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ABSTRACT, A d egree-d ay g lac ie r m ass-ba la nce m odrl is a ppli ed to three glaciers 
in Ice la nd, :\or\\'ay a nd Gree nl a nd [o r ,,'hi ch de ta il ed mass-ba la nce m ea surements a rc 
a \'a il a ble O\'er a pe riod of , c\ '(Ta l yea rs, !\I od t'l res ults a re in good ag rccm ent \I 'ith 
m eas ured \'a riati o ns in th e mass b a lance lI'ith e le\ 'a ti on m'er th e tim e peri od s 
con sid er ed [o r eac h g lac ier. In addi ti o n , th e mod el expl a ins 60 80 'Xl o f th e \'ear-t o­
\'ea r \'a riance in th e r1 ('\'a ti on-a \'C raged summer season mass-ba la ncc I1l ca,urements 
~n th e glaciers, using a single pa ra rr~e t e r se t fo r eac h g lac ier , 

Th e increase in a blation on th e g la c iers du e to a \\'arming or 2 C is prr dicred to 
ra nge [t'om a bout lm ,,' ,e, \'ea r I a t th c hi g hes t eleva ti o ns to a bout 2 ,5 III w ,e , yea r I at 
th e lo w es t eln'ati o ns, Predi ctcd ch a n ges in th e ,,' inter ba lance (measured bet,,'cen 
fi xed d a tes ) arc re lati\ 'e ly sma ll , exce pt a t th e lo,,'('s t c1C'\',lIi ons o n th c Icel a ndi c and 
N o rwegia n g lac ie rs \\'h e re th e ,,'inte r b a la nce is significa nt'" redu ced, Equilibrium-lin e 
a ltitud es are ra ised b y 200 300 m o n th e Icela ndi c a nd ~o l'\'Tg i a n g lac ilTs, Exce pt at 
th e hi g hes t eln 'a ti o ns. th e ,,' intc r b a lan ce or th e Ice la ndi c and ;\()I'\\'Cg ia n glaciers is 
predicted to d C'c rease e\-e n if th e wa rming is accompani ed !J \' a IQ cy(, illcrease in th e 
prec ipitati on, . 

~() firm ev id ence o r a clima te-re la ted \'a ri a ti on in th e d eg ree-d ay f ~ll ' t () r S or in th e 
te lllpe ra turr lapse ra te on th e sam e g la c icr co uld be f() und, Th e m od e l. rurth erm ore . 
re produces la rge \'a ri a ti ons in th e m ass ba lance \\' ith e le \',lli on a nd fi 'o nl yea r to yea r 
o n cac h g lac ier using th e sa me paramet er ,C l. \\'e ass um e, th e rcf(JlT, th a t th ese 
p a ra m e ters \I 'ill no t ch a nge signifi cantl y fu r th C' clim a te scenari os considcrC'd here , 

INTRODUCTION 

It is es timated th a t th e m ea n surface a ir tC' mpera ture o r 

th e Earth \I'ill ri se a t a ra te in th e o rd er or O,3°C per 

d ecad e durin g th e n ex t d ecad es du e to increas in g 

co n centrations o r C:O ~ a nd o th e r trace gases in th e 
allllosphcre Ho ug h LO n a nd oth ers. 1990, 1992 ). This ra te 

o r wa rmin g \\'ill h a\'(' pro noun ced effec ls on g lac iers a nd 

ice ca ps and lead to major run-ofr changes in g lac ieri zed 

a rca s, The N ordi c research proj ec t " Climate cha nge a nd 

ene rgy produ ct ion" (Sa: lthul1 , 1992 ) ,,'as sta rted in 199 1 
\I'ith lh e a im of es tim a ting th e h ydro logica l cfl<.'c ts o r 
g lo b a l ,,'a rmin g in th e Nordi c co untri es \I'ith spec ia l 

emph asis on th e possible co nsequ ences fo r th c ope rati o n 

a nd pl a nning of h ydroe lec tri c power plants, 

A s a pa rt o r thi s proj ec t, Cl deg ree-d ay glacier mass­

ba la nce model fo r tempera te glac iers h as bcen dc\'e lo p ed 
in o rder to es tim a te th e efl cets o r g lo ba l wa rmin g o n 

g lac ie r mass ba la nce a nd run-ofr rro m g lac ieri zed a reas, 

This 111 0del has been tes ted on th e g lac iers Siltuj6 kull 

(pan oC H orsj okull ) . ce ntra l l ccl a nd . .'\iga rdsbree n ( p a rt 

o f' J os ted a lsbreen ) , so u thern Norway, a nd Q a ma na rssCq) 
se rmi a (outl et g lac ie r rro m th e Greenl a nd ice shee t ) , \\' es t 

Gree nl a nd, In thi s p a p e r , \IT descr ibe th e a ppli ca ti o n o r 

th e mass-ba la nce model to th ese glac iers a nd compute th e 

predi cted e fleet of clim a ti c \\'a rming on th e m ass ba la nce 
a nd on th e run-ofl' (t'o m th ese g lac iers, 'fh e sta bility o r th e 

mode l para meters o\ -e r th e period or l11 easurement s is 
ana lyzecl in o rd er to assess w hc th er thcse para meters a re 

li ke ly to c ha nge as a co nsequence or th e c lim a te changes 
whi ch a re consid ered, 

:-l ass-ba la nce da ta fi 'o m g la ciers and ice shee ts contain 

impli c it inro rl11 a ti on a bo ut th e depend ence o f g lacier m ass 
IJa la nce o n clim a te, Th e m easured mass bal a nce \'ari es 

with e le\ 'a ti on and ft '0 111 >Ta r to yea r. m a inh- as a 
conseq ue ncc or \'a ri a ti o ll s in tempera ture and prec ipit­

a ti on, ] t should , th e re ro re , be possible to use measured 

, 'a ri a tions in th e mass balance toge th e r with l11 eteo rul­

o,e; ica l d a ta to pa ram e tcri zc th e rela ti o n bc twce n g lac ie r 
mass ba la nce and clim a te using a suit a ble g lac ier mass­

I),d a nce m od e!. Th e m ass- ba lance mod e l m ay th en b e 

used to es tim a te likely g lac ier l11 ass -bal a nce cha ngcs 

res ultin g from hypo th e ti cal clim a ti c cha nges , 

Th e m ass-ba la nce l11 ea surement s 1'1'0 111 th e three 
glac ie rs co m e fi'o l11 diffe re nt c lima te reg im es a nd sho uld 

th erefo re be a good tes t o r th e a ppli ca bilit y o f a degrec ­
day g lac ie r mass-ba la n ce m od el O\'e r a \\'ide ra nge o f' 

conditi o ns, Sa tuj okull is a n o utl et g lac ier ft'o l11 a ll ice ca p 

3+5 
https://doi.org/10.3189/S0022143000016221 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016221


J ournaL oJ GlacioLog), 

in th e middle of th e Ice la ndi c highl and ; N igardsbreen is a 
na rro w va ll ey glac ier wi th a wid e ele\'a ti o n ra nge; a nd 
the m easurements fro m Q a mamlrssllp s!" rmi a come from 
th e a b latio n area of th e Greenl a nd ice sh ee t. Th e 
measurem ents from Niga rdsbreen cove r 24 yea rs. which 
can be divid ed into sub- 'e ts with sig nificantl y different 
clima te conditions, a nd a re th ere/o re esp ecia ll y suita bl e 
for a n a na lys is of th e sta bility of mod el pa rameters. 
Detailed energy-bal a nce a nd d egree-d ay glacier mass­
bala nce m od elling has preyio usly been a pplied to mass 
ba la nce and meteo rolog ica l d a ta fro m Q a m a na rSSLIJ) 
sermi a, a nd our res ults can th erefore be compared to 

pre\'io us res ults from thi s glacier (cf. Bra ithwa ite a nd 
O lesen , 1989, 1990a, 1993) . 

Th e m ass-bal a nce mod elling presented here is a 
continua ti o n of th e mod elling desc ribed by La uma nn 
and Rerh ( 1993) whi ch a pp lied a simil a r d egree-d ay 
glacie r m ass-bala nce mod el to three glac ie rs in :\iorway. 
Th e m od el used here has bee n impro\'ed to a ccommod a te 
d a il y a nd monthl y input d a ta instead of yea rl y d a ta . a nd 
th e calibra ti on of the mod el is based o n yea rl y mass­
balan ce m easurements ra ther than lo ng-term mass­
balan ce a verages . \\' e pl ace spec ia l em phasis on th e 
stability of th e mod el pa ra m eters by a na lyzing how \\'e ll 
the m od el explains yearl y m ass-ba la nce \ 'a ri a ti o ns a nd we 
tes t th e appli cabilit y of the d eg ree-day m od el b y a ppl ying 
it to th ree g laciers in very d i Ileren t clima te regImes . 

MODEL DESCRIPTION 

The glac ie r mass-bala nce m odel , which is te rmed ]\LBT (a n 
acro nym for ]\fass Ba la nce o f T empera te g laciers) , is based 
on existing degree-d ay h ydrol ogica l and glac ier mass­
bala nce models which have been used ex te nsively in th e 
Nordi c countri es U6ha nnesso n and La uma nn , 1993 ): th e 
HBY model (Bergs trom, 19 76; Szelthun , 1990), the NAi--f 2 
mod el (Go ttli eb, 1980; H olm and Ein a rsson , 1992), th e 
MB I mod el (Brai th\\'a i te, 1984) and a g lac ier mass­
ba la nce mod el d esc ribed b y Rc-ch ( 1991 ) a nd La um a nn 
and R eeh ( 1993 ). 

A d egree-d ay mod el was chosen for this a na lysis in 
prefe ren ce to a n energy-ba la nce mod el fo r the fo ll owing 
reaso ns: 
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I. The formula ti o n of th e mass balance in terms o f 
tempera ture a nd prec ipita ti on is ach 'an tageo us fo r 
simula ti ons of th e response o f' glacie r m ass balance 
to clim a tic changes, since clim a te scena ri os a re 
typi ca ll y g ive n in terms o f te mp er a ture a nd 
preci pi ta tion cha nges . Scena ri os 10 r fu tu re changes 
in clo udiness, cloud height, wind sp eed. rela ti\'e 
humidity a nd oth er \'ari a bl es whi ch a re ofte n 
required in energy-balancr mod e ls (Bra ithwaite 
a nd Ol esen, 1990b ; O erl ema ns, 1992 ) a re in 
genera l not ava il a ble . 

2. The use of energy-ba la nce mod e ls to compute 
glacie r mass ba la nce O\'e r whole ice ca ps or glacie rs 
ra ises d ifli cu I t ques tions a bou t th e va ri a ti on o f 
input d a ta a nd m od el pa ra mete rs ove r the a rea 
covered by th e ice cap or g lacie r (Bra ith waite, 
1992) . Exce pt fo r tempera ture, th e input d a ta a re 
in genera l not readil y ex tra pol a ted away from 

meas ure m en t loea ti ons. S i mil a r problem s a rc, of 
co urse, a lso encountered fo r d egree-d ay m od els but 
th ey a re not as se ri o us as fo r ene rgy-ba la nce 
model s. 

3. Energy-ba la nce mod els d o not seem lo p erform 
better lh a n d egree-d ay m od els in practica l hydro­
logica l a ppli ca ti ons w he n mode lling d a il y run-off 
on ca tc hm ent sca le (Bergs trom and o th ers, 1992 ). 

+. Degree-d ay coefTi cients show a hig h d egree of 
sta bility with time a nd across a wid e ra nge of 
difTe re nt climatic regimes (Braith wa ite a nd Olesen, 
1984, 1989; Bcrgs trom a nd others, 1992; Braith­
wa ile, 1992 ) . 

5. A d egr ee-d a \' g lac ie r m ass-ba la nce m o d el can 
benefit fro m lhe consid er a bl e practica l experi ence 
with simil a r glac ier (MB I ) a nd hydrological models 
(HB\" ~A~I2 ) whi ch has been built up in Den­
ma rk , G reenla nd . Ice la nd , l'\ orway a nd Swed en. 

6. Expe ri en ce from a degree-day mass-ba la nce model 
can b e used to impro ve ex istin g h ydro logical 
model s in pa rtl y glac ie ri zed ca tchm ents (Einars­
son a nd J 6 ha nnesso n. 199+) . 

The m ass-ba la nce mod el d e te rmin es the precipita ti on. 
snow acc umul a ti o n, melting o f sno\\' and ice, and re­
freez ing as a fun ction of a lt itud e bascd o n o bsen 'ed 
tempera ture a nd prec ipita ti o n a t a m e teo ro log ica l 
sta ti on. Th e to ta l a bla ti on , m ass ba lance a nd run-off 
can then be computed . Prec ipita ti on and tempe ra lu re on 
the glacie r a rc computed ass uming a lin ear p rec ipita ti on 
va ri a tion with a llitude and a constant tempera ture la pse 
ra te with a ltitud e. 

The modcl computa ti ons a re based on d a il y, m onthl y 
o r yea rl y prec i pi ta ti on \·a lu f's . Th e tem p er a Lure is 
specifi ed as a se ri es of d ail y o r monthl y m ean va lues or 
as a sinuso id a l fun ction with a peri od of' I yea r acco rding 
to th e fo llowing equa ti on 

where t is tim e sinee the beginning of the m ass-ba lance 
yea r (in days ) , A is the leng th o f th e yea r (in d ays ), TH is 
th e a\'C rage te mpera ture of th e yea r, and T eo a nd T.,j a rc 
coeffi cients. A sta ti sti ca l a pproac h is u sed in th e 
d etermin a tion o f th e numbe r of pos itive d egree-days 
a nd snow accumula ti on (see belo\\' ) when th e temper­
a ture is gi\ 'en as monthl y m ea n \'alues or as a sinusoidal 
fun ction . T e mpera ture dev ia ti o ns from th e monthly mean 
or from th e sinusoid al fun c ti on a rc ass um ed to be 
norm all y di stributed with a sta nd ard dev ia ti on IJ (cL 
Bra ith\\'a i te, 1984; R ee h, 199 1) . P recipit a ti o n is ass umed 
to be C\'enl y di stributed in time in th e sta ti sti ca l 
computa ti o n o f snow acc umul a ti on from m o nthly and 
yea rl y input values . 

Prec ipita ti o n on the glacie r is ass umed to fa ll as snow, 
if the tempera ture a t th e a ltitude in ques ti o n is below a 
spec ifi ed thresho ld . This thresh old is typically a bo ut I C. 
A wind co rrec ti o n with se pa r a te correction fac to rs for ra in 
a nd snow m ay be a ppli ed to th e precipi ta ti o n d a ta before 
they a re used in the mass-ba la nce computa ti o ns. When 
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th e tempera ture is spec ifi ed as monthl y m ean va lues , th e 

li'ac ti o n f of th e prec ipita ti on th a t fa lls as sn o\\' in a g i\ 'en 

mon th is g i\'en by 

(2) 

" ,here T is tempera ture, 1'., is th e ra in /snO\\' threshold 
tempe ra tu re and Till is th e monthl y m ea n tempera ture , 

Wh en th e tempera ture is specified as a sinuso id a l 

fun c ti o n , th c frac ti on of th e prec ipita ti o n th a t fa ll s as 

sno\\" in a g ive n peri od fro m day Dl to d ay D2 is gi\'(' n b y 

(3) 

\I' he re D = D2 - D J + 1 is th e peri od le ng th in days a nd 

Tc,(t) is g i\'en by Eq ua ti o n ( I ), T he frac ti o n f d etermined 
ri'om E q ua ti ons ,2) a nd (3) is eq ua l to th e fr act ion of th e 

peri od lI' i t h T < 1'." 
~le ltin g of sno\\' a nd ice is computed from th e number 

ofp os iti YC' d egree-d ays (PDD ), using difTc re nt d egree-day 

factors (a m ount ol' m elting pr r PDD ) fo r sn o \l' a nd ice (c r. 

Bra ithll'a ite a nd Ol ese n , 1989; R ee h , 199 1) , Wh r n th e 
tem pe ra t u re is spec i fi ed as month I) mean \ 'a l ues, PDD is 

gl\ 'en b y 

PDD =-- Tc '" _ <Y dT 365/12 1'')(; -(1'- 1' l'/(') 'l 
(J"f'iir () 

(4) 

where th e number o f d ays in a yea r has been di stribut ed 
c\'(' nl ), a m o ng the m o nths fo r sinlpli c it y , \ \ ' hen th e 

tempe ra ture is spec ifi ed as a sinuso id a l fun ct ion, POD is 

gi\ '(' n b y 

(5) 

Whe n th e snoll' thi ckn ess beco mes less th a n a spec ifi ed 

thresh o ld , the degree-clay lac tor is fou nd as a \I 'eigh ted 
;t\'(' rage o f th e degree-d ay facto rs fo r sn o w a nd ice , Th e 

reason fo r thi s is th a t th e snoll'-line is n o t a sha rp we ll ­

d efin ed line a t a ce rta in a ltitud e, R a ther, it represents a 

tra nsiti o n fl'Om a surface of clea n ice to a surface 

completel y covered b y sn oll', where pa tc h es o f clean ice 
a nd sno \\' will be mi xed, 

Th e m odel co m p ut cs th e a mount o f sto rcd meltwa tC'r 

or ra in (w hi ch may be fi 'ozen) by ass uming th a t th c 

sto ragc is a certa in (i"ac ti o n of' th e a m o unt o f rema ining 

sno\\', This frac ti on is sp ec ifi cd as a m od e l p a ra meter a nd 
is typi ca ll y be t\\'ee n 5% and 10% , 'This storage leads to a 

d elay in th c onse t of g lacie r run-ofl' with res pec t to th c 

start o f' melting on th e g lac ier, 

Th c a bl a ti on is de fin ed as th e nega ti\ 'C o f th e melting 

(of bo th snoll' a nd ice ) plus th e rcfrozcn a nd /or sto red 
liquid w a te r. Th e m ass ba la nce is th e sum of th e 
acc umu la ti o n and th c a bla ti on , Th c run-o IT from cach 

elenllio n o n th e g lac ie r is g i\ en as th e prcc ip ita ti on minus 
th c m ass b a la nce, 

Th e m od el compu tes mass ba la nce o ve r a spccifi ed 

time inte n 'al \I'hi ch is usua ll y whole o r p a rt 0 (' a m ass­
ba la nce year. A mo re d e ta iled desc ripti o n of th e mod e l 

has bccn g i\ 'en by J 6 ha nnesso n and o th e rs ( 1993 ) , 

MASS·BALANCE MEASUREMENTS AND MODEL 
CALIBRATION 

Th e mass- b a la nce mod e l calcu la tes to tal acc um ul a ti on, 

tota l a bl a ti o n a nd therefo rc the mass ba la n ce a t spec ifi ed 

eleva ti ons o n th e glacier surface bctween g iven d a tes, 

Thcse qua ntit ies a re no t a lw ays d irec tl y comparable to 

traditi o na l g lac icr mass-ba la n ce measurem c nts, I n ord er 
to ca librate th e model, using m eas ured m ass b a la ncc , it is 

import a nt to ta ke acco unt o f th c meas urem e nt d a tes a nd 

to co nsid c r th e exac t mcaning of th e \'a ri o us te rms in 

p ublished m ass- ba la nce d a ta (er. O strem a nd Brugma n, 
199 1 ) , 

Until 1975, m ass ba la n cc on r-,;i ga rd sbreen \Vas 

meas ured frequentl y during th e summer b y field assis­

ta nts, in o rd e r to obta in the b a lance a t th e e nd of th e 

stra ti g ra phi c b a la nce yea r , bo th in th e acc umu la tion a rea 
a nd on th e g lac ier tong uc , Th e pub lished fi g ures a re 

therefo re d e ri\'ed from m eas urements m ad e o n diITerent 

d a tes a nd a t difTcrent loca ti o ns on th e g lac ic r, I n la ter 

veal'S, th e same d a te was used o\'e r th c w ho lc g lacicr, 

a lthough ne w snO\\' lving o n th c summ cr su r facc was no t 
includ ed in th e summ er b a la nce, I n additi o n , \lint el' 

ba lance in th e a bla tion a rea was usua ll y m eas ured by 
probing rath c r th a n by sta ke measurem ents, such th a t 

melting of ice during th e pre\'ious a utumn (a fter th e 

summ cr- bala n ce meas urem ents) was counted as part o f 

th e summ c r b a la nce instead o f thc winter ba la nce , T hus, 

com pa ri so n o f m odell ed a nd m eas ured m ass ba la nce fo r 

Ni ga rd sbree n is complica tcd, 

Th e m ass b a la ncc of H o fsj okull a nd Q a m a na rSSL1JJ 
se rmi a is m eas ured betwce n known ca lend a r d a tes and it 

is th erefo re stra ig hrfo r\l'a rd to compare th e m od e l res ults 

with th e m eas ured summ er, w inter or yea r ly b a la nce , 

Th e purpose o f' mode l ca libra tion is to lind the se t of 

pa ra me te rs wh ich leads to th e sma ll es t pred ic tio n erro r 
wh en th e m ass ba la nce fo und b y the mod e l is compa red 

with th e a c tu a l mass - ba la n ce meas urc m e nts, \\'hen 

measurem e nts of both winte r a nd summ er b a la nce a re 

used, th e m odel is run in two ste ps, first (i'o l1l th e a utumn 
to th e sprin g a nd th en from the spring to the a utumn, in 

ord er to compute lVinter- a nd summer-ba la n ce va lues 

\I 'hi ch a re direc tly compa ra ble \I'ith th e m eas urements, 

For N iga rd sbreen, one sh o u ld id ea ll y use difTe rent d a tes 

for differe nt yea rs a nd difTe re nt a ltitud es and a djust th e 
computed b a la nce [or la te summer snowfa ll a nd m elting 

of ic during th e a utumn a ft er th e summ er-ba la nce 

mcas urem e nts, but therc a re practica l d iffi c ul t ies wh ich 

pre, 'ent us fro m ma king th is co rrec ti on (sec b e low), 

The m od e l uses a to ta l o f 13 pa ram e te rs when th e 

mass ba la n ce is computed from da il y tempe ra t u re and 

prec ip ita tio n d a ta (cr. J 6 h a nn esso n a nd o th e rs, 1993 ) , 
Some of th e p a ra meters a re kn own (i,e , th e a ltitud es o r 

th e ml' teo ro logica l sta ti ons) , Others a re g iven fi xed \'a lues 

whi ch a re n o t cha ngcd in the ca li bra tion , T h ese' a re the 

snow /ra in thres hold tem pera ture, th e ra in a nd sno\\' 

co rrec ti on facto rs, th e p rec ipit a ti on correc t io n a nd th e 

sta rtin g el eva t io n fo r th c prec ipita tion g ra d ien t, the 

th resho ld snow th ickn ess fo r b lend ing of th e d eg ree-d ay 
['actors fo r sn ow a nd ice , a nd th e refi'eez ing ra tio , Th is 

lea\'cs fo ur p a ra meters, i,e , th e degree-day facto rs fo r 
snow a nd ice , a nd the tem p e ra tLl re and precipitat ion 

gradi ents, wh ic h have to b e d e termin ed b y ca li bra ti on, 
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The sn ow/rain thrcsho ld has a simil a r va lu c ta th a t uscd 
in h yd ro logical mocl c ls in th c l'\ordic cou n trics. The \'al ue 
o f th c rc [reez in g r a ti o is chose n o n th e bas is o f" 
unpubli shed mcasurem ents of the liquid-\l'a ter conte nt 
a nd temperaturc of sno\l' in l'\ on\·ay . I t is simila r to th e 
h ydro logica ll y d e termin cd ra ti o whi ch is used in th e HB\ ' 
model in Swed en and N orwa y. Th e \ '<lIu es of thc fi xed 
m od el pa ramcters fo r th c three glace rs a re gi\"Cn 111 th e 
ta bl es in the fo 11 o\l'i ng sect ion . 

Thc model pa ram etcrs \\'hi ch a rc considered 111 th e 
ca libra ti on a rc d e termin ed by running th e model fo r a ll 
years within th e calibra ti on peri od , a nd findin g th e 
para m eter \'a lu es \I'hi ch minimi zc th e sum of squ a res o f" 
th e res idua ls, i. e. th c differenccs be twccn the m odel 
o utput a nd th e m eas urem ents for cve ry yea r. Th e 
minimi za ti on is ca rri cd o ut itera ti\'ely using a non-linea r 
least- squ a res rout inc (nls) which is a part o[the sta ti sti cal 
pac kage S (C ha mbers a nd Hasti e, 1992) . This ca libra ti o n 
procedure is somewha t difre rent from th e meth od uscd by 
La uma nn a nd R eeh ( 1993 ) for Niga rdsbreen. Th c la tte r 
is based on a compa ri son of th e a ve ragc computed 
accumul a ti on a nd a blation with a \'e rage measllrrrl winte r 
and summer balances . Howc\'e r, in th c me th od d esc ribed 
here, th e mass ba la nce \I'hi ch correspo nds to th e m ass­
ba la nce measure m en ts (win te r, sum m er or yca r ) is 
computcd direc tl y. Furtherm ore. th e yea r-ta-yea r I'<:U­

ia bility o[ th e mcas ured mass bala nce is explicitl y con­
sid ercd when th e best m od el param etcrs a rc d etermined. 

Th c computed summer ba lance is d ependent on th e 
d egrcc-d ay fac tors and o n the tempera ture gradi ent, but 
th ey a re re la ti\'e ly in sc nsiti\'e to th e prec ipita ti o n 
gradient. The computcd \I·intcr ba la nce, on the o th e r 
ha nd , is mos t sensitive to th e valu e o f' th e precipita ti o n 
g radi cnt. Th e d egree-d ay fac tors a nd th e tempera lUre 
g radi ent for l'\igardsbree ll a nd S ~ltuj o kull are fo und b y 
minimizing the residu a ls in the summ er balance a fi e r a 
suitabl e \'a lue of th e prec ipita ti on g radi ent has been 
(o und. The prec ipirati o n gradi ent is d e te rmined by tri a l 
a nd error. prim a ril y o n th e basis of th e \I'inter-ba la nce 
measurements. This is d one in ord er to pre\'Cnt undes ir­
a ble effec ts from erro rs in th e predi c ted \I·inter bala nce o n 
th e d egree-d ay fac tors a nd th e tempera ture gradi ent. F o r 
Qama mlrSS llp sermia , yea rl y mass-bal a nce measurem e nts 
a re used fo r simplicity a nd the precipitatio n g radi elll is se t 
to ze ro based on sca tte red winter-ba la nce measurem ents 
(pe rsona l communica ti o n from R .J. Bra ithwaite). 

RESULTS 

Satujokull, central Iceland 

~Iass-ba l a n ce meas urements halT been carried o ut o n 
Sa tujo kull by Orkustofnun sincc 1988 (Sig urosson , 1989, 
1991 , 1993 ). The mod el compu tati o ns a re based on tem p­
eraLUre a nd precipita ti o n measurem ents a t H\T ra\'e llir 
(64°52' 1'\ . 19-34' \\': 641 m a .s.l. , abo ut 33 km fi'om th e 
glac ie r ) . Da il y meteorolog ical measu re men ts at H verav­
elli r a re a \'ail a bl e fi 'om th e I ce la ndi c ~ [e teo rologiea l 
Institute from 1965 . D a ta fi'om th e fi\ 'C mass-ba la nce 
years 1987 88 to 199 1- 92 a re used in th e analysis be lo w. 
The spring a nd a utumn mass-ba la nce m easurements o n 
Satujo kull a rc carri ed o ut between 10 a nd 20 :-'la)' a nd 
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between 10 a nd 30 Scpte mber each yca r. For simpli city, 
the sta rting points of th e winter and summer seasons in 
the comput a ti ons a re put equal to I O cto ber and I \[ay 
for a ll yea rs. 

The fi xecl mod el pa ra m e ters for S{l tuj o kull arc gi\'en 
in T a bl e I. 

Table 1. Fired //lodel jJammelersJor Sdtllj6kull 

Parameter 

Sno\l-j rain thres hold 
Rain-correc ti on facto r 
Sno\l'-co rrec tion fac tor 
Prec ipita tio n-correc ti on fa c tor 
Snow thi c kn ess used in 

degree-d ay computa ti o ns 
R efreez ing r a tio 
Elenltio n o f tempera ture sta ti on 
Ele\'a ri o n 0 [' precipita ti o n station 
Starting e le\ 'a ti on fo r 

prec ipitati o n gradi cnt 

"\ 'ame 

tsn 
rko 
sko 
pko 
SIS 

rfr 
{>It 

elp 
clq 

['a III e 

1.0 
1. 32 
2.0 
0 .5 
0 .3 

0.0 7 
64 1 
6Llc I 
880 

C"it 

vC 

m w. e. 

m a.s. l. 
m a .s.1. 
m a .s.1. 

The ra i 11- a nd snow-correction fac tors rko a nd sko a rc 
the rccomm ended \'a lues fo r th e meteoro log ica l sta ti on a t 
H\ua \T llir (Sigurosson , 1990) . The sta rting e\eI'a ti on fo r 
the pree i pi ta ti on gradi ent com puta ti ons elq , is chosen 
equ a l to th e lowes t e lev a ti on on th e g lacier. Th e 
prec ipit a ti on co rrec ti o n pko is used to compute the 
prec i pi ta ti o n a t th is cl e \ 'a ti on [rom th e co rrcc ted 
prec ip ita tio n a t Hve ra \ 'Cllir. Th e \'a1ue of pko was 
chosc n b y compa ri so n o f prec ipit a tion d ata [ro m 
H\'era \'e llir a nd meas ured winter bala nce a t th e lowes t 
d e\'a ti o ns on the glac ie r. 

Th e ca libration of th e d egree-day fac to rs a nd the 
tempera ture gradient was ca rri ed out first for each of the 
5 yea rs, indi\·iclua ll y. Th e p a rameter es tim a tes showed 
consid era bl e sca tt er. A sp ec ia l case \I' as the cs tim a ted 
d egree-d a y fac tor fo r snow for th e m ass-ba la nce year 
19909 1, which was O. Olm\o\' .e . C I d I, la rger than the 
d egree-day fac tor for ice, 0 .007 m w. e. °C- I d I a nd a lmos t 
t\l'ice as la rge as the es tim a ted d egree-d ay fac tor fo r sno\l' 
for the o th e r years. Th e g lacier was cO\'e red by blac k as h 
from a n eruption from -r-.1oul1t H ekl a during this yea r. 
The as h g rea tly increased th e melting of snow, beca use of 
the reduced a lbedo of lh e snow surface . The melting of 
the ice, o n th e o ther ha nd , was not a free ted to the sam e 
extcnt , because the as h was quickl y was hed o ff the smoo th 
ice surface . The da ta from the mass-ba la nce yea r 1990 91 
were th e refore no t used in th e re m a ind er o f" th e 
ca libra ti on. 

The prec ipita ti on g ra di e nt \I 'as d e termin ed as 55% 
per 100 m. The dcgree-d ay fac tors a nd th e tempera ture 
gradi ent w ere determin ed by minimi zing th e res idu a ls 
(i'om th e summer-b a la n ce m easurements. The bes t-fil 
pa rame ters a re gi\'C n in Tabl e 2. 

Th ese pa ra meter \'a l ues expla in 95% of th e \'a ri a nce 
in the m easured summ er ba la nce of Sa tujo kull a t th e 
indi\ 'ic\ual ele\'a ti ons, but o nl y 42% of th e va ri a nce in th e 
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Table 2. Bl'sl-ji1 /Jarrl/lleler 1'(I/II{,.\ delerlllined .from Ihe 
measured JlI/l/lller alld wi'ller ba/ana of Sdlllj6kul! 

Parallleler 

D egree-d a y f~lC'lor ror ice 
D egree-da\' ranor lill- sno\l­

T empera turr lapse ratr 
Pree i pi ta (i o n /d el'a [i on 

grad ienr 

Residual \ 'a ri a ncc 
R esidu a l s tand a rd error 

. \ (1/111' l 'alue L 'nil 

dd i 0.0077 m\l-.e. C I d 

dds 0.0056 m \Le. Cid 

gn 0 .53 c: p er 100 m 

grp 0 . .55 I pe r 100 m 

.) 

0. 13 
. ) 

(]"~ - m - \I·.C. 

(]"~ 0.37 m\l-.e. 

I 

I 

\I'inter-bala nce measurem c nts. Th e es timated d cgree- c\a~ ' 

ractor ror sn o\l' is cons istc ll t \I-i t h pre\ 'io us cs tim a tt's or 

deg rce-day f~leto rs fo r sno\l in Iceland (0.00+ 0.010 III 
\I-.e. Cid I. c r. Bcrgst rii lll a nd ot he rs, 1992 1. a nd 

so mew ha t hi g her than in Scandina\'ia (0.0018 0.005m 
w.e. Cid I, cl. Bergs trii m and o thers, 1992 ). Th e 

cs tim ated d egree-d a\' factor fo r ice is simila r to \'a lues 
determin ed 10 1' glacicrs in \\'est and north eas t Greenland 
10.0077 and 0.009+ m \I-.C. c: 1 d I. cr. Bra ith\l'ai te a nd 

Olese n, 1989; Boggild and oth ers, 199+) . 

Fig urc I Cl c shows measured a nd computcci mass 

balancc fo r the [i\ 'c mass-bal a nce yrars. Thc parameters 

in T a bles I a nd 2 arc Ll scd fa r all th e yea rs. Fig ure I I' 
sho\l's th c aI'Cragc or the mass ba lance mcasurcment s f(lr 
th e fo ur m ass-ba la ll ce \TarS 1987 B8, 1988 89, 19B9 90 

and 199 1 92, toge th er \I'ith th e com putcci m ass balancc 

using th e mean \'Carly prec ipit a ti o n and a sinu so id a l 
rcp rese ntati o n or th e tem perature reco rd at l-h 'era\ 'C llir 

fo r th e sa me I-ears. The sta nd a rd d e\' iati on o r th e temp­

erature d Cl' iation s fi 'o m th e sinu so id a l temperature 

ap proxima ti o n was chose n as (7 = 3.32C. based o n thc 

s tandard d e\' iati o n of measured temperature d eyiati ons 

from the sinuso idal run ction dUI-ing the melting seaso n 

(\fay- Septcmbe r ) . Th e fi gu res sh o\l' th a t the \ 'a ri a tion of 
the summer ba lan ce \I 'ith elc\ 'a ti o n a nd bct\l'Cen years is 

in ge nera l \I'e ll exp lained (excep t ('o r 1990 9 1) . Y ea r-t o­

year nUCluations in the \I·inter bala nce arc. on the ot her 

hand , not \I-ell ex plain ed by th e m od e l and th e \ 'ariat io n 
of th e \I-inter balance \I'ith e1n'a ti o n is Il ot \lTII predicted. 

This is probably due to the la rge spatial I'<l riabilit y in 

prec ipit at io n. The minimum in the \I·in ter bal ance 

arou nd 1000 m a .s .1. is ca usrd by \I'ind transport of snO\I­

which cannot b e ex pla ined b\· th e linea r increase of 
precipitation with ele\'ation used in the Illodel. The 

parameter se t o f Table 2 leads to an und crcstim a te in th c 

SUlllmer melting fel r th e year 1990 9 1 when the g lac ier 

\I'as co\'Cred by as h . . \ be tter lit \I'as o bta ined using an 

in creased degree-day filctor f(lr sno ll' \clds = 0.009m 
w .e. Cid I ) a nd a hi g her \ 'a lue or th e precipitation 

grad ient ' grp = 90'% per lOOm ) fix thi s year and th e 
res ults arc show n as dashed c UI'\'es in Figure I d. The 

aI'C'!'ageres ults for th e+\-ea rs 1987 88. 198889, 1989 90 
and 199 1 92 ( Fi g. I f) arc bett('!' than for th e incli\ 'idu a l 

~'('ars .. fo r bo th th e sumlll er and th e \I·int er ba lan ce. 

Fig ure 2a sho\l's it scatter diagram of th r measured 

a nd comput cd mass ba la nce or S<1tujokul l {'o r th e mass­

b a lance yea rs 1987 BB, 1988 89, 1989 90 a nd 199 1 92. 

Fi gure 2<1 sho\l's the \ 'a ri a ti o n o f the ma s,., bal a nce w ith 

c1e\ 'a li on a nd rrom ),ea r to ~Tar Oil th e g lac ie r. The 
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Fig. 2. Measured and computed mass balance o[ Sdtujokullfor tlte mass-balance years 1987 88, 1988- 89, /989 90 alld 
/99J- 92. (a) I,,'in/er (6), Slllnmfr (0) and year01 (+) mass balance oJ individual years at eaclt elevation . (b) 
Elevalion-averaged values Ja r each year. 

summ er-ba la nce values show a large spreading a nd a re 
well predi cted by the mod el (m od el exp lains 95% of 
\·a ri ance). The winter-ba lance valu es show much less 
spreading, a lth ough simi lar d evia tions from the diagonal, 
a nd the mod el performance is th erefore worse (model 
exp la ins 42% of va riance) tha n [or the summ er ba la nce. 
Fi gure 2b shows th e mass ba la nce ave raged ove r all 
eleva ti ons, in order to assess the a bi lity of th e m odel to 
explain yea r- to-yea r mass-ba la nce va ria tions on th e basis 
of yea r- to-yea r tempera ture a nd p rec ipita ti o n nuct­
ua ti ons. It is seen tha t the summer-ba lance vari a ti ons 
a re ra th er we ll predi cted by the model (mod el exp la ins 
79% of \·a ria nce ). Yea r- to-year variations in the win ter 
ba lance a re mu ch sma ll er and a re no t well pred icted by 
the mode!. It should be born e in mi nd th a t the abO\'e 
res ults for Sa tujoku ll are based on measurements from 
only four mass-balance years. 

Nigardsbreen, southern Norway 

M ass-ba lance m eas urements h ave been carried o ut on 
N iga rdsbreen b y NVE since 1962 (No rges Vassdrags- og 
Energivork (NVE), 1964-9 1) . Th e model computa tions 
a re based on tempera ture a nd prec ipIta ti on m easure­
ments a t Bjorkehaug (6 1°40' N , Or I8/ E, 324 m a.s. !' ) 
a bout 5 km from th e glacier. D a ily meteo ro log ica l 
measurements a t Bjorkeha ug a re ava ilable fro m the 
N orwegian M eteorologica l I nst itute (DNM I ) fo r a ll 
years sin ce th e mass-ba la n ce m eas urem e nts we re 
sta rted , with th e exception of pa rts of the mass-ba la nce 
yea rs 198 1- 82 a nd 1982- 83 . D a ta from the mass-ba la nce 
years 1964-65 to 1980- 8 1 a nd 1983 84 to 1989- 90 (a 
to tal of 24 years) arc used in the ana lysis below . 
Previously publi shed values from below 550 m a .s.L were 
no t used , as they a re based on a n ex trapolation below the 
lowes t measurem ents. 

Th e ma s-b a la nce meas urem ents we re m a d e on 
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differ ent da tes on different parts of th e glacier in ma ny 
years. Accura te inform a tion about th e meas urement d a tes 
is lacking in many of th e mass-ba la nce reports from NVE. 
It has not been possible to acco unt fo r thi s problem with 
the m easuremen t d ates . ' Ve have th e refore defin ed th e 
sta rting points of th e winter and summer seasons as 10 
September and 15 M ay for all years. Th ese da tes are less 
th a n 2 3 weeks in error for mos t yea rs, but can be up to 2 
months in error in some years . 'Ye h a \'e experimented 
with different d a tes fo r th e years w here acc ura te 
meas urement da tes a re a \'a ilab le a nd have found th a t 
the m odel output is signifi cantly im proved in some cases. 

T he fi xed-mod el pa rameters fo r N igardsb reen are 
give n in T able 3. 

Sca llered tem pera tu re measu re ments carried ou t o n 
the tong ue of Nigardsbreen a t th e sam e eleva tion as the 
Bjorkeha ug meteo rological sta ti on, gi ve betwee n 10 a nd 
2°C lower tempera tures th an at Bjo rkeha ug. This is ta ken 

T able 3. Fixed-model jJarameters Jar Nigardsbreen 

Parameter 

Snow/ra in thres hold 
R ain -correc tion fac to r 
Snow-correc ti on fac to r 
Precipi ta tion-correc ti on factor 
Snow thickness llsed in 

d egree-day computa tions 
R efr eezi ng ra ti o 
E leva ti on of tempera ture stati on 
E leva tion of prec ipita ti on sta ti on 
Sta rt ing eleva ti on fo r 

p rec ip itation grad ient 

}\'ame Value Unit 

tsn 
rko 
sko 
pko 
sis 

rCr 
ell 
elp 
elq 

1.0 
1. 1 
1. 2 
1. 0 
0.3 

0.07 
124 
324 
324 

°C 
1 

m \\·.e. 

m a.s. 1. 
m a.s. !. 
m a .s. !. 
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into acco unt by 10\l'ering th e eiel'a ti on o f the tempera ture 
sta ti on in the computa ti o ns by 200 m. The ra in- and snoll'­
co rrec ti o n facLO rs rk o a nd sko a re simi la r to th e defa ult 
va lues in th e Norwegia n l 'C rsion of th e HEV model. 

Th e prec ipira ti on g r a di ent II'as fo und b y using th e 
(\\'e rage w i n ter ba lance fo r a ll 24 yea rs a nd d e termin ed LO 
be 9% p e r 100 m. The d egree-d ay fac tors a nd th e 
temper a ture g radi ent were determin ed by minimizing 
th e resid ua ls from th e summer-ba la nce m easurements. 

The bes t- fir pa ramete rs a rc gi"en in T a b le -I-. 

T able -1- . Besljit jJarameler l'a/lles delerlllined ji-Olll the 
measured SlI mlJler alld willler balal/ce 0/. \ '([{ardshrew 

Parameler ,\ 'alJle T'allle C l/it 

Degree-d a), fac tor fo r ice ddi 
D egree-d ay facror fo r sno w dds 

0.006+ m II. e . Cid I 

0. 0044 m w.e. Ci d I 

T emper a ture la pse ra te grt 0 .58 ' Cper lOOm 

Prec i pi ta ti o n /e lenl tio n grp 0 .09 I pe r 100 m 
grad ie n t 

R esidu a l \'a ri a ncc 
Residu a l s ta nd ard erro r 

(J~2 0. 39 

(J~ 0. 63 nl w. e. 

Th ese pa ramete r \'a l ues explain 9+'Vo o f th e \'ar ia nee 
in th e m eas ured summe r ba la nce and 67'Yo o f th e va ri a nce 
in th e winte r ba la nce a t th e indil 'idu a l el eva ti ons. Th e 
es tim a ted d egree-d ay [ilClors a re co nsis te nt \I'ith th e 
res u l ts o f prev io us s tudi es (;\fo rges \ 'assdrags- og 
En erg i\'o rk (NVE ), 196+ 9 1; Furm y r a nd T oll a n , 
1975 ). Th e d egree-d ay fac tors used in La um a nn a nd 
R eeh ( 1993 ) (0.0055 m w. e. cC I d I fo r ice a nd 0.00+ m 
w. e. oC I d I fo r snow ) a rc slight lv lower th a n fo und here, 

beca use th ey halT no t lo wered th e eiel 'a tio n of Bjork e­
ha ug . Th e es tima ted tempera ture g radi ent of 0.58 C pe r 
100 m is in good agreem ent with th e g r a d ie nt es tima ted 
fi'om te mpe ra ture meas urements on th e g lac ier tongue 
a nd a t S te inm a nnen (6 1 + I' N. 07 08' E , 163+ 111 a .s.I. ) . 

F ig ure 3a a nd b sh o ws th e m eas ured a nd th e 

a 
a 

::?~ 
vi 
cda 
E~ 
-T""" 

c 
.Q a 
(Ba 
>a 
(l)T""" 

iIi 
a 
a 
<D 

1965-66 

-10 -5 

1980- 81 

(a) 

o 5 -10 -5 

computed m ass ba la nce fo r two of th e 24 m ass-ba lance 
yea rs using th e parameters g i\'e n in T a bles 3 a nd 4 for 
both year s. F ig ure 3a shows on e of the six bes t yea rs 
( 1965 66 ) a nd Fig ure 3b sho ws o nc of th e six wo rst yea rs 
(1980 8 1) . Fig ure 3c shows th e al'e rage o f' th e m ass­
ba lance m eas urements fo r a ll 24 m ass-ba la nce vea rs 
toge th er with the computed mass bala nce using th e 
mean yea r ly prec i pita ti on a nd a sin usoida I re prese n ta ti on 
of th e tempe ra ture record a t Bjork eha ug fo r th e same 
yea rs. T h e s ta nd a rd d el-ia ti o n of th e te m p e ra tu re 
d e\'ia ti ons fro m th e sinuso id a l tempera ture a pprox ima­
ti on \\'as c hosen to be Cl = 3. 12°C, based on th e sta nd a rd 
dCl' ia ti on o f' m easufed tempel-a ture del'ia ti u ll s fro m th e 
sinuso ida l f'un c t ion during th e melting season ( l\·lay 
September ) . Thi s fi gure sho \I's th at th e I'a ri a tion o f th e 
summer a nd \I·in ter ba la nce with elel'a ti on is in general 
\\'ell ex pl a in cd. 

Fig ure 4 sh o ll's sca tter di ag ra ms of th e m casured a nd 

computed m ass ba la nce of N iga rdsbreen simil a r to Fig ure 
2 for Sa tuj o ku ll. The qua lit y o f th e mod el pred ic ti on of 
the summ er ba la nce a t the ind il" idua l clenui o ns in Figure 
4a (mod el ex pl a ins 9+% ofl 'a ri a nce) is simi la r to th a t fOf 
Sa tuj i:i ku ll a nd th e predi c ted winter ba la nce (m odel 
expl a ins 6 7°/., o r I'a ri ance ) is be tter th a n fo r Sa tujok ull. 
The e!e" a ti o n- al'C raged I'alues in Figure 4 b sh o w th a t th e 
model is a b le to ex pla in :'ear·- to-year summ e r-ba la nce 
I'a ri a ti ons o n th e basis or yea r-to-yea r tempera ture and 
prec ipit a ti o n fl uc tu a ti ons reasona bly well ( the m od el 
ex pla ins 62% of I'a ria nce ) but yea r-to-yea r winter­
ba la nce I'a ri a ti o ns a re no t so well predi cted ( th e m odel 
ex pl a ins 48 % o f' I'Clr ia nce ). 

Qarnanarss iip serrnia, West Greenland 

T he mass-ba la nce da ta fi 'om Q a ma na rssLlp se rmla a rc 
from 14· "centre- line" sta kes fro m th e mass-ba la nce yea rs 
1979 80 to 1986 87 and spa n th e elel'a tio n ra nge 110-
14 10 m a .s.l. l\1i ssing mass-ba la nce d a ta a re es timated by 
a sta ti sti ca l procedure using d a ta from th e o the r sta kes 
(perso na l communicati on fro m R .j. Bra i th wa i te ) . T he 
mass-ba la nce year ex tend s fro m I September LO 3 1 
A ugust. Th e m od el computa ti o ns a re based o n month ly 
tempera ture a l 'C rages computed from tempera ture meas­
urement s a t Qam a narSSLIJ) sermi a Base Ca mp (64°29' N , 

a 
a 

Average 
co 

a 
a 
'<t 

a 
a 
a 

(c) : a 
a 
<D 

o 5 -10 -5 0 5 
Mass balance (m w.e.) Mass balance (m w.e.) Mass balance (m w.e.) 

Fig. 3. il l easured (sJlmbols) and cOlllpuled (solid wI1'es) mass balal/ce (willter (6.) . summer (0) and )lea,. (+ )) al 
}'/igardsbl'een fo r the mass-balal1ce years 1965 66 and 1980 81 alldlor the average 0/ Lite years 1964 65 la /980- 81 and 
1983- 84 la /989- 90. M odel jJaramelers are lite same/OI' aLl the)'ull's (if. T ables 3 and 4). 
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49°29' W , 760 m a.s .I. ) . i\Iissing tempera ture va lu es a re 
es timated from tempera tures a t Nuuk /Godtha b, a bo ut 
150km away from Q a man<l rssLlp se rmia (Bra ith\\'aite a nd 
Olesen, 1993). The mass-ba lance and tempera ture m eas­
urem ents were ca rri ed o ut by th e Geo logica l Survey of 
Greenla nd (Gronlands geo logiske und ersogelse, GG U ) 
(Braithwaite and Olesen, 1989; Olesen a nd Braith waite, 
1989) . 

Th e mass-ba la nce model is d eri\'ed for tempe rate 
glaciers a nd ice caps . Th e Greenland ice sheet is. o f 
course, not temperate. Howe\'e r, the mass-balan ce d a ta 
from Q a mana rss up sermia come from the ab lation a rea o f 
the ice shee t, wh e re intern a l acc umulation is no t 
partic ul a rly importa nt due to the hig h net ablation. 

The degree-day computations are based on monthl y 
temperature averages ass uming tempera ture de\ 'ia tions 
[i-om the monthl y mean are norma ll y di stributed wi th a 
standa rd de\' iation (J . The stand a rd dCl'ia ti on of th e 
temperature devia ti o ns was chosen as (J = 3.5°C. The 
d egree-d ay co mputat io ns a bo\'e for Sat ujokull a nd 
N igardsbreen were, howeve r, based on daily temper­
a ture data. J 6hannesson a nd others ( 1993 ) showed that 
d egree-day sums computed from da il y tempera ture data 
with the \fBT model a rc consistenr \\'ith degree-day sums 
computed from monthl y temperature da ta (cr. Brai th­
waite, 1984) and that th e degree-d a); sums are not 
sensiti\'e to the exact va lue of (J used. 

Accumulation or winter ba lance data a t th e stakes o n 
Qama na rss up sermia is not avai la ble . Winter-ba la nce 
measu rem ents for s takes at 1200 a nd 1410 m a.s. I. , 
togeth er with measured precipita ti o n a t :'-Juuk/Godth a b 
a nd m eas ured summ er prec ipitation at th e Qaman arSSLI\) 
se rmi a base camp, indica te that th e yea rl y precip ita ti o n 
on th e glacier is between 0.5 and 1.0 m \\·.e., \\'ith li ttle 
g radi ent with elevation. A fi xed va lue of 0.7 m w.e . fo r th e 
yea rl y prec ipitation with uniform di stribution between 
the mo n th of the yea r is used in the m odel compu ta tions. 
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Other valLl es of th c preCI pitation did not signifi cantl y 
a nec t th e calibrated \'a lu es of the tempe ra ture gradient 
and th e d egree-day facto r lo r ice . Va ryin g the precip it­
a ti on fi-om yea r ra year, based on I'ari a ti on in the 
measured precipi ta ti on a t N 1I11k /God th a b , turned a ll t ra 
halT lit t le eITec t o n the model ca libra ti o n. Wind 
correction for snow or rain is not uscd a nd ze ro 
prec ipita tion grad ient with ele\'ation is specifi ed . The 
fix ed mod el parame ters for Q amana rSSLIJ) sennl a a re 
given in T a blc J. 

Th e mass-ba la nce measurements (Fig. 5) exhibit 
considerable loca l deviations from a smooth variatiol1 
with e1e\'a tion , ma inl y du e to sys tematic spa ti a l \'a ri a ti o l1 s 

Tab le 5. Fi,led-l1lodel/JaramelersIor Qjll1lallarsslljJ sfrmia 

Parameter ,\ ame Value CI/il 

Standard d e\'ia tion of sgm 3 .5 °C 
tempera ture devia tions 

Snow/ rain threshold tsn 1.0 QC 

Prcci pi ta tion /ele\'a tion g radien t grp 0.0 I per 
100 m 

R ain correction facrar rko t I 
Snow correction factor sko t I 
Precipitation correct ion factor pko t 

Sno\-\' thi ckness used i 11 sis 0.3 m w.c . 
degree-d ay computa ti o ns 

R efreez i ng ra ti o di- 0.07 
Eleva tion of tem pera ture s ta tion el t 760 m a.s. 1. 
Elevation of precipita tion station elp t m a.s. 1. 
Starting e leva tion for elq t m a.s .l. 

prec i pi ta ti on gradi ent 

t not used. 
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Fig. 5 .. 1 Jea.lllred .I'ear(J' mass balal/ce (+ ) alld (ani/jutI'd )'Nl/'{J' aCCllmulalioll. II/as.\ ba/allce and ab/alioll (solid alld 
dashed ClfIN.I) at Q.amallrirsJ 11/J sermia .fin lite maJJ -balallre J ean /980- 81 alld /983- 8-1 alld /01' t/ie a1'erage qI lite ),ean 
1979 8010 /986 87. illode/ /)({1alllele rs are l/ie .lame Jar all t/ie)'ears (if Tables 5 alld 6) . The solid ml1'es (oITes/JOlld 10 

l/ie /Jarameler sel ill T able 6 deril'ed Jrolll mass-balallce dala ill lite e/ellatioll mllge 370 /.fIO 11/ a.s.l. The d{/.\/ll'd CUFl'es 
cones/Jolul to t/il' besl-Jit jJarameter set ll'hen /Joillls befall' 370 m a .. l.!. are illcllfded. 

In th e acc umula ti on o \-e r th e ice shee t whi ch can in so m e 

cases b e ex p la in ed b y the loca l g lac ie r la nd sca p e 

(perso na l communi ca tio n from R .J. Bra ith \\·a ite l. Be lo,,' 

a bo ut 370 m a.s .l. , th e meas uremen ts show zero or e\ 'e n 

sli g ht ly nega ti n' mass -ba la nce g radi ent with elenll io n 
o\'C r a n ele\'a tion ra nge o f a bout 300 m \yhich m ay to 

so m e ex tent be ca used b y local ach-ec t io n o f cold a ir fro m 

a reas adj ace nt to th e lower pa n s of' th e g lacier (perso n a l 

eommuni ca tion f'mm R.J. Bra ith\\·a ite ) . This f('a ture o f 

th e m ass-ba la nce p ro file canno t be ad equ a tely model led 

by lin ea r prec ipit a ti o n a nd tempe r a ture g radi e nt s . 
I ne lud ing th e mass- b a la nce measurem ents beloll' 3 70 m 

a .s.1. in th e mod el ca li bra ti o n leads to a se t o f' unrea lis ti c 

mod e l p a ra meters whi c h g rea th' und e res tima te th e m ass­

ba la n ce g radi en t a bO\'C 370 m a .s. 1. Ub h a nn esso n, 1993 ). 

Since th e O\'era ll sha pe o f th e mass-ba la nce profile a bo\'(' 

370 m a .s.1. is cha rac te r ized by a re la ti\T ly mono LO n ic 
inc rcase of the ne t ba la nce \\'i th eleya tio n (c l'. Fig. 5 ), th e 

ca libra tion procedure was pe rfo rm ed fo r d a ta in th e 
e le\'a ti o n ra nge 370 14 10m" .5. 1. Th e res u lts o f' thi s 

ca libra tion a re g i\'l' n in T a ble 6. 

T hese pa rame te r \ 'a lues rx pla in 84% of th e \'a r ia n ce 

in th e m easured yea r ly ne t ba la nce a t th e ind ividu a l 

elenlli o ns a bO\T 370 m a .s. 1. The pa ra m e ter I'<llues in 
T a ble 6 a re in fa ir ly good agree ment \\'ith th e average 

deg ree-d a\' f~lc t o rs es t im a ted by Bra ithwa ite a nd O lese n 

T able 6. Best:!;t /)a rall1elers delermilled/rom the measured 
) 'ear(J' lIet balal/ce il/ the e/emlioll ral/ge 370 1-1/0/11 a.:, .I. 
017 Q.amalliirs.fli/J sel'mia 

Parameter , \ '(llI/e l 'allle Ullit 

Deg ree-d a y fae to r fo r iee dd i 0 .007 3 C I d m w.C . 

D egree-d ay fae to r fo r sn ow dds 0.0028 m w .e . "C I d 

T empe ra ture la pse ra te O' rt 
to 0.66 cC per 100 m 

Res id u a l \'<I ri a nce (Ib 
2 0 .5 '1 m- \\·.e . 

Residu a l sta ndard e rro r (Ih 0.7 m w.e. 

I 

I 

( 1989 , 199:1 ) f'rom mass- b a la nce measurcm e nt s a t sta ke 
75 1 close to Base Cam p, w hi c h a re 0.0077 m \\'.e . vC I d I 

a nd 0 .0079 m \\ . e . c: I d I, res pec [i\T ly. I'o r ice a nd 

0.0023 m " '.e. Ci d I for sn o \\' . 

Figure 5a a nd b sho \\ th e measured yea rl \' mass 

ba lance an d th e compu ted yearl y acc umu la t io n , a bla ti on 

a nd mass b a la nce for [ WO of' th e eight m ass-ba la nce yea rs 

using th e para m cters g i\'e n in T a bles 5 a nd 6 . The mod e l 

res ults fa r 1980 8 1 Fig . 5a ) a re th e bes t fo r 8 yea rs a nd 
th e mod e l res ults for 1983 8 1· \ Fig. 5b ) arc th e \\·o rsl. 

Fi gure 5c sh ows th e ayc rage o f' th c m ass -ba la nce 

meas urcm e nt s fo r thc e ig ht m ass-ba lance yea rs, togdh er 

with th c co mpu tecl yea rl y acc um-u la ti o n . a b la ti on a nd 

mass ba la n ce based on th e a\'(' rage monthl y tempera ture 
a nd prec ipita tion for th e sa m e yea rs. ( Fi g ure Se a lso 

, holl's the m od el res ults corres pondin g to b es t-fit mod e l 

pa ra me te rs w hen d ata be lo \\' 370 m a.s .1 a rc inc lud ed .) 

Figure 6 shows sca tte r di ag ra ms of' th e m cas ured a nd 

computed yea rl ~ ' mass b a lan ce of Q a m a n tlrSSlIjJ se rmi a 
simi la r to Fig ures 2 a nd 4 f(l r Sa tujokul l a nd Niga rds­

bree n. res p ec ti\'l· ly. Th e q u a li ty of th e model p redi c tion o f' 

th e yea r ly ba la nce in Fig ure 6a (the mod e l ex p lains 84°/.1 

o f \'a ria nce ) is sli ght ly wo rse tha n shown in Figures 2a 

a nd 4a fo r [h e summ er ba la nce or yea rl y ba lance o f' 
Sat ujoku ll a nd :'oJi ga rd sbree n , respecri\·e ly. Th e e!el'a ti on­

a \'(' raged \ 'a lu es in Fig ure 6 b sho\\' th a t the m od el is a b le 
to exp la in yea r-to- year va r ia ti o ns in the m ass ba la nce on 

th e basis o f' yea r-to-yea r te mpera ture flu e tu a t io ns reaso n­

a bh' wel l ( the m odel ex p la i ns 69% of' n ni a nce ) . 

PARAMETER STABILITY 

An impo rta nt q ues tion with rega rd to m od ell ing o f' 

clima te e h a nges is whe th e r mod l" l pa ra m e te rs d eter­
min ed fro m lh e current c lim a te ca n be used to pred ic t 

cha nges assoe iat ed with a cl ifTc rent clim a te . T he glac ier 
mass-ba la nce mod el used h e re reprodu ces la rge \'a ria tions 

in th e m ass ba la nce \" ith e le \ 'a tion and fi'om yea r to yea r 

using th e sam e pa ram eter se t. T he tempe ra ture change 
o\,er th e a lt it ud e ra nge o f th e g lae iers is mu eh grea te r 

than th e ex pec ted CO2-induced tempera ture cha nge 
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d uring th e next century, and yea r-ta-yea r \'aria ti ons m 
the temp erature arc of a magnitud e similar to the 
expec ted clima tic wa rm ing du ring th e next 50 100 
yea rs. Furthermore, d egree-d ay fac tors fo r ice deter­
mined from measurements in Icel a nd , Norway and 
Green land show rela ti\ 'cly li tt le spreading across a \I'id e 
range of different cl ima ti c regimes . A poss ibl e clima ticall y 
ind uced cha nge in the d egree-d ay [ac tors may there[ore 
be expected to have onl y a sma ll effec t on th e abl a tion 
compared to the large changc in the a bla tion ca used 
d irect ly by the tempera ture change. 

Anothe r related qu es ti on is wh c th e r d egree-d ay 
mod els are suitable for es tima ting mass-ba lance changes 
due ta el ima ti c warming a t a ll , because they rela te all 
snow and ice melting to tempera ture thro ugh the degree­
day sum . The la rges t energy-balance component, how­
eve r, is typically net radi a tion, whi ch is o ften not well 
co rrelated with tempera ture. Thus, if th e ablat ion is 
model led as li nearl y d epend ent on the d egree-d ay sum , 
one m ay expec t th e model to predict too high sensiti vity 
to tem pera tu re changes, because in rea lity onl y a pa rt of 
th e energy ava il able [o r melting is d irec tl y rela ted to 
tempera ture. However, experience shows th a t abla tion 
a nd tempera ture (or ra ther the degree-d ay sum ) a re well 
correla ted , whereas the re is a ra ther poor co rrela tion 
between ab la tion and net rad ia tion (Bra i th waite, 198 1) . 
Th is ques tion may be addressed on th e basis o[ Figures 
2b, 4 b and 6b which show that the mod el reproduces 60-
80 % o f the measured year- to-yea r va ri a nce in the 
eleva tion-a \'e raged summer bala nce o r net ba lance. In 
add iti on , th e slope thro ugh the summ er-ba lance or ne t­
bala nce points in the fi g ures is elose to 1, which indica tes 
th a t sensitivity of th e model to tempera ture vari a ti ons is 
not in fact LOO high. If the sensiti\ 'ity o[ the model had 
bee n sign ifi ca ntly ove res tim a ted , th en Lh e summ er­
bala nce a nd net- ba la nce points in Fig ures 2b, 4b a nd 
6b wou ld have had a trend with a slope g reater tha n I. 
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Th e q ues ti on of mod el-pa rameter stab il ity can be 
sLUdi ed in some deta il fo r N igardsbree ll , because the 
measurem ents there cO\'e r a long time period which can 
be di vid ed into sub-se ts with signifi cantl y d ifferent 
tem pera tu re a nd preci pi La tion. [n order to stud y the 
stability of the deg ree-day facLOrs and the tempera ture 
gradient fo und by non- lin ea r minimiza tion , the ca libr­
a tion was performed for th e 12 first yea rs a nd th e 12 las t 
years sepa ra tely. Th e res ults a re shown in T a b le 7. 

The \ 'a lu e of the degree-d ay fac tor fo r ice is evidentl y 
quite stable (cf. Table 4) . Th e \'ari a ti ons in the degree­
day [ac to r for snow and th e tempera ture g rad ient arc 
grea ter. The reason [or this difference is th a t th ere is a 
st rong co r rela tion (1' = 0.94) bet\l'een the parameters dds 
and gf t bo th fo r Nigardsbreen and for Sa tuj bkull (cC 
J 6han nesson a nd others, 1993 ). As a consequ ence of the 
high co rrel a tion bet\l'een dds and gn , d a ta errors and 
simplifying ass umptions in th e model will lead to grea ter 
uncerta inty in th e es tima tes oC the degree-d ay fac tar fo r 
snow and in th e tempera ture g radient tha n in th e degree­
day fac tor fo r ice. 

The effec t of tempera ture on the es tima ted pa ra meter 
\'alues was further in vestiga ted by so rting th e mass­
balance years acco rding to the a\'erage tempera ture o[ 
each year. T he model pa ra m eters were then es tim a ted [or 
the 12 cold es t a nd th e 12 wa rm est yea rs se pa ra tel y. The 
res ults are shown in T a bl e 8. 

Aga in, \ 'ari a tions in th e d eg ree-day fac tor [o r sno\\' are 
greater tha n vari at ions in th e d egree-d a y fa ctor fo r ice (cf. 
T able 7) . There is no sig nifi can t reel uc ti o n in th e 
es tima ted d egree-day factors \I'ith temperature wh ich 
wo uld be expected i[ th e sensiti\'ity of g lacier mass 
ba lance to temperature was highly ove res tim a ted by 
degree-d ay mass-ba lance m odels. The cha nges in the 
para meter " a lues co ul d th eoreti ca ll y a rise from ranclom 
mass-ba la nce flu ctua tions with \'ariance sim il a r to the 
vari ance of the residua ls in T ables 7 a nd 8 (i. e. th e 
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Table 7. Bes/ ~/l/ degref-d(~)'jac/ors and tem/Jera/lIre gradien/jor .\ ·igarrhbreen deter/nil/edjor two 12)'1'01' /Jeriods. Ta" is 
the average tellljJeratllre oj the mass-balance ) 'ears ill earl! /Jeriod al Bjorkel!aug 

. \ (lIlIe ddi dd.) ar/ 
'" 

.) 
(J- (J TH" 

L '/lil m\l·.e, C Id I m w.e. Cid I C per 100 m mw.e, c 

First 12 years 

Last 12 years 

Combined 

0,0065 

0.0064 

0,0048 

0.0040 

cha nges in th e parameter \'alues arc co nsistent with the 

computed sta ndard error of the parameter estimates ) , 
Th e \'ariance of the residua ls cor res pond ing to all 24, 

wa rs is reduced from 0 ,39 m2 \I·.e. (cr. T ab le 4 ) to 0.37 

;11
2 \I·.e. bv using se parate pa rallleters [or tll'O 12 \'Car 

periods (cf. Table 7) a nd to 0.36 m 2 \I·,C. by using separate 

parameters [or the 12 co ldes t and 12 warmest years (cf. 
Table 8 ) . This is a relati\'C'ly small reduction in th e 

\'a riance for a n dTccti\e doubling in the number of free 

model paranwtrrs, and su pports our assertion that model 

parameters are stable o\'e r the temperature \'ariations of 
these 2+ yea rs. Simil ar resu lts han' been obta ined when 

mass-ba lance years \\'ere di\'idcd into (clllr groups of 6 

veal's so rtcd accordin g to the <\\'eragc temperature or eac h 

year 1j6hannesson and o th ers. 1993 

Th c tClllpcrature differences considered abO\'(' ( 1.1 c: 
difference bet\\'('en 12 (,o ld es t/wa rm cst \'Ca rs, 1.8 C 
difference bet\\'een six co ldest /\I'a rlll es t years ) are or a 

simil a r magnitude to the clim at ic wa rmin g \\'hi ch is 

co nsid ered in th e [clllo\l'ing sec tion 12 C l. \\'(, ass um e 

thercfc)IT these parameters lI·ill not c hange signi[icant"· 

(or the c lim a te scenar ios considered here. 

CLIMATE CHANGES AND GLACIER MASS 
BALANCE 

For the ;\forth ,\ tlantic area. th e climate scenarios wh ic h 

are used in the project "Clim atc c hange and ene rgy 
production" s pecj(~, a \I'arm ing rate of 0.2.1 C per decade 

in mid-sullllller and 0,35 C pcr decade in mid-wintcr 
with a sinusoid a l \'ar ia ti on through th e ycar. Prec ipit­

at ion is predicted to increase by 5% per dcgrce or 
\\'a rming, Thc effect of a \I'armer climate' on g lacie r m ass 

balance is brielh' analyzed here by computi ng the mass 

0,62 

0,55 
0.30 

O.H 

0.37 

0 .55 

0.66 

0 .61 

3,8 

3,6 

3.7 

balance o[ thc th ree g lac icrs fo r a temperatu re in crease o[ 

2 c:. \I'it h and without a n accompany ing 10'Yo precipit­

ation increase. This is simil ar to the ave rage warm ing that 

may occur o\'Cr a time period of approx im ate ly 70 years 

according to the scena ri o. 

Figure 7 shows the a\'Crage mass bala nce ofS ~tLUj b kull , 

f\ igardsbreen and QamanarssLlp sermia (so lid CLIr\'es, cC 
Figures I , 3 and 5). toget her \I 'ith the' mass balance 

p redic ted for 2 C \I 'armer c lim ate \\ith th e same 

prec ipitation and for 2 C warmer clim atc with 10% 
more precipitation, This fi g ure shows th a t th c accumul­

ation of Qaman;lrssLlp serm ia is rathcr inse nsit i\'e to th e 

climate c hange but the predicted \I'inter balance of 

Sat uj b kull and Nigardsbreen at thc lowe r e le\'ations is 

reduced l'\Tn \\·hcn the' precipitation is increased by 10'10 , 

bccause a larger franio n o f th e precipitation f ~tll s as rain 

in a wa n ner cli mate. The summer balance (year" 
ab lat ion [c)r Qaman,'\rssLlp scrmia ) a nd the nct balance 

0 [' a ll g lac iers are predicted to decrease (become more 
negatin' ) by be{\I'een 2.+ and 2,9m \\',c, year I at the 

IO\lTst elc\'ations, a nd by between 1. 1 a nd 1.3m\\'.e . 
yea r I at th e hi ghes t elc~'a ti o n s. A \\'a rming of 2 C is 

predined to lead to a 220 m or 180 m ri se in the 

eq uilibrium-lin e a ltitude o f S:ttujbku ll , [or no pn'c ipit­

at ion change or 10% precipitation inc rease. respecti\'C ly . 

The cor responding ri se in th e cqui librium-lin e a ltitude for 

l\igard sbreen is 280 m or 230 m , respecri\'C ly . A ll the 

points on Qama!l(lrSSllp serm ia \'I'hich a re con sid ered here 

arc below th e eq uilibrium li ne a nd th e r ise in the 
equ ilibrium-lin c a ltitude is th erefo re not d eterm ined for 

Qa m a n :u'ss L'l) se I'm i a. 

At an elcyation or 790 m a ,s. l.. th e yea rl y a blation a t 

Qaman,lrssLlp sermia is predicted to increase by 1.9 m 

\I·.e. This is in good agree m e nt with th e pre\' io us resu lts of 

Braithwaite and Olese n ( 1993 ) \I 'ho predicted th a t th e 

Table 8. BeJ /:/l1 degre('-dar foclor:, and II'm/ma/lire gradien! ./or . \ 'l~f!,ardsbreen delermilled./or the 12 coldest and Ihe 12 
ll'arllll':,! mass-ba!alla Jutr.) 

. \ (/1111' 

L '"it 

12 co ld es t \TarS 
12 warmest years 

Com bi ned 

ddi 

m \\ .e, Cid I 

0,0064-

0.0065 

dd.1 

m \\' ,e, Cid I 

0,0050 

0.00+2 

(Jr! ,., 

C per 100 m 

0 .59 

0.59 

0.3 1 
O . L~ I 

0.36 

(J 

III \I·.e, 

0,56 

0 .6i-

0 .60 

C 

3.2 
4.3 

3,7 

355 
https://doi.org/10.3189/S0022143000016221 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016221


J ournal oJ Glaciology 

(/) 

cci 
E 0 - 0 
C '<t 
0 

~ 
> 
Q) 

iIi 
0 
0 
0 
T""" 

0 
0 
CO 

0 
0 
-t 

0 
0 
0 

0 
0 
-t 

0 
0 
0 

0 
0 
1.0 

o o 

dT.dP.O 
dT ... 2"'C,dP_O 
dT_2"C,dP_1 O'Y. 

o 
o 
1.0 

L----,------r------,--~ 
N ~) : 

-6 -4 -2 0 2 4 
Mass balance (m w.e.) 

-10 -5 0 -10 -6 -2 0 2 
Mass balance (m w.e.) Mass balance (m w.e.) 

Fig . 7. M odelled willter, summer alld lIet balance oJ Sdtujokul/ ( a) and ,Vigardsbreen (b) and modelled )lear[JI 
accll/7Illlalion. ablatioll alld mass balance oJ OJlllwllarsst'ijJ sf1"lnia (c) ullder the jJYesellt climate (soLid curves) alld a warmer 
climate (dashed curves) . For each sel oJ three Clll"l'es qf the same Line ~)Ipe. lhe lifthand Clll"llf is the sumlller balance ()'ea rl]l 
ablatioll Jar OJlIl1anrirsslljJ Jamia), the middle cul"l'e is lite lIet balance and the righthand curl'e is the willler balance ()Iearl)' 
aCClI/17lllatiol7Jor OJlInanrlrSSII/J sennia) . The ClIrvesJo r the /JI"eseJ) t dl1na te are idellticallo the curves labelled ,. Average" ill 
Figures 1. 3 alld 5 . . \lodel /Jarameters are gil'ell ill Tables I 6. 

)'ea rl y ab lation a t sta ke 75 1 at 790 m a.s. 1. is increased b y 
abo ut Imll·.e. oC 1 of \\'arming using a d eg ree-d ay 
mod el. Bra ithwa ite a nd Olesen (1990a) calcul a ted a 
somewhat 101l'e r increase in the melting durin g the 
mo nths June- Aug ust using an energy-ba la nce mode l. 

The a !JO\'e res ults were computed lI'ith a unifo rm 
di stributio n of the warm ing within th e yea r. M od erately 
hig her wa rming during the winter months acco rding to 
the scenario d esc ribed a bO\ 'C gives esse nti a ll y the sam e 
results as uniform warm ing if th e temperature increase 
during th e summ er is the sa me in bo th cases. R ecen t 
co upled GC~1 mod el computations ( ~lanabe and o th ers, 
1992 ) indicate that th ere is lit tle seasona l difference in th e 
warming in th e North Atlantic a rea. but winter warming 
O\'er the Arctic O cean and north Greenland is predic ted 
to be much higher than warming during th e summer. 
Boggild a nd oth ers ( 1994) showed tha t th e la rge seasonal 
diffe rence in the warm ing, whi ch is prediCled for north 
Gree nland , ma)' lead to a signifi cant increase in snow 
acc umula tion which ma y partl y compensa te for th e effec t 
of in creased a bla ti on o n the ne t hala nce of th e ice shee t. 

CLIMATE CHANGES AND GLACIER RUN-OFF 

It is possible to estim a te the h ydrological consequences of 
changes in glacier m ass ba lance due to clima te cha nge 
from the mass-ba la nce computa tions wh ich a re desc ribed 
in the pre\' ious sec ti on. Figure 8 shows g lac ier run-off at 
three ele\ 'a ti ons from Satujoku ll (a ) and Nigardsbreen (b ) 
for th e present climate, together with the computed run­
off for 2°C warmer climate with the same prec ipi tation 
and for 2"C \\'arm er clim a te \\'ith 10 % more prec ipit­
a tion. The resu lts a re ob tained by integra tin g the mod el 
fo r the ca lendar mo n lhs starti ng on I O cto ber for 
Satujoku ll a nd for 30 o r 3 1 d periods sta rting on 10 
September for Nigardsbreen. fi gu re 8a and b shows th e 
total run-ofT" as a fun ctio n of time a nd Figure 8c a nd d 
shows th e computed increase in Hln-off due to th e 
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warming. Th e curves [or Sa tujokull (Fig . 8a) a re diffi cult 
to distin g ui sh from each other because th e run-off cun'es 
at 1400 a nd 1800 m a.s .!. (or th e warmer c1ima tes a lmos t 
coincid e w ith the run-olT c urves a t 1000 and 1400m a.s .1. 
fo r the present climate. 

fig ure 8 shows tha t th e run-off during th e abla ti on 
season increases b)' 50 150 I s 1 km 2 for Satujoku ll a nd by 
50- 200 I s 1 km 2 fo r Niga rdsbreen. As ex pec ted , th e 
change is g rea ter at th e lo wer ele\·a ti ons. The onse t of 
glacier run-off is about I m onth earli er a nd th e a blation 
season is about 2 months longe r in the warmer climates 
than und e r prese nt climat ic cond iti o ns. Th e 10 % 
precip itation increase has o nl y a marginal effec t Oil run-off. 

DISCUSSION AND CONCLUSIONS 

The d eg ree-d ay mass-ba la nce model d escribed abO\ 'e 
\\'orks well for three g lacie rs in signifi ca ntl y different 
climate reg imes. With the lo ng time se ri es of mass-bala nce 
d a ta fr0111 Nigardsbreen , it was show n th a t the modcl 
param ete rs are relati\'ely s ta ble in time, and th at clima te 
cha nges within the meas ure m ent peri od do not lead to a 
signifi cant modifi ca tion of the parameters. T hi s indica tes 
tha t th e model is suita b le for a stud y of the effect of 
clima te c hanges on glac ie r mass ba la nce. Th e model 
explains ove r 80% of the va rian ce in measured summer or 
yea rl y ne t balance at th e indi vidual e leva ti ons on th e 
glaciers a nd it furth ermo re ex plains be tween 60% a nd 
80% of th e m easured year-to-year \'a riance in the yea rl y 
summ er or ne t bal ance' a\'('faged 0\'Cl" a ll the c1e\ 'a tions on 
each g la cie r. Mod el p erfo rmance is worse for \\·inter 
bala nce, particul a rly for Satujoku ll where the mod el 
ex plains o nl ), 42% of th e \·a riance . it can be seen in 
fi g ure I Lhat the winter-ba la nce curves arc not well 
modelled using a lin ear prec ipita ti on gradi ent but th a t 
the form o f th e cun-es is reasonably constant from year to 
year. Thus, predi ction of winter bala nce could probably 
be impro\'ed using a n alternati\'e (non-linear) precipit-
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ation di stributi o n with el l'\ ·a tion . This pa tte l'll co uld be 

ddined h>' e!c\ 'a ti o n-depe nd e nt corrcc tion f~lclors d e ter­
min ed by leas t-squares fitting a s described by Boggil d a nd 

o th ers ( 1994 ) . 
The degrcc-da\' factors 1()U nd herc a rc in re la ti n :' ly 

good ag reeml' nt with para m e te r "'l lu es \I' hi c h han' 
prc\'io usly becn used [o r h ydro logica l a nd g lae io logica l 
model s in I cc lancl , Norway and Gree nl a nd. The deg ree­

d ay fa cto rs le) I' ice for Satuji>kull and QamamlrssClp 

serllli a a rc hi g he r than for ~iga rd s bree n, whi c h m ay be 

parth- cxp la in ed b\· tlte \I'indin ess o f the c li mate in 

Ic- cla nd a nd Greenl a nd. Hi g h wind speec!s [('nc! lO 

increase se nsib le-hea t flu x frOIll th e a ir to th e g lac ier 

s urf~lCC . Th e ca libra ti o n indi ca tes it temperature la pse 
ra te bct \I'('cn 0.5 a nd 0.7 C per 100 III 10 1' th e g lac iers. 

This is close to the sa tura ted ad iaba ti c la pse rate nca r tlt e 

surfil ce of" th e Earth a t temperatures ncar 0 C a nd similar 

to \'ll lu es wh ic h are most often used in hydro logica l 

m odel s (0.6 0 .7 C pCI' l OO m ). 

:-Ioclcl ca libra ti on is perhaps th e Ill OS t c riti ca l pa rt of" 
h yd ro log ica l a nd g lac io log ica l mode lling s tudies . 1(' the 

model s arc lOO unconstrained, it ma\' bc poss ibl e to fit th e 
m easurcments quit e wcll f(J r a \I·ide range of Ill odel 

parameters, resu lting poss ibl y in an unrea lis ti c m ode l 
response lO c h a nges in in pu t d a ta. It is th eref(Jr(.' 

important to make maxilllum use of" a\'ailable m easure­

m ents to co nstrain the model parameters as much as 

possi ble. Th is is th c reaso n th a t th e Illodel ca l i bra ti on 

perfo rllled h e re is based o n yea rl y Illa ss-ba lance dala 

ins tead of" a n anTage ()\'cr th e mcasurelllcnt period. The 

year- lo-yca r \ 'ar iations in th e Ill casu reme nt s co nstrain th e 

mode! parallleters a nd th e degree to \I'hich the m ode! 

reprod uces lhese \ 'ar iati ons is a c hec k o f"th e \'a lidit y of' th e 

ca lib ra ti on. 

Calibration o rd egree-d a\' g lacier mass-balance model s 
is sO lllewhat difTe ren t fi-olll ca lib ra ti on of" trad iti ona l 

h ydro logica l d eg ree-d ay sno\\'mclt m od els \I'hi c h arc 

ca librated using ri\ 'Cr di sc harge measuremc nt s. Glacier 

mass-ba la nce m cas urem e nts h a\'C \'('ry coa rse tim e 

reso lution , \\'ith typically onh- t\\'o measurcments pe r 
yca r aL each a ltitud e. H O\l'C'\'C' I' , g lac ie r mass-ba lance 

measurelll ents tc nd to ha\T a good a ltitude cO\'C l'age. 

o r-t e n cO\Tring th e entire a ltitud e range o f" th e g lacie r. 

G la c ic r Ill ass-ba la nce modcls a re therefore suitabl e [o r 

es tim at ing th e \ 'a l'iation o ftlt e run-o(r\\,ith e!c\·at io n. bu t 
less suitable for es tim a ting the tim e-d epende nce of the 

me! ti ng . Ri\'cr-d isc h a rge measu rcmelt ts, on th e o th e r 

hand , usua ll y ha\'C good time reso luli on but poor alt itud e 

a nd sp a tial CO\T rage. ThercfclI'C, h ydro logical model s arc 

suitable for a na lyz ing tillle-dependcnt processes \\ 'hi c h 
a ffec t th e Illclting, i.e. storage or li quid \I 'a ter in th e sno\\'­

pack , th e cf reel of'ageing orthe sno \l' o n a ll )('do, rdi'Cezing 

of' I11 c lt \\'atcr, etc ., but th ey a rc nOt panicu la rl y suil able 

fo r a na lyz ing a ltitud e-d cpenclcnce of paramet crs. C:OI11-

bi ned mass-ba la ncc Iru ll-o(T' Illode ls ca I i bra ted usi ng l11ass­

bal ancc data a nd hi g h-reso lutio n discharge da ta ca n lead 

to i m pro\'Cd est im a tes o r-m ode l paral11eters, lOgether \V i th 

es timates of th eir tim c-dcpe nd ence. 
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