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ABSTRACT. M ass-balance quantities at spec ific points on a glacier as defined in [IHD] ( 1970) relate 
either to a nnua l maxima or minima in ice mass a t tha t point ( the stratigraphic system), or to va lues at 
the beginning and end of a hydro logic yea r (the annual or fixed-date .rystem ). M ost quantities measured in th e 
fi eld relate to summer surfa ces, which correspond to the annua l minima at the measurement points. vVhen 
stratigraph ic system point va lues a re integ rated over a whole glacier, the resu lt may be meaningless 
because annua l maxima a nd minima and summer su rfaces may fo rm at d ifferent times a t d ifferent places. 

The combined system utilizes several kinds of data to deri ve meaningful area-average results tha t can be 
directl y rel a ted to other h ydrologic and meteorologic info rmation. M easurements to summer surfaces a t 
certa in specifi c times, including the beginning a nd end of a hydrologic year, a re added togethe r with proper 
recognition of the typ es of ma teria l involved: old firn a nd ice, snow a nd superimposed ice of the year under 
study. new firn form ed during tha t year , a nd late snow deposited toward the end of the year. Other " ba la nce 
increment" te rms rela te va lues a t the beginning a nd end of a hydro logic yea r to corresponding a rea-average 
balance minima . As a resu lt, two types of "net ba lance" and many o ther terms a rc g iven precise meaning for 
a glacier as a whole. The scheme is sufficiently versa til e to be used on a ny g la cier, a lthough the terms relating 
to summer surfaces are not defined on a glacier in which a blation or accumulation is contin uous throughout 
a yea r. 

R ESUME. V ne methode pour combiner les metltodes stratigraphiques et allllllelles d'estimation des bilans glaciaires : 
line contribution a la Decennie Hy drologique i ntematiollalc. L es b il a ns ma ti ere en des po ints representatifs sur un 
glac ier , tel s que defin is pa r le document [IHD] ( 1970) sont etablis soit a pa rtir des maxima e t minima 
a nnuels en ce point (methode stratigraphique), so it a partir des va leurs au debut e t a la fin de l'annee 
h ydrologique (methode a nnuelle ou a date fixe) . L a plupart d es va leurs m esurees sur le terrain se ra pportent 
a des surfaces d 'ete qui correspondent a ux minima a nnucls aux points d e mesure. Lorsque les va leurs 
ponctuell es de la methode stra tigraphique sont integrees sur tout un glacier , le resultat peut c tre depourvu 
de signification pa rce q ue les minima e t maxim a a nnuels et les surfaces d 'e te p euvent se former a dif­
f<' rentes epoques da ns les differents endroits. 

La methode combinee utilise plusieurs sOl' tes de donnees pour obtenir des resulta ts significa tifs en moyenne 
pa r unite de surface qui peuvent etre direc tement comparces a ux a utres informa tions hydrologiques e t 
meteorologiques . Des m esures d e surfaces d 'e te a certaines epoques de terminees, d ont le debut e t la fin d e 
l'a nnees hydrologique, sont additionnees entre elles avec une reconna issance de taill ee des types de materi el 
concernes: v ieux neve e t glace, neige e t glace de sUl' impos ition de l'annee en COUl'S, nouveau neve forme 
dura nt l'annee et neige tardive deposee .iusqu 'a la fin de l'annee. D 'autres termes " d 'augmenta tion du bila n" 
relient les valeurs a u d ebut et a la fin d e l'ann ee hydrologique au b ila n minimum correspondanl en m oyenne 
a la surface. JI en resulte que deux types d e " bila n net" e t beaucoup d 'a ulres lermes peuvent recevoir 
u ne signification precise pour un glac ier en ti er. L e sch em a es t suffisamment genera l pour etre utilise sur 
n ' importe quel glacier , bien que les termes rcl a tifs aux surfaces c1 'e te ne sont pas defini s sur un glac ier d ans 
lequel l 'ab la tion (ou l' accumula t ion ) se manifes te de maniere continue p endant toute l'annee. 

Z USAMM EN FASSUNG. Ein System ZlIr Verbindllllg von st ratigraphischen und jiihrlichen Massenbilan z-S),stemen . 
"-lassenbil a nzwerte an spezifi schen Punkten e ines Gletschers, w ie sie durch [IHDJ ( 1970) definiert wurden , 
bez iehen sich entweder a uf J a hresmaxima odeI' -minima der Eismenge a n diesem Punkt (stratigraphisches 
S)'stem ) od eI' auf VVerle zu Beginn und Ende e ines hydrologischen J a hres (Jahres- od er Festdatum-System). 
Die meisten l\Ifessungen im Felde gehen von den Sommeroberf1 achen aus, di e den Jahresminima am 
l\Iesspunkt entsprechen. Wenn stratigraphische Punktwerte i.iber den ganzen Gletsch er intergriert werden. 
ka nn das Ergebnis bed eutungslos se in, weil sich die j ahrlich en M axima bzw. Minima und die Sommerober­
Aachen zu verschiedenen Zeiten a n u nterschiedli chen Stellen bilden konnen. 

D as kombinierte System benutzt verschied ene Arten von D a ten, um sinnvoll e Gebie tsdurchschnittswerte 
zu erha lten, die direkt m it anderen h ydrolog ischen und meleorologischen lnforma tionen in Bez iehung 
gebracht werden konnen. M essungen d er SommeroberAache zu bes timmten spez ifischen Z eitpunkten ein­
schliesslich des Beginns und Endes eines hydrologischen J ahres werden zusammen mit einer saehgemassen 
Bes timmung d es vorhandenen M a terials hera ngezogen: Altschnee und -eis, Schnee und Aufe is d es la ufenden 
J ahres, neuer Firn , der sich wa hrend dieses J ahres gebi lde t ha t , und Schnee, d er gegen Ende d es .J a h res 
abgelagert wurde. Andere " Bilanz-Inkremente" verkni.ipfen vVerte vom Beginn und Ende eines h ydro­
logischen J a hre smit korrespondierenden gebietsdurchschnitt lichen Bila nzminima . Als Folge erha lten zwei 
Arten von " N ettobil a nz" und viele a ndere Ausdri.i cke eine prazise Bed eutung fi.ir einen Gletscher a ls G a nzes. 
Das Schema ist vielseiig genug, urn fi.ir j eden Gle tscher angewenclet werden zu konnen, wenngleich die 
G rossen . die sich auf SommeroberAachen bez iehen, nicht fOr einen Gletscher mit ga nzjahriger Abla tion 
oder Akkumula tion definiert sind . 

* Publication a uthorized by the Director, U .S. Gcological Survey. 
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4 JO U R NAL OF GLACIOLOGY 

MOST glacier mass-balance data are collected through the use of stakes, pits, cores, or probing 
to or from a reference horizon. This is normally a summer horizon- either a winter snow/ice 
interface in the ablation area as m easured in spring, or a snow/firn interface in the accumula­
tion area as measured in spring or summer. This interface, here termed summer surface, may 
form at different times of the year in different parts of the world or even on the same glacier. 
A summer surface is normally recognized as a discontinuity between units of differing density 
or other physical property, or as a diagnostic, correlatable horizon such as a depth-hoar layer. 
On som e glaciers it may not be possible to recognize summer surfaces; in this case conven­
tional mass-balance measuring procedures cannot be used and the sys tem presented here is 
not applicable. 

In a pit or core in the accumulation area, the mass of ice material between two consecutive 
summer surfaces can be m easured. This mass, in Mg/m2 or meters of water equivalent, may 
be the balance (the difference between accumulation and ablation) at that point for the time 
interval between the formation of the two summer surfaces. However , in the percolation or 
soaked facies (Benson, 1962. p . 24- 25) an appreciable part of the material deposited in this 
time interval may have been m elted and subsequently redeposited (refrozen) in lower layers, 
below the lower of the two summer surfaces of interest. Detection of this problem is not 
easy, a nd a na lysis of the resulting balance may be even m ore difficult. W e assume here that 
any appreciable mass redeposited below a summer surface of interest can be calculated from 
repeated d epth- density profiles and added to the balance above the summer surface. 

A more diffi cult problem , especially when relating mass-balance quantities to meteoro­
logic and h ydrologic quantities as in the Combined H eat, Ice, and Water Balances Program 
of the International H ydrological D ecade stems from the fact that summer surfaces may form 
a t different times in different places. This means that a simple integration over the glacier of 
mass-balance da ta related to summer surfaces produces a result that has no clear m eaning with 
respect to time. Thus these data cannot be directl y related to heat or mass-flux data obtained 
by other techniques . 

This situation is somewha t a na logous to the geologic problem of dealing with rock forma­
tions that were deposited a t diffel-ent times in different places, for example, a narrow zone of 
beach sand deposited as sea-water slowly encroached on a landmass over a span of geologic 
time. In geologic nomenclature one can speak of rock types, rock- stratigraphic units (such as 
a formation) which are correlatable units independent of time concepts; time- stratigraphic 
units which are the rocks deposited during a specific time interval ; and time units (American 
Commission on Stratigraphic Nomenclature, 1961 ). Snow, firn and ice can be used ei ther 
as rock-type or rock-stratigraphic terms. Confusion enters when a term such as firn is inco r­
rectly used as a time-s tratigraphic unit for a whole glacier. 

The fact that a late snow layer and a summer surface may be time-transgressive (forming 
at different times in different places) can be illustrated by a typical sequence on a temperate 
Northern H emisphere glacier (Table I ). 

Mass-balance terms based on observable summer surfaces were proposed by M eier (1962 ). 
The stratigraphic system (Anonymous, 1969; [IHD], (970) is a modification in terminology 
of the basic mass-balance concepts. This stratigraphic system works well for individua l 
points. H owever, in order to compare ice-balance data with hydrologic (water-balance) 
data, these point values must be integrated over a whole glacier or drainage basin. If, as is 
usually the case, the summer horizons are not formed synchronously over the whole area, this 
integration is an invalid m easure of snow and ice storage. Therefore, a different sys tem , the 
annual system (fixed-date system), has been conceived to relate glaciological data to hydrological 
data. Unfortunately, glaciological programs using only the annual system cannot take 
advantage of convenient reference horizons in the field, so the field work may be extremely 
difficult or exorbitantly expensive. These two systems are described in [IHD] (1970) 
and in Anonymous (1969) ; but no attempt was made to show how they m ight be com bined . 
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We feel that to document properly the relation of glaciers to climate, and to provide a 
check on mass-ba la nce m easurements, it is necessary to combine these two systems into a 
unified whole. The vital key to a combination of these systems is identification of the material 
under consideration . This identification is, of course, useful additional information for any 
description of the m eteorological- hydrological environment. "Ve define four types of material 
which may be found on a g lacier in one specific year- snow, old fim and ice, late snow and new 
fim- as follows : the highest (most recent) summer surface found in a pit dug in winter (or 
early spring) before the beginning of appreciab le, continuous m elting is termed sSo' The 

J anua ry 

M ay 

July 

August 

O ctober 

J anuary 

TABLE l. H YPOTH ETICAL MASS-BALANCE HISTORY FOR A TYPICAL G LAC IER 

Entire glacier covered with snow, snowfa ll cont inues, 
li tt le if any melt a nywhere on glacier 

Snow accumulation continues at higher a ltitudes, 
melt begins at terminus removing winter snow and 
then a blating ice 

!'vIelt occurs over whole glacier, a blating snow in 
u pper regions a nd ice in lower regions. Little if 
a ny snowfall a nywhere on g lacier 

" La te snow" fa ll s in upper regions burying melt 
surface. This buried m elt surface now identifi ed 
in pits as the "summer surface" a nd the older snow 
below it now becomes " new firn " by definition. 
Ablation of ice contin ues in lower regions 

Late snow accumul ation ex tending over greater a rea, 
thus the buried summer surface is ex tending to lower 
a nd lower a ltitudes as time proceeds . H owever, 
melt continues a t the lowest a ltitudes; here the 
summer surface has not yet form ed 

Entire glacier covered with la te snow, snowfall 
continues, melting at the terminus has ceased. 
Now the fo rma tion of the summer surface is com­
plete over the whole glacie r 

Snow 111 ass increasing 
Old firn a nd ice mass constant 
Total mass increasing 

Snow mass increasing 
Old firn a nd ice mass decreasing 
Total mass re la tivel y constant 

Snow mass decreasing 
Old firn a nd ice mass decreas ing 
Total m ass d ecreasing 

Late snow nlass increasing 
O lder snow mass d ecreasing both 

by melting a nd by conversion 
to new firn 

Old firn and ice mass d ecreas ing 
T ota l mass d ecreasing 

La te snow mass increasing 
Older snow mass d ecreas ing 

mainl y by conversion to new 
firn 

O ld firn a nd ice mass d ecreas ing 
Total mass increasing 

La te snow mass increasing, iden­
tified as "snow" of the new year 

Older snow mass comple tely 
melted, or conver ted to firn 
which becomes "old firn" of 
the new year 

O ld firn a nd ice mass, i" creased 
by a new incremen t of firn, 
now is again constant 

Total mass increasing 

material above sSo is termed snow and the material below it is old fim and ice. The highest 
(most recent) summer surface found in a pit in the upper regions of the glacier late in the 
same year a fter the beginning o[ snow accumulation following a period of melting in summer is 
termed ss,. The material above ss, is termed late snow and the material below ss, yet above 
sSo is new fim. 

These terms d efine units which can be correlated over large areas of a glacier in a nyone 
year ; however, they may be formed in different tim es at different places. Thus they con-es­
pond to " formations" (rock- stratigraphic units) in the geological sense. A year later, a 
different set of formations is described , each unit dropping back one step : 

F irst year 

sSo 
ss, 

late snow 
new fim L 

old fim and ice f 

---------+ 

Next year 

not used 
sSo 

snow 

-------c:> old fim and ice 
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6 JOURNAL OF GLACIOLOGY 

Another important requirement of combining the two systems is making measurements 
of stratigraphic units at the beginning and end of a fixed-date hydrologic year. 

T he variation in these units of the mass balance may be illustrated by graphs showing the 
changing balance with time, bet] , at specific points on a glacier, expressed as mass per unit 
area (Mg/m2) or simply in water equivalent (m ) (Fig. I). * The balance quantities are desig­
nated by the letter b with qualifying symbols, as fo llows: the subscript 0 refers to the in itial 
measurements made at or near the beginning of the year to relate fixed -date system measure-
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Fig. r. B alance quantities as measured at specijic points Ol! a glacier using a stratigraphic system riferenced to summer surfaces. 
Shown here are typical balance curves b[t]Jor points in the accumulation area (tol) diagram) and in the ablatiol! area (bottolll 
diagram). The vertical scale is meters oJ water equivalellt, with al! arbitrary zero. The zero mC!y be I)laced in {[Iry other 
j)osition depending llpon the needs oJthe data analysis. This and succeeding illustrations use theJollowing sign convention: 
balance terms which illcrease with time, or represent an increment oJ mass added to the system, are considered positive and are 
shown with arrows pointing liP. Note the Jormation if summer suifaces, and how they Jorm at different times at the two 
I)oillts. Measurements at the begilllling (to) and end (t, ) oJthe Irydrologicyear, in sj)ring, and at a time after the hydrologic 
year (perhaps next slning ) dejine these quantities bo(s) : the initia l snow bala nce; bo(i), the ini tia l ice ba lance; bm (s) , the 
measured winter snow balance; b, (ls) , the final late snow balance; b, (i), the final ice balance; bn ( f ), the net 
firnification; mid b l1 (i) the net ice bala nce. Also shown is bw(s), the maximum winter snow ba la nce which usually 
is 1I0t rneasllred, being dependent 011 knowledge oJ bEt] at each I)oint . Note that the maximum winter snow ba la nce 
occurs at dif[erellt times at different points. 

* The verti ca l sca le on these graphs is st ric tly the mass per unit area referenced to a lower horizon or the 
bottom of the g lacier ( the scale is a rbitra ry) in a coordina te system moving with the g lacier (Lag rangia n coordi­
nates), and ignores stra ins d ue to g lacier fl ow and compaction. This q ua li fication is unimportant in mos t cases 
as the measurem ents a re usually made in pits or stakes a nd the a mount of vertica l stra in in a year's time is usua ll y 
sma ller than the er ror in mass-ba lance measurements. 
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m ents to stratigraphic units ; the subscript, refers to the final m easurements made at or near 
the end of the year to relate the two systems; the subscript a refers to certain measurem ents 
made (or calculated) exactly at the end of the hydrologic year, and the subscript n refers to 
measurements related to the minimum firn and ice or the minimum total mass near (but not 
necessari ly at) the end of a hydrologic year ; the letter x identifies balance quantities at the 
time of the maximum total balance in the hydrologic year. L etters in parentheses following 
the b indicate the material being measured: snow (s), old firn and ice (i), late snow (Is), and 
new firn (f ). If superimposed ice accum ulates or melt water is redeposited in lower layers it is 
added to either the snow (s) or new firn (f ) , to whichever the superimposed ice is rela ted. A 
lack of parentheses following the b indicates that the total mass (undifferentiated ) is con­
sidered . The hydrologic year, usually defined as 1 October through 30 September, runs from 
to to t,. Arrows pointing up indicate an addition of mass as time proceeds ; the corresponding 
balance quantities are taken as positive. 

M easurements made at specific points define the following quantities: 

1. bo(s), the initial snow balance, is the snow at the beginning of the hydrologic year. Often 
bo(s) = 0 in the ablation area, and sometimes even in the accumulation area. It is measured 
by probing or in pits by field work at the beginning of the hydrologic year or by computation 
using other field results and interpolation, perhaps using weather records. 

2. bo(i), the initial ice balance, is the old firn and ice loss after the start of the hydrologic 
year and before ablation ceases in winter and is usually measured by observing stakes in early 
winter or the nex t summer before snow has disappeared from the ice. Always bo(i ) = 0 in the 
accumulation area and sometimes in the ablation area a lso. 

3. bm (s), the measured winter mow balance, is the snow above the summer surface 550 as 
measured directly by fi eld work in late spring as near as possible to the time of greatest glacier 
mass (not necessarily the time of greatest mass at anyone point) . Normally bm (s) is measured 
over the whole glacier at about the same time. 

4. b, (ls), the final late mow balance, is the late snow at the end of the hydrologic year, the 
same as bo(s) for the year following . 

5· b, (i), the final ice balance, is the old firn and ice loss after the end of the hydrologic year 
before ablation ceases for the next winter, the same as bo(i ) for the year following. 

6. bn (f ), the net firnification, is the amount of new firn formed at about the end of the 
hydrologic year (either just before or just after) . It is therefore the mass between the suc­
ces ive surfaces 550 and ss" and is usua lly measured in pits well after its time of formation. 

7. bn (i), the net ice balance, is the corresponding change in mass between 550 and ss , in the 
ab lation area where this change is negative; thus it records the loss of ice and old firn from the 
end of one melt season to the end of the next. 

8. bw (s), the maximum mow balance, is the hypothetical maximum mass of the snow during 
the hydrologic year. This value will occur at a different time at each place and thus will 
probably not be measured directly. 

Stra tigraphic balance quantiti es at a point have been defin ed previously (M eier , 1962 ; 
Anonymous, 1969; [ll-ID] , 1970) and their measurement i straightforward . The quan ti­
ties and ymbols presented here are consistent with the last two references. Difficulty 
appears only when one attempts to integrate these point values over a whole glacier. For 
instance, if values of maximum winter snow balance, bw(s), are determined at numerous 
points on a glacier, a map of these values represents a time-transgressive maximum which is 
greater than the total amount of snow on the glacier at any moment. This peculiar "snow 
Rood crest" map has no real meaning for most hydrologic balance computations. Similar 
problems exist with bo(i ), b, (i), bn (i), and bn (f ), but not with bo(s), b, (ls), and bm (s) . 

VVe may now consider mass-balance data in terms of diagrams showing the area-average 
balance curve 0[1] (Figs. 2- 4). Alternatively, one could plot the total balance curve B[t] 
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8 J OU R NAL OF G LACIOLOG Y 

using a different vertical sca le of m 3 instead of meters of wa ter equivalent. In the ma terial to 
follow, a bar over a symbol indica tes an area average, as in [IHD] ( 1970) . 

Figure 2a is a plot of o[t ] on which are shown the area-averaged terms Ow (winter balance) 
a nd On (here termed the total mass net balance) which are a nalogous to the stra tigraphic sys tem 
poin t terms bw a nd bn in [IHDJ ( 19 70). T he time interval to' to tx' is a balance year 
which is unique to each glacier a nd each year, and is not necessarily 365 days long. Figure 
2b is a plot of o[tJ showing the area-averaged annual balance oa, which is a na logous to the 
fixed-date sy tern poin t term ba in [IHDJ ( 1970) . Also included in this fig ure is a new 
term 0" the maximum balance [of the hydrologic year]. In order to relate On to 0 a, or vice versa, 
two additional terms are proposed : 00 , the initial balance increment , a nd 0" the final balance 
increment. T hese curves show mass-balance quan titi es tha t can be di rectly related to other 
hydrologic balances. 
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Fig. 2 . A rea-averaged balance quantities shown without relation to summer surfaces or type of material measured. The vertical 
scale is meters of water equivalent averaged over the entire area of the glacier, with an arbitrary zero (the scale could j ust as 
well be in kilograms of mass or cubic meters of water equivalent ). Sign convention as in Figure I . Figure 2a shows 
area-averaged terms equivalent to the stratigraphic system terms of [lHD] (1970). including bw , the w inter 
ba la nce, and b n, the to ta l m ass net ba la nce. _The /Jeriod between two balance minima in successive years is the bala nce 
year. Figure 2b shows the area-averaged term ba, the annua l ba lance, and b x, the maximum ba lance, which are 
related to the anllual (fixed date) sy stem if [IHD] ( /970 ) . Also shown are the tem lS bo and b" the initial and fina l 
ba la nces, which relate the two systems. Field determination of all these quantities except ba is difficult because 
knowledge of the area-averaged balance cllrve b[t] is required to know magnitude a nd timing of these balance quantities. 
H owever, the curve bet] is directly related to the changing mass storage, equal approximately to precipitation minus rrm-off 
in mat!)! environments. 
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Unfortunately the schem e shown in Figure 2a and b is not fully workable in practice. This 
is because the terms ho, hw, hn and h, have no relation to the corresponding values measured 
relative to summer surfaces at the individual points. T his scheme is workable only if point 
data a re integrated in the following way : 

Suppose that curves such as those shown in Figure 1 have been obtained at a large number 
of stakes on a g lacier in a given year. T he ba lance curve for the whole g lacier, B[t] , migh t 
then be obtained by summing the individual balance curves (b,[t] , b2 [t] ... ), multip lying 
each by a weighting factor (a" a2 •• • ) accord ing to its proportion of the total a l·ea (A ) : 

11 

B[t] = L bj[t]aj = Ab[t] 
j ~ 1 

where li[t] is the area-average balance curve for the whole glacier. Note especially that the 
bala nce curves hj[t] are combined to obtain h[t], not the individ ua l poin t measurements such 
as bo(i ) which might have been made at different times in different places. 

This computation procedure req uires more measurements than can normally be made. 
Needed is a scheme in which the point data, taken on ly a lim ited number of times during a 
year and usuall y referenced to summer surfaces, can be combined directly. In order to do 
th is, the summer surfaces must be incl uded in the area-average diagrams. T his is done by 
divid ing the balance curve h[t] in to its four components: old firn a nd ice, snow, new firn and 
late snow (Fig. 3) . The largest mass, old firn and ice, is plotted at the bottom- it can onl y 
decrease or remain constant during anyone year. Above it is plo tted snow, which increases 
during the first part of the year; during the last part of the year it decreases due to ablation 
a nd is converted to new firn . Toward the end of the year, late snow is d eposited on top of a 
melt surface, causing the snow below the surface to be converted to firn. The amount of new 
firn after a ll of the snow is elimi nated a nd /or converted remains relatively constant. The 
interface between snow plus new firn and o ld firn and ice is summ er surface 550 . The inter­
face between new firn and late snow is summer surface ss,. T he in terface between snow and 
new firn is shown as a jagged line; it has little physical significance. 

The point data taken at specific times during the fi eld season (or determined after the 
fact) can now be averaged over the g lacier and shown on the area-average balance diagram 
(Fig. 3a- c) . Now several important balance terms are determined. One is the annual balance 
ha. Another important balance quantity is the difference between old firn and ice melt, 
hn (i), the net ice balance, and snow which lasts through the m elt season and is preserved as new 
firn, hn (f ), the net firnification. This d ifference is here call ed the firn and ice net balance, hn (fi ) . 
Th is is in fact the quantity most often reported by glaciologists as " net balance" but is not the 
area-average net balance bn (Fig. 2) indicated in [IHO] (1970) . 

On some glaciers, a ll of the snow i3 normally converted to firn before the end of the h ydro­
logic year, a nd it is convenient to measure firn a nd ice balances at this time. vVe therefore 
d efine three add itional terms: the annualfirnification ha(f ), the annual ice balance ha(i), and the 
firn and ice annual baLance ha(fi ) (Fig. 3b) . These units are a na logous to hn (f ), hn (i) a nd 
tn (fi ), respectively. 

In som e situations , snow melt may con tinue after the end of a hydrologic year. One can 
m easure the residua l snow on the g lacier surface on 1 O ctober, but onl y part of this (that part 
which is buried under new snow) is properly called firn. T hus the quantities ba(f ) and ba(fi ) 
cannot be defined (Fig. 3c) . If it is considered necessary to compute a quantity like ba (fi ), 
one can red efin e terms so that ha (f ) [or ha (f+ s)] relates to the new firn and residua l snow and 
not material which everywhere underli es late snow. The quantity h a(i) is a lways definabl e. 

Other area-averaged terms shown on Figure 3, exactly eq uivalent to the corresponding 
values shown on Figure I , are bo (s), the initial snow balance; bo(i ), the initial ice balance; b, (ls), 
the final late snow balance; b, (i), the final ice balance; a nd bm (s), the measured winter snow balance. 
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MA SS - BALA NC E SYS T E M S I I 

The annual balance, ba, is an important qua ntity because it represents the total change in 
storage (of snow, firn and ice) during a hydrologic year. Thus this value can be compared 
directly with the difference between precipitation as snow and melt-water run-off if net 
evaporation/condensation and net changes in liquid water storage are negligible. b a can be 
measured directly, or computed as ba = ba( f ) + ba(i) - bo (s ) + bl (ls) if ba(f ) is definable. The 
annual ba lance can also be calculated , more indirectly, from balance year (stratigraphic 
sys tem) quantities as ba = - bo(s)+ bo(i)+bn (i)+bn (f ) - b, (i)+bl (ls) . 

I t is important to d efine the maximum winter snow balance bw (s) on the glacier during the 
year , because it is often impossible to m easure the actua l winter snow accumulation. Our 
term bm (s), a m easured but lower value at aboul the right time of year, can often be used as a 
basis for computing bw (s) if sufficient supplem entary meteorological data are avai lable. T he 
same statem ent can be made about bw (Fig. 2a) a nd bx (Fig. 2b) . Although bw and bx occur 
at the same instant in time, bw (s ) can occur at a later date. Note that b x + f. o = bw . Normally, 
only one or two of these four balance quantities [bw (s ), bw, b x, or bm (s)] would be reported. 
It must be stressed that none of these can be calcu lated by averaging point values of bw 
(winter balance) because the balance reaches a maximum at different times at the different 
points. 

The terms defined and shown on Figures 2 and 3 can be combined on one diagram for 
reference and comparison (Fig. 4) ' The apparent complexity of this diagram is somewhat 
misleading; only ha lf to two-thirds of these terms need be reported in any given study. 

These terms d efine glacier balance with sufficient generality to report a ny condition of 
varying balance conditions at different points . At many glaciers, som e of the correction terms, 
such as bo, bo(s ) , h, (s ) and b o(i ) , wi ll be zero or small , and if so can be neglected to simplify the 
calculations. 

Many of the terms taken at the end of one year a utomatically become the important 
initial terms for the nex t year. The symbols change, as follows: 

First year Second year 

l I -------'>- lo 

l / -------» lo' 

b l -------l> ho 

bl(ls) --~--> ho(s ) 

b l (i) --- )- bo(i ) 

The combined terms allow a description of th e hydrology of a glacier involving process, 
material and time. Thus we can list initial , final and annual changes in snow cover and ice 
storage, and relate these to the hydrologically relevant quantities of precipitation and run-off. 

Fig. 3. Area-averaged balance quantities that can be conveniently measured in the field. The vertical scale is meters of water 
equivalerzt averaged over the eIltire area of the glaci~r, with arbitrary zero. Sign con~eIltion is as in Figure E. Figure 3a 
shows terms in the stratigraphic system including bo(i ), the inilia l ice ba lance; bm (s), the measured winter snow 
balance; h n(i ), the net ice bala nce; h n( f ), the net firnification; and h, (i), the fina l ice ba lance. Nearly all the./irn 
and ice ablation at this time (aJier t, ') will occur on Ho rather than ss ,: H owever, the ./inal ice-balance. decrease, b, (i), 
is shown on ss, G1zd not sSo because, if no snow ablation occurs aJier t/, b, (i) wiLL automatically become bo(i ) for the suc­
ceeding year. The terms bo(s) and bl (Is ), the initial snow ba lance and final late snow bala nce, relate strafigraphic 
and annual (fixed-date) s),stems. Figure 3 b shows in the annual system, including in addition to those above, ba (i) the 
annual ice ba lance and bat f ) the annual firnifica tion; the latter is defined only if new firnformation is complete by the 
end of the hy drologic year. As in Figure E, these terms can aLL be measured in a continuing program involving only two 
trips per.year : one at the beginning of the hy drologic year and one in the spring. Two additionaf terms (open arrows) call be 
calculated easilyIrom observed qua'!tities: the firn and ice net ba lance hn (fi ) = hn ( f ) + bn (i), and the firn and ice 
a nnual balance ha (fi ) = bat f ) + bat i) . Figure 3C shows the situation if residual snow, not yet completely covered by lIew 
mow, remains at the end of the hy drologic ) 'ear. In this case bat f ) [and ba (fi )] CGllllo t be defined. 
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12 JO U RNAL OF GLACIOLOGY 

This scheme appears, unfortunately, to be rather complicated. H owever, it cannot be 
simplified without omitting important features of glacier hydrology. One must recognize that 
som e of these terms may be appreciable in magnitude at one glacier while not even definable 
or measurable at another. Lack of recognition of these terms has made analysis of some pre­
vious mass-balance data difficult, if not impo sible. If ice-balance data are not analyzed 
together with h eat or water-balance data, a reporting scheme which appears to be simple and 
concise can be devised. But such a system may be either useless or invalid for comparison 
with any kind of meteorological or other hydrological data. 
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Fig. 4. All area-averaged quantities shown together on one diagram Jar reference purposes. No one program w:Juld expect to 
report all oJ these possible terms, but only those selected as most relevant to the particular environment and observation 
scheme. The vertical scale is meters if water equivalent averaged over the entire area oJ the glacier, with arbitrary zero . 
Convenien tly measurable quantities (solid arrows ) are those shown in Figure 3. Quantities determined through knowledge oJ 
the area-averaged balance curve bEt] (dashed arrows ) are those shown in Figure 2. Calculated quantities are shown with 
open arrows. 

Two examples of the use of the combined scheme to report data from glaciers a re given in 
Table n . These early results from an International Hydrological Decade study illustrate a 
typical measurement and computation program (on other glaciers it may be necessary or 
desirable to measure values listed as computed or vice versa). Some of the values shown are 
redundant and wou ld not be given in a routine report ; they are shown here to illustrate all of 
the terms we have defined . 

Note that the terms bo, bo (s), bo(i) , bI(lS) are small or zero and ba, bn, bn (fi ) are similar in 
magnitude for South Cascade Glacier. However, the term b, (ls) for Gulkana G lacier is 
appreciable, and the bala nces ba and bn (fi ) are not even of the same sign. Obviously, on a 
glacier like Gulkana it is meaningless to express the "s tate of health" by a net- or annual­
balance value unless it is absolutely clear exactly what is meant. This schem e, although ap­
pearing somewhat cumbersom e, gives the author a code for expressing whichever units he 
prefers in exact, definable and comparable terms. 
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M ASS - B ALA NC E S Y STEM S 

T ABLE II. ~1ASS-BA LANCE QUANTITIES FOR GULKANA GLACIER, ALASKA, AND SOUTH CASCADE GLACIER. 
\""AS HI NGTON, 1966 

(Except fo r times, a ll qua ntities a re reported in meters wa ter equiva lent averaged over the glacier. D a ta for 
Gulka na Glacier are based on a reconna issance study a nd conta in la rge uncerta inties. ) 

Gulkana 
Symbol Glacier 

T ime 

to I O ct. 1965 
to' 15 Sept. 1965 

t , 30 Sept. 1966 
1/ I Sept. 1966 

Stratigraphic system 

OM (s) 1.00 a t 

h . (f ) 

b n(i) 

On 

18 May 1966 

1.25 a t 
10 June 1966 

1.1 0 a t 
I June 1966 

0.55 a t 
20 Aug. 1966 

- 0.21 

0.0 1 

South Cascade 
Glacier 

I O ct. 1965 
2 Nov. 1965 

30 Sept. 1966 
16 O ct. 1966 

2.52 a t 
14 M a y 1966 

2.59 at 
22 May 1966 

2.47 a t 
22 May 1966 

o .og at 
5 Nov. 1966 

-- I.I6 

- 1 .07 

- 1.03 

Name of term 

M easured 
winter 
sno\v 
ba lance 

MaximuTl1 
""inter 
sno,¥ 
bala nce 

Winter 
ba la nce 

N et firnifi ca­
ti on 

N et ice 
balance 

Firn a nd ice 
net 
ba la nce 

T ota l mass 
net ba la nce 

Directly 
measured 

or 
computed Explanation 

Beginning of hydrologic yea r 
Computed Time of minimum glacier m ass near 

beginning of hydrologic year, derived 
from gra ph of o[t ] 

End of hyd rologic yea r 
Computed Time of minimum mass near end of 

h ydrologic year, deri ved from gra ph of 
o[t). t ,'-10' is the balallceyear 

IvIeasured Bala nce measured to the summer surface 
(sso ) in la te winter or spring, measured 
in pits, co res, a nd by probing 

Computed Maximum of snow mass during the 
ba la nce yea r, comf'uted from gra ph of 
hs[t] or gra phs of hEt] a nd Oi[t ] before 
a nd afte r time of 001 (S) 

Computed Maximum value of the balance in relation 
to bala nce at to'; a mpli tude of mass 
cha nge during the balance year. Com­
puted from changes in bEt] before and 
after time of 001 (S) 

M easured The increment of new firn in thcaccumula­
tion area, as measured after a blation 
ceases in fa ll in pits or cores. Da te 
abla tion ceased indicated under value 

M easured Old firn and ice mel t in the ablation area of 
a single melt season , measured with 
sta kes, once during period when Ice IS 
covered by snow and agam after 
a bla tion ceases 

Computed C ha nge in mass of firn a nd ice during a 
single melt season; the mass be tween 
two consecutive summer surfaces . 
on (fi ) = hll (f)+ h ll (i) 

Computed C ha nge in snow, firn , a nd Ice storage 
between times of minimum mass; net 
change in m ass_ du_ring one bala nce 
year. On = oo- b, + b. 

T erms relating annual alld stratigraphic systems 

ho 0.05 - 0.08 Initia l ba lance Computed 

0.1 0 

oa t 
15 O ct. 1965 

0.10 

o 

- 0.20 a t 
22 Nov. 1965 

- 0 . 17 

increment 

I niti a l snow M easured 
ba la nce 

Initia l ice M easured 
bala nce 

Fina l bala nce Computed 
increment 

C ha nge in ba la nce between first time of 
minimum ba lance (to' ) a nd to; com­
puted from gra ph of h[t] 

Snow accumula ted on summer surface 
(sso ), m easured a t to with pits or cores 

Old firn a nd ice melt in the ablation area 
after 10 a nd before melt begins the 
followin g spring, measured by abla tion 
sta kes a t 10 a nd during period when ice 
is covered by snow 

Change in ba la nce be tween time of mini­
mum mass (t, ' ) a nd the end of the 
hydrologic year (t, ), computed from 
graph of bEt ] 
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TABLE n .- continued 

Symbol 
Gulkana 
Glacier 

South Cascade 
Glacier jVame o.f term 

T erms relaling annual and stratigraphic systems 

o, (ls) 0.37 0 Fina l late 

o 

Annual ( fixed-date) syslem 

bx 1.05 

iia (f ) 0·55 

ba(i ) - 0.76 

b.(fi ) - 0.2 1 

ha 0.06 

- 0·33 

2·39 

Not 
definable 

- 1.03 

Not 
d efinable 

- 0·94 

snow 
bala nce 

Final ice 
balance 

M aximum 
bala nce 

Annual firni-
fica tion 

Annua l ice 
bala nce 

Firn and ice 
a nnual 
bala nce 

Annua l 
ba lance 

D irectly 
measured 

or 
computed Explanation 

M easured Snow accumula ted on summer surface 
(ss , ), measured at I, with p its or cores 

M easured Old firn and ice melt in the a bl at ion a rea 

Computed 

M easured 

lVIeasured 

Computed 

M easured 
or 
computed 

after t, a nd before melt begins the next 
spring, measured by ablation stakes at 
I, and during period when ice is covered 
by snow 

Maximum value of the balance in relation 
to bala nce at to; a mplitude of mass 
change during hydrologic yea r. O ccurs 
at same time as bw. bx = ow - bo 

The new firn formed on the glacier during 
the hyd rologic year, measured at t , in 
pits or cores. Not definable if snow melt 
continues after I. 

O ld firn a nd ice melt in the abl ation area 
during the hydrologic year, measured 
by stakes at /0 and t, 

The cha nge in mass of firn and ice during 
the hydrologic year from to (0 t" a lso the 
mass between two consecutive summer 
surfaces a t t ,. oa(fi ) = ha(f)+ ha (i) 

C hange in snow, firn , a nd ice sto rage 
between to and t, ; approximately the 
difference between precipitation as 
snow and melt-water run-off for one 
hydrologic year. Can be mc:asured 
directly at to and t,. oa = b. (fi )­
ho (s)+ h,(ls) if ha (fi ) is defined. 
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