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Temperate glacier time response from field data
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ABSTRACT. The relationship of glacier response due to mass-balance changes is
of fundamental importance when climate variations are to be understood. In this
paper, two aspects of the problem are analyzed from field data: (1) advance/retreat of
the glacier terminus due to changes in mass balance, and (2) cross-correlation of
mass-balance data from two glaciers in the same climate zone. The results show: [y
the terminus can respond quickly in accordance with expected minimum time-scale,
and (2) two glaciers in the same general climate zone may have very different yearly
mass balance and advance/retreat behaviour. This latter result indicates the

importance of local climate variations.

INTRODUCTION

Field observations and measurements indicate that
temperate alpine glaciers are sensitive indicators of
climate. In particular, advance and retreat are governed
by changes in mass balance. On a global scale, it is likely
along with variability of Arctic sea ice, that glaciological
evidence for global climate change will appear first with
respect to advance and retreat of temperate glaciers.
Joéhannesson and others (1989a,b) presented a simple
theory for time response of advance/retreat due to mass-
balance changes based only on volume change caused by
mass-balance perturbations. In this paper, the theory of
Johannesson and others is applied by a time-series
analysis of field measurements. In particular, field
measurements of mass balance and terminus position of
Blue Glacier reported by Armstrong (1989) and Spicer
(1989) are used. The results show agreement with the
theory within an order of magnitude.

An additional aspect of the problem is explored by a
time-series analysis of mass-balance data for Blue Glacier
and South Cascade Glacier (Krimmel, 1989). Both of
these glaciers are in the same general maritime climate
zone but separated by 200km. However, their mass
balance and advance/retreat history over the past
30years appear radically different (Armstrong, 1989).
Cross-correlation of time-series records of mass balance
shows that the mass balances are essentially uncorrelated
for a given year but there is a significant correlation with
a lag of 3years. However, it is unlikely that this latter
result is of substantial importance.

THEORY

Joéhannesson and others (1989a, b) derived simple order-of-
magnitude relationships to illustate the time- and space-
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dependent response of temperate (non-surge type)
glaciers to mass-balance changes. Their theory essen-
tially involves relating the total rate of change of glacier
mass per unit time (dM/dt) to Qb: the balance flux
evaluated at the glacier terminus. At the terminus, Q}, is
represented by (Raymond, 1980):

- dM
QbkfﬂbdA'vE- (1)

In Equation (1), b is net mass balance, A is horizontal
area of the glacier above the terminus and p is ice density,
and the integral is taken over the entire glacier area above
the terminus.

By assuming that small changes in glacier volume (due
to mass-balance changes) result primarily in area changes
at the terminus by extension/retreat, Jéhannesson and
others (1989a) showed that the minimum (order-of-
magnitude) time-scale for response contained in Equat-
ion (1) is:

Tz, @)

by
In Equation (2), H is a thickness scale for the glacier (e.g.
average of maximum glacier thickness (m)) and b, is an
index of ablation rate at the terminus (ma~'). Readers
are referred to Jéhannesson and others (1989a,b) for a
more complete discussion of the implications of Equation

2).

ANALYSIS

The area-averaged net mass balance of Blue Glacier for
the period 1956-86 is shown in Figure 1 (Armstrong,
1989). The terminus position recorded relative to a point
below the glacier which the terminus reached in 1938
(Spicer, 1989) is shown in Figure 2 for the same period.
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Fig. 1. Area-averaged net mass balance of Blue Glacier
(m water) as a function of time. Data from Armstrong
(1989).
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Fig. 2. Terminus position of Blue Glacier in meters from
the 1938 position below the glacier. A terminus-position
decrease means glacier advance. Data adapted from Spicer
(1989).

Note, therefore, that positive increase in terminus position
signifies terminus retreat.

A time-series analysis was performed for the data
depicted in Figures 1 and 2 by calculation of the cross-
correlation of the series. Analysis of the raw data showed
that the highest correlation coefficients occurred for lags
of 7-12 years where lag means response time for advance
of the terminus corresponding to positive increase in mass
balance. These correlation coefficients varied between
-0.24 and -0.33 (lag of 10years). Negative coefficients
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Fig. 3. Cross-correlation of Blue Glacier mass balance
with terminus position. Mass-balance data in Figure 1
were smoothed over a time-scale of 6 years before the
analysis was performed.

were obtained, since the 1938 reference point is below the
present terminus: when the terminus advances, distance
from the reference point decreases (See Fig. 2). For the
highest correlation —0.33 (at 10 years’ lag), the standard
error is 0.22. This lag was the most significant correlation
between the two series; it had the highest correlation
coefficient and highest ratio of correlation coefficient to
standard error (1.5).

Since terminus fluctuations represent a time-integ-
rated response, the mass-balance data were smoothed
over a suitable time-scale in order to compare cross-
correlations for two series with similar time-scales of
fluctuations. Figure 3 shows cross-correlation of mass
balance with terminus position with mass-balance data
smoothed (using moving averages) over a time period of
6 years. This smoothing period gave optimum correlation
between the two series: other smoothing time periods
between 2 and 10 years (and greater) showed lower values
and less significance for the correlation coefficients. The
analysis in Figure 3 (and that of the raw data) shows that
the terminus lags positive mass-balance input by a time-
scale of about 10years. For all the values of correlation
coefficients plotted in Figure 3, only those with lags
between 7 and 11years equal or exceed two standard
errors in the analysis. The positive correlation coefficients
for lags of —10 to —5years are not significant, since they
are comparable to the noise (one standard error) in the
analysis.

For Blue Glacier, a relevant thickness scale is about
100-200m (Meier and others, 1974) with ablation rates
there of about 3-5ma' (Armstrong, 1989). From
Equation (2), this gives a minimum time-scale of about
20 years which is in rough agreement with the analysis.
Mass-balance data from Blue Glacier are not available for
much more than about 30years, so the possibility of
longer time-scale interactions cannot be determined.
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Fig. 4. Area-averaged net mass balance of South Cascade
Glacier (m water) as a function of time. Data from
Krimmel (1989).

MASS-BALANCE COMPARISONS

Mass-balance data (Krimmel, 1989) from South Cascade
Glacier are shown in Figure 4. South Cascade Glacier is
the only other glacier (besides Blue Glacier) in the
northwestern United States (Alaska excluded) with a
long-term mass-balance record. During the period 1958—
85, South Cascade Glacier lost about 10m water
equivalent averaged over the glacier surface (see
Krimmel (1989) for presentation of data and discussion
of accuracy) with a terminus-retreat distance near 400 m.
During the same period, Blue Glacier had a slightly
positive mass balance and advance of about 150 m.
Therefore, there are significant differences in the mass-
balance behaviour of these glaciers even though they are
in the same general maritime climate zone and they
occupy nearly the same altitude zones. Measurement
errors for Blue Glacier are +10-15% for ice ablation and
+10-20% for residual accumulation (Armstrong, 1989).

In Figure 5, mass-balance data from Blue Glacier
(Fig. 1) and South Cascade Glacier (Fig. 4) are cross-
correlated as a function of time lag in years. Analysis
showed that the cross-correlations are significant only at
lags of —3 years (correlation of 0.55, standard error 0.20)
and —5years (correlation 0.40, standard error 0.20).
These comparisons add to the differences between the two
glaciers; not only are the mass-balance and terminus
histories different over the 30years’ comparison, indiv-
idual (zero-lag) yearly balances do not seem to correlate
either.

DISCUSSION

A time-series analysis of terminus advance and retreat for
Blue Glacier indicates that positive mass balances can
cause terminus advance in about a 10year time-scale.
This result is in rough agreement with the theory of
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Fig. 5. Cross-correlation of mass-balance data_from Blue
Glacier and South Cascade Glacier (Figs 1 and 4).

Johannesson and others (1989a,b) that a time-scale on
the ordgr of 10-20 years is possible for minimum response.
This result also agrees with common field observations
that advance and retreat of temperate (non-surge)
glaciers can be rapid and of the same order as the data
and theory indicated. Due to the short length of the time
series, it is not possible to comment, from these
measurements, on possible response times greater than
30 years.

One possible complication with respect to evaluation
of the response time of Blue Glacier is the complexity of
the geometry of the glacier terminus (Spicer, 1989).
However, the order-of-magnitude theory applied here
makes this aspect of the problem beyond the scope of the
present paper.

Comparison of mass-balance histories of Blue Glacier
and South Cascade Glacier indicates that yearly balances
do not correlate. At zero lag, the cross-correlation gave a
correlation coefficient of 0.092 (standard error 0.192)
which is not close to being significant. This result further
enhances the differences between the mass balance and
advance/retreat histories of these glaciers. Together, the
results may show that a sample size of two is too small to
characterize climate implications from glacier fluctuat-
ions in a general area; specifics of local climate are
important. Since Blue Glacier is significantly closer to the
moisture sourc
e (Pacific Ocean) than South Cascade Glacier, the local
climate may differ significantly from that of South
Cascade Glacier. Even though South Cascade Glacier is
in a drier area than Blue Glacier, both glaciers usually
intercept the same storms and the general weather
patterns are similar. Therefore, one might expect mass
balances to cross-correlate on a yearly basis. Apparently,
local climate differences dominate over general climate in
this case. These results are in contrast to data reported by
Schmok and Clarke (1990) from Place and Sentinel
Glaciers in the Coast Mountains of southern British
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Columbia. A cross-correlation analysis (24years of
records) of net-balance data from these glaciers gave a
correlation coefficient of 0.84 at zero lag with a standard
error of 0.204; a highly significant result. Place and
Sentinel Glaciers are separated by only 65 km in a north—
south configuration; apparently, in this case the local
climate is similar enough to produce good correlation in
mass balance.
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