by constant or decreasing ice flux at the marine
margin. This is likely to occur where the bed is nearly flat or shallowing in the direction of ice flow (i.e., flat/
retrograde beds). In such a scenario, rapid saddle merger and growth would occur in part due to increasing
SMB and in part due to the marine ice sheet instability (Weertman, 1974).

Given the highly idealized nature of the climate forcing and the fact that we do not numerically constrain
the model with observations of ice sheet extent or thickness, this study should be viewed as a proof of
concept to show how saddle merger event produces rapid sea level drops, rather than a reconstruction
of specific part of periods of sea level fall. The merger of ice sheets may respond differently in pace and
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magnitude with a more realistic and evolving SMB. Growing ice sheets would induce a high pressure anti-
cyclonic circulation and strengthen cold air and drying, therefore greatly influence the SMB pattern (Roe &
Lindzen, 2001). However, the positive height-mass balance feedback which drives the merger event is ex-
pected to occur under a wide range of more realistic conditions. These merger events could happen during
the glaciation of different ice sheets and also for the same ice sheet as it merges and separates repeatedly
during glacial periods (such as Laurentide Ice Sheet, Batchelor et al., 2019).

This saddle merger mechanism is effectively the reverse of the saddle collapse mechanism discussed in
previous model studies (Gregoire et al., 2012; Robel & Tsai, 2018), which demonstrates that mechanisms
that have been invoked to explain rapid sea level rises could potentially explain rapid sea level falls when
occurring in reverse. There are numerous rapid sea level fall intervals (i.e., over 20 m of sea level fall in
less than 20 kyr) throughout the Pleistocene, which punctuate periods of otherwise steady glaciation. The
saddle merger mechanism could potentially be used as a general explanation for such rapid sea level falls.

Data Availability Statement

Data sets for this research are included in these papers: Gowan et al. (2019), Roy and Peltier (2018), and
Spratt and Lisiecki (2016). The simulation data can be downloaded from the Mendeley Data, http://dx.doi.
org/10.17632/gh7fgddr3w.1.
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Text S1.

In PISM, the rates of ice deformation and sliding are de-
termined by driving stress, internal stress within the ice, and
basal friction. We model the basal shear stress (7;,) through
plastic deformation in the sub-ice till (when the magnitude
of the sliding velocity does not vanish, [|v|]| > 0 and 7. is
the yield stress), 7, = —7.v/||v||, which is supported by lab-
oratory measurements of till deformation (Tulaczyk et al.,
2000). In locations where no sliding occurs, the basal shear
stress is equal to the driving stress. We choose the Mohr-
Coulomb model defining yield stress as

Te = (pgH — pw)tang. 1)

Here ¢ is the till friction angle, H is the ice thickness, and p.,
is the pore water pressure. We specified the till friction an-
gle (range from 10 to 30 degrees) based on a compilation of
geological observations of sediment and bedrock properties
over North America (Gowan et al., 2019). The till friction
angle in areas with small grain size sediments is set suffi-
ciently low to permit sliding. The pore water pressure p,, is
determined by the effective thickness of basal stored liquid
water W as

— 0.95pgH(10-) (2)

pw . WO ’

where Wy = 2 m is the maximum stored water thickness we
set at the base of the ice sheet. We also choose the routing

model in PISM for subglacial hydrology that allows horizon-
tal transport of excess water to ensure conservation of water
in the subglacial layer. In reality, beds below sea level near
the ocean are likely to be saturated and slippery, which we
prescribe in the model by reducing the basal yield stress to
its minimum value at grid points of grounding lines.

The initial SMB vertical profile has an equilibrium-line
altitude (ELA) of 700 m. The maximum value of mass bal-
ance at 1 km is 7/9 m.w.e/yr and the minimum mass balance
at high altitudes (about 6 km) is 1/9 m.w.e/yr.

We set the ice surface temperature in PISM to vary hori-
zontally and with ice sheet elevation representing: 1) merid-
ional sea level temperature variations in Last Glacial Max-
imum (LGM) (Annan & Hargreaves, 2013), and 2) vertical
lapse rate using the value of —9.8 K/km equal to the dry
adiabatic lapse rate, considering that the atmosphere above
the ice sheet is relatively cold and dry.

Ice calving is a significant component of the mass loss
of glaciers and we use a thickness-based calving criterion in
our model experiments. This calving method permits the
generation of ice shelves but removes any floating ice that is
thinner than a threshold thickness. We set the threshold as
300 m since observations show that ice shelf calving fronts
are generally not thinner than this value (Bassis & Ultee,
2019). Nonetheless, calving does not play a significant role
in the dynamics we focus on in this study.
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Figure S1: Vertical surface mass balance (SMB) profile decreasing equilibrium-line altitude (ELA). The black line shows
the initial SMB profile (ELA equals 700 m) and the red dashed line shows that ELA decreases to 500 m. The maximum
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