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ABSTRACT. Assessment of the contribution of sma ll g lac iers to sea-level ri se or the 
reconstruction of past g lac ia l mass balance requires knowledge of mass-balance sensiti v
it y to clima ti c variations. The aim of thi s paper is to cl a rify this rel ation. The mass
balance flu ctuati ons a na lyzed from measurements on glac ie r d'Argenti ere, lVfont Blanc 
massif, France, between 1850 a nd 2700 m a.s.l. were compa red with climatic variations at 
a nearby meteorologica l sta tion. Statistical study of the da ta shows that: (I) the a nnua l 
mass-ba lance flu ctuations a re dependent on elevation, and (2) the mass- ba lance sensitiv
ity to temperature decreases with altitude a nd diverges from current model rc ults. Con
sequences of a temperature vari ation of I QC for g lobal volume variations a re significant. A 
simple caleulati on on g lacie r des Bossons, Mont Blanc mass if, France, shows tha t the sen
sitivity from the model can lead to volume vari ations twice as high as res ults compa tible 
with our observations. 

INTRODUCTION 

Ever since M eier (1984) pointed out the po tenti a lly la rge 
cOnLributi on of small glaciers (excluding th e large pola r ice 
sheets, Green land and Anta rctica ) to sea-level fluctuations, 
a ll proposed climatic-change scena ri os have included esti
mates of the consequences of a n increase in the mean temp
erature of the troposphere for the volume of mounta in 
glac iers. Since 1984, mass-balance sensiti vity to temperature 
flu ctuati ons has been la rgely reconsidered (Wan-iek and 
O erlema ns, 1990; O erlemans and FOI-tuin , 1992; Trupin and 
others, 1992): the suggested contribution of small glaciers to 
sea leve l decreased between 1984 (estima tion by Meier) and 
1992 (es tima tion by O erlemans), from 1.30 to 0.58mm 
yea r I C I (M eier, 1993). 

Two me thods can be used to obtain such a n estimate. For 
the fi rst m ethod , as desc ribed by Martin (1975), a n empirical 
rel a ti onship is establi shed between the cli matic variability 
and the m ass-ba lance flu ctuations. J n the second, as des
cr ibed by O erl emans (1993), the glac ier mass-ba la nce "a ri a
tions a re esti m ated by ana lyz ing the proba ble changes in the 
va rious terms of the energy ba lance. The two methods ap
pear to g ive simil ar res ults. The temperature sensitivity of 
mounta in g lac iers, a t least for the Alps a nd Scandinavia, 
the regions most studied to date, wou ld appear to be about 
- 0.4 to 0.6 m ice QC I (Kuhn, 1981; Letrcguill y, 1984; Ch en 
and Funk, 1990; O erlemans, 1993). From these results, it is 
tempting to generalise these rela tionships o n a la rge spatial 
sca le to es tim ate globa l ice-melting vo lume fo r I Q or 2°C 
temperature elevation in the future. 

Nevertheless, such operations have limits; in thi s paper, 
we ana lyze the mass-balance sensitivity to climatic fluctua
ti ons depending on elevation. If it is ass umed that temper
atures a nd precipitation g rad ients a re linea r, empirica l 

relationships be tween the spec ific ba lance of the g lac ier 
and clim atic fl uctuat ions, of the fo rm bs = adT + j3dP, 
where bs is the spec ific balance, dT is a temperature varia
ti on, d? is a prec ipitation var iat ion and a and j3 a re coeffi
cients to be de termined, arc valid onl y within the context of 
the linear model proposed by Llibo utry (1974); acco rding to 
this approach, m ass-balance flu ctuations a re indep endent of 
elevati on. 

But such a m odel is valid only over an a rea similar in size 
to the a rea lor which it was developed, i. e. for glaciers of not 
more than a few km 2 Kuhn (1984) suggested that a non-lin
ear approach co uld , conceptua ll y speaking, be equall y use
ful. Indeed, it is unreasonable to assume tha t a summer 
temperature va ri at ion of I C or a winter prec ipita tion \"ar
ia ti on of 10 cm of water at Chamonix wou ld result in the 
same mass-ba la nce vari at ion a t a n elevation of 1200 m near 
the bottom of g lacier des Bossons and at the 4800 m high 
summit of Mont Blanc. 

The response of glacier mass ba lance to cli matic change 
should , in principle, be , 'ery strongly dependent on eleva
ti on. At high elevation, in regions where turbulent exchange 
plays a negli g ibl e role, air-temperature vari ations have a 
much sma ll er effect. Inversely, in mounLa in regions, given 
the increase in precipita tion with elevati on, the effect of pre
cipitati on flu ctu ations should increase with elevation. 
Instead of the sensitivity of the spec ific bal ance to climatic 
fluctuati ons, therefore, we will consider the sensiti vity of the 
mass-ba lance- el evation relati onship to these flu ctuations. 

SENSITIVITY OF MASS BALANCE TO CLIMATIC 
FLUCTUATIONS 

In an attempt to describe thi s rela ti onship in detail , we have 
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used a seri es of measurements made on glaeier d'Argentiere, 
Mont Blane massif, France, by the Laboratoire de Glaciolo
gie et Geophysique de I'Environnement du Centre National 
de la Recherche Scientifique, extending back to 1975. On 
this glacier, the mass balances have been measured regu
la rly at four difTerent 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. Howe"er, tudying the stability of the rela
tionship between the specific balance a nd climate for glacier 
de Sarennes, Gelbert (1986) found that, although periods of 
5~ 10 years are insufficient to es tablish a reliable rela!ion
ship, statistical analysis of data covering a period of more 
than 15 years gives unchanging explanatory vari ables and 
stable regression coeffi cients. 

Each observation site (1850,2400,2550 and 2700 m a.s.l.) 
is a zone of about 0.25 km 2 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 
a re of 1 ~2 m ice year I per 100 m horizontal distance in the 
vicinity of the stakes ). 

Sites of ablation stakes a re not strictl y the same from 
year-to-year, and the mean value of the observed mass 
balance in each zone alone already has a la rge "noise". To 
reduce uncertainty about the characteristic mass bala nce 
for each zone, the statistical method used by Lliboutry 
(1974) for the a nalysis of St Sorlin mass balance (linear 
model with incomplete table of balance values) was applied 
for each zone. 

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

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

The main results of the sta tistical analysis of 18 yea rs of 
observations are as follows: 

(I) The linea r model of mass-balance variations is not ap
plicabl e; the inter-annual variability of the mass balance 
decreases regularly with elevation (4a = 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). 
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Fig. 1. Glacier dJ4. rgentiere characteristic mass balance jor 
different zones in respect to time (1975~93). 

(2) The mass-balance fluctu ations 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
vari ance that gives the impression that the linea r model 
is a good approximation, given the rela tively large noise 
a fTec ti ng the mass-balance measurements). 

(3) The only pertinent explanatory vari ables a re: (a) the 
temperature during the ablation season (May- August), 
accounting for 25~50% of the vari ance, depending on 
the zone, and (b) the winter precipitation (Oc tober~ 

M ay), hardly significant at the 5% threshold, respons
ible for 10- 15% of the variance. 

Figure 2 shows the values of the regression coefficients 
for the relationship between the ma s-balance and temper
ature vari ations. The values obta ined (0.42- 1.08 m 
water oC- I) are comparable to the sensitivities observed by 
other investigators both for the Alps and for Scandinavia. In 
spite of the high uncerta inty associated with these values, we 
can affirm that the sen itivity 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 O erlemans (1993) using his model. The other is de
rived from the empirieal rela tionship proposed by Krenke 
and Khodakov (1966), be tween ice ablation a nd mean temp
erature during the ablation season. The model used by O er
lemans appears to overestimate greatl y the sensitivity of 
low-elevation mass bala nces to temperature variations. 
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Fig. 2. k [ass-balance-temperature relation observed on 
glacier dJ4.rgentiere. Comparison with Krenke and Klzoda
kov's (1966) empirical relation and Oerlemans' (1993) model 
(1 hm3 = 106 m3

). The calculations, with the empirical 
relation of Krenke and Khodakov, i.e. ablation(mm of water ) 

= (mean summer temperature (O C) + 10)3, are performed 
using the mean summer (J une- August) temperature in Cha
monix and a lapse rate qfrc km- I. 

O erlemans' model, in which a complex albedo parame
terisation (ni ne parameters) is able to explain 75 % of 
energy exchange and 85% of mass-balance variation with 
altitude in the ablation zone, is not adapted to explain inter
annu al mass-balance fluctuations. In this model, the shift of 
the equilibrium line due to temperature change leads to a 
surface a lbedo vari ation on the whole glacier, and this sur
face a lbedo decreases drastica lly down-glacier below the 
equilibrium line. But the surface appearance of the ablation 
zone, a fter melting of the winter snow (rock debris, dust 
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wells, petrographic cha racter istics of ice ) does not change 
each year with altitude flu ctuations of the equilibrium line. 
Therefore, it would be surprising if thi s model fitted well 
with observations. 

On the other hand, the empirica l rela tionship proposed 
by Krenke and Khodakov provides a very satisfactory fit for 
the observations of glacier d'Argentiere a well as those of 
glacier des Sarennes, 100 km to the south. This relati onship 
is influenced by ablation va lues obtained from regions where 
there is a la rge turbulent energy flu x (Khodakov, 1975). In 
the French Alps, the contribution of radia tion to ablation 
decreases strongly with a lti tude (43% of exchange a t 
2700 m a.s. !. , according to M artin, 1975, a nd 5% of ex
change a t 3600 m a.s.!. , acco rding to De la C asiniere, 1971). 

Besides, it can be no ticed that the ma s-ba la nce sensitiv
ity to temperature equal to 0.5 m water DC I proposed by 
many authors is linked to observations made on a limited 
zone of g laciers (ablation zone). 

The implicati ons of these res ults fo r the relationship 
be tween m ass balance a nd temperature can be seen in Fig
ures 3 a nd 4, in which we have plotted, for g lacier des Bos
sons (a large glacier in the Mont Blanc range), from the 
summit of M ont Blanc to the snout of the glacier, and for 
glacier d 'Argenti ere, the tota l volume vari ation. This would 
res ult in a temperature vari a tion of I DC on the basis of three 
different models, i. e. the linear model with a coefTi cient of 
0.5 m wa ter DC \ the model proposed by O erlemans (1993) 
and the relati onship proposed by Krenke a nd Khodakov 
(simila r to the relationship observed on glacier d' Argen
tiere). 

For g lacier d'Argenti ere (Fig. 4), res ults a re strongly influ
enced by the geometry of the acc umulation zone: the glacier 
is surrounded by very steep non-glacia l slopes, which a re 
responsible for most of the acc umulati on. Therefore, the 
glac ia l acc umulati on zone is small and reduces dras tically 
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Fig. 3. Cumulated volume variation for glacier des Bossons 
resulting in a temperature variation rif rc,jor three different 
models (1 hm3 = lOG m3

) . T he linear model predicts unrealis
tic variations rif volume in the accumulation zone; both the 
linear and Oerlemans models Indict much more significant 
variations in thejlllx if ice near the snout than observed. For 
the rc variation rif temperature in the Northern Hemisphere 
observed between 1890 and 1990 ( Hansen and LebedifJ, 
1988), the snout rif glacier des Bossons would move about 
2.6 km with the linear and Oerlemans models, 1.3 km with 
the Krenke and KllOdakov relat ion. The observed}Zuctuation 
if the ji-onl is only 1.0 km between the maximum advance rif 
1890 and the retreat if 1995. 
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Fig. 4. Cumulated volume variationjor glacier d'Argentiere 
resulting in a temperature variation if /Dejar three difftrent 
models. 

the cumulated volume va ri a ti on calculated in the linear 
model. (The o ther models a re no t 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 g laciers. 

Thus, from glacier des Bossons res ults, we can say that 
the models generall y used to es tim ate ocean-volume, vari a
tions produce es timates for g lacier-volume variations that 
a re twice those calculated usi ng a rel ationship correspond
ing to the observations made o n g lacier d'Argenti ere. 

Concerning precipitation fluctuati ons, the sensitivity of 
g lacier mass ba la nce to thi pa ra meter is more difficult to 
estimate reli ably than its sensitivity to temperature fluctua
tions. The inte r-a nnual precipita tion flu ctuations a re gener
ally of the same order of magnitude as the uncerta inty in 
mass-balance measurements ( ±0.2 to ± 0.3 m of water). 
With a relationship of the fo rm b = {3dP, where {3 would 
appear to be on the order of 2 ± 1 in the Alps a nd in Scan
dinavia, the sta ti stical estim ation of {3, subj ect to the uncer
tainty both in the mass-ba la nce measurements a nd in the 
statistical rela tionship between m ass balance a nd temper
a ture, is obviously highly uncerta in . To obta in a reliabl e re
lationship, it will be necessa ry to estimate direc tly the 
relationship bc tween accumula Li on and precipita tion at 
va rious eleva tio ns. 

CONCLUSIONS 

Although ex tending over an elevati on range of 900 m, our 
observation ne twork on glacier d 'Argentiere is still too lim
ited to assess reli ably the sensitivity of mass ba lances to 
temperature fluctuations. In orde r to do so, it wo uld be ne
cessary to extend these observati ons both upwards, in the 
accumul ation zone, and downwa rds, into the low-elevation 
regions near the snouts of large glaciers. According to 
J 6hannesson a nd others (1989), the ablation value at the 
snout is one of the key pa rameters a ffecting the extension 
of glac iers and their response timcs. 

A linear m odel ofm ass-ba la ncc va ri ations is acceptable 
only [or a limited elevation range (a few hundred metres ). 
In addition, the empirical rela tionship o[ Krenke and 
Khodakov (1966) between the m ass-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 
obta ined on glacier d'Argenti ere by a sta tistical method, 
whereas the results stemming from O erlemans' m odel 
clearl y diverge from our observations. 

Consequences [or globa l volume variations o[ glaciers 
[or a temperature variation o[ 1 QC a re significant. In [act, a 
simpl e calculation on glacier des Bossons shows that a linea r 
model of mass-ba lance vari ati on or O crlem ans' model leads 
to volume vari ations twice as high as results compatiblc with 
o llr ob ervations. 
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