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Continental Ice Sheets: Conditions for Growth 

Abstract. The conditions required for the development of major ice sheets in eastern 
Canada appear to have been approximated by those of the Little Ice Age in the 17th 
through the 19th centuries. Former extensive snowbanks from this period have been 
mapped from lichen-free terrain visible on Earth Resources Technology Satellite imag- 
ery. The climatic changes required to initiate the necessary snow line lowering may 
involve only a minor summer cooling. Simulations with an ice-flow model reproduce 
plausible ice centers, but the rate of ice sheet buildup is slower than that suggested by 
geological evidence of world sea level lowering from 120,000 to 115,000 years before the 
present. 

Recent minor climatic fluctuations at 
high latitudes, evidenced by climatic 
records in northeastern Canada and satel- 
lite imagery of the extent of snow cover (1, 
2), have led to renewed interest in the 
mechanisms of climatic change and the 
question of ice age inception. This concern 
is heightened by the implications that even 
small climatic changes would have for hu- 
man survival in many areas of the world 
(3). In a geological context it is recognized 
that the present global climate is inter- 
glacial in character (4), although generally 
showing a deterioration over the last 5000 
years since the thermal maximum, and 
that this condition will eventually termi- 
nate to usher in the "first future glacia- 
tion." Moreover, the geological and bio- 
logical records show that glacial epochs 
have averaged 90,000 years in length, 
whereas the peak warmth of other non- 
glacial intervals, comparable with present- 

day conditions or warmer, has lasted only 
10,000 years (5). There is evidence to sug- 
gest that the shift in climate from a non- 
glacial to a glacial mode may occur quite 
abruptly, perhaps in little more than a cen- 
tury or so, according to some sources (6, 
7). 

The basic causes of glacial epochs are 
not known. Climatic changes are explained 
in both deterministic and stochastic terms, 
or in some combination of the two (8). In 
our present state of knowledge of the at- 
mosphere, resolution of this problem is not 
likely to be swift or simple (9). However, 
other questions on the specific mechanisms 
of ice sheet growth can usefully be posed, 
with the expectation of more immediate 
answers. These include: the location and 
manner of ice sheet inception, the rate of 
snow and ice accumulation, and the neces- 
sary climatic conditions. These questions 
have been posed in the context of a re- 

Fig. 1. North central Baffin 
Island as viewed by Earth 
Resources Technology Sat- 
ellite I (27 August 1973, 
multispectral scanner band 
5). The image shows light- 
toned lichen-free areas north 
of the Barnes ice cap and 
present-day snowfields to 
the east. 
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search project at the Institute of Arctic and 
Alpine Research, University of Colorado, 
dealing with the inception of the Lauren- 
tide ice sheet. 

Until recently, ice sheets were thought to 
have formed in the Northern Hemisphere 
by the amalgamation and spreading out of 
glaciers which built up in the coastal 
mountains of eastern North America and 
Fennoscandinavia. However, geological 
and climatological considerations (10-12) 
lend strong support to the view that the 
major continental ice sheets of at least the 
Late Pleistocene glaciation developed on 
the extensive upland plateaus of Baffin Is- 
land, Labrador-Ungava, Keewatin, and 
the Queen Elizabeth Islands in North 
America, as well as on those of Fennoscan- 
dinavia, by widespread snow line lowering. 
There is visible field evidence (discussed 
below) in support of the idea that this pro- 
cess took place during the climatic deterio- 
ration of the Little Ice Age in the 17th 
through the 19th centuries. Such snow line 
lowering would initiate extensive snow 
cover, modifying the regional surface ener- 
gy budget through the high reflectivity of 
the snow cover to solar radiation and 
thereby causing atmospheric cooling. An 
increased proportion of the precipitation 
would therefore reach the ground in frozen 
form and the atmospheric circulation 
would be modified, presumably in such a 
way as to create a mode of positive feed- 
back. Experiments by J. Williams (13), us- 
ing the National Center for Atmospheric 
Research global circulation model with a 
snow cover in summer comparable with 
that of the present winters, are indicative 
of the type of atmospheric circulation pat- 
terns that must have occurred. Her results 
also bear a strong resemblance to climatic 
reconstructions for the early 1800's over 
the North Atlantic (14). 

Early meteorological records, supported 
by historical and geological evidence, show 
that during the 17th through the 19th cen- 
turies Europe and other areas bordering 
the North Atlantic, the eastern Canadian 
Arctic, Alaska and the Yukon, China, and 
Japan (15) experienced climatic deteriora- 
tion and the growth of montane glaciers, in 
some areas to their maximum postglacial 
extent. Flohn (16) has suggested that this 
interval can be designated as an "abortive 
glaciation." Field work in the early 1960's 
in north central Baffin Island (17) led to 
the identification of extensive areas of li- 
chen-free terrain on upland surfaces. In 
these areas the moss and lichen cover was 
apparently killed and stripped off by the 
development of thin permanent snowfields. 
Radiometric and lichenometric analyses 
suggest that the period of snow cover be- 
gan 500 to 300 years before the present 
(B.P.) and ended some 70 years ago as a re- 
sult of a climatic amelioration (18), al- 
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though the removal of snow cover seems to 
have occurred earlier in north central Baf- 
fin Island by comparison with the Cumber- 
land Peninsula. The trimline bordering 
these lichen-free areas can be mapped 
from the 1: 1,000,000 Earth Resources 
Technology Satellite (ERTS) imagery, 
principally bands 5 and 6 (19), as illustrat- 
ed in Fig. 1. During this period of snow 
cover in central Baffin Island, most of the 
land surface above an elevation of 600 m 

(about 140,000 km2) was snow- or ice-cov- 
ered, compared with 37,000 km2 today 
(20), and similar extensive areas were af- 
fected in Labrador-Ungava and possibly in 
Keewatin. 

The climatic changes required to initiate 
the buildup of such snowfields may be 

quite small. Andrews and Miller (21) esti- 
mate that on Baffin Island the difference 
between the modern snow line and that at 

glacial maximum is about 400 m. Indeed, 
even the recent climatic fluctuation, with a 

cooling of 1? to 2?C over Baffin Island 
since the 1950's (1) and a lowering of the 
elevation of the 0?C summer isotherm in 
the free atmosphere over the Queen Eliza- 
beth Islands during the 1960's (22), ap- 
pears to have produced identifiable re- 

sponses in snow cover in both these areas 

(23). Simulation studies with the ice mass 

balance-energy budget model of L. D. 
Williams (24) indicate that the Little Ice 

Age snow line can be reproduced by a cli- 
mate in which summer temperatures were 
1.5?C less than present or the winter ac- 
cumulation of precipitation was greater 
than at present by a factor of about 2. 
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3 3 ̂ ~ Fig. 2. Outline of the ice 
caps over eastern Canada 

5 \N simulated by Mahaffy's 
-5N i model after 10,000 years 

IV . with a snow line lowering of 
about 500 m and two to 
three times the present-day 
precipitation. 

Early estimates of ice sheet growth in- 
dicated that the Laurentide ice sheet took 
about 20,000 years to build to full size (25), 
although Lamb and Woodroffe (11) sug- 
gested that ice sheets became established 
(about 70,000 years B.P.) and grew suffi- 

ciently within 1000 to 5000 years to sur- 
vive the St. Pierre interstadial dated at 
+ 65,000 years B.P. Recent studies (26) 
show a rapid drop in the world sea level to 
a minimum at about 115,000 years B.P. 
The rate of sea level lowering has been esti- 
mated to be 5 m per 1000 years (27). Oth- 
er evidence for extreme rates of climatic 
change from interglacial to glacial comes 
from the work of Kennett and Huddlestun 
(7) who suggested that a major cooling oc- 
curred in less than 350 years at about 
89,500 years B.P., perhaps correlative with 
parallel changes reported from Greenland 
(6) and southern France (28). Despite the 
widely differing dates (120,000 to 115,000, 
90,000, and 70,000 years B.P.), these lines 
of evidence appear to point to some geo- 
logical events resembling Ives' concept 
(10) of "instantaneous glacierization" of 
the high plateaus in the Canadian Arctic 
by snowpack accretion within only a few 
hundred years. 

Studies by Loewe (29) indicate that, in 
order to account for the accumulation of 

glacial snow in Labrador-Ungava and 
Keewatin, a cooling of at least 6?C in sum- 
mer supplemented by some increase in to- 
tal precipitation is required. Between 
about 125,000 and 115,000 years B.P., ac- 
cumulation on the Greenland ice sheet 
doubled if we use the reassessment of the 

Camp Century 5680 record and chronol- 
ogy of Andrews et al. (30). To achieve sig- 
nificant additional precipitation greater 
winter storminess is probably necessary 
(31), and in this respect the eastern Cana- 
dian Arctic and Subarctic are favorably 
situated. In addition, the existence of a 
snow cover producing winterlike atmo- 
spheric circulation patterns all year will 
also augment summer snowfall in high lati- 
tudes. Using the ice mass balance-energy 
budget model, L. D. Williams (32) esti- 
mated that glacierization of presently emp- 
ty cirques on eastern Baffin Island would 
be achieved, for example, either by an 80 
percent increase in snowfall or by com- 
bined changes such as a 20 percent increase 
in snowfall accompanied by a 1?C cooling 
in summer and a 10 percent increase in 
cloudiness. Increased precipitation is more 
probable if the sea surface temperatures 
remain high during the stage of glacial in- 
ception (33). However, if the recent climat- 
ic fluctuation is any guide, we must note 
that Rodewald (34) reports a 2?C cooling 
between 1951-1955 and 1968-1972 in 
August in the western North Atlantic, 
which amounts to 1/6 of the estimated dif- 
ference between present and full glacial sea 
surface temperatures in the vicinity of the 
Gulf Stream (35). Although such short- 
term trends may be an unreliable indicator 
of longer-term changes, this evidence sug- 
gests that it may be difficult to sustain high 
sea surface temperatures during the initial 

phase of a glacial period. This finding is in 

agreement with Newell's (36) suggestion 
that continental ice sheets developed (over 
an 8000-year period), as a result of an at- 
mospheric regime of somewhat increased 
poleward atmospheric energy transport 
combined with a decrease of poleward oce- 
anic heat flux; Newell's suggestion was 
made in an effort to account for the calcu- 
lated deficit of energy in middle and high 
latitudes. 

To evaluate the physical likelihood of a 

rapid (< 5000 years) buildup of a major 
continental ice sheet, Mahaffy (37) has de- 
veloped a three-dimensional ice-flow mod- 
el. The model uses the Glen flow law of ice, 
where the strain rate e is given by 

e = A r 

where r is the shear stress, and A and n are 
constants. In the experiments n = 3.5 and 
A was selected to represent a basal temper- 
ature of -5? to -10?C. The model has been 
used with considerable success to simulate 
the Barnes ice cap (6000 km2) over the last 
2500 years of its history. To simulate con- 
ditions of a rapid spread of snowfields over 
the eastern Canadian Arctic, the model 
was used with an input data and computa- 
tional grid spacing of 50 km over Baffin Is- 
land, Keewatin, and Labrador-Ungava 
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with a maximum accumulation of 1 m of 
water equivalent (two to three times the 
present amounts) and a snow line lowered 
to 300 m from its present elevation of 800 
m or more over the plateaus of Baffin Is- 
land. In future experiments a function will 
be incorporated into the model to increase 
basal ice temperatures in response to geo- 
thermal heat flux as the ice sheet thickens 
and modifies the thermal gradient. Under 
these circumstances, the ice sheet would 
tend to spread more rapidly. Preliminary 
results in the present simulation experi- 
ment indicate that after 4000 years of 
buildup the ice sheet had a volume of 
0.3 x 106 km3 and covered Baffin Island, 
with smaller ice caps in Labrador-Ungava. 
However, the volume in the ice sheet at this 
stage was equivalent to a rate of sea level 
lowering of only ?0.25 m per 1000 years. 
After 10,000 years, ice sheets covered most 
of Baffin Island and north central Labra- 
dor-Ungava (Fig. 2) with an area of 
1.78 x 106 km2 and a volume of 3 x 106 
km3. This volume figure represents a world 
sea level lowering of 7.5 m; this figure is an 
order of magnitude smaller than the total 
amount suggested from the Barbados work 
(26, 27), but in the last 2000 years of the 
model experiment the equivalent rate of 
lowering of sea level is 3 to 5 m per 1000 
years. The increase in the volume of the ice 
sheet is strongly nonlinear and consists of 
an initial 3000 to 5000 years of slow 
buildup followed by an accelerating phase 
of growth. Although some of these data 
add a measure of support to the dramatic 
events centered around 115,000 years B.P., 
nevertheless there still appear to be severe 
physical constraints on such rapid sea level 
lowering based on considerations of atmo- 
spheric circulation conditions and the 
global energy balance. It is hard to visual- 
ize appropriate circulation regimes to pro- 
vide the necessary input of snow accumula- 
tion (31) recurring over thousands of years. 
Even more critical, the rates proposed for 
the uptake of water into the ice sheets 
match the fastest rates of return of water 
into the ocean system during deglaciation, 
despite the fact that the energy require- 
ments of the processes determining ice 
sheet accumulation (evaporation, freezing, 
and precipitation) are approximately seven 
times greater than for the melting process. 
In the present study we have not attempted 
to deal with this more fundamental prob- 
lem. 

In summary, a study of recent climatic 
fluctuations and Little Ice Age conditions 
in the eastern Canadian Arctic illustrates 
the climatic sensitivity of the area and pro- 
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In summary, a study of recent climatic 
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vides significant clues on the likely mecha- 
nism and location of the growth of conti- 
nental ice in North America during the last 
glaciation. The immediate mechanism is in 

5 DECEMBER 1975 

vides significant clues on the likely mecha- 
nism and location of the growth of conti- 
nental ice in North America during the last 
glaciation. The immediate mechanism is in 

5 DECEMBER 1975 

all probability the widespread and rapid 
lowering of the snow line over the upland 
plateaus of Baffin Island and north central 
Labrador-Ungava. Little Ice Age condi- 
tions appear to provide a useful analog of 
glacial inception. Lichen-free areas demar- 
cating permanent snowfields in Baffin Is- 
land during the Little Ice Age have been 
mapped from ERTS imagery, and a snow 
line lowering of 200 to 600 m has been de- 
termined from these maps. 

Geological evidence suggests a rapid sea 
level lowering of 5 m per 1000 years dur- 
ing the early ice sheet buildup that bot- 
tomed out about 115,000 years B.P. Simu- 
lations with an ice flow model give results 
within the correct order of magnitude after 
10,000 years of growth, with a snow line 
lowering of about 500 m and two to three 
times the present-day precipitation, but 
these simulations are orders of magnitude 
too small for the first 4000 years. Further 
study of physical processes in the atmo- 
sphere-ocean-cryosphere system is re- 
quired to resolve these apparent dis- 
crepancies. 
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Storm Wave Climates at Cape Hatteras, North Carolina: 
Recent Secular Variations 

Abstract. Mid-A tlantic coastal wave climates have undergone significant change with- 
in the last three decades. The duration and frequency of storms generating high waves 
and the length of the winter storm wave season have increased. These changes may, in 
part, account for the observed trend in shoreline erosion along the east coast of the 
United States. 
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