


Figure 4.9. Glaciation level estimates for the Baffin Bay region. Adapted from 
Andrews (2002). 
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The simplest explanation for this conundrum is that the former Laurentide Ice Sheet 

collapsed due to a mechanical instability that has not yet devoured the Greenland Ice 

Sheet (Denton and Hughes, 1981). Indeed, snowline on the Greenland Ice Sheet is above 

sea level from north to south; this means the ice sheet survives by a surface-height mass-

balance feedback, and that it would not reform under present climate if somehow 

removed from the system (Oerlemans and van der Veen, 1984). The experiments shown 

here demonstrate that the Laurentide Ice Sheet, if not rendered susceptible to mechanical 

disintegration, also could have survived the Holocene through feedbacks. 

Although it is tempting to ascribe the Laurentide collapse to a specific mode of 

instability, the model utilizes only a simple parameterization for calving that includes a 

linear dependence on bed depth. Furthermore, at 40 km resolution, the model may not 

resolve features sufficiently to capture instabilities in ice streams. The model also 

excludes any means of changing basal sliding as a function of substrate type. In that 

vein, the model in its current configuration generates a single-domed MIS 2 maximum 

ice sheet with a peak altitude of ~4000 m. Future experimentation will examine 

conditions necessary for Heinrich-like events in which drawdown of interior ice produces 

distinct domes over Quebec and Keewatin. For now the model demonstrates that 

instability is a requisite for a complete termination, but the precise nature of the 

instability remains elusive. 
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4.4.3. Synthesis 

In all, I propose the following synthesis: A glacial cycle develops in a feedback 

involving insolation, mountain and ice-sheet orography, and the cold air trough over 

eastern Canada (Ruddiman and Raymo, 1988). Given sufficiently low insolation and 

cool surface temperatures, the area of the Canadian Arctic north of the present-day tree 

limit undergoes rapid glaciation (Ives et al., 1975; Andrews and Barry, 1978). Once the 

Laurentide Ice Sheet is established, the North American stationary wave is amplified by 

albedo and orography feedbacks, causing a net expansion of the summer-season polar 

atmospheric cell. This enhanced cold air circulation pattern begins a positive feedback 

loop in which both the ice sheet and atmospheric trough expand southward in mutual 

response (Lindeman and Oerlemans, 1987). After the Laurentide reaches sufficient size, 

it amplifies insolation, "driving" global climate by affecting circulation changes across 

the North Atlantic region, thereby impacting meridional heat transports and altering the 

hydrological cycle (e.g., Romanova et al., 2006). The chain of feedbacks undoubtedly 

involves greenhouse gases (Paillard, 2001; Cheng et al., 2009). The glacial cycle 

proceeds until the Laurentide grows big enough to become unstable (Raymo, 1997). At 

this stage, the next appreciable insolation rise triggers peripheral ice-sheet contraction, 

then collapse, presumably by some mechanism linked to calving in over-deepened 

embayments along the ice-sheet southern margin (Pollard, 1983; Clark et al., 1999; 

Marshall et al., 2000), or in Hudson Strait (Hughes et al., 1977; Denton and Hughes, 

1981; MacAyeal, 1979). 
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4.5. Conclusions 

• An array of previous work suggests that the ~100-kyr "sawtooth" pattern of late 

Quaternary global ice-volume change could result from the Laurentide Ice Sheet 

amplifying summer insolation anomalies through orography feedbacks. 

• A basic test of this hypothesis was conducted using an insolation-driven 

glaciological model that includes a formulation to amplify the North American 

standing wave over Canada as a function of ice area. The model also includes a 

marine calving parameterization for ice-sheet instability and collapse. 

• The model used here was successful in replicating the low frequency components 

present in the global ice-volume proxy record. It also produced ice surfaces 

consistent with existing geomorphological interpretations of ice-sheet extent at 

various times during the last glaciation. 

• It was found that the only way to produce a termination in the model is to increase 

marine calving sensitivity at the end of Marine Isotope Stage 2, thereby providing 

a means for the Laurentide to disintegrate mechanically over Hudson Bay. An 

important find is that if instability is omitted from the model solution, the 

Laurentide survives Holocene insolation and remains to cover the Canadian 

Shield, lowering sea level by more than 40 m at present time. 
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• In conclusion, the model results here emphasize both the importance of the North 

American stationary wave in the development of the Laurentide Ice Sheet, and the 

subsequent role of the ice sheet in translating summer insolation to global sea 

level. Future work could improve upon this study by simulating a Northern 

Hemisphere glacial cycle in a fully coupled ice sheet-atmosphere-ocean model. 
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CHAPTER 5: CONCLUSIONS 

5.1 Summary 

This dissertation is a compilation of work that began as a glaciological investigation of 

the Laurentide Ice Sheet. The study evolved out of necessity to expand the capability of 

the existing University of Maine Ice Sheet Model (UM-ISM) to address ice-sheet/climate 

integration over local and continental scales. 

One unintended, but important result of modifying the UM-ISM was development of the 

University of Maine Environmental Change Model (UM-ECM). The UM-ECM is a 

web-based climate model that generates equilibrium biome and snow/ice mass balance 

solutions at high resolution for the entire globe. This model has both research and 

teaching applications that have been tested in this study. Particularly important aspects of 

the UM-ECM are 1) the ability to generate local and global climate solutions at up to 1 

km resolution, 2) program availability through an intuitive web interface, and 3) the 

integration of the model with the UM-ISM for topography and climatology input grids. 

In Chapter 2 of this dissertation, I examined educational applications of the UM-ECM. 

In the first example, I reported how participants of the ITEST/IDEAS program conducted 

experiments to test under what conditions North America might become glaciated in 

accord with existing geologic data. The group found that linear departure from modern 

climate was insufficient to produce the known changes, and that glaciation instead must 
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have arisen from nonlinear changes in global circulation patterns. In a second example, 

participants examined local-scale equilibrium biome distribution across the northeastern 

U.S. and Canada in response to mean-annual temperature change. As part of these 

exercises, the seminar group viewed model results on a multiple-panel display wall. This 

afforded solution interrogation at high resolution over a broad geographic area, which 

emphasized the behavior of processes over a range of scales. 

In Chapter 3,1 discussed the application of the UM-ISM and UM-ECM to the problem of 

Pleistocene glaciation in the Wind River Mountains, Wyoming. The purpose of this 

modeling exercise was in part to compliment my reconstruction of the Laurentide Ice 

Sheet (reported in Chapter 4), and in part to provide ice cap-climate sensitivity 

information for a University of Maine field research project investigating worldwide 

glacier recession during the last glacial termination. Results of this study follow. 1) The 

former Pinedale and Bull Lake stade ice caps probably formed in response to a 5-6 °C 

cooling in addition to 200-250% precipitation relative to modern climate. 2) The ice-cap 

glaciation threshold over the mountain range is approximately a relative cooling of 3 °C 

cooling in conjunction with 175% precipitation. 3) The maximum ice cap could 

disappear in under a century if forced by modern climate. 4) Following collapse of the 

ice cap during the termination, the advance of cirque glaciers and deposition of Temple 

Lake moraines during late glacial time probably occurred under a climate similar to, but 

slightly cooler than that of the recent Little Ice Age. In all, this research supports 

previous hypotheses that the western U.S. was wetter during glacial stades due to a 

southward-displaced storm track in response to Laurentide Ice Sheet orography, and that 
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the glacier systems of the western U.S. were exceptionally sensitive to large-scale 

circulation changes during the termination. 

In Chapter 4, I produced a glaciological reconstruction of the Laurentide Ice Sheet over 

the last glacial cycle, and discussed the role of the Laurentide in driving climate through 

orography feedbacks. Specifically, I developed and tested a hypothesis that the pattern of 

global sea level change over the last 140 kyrs could be reproduced in the model by 

expanding and contracting the cold air trough over eastern Canada as a function of 

summer insolation anomaly and size of the ice sheet. I also examined the role of 

glaciological instability during the last deglaciation. The results support the first 

hypothesis, and show that in the absence of mechanical collapse, the Laurentide could 

have survived the Holocene period maintaining an ice sheet big enough to lower global 

sea level by -40 m at present time. I therefore concluded that the Laurentide Ice Sheet 

feedback web is a crucial mechanism for translating Northern Hemisphere summer 

insolation into the basic signal of ice age climate. 

5.2 Suggestions for Future Work 

This dissertation provides a framework for using the UM-ISM and UM-ECM for climate 

research and teaching. It also adds to the understanding of key problems pertaining to 

ice-age cycles and the glaciation of North America. Several avenues of future work that 

expand upon this study warrant consideration: 
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• The UM-ECM currently bases biome and mass balance solutions on modern 

climatology datasets. Climate change is produced in the model by applying linear 

temperature and precipitation shifts. Thus, the model excludes a means for 

producing nonlinear circulation changes to input parameters. Although the model 

is non-dynamical by design, past climates could be simulated with more realism 

by including general circulation model grids for the last glacial maximum. In this 

case, climate could be defined in the model as some fraction of modern and 

glacial end members depending upon user-input parameter settings. 

• Although the Wind River analysis demonstrates the high-resolution capability of 

the UM-ISM, I neglected to perform sensitivity tests on the Shallow Ice 

Approximation method employed by the model. Although I am confident based 

on my review of existing literature that the Wind River solutions are robust, it 

could be a worthwhile venture to compare model output using different bedrock 

grid resolutions (e.g., 0.5 km, 0.6 km, 0.7 km, and so on). This type of analysis 

could be done for the Wind Rivers, or for ice cap systems elsewhere. It is 

conceivable that a future study could employ both UM-ISM, and a three-

dimensional full-Stokes ice sheet model, such as one under development at the 

University of Maine (Sargent, 2009). 

• Also in regard to the Wind Rivers, future work could investigate the impact of 

seasonality on the ice cap system. In the current study, I assume that climate 

change is distributed equally throughout the annual cycle. However, both the 
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accumulation of winter snow, and the sum of melting degrees in the mass balance 

calculation carry a dependence upon monthly temperature. Therefore, strong 

seasonal temperature and precipitation biases would impact the net surface mass 

balance, and could in turn impact the glaciological solution in measurable ways. 

The most likely situation is that thermal seasonality change is minimal, but that 

glacial precipitation increase is predominantly in winter (e.g., Kutzbach et al., 

1998). 

• The Laurentide Ice Sheet study could be improved in the future in two important 

ways. First, the glacial cycle experiment wherein the Canadian cold trough 

expands in concert with the Laurentide Ice Sheet could be redone in a coupled ice 

sheet-atmosphere-ocean model. Modern general circulation models include 

physics that would produce a dynamical atmospheric response to changes in ice 

cover; thus, a GCM should yield a more robust solution than that possible from 

the simple parameterization used in this study. In this vein, Ganopolski et al., 

2010 report an insolation-driven coupled model of intermediate complexity for 

the last glacial cycle. It is reassuring that the ice volume signal output from UM-

ISM is similar to that from the coupled model. The present study remains unique, 

because Ganopolski et al. focus on greenhouse gas-insolation feedbacks without 

explicit discussion on Laurentide Ice Sheet orography feedbacks. 

• The second way in which the Laurentide Ice Sheet study could be improved is to 

refine the calving parameterization. In the current treatment, grounding-line mass 
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flux is modified on the basis bed depth and a calving parameter tuned to trigger 

ice-sheet collapse from a Thomas (1979) instability. A more physical formulation 

would be to vary mass flux as a function of longitudinal stresses at the grounding-

line due to thinning of a two-dimensional ice-shelf buttress (Weertman, 1957). 

Here, the calving parameter would represent buttress strength, and it could be 

linked to an external climate signal, such as ocean temperature. The usefulness in 

this approach would be that the calving formulating might work consistently 

throughout a glacial cycle, instead of having to be turned on only for the 

termination. 
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APPENDIX A: UNIVERSITY OF MAINE ICE SHEET MODEL 

The University of Maine Ice Sheet Model (UM-ISM) is a multi-component finite element 

solution of ice-sheet physics (Fastook, 1993; Fastook and Prentice, 1994; Kleman et al., 

2002). Components include mass and momentum conservation for ice dynamics, energy 

conservation for internal ice temperatures, a hydrostatically supported elastic plate for 

bed depression and rebound, a conservation of water-based basal water solver, a simple 

climatology module for surface temperatures and mass balance, and a simple grounding-

line ice-thinning (or calving) parameterization for collapsing marine ice domes. The ice-

flow solution includes a force balance based on the Shallow Ice Approximation method 

(Hutter, 1983). 

Problem domains are defined in UM-ISM on a spatially distributed quadrilateral grid of 

nodal points. Required inputs are gridded bedrock topography and climatology, the latter 

consisting of monthly mean temperature and precipitation. In this study, bedrock and 

climatology datasets from various sources are prepared for UM-ISM input using the UM-

ECM (see Chapter 2). 

The existing UM-ISM climatology module was reworked extensively for this 

dissertation. Modifications include an improved interpolation scheme for scaling 

temperature and precipitation grids, and a framework for importing high-resolution 

datasets exported by the UM-ECM. Surface mass balance is found by summing frozen 

precipitation amounts for months in which the mean temperature is below 0 °C, and then 
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reducing this amount by the sum of melting degrees (md) divided by either snow or ice 

melt rates (see Figure 2.2). The melt rates are defined as 0.3 and 0.8 mm/md water 

equivalence for snow and ice, respectively (e.g., Braithwaite and Olesen, 1989). The 

snow melt rate is used in the initial ablation calculation; if all snow is melted, and melting 

degrees remain available to drive further ablation, then the ice melt rate is used for the 

remainder of the calculation. This method assumes that winter snow accumulates on top 

of glacier ice. Note that in the mass balance calculation temperature fields are scaled to 

bedrock and ice topography using a vertical lapse rate of-6 °C/km. 

The UM-ISM calving parameterization is used in this dissertation only in Chapter 4. 

Here, the parameter provides a means to collapse marine-based portions of the Laurentide 

Ice Sheet by the Thomas instability (Thomas, 1979). In this mechanism, mass flux at the 

ice grounding-line is increased with a dependence on bed depth and the calving value. 

The latter varies from 0 (no mass-flux enhancement) to 1 (maximum enhancement). A 

scale factor is used to tune the calving parameter for individual experiments. The calving 

treatment employed by UM-ISM is similar to that used in other models (e.g., Marshall et 

al., 2000; Zweck and Huybrechts, 2005). 
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APPENDIX B: LAURENTIDE CLIMATOLOGY FORMULATION 

One of the most challenging tasks of paleo ice-sheet modeling is developing a 

climatology scheme that ensures realistic mass balance conditions for both the present 

and past. The problem can be simplified by viewing past climate as a departure from the 

present mean, and by defining climate end members, interglacial and glacial. In that 

vein, I constructed an algorithm to modify the input NCEP temperature and precipitation 

fields for each month of the year with a dependence on a climate-forcing signal; the 

forcing signal itself is a function of summer insolation anomaly and ice area. The result 

is a climate continuum from interglacial (modern temperature and precipitation 

distribution) to glacial (features a deepened cold trough over eastern Canada) based on 

insolation and size of the modeled ice sheet. 

The anomaly signal serving as the basic input to the climatology scheme is derived from 

60 °N summer insolation values from Berger and Loutre (1991) (e.g., Figure 4.4). This 

curve is translated to a climate forcing through several steps. First, the signal itself is 

amplified each iteration as a function of total ice area contained within the map plane: 

Amult = (Amult_max " 1) * S in (A i c e * 0 . 5 * p i / AiCe_LGM) + 1 

IF_(Ai c e > AjceLGM) T H E N (A m u l t = Amultmax) 

1 anom — A m u i t (̂  I anom - 1J "I" 1 anom " -1 adj "•" 1 
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Where Amuit is the area amplification term, Amuit max is amount of amplification for Last 

Glacial Maximum (LGM) ice sheets (4.6), Aice is the current model ice area, Aice LGM is 

the area of LGM ice sheets (14xl07 km2), Tan0m is the insolation temperature anomaly, 

and Tadj is the modern insolation anomaly (-0.3634 °C). 

The next step is to construct a synthetic thermal field that will be combined with NCEP 

data in a weighted average. A weighted average is used to allow a gradual transition 

from modern to glacial climate conditions. The synthetic field, with point values 

calculated using a horizontal lapse rate and distance from a climate pole situated over 

Baffin Bay, is tuned to produce a cold anomaly over eastern Canada. The climate pole-

based thermal field gains heavier weighting relative to the NCEP field as ice area 

increases: 

Where Tpoie Xy is the gridpoint temperature on the synthetic field, Tpoie is the temperature 

at the climate pole (0 °C), vlapse is the vertical lapse rate (-6 °C/km), elev_xy is the 

gridpoint elevation, hlapse is the horizontal lapse rate (0.5 °C/°lat), lat_xy is the gridpoint 

latitude, pole_wt_LGM is pole weighting for LGM ice cover, pole_wt_modern is pole 
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weighting for modern ice cover, pole_wt is the pole weighting term, and m and b are the 

slope and y intercept terms for pole_wt, respectively. 

The resultant thermal field is then used as a July datum from which to calculate the 

remaining monthly temperature fields for later mass-balance determination. To do this, a 

seasonal cycle is used based on a sine wave with amplitude of 30 °C and maximum 

temperature of 0 °C. A gridpoint temperature for any given month is found by adding the 

monthly value to Tpoie xy. Note that inclusion of a vertical lapse rate affords the ability to 

change the surface temperature field due to ice topography. 

The next step in the climatology formulation is a modification of the NCEP precipitation 

input. This transformation is much simpler than that contrived for the temperature fields. 

Here a linear relationship is made in which the precipitation at each gridpoint caries a 

temperature-anomaly dependence, and varies by some percentage of the modern input 

precipitation value: 

Where Pmuit is the precipitation multiplier, Pmuit LGM is the LGM precipitation factor 

(0.625; i.e., when T ôm = -6 °C), Pmuit_modem is the modern precipitation factor (1; i.e., 

when Tanom = Tadj), Pxy is the gridpoint precipitation, and PNCEP_xy is the gridpoint input 

precipitation. 
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The precipitation multiplier for the LGM is a best fit derived from a visual comparison of 

the NCEP annual precipitation field to that of the GENESIS general circulation model of 

the LGM (Thompson and Pollard, 1995). The GENESIS solution is not incorporated into 

the climatology formulation for the simplicity of using only one external dataset. 

Moreover, the GENESIS temperature and precipitation fields reflect glacial maximum 

ice-sheet topography, which is problematic for growing ice sheets from scratch. 
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