


Figure 4.9. Glaciation level estimates for the Bafin Bay region. Adapted from
Andrews (2002).



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 Dbasic 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, I 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 Ganopolskj 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.

68



REFERENCES CITED

Amante, C., Eakins, B. W, 2009. ETOPO1 1 arc-minute global relief model: procedures,
data sources and analysis. NOAA Technical Memorandum NESDIS NGDC-24, 19.

Andrews, J. T., Barry, R. G., 1978. Glacial inception and disintegration during the last
glaciation. Annual Reviews of Earth and Planetary Sciences 6, 205-228.

Andrews, J. T., 2002. Glaciers of Baffin Island. In Williams, R. S., Jr. and Ferrigno, J. G.
(eds.), Satellite Image Atlas of Glaciers of the World. USGS Professional Paper
1386-J (Glaciers of North America), J165-J195.

Antevs, E., 1948, The Great Basin, with emphasis on glacial and post-glacial times:
Climatic changes and pre-white man: Chapter 3, Bulletin of the University of Utah
Biological Series 38, 168-191.

Benson, L. V., Thompson, R. S., 1986. Lake-level variation in the Lahontan Basin for the
past 50,000 years. Quaternary Research, 28, 69-85.

Berger, A., Loutre, M. F., 1991. Insolation values for the climate of the last 10 million
years. Quaternary Science Reviews 10, 297-317.

Bolin, B., 1950. On the influence of the earth’s orography on the general character of the
westerlies. Tellus 2, 184-195.

Braithwaite, R. J., Olesen, O. B., 1989. Calculation of glacier ablation from air
temperature, West Greenland. In: Oerlemans, J. (ed.), Glacier Fluctuations and
Climatic Change. Kluwer Academic Publishers, Dordrecht, 219-233.

Broecker, W. S., van Donk, J., 1970. Insolation changes, ice volumes, and the O"® record
in deep-sea cores. Reviews of Geophysics and Space Physics 8 (1), 169-198.

Broecker, W. S., Denton, G. H., 1989. What drives glacial cycles? Scientific American
262 (1), 49-56.

Bromwich, D. H., Toracinta, E. R., Oglesby, R. J., Fastook, J. L., Hughes, T. I., 2005.
LGM summer climate on the southern margin of the Laurentide Ice Sheet: Wet or
dry? Journal of Climate 18, 3317-3338.

Chandler, M.A., S.J. Richards, and M.J. Shopsin, 2005; EdGCM: Enhancing climate
science education through climate modeling research projects. In Proceedings of the
85th Annual Meeting of the American Meteorological Society, 14th Symposium on
Education, Jan 8-14, 2005, San Diego, CA, pp. P1.5. http://edgcm.columbia.edu.

69


http://edgcm.columbia.edu

Charney, J. G., Eliassen, A., 1949. A numerical method for predicting the perturbations
of the middle latitude westerlies. Tellus 1, 38-54.

Cheng, H., Edwards, L., Broecker, W. S, Denton, G. H., Kong, X., Wang, Y., Zhang, R.,
Wang, X., 2009. Ice age terminations. Science 326, 248-252.

Clark, P. U, Alley, R. B., Pollard, D., 1999. Northern Hemisphere ice-sheet influences
on global climate change. Science 286 (5442), 1104-1111.

Daly, C., Neilson, R. P., Phillips, D. L., 1994. A statistical-topographic model for
mapping climatological precipitation over mountainous terrain. Journal of Applied
Meteorology 33, 140-158.

Denton, G. H., Hughes, T. J., 1981. The Last Great Ice Sheets. Wiley-Interscience, New
York.

Denton, G. H., Alley, R. B, Comer, G. C., Broecker, W. S., 2005. The role of seasonality
in abrupt climate change. Quaternary Science Reviews 24, 1159-1182.

Dahms, D. E., 2004. Relative and numeric age data for Pleistocene glacial deposits and
diamictons in and near Sinks Canyon, Wind River Range, Wyoming, U.S.A.,
Arctic, Antarctic, and Alpine Research 36 (1), 59-77.

Emiliani, C., 1955. Pleistocene temperatures. Journal of Geology 63, 538-78.

Fastook, J. L., 1993. The finite-element method for solving conservation equations in
glaciology. Computational Science and Engineering 1, 55-67.

Fastook, J. L., Prentice, M., 1994. A finite-clement model of Antarctica: Sensitivity test
for meteorological mass-balance relationship. Journal of Glaciology 40 (134), 167-
175.

Ganopolski, A., Calov, R., Claussen, M., 2010. Simulation of the last glacial cycle with a
coupled climate ice-sheet model of intermediate complexity. Climate of the Past 6,
229-244.

Gesch, D. B., 2007. Chapter 4 - The National Elevation Dataset, in Maune, D. F., ed.,
Digital elevation model technologies and applications - The DEM Users Manual
(2d ed.): Bethesda, Maryland, American Society for Photogrammetry and Remote
Sensing, 99-118.

Gosse, J. C., Klein, J., Evenson, E. B., Lawn, B., Middleton, R., 1995a. Beryllium-10

dating of the duration and retreat of the last Pinedale glacial sequence. Science 268
(5215), 1329-1333.

70



Gosse, J. C., Evenson, E. B., Klein, J., Lawn, B., Middleton, R.,1995b. Precise
cosmogenic "Be measurements in western North America: support for a global
Younger Dryas cooling event. Geology 23 (10), 877-880.

Hayes, J. D., Imbrie, J., Shackleton, N. J.,, 1976. Variations in the Earth’s orbit:
Pacemaker of the ice ages. Science 194, 1121-1132.

Hijmans, R., Cameron, S. E., Parra, J. L., Jones, P. G., Jarvis, A., 2005. Very high
resolution interpolated climate surfaces for global land areas. International Journal
of Climatology 25, 1965-1978.

Hindmarsh, R. C. A., 2004. A numerical comparison of approximations to the Stokes
equations used in ice sheet and glacier modeling. Journal of Geophysical Research
109, F01012, doi:10.1029/2003JF000065.

Hughes, T. J., Denton, G. H., Grosswald, M. G., 1977. Was there a late-Wiirm Arctic Ice
Sheet? Nature 266, 596-602.

Hutter, K., 1983. Theoretical glaciology: material science of ice and the mechanics of
glaciers and ice sheets. Dordrecht, D. Reidel Publishing Company/Tokyo Terra
Scientific Publishing Company.

Imbrie, J., Berger, A., Boyle, E. A., Clemens, S. C., Duffy, A., Howard, W. R., Kukla,
G., Kutzbach, J., Martinson, D. G., Mclntyre, A., Mix., A. C., Molfino, B., Morley,
J. J., Peterson, L. C,, Pisias, N. G., Prell, W. L., Raymo, M. E., Shackleton, N. J.,
Toggweiler, J. R., 1993. On the structure and origin of major glaciation cycles 2.
The 100,000-year cycle. Paleoceanography 8 (6), 699-735.

Kalnay, E., et al., 1996. The NCEP/NCAR Reanalysis 40-year project. Bulletin of the
American Meteorological Society 77, 437-471.

Kleman, J., Fastook, J. L., Stroeven, A. P., 2002. Geologically and geomorphologically
constrained numerical model of Laurentide Ice Sheet inception and build-up.
Quaternary International 95-96, §7-98.

Krimmel, R. M., 2002. Glaciers of the western United States. In Williams, R. S., Jr. and
Ferrigno, J. G. (eds.), Satellite Image Atlas of Glaciers of the World. USGS
Professional Paper 1386-J (Glaciers of North America), J360.

Kutzbach, J. E., Gallimore, R., Harrison, S. P., Behling, P., Selin, R., Laarif, F., 1998.
Climate and biome simulations for the past 21,000 years. Quaternary Science
Reviews 17 (6-7), 473-506.

Lamb, H. H., 1972. Climate: present, past and future, vol. 1, London: Methuen.

71



Le Meur, E., Gagliardini, O., Zwinger, T., Ruokolainen, J., 2004. Glacier flow modelling:
a comparison of the Shallow Ice Approximation and the full-Stokes solution. C. R.
Physique 5, 709-722.

Lindeman, M., Oerlemans, J., 1987. Northenm Hemisphere ice sheets and planetary
waves: a strong feedback mechanism. International Journal of Climatology 7 (2),
109-117.

Leonard, E., 2007. Modeled patterns of Late Pleistocene glacier inception and growth in
the Southern and Central Rocky Mountains, USA: sensitivity to climate change and
paleoclimatic implications. Quaternary Science Reviews 26 (17-18), 2152-2166.

MacAyeal, D. R., 1979. A catastrophie model of the paleoclimate. Journal of Glaciology
24 (90), 245-256.

MacAyeal, D. R., 1993. Binge/purge oscillations of the Laurentide Ice Sheet as a cause of
the North Atlantic's Heinrich events. Paleoceanography 8 (6), 775-784,
doi:10.1029/93PA02200.

Manabe, S., Broccoli, A. I., 1985. The influence of continental ice sheets on the climate
of an ice age. Journal of Geophysical Research 90, 2167-2190.

Manabe, S., Terpstra, T. B., 1974. The effects of mountains on the general circulation of
the atmosphere as identified by numerical experiments. Journal of the Atmospheric
Sciences 31(1), 3-42.

Marshall, S. J., Tarasov, L., Clarke, G. K. C., Peltier, W. R., 2000. Glaciological

reconstruction of the Laurentide Ice Sheet: physical processes and modeling
changes. Canadian Journal of Earth Science 37 (5), 769-793.

National Atlas of Canada Vegetation Cover. 5th Edition. Ottawa: Canada Centre for
Mapping, Energy, Mines and Resources, 1993.

Qerlemans, J., van der Veen, C. J., 1984. Ice Sheets and Climate. D. Reidel Pub. Co.,
Holland, 125-136.

Paillard, D., 2001. Glacial cycles: toward a new paradigm. Reviews of Geophysics 39,
325-346.

Parkinson, C. L., Cavalieri, D. J., 2008. Arctic sea ice variability and trends, 1979-2006.
Journal of Geophysical Research 113, C07003, doi:10.1029/2007JC004558.

Pollard, D., 1983. A coupled climate-ice sheet model applied to the Quaternary ice ages.
Joumal of Geophysical Research 88(C12), 7705-7718.

72



Putnam, A. E., Denton, G. H., Schaefer, J. M., Barrell, D. J. A., Andersen, B. G., Finkel,
R., Schwartz, R., Doughty, A. M., Kaplan, M. R., Schluchter, C., in press 2010.
Glacier advance in southern middle-latitudes during the Antarctic Cold Reversal.
Nature Geoscience, DOI: 10.1038/NGE0962.

Raymo, M. E., 1997. The timing of major climate terminations. Paleoceanography 12 (4),
577-585.

Roe, G. H., Lindzen, R. S., 2000. The mutual interaction between continental-scale ice
sheets and atmospheric stationary waves. Journal of Climate 14, 1450-1465.

Romanova, V., Lohmann, G., Grosfeld, K., Butzin, M., 2006. The relative role of oceanic
heat transport and orography on glacial climate. Quaternary Science Reviews 25,
832-845.

Ruddiman, W. F., Raymo, M. E., 1988. Northern Hemisphere climate regimes during the
last 3 Ma: possible tectonic connections. Royal Society of London, Soc. B., 318,
411-430.

Sargent, A., 2009. Modeling ice streams. University of Maine doctoral dissertation,
Orono, Maine.

Schifer, M., Gagliardini, O., Pattyn, F., Le Meur, E., 2008. Applicability of the Shallow
Ice Approximation inferred from model inter-comparison using various glacier
geometries. The Cryosphere Discussions 2, 557-599.

Shackleton, N. J., Hall, M. A., Vincent, E., 2000. Phase relationships between millennial-
scale events 64,000-24,000 years ago. Paleoceanography 15, 565-569.

Shinn, R. A., Barron, E. J., 1989. Climate sensitivity to continental ice sheet size and
configuration. Journal of Climate 2, 1517-1537.

Silvernail, D. L., Lane, D. M. M., 2004. The impact of Maine’s one-to-one laptop
program on middle school teachers and students. Maine Education Policy Research
Institute, Center for Education Policy Applied Research, and Evaluation, University
of Southern Maine.

Sutcliffe, R. C., 1951. The quasi-geostrophic advective wave in a baroclinic zonal
current. Quarterly Journal of the Royal Meteorological Society 77, 226-234.

Teller, J. T., 1987. Proglacial lakes and the southern margins of the Laurentide Ice Sheet,
in North America and adjacent oceans during the last deglaciation, edited by
Ruddiman, W. F., and Wright, Jr., H. E., Geological Society of America, Boulder,
39-69.

73



Thomas, R. H., 1979. The dynamics of marine ice sheets. Journal of Glaciology 24 (90),
167-177.

Thompson, S. L., Pollard, D., 1995. A global climate model (GENESIS) with a land-
surface-transfer scheme (LSX). Part I: Present-day climate. Journal of Climate 8,
732-761.

Weertman, J., 1957. Deformation of floating ice shelves. Journal of Glaciology 3 (21),
38-42.

Zielinski, G. A., 1989. Lacustrine sediment evidence opposing Holocene rock glacier
activity in the Temple Lake valley, Wind River Range, Wyoming, U.S.A. Arctic
and Alpine Research 21 (1), 22-33.

Zweck, C., Huybrechts, P., 2005. Modeling of the Northern Hemisphere ice sheets during

the last glacial cycle and glaciological sensitivity. Journal of Geophysical Research
110, D07103, doi:10.1029/2004JD005489.

74



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:

A = (Amult_max - 1) * Sin(Aice *0.5* pl / Aice_LGM) +1

IF _(Aice > Aice_LGM) THEN (Amult = Amult_max)

Tanom = Amute * (Tanom - 1) + Tanom - Tadj +1
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Where Apyy is the area amplification term, Amui; max iS amount of amplification for Last
Glacial Maximum (LGM) ice sheets (4.6), Ajc. is the current model ice area, Aic. LM 1S
the area of LGM ice sheets (14x107 kmz), Tanom 18 the insolation temperature anomaly,

and T,q; 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:

Tpote xy = Tpote + Vlapse * elev_xy - hlapse * (lat_xy — 90 °lat) + Tanom
m = (pole_wt_LGM — pole_wt_modern) / (Aice LM - Aice_modern) * Aice LGM
b=pole wt LGM - m * Ajcc oM
pole wt=m* Aj.+Db

IF (pole_wt > pole wt LGM) THEN (pole_wt = pole_wt LGM)

Where Tyole xy 15 the gridpoint temperature on the synthetic field, Tpoe 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 Tpole 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:

Pmult = (P mult LGM - P mult_modem) / (Tanom_LGM) * Tanom + Pmult_modem

ny = PNCEP_xy * Pmult

Where Pnur is the precipitation multiplier, Pmue 1om is the LGM precipitation factor
(0.625; i.e., when Taom = -6 °C), Pruit modern 1S the modern precipitation factor (1; i.e.,
when Tanom = Tagj), Pxy 1s 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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