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ABSTRACT. A set of internally consistent mass budget terms is proposed for consideration. Vertically 
measured, water-equivalent components of accumulation, ablation, and net budget are defined for points on 
a glacier (specific quantities) or as area-integrated totals for the whole glacier (total quantities). The budget 
year is defined as the time between two minima of net budget. Additional terms involving specific and total 
rates of accumulation, ablation, net budget, and various subdivisions of the glacier area are developed. Mass 
budget quantities can be separated into steady-state and budget imbalance terms. Net budgets can be 
calculated by simplified means when the variation of budget with altitude is known. It is suggested that the 
term "firn" be applied to layers which have survived one summer's ablation season. 

RESUME. On propose d'examiner une serie de termes propres au bilan de masse. Les composantes de la 
valeur d'eau, mesurees verticalement et concernant l'accumulation, l'ablation et Ie bilan net sont definies 
pour des points d'\.m glacier (quantites specifiques) ou comme des valeurs totales, deduites de l'ensemble de 
la surface du glacier (quantites totales). L'annee budgetaire est definie comme etant l'intervalle de temps 
entre deux minima du bilan net. Les termes supplementaires comprenant des mesures speciflques et totales 
d'accumulation, d'ablation, de bilan net, et les differentes subdivisions de la surface du glacier, sont develop­
pees dans l'article. Les quantites du bilan de masse peuvent etre classees en termes de condition d'etat et de 
bilan instable. Les bilans nets peuvent etre calcules par des moyens simplifies quant on connait la variation 
du bilan en fonction de l'altitude. On suggere que Ie terme "firn" soit applique aux couches restees apres 
l'ablation d'un ete. 

ZUSAMMENFASSUNG. Eine Gruppe von in sich folgerichtigen Begriffen fur den Massenhaushalt wird zur 
Diskussion gestellt. Vertikal gemessene Wasserwert-Komponenten der Akkumulation, der Ablation und der 
Nettobilanz werden fur einzelne Punkte eines Gletschers ("specific quantities") oder als Flachensummen 
uber den ganzen Gletscher ("total quantities") definiert. Das Haushaltsjahr wird als Zeit zwischen zwei 
Minima der Nettobilanz festgelegt. Weiter werden zusatzliche Begriffe zur Erfassung und Beschreibung des 
Ganges der Akkumulation, der Ablation und der Nettobilanz an einzelnen Punkten und auf der Gesamt­
flache einesGletschers sowie verschiedener Unterteilungen der Gletscherflache eingefuhrt. Bei den Grossen 
des Massenhaushaltes fassen sich Anteile fur den stationaren Zustand und fUr den unausgeglichenen Haushalt 
unterscheiden. Die Nettobilanz kann nach vereinfachten Verfahren berechnet werden, wenn ihre Abhangig­
keit von cler Hohe bekannt ist. Es wird vorgeschlagen, den Ausdruck "Firn" fur Schneeschichten zu 
verwenden, welche die Ablationsperiode eines Sommers uberdauert haben. 

INTRODUCTION 

Glacier mass budget information provides the important link between glacier variations 
and climatic changes. The recognition of this fact in the late nineteenth century spurred 
investigations in many parts of the world. Ahlmann and Sverdrup were among the first 
workers to achieve success in co-ordinating and analysing regime data from many glaciers, for 
they understood the need to put mass budget studies on a valid and standardized' basis. 
However, from the very beginning and continuing to the present, there has been little agree­
ment on exact definitions of terms. Some studies have suffered from a naive or excessively 
simplified analysis, and it has been difficult to relate mass budget studies of one author to 
those of another. There has been a general acceptance of some terms but little consistency or 
stability in definition. Ambiguity of definition does not tend to increase the clarity of glaciologic 
analysis, and has in some 'cases red directly to needless confusion and controversy. 

An example of this -problem is the familiar term ablation. The word ablation has been 
used to describe a process of mass loss, a process of ice loss, ice melt, actual mass decrease of a 
glacier as a whole, volumetric decrease for a glacier as a whole, volumetric or mass decrease 
at a point, the net change in mass below the firn line only, a net decrease in volume from one 
year to the next of the glacier as a whole, surface melting and evaporation only, and perhaps 
some other things. To compound this confusion, the term net ablation has been applied to at 
least three additional concepts. 

Even the title for a type of glaciological investigation involving measurement of accumu­
lation and ablation is given several names. It appears that the terms mass budget, economy 
~Haushalt), mass balance (Bilanz), regime, and regimen are used almost synonymously. The 
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term mass budget is used here because of its simplicity, general acceptance, and similarity to 
common usage in other studies (such as water and energy budgets). 

The purpose of this article is to attempt to make some order out of this chaos of non­
standardized and inconsistent definitions. It is intended that the~e terms and definitions will 
be sufficiently generalized so that they can be applied to glaciers of all types and sizes from 
small, temperate cirque glaciers to the Antarctic Ice Sheet. In general, familiar terms will be 
used but each term will be strictly defined. Some of the proposed terms (or their applications) 
are frankly controversial. If nothing else is accomplished, it is hoped that this article will 
foment discussion and study so that the inconsistency and ambiguity of the present system is 
realized, and that evolution of a new, generally accepted system will begin. 

ACCUMULATION, ABLATION, AND NET BUDGET 

The term accumulation is taken to embrace all processes by which solid ice (including snow) 
is added to a glacier, and the term ablation to embrace all processes by which ice and snow are 
lost from the glacier. Accumulation is caused by a number of phenomena, such as direct 
precipitation of snow and ice, refreezing of liquid water, condensation of ice from vapor, and 
the transport of snow or ice to the glacier by avalanches or wind. Ablation is caused by such 
phenomena as melting, evaporation, calving, wind erosion, and removal of snow and ice by 
avalanches. Both accumulation and ablation may occur at the surface, at the bed, or at inter­
mediate depths in the glacier; normally no distinction is made as to location. If a distinction 
must be made, the appropriate term can be preceded by the qualifying adjective surface, 
englacial, or subglacial. Englacial and subglacial accumulation and ablation are generally 
negligible compared with surface accumulation and ablation, except in the case of floating 
glacier tongues and ice shelves. 

The difference between accumulation and ablation is termed the net budget. This quantity 
is the vital link between climatic environment and the dynamic adjustment of a glacier to that 
environment; neither accumulation nor ablation matter individually. Therefore considerable 
attention is directed to a knowledge of time and space variations in net budget. 

Measured values of accumulation and ablation depend, to some extent, on the time 
intervals of measurement. Processes of ablation can operate during periods of snowfall and 
between lulls in the precipitation. Consequently, values of accumulation measured every hour 
or day will generally provide higher totals than values measured every few days or weeks. Net 
budget values, on the other hand, are uninfluenced by the time interval of observation. These 
considerations were pointed out by MacDowall (1960, p. 155-56 ). 

All budget quantities are assumed to be measured in a vertical direction, so that they can 
be related to locations and areas projected on a horizontal surface (map area). Instead of 
stating the strictly correct units of mass per unit area (e.g. g./ cm. 2), it is convenient and 
sufficiently precise for most work to speak of volumes of water equivalent per unit area; these 
terms have the simple dimensions of length. In some studies (particularly analyses of flo~ 
dynamics) it is simpler to speak of volumes of ice equivalent (density o' 917 g. /cm.3) per unit 
area, but this modification must be clearly stated. By expressing budget terms as water­
equivalent volumes per unit map area we do not imply that accumulation, ablation, and other 
processes occur only at the glacier surface. The statement that ablation equals I cm. generally 
will mean that ablation removes a total of I cm.3 of water equivalent from the volume 
represented by a vertical prism having a horizontal cross-sectional area equal to I cm. 2 and 
extending from the base to the surface of the glacier. The actual volumes of material added or 
subtracted with changes in budget are larger than the water-equivalent volumes referred to 
here. Some flow-dynamics studies utilize co-ordinate systems parallel and perpendicular to the 
glacier surface. Budget vectors can be transformed from a horizontal-vertical co-ordinate 
system to curvilinear co-ordinates by standard techniques. 
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Defining budget quantities in a vertical direction may cause an apparent exaggeration in 
the rates of accumulation or ablation on steeply inclined surfaces. This exaggeration is 
unavoidable; in order to utilize quantities measured perpendicular to the ice surface one must 
perform integrations over the irregular and ever-changing surface of the glacier, an almost 
impossible task. An extreme case is a vertical wall of ice. Finite ablation on this vertical surface 
results in an infinite vertical component of ablation. Except for this one indeterminate situ­
ation, it will generally be found necessary in practice to work with vertical measurements and 
map areas. The problems involved in the case of vertical surfaces of calving or ice flow are 
discussed later in the article. 

BASIC DEFINING EQUATIONS 

Specific budget quantities 
Accumulation, ablation, and other mass budget quantities measured at a point will first be 

discussed. The terms in this section should all be prefaced by the word specific unless the 
meaning is completely clear from the context. Specific budget terms have dimensions · of 
[length] or [lengthJI[time]. 

At a given time (t) and place, the (specific) accumulation rate cis defined as the (time) rate of 
mass gain and the ablation rate d is defined as the rate of mass loss. The net mass flux b is then 
defined as 

b = c-d. 
The cumulative mass flux (bs) is given by 

bs = f b dt. 

A graph of bs generally shows minima and maxima which occur at a frequency of about 
one minimum and one maximum per year. If the time of one minimum is t I , and t2 is the time 
of the minimum which follows approximately one year later, the interval t2 -tI is termed a 
budget year. In general, t2 -tI does not equal 365 days, but the average of many consecutive 
budget years must approach this figure. In some areas, such as Antarctica, it may be difficult 
to define a budget year in this manner; arbitrary calendar dates may be more useful. 

The net budget is defined by the expression 
t2 

b = f b dt = (bs)t z- (bs)t r. 
tr 

The time at which bs reaches a maximum in a given budget year is tm , and this maximum 
value of bs is termed the apparent accumulation c*. The apparent ablation a* is defined by the 
relation 

a* = c*-b. 

The interval tm -tI is termed the accumulation season and the interval t2 -tm is the ablation 
season. Thus the accumulation season ends when the rate of ablation exceeds the rate of 
accumulation, and the ablation season ends when the accumulation rate exceeds the ablation 
rate. These terms are diagrammed in Figure I. 

Budget years defined at various points on a glacier will not, in general, be coincident with 
each other or with the budget year for the glacier taken as a whole. For most purposes it is 
best to define a budget year applicable to the glac-ier as a whole. This is done by integrating 
values of bs over the whole glacier, and noting times of minima in this quantity which reflects 
the changing mass of the glacier as a whole. Unless stated otherwise, it is assumed that the 
budget year is defined in this manner. 

Total budget quantities 
Up to this point, budget terms have been defined only at specific points on a glacier. These 

values can be integrated over a map area to determine budget volumes. Area-integrated 
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quantities should be given with terms including the word total. , Budget total terms have the 
dimensions of [length] 3 or [lengthJ3j [time] . 
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Fig . 	1. Diagrammetric sketch showing variations of specific mass budget terms as functions of time. Vertical scale is in arbitrary 
units of length. Note that the net budget b = c-a = c* -a* 

If the total map area of the glacier is S, the area integral 

fb dS = B (5) 

s 
defines the net budget total for the glacier. Note that this quantity reflects the water-equivalent 
(or ice-equivalent) budget total, not the actual change in the volume of the glacier. Similarly, 
the integral 

f' . dB 
b dS = B = di (6) 

s 

defines the total budget rate. The mean specific budget is 
b = BjS. 

T he cumulative budget total is 

Bs = 	 fbs dS. (8) 

s 

T he area of the glacier in which, at a given instant, bs > 0 is called the transient accumulation 
area (Scs), and the area in which bs < 0 is the trans£ent ablation area (Sas). The value (Scs)t is 2 
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called the accumulation area (Se) and (Sa.s)t 2 is the ablation area (Sa). In general, Sas will reach a 
maximum value at approximately (not necessarily exactly) time t 2 , and will have a maximum 
value approximately equal to Sa. Necessarily, Scs+Sas=Se+Sa=S. The quotient Se/S, termed 
the accumulation area ratio, may be a useful general indication of the condition of a glacier's 
budget total. . 

It is sometimes convenient to compute the total or specific budgets of the accumulation and 
abla tion areas separately. For instance, the budget total for the ablation area alone may be 
called the total net ablation, and is given by 

Ba = Jb dS. (9) 

Sa 

T he total net ablation rate 13 a is given by the following expression: 

dB a 
Ba. = - = b dS. dt 

J' 
. 

Sas 

T he total net accumulation Be and the total net accumulation rate Be are defined similarly, as are 
mean specific values of net ablation and net accumulation, '6 a and Dc. 

The line separating Sas from 8 CB is defined as the transient snow line, and the line separating 
S a from Se is the equl~libriurn line. The boundary between glacier ice and firn at time t2 is called 
thefirn edge)' this is apparently identical with the "developed firn line" ofA. R. Glen (1941 [a J 
p . 141; 1941 [bJ). The position reached by the retreating border of the winter snow layer at 
t2 is termed thefirn line (the "firn limit" of Ahlmann (1948, p. 41)). In general, the equilibrium 
line, firn edge, and firn line do not coincide. For a temperate mountain glacier, firn and 
equilibrium lines are very nearly coincident, and it is common practice to use the term firn 
line in place of equilibrium line. However, on cold glaciers an appreciable fraction of the 
glacier's area may lie between these two lines. 

Accumulation and ablation terms are-defined by expressions analogous to the above. Thus 
we have cumulative accumulation Cs and cumulative ablation as (equation 2), accumulation c and 
ablat.ion a (equation 3), ac.cumulation total C and ablation total A (equation 5), total accumulation 
rate C and total ablation rate A (equation 6), mean specific accumulation cand mean specific ablation ii 
(equation 7), and cumulative accumulative total Cs and cumulative ablation total As (equation 8). 

The mass budget terms are, of course, completely interrelated, and many expressions can 
be written to demonstrate or utilize this interrelation. For instance, the tollowing formulae 
illustrate approaches which have been used in recent mass budget studies: 

B = Jb dS+ f b dS, (Hoinkes and Lang, 1962) (II a) 

Se Sa 

B = f b dS+ f 13 a dt, (Heusser and Marcus, 1960, p. 7) (lIb) 

Se t 

B ~ f (c-a) dS, (Smith, 1960, p. 7I2) (I I c) 

S 

B = f c* dS - fa * dS, (Schytt, I959, p. 21 9) (II d) 

S S 

B = f b dS. (Meier, 1961, p. B-208) (lIe) 

S 

Some mass budget terms involve processes that act on or through a vertical plane, such as 
calving of ice at a glacier terminus and the flow of ice through a hypothetical cross-section. 
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The vertical surface intersects a map projection as a line, and the mass budget processes 
represent mass sources or sinks distributed along this line. Consequently one can speak of 
volumes of water (or ice) equivalent per unit area of the vertical surface, per unit distance, 
or the total volume of water (or ice) equivalent for the whole vertical surface. 

If there is appreciable loss of ice from a vertical surface (e.g. calving at the terminus or 
melting on a vertical cliff), the computations of ablation and net budget need to be modified. 
Perhaps the simplest way to do this is to assume that the budget total is the sum of "normal" 
net budget processes which are distributed over the map area of the glacier, and a calving net 
budget which is given by the calving loss of map area times the mean thickness of the calved 
ice. Thus 

in which S is measured at the end of the budget year, ..ds is the loss of map area by calving, 
and h is the mean thickness of the calved portion of the glacier (in water equivalent), measured 
at the beginning of the budget year. The ablation or accumulation totals for the whole glacier 
are more difficult to compute or measure unless simplifications are introduced, because of the 
changing area of the glacier. 

Appreciable calving may also require a slight redefinition of the budget year. Following 
usual practice, one may define a budget year as the time between minima of the "normal" 
net budget only, the first term on the right-hand side of equation I2. 

THE STEADy-STATE MASS BUDGET 

If the net budget total for a given year is zero, the glacier is in a steady-state condition. If 
the glacier changes its dimensions, then accumulation or ablation, or both, must change if 
equilibrium is to be maintained. Thus steady-state mass budget terms can, and must, be 
defined on the basis of the current or instantaneous dimensions of the glacier. In general the 
climatic environment, and therefore the accumulation and ablation, will change continuously 
with time. A glacier may, therefore, exist for many years with an ever-changing shape and 
length without achieving a steady state for a single budget year. Nevertheless, the definition 
of steady-state budget conditions is useful for many studies of flow dynamics and mass budget. 
If the glacier's dimensions do not change for a long period of time one can assume that the 
average of the yearly net budget totals will be zero, and this information can be used to 
determine a steady-state distribution of mass budget quantities. The resulting distribution is 
not, of course, unique. 

If steady-state mass budget values are known, one can compare them with the budget 
terms for any given year to determine the budget imbalance. Thus the net budget at a point 
for any given year can be defined as the sum of a steady-state net budget bo and a net budget 
imbalance bi : 

Similar expressions can be written for specific or total accumulation, ablation, and budget, 
noting only that Eo =0. The perturbations or imbalances in budget are very useful in com­
paring glacier behavior from one region to another or the changes in glacier regimes with time. 

T HE VARIATION OF MASS BUDGET TERMS WITH A,LTITUDE 

Because of local influences of topography and climatic environment it is difficult to make 
direct comparisons of mass budget terms from one glacier to another. In the case of mountain 
glaciers in a given region the budget terms usually change markedly with altitude but only 
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slightly with location. Where this is true it is possible to utilize budget values defined as func­
tions of altitude z. If the specific budget b is averaged over increments of area ~S between two 
contour lines ZI and Zz, the total budget is given by 

B =I b ~S 	 (14) 
z 

Similar equations can be written for the total accumulation and the total ablation. 
If the average specific budget for each area increment can be broken into a steady-state 

value and a budget imbalance, equation 14 can be written as 

B = I (bo+bi ) ~s =L bi ~s 
z z 

In many instances the altitude variation in budget imbalance bi (z) will be either constant or a 
simple function of altitude, facilitating computation. 

For a given budget year, the equilibrium line occurs at an average altitude z'. This altitude 
is not the same each year, so a steady-state equilibrium altitude z' 0 and an eguilibrium 
a!!itude shift z' i can be defined as follClli's: 

These terms are illustrated in Figure 2. 

If the net budget-altitude function b(z) is known for several different years, and if this 
function varies in a regular way from year to year, it may be possible to predict b(z) from 
known values at just one or two points, utilizing an equation similar to equation IS. Crude 
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1600~--~----~--~--~----~--~----~--~----~--~----+----L--__L-__~ 
- /0 -5 	 0 +4 

SpeCiftc net budget b. m m . 

Fig. 	 2. Vertical variation in specific net budget for South Cascade Glacier, Washington. The curve bo (z) is an equilibrium net 
budget curve based on the average of the budget y ears 1957-58 to 1960-61. The curve b(z ) represents the net budget for the 
1960-61 .year onfy J. this curve was the most divergent of the four which were averaged to draw bo (z) 
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approximations to the mass budget relations can even be obtained by extrapolating a known 
b(z) from one glacier to other glaciers in the immediate area. In some cases b(z) approximates 
an analytical function such as a parabola (Finsterwalder, 1954, p. 309) or a straight line 
(Lliboutry, 1955, p. 510), but in most cases will be an irregular curve (Fig. 2). 

The shape of the b(z ) function often is relatively constant from year to year, but the 
curves are generally displaced from a steady-state value bo (z). If budget values are plotted 
horizontally and altitude is plotted vertically on' graph paper, one can define either a vertical 
shift or a horizontal shift in the budget-altitude curves. The former case implies that 
b(z) = bO(Z+Zi ), whereas the latter case implies that b(z) = (bo+bi )(z). Much actual field 

.data indicates that a horizontal shift is often a better approximation than a vertical shift, as 
shown in Figure 2. In this case the total net budget can be very simply determined as B = biS~ 

The value of budget imbalance is obtained directly by subtracting the steady-state budget 
value at that altitude from the measured value. In the case of a vertical shift, the steady-state 
equilibrium line altitude must be subtracted from the observed equilibrium line altitude and 
the budget imbalance determined using knowledge of the slope of b( z) . 

The quantity, E = (db o dz Z'o is called the ener 0 lacieri ation (Shumski~46 or t 
activit u"ldex eier I gfu) . If the curvature of b(z ) in the vicinity of z' is negligible, the value 
of bi at the equilibrium line is given approximately by 

(17) 

T hus the budget imbalance can be determined for any given year from just the altitude of the 
eq~brium line, if z ' 0 and E are known. 

When b and OS" are plotted as simple functions of z, it is difficult to tell from the plot 
whether the data indicate a steady-state condition or not. For some purposes it is useful to 
have a graphical representation which indicates directly the condition of the budget. This can 
be done in two ways: First, instead of plotting b one can plot the product boS as a function of z 
(Lliboutry, 1955, p. 510). However, this requires a fresh calculation for each altitude interval 
each budget year. As an alternative, one can plot values of b on a graph in which increments 
on the altitude scale are made proportional to the area increments oS (Schytt, 1947, p . 109). 
This method has the advantage that the same plotting scale can be used for different budget 
years if the glacier's area-altitude relation is relatively constant from year to year. In either 
case a steady-state condition is indicated by equal graph areas above and below the equili­
brium line, and budget imbalances are proportional to the differences between the two areas. 

Ahlmann (1948, p . 55) has suggested that "t~)a~.s:e-sheet of the regime bears a linear 
relation to the amount of accumulation and a blation funlimit". In the terminology 
u se ere, this statement can be expressed as 

c+a = k (c+ a)z' 

If this were generally true (Ahlmann's results show a remarkably good correlation) this would 
be a very useful method of determining the accumulation and ablation from simple measure­
ments. However, there seems to be no mathematical validity to the relation. Lliboutry (1955, 
p. 510) presents cogent reasons for the inapplicability of this rule to some actual field results . 

W H A T IS FIRN? 

In the older Alpine literature, the term firn (or nevi) was used to describe a material that 
was both older and more dense than snow. The term was also applied to the accumulation 
area or upper regions of a glacier, but this geographic usage appears to be largely supplemented 
at the present time by such compound terms as firn basin, firn field, or firn area. It seems 
appropriate to restrict the term firn to the material itself, but should it be defined on the basis 
of certain physical properties or on its time relationships? 
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D efinition based purely on physical properties has a logical basis. The £lrn-ice boundary is 
generally placed at the point where the densifying material becomes impermeable to water. 
Benson and Anderson (personal communication from C. S. Benson) have noted that both the 
rate and mechanism of densification appear to change at a density of about o' 55 g./cm), and 
suggest that the snow-firn boundary be placed here. The exact value of density at the transition 

. depends on several factors. According to older literature, the division between snow and firn is 
more often placed at a density of o· 4 g./cm). In a polar environment the transition from snow 
to firn may not occur until a number of years have elapsed, according to the Benson-Anderson 
definition. However, in a temperate-maritime glacier this type offirn may be produced within 
fairly short time intervals. Layers with density greater than o' 55 g./cm) in material less than 
a year old have been found in every snow pit or core in South Cascade Glacier, including 
many samples taken well before the end of the accumulation season (Fig. 3). A definition of 

Oenstfy m g. / cm.J 

0 3 .,' .1 , 3 ,J/. .5' " .7 .8 ,9 ',0 

~ ~ 5-[" <:;C>:, < . ~~-+-+-+~ 

~ 
horizon 
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Fig. 3. Density-depth profile obtained 15 May 1960, at location P-J, South Cascade Glacier, Washington 

firn on the basis of density, or other physical properties, would be almost impossible to apply 
to studies of this temperate-maritime glacier. Furthermore one would have to say that the 
winter's accumulation as sampJed in April contained so much per cent firn and so much per 
cent snow, whereas in May it contained different percentages, and so forth, statements that 
would clearly contradict the original usage of the term firn. 

Many workers w de e firn as material which has survived one ablation season (or 
sumnier ;eason) but has not yet become impermeable to water. * This mixe eflnitlOn see~s 
to be most useful In practIce. mItte If," on the Antarctic plateau one usually cannot 

* This definition apparently agrees with the first part of the definition.offirn in the "Draft on an International 
Snow Classification" of the Committee on Snow Classification of the International Association of Scientific 
H ydrology (Miller, 1952, p. 150). 
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identify annual layers during the first inspection of a snow pit, and it may be difficult to 
define a summer or ablation season. However, one cannot determine the exact density by 
first inspection either. Perhaps it will be necessary to apply different terminologies for studies 
on high-polar glaciers from those used on subpolar and temperate glaciers. If the term firn is 
to be retained, it should be usable for temperate glaciers because of precedent. The term "old 
snow" seems inappropriate for this usage; if this term were adopted one would have to refer 
to snow up to one year old as "new snow". 

It is suggested here that firn be defined as material (snow, rime, hoar, refrozen melt 
water) which has survived to the end of one ablation season and which has not yet compacted 
and recrystallized to the point where it is impermeable to liquid water. Adoption of this 
definition will result in a term which can be immediately applied in most field studies, serves a 
useful purpose in mass balance studies, and avoids the complication of having a vertical 
section containing alternating layers of different materials (firn and snow) . Admittedly, there 
are theoretical and practical disadvantages to this usage of the word firn. The problem 
urgently needs discussion and deliberation because of the wide usage of this word by glaciolo­
gists and others the world over. 
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DISCUSSION OF DR. M. F. MEIER'S PAPER 


DR. ]. F. NYE: 'I wonder whether Dr. Meier really wants to stick to measuring things with 

respect to the vertical rather than normal to the surface. I can see that the vertical is 

convenient for measuring off maps, but when doing theory the normal to the surface is usually 

what you want. 


DR. MEIER: This is purely an expedient for convenience. 


DR. NYE: Whose convenience? 


DR. MEIER: The convenience of the person who has to determine the volumes of mass budget 

quantities. If we measure in a vertical direction we have no problem, we set all our stakes. 

vertical and then, when we reduce our data, we can plot all these data on a map and draw 

lines of equal accumulation or ablation, we can then measure the area between these lines 

and get volumes. If you measure or report your data in terms of normals there is no easy way 

these data can be reduced. 


MR. G. SELIGMAN: If you had a very steep glacier, as opposed to a fairly flat one, would not 

your values be entirely different? 


D R. MEIER : No, I think not. 


DR. ]. W. GLEN: Can you reasonably define the area of a glacier for the purpose of your 

integrations to get total budget quantities? Is it the minimum area the glacier has in a 

budget year? 


DR. MEIER: I personally have had to relate glacier quantities to hydrologic quantities which 

include the whole drainage basin, and this is a very formidable problem when it comes to 

actual field data. There are two ways to handle this problem; one is to define a glacier area 

which is only part of a drainage basin on the basis, as you say, of the minimum glacier area 

during a budget year or the glacier area at the end of a budget year defined on this basis for 

the whole basin, the other way is to assume that all the area which is ice- or snow-covered is 

glacier, and this means that the area is a function of time and one must then integrate with 

respect to time during a budget year. I have found that from a practical point of view the 

second approach, the time differential is a little easier. P. Kasser reports the other; he defines 

a specific glacier area and a specific marginal area which is non-glacierized. The difficulty 

here of course is that there is a constant transfer by avalanches, especially in the Alpine 

glaciers, from one area to the other. 


DR. H. LISTER: The very practical difficulties of measuring quantities at a point are surely 

such that your algebra ceases to be very applicable when you start dealing with a large ice 

cap or an ice sheet, since you cannot really take very many measurements for the ablation 

and accumulation during one year. Is what you have suggested not applicable only to the 

rather more limited size of glacier? 


DR. MEIER: I do not know what more one can do, even on ice sheets. When one tries to 

apply it to the actual field data, then of course there are compromises and approximations 

that must enter in; these will be different for ice sheets and for small glaciers, but when you 

have only few data over a large area, the problems are extreme. 


DR. W. H. WARD: Your equilibrium line is a vertical surface through the glacier; this seems 

an arbitrary result. 


DR. MEIER: Yes, it may correspond to absolutely nothing in the glacier itself; the firn line 

you can see, and it may well be that in many glaciers you can use the terms firn line and 

equilibrium line interchangeably; in some I know we cannot. 


MR. ]. NIACDoWALL: In looking at the ablation on ice sheets, one of the difficulties in 

applying this is going to be the time scale you use for your observations. People are particu­

larly interested in the ablation, and if you measure this at daily intervals you will get quite 
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different answers from what you would get if you measured it monthly. Your c and dare 
quite artificial. 


DR. MEIER: They should be instantaneous values, measured every second l This is a very 

r eal problem. 


DR. GLEN: Is it not a worse problem even than measuring it every second? In cases where 

you have wind, you have to decide where the surface of your glacier is. 


D R. M EIER: Yes, that is right. 


DR. G. DE Q. ROBIN (Chairman): I think I should now thank Dr. Meier very much for 

putting some system into our study of mass budgets. There are two points I would like to see 

myself; first, apart from the rigorous mathematical definitions, I would like to see the various 

quantities defined in a way which gives non-mathematicians a good appreciation of what is 

implied, and secondly I think we might manage to simplify some of the terms-cumulative 

mass flux and things like that do not trip off the tongue frightfully easily for a non­

mathematician. Perhaps with discussion and correspondence we may get some slightly less 

complex terms; but this is no real criticism at all, it is extremely valuable to have had some 

precision in our thinking on these problems, and I would like to thank Dr. Meier for this 

contribution. 





