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ABSTRACT. The intera nnual \·ariabi lity of glacier m ass balance is expressed by the 
standard deviation of net ba la nce, which varies from about ±O. I to ± I.+ m a - , for a sample 
of 115 glaciers with at least 5 years of record . The sta nd a rd de\'ia ti on of net balance is 
strongly cor related with the mass-ba la nce ampli tude (ha lf the difference between winter 
and summer balances ) for 60 glaciers, so the a mplitude can be estimated from net balance 
standard deviation for the other 55 glaciers where winter a nd summer balances are un­
a\·ailable. The observed and calcu lated mass-balance amplitudes for the 115 g laciers show 
contrasts between the Arctic and lower lati tudes, and betvl'ecn maritime and continental 
regions. The interannual variability of mass balance means that balances must be meas­
ured for a t least a few yea rs to determine a stati stically reli able mean balance for any gla­
cier. The net balance o f the Grernland ice sheet is still not accu rate h· known, but its 
sta nda rd dev iation is here estimated to b e about ±0.2+ m a " in agree~len t with other 
Arctic glaciers. Mass-ba lance \'ariability of this magnitude implies that th e ice sheet ca n 
thicken or thin by severa l m etres over 20- 30 years without g iving sta tistically significant 
evidence of non-zero balance under present climate. 

INT RODUCTION 

Historically, the measurement of glacier mass balance has 
been concerned with variations in mass balance, and their 
relationship to paral lel climate variations. By contrast, the 
present paper addrcsses the variability of m ass-balance ser­
ies, i. e. the likely magnitudes of interannua l yariations of 
mass balance, and the way in which these a re controll ed by 
climate. Mass-balance variations a rc ill ustra ted hy plotting a 
series of yearly mass-ba la nce yalues against time, wh il e the 
variability is, to a first approximation, expressed by the stan­
dard deviation of thc mass balance. 

M ass-ba la nce data are avail able in th e literature fo r a t 
least one year for over 200 g laciers (see below ). The stan­
dard deviations of 115 of these series, with at least 5 years of 
record, are shown in the hi stogram in Figure 1. The sta n­
dard deviation, represent ing the yea r-to-year \'ariabi lit y of 
net balance, varies by a n order of magnitude from ±O. I to 
± 1.4 m a '. It is important to understand th is variabi li ty, 
because the sta tistica l represent ivit y of the mea n mass 
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Fig. 1. Standard deviation ifl1et balancefor 115 glaciers with 
at least 5)'ears q/record. 

456 

balance for a period ofa few years depends on th e standard 
deviati on. Any putative trend or increasingly negative mass 
balance has to be detec ted against the background of year­
to-year variations, whose magnitude is expressed by the 
standard deviation. 

Morc sp ecificall y, we became interested in the variability 
of mass balance when we not iced that glaciers with high 
mass-balance \'ariabilit y a lso have a high sensiti v it y to tem­
perature changes in ou r degree-day modelling experiments 
(Braithll'aite and Zhang, in press ). 

GLACIER M ASS BALANCE 

The net balance ~ of a whole glacier for any particular 
year, i.e. the mean specific ne t balance in m w.e. , is ex­
pressed by separate winter a nd summer balances b", and b, 
for the year such that: 

(1) 

Further explanations can be found in Anonymous (1 969), 
whil e typica l field techniques a re outlined by 0strem and 
Stanley (1969) and Ostrem a nd Brugman (1991). Regular 
tabulati ons of m ass-balance data ha\'C been published by 
Kasser (1967. 1973), r-,1Liller (1977), Hacbe rli (1985), Haeberli 
a nd ~[liller (1988) and H aeberli and Hoelzle (1993) as part 
of The Fluctuations Cif Glaciers series. Another significant 
source of data. including pre\'io usly unpublished data from 
Arctic Canada, Tceland a nd Svalbard, isJa nia and Hagen 
(1996). 

At least one year of m ass-ba lance data is potentia ll y 
a\'ailable for over 250 glac iers (D yurgerO\' and M eier, 1997; 
Cogley and Adams, 1998), but most of these records a rc \'ery 
short. In the publi shed data tabulati ons (see abO\'e ) wc 
cou ld find 115 g laciers with a t least 5 yea rs of record, which 
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is probably a ba re minimum for the assess m elll of mas -
ba lance \'ari abilit y. The number of glacie rs is further re­
duced to 79 by consideri ng onl y those with sepa rate meas­
urements of winter and summer balance in addit ion to net 
ba la nce. E\"en then, most o f these ser ies are short, with a 
moda l lcng th or 5- 10 years (Fig. 2). The geograph ica l distri ­
bution or these glaciers is a lso highly biased since separate 
winter a nd summer bala nces a rc not a lways measured in 
Austria o r Switzerl and, un like Scandinavia, Ca nada a nd 
the former SO\·iet Union (FSU ) where such meas urements 
a rc usua ll y r ega rded as essenti a l. The ava il abili ty or separ­
ate winter a nd summer ba la nces is rurth er reduced because 
of errors in some or the tables in H aeberli and Mu ller (1988) 
whereby winter a nd summe r balances do not add up to the 
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Fig. 2. Length q[ records .fin 79 glaciers where jull ll'inte/; 
slimmer and !let balances have been measlIred for at least 
5)lears. 

net ba la nce, h ence their exclusion I"rom th e a na lysis here. 
All impo rtant clim atic ind icator ror a g la cie r is the mass­

ba la nce a mplitude (0) fo r the period or record, g i\"en by 

(2) 

where the a ngled brackets denote a\'eraging over th e period 
of reco rd . D efin ed in th is way, the a\'erage m ass ba lance or 
the glac ie r \"a ri es througho ut the year fron1. winter to sum­
mer by ±(n:). Substituting 1'0 1' (b,) gives the a mp li tude in 
terms or the mea n winter ba la nce: 

(3) 

when the g lacier is in equ ilibr ium, (bN ) = 0, and the mass­
bala nce a mplitude exactly equals the mean willler balance 
(a lso the m ean summer bal a nce ). Even when the glacier is 
not exac tl y in equi li brium , th e mean net ba la nce is usua ll y 
sma ll compa red with the mean winter ba lance, so the ampli­
tuclc is st ill roughly equa l to the mean winter ba la nce. 

T he mass-balance ampli tude, fi rst stud ied by i'vIeier (1984, 
1985), \'a ri es by more than a n order 01" magn itude for the 79 
measured g lac iers, i. e. from nea rly + m a I ror I\ 'ory G lacier 
(Ne,\' Zeala nd ) to < 0.+ m a I for glac iers in the Canadian 
Arctic, \I 'ith a m inimum o f 0.1+ 111 a I for the D e\'on Ice Cap. 
This \'a ri a ti on renec ts difTerences in mcan precipitation 
between difTere11l glacier reg ions, as the amplitude is of the 
sa mc order of magni tude as the mean precipit a tion, though 
not equa l to it. For example, not a ll prec ipita tio n on a glacier 
fi:tll s as now to contribute l O the mass ba lance. Prec ipitation 
over glac iers may a lso be much larger tha n prec ipitatio n in 
the lowla nds, ("rom where most long-term prec ipitation 
reco rds come, because of a n increase 0 [" precipita ti on with a lti-

Braithwaile and <hang: l llterallflllal variabili~)' qfglacier mass balance 

tude, or because of channell ing by topog raphy. Glacie r pre­
cipitation is importa nt because it a ppea rs to determine the 
sensitivity of th e m ass balance to climate change (O eri cmans, 
1993). Meier (1984·, 1985) goes furth er in suggesting tha t the 
mass-balance a mplitude is a measure of the long-term mean 
ba lance 0(" a glacier. 

STANDARD DEV IATION OF MASS-BALANCE SERIES 

The standard d eviat ion of a ne t bala nce se r ies SN is ca l­
cu la ted by a pplying the standa rd definiti on of sta ndard 
de\" iation to bo th sides or Equa ti o n (\ ), i.e. forming d e\·ia­
tions from th e mean, squaring them and then ave raging 
O\'er the per iod 0 (" reco rd. The res ult is: 

S:/ = S\\.2 + SS2 + 2S \\ Ss R,,·s, (4) 

where S\\· and Ss a rc the sta ndard d e\ 'iations of winter a nd 
summer ba la nces, and R\\·s is the product-moment co rrcl a­
t ion coefficient be tween winter a nd SU111mer ba la nces. Ac­
cord ing to Equa tio n (4), the \'a ri abil ity of net ba la nce can 
be studied in te rms of the varia bili t ies of\\" inter a nd summer 
bala nces, as we ll as a ny interac ti o n between winter a nd 
summer balance represented by the co rrci ation. 

The longest continuous mass-ba lance seri es with winter 
a nd summer ba la nces is from Sto rglac ia ren, no rthern 
Sweden. and its data (Holm lund a nd others, 1996) a re used 
here to illustra te some principles tha t a lmost ce rta inl y a pply 
to a ll other g lac ie rs. The ne t ba la nce (Fig. 3) \'a ri es \'e ry 
much from yea r l O year, with a "spikiness" such tha t simil a r 
ba la nces can occ llr for se\"era l year s in success io n, fo ll owed 
by a sudden la rge cha nge. The se ries in Figure 3 is a lso 
sm oothed with a fi\"e-point tr ia ng ul a r fi lter La bring out 
longe r-term tre nds. It is clea r tha t the net bala nce is not 
sta ti stically sta t io na r y anclthere is a slow trend in this par­
ticu la r case towa rds more pos itive ba lances in reccnt yea rs 
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othen (1996). 

afte r substa nti a l losses in the 1950s a nd 1960s. 
Figure 3 shows th e historic variations or ne t ba la nce a t 

Storglaeia ren, while the l'ariabilif)' is expressed by the sta n­
d a rd dev iations o f net balance tha t a re plotted in Fig ure +. 
I n th is case, t he standa rd de\ 'ia t io ns refer to O\"Cr la pping 
5 year periods a nd each point shows what the \ 'a ri a bilit y 
wou ld ha\'e been i I' the net balance had been meas u red only 
for the 5 yea rs centred on that p oint. The 'J erkiness" o f" th e 
\'a r iations in Fig ure 3 is represented by sudden cha nges in 
sta ndard devia ti o n in Figure 4. These \'a riati ons wo u ld be 
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Fig. 4. The standard deviation qf overlaPfJing 5 year records cif 
nel balance rif Storglacidren. Field data from Holmlund and 
others (1996). 

reduced if a longer period were used for calculating the 
sta nda rd deviation, but the 5 yea r period is chosen because 
m os t glacier records are short (Fig. 2). The problem m ay be 
exacerbated by the fact that net ba la nce se ri es a re generally 
positively autocorrelated such tha t successive balance va lues 
a re not statistically independent. Longer seri es would ce r­
ta inly be desirable, but, failing tha t, statistics of short se ries 
must be interpreted with suitable caution . 

An important concept related to standa rd deviation is the 
coeffi cient of variation, which is simply the standard devi­
ati on of any va riable, divided by the corresponding m ean. 
Winter and summer balances are inherently one-sided vari­
ables (like wind speed, precipitation, runolT, global radia tion, 
etc.), as their va ri ations arc bounded by zero. It is a property 
of such variables tha t their standard deviations depend on the 
mag nitude of the , ·a riables themselves (e.g. as expressed by 
their means, such that their coe ffi cients of variation tend to 
be a constant; Yevj evich, 1972). Bra ithwaite (1982) used a much 
smaller sample of glac iers than used here to study the relat ion 
between standa rd deviations and means values of winter and 
summer balances. H e found that standard deviations are well 
correl ated with mean values, and suggested a common coeffi­
cient of va ri ati on fo r both winter a nd summer ba lances. With 
a much expanded dataset (Table 1), it now appears that sum­
mer balances have a larger coefficient of variation than 
winter balances. Application of Student's t test to the mean 
values inTable 1 shows that the mean cocfficients of var iation 
a re unlikely (at <5% probability ) to bc sampled from popu­
lations with the a me mean values. Summer balance is there­
fore relatively more vari able tha n winter balance, in 
contradiction to Braithwaite (1982). 

CORRELATION BETWEEN WINTER AND 
SUMMER BALANCES 

According to Equation (4), the sta ndard deviation of net 
balance is a ffected by the correlation between winter and 

Table 1. Coifficient rif variationJor winter and summer bal­
ances Jar glaciers with more than 5 years rif record 

Mean of coeffi cient 
s.d. of coeffi cient 
Number of glaciers 
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Fig. 5. Correlation between winter and summer balances as a 
Junction qf length cif record Jar 60 gLaciers with more than 
5 years rif record. The curves enclose all points that could have 
arisen with 95% probabilityfrom a population with <era cor­
relation. 

summer ba lances. It is highly plausible tha t there should be 
a positive correlat ion between the balances, because high 
winter acc umulation should, a ll things being equal , favour 
reduced melting in the foll owing summer due to the effects 
of a long-lying snow cover with high a lbedo and low degree­
day factor, i.e. a less negative summer ba la nce. H owever, th e 
calcula ted correlation coeffi cients show the widest spread of 
va lues with the shortes t seri es (of onl y 5 years length ) and 
the re arc generall y lower correlations of either sign for lon­
ger series (Fig. 5). The curves in Figure 5 enclose the region 
where there is at least a 95% probability according to Stu­
dent 's t test (Kreysz ig, 1970) that points a re sampled from a 
population with zero correlation between winter and sum­
mer balances. As most of the calcul ated correlations lie 
within this region, it is difficult to claim a ny significant co r­
relation (at <5% probability) between winter and summer 
balances. There is, however, a hint of a small positive corre­
lati on in the fact that the point distribution in Figure 5 is 
slightly skewed in the positive direction. 

No doubt the expected strong correla tion between winter 
and summer balances is obscured by other factors. For present 
purposes, the variability of net balance seems to be governed 
more by the separate va ri abilities of winter and summer 
balances than by any interaction between the ba lances as rep­
resented by the correlation Rws in Equation (4). 

MASS-BALANCE VARIABILITY AND CLIMATE 

If the mass-balance ampli tude is rega rded as a climatic 
index, m a inly representing accumulation or glacier precipi­
tation, it is logical to corrclate standard deviations of winter, 
ummer and net bala nce series with the mass-ba lance 

amplitude. As there was some uncertainty about the effects 
of allowi ng very short m easurement series, the correlations 
were initia lly calculated for three different cases: (I) 79 g la­
ciers with at least 5 years of record, (2) 60 g laciers with more 
than 5 years of record, and (3) 42 g laciers with at least 
10 years of record. The results (Table 2) show that the big­
gest differences in correlation coeffi cients is between (1) 
and (2), and that increasing sample sizes to at least 10 years 
as in (3) does not greatly increase the correlations. The large 
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Table 2. Coifficients qf determination ( square rf correlation 
coifJicient) fo r correlations qf winter, summer and net bal­
ances with mass-balance amjJlitude for dijJerent sllbsamples 

Stllllple Glaciers 

A l least .} vca rs of reco rd 79 
1\'lo rc tha n 5 yea rs of record 60 
Al leas I 10 yea rs of record 42 

I Vin/rr 
balance 

0.63 
0.72 
0.79 

Slimmer .Net balal/ce 
balallce 

0.+5 
0.58 
0.63 

0.6+ 
0.79 
0.84 

difference between cases (1) and (2) cannot be expla ined by 
the lower sampling error in 6 year series as compa red with 
5 year series. More p robably, some of the 5 year series are 
coincidellla ll y a ffec ted by other errors. Be that as it m ay, 
the fo llowing discussion is based on case (2). 

The co rrelat ions of the standa rd deviations of winter 
and summer ba la nces with mass-ba la nce ampl itude a re 
il lustrated in Figure 6. The former has a somewha t higher 
correlati on and slope, in agreement with the higher coeffi­
cient or va ri ati on (Table I). As the sta ndard deviation of net 
ba lance is related to the standa rd dev iations of the winter 
a nd summer ba lances, it is hardly surprising that the sta n­
d a rd deviation of net balance is also highly co rrelated with 
m ass-balance amplitude (bottom of Fig. 6). The correspo nd­
ing regression equa tions (Table 3) sh ow the greatest sensitiv­
ity to elimate for net balance compa red with winter a nd 
summer balances. This is consistent with Equa tio n (4), 
which shows tha t the va ri ance of net ba lance (SN2) is p ro­
portional to the sum of ya ri ances of wi nter and summer ba l­
a nces, both of which a re in turn p ro porti onal to the m ass­
balance amplitude. 

M eier (1984) ass umed that long-te rm balances of glaciers 
a re proportional to their amplitudes. On the face of it , this 
seem s implausible since net bala nces can be negative o r 
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TabLe 3. Regression equations linking standard deviation to 
mean mass-balance amjJLitude (a )for 60 glaciers. Both vari­
ables in m water a I 

y et + d X (et) n " 1'-

SII' 0.D3 0.25 x(a ) 60 0.72 

Ss 0.21 0. 17 X (et) 60 0.58 
Sr.; 0.16 0.30 x (0') 60 0.79 

+positive, while amplitudes a re onl y pos itive. However, the 
sampling standard devia tion of the mean m ass balance de­
pends o n the standard devi ation of the m ass-balance se ri es, 
which we show depends on the amplitude. This means tha t 
large ne t balances of e ither sign are like ly to be associa ted 
with high mass amplitudes, and tha t g lac iers wi th low 
amplitudes a re likely to have onl y small negative or pos itive 
net ba la nces. 

CUM U L ATIVE M ASS-BALANCE VARIATIONS 

H aeberli a nd others (1994-) note the la rge year-to-year vari­
ations in glacier mass ba la nce and suggest that longer-term 
trend s a re best shown by plotting the cumulated mass­
ba la nce \'a ri ati ons against time, i. e. the running sum of th e 
yearl y values since the sta rt of reco rd. Such a cumul ative 
bala nce curve is an example of the double-mass curve (with 
one vari able being time) which is widely used in hyd rology 
(Bruce a nd Clark, 1966). The cumulative ba lance curve has 
two m a in components: (I) a systematic tl-cnd of ri sing o r fa ll­
ing cumulative balance depending on whether the mean 
ba la nce is positive or nega tive, and (2) a " random wal k" due 
to cumulated random deviations from the mean ba lance. 
Prope rti es of the la tte r have been extensivel y studied by 
Hurst (1956) who proposed a simple formula to describe the 
range between maxim a a nd minima in such cumula tive 
curves in terms orthe leng th of series. The point is illustrated 
in Fig ure 7 which shows cumulative net ba la nce, cumula ti ve 
mean ba lance (-0.23 m a I) and cumula tive net ba la nce 
devia ti on ri'om the mea n fo r Storglacia ren . 

In thi s case, the cumu lative de\'iations a re always nega­
ti ve, so the max imum of the curve rem ains zero. The mini­
mum o f the curve becomes lower (in a negative sense) due 
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to successive "random walks" as the series leng thens, with 
minima in 1947, 1951, 1954, 1961, 1970 and 1972. According to 

Hurst (1956), the range R between maximum and minimum 
of the cumul ative cunT is given by: 

(5) 

where St-( is t he standard deviation of the net balance, L is 
the length ofsnies in years and k is an empirical p a rameter. 
Hurst (1956) a na lyzed about 700 long geophysical series 
(with at least 30 years of reeord ) and found a m ea n \'alue 
of 0.72 for k (with standard deviation ± 0.09). The interpret­
at ion of Hurst's law is still controve rsial, as one would ex­
pect k to tend towards 0.5 for long random series but for 
the cu n 'e in Figure 7; the k parameter has a value of 0.76, 
in reasonabl e agreement with Hurst's value. 

Cumulative mass-balance deviations from 42 other gla­
ciers, with a t least 20 years of record, were studied , and close 
agreement was found between their ranges a nd those pre­
dicted by H urst's law from the length of seri es (Fig. 8). We 
chose not to include seri es shorter than 20 years in thi s 
analysis since we do not know a ny way of calculating a con­
fidence interval for the range, a nd we note tha t Hurst himself 
used a cut-off of 30 years of record. 

c 
.2 
co 

15 

Cumulative 
net balance 

~ 10 ...... : .... .................. _ ................. ····r· • 
"0 

"E 
<tI 
"0 
C 
<tI 
U; 
CD 5 
Ol 
C 
<tI 

Cl: 

0 
0 10 20 30 4 0 

Length of record (years) 

Fig. 8. Relative range qfcumulative net balance deviation, i.e. 
range divided by standard deviation, vs Length cif series jar 43 
glaciers with at least 20 years cif record. The curve represents 
HliTSt's Law. 

50 

As the standard deviation S N is controll ed by climate, 
the range in cumulative net balance deviation must also be 
controlled by climate. For example, the cumu la tive balance 
curve of a very maritime glacier (Alfotbreen, with a mass-
balance a mpli rude of 3.5 m a I) has a range of 8.1 m, but the 
range for a rather continenta l glacier (TsenLralnyyTuyuksu, 
with an amplitude of 1.2 m a 1) is only 5.8 m. The range for a 
subpola r g lacier (the Devon Ice Cap, with a n a mplitude of 
only 0.14ma 1) is as low as 0.9 111. These ranges give an idea 
of the thickness changes that can occur on glaciers even 
when the mean balance is zero. On maritime g laciers, thick-
ness changes of a few metres spread over several decades 
need not indicate a statistically significant negative mass 
balance since the thinning due to negative "random walk" 
can be compensated by subsequent thickening. The same 
effect occurs on continenta l a nd subpolar glaciers but with 
a much-reduced range. 
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GEOGRAPHICAL VARIATION OF MASS-BALANCE 
AMPLITUDE 

The strong corre la tion between mass-balance a mplitude 
and standard deviation (Fig. 6) m eans thalthe mass-ba lance 
amplitude can be est imated from the standard deviat ion of 
net balance even if winter and su mmer balances a rc not 
m easured separately. In the context of the present study, we 
h aye standard dev ia tions for 115 se ries of at least 5 years in 
length (Fig. 1) and we use the regression for 60 g lac iers in 
Figure 6 to estim ate mass-balance a mplitudes for the other 
55 glaciers. The results are summar ised inTablc 4. 

The results in Table 4 arc in fa ir agreement with those 
g iven by Meier (1984, 1985), although ours arc based on longer 
se ries. Obvious ly the averages cannot be very reliable for 
regions with only a few glaciers or with on ly short record s. Tt 
is certainly not claimed that any of the regions in Table 4 is 
adeq uately sampled at present, especially as there can be 
strong grad ients within the regions. There are also gradients 
across large ice masses like the D evon Tee Cap (Koerner, 
1966). ='Je\"Crtheless, two broad pa tterns can be discerned. 
The first is the contrast between the relat ively arid Arctic 
regions with low values of amplitude and standard deviation 
(e.g. the Canadian Arctic (nine glaciers), coastal \ Vest Green­
land (two glaciers ), Svalbard (11 glaciers ) and Svernaya Zem­
Iya (one glacier )), compared with the wetter lower la titudes. 

The second contrast is between marit ime regio ns, with 
relat ively high amplitudes and sta ndard devia tions, and 

Table 4. Averages qf mass-balance amjJLitude (0:) and 
standard deviation S Njor 27 glacier regionsJrom the TVorld 
Clacier In ventory ( Haeberli and oLlzers, /989) 

Ao. Region C01l1l11/ Gta- Lal. Long. (If) 
ClefS 

I Canadian Arctic CD 9 77 - 86 0.30 0.27 
2 Alaska: coast US 60 149 2.49 1.24 
3 Alaska: interi o r US I 63 145 1.22 0.57 
4- Coasta l ;\I. America CD/ VS 12 51 - 125 2.30 0.73 
.1 Rocky :\lou nta ins CD 4 49 114 1.96 0.65 
6 \ \ 'es t Green la nd DK 2 64 49 0.81 0.-13 
7 Iceland IS 4 65 - 18 2.51 1.01 
8 S"albard C\ 11 78 14 0.86 0.32 
9 N. Scandillav ia: coast N 6 67 15 2.67 0.92 

10 ~. Scandi na\' la: interior ~ /S 6 68 19 1.50 0.56 
11 S. Kor",a)": coas t " 8 61 7 2.50 1.03 
12 S. Norway: i11lcrior N 3 62 8 1.24 0.57 
13 The Alps: wes t F 4 46 2.10 0.84 
14 The Alps: centra l C H 4 47 9 1.95 0.75 
15 The Alps: cast CH/Al l 11 47 11 1.23 0.60 
16 Caucasus FSU 3 43 42 1.41 0.47 
17 East Africa 1\:.:"1 0 37 1.93 0.74· 
18 Svernaya Zemlya FSU I 79 96 OM 0.15 
19 Polar Ura ls FSU 2 67 67 2.58 0.88 
20 Kamchatka FSU 53 159 3.58 0.97 
21 Altay (former SU ) FSU 4 50 88 0.52 0.21 
22 Alai-Pamir (form er SlJ ) FSU I 40 72 1.71 0.76 
23 Tien Shan (former SU ) FSU 11 43 77 1.05 0.37 
24 Tien Shan (China ) C;\I I 43 87 0.50 0.31 
25 Gang Disishan NP 2 31 79 0.47 0.30 
26 Himala)"a :"IP 28 89 0. 14 0.20 
27 New Zea land NZ - 43 171 3.82 1.09 

Total 115 

Apart from the FSe, countries are d enoted by standard automobi le 
abbreyiat ions. 
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their neighbouring cont inental regions, Examples of these 

are the coast- interior contrasts for Alaska (regions 2 and 

3), Canada and mainland C.S,A. (regions ..j. and 5), north­

ern Scandina"ia (regions 9 and 10) and southern Scandina­

"ia (regions 11 and 12), E,'en the cast ,yest drop in amplitude 

and standard de"iation across the Alps (regions 13 15) may 

reflect increasing continentality, 
The high amplitudes for Kamehatka (region 20) and l'\ew 

Zealand (region 27) no doubt reflect cxtremely maritime 

conditions, \V hile generally 1011" amplitudes for regions 21 - 26 

rcflect the cOlllinenta lity oC the Asian highlands, But here 

aga in , the drop in mass-balance amplitude from a relati'T 

high in the Alai-Pamir (1.7 m a 1 in region 22) across the for­

mer-Sm'iet Tien Shan (1.0 m a 1 in region 23) to a low in the 

Chinese Tien Shan (0,5 m a 1 in region 24) hints at a regional 

contrast. This prohably reflects the west- cast , 'ariat ion in 

ann ua l precipitation from 1.5 to on ly about OJ m a 1 across 

the Tien Shan, The relati'Tly high mass-balance amplitude 

for the two glaciers in the polar L"rals (2,58 m a 1) might be 

the result of local topographic enhancement of regional pre­

cipitat ion, which is on ly of the orcler of Im a 1 (Gros,'al'd and 

Kot lyakm', 1969), 

MASS-BALANCE MONITORING 

One of the most importalll problems lor m ass-balance g la­

ciology, a lter more than 50 yea rs of hard work, is the sad 

fact that many glacierized regions of the world remain un­

,ampled, or only poorly sampled, There arc slight prospects 

of getting further highly detaikcl mass-balance measurc­

ments for at least') years, from the remoter areas of South 

Amnica (Andes and Patagonia , Asia, the Arctic and the 

i\ntarC'li' Peninsu la, Howe,'cr, the year-to-year variability 

of mass balancc has implicat ions for the interpretation of 

whate\Tr short series may become m'ailable in the future 

for remoter areas, For example, thc nuLl il)jJofilesis for a ny 

short-term study would have to be that the g lac icr has ze ro 

ba lance under present climate, and the obscT,'ed mean 

balancc must be tested against this hypothesis using 
Studen t 's Hcst, \Vh ich i Jl\'oh-cs the standard cb'iat ion of 

the mass balancc, In the case of a 'Try short series of meas­

urements, it might be better to use a regional est imate of 

standard cb'iati on, as in l 1tblc 4" ra ther than the actual 

standard dc,'iation or the short measured series which will 

be subject to excessive sampling errors. 
R e peated mass-balance measurement by field parties 

m'er se 'Tral dccades seem s a laborio us way to detect the 

cffec ts o f climate change on ice masses, As a more economic­

al a lternati'T, useful information might be obta ined by 

remote sensing or by reconnaissance m ethods, but these 

would haw to be ca refu ll y planned to achie,'e the best 

results, In this case, the yariability of the mass balance in 

t he field area would have to be cstim ated to ensurc that pos­

sible cha nges arc within the limits ofdetectabilit yo[the cho­

sen method, For example, it is tcmpting to measure mass 

changes of the larger ice caps in the Arctie by repeated a ir­

borne laser altimetry with a n accuracy of ±O, I to ±0,2 m 

(Krab ill and othcrs, 1995), HOlI'eYer, as the mass-balance 

,'ariability of these iee bodies is sma ll , sUl"\ eys should only 

be repeated at long eno ug h inten 'als to a llow sma ll a nnua l 
cha nges to aceumu la te, 

Brai!/tu'aife and <hallg: lllferanlllla/ variabiliU qfgLaeier mass ba/allre 

APPLICATION TO GREENLAND ICE SHEET 

The present results a lso have implications for the Greenland 
ice sheet, whose state of bala nce is nor presently known 
(Braith\\'aite, 199+, 1996). The field measurements do not cov­
er the who le ice sheet in enough detail [or a conventional 
ma ss-ba lance estimation, and recent measurements of thick­
ness changes by satellite radar a ltimet ry (Zwally, 1989) seem 
controversia l (Douglas and oth ers, 1990; Zwally and othcrs, 
1990; Van der Veen, 1993; Bra ithwaite, 199-1,; \Vi ngham, 1996). 
However, the sta ndarcl deviation of the (u n k no\\'n ) net 
balance o[ the Greenland ice sheet can be est imated from 
the mean accumulation, 0,3 m a 1 (Ohmura and Reeh, 1991 ), 
and the regression equation in Table 3, The resulting stan­
dard deviation is ±0,2+ m a 1, ,,'hich is in good agreement 
" 'ith Arct ic g laciers like White Glacier, Axel Heiberg Island 
and the northwcst Devon Ice Cap, 

The standard de"iation is then substituted into Hurst's 
la\\' (Equation (5)) to estim ate the range in cumu lated mass 
balance (m water) for the Greenland ice sheet as a function 
of lrngth of period (Table 5), The equivalent thickness 
change in 111 fim is obtained by applying a suitable firn den­
sit y for cent ra l Greenland (+50 kg m 3), This thickness 
change ",ill occ ur as either a thickening or thinning in the 
first part or the period, followed by an equa l and opposite 
change in the later part of the record, e,'en when there is no 
net changc ow'r the whole period, i,e, the ice sheet has zero 
mass balance, If" wc take a period or 20-30 years as repre­
senting "present climate", wc h ave to conclude that thick ness 
changes of sC\Tra l metres (of either sign) can be obserwd 
without necessarily being ev idence of a g reat ly negati'T or 
positi'T mass balance under present climate, The Grecn­
land ice shee t might therefore ha\T to be monitored O'Tr 
many decades to detect unambiguous evidence of eit her 
thinning, due to increased melting, or thickening, due to in­
creased acc ulllul at ion, 

Tclb/e 5. Thickness changes qf the Crmdand ice sheet caused 
~v !/ie H llIsf Wee! 

Lel/glft o/period Range Fimr/('/JsiiJ' 'rhid'llf's.) (/IO}/P/ 

ycar!'i m ""Her k~m 
, 

nllirn 

;) 0,+7 .,50 ±1.01 
ItJ 0.78 f~O ±1.73 
1.1 1.01 150 ±2.32 
20 1.29 150 ±2,86 
25 1.52 I.'iD ±3.37 
:10 1.73 1.10 ±1Sj 

SUMMARY AND CONCLUSIONS 

The year-lO-year ,'ariability of g lacier mass balancc is ex­
pressed by the standard deyiation of net balance, OvC'r a 
sample of 115 g laciers with at least 5 years of mass-balance 
record, the standard de,'iation ,'aries rrom about ±O,l to 
± 1.+ m a I, The standard de"iation of net balance is strongly 
correla ted with the mass-balance amplitude, which varies 
by more than an order or m ag nitude from about '~m a 1 

(, 'cry maritime g laciers) to on ly 0,14, m a 1 (Arctic glaciers ), 
Long-term trends in mass balance arc of tell illustrated by 

thc plotting of cumu lated mass-balance ,'ariations against 
time in a clouble-mass curve, The cumulative balance curve 
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has a "random walk" component whose range is determined 
by the standa rd deviation of the mass balance according to 
Hurst's law. As the standard deviation is controll ed by 
climate, the range in cumulative net bal ance is a lso con­
troll ed by climate such that larger thickness changes occur 
on ma ritime glaciers than on Arctic or continental glaciers. 

The strong correla tion between mass-ba la nce amplitude 
and standard deviation means that mass-ba lance amplitude 
ca n be estimated from the standard deviation of net balance 
for those glaciers where winter and summer balances a re 
unmeasured. Geographical variations of mass-balance 
amplitude show two m ain contrast : (1) between the rel­
ative ly arid Arctic and wetter lower la titudes, and (2) 
between maritime regions and their neighbouring contin­
enta l regions. There are a lso va ri ations across mountain 
ranges like the Alps and the Tien Shan, wh ich probably re­
flec t rela tive variat ions in continenta l ity. 

The variability of m ass balance means that mass bal­
ances must be measured [or at least a few years to determine 
a sta tistically reli able mean balance for a ny glacier. For 
example, the standard deviation of the net balance of the 
Greenland ice sheet is estimated to be about ±0.24 m a \ in 
good agreement with o ther Arctic glaciers. A mass-ba lance 
variability of this magnitude implies tha t the thickness of 
the Greenland ice sheet can change by severa l metres over 
a period of 20- 30 years without necessarily being evidence 
of a g reatly negative or positive mass balance under present 
climate. 

ACKNOWLEDGEMENTS 

This study was made as pa rt of the C lima te and Environ­
ment Programme, European Union, under grant number 
ENV 4-CT95-0l24 to the University of M anchester, co-ordi­
nated by the Climatic Research Unit, Un iversity of East 
Anglia. 

The mass-balance data for this study a re mainly taken 
from The Fluctuations rifGlacim series published by the World 
G lacier Monitoring Service (WGMS, Zurich, Switzerland ), 
supplemented by other published data compilations. The 
data were coll ected over many yea rs by m any individua l 
scienti sts and organisations, and have been made freely 
avai lable to the interna tional community for further study 
and synthesis. Such openness and generosil y with ha rd­
won d ata a re in the highest trad itions of science. 

REFERENCES 

Anonymous. 1969. 1\ 1ass-ba lance term s. J Glaciol., 8 (52),3- 7. 
Bra ithwa ite, R .J. 1982. A simple model of runoff from ungauged basins in 

West Greenland. Grolllallds Geo!. Ulldersoge!se Rapp. Ill. 
Bra ithwai te, R . j. 1994. Thoughts on monitoring the effects of climate 

change on th e surface c1 e"ation of the G reenl a nd ice sheet. Global alld 
Plalletal)' Challge, 9 (3-4), 251 261. 

Bra ithwa ite, R.J. 1996. I\Iass ba lance of the Green land ice sheet: a century 
of progress but there is stil l much to do. Z Gletscherkd. Glazialgeol., 31, Part 
I, 1995, 51-56. 

Bra ithwaite, R .j. and Y. Zhang. In press. Sensit i"i ty of mass balance offi,'c 
Swiss g laciers to tempera ture changes assessed by tuning a degree-day 
model. J Glaciol. 

Bruce, j. P. a nd R. H . C lark. 1966. introduction to h),drometeorology. "Ioronto, 
Pergamon Press. 

Cogle)', j. G. and \ V. P. Adams. 1998. :\ lass ba lance of g lac iers other tha 11 the 
ice sheets. J Glaciol. , 44 (147). 315- 325. 

D o ug las, B. G, R . E. C hency, L. l\Iill er. R. \V. Agreen, W. E. Carte r a nd 

D. S. Robertson. 1990. Greenl and ice sheet: is it growing or shrinking? 
Science. 248 (4953 ), 288. 

Dyu rgerO\ ', ;\L. B. and 1\1. F :\leie r. 1997. :\Iass balance of mountain and 
subpolar g laciers: a new g loba l assessment for 1961 - 1990. l lret. rllp. Res., 
29 (4),379- 39 1. 

Grosval"d , l\1. G. a nd V:-' 1. Kot lya kov. 1969. Present-d ay glaciers in the 

U.S.S. R . a nd some data on their mass balance. J Glacial .. 8 (52,9-22. 
Haeberli. W., comp. 1985. Flllctuatiolls q/ glacier" 1975- 1980 ( [ 01. 11'). Paris, 

Internati o na l Commissio n o n Snow and Ice of the Interna ti ona l Asso­

ciation of H yd ro logica l Sc iences/ UNESCO. 
Haeberli. W. and 1\1. Hoelzlc, comps. 1993. Fluctl/atiolls q/ glaciers 1985 1990 

( 1'01. VI). Wa llingford, Oxon, IAHS Press; Na irobi. UNEP: Paris, 
UNESCO. 

Haeberli , \\'. a nd P. Mid ler. comps. 1988. Fluctl/ationsq/glaciers 1980 1985 (Tol. 
I'). Wa lling ford, Oxon. IAH S Press; Nairobi, U:-IE P: Paris, C:-IESCO. 

Haeberli, \\ '., H . Bosch. K. Scherler, G. O strcm and C. C. \\'a ll en, edJ. 1989. 
I~orld glacier inventor),: status 1988. Wa llingford, Oxon, IAHS Press; 
Nairobi, GEMS-UNE P; Par is, UNESCO. 

Haeberli. W , M. H oe lzlc and H. Bosch. eds. 1994. Glacier Jlass Balallre BI/I­
letill. Bullelill ,\rl. 3 (1992 1.9.93). Z (iri ch. IAHS( ICSI ), \ Vorld Glacier ~Ion­

ilOring Service; Na irobi, UNEP: Paris, U"IESCO. 
Holllllund , P. , \\1. Karl en and H . Grudd. 1996. Fifty years o f m ass ba lance 

and g lac ier front observatio ns at the Ta rfa la Resea rch Station. Geogl: 
A,IIl. , 78A (2- 3), 105 114. 

Hurst. H . E. 1956. I\l cthods of using lo ng-term storage in resen ·oirs. Proe. 
Illst. Giv. EIIg. , 5, 519 590. 

J an ia, J. andj. O. Hagen, eds .. 1996. ;1/assbaianceoJArcticglaciers. Sosnowiec/ 
O slo, I nternational Arctic Scit;lIce Committee. \\'arking Group on 

Arctic Glaciology. (l ASC Report 5.) 
Kasse r, P. 1967. Fluctllatious qfglaciers 195.9 1965 101. I . Pa ri s, Int ernational 

Comm iss io n of Snow and Ice o f the In tern ationa l Association orScien­

tific Hyd ro logy/ C;;ESCO. 
Kasser, P.. com/). 1973. Fluctuatiollsq/glaciers 1.965 1970 . 101. 11 . Paris, Inter­

nationa l COllllnission on Snow a nd Ice of the In tcrnationa l Association 
or H ydro log ica l Sciences/UNESCO. 

Kocrner, R. 1\1. 1966. Accumulation on the Demn Island ice cap, Northwest 
Territories, Canada. J Glaciol. , 6 (45),383-392. 

K rabill. W. B. , R . H. Thomas, G F. :\fartin , R. N. Swift a nd E. B. Frederick. 
1995. Accuracy orairborne lase r a lti me try over the Green la nd ice sheet. 
11It. J Remote Sensing, 16 (7), 1211 - 1222. 

Krcyszig, E. 1970. i l/trodl/ctoC)' malhematical slatistics. New York , J ohn \\"iley 
and Sons. 

:Vlcin, M. F. 198· .. Contriburion of sm a ll g laciers to g lobal sea leve l. Science, 
226 (+681), 1418- 14 21. 

1\lcier, :\1. F. 1985. l\ Iass ba lance of the g laciers and small ice caps of the 
world. In Glaciers, ice sheets, and sea l",el: effect q/ a GOTinrlnced climatic 
change. Re/)ort q/ a I Vorksho/) held in Seallle, I I ashington, September 13- 1.5, 1984. 
Washington, DC, U.S. Department of Energy. Olfice of Energy 
Research, I39 144. (Attachment 6, Report DOE/ ER/60235-1.) 

I\ I(i llel; F. , com/). 1977. Flurluationsqiglaciers 1970-1.975 ( 1'tJ/. lll ). Paris. Inter­
natio na l Commiss ion on Snow and [cc orthe Intcrn a tiona l Assoc iation 
of l-l ydro logica l Sciences/UNESCO. 

Oerlemans. J. 1993. Modelling of g lac ie r mass balance. In Pellier, IV. R., ed. 
Ice in the climate S)'stem. Berlin, ete., Springer-Verlag, 101 -1 16. (:-IATO AS I 
Series I: G loba l Environmenta l C hange 12.) 

Ohmura, A. a nd N. Reeh. 1991. New precipitation a nd acc umulat ion maps 
fo r Greenland. J Glaciol., 37 (125), 1~·O- 1 48. 

0strem, G. and ~I. Brugman. 1991. Glacier mass-balance measurements. A 
manual]orJield alld '!/lire work. Saskatoon, Sask., EI1\·ironment Canada. 
Nationa l H ydrology Resea rch I nstitute. (NHRI Science R eport 4.) 

0strem, G. a nd A. D. Stanl ey. 1969. Glacier mass balance measurements; a 
mallualjor]ield and qfflre work: a guide]or personnel with limiled backgrounds 
ill glaciology. Ottawa , Ont., D epartment of the EI1\·ironment. Inland 
Waters Branch. (I\vB Reprint Seri es 66.) 

Van der Veen, G j. 1993. Interpretation of short-time ice-sheet elevat io n 
changes inferred from sa tellite a ltimetr)". Climatic Challge, 23 (4).383-405. 

Wingha m , D.J. 1996. Elcnllion change of the Greenland ice shec t and its 
measurement wit h satelli te radar a ltimet ry. In VVadhams, P. , ]. A. 
Dowdeswe ll a nd A. N. Schofield , eds. The IIrctie and environmental change. 
Amsterdam, e tc., Gordon a nd Breach Publi shcrs, 135- 1+6. 

) cvjevich, V. 1972. ProbabililJ' and statistics in h),droiog)'. Fort Coli ins, CO, Water 
Resources Publications. 

Zwa ll y, H.]. 1989. Growth of Greenland ice shert: interpre tation, Science, 
246 (4937), 1589-1591. 

Zwally, H .J. , A. G Brenner. J. A. l\ 1'!ior, R. A. Bindschadler and j. G. 
I\Iars h. 1990. Greenland ice sheet; is it growing or shrinking? Response. 

Science, 248 (4953),288 289. 

MS received 15 June 1998 and accejJted in revisedform 25 February 1999 

462 https://doi.org/10.3189/S0022143000001313 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000001313

