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Abstract

The retreat of Bridge Glacier was reconstructed between 1972 and 2012. The glacier
exhibits a gradual retreat until 1991 when retreat accelerated, becoming irregular and step-
like. Since 1991, retreat is characterized by large events calving and periods of relative
stability. Retreat is related to winter precipitation, summer temperature and mean annual
flow records. Using an inverse linear model, retreat is reconstructed from climate data.
The model shows a general agreement with observed retreat until 1991, at which point the
terminus achieves flotation. Once calving becomes a significant source of mass loss, the
glacier appears to become partially decoupled from climate. This suggests that climate may
be responsible for an initial forcing, but once the glacier has thinned to flotation, retreat is
controlled by glacier dynamics, leading to retreat at least partially independent of climate.

Introduction

Since the 19th century Little Ice Age, glaciers in Canada have been shrinking dramatically.
Although this retreat has been irregular, a general trend of 20th century retreat is pervasive,
and well correlated with an increase in global mean temperatures (Oerlemans, 2005). Although
retreat is mainly controlled by climatic factors, retreat rates for glaciers that terminate in bodies
of water are at least partially independent of climate on sub-decadal timescales (Meier and
Post, 1987; Warren and Kirkbride, 2003; Post et al., 2011). This relative insensitivity of water
terminating glaciers is due to the fact that calving can be an important source of ice loss, and a
first order control of glacier dynamics (Benn et al., 2007a). While calving glaciers are less sensitive
to climatic variability than land terminating glaciers (Van der Veen, 2002; Motyka et al., 2003),
their inherent instability suggests that they have the potential to contribute disproportionately
to eustatic sea level rise (Meier and Post, 1987; Barry, 2006; Dyurgerov and Meier, 2005), making
them an important ‘grey area’ in our understanding of how glaciers respond to climate change.

Multiple studies have found significant linear correlations between terminus water depth and
calving rates (Skvarca et al., 2002; Warren and Kirkbride, 2003; Boyce et al., 2007). The
relationship applies in a variety of settings, from grounded termini to buoyant or near-floating
termini over a range of regions across the globe. However, this ‘calving law’ does not provide
a physically-based explanation for calving dynamics, nor does it account for observed seasonal
fluctuations (Van der Veen, 2002). Regional variations in calving rate, as well as an order of
magnitude greater calving rates in marine environments, indicate that water depth does not
accurately account for the natural complexity of calving environments.

One of the reasons water depth is important for glacial stability is the potential for deep water
to promote terminus buoyancy. In many cases, the flotation of the terminus has coincided with
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dramatic retreat (Meier and Post, 1987; Warren and Sugden, 1993; Boyce et al., 2007). Flotation
can produce immediate calving due to torque, however, under low velocities a floating terminus
may develop. If calving is not immediate, the terminus becomes substantially more sensitive
to changes in water level, where small, rapid perturbations could result in disintegration of the
floating ice front.

In many cases, terminus flotation may be achieved through thinning near the terminus due
to sucessive years of high melt rates (Warren and Kirkbride, 2003; Boyce et al., 2007). Enhanced
rates of thinning due to a run of hot summers have been observed at Mendenhall Glacier (Motyka
et al., 2003). This climate induced thinning led to increased instability and propensity to calve,
and eventually to the collapse and widespread retreat into shallower waters (Boyce et al., 2007).
While a few studies have examined lake-terminating glacier retreat (Haresign, 2004), the data is
limited both by the number of glaciers observed, and temporal extent, where most studies have
focused on sub-decadal responses (Benn et al., 2007b).

The goal of this research is to better understand how calving and climate affect retreat
rates in lacustrine glaciers. This research aims to reconstruct and quantify retreat at Bridge
Glacier, British Columbia, between 1972 and 2012. Retreat can then be analyzed to examine
the influence of climate and estimate the contribution of calving to observed retreat. This paper
aims to quantify, and better constrain, the rate and causes of recent retreat at Bridge Glacier.

Study Area

Bridge Glacier (50◦48’11”N, 123◦38’40”W) is located in the Pacific Ranges of southwestern
British Columbia, Canada, between the Coast and Chilcotin Mountains. The glacier is an outlet
of the Lilloet Icefield, one of the largest icefields in British Columbia, and is located roughly 175
km north of Vancouver.

Bridge Glacier had an area of 64 km2 in 2010 extending from a height of over 2900 m at
Bridge Peak, to a terminus at 1390 m. The glacier is characterized by an accumulation area
ratio of roughly two thirds, with substantial convergent flow from a large, high basin into a
constrained valley flow. A proglacial lake, unofficially known as Bridge Lake, has grown from
under 2 km2 in 1972, to over 6 km2 in 2012. The terminus has been floating in the lake since
the early 1990s and periodically experiences large calving events.

The region is characterized by heavy winter orographic snowfall, which accounts for the vast
majority of annual precipitation. There is a strong west to east precipitation and temperature
gradient, where coastal areas are warmer and wetter, sometimes receiving as much as three times
as much precipitation as the arid continental climate further east.

Methods

Terminus positions were obtained from Landsat imagery available using LandsatLook Viewer
(http://landsatlook.usgs.gov/) through MSS, TM, ETM+ and ETM+ SLC OFF sensors.
Bridge Glacier imagery was obtained between 1972 and 2012, however before 1984 data is sparse,
and terminus positions are missing from 1978 to 1981, as well as 1983. Terminus positions for
each year were recorded using imagery taken at the end of the melt season (August 26 to October
16), using the last available image before the glacier became snow-covered. Notable exceptions
were 1972, 1973, 1975 and 1977 when imagery was only available for mid-August dates, and
1982 when a December image was the only image that season that was not cloud-covered. Three
points were taken for each season’s terminus and were connected to recreate the shape of the
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terminus. Retreat was calculated by finding the average down-glacier change between the two
termini.
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Figure 1: Both Whistler and Vancouver weather stations are significant predictors of winter
snowpack at Bridge Glacier. Caution is required, however, when considering the Pearson R2

values, since the sample size is greater for Vancouver.

Climate data was obtained from Environment Canada (http://climate.weatheroffice.
gc.ca/) for Whistler, BC (Climate ID #1048898) and Vancouver International Airport, BC
(Climate ID #1108447 ), the two closest stations with relatively complete records for the period
of study. Whistler has monthly records of precipitation and temperature since 1977, however
data since 2007 has not been verified or calibrated, and is deemed unreliable. Vancouver has
data spanning from 1937 to present, but has incomplete entries for September 2010 as well as
January to May 2012.

Annual winter precipitation was computed by summing precipitation between November
and April (inclusive). Both Whistler and Vancouver annual winter precipitation is significantly
correlated with Bridge Glacier May 1 snow water equivalent obtained between 1995 and 2012 from
the Water Stewardship Division of the Government of British Columbia Ministry of Environment
(Station #1C39, http://a100.gov.bc.ca/pub/mss/stationlist.do). Whistler has a larger
Pearson R2 value than Vancouver (Figure 1), however caution is required since the sample size
is larger for the Vancouver dataset (n = 13, 18).

Mean summer temperatures were obtained by averaging mean monthly temperatures between
May and October (inclusive). Values for both Vancouver and Whistler are significant predictors
of mean annual flow (1979-2010) recorded at the outlet of Bridge Glacier (Figure 2). Hydromet-
ric data was obtained from Environment Canada (http://www.wsc.ec.gc.ca/applications/
H2O/HydromatD-eng.cfm guaging station 08ME023 (50◦51’22” N, 123◦27’01” W). Vancouver is
a better predictor of Bridge River mean annual flow than Whistler, suggesting it is a strong pre-
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Figure 2: Vancouver is a stronger predictor of summer melt at Bridge Glacier (shown as mean
annual flow from the glacier outlet stream) than Whistler, however both are statistically signifi-
cant.

dictor of summer melt. Due to the fact that Vancouver has a longer climate record than Whistler,
and a strong correlation with Bridge Glacier climatology, it has been used for all future analyses
in this study.

Results

Retreat and Climate

Reconstructed retreat shows a relatively stable terminus position between 1972 and 1984. During
this period, the proglacial lake is relatively small, and does not contain large icebergs. In 1989,
calving begins, however larger icebergs only begin to appear in the lake in the summer of 1991.
In 1994, and again in 1997, two large calving events which led to a more substantial retreat. The
glacier enters a period of relative stability from 1997 until 2004, at which point large crevasses
form near the terminus and become water-filled. In the summer of 2005, the terminus disinte-
grates and retreats 469 m, the largest calving event during the study period. After 2005, the
glacier remains at a relatively stable position until 2010, when it undergoes another substantial
retreat toward its present day margin.

Bridge Glacier’s retreat (Figure 3a.) is relatively consistent until 1991 when calving begins
to have a larger impact on terminus location. Bridge Glacier’s post-1991 retreat is step-like,
characterized by large retreats interspersed with periods of relative stability. The rate of retreat
between 1972 and 1991 was relatively low (21 ma−1), but accelerated substantially since 1991,
with an average rate of 144 ma−1. The rate of retreat accelerated again since 2009, retreating
over 1200 m in 3 years.

Winter precipitation (Figure 3b.) during the period oscillated in short, 3 to 5 year cycles
of high and low snowfalls, with relatively large variations. Average winter precipitation for the
period was 819 mm, but varied up to 400 mm in individual years. Four consecutive heavy
snowfall years were observed between 1980 and 1984, while between 2000 and 2009 only two
seasons experienced above average precipitation. In general, the relative lack of a long term trend
or shift in precipitation patterns suggest that its impact on retreat would have been minimal, a
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Figure 3: a. Cumulative retreat of Bridge Glacier, relative to 1972 terminus position. b.
Vancouver winter precipitation anomalies (mm) c. Vancouver summer temperature anomalies
(◦C), d. Bridge River mean annual flow anomalies (m3s−1).

conclusion echoed in other studies (Oerlemans, 2005; Post et al., 2011).
Summer temperatures (Figure 3c.) show a general trend of warming during the period, while

the mean summer temperature was 14.77◦C. A long run of warmer than average summers were
observed between 1987 and 1998, with only two years falling below normals. Between 1999 and
2001 were three consecutive cooler than normal summers, followed by 3 of the 5 warmest sum-
mers in the record between 2003 and 2005. Both winter precipitation and summer temperature
patterns are significant predictors of Bridge Glacier equilibrium line altitudes determined from
end-of-season Landsat data (not shown).

Mean annual flow from the gauging station at the outlet of Bridge Lake (Figure 3d.) follows
the general pattern of summer temperatures and is significantly correlated with both Whistler
and Vancouver, however Vancouver is a stronger predictor. Four consecutive low flow years were
observed between 1983 and 1986, while between 1989 and 1998, 8 of the 9 years were above
average. 2003 to 2006 is characterized by another run of 4 consecutive high flow years.
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Inverse Linear Model

In order to better estimate the relative roles of calving and climate on the retreat of Bridge
Glacier, retreat was modelled using an inverse linear model (Oerlemans, 2007; Oerlemans, 2005).
By modelling retreat solely as a function of climatic forcing, we can project how the glacier
would have responded had it not been affected by proglacial Bridge Lake. Through the use of
this model, the influence of climate can be quantified, while deviations from modelled results can
be assumed to be due to calving influence.

Model Parameters Symbol Value

Slope θ 0.0818 m/m
Glacier Reference Length L 18 500 m
Mean Annual Winter Precipitation P 819.31 mm/year
Mass Balance Gradient β 0.00543 K/m
Climatic Sensitivity c 2366.36 m/K
Response Time τ 139.03 years

Table 1: Parameters used in linear inverse model. Both c and τ fit well within the range found
in Oerlemans (2005).

In the linear inverse model (Equation 1), the retreat rate, dL
dt , is a product of the annual sum-

mer temperature anomaly (T ′), which is buffered by the glacier’s individual climate sensitivity
(c), and its response time (τ).

dL

dt
= −1

τ
[cT ′(t) + L′(t)] (1)

The relationship can be rewritten to solve for L′(t) (Equation 2). This implies that when
the time (t) is equal to the response time (τ), roughly two-thirds of the climatic forcing has
manifested itself as a change in glacier length.

L′(t) = (1 − e−
t
τ )cT ′(t) (2)

In order to reconstruct retreat rates, a response time and climatic sensitivity were derived
for Bridge Glacier (Equations 3, 5) following Oerlemans (2005), where θ is the average glacier
slope, β is the mass balance gradient (Equation 4), L is the glacier reference length, and P is
the average annual winter precipitation.

τ =
13.6

βθ
(1 + 20θ)−0.5L−0.5 (3)

β = 0.006P 0.5 (4)

c =
2.3P 0.6

θ
(5)

Values of response time and climate sensitivity were derived using 1972 as the reference year
(see Table 1). The derived response time for Bridge Glacier is roughly 139 years, which is a rela-
tively long time period, but is nevertheless consistent with other low slope, large glaciers (Oerle-
mans, 2005). Climate sensitivity was increased by 50% because the accumulation area is roughly
four times the ablation area, a method that is consistent with other studies, and has been con-
firmed in numerical simulations (see (Oerlemans, 2007; Oerlemans, 2011)). As such, the value
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Figure 4: Modelled and observed retreat at Bridge Glacier. Modelled retreat follows observed
rates quite closely until 1991, which coincides with the onset of large calving events.

of c is well within the range of average values derived for glaciers around the world (Oerlemans,
2005).

Modelled results from equation 3 are noisy, and retreat rates fluctuate by as much as 571 m.
Therefore, modelled length changes must be smoothed (Oerlemans, 2007) using local regression
techniques (loess in the R statistical package). The loess modelled annual retreat predicts a
retreat of 613 m between 1972 and 2012. Modelled retreat agrees quite well with observed rates
until 1991, at which point observed retreat rates increase substantially while modelled glacier
lengths decrease gradually. This deviation corresponds generally with the first observations of
large icebergs in Bridge Lake, and the onset of large calving events. In the summer of 2005,
another large calving event further increases the rate of terminus retreat, while the modelled
rates hold steady, leading to a further deviation between the two rates.

The model is generally robust to changes in parameters. Sensitivity analyses (not shown)
suggest that changes in slope, precipitation, climate sensitivity, and response time have a rel-
atively minor impact on the amplitude of response, and no observable effect on the trend of
modelled retreat.
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Discussion

In this paper, the retreat of Bridge Glacier has been reconstructed and has been related to climate
through a numerical simulation of its linear response to climatic forcing. The general agreement
between the observed and modelled results up to 1991 suggests that, until then, the glacier
was responding to climate in a conventional way. Anomalously hot summers produced retreat
consistent with derived response times and climate sensitivity, however, after 1991 observed
retreat was at least partially independent of climatic forcing.

The acceleration of retreat, asynchronous to climate trends, suggests that Bridge Glacier
became desensitized to climatic forcing once calving began to have a measurable effect on the
glacier terminus. After the onset of calving, retreat began to exhibit a step-like retreat with
much larger variations than could be expected from climate induced retreat alone, and are more
likely a product of valley geometry and lake bathymetry.

Although the relationship between climate and glacier retreat is muddied due to calving,
this research suggests that climate may still play an important role. Many studies have found
that flotation is a key variable in determining the stability and retreat of water-terminating
glaciers (Meier and Post, 1987; Van der Veen, 2002), however the mechanisms of thinning are
diverse. In some cases, the glacier may retreat into deeper water, allowing for flotation (Van der
Veen, 1996), while in other cases, it may retreat past a narrow ‘pinning point’, allowing for
dynamic thinning (Koppes et al., 2011).

In the case of Bridge Glacier, it seems that, similar to Mendenhall Glacier in Alaska, a series of
high melt summers preceded retreat, and were responsible for a climatic thinning that brought
the glacier to flotation. If we assume that strain rates remain relatively constant during the
period of thinning, and before flotation, the rate of thinning must then be climate driven.

Figure 5: Setting the table: In this mechanism, climate is responsible for creating the conditions
necessary for a calving-driven retreat, however, once flotation-driven calving begins, the glacier
responds to dynamic changes, operating in a positive feedback loop independent of climate.
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Once Bridge Glacier reaches flotation, calving becomes a more important source of ice loss.
Increased ice loss, leading to terminus retreat, increases near-terminus velocities and longitudinal
strain rates. This, in turn, leads to dynamic thinning, crevassing, increased instability, and more
calving events, instigating a positive feedback loop independent of climate (Figure 5). What this
suggests, is that climate is responsible for the initial thinning, but once the terminus achieves
flotation, retreat can be enhanced without increased melt rates. In this mechanism, climate is
responsible for creating the conditions necessary for a calving-driven retreat, but once flotation-
driven calving begins, the glacier becomes inherently unstable and cannot regain stability until
it retreats into shallower water or a narrower channel.

Conclusion

Between 1972 and 2012, Bridge Glacier has retreated 3.55 km. The retreat was gradual until 1991,
however, since then, retreat has become irregular and step-like, characterized by large calving
events and periods of relative stability. Retreat accelerated in the late 1990s, and again since
2007, coinciding with major calving events. Observed retreat appears to have been responding
directly to climate until 1991 when calving increased and retreat accelerated. Climate operates as
an important control on the life-cycle of a lacustrine calving glacier, is responsible for creating the
conditions necessary for a calving-driven retreat. However, once flotation-driven calving begins,
Bridge Glacier responds predominantly to glacier dynamics, operating in a positive feedback loop
at least partially independent of climate.

Further study relating down-valley retreat at Bridge Glacier with the relative effect calving
has had on the glacier’s mass balance could enable a better understanding of the glacier’s overall
‘health’. By examining velocities, the thinning rate, and bathymetry of Bridge Lake, a calving
rate could be constructed. Relating the rate and magnitude of ice loss from the terminus to
glacier flow and mass balance would allow for a better understanding of the relative importance
of calving on the mass balance. An examination of changing terminus geometry and topography
would allow for further investigation into the nature of the observed step-like retreat, as well as
the specific controls of calving at Bridge Glacier. Further work could also be done to compare
observed retreat at Bridge with a nearby non-calving glacier, with similar climatic forcings, such
as Wedgemount Glacier, to further compare the influence of calving on glacier retreat.
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