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ABSTRACT. While Glacier is a ya lley glac ier a t 79.5° N with an area of 38.7 km2
. 

Its m ass bala nce has been measured , oyer 32 years with a 3 yea r gap, b y standard 
techniques using th e slra tig raphic sy ·tem wi th a stake densi l)' of the order of onc slake 
pCI' km 2

. Errors in stake mass bala nce are abo ut ± (200- 250) mm , due largely to the 
local un represen ta ti\'el1ess of measuremen ts. Errors in th e whole-glacier mass balance 
B arc of the same order as single-slake errors. Howeve r, the lag-I autocorrelation in 
th e time seri es of B is e fTec tiyely zero, so it consists of ind ependent ra nd om samples, 
a nd th e error in the lo ng-term "bala nce norma l" (B ) is noticeably less. (B ) is 
- lOO ± 48 mm. The equilibrium-lin e altitude (ELA) ave rages 970m, with a range of 
470- 1400 m. M ass bala nce is well correlated with ELA, but deta iled mod e lling shows 
th a t th e equilibrium line is undetec ta ble o n \'isible-ba nd sa tellit e images . A reduced 
netwo rk of a fe\\' sta kes cou ld gi\'e accep ta ble but less accurate es tim a tes of th e mass 
ba lance, as cou ld estim ates based o n data from a \\'eather stati on 120 km away. There 
is no evidence of a trend in the m ass ba lance o f \ \'hite Glacier. To detect a 
c1im ato logi call y plausible trend will require a ten-fold reduc tion of measurement error, 
a conclusion which m ay well a pply to most es timates of mass bala nce based on similar 
sta ke d ensiti es . 

INTRODUCTION accumulation , probably not regiona ll y representa ti\'e, of 
abo ut 370 mm for a 41 year record of annual laye rs 
studi ed in a n ice sha ft nea r the highes t poinl on th e 
:\ltiller I ce Cap, 40 km no rth of \\'hit e Glacier. In short , 
th e neig h bourhood of Whi le Gla cier appears to recei\ 'e 
more prec ipitation than d oes the neares t weather station 
a t Eureka . The mean ann ua l temperature nea r sea Ie\'el 
a t Eureka is -19 .7 C. 

Th e m ass-bala nce reco rd of \\,hi le Glacier, Axel H ei berg 
Isla nd , ;'\Jorthwes t Terri tories, Canada (Fig. I) , now 
ex tends ove r 32 yea rs, with onc 3 yea r ga p. H ere we 
documenl the reco rd , assess its acc uracy , cons id e r 
a ltern a ti\ 'Cs to a sta ke-based measureme nt progra mme 
a nd assess th e \'alue of W hite Glacier as a n ind ex of 
clima tic cha nge. All o f th e ra\\' data for this srud y, a nd 
further a na lyt ical mate ria l, will be found in Cogley a nd 
others (1995 ). 

SETTING AND HISTORY OF MEASUREMENTS 

The mean a nnu a l precipitation at Eureka, 120 km 
no rtheas t of White Glacier, is 58 mm. At Isac hsen , 
280km to the southwes t, it is 11 7 mm. K oerner's ( 1979) 
measurements on the eastern and north ern sectors of the 
~ I tiller Ice Cap indi cate accumul a tion of a bout 160 mm 
a I. Ohmura a nd :'Itiller ( 1977) report a 3 year mean for 
slimm er prec ipita tion of more th a n 60 mm , a nd an increase 
with c1 eya ti on a t a rate of 72 mmkm I, for th e \ \'hite 
Glacier area . F. t-.1till er ( 1963d ) reports a mean a nnu a l 
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Th e ice cO\u or Axe l H eiberg Isla nd is d escribed in 
detail in Ommanney (1969) . White Glacier is a compound 
\'alley g lac ier , about 15 km long and 38 .7 km2 in a rea (Fig. 
I). Th e surface eleva tion abm'e sea level ranges frol11 
1782111 down to 75111 , with mora ine-cm'e red ice to 53m. 
The tongue is about I km wide. Thicknesses , typically 
200 11l a nd up to 400 m, are reported by Bee ker (1963), 
Red pa th ( 1965) a nd Bla tt er ( 1985, 1987 ). Whi te Glacier is 
poly therm a l, lI'ith a co ld upper shell and, beneath most of 
the tongue , a temperate so le (Blatter, 1985 , 1987 ). Surface 
velocities measured a few kilometres up-glacier from the 
snout (F . :\1i.iller, 1963e) are a bout 20- 30 m a I. The snout 
is retreating at frol11 3 m a 1 (1959- 62; F . :\ILiller and 
others , 1963) to 5111 a 1 ( 1960- 70; Arnold , 1981 ) . I nforma­
tion in :\IIoisan and Pollard ( 1992 ) for 1960-88 is consistent 
\\'ith th ese es tima tes. Thompson Glacier (area ",280 km2

) , 
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Fig, I, [, 'hile (; lacia , Longilude, lalilude mark:, al leJi art' each 0,02" 101/g: tOnlollr ill terval 100 m, Slakes showll are Ihose 
0/ 1987, huel: loealion oj [Ulile Glacier and oliter I}laces mel/l ioned il/ tnl: SIPB: SI Palrich- B(~) I ice cajJs , 

contiguous with the snout or\\,hite Glacier, is ad ya ncing a t 
20m a I , 

i\l ass-ba la nce measurem e nts ha l'e bee n m ad e on 
Whitc Glac ie r since 1959 , R elcya nt processes h a ye been 
studi ed by, a mong others, H a vens a nd o th t" rs (1965: 
meteo rology, clima tology), Ike n ( 1974: surface \ 'C loc iri es ), 
Bla tter (19H5, 1987: therm a l regim e) a nd Ad a m s a nd 
others ( 1995 : eq uilibrium-zone processes) , Omma nney 
( 1987a, b) g ives a bibli ogra ph y o f glaciologica l resea rch in 
the a rea , 

In 1960, a n ex tensil'e pa tt ern of sta kes was es ta blished, 
i\li.ill er (1962, 1963c), Ada m s ( 1966 ), i\fLille r a nd K eeler 
(1969), Yo ung (1972) a nd Arno ld (1981 ) ha \'C exploit ed 
the deta il ed kn o wl edge of th e m ass bala nce fo r th e earl y 
yea rs 1960- 6 2, 

During 1963 79, a nnua l meas ure mcnts \\'e lT m ad e on 
few er sta kes (va rying from 23 to 80), Th ese we re 
d oc um ented , \I' irh a nnu a l co mm e nta ri es, in \\' e iss 
( 198-1- ) , Spec ia l proj ects produced additi ona l m easure­
m e nts in some yea rs (e,g, Arnold , 198 1), 

Th ere is a gap in th e reco rd fo ll owing th e d ea th of 
F , i\IOller, th e principal il1\'es tiga to r, The mi ss ing yea rs, 
1980 , 198 1 a nd 198 2, a re addressed below, 

In 1983, meas ure m ents were resum ed by groups fro m 
Trent UnilTrsit y, C a nada, a nd th ese halT continu ed , 
Th e ba lance for th e first year of res um ed measurem e nts is 
pro ba bl y mo re uncert a in th a n la te r es tim a tes , Th e 
n um ber of sta kes (Fi g, 2) has been a bo ut 30 per yea r or 
0. 6- 0.9 per km2 ~ to be cOlnparccl \vjlh 2- 3 per kn, 2 in 
so m e earli er yea rs, 
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Fig. 2. Density oJ stakes in each sLratigraJ)/Zic-balallce 
jlea/". 

METHODS OF MEASUREMENT 

Definitions 

1992 

·We use b to d eno te the net mass balance a t a nyone stake 
fo r anyone yea r. The symbol b(h), on th e o th er hand , 
d eno tes a I yea r mass -b a la n ce es tima te m a d e by 
ave raging a ll the stake measurements in the sm all range 
of eleva tions be tween h - ! dh a nd h + 4dh. The a nnual 
mass bala nce fo r th e whole g lac ier is denoted b y B . The 
long-term average of B is represented by (B ) a nd is ca lled 
the mass-ba la nce normal. Th ese quantiti es a re quo ted as 
spec ific ba la nces , in units of m ass per uni t a rea per unit 
tim e (kg m 2 a I, or mm water a I ) . We refer to strati­
g ra phic yea rs b y the calenda r year ill which th!!)1 end. Thus, 
1960 refers to the mass-ba lance year 1959- 60. 

Field methods 

T he stand a rd approach to m ass-ba lance work , ad opted 
here, is described in Paterso n ( 1981 ) and 0 strem and 
Brugman (199 1) . Wc have reli ed on the stra tig raphic 
sys tem, but with a modifi ca tion . R esources a llow onl y a 
sin gle fi eld visit each year , a nd it is no t possible to 
estima te sepa ra te winter a nd summer ba la nces. The 
a nnual visit is th erefore mad e in spring (la te ?\1ay or ea rly 
Jun e). This a llows us to dete rmine with good accuracy 
th e winter accumula ti on of th e CllTre11 / (September-to­
September) stra tig raphic ba la nce yea r, while in the 
a bla ti on zone we measure th e loss of ice during the 
previous balance yea r. The lowering of th e ice su rface is 
d etermined wi th reference to a mark on a sta ke (or a 
thermistor ca ble) inserted yerti call y into the g lacier. T o 
obtain the stake mass balance b we assume th a t th e lost ice 
had a density of 900 kg m 3 

On pola r g lac iers, there m ay be a m o re-or-Iess 
ex tensi\·e superim posed-ice zone abO\"C th e equilibrium 
lin e (Ad ams a nd o th ers, 1995) . Especiall y in hollows, th e 
initia l melt refreezes to form superimposed ice at the base 
of th e wi n te r snowpack. A t lower eleva ti ons the super­
imposed ice even tuall y melts, but higher up some of it 
persists and contributes to net acc umula ti on. vVh ere there 
is superimposed ice, net accumul a ti on is measured as the 
rise of the glacie r-ice surface with reference to a m a rk on a 
sta ke (times 0 .9 to obta in wa te r-equiva lent ITlass, which 
introduces a n error since the d ensity of th e superimposed 
Ice IS usua ll y less th an 900 kg m \ Just a bove the 

550 

sup e ri m posed-i ce zo n e, in th e lo wes t pa rt o f th e 
percola ti on zo ne, ne t acc umula tion is often a com bin a­
ti on of snow (measured in pits) and , benea th the snow, 
' ·concealed superimposed ice" (meas ured as a ri se of th e 
ice surface aga inst ta kes loca ted close to th e pits) . An 
added complica ti on is tha t spa ti a l va ri a ti ons in tota l 
accumu la tion, to ta l melt and forma tio n of superimposed 
icc produce outli e rs o f acc umul a ti on and inli ers of 
a blation. 

Above the superimposed-i ce zone, pits a re dug to 
id entify mass add ed be tween the end of one summ er a nd 
the end of the nex t. Th e density o f the acc umul a ted 
volume is determined by identifying distinct laye rs in th e 
walls of the pit a nd m easuring th e d ensity of each laye r. 
The average density is the layer-d epth weighted sum of 
the m easured densiti es . (Before 1983, a complete co lumn 
of accumu la ted snow was weighed. ) 

Calculations 

The net mass ba la nce B for the w hole glacier IS, b y 
d efiniti on, 

fA bdx dy 
B = "-7--:---:--

fAdx dy ' 
(1) 

wh ere A is th e a r ea covered by th e glac ie r and 
b == b(x. y, 6.t ) represents th e mass ba la nce a t each point 
(x , y ) on th e glac ie r over the tim e-spa n 6.t . The a rea is 
ass umed not to cha nge during 6 t . We ass ume th a t 
eleva ti on h is th e d ominant influ ence ove r b, a nd 
ex tra pola te from th e sta kes only in the \·erti ca l direc­
ti on. M easure ments of b are grouped into 100 m hig h 
el evation bands, a nd a fun cti on, fJ( h) say, is fitted to b(h), 
th e se t of ele\'a ti on-ba nd ave rages of th e measured b. This 
reduces bias from th e un even di stribution of stakes a nd is 
consistent with th e weighting of eleva ti on-band es tim a tes 
by their a reas a(h): 

B = =L~"H.,-a...:....( h...:....) fJ--,-(--"h )_d_h (2) 

L "H. a(h) dh , 

wh ere the range of summa ti on 7-i is from the g lacier's 
minimum eleva tion to its max imum eleva tion. 

As shown below (see also appendix B of Cogley a nd 
o th e rs, 1995 ), the stru cture of th e rel a ti onship between b 
a nd h is relati vely simple. fJ( h) is evalua ted a t th e 
midpoint of every 25 m eb ·a ti on ba nd , a rela ti\ ·ely fin e 
resol ution which takes ach-an tage of h ypsometri c es ti m­
a tes of the area a(h) deri\"Cd from a digita l elevation 
model (DEM) by a simple binning routine. Th e DEM 
(C ogley, 1992a; Na tiona l Resea rch Council of Can ad a, 
1962a, b, 1965) has a hori zo nta l resolution of 50 m . 
Equa ti on (2) is a pplied to obtain B. 

The polynomia l fJ( h) always fits the da ta very well 
(Cogley and others, 1995 ). Because polynomi als diverge, 
it is ri sky to ex tra pola te them. Beyond th e eleva ti on ra nge 
or th e da ta, therefo re, fJ( h) is se t to its va lue a t the high es t 
o r lowes t h at which there is a measurement. The effec t of 
this assumption can be seen in the ve rti ca l line segm en ts 
with which graph s of fJ( h) (shown be low) begin a nd end. 

The ELA ho a nd acc umu la tion a rea ra tio (AAR) a re 
computed by locating the first ze ro-cross in g o f th e 
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polyno mia l (3( h), which is acce pted as a n es tim a te of ha. 
AAR is simpl y th e ra tio of th e area a bo \'e th e ze ro­
crossi ng to to ta l a rea . Th e r isk of th e re b ei ng more th a n 
onc ze ro-c ross ing, a nd m ore genera lly o f the polynomia l 
predi c ting n ega tive m ass ba lance a t hig h e le\'a ti ons, has 
to be c hecked visua ll y. N o ne of th e mass-ba la nce years in 
th e current record exhibits this quirk. 

R ea sse sstnent 

W c ha \ "C d e ta iled sta ke diagrams and ca lcul a ti ons for a ll 
yea rs since 1983 . All of th ese have bee n chec ked carefull y 
three tim es, with specia l attenti on pa id to o utli ers. Som e 
but no t a ll of th e outliers we re found to be in error a nd 
were correc ted or rej ec ted ; not a ll of th e d e tec ted errors 
were o utJi ers. \\'e a lso co rrec ted a few errors in earli er 
ta bul a tions and transcriptions, including a number o f 
in compa tibl e es tim a tes of sta ke ele\'a ti o n , which we 
a lte red ta m a ke th e ye rtica l sta ke traj ec to ri es from yea r 
to year pla usible. 

All sta ke mass ba la n ces b a re presented by Cogley a nd 
o th e rs ( 1995), as are e levatiolJ-ba nd ave rages a nd 
sta nd a rd d e\·ia ti ons. Inform a ti on befo re 1983 com es 
from W eiss ( 1984), fo r 1963- 79; fro m di agrams a nd 
ta bl es in F. MUll er ( 1963a, b ) fo r 1962; a nd fro m 
di agr a m s in Ad ams ( 1966 ) for 1960-6 1, inc luding som e 
averages for sta ke cross-profil es . 

ERRORS 

~easuretnent errors 

Sta ke m ass ba la nces a re built up from simple meas ure­
ments o f leng ths and weights, which in th emseh 'es a re 
ra th e r accura te . Ada ms ( 1966 ) sho\\'s th a t sta ke readin gs 
a re acc ura te to ±5 mm , in th e sense th a t th ey a re 
reprodu cibl e within this ra nge a nd a re representa ti ve for 
a n a rea of seve ra l sq ua r e metres. ~f easure m en ts of sno \\' 
d ensit y a r e less acc ura te (sce be lo w ) , whil e so m e 
un ce rta inty must a ri se from th e assumpti on th a t th e 
d e nsit y of g lac ie r ice is 900 kg m 3. If thi s is a n 
overes timate, as is possibl e in th e superimposed-i ce zon e, 
th e ensuing ca lcul a ti o ns will be bi ased. \\'e ca nnot assess 
this poss ibility, a nd a bi as in b of up to a fe\\" tens o f 
millim e tres is quite possibl e fo r some sta k es. 

Diffe ren ces between stake readin gs a re less acc ura te 
th a n sing lc readings, esp ec ia ll y if th e sta k e tilts or se ttl es 
be tween the two measure m ent epochs, or w as no t \'erti ca l 
to sta n w ith. Specia l pro blems a rise in th e superimposed­
ice zo ne, wh ere th e glacier ga ins mass in th e form o f 
refrozen m eltwa ter . H e re diffe rences b e twee n sta ke 
readings m ay be misinterpreted beca use th e sta ke 
a ppea rs to ha \'e sunk into th e g lacie r. In th e lower 
percola tion zo ne (Ad a m s a nd oth ers, 1995 ), next a bove, 
a n unknown fract ion of th e add ed mass is los t to intern a l 
acc umula tion when it m elts and percol a tes, often \·ia 
p ipes of r es tri c ted extent, to depths be low th e current 
yea r's snow. This effee t is \'e ry diffi cult to qua ntify, but it 
must lead to a n underes tim a te of acc umula ti o n . We have 
tri ed to es tima te th e losses by inserting pa ns into th e 
snowpack , but a bandoned th e method because it was 
tim e-consuming a nd ga\ 'e poo r a nd doubtful res ults. 'I'V e 
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ha \'e a lso tri ed to measure yea r-oyer- yea r c ha nges of 
d ensity in th e sno\\' benea th th a t of th e current year, but 
sampling e rro rs tend to be ve ry la rge. Tra ba nt a nd ~I ayo 
( 1985 ) d educed intern a l acc umula tion by m eas uring th e 
a noma lo us h ea tin g a t d e pth du e to th e r efreez ing 
m eltwa te r , but appropri a te m easurem e nts a r e no t 
ava il a ble fo r White Glac ier. 

In th e acc umula ti on zo ne we obta in two es tim ates of" 
d epth , one fro m th e year- ta-yea r differe nce in stake 
readings a nd th e o ther from identification of th e IJre\' ious 
yea r's surface in a nearby snow pit. The t\\·o d epths may 
be ass umed to sample ra nd o mly th e loca l va ria bility. 
which genera tes uncerta inty . F o r ten such pa irs in 1990 
a nd 199 I th e sta nd ard erro r was 68 mm o f sno\\-, or on 
awrage abo u t 10% of the aye rage of th e two d epths. \\' e 
ca nnot repea t thi s exe rcise fo r th e densiti es m easured in 
th e pit wa ll s, but it seems reason a ble to ass ume a n e rror of 
th e same o rd e r; the spring ba la n ces used in th e fi e ld he\\T 
bee n checked aga inst a la bo ra to ry ba la nce a nd fo und to 
be acc ura te to be tter th a n ± 2% , but the e rror in th e 
sa mpled \'o lum e remains und e termin ed. S imila r erro rs 
probabl y a ffec t th e who le-co lumn we ig hts m easured 
before 1983 . A ± 10% erro r in positi\'e va lues of b \\·i11 
typicall y be a bo ut ± (20 30 ) I11m wa ter equiya lent. 

Sin ce 1987 th e ele\' a ti o ns o f sta kes h a ye bee n 
measured b y a ltim eter (a po rta ble a neroid ba ro meter, 
calibra ted b y m eas urin g atmos pheri c press ure at th e 
known e1 e\'a ti o n of th e base cam p ). These eleva ti o ns a rc 

considered acc ura te to \\'ithin ±5 m. For 1960- 62 , eb'­
a ti ons were es tima ted fro m r ecent ma ps, a nd simila r 
es tim a tes seem to han" bee n m a d e up to 1967 , fro m \\-hi ch 
d a te th e e le\ 'ati ons were based on occas ion a l a ccurate 
triangul a ti o n. Ea rli er eleva ti o ns a re rega rd ed as acc urate 

to no be Ll e r th a n ± 20 m. Th e impac t of thi s unce rtain ty 
is proba bl y neglig ib le. sin ce th e sta ke readin gs a re 
g rouped into 100 m ele\'a ti o n-ba nd a \'eragcs befo re th e 
ba lance ca lcul a ti ons proceed. 

Satnpling errors 

Th e grea tes t un ce rtaint ), in B is pro ba bly du e to 
und ersampling , i.e . to th e unre presenta ti\'eness o f meas­
urements o f b as a sampl e o f the glac ier surface . At th e 
local sca le ( te ns to hundred s o f metres) g lac ie r surfaces 
ha \"C no ti ceable micro to pograph y. Promin e n ces must 
have mo re nega ti ve mass ba la nces than d epressions, 
o th e rwi se th e irreg ul a r surface, whi c h is s teadil y 
rege nera ted b y th e intern a l d ynami cs of th e g lac ier. 
wo uld beco m e steadil y more irreg ul a r. The microclima ti c 
effec ts of loca l va ri a ti ons of slo pe and as pec t a lso a mplify 
th e spa ti a l \ 'a ri a bility of m ass ba la nce. On the g lacier­
wide sca le, it is imposs ibl e to sample a reas which a re 
in access ibl e o r d a nge rous, a nd und ersampling is likel y as 
\\-e1I , du e fo r example to uneven coverage o f" a reas exposed 
to a nd shelte red from \\-ind o r sun . 

L1iboutry ( 1974) mod ell ed a bla ti on-zo ne sta ke time 
seri es as th e sum of a consta nt sta ke-depend ent te rm , a 
tim e-\'a rying stake-independent term and a G a ussian error 
term . The e rro r term (i. e., th e sta ndard erro r o f a nyone b) 
was about ± 200 mm. Youn g ( 198 1) cl a ims "consen 'a ti w" 
sta nda rd erro rs o f 20 mm in th e a bla ti on zo ne a nd 50 mm 
in th e acc umul a tion zo ne of Peyto Gl ac ie r , Alberta , 
Canad a, a lthoug h a ppa rentl y on a subj ec tive bas is. 
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R ogerson (1986) es tim a tes an error in B of ± 100 mm fo r 
glaciers in Labrad or, again subjec ti ve ly. Pelto (1988 ) 
es tima ted erro rs of ± ( 150- 200) mm fo r densely sampled 
sm a ll g lac iers in th e north"'es tern en i ted S ta tes. 
Braith wai te and Olesen ( 1989) give errors of ± 230 mm , 
which is the standard de\'ia ti on o[ three sta kes a few me tres 
a pa rt , a nd ± 280 mm from Lliboutry's ( 1974) mod el, for 
a n a bla ti on zone in south wes t Greenland. 

Ad ams (1966 ) d esc ribes White Glac ier cross-profil es a t 
\'a rio us eb 'ations, whi ch sa mple th e (roughly) horizo nta l 
\'aria bility a t hec tometre-to-kilome tre scales which is n o t 
sampled by the stake networks of mos t la ter yea rs (T a b le 
I ). Sta nd a rd devia ti ons in th c ta ble average 196 mm. 
Ridges Profil e was d elibera tely es ta blished to pro be 
vari a bility in an area of rough micro reli ef and diffi cult 
access, a nd its stand a rd devia tion o[ 3 14 mm may be 
accepted as an extreme va lu e. Th e large sta nd a rd 
devi a ti on a t M ora ine Profil e in 196 I is due to slush 
ava la nches " 'hi ch introduced superimposed ice into pa rts 
of the profil e. 

Ta ble I. Enor measlIres ji"01l1 cross-/J1"ojifes, reanaLyzed 
fro m .-ldGllls (1966) . n , !lulllber oj stakes ill /JlojiLe: O"b, 

standard deviation oj cross-/JlojiLe baLances 

ProfiLe r ear n E Levatio!l O"b 

range 
m m m 

M ora ine 1960 13 18 149 
~10 ra in e 1961 13 18 292 
Anniversa ry 1960 I I 52 68 
Anni ve rsa ry 196 1 11 52 157 
Ridges 1961 20 70 3 14 
A\'e rage 196 

The stake network on \\' hite Glacier is uneven bo th in 
space a nd in time. Sta ke density is g rea ter on the lower 
tongu e th an elsewhere, exceeding two (and in some years 
ten) sta kes per km 2

, whil e stake densiti es a re usua ll y 0. 5 
2 sta kes per km o r less a bove a bou t 1000 m. Th erefo re , 

un cert a inty in th e ba nd-a \'e raged ba la nce b(h) is 
proba bly grea ter at higher ele\·a tions. In recent years 
gaps have developed in th e coverage, sLl ch that there a re 
no stakes a t all between 400 and 600 m or between 800 
and 900 m. 

The stake network does no t cover the entire vertica l 
ra nge orth e glacier. Until 1983 th e upperm os t 10-15% of 
the glacier had neve r been sa mpled , the highes t long-li ved 
sta ke being a t a bout 1420m. Since 1983 the highes t s ta ke 
has been a t nea rl y 1600 m, so th a t extrapola ti on is 
required over only a bout I % of th e g lac ier. However, 
ex tending th e stake network upwards has had minim a l 
effec t: [or 1983- 91 , when B is reca lcul a ted , the m ean 
differ ence (ba la n ce with new stakes minus ba la nce 
witho ut) is 2 mm , a nd the roo t-mean-squa re (rms) diffe r­
ence is 8 mm . 

V a ri a ti on in sta ke d ensity from year to year introduces 
two kinds of uncertainty. First, when the number o[ stakes 
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is la rge the uncerta inty o ug ht lo dec rease; this po int IS 
com pli ca ted by co rre la tion betwee n s tak es, a nd is 
discussed below. Secondly, th ere ,,·ill be a " missing-sta ke 
bi as" if a sta ke canno t be read because of melt-out o r 
buri a l. T ypi cal acc umul a tion is less th an the length of a 
typi ca l stake (3.5 m), so burial is not a problem on White 
G lac ie r. St a kes in th e a bl a ti on zo ne d o melt out 
occasiona ll y; we do no t h a \'e complete records, but [o r 
1983 9 1 onl y three readings out of " 'ell over 100 ha\'e 
been los t in this \l'a)' . (Th e mos t common explana tion for 
losing a reading is th a t th e stake is inaccessible for sa fety­
rel a ted o r o the r reaso ns; this does not introduce a bi as. ) 

Th e a reas of e!e\'a ti o n ba nds, and of th e glacier as a 
whole, ha ve been assumed constant a t va lues based on 
sun'eys d a ting [rom 1959- 60. The glacier has shrunk 
since th en . The snout is re treating a t 3- 5 m a- I and has a 
mass ba la nce of a bout 2 111 a I (T a ble 2) . Thus, in any 
cross-sec ti on through th e snout a (tri ang ula r ) area of 
a bout ~ x 4 x (-2) m 2 is los t eac h year but is no t 
accounted [or in ca lcul a ti ons. Volum etricall y, with the 
snout width taken as 1000 m, this is equiva len t to a 
spuri ous trend of - 0. I mm a 2 in th e calcul a ted ba lance 
se ri es, o r to a bal ance in 199 I which is 3.2 mill a I too low, 
and is neg li gible e\'en if we double or treble it to a llow 
crudely fo r shrinkage a long the sides of th e glac ier tongue. 
We a lso neglec t the additio na l error due to the decrease in 
total g lacier a rea, whi ch is perhaps 0. 3 km 2 or 0.8% over 
the 1960- 9 I peri od. 

Fina ll y , the inco rrec t recording and processing of fi eld 
measurements is an importa nt source of error. As noted 
by Bra ithwaitc (1986 ), m ass-balance meas urements a re 
usua ll y made by tired obsen 'ers working in harsh and 
someti mes d angerous condi ti ons, and so errors a re to be 
expec ted in fi eld noteboo ks. There is less excuse for errors 
made in th e offi ce, bu t th ey seem to occ ur ne\·ertheless . 
These erro rs a re very diffi cult to find , le t alone quantify, 
but th eir impac t ca n be reduced grea tly by careful 
double-checking. 

Alth oug h this disc u. sion is not a rigorous analysis o f 
errors, th e conclusion we d ra w from it is th a t measure­
ments o f b should be con sidered to have a standard erro r 
o[ a bout ± (200- 250) mm. In the acc umula tion zone th e 
errors a re greater, by a t leas t a few tens of millimetres, 
than in the a bla ti on zo ne, beca use the measurements a re 
more sp a rse, and because in places th e ac tu a l acc umul­
a ti on is eith er o\'e res tima ted du e to ove res tim a ted 
densities assumecl [o r superimposed ice, or uncl eres ti­
ma ted du e to losses b y p erco la ti on (i .e. , in tem a l 
acc um ula tion). 

Errors in whole-glacier mass balance 

M easurem ents a t different stakes a re in gen era l highl y 
correl a ted , so an increase in the number of stakes does no t 
necessa ril y increase sig nificantly oLlr confidence in th e 
es tim a te o[ B. rf a ll p a irs o[ sta kes give perfec tly 
correla ted sequences of results, th en our confidence in B 
is no be tter than our confidence in eac h b, while a t the 
other ex treme perfec tly uncorrela ted stakes will reduce 
the un certa inty towa rds ze ro as th eir number grows la rge. 
In fac t, the White Gl acier network exhibits very high 
correla ti o n between sta kes (Fig. 3), such tha t it is prud ent 
to take the uncertainty in single-sta ke b as a good estim a te 
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Cogle)1 alld olher,\ .' J I asJ balallce oJ " 'hile C'larier 

TabLe 2. ,I/ass baLance /3(h) ( mill ) ~) ' elevalioll band an(J'ear. ELevalions are balld !/lid/loillls, 1750 alld 50 111 bands each 
occujJj' LeH Ihan 0.2% oJ area, alld are omilled; tit!,)' cOlllaill 110 slakes , alld their eslimales are el/ra/loLaled ~) ' selling them 
equal 10 Ihe highest /lowesl band wilh stakes. The righlll70sl COllllllll is affected by rOilnd-off error 

Elevation 
(m) 1650 1550 1450 1350 1250 11 50 1050 950 850 750 650 550 450 350 250 150 
:/rea 
(km2

) 0.4 1,6 +.0 6.1 5.7 5.1 3.7 2.6 2.0 1. 3 1.4 0.9 0.7 1.0 1. 2 0.8 38.7 

1.1 4. 11 0.4 15.8 14.8 13. 1 9.5 6.7 5. 1 3.4 3.7 2.3 1.9 2.7 3. 1 2.0 99.7 

1960 
196 1 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
197 1 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 

480 480 470 
208 208 245 
407 407 267 
407 407 402 
606 606 604 
200 200 200 
349 349 349 
342 342 343 
178 178 178 
419 4 19 420 
245 245 246 
352 352 352 
287 287 287 
348 348 350 
225 225 226 
588 588 588 
29 1 291 292 

78 78 81 
209 209 2 10 
196 196 197 

1983 160 160 193 
349 354 
324 286 
2 12 355 

1984 338 
1985 34 1 
1986 125 
1987 47 
1988 427 
1989 393 
1990 134 
199 1 333 
Average 300 

38 2 
357 227 
309 ISO 
11 2 44 
294 206 
296 280 

252 - 29 - 287 526 - 750 - 961 11 64 - 1362 - 1559 - 1758 - 1964 - 2179 - 2408 -404 
300 298 246 153 26 - 127 298 480 -665 - 846 - 10 13 - 1161 1247 23 

68 -376 662 929 - 11 8 1 1420 1651 - 1876 - 2100 - 2325 - 2556 - 2796 3047 -781 
269 107 - 26 - 140 - 249 - 362 494 - 654 -855 - 110 - 1428 - 1823 2307 -154 
53 1 452 402 368 34 1 310 266 197 95 52 - 253 -520 - 837 350 
2 16 218 194 143 64 -43 179 - 345 - 542 - 77 1 - 1032-1326 1593 -9 
334 282 193 74 - 71 - 239 424 62 1 - 826 - 1035 - 1243 - 1445 - 16 15 -22 
360 357 3 19 249 152 29 I 16 282 --463 - 659 - 866 - 1081 1265 121 
140 33 129 - 335 - 574 835 - 11 05 - 1375 163 1 1864206 1 - 22 11 2298 -406 
43+ 412 34 1 225 73 - 11 2 - 321 55 1 - 793 - 1042 - 1292 - 1538 - 1749 74 
274 27 1 2 19 124 5 - 160 334 520 - 709 894 - 1067 - 1220 1336 -4 
320 225 77 - 11 4 -336 - 576 83 1 - 1082 - 132 1 - 1538 - 1720 - 1858 1937 -184 
270 256 248 237 2 15 171 98 14 - 173 - 389 670 - 1025 - 1463 115 
391 418 404 352 266 149 5 162 350 - 555 - 772 - 1000 - 11 5 1 190 
223 195 137 54 - 54 - 182 328 - 489 - 664 - 848 - 1040 - 1236 1399 -46 
586 554 485 383 250 89 - 96 304 - 532 776 - 1034 - 1304 1538 247 
339 364 339 270 164 27 135 3 15 - 506 - 702 - 896 - 1082 1246 112 
20 I 238 12 1 I 19 - 48 - 833 1242 - 1642 - 2000 2283 - 2458 - 2493 2365 -372 
285 310 229 64 - 164 - 435 7:29 1025 1302 - 1539 - 1716 - 1813 182 1 -134 
226 213 136 9 - 156 - 349 556 766 - 966 - 11 44 - 1289 - 1387 1428 -109 

3 15 344 279 
326 265 174 
253 219 177 
386 319 167 

62 - 156 282 
163 149 171 
63 32 42 
41 - 143 - 263 

130 59 - 13 
266 203 119 

136 - 67 314 588 872 11 50 - 1404 - 1629 1777 186 1 -83 
56 - 89 - 258 ++9 660 - 889 - 11 34 - 1393 - 1664 1945 -55 

123 49 - 51 - 182 350 - 563 825 - 11 44 - 1524 - 1972 -12 
56 - 336 - 659 10 11 1380 1750 - 2108 - 2440 - 2734 2974 -259 

--44 1 - 635 - 867 11 38 - 1449 1804 - 2203 - 2649 - 3143 3688 -617 
210 253 282 283 239 135 --47 - 320 - 70 I 1203 128 

76 118 152 163 134· 49 - 107 - 35 1 - 698 - 11 65 28 
398 - 54·9 - 716 - 897 - 1092 1300 1522 - 1756 - 200 1 - 2259 -448 
- 9 1 - 183 - 293 - 429 - 596 - 800 1048 - 1346 - 1700 - 2 11 5 -179 

5 -134 -296 -479 -679 -894 -1122 -1358 -1601 -1836 -100 

of the uncertainty in I\'ho le-glacier E. There must be 
some recluction in uncertainty as the number of's ta kes 
increases, but the red uction is un likely to be la rge a nd is 
not im'es tiga ted furt her h ere; it is the subject 0 (' work in 
progress. N o r d o we try to infer errors from the reduction 
of va ri ance ac hie\'Cd by (illing th e curve /3( h). Th e 
\'a ri a ti on we a re trying to infer is nol adequale£JI salll/lled by 
the obse rvations, so that the good fit of the curves (3( h) to 

the data b(h) is not rele\'ant here. 

RESULTS 

Revi s ed series 

Figure 4 sho \o\'s b as a function of elevation for a ll years, 
with simple lin ea r interpola ti on be tween sta kes , These a re 
not grap hs of b(h) or (3( h); the ta ngle of lines illus tra tes 
the obm"ved lo ng-term \'a ri ability 0 (' stake mass balance. 
The la rges t measured net acc umula ti ons a re about 500-
600 mm and the la rges t ne t losses arc as g rea t as 
-5000 mm, a lth o ug h typically a bl a ti on c10es not exceed 

The tim e series of a nnua l mass ba la nces of White 
Glacier has a lag-I autoco rrelation of O. Fo r est imating 
th e balance norma l (E ) this means that we can assu me 
th a t eac h B is a n ind epe nd ent , random sa mp le of (E). 
Thus the stand a rd error o f thi s long-term ave rage will be 
inverse ly proportional to the sq ua re roo t of N", the 
number o f years of reco rd. With Nv =29 th e e rror in (E ) 
is less, by a fac tor of fi ve or mo re, th an th e e rro r in E, i. e. 
abo ut ± (40- 50) mm ra th er th a n ± (200- 250 ) mm. 

- 3000 mm. This o bsen 'ed range is considerab ly smaller 
th a n tha t found o n ma ny mid- la titud e glaciers, espec ia ll y 
in maritime climates. 
Figure 5 illustrates the polynomial /3( 17,) for a sm a ll sam ple 
of ba lance yea rs, a nd Table 2 ta bu la tes (3( h) fo r all yea rs, 
toge th er with Da nking d a ta on a(h) a nd th e tim e ave rage 
of /3(h). Table 3 summ a ri zes E, ha a nd AAR fo r each 

553 https://doi.org/10.3189/S0022143000003531 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000003531


Journal oJ Glaciology 

c: 
.2 
1ii 
e! .. 
0 
() 

1.0 

0.8 

0.6 

0.4 

0.2 . . ... . ; ', ' ~" : .. : 
0.0 ". ,'. '" 

-0.2 

-0.4 

-0.6 

-0.8 

-1.0 

400 800 1200 1600 

Vertical separation (m) 

Fig. 3. Balance time-series correlations oJ2676 slake jJa irs 
vs heighl dijJerence. Each dot rejJresents il.l 'O slakes with al 
least 5 ),ears oJ common record. Triangles : average 
correlatiolls within 100111 wide bins on horizolllal axis. 
Three-quarlers oJ slake /Jairs differ ill heighl by less than 
610 m; Jour-fifths have conelations exceedillg + 0.6. 

Stake mass balance (m) 

Fig. 4. Slake mass balances Jor all jlears, 1960- 91, with 
linear inler/Jolation belween slakes. All slakes thal survived 
Oll r reassessment are showlI. These gra/Jhs show all o/Ihe 
raw measurements 011 which Ih e mass-balance calculations 
Qf Ihis /Jap er are based. 

yea r. The ba la nce normal (B l, i.e_ the a\'erage of the 29 
values of B in T ables 2 and 3, is - IOOmma I , whi le the 
ave rage ha is 974m and the a \'e rage AAR is 0.65. The 
estimate of ha is representa ti ve of va lues es timated by 
simpler, visual meth ods for th e loca li ty, and th e AAR is 
close to what wo uld be expec ted from observa tio n of 
mountain va ll ey glaciers in many pans of the world. 

Alternative estilIlates of lIlass balance 

Th e expense and diffi culty of fi eld work make more 
economi ca l m eth ods of m ass-ba la nce measurement 
attractive. This subsec tion dea ls with some previous 
est imates of the mass balance of White Glacier , and 
with the ca li bration of some a lternative methods. The 
a lternative mass-balance rim e se ries di sc ussed here may 
be found in Table 4. 

554 

Table 3. "lass balance and related jJro/Jalies. n, /lumber 
0/ stakes; B , allllllal whole-glacier mass balance: ho, 
equilibrium-line allitude; AA R: accumulation area ratio 
(area of afCImllllation ZOlle divided b)1 area oJ glacier) 

Tear n B 

mm 

1960 71 -404 
196 1 85 23 
1962 11 5 - 781 
1963 80 - 154 
1964 31 350 
1965 28 - 9 
1966 5 1 - 22 
1967 29 121 
1968 50 -406 
1969 76 74 
1970 68 - 4 
1971 5 1 - 184 
1972 9 1 11 5 
1973 49 190 
1974 48 - 46 
1975 63 247 
1976 65 11 2 
1977 76 - 372 
1978 23 - 134 
1979 63 - 109 

1983 26 - 83 
1984 27 - 55 
1985 28 - 12 
1986 33 - 259 
1987 31 - 6 17 
1988 25 128 
1989 3 1 28 
1990 27 - 448 
199 1 27 - 179 
Average 5 1 - 100 

Previously published eSlimates 

ha 

m 

126 1 
93 1 

1371 
1171 
480 
886 
996 
828 

1225 
908 
953 

110 7 
659 
746 
997 
800 
832 

1093 
1018 
1043 

980 
1009 
897 

1072 
1444 
470 
5 1\ 

1395 
11 68 
974 

AAR 

0.40 
0.74 
0.20 
0.50 
0.91 
0.77 
0.69 
0.80 
0.43 
0.76 
0.73 
0.59 
0.86 
0.82 
0.69 
0.81 
0.80 
0.59 
0.67 
0.65 

0.71 
0.69 
0.76 
0.62 
0.09 
0.9 1 
0.90 
0.1 6 
0.50 
0.65 

Mass-ba lance data for vVhite Glacier were first desc ribed in 
B.S.Mi.i ll er (196 1) for 1960 and 196 1, a nd F.l\ full er and 
others (1963 ) for 1960- 62, with furth er reports by Adams 
(1966) , Young (1972 ) , Arnolcl (1981 ) a nd Weiss (1984). 

Th e record is published in Fluctuations oJ Glaciers (F. 
Muller, 1977; Hae berli , 1985; H ae berli and H oelzle, 
1993 ) , but with an unfortuna te recording error: one seri es 
reported from Trenr U ni versi ty was di splaced by I yea r , 
such th a t the pub lished ba lances for 1984--89 are ac tua ll y 
those for 1983- 88 (i. e ., fo r the ba lance yea rs 1982- 83 to 
1987-88 ). The rrn s difference between the pub lish ed 
series (as corrected: Table 4) and th e new seri es reported 
here is 39 mm , a ttributabl e ro the correction of stake data 
during reassessment a nd to the substitution or automated 
for visua l curve fitting in the estimation of {3( h). This is 
well within the sta ndard error for stake measurements b. 

Eslimates ]rom ELA 
Many a uthors have no ted rha t glacier mass bala nce IS 
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eagle)' and otlters: Nl ass balance of ll 'hill' Glacier 

Table 4, Estimates of the mass balance ( mm ) of Wlzile Glacier b)' differenl 
methods 

l ear This FIGl' Visual Glellday From ho Tongue 
Work met/w(ft ( 1989) stakes+ 

1960 -404 - 410 -404 - 347 
1961 23 60 50 -53 
1962 -781 -780 -745 -392 
1963 -154 - 140 - 100 - 269 
1964 350 350 4 10 330 
1965 -9 - 20 20 -22 
1966 -22 - 30 30 - 118 
1967 121 140 130 28 
1968 -406 -430 -360 - 316 
1969 74 50 50 - 41 
1970 -4 - 10 - 20 129 - 80 
197 1 -184 - 200 - 190 - 214 - 213 
1972 115 100 110 2 175 
1973 190 180 180 152 100 
1974 -46 - 70 - 60 - 26 - 11 8 
1975 247 240 250 90 53 
1976 112 130 130 11 6 25 
1977 -372 - 380 - 380 - 288 - 20 1 
1978 -134 - 140 - 140 20 - 137 
1979 -109 - 90 - 90 - 122 - 158 
1980 - 178 
198 1 - 175 
1982 - 92 
1983 -83 - 104 - 120 5 - 103 - 123 
1984 -55 - 64 - 70 - 83 - 128 - 92 
1985 -12 - 16 - 40 - 100 - 31 - 87 
1986 -259 - 304 - 330 - 183 - 372 
1987 -617 - 790 - 670 - 506 - 603 
1988 128 91 110 339 57 
1989 28 10 304 102 
1990 -448 - 470 - 463 - 213 
199 1 -179 - 190 - 266 - 160 

rms c1iOerence§ 39 3 1 90 122 99 

Estimates published in Fluctuatiolls oj(;laciers, r'ols. [If , I V and rI (F. Mi.iller 1977; 
Haeberli 1985; H aeber li and Hoelzlc 1993 ). (An error in the published dat ing of 
post-1982 reslIlts has heen ro rrerted: a ll ha\'e heen moved onc year earlier. ) 
Estimatf's obtained by \'isual fitting of the fun ction (3 (h) to stake mass-balance 
data; thi s method was rep laced by a utoma ted polynomial fittin g during our 
reassessment of the record. 

t Estim ates obtained from a regression model relating results from a network of fi\ 'e 
sta kes on the glacier tongue to resu lts £i'om the whole glacier. 

§ R oot of mean of sq uared difference between column and This Work col umn, 

B = 771 - 0.894ho , (3) 
we ll co rrelated with eleva ti on of the eq uilibrium line (e.g. 
K oerner, 1970; Ostrem , 1975; Braithwa ite, 1984; H age n 
and Liestol, 1990; Kulka rni , 1992 ). The re la ti onship is to 
be expected from the success of Llibou try's ( 1974) mode l, 
whi ch decomposes stake data sets into a stake-dependent 
function (i.e. an a lgebraic representation of the shape 
(3 (h) ) , a time-dependent function represent ing th e 
translation of the shape , a nd an error term. 

The result of a simple first-ord er regression for White 
Glacier is 

where ha is in m a.s. !. , and n in mm. The standard error 
of the estim ate of B is 126mm, and the expl ained 
\'ar iance r 2 is 77 % . Model performance is illustrated in 
Figure 6 and Table 4. The model is simpl y a rearrange­
ment of exist ing inform a ti o n, ha ha\ 'in g been derived 
from the same data as were used to estimate B. But 
ind ependen t measuremen ts of ha are possi ble, a nd the 
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rzg. 5. (3( h ) in four different years : least (1978) and greatest (1962) numbers of stakes, and most positive ( 1964) , most 
negative ( 1962) and second most negative ( 1987) mass balances. Thick lines : third-order pof:yrLOmial (3( h ). T hin lines : 
a (h ), the hY/Jsometric curve of the glacier. Small ojJen circles: measured slake mass balances. L arge solid circles: b(h )for 
100 m elevation bands . Standm'd devia tion of measurements with in each band is shown as an error bar; in bands with 0 or 1 
measurement there is no bar, but even with several measurements the error bar is sometimes invisible because it is narrower 
than the symbolJor b(h ). 

rela ti onship sugges ts th a t they a re likely to be useful. 
Wh ether such a model is useful in practice depends on 

whether ha can be d etermined economicall y, for example 
from sa tellite imagery. Independent es timates of ha a rc 
likely to have errors un correla ted with th ose in B. 
Th erefore th e error in the regression may be add ed in 
qu adra ture (i. e., we add the va ri a nces ) to the erro r of 
± (200- 250) mm in th e measured B , in order to es tima te 
the to ta l error, about ± (235- 280) mm, in the hyp o th­
eti cal space-based es tima te of B . Th e ex tra cos t - a n 
add ed unce rta inty of (35-50) mm - seems at trac ti ve 
whe n se t aga inst th e saving achieved on fieldwork 
exp enses (pa rt ly offse t by th e cos t of imagery). 

J ung-Rothenha usler and oth ers (1992) and J ung­
R othenha usler ( 1993) discuss measurement of ha from 
space, and illustra te some of the reasons wh y earl y 
exp ec ta tions (e.g . 0 strem , 1975 ) have no t been rea lized. 
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For example, there is only a handful of suit a ble end-of­
season images of White Glacier from th e entire Landsa t 
series of sa tellites . Moreove r , much of the surface texture 
which helps the human observer to tell snow apart from 
glacier ice is fine-scaled , and is lost in satellite pixe ls 
having dim ensions of 10- 100 m. A detailed inves tiga ti on 
of one end-of-season image showed tha t neither the 
equilibrium line nor the closely rela ted sn owline were 
detec ta ble . After full correc tion for a tmospheri c and 
topogra phic effec ts (C ogley, 1992a, b ) , th e surface 
reOec tance was found to b e clearly bimod a l, the darker 
mode representing th e glacier tongue, and the brigh te r 
mode parts of th e accumul a ti on zone. However, the 
transition was gradua l, over a verti cal sp a n of at leas t 
150 m, and much of th e acc umula tion zon e was in th e 
dark, low-refl ectance mod e. J ung-Rothenh a usler (1993 ) 
addu ced two fa ctors to ex plain this incompl ete sepa ra -
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ti on: resid ua l errors, and glaz i ng. G laz ing prod uces strong 
contrasts in reflccta nce betwee n snow surfaces, and slopes 
\\'hi ch face the afternoon sun a re m o re likeh- to be g lazed. 
A ra pid transitio n from dark ice to brig ht sno\\', \\'hi ch is a 

prerequi site for ex ploiting Equation (3), sim ply was no t 
present on Jung-Rothenhausle r' s Lanelsa t image. 

This res ult seems a t odd s \\'ith the spec tac ul a r images 
o ften sho\\' n as indica tions of th e po tenti a l fo r sa tellite 
remote sensing of g lacier mass balan ce. We suspect th a t 
such images have eith er been e nh a nced. using O\'e r­
si m plifi ed a lgori thms, or sim p ly d o not rep rese n t th e 
a nnual snowline ; rat her, th ey are images of tra nsient, 
hri g ht hi gh-a ltitude sno\\' eO\'er dating fro l11 short ly 
before th e tim e of th e im age. Th e distributio n of this 
tra nsielll snow wi ll no t in ge neral be related to th e 
position of the a nnual snow li ne . Jung-Rothenhaus ler's 
im age \\'as unusua l in dating from th e \-ery end of a n 
ab la ti o n seaso n , sl! o\\'ing a m a ture snow pac k \\'ith 
re fl ec tance o nl y moderatel y g reate r than that of exposecl 

Ice. 
Thus space-based es tim a tes of ho for Whit e Glacier do 

not seem to be practi cable, at leas t in th e visibl e spectrum 
and until understa nding of g lacier surface reflec tan ce has 
ad\'<\nced conside ra bly. 

Estimates .from redllced ne/works 
Sa\'ings co uld be rea li zed if we cou ld ex ploit hi g h inter­
stake co rrela tions (Fig. 3) to infe r B from meas urem ents 
on a fe\\' stakes nea r the snout. This id ea is th e same as 
th a t underl ying advocacy of ho as a n es tim ato r o f B. 

" 'e exam in ed the se ri es of b at each sta ke, selecting 
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stakes with reco rds of a t leas t 6 yea rs which co rrel a ted 
\\'ith concurrent es tim a tes of B a t l' 2: 0.9, or T 2: 0.707 

(1'2 = 0.5 ) for stakes below 650 m a .s.L \V e th en c hose 
subscts of fi\ 'C to ten sta kes loca ted close to th e snout. 

Lin ea r regressions of B on B toll!',lIc, th e \un\\'eig hted ) 
average of b at the su bse t stakes, were computed over as 
many years as possib le (up to nine) . Standard errors w ere 
a lwa ys bet\\'ee n ± 100 a nd ± 120 mm, Figure 7 and 
Tablc 4 shO\\· the predini\'e po\\'e r o f a typi ca l subse t. 

There a re sta ti s ti ca l objections to this proccd u re : 

BtOllgll~ a nd B are no t indepen d e nt. l\'e\'Crthel ess a 
redu ced stake ne twork co uld yield use ful estim a tes of 
m ass bal an(,e, but with greater uncerta inty th a n th e 
equilibrium-lin e re lationship dis(' usscd a bo\'C. Beca use B 
a nd Bto ngue are so hi g hly co rrela ted, th e standa rd erro r of 
th e reg ression should be add ed linearf), to th e sta nd a rd 
error of B. gi\'ing a tota l error of a bo ut ± (300- 370) mm . 
Th e extra uncertainty is a serio us pena lt \" because th e 
o nl y sa \'ing is in the tim e and diffi c ulty of \'isiting more 
stakes hi gher up the g lac ier. But we co n c lude that a m ass­
ba lance cs tim a te need no t be forfeit ed for lac k of tim c, o r 
beca use of inability to m o\'e up-g lac ier fo r other reasons. 
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Fig. 7. I1 'h ole-gLacier balal/ce series as obserl'ed (" This 
II 'ork") alld as jJredicted frOIll .itl'e tOllgue stakeJ with 
9 JIf(US ofmwd (" jll odelled") . a. T ime series : b. seal/er 
gmjJh . 

Estilllates ./1'0111 meteorological data 
Gl e nday ( 1989) mode ll ed th e mass balance of Whi te 
Gla c ier as a function of climalOlogica l d a ta. The 
ad van tage of sLl ch models is that th e g lac ier need not be 
visited at a ll ; th e cos t is negligible. 

G le nday's best r e la tionship exp la ins 71 % of th e 
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vari ance in th e mass-ba lance record (Fig. 8; T a ble 4): 
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Fig. 8. vVhole-glacier balance series as observed (" T his 
II -o rk" ) and as predicted il1 lerms oJ weather data Jrom 
Eureka (" M odeLLed" : Equa tioll (4)). a. T ime series: b. 
scatter gra/J/z, projected onto B- T plalle. T, mean slimmer 
(Ju lle- August) temperature ( DC) at JOOO mbar (about 
112 m above sUlJace); P, annual jJreci/Jitatioll (mm); it, 
sUlIZmer average global solar radiation ( ~1 -1Il-2). 
Coifficients ),ield estimate of B il7 IIlI11 a J. 

where lempera ture T , preClpIta tion P and globa l sola r 
radia tion J(* a re all measured a t Eureka (Fig. I). The 
standa rd erro r of the es tim a Le of B is ± I 19 mm, to be 
add ed in quadra tu re to th e n ominal error o[ ± (200-
250) mm fo r a total error o f ± (230- 280 ) mm. Thus, 
Equ a ti on (4 ) is a bout a ' power[ul as Equation (3), and 
has consid erable appea l. Of a ll the altern a tives discussed 
here it is th e onl y one tha t requires no contac t with the 
glacier, remote or otherwise. 

Equa ti on (4) could pro ba b ly be improyed upon. For 
example L efauconnier a nd H agen (1990) fo und higher 
co rrel a ti ons between th e m ass balance of a glacier in 
Spitsbergen a nd c1 imatological quantiti es from a nearby 
weather station. 

M ass balance JOI 1980- 82 
Stakes we re measured on White Glacier in 198 1 by J. 
W eiss. W e haye readings from 1983 [or Lhree of "'eiss's 
198 1 sta kes, a ll of which ha ve r em a ined in use. Their tim e 
se ri es o fb a re well correla ted with the tim e seri es of B (the 
correla ti ons being 0.822, 0 .866 a nd 0.882, with N r = 9 in 
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each case), so we can es tim a te B fo r the 2 yea r interval 
1980- 82 (reca lling tha t measurem en lS in spring refe r to 
th e e nd of th e pre" ious ba la n ce year) . By lin ea r 
regress ion, \\'e find the rela tionship 

B = 443 + 0.287 B tongue (5) 

b e tween \\'hole-g lac ier ba lance B a nd the (unweig h ted ) 
a ye rage, BtollgllP' o f th e balances [o r the three stakes oye r 
th e ni ne years 1983- 9 I; r is 0.95 , a nd th e standa rd erro r is 
± 105 mm a I . For th e same three sta kes, B tonguc fo r 1980-
8 2 is - 1755 mm a I , and hence, [i-om Equ a ti on (5), 
B = -6 lmm a I . This es tim a te h as an uncerta inlY of 
± (300- 350) mm a- I

, but it is con sis tent with meLeorolo­
g ica l es tima tes from Equa ti on (4 ) (T a ble 4), vvhich 
ave rage - 148 mm a I . Apparently th e mass ba la nce 
during the gap was close to norm a l. 

DISCUSSION 

The balance norInal 

The stand ard error in any sing le B is ± (200- 250 ) mm . 
T o estima te the un ce rtainty in th e ba lance norma l (B ), 
w hi ch is simply th e a , 'e rage of a ll th e a nnu al bala nces, we 
m ay take as a sta rting-point eith e r this es tim a te o r an 
ind ependent es tim a te based on th e vari a bility in th e lime 
seri es. :-Iainl y beca use ± (200- 250 ) mm is an informal 
ra ther than a rigo ro us es tima te o f th e stand ard error of B. 
we choose the la n e r cuurse. 

[f wc assume (e .g. Lyons, 1991 ) th a t the N y es ti ma tes 
o[ B a re ra ndom , ind epend ent samples from a popul a ti on 
with fi nite ya ri a nce, th en the bes t es tima te of th e sta nda rd 
e rro r , se ((B)), of th e norma l is eq ua l ta th e sta nda rd 
d eyi a ti on, 258 mm , di"id ed by y'I'l; = J29 = 5.4 . (B) for 
1960- 9 1 may thu s be quo ted as - 100 ± 48 mm a 1 

se ((B)) defin es a ± 68% confide nce region fo r (B ); 
tw ice se ((B)) d efin es a ± 95% confidence region . The 
n o rmal differs from zero by m o re than two sta nda rd 
erro rs, so, ifo ur ass ump tions are justifi ed , we may be 95% 
confid ent tha t itis negati ve . 

T o judge wh e th er the Bs a re ind ependent o f each 
o ther, we have computed the lag-I a u toco rrela ti on r (i.e. 
the co rrela tion o[ the ba lanee seri es with a copy of itself 
o ffi et forwa rds b y one yea r). H r is not zero, then (Zwiers 
a nd von Sta rch , 1995 ) the effec ti ve sample size mig ht be 
less than Ny , and thus the es tim ated sta ndard erro r might 
be too small. H owever, for White Glac ier T = 0.02, w hi ch 
is indistinguisha ble from zero. 

Th e coe fTi cie n t of vari a tio n (s ta nd a rd d ev ia ti on 
div ided by the m agnitude of th e m ean) is 2.6. Thus th e 
m ass-ba lance record is ra th er n oisy, due to na tural 
va ri a bility and m eas urement error. 

The balance trend 

D etec ting a trend is more diffi cult than determining th e 
sign of B. Wh eth er a n estima te o[ dB / dt is consisten t with 
th e true dB/ dt being zero follows from inspec tio n of Lh e 
sta nd a rd erro r. \Ve risk wrongly acce pting the h ypo thesis 
th a t there is a trend , but the risk is readily qua ntifi a ble. 
The hard part is avoiding th e error o f wrongly concluding 
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th a t d B / d t =0, i. e. th a t th ere is no tre nd . This ri sk is 
enl a rged u pon below. 

T he trend and its s ta nd a rd error se (dB /dt), in mm 
a 2, a re bo th deri ved from a linea r regress io n of the series 
B on the tim e t, measured in yea rs since to = 1960: 

B(t ) = B (to) + (dB/ clt) X t. (6) 

H ow sho uld we ex pec t g laciers to res p o nd to cha nges 
in forci ng? In going fi"om o nc equilibri um to a nother , a 
glacie r must e\'olve fro m (B) = 0 back to (B) = 0 \·ia a n 
exc ursio n. Figu re 9 shows th e mass ba la nce o r a glacier in 
equili b rium \I'ith th e clima te un til time t Q, w hen th ere is a 
step cha nge in forcing . Th e re is an imm edi a te change in 
B: the g lac ier is no\\' ei the r too long and thi ck or too short 
and thin , so B becomes n egatiw or positi ve accordingly. 
(We ass um e tha t (3( h) va ri es so that a glac ier whi ch is too 
long \I· ill g ro\\' shorte r, and one \\'hich is toO short will 
grow lo nger . Note th a t B is a specifi c qu a ntity, cxpressed 
per unit a rea ovcr th e c ha nging to ta l ex tent of th e 
glac ier. ) B remains no n-zero un til th e g lac ier a tta ins th e 
a rea a nd thi ckn ess a ppropri a te to th e new clima te. but its 
magnitude must approach zero more a nd m o re close ly. [n 
o th er wo rds, there ought to be a non-ze ro trend dB/dt in 
the mass ba la nce of' a glac ie r not a t equilib riu m . 

t ?> 

Forcing 

I 
B --------~----_= __ -------o V 

dB/dt ~ 
to 

Fig. 9. Schematic resjJollse of a gl(lrif)' to a change ill 
jorcillg. T lte dimale ( " Forcing") changes at lime to : the 
balance B, and therefore also the trend dB/dt, resjJond 
a{{ordillg~J'. The shajJe dmwlI jor B is arbitrm)'. but ill 
general dB/dt is llel'er .:ero while B is 170t .:ero. On(J' in 
the limit q/ a ste/J-jilllctioll res/JOllle (i .e. a rectangular 
shajJe./or B ) l('ill dB / d t be .:ero during adjustlllflltto the 
altered ./orcillg. ,\ ote that we are not regardillg the balal/ce 
as 'Jorcil/g" jor chal/ges ill glacier lmgth, as is sOllletimes 
dOl/f , 

For White Glacier, d B /df; is estima ted as - 2 ± 5 mm 
a 2 T hu s the conclusio n th a t dB/clL = 0 seem s fa irl y sa fe. 
But it m ay be a tvpe 11 erro r, th a t of' \\'ro ng ly acce pting a 
fa lse hypo thes is, We cann o t qu a ntify th e r isk of such a n 
error, beca use, of th e [Ota l stock of info rm a ti on in th e 
d a ta, tha t o n de \'iat ions of th e obsen'ed B from the fitted 
lin e has a lread y bee n " used up" (cf. L yo ns, 199 1). We 
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need thi s informa ti on on residu als if we are to es timate the 
probab ilit y th a t dB/clt is no t 0 (i .e ., th e risk of a type II 
error). \\re must not use it tw ice . But \ \T were o bliged to 
draw on it w hen estima tin g th e sta nd ard erro r of th e 
trend , se (dB /dt), beca use we d o not ha \'e ind epend en t 
es tima tes of th e error in each B , only th e nom i na l error of 
± (200- 250 ) mm d eri\'ed ea rli e r. 

T o gras p the prac tica l impo rta nce of' th ese unce rta in­
ti es, consider \-\'hite Gl ac ier 's res ponse time T. which we 
may es tim a te c rud ely as '" I 02 a because th e g lacier is 

+ .) I 
", 10 m long a nd Oows a t ", IO- m a . J 6ha nn esson and 
o thers (1989 ) , w ho rra na lyze th e kin ema ti c-wave model 
o f' glacier te rmi n us flu ctua ti on s (HulLcr, 1983; L1iboutry, 
1987 ), sugges t calcula tin g T as - H / bslIout , where H is a 
typ ica l thickness, and bSlIout th e mass ba la nce a t th e snou t. 
App ropri a te \'al ues, H = 200 m a nd bSllOlll = - 2 m a I, 

aga in sugges t T c::: 100 yea rs. rc dB/ dt is ind eed - 2 mm 
a 2, and if thi s trend continu ed for T yea rs, the ba la nce 
norm al wo uld become 300 mill a I - ~urely a sig nifi ca nt 
response. But is it phys ica ll y likely or rea li sti c? From 
Eq uation (4 ), th e te mpera ture se nsiti\ 'iry of th e ba la nce 
oB/aT is - 74 mm a I K I, ro ug hl y co ns ist e nt with 
es tima tes by Kuh n ( 1993 ) based on energy-ba la nce 
mod elling . \\,ith predi cted wa rming fo r the nex t cenrury 
oCaT/at ",0.0 1 0.03 K a I ( H o ug h to n and o th ers, 1990, 
1992 ). a (t ra nsien t) ba lance trend clB/dt of a bo u t - I or 
- 2 mm a 2 sho ul d thus be expec ted in the nea r future, a nd 
pe rh aps no \\'. This is j us t wh a t has a lready been 
measured, a nd rej ec ted beca use o f its la rge un certa inty. 

We ca nn ot meas ure suc h su b tle trends, N atura l 
\'a ri a bili ty m ay de fea t our bes t e fforts, bu t it seems that 
a way must be fo und to m easure mass ba la nces a nd 
ba la nce trends \\'ith abo ut te n-fold grea te r acc uracy. 
With the d a ta a\'a il a ble now, se (dB/clt) = ±5 mm a 2 is 
f~lr too la rge, but \\' ith se (d B/dt ) = ±0.5 mm a 2 we 
m ight a lread y ha \'e a firm de tect ion of a clima ti cally 
pla usible tre nd fo r Whit e G lac ie r. T o repea t a n earli er 
conclusion : beca use its mass ba lance is not ze ro, there 
o ught to be suc h a trend. 

One line o f inquiry \I'hi c h d oes not d e pe nd on 
im pro\'Cd acc uracy is to ex plore how uncerta inties e\'o"'e 
as th e anlil a blc record gro \\·s . Th e res ult (Fig . 10 ) shows a 
slow increase, pro porti ona l to j"FT:. in our confidence in 
es tim ates of (B ) a nd dB/clt . G i\'e n on ly th e fi rs t ha lf of 
th e record , ,ve might draw quite misleading conclusions, 
T\\·o of th e m os t nega ti\'C ba la nces in the se ries we re 
meas ured in its first a nd third yea rs; presuma bl y this 
pl acement is cl ue to chance, bu t, wha te\'er the reason, it 
ex pla ins \\'h )' the es tim a tes e\ 'oh'e rapid'" in the first half 
o f th e reco rd. Onl y after 25 yea rs can we cla im with 95% 
confidence th a t (B) is no t ze ro, a nd a l'el) ' Inuch LOl/ger 
reco rd will be needed before we ca n de tect with th e sa me 
confidence th a t dB/clt is no t ze ro. 

Are trends d e tec tab le in th e cl ima ti c fo rcing? Surface 
tempera tures in the Canadi a n Arc ti c a ppea r, from th e 
la rge-sca le a na lyses of H a nse n a nd Lebedeff ( 1987 ), J ones 
( 1988 ) and F o ll a nd and o th ers ( 1990 ), to have coo led 
m od era tely in recent decad es, bu t the trends a re not 
strong. \\'als h a nd Chapma n ( 1990) a na lyzed sta tion 
tempera ture d a ta; none of th e Ca nadi a n Arc ti c sta tions 
showed signifi ca n t trends. K a hl a nd others ( 1993 ) show 
th a t the tro posp heri c tempera ture in th e Ca nadi a n Arc ti c 
during 1958- 86 ex hibited mod e ra tely signifi cant summ er 
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Fig. 10. Evolution of estimates qf the balance norll1al and trend. Il le step through the record one )lear at a time, recalCIIlating 
the Ilonllal and trend with the record alJailable 10 date. ( E\cejJtlhat the information became available ill this chronological 
order . there is 110 jJarticular reason for stepping forwa rds through the record, orfor slarting at the beginning.) Thick lines: 
estimated normal (Cl) and trend ( b). Th in lilies: 95% confidence regiolls (i.e. ± 2 x standard error of estilllate oJ normal 
or trend. assuming 110 serial correlation ill the time series). 1980- 82 gap Jilled u'ith estimates fro III Equation ( 4) . 

coo ling, at levcls up to 300 mba r. It would be interes ting 
to kno\\" whether this represents a n increase in lapse rate. 
But as it stands, thi s study is consistent with the surface 
stud ies: no evidence for regiona l warming in recent 
d ecades. 

For precipita tion , the most recent large-scale com pila ­
tion (VinnikO\' and others, 1990) exclud es the Canadian 
Arcti c, so we have used our own data set (Briggs a nd 
Cogle)', 1990). Prec ipi ta tion can be highly variab le 
sp a tia ll y, and in par ti cular al titudinally (Ohmura a nd 
l'v'fLiller, 1977). Moreover, it is difTi cult to measure because 
gauges, espec ia ll y snow ga uges, tend to underca tch (e .g . 
\Voo and others, 1983) . Thus the e\'idence (Tabl e 5 ) is of 
d o ubtful qu a li ty, and is a lso inconclusive. At three 
sta ti ons there appears to be no trend, whi le at two there 
a re ma rgina ll y significant increases . A signifi cant decrease 
in accumula ti on was observed by F. ~Ii.ill e r (1963d ) at a 
site not far from "Vhite G lacier. This record derives from 
a n ea rlier interva l, a nd th e information is described as 
pre limina ry, but it adds to a strong impression th a t no 
trend in prec ipita tion can be id entified with confidence . 

Since climatic trends are not evid ent, it is perhaps 
unsurprising tha t trends a rc no t d etecta ble in g lac ier 
response to climate. But then (Fig. 9), why is White 
Gl acier 's mass balan ce nega tive? This paradox illustrates 
th e most important concl usion from th e analysis a bove : 
with th e present technology of mass· balance meas ure· 
m ent , the trend s which we should expect now a nd 111 

coming decades wi ll be a lmost impossible to detect. 

The regional balance normal 

\Ve ha\'e gathered data for o th er High Arctic glaciers 
from literature sources. For each g lacier, T able 6 includes 
basic geographical in formation as well as th e ba lance 
no rm a l and, if the reco rd is long enough , th e trend. The 
time-span gi\'en may include one or more years without 
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meas urem ents. For three g laciers we present additiona l 
multi-yea r balances based on stake readings more th a n 
2 years a pa rt ; in these cases N y is simply the number of 
years sep a ra ting the two se ts of read ings . 

Unfortunately the spatia l distribution of the glaciers is 
unfavourab le for mapping . T o es tim a te th e regional 
balance no rmal (BR)' it seems more rea li stic to se ttl e for a 
simple regional average. The average of the normals of 
th e fi ve longest records (T able 6), weighted by reco rd 
leng th N", is (BR ) = - 82mma I. V a rious weighting 
schemes sLl ch as not weighting at a ll , including the 
shorter reco rd s, a nd weighting by ex tent, a ll gi\'e 
es tima tes within 30 mm a 1 of - 82 mill al. The error in 
(BR) is no t easy to evaluate, beca Ll se of spatial auto­
correla ti o n a nd ex trem e undersampling, but it must be of 

Table 5. Anl1ual jJrecipitation al High Arctic weather 
stations 

Slation 

Alert 
Eureka 
Isachse n 
Mould Bay 
R esolute A 
White Crown 

Mountaint 

[nterva( 

1960- 79 
1960- 79 
1960 79 
1960- 79 
1960- 79 

1921 - 6 1 

Average Trend 

mm a mm a 2 

153 ± 9 -0 .5 ± 1.6 
58 ± 3 1.0 ± 0.5 

117 ± 8 2.1 ± 1. 3 
94 ± 7 - 0.8 ± 1.2 

129 ± 7 - 0.6 ± 1.3 

375 ± 17 - 5.2 ± 1. 2 

W eather-station data (Briggs and Cogley, 1990) are fo r 
ca lend a r years. 

t Snow acc umula ti on ra te at 1920 m a.s .l. , a bout 40 km 
north of White G lac ier (F. :'Ii.iller 1963d ) . 
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Cogley and others: Alass balance oJ r Vhite Glacier 

T able 6. AJass-balance series Jor H igh Arctic glaciers ( Fig. I ) . Source:>: 1, This work; 2, R . M . Koemer (personal 
communication, 1994); 3, BLallel' and K ap/Jenberger (1988); 4, Brad/~y and Serre<.e (1987); 5, K assa (1973) : 6, Aleall 
and NldLler ( 1977); 7, Ommall111!)1 ( ulljJubhshed a); 8, Ommalllley (ulZjlubLished b); 9, SagaI' ( /964) . Amold (1968) 

Kame (B) dB/ dt d Area 

- 2 km 
.) 

mm a mm a km-

White Glacier - 100 ± 48 - 2 ± 5 0 
Ba by Glacier - 11 2 ± 9 1 3 ± 11 10 
M eig hen Ice Cap - 129 ± 52 7 ± 5 172 
Devon I ce Cap NW - 50 ± 23 1± 3 505 
South I ce Cap - 29 ± 57 - 19 ± 15 730 
Sou th I ce Cap 

. 
- 73 730 

Gilma n G lacier - 97 ± 47 454 
Gilma n G lacier 

. 
- 29 454 

Per Ard ua Gl ac ier - 320 339 
Laika I ce Cap -630 484 
SPB NE T ce Cap 20 ± 54 - 8 ± 14 538 
SPB N E Ice Cap 

. 
- 130 538 

SPB SW Tce Cap 165 538 

• Multi-year balance. 
d, Dista nce from White G lacier. 
N y , Number of years of record (excluding gaps). 
SPB, S t Pa tri ck Bay. 

38.7 
0. 6 

85 .0 
1696 

66 .0 
66. 0 

480 
480 

4 .7 
9 .8 
7.6 
7. 6 
3. 0 

th e orde r of th e unce rta inty in the measured normals (B ), 
na mely a bout ±50 mm a I . 

This es tima te of (BR), a nd ~re i e r 's ( 1984) \'a lue of 
108600 km 2 fo r the g lac ierized a rea or th e Canadi a n Hig h 
Arcti c, give a contributio n to sea-I e\'el ri se of 0.024 ± 
0.0 15 111m a I . T his es tim a te is compa tibl e with M eier 's 
0.0 19 mm a I, but being based on fewer ass umptions it is 
mo re ro bust. Thus th e C a n adi a n High Arctic, a lthough it 
con tains o ne-fifth or th e " 'orld area coyered by sma ll 
glac iers, suppli es onl y o ne-twenti eth or th e total sma ll­
glacier contribu tion to ri . ing sea le\'el , es tim a ted by l\Ieie r 
as 0.46 ± 0.26 mm a 1 

SUMMARY 

Erro rs in sta ke mass b a la nce b a re a bout ± (200 
250 ) mm , du e la rgely to und ersa mplin g . Errors in 
whole-g lacier mass ba la nce B a re or th e same ord er as 
single-sta ke errors. H owever, th e lag-I a u toco rrela ti on o r 
th e tim e se ri es or B is ze ro, so the erro r in the long-term 
ave rage orB is noti ceably less . A number or reco rding a nd 
process ing errors \I 'e re d e tec ted during reassessment or th e 
reco rd , but wc do no t think th a t our wo rk has been less 
ca reful th a n th at of o ther g lac iologists. R a ther, the erro rs 
a re a co nsequence or the complexity a nd lo nge\'it y of th e 
enterpri se. 

The ba la nce norm a l (B ) is - 100 ± 48 mm ai, deri ved 
from 29 a nnua l meas urem ents of B. The reassessed 
ba la nce se ri es agrees c losely with previo usly publi shed 
va lues. 

Amo ng less acc ura te a lterna ti \'Cs to th e present stake­
based p rogra mme, a red uced sta ke network is recom-

Alill- ma.\ T ime-span N.l Island Source 
elevation 

m 

53- 1782 1960- 91 29 Axel H eiberg 
715- 11 75 1960- 9 1 19 Axcl H eiberg 6, I 

70- 267 1960-9 1 30 NIeighen 2 
0- 1800 196 1- 9 1 30 D e\'on 2 

490- 71 5 1963- 74 10 l\Ieh'ill e 7 
490- 715 1974-80 7 l\I eh-i li e 7 
4 10- 1850 1957- 6 1 5 E lI esmere 9 
4 10- 1850 1957- 67 11 E ll esmere 9 
300- 1700 1968 ElIesmere 5 

0- 530 1975 1 Coburg 3 
850- 900 1972- 82 6 ElI esmere 4,8 
8.10- 900 1972 11 E lI esmere 4,8 
740- 820 1983 I ElI esmere 4 

mended o nl y 1'0 1' sa h-aging a n es tima te 111 diffi cul t fi eld 
conditions. H ydrometeorolog ica l modelling is a prac tica l 
soluti on ifit is im possible e\ 'en to \'isit th e glac ier. R emote 
sensing or m ass balance is nOl presentl y prac tica l, a nd 
\'isiblc-ba nd imagery may nC\'er become a ro utin e tool in 
the es tim a tio n of mass ba la nce. 

White G lac ier is representa tive of the Canadi a n High 
Arcti c, a nd the dispersio n o f single glac iers a bout a 
regional ba la nce norma l or a bo ut - 80 mm a 1 is not very 
g rea t. The e\·id ence for trends is weak, a nd in pa rti cul a r 
\ \'hit e Gl ac ier seems to h ave a consta nt mass ba la nce. 
consistent w ith a simila r a bse nce o f e\'idence 1'0 1' trends in 
cl im a ti c fo rc ing . Howe\'er , present methods o f ba lance 
measureme nt a re in adequ a te fo r de tec ting tre nds of the 
m agni tude to be ex pected fro m genera li zed c1im a tologica l 
reasoning. 

This is a seri ous probl em fo r g laciology. L a rge errors 
a re a ttac hed to our es tima tes, erro rs which we suspec t to 
be typica l of many other m ass-ba lance eS lima tes. A 
found a ti on o f measurements, however sparse, is essenti a l 
in moni to rin g cl ima ti c cha nge. But the measurements 
reported here a re ra ther inacc ura te, and a ll o f the cheaper 
a lterna tives a re e\'en more in acc ura te. Resea rc h o n more 
acc ura te \Nays or es tima ting m ass ba la nce d ese rves hi gh 
pri ority. 
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