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ABSTRACT. Knowledge of iceberg calving is important for understanding instabil-
ities of tidewater glaciers and ice sheets. Since 1995 the terminus of LeConte Glacier,
Alaska, U.S.A., has retreated about 2 km and the glacier has thinned approximately
120m at its 1999 terminus position. Our focus is short-term (hours to weeks) variability
of the frequency andmagnitude of calving events and calving flux. Both photogrammetric
and visual observations are employed in a temporal analysis over a several-week period.
We combined these data with measurements of ice speed, tide level, surface water input
and water-storage estimates in an attempt to better understand the calving process. Con-
trary to results obtained over longer time-scales on other glaciers, our results show no
correlation between ice speed and the frequency of calving. However, calving events do
not appear to occur randomly; often they are a response to measurable changes in other
parameters within the terminus region. Caclving can oftenbe attributed to buoyancy per-
turbations and possibly flexure of the nearly floating terminus. Given the multiple possi-
bilities for buoyancy perturbations, we have found no simple relationship between any
specific forcing parameter and calving at short time-scales.

1. INTRODUCTION

Tidewater glaciers undergo cycles of slow advance and
rapid calving retreat, whichmay be asynchronouswithboth
variations in climate and the fluctuations of nearby glaciers
(e.g. Post, 1975; Mann,1986; Post and Motyka,1995). Rapid
retreat may be the expression of an unstable response to
negative mass balance (Clarke,1987;Vieli and others, 2001),
and often results in the disintegration of a significant por-
tion of the ablation area via iceberg calving. Even under
steady-state conditions, mass loss by calving is typically
greater than surface melting at tidewater glaciers. Yet the
processes that initiate and sustain calving retreats are
poorly understood, as are those that force individual calving
events. Our lack of understanding is partly due to the diffi-
culty of making quantitative observations of calving and
calving processes. Additionally, focus has mainly been di-
rected towards understanding rates of calving over annual
time-scales (e.g. Brown and others, 1982; Meier and Post,
1987; Van der Veen, 1996), with less attention given to sea-
sonal changes (Sikonia, 1982; Vieli and others, 2002) and
even less to individual calving events (e.g. Qamar, 1988;
Warren and others,1995; Motyka,1997).

Both Brown and others (1982) and Pelto and Warren
(1991) postulated an empirical relationship between the
width-averaged, annual calving rate and the water depth
at the terminus. While this postulate has become widely

used, a physical basis for the relation remains unclear.Van
derVeen (1996) showed that the relationship failed for later
stages in the Columbia Glacier (Alaska, U.S.A.) retreat. Ad-
ditionally, Sikonia (1982) and Van der Veen (1996) showed
that this relation failed at Columbia Glacier over seasonal
time-scales. This result prompted Van der Veen (1996) to
suggest there might be different processes governing
steady-state calving and calving during rapid retreats.

Buoyancy of the ice near the terminus has also been sug-
gested as a control on deep-water calving. Meier and Post
(1987) proposed that the Columbia Glacier terminus re-
treats to a location where the effective pressure at the bed
(difference between ice overburden and basal water pres-
sure) becomes positive or, equivalently, where the glacier is
well grounded.Van derVeen (1996,1997) suggested that calv-
ing occurs as a glacier thins to a critical thickness above flo-
tation. Supporting these ideas are observations by Brown
and others (1982) and Echelmeyer and others (unpublished
data), who report that heights of tidewater glacier termini
range between 40 and 70ma.s.l., regardless of whether they
are advancing or retreating.

In the buoyancy model, the terminus is forced closer to
flotation as a tidewater glacier terminus thins and retreats
into deep water. Effective pressure at the bed decreases,
along with a possible decrease in basal drag (Fahnestock,
1991). Accelerating flow results, and associated large longi-
tudinal stretching rates cause additional thinning and a
further approach to flotation. Because it appears that frac-
tured temperate ice cannot sustain flotation (except perhaps
for short periods), calving during retreat is enhanced as flo-
tation is approached (Meier and Post, 1987; Van der Veen,
1996; Vieli and others, 2002). Estimation of the flotation
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level is typically made by assuming that subglacial water
pressure is tied to sea level.Then the height above buoyancy,
Hb, is

Hb ¼ H � �w
�i

Dw ; ð1Þ

where H is the effective cross-sectional ice thickness, Dw is
the water depth, �w is the density of sea water, and �i is the
density of ice. Generally, this expression must be evaluated
as a cross-sectional average because local hydrostatic equi-
librium does not necessarily apply. Assumption of a critical
level of Hb for calving is equivalent to assuming that

Hb ¼ Hc, whereHc> 0 implies calving occurs before flota-
tion.

An analysis of bending moments at polar ice shelves by
Reeh (1968) indicates that buoyancy-induced stresses are
strongest at about one ice thickness from the terminus of an
ice shelf. Studies on temperate tidewater glaciers (O’Neel
and others, 2001 (designated by OEM in the following);
Vieli and others, 2002) also indicate that substantial changes
in strain rate and stress occur in this region. Hughes (1992)
also pointed out the importance of flexure as a weakening
process. Flexure of near-buoyant ice at the terminus,
whether forced by the tide or subglacial hydraulic transi-
ents, may increase the depth of crevasse penetration, espe-
cially in high-strain environments where crevasses may be
partially filled with water (Van derVeen,1998). Just as high
flotation levels may sustain retreat over the long term, it
may be that small, short-lived perturbations in buoyancy
may trigger individual calving events, especially if signifi-
cant flexure is occurring. Thus we might expect calving
events to show some correlation with mechanisms that en-
hance buoyancy near the terminus, rather than occurring
randomly.

In this paper, we analyze measurements to look for con-
nections between short-term calving rates and the mechan-
isms that are likely to promote this calving.The focus of our
study is LeConte Glacier, located in southeast Alaska (Fig.
1). Because calvingmay be the result of multiple forcings, we
do not expect that therewill necessarily be a strong statistic-
al correlation between the occurrence of calving events and
one single forcing mechanism. Also, we do not examine the
mechanics of fracture nor the precise reason why any indi-
vidual major calving event occurs when it does. Our studies
suggest that calving is linked to variations in several par-
ameters, including buoyancy, longitudinal stretching and
submarine melting.We emphasize that the results presented
here apply only to temperate tidewater glaciers that are
grounded but near flotation at their termini, and may not
apply to tidewater glaciers terminating in shallow water
(e.g. moraine shoals). Our results may also not apply to la-
custrine calving, nor do we address the initiation of long-
term calving retreat.

2. SETTING

LeConte Glacier is a grounded, temperate tidewater glacier
located approximately 35 km east of Petersburg, in south-
east Alaska (Fig. 1). The glacier is approximately 35 km
long, covers an area of 469 km2 and has an accumulation^
area ratio of nearly 0.90 (Post and Motyka,1995). It under-
went a 2 km calving retreat between 1994 and 1998 after a
32 year period of stability. Dramatic thinning accompanied
the retreat, both at the terminus and along the length of the
glacier. The thinning rate, averaged over the entire glacier,
was 2.4ma^1 (measured by airborne altimetry from1996 to
2000; Arendt and others, 2002), while near the terminus the
glacier thinned at a rate of 25^35ma^1 over the same
period.

The near-terminus surface topography is steep, with sur-
face slopes ranging from 8‡ to 12‡. Heavy crevassing domi-
nates the surface of the lower 8 km of the glacier, with the
lowermost 4 km consisting of a chaotic pattern of unstable
seracs. Surface velocities near the terminus have been stead-
ily increasing since our research began; they now exceed

Fig. 1. (a)Map of southeast Alaska showing location of Le-

Conte Glacier. (b)Terminus region of LeConte Glacier.Map

shows the lower glacier in white, bedrock in light grey and

ocean in dark grey. The longitudinal coordinate system

f0:�:9g is shown with +’s; the location of the 1994 terminus
(� ¼ 9), the location of theMay1999 terminus (� ¼ 7), the
survey camp ‘‘Lake’’and center-line markers A^G (�), Bend
and Gate (~) are also shown.
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27md^1 (OEM). Just below the equilibrium line (equilib-
rium-line altitude� 920m) and about 7 km upstream of
the present terminus, surface velocities are still relatively
high (3.5md^1).The lower region of the glacier experiences
extreme longitudinal strain rates (at some locations they ex-
ceed 5 a^1); these are responsible for the heavy and chaotic
crevassing.

The terminal ice cliff has an average height of 50^60m
above the fjord surface. The center-line water depth at the
terminus in 1999 was 270m (Fig. 2). A submarine terminal
moraine exists about 2 km down-fjord of the present termi-
nus, marking the most recent (1962^94) position of terminus
stability. The center-line water depth at this shoal shallows
to 190m. The proglacial hydrography shows that water
depth at the terminus was essentially constant over the
region of seasonal terminus fluctuations in 1999 (Hunter
and others, 2001; Motyka and others, 2003). Therefore, we
are able to eliminate significant changes in subglacial topog-

raphy as one of the parameters that affect individual calving
events in our study.

3. OBSERVATIONS ANDMETHODS

Our measurements were made duringMay1999, the month
during which in previous years the glacier had undergone
maximum changes in length.We measured ice motion and
terminus position at 2^8 hour intervals nearly continuously
between 2May and 4 June, enabling analyses at several fre-
quencies, including semi-diurnal, diurnal and biweekly. In
addition, we measured tidal stage, surface ablation, air tem-
perature, and made qualitative observations of subglacial
discharge (upwelling). Field-based and photogrammetric
upwelling observations were made by recording the timing
and magnitude (scaled 0^5) of plumes of silt-laden water
emanating from the terminus (OEM). Precipitation data
were obtained from nearby Petersburg airport; these were
supplemented by limited measurements made at the glacier.
We also measured fjord bathymetry proximal to the calving
front. An analysis of short-term variations in velocity and
surface elevation of this glacier is given in a companion
paper by OEM. Here we use similar analytical methods
and the results of that study to examine variations in calving
at hourly to monthly time-scales.We also draw on a parallel
study that examined the importance of submarine melting
and its relationship to calving at LeConte Glacier (Motyka
and others, 2003).

Figure 3 illustrates pertinent mechanisms acting at the
terminus that we attempt to analyze here. These include
water depth, ice thickness, ice flux into the terminus, calving
flux, tide, basal hydraulics, crevassing and submarine melt-
ing.

Direct quantitative observations of calving are difficult,
and only a few such studies exist. Some of our methods fol-
low those developed byWarren and others (1995) on Glaciar
San Rafael, Chile, for obtaining a semi-quantitative visual
record of short-term variations in calving. Additionally, we
used time-lapse photography to determine the position of
the terminus on a sub-daily basis.

3.1.Visual monitoring data

Throughout the 32 day period of study, we recorded the
timing and magnitude of all daytime calving events using a
subjective magnitude scale from1to10 (Fig. 4). Magnitude1
events represent small pieces of ice breaking off the termi-
nus, while magnitude 10 represents a collapse across the en-
tire width of the terminus. InTable 1 we list the 12 largest

Fig. 2. Detail of glacier terminus. (a) Cross-section of the

terminus, looking down-fjord. Estimates of fjord geometry

and ice thickness as measured approximately 200 m down-

fjord from the terminus. (b)Transverse velocity profile mark-

ers.The arrow shows the location of the cross-section shown in

(a). A gap exists between the ice and margin.

Table 1. The times of the 12 largest calving events observed

during the study are listed with their respective magnitudes

on a scale ranging from 1 to 10.Tide stage is given in paren-

theses

Day of year Magnitude Day of year Magnitude

126.58 9 (rising) 145^146 (night) 9 (falling)
133.65 10 (falling) 147.24 10 (low)
135.29 10+ (low) 147.45 9 (rising)
137.43 9 (low) 147.65 9 (high)
139.67 10 (high) 150.54 10 (high)

143^144 (night) 10 (falling) 153.53 10 (rising)
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calving events observed during this period. A recognizable
sequence characterizes these large calving events (Motyka,
1997).Typically, removal of a subaerial portion of the ice cliff
initiates these events, followed by submarine calving of the
middle portion of the terminus face, then by extensive sub-
marine calving of deep basal ice. The origin of the icebergs
canbe determined by color and appearance: air bubbles and
a whitish color characterize subaerial ice, while deep basal
ice is dark blue, bubble-free and often sediment-laden.

3.2.Time-lapse photography data

Time-lapse and aerial photography have been previously
used (e.g. Krimmel and Rasmussen,1986) to measure both
changes in the position of the calving front (dL=dt, where L
is glacier length) and the near-terminus ice velocity,Ui (spe-
cifically, the width-averaged speed at or near the terminus).
These data are then used to derive the calving rate, Uc (e.g.
Brown and others, 1982), defined as the difference between
the ice speed and the rate of change of glacier length:

Uc ¼ Ui �
dL

dt
: ð2Þ

At LeConte Glacier, we measured the position of the termi-
nus (dL=dt) using oblique time-lapse photography. At the
same time, but on a different schedule, we surveyed
velocities at or near the terminus to obtain Ui (OEM).

Because we measured the transverse profiles of ice thickness
(Fig. 2) and velocity, we recast Equation (2) in terms of
volume fluxes (m3d^1)

Qc ¼ Qin �
dV

dt
; ð3Þ

where the ice flux into the terminus from up-glacier is Qin,
the rate of volume change at the terminus is dV =dt, andQc

is the calving flux (Fig. 3). These quantities were calculated
across a central flux banddefined by the region visible in the
time-lapse images (about 75% of the total width of the ter-
minus; Fig. 2).This calving flux is calculated using Equation
(3), and it is important to note that in this formulation, Qc

implicitly incorporates both calving and submarine melting
at the terminus (Motyka and others, 2003).The calving flux
represents the cross-sectional average calving rate, hUci,
times the cross-sectional area of the flux band, S, where
measured bathymetry and effective cliff height (Fig. 2) pro-
vide the necessary data to calculate the cross-sectional area
of the flux band.The effective ice thickness accounts for void
space due to intense surface crevassing in the terminus
region (Echelmeyer and others,1991), but not for voids cre-
ated by possible bottom crevasses. In our analysis, we
assume an average cliff height of 60m, with 25% void space
in the upper 30m of ice, giving an average effective cliff
height of 52.5ma.s.l.We add this to the water depth meas-
ured near the terminus, to obtain the transverse distribution
of effective thickness.

The fluxes on the righthand side of Equation (3) are cal-
culated using the relations

Qin ¼ hUdefiS þ
Z W

0

UbedðyÞhðyÞ dy ð4Þ

dV

dt
¼

Z W

0

dL

dt
hðyÞ dy ; ð5Þ

where y is the transverse coordinate across the mean termi-
nus position, W is the width of the flux band, hðyÞ is the
effective thickness, hUdefi is the cross-sectional average
velocity due to internal deformation (calculated to be about
2md^1; from basal shear stress, with ice thickness and slope
averaged over lengths of 1.2 hours; see OEM for details) and
Ubed is the basal motion. In the terminus region, Ubed is the

Fig. 3. Model of calving terminus (modified fromMotyka and others, 2003).The position and volume of the terminus (dV =dt;
below dashed vertical line) is determined by the ice flux into the terminus (Qin) and calving (Qc), which includes melting at the

face.The terminus with effective thickness H is near flotation in water of average depth Dw perturbed by tideT. Longitudinal

stretching increases downstream until about one ice thickness from the terminus (dotted line).Tides and hydraulic transients can

reduce effective basal pressure and flex the terminus. Subaerial ice cliffs can collapse, creating an ice toe (1), and cause instability of

submarine face. At times, submarine melting can undercut the face (2), leading to instability of the subaerial face.

Fig. 4.Visual calving data, constructed by summing the sub-

jective calving-event magnitudes over 24 hour periods.
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primary component of ice flow (OEM), accounting for 80^
90% of the surface motion.

3.3. Incoming flux, Qin

We used surface velocities measuredwithin 200m of the ter-
minus to derive the incoming ice flux. The transverse
velocity profile given by OEM was scaled to the speed of
the center-line marker nearest the terminus at the time of
each survey (at different times this was marker A, A* or
B*; Figs 1 and 2), giving the basal velocity as a function of
y. The flux band was taken to be an approximate Eulerian
reference section at a point 150m upstream of the mean ter-
minus position during May. Two further adjustments were
made to the velocity time series. First, because marker B*
was located upstream of the reference section, we scaled its
velocity by the mean velocity difference between A or A*
and B* at the times they coexisted. Second, we removed
the effects of the large longitudinal strain rates in the termi-
nus region following methods described in OEM. Equation
(4) was then used to calculate the ice flux into the reference
section.

We feel that these flux estimates are a better representa-
tion of terminus dynamics than the center-line values used
previously (e.g. Meier and Post, 1987; Van der Veen, 1996).
Channel morphology was accurately measured and speeds
are known from 0.3 to 0.5md^1. However, we must still
make two basic assumptions about the transverse velocity
profile, which was measured only over a few days (OEM).
We assume it is steady in time, and that the flow direction
at the terminus is normal to our y axis.We also assume there
are no changes in the channel morphology from the meas-
ured cross-section to the flux reference section about 300m
upstream. Additional errors may arise from scaling the ter-
minus velocity from poles located 150m upstream.

3.3.1. Change in volume, dV =dt
Two oblique 35mm time-lapse cameras (one with a 50mm
lens, the other a 100mm lens) were used to determine
dL=dt in Equation (5) four times per day; they were set up
at the same location above the south side of the 1999 termi-
nus (‘‘Lake’’, Fig. 1b). Rescaling was necessary for a direct
comparison between the two lenses.

In each frame, the terminus position was obtained fol-
lowing photogrammetric techniques described by Krimmel
and Rasmussen (1986) and Harrison and others (1992; see
also O’Neel (2000) for a detailed discussion of photogram-
metry techniques and errors). The terminus position as a
function of y was differenced from that in the previous
photograph, giving dL=dtðyÞ, which was integrated to give
the change in volume at the terminus (Equation (5)). We
assume that there was negligible ice flow outside the flux
band. Also, although observational evidence suggests that
a submarine ice toe may periodically develop and persist
for periods longer than our sampling interval (Motyka,
1997), we assume that the terminus fails vertically from top
to bottombetween images.

3.3.2. Comparison of the two datasets

The two datasets on calving each provide unique informa-
tion. The visual data document individual calving events,
but are subjective and we cannot observe specific calving
events during times of darkness. In contrast, the time-lapse
photography does not record individual events, but it quan-
titatively documents the change in terminus position

between times of photography, including through periods
of darkness. Quantitative documentation of terminus
change and calving flux using photogrammetry is a unique
aspect of our study. Dissimilarities between the visual and
photogrammetric records occur because of the very differ-
ent methods used to construct them. For example, if the ter-
minus retreats due to massive calving, but then readvances
before the next photo is taken (perhaps poor weather for 1^
2 days) a large calving event may be undocumented by the
photogrammetric method. Likewise, night-time calving
events were not documented visually, because it was impos-
sible to accurately judge the scale of the event. Additional
judgmental errors no doubt occurred in assigning calving-
event magnitude throughout the course of the month.
Furthermore, only calving events of large magnitude (�5

Fig. 5.The top two panels display the ice flux in (Qin). (a)

Small variations in ice flux at an expanded scale. (b) Ice flux

at the same scale as (c) and (d). (c) Volume changes at the

terminus, dV =dt. (d) Calving flux; the difference between

Qin and dV =dt. An error bar in each panel gives the average
error, bold lines showdaily averages, and thegrey line in (d) is

a 5 day average calving flux.
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on a 1^10 scale) were summed in the visual time series pre-
sented here. The importance of the small yet frequent calv-
ing events is unknown.

4. ANALYSIS AND RESULTS

Figure 5 presents the results of the photogrammetric flux
analysis. Qin is shown in the top two panels, with an ex-
panded vertical scale in Figure 5a. dV =dt is shown in Fig-
ure 5c at the same scale as Qin in Figure 5b. The influx is
nearly constant at the scale shown in Figure 5b, while
dV /dt varies substantially over short time intervals.Volume
change is positive during advance, and negative during
retreat. Figure 5d shows Qc calculated from Equation (3).
Typical error bars are shown, and represent errors inherent
to the photogrammetry procedure (�3m horizontal posi-
tion near the center of the glacier terminus and �5m for
cliff height assumed planar and independent of time
(O’Neel, 2000)) and errors in the velocity calculations
(�0.3^0.6md^1 (OEM)). Systematic errors (e.g. flux out-
side the flux band, channel morphology) may affect the
magnitude of the calculations, but are constant over the
course of the study. Note that the variability of dV =dt (and
thus Qc) is larger than these estimated errors. Data gaps in
the time series result from calving loss of survey markers
and camera malfunction. Negative values of Qc are non-
physical, resulting from uncertainties in the technique, and
should be taken to be zero.

Over the course of the study, the center-line position of
the terminus fluctuated within a 90m range (much less at
the sides), with changes up to 10m over our 6 hour sampling
interval. In contrast, the 5 day average calving flux (bold
line, Fig. 5d) was fairly constant, varying only a small
amount about the average value for May (3:0� 106m3 d^1).
Assuming a constant seasonal speed (discussed later), and
using this average calving flux to represent an annual aver-
age, we estimate that ice loss by calving is about 15 times
greater than the loss from surface melting in the ablation
area: in 1year about 1.1km3 a^1 ice would be lost by calving,
while only about 0.07 km3 a^1 is lost by net surface melt.

4.1. Incoming ice flux and ice velocity

Comparing Figure 5b and c shows that the incoming ice
velocity, and thus Qin, is nearly constant in time, while
dV =dt is not. This is true even when the variations in Qin

are viewed with relative amplification, as in Figure 5a. Ice
is supplied to the terminus at a nearly constant rate, except
for some minor variations forced by the tide, melt and pre-
cipitation, as detailed by OEM. This comparison directly
shows that short-term terminus fluctuations are not a conse-
quence of variations in ice velocity.Thus the large variabil-
ity in dV =dt means that solely calving (and submarine
melting processes) drives terminus fluctuations, i.e. there is
a direct correlation between dV =dt and Qc, via Equation
(3).Vieli and others (2002) also found that variations in calv-
ing drive variations in terminus position, in their case over
seasonal time-scales.

Our data (Figs 4 and 5) show that brief periods of exten-
sive calving are followed by periods of quiescence and
resupply lasting 2^4 days. These major calving events are
not preceded by changes in ice velocity, nor do the large
calving events cause noticeable changes in ice velocity or in
Qin (Fig. 5).

4.2. Longitudinal strain rate

It has been proposed that fluctuations in longitudinal strain
rate may force changes in the calving rate over seasonal and
annual time-scales (Venteris and others,1997).We searched
for this effect over short time-scales at LeConte Glacier,
where longitudinal strain rates are extremely large and spa-
tially variable.The mean surface strain rate in the terminus
region is about 2.5 a^1. There is a general increase in strain
rate towards the terminus, until about 200m from the ter-
minus, where an abrupt decrease occurs (OEM). However,
fluctuations in 2 day average longitudinal strain rates ex-
hibit little correlation between markers, and there is little
or no correlation between these strain rates and the average
calving flux over similar time intervals (Fig. 6). However,
strain rates may still play an important role in the calving
process over spatial and temporal scales not addressed in
this project.

4.3. Glacier buoyancy

Here we investigate the relationship between changes in ef-
fective pressure and observed variations in calving and also
those expected on theoretical grounds. Changes in this pres-
sure are related to changes in water level, overburden stress,
water input and water storage at LeConte Glacier’s termi-
nus. Implicit to this discussion is that the terminus is
grounded. Our methods are developed in OEMand include
harmonic analysis and cross-correlation exercises.

4.3.1.Tidal and meltwater forcing

Ocean tides cause fluctuations in water depth and therefore
in the effective pressure at the terminus. The effect of such
tidal forcing can be important if the terminus is already
near flotation. In LeConte Bay, the tidal range is on the
order of 5m while the height above buoyancy for average
cliff heights is only about 15^25m. Changes in up-glacier
surface water input can also affect subglacial water pressure
and/or storage, causing changes in the flotation level.While
the magnitude of these changes in subglacial water pressure
and storage is difficult to quantify, an analysis of their role in
forcing calving is possible.

Our time series of calving flux was not sampled suffi-
ciently often to perform harmonic analysis over semi-diur-
nal time-scales (Godin, 1972; OEM). However, Table 1

Fig. 6. Longitudinal strain rates between markers as a func-

tion of time.Two-day averaged calving flux is shown with a

bold line, and 2 day averaged strain rates between markers are

shown with thin lines, indicating that there is no correlation

between the two time series at the temporal and spatial scale

of our work.
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shows that the 12 calving events with magnitude �8 were
equally distributed through the semi-diurnal tide cycle.This
limited dataset suggests that the semi-diurnal tide by itself
does not provide significant triggering of calving events.

The sampling interval of calving flux does allow
harmonic analysis over diurnal frequencies. Table 2 sum-
marizes the results of the analysis for the tide, ablation rate,
marker B* and calving flux. Both the phase angle and re-
duction of variance are shown. The diurnal components of
the tide are small relative to the semi-diurnal ones, but ab-
lation has a strong diurnal component (K1; see table 3 and
fig. 4 in OEM).The primary diurnal constituent in the calv-
ing flux (K1; 24 hour period) is nearly in phase with this
diurnal component of the ablation rate (the phase angle of
the ablation rate differs by only 7 from Qc). However, the
diurnal component of the calving flux is not strong (60%
less than that of the ablation rate), and cross-correlation
between the two series shows no (statistically) significant
correlation. Also, the hourly distribution of daytime calving
events (magnitude �5) showed no distinct peak in the tim-
ing of these events, although a broad peak may exist
between 1000 and1200 h.

Cross-correlation between QcðtÞ and the surface eleva-
tion, zðtÞ, of marker B* provides an additional test for diur-
nal forcing because the latter quantity exhibits diurnal
fluctuations (cf. OEM, table 5). The best correlation exists
whenQc lags the elevationby 0.25 days, but again the corre-
lation is not strong (correlation coefficient C = 0.33) and
temporal resolution is limited by our sampling interval. Fig-
ure 7 shows that six of ten anomalously large surface uplift
events at B* (dashed lines), each with an amplitude of
�20 cm and lasting about 1day, coincided with or were fol-
lowed by a large change in calving flux.We cannot resolve
the exact timing of calving flux with respect to surface ele-

vation changes because the Qc record was not sufficiently
sampled. We thus examine the vertical motion of markers
A and A* (Fig. 8; surveyed 6^8 times per day) with respect
to the occurrence of large visually documented events
(known to minutes).These markers were used instead of B*
as in Figure 7 because of better time overlap with obser-
vations of large calving events and proximity to the termi-
nus. Several significant drops in surface elevation occur
during or just before large calving events, although not all
surface elevation drops were associated with calving events.
Neither Figure 7 nor 8 shows a robust correlation with calv-
ing, but in each figure avisual relationship between zðtÞ and
calving exists for portions of the records.

These analyses suggest that there is some relationship
between diurnal fluctuations and calving flux but that it is
temporally variable. Our documentation of individual calv-
ing events shows that the timing of large calving events is
often coincident with near-terminus surface elevation

Table 2. Harmonic analysis of diurnal forcing for the tide,

ablation, marker B* and calving

Tide Ablation B* Calving

’ ROV ’ ROV ’ ROV ’ ROV

^131 7.5 ^20 17 ^94 31 ^13 7

Notes:The analysis considers theK1 tidal constituent, which is the dominant
diurnal component of the LeConte Bay tide. In each case, the phase
angle ’ is given as well as the reduction of variance ROV.

Fig. 7.The vertical motion of marker B* (thin line; errors

�6 cm) and the calving flux (bold line) are shown. Six calv-

ing events appear to be the result of surface uplift events as

marked with dotted lines.

Fig. 8. Vertical motion of marker A/A*. Massive calving

events documented by visual observations are plotted with ver-

tical dashed lines. Timing constraints suggest that calving

events occur during or immediately after surface elevation

drops.

Fig. 9. (a) Calving flux (bold line) and precipitation (thin

line) as functions of time.While precipitation may sometimes

be related to increases in calving, there is no direct link. (b)

Qualitative water-storage index constructed using estimates

of water input and output. Major calving events are shown

as vertical lines.
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changes, but the relationship is neither strong nor complete-
ly causal since it does not occur 100% of the time.

4.3.2. Low-frequency forcing: precipitation and tidal amplitude

Figure 9 shows 1day average values for both calving flux
and rainfall (snowfall excluded) as functions of time. In-
spection shows that substantial rain events sometimes pre-
cede calving events by a day or so. For example, the two
largest events, on days141and144, followedperiods of heavy
rain. After the first rain event and before the second event,
there was a period of strong freshwater upwelling at the
calving face. These two periods of excess precipitation also
coincided with anomalous uplift at marker B* prior to calv-
ing. Nevertheless, the relation between precipitation and
calving is weak and not necessarily causal, because several
calving events occur during dry weather, and rainfall does
not always result in calving. Our limited-duration data sug-
gest that the response to precipitation with respect to calv-
ing is similar to the glacier’s horizontal velocity response to
rain events (OEM). If basal conditions are such that water is
trapped under the glacier, massive calving may occur from
the extrawater input and related increased buoyancy of the
glacier terminus.

The biweekly change in tidal amplitude (defined to be
the average range between the two high and two low tides
each day) shows a relatively strong correlation with the
daily sum of the visual calving-magnitude data (C = 0.55,
zero lag; Fig. 10a). However, the photogrammetric calving
flux exhibits a much weaker correlation with tidal ampli-
tude (cubic spline fit to Qc curve, 0.25 day sample rate, C =
0.23, zero lag; Fig.10b). Differences in sampling rate and the
short duration of the study may limit the statistical correla-
tion.

4.3.3. Seasonal fluctuations in terminus position

Analysis of a 2 year record of time-lapse photography
(1998^2000) documented seasonal fluctuations in terminus

position (Motyka and others, 2003).The terminus stabilized
at a protracted position in mid-winter to spring. Seasonal
retreat began in mid- to late May and continued until late
October, resulting in a total decrease in length of about
100^150m. The glacier then began to readvance, and ap-
proached a protracted position by early April. The most
rapid rate of advance occurred in December and January,
and the most rapid retreat was in June and July. Similar
seasonal fluctuations were observed at Columbia Glacier
(Krimmel, 2001) and are superimposed on the continuing
retreat of that glacier.

Optically surveyed speeds at the terminus remained
constant fromMay until August. Over the same time inter-
val, GPS measurements made 4 and 6 km upstream from
the terminus (Bend and Gate, fig. 1) also show no changes
in speed over the summer (OEM). At a similar up-glacier
location on Columbia Glacier, seasonal variations of 30%
were documented by Krimmel (2001). From these measure-
ments we assume a steady annual speed. These measure-
ments further illustrate the direct link between Qc and
dV =dt.

5. DISCUSSION

We begin our discussion by considering calving speed and
its relationship to water depth, glacier buoyancy and ice
velocity, topics that have figured prominently in the litera-
ture on calving tidewater glaciers.

5.1. Calving-speed vs water-depth relationships

Brown and others (1982) found a correlation between the
average annual calving rate, hUci, and average water depth,
Dw, based on data from15 reasonably stable temperate tide-
water glaciers:

hUci ¼ 0:027Dw : ð6Þ
Equation (6) predicts calving rates of 4.6 and 7.2md^1 for
LeConte Glacier, using the near-terminus average water
depth of 171m and the maximum water depth at the termi-
nus of 270m respectively (Fig. 2). Both of these predicted
values are much less than that observed, which is the aver-
age calving flux in May divided by the cross-sectional area,
hUci= 20md^1. Although the terminus exhibits seasonal
fluctuations of 100^150m, the annually averaged terminus
position has remained the same since 1998. Since glacier
speed remains constant (OEM), the average annual calving
speed must also be about 20md^1. Thus Equation (6) fails
even for annual averages at LeConte Glacier.The observed
calving rate at LeConte is also much greater than that pre-
dicted by the relation of Pelto andWarren (1991).

As noted byVan derVeen (1996), Equation (6) also breaks
down for Columbia Glacier on both seasonal and annual
time-scales. What distinguishes both LeConte and
Columbia Glaciers is that both terminate in deep water
and are undergoing a rapid calving retreat while the major-
ity of glaciers that Brown and others (1982) examined were
relatively stable and did not approach buoyancy (terminus
retreat has slowed at both glaciers, but large thinning rates
indicate that both glaciers are far from equilibrium). This
was also noted byVieli and others (2001) who used a flota-
tion criteria model to show that the water-depth hypothesis
works only for slowly changing glaciers and fails for glaciers
undergoing rapid retreat.Water depth is clearly important;

Fig. 10. Correlation between calving and tidal amplitude: (a)

visual calving record; (b)Qc.
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how it contributes to calving and why Equation (6) breaks
down for deep-water termini and for all glaciers over sea-
sonal time-scales we examine below.

5.2. Calving and ice velocity

The variability in dV =dt and the constancy of Qin lead to a
calving flux that tracks short-term changes in terminus pos-
ition, as previously noted (Fig. 5). This correlation is a con-
sequence of the differencing in Equation (3), and it does not
imply a physical mechanism for such a link. It is similar to
the apparent correlation between ice velocity and calving
rate over annual time-scales, as argued by Van der Veen
(1996) for Columbia Glacier, where annual terminus
changes (ma^1) are small compared to the annual ice
velocity at the terminus (kma^1).The interval used for time
averaging is therefore critical to interpretations of changes
in calving flux. Our analyses are performed over time
periods where changes in terminus position and ice velocity
are on the order of md^1.

Neither the visual nor the photogrammetric calving
time series show evidence that changes in ice velocity are
related to calving events. Ice velocity does vary with the
semi-diurnal tide (OEM), but our limited data show no in-
dication of a semi-diurnal fluctuation of calving events. Ad-
ditionally, while calving may show some diurnal periodicity
(Table 2), the timing of peak calving is not the same as that
of surface melt-driven variations in velocity (OEM), sug-
gesting that diurnal velocity fluctuations are not directly
responsible for the observed diurnal variations in calving,
unless there is a phase shift for some reason. Equally import-
ant, large calving events do not alter the near-terminus sur-
face velocity, and semi-diurnal velocity variations remain
unperturbed throughout periods of heavy calving (velocity
records presented in OEM). Thus, although large calving
events may locally reduce back-stress and change longitu-
dinal stress gradients, no concurrent changes in velocity
are observed up-glacier. This implies that the calving front
becomes decoupled from the rest of the terminus, an obser-
vation supported by the rapid change in longitudinal strain
rate that occurs about 200m from the terminus (OEM). It is
interesting to note that this distance is about the same as the
average ice thickness at the terminus, a location where
stresses induced by flexure are expected to be greatest
(Reeh, 1968; Hanson and Hooke, 2000; Vieli and others,
2000).

Both LeConte and Columbia Glaciers undergo seasonal
variations in length, with a maximum length in late spring,
retreat in summer and readvance in winter. On Columbia
Glacier, this seasonal pattern has been attributed to sea-
sonal variations in speed, with a 3month lag between max-
imum speed and maximum length (Krimmel andVaughn,
1987; Krimmel, 2001). On LeConte Glacier, where ice influx
is nominally constant, this is not the case. Instead, with in-
flux constant, seasonal changes in calving rate and/or sub-
marine melting (Motyka and others, 2003) must control
glacier length over seasonal time-scales.

5.3. Changes in the level of flotation

The average height above buoyancy (Equation (1)) at our
reference cross-section is about 25m, using an average
effective thickness of 223m (O’Neel, 2000) and an average
water depth of 171m.This means that the effective pressure
at the bed is small, about 1.8 �105 Pa.

Subglacial water flow at the bed of a tidewater glacier
may further decrease the already small effective pressure,
especially at times of large input to the bed in the terminus
region. Equation (1) therefore gives a maximum value of
Hb, and any short-term increase in basal hydraulic pressure
is likely to bring the terminus closer to flotation, at least
temporarily. Such periods of low effective pressure were
observed in boreholes 5 km upstream from the terminus of
Columbia Glacier (Kamb and others, 1994; Meier and
others, 1994), where water-level changes of 20^30m repeat-
edly caused local conditions of near flotation. If such
changes in water pressure also occur at LeConte, then such
perturbations in basal water pressure are likely to promote
calving (Meier and others (1994) did not make observations
of calving).

In contrast to the Columbia Glacier study, we have no
direct measurements of the degree of flotation or effective
pressure at the bed; therefore we discuss several measurable
quantities that may affect buoyancy near the terminus, as
these may act to initiate or promote calving.

5.3.1. Calving sequence

Episodes of massive calving that accounted for rapid
changes in terminus position are of interest to this discus-
sion. These episodes usually began with subaerial collapse
of seracs and ice cliffs, either by toppling forward or by slid-
ing along fractures or slip planes (Motyka, 1997). Massive
submarine icebergs commonly emerged soon after the sub-
aerial collapse and normally produce the largest icebergs.
These events sometimes produced basal icebergs that
emerged up to 250m from the terminus. Calving often con-
tinued for 2^3min and in one case for 8min. Occasionally,
submarine calving was delayed for several hours after sub-
aerial collapse.

The subaerial collapse of a 50m tall ice cliff would ren-
der the underlying submarine section super-buoyant, and
therefore could trigger the release of submarine icebergs.
However, the precise cause of a specific subaerial collapse
may be a variety of factors, including sustained stretching,
weakening by crevasse penetration, tidal and/or hydraulic
flexure and submarine melting. The delay in submarine
calving and the emergence of submarine icebergs at a con-
siderable distance from the face indicate that at times the
terminus can support a submarine platform of ice, an obser-
vation also made by Hunter and Powell (1998). Given the
strong extensional flow and buoyant forces, it is surprising
that such a toe can remain intact for any length of time.
However, the existence of a toe would increase the bending
moment induced by buoyancy at the terminus.

5.3.2. Longitudinal stretching

Large longitudinal stretching rates in the terminal region
cause extensive crevassing and thinning of the glacier,
which leads to an increase in buoyancy, and therefore
should promote calving (Van der Veen, 1996; Venteris and
others, 1997). On LeConte Glacier, longitudinal stretching
rates are quite large, but are steady over seasonal to weekly
time periods (higher frequency variationsmay exist, but are
not relevant to glacier thinning). Thus seasonal to weekly
changes in buoyancy due to fluctuations in longitudinal
strain rate are unlikely. However, if the longitudinal strain-
rate pattern remains fairly steady with respect to the near-
terminus position, the following scenario may lead to a tem-
poral change in buoyancy at the terminus. During a large
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calving event the terminus retreats abruptly, often several
tens of meters, resulting in thicker (up to 10m) ice at the
calving face and increasing Hb by up to 30%.This leads to
a period of relative stability, until the terminus again moves
forward and thins under the steady longitudinal strain-rate
field.The period of ‘‘stability’’appears to be on the order of
2^4 days (Fig.5). Of course, other mechanisms can interrupt
this cycle, as the glacier is still relatively close to critical flo-
tation.

5.3.3.Tidal forcing

Our limited dataset, along with the data of Qamar (1988)
and Warren and others (1995), indicates that there is little
or no correlation between semi-diurnal tidal fluctuations
and calving. This seems surprising in view of the fact that
semi-diurnal tidal variations are about 5m, about one-fifth
of the average height above buoyancy. If this increasing flo-
tationwere an important factor, one would expect some cor-
relation. Factors other than simply increasing flotation must
therefore be involved (e.g. the time-scale over which buoy-
ant forces are applied).There is a better correlationbetween
the biweekly tidal amplitude and calving, with increased
calving during spring tides (Fig. 10). Maximum-amplitude
spring tides would cause greater flexure of the ice near the
terminus. Evidence for such changes in flexure comes from
vertical displacement of markers nearest the terminus,
which tend be greatest during spring tides (OEM). We
might expect that weakening of the ice by flexure would
therefore tend to be strongest during spring tides, as dis-
cussed in section 5.3.4.

5.3.4. Evidence for flexure

OEM documented a strong correlation between the semi-
diurnal tide and the elevation of glacier markers nearest
the terminus. Changes in elevation of up to 0.3m were re-
cordedwith maximum uplift rate coinciding with high tide.
Diurnal variations due to meltwater production were also
noted, as well as vertical changes in glacier surface, exceed-
ing 0.5m and lasting several days, during periods of high
precipitation and/or abnormally high melt. Thus both tides
and subglacial drainage appear to be important mechan-
isms for flexure of ice at the terminus. Major calving events
often coincide with strong variations in near-terminus sur-
face elevation (Figs 7 and 8). Although the occurrence times
of large calving events are known towithin minutes, vertical
ice positions were only sampled every 3^4 hours. Thus we
cannot clearly define a cause-and-effect relationship. Calv-
ing may have released a flotation-induced bending moment
on upstream ice, therefore causing the vertical drop. Alter-
natively, impounded subglacial water could have caused the
rise in ice surface and forced calving by increasing effective
basal pressure at the bed. The association between calving
and vertical flexure breaks down late in our record (Fig. 7).
The degradation in this correlation occurred after several
days of continuous rain, suggesting that changes in the basal
hydraulic system (flexure forced by changes inwater storage
and/or pressure) are involved in controlling calving.

To investigate the correlation betweenwater storage and
calving, we have developed a simple index of water storage
based on the difference between precipitation plus anoma-
lous surface ablation, and upwelling (Fig. 9b). There is no
apparent correlation between storage maxima and calving.
However, there may be a correlation between abrupt
changes in storage (up or down) and calving activity.These

changes in storage are also linked to vertical motion near
the terminus (OEM).

5.3.5. Effective pressure

If a critical level of flotation is required for calving, the
effective pressure in some neighborhood of the terminus
must ultimately determine failure as it approaches zero. Ef-
fective pressure is the difference between the local over-
burden (governed by the effective ice thickness), and the
basal water pressure (regulated by both the depth of water
at the terminus and pressure transients in the basal hydrau-
lic system just up from the terminus).The effects of changing
subglacialwater pressure canbe incorporated into Equation
(1) for the height above buoyancy by rewriting it in terms of
effective pressure in the near-terminus basal hydraulic
system. Then any parameters that lead to changes in over-
burden, water depth or water pressure, such as tidal ampli-
tude, surface water input and ice-thickness variations, may
have a direct influence on calving. That we observe only
weak correlations between single parameters and calving
may imply that multiple processes are at work, including
transients in the basal hydraulic system, each contributing
to changes in the effective pressure at the terminus.

The variability of effective pressure may also be the
cause of periods of relatively low or high calving activity
over seasonal time-scales. Surface water production (melt
plus rain) increases in the summer and fall, resulting in an
increased variability in effective pressure and therefore flex-
ure, which promotes calving. During this period, calving
rates increase, and the glacier retreats despite a constant
Qin. Contrarily, during winter and early spring, there is
little or no surface water input, and the basal water pressure
is likely to have only relatively small variations. Thus, at
these times the effective pressure remains relatively steady
at a subcritical level. Ablation is also minimized in winter,
resulting in a seasonal perturbation of about 5% of the local
ice thickness. Then the mechanisms promoting calving are
reduced and the glacier will tend to advance.

Such a scenario that addresses the variability of the ef-
fective pressure about some near-critical level, rather than
its absolute magnitude, may explain the lack of seasonal
velocity variations, which are forced mainly by changes in
basal motion, while still allowing significant seasonal
changes in calving flux.Variations in an already low effect-
ive pressure may be large enough to initiate calving, but too
small to cause changes in basal velocity. Sikonia (1982) and
Fahnestock (1991) have also suggested that effective pressure
may be linked to seasonal calving cycles at Columbia Gla-
cier, although that glacier is also subject to seasonal velocity
variations.

5.3.6. Submarine melting

Our limited late-summer and early-fall observations suggest
that the volume and size of icebergs are smaller at this time
of year despite the fact that the terminus is undergoing a
seasonal retreat. We also did not observe any distal emer-
gence of submarine icebergs during this period. In a com-
panion study we determined that submarine melting can
contribute substantially to ice loss at the terminus (Motyka
and others, 2003). Melt rates are related to fjord water tem-
peratures (3^7‡C; 4‡C increase over summer) and to forced
convection driven by buoyant subglacial discharge. There-
fore melt rates are highest in late summer and after periods
of heavy rainfall. During these times, submarine melt can
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be equivalent to calving in terms of mass loss.Thus, seasonal
fluctuations in the terminus position of tidewater glaciers
could be directly related to seasonal changes in submarine
melting, much as termini of land-terminating glaciers are
affected by seasonal changes in surface ablation.

Submarine melting may undercut the ice cliff, thereby
promoting calving of the unsupported ice above (cf. Syvitski,
1989;Vieli and others, 2001). Embayments in tidewater glacier
terminiwhere subglacial discharge occurs may be evidence of
this effect. However, such changes in proglacial melting are
unlikely to cause short-term variations in calving.

6. SUMMARYAND CONCLUSIONS

We have investigated the possibilities that ice flow to the
terminus and/or short-lived buoyancy perturbations may
influence the frequency and timing of large calving events
at LeConte Glacier (Fig. 3). A nearly floating terminus in
deep water appears to be critical for rapid calving and high
ice velocities. This is supported by the observation that
(except temporarily) there are no floating temperate tide-
water glaciers.

Relationships between calving speed and water depth
proposed by Brown and others (1982) and Pelto andWarren
(1991) fail for LeConte Glacier on both annual and shorter-
term time-scales. Their relationships were based primarily
on well-grounded tidewater glaciers. Our data indicate that
it is processes driving the terminus to buoyancy, rather than
simply water depth, that primarily govern calving dynam-
ics of tidewater glaciers near flotation. Our observations
also suggest that calving dynamics control terminus stabil-
ity of such glaciers rather than upstream processes (Meier,
1994), although long-term thinning must also play a role
(Van derVeen,1996).

Our measurements and observations of LeConte Gla-
cier show that the terminus position can fluctuate dramati-
cally over daily to seasonal time-scales and that these
changes are independent of glacier velocity. The relation-
ship of these fluctuations to various other parameters has
given us a better understanding of mechanisms controlling
short-term calving.We find:

No correlation between semi-diurnal tides and calving
events, but amoderate correlation does exist with the bi-
weekly tide such that calving flux increases during
spring tides.

Large calving events do not affect horizontal ice speed;
furthermore changes in horizontal speed do not appear
to affect calving frequency.

Large calving events are frequently associated with sig-
nificant drops in vertical position of near-terminus ice
during most of our record.

Substantial rain events sometimes precede calving
events by a day or so, and appear to provide a mechan-
ism for calving. However, large calving events also occur
independent of rainfall, and calving does not always fol-
low rainfall.

LeConte Glacier is close to flotation at the terminus.
Our observations suggest that it is perturbations about this
state of near-flotation that cause large calving events, with
consequent increases in calving flux. These perturbations

may be caused, for instance, by changes in glacier geometry,
tidal amplitude, basal water pressure or water storage, and
submarine melting. Furthermore, a 2^4 day periodicity
between large events suggests that the glacier must thin by
longitudinal stretching following an abrupt calving retreat,
to once again reach a critical flotation level for the next
cycle of major calving. The duration between events may
be influenced by additional factors affecting the effective
pressure at the bed, including rain, excessive ablation, or
changes in the basal hydraulic system.

Additionally, flexure of the nearly floating portion of the
glacier induced by tidal variations and subglacial water-
pressure transients may also weaken ice and provide a sig-
nificant perturbation leading to calving. Our observations
show that a majority of large calving events occur during
significant surface elevation drops at the terminus, or imme-
diately after. This may be a result of transverse fracture
propagation associated with the forward bending during
the abrupt changes in surface elevation. The longitudinal
strain rate is strongly extensional throughout the terminus
and continually increases until about 200m from the termi-
nus where it suddenly drops, a point at which bending
stresses inducedby flexuremight be expected to be strongest
(Reeh,1968).
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