
Confidential manuscript submitted to Geophysical Research Letters

A Simple Model for Deglacial Meltwater Pulses1

Alexander A. Robel12, Victor C. Tsai12

1Division of Geological and Planetary Sciences, California Institute of Technology3
2School of Earth and Atmospheric Sciences, Georgia Institute of Technology4

Key Points:5

• A simple model can reproduce the approximate timing and amplitude of Meltwa-6

ter Pulse 1A7

• Deglacial meltwater pulses can occur in any ice sheet that has an ice saddle and8

a height-mass balance feedback9

• The amplitude and timing of meltwater pulses is primarily set by climate warm-10

ing rate and the relative size of deglaciating ice sheets11

PLEASE NOTE: THIS ARTICLE IS A POSTPRINT OF A PEER-REVIEWED12

MANUSCRIPT PUBLISHED AT GEOPHYSICAL RESEARCH LETTERS. DOI:13

10.1029/2018GL080884.14

Corresponding author: Alexander A. Robel, robel@caltech.edu

–1–



Confidential manuscript submitted to Geophysical Research Letters

Abstract15

Evidence from radiocarbon dating and complex ice sheet modeling suggests that the fastest16

rate of sea level rise in Earth’s recent history coincided with collapse of the ice saddle17

between the Laurentide and Cordilleran ice sheets during the last deglaciation. In this18

study, we derive a simple, two-equation model of two ice sheets intersecting in an ice sad-19

dle. We show that two conditions are necessary for producing the acceleration in ice sheet20

melt associated with meltwater pulses: the positive height-mass balance feedback and21

an ice saddle geometry. The amplitude and timing of meltwater pulses is sensitively de-22

pendent on the rate of climate warming during deglaciation and the relative size of ice23

sheets undergoing deglaciation. We discuss how simulations of meltwater pulses can be24

improved and the prospect for meltwater pulses under continued climate warming.25

1 Introduction26

Past transitions from glacial to interglacial periods were punctuated by meltwa-27

ter pulse events during which the rate of sea level rise significantly accelerated. Melt-28

water Pulse 1A (MWP 1A) was one such event (∼14.6 kyr before present), when global29

sea levels rose by 10-20 meters in less than 500 years, constituting the fastest reliably-30

constrained period of sea level rise in recent geologic history [Fairbanks, 1989; Deschamps31

et al., 2012; Lambeck et al., 2014]. Though there is debate regarding the partitioning of32

sea level rise associated with MWP 1A between melting of the North American and Antarc-33

tic ice sheets [Clark et al., 2002; Bentley et al., 2014], existing geological constraints are34

consistent with some contribution from rapid melting of the North American ice sheets35

[Gomez et al., 2015; Liu et al., 2016]. Radiocarbon dates [Dyke, 2004; Carlson and Clark ,36

2012] also indicate that the rapid sea level rise of MWP 1A coincides with the opening37

of an ice-free corridor between the Laurentide and Cordilleran ice sheets, though the amount38

of ice melt required to open this ice-free corridor is poorly constrained.39

Weertman [1961] first showed that a positive feedback between ice sheet height and40

surface melting intensity can drive deglaciation through a “small ice sheet instability”.41

Though this instability has also been simulated in realistic ice sheet models [Pollard and42

DeConto, 2005; Abe-Ouchi et al., 2013], it is not necessarily accompanied by rapid sea43

level rise. Gregoire et al. [2012] first showed that simulated intense surface melting in44

the ice saddle region between the Laurentide and Cordilleran ice sheets is associated with45

a brief acceleration in deglacial sea level rise. Subsequent studies [Tarasov et al., 2012;46

Abe-Ouchi et al., 2013; Heinemann et al., 2014; Gregoire et al., 2016; Stuhne and Peltier ,47

2017] have simulated similar ice saddle collapse events during the deglaciation of the Lau-48

rentide and Cordilleran ice sheets, though the timing, duration and amplitude of the as-49

sociated meltwater pulses varies significantly between models and does not always match50

observational constraints. Nonetheless, the broad similarities of simulated meltwater pulses51

across these complicated models indicate that there are fundamental causes of meltwa-52

ter pulses that are captured even in coarse ice sheet models. Nonetheless, it is unclear53

why meltwater pulses tend to occur during the deglaciation of ice saddles, and the role54

of specific physical processes in setting the characteristics of meltwater pulses.55

In this study, we describe a minimal model of two ice sheets that may intersect in56

an ice saddle. Under idealized climate forcing, this model simulates deglacial meltwa-57

ter pulses which approximately match the amplitude and timing of observationally-constrained58

estimates for MWP 1A. The modeled meltwater pulses are caused by the rapid expan-59

sion and intensification of surface melt over the ice saddle region, which will occur in any60

ice sheet with an ice saddle and the height-mass balance feedback. We show that the am-61

plitude and timing of meltwater pulses are largely controlled by the rate of climate warm-62

ing during deglaciation and the relative volumes of the two deglaciating ice sheets.63
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2 Model Justification and Derivation64

The purpose of this study is to understand how deglaciation occurs under a grad-65

ually warming climate when an ice sheet has a saddle geometry and ice surface melt rate66

is a function of elevation. We formulate our objective in this form because more com-67

plex models [Gregoire et al., 2012; Tarasov et al., 2012; Abe-Ouchi et al., 2013; Ziemen68

et al., 2014; Heinemann et al., 2014] indicate that: (1) there was an ice saddle between69

the Laurentide and the Cordilleran ice sheets at the Last Glacial Maximum (LGM) and70

during the early part of the last deglaciation, (2) surface mass balance increased with71

elevation (to a point), and (3) equilibrium line altitude increased approximately linearly72

over time during the deglaciation. Understanding the cause of these conditions is inter-73

esting (and discussed in the studies cited above), but modeling the complexities of cli-74

mate and ice flow that produce them are ultimately not the purpose of this study. The75

model that we derive in this section is self-consistent given these conditions (and oth-76

ers discussed in this section), but in reality these conditions are themselves the result77

of processes not considered here.78

We consider two land-based ice sheets (schematic in Figure 1). The inner sections79

of both ice sheets are on a flat continental interior (at elevation d0), and may intersect.80

The outer sections are on sloping continental margins (with bed slopes s1 and s2). This81

bed geometry is a simple, idealized version of the continental geometry of North Amer-82

ica or Greenland. As was originally shown by Weertman [1961], horizontal variation in83

either bed elevation or surface mass balance profile is necessary for the existence of a fi-84

nite steady-state ice sheet configuration. In this section, we derive a simple model of the85

evolution of each ice sheet’s volume driven by ice sheet surface melting and accumula-86

tion.87

V1o V1i V2i V2o

xx=0 xs Lc-R1 Lc+R2

Figure 1. Schematic of model configuration with two ice sheets intersecting. Brown shaded

region is bed topography. Blue line is ice sheet surface. Black dashed line indicates ice saddle

location (xs). Grey solid lines indicates locations of ice sheet centers.

88

89

90

2.1 Ice Sheet Elevation91

The elevation of the ice sheet surface (E) is the sum of bed elevation and ice sheet92

thickness. Each ice sheet (labelled with index j = [1, 2]) has a generic thickness pro-93

file [similar to Nye, 1951, 1959] that decreases with distance from the ice sheet maximum94

h1(x) = A1 (R1 − |x|)α (1)

h2(x) = A2 (R2 − |Lc − x|)α (2)

where Aj and α are parameters which set the shape of the ice sheet profile, and Rj is95

the ice sheet radius from ice thickness maximum to margin. The simplicity of this model96

is facilitated by the parameterization of ice sheet processes into these few parameters,97
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leaving the ice sheet extents, Rj , as the only prognostic variables. The distance between98

the two ice sheet maxima is prescribed as Lc, though the model is, in principle, extend-99

able to an arbitrary number of ice sheets.100

The saddle point, xs, is the location at which the two ice sheets intersect (equa-101

tions 1 and 2 are equal),102

xs = γ

[(
A1

A2

) 1
α

R1 −R2 + Lc

]
, (3)103

where γ =

[
1 +

(
A1

A2

) 1
α

]−1

is a parameter that measures the asymmetry in ice sheet104

size parameters. When the ice sheets are separated, the saddle point location for each105

ice sheet (xsj) is set to the ice sheet extent (see supporting information).106

Our assumption of a symmetric ice sheet profile is an approximation based on our107

idealized choice of bed topography, but could be loosened if the ice sheets had different108

extents (Rj) in the inner and outer continental section (doubling the number of prog-109

nostic variables). Additionally, we prescribe Lc under the assumption [Gregoire et al.,110

2012, supported by more complex models like] that the ice divides do not migrate sig-111

nificantly during deglaciation and are set primarily by topography and climatic factors.112

Though future studies may consider the influence of ice divide migration on deglacia-113

tion with the advent of efficient high-order ice flow models, such effects are beyond the114

scope of our simple model.115

2.2 Surface Mass Balance116

Land-based ice sheets gain and lose mass entirely through accumulation and melt-117

ing at the ice sheet surface. The surface mass balance (SMB; accumulation minus sur-118

face melting) is affected by climatic and ice sheet surface processes over polar ice sheets119

[Jenson et al., 1996; Cutler et al., 2000], which tend to produce SMB that increases with120

elevation (E) until reaching a constant121

M(E) =

{
a0 + βE if E < ER
a0 + βER if E ≥ ER

(4)122

where a0 is the sea level SMB, β is the SMB gradient, and ER is the saturation eleva-123

tion where SMB becomes constant. The equilibrium line altitude (ELA) is the elevation124

at which SMB is zero. For simplicity, we apply this SMB function to both ice sheets.125

The evolution of each ice sheet’s volume is driven by the SMB (equation 4) at the126

surface of each ice sheet. We take the integral of SMB (equation 4 summed in parts sep-127

arately above and below ER) over the ice sheet surface to give an integrated SMB for128

the inner and outer ice sheet sections129

Bjo = (a0 + βd0)Rj −
1

2
βsj

(
R2
j − x2Rj

)
+

βAj
α+ 1

(
Rj − xRj

)α+1
+ βxRj (ER − d0) (5)130

Bji = βd0
(
xsj − xRj

)
+

βAj
α+ 1

[(
Rj − xRj

)α+1 − (Rj − xsj)α+1
]

+ βERxRj + a0xsj .(6)131

The location of saturation, xRj , is the horizontal location where E = ER. Under cer-132

tain circumstances, we can solve for xRj analytically, and otherwise we use a root-finding133

method to solve for xRj . When the runoff line elevation is lower than the ice sheet sad-134

dle point elevation, the location of saturation is set to the saddle point location (xsj),135

and when the runoff line is higher than the entire ice sheet, the location of saturation136

is set to the ice sheet center. Further details can be found in the supporting informa-137

tion.138
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2.3 Complete Ice Saddle Model139

Ice sheet evolution is described by time derivatives of ice sheet volume (given ex-140

plicitly in the supporting information), driven by integrated SMB141

d

dt
(V1o + V1i) = A1Ln

[(
2Rα1 − γα+1φα

) dR1

dt
− γα+1φα

dR2

dt

]
= B1o +B1i (7)142

d

dt
(V2o + V2i) = A2Ln

[
− (1− γ)

α+1
φα
dR1

dt
+
(

2Rα2 − (1− γ)
α+1

φα
) dR2

dt

]
= B2o +B2i,(8)143

where Ln is the ice sheet extent in the direction perpendicular to ice sheet intersection144

(in-page in Figure 1), which we assume to be constant. φ is the extent of ice sheet over-145

lap: φ = max[R1 +R2 − Lc, 0]. Separating derivatives, we have our simple model146

dR1

dt
= (k11k22 − k12k21)

−1
[k22 (B1o +B1i) + k12 (B2o +B2i)] (9)147

dR2

dt
= (k11k22 − k12k21)

−1
[k21 (B1o +B1i) + k11 (B2o +B2i)] (10)148

where149

k11 = A1Ln
(
2Rα1 − γα+1φα

)
(11)150

k12 = A1Lnγ
α+1φα (12)151

k21 = A2Ln (1− γ)
α+1

φα (13)152

k22 = A2Ln

(
2Rα2 − (1− γ)

α+1
φα
)
. (14)153

This model simplifies the complex dynamics of two interacting ice sheets into a system154

of two strongly nonlinear ordinary differential equations with relatively few parameters.155

To derive this simple model of deglacial meltwater pulses, it is necessary to neglect156

processes which we consider to be less important in a deglaciating ice sheet. Consistent157

with previous simple models [Nye, 1951; Vialov , 1958], we assume that each ice sheet158

profile instantaneously adjusts to changes in surface mass balance over its own surface159

through unresolved ice flow. Interaction between the two ice sheets only occurs through160

migration of ice saddle location, though the shape of the ice sheet profiles are unaffected161

by the presence of the ice saddle. To produce an ice saddle geometry requires that ei-162

ther: (1) SMB in the saddle region is lower than the surrounding regions, or (2) there163

is a significant out-of-plane ice outflow from the saddle region. Since SMB is typically164

(and in our model) constant at high elevations (see section 2.2), it is more likely that ice165

outflow from the saddle is responsible for producing the saddle geometry. Indeed, the166

Laurentide-Cordillera ice saddle was probably the result of outflow through an ice stream167

occupying the Mackenzie River trough [Margold et al., 2015]. Despite this out-of-plane168

flow likely being important for setting the saddle geometry, it can be ignored for the pur-169

poses of understanding deglaciation as long as it does not change significantly during this170

time. Since previous more realistic models [Tarasov et al., 2012; Gregoire et al., 2012]171

suggest this to be the case, we ignore this potential contribution to deglaciation, and fo-172

cus entirely on in-plane changes in surface mass balance and ice sheet size. Consequently,173

our simple model maintains both the prescribed shape of the ice saddle profile and out-174

of-plane ice sheet extent (Ln) during deglaciation. Such assumptions and simplifications175

allows us to conduct controlled experiments on the role of ice saddle geometry and sur-176

face mass balance in producing deglacial meltwater pulses, which would be more diffi-177

cult to conduct in models with many more parameters and interdependent degrees of free-178

dom.179

3 Necessary Conditions for a Meltwater Pulse180

Meltwater pulses occurred (among other times) during deglacial periods of increas-181

ing atmospheric temperature. We reproduce this climatic forcing by assuming a linear182
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trend in the SMB at sea level183

a0(t) = a0(t = 0)− atrt. (15)184

In this section, we use a deglacial SMB trend similar to those simulated in complex cli-185

mate models [e.g. Gregoire et al., 2016]. This trend is applied to a two-ice sheet config-186

uration, initialized at a steady-state, attained by setting other model parameters (listed187

in caption of Figure 2) to realistic values which produce an ice sheet with geometry com-188

parable to the Laurentide-Cordilleran saddle region during the LGM.189

The simulated deglaciation of two intersecting ice sheets under a warming climate207

is plotted in Figure 2. After the onset of warming, there is a gradual expansion and in-208

tensification of surface melt in the outer ice sheet regions, while the inner saddle region209

maintains a constant positive surface mass balance (Figure 2b). Approximately 3000 years210

after the onset of deglaciation (solid grey line in Figure 2c), there is an acceleration in211

the rate of melting in the ice sheet interior when the ELA reaches the elevation of the212

ice saddle, and which we identify as a meltwater pulse. Acceleration in interior surface213

melting is driven by two processes. The first process is the height-mass balance feedback,214

which causes surface melting to intensify as the saddle lowers in elevation (red line be-215

comes more negative in Figure 2c). The second process is the rapid expansion of the in-216

terior ice sheet area that is experiencing surface melting (blue line increases in Figure217

2c). The interior melt area expands rapidly due to the geometry of the ice saddle (set,218

in part, by α). The product of the height-mass balance feedback and the expansion of219

interior melt area (i.e. the volumetric rate of interior surface melt) explains the initial220

superlinear rate of acceleration in the ice sheet melt rate.221

Gregoire et al. [2012] first identified the height-mass balance feedback within the222

ice saddle region as an important process in their simulation of MWP 1A. The simula-223

tion in their study provides a single scenario in which a meltwater pulse is generated.224

Our simple model allows us to generalize this result to determine the minimally neces-225

sary conditions under which meltwater pulses occur (including MWP 1A). In the sup-226

porting information we compare the simulation plotted in Figure 2 to an equivalent sim-227

ulation with a single ice sheet (and the height-mass balance feedback built-in). In con-228

trast to the simulation with two ice sheets, a single ice sheet does not produce a melt-229

water pulse-like acceleration in ice loss rate because surface melting occurring on both230

ice sheet flanks (in the absence of an ice saddle) is determined entirely by the forcing (lin-231

ear climate warming). Additionally, in the absence of a height-mass balance feedback232

in the ice sheet interior, there would be no increase in surface melt area or intensity to233

produce the meltwater pulse in the first place. Our simple model demonstrates the gen-234

eral principle [of which Gregoire et al., 2012, is one example] that meltwater pulses re-235

quire: (1) the height-mass balance feedback, and (2) an ice saddle geometry. In identi-236

fying these necessary necessary conditions for meltwater pulses, we are translating what237

has been learned about past ice sheet dynamics (i.e. MWP 1A) to identify other ice sheets238

and scenarios in which meltwater pulses might occur again.239

The second phase of the meltwater pulse begins approximately 4400 years after the240

onset of deglaciation (dashed grey line in Figure 2c), when the ice sheets separate and241

acceleration in the rate of ice sheet melt slows due to a decrease in the area of interior242

melting (blue line in Figure 2c). During this second phase of the meltwater pulse, the243

“minor” ice sheet (i.e. the smaller of the two ice sheets) is undergoing the small ice sheet244

instability [Weertman, 1961] through an expansion in the area of ice surface melt (blue245

line in Figure 2c).246

The meltwater pulse terminates approximately 5600 years after the onset of deglacia-247

tion (dotted grey line in Figure 2c), when the minor ice sheet disappears. Following the248

meltwater pulse, the “major” ice sheet continues to deglaciate through continuing inten-249

sification of the rate of surface melt, though over a dwindling area. The concomittent250

intensification of surface melting and decrease in area of surface melting make for a rel-251
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Figure 2. Simulation of a Laurentide-like deglacial meltwater pulse. (a) Ice sheet elevation

profile during meltwater pulse, with colors indicating surface mass balance and labels indicating

time of profile. (b) Rate of ice volume loss as a function of time (in cm/yr sea level equivalent;

SLE). Red and blue lines are total simulated volume loss rate on outer and inner regions of ice

sheets, respectively (see Figure 1). Black line is total simulated volume loss rate over both ice

sheets. Black circles are observationally-constrained estimates of ice volume loss rate from the

Laurentide-Cordilleran Ice Sheet complex from Peltier et al. [2015]. Purple squares are from a

model-data estimate of ice volume loss rate from the Laurentide-Cordilleran Ice Sheet complex

from Tarasov et al. [2012] (the N5a ensemble with 1-sigma uncertainty estimates). For both sets

of observations, x = 0 kyr corresponds to 18.7 kyr before present. (c) Blue line is the area of

the simulated inner ice sheet region below saturation SMB as a function of time. Red line is the

simulated average SMB in over inner ice sheet regions as a function of time. Grey lines indicate

important events during the meltwater pulse: solid - onset of sub-saturation SMB in interior,

dashed - separation of ice sheets, dotted - disappearance of minor ice sheet. Parameters used in

simulation: α = 1
2
, A1 = 2.4 meters

1
2 , A2 = 2.5 meters

1
2 , Lc = 1400 kilometers, Ln = 3500

kilometers, d0 = 0 meters, β = 3 × 10−3 1/yr, s1 = s2 = 1.8 × 10−3, a0(t = 0) = −1 meters/year,

HR = 800 meters, atr = 7.5 × 10−4 meters/year2.
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atively “smooth” final deglaciation, in line with simulations of single ice sheet deglacia-252

tion through the small ice sheet instability (see single ice dome deglacial simulations in253

the supporting information).254
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Two independent observationally-constrained volume loss rates for the Laurentide-255

Cordilleran ice sheets are plotted in Figure 2b, derived from the ICE-6G estimate [black256

circles; Peltier et al., 2015] and Tarasov et al. [2012] (purple squares). We show this com-257

parison between the simple model and observations to point out that our simple model258

can approximately reproduce the timing, duration and amplitude of MWP 1A observa-259

tions, taking into account the significant uncertainties associated with such observational260

estimates [see 1-sigma uncertainty estimates from Tarasov et al., 2012]). The observa-261

tions do suggest that the rate of ice sheet melting early in deglaciation was generally lower262

than is simulated in the simple model, and the acceleration associated with MWP 1A263

was sharper than our simulations. However, it is inadvisable to attempt to “validate”264

the model by making such a detailed comparison to observations, due partly to the sim-265

plicity of the model and partly to the poor observational constraints on MWP 1A. This266

simple model is a useful tool for understanding the conditions under which meltwater267

pulses occur and their dependence on ice sheet and forcing parameters.268

4 Amplitude and Timing of Meltwater Pulses269

The amplitude and timing of meltwater pulses simulated with complex 3D ice sheet270

models [Gregoire et al., 2012; Abe-Ouchi et al., 2013; Heinemann et al., 2014] differ sig-271

nificantly between models, and often are in disagreement with observationally-determined272

sea level records. In models that are parametrically tuned to match records of sea level273

and ice sheet extent [Tarasov et al., 2012; Gregoire et al., 2016; Stuhne and Peltier , 2017],274

the agreement is better (by design), but the particular physical processes controlling the275

characteristics of meltwater pulses is unclear. In this section, we show how the param-276

eters and initial conditions in our simple model set the amplitude and timing of melt-277

water pulses.278
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Figure 3. Meltwater pulse properties as a function of forcing rate. (a) Ice loss rate as a func-

tion of time for different warming rates (atr). Orange line is identical to the simulation plotted

in Figure 2. X-axis is broken to show the transient quasi-equilibrium simulation (blue line). (b)

Normalized ice loss rate as a function of scaled time. Y-axis is the ice loss rate divided by the

time-dependent sea level SMB (a0(t)). X-axis is time multiplied by the rate of forcing (atr). All

parameter values, except atr, are the same as those used in Figure 2.
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The prescribed rate of deglacial climate warming has a strong influence on the am-285

plitude and timing of meltwater pulses. Figure 3 compares five meltwater pulses simu-286

lated in the simple model, with varying rates of climate warming (atr in equation 15).287

Faster warming causes the ELA to reach the ice saddle elevation earlier, leading to an288

earlier meltwater pulse (Figure 3a). However, scaling time by the rate of climate warm-289

ing (x-axis of Figure 3b) shows that the meltwater pulse tends to occurs later than would290

be explained by the warming rate alone. The ice sheet volume and ice saddle elevation291

take a finite length of time to equilibrate to ongoing warming. Consequently, for faster292

climate warming, the intensity of surface melting and the total ice sheet volume are higher293

at the onset of the meltwater pulse, leading to a meltwater pulse with greater amplitude.294

We also normalize the ice loss rate by the time-evolving forcing (y-axis of Figure 3b).295

The meltwater pulse amplitude is greater than would be explained by the SMB at the296

time of the meltwater pulse alone, indicating that the ice sheet size at the time of the297

meltwater pulse is equally important in setting the meltwater pulse amplitude.298
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Figure 4. Meltwater pulse properties as a function of ice sheet size parameters. (a) Maximum

rate of ice loss during meltwater pulse in cm/yr sea level equivalent. (b) Timing of meltwater

pulse after onset of climate forcing in years. In both panels, x- and y- axes are ice sheet size pa-

rameters A1 and A2, respectively. Red triangle marks location of simulation shown in Figure 2.

Black contours are total volume of both ice sheets in pre-meltwater pulse steady-state configura-

tion (in units of 106 km3). Grey contours are ratio of ice sheet 2 volume to ice sheet 1 volume.

Laurentide-Cordilleran Ice Sheet complex volume was 33 × 106 km3 during the LGM [based on

ICE-6G estimate, see Peltier et al., 2015]. Simulations in region shaded in white do not include a

meltwater pulse.
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300

301

302

303

304

305

306

307

We determine the proportion of the meltwater pulse amplitude that is explained308

by forcing rate (as opposed to internal ice sheet melting dynamics) by comparing sim-309

ulations with warming rates comparable to the last deglaciation (atr∼10−3 m/yr2) to a310

quasi-equilibrium simulation with a very slow warming rate (atr = 10−6 m/yr2; blue311

line Figure 3). The amplitude of the meltwater pulse in the quasi-equilibrium simula-312

tion is set by the difference between the smallest steady-state ice volume with two ice313

sheets and the largest steady-state ice volume with zero ice sheets (i.e. the saddle-node314

bifurcation between the model’s two equilibria, see bifurcation diagram in supporting315

information). With the same parameters and initial configuration as in the simulation316

shown in Figure 2, the quasi-equilibrium simulation has a meltwater pulse amplitude of317

∼0.5 cm/yr sea level equivalent (SLE). This amplitude is less than half the meltwater318
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pulse amplitude for the deglacial warming rate simulations, leading to the conclusion that319

most of the meltwater pulse amplitude is set by the forcing rate at deglacial rates of cli-320

mate warming.321

Many parameters in the simple model have an influence on the initial steady-state322

configuration of ice sheets, which in turn has a strong influence on the amplitude and323

timing of simulated meltwater pulses. We plot the amplitude (Figure 4a) and timing (Fig-324

ure 4b) of simulated meltwater pulses for different combinations of the two ice sheet size325

parameters, A1 and A2. We also plot contours of total ice volume in the pre-meltwater326

pulse steady-state (in black) and the ratio of ice sheet volumes in the pre-meltwater pulse327

steady-state (in grey). Perhaps counter-intuitively, it is the relative size of the two ice328

sheets (and not total initial ice volume) which is the primary determinant of meltwater329

pulse amplitude and timing. When the two ice sheets are closer in size, the resulting melt-330

water pulse has a higher amplitude and occurs later in time. When the minor ice sheet331

is larger, the ELA needed to trigger the small ice sheet instability is higher, causing the332

meltwater pulse to occur later [Weertman, 1961]. When the ice sheets are close in size,333

more of the deglaciation of the “major” ice sheet occurs during the meltwater pulse, in-334

creasing the meltwater pulse amplitude. For a given total ice volume, the largest pos-335

sible meltwater pulse occurs when the two ice sheets are the same size (A1 = A2) and336

lasts until both ice sheets are completely deglaciated. Since our model is symmetric with337

respect to the two ice sheets, the same meltwater pulse will occur for a given pair of ini-338

tial ice sheet sizes, regardless of order (i.e. the same meltwater pulse occurs for [A1, A2]339

and [A2, A1]). Other parameters also influence the amplitude and timing of meltwater340

pulses through the initial steady-state configuration of ice sheets (see supporting infor-341

mation).342

5 Discussion and Implications343

We have described a simple model that is capable of producing a meltwater pulse344

that resembles observations of MWP 1A. In previous simulations of MWP 1A using com-345

plex ice sheet models, a meltwater pulse occurs several thousand years later than what346

is indicated by many independent lines of observation [Gregoire et al., 2012; Abe-Ouchi347

et al., 2013; Heinemann et al., 2014]. The results of our simple model suggest that such348

a delayed onset of the simulated meltwater pulse may be caused by either: (a) deglacial349

climate warming being too slow, or (b) the LGM size of the Cordilleran Ice Sheet be-350

ing too large relative to the Laurentide Ice Sheet. Possibility (b) also implies that the351

amplitude of the simulated meltwater pulse is too large (Figure 4a), and the proportion352

of the observed rise in sea level associated with MWP 1A ascribed to Antarctic melt-353

ing would necessarily be greater [as discussed in Gomez et al., 2015; Liu et al., 2016]. The354

opposite is true of possibility (a). As Figure 4 demonstrates, to accurately simulate a355

deglacial meltwater pulse, it is critically important to match models to observations of356

the relative volumes of the two intersecting ice sheets, in contrast to some studies [e.g.357

Gregoire et al., 2016] which match total ice volume to observations. Matching relative358

ice sheet volumes would likely necessitate the calibration of ice sheet model parameters359

in a spatially-varying fashion [as in the data-model fusion of Tarasov et al., 2012].360

As we state in section 2, we do not seek to determine why ice saddles exist, but rather361

to determine the implications of a generic ice-saddle geometry (and the height-mass bal-362

ance feedback) for the evolving rate of ice sheet deglaciation. Geomorphological obser-363

vations [Margold et al., 2015] suggest that the Laurentide-Cordillera ice saddle was main-364

tained during the LGM by an ice stream occupying the Mackenzie River trough, and that365

a series of ephemeral ice streams may have appeared in the saddle during deglaciation,366

potentially aided by the formation of proglacial lakes. Though some studies have coarsely367

simulated ice stream flow responses to climate warming on paleoclimatic time scales [Tarasov368

et al., 2012; Robel and Tziperman, 2016], even state-of-the-art ice sheet models have dif-369

ficulty accurately resolving the shear margin and onset zones of ice streams [Hindmarsh,370
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2009; Haseloff et al., 2018], and almost none simulate proglacial lake formation. Though371

adding more ice sheet processes to our minimal model may produce quantitative changes372

in simulated meltwater pulses, the inability of current 3D models to properly simulate373

transient ice stream dynamics on paleoclimate time scales makes it difficult to definitely374

say whether such changes would alter any of our conclusions, which as we have shown,375

are fundamentally the consequence of ice sheet geometry and the height-mass balance376

feedback.377

One general implication of our simple model is that any land-based ice sheet with378

an ice saddle-like geometry (and the height-mass balance feedback) has the potential to379

produce a meltwater pulse in a warming climate. Indeed, some simulations of the multi-380

domed Greenland Ice Sheet in warm past climates have raised the possibility of ice sad-381

dle collapse in Southeast Greenland [Ridley et al., 2010; Robinson et al., 2011]. However,382

such studies have typically focused on the equilibrium states of the Greenland Ice Sheet,383

rather than the transient rate of deglaciation. A future study might focus on how the384

multi-domed geometry and the internal dynamics of the Greenland Ice Sheet could lead385

to a meltwater pulse under transient climate warming.386
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