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The flow of a polythermal glacier: McCall Glacier,
Alaska, U.S.A.
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ABSTRACT. We have analyzed the flow of polythermal McCall Glacier in Arctic
Alaska. Using measurements ol surface velocity from the 1970s and 1990s, together with
measurements of ice thickness and surface slope, we have investigated both the present
flow, and seasonal and long-term flow variations. Our analysis of the present flow reveals
that (i) longitudinal stress coupling is important along the entire length of the glacier, and
(i1) there is significant basal sliding beneath a 2 km long section of the lower glacier. This
sliding exists year-round and it accounts for more than 70% of the total motion there. We
have developed a numerical model which shows that such a sliding anomaly causes an
asymmetric decrease in ice thickness. Accompanying this decrease in thickness is a
decrease in surface slope at the center of the anomaly and an increase in slope up-glacier
from it. Both effects are reflected in the observed surface profile of McCall Glacier. The
longitudinal stress-coupling length of McCall Glacier is three times the ice thickness,
almost twice that typical of temperate glaciers. This is a direct effect of lower strain rates,
which themselves are associated with the smaller mass-balance gradients of Arctic and
continental glaciers. Long-term variations in surface velocity between the 1970s and
1990s arc explained solely by the effects of changes in glacier geometry on the deform-
ational [low contribution. This means that long-term variations in the spatial patterns of
longitudinal stresses and basal sliding must have been small. Seasonally, velocities reach
their annual minimum in spring and increase during the short summer melt season by up
to 75% above mean winter values. However, the extra motion associated with the period
of elevated velocities is only about 5% of the total annual motion. The speed-up is due to
an increase in basal sliding. This implies that most of the glacier bed is at the melting
point. The zone affected by the melt-season speed-up extends well up-glacier of any mou-
lins or other obvious sources for meltwater at the bed.

INTRODUCTION and Thompson Glaciers in the Canadian Arctic (Iken,

1974) but not on Jakobshavns Isbraz in Greenland

Polythermal glaciers consist of regions of both temperate (Echelmeyer and Harrison, 1990). The spatial and temporal

and cold ice. A unifying feature of polythermal glaciers at evolution of velocity fluctuations on some of these polyther-
Arctic latitudes is a strong vertical temperature gradient in mal glaciers seems to indicate differences in subglacial

the ablation area. Near the center line, a thick armor of cold drainage and basal conditions with respect to temperate

ice covers temperate ice, which extends to the bed. In con-
trast, the thin ice at the margins and in the snout region is
mostly frozen to the bed. A significant contribution to the
flow of most temperate glaciers comes from sliding during
the melt season; cold glaciers, on the other hand, show little
sliding and no seasonal variations of flow. An important
question, therefore, is whether the distribution of temperate
and cold ice in polythermal glaciers, together with the con-
centrated meltwater input during their short ablation
seasons, leads to a distinct flow regime with unique spatial
and seasonal characteristics.

In this paper, we describe the flow of polythermal
McCall Glacier in Arctic Alaska. We find a significant con-
tribution of year-round sliding to the flow along one section
of the lower glacier. There is also a pronounced increase in
flow during the summer over the entire ablation area. lo
some extent, this increasc persists after the end of the melt
season. Similar seasonal fluctuations have been observed on
other polythermal glaciers, such as Kitdlerssuaq Glacier in
West Greenland (Andreason, 1983), Storglaciiren in north-
ern Sweden (Hooke and others, 1989), and White, Crusoe
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glaciers. Andreason (1985) speculated that meltwater is
trapped by the marginal zone of thin ice that is frozen to
the bed. Some of the meltwater is forced up-glacier, thereby
causing high water pressures and sliding above the lowest
points of surface-water input. Surges of some polythermal
glaciers on Spitshergen might also be influenced by similar
eflects.

McCall Glacier

McCall Glacier is located at 69°17'N, 143°50°W in the
Romanzof Mountains of the northeastern Brooks Range,
Alaska. It is situated on the northern front of the mountain
range, about 100 km south of the Arctic Ocean across the
coastal plain (Fig 1, inset). The glacier is about 8 km long
and has an area of 74 km”. Ice originates from three cirques
referred to, from northeast to southwest, as upper (UC),
middle (MC) and lower cirque (LC), and it flows from an
clevation of more than 2700 m to the terminus at 1350 m
(Fig, 1). The surface is relatively steep, with a mean slope of
8" there is a series of bulges along its length with slopes up
to 157 separated by treads ol 3-5°. Seasonal mass exchange
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Fig. 1. Bed topography of McCall Glacier, interpolated from
radio echo-sounding measurements made at the cireles. The
heavy line shows the glacier margin in 1958. Elevations are
in meters above m.s.l.. The ground tracks of two elevation
profiles along the glacier are shown.

is quite small: winter balance is around 0.2ma ' and
summer balance is around 06 ma . Because of mountain
shading and wind-deposition patterns, the concept of an
equilibrium-line altitude (ELA) isill-defined on this glacier:
the equilibrium line spans an elevation range of 350 m on
average (Trabant and Benson, 1986; Rabus and others,
1995). The mean annual air temperature is about —12°C at
1700 m elevation.

Ice temperatures in the accumulation area are between
-1° and —1L5°C, both near the surface and at the base
(Orvig and Mason, 1963). These warm ice temperatures
(more than 10 K warmer than the mean annual air temper-
ature) are caused by latent-heat release of surface water that
refreezes in the permeable firn. In the ablation arca, surface-
ice temperature is less than —10°C but the basal ice is temper-
ate, at least in the vicinity of the center line. By extrapolation
of a deep temperature profile at cross-section T6 (Fig. 2),
Trabant and others (1975) predicted the 0 isotherm to be at
120 m. The present ice depth at T6, corrected for the known

thinning of the glacier since 1972, suggests a basal layer of
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temperate ice that is about 30m thick at this location
(Rabus and others, 1995). Surface temperatures suggest that
this temperate layer exists beneath much of the ablation
area, at least near the center line, Such an extensive tempe-
rate layer has been measured in the ablation area of poly-
thermal White Glacier by Blatter (1987).

The drainage pattern observed in the 1990s is similar to
that described by Sater (1959). The drainage in the upper
two-thirds of the glacier is almost entirely supraglacial.
Meltwater drains by means of two major surface streams,
one located near the center line of the glacier and the other
on the cast side. Both streams originate at about 2200 m ele-
vation in the lower and upper cirques, respectively. Below
the confluence of the cirques, the central stream becomes
strongly meandering and deeply incised (>10 m); it becomes
englacial at about 1950 m elevation, or about 3.5 km from the
snout. Crevasses in the upper ablation area, mainly formed
during the cold season, fill with meltwater during summer.
While this process contributes to accumulation within the
glacier, the dimensions of most crevasses (<0.3 m) seem to
be too small to allow meltwater input to the bed.

Previous studies of the surface-velocity field of McCall
Glacier, along with those of the surface geometry and mass
and energy balance, were made during the International
Geophysical Year (IGY) in 1957-58 (e.g. Sater, 1959) and
during the period 1969-75 (e.g. Wendler and others, 1972;
Wendler and Ishikawa, 1974). Our continuing investigations
hegan in 1993 (Rabus and others, 1995) with measurements
of surface and bed geometry, mass balance, meteorological
variables, ice temperature and ice velocity.

GEOMETRY OF THE GLACIER
Ice thickness

The thickness of McCall Glacier was determined in June
1993 by radio echo-sounding. A portable monopulse radar
system operating at 10 MHz provided unambiguous identif-
ication of the ice bedrock interface. For a given bedrock
echo, the locus of possible reflectors was taken to be a semi-
ellipse, with transmitter and receiver at the focal points
(Echelmeyer, 1983). The bed along a given profile is then
the envelope of these intersecting ellipses. Accuracy of the
ice-thickness measurements was conservatively estimated
as +10m; this error is mainly a result of timing errors.

Cross-sections and longitudinal profiles of the glacier
obtained from the radio echo-sounding are shown in Figure
2. The contour map of bed geometry (Iig. 1) was con-
structed by kriging the combined data set of the radio
echo-sounding results and the mapped topography of the
unglacierized valley (US. Geological Survey 1:63360
map). The maximum ice thickness is 250 m in the pro-
nounced overdeepening of the lower cirque. The average
ice thickness along the center line is about 140 m. There are
marked asymmetries in the valley shape near the conflu-
ence of the shallow castern cirques with the deeper lower
cirque (cross-section T10); these are reflected in the velocity
profiles described later, The deep trough situated on the west
side of the glacier above the confluence gradually shifis to-
wards the center below the confluence.

In a later section, we describe changes in annual ice
velocity over time. As part of the interpretation of these
changes, we need to know the changes in ice thickness since
the 1970s. These changes were determined at about 35
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Fig 2. Cross-seetions ( 'T-) and longitudinal ( L-) profiles of McCall Glacier in 1995. The loci of polential radio-echo reflectors
are shown as the dotted ellipses. Vertical exaggeration: cross-sections 2 X, longiludinal profiles 4 < .

locations on the glacier by comparing the surface elevation
as surveyed in the 1970s by Trabant and Benson (1986) with
that surveyed in the 1990s at the same horizontal position in
space (Rabus and others, 1993). These elevation changes
and, therefore, changes in ice thickness (assuming erosion
of the bed to be small), are known to an accuracy of about
+ 0.3 m. The observed thinning of the glacier increases al-
most exponentially with decreasing elevation, from about
4m on the upper glacier to 42m at the terminus (Rabus
and others, 1995).

Surface slope
Knowledge of present and past surface slopes, in addition to

ice thickness, is a prerequisite for an interpretation of the
velocity field and its temporal changes. The present surface

slopes were determined from two elevation profiles of

McCall Glacier acquired in 1993 using an airborne laser-
profiling system (Echelmeyer and others, 1996). These
profiles approximately follow the center line, one descend-
ing through the upper cirque to the terminus and the second
through the lower cirque. Surface elevation along these
profiles is accurate to about 0.3 m and measurements are
spaced at approximately L5 m intervals along the flight
path. For application to the flow-modeling described later,
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we have caleulated the center-line surface slope over an
averaging length of 150 m, corresponding to approximately
one ice thickness, This averaging scale also corresponds
approximately to the horizontal resolution of the depth
measurements presented previously.

No continuous elevation profiles or topographic maps of
this glacier were made in the 1970s and the density of sur-
veyed markers on the surface was insuflicient to determine
the surface slope everywhere over an averaging length of
150 m. However, a 1:10000 topographic map with a 5m
contour interval was constructed from aerial photographs
taken in 1958 (Brandenberger, 1959). The overall vertical ac-
curacy of this map is probably on the order of £10m
(Rabus and others, 1995). For most arcas of the glacier, this
error is a slowly varying “offset” that should have little influ-
ence on the calculation of surface slopes over a distance of
150 m. Rabus and others (1995) have shown that more than
80% of the clevation change between 1958 and 1993
occurred between 1972 and 1993, Therefore, except in the
terminal region, the 1958 surface slope should be a reason-
able approximation to the surface slope in 1972.To check this
approximation, we compared the surface slope between
markers spaced 300-500 m apart, which were surveyed in
1972, with the surface slope measured on the 1958 map at
about the same locations. Except for the lowermost 1.5 km
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of the glacier, differences are random and generally smaller
than + 0.5". We therefore expect an accuracy of about + 0.5°
in the 1972 slopes over much of the glacier. For the 1993
slopes, the erroris £0.3°.

The center-line surface slopes for the two time periods
are shown in Figure 3. (In this figure and throughout the
paper, s is a curvilinear coordinate that follows the center
line of the glacier, extending [rom the upper or lower cirque
to the terminus, as indicated in Figure 1.) Like many other
valley glaciers in the region, McCall Glacier shows an inter-
esting periodic succession of maxima and minima of surface
slope. These bulges are accompanied by an almost linear
increase in average slope towards the snout. There is a
similar, but proportionally smaller, variation in ice thick-
ness along the glacier. The wavelength of these oscillations
is about 1500 m, or approximately 11 ice thicknesses. While
some of the steeper and thinner reaches of the glacier may
be caused by resistant bedrock ridges along the valley walls
(Fig. 1), there is not a one-to-one correspondence between
the waves ol the glacier and these ridges.
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Fig. 3. Surface slopes in 1972 and 1993 along the center line
and transversely averaged slopes in 1995,

According to Hooke (1991), waves in glacier beds may in-
itially stem from existing perturbations in the bed profile.
The series of ridges and overdeepenings then tends to be en-
hanced by a positive feed-back of erosion with variations in
subglacial water pressure. Abrupt variations in water pres-
sure at the headwalls can cause erosion by quarrying, while
on the down-glacier sides of overdeepenings the reversed
bed slope causes a constant, high water pressure that mini-
mizes erosion there. This process then causes amplification
and broadening of the overdeepenings.

An alternative theory that explains regular oscillations
in valley-glacier geometry is that proposed by Mazo (1989).
He studied the coupled system hetween the flow of a glacier
and the erosion of its bed. Bed geometry determines glacier
geometry, which in turn controls the erosion of the bed
through the distribution of basal shear stress. For a glacier
with an initially uniform thickness i and a constant bed
slope @, a small sinusoidal perturbation in @ produces a
corresponding oscillation in h. The oscillation in ice thick-
ness then translates into a variation in basal erosion at the
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same wavelength but generally out of phase with respect to
the initial disturbance. As a result, the disturbance in the bed
migrates up-glacier with a speed that depends on its wave-
length and the amplitude of the disturbance generally re-
mains small. However, there is one wavelength, A =
2h/ tan 6, that is stationary and whose amplitude grows by
“constructive erosion”. For McCall Glacier, the mean slope
is (0) = (o) & 76° and the mean thickness (h) is 140 m.
This leads to A = 15h or about 2100 m. Considering the
approximate nature of Mazo’s (1989) theory, this is reason-
ably close to the observed wavelength of the topographic
wave,

Transversely averaged surface slopes in 1993 are also
shown in Figure 3. Transverse variations in surface slope
lead to transverse shear stress gradients. Consequently, a
transverse average of surface slope should enter into a
one-dimensional longitudinal flow analysis, such as that
presented later. These slopes were obtained by averaging
the longitudinal surface slope across a 500 m wide swath
about the center line. We assumed that the ratio of the trans-
versely averaged slope to the center-line slope has not
changed since 1938. The transversely averaged slope 1s not
significantly different from the center-line value except at
two local maxima located at center-line positions of 2500
and 5200 m, where the two measures of slope differ by about
0517

As seen in Figure 3, there was a general steepening of up
to 2" along the lower glacier from 1972 to 1993. This is due to
the observed thinning (Rabus and others, 1995). Such stee-
pening should, to some extent, counterbalance the effects of
the observed decrease in thickness on the ice velocity in this
region. The 1993 terminus (s = 7000 m; Fig. 1) was consider-
ably less steep than the terminus shown on the 1958 map (at
s = 7370 m). The terminus slope in 1972 is clearly not well
represented on the 1958 map, because of the 8§ m thinning
and 70 m horizontal retreat from 1958 to 1972. On the upper
glacier (above 1700 m center-line distance), the large differ-
ences between the 1972 and 1993 slopes are artifacts of
known errors in the 1958 topographic map (Rabus and
others, 1995).

Thrust faults

Conspicuous features in the mid- to lower-ablation area of
MecCall Glacier are discontinuities in the ice that extend
over much of the glacier’s width (Wakahama and Tusima,
1981; personal communication from L. Shapiro). These dis-
continuities form down-glacier ares and are marked by dirt-
laden ice bands. They dip up-glacier at shallow angles of
ahout 30°. "lopographic steps at these bands sometimes
occur, with the up-glacier sides being up to 0.3 m higher
than the down-glacier sides. Also observed are dirt-laden
lateral discontinuities, about 10 m from the ice edge, that
parallel the eastern margin of the glacier over several kilo-
meters. Both types of discontinuity resemble the surface ex-
pressions of the spoon-shaped thrust faults observed by
McCall (1952) on cirque glaciers. Several alternative
explanations have been proposed for these features: (1)
movement across a thrust fault in the ice, perhaps facilitated
by differing rheological properties of the dirt-laden ice (e.g.
Nye, 1951); (2) differential ablation caused by albedo differ-
ences of dirty and clean ice, and the accumulation of heat-
absorbing dust on the down-glacier side of the discontinuity;
and (3) former crevasses that have been closed and are
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deformed by viscous flow. The latter explanation can be
ruled out on McCall Glacier, as there are no large crevasses
that could be their predecessors.

About twenty to thirty of these features are found in a
region of the glacier (s = 4000-6000 m) where modeling
suggests a high, non-plastic contribution to the flow. This
contribution is probably due to year-round basal sliding
but alternatively might be caused by displacement across
such faults. To investigate the latter idea, we made measure-
ments on three such “faults” in this region, in order to deter-
mine whether significant differential motion exists across
them. Pairs of wooden poles were drilled vertically into the
ice, about Im apart, above and below the discontinuity.
Lach discontinuity had a well-developed vertical offset. Re-
lative motion between the pairs of poles was carefully deter-
mined over a | year period. At two of the sites, there was no
differential motion and at the third there was a convergence
of 0.L03 £ 0.0l m. Total surface displacement at each of these
sites during the same time period was on the order of 10-15
ma . The average longitudinal strain rate in this region

- - 1 . ~
was about 0.005a ', corresponding to a net convergence of

I ¢ .
10ma " over a 2 km stretch. These measurements therefore

show that, if there were 30 such faults, a maximum of

30 x 003ma ' =09ma ', orless than 10% of the net con-

vergence in this region, is due to strain on the “thrust-faults”
This lack of significant strain agrees with measurements
made on similar features found on Barnes Ice Cap (Baker,
1986). Either such features are entrely passive or they form
by shear displacement over a relatively short time interval
and then become inactive. In support of the latter mechan-
ism, a new fault was observed to form on Hubley Glacier
(3 km southeast of McCall Glacier) over a 4 week period in
an area that was previously undisturbed (Fig. 4a and b). The
fault showed an offset of about 0.4 m and it extended later-
ally over several hundred meters in clean ice. It had an up-
glacier dip of about 20-30°. Along this particular fault,
there appeared to be little or no dirty ice concentrated on
the actual fault surface. No obvious dirt band had been
observed before the offset formed and thus differential ab-
lation could not have caused it.

ICE VELOCITY
Velocity measurements

Ice velocity was first measured on McCall Glacier by Sater
(1958). An unfortunate choice of survey geometry caused
substantial errors in his data, and the 1957 reference frame
is not given, so that these results could not be compared with
later measurements. From 1969 to 1972, an extensive mass-
balance network was maintained on MecCall Glacier
(Wendler and others, 1972; Trabant and Benson, 1986). The
marker poles in this network were frequently surveyed by
theodolite triangulation (Trabant, personal communica-
tion). We used these raw survey data to calculate mean
annual surface velocities between 1970 and 1972, In some
cases, we were also able to calculate seasonal velocities [or
the 2 month period from mid-June to mid-August 1971. Our
analysis suggests an uncertainty of about 0.3ma ' in the
1970s annual velocities.

In 1993, a number of poles were emplaced in the ice at a
sub-set of the 1970 locations. These were carefully surveyed
2-5 times a year during early June to mid-August until 1995,
and both annual and seasonal velocities were derived. The
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Fig. 4. (a) Arcuate “thrust fault” on South Hubley Glacier,
newly formed in July 1995, The snout of North Hubley
Glacier is in the background. (b) Close-up showing offsel

and up-glacier dip of the “fault” The instrument indicating
the dip is about 40 em long.

surveys were carried out using a s theodolite and electronic
distance meter. Based on an error of 3 mm in distance and
2 arcseconds in angle, we found typical errors of 0.02 ma
for annual velocity and 045 ma ' for velocities determined
over a 10day period. Corresponding azimuthal accuracies
are 1° and 10° for the annual and short-term velocity vec-
tors, respectively. We used the same network control as in
the 1970s; this was resurveyed with Global Positioning
System (GPS) methods in 1993, This allowed justification
of the 1970s and 1990s surveys in an absolute coordinate
frame, consisting of UTM northing and easting and height
above the WGS84 ellipsoid.

Horizontal velocities: general characteristics

Figure 5 shows velocity vectors, averaged over the entire
period of measurement 1993-95 (heavy arrows) and over a
period of high melt, from 3 to 24 July 1993 (light arrows). In
Figure 6, mean annual velocities from 1993 to 1995 along the
center line are shown together with those of 197072
Annual velocity along the center line reaches a maximum
of 16-18ma ' at s = 4000 m, just down-glacier of a pro-
nounced narrowing and shallowing of the channel (Fig. 1).
A second local maximum of about 14ma ' occurs over an-
2300 m, while a shallow

velocity minimum at s = 3000 m corresponds to thicker

other bedrock threshold at s

ice. The local velocity maximum at s = 2300 m seems to
be associated with the “steady-state” equilibrium line, ap-
proximated by the boundary of the ablation zone in 1970
(stippled area in Figure 5), when McCall Glacier had a mass
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Fig. 5. Velocity wveclors: mean annual value 1993-95 and
summer value during the peak melt season, 3-24 Fuly 1993,
Elevation contowrs are in m a.s.l.; they refer to the 1958 topo-
graphy. T he stippled area is the approximate outline of the ab-
lation zone tn 1970, when the net balance was close to zero
( Trabant and Benson, 1986).

halance close to zero (Trabant and Benson, 1986). Center-
line velocities in the 1970s show the same pattern as in the
1990s but there was an additional local maximum around
5 = 5200m. In a later section, we calculate the change in
velocity from the 1970s to the 1990s using changes in ice
thickness and surface slope. Our calculations predict that
the maximum at s = 5200 m would disappear in the 1990s
and that there would be no up-glacier migration of the other
two velocity maxima (open symbols in the 1990s velocity
curve in Figure 6).

Transverse profiles of mean annual velocity are pre-
sented in Figure 7. Solid and dotted lines represent the
annual averages of 199395 and 1970-72, respectively. Both
the actual velocity vectors, as well as their decomposition in
components parallel and perpendicular to the central flow-
line, are shown. Velocities were not measured at the glacier
margins but were arbitrarily set to zero there. All velocity
profiles, except'T'6, are parabolic in shape, This suggests that
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Fig. 6. Mean annual velocity along the center line during
1970-72 and 1995-95. The heavy open symbols represent
values that were calculated from Equation (11).

flow occurs primarily by ice deformation. The T6 velocity
profile is somewhat more plug-shaped, hinting at significant
shiding. Transverse velocities are small at T3, T6 and T11. At
T20, where the combined flow of upper and middle cirques
spreads into the confluence area, the transverse velocities
show divergence. In contrast, there is pronounced conver-
genee at 110, where the ice of the confluence is focused into
the main trunk of the glacier.

In Figure 8, we compare mean annual and scasonal
velocities from 1993 to 1995, A detailed discussion of seas-
onal velocity fluctuations will follow in a later section; here,
we make some general remarks. Annual velocities and those
measured during winter and spring are all similar (solid
symbals in Figure 8), while velocities observed during the
melt season (open symbols) are considerably higher. Tt is in-
teresting that these elevated seasonal velocities tend to peak
near s = 2300m rather than at s = 4000 m, where the
annual velocity has its maximum. Short-term velocities
during periods of intense melt (large, open symbols) also
show this tendency of an overall up-glacier shift of the
region of maximum velocities. The highest measured
velocity was 28ma 'at s = 2880 m, averaged over a period
of 7 days during the summer of 1995, The summer period,
during which velocities are elevated, is too short 1o cause
the annual average to be significantly higher than the
winter average.

Longitudinal strain rate and climatic regime

The velocity field of McCall Glacier is characterized by
small longitudinal strain rates (|é,] < 0.004a '); these are
about an order of magnitude less than those typically found
on temperate glaciers. Here, we show that these small strain
rates reflect the Arctic climate regime of the glacier, as char-
acterized by a small mass-balance gradient with elevation,
b/ 0z,

The mass-balance rate at a longitudinal position s, is
given by S(H) = (01)/(')3)3(31.;1‘ — s), where Jis the tangent
of the bed slope and sy is the position of the equilibrium
line relative to the glacier head (s = 0). Here, we have ne-
glected the small contribution o elevation difference that
arises from changes in ice thickness along the glacier. In this
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Fig. 7. Transverse profiles of mean annual velocity (ma ): shown_for each profile are: longitudinal ( heavy solid line with solid
symbols (1993-93). heavy dotted line with open symbols (1970-72) ) and transverse companent (heavy line ( solid and dotled,
respectively) ) without symbols in the lower part of each plot, and velocity vectors for 1970—72 ( doited ) and 199395 ( solid ).

The vectors are sums of the two components.

approximation, the steady-state length is [ = 2spy,, and the
flux at the equilibrium line is

_ wl? 399
(IF.I‘—78 P,

where w is the (constant) width of the glacier. The mean
longitudinal strain rate (absolute value) along the glacier is
given by (|és|) = # ugr, with ugp being the surface velocity

at the equilibrium line. Using the relation

n-+ )ﬂ = ("+2)ﬁ[;
n+1) ™ (n+1) Su

o

UEL = .
between surface and average velocity (Paterson, 1994), a
parabolic cross-section of depth hgp with arca Sgp =
2 . ~ 3
5hgLw and the above expression for ggp, the mean longitud-
inal strain rate becomes

3LB (n+2) b

(|6h5|> == ShEL ('”' + 1) a .

(1)
This shows that the average longitudinal strain rate is pro-
portional to the mass-balance gradient. (A similar result for
the local value of longitudinal strain rate was obtained by
Nye (1957)). Continental glaciers, therefore, show smaller

528

https://doi.org/10.3189/50022143000035139 Published online by Cambridge University Press

longitudinal strain rates than maritime glaciers with a
similar geometry.

A complication in Equation () is that the center-line
depth hgy itsell depends on L, 3 and E)lj/f)z, and the flow-
law parameter A. We may take this into account by noting
that, for slopes steeper than about 57, 3 is approximately
equal to the surface slope at the equilibrium line, avgp. Then,
assuming only deformational flow, hg™? o ger/3" and,
using Equation (1), we find

1/5

b 5
=] A (2)

(|€ss]} ox g

Lower ice temperatures of Arctic glaciers lead to smaller
values of A and this will add to the effects of smaller balance
gradients in decreasing the mean strain rate.

As a comparative example, we calculate longitudinal
strain rates using Equation (1) with n = 3 for two glaciers:
McCall Glacier, with (‘)5/82 =19ma 'km, 3=176°
her = 220m and L = 7.8 km; and sub-Arctic Storglacidren,
a polythermal glacier in northern Sweden which has a sig-
nificantly larger mass-balance gradient (_(')}3/02: 10.0 m
a 'km I; evaluated from Haeberli and others (1993)) and
somewhat different geometry: 3 = 6.3°, hg = 165m,
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L = 38 km (cvaluated from Hooke and others (1989)). For
McCall Glacier, {|é]) = 0.0042 a ', while for Storglaciziren
(lés|) = 00118 a . These calculated values agree reason-
ably well with those observed (0.0036 and 0.0111a ', respec-
tively, as determined from 2w, /L, and ug, = 4ma 'on
McCall Glacier and ugr = 2lma ' on Storglaciiren
(Hooke and others, 1989) ). The larger strain rates on Stor-

glaciiren are a direct effect of a larger mass-halance gradi-
ent (Le. a warmer climate) there. The smaller bed slope and
length of Storglaciiren will decrease the mean strain rate
somewhat relative to that on McCall Glacier but the cli-
matic cffect dominates.

Emergence velocities

Emergence velocity, defined as the vertical rise or subsi-
dence of the ice at a given horizontal position, can be cal-
culated as

Vg = v — ugtanao

(3)

where uyy and v are horizontal and vertical components of

the annual velocity of a marker pole and ¢y is the local sur-
face slope in the flow direction. Measurements of emergence
velocity can be used to evaluate effects of vertical advection
on the ice-temperature distribution of a glacier or to deter-
mine the longitudinal ice flux g(s) by using the continuity
equation. Emergence velocities, calculated from Equation
(3) for a number of poles along the center line, are shown
as open circles in Figure 9. The optically surveyed velocity
components uy and v had errors of 0.02 and 0.05ma L
respectively. Local surface slopes over distances of 25-40m
were obtained from a kinematic GPS profile along the
glacier that passed through the poles. The uncertainty in
this slope dominates the overall error in the emergence
velocity; maximum errors are 0.15ma '

Average emergence over the width of the glacier can also
be obtained indirectly from the difference between annual
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clevation change and the mass-balance rate, each averaged
over u.
Ah .
(el = {3 ) — (B (1)
The broken line in Figure 9 shows emergence velocities cal-
culated from Equation (4), using mean elevation change and
mass balance 1993 95 at about 30 locations on the glacier
surface. Corresponding errors are about 0.2ma ' for both
elevation change and mass balance, which leads to an over-
all error of 0.3 ma ' for this method.
Both methods suggest that v has a maximum of about
O6ma 'at around s = 4000 m. Emergence at the center
line is consistently higher than the width-averaged value.

— = Vg (<oh/dt-b>))
—0— v, (poles)

0.8

emergence velocity [m a™']

-0.2 4

1u. / T20T10  To ™6 T3
- 2 1 . L
1000 3000 5000 7000

center-line distance s [m]

Fig. 9. dverage emergence velocities 1995-95: (i) on the
center line, calenlated from surveys of individual marker poles
and local surface slopes in their vicinity, and (i1 ) width-aver-
aged, caleulated from width-averaged local mass balance and
elevation change.
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This is to be expected because the equilibrium line of
McCall Glacier is not perpendicular to the center line
(Fig. 5). This leads to (negative) accumulation-area contri-
butions in the width average of emergence velocity up-
glacier of § = 3000 m, while the center line itself is in the
ablation area until about s = 500m. In particular, the
negative emergence velocity between TU and T20 cal-
culated [rom Equation (4) is caused by including the entire
accumulation bowl of the middle cirque in the width aver-
age. Iurthermore, an up-glacier shift of the equilibrium line
leads to emergence velocities that are temporarily higher at
the center line than at the margins because the glacier needs
to build a crown in the new ablation area (Raymond, 1971).
For McCall Glacier, this effect might partly account for
center-line emergence being higher than width-averaged
emergence between cross-sections 1’9 and T6.

Analysis of surface velocity

It is generally assumed that there is little or no basal sliding
beneath cold-based glaciers (e.g. Echelmeyer and Zhong-
xiang, 1987). However, for a polythermal glacier whose base
is at least locally at the melting point, basal shiding could be
significant. In order to investigate this, we analyze the defor-
mational speed, ug, of McCall Glacier in terms ol ice
geometry.

Following Nye (1965), the center-line surface speed of a
glacier flowing without sliding in a channel of parabolic
cross-section is given by

24

g = sg fsina) b 5
p=c—yheaf ) (5)

where p is the density of ice, g is the acceleration of gravity,

n = 3 the flow-law exponent, A is the flow-law parameter, h
is the local center-line ice thickness, « is the local surface
slope and f is a shape factor that depends on the width o
depth ratio of the channel. If ice temperature varies with
depth, T'= T'(z). an effective depth-weighted flow para-
meter
h

Rty = (’;?L”l)/” A(T(2))"dz (6)
that produces the correct surface value of ig in Equation (3)
can be used. Because we do not know how the temperature-
depth profile varies along the channel, we use T'(z) as deter-
mined at cross-section T6 by Trabant and others (1975).
Using this temperature profile and A(7T) as given by Pater-
son (1994, table 5.2), we obtain A = 0.179a 'bar *, which
corresponds to an effective ice temperature of —0.5°C.. In
reality, A may vary along the glacier, especially as the thick-
ness of the temperate layer at the bed varies, but it should be
between 0.145 (for an ice column at —1°C ) and 0.194 (fora
50 m temperate layer beneath ice at —5°C).

Surface speed along the glacier was calculated from
Equation (5) using local ice thickness and surface slope as
evaluated along the center line at 150 m intervals (Figs 2
and 3, respectively). The parameters are shown together
with the channel-shape factor in Figure [0a. The shape
factor was interpolated as a function of s by assuming a
parabola at each cross-section with half~width and depth
taken from Figure 2. The fit between LEquation (5) and the
observed speed is poor (Iig. 10b). It 1s unlikely that the qual-
ity of the fit can be improved by reasonable variations in A
and, as the deviation between the calculated and observed
speed is highly variable, it is equally unlikely that the fit can
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Fig. 10. Modeled velocily of McCall Glacier compared to
measurements (solid symbols): (a) local input paramelers;
() velocity from Equation (5) using local parameters; (c)
longttudinal averaging following Equation (7) with besi-[il
coupling length | = 5.0k ( solid line) and [ = 1 .8h ( dashed
line) and no sliding; ( d) longitudinal averaging (1 = 5.0h)
with a localized sliding anomaly included (ug ). Arrows in
(¢) and (d) indicate the datum location where measured
and modeled velocities are equal.

be improved by including fluctuations in basal sliding at this
stage.

The large variations in surface slope and ice thickness
give rise to longitudinal stress gradients, which require
modification of Equation (5). Following the analysis of
Kamb and Echelmeyer (1986), the deformational velocity
of a glacier with small perturbations in slope and thickness
is given by an exponentially weighted average of these per-
turbations along the glacier length L:

{0 pL
uq(s) = ug” -l-%[ Aln(a” f*h") exp(—|s’ — s|/1)ds" .
L Jo
(7)

Here ug'" is the velocity defined for some average parallel-
sided datum state and A specifies deviations from this da-
tum state (e.g. Alnh” =Inh" —Inhy" for ice thickness
h(s) and the datum thickness hy). The range of the stress
coupling is governed by the characteristic length, , of the
exponential averaging kernel. For temperate glaciers with
typical longitudinal strain rates of 0.01-0.05a ', 1 is about
1.5-2.5 times the ice thickness. The strain rates on McCall
Glacier are smaller (0.003-0005a ), being an indirect
effect of the small mass-balance gradient of the glacier, as
discussed above. The low strain rates lead to a longer aver-
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aging length for McCall Glacier of 3.0-3.5 times the mean
ice thickness.

In applying Equation (7) to McCall Glacier we recast it
in a computationally more efficient form (Kamb and Echel-
meyer, 1986, equation (33), in which the datum state is
defined by the average thickness, surface slope and shape
factor at one representative location where the surface
velocity g 1s known. The velocity at any other location
along the glacier may then be determined by integration
from this datum state. This procedure was applied to the
local parameters given in Figure 10a for [ = 3.0 (results
for a typical “temperate” coupling length, { = 1.8k, are
shown as a dashed line for comparison). The fit to the
observed speed (Fig. 10¢) is much improved over that result-
ing from Equation (5). However, in the middle reaches of the
glacier, between s = 4000 and 5000 m, the fit is not good, as
the modeled speed is less than two-thirds the observed
speed. Unlike other parts of the glacier, where decreasing
depth is largely counterbalanced by increasing surface
slope, here depth and slope decrease almost simultaneously
from s = 3800 to 4800 m (Fig. 10a). This leads to a low pre-
dicted deformational speed in this region.

Use of the transverse-average surface slope, as defined
before in the section surface slope, gives no significant im-

provement. The same is true if longitudinal variations of

the flow-law parameter A are introduced. An up-glacier
increase of A, which accounts for possible warming in the
accumulation area caused by refreezing of meltwater,
makes the fit worse. Using A for T = 0°C between
s = 4000 and 5000 m, and A at T = -2°C elsewhere (ad-
mitting that the observed layer of temperate basal ice could
be a local phenomenon), yields modeled velocities which are
still about 23% too low. Finally, any observed motion on the
thrust faults in this region is insuflicient to explain the
anomalous speed there.

The most likely explanation for the high velocities is a
significant contribution of sliding at the temperate bed
underlying the mid-glacier region. Introduction of such slid-
ing a priori into the longitudinal averaging of Equation (7),
following the procedures outlined by Kamb and Echelmeyer
(1986), produces excellent agreement between modeled and
measured velocities along the entire glacier (Fig. 10d). While
the details of the sliding distribution are not uniquely
defined, the main features of up are well constrained. up
must be concentrated at the center of the velocity anomaly.
It must also account for the major part of ice motion there,
not just the difference between the observed velocity and
that calculated in the case of no sliding (Fig. 10¢ and d).
Where there is a large amount of sliding, the surface profile
ol the glacier 1s different and the deformational velocity is
decreased. This is discussed in the next section. As was men-
tioned before, the transverse-velocity profile at cross-section
T6 (Fig. 7) shows more of a “plug” shape, which indepen-
dently suggests significant sliding in this region. Thus, we

infer that significant sliding occurs over this one region of

the glacier, but little sliding need occur elsewhere.
Surface expression of a sliding anomaly

We next consider how localized basal sliding is reflected in
the surface profile of a glacier. Simple arguments suggest
that the glacier should be thinner where sliding speeds are
high and this will cause a change in surface slope. To investi-
gate this quantitatively, we determine h(s) and a(s) from
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the measured ice flux g(s), prescribed bed geometry z,(s)
and sliding velocity up(s). We then apply this relation to an
idealized glacier with constant hed slope and flux gradient
to illustrate the general topographic features associated with
a sliding anomaly. This is followed by an application to the
actual geometry and flux of McCall Glacier, The approach
is complementary to the one in the previous section, in
which measured i and a were given as inputs into Equation
(7) to determine .

The flux ¢ through cross-section S(s) is not calculated
from velocity measurements, which we only have at the ice
surface. Rather, it is obtained from measured annual eleva-
tion change dh /0t and mass balance b at a given time via

mass continuity:
dg "(Oh -
—‘*/ .——h dw. (8)
ds ) \dl

The righthand side of Equation (8) equals the emergence
velocity (vp),, averaged over the width of the glacier, w
(Equation (4); Fig. 9). (vg), is insensitive to the particular
time period that is used 1o determine dh/dt and b because
inter-annual variations of these data sets are synchronous
and tend to cancel out. We use an average of 1994 and 1995
values. The flux. integrated [rom Equation (8), can be sep-
arated mto contributions from cross-sectionally averaged
ice deformation and sliding according to

q = ((ua)g +un)S. (9)
For a parabolic cross-section we have S = (3)hw, and for the
simple deformational flow given in Equation (5) we have
(ua)g = frug with a second shape factor f; from Nye
(1965). While f and f depend weakly on the dimensions of
the cross-section and the actual distribution of sliding, they
are here approximated by their mean values for the cross-
sections in Figure 2.
Az, + h)/ds, and from Equations (5), (8) and (9) we obtain

dh B 1 /fm+1
ds — fpg \2Af;

3 & ()h = . 1/n e sk
2“'/ % <E>”,_<b>u' ds’ — ugh h

For small surface slopes, a =

L/n

(')Z},

Os W

Equation (10) can be used to solve for the surface geometry,
z, = 2, + h, given dh /Ot and b. This surface geometry will
depend on the prescribed distribution of sliding velocity. In
a different approach, Balise and Raymond (1985) calculated
how the sudden temporal onset of a basal-sliding anomaly
changes the patterns of horizontal and emergence veloeity
for a linearly viscous parallel slab. Contrary to our method,
they used glacier geometry as input to calculate emergence
velocity. Their emergence velocity was no longer consistent
with the given glacier geometry after initiation of sliding.
The ordinary differential Equation (10} was numerically
integrated up-glacier from s = L using a constant effective-
flow parameter Agp( Equation (6)) and n = 3. The glacier
snout was treated as a rigid wedge with constant velocity to
avoid the singularity at s = L, where h goes to zero. Up-
glacier integration is stable and the solutions i fulfill Equa-
tion (10) within the expected numerical error. Without slid-
ing, the direction ol integration can be reversed at any s and
the corresponding “down-glacier” solution agrees with the

1]

“up-glacier” solution. In theory this “reversibility” should

hold in general as Equation (10) is first order and has a
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unique solution for initial conditions h(sy) = hg. In prac-
tice, however, even for small, localized sliding, down-glacier
integration was numerically unstable. It diverged from the
up-glacier solution to produce unrealistically large down-
glacier ice thicknesses that failed to decrease when
approaching the desired location of the snout at 5 = L. This
numerical instability is produced by the high sensitivity of
the solutions up-glacier of any sliding anomaly (as seen in
Figure 11 and discussed below ), and by the shape of the ter-
minus region. The thickness profiles that we calculate from
Equation (10) are uniquely determined by fixing the term-
inus at § = L; they are not an artifact of the up-glacier
integration.

h (a)
-:-: 20 "“-____‘H__ - - 150
& S
100 E
S 10 - Lt £
= = \\\ — 50
Ug /
B. 2
0 T T L 0
s (b)
-:-;‘ 20 - 150
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= Ty — 50
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center-line distance s [m]

Fig. 11. Modeled profiles of ice thickness and surface slope on a
linear bed. (a) Without sliding (0) and with narrow (1) and
broad (2) Gaussian-shaped sliding anomalies; (b) with a
rectangular-shaped sliding anomaly. For each case, the surface
velocily (us) is also shown.

As a first example of the influence of localized sliding on
ice thickness and surface topography, we consider a cons-
tant bed slope of 657, equal to the mean bed slope of the
modeled section of McCall Glacier, and a constant emer-
gence velocity (vg), = 075 ma ! Changes in ice thick-
ness and surface slope relative to the no-sliding case are
denoted by Ah and Ae, respectively; as the bed zj, 1s fixed
(Az, = 0), we have Aa = 9(Ah)/dz. The effect of Gaus-
stan-shaped sliding anomalies of diflerent widths is illus-
trated in Figure 1lla. There is a decrease in ice thickness
within a limited region around the sliding anomaly relative
to the no-sliding case (labeled as curve “0”). T'he maximum
of |Ah| is located up-glacier of the maximum sliding speed
and |Ah| is non-zero well up-glacier of the sliding anomaly
but not down-glacier of it. Surface slope decreases down-
glacier from the center of the anomalies but increases up-
glacier. This up-glacier increase is significantly more pro-
nounced for the wider anomaly. The rectangular sliding
anomaly shown in Figure 11b consists of two opposite step
changes in up. These steps asymptotically cause constant
up-glacier offsets in ice thickness (of opposite sign ). In terms
of their effect on deformational velocity, the observed
changes in h and « restore the (prescribed) total mass flux
within and around the region that transports mass by slid-
ing. Smaller ice thicknesses up-glacier and outside the slid-
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ing anomaly require a higher overall ice velocity; this is
achieved by an increased surface slope there. Within the
sliding anomaly, deformational velocity must decrease and
this is accompanied by decreasing ice thickness and surface
slope.

Next we solved Equation (10) for the measured bed
profile and emergence velocity of McCall  Glacier
(vp = (Oh/0t — b) in Figure 9). The results for no-sliding
anomaly are shown in Figure 12a, together with measured
ice thickness and surface slope (dashed lines). These solu-
tions for h and « differ markedly from the measured quan-
tities in the anomalous region s = 4000 m to s = 5000 m: h
is too large there and v is too large in the lower part and too
small in the upper part of the anomalous region, This resem-
bles qualitatively the typical “fingerprint”of a sliding anom-
aly found above (Fig. 11). The surface expression of a
trapezoidal sliding anomaly similar to the one proposed in
the previous section is shown in Figure 12h. There is excel-
lent quantitative agreement between calculated and meas-
ured ice thicknesses and surface slopes.

"_m
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Fig. 12. Modeled profiles (solid curves) of ice thickness and
surface slope of MeCall Glacier compared to measured values
( dashed curves) for: (a) nobasal sliding and (b) a trapez-
otdal-shaped sliding anomaly.

Longitudinal stresses and sliding were both equally
important when flow was modeled directly from measured
h and v in Equation (7). However, longitudinal stresses have
a far less profound eflect on the solutions for h and o from
Equation (10) than does sliding. The reason for this “asym-
metry” between Equations (7) and (10) is that flow depends
sensitively on measured ice thickness and surface slope,
q o h""2a", while the change in ice thickness depends only
weakly on flux, @h/ds x ¢q'/". Solutions of Equation (10)
are therefore relatively insensitive to small variations in g.

An important result of this section and the previous one
is that there exists localized sliding at the base of this poly-
thermal glacier over a 2 km long region and that this sliding
accounts for up to 70% of the annual ice flux there. The
measured velocity increase during the short summer season
(Fig. 8) can account for at most 5-7% of the annual ice flux
and thus the glacier must slide year-round at an almost uni-
form rate, Why does the glacier slide in this region but not in
others? One reason could be that just up-glacier of the
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anomalous region the largest supraglacial stream on
McCall Glacier disappears beneath the surface. From the
analysis of Shreve (1972), the englacial channel should dip
at about 1l times the surface slope, or around 70°. Surface
water could therefore reach the bed near the beginning of
the anomalous region and facilitate sliding there. However,
there is no water flow from September to May. Perhaps
there is significant water storage and correspondingly high
water pressures throughout the winter.

Long-term changes of annual velocity between the
1970s and 1990s

Annual velocities in the lower part of McCall Glacier have
changed markedly since the 1970s (Figure 6 and diamond
symbols in Figure 13). To determine whether these changes
can be understood quantitatively [rom corresponding
changes in the geometry of the glacier, we calculate the
expected variations in deformational ice velocity (Equation
(5)) that arise from small changes in surface slope, Aay, and
ice thickness, Ah. To first order, this variation is given as
Au Aa

Ah :
= ol S, (11)
i h o

The local values of Au/u, calculated from Equation (11)
with n =3 (heavy solid line) are compared with the
observed velocity changes in Figure 13, Measured Ah/h
and Aa/a, represented by solid and dotted lines, respec-
tively, were both averaged over 300 m or about twice the
ice thickness, The agreement over the entire lower ablation
areca is quite good. Between'T9 and T10 observed Awu/u is
close to zero while the calculated value is negative because
the surface slope appears to have decreased. This apparent
decrease is caused by the extrapolated 1970s slope being er-
roncously high due to known inaccuracies of the 1958 topo-
graphic map in this region.

Aa/a
0.0

4Ah/h+3Aa/a

-0.2 A

fractional change

-0.4 - |0 Au/u, measured

1Tu. T20 T10 9 T6 T3
T T T
1000 3000 5000

center-line distance s [m]

Fig. 15 Comparison of measured (symbols) and modeled
(eurve ) relative velocity change Au/w since the 19705,

While effects of localized sliding and longitudinal stress

coupling are important to an understanding of the flow of

McCall Glacier, changes in flow are apparently well rep-
resented by Equation (1), which neglects these effects. A
tentative explanation is that changes in the spatial distribu-
tions of basal sliding and longitudinal stress since the 1970s
were negligible. However, there is the alternative possibility
that these changes were not negligible but merely obey
equations similar to Equation (11) (Echelmever, 1983).
Velocity profiles across T10, T11 and T20 (Fig. 7) all show
subtle changes from the 1970s to the 1990s. As the horizontal
positions of poles in 1993 were chosen to be identical to those
in 1972, these changes are likely to be real. The velocity at
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T1l actually increased by 5% despite the observed thinning
of c. 5 m since 1972 at that location. Surface slopes from the
1970s are not available for this region, so we cannot deter-
mine whether it is a change in surface slope or is the seas-
onal sliding rate that offsets the effects of thickness change
across 111,

Spatial pattern of seasonal velocity fluctuations on
MecCall Glacier

The higher velocities which we ohserved during the melt
season (Fig. 8) are likely to be due to temporal increases in
the rate of sliding as a result of meltwater production from
early June to early August. To study the spatial pattern of en-
hanced ice motion, we calculate the differences Auy
between seasonal velocities and average winter veloeity for
the years 1993-95 (Fig. 14a). Seasonal velocity is evaluated
[rom the first to the last survey in a given year. The 1995
“summer season” (20 June 11 August) spans almost the en-
tire melt season, while the 1993 “summer season” (3 24

July) represents a warm period with higher than average

ablation and the 1994 (11 June-5 July) data span a cold
period with very little melt.
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Fig 4. (a) ) Seasonal velocity inereases Mg = (g — Uy)
Jor the 1993, 1994 and 1995 “summer” seasons; (b) per-cent
increase in velocity velative to the winter velocity, Aug /.
1 hese results are shown_for the center-line markers.

In 1995, Au, had a maximum near cross-section T10,
well up-glacier of the maximum in the winter velocity, .
The ratio Au,/uy (Fig. 14h) shows a minimum close to the
position of the maximum in uy and it reaches maxima in
the lower ablation area and above the equilibrium line.
While the percentage increase in velocity is relatively large,
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the short duration of the “summer season” leads to only a
small additional summer displacement. Thus, only 3-5%
of the annual ice lux is due to the extra summer motion.

During the warm measurement period in 1993 the spa-
tial patterns of Aus and Awug /1, on the lower glacier were
similar to those in 1995, but above T the short-term velocity
was greater than in 1995, During the 1994 cold spell, the pat-
terns of Au, and Ay /uy, were different from those in 1993
and 1995. A limited region between T3 and T6 showed a
velocity increase, while the lowermost glacier and the con-
fluence region had velocities that are lower than the winter
average.

The pattern of Aug observed during the cold spell in
June 1994 may be typical for the early stages of the ablation
season. Speed-up starts betweenT'3 and T'6, where there 1s a
temperate basal layer of linite thickness. As the melt season
progresses, the region of strongest velocity increase is
shifted up-glacier as indicated in the 1993 and 1995 patterns
of Au,. We can only speculate on how this shift is accom-
plished. A possible mechanism could be an up-glacier mig-
ration of the zone of highest meltwater input during the

progressing melt scason. Up-glacier of 5 = 3500 m there
are no obvious moulins but there are a few larger crevasses
above s = 1500 m that might facilitate meltwater passage to
the bed. Alternatively, Andreason (1985) has proposed that
a velocity increase in the upper reaches of polythermal
glaciers might be caused by the backing-up of meltwater
along the glacier sole due to weak basal drainage on the
lower glacier. However, we feel that this mechanism is phys-
ically untenable for McCall Glacier.

Temporal variations in velocity and ablation for

McCall Glacier and White Glacier

Short-term velocity measurements during the 1995 summer
allow us to investigate the relation between temporal
changes in ablation and velocity on McCall Glacier. Figure
15 shows velocity of the center-line poles at T11,T9,T6 and of
a pole at the confluence of upper and middle cirque (UC/
MC), along with representative ablation measured near
T11. For all poles, the velocity shown prior to 20 June is an
average from 5 July 1994, so it represents approximately the
mean annual velocity. The ablation record shows that melt-
water generation ceased glacier-wide during a cold spell
from 25 June to 1 July.

Velocity at T11 and UC/MC, averaged over the 8day
period containing the cold spell, is greater than mean
annual velocity. The velocity maintains this elevated value
over the next 7 day period when a maximum in the ablation
rate occurred and also during the following 36 day period.
For the upper ablation area, this suggests that there is no
short-term causal relation between ablation and velocity.

Velocity at cross-section '1'9, averaged over the period
containing the cold spell, is slightly smaller than mean
annual velocity, while velocity during the subsequent period
of enhanced ablation shows an increase. There appears to
be no time lag between ablation and velocity in this mid-
ablation area, at least at the resolution of the measurements.
Any reasonable interpolation of the velocity at this site indi-
cates that the sensitivity of the velocity to ablation appears
to decrease in the second half of the ablation season.

In order to bring out effects that are typical for poly-
thermal glaciers, we compare our results with the record of
velocity and ablation from White Glacier, Axel Heiberg
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1995,

Island, Canada (Iken, 1974). White and McCall Glaciers
share the same Arctic climate that limits significant ablation
to early June through early August, with a prominent period
ol high melt in July. lee-surface temperatures and ice depth
are similar but White Glacier is longer (14.5km), wider
(1km) and has a somewhat gentler slope (67) than McCall
Glacier. The measured annual center-line velocities on
White Glacier are 30-35ma ', and there does not appear
to be any year-round sliding.

The high-resolution record of Iken (1974) shows several
interesting features in the temporal nature of the velocity;
these are more clearly delineated than those from our coarse
data set. Common features of the McCall and White
Glacier records are (1) a substantial summer velocity in-
crease on both glaciers that contributes only a small fraction
to the annual ice motion, (11) on the lower glacier, the sensit-
ivity of the velocity to high ablation diminishes with the pro-
gress of the melt season, (iii) minimum velocities are
reached at the onset of the melt season and velocity in
autumn is somewhat higher than this minimum and (iv),
especially on White Glacier, velocity may lag ablation by
several days at some locations. However, on White Glacier
the relative magnitude of seasonal sliding decreases up-
glacier to the equilibrium line, while on McCall Glacier
the highest contributions were found near the equilibrium
line.

Speculations on the velocity fluctuations of poly-
thermal glaciers

Temperate glaciers reach their maximum velocity in early
summer, while minimum velocities coincide with the end
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of the melt season. T'his is probably a consequence of the
seasonal evolution of the englacial drainage network
(Rothlisberger, 1972). In autumn, R-channel diameter is at
its maximum and meltwater input is small; this leads to
low water pressure and minimum sliding velocities. Over
the course of the winter, R-channel closure causes a gradual
increase in water pressure and consequent sliding velocity.

Polythermal glaciers (this paper; Tken, 1974; Andreason,
1985; Hooke and others, 1989: Willis, 1995) scem to behave
somewhat differently: (i) highest velocities occur during
highest melt, (i) velocities in the late melt season are higher
than those at the beginning of the melt season when they
actually seem to be at a minimum and (iii) at some locations
in the upper ablation area there is evidence for a time lag of
several days between ablation and velocity events, All three
observations may be related to prolonged water storage in
polythermal glaciers. This could also indicate that a mature
R-channel network is absent during mid- to late-summer.
The short Arctic ablation season, with surface melt rates
comparable to those on temperate glaciers, may cause high
hasal meltwater input but insuflicient time for R-channels to
enlarge. The cold ice along the margins and at the terminus
may lead to poor subglacial drainage in the lower ablation
area, thus prolonging water storage (although not totally in-
hibiting it). Some of this stored water is gradually released
from storage during winter, as is evidenced by the growth of
a large auleis field in front of McCall Glacier in winter.

CONCLUSIONS

We conclude that the flow regime of polythermal glaciers in
the Aretic is in many ways distinct from that of temperate
and cold glaciers. These diflerences root in peculiarities of
the Arctic climate that include a small mass-balance grad-
ient, strong scasonality of meltwater input and low temper-
atures that cause formation of a thick layer of cold ice
overlying a thin, discontinuous layer of temperate basal ice.

The small mass-balance gradients of Arctic and other
continental glaciers leads (o smaller longitudinal strain
rates than those of more maritime glaciers with similar
geometry. This, in turn, leads to longer coupling lengths for
longitudinal stresses. In the case of McCall Glacier, the
stress-coupling length is about twice that expected for a
comparable, more maritime temperate glacier.

The annual surface velocity of MeCall Glacier was esti-
mated from measured ice thickness and surface slope, with
the longitudinal stress gradients taken into account. A close
fit with observed velocities could only be achieved by intro-
ducing a localized year-round sliding anomaly that
accounts for more than 70% of the annual velocity over a
2 km stretch of the ablation area.

A numerical model was used to study the influence of
such localized sliding on surface geometry. Results show
that a sliding anomaly causes a local decrease in ice thick-
ness, while the surface slope is decreased near the center of
the anomaly and increased up-glacier from it. This charac-
teristic (and intuitive) signature is seen in the measured
profiles of surface slope and ice thickness of McCall Glacier.
Our results indicate that substantial year-round sliding can
occur at the base of polythermal glaciers, even though the
bulk of the ice within them is cold.

Changes in the velocity of McCall Glacier since the
1970s can be understood by observing changes in ice thick-
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ness and surface slope and neglecting sliding. This suggests
that the year-round sliding anomaly on the lower glacier
cannot have significantly changed from the 1970s to the
1990s.

In contrast to temperate glaciers, the seasonal velocity of
McCall Glacier reaches its minimum in spring, at the onset
of melt. Velocity is highest during peak ablation and stays
above the annual mean value even after ablation ceases.
The observed behavior may be indicative of an immature
drainage network that leads to prolonged water storage near
the glacier bed. On polythermal White and McCall
Glaciers, excess ice motion in summer provides only about
5% of the mean annual ice lux, OnWhite Glacier, this flux
contribution decreases steadily up-glacier, while for McCall
Glacier an increase is documented at least up to the equilib-
rium line.
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