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ABSTRf\ CT, This pa per d cscribe, tli l' d t'\'C lopnH'llt a nd I('s tin g o /' a di st ribllt ed 
sur{;l cc cnerg \ '-halan cc l11 0ckl used tu I',dc ulat e rail'S o r s UI'l ~l l'(' Ill c llin g at f'l a ut 
(; lac ier cl'. \ rnlla. \ 'a la is. SlI' i tZl'I'l a nd, The m od cl IN'S a d ig i ta I e!c\'a ti() n l1lod e l 

DE'\ I o r th e g l;l c ier s urLll'l' an d slIrro llndill g' lo pog raph : logc thl'l' lI' ilh 
Ill c teorolog ical dala collect ed at a sil l' in li 'o lll o r th e g- \a cil' r to c\ c tl'l'lIlin l' ho url \' o r 
d a il y to ta ls or th e cnrrg\'-IJ<ll a nIT cO ll1 ponl' nt s a nd he lHT 0 1' n le itin g on')' Ihe e ntire 
SUI'i ;ICC o r th e g lac in Il'ith ,I spati ,l l reso luti o n or 20 nl. Th c ll1 0del c a ll " J"o Ill' used to 
c\ e lc l'll1ine tl' l1lporal and spatial \ 'ariati o ns ill , nOlI' d cplh . s ll oll'- lill l' pos iti o n a nd 
g lac ie r sUI'l ;ICC all led o , C a icul a ti o ns /'rolll th e m o d e l a rc rO ll1p a rcd 11 ith ob"e l'l'a ti o ns 
m a d e a lo ng th e g lar in {'e ntre lin e in 1990. a nc\ in g(' IH')',d Ih e l1l o c\ l' l Pl'l'i( lI'IlIS \T r y 
II 'C II, Th l' {' o ITel ;lti on c(Je lli c ie nt s bCl\l cc n ca icul a tl'C1 a llCl Illea s llrcd , no ll' -lin e 
ckl 'ali on . albec\ o a nd " bl a tion are 0,99. 0.8,"> and (l .81. rcs pl'C t ilT iI-. The Ill a ill 
sourcc or erro r bc tllc'l' n modell ed and 111l'aS UITd \ ',du cs o r th esc \ 'a ri a b les i, probabh' 
inad equacies ill the pa ralll c leri za ti o n or all ll'c\() uscd in th e m oc\ e l. 

INTRODUCTION 

The c ll c rg \ ' balal1cc a t th e surl ;Il'l' 01 ' an ice mass 

d elermincs lhe amOUl11 o r SUr/;ICC' Ill e lting that la kes 

pla n' e ,g, R Olhli sbergc r a nd La ng. 1987 ), PI'C\ 'io us 

studi es or th e c ling\' bal a ll ce and Ill e ll 0 1' ice Illa sses 

halT lcnd ed to 1;111 into 111'0 cat cgo ri cs. The lirs t g ro u p 

a ll empl s to comparc cOlllputalioll s or tlil' l' ncrg \ ' balancc 

Il'ith Ill cas ure m e nt s o r melt al jus t a k ll' loca ti o ns O\'l')' 

re la ti n' l\' short period s o/' timc in o rc\ e r to tcs t a nd 

illlprol,\, l'nlTgy-balanc C' th eo ry (c. g- , Hay and Fit z h a rri s. 

1988 : Bra ilitll'a il C a nd Olesell. 1990: \Iulll'o . 1990; \ 'a n 

c\ c \\ 'a l and othns, 1992 ), ami the second g roup uses 

energy- IJa la n c e th eo l'\' to Ill od e l g lac ier m ass-bal a nce 

g radi cnl s a nd exa min e hOll' poss ible ruture scC' nari os o r 

climall' rhan gc III ai ' alter such g radil'l1t s anc\ Lh c rci( l lT the 

specili c mass b a lances o r g l<lc ins e,g, ,\1 unro, 199 1; 

O er\ c ll1<ln s, 1992; Oerlelllan s and Fortuin . 1992; O r r\ c

m a ns. 1993 ) , Thus, prn'io us s ludi es or enngy b a lance 

a nd Il1 c lt halT le llded to 1)(' c ith c r no n-dim e nsio nal at a 

ICI\' illc\i\' iclual p Oilll S) o r o n c-dimensio nal (along g lacil'l' 

ccnlrc lin cs ), There ha \'(' b eC' n \ ' irtu a ll y no t\l 'o-dimcn

sio na l sludi cs o r c n crg\' balan ce and mclt Il' hi c h halT 

a ll Cl1lpl ec\ III m o d e l spa tial \ 'ari a li o ns in the,e l;l l'lo rs 

ac ross c ntire g lac ieri zed ca tc itm c nt s, T II'o IHl t a iJl e 

excepti o ns are tli e II'Ol'k or \lllllro and Youn g 198'2 

Il'h o d cn' lo pec\ a Ill ode l III preC\ in lI e l sho rt-\I <l\T 

radiati o ll I'a ri a lion s acl'llss lh l' Il as ill or Pn to Gl ac ic r , 
. \ Ibert a. Ca nad a. and th a t o r Esc hlT-\ 'c ll er 198.') ) \I h o 

d C\'l' lo ped a mod e l to co mpu te th e n e t radi a ti o n a nd 

lurbul c nt hea t Ilu xC's across " el'l1 ag tl'c rnn. ,\u s lria , 

H O\l'('\'C' 1'. Ihese pl'l ' \ ' io us di stri b uted m od eis hal,(, sc\'(' ra l 

lilllit a tioll s, Fir,sl. th e ir spa ti a l rcso luti o n \l as limit ed to 

200 and 100111 . l'('s pc(' li\T ly, Suondh-, a llh o ug h th e 

\ 'e rn ag tfi: rnl'l' m o d e l consid ered a ll th l' m ai n CO l11pOll e n ts 

o r the cllerg \' iJud gc t , lhe PCI ' IO Glac il'l' Ill oci e l did n o t 

account 1(11' lh e turbulellt heal Ilu xes , hn a lh-. Il'hik th e 

m o del s co m icierl'ci tlte t:ll i'('lS or \ 'a ri a ti o ns in slopc a n g le, 

a spccl a lld shadin g- Oil the 1I I't sh o rt-lI a\'C' radiati o n 

bud ge t th ey did Il o t cO ll side r th c e lk n s o /' suri ;Il'C' all )('d o 

\ 'a ri a li o ns parti c ularl y a(T urat c ly .. \Ibcd o I',du cs II n c 

prcscribed ra lhl'l' lh a ll ge nera led int('l'lIalh iJ I tlt e m ock!. 
\ 'a lucs o J' 0, 2 1, 0 .2 .') , 0 ,.') . (Ui l a nd O. H II CI,(, u scc\ to 

re presc nt th e albed o o ri cl' . b;II'(' g roulld , lirn. (l Id a mi Il C\\' 

snOlI'. res pcl'li \T I\ ', in th e Pc) to Glacier l11 0d el ,\1 ullro 

a nd Y o un g. 1982 ), II'hile \ ',Iiu es o r 0 , I, (Ui and 0,8 \\'('\'e 
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] nl/mal 0/ (; I(lciologl' 

used to re present th e \'a lues o f ice . lirn a nd S Il O \\ ' in th e 

\ 'e rn ag tferncr m od el (Ese her-Y e tl e r, 1980 ). 

This pa per d escribes th e d e\'e lo plll ent a nd tes tin g or a 

distributed t\\ 'u-dilll e llSi o ll a l surf;1ce energy-balan cc m od

el fo r sm a ll \·<t lle\· g laciers us ing d a ta co llected a t H a ut 

Glac ie r d' ,\ro lla , \ ·; t\ a is, S\\' itzerl a ncl in 1990 . Th e m od el 

\\ 'a s d e\Tlo pecl as part o f' a wi ck-ra ngin g a lld o ngoin g 

stud y o r th e h ydro log\', \\ ';llC,\, qualit y a nd d ynami cs o f'th c 

g lac ier . PrC\' io us studi es ha \"(' d ealt \\'ith th e g lac ier's 

drain age-sys te m slructure (:,\i e no w, 1993 ; Sharp a nd 

o th ers, 1993 ; Hubba rd and o thers. 1995 ). th e n a ture or 

wat e r-sto rage ITs('I"\'o irs within th e g lac ier (Gurnell , 

1993 ) . a nd th e na ture o f' c hc mi ca l \\T<1th ering reac ti ons 

beneath th e g lac ier lTra nte r a nd o th ers. 1993 ; BrO\\"Il a nd 

o th e rs, 199 c~a , b ) . 

The dn'e lo pm ent or a di s tributed mod el \\' hi c h ca n be 

used to d e te rmin e temporal and spa tial pate rn s of' g lac ier 

m elt is impo rtant fi) r sc\T ra l reasons. First. th e m odel ca n 

be used to s tu eh ' ho \\' th e re la ti\T importa ncc o rth e e nergy

balance co mpo ne nt s to s url ~lce m elt cha ng es spatiall y 

aeross a glac ier a ndtel11po ra ll y thro ughout incli\ 'idua lmelt 

sea so ns in res ponse to changing climati c a nd sLllface 

co nditi u ns. Su c h studi es arc impo rtan t If) r th e a ccura te 

predicti o n o f' c h a nges in th e m ass bal a nce o f g lac iers a nd 

ice sheets under possible scenarios of clim a te c ha nge 

beca use . in a reas of'high re li e f: th e in(Juencc o rto pogra ph\' 

on radiati o n rece ipts and m e lt is co mpl ex, a nd ca n ca use 

signifi ca n t dn'ia ti o ns fi 'om si m pie ele\'a ti on /melt o r m<lss

balancc re la ti o nships, \\ 'hich a re no rm a l"" used in s tudi es or 

glacier respo nse to clim a ti c challge. Th e spati a l a nd 

te mpo ra l pa tt n ns or energy-ba la nce contributi o ns to melt 

at H a ut Gl ac ier cL \ ro ll a fo rm th e basis or a second , rela ted 

paper th a t is in prepa ra ti on. 

Scco ndl >. th e model ca ll be used to ca lc ul a te bul k 

surface-m elt\\'a te r illputs to a glac ier. Such calcul a ti o ns can 

be co mbined \\' ith meas urem e nt s or ra inl~dl to compute 

tem pora l pa tte rn s of' tota I su rfi.lce-\\·a ter in pu t to a ,gla cier 

O\T r th e course o r ind i\'idua l m clt seaso ns. Th ese m a \' be 

compa red \\ 'ith tcmpora l pa lle rm of \\"ille r o utput s I. t' . 

prog lac ia l strca l11-\\·;t ter yie ld s ) to ca lculate t e mpora l 

pa tte rns or bulk wa ter sto rage within a g· lac ie r. \ \ 'a ter 

sto rage is be li e \Td to play a n impo rta nt role in controlling 

rat es a nd m ec ha nisms of subg lac ia l chcm iea l \\Ta thning 

Sharp. 199 1) a nd glacier mo ti o n Ka mb a nd o th e rs. 199 ~ . 

C a lcul a ti o ns o f bulk \\'i1ter s torage \'ari a tion fCl r Ha ut 

Gl aci er cl'. \ ro ll a \\·ill be prcse nted in a subseque nt pa per. 

Thirdly , th e m od el co ul d be co upled \\ ' ith a \\ 'ater

routin g model or g la cicr h ydrol ogy to predi c t te mpo ra l 

pa tt erns o r run o ff in proglac ial strea ms. Su ch a mod el 

wo ul d be of conside rab lc prac ti ca l \'a lue to h vd roelec t ri c 

compa nies con ce rn cd with predictin g bo th sh o rt-term 

\ 'a ri a ti o ns in m e lt\\',ller run o ff in respo nse to c h a ng ing 

m e teoro log ic al co nditi ons. a nd \\ 'ith c\ 'a luating likely 

run o ff palln ns und er difle- re nt clim a ti c-cha nge scc na ri os 

l \\' illi s a nd BOI1\'in, in press ). The co uplin g ur th e sLlrf'ace

m elt m od e l with a w<Iter-routin g mod el IClr H a ut Glac ier 

d ', \ ro ll a fo rms th e bas is o f o ngoing \\·o rk. 

THE FIELD SITE 

Th e model was d en' loped a nd tcs ted using m e a s urement s 

m a d e during th e 1990 summ e r seaso n in th e cat c hm ent or 
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H a llt Glac ier d ', \ ro ll a. Th e ca tc hm e nt has an area o r 

I 1.7 kl11 2 of \\hi e h 6 .3 km 2 is g lacie ri zcd Fig . I ) . Th e 

g lac ie r is a bo ut ~ km lo ng a nd f'm m abo ut 2600 111 a .s .1. a t 

thl' sno ut to abo ut 3 100 111 a. s. 1. has quit e 10\\' slo p e a ng les 

< 10 ) . !-l.O\\TnT. th e upper acc umulalio n a rea contain s 

a seri es or steep icc'[a ll s 0 11 the no rth h lcc oL\l ont Brull' up 

to a n f ln'a ti o n or O H,\, 3jOO 111 (Fi g. I). 1 'he g la c ier is 

bo und cd by th c hi g h lII o untains or :\Io nt Coll o n 13637 m 

a nd L'E\'(~qu e (3 71 6 m ) to th e \\ 'es t , '\[ o nt Brul f , 3585 111 ) 

to th e so uth a nd Bouquelins Rid ge (3838 m ) to th e eas t 

( Fi g . I . Thesc m o unt a ins cas t sh a d o ws a cross the g lac ier 

surface a nd thcrl' fo re pl a \' a n important role in th e 

g lacie r 's radi a ti o n b a la nce. 

METHODS 

Th e m odel describe d h ere is used to ca lcul a te the s urf i.l cc 

e n e rgy ba la nce a nd hence th e s ud~lce m elt O\ T r th e 

\\ 'h o lc g lac ier surface . Th e m odel requires lo ur m a in 
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inputs: I ) a d c tailed digital dCI 'a tion model \)E~l or 

thc glacier s urLlcr and the s urrounding area; 11 

knoldedgc or so lar elel 'a tion and az imuth lI'hich is lI sed 

in conjunClion lI'ith l i ) to computc patterns or shading 

across the glacier; I11 the initi a l di s trihution or snoll' 

dcpth across the glacier lI'hich is used in conjunction 

with ( i) to compute tilt' initial distribution or s urface 

albedo: and l il ' mcteorological data co llected at a site in 

rront or the g lacier that is used togethcr lI'ith i I , ii and 

( iii ) to computt' the components or the l'nergy balance 

and hence melt in each grid cdl of'the \)1::.\1. In addition 

to the elkct or shading, the model considers th e e m 'ClS of 

surl;lcr slope and aspeCl on radiation receipt at the 

g lac ier surl;ICe. I t ;iI ;;o includes a parameterizatioll of the 

a lbedo change associatedll'ith the lTIllOl'al of' the surrace 

snoll' COlTr. The model uses s tandard lapse ratC' and 

e\cl,;(tion PITSS UIT relationships to cOlllpute the turbu

knt c Jl C'rg~ ' flu xC's in each DE~ I grid cell rrolll th e 

meteorological I'ariablcs mcasu red near the g lacier 

snout. The main data used fClr tes tin g the mode l arc 

Il1casured daily ablation rates O\ 'cr the g la c iC'l' s urlilu', 

Elevation data 

Eln'ation data are needed IClr the ICJI'Illulation of hoth 

radiatin' and turbuient C'nlTgy flu xC's, For the surf;\ce or 

tl1l' g lacier it se lf ~ elel'at ion data II,(,IT collected durill g Ihe 

sUlllmers or 1989 and 1990 usin g a combination or \\' ileI 

thcodolite and K crn eieClJ'O-optical dis tan cc-Ill l'<lsuring' 

equ ipm ent. alld a (;codimcter ~OO LOlal slalion, Sharp 

and ol hLTS I 199:) J gin' rllll dcta i Is or I he lield su rlTI i ng, ,\ 

total oi'!t2:1 points \la s SUI'I'CI'(' c\ ;[CI'OS,S llt c acccssible parts 

or the glacier. I n ordcr 10 ge nlT<ltc a DE:\ I fClI ' the \I hole 

calchlllcnt. these data \IT re suppil'nl(' llll'd bl' cO ll LOur 

c\ata takcl1 1'1'0111 SII iss :\'ati ona l SlIrl'l'y I: 25000 

topog raphic maps of thl' a rea, Contours li 'om I hcse m a ps 

\lelT traccd anc\ then scanned, us ing a Datacopl' sca nner 

\\'ith a rcso luti on 01' :)00 dots pn in ch, Thcse ras tlT dala 

\\'('I'e thcn conlTrled into irreg ular ,I', .lJ, ,: data us in g linc

Ii:lll(l\\' ing so f't\l 'are d('\T loped in the (;eo,!;raphl' Depart

menl orCambridge Lnil'l'\'sity ~L\ \,(I, 19(3 ), Tht'se tll() 

irregu lar data sc ts liT re thcn interpolated Oil to a rcg ular 

g rid \I' itlt a hori zo ntal reso lution or 20 III us ing the 

" Bilincar" interpolalion l'Outine in tht' L:\, IR ,\ S ,!;ra

pltics pacbge Ui\ I R,\ S, 19~)0 ) , \ '(')'tical resolutiol1 is 

. l l'/lIJld alld olller,l: IJ i,l/ril!llled ,IIIIFICl' l'IIerg)'-!;It/allte lIIodel 

bellcr th a n 0,1 m Ic)r th e , urf;\cr of' the g lacier itsc ll'. and is 

10 III lix th e surrounding topography, 

Solar-altitude and azimuth data 

Solar altitude and azimuth arc nccc\ec\ Ic))' shading and 

a spect calculatiol1s, and were determinec\ usin g s tandard 

a s trollolllica lthc()I'\' e,g, \\'a lral'('n , 19 78 1, Tlt c m c thod s 

used to calculate shad ing and aspcct in Ihi s , tu c'" are 

di sc u ssed ill the sc ('[iol1 heloll' dcaling I\itlt the encrgy

halann' Illod e l. 

Initial s now-cover data 

,\ ';)lO\\'-c\epth surl'cy I\'as carri ed out on 13 ,lull e 1990 at 

I -~ 2, ~ III III IOl1g 1\'ooc\el1 Slakes di s tributed along the 

g la cil'l' centre lin e I Fi g, 11, ,\ s relatilT ly fc\\' points co uld 

be s UI,\,('ITd because of the need to gCI ;IS c losc as possible 

LO an imtantallcou s c\ c ptlt di strihution , SIlOI\ depth fc))' 

['ach g rid ccll of' the DE~I lI'as ca lculalec\ fi 'o m a linca r

reg ress ioll relati o nsl1 i p hct 1\'('CIl IlW;ISUITc\ snOll' depth and 

c\cI 'atiol1 ratltn thall I'rolll a spatial-interpolatiol1 ro utinc' 

H OI\ ClTr. bccausc thi s SUI'l't' I' \\'as ca rried OUI sO ll1e 2 

\\'ecks a 1'1 er Ihe 1I,("llher s tation I\'as St' t up , and \1'(' I\'anted 

to use the melt moc\el filr a, IOl1 g a p e riod a, poss ible filr 

sea,o llal 1\'atcr-haLlllce calculaliolh an initial model r un 

I\';IS dOlt(, IClr Ihe sta rt of' the seasoll I'rolll 30 ;\LII ' to 13 

,lun e. hlltll'ith the S IlO\\ depth Ii::JI' 1:3 jullc, Till' total melt 

calculated ">' Ihe Illodel fil r thi s period at eat'h , take lI 'as 

then ac\eledw thl' 1:1 j unt' , 110\1 depth s to gin' an inferred 

snoll deplh 011 :10 ~Ial, The res lllting sIlOl\'-depth / 

e ln 'alioll rt' lation , hips arc g il ,(, 1l in Table I. Thc meas

ured snOI\ depth lill ' I :) j Ullt' is dellotec\ * alld Ihe illl'crrec\ 

S Il()\\ c\ept h IClr :10 ~ (;\ I is ekllotec\ 'i' ill ' \';\ bk I: th is 

se['o lld I'elationship 1\ as usec\ in thc Illoc\cl rum, Bccause 

the 1l1Oclel requires s IIO\\-d epth c'st im att's ill I\'<llcr

eC!uil 'alcnt unit s, s uri:lt'l' snO\I'-ckllS il l' Il1casurcmcnts 

lIe)"(' al so mad e at each stake, Thl'('e s no\\' pit , 11 ere dug 

ill earl> ,Jull e 1l)l)O 10 assess th e l'l'l'tical I'ariatioll ill 

c\t'II ~ it l 1\ ithill the snoll pac k, Th csc sh()\\ cc\ re latilTly 

little l ,tTtical I'arialioll ill cknsi ll t'xccpt fill' ;1 thin .') 

l()clll saturated ZOIIl' ilt the basc and relatiI'C'h ' rCl\' iet' 

It'll ses , Thus, the dCll , ill lI 'a;, as;,ul11ed to he unifiJrm 

Ihroug h Ihe ;, noll pack, The Illcall l11ea s urcd SIlOIl' c\cll ,si tl ' 
lI'as 0,19 g ('Ill 'i, 

7 able I, r ;III/liri((l1 rela/iIJl/ ,llti/I,1 11,11'11 ill lit I ' lIIorld lilll'lll regrl',\.I i{)1I , H:! , coej./;cil'll/oFdl'/l'J'lIIillalioll : , \ ', 1I11J1//J1'I' o/(/a/a 

/lIIill/ ,I : F, Ntllli' oF F ,I/I//i.I/i!' ; /1 , cOlljidl'll(c IIT I' I a/wlticlt Iltc F l'allll' i.1 liglliji'((fll/, Figlll'!',1 ill bmckl'l,1 111'1' ,1/llIId(lrd !'Imr,1 

.fiJI' lill!'ar rl'gre,l.lioll 1/0/11',1 (Il1d ill/nCt/I/,1 

J)e/lmdml /'{/r, l llde/mldm/ trlr , /~'(IIIII/ iIJ11 /( \ ' F f!{ %) 

C:loud alllount ( 11 Daily lemp, ran ge .1/ = 0,098.1' + 1,2R,) 0,69 2:) !l,R 99,99 

(0,018 1 (0 , 12 3 ) 

SIlO\\' depth * Elel 'atioll y = 0,00211' :'> ,R+ O,R7 H 7cUiCi ~)9,99 

0,00026 n, 73 I 
SilO\\' dCPlh 'i' Elel'ation .IJ = Cl. 00 19,1' 1.75 0,85 I ~ 6-L 0 ,) 99,99 

0 ,00026 0 ,7+0 ) 

:\ Ic:asurcd on 13 J ul1e 1990, 
.;. 

~I casurec\ Oil 13 JUIl e' plus Illoclellcd ab latioll, 30 ~I a\' l :l ,lUll C scc leXl l, 
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.lol/ma/ oI (;/ari%g)' 

Meteorological data 

J\l cteoro log ica l data needed to dri\'c thc m odel \\ 'ere 

collected usi ng a Dcl ta -T a uto ma tic weath e r stat ion 

si tu atcd 100 III in fro llt of th e g lacier at a n c1c\'a ti o n o f' 

25ef7 III Fi g , I ), Incoming shorl-\\'a\'(' radi a ti on, a ir 

tcmperature , \\ ' ind spce d , \\'ind direction, relati\'e 

humidit\' and precipitation \\ 'ere measured at 10min 

intt'l'\"a ls, H ou rl y to ta ls or precipitation a nd hou rl y 

a\'Crag'('s o r the ot her \ 'a ri a l)les \\'ere logged, Th ese 

hou rh' \ 'a lm's const itut ed the data lIsed b\' the model. A 
, ' 

second \\'eat h er station \\ 'as establ ishcd l) 'om 9 ,lul y to 23 

.\ugust at a n ele\ ',lli on of 28 f6 m o n the g lac ier su rface 

( Fig , I ) , Da ta [rom thi s stati o ll were used to tes t so m e of 

the ass umpti o ns regarding atmosp heric la pse rates used in 

the model, a nd to tcst h ow \\'C ll short-\\ 'a\ 'e radi a ti on 

\'ariations o\'(' r th e glacier surC1ce \\'('rl' rep rese nted b\' th e 

model. 

Albedo data 

Th l' a lbedo of a g lac ier sudace pla\"s a fundamental role 
ill the abso rpti on of'sho rl-\\'a\'(' radiation. As o nc of th e 

a ims of' thi , s tud\" \\"as to pa ram e tcriz e a nd th e n model Liw 
cha llge in a lbedo OH r thC' cou rse of a melt season . a lbedo 

\\'as measured a t app rox im are h- \\'eekh- intel'\'als a t eac h 

of the ce n t re- l i ne a bl a ti o n stakes d uring the 1990 ablation 

season , Th ese data were used to test a nd adjust th e 

parall1eterizatioll of a lbedo used ill th e model. \[ easu re

mcnts of rC'fleeted rad ia ti on in th e \ 'isible-near infrared 

range I +00 1200 m ) \\ e re made using the photoe lectri c 

se nso r of' a \Ji lLOn m u I t i- band rad iome[e r. This sensor 

had a field o f' \ 'ie\\, 0(' 15 -, and the radiometer \\ 'as held 

pcrpendicular to th e surface a t a height 0(,30 cm. f\t thi s 

height, the a rea sampled \\ 'as app roxima te ly 50 cm 2
, and 

the rceorded \ 'a lm>s \\'CIT insen siti\'C to th e prceise angle 0(' 

thC' se nso r, 

Th e rellectance 0 (' th e g lac ie r su rfac'C \\'as compa red 

\\'ith a relerence surf~\ce. for \\ ' hi c h a K oda k g rey ca rd \\'as 

used \Iil ton, 1989 \ , Detailed ca libration sho\\'ed that th e 

renectance of this ca rd in the ·WO 1200n m range was 

2 1, 5 °/,). and that this rellectance did !lo t deteriorate 

during use, The renectanee of the glacier suri"iclce R \\as 

calcu lat ed ('rom th e pho toe lectri c \ 'o ltages measured from 

abO\T the g lac ier surfilce and abO\'(' the gre\' ca rd as 
[C) I lel\\' s: 

(1) 

\\ 'here V. is the \'o ltage O\'l'!' the glacie r su rface, 'I., is the 

\ 'Oll age O\ 'er the grey ca rd , VI) is th e onse t \ 'o ltage a nd J( 

is the re ll en<lnee 0(' til e g rey ca rd, Th e o[Ee t \ 'o it age is 

included in thi s exprcss ion because. e\"c!l \\ ' ith th e sensor 

in com pl e te darkness, a small cur ren t n O\\'S through the 

scnso rs, Th e ofTSe t \ 'o lt age ( i ,e, th e \oltage recorded with 

the sensor shi e ld ed [)' 0111 li g ht ) \\ 'as measured at th e start 

and cnd of' each \\'Cek ly a lbedo SUI'\Ty. and th e mean of 

th e t\\"O read in gs ",as used. 

,\ t eac h s take, three se ts of measurements \\,(,IT made 

at three closely spaccdlocations at [h e stake itsdC a nd at 

locat ions I m either side of the stake trans\'C rse to th e 

direction or g lacier nO\\') in o rd e r to try to remo\'(' sma ll

scale \"ariat ions in a lbedo. Th e a lbedo meaSUITl11ents used 
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[or model ca librati on sec Equations (9 ) 11 ) below ) 

\\'er e the ari thm et ic mean of' these three measurements. 

Generally, th e three \ 'alm's la\' \\ 'ithin ±O ,05 o[' th e l11 ea n 

\ 'a lue , 

Ablation data 

;\l eas ured ab lat ion data [orm the main test of' the model. 

D a ta \\'('re coll ectcd at the lef srakes distributcd a lo ng th e 

g lac ie r centrc lin e (sce Fig, I ) , Th ese \\,(, I'C d rilled into th e 

g lacier until ap proximate l\' 10 c m remained abo\'e th c 

s ud~lCe, .\ blation rates \\T I'C measured by lo\\'er in g a 

p lastic di sc of 10 cm diam eter o \ 'er eac h stake until th e 

o uter edge o f' th e disc just touched the snow or icc surface , 

Th e amo unt of' su rface lo\\'e rin g \\ 'as calculated hy 
l11easlIl'lng th e le n gth of sta ke abO\"e th e disc a nd 

eo mp;u'ill g this \\' ith th e prC\'ious cla,,' s reading, This 

fi g ure \\ 'as then cO I1\ 'Crled into a daily a bl at io n rate , 

Stakes \\TIT redrilled into the s urface as required , 

gene ra ll y \\hen approximately 30 CI11 o f sta ke was left 

hdow the surface, 

" 'hen sno\\' \\ 'as present at a site, surli1ce sno\\'-d e nsit\, 

measurcments \\'('re a lso made b y carefull y inse rtin g a 

cy lind er 0[' kn ow n \ 'o lum e into the edge of' a shall ow 

tre nc h dug a t the time of' mcasurements, The sno \\' \\'a s 

th en \\'f ighed using a spring ba lance a nd the densit y \\ 'a s 

calc ul a ted. Thi s tC'c hniqu e did h a \ '(' problems, ho\\"e\ 'er. 

Great ca re \\'as needed \\'hen inse rtin g the cylind er, in 

o rd e r to ,\\"oid com paCling th e sn o\\' sam ple. a nd \ 'el'\' \\'Ct 

o r ve l' \' dry 5nO\\' tended to ra il o ut or the ('\'lind e r \ '(' ry 

easil)' . For th is reason , threc measurements \\"eIT made a t 

each site a nd th e mean \'a lue \\'as takcn to rep rese nt sno\\' 

densi t \' , . \ s it fu rther saIC-guard, if a n yone measu remen t 

\\ 'as diOtTent rrom th e o th er t\\'O b y more th an 100/ 0 it was 

rejected and another sample tak e n, If no sno \\" \\ 'as 

present. a constant densit y of 900 kg m 3 [or ice \\'as 

assumed, I-.:.n o\\'Iedge or the density o f the surface material 

a ll O\H'd the meas u red sur/ace loweri ng to be co nvened 

into water-eq ui \ 'aIen t units . \\"hi c h cou ld then be 

compared wi th the \ '.dues calcu la ted by th e model. 

THE ENERGY-BALANCE MODEL 

Th e g lac ier surface energ\'-ha la n ce model used in thi s 

st ud\' incorporates e lements from se \ '('ra l prC\'ious e ne rgy

balance studies. These gencrall y agree that sho rl-\\'a\'C 

so lar rad ia tion is th e dominan t so urce ofmdt energy (e ,g, 

J\ l unro and You ng , 1982; Bra ith\\' a it e a nd Olese n. 1990; 

Qerlemans. 1993; P aterson. 199+ ), and the model 

described here treats thi s sou rce of ene rg\' in thC' g reatest 

detail. Tht' model also includ es turbulent heat flu xes and 

lo ng - \\'a\'l' radiat io n , \\ 'hi ch a re aek no\\'lcdged to make a 

sma ller, but nC\'('rtheIcss sig ni fi cant , con tri bu ti on to 

s urface melt ellcrgy, I t is assumed th a t th C' e n e rgy 

ava ilahle for melt ( Q~I ) can be obta in ed from: 

Q:xl = Q* + 1* + Qs + QL (2 ) 

where Q* is th e nct short-\\'a\'(' rad iation nux. J* is th e net 

long- \\'<i\'(' radiation nu x, and Qs a nd QL arc sensible and 

la te nt turbulent h eat Iluxes, respeet i\ '(' ly, For cOI1\'('ni e nce, 

e nergy nu xes a rc cxpressed in eq ui\'ale nt ab lat ion units 
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(mill o r\\'ater per unil time ) by di\'iding lh e energy nux by 
th e la tent h ea t of fusion or \\'a ter L and th e density of 

\\'a ter (Pw 1 (T a ble 3), These fo ur enrrg\'-iJal a n ce co mpon

ents arc ca lc ul a ted [o r eac h g rid re il or the DE.'. I or the 

g lac ier su rfi1Ce an d surro unding LOpograpll\' , and a rc th en 

used LO com pute hou r'" \'a lu cs of Q\j 101' eac h g rid cell O\'Cr 

th e co urse 0(' the 1990 m e lt seaso n [i'om 30 \l ay to 24, 
Augus t. The com putat io n or eac h cne rgy-bal ance compo

ncnt is now cons id ered in d c ta il. Paramete r \ 'a lll es used in 

the model th a t are clr ri\ 'ed from data co ll ec ted [o r thi s 

stud y arc g i\T n in Table 2: o th er parameter \'allles, 

typicalh' sta nd a rd physica l cons tants or emp iri ca l \'a lu es 

used in o th e r st udi es, are g i\'(:' n in T a ble 3, 

Table 2, L:'IIl/iiriml relalioll,l/ti/J5 1I,INI ill Ihe model 
lillear rl'gres,\io// , H2, roefflcient oIdetmllillatioll 

Equatio// Parameter " allle Stdmw 

9 al 0, 137 0,27 
9 Ci2 O,3H 0, ~ 18 

10 0 :\ 1. 26 0,297 
10 al 0,03 0,00 17 

Short-wave radiation 

Q = (1 - rr.) QU L / Pw 

//011 -

li ! 

0,29 

O,H 

(3) 

\\' here n is the su rbce a lbed o, Q; is the ins tant a n eous nu x 

of direct a nd dilTuse so la r ra di a t ion rece i\ 'Cd on the 

7 able 3, Parameter 1'(t/llf,1 1I,I(,d ill the model 

P{{rameter ' ~l'lIIbol " ({IIII' L '//it ,\ 

Sl'nsiblc hcat sca lar }\ ', 6, :) l x 10 " III ku' I K, I 'I 
1('(' .... s-

Sensible hl'at sca lar rI', 1.12 x 10 " III k" 11\. I ~ .... no\\' .. ., , 
LltCllt hea l sca la r }\'I 9,83 x 10 :1 III kg I ~ 

S 

icl' , condcnsa ti oll 
Latl' Il1 heat seda r / \' 1 11 ,1 1' x 10 III k" I 'I 

" 
s 

ice, ('\ 'apora ti oll 
Latl' Il1 heat sca la r / \ 1 6,86 10 III k U ' 

I ,) 

X ,-, s-

SIl Ol\, CO IlClc Il sa I ion 
Latell t 1H'<I1 sca la r /\'1 7,77 10 ,1 III ko' I ' I 

X 

" 
S 

snOIl , e\'a por;l tio ll ' 
Lall'lll heal or f'u sion L 3,3l x 10" J ko I 

, ..., 
of' \I'a ICT 

Dcnsi ll O!'\I<l tCT (J" 1000 k" III ,-, 

Equilibriulll-lint' el('\ ';uioll E :)000 In 
Sttiiln Holt l:ll1ann COll)lanl 8 ,),7 x ID I1 \ \' III 11\. I 

C loud co nsta III k 02G 
, \ llIlospl1l'ric lapse ratl' O,()()(i.') Kill I 

Standard o ld-slI o\l a lbedo (l 1I~ 0,73 
Sland;lrd n('\I'-SIl ()\I' albed o (1, 11:0- OR) 
-' lean catchmell t a ll)('do (J !U (U 

All/old alld olher,l : Di,\triblltl'd ,\/((/a(C ellfI}!,.J'-iJalal/c(' lIIodel 

su d~lce at a pa rti c ul a r loca ti on ( \ \' m ~ ). L is th e lat e nt 

h ea t of fusion o f' water .J kg land (J\\, is thc dens it y or 

water (kgm :l) , Q; fQr eac h g rid ce ll of the DE'\ 1 \\'as 

calc ul atccl from g loba l radiation rQ' measu red at th e 

weathcr sta t io n n ear the g lac ie r sn o ui. Thi s \ 'a lue \\'as 

then acljusted to take account of the efTccts ors lope, aspcc t 

a nd shad ing b y th e surrounding topograp hl' as detailed 

bclo\\ , 
Slope a ng les a nd aspec ts for it g in'll g rid ce ll arc 

o bt ained by e~am inin g four of the g rid ('ells surrounding 

it: 

«-l ) 

A' = a rctall{ [( h i l.j - hi- l.J/2s]/[( hij 1 - hi,j+ t) / 28]} 

(5) 

where Zl is the angle of' lhc s lope fi'olll the hor izo nt a l 

\ a "l ays positi\'(' )' A' is th e aspcc t or th e slope, m eas ured 

a s degrccs a\I'ay fi 'o m duc so uth, pos iti \'C to the \\est , an d 

negat i\'c to Ih c caS I, h is the intcrpolat ed cle\'a ti o n o f' a 

g i\ 'C n grid ce ll. s ubscrip ts " i" and ".1" a rc the ,I' a nd y g rid 

positions or the g rid ce ll in Cjucs ti o n Il'here g rid ce ll 

i = 1. j = L \ is I h e soul h\l 'CSI CO!'lll'l' of' Ih e DE '\1 g rid , 

w hi c h is orient ed north /so uth I, a nd 8 is the length o r th c 

s iel c o r th e grid cc ll s in the DE '\ I 20 m , 

T opogr;lphic shading is detLTmined as fc) lI o w s , ,\1 1 
g rid ('e ll s in Ih e DE '\I a rc initiall ) desig na ted as b e in g 

"in-s ll n" , Fo r eac h grid ce ll or Ih e DE.\\. in o rder o r 

nearn ess 10 th e clirectioll o r the Sun, th e cO lllput a ti o n a l 

a lgo rithm " \\alk," awa\' rro lll th e s tart cell along th e 

path or th c so lar l)ca l11 , ill s tc ps equ a l to th e DE .\] grid 

s ize, ,\ t eac h s tcp , t\\ 'O tes lS a rc macle, If' the e!e\'a ti o n o r 

the ne\\' g rid ce ll is a bo\T th e height or th e so la r heam a t 

t hat point. thE' s t:l rl g rid ce ll o f' th e c lIrrent ,,'a lk is 

d es ig n aled as '" in-s hade", th e ClIlTe nl \\'a lk SlOpS a nd th c 

next s ta rt g rid ce ll is se !cned, [ f' the n e\\' grid ce ll is 100\'(T 

than the h e ig ht or the so la r iJ ea m and has bel' n 

desigllatcd o n a PI'('\ 'iOllS walk as "in-sun", then th e 

s lart g r id c(' 1I st a ys d es ig natecl as " in-sun", lh t' c urre nt 

1\ a lk SlO pS a nd the ncx l s tart gr id ce ll is sc lec ted , r r 

n c it her or th ese co ndi ti ons is l11et , tlt e \\" t1k continu es o n 

to th e ncx t g rid ce ll o r the c urre nt \\ 'a lk , I I' n c ither or 

th ese co ndili o n s h as bC'e n mct by th e time t h e walk 

rcaches th e edge of the DE '\I , tlte o ri g in a l g rid ce ll 

re mains desig nated as "in-sun " , Thi s procedure is quite 

efrieient. as genera ll y olle of th E' co nditi o ns is Illet CIuitc 

quick ly, so m os t wa lks d o no t n eec\ to go a ll the \\ 'ay to 

the edge or the DE.\J. 
If' a g i\'C' n g rid ce ll is cit-sig nated as " ill-sun --, th e 

r a di a ti on l'Cce i\'ed b>' the rad io m e ter Q' I is rOI1\'C rt ec\ to 

th e eCI ui\ 'a!cnt rad ia t io n rccc i\'Cd b y a S Url~ll'l' no rmal 10 

th e Sun"s ra\ 's (Q:,) using th e re la ti o nship 

Q;, = Q' / Sill Z (6) 

\I ' h cre Z is the a n gle or the Sun abO\'C the horizon , 

Th e radi at io n rece i\'l'd b y thc s loping g lac ie r surface 

(Q;, Equa ti on 3)) is th ell 

Q; = Q;J;ill Z cos Z' + cos Z s in Z' eos(A - A')] (7) 
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] ourl/a/ q/ C/ari%gJ' 

lI·here A is th e so la r az imuth , d efin ed as d eg rees all"ay 
[ra m d ue so uth , positi\"C' to th e lI"es t of due so uth and 
nega ti n' to the eas l. 

If a g rid ce ll is designated as " in-shadc", hOIl·e\Tr. 
on" difTuse ra di a ti on is a llo ll"Cd to reach th e surface . 
Beca use o[ th e lac k of de tail ed c lo ucl -co\"C'r reco rds, thi s is 
trea teci ma rc schem <l ti ca ll y th a n direc t so la r ra di a ti on. 
F o ll olI"i ng O crl em <lns 1993, d ilTuse rad ia tion fro m th e 
sky is ass um ed to be one-fifth o r th e measu red g lo ba l so la r 
ra di a ti on ill a ll cases. R e fl ected radi a ti on from th e 
surrounding to pog ra ph y is th e n add ed to thi s \ ·a lu C'. 
Thus. th e radi a ti on rece i\"C'd b\· a shaded surface is 
ca lcul a ted using it \i ew-fac tor rela ti onship : 

w here 0 '111 is th e mean a lbed o fOI ' Ih e whole basin (T a ble 
2 ). In thi s equa ti o n. th e first te rm o n th e ri ghrha nd side 
represe nt s th e radi a ti on rece i\'ecl [ra m th a t pa rt o f' th e sh 
h e mi sph ere \' is iblc fr om th e g rid ce ll in Cl uest ion 
(ass umin g iso tropi c radi a ti o n fro m th e sky) , a nd th e 
second term represents th e re fl ec ted radi a ti on recc iycd 
from th a t pa rt o f' th e groun d he misp here \'isiblc fro m th e 
grid ce ll . aga in ass umin g iso tro p y '\[unro a n d Y o ung, 
1982 ). 

Th e slopes a nd as pec ts ca lc ula ted fo r eac h g rid ce ll of 
th e DEJ\ [ a rc shown in Fig ures 2 a nd 3. res pec ti\ "C h ·. ,\ s 

ca ll be seen. slo pes on th e g lac ie r arc genera ll \ ' be lo\\' 10 . 
exce pt on th e no rth f~l ce of'\l o nt Brul c and on pa n s o f' the 
wes tern fir n bas in a bO\T 2900 m, a nd the g lac ie r g!:' n c ra ll y 

-- 15.0 - 30.0 - 10.0 hO - 5.0 10.0 - 7.5 - 5.0 -BELOW 2.~ 

Fig. 2. S/o/le allg/!',\ 011 Halll (,'/arier d'A ro//a w/cu/aled 
Jioll1 llie J) I~·. I I . 
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bces be twccn 270" a nd 45 . Thus, th e ge neral crT'ect o r 
slo pe a nd as pcct \'a ri a ti o ns is to reduce th e inc ident so la r 
radi a ti o n ITceiH'd b y th e g lacier surface. Th ese clkn s a rc 
di sc ussed in th e res ults sec ti on be lo \\·. 

Th e efrec t or sha ding' of th e g lac ie r sUI'face by th c 
su r ro unding topograp h y on , horl-\\'a \ '(' ra di a ti on rece ipts 
is a lso important , du e to th e enclosed na ture of the bas in. 
Fig ure + sham th e cfkct or shad ing a t 0700. 0900. 1800 
a nd 1900 h on 2 1 Jun e . Th e ma in g lac ier to ngue is th e 
m os t a fkc ted by shading: in the m o rning it is shad ed b \' 
Bo uqu e tin s Rid ge, a nd in the afte rn oo n b y !\[Olll Call o n 
a nd L' E\,!"'q ue c r. Fig. I ). B\- contras t, th e lI'es tern a nd 
ea s te rn fim bas ins o r th e g lacier a re gen era ll y no t shad ed 
u ntil \ 'e ry la te in th e d ay. Thus, d a ih' radi a ti on to ta ls 
recc iyed by th e lowe r g lac ier a rc gen e ra ll y 10\ \ '(' 1' th a n 
th osc [o r the upper pa rts. ,\ , th e sUll1m e r progresses . th ese 
patte rn s rema in broa dl y simil a r , but th e ma in to ng ue o r 
th e glacier rema ins sha d ed 10 1' longer in th e mornin gs, 
a nd becomes shad ed earli er in th e a ft e rnoon du e to th e 
sh o rte r da\'s and 100\'(' r sola r heig hts a [t e r the SU ll11ll c r 
so ls ti ce . Aga in, thcse e frec ts a rc di sc ussed belo\\'. 

G rid-cell a lbed os a rc calcu la ted \\'ithin the mod el 
using re lat ionships of th e type pro posed by O eriem a ns 
( 1992, 1993 ), as fo llO\\·s . The pa ra m c tcri za ti on used is a n 
empiri cal onc based o n obsen 'Cd a lbed o \'a ri a ti ons o n 
m a n y \'a ll ey g lac ie rs. O erie ma ns 1992, 1993 ) ass um es 
th a t a lbedo or ice surf;l crs is e!e\·cllio n-d epend clIl. a nd is 
g!:' n e ra lly IO\\ 'er a t lo \\' cl e\',lli ons, du e to increased d ebri s 
a nd dust in th e ire . Thus, a ma p of thi s bac kgro und ice 
a lbed o C1'il 1 ca n be dC'lin ed as : 

ABOVE 315 
27') - 315 - 225 270 - 180 225 - 135 - '80 - 10 '35 - 4 ~ !f0 

Fig. 3. SlIIJace asjJerl 011 Haul (;/acia d'.-Irol/a ({{/I'II/aled 
jiolll l/ie DE.ll . 
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. I mold ({lid o/fter.l : Di,llribll/ed ,llIlfoct' mergJ'-lial({ll ce lIlodel 

Fig, .f. TlJree-dilll l'lIJiolllll ( (illI/JIIll'I' illlagl',l 0/ /-/ 0111 (;Iacifl' (t. l rolla. l ookillg III lIlft- .I() lIlhl'!l 1/ /Ui l 'aulo, . \ / 0111 HmI/, i('ilft 
" ill/lllo/ed o,/wr/illg /Jallem,1 gmemled I! )' Ifte lI/odei jiIl2!]lIl1f , ( a ) 0700 ( h) ().!)()() ( c ) /800 ( d) !900ft , 

Oh = 01 arc'lall [( h - E + 3(0 )/ 200] + (/2 (9) 

II'here h is the e le\ 'atioll of' a n indi\ 'idu a l gr id cell 

III a. s,1. . E is th e e le\'in ioll or the cqu ilibriulll lin c III 

a,s ,l. , and (/1 a nd (/2 arc adju s table parameters , The 

actual surfacc albedo is Ihell a lreeled b\ the prC,'ic l1 ce of' 

s n O\I'. and b\ ' "\I'l'athering" or th c suriilce be it ice or 

SI1 O\I' . O erlemans a ss ullles that the depth of' <1n\' snoll 

Co\T r is impo rtant , a s Ihis d ete rmin cs hOll' Illuch 0 [' th e 

b aC Kg ro und su r!ilce ca n be "see n " through the sClll i

transluccnl SIlO\I' cm'Cr. a nd that "lleathcring" 0 [' the 

S Ur!~I l'C ca n be approxilllatcd b y th e total amo unt o f'l11 c lt 

that has occu rred sin cc th e beginlling o f' the Illelt seaSOll, 

O e rl emans uses <1n expo ncntia l e unT It)r the efTt'Ct o i' s nO\I 

depth, and ass um es it linear relatiollship of albedo lI'ith 

"weathering" , thus: 

II'here Cl , is the res u ltin g su rfa cc a lbedo, (\, ,, is th e 

sta nd a rd a lbedo o f'old snO\l', cl is snOll' ekpt h III II',C, I, j\/ 
is the c Ulllul a ti \'l' melt m 1I' ,e , 1 alld (J :l and (J I a rc 

adjustabk param c ters, Thus, ir no snUlI' IS present 

I cl = ()), the cx POll clltia l te rlll eq u a ls I, a nd t h e lT f(J IT 

th e suriilee a lbcdo is the same a s th e baCKgrou nd a lbedo, 

less th e ciTe-et of'1I£, In the Ill ode l, th e sta nd a rd all)edo o f' 

o ld snoll' has it \ ',du e oro ,n, a \ 'a lu l' IOIlT r thall that or 

f'rc s h SIlOIl', to a 11 011' f'or a standard ag ill g- effect 

Ocrl rllla ns, 1992, 1993 , Field experience a t , \ rolla 

su gges ted that e\T II 1'(' 1'\ ' sm a ll amounts of' 1l l'II' SIl O\\' 

lil lling dUl'in g th e abl a ti o n seasoll h ad an important dkn 
o n a lbed o, a nd thi s lI'a s ta KCIl int o accou llt usin g a s imil ar 

ex p o ne nti a l re lati o n ship rel a tin g- th e depth of' nCII' SIl OII' 

and thc a lbedo or (h e undnh'in g s Url;lCC: 

(11) 

lI' here CI ' i ll ) is the resulting sur!;ll'e a lbedo in th e prese n ce 

o rn CII snOll, n il" is t h e s t ;lnda rd a lbedo orfiTsh SI1O\I' , and 

p is the ciepth or f'I'L's h SllOlI' III \I ' ,e, , Th e la rge abso lut e 

\ 'a lu c or th e llIultiplier of' p 3000 I e n su red thal sma ll 

s l1 oll' lidl s a ll lTted the ,dhcdo, 'ril e albedo or liTs h sn oll' 

\\ 'a s t;IKen a, n,B,), Precip it a tion ill a gil'l'n ce ll lI'as 

assullled to 1:t!1 a s SIlOIl if' th e ai r temperature ill th a t cc ll 

at thc tim e II;I S I c: 0 1' I()\IT I' c l', Onicll1;tns, 199 3 ) , 

SulJSL'q Ul'nl nw l t 11 a s li I'st ITmOITd li 'o\11 t h e dept h or 11 ('11 ' 

snOll, I f' a III IH' II 'i IlOIl relllained ullllleited arter 3 days, 

it s depth lIa s adcieci to the depth or an\' o ld snOlI". the 

cicpt ll or nCII snoll 11 a s \'l 'se t to L('I'O , ;l lld the a ll ledo lI'a s 

th en clicu la tcci us ill g- Equation 10 " ~I ' hi s proceciul'e 

simulat e'i , alheit LTud(' I ~ , th e agill g or n CII' I\' Etl k n snoll' , 

\ k as UITIl\(' llt s o r icc a lhl'do o n Haut Glacier d' , \ rolla 

lIe lT gL'IllTa ll ~ 100IlT thall those reponed bl Oerlcm a n s 

1 99 :~ , and 'on the p a rameters liTre adju 'i tcd u s in g 

mC;l s ul'l'ci a lhedo, Th e p ;ll'am ctc rs in Equ at io n (9 ) (al 

and II ~ I()r the iJacK g rollnci a lbecio 11 e r e calcu lated using 

th e li rs t \l1easured a lbecio I'aluc af'ter t h e sno\l' lin e h ad 

ret rl'at eci ab()\'(' an\ ' panicular sla Ke; till' parallleters in 

Equ a ti o ll 10 {/ :l an ci (J 11 IITrc calc ulat cci using a ll th e 

meaSUrL' \l1L'llt s of' a lbedo, snO\l' depth and ('umulati\'(, 

1lll'1t . togTther Ili th th e iJacKgrollnci a lbedo as esti m ated 

by Equ a ti o n C) • I II both (';ISl'S, no n- lin ea r orciinary ICils t

sq u a r t's L'uly('-l itting tec hniqu (" IIT IT u sed, Th e res ulting 

pa r a meter I'a lul"i , co rrl'i a tion codl ic ic n ts and standard 

e rrors arc g'ilT n ill Table 2, The linal s Url~ILT albed o h a c! 

maximulll and minimulll I',tlu es (lCO ,8,S and 0,12 imposed 

ir neccssar\', 

Long-wa ve radiation 

Th e lo ng-lIalT rad ia ti on /l ux is g in ' n b\' 

r = (! 1 - £ Tl / L / (I,,' ( 12) 

\I 'here / 1 is the in coming long-\l'a\T radiation , a nd / 1 is 

th e o utgo in g lo n g -II'a\T radi a t io n , b o th in \\ ' m 2 , 

,\ ss ullling th a t the g lac ier sur/i\er is a ill'a\'s at 0 C, a nd 
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it radi a tes as a black bod\', I ' has a co ns ta nt \ '<du e of 
3 16 \\' m 2, 1 1 is g iYC I1 by Bra i t h l\'a ite and Ol ese n ( 1990 I : 

(13) 

whne E* is th e effecti\"e emiss i\·it\· of th e sky , a is th e 

Stefan Bo ltz m a nn co nsta nt (\V m I K \ a nd T'" is the 

a bsolute a ir tempera ture (K ) . Effec ti\ "(' e ml ssl\ 'lt y IS 

ca lcul a ted as : 

E' = (1 + kn )EO (14) 

\I·here k is a consta nt depending on rl oud typ e ; 17, from 0 

to I, is clo ud a mount; a nd EO is cl ear-sky emi ssi\·it )' . 

Ohm ura ( 198 1) g i \ 'CS k \ 'a lu es fo r eigh t d i (fe r en t cloud 

(\' pes. but as d a ta collec ted fo r this stud y did n o t include 
thi s informati o n , a co nsta nt va lue of 0. 26 \·vas used , th e 

m ean of th e \ 'alues fo r a ltos tra tus, a ltoc umulus, stra toc u

mulu s. stra tu s a nd cumulu s cl oud ty p es, fo ll o\l'ing 
Braith\\'aite and Olese n ( 1990) . T\\ice-d a il y obsen 'a ti ons 

o f cloud a m o unt werc mad e fro m 6 J un c to 5 j uh·. Th e 
d a il l' m ea ns o f th ese d a ta " 'e re th en regressed aga inst 

,",lri o us m e teo rolog ica l param eters to try to find a 

rela tionship th a t co uld be used in th e mod el (as th e 
m eteoro logical d a ta coll ected b y th e \I"('a th e r s ta ti ons did 

no t includ e cl o ud cOl·er ) . Th e mos t clfec ti\ 'e regression 

rela tionship w as based simply on th e d a il y te mpera ture 

ra nge, and is given in T a hl e I. Fo llowing Ohmura ( 1981 ) 

th e clea r-sky e miss i\ 'it \" is g i\ 'C n b y: 

(15) 

T u rbulent h eat fluxes 

Turbulent hea t flu xes for ea c h cell a re ca lcul a ted using 

th e rela ti o nships derin'd b y Ambac h ( 1986 ) , based on 

ene rg \'-ba la m -c m eas urements o n th e Gree nl a nd ice sheet . 
Fo r a melting g lac ier surface ( i. e . with a te mpera ture of 

o C a nd \'a p o ur press ure equ a l to the sa tura ted ,",lpour 

press ure a t 0 C ). a nd assuming adi a bat ic stra tifi ca ti on in 
it Prandtl-t yp e bound a ry laye r (in whi c h th e \"C rLi ca l 
flu xes of en e rg y a nd mom entum a rc co nsta nt \\'ith height, 
a nd nea rl y a ll o f th e to ta l in c rease in wind sp eed from th e 
g round to th e [ree a tlllosphere ta kes pl ace (Kra us, 1973 )) , 
th e rela tio n sh i ps a re: 

(16) 

and 

(17) 

\I·here K, a nd /(1 a rc coe ffi c ients, P is a tm os pheri c 
pressure (P a ) , T is a ir tempe ra ture 0c), 11 is ,,·ind speed 

(m s I) . a nd 6e is th e diffe re nce bet\\"Ce n th e "'lpour 

pressure o f th e air and th e sa tura tion \'a po ur press ure a t 

th e g lac ie r surface Pa l . Th e subscript "2" indi cat es th a t 
th e meas urc m ents wc re m a d e a t 2 m a bo \'e the surface . 

l\ume ri ca l \ 'a lues of le a nd I(J includ e th e adjustm ent 

fo r la tent heat o f fu sion a nd d ensit y of wate r , a nd n u )' 

d epending o n \\'hether th e surface is ice o r snO\\' (du e to 

th eir diffe rcnt roughn ess ) , and for KI o n \.\·h e th er th e 
s urf~l ce is expe ri encin g- conde nsa ti on or e \'a pora ti on (see 

T a blc 3 ) . T e mpera ture fo r eac h ce ll in the DE\I is 
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ca lcul a ted using a stand a rd mea n a tm ospheri c la pse ra te 

(see T a ble 3) a nd the diffcrence in a lt itude be tween th e 
ce ll in qu es tion and th e wea th e r stati on. The 6e \ 'alue fo r 

each cell is calcul a ted using- mea sured relati\ 'e humidit\· 

( \\ 'hi ch is ass um ed to be consta nt \\'ith ele\'a ti o n ) a nd th e 

la p se-ra te cO lTeCled a ir te mpe ra ture . Th e m easured 
rcl a li\T humidit y fro m both weath e r sta ti ons showed a 

diurna l cycle, with simila r ma ximum ,",llues reco rd ed a t 
a ro und da \\'n , \\·h e n a ir tempera tures \IT re a t th e ir lo \\"('s t. 

The lowe r wea th e r sta ti on showed m uch large r di u rn a l 

\ ·a ri a ti ons. but thi s sta ti on m a lfun ctioned quite fre

que ntl y, \I 'ith a n o m a loush- 10\\' (o r e\'en negative ) values 
record ed, th o ug h o nl\" durin g d ay li ght ho urs. Thus, 

wh e th er th e in c reased diurn a l r a nge a t this lo ca ti on , 

e \ 'en on days wh e n no extreme \ 'alu es \\Tre reco rd ed. was 

a rea l phenom e n o n o r an a rtifa c t o f th e \I'eath e r s ta ti on 
could not be d e te rmined with confid ence. Tn \·inv of th ese 

pmblc ms, th e re lative-humidity data from th e upper 
wea th er sta ti on w e re used \\·hen a \ ·a il a ble. During p e ri ods 

wh en th e upper wca th er-sta ti o n d a ta were no t ava ilable, 

a nd th e low e r " 'ea ther sta tion w as ma lfun c tioning 
(d eem ed to b e wh en humidit y w as record ed as b eing 

less th an 40% ) . a \ 'a lue of 75% ( th e mea n \'a lu e fo r th e 

sea son fi 'om b o th wea th er s la tions) was used. This 
pro bl em should n o t be of g rea t importance, as la tent 

hea t flu xes fo rm th e sma ll es t o f th e fOllr energy-ba la nce 

componC' nt s (sec bel o\\·) . 

MODEL RESU LTS 

Validation 

The model produ ces three ma Jll o utput da ta se ts which 
can be compared I\'ith field d a ta in o rder to (:'\ 'a luate th e 

m od el's perfo rm a n ce. These a rc th e pa ttern o f sn o \\'-line 
rc trea t d uring th e course of a melt seaso n, th e p a tte rn of 

a lbed o cha nge O\ 'e r th e glac ier surface through time, a nd 

th e patte rn of abl a ti on OI'er th e g lac ier surface thro ugh 

time. In thi s p a p e r , \IT exa min e ho\\' \\'ell th e m odel 
o utputs match o bse r\"ed \'a ri a tions in th ese d a ta se ts, 

u sing calcul a ti o ns a nd meas ure m e nts mad e a lo ng th e 

centre-line s ta ke n e twork ShO\\"I1 in Fig ure 1. ~Io re 

d e ta il ed spa ti a l a nd tempora l \ 'a ri a ti ons in th ese d a ta 
se ts will be d ealt with in a subsequent paper. The 

acc uracy of th e m od el is assessed on th e bas is o f th e 
P ea rson co rre la ti o n coeffi cients and regressIOn s ta nd a rd 

e rrors, summ a rised in T a ble 4 . 

SllolL,-line re/real 
Th e obse n -cd and m od ell ed pa tte rn of sno\\'-lin e e le\ 'a ti on 

thro ugh lime is sh own in fi g ure 5 . Th e mod e l p erfo rms 
re m a rka bl y \\'e ll ; th e onl y o b\·io us disc rep a n cy is th e 

s nowfa ll (a nd assoc ia ted f~t11 in sn o \\'-line ele\'a ti o n ) in the 

firs t wee k of jul y, whi ch is no t ca ptured by th e m od el. 
th o ug h no re trea t o f th e model sn o l\' line occ urs during 

thi s period. This misma tch would seem to be ca u sed by 

th e model und e res timating snowfa ll e \·e llls. This co uld be 

due either to th e use of onl y o n c wea th er s ta ti o n to 
d e te rmin e conditio ns over th e who le bas in , o r to th e 

w ea th er sta ti o n itsel f un de r-record ing snowfa ll eyen ts. 
Th e co rrela tio n coe fIi cient be tween obse n -ed a nd calcul

a ted snow-lin e el eva ti on is 0 .99 . 
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T able 4. Regre.l.lioll rf'/aliolls/ZipJ beill'cm lIIodelled and llleasllred ('{{riable,\. Figllre,l ill bmrkel,l ({lIdf'l' regressioll slo/)f,1 alld 
illleree/}!s are Jlolldard enor,l : r, Pcarsol/ conclalioll coeJj/cicl/ l: ,\ '. IIl1/lIbcr 0/ data POilll,l; .If . lIIodellcd paramcter: 0, 
obsf/'/'fd /HlI'ameler 

)' l'ariable \ ('{{riable /','qllalio ll . \ 

;'1 a l bed o 0 a lbed o .If = 1.065y 0 ,089 0,850 106 

( O.O -~ ) (0 ,0 17) 

~l a bl a tio n 0 a bl a li o n !J = 0,822.1' 0 ,97 0,812 985 

\1 sn o \\'-lill c el ('\'a li o ll 

\1 e ITOI-

\1 eITOI' 

t--l e r ro r 

\1 erro r 
\1 Qre 

o sno \\'-lin f c \c\ 'a lion 

~J a bl a ti on 

o Q'* 
o T * 
o rela ti lT hu m id i t \ ' ~ 
o Qre 

* .\t lo w c r \\' e<Jthcr sla li o n, 

';' . \ t upper \\Tath er Sta ti Oll , 

10 ,02 1 , 0 ,08 

0,987 18 

0,006 985 

0.2 "~ I 86 

0.08-~ 86 

0 ,0 ~ 3 86 
0, 9-n 1296 

~ Co mbin a ti o n of up pe r a nd 10 \\Tr \\'('<t lh e r-s la lioll dala used (scc iCXl ), 

3000 l 

2950 --:: 
~ 

2900 -:J 
- " 
,Si 2850-= 
~ ~ 
~ 2800 -: 
. ~ 
.. 2750 ~ 
6 j 

~ 2700 1 
2650 ~ 

( 
J 

~ 
2600 ~CTT' ,n, ,.,...,.--.,-n, '---"lI"T"'T- -""'-'I-r-T-.......,.,.,-rrr'I"---'-' 

t5 I 15 I 
Jun e Jul y Au g us t 

Fi,!.!" 5 . . lIoddlf(1 alld Ob,II'I'I'NI ,IIIOll '-fiM e/(,Nllioll Jur 
1990, Sofid fille, ob,I('I'1'ed: d(J.llied filii' , /IIodel/l'd , 

. Jlbedo 
Fie ld a lbed o measurem e nl s were used to tun c th e mod c l 

equ a l io ns used to ca lcul a le a lbed o, a nd so can no t rca ll ~ 

be' lI sed a s an ohjec li\'(' lcs l 01' th e mod e l. N c \ '(' rth e \ess it is 

in slru c ti\'(' to sce ho \\' we ll th e equ a ti o ns used can 

simula te th e cha ngin g a lbed o of' th e g la c ie r sUrl;ICC , 

\l easurcd and mod ell ed a lbcdo f())' fo ur o f th e sla kc 

loca li o ns thro ug h th e course of' th e me lt season a rc sl]()\\'n 

in h g ure 6 , Fo r th e t\\'o lo wer stak es (E a nd F ) , th e modcl 

slig htl y und e res lima lcs th e a lbed o or th e g la c ie r S Urf~lCC 

fo r lh c firs t half 'oflh e m c lt seaso n bUl pe rf() rm s be llLT fo r 

the second half o f' th e summer. The ge l1l'1'al d O\\'ll\I'ard 

trend in a lbcd o is ca plured , a nd th e 100\'('s t m od el a nd 

m eas ured a lbed o \'a lu es ag rce quil e \\ '(' 11, Th c m od el d oes 

no t ca pture th l' sli g h t c nd-o r-seaso n ri se in a lbecl o; thi s 

dTcc t is difTi c ull to cx pl a in , as no sno \\' fe ll durin g thi s 

peri od, Fo r the l \\'0 hi g her s takes ( I and N ) , th e model 

per/o rm s r a ther be tte r. A ga in , th cre is so m c discrepa nn ' 

ea rl y in th c m cll season , lh o ug h less th a n fo r th e lo \\'e r 

s ta kes, ,\ f'ter th e end o f' .JUIl C, th e mod e ll ed a lbed o 

d ecrcases in a \\ 'a\' \T rI' simil a r lO th e o bst'r\'('d ",lIues, 

Th e re la l io nshi p bClIITc n a ll m casured a nd m od e ll ed 

a lbed os is sh o \\' 1I in Fig ul 'l' 7, Fo r 106 d a la po int s, lh e 

co rre la li o n codTic icnl is 0,83, 'rh c s lope o f' th e reg ress io n 

re lali onship is s li g htlY g rea ler than I: loge lher w ilh lh e 

sm a ll nl'ga ti\ 'C inl ercep t. thi s suggcs ls th at t h e m od el 

m a rg in a l'" O\ '(')'('s lim a ll's hi g h albed o \',du es, and und er

es tim a lcs I OI \ \ ',du cs , Th e good re la li o nship be l\\'('c n 

m easured and m od e ll ed a lbec\ o \ ',du es is nOl s urpri sin g, 

g i\ '(' n th a l th e pa r ,ll1l C:' le rs in th e a lbedo rc lali o nship,,, used 

b , ' the moc\ e l \I 'l' IT adjusled us ing th e l1l e, lsurcd a lbed o 

\ ',dll es , bUl il c1 0es sho\\' lh a l th e h as ic ro rm o f' the 

re la ti o nships. ,1I1c1 th e ma in contro lling \ 'ari a bles c1 e\ '

a li on, sn /)\\' c\c pth a nd cumul a li n' melt c hose n b , ' 

O cr lcm ;\n s 1993 ) a nc\ usec\ in th is slud, can expl a in 

muc h of' th e all )ec\ o \ 'a ri a li o n o bs(' I'I'cc\ o n a lp in e g lac iers, 

Th e m a in p ro blem \\'ilh the re lali o nships is lh a t th e d e bri s 

cO ll ce ntrali o n . w hi c h is o ne o f' th t' maill conl)'()l s on lh e 

b ac kg ro und icc a lbedo, is o nll ' \ 'cry a pprox im a lc ly 

c\elw nd ent o n e \c \'a ti on a t lh c sca le of' a n indi\' id ua l 

g lac ier. \\ herc loca l fl o\\' pall e rns and d ebri s m 'a il a bility 

s tronglY i nil L1 e n ce ice d ehri s co n te n t. Th us, Eq u <1 li o n 9 

pcrforlll s ra th e r \\ 'o rse th a n Eq uati o n ( 10) (sec T a I)\c 2 1; 

thi s in acc urac\' allt'ns a ll th e m o d e l a lbec\o eS lim a tes , 
h o \\'(' \'(' r. 

.' /h/alioll dala 

Tim c sni es o f m easured a hl a tion ratcs fo rm th e main lCS l 

o f'm od el pnfc )rm a nce , \ \eas urec\ a nd l11 oc\ e ll ed a bl a li on 

f() )' Sla kes B, F, .J and :\ a )'c sh o \\' n in Fig ure 8 , Th c 

m ag nilud e o f' th e m od e ll ed ab la ti o n a g recs \\'c ll \\' ith thc 

m easured \ ',lIues. and th e gc n e ra l sh a pc o f' th c e unTS 

thro ug h the m c lt seaso n al so match es quitc \\' e ll, 

H O\\'('\T J'. th e mod elled a bl a ti o n is ge ne ra ll y less \ 'ari a ble 

al shorter tim c-sca les lhan th e m casured abl a t io n , w hi ch 

sh ows quil l' large Sho i'l - Ierm osc illati o ns, So me o f' thi s 

di scrc pa ncy m ay be assoc ia t f c\ \I ' ilh difli c ulti es in 

m e a surin g a bl a ti o n rat es O\T r s h o rt lim C' inlern ll s 
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Fig. 6 . . I/odelled alld obsfI"lwl albedo l'{/rialiollsJinjollr Jlake localiolls: ( a ) slake B, ( b) slake F, (e) slake J ( d) slake 
, \" Solid lille, ObS fll'ed: da.\/ied filiI' . modelled, 
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Fig. 7. Smiler diagram of lIIodelled 1',\ ob,lflTed albedo 
m/lle.l . Da,l/zed IiIl(t.Jilled relationsizil) (.lee T able 4) . 

I 1 

(!\[i.iller a nd K t'e icr, 1969; Bra ithll' a ite a nd Ol ese n, 
1990) . 

Th e re la ti o nship be tll'et' n a ll th e meas ured and 
m od e ll ed a bl a ti o n I'a lu t's is sh ow n in Fig ure 9. Th e re is 

o b\'i o usly so me scat ter, but th e ovc ra ll co rrt' la ti o n [o r th e 

985 d a ta po ints is 0.8 1. Th e slo pe of th c reg rcss io n 

cqu a ti o n is less th a n I II' hi c h suggests tha t th c m od el 
und e r-predi cts hi g h a nd o l 'C' res ti ma tes lo ll' a bla ti o n 

va lu es . Th e sm a ll pos iti \'(' va lu e of th e intercep t (0 .97 ) 

a lso means th a t th e mode l o\'C rest ima tes loll' a bla ti o n. 
This m ay hel p ex pl a in th e sm oo th er na ture o f the 

m od elled a bl a ti o n cunTS co mpared to th c m eas ured 
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\·alu es . F o r b01h coe fli c ie nt s th e standard e rro rs a rc I'e ry 

sm a ll (0.02 a nd 0.08, res p cniITly), II'hich sugges ts th a t 
th e predi ct il,(:, pOII'C r o f' th e mod el is good. The sta nd a rd 

d C\' ia ti o n of th c diffe re n cc be tll'ce n th e m eas ured a nd 

m od e lled d aih' a bl a ti o n I'<liues fo r a ll tlI e sta kes is 
12.9 mmll·.e. d 1. co nfi r ming th e expl a na to n ' power o f 

th e m od el. This is so m e ll'ha t more acc ura tc th a n th e 
sta ndard dCI' iat ia ns of' 13 .6 a nd 18 .9 mm 11·.e . d I fo und h y 
Bra ithll a it c an d Olcse n ( 1990 ). Th e m ean diOc re nce 

be t II'een th e meas ureci a nd mod ell ed d a ily a bl a tio n I'a lues 
[o r a ll th e sta kes O\'C r th e summer is - 0. 3 mm 11·.e. d 1. 

In o rder to furth c r id e n tif \' th e o ri g ins of' lh e 
di sc re p a n cies be twee n th c m eas ured a nd mod e ll ed 
a bl a ti o n 1'<11 ut's , th t' dilTe rences be[\\'l"e n th e oi;se n 'Cd 

a nd p redi c ted melt I'a lues (herea fte r call cd th e mod e l 

erro r II'C re correl a ted II 'it h th e o bsc l'\ 'Cd melt I',du cs to 

im'Cs tiga 1e II'heth er th e m od el was sys te m a ti ca ll y predic t

ing m e lt less acc ura te h ' at hi g h o r lOll' a bl a ti on n tiu es 
(tvpi Cyi ng high-press ure o r 101l'-press u rc c l ima ti c cond

itio n s) . H O\\'CI'C r, th e re II'as no sig nifi ca nt correla tio n 

(1' = 0 .006 ), sugges tin g th a t th e model was perfo rmin g 
equ a lh' II'C II at bo th hig h a nd lo ll' melt I·a lues. This 

sugges ts th a t th e er ro rs res ult either fro m th e measured 
a bl a ti o n \ '<du es cr. i\li.i1lcr a nd K ee lc r , 1969; Bra ith wa ite 

a nd Olcse n, 1990) o r fro m a simplifi ca tion in th e mod c l 

w hi c h is no t d irec tl y II·cat her-re la ted . This la tt e r 

poss ibilit y was il1l 'Cs ti ga tcci by co rre la tin g th e mod c l 
erro r aga inst the indi \ 'idu a l energy-ba la ncc compo nents. 

Th ese ga\'C \'e ry lOll', s ta ti sti ca ll y insig nifi cant co rrela tio n 

coe ffi c icnts (sce T ab le 4 ) exce pt in th c case of th e short

lI'a \ 'c rad ia til 'C nu x (I' = 0.24) . This reg rcssio n o f rh e 
m odel er ro r aga inst th e sh o rl-II'a IT ra di a tivc nux gave a 

nega ti\'C slo pe coe ffi c ie nt II'hi c h impli cs th a t th e mod e l is 
O\ 'e r-predi cting mel t ra tcs d uring p e ri od s o f hi g h sho rt

w a \ 'e ra di a ti o n inputs. Thc re a rc two p ossibl e reaso ns fo r 

thi s. Th e lirst is th a t th e mod e l d ocs no t acc ura te ly 
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I/({kl' . \ '. Solir/lilll'. olnen'('(l: r/(II/tl'd lilll' . lIIodl'lled. 

prC' cii n Sh o rl-\\'aIT ra di a ti o ll an'll'ill g a t th e g la c ie r 

surl ilcc; th e scco ll ci is th a t th e Ill odc l d ol'S Il o t acc ura tc \\

prcd in lh c a llsorp ti o n o r so lar rad ia li o n III lh e g lac ier 

sUrl;\(T. Th c li rSI o f' th ese p uss il l ilili es lI'as les lcd usin g 

data rro m th e seco nd I\TLl th c r statio ll O il th c g lac ier 

surl ;\(T I: ig. I . Tlt e co rre la ti o n cocfl icie lll b ctll'Ct' n th e 

m oddled in comin g ShOrl - I\'<\ IT radi at io \l a t thi s Sil l' a nd 

th c n1('a surc el I'a lu cs lI'as O. <J.'). s ll gW'sl in g t h a t tlt c Ill od e l 

prcdi cb ill comin g rad ia ti u n l'('rI ' IIT II. Thu s, th e Ill o rc 

like '" so urce o f' erro r is ill th e al Nl rpti o n o f' sh o r!-II'aIT 
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i'II/lIe.l . J) ({ .lftl'd lilll' . ./illed rl'i({/io/l.I/tijJ (.ll'I' Table +). 

r a di at io \l III tl l<' g lac ier sur[;1tT. Tlti s co nfirm s tlt e 

s uggl's li o n a bolT lh a l g lac in-s urf;\ce a lbed o is s till not 

rep res('Jll ccI as ;I{'cu ra le ly as cl es ired. This is es p ec ia l'" 

IrU l' on t lt e lOll C l' g lac ier lI' h c l'(' llt c Ill od e l ge nera l'" 

s h olls Imll '\' ;t!I )('cio I',liu cs th a n lh ose m cas ured . 

p a r l icu la r" e! urin g- lh l' ca rl y p a r I of' lh e Sul1llll e r. 

L-ndn' p rcdi nion o f' lh l' a lbedo lIou ld lh c n lea d to 

hi g itn lit a ll (':\: p ('C tcd Ill c l t ra tes, ('spec ia l" 

p n io cl s () J' hi g h r a di at io ll ITCC lpt S. 

Energy partitioning 

d U ri n ''-. ..., 

Tit e Ill ode\. Il al ' ing bcell ll's tc el . can a lso b e u sed to 

l'l 'a lu at(' lh c impo rt a ll cc oJ' lh e e1i f1l' ITIl I contribu to rs to 

\lI Cit l' I1(Tl!;:. alle! th e ro le that to p ogra ph ,' p ia l'S in m elt 

e nergl. Fo r t h e Ill odc l run d isc ussed abmT. lh e m ea n 

d a i" cU lllribu l io ll s [U tit c s urf ~ln' e \l crgl' bud ge t a rc 

sh ow n in T <l l1l c :1 .. \ s ca n b e see n , lh e d Ol11in a n t co n

tril lll lor of' m e lt CIHT,Q,'y is sh o \'l- II'a IT radi a ti o n. lI'hi ch 

suppli es a d a il : ' m ca n fll r th e ", h o le g lac ier sur face fo r lh e 

lI 'hole seaso n of' 21- .5 OUI o f' a tota l l' ll e rg: bud gc I o f' 

17. :111111111·.C . d I. Lo ng-II'<\I,(, ra cii a ti o ll is lh e m a in (' <lu se 

o f' h cat loss li'o lll lh l' g lacic r SUrf;ICl' 10.1 III III \ , ' .C . d 1 1. 

a nd is la rge '" res p o nsihle fll r lh l' lo ta l cncrgl ' bud gT t 

be ing sma ll er th a n th e sho rt- II a\'(' inpuls. Th l' turbulent 

f1 u:\:es a re Ie 'iS s ig nifi cant : se nsible h ca l prm' iclcs a sm a ll 

n l' l inp lll of' encrgy +.+ 111111 w .c . cl 1 a nd la te nt llC'a l 

tramll- r i, a slll a ll so u rcc of' hcat loss 1.2 mill II ' .C. cl 1 J • 

This is in b roa d ag rcc l11 ent w ith m os l p rcI' io us s tudi es o f' 

g lac in cnc rgy b a la n ce, 11 hi ch a r c d Olllin a led b y r a cii a lilT 

h ea tlransllT (e.g- . Braitilllai tc and Olese n, 1990; :'.Iu1ll'o, 

1990 ,,,, ith slll a ll POS ili l,(, co n t ributi o ns from se n sible h ea t 

tra nsk rs, a nd sm a ll e r pos iti n' (e .g . .\Iumo, 1990) or 

n l'g,lli l'(' e .g . Bra ith ll'a itc a nd Olese n. 1990 1 co ntribu

ti ollS fi 'o lll la te nl h eal. 
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} ournal 0/ Glaeiolog)' 

Table 5. .\Iodel energy-balallce COIll/JOllellls . ['niLs are 
IllIlIlt '.e. d I 

.\lode! run Qs Q" Q' J* 

SLa lldard 1II0del 
T o wl 4 .4 1. 2 24.5 - 10 .4 

Sno\\' onl y - 0 .1 2.4 8.3 - 17.7 

l ee onl y 6 .7 0.8 33 .6 13 .5 
T o ta l, pos itil "C 3 .8 0.3 24.6 -4.5 

ene rgy ba l. o nl y 
P os iti H' enera l" b. 0 .7 - 0. 3 6 .1 2 .9 
ba l., snoll' onl y 

Pos i til'e enerO' I" ,,, 5 .2 0 .9 33 .2 -.':> .3 

ba l. , ice onl \" 

· \ '0 as/Jecl 
T ota l 4.4 - 1. 2 28 . 1 - 10 .4 

· \ '0 shading 
T o ta l "L -~ 1. 2 25.8 10 .4 

· \ "eiLher as/leeL nor shading 
T o ta l 4A 1. 2 29.6 10.4 

H OII"CI"Cr. fo r thi s stud y, t he sh o rt -11'a I'e rad ia ti IT hea t 
flu x is ra th e r hi g her th an in mos t o th er studi es . This 
wo uld seem to ha lT tll"O poss ible ca uses. First, th e a lbedo 
o f H a ut G lacie r d 'Arolla (once sno ll' has melted ) is ra th er 
lOll'; th e mean of a ll meas urecl iee-s u rface a lbed o I'a l ues is 
0 . 19 , II'hi ch is a t th e 101l'er end o f O erl ema ns' ( 1993 ) 
"'dirty-ice" ca tegorv, a nd is lo\\'er th a n th e I'a lues o f 0 .24 
a nd 0 .4 used b y Munro a nd Yo ung (1982 ) a nd Escher
V e lle r ( 1985 ), res pec ti I'C' ly, in th eir ene rgy-ba la nce 
mod els. This l \"Q uld increase th e a bso rption o f so la r 
radi a ti on . Secondl y, 1990 seems to ha l'e bee n a II'arm a nd 
sunn y year. The sno\\' lin e re trea ted l 'C ry ra pidl y, to very 
hi g h elenltions (OI"e r 3000 m ) . The al'e rage Jul y a nd 
A ug ust te mpe r a ture meas ured a t a nea r by Swiss 
m eteorolog ica l sta ti on a t Bri co la \\'as a ppro xim a tely 
0.5 C hi gher th a n th e long-te rm ave rage (i'om 1968 to 
1994". S imila rl y, so la r rad ia ti on rece il"ed d uring these two 
mo nths II'as nearl y 7% g rea te r th a n th e lo n g -te rm 
alT rage . 

This e lIcc t of low ice a lbed o is conflrm ed if th e res ults 
a rc pa rli ti oned into a bl a ti on I'a l ues reco rd ed o n snOII' or 
ice surfaces (see T a ble 5). For ice, short- wave ra di a ti on 
suppli es 33 .6 o ut of a to ta l gain 0 1' 26.0m m I\"'C. 0 I, hut 
10 1' snow (w hi ch has a hi gher a lbed o ) it onl y suppli es 8 .3 
o ut o r a to ta l loss of -11 .9 m m 11·.e. d I. Sensible hea t flu x is 

hi g her fo r ice. a nd is slig htl y nega ti \"e on snow: la te nt hea t 
flu xes a re nega til 'C on both surfaces, a nd , aga in , lo ng
II'aI't' radi a tio ll is th e d om ina nt fo rm of energy loss on 
bo th surfaces. 

This ove ra ll loss of energy fro m snow surfaces seems 
co ntra di c to ry, a s it impli es sn o w sho uld n o t m elt. 
H owel'e r, it sh o uld be born e in mincl that m elt occ urs 
o nl y when th e 10Lal energy ba la nce is positi n> . This 
ty pi ca ll y occ urs o nl y during day li g ht hours. wh e n hi g h 
sh o rL- II'al'e ra di a ti o n in pu ts eo u n te rac t a n y p oss i b le 
e ne rgy losses. During d a rkn ess, th e surface e ne rgy 
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ba la nce is often nega ti ve, due la rge ly to th e em ission o f 
10n g -II'al'e radi a ti o n . F o r snoll' su rfaces, thi s e ITec t 
d omina tes th e seaso na l tota l cne rg l" ba la nce. If th e 
I'a ri o us energy co ntributors a re summ ed fo r pe ri ods 
II·he n m elt is occ urring (i.e . II'hen th e tota l energy flu x 
is pos itil'C ) ra th er th a n fo r th e whole season, a sli g htl y 
diITc re nt pa ttern em e rges (T a ble 5). Se nsible hea t flu x is 
pos itive fo r bo th surfaces (th ough IowCl' for SI101\' , clu e to 
th e cold er tempera tures a t th e hi gher e lel 'a ti ons a t II'hi c h 
sno\\' is fo und ). La te nt heat flu x is sm a ll fo r bot h su r!~l ces, 

but is positi l'C for ice a nd nega ti, 'C lo r snol\'. T his aga in 
seem s to be due to the occ urrence of sno\\' a t hi g her 
elel 'a ti o ns. Short-II'a l 'C ra di a ti on is the m a in source of 
energy inputs, but is ",,4 tim es sma ll e r o n snow-col'e red 
surfaces th a n fo r ice surfaces . This dilTc ren ce is la rge ly du e 
to a lbed o di(fcrences , th o ug h the sno ll' o n th e north face 
of :-Io l1l Brul e (where as pect grea tly redu ces short- wave 
ra di a ti o n rece ipts ) a lso acco unts for some of thi s 
redu ct io n. The sm a ll e r nega til 'e I'alu es [o r long-lI' aI'C 
radi a ti o n sho\l' th a t el 'C n during d av li ght th e 10ng-II'a l 'C 
flu x re m a ins nega til'C. The sma ll er I'a lues a rc clue simpl y 
to o nl y a bout hal l' o f th e loss occ urring during d ay li g h t. 

The role of topography 

Th e m odel was a lso used to el 'a lu a te th e role th a t 
topogra phy plays in melt- energy receipts g il'C n th a t 
short-wave sola r ene rgy fo rms th e d o min a nt compone nt 
o f m e lt energy . Three ad d itiona l m od el runs were 
comple ted . in whi ch , flrst, as pect was no t taken into 
account ; secondl y, shad ing II'as not ta ken in to acco un t; a nd 
thirdl y, neither was accou nt ed lor. Th e effects or these o n 
ene rgy receipts arc shown in T able 5 . Excluding th e e ITcCls 
of as pec t increases sho rt- wavc energy receipts by 14.7'10; 
ex cludin g shad ing in c reases rece ipts by 5.2%: a n d 
exclud ing both increases rcceipts by 20 .8% (equivale nt to 
5.1 mm w.e. d I). 

CONCLUSIONS 

\\' e h a I'e d el'elo ped a three-d im e nsio na l di stri iJ u red 
ene rgy-ba la nce m ocl e l to cale ul a te spa ti a l a nd tempo ra l 
I'a ri a ti o ns in th e ene rgy-ba lance compo nel1ls a nd he nce 
melt ac ross sma ll valley g lac iers. " 'e ha lT d eYeloped a nd 
tes ted th e modcl using d a ta coll ec ted rrom H a ut Glac ie r 
cl 'Aro ll a, Va la is, Switze rl a nd . T hc m od el is based o n 
simplifi ca ti ons 0 (' e ne rgy-ba la nce th eo ry d eril 'ed b y 
Ambac h ( 1986 ) a nd succcssrull y usecl by Bra ithwa ite 
a nd O lcsen (1990 ) to mod cl the a bl a ti on a t the ma rgin o r 
th e Gree nl and ice shee t. I t treats th e sh o rt-II'al'(' rad ia ti o n 
ba la nce in mos t d e ta il as this cne rg l'-ba la nce compone nt 
is gen era ll y aekn oll' ledged to ma ke th e biggest contri b 
u tion to th e me lt o f a lpin e glac iers (l\Iul1ro an d Yo ung, 
1982 ) . The e(fec ts o n th e shor!-II'al"e ,-adi a ti on bud ge t of 
s urf~lce slope. as pect a nd a lbedo a nd of shad ing (i-o m 
surro unding topogra ph y a rc acco unted fo r in th e mod e l. 
Surface a lbedo is calcul a ted intern a lly by th e mod el a nd 
is based on pa ra m e te ri za ti ons d eve lo p ed by O erl em a ns 
( 1992, 1993 ). " 'c beli eve tha t th e m od el represents a n 
imp ro\'e menr on prt'l' io us d istribut ed m odels (e.g. \funro 
a nd Y o ung, 1982; E sc her- \ 'cu er, 1985 ) , whi ch ha\'(' a 
lower spa ti al reso l u ti o n a nd ha l'e no pa ra m etcri za ti o ll fo r 
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a lbed o . H OII'('\'er, th o ug h ge nera l'" q uit e cfJc'rl il'C, th e 

a lbed o p a ra m ete ri za ti o n u ~ed here ca nn o t ex pl a in a ll th e 

I'a ri a nce in a lbed o . I n part ic u la r, loca l sp a ti a l I'a ri a ti o ns 

in d ehri s co nce nrrari o ns in th e ice o n indil 'idua l g lacie rs 

ca use la rge I'a ri a ti o ns in th e SUrfil(T a lb ed o, lI'hi ch a rc no r 

acco unted fo r. This pro bl e m lI'ill be difIi c ult to so h-e, as 

such I'a r ia t io ns d epe nd s t ron g l), o n the no li' p a l te rns a nd 

de bris i\1'a ila bilit y o f' th e g lac ie r co ncern ed. ra th e r th a n 

simply o n e lel·at io n . snoll' cOI'er a nd c umul a ti lT me ll. 

01,(, 1' th e 1990 s umm er m elt seaso n , th e m ea n 

difk re nce be tllTc n th e m o d ell ed a nd o bserl 'Cd a blation 

a t 1+ sra kcs d is tributed a long the g lac ier centre line lI'as 

just 0 .3 mm 11'. (' . d I . " ' it h sm a ll adju s tme nt s to sO lll e or 

the pa ra m e te r I'a lues thi s erro r co uldlw redu ced to ze ro ir 

des ired . Th e ra th Cl' sm a ll s ta nd a rd d C'l' ia ti o n fo r th e d a i'" 

a bl a ti o n o r l 2 .9 mlll ll·.e . d I , II'hi c h is sO ll1 ell'h a t sllla lle'r 

th a n those deril 'Cd f'ro m th e C ree nLl nd s tud y of' Bra ith 

lI'a ite and Olesc n ( 1990 ) . ind ica tes that th e m od el in thi s 

s tud y ge n e ra ll y pr rfixm s IIT II . 

The m oclcl res ults confi r m th at so la r-ra di a ti on inputs 

a re th e la rges t so urce o f' m e lt energy 10 a lpin e g lac ie rs. 

Th e m od e l a lso shows th a t to pogra ph ic efTi..'C ts pial' a IT r y 

impo r ta nt rol l' in de termining rece ipt s or so la r rad ia ti o n . 

Gil'en th e impa rl a nce o Cso la r rad iat io n to g lac ier energ )' 

bud ge ts , th ese dkc ts sh o u ld no t be ig n o red in cnerg) '

ba lance s tudi es . es pec ia l'" li) r g lac ie rs in a reas o r hi g h 

relid·. :\'eg lec tin g th ese elkns lI o uld le a d to a n O\'(T

p red ict io n or m elt. lI'hi c h co uld be l'C r y sig nili ca nt in 

m ass-b a la n ce o r lI'a te r-ba la nce stud ics o r g lac ie ri l.cd 

cat chm e nts. The m od e l d en' lo ped here ca n a lso be usecl 

to stud y t h e spati a l andtc lllpo ral l'a r i;lti o ns in Ih e r(' lal ilT 

impo rta n ce o f' the indil 'iclu a l c ncrgl'-IJa la n ce componcnts 

10 SUrf;ltT mel t of' "a ll cy g lac iers a nd to CO lllput c surl;I(T 

1ll C' ltll'a lcr input, as part or a s tu ch ' or lh e W,l t('l' b a lan Ct' 01' 
I'a lky g l;lc icrs. Su ch s tud ies fc) r H a ut G la c ie r (I'. \ 1'011 a \I·ill 

li ll'lll th e bas is 01' snbsequcnt pa pers. 
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