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ABSTRACT. Assessment of the contribution of small glaciers to sea-level rise or the
reconstruction of past glacial mass balance requires knowledge of mass-balance sensitiv-
ity to climatic variations. The aim of this paper is to clarify this relation. The mass-
balance fluctuations analyzed from measurements on glacier d’Argenticre, Mont Blanc
massil, France, between 1850 and 2700 m a.s.l. were compared with climatic variations at
a nearby meteorological station. Statistical study of the data shows that: (I) the annual
mass-balance fluctuations are dependent on elevation, and (2) the mass- balance sensitiv-
ity to temperature decreases with altitude and diverges from current model results. Con-
sequences of a temperature variation of 1°C for global volume variations are significant. A
simple calculation on glacier des Bossons, Mont Blane massil, France, shows that the sen-
sitivity from the model can lead to volume variations twice as high as results compatible

with our observations.

INTRODUCTION

Ever since Meier (1984) pointed out the potentially large
contribution of small glaciers (excluding the large polar ice
sheets, Greenland and Antarctica) to sea-level fluctuations,
all proposed climatic-change scenarios have included esti-
mates of the consequences of an increase in the mean temp-
crature of the troposphere for the volume of mountain
glaciers. Since 1984, mass-balance sensitivity to temperature
Muctuations has been largely reconsidered (Warrick and
Ocrlemans, 1990; Oerlemans and Fortuin, 1992; Trupin and
others, 1992): the suggested contribution of small glaciers to
sca level decreased between 1984 (estimation by Meier) and
1992 (estimation by Oerlemans), from 130 to 0.58 mm
year Lo Y(Meier, 1993).

Two methods can be used to obtain such an estimate. For
the first method, as described by Martin (1975), an empirical
relationship is established between the climatic variability
and the mass-balance fluctuations. In the second, as des-
cribed by Oerlemans (1993), the glacier mass-balance varia-
tions are estimated by analyzing the probable changes in the
various terms of the energy balance. The two methods ap-
pear to give similar results. The temperature sensitivity of
mountain glaciers, at least for the Alps and Scandinavia,
the regions most studied to date, would appear to be about
~04 to 0.6 mice "C ' (Kuhn, 1981; Letréguilly, 1984; Chen
and Funk, 1990; Oerlemans, 1993). From these results, it is
tempting to generalise these relationships on a large spatial
scale to estimate global ice-melting volume for 17 or 2°C
temperature elevation in the [uture.

Nevertheless, such operations have limits; in this paper,
we analyze the mass-balance sensitivity to climatic fluctua-
tions depending on elevation. If it is assumed that temper-
atures and precipitation gradients are linear, empirical
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relationships between the specific balance of the glacier
and climatic (luctuations, of the form b, = ad? + AdP,
where by is the specific balance, d7 is a temperature varia-
tion, dP 1s a precipitation variation and o and [ are coefli-
cients to be determined, are valid only within the context of
the linear model proposed by Lliboutry (1974); according to
this approach, mass-balance fluctuations are independent of
elevation.

But such a model is valid only over an area similar in size
to the area for which it was developed, 1.¢. for glaciers of not
more than a few km”, Kuhn (1984) suggested that a non-lin-
car approach could, conceptually speaking, be equally use-
ful. Indeed, it is unreasonable to assume that a summer
temperature variation of 1°C or a winter precipitation var-
iation of 10 cm of water at Chamonix would result in the
same mass-balance variation at an elevation of 1200 m near
the bottom of glacier des Bossons and at the 4800 m high
summit of Mont Blanc.

The response of glacier mass balance to climatic change
should, in principle, be very strongly dependent on eleva-
tion. At high elevation, in regions where turbulent exchange
plays a negligible role, air-temperature variations have a
much smaller effect. Inversely, in mountain regions, given
the increase in precipitation with elevation, the effect of pre-
cipitation fluctuations should increase with elevation.
Instead of the sensitivity of the specific balance o climatic
fluctuations, therefore, we will consider the sensitivity of the
mass-balance—elevation relationship to these fluctuations.

SENSITIVITY OF MASS BALANCE TO CLIMATIC
FLUCTUATIONS

In an attempt to describe this relationship in detail, we have
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used a series of measurements made on glacier d’Argenticre,
Mont Blanc massif, France, by the Laboratoire de Glaciolo-
gie et Géophysique de 'Environnement du Centre National
de la Recherche Scientifique, extending back to 1975. On
this glacier, the mass balances have been measured regu-
larly at four different elevations between 1850 and 2700 m.
The Chamonix meteorological station, at an elevation of
1000 m, is located just a few kilometres from the glacier.

The observation period (18 years) may appear to be
somewhat short. However, studying the stability of the rela-
tionship between the specific balance and climate for glacier
de Sarennes, Gelbert (1986) found that, although periods of
5-10 years are insufficient to establish a reliable relation-
ship, statistical analysis of data covering a period of more
than 15 years gives unchanging explanatory variables and
stable regression coefficients.

Each observation site (1850, 2400, 2550 and 2700 m a.s.1)
is a zone of about 0.25km” on which mass balances are
measured at three to ten stakes.

Because of the exposition, slope and debris or snow on
the glacier surface, spatial variability is very significant at
1850 and 2700 m (in these regions mass-balance gradients
arc of 1-2mice year ' per 100 m horizontal distance in the
vicinity of the stakes).

Sites of ablation stakes are not strictly the same from
year-to-year, and the mean value of the observed mass
balance in each zone alone already has a large “noise” 'Io
reduce uncertainty about the characteristic mass balance
for each zone, the statistical method used by Lliboutry
(1974) for the analysis of St Sorlin mass balance (linear
model with incomplete table of balance values) was applied
for each zone.

In such a linear model, mean mass-balance uncertainty
can be reduced to about 0.5 m water year ' (o= 0.3-0.6m,
depending on zone and time), although the standard error
of the mean mass balance can exceed 1.50 m water year .
when calculated by arithmetic mean.

From all the observations, it is possible to calculate char-
acteristic annual mass balance for each zone (Fig. 1).

The main results of the statistical analysis of 18 years of
observations are as follows:

(1) The linear model of mass-balance variations is not ap-
plicable; the inter-annual variability of the mass balance
decreases regularly with elevation (4 = 5.08 m of water
at 1850 m, 3.76 m of water at 2375 m, and 2.88 m of water
at 2725 m).

Mass balance (m water)
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Fig. 1. Glacier drgentiére characteristic mass balance for
different zones in respect to time (1975-93).

https://doi.ord}¥p.3189/50022143000002380 Published online by Cambridge University Press

(2) The mass-balance fluctuations are nonetheless highly
correlated, with 81% of the variance being in common,
probably of climatic origin, and only 12% correspond-
ing to differences in elevation (it is this very high co-
variance that gives the impression that the linear model
is a good approximation, given the relatively large noise
affecting the mass-balance measurements).

(3) The only pertinent explanatory variables are: (a) the
temperature during the ablation season (May-August),
accounting for 25-50% of the variance, depending on
the zone, and (b) the winter precipitation (October—
May), hardly significant at the 5% threshold, respons-
ible for 10-15% of the variance.

Figure 2 shows the values of the regression coeflicients
for the relationship between the mass-balance and temper-
ature variations. The values obtained (042-1.08 m
water “C ') are comparable to the sensitivities observed by
other investigators both for the Alps and for Scandinavia. In
spite of the high uncertainty associated with these values, we
can affirm that the sensitivity actually decreases with eleva-
tion. For the sake of comparison, we have plotted two curves
showing the mass-balance sensitivity to temperature varia-
tions. One of the curves is deduced from the simulation
made by Oerlemans (1993) using his model. The other is de-
rived from the empirical relationship proposed by Krenke
and Khodakov (1966), between ice ablation and mean temp-
erature during the ablation season. The model used by Oer-
lemans appears to overestimate greatly the sensitivity of
low-clevation mass balances to temperature variations.
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Fig. 2. Mass-balance—temperature relation observed on
glacier dArgentiére. Comparison with Krenke and Khoda-
kov’s (1966) empirical relation and Oerlemans® (1993) model
(Lhm” = 10°m®). The calculations, with the empirical
relation of Krenke and Khodakov, i.e. ablation ; , o water)
= (mean summer temperature ) + 10)°, are performed
using the mean summer ( June—August) temperature in Cha-
montx and a lapse rate of 7° Chm™.

Oerlemans’ model, in which a complex albedo parame-
terisation (nine parameters) is able to explain 75% of
energy cxchange and 85% of mass-balance variation with
altitude in the ablation zone, is not adapted to explain inter-
annual mass-balance fluctuations. In this model, the shift of
the equilibrium line due to temperature change leads to a
surface albedo variation on the whole glacier, and this sur-
face albedo decreases drastically down-glacier below the
equilibrium line. But the surface appearance of the ablation
zone, after melting of the winter snow (rock debris, dust
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wells, petrographic characteristics of ice) does not change
each year with altitude fluctuations of the equilibrium line.
Therefore, it would be surprising if this model fitted well
with observations.

On the other hand, the empirical relationship proposed
by Krenke and Khodakov provides a very satisfactory fit for
the observations of glacier d'Argentiére as well as those of
glacier des Sarennes, 100 km to the south. This relationship
is influenced by ablation values obtained from regions where
there is a large turbulent energy flux (Khodakov, 1975). In
the French Alps, the contribution of radiation to ablation
decreases strongly with altitude (43% of exchange at
2700 m a.s.l., according to Martin, 1975, and 3% of ex-
change at 3600 ma.s.]., according to De la Casiniére, 1971).

Besides, it can be noticed that the mass-balance sensitiv-
ity to temperature equal to 0.5 mwater “C ' proposed by
many authors is linked to observations made on a limited
zone of glaciers (ablation zone).

The implications of these results for the relationship
between mass balance and temperature can be seen in Fig-
ures 3 and 4, in which we have plotted, for glacier des Bos-
sons (a large glacier in the Mont Blanc range), from the
summit of Mont Blanc to the snout of the glacier, and for
glacier d'’Argentiére, the total volume variation. This would
result in a temperature variation of 1°C on the basis of three
different models, i.e. the linear model with a coefficient of
0.5 mwater °C ", the model proposed by Oerlemans (1993)
and the relationship proposed by Krenke and Khodakov
(similar to the relationship observed on glacier d’Argen-
tiére ).

For glacier dArgentiere (Fig. 4), results are strongly influ-
enced by the geometry of the accumulation zone; the glacier
is surrounded by very steep non-glacial slopes, which are
responsible for most of the accumulation. Therefore, the
glacial accumulation zone is small and reduces drastically
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Fig. 3. Cumulated volume variation for glacier des Bossons
resulting in a temperature variation of 1°C,_for three different
models (1hm” = 10° m”). The linear model predicts unrealis-
tic vartations of volume in the accumulation zone: both the
linear and Qerlemans models predict much more significant
variations in the flux of ice near the snout than observed. For
the I°C variation of temperature in the Northern Hemisphere
observed between 1890 and 1990 ( Hansen and Lebedeff;
1988), the snout of glacier des Bossons would move about
2.6 km with the linear and Oerlemans models, 1.3 km with
the Krenke and Khodakov relation. The observed fluctuation
of the front is only 1.0 km between the maximum advance of
1890 and the retreat of 1995.
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Fig. 4. Cumulated volume variation for glacier dArgentiére
resulting in a lemperature variation of 1°C. for three different
models.

the cumulated volume variation calculated in the linear
model. (The other models are not much affected, because
the sensitivity is very low above the equilibrium line.)) From
this point of view, glacier des Bossons is more representative
than other glaciers.

Thus, from glacier des Bossons results, we can say that
the models generally used to estimate ocean-volume, varia-
tions produce estimates for glacier-volume variations that
are twice those calculated using a relationship correspond-
ing to the observations made on glacier dArgentiére.

Concerning precipitation fluctuations, the sensitivity of
glacier mass balance to this parameter is more difficult to
estimate reliably than its sensitivity to temperature fluctua-
tions. The inter-annual precipitation {luctuations are gener-
ally of the same order of magnitude as the uncertainty in
mass-balance measurements (+0.2 to £03m of water).
With a relationship of the form b = 3dP, where 3 would
appear to be on the order of 2 + 1in the Alps and in Scan-
dinavia, the statistical estimation of /3, subject to the uncer-
tainty both in the mass-balance measurements and in the
statistical relationship between mass balance and temper-
ature, is obviously highly uncertain. To obtain a reliable re-
lationship, it will be necessary to estimate directly the
relationship between accumulation and precipitation at
various elevations.

CONCLUSIONS

Although extending over an elevation range of 900 m, our
observation network on glacier d’Argentiére is still too lim-
ited to assess reliably the sensitivity of mass balances to
temperature fluctuations. In order to do so, it would be ne-
cessary to extend these observations both upwards, in the
accumulation zone, and downwards, into the low-elevation
regions near the snouts of large glaciers. According to
Johannesson and others (1989), the ablation value at the
snout is one of the key parameters affecting the extension
of glaciers and their response times,

A linear model of mass-balance variations is acceptable
only for a limited elevation range (a few hundred metres).
In addition, the empirical relationship of Krenke and
Khodakov (1966) between the mass-balance sensitivity to
temperature and the elevation (Fig. 2), which has been
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obtained from observations made worldwide on a great
number of glaciers, is absolutely comparable to the results
obtained on glacier dArgentiére by a statistical method,
whereas the results stemming from Oerlemans’ model
clearly diverge from our observations.

Consequences for global volume variations of glaciers
for a temperature variation of 1°C are significant. In:trct a
simple calculation on glacier des Bossons shows that a linear
model of mass-balance variation or Oerlemans’ model leads
to volume variations twice as high as results compatible with
our observations.
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