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Deterntining the extent of pressurized flow beneath 
StorglacHiren, Sweden, using results of tracer experintents 

and nteasurentents of input and output discharge 
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,\BSTRACT, T \\'o ex pnim e n ts Il'e re condu c ted on th e dra in age SI'stem be n ca th 
th e' lower pa n o r th e a bl a ti o n zo n e' o f SlO rg l ac i ~ire n , a sm a ll \ ';lil e \' g lac ier in n o rth e rn 
S wed en, In th e fIrst ex periment , OIT r 70 trace r tes ts II'e lT pe rl cl rm ccl in a c lu s ter o f' 
1l1 0ulins durin ,g a I mo nth pniod , a t sub-d a il y inte l'\ 'a is, In th e second ex pl'I'illl c nl. 
in put- and o utput-disc ha rge s ig n a ls II'(' re m casured on th e supraglac ia l m clt s t rea m 
e mpt yin g inlO a m o ulin a nd o n th e proglac ia l s trca m lO II'hi e " th e m oulin dra in s , Th e 
d a ta frolll th ese tll'O ex perim e nts a re used in a n id ea li zed m o d e l o f' th e subg lac ia l 
dra in age sys te m to ca lcul a te th e percentage o f th e sys tem nOll' in g as an open c h a nn e l. 
R es ults li 'o m th e tracer ex pnim c nt sugges t th a t th e sys telll is p rcss uri zedto Il'ithin 60 
3+0 III o r th e sn o ut , Il'hile a n a h 'sis o f th e di sc h a rge d a ta indi ca tcs press uri zcd condllit s 
to within Cl ~1 5 1ll o f' th e sn o ut. 

INTRODUCTION 

During th e 1988 ri eld seaso n , ex periment , lIT re co nduc ted 

to e lu c id a te th e suhg lac ia l dra in age sys tem in th e 10 \\T r 

ablati on zo n e o f' St o rglac i:ire n, a sm a ll, tempe ra te \'a ll e\' 

g lac ier in no rth e l'll Sll'ed c n, a nd sit e o r the Cni l'C rsit y of' 
Stoc kh olm 's T a rbla R esea rc h S ta ti on , Th e principa l 

o bj ec til 'c \\ 'a s to d e termin e th e pncent agc o f th e dra in age 

sys tem in Il'hi c h co ncluits a rc press uri zed rath e r th a n a t 

a tll1 0sp heri c PITS"lll'C', 
Two ,1 pproa ches were (' Ill p layed, Th e li rs t i Ill'o ll'('s 

tracer c); pe rim e llt s, th e " tra diti o n a l" m e th od used to 

ex plo re c ha rac te risti cs o r a n unkllow n dra in age sys tem , 

Thi s Ilo rk builds Oil th e ideas prese nt cd b y Sc al w r,2,' a nd 

o thl'l's 1988 ) , to th e cfkc l that th e re la ti o ll sh ip be lll'eell 

\ 'C loc it y a lld di sc harge is di s tin ct ly difTr re llt fCl r press ur

ized a nd o p e n-c ha nn el sys te m s, Th e a \ 'e ra,2,'e \ ,(, Ioeiti es 

o bt a ill cd li'om th e trace r ex periment s a rc used Il' ith 

a l '(' rage cii sc h a rges in a simple m od el o f th e cl ra in age 

"ys tem to so h-e fo r th e percentage or the tOla l sys tem 

leng th 1l 00" in g as a n opc n c hann e l. 

Th e seco nd m e th od in\ 'o h-es a co mpa ri so n o r wat r r 

inputs a nd o utputs o r th e dra in age sys tem , Disc ha rge 

,', ig n a ls were m easu reci o n th e supraglar ia l m e lt strea m 

l'lllpt \' in g' into on e o r th c riege l mo ulin s and on th e 

p roglac ia l s trea m to whi c h th e ri egc l ll1 0 u lins dra in, 

Th ese sig nals a re used in a lin ea r-s\'ste m s a n a lys is o r 

*Fo rm erl y a t: D epart lll ent o f' G eo log\' a nd G coph\'sics, 

C ni l'('I'sit y o r ]\ I inn eso ta, \Ii nn eapo lis, ~ Ii nn eso ta 

55-+55. U ,S, A , 

d isc h a rge-w<J 1'(' p ro paga ti on th rou g' " th e sa lll e m od c l o r 

lh e dra in age sys tc m, 

Thi ., paper is o rga ni zl'd in tll 'O h a il-es; in the firs t h a lf'. 

prese nt th e m o ti l' atioll fll r thi s II'o rk, di scuss the 

tec hlliques a nci res u lts o r trace r ex pe rim ent s, d e ,'Cl o p a 

s imple mod el le)\' t h e dra inagc sys te m a nd fit th e fi-ee 

p a ra m e te rs o r th e m od el using th e tra cer results, In th c 

second halt: I ex te nd th e mod e l to d escri l)e th e passage o r 

cii sc h a rge \\ 'a \'('s allCl lI se linea r-sys te m s a na lys is to fit th e 

m od e l to th e m eas ured injJut- a nd o u tput-di sc h a rge 
s ig na ls, 

BACKGROUND 

Th e exac t na ture or subglac ia l dra in age sys tem s is s till 

poo rl y und erstood , SUr!; ICl' mcit- and ra ill\l'a tcr cnt e r lh e 

sys tc m thro ug h c re \ 'asses o r m o u lins that direc t ly 

inte rce pt th e dra in age system, \\ 'atn leal'Cs th e SI 's tc m 

thro ug h strea m s e m e rg ing at o r nea r th e g lac ier te rminus, 

Be tll'ec n entran ce a nd ex it the g la c ia l drainage SI's te m is, 

with ra re exce pt io ns. in access ible to di rcc t o hse rl'ati o n : 

insig ht into th e s>'s te m Illu st th e refo re Iw gain ed thro u g h a 

combinatio n o f' th co re ti ca l co nsici e r a ti o ns a nd indirec t 

o bse n 'a ti ons rCl11 0 te se nsin g in til e broad es t se nse , 

During th e summer Ill c lt season , 11'<Her ge nera ted b y 

m e lting of'snoll a nd ice Il'ithin th e g lac ia l wa tershed , and 

{'ro m ra inf;, II , fl o w s OIT I' th e g la c il'l' s url~l ('e until it e it h er 

e nters th e int e rn a l drain age ne tw o rk o r fl oll's o f'[' o f' th e 

g lac ie r, Th e m os t co m mo n input po int s ro r th e 

s uprag lae ia l 1l'<ll e r a rc Ill o ulin s, d ee p \T rti ea l h o les 

fo rm ed wh en a l'I'e \ 'a sse o pen s to s ufTicient d e pth to 

inte rsec t th e c ng lac ia l dra in age s\ 's te m , \\ 'a te r flOll 'S into 
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th e crel 'asse, enl a rging il by melting the ice I\·alls. \\'hen 
the c rel'asse eventua ll v closes, th e moulin rem a ins a nd 
continues to expand , often reac hing ITry la rge (and 
dange rous) proportions. Beca use th e ice is in motion , the 
moulin is tra nsported down-glacier while crel'asses 
continue to open at the same rclatilT position o n the 
g lacier surface, E ve ntuall y, a ne\l' moulin is formed 
upstream , cutting off drain age to the older moulin . 

\foulins a re found in a reas o f the g lacier \I'here 
ex tensiona l now is suffi cien t to open crel'asses a nd there is 
a n englacia l dra in age sys te m within reac h o f th e 
crel'asses. On Storglac iaren, moulins form principally in 
one a rea, where ice noli's oyer a la rge bedrock ri ege l, a 
transverse ridge form ed in large pa rt by a n erod ibili tl' 
contras t in th e underl ying rocks (Fig. I ), Thi s m oul in 
fi eld is fairl y stati c; Stenborg ( 1969 ) repon ed moulin 
locations a nd surface drainage networks in the mid-1 960s 
which a re nea rl y identica l to those today , more th an 
25 yea rs la te r. Th ere is a bund a nt el'idence that th e 
subglac ial dra inage netwo rk , th o ugh , is anything but 
sta ti c. t\I'e rage I'eloc iti es, d e termined from tral'el times of 
tracers introd uced into th e moulins, halT I'a ried Q\ 'e r th r 
years (Sten bo rg, 1969; H ooke and others, 1988; Seaberg 
a nd o thers, 1988 ), elTn und e r simil ar disc harge concli
lions. T here a re sCI'Cral p laces where subglacia l streams 
exit the glac ie r; th e rela til 'C a mounts of discha rge carri ed 
by eac h stream I'a ry both during the mel t seaso n and 
from yea r to year. These stream s may a lso shift loca tion 
slig htl y, part ly in res ponse to retreat of the snout. but a lso 
panly in res ponse to changcs in th e subglac ial drainagc 
sys tem. Fina ll y, a t certa in times during the m e lt season, 
a bn o rm a ll y h ig h ICI·els of suspen d ed sedimen t are 

a) 
' km 

, , I , , , , , ! ! 

Fig, I, ( a) Ablalion area oj Stolg/aciiiren, showillg 
bedrock (onlours (gnl)) lines, cOlllollr interval 21011/ ), 
sll1jace cOlllollrs ( heal~)) black lines, cOlllollr illten'al 
210m), 1110ulillS (black circles), lracer-illjeclion sifes 
(la bels ) , /iroglacial slreams, and s,.)'dj(lkk dam ( X ) . 
Equilibrium lille is at abolll 1400 Ill, ( b) Cross-seclion 
along jJrojile X- X'. The black alld u,lzile bars show Ihe 
s.yslem lengths oJ lite sIud» area flowing as /Jressll ri;:ed 
condllil and open challllel , jor bolh the lracer ( T ) and 
discharge (QJ an(0)sis. The gm)) bm denoles Ihe rallge 0J 
reasonable l>a/ues Jor Ihe /Jressuri;::ed-condllil lellgl/t, alld 
Ihe lick mark shows Ihe best jil 1o Ihe dafa, 

218 

discharged from th e glacier. an indi ca tion of drainage
sys tem incursion into prel'ious ly un exposed a reas of th e 
bed, 

C h a nges in the conduit system occ ur as th e conduit 
\I'a ll s a rc melted by the I'isco us hea t ge nerated in 
turbulent shearing of the \I'ater as it m Q\'es th ro ugh the 
g lac ier. Counteractin g thi s mclting is the plas ti c clos ure 0(' 
th e cond uit due to the ol'crburd en pressu re of th e ice, 
Beca use I\'a ter {lux through a glacier is I-aria hI e, conduit 
gcomet ry is constantly a djusting to b a la nce clos ure a nd 
melting; as a conseq uence, the most impo rtant con lro l o n 
th e dra inage system is th e water nux, Some water is 
ge nera ted by geotherlll a l hea ting a t the bed and I'isco us
hea t generation within th e d eforming ice mass, but this 
amount is negligible I\'hen compa red to th e surface-m elt 
nu x (Ostling a nd Hoo ke, 1986). 

R b thli sberger ( 19 72 ) II'ClS the first to qu an tify the 
opposing effects of tunnel c losure a nd I'isco us-h ea t 
genera ti on in glacia l cond uits, H e id ea li zed eng lac ia l 
conduits as long stra ig ht tubes, eith er cy lindrica l or 
sem icircul ar in c ross-sect ion , thus a llo wing him to use 
Nye's ( 1953 ) ana lyt ica l so lution [o r clos ure ofs ueh tubes, 
T o b a la nce" clos ure, Rbthlisberger posited tha t the ene rgy 
loss in a sec tion of conduit is conl'C rled directly into heat, 
pan of I\·hi ch is used to ma inta in th e water a t th e 
pressure-melting temperature, and the remaind e r o f 
which is al'ailable to melt the cond uit \I'a lls, H ea t
tra nsfer clfects a re neg lec ted, A sign ifi ca nt result of 
R bthli sberge r's analys is is that the press ure gradi e nt, 
and thus the pressure a t any arbitrary di stance from th e 
terminus, is il1\'Crsely d ependent on di scharge . Thus, if 
t\l 'O nea rl y ident ica l tunnels li e sid e by sid e, onc car ry ing 
m a rg in all y more di sc ha rge than th e o th er, then th e 
resultant potentia l grad ient bet\l'een th e tll'O tunnels 
te nds lO dril'C nO\l' into the la rge r tunn el. This has led to 
the id ea th a t g lac ial drainage n e t works co nsist o f 
ar bo rescent systems of conduits th a t become progres
sil'e ly small er a nd more widely distributed away from th e 
glac ier margin, 

A fundam enta l question, howel 'e r, is whether su b
g lac ial water ac tu a lly nOI\'s in press uri zed cond uits o r in 
ope n channels. This ques tion was exa mined by H ooke 
( 1984), who concl ud ed that, throug hout much o f a 
g lac ier, conduits would be at atmosph e ri c pressure, I n the 
spec ifi c case of th e 101\'e r part o f' the a bla ti on zo ne of 
Storglaciaren, H ooke fo und th a t pressurized conduits 
would be restri c ted to small patches of the t 11'0 o l'e r
d eepened a reas a bove and below th e riegel. Betwee n th e 
ri ege l moulins a nd th e proglacial stream lO which th ey 
co nnec t, [Jow would occ ur in a n op e n-cha nnel drain age 
sys tem , 

While th ere is decidedly press uri zed nO\l' so m e 
distance downst rea m from the moulins, as el'idencecl by 
sig nifi ca nt water lel 'els in boreholes a ndmoulins, jus t how 
far th e region of pressu ri zed nO\l' ex tends is diffi c ult to 
establish. During the 1988 fi eld season , a borehole loca ted 
o nl y 50 m from th e main moulin zone registered 
ex trem ely low water lel'e ls, less th a n 20 m OITr bedrock , 
a t a tim e when water inpuls were re latil'Cly hi gh, Either 
thi s mig ht be con firm a ti on of a ll ex te nsive open-channel 
sys tem , or it mig ht simply renect th e ex istence o f a 
pressurized-condui t system with ex tremely low energy 
grad ients. There a r e \I'ays of answering thi s qu es ti o n 
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using other field data than iso lated and poss ibly spurious 
borehole data; onc poss ibility is to use information 

obtained from trace r experiments . 

TRACER STUDIES 

The most cOl11mon technique used to e\'aluate charac ter
isti cs of unkn o\\' n fl o\\' svs tc m s is a trace r exper im ent; a 

suitable traccr is "' inj ec ted "' into th e ,,'stem a nd it s return 

is monitored a t th e appropriat e ou tput loca ti o ns. Trace r 

returns yield sC\"C ral typ es of info rmati on. I n sys tem s with 
multipl e input o r output po ints. ge neral flo\\' pa th s can be 

determined. By calc ul at ing th e to ta l amoun t of tracer 

passi ng a m easurement site and com paring this quantity 

\\"ith the injected amoun t. it is possible to detC'l"mine if' 
th ere v\'e re sig ni ri ca llt trace r losses I\'hi ch m ig h t i ndi ca tc 

dil"C rsion of th c traced flow I\'ithin th e system . The return 

sig nal can b e a na lyzed to determine the a\"Crage 1"('locitY 

or th e traced fl oll' a nd th e dispersion coe fTi c ien t. a 

measure or th e spread or the tracer \\' ithin the system. 

Th e return sig n a l can also be co mpared with th eo ret ica l'" 
d eril'ed re turns, or lI'ith returns through sys tems with 

kn o\\"n geo m c tri cs D ell 'is and o th ers, 1985 ). 
A probl e m with tracer st udi es is that the resu lts a re 

parti cul a r to the pathll'ay of" th e tracC'l". I n a spatiall y 

ho moge n eo us s)'s tl'm, SlI c h as a labora to ry co lumn o f" 
uni(cl )'mly sized sa nd, the resu lts o f a re\\' tracer studies 

describe a dequat e ly th e rundam en tal paramctC'l"s of thc 

sl·s tem. Anal ysis of" a spatially hete rogeneow, g lac ial 

drainage sys te m requires m a n y traces . hO\\"C\"C r, lI'ith 
thc extent and scale of th e inhulllugeneities determining 

thc number of" traces necessa ry to descr ibe the sys tem .. -\ 

furth er prohl e m co ncern s te mpo ra l hete rogc ne iti es. for 

g lacial dra inage S\'stems no t o n ly are spa ti a ll y hetero
ge nco us, but a re a lso highly d yna mi c. 

With SO I11 C ("~cept i o ns ( Burkimshcr, 1983; Sealwrg 

and others, 1988; Founta in, 1993 ), mos t g lac ial trac ing 

programs are conducted with re\\"('r than 5 10 traces. 
o f"t en \\'ith lo ng tim e peri ods I)('t\\"('(' n eac h trace Ambach 

and o th e rs. 1972; .\mbach and J oc hum , 1973; Krimm cl 

a nd o th e rs, 1973; Behrens and o th ers, 1975; L a ng a nd 

o thers, 1979; Brugm a n, 1986; Hoo kc a nd others, 1988: 
Willi s and o thers, 1990; H ooke and Pohj o la , 1994 ). This 

is no t due to slac kn ess o n th e part of" th e illlTs ti gato rs; in 

mos t of th cse s tudi es it LOok s('\'e ral days bcf(lre inj ec ted 

tracer appeared at the m o nitor ing site a nd e\"C n lo nge r 

period s for th e trace r to be completely recovered. Starting 
another trace bcfclIT th e firs t has compl c te ly arril'Cd ca n 

conf"use inte rprctati on o f bo th re turns. 
[ .ong reCO\T ry times a rc no t a pro blem , ho\\' cl"C 1". in 

th c lowc r part o f" th e ablation zo ne of Storglaci~lren; hcre 

there is sufTi c ienti y rapid re turn in the subg la c ial dra inage 

sys tem to a ll ow mult iple tra ccr tes ts in a sing le d ay. 

TRACING STUDIES ON STORGLACIAREN 

Previous W"ork 

Th e ear lies t tracer \\"ork o n Sto rg lac ia rcn \\'as unde rt a kcn 

by Stenborg ( 1969) in th e m id-1 960s, using sa lt as a 

trace r and a hand -pol\'crcd co nduc ti\ ' it y l11et e r to 

A'-olz/er: Pre:mlri.:ed jlOl.f.' beneall! Slolgl({citiren 

measure th e re turn. Based on the e m e rge ncc o f t1-acer at 

o ne of" th e t\\"o proglacial stream s, Nordjttkk o r Sydj a kk 

(Fig . I ), Stenborg concluded that a bipartite dra inage 

sys tem ex isted in th e lo\\"C r parr of th e a blatio n zo ne. 
Tracers injected in th e moulins oYe r th e riegel and in 

(-rc I'asses on th e so uth side or th c g lacier co nsistently ca m e 

o ut in Sydj;lkk , while those injected in crel'asses on the 

north siel e end ed up in Nordj <'t kk . 

This pattern seem s not to ha\'e c hanged in th e nea r ly 
30 yea rs sin ce St e nborg's \\"ork. The pea k arri\ 'al tim es 

a nd 1ll0ulin-to-stre<l111 conn ect io ns that Stenborg re poned 

arc consistent with th ose fo und toda y, despite re treat o f 

the g lac ier (i 'ont, c hangcs in th e exac t pos itions o f mou lins 

a nd changes in th e rcl a til'e disc h a rges being ca rried in th e 
t\\·o strca nb . which I"an' seaso na ll y a nd (i'o m ~Ta r to yea r 

IOstling a nd H ookc, 1986 ). 

Th e conn cct io n bctwcen th c ri cge l moulins and 

S ydj a kk \\"as reco n(irm ed by 15 traces condu c ted during 

198+ a nd 1985 by Sea berg and o th e rs ( 1988 ), by O\ 'e r 120 
traccs I perf())"Illl' d in 1986, 1987 and 1988. and bl' 10 

traces in 1989 ( H ock a nd H ookc. 1993 ). These traces 

gc nera ll y yic ld cd a single peak, with tralT I times 0(" 
bel \\"(:'('n 0.5 a nd 2 h. 

Location of exp e rilD.ents 

During SLl Illlll e r 1988, I condu c tcd o l 'er 70 trace r tes ts at 
sub-d a il y int e lya ls. Tracer was injected in four large 

l11oulins . .\ [ I , ,\ 12, ~ 1 3, a nd [\ 14·, a ll loca ted rou g hl y 50 m 

up-g lacier of" the ricge l Il ea r th e g lac ier center lin e 

Fi g. 11• :\ ot(' that plTI 'io us studi es ha lT a lso re fe rrcd LO 

ll1oulil1s in thi s a rca as 1\ 11, c tc . (e.g. Sea berg and oth ers. 
1988 ); 110 co nsis te nt la beli ng schcm c has bee n adopted lor 

this g roup of" ll1oulins, hO\\"(, I"(' r, (' \ 'en Ic))" th ose act i \ 'e O\'cr 

s('I"(' ra l Yca rs, and thus thl" l1 ames in th ese I'arious II'orks 

l11 a) han' no corrcspo nd ence to one ano th er. 

Th e geom c tr ~ of" thi s gro up of" mo ulin s h as b ee n 

s tudi ed in detail. I-Io lmlund ( 1988 ) m ade sel'Cl"al d escents 
into ac tilT mOll lins, which typically p lunge to a depth 0 (" 

a iJo ut 40 III bef(l lT they widen o ut into a splash poo l. H e 

a lso spellt sCI"l'ra l \"Ca rs mappin g successilT ly d ee per 
ho ri w ntal cross-sect ions of" oldcl' <'fossil " mou lins as they 

melted o ut a t tile s urra ce. Th e Ill o u lins sce m to dra in at 

two lel'e ls; at the upper ItlT I, \\ 'atcr cmpti es throug h a 

sys tem of latera l passage\\'al 's that co nn ec t a long th e 
bot tom of th c ('rcntsse to othcr muu lil1s. \\'hile at th e 

10wCJ" lclTI water dra ins in a sing le cOllduit d ipping 45 

a lo ng the trcnd o f" t he UTI·asse . T h e la tter passageways 

a re inferred to conn cct to ot her moulins at grea te r d e pt h 
th an obsel"\Td. 

The p rin cipa lm o ulins in my ex perimcllt s a ll lie w ith in 

100 III of eac h o th e r along wha t is essentially th e sam e 

crcvasse. Bascd o n H o lmlund 's obs(,)"I'at ions, I assume 

th a t th e condu its le a din g (i'o m ind i\ 'iclualmoul ins a long a 
(TC\'asse sys tem j o in at relatil"C ly sh a ll ow depths, and th a t 

the loca l plumbing bet\\TCn the four study mo u li ns a nd 

th e ir co nflu ence exe rt s comparative ly less influence on th e 
tra ce r 1ll 01"C lll e nt than th e drainage sys tem downstrea m 

0(" th e confluen ce . \ \, ith so me exceptions. th e trace r tes ts 

re ported here suppo rt this assumption; calcul a ted va lues 
or ave rage l"e loe it y a nd d ispersion are simi la r for traces 

conducted in clifTc re nt mou lins a r rough ly th e sam e tim e . 

A cco rd ingly, in thi s paper I d isc uss th e res ults of rhe 
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traces conduc ted in th e riege l m oulins as if th ey were 
perfo rm ed in a sing le moulin, 

Tracer choice 

The idea l tracer IS conse n 'a ti\ 'C, Le, it fo ll oll's th e exac t 
path of th e water molec ules as the y pass thro ug h th e 
sys tem and d oes not deca >' or c hemica ll y inte ra Cl \\'ith 
a n )' part of'th e sys tem , Reyi ell's o f th e trace rs c urre ntl y in 
ge neral use can be fo und in Da \ 'is a nd o thers ( 1985 ) a nd 
Air y and Fl e tche r ( 19 76), 

T\\'o trace rs a rc commonl y used in ex perim e nts at 
Storglacia ren: chlorid e ions, in th e fo rm or commo n table 
sa lt, and rhodamin e \\ 'T , a (]uorescent dye , Sa lt is 
in expensi\ 'e and is easil y measured in the field with a 
cond uc ti\ 'i t y m e te r, H OII'e\'er , la rge q uan ti ties m ust be 
used in o rder to ge nera te re turn signa ls th a t a r e 
d e tec tabl e on '!" background diurn a l-conductiyity n lri a
ti o ns \\'ithout resoning to mo re ci a bora tr laboraLO r y ion
m eas urement procedures, For thi s reason, sa lt can be used 
o n ly wh ere th e conn ection be tween input a nd output is 
well es ta bli shed and where Om\' through th e sys tem is 
sufli cient ly ra pid , Rhoda mine \\'1' is more exp ensi\'e, and 
d a ta co ll ec tio n a nd an alys is a re more la bor- inte nsi\ 'e , 
H OII'C \ 'C r. conce ntra ti ons as lo w as 0, j ppb (pa rts per 
billi o n ) ca n b e d e tec ted , a nd it is a n extre m ely 
consen 'a ti\'e tra ce r in most en\'ironm ents (D a \'is and 
a t hers, 1985 ), Th is ma kes it uscf'ul in longer-term traces, 
\\'he re th e pathll'a ys a re no t es ta bli shed a nd lI'here 
diluti ons ca n be up to eight o rders of magnitud e , 

A ll o f' the traces di sc ussed in thi s p a p e r were 
conducted \\'ith sa lt. both beca use rh od a min e traces 
\\ 'C re being conduct ed e lse wh e re o n Storg lac ia ren 
(H oo ke a nd Pohj ola , 199+) a nd because the la rge 
number of traces co uld be m o nitored easil y using a 
conduCli\'ity m e ter a nd a data logge r. 

Tracer injection 

C hlorid e ions " 'C I"(' inj ec ted by mi xing 2 + kg of o rdina ry 
ta ble sa lt in a 10 Ijug or cold wate r ( I 2 C ) ta ke n direc tly 
fro m th e strea m dra ining inLO th e moulin, C o mpletf' 
dissolution \\'as impossible a t suc h high concentra ti o ns, so 
th e best lI'ay to injec t th e mi x ture into th e l110u lin \\' as to 

ag it a te th e jug for a bout Imin to put th e uncli ssoh'ed salt 
into suspension , a nd then po ur as rapidl y as possibl e, I n 
a ll cases sa lt rem ain ed on th e bo ttom of the jug , requiring 
a rcfillwith wa ter a nd a n addit ional pour, Th e totet! time 
fo r the entire opera ti on was ty pi ca lly 20 30 s, A fe w salt 
traces lI'ere d o ne using hot \\'a ter (+0 C) obta in ed from 
th e drilling team when they were in th e \'icinity , \\ ' ith hot 
wa ter, more sa lt can go into soluti o n, Althoug h th ere lI'as 
usua ll y som e residu e a rter th e first POUl', this a m o unt lI'as 
minim al a nd a r efill a nd second pour \I'ere no t required , 
Th is reduced th e total pour tim e to about 15 20 5, 

With eith er m eth od , it \\'as \'irtu a ll y imposs ibl e to put 
a ll of the sa lt into so lution, Co nsequentl y, th ere \\'as some 
concern Ih a t som e und issoh'ed sa lt mightlag th e di sso lved 
sa lt, or th a t th e d ense sa line so luti on mi g ht lag more 
consen 'a ti\ 'C tracers, such as rhoda mine, beca use of 
d ensi ty effec ts, H OII'C\'er. res u lts from an experi m ent in 
which sa lt cli ssoh'ed in cold wate r was injec ted simulta
neously with tll'O nuoresc in g d yes , rh od a min e a nd 
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li ssa l11in e, yield ed compa ra ble re lllrns (K ohler, 1992 ) , 
This suggests tha t d e nsit y eflec ts a re insignifi ca nt. 

Sampling 

Co nduct i\'it\, lI'as m easured a t a dam loca ted on Sydi 1kk, 
300 m d ownstream f'rom the glacie r sno ut (Fig , I ) , This 
sa mpling site was farth er d Oll'l1stream th a n d esira ble, but 
beca use the subglac ia l cha nn els debo uch a t ma ny points 
a lo n g th e glac ie r fr o nt , data h a d to be co ll ec ted 
d o wnstream [i'om th e p o int II'here th e cha nnels mee t. 

A conduCli\ 'ity elec trode lI'as insta ll ed behind th e 
S\'dy lkk d am a nd th e output was m onitored lI"ith a 
Campbcll Scientifi c 2lX da ta logge r. '1'11'0 d a ta se ts we re 
o bta in ed fr om th e d a ta logge r , o n e co nsis ting o r 
meas urements takc n a t 3 min intelya ls, the o th er o f' 
mea surements ma d e II'heneHr the sig na l cha nged by 
more th a ll a ce rt a in a mount. Th e la ll er record begins 
la te r in th e fi e ld season, but th e t\\'o reco rds were 
combincd as fa r as possible to gi\'C a mo re acc ura te 
reg istra ti on of the sig nal on both th e tim e andm easura nd 
a xes , Fig ure 2 sho ll' s th e 3 min reco rds o r s tream 
condu c ti\'it y and di scha rge for a t\'pi ca l trace, 

tp bJ 7 -c 0,75 

E 
c-
.905 0,50 
u 

3 +-__ ..-__ .--__ ..-_--, __ --, __ -,._-1. 0,25 

o 20 40 60 80 100 120 

Time (minutes since pour) 

Fig, 2, DiJe/ulIge CL, cO lldllrlil' i{J' C, alld lime-lo-/)f(lk t p 

Jo r ({ £)'/Jical irace, 

DATA ANALYSIS 

Discharge versus velocity 

Ul 

l 
0 

Th e principal qu a ntiti es of interes t a rc th e a \'e rage 
di sc ha rge Q. lI'hi c h is ca lcula ted fo r th e peri od be t\\'Cen 
th e injec ti on a nd the arri\'al of th e pea k, a nd th e 
minimum \'Clocity U, \\"hi ch is es tim a ted by di\ 'iding L , 
th e s tra ight-line di s ta nce between th e pour sites a nd the 
Sydj a kk dam, by tp . th e time el a psed be twee n th e 
injec ti o n ancl th e trace r pea k, With th e combin ed 
conduc ti\'ity reco rd d escribed a boye, precise identifi ca
ti o n o f the a rri n lltime o f the peak is possible, In th e 3 min 
record the peak is less acc ura tel y id entifi ed beca use it 
mig ht li e anywh ere within a 3 min peri od ; hOIl'C\'er , th e 
res ulta nt error in cs tima ting U lI'o uld be no more th a n 
5%, e\'C n in th e wors t case, 

Th e rela ti onship be tween a \'Crage 0 0 11' discha rge a nd 
\'elocit y has been used in the pas t to infe r wh eth er the 
subglac ia l drainage sys tem occ urs pred omina nLi y as a 
pressurized condu it or as an open c ha nnel (Seaberg a nd 
o thers, 1988), Co ntinuit y requires th a t 
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(1) 

where A is the ([1'Crage cross-sectional area ol'the drainage 

s>'s te l11, H th e drainage SI-s tem co nsis ts entirel y or a 

press urized conduit rath er than an open cha nnel , and if' 

the sys tem d oes no t c ha nge sig nifi cantly through rim e, 

thcn A is ap proxim a tely constant a nd a linea r relati o n

sh i p exists bet Il'ecn Q and U, 
This is d ecid edly 1101 the case for fl OII- in an open 

c hannel beca use b o th A and U I'ar)' with di scharge Q, 
This is quantifi ed by cO llsidnillg th e D a rc>' \\' e isbac h 

equation [c)r I'e loc it y in an open c hannel: 

u= 8g5 R 
j
' I! , 
() 

(2) 

\\'here th e h ydrauli c radius of th e nO\\ ' RI! = AI p, P is 

the wcttcd perim e ter, 5 is rhe bed slopc, 9 is th e 

acceleration du e to grill 'itl', and f o is a n clllpirical 

rri c tion [~lctOr. The friction facror 1'01' I'ull y rou g h 

turbulent fl ow is: 

[ zo ] k 
f o = 0,11 R I! ' (3) 

where Zo is the height or an "errec lil'C"-rou ghness elel11ent 

(H e nderso n , 1966, p, 9S ' \\'hile thi s ex press ion res ults 

ri 'om s tudics of flow in pipes, it is entirely appropriat e, 

both from sca ling arguments and rrom c mpiri ca l 

\'Criflcation. to use it in open-channel [] OIl'S, Combining 

Equations ( 2 ) and (3 ) yields 

(-l) 

Channel geometry influences th e relationship betll'een U 
and Q in an open channel. Consider t\\ 0 id ea lized channel 

types: Y-shaped. re prcsenting a prog lac ial stream . and 

recta ng ular. represc ntin g a lI'ide , shall o ll' subg lac ia l 

condu it with constraining side wa ll s, I t is straightf'orwarcl 

to deril'C a relationship betll'een A and Rh [o r eitller 

channeltl'lx', Il'hich is used together \I'ith Equation (+) and 

Equation [ I J to yield eq uations or the [ClrIll 

C HANNEL TYPE 

Rectangular 

V-notch 

W 

Semicircular 

A 

hW 

/12 tan (8/2) 

P Rh 

W+2h h 

(for h» W) 

217 h , 
cos (8/ 2) 2" SII1 (£i/ 2) 

W(-' ) 4+~ 

I,-oh/er: Pressllri:,.ed }lOll' bel/eallt Slorgloridren 

U=aQII (5) 

where the I'alues or a and b depend on the cross-sec tional 

geometry of th e channe l. Table I g il 'Cs expressions [or 

A. p, Rh , A = f (Rh). and U = f(Q) fo r th e tll O open

channel ty pes and for a fully press urized se mi circu lar 

conduit. 
For th e o pen-channel geo metri es co n sidered , b ::; 0,4 , 

II'hereas ill the case o f the press urized conduit, b = l. It is 

thi s di[fere n ce that prm'idcs the basis for di s ting ui shin g 

open channels [i'om closed conduits, 

Results 

.\ plot or Q ITrSw, U [cl r a ll o f th e ri ege l-Ill o ulin traccs 

, hOIl'S that m os t o r the data li e along Lt lin ea r trend 

( Fig , 3 ) , While it a ppea rs that res ults or tra ces in 

indil 'idu a l mou lins g ro up a lo ng dilTc re nt tre nds, thi s is 

likely due tu c hanges in the drainage sys te m O\ 'er time; at 

th e bcg inning of the [ielcl seaso n mos t tra ces liT re 

conducted in \ I ~ , lI'hile later trares I\TIT primarih' in 

\ 11, 

in 

.s 
:J 

.. - -
0,6 

.......... .. • M1 

. ~, .. " ... M2 . 
~ . . 

~r::. 
... x 0,4 . . 

~A 
X M3 . . 

.,'" .. "A 
... 

, , , ... A M4 

0,2 : • S2 
•• '---

0,0 
0,0 a,s 1,0 1.5 

Q (m' s-') 

Fig , 3, . h 't'Jagl' di,lcllrlll,e CL alld l'l'loci{l' l ' .li)l- IraCf,1 ill 
rit'gd III 011 fill,l ,IIJ .11-1 . alld ill /Jroglarial I/JNIIII S2 
(.~ )'lIIbo/.I) , J) a,Jllfd filii' i,l,FlIl'd III S2 dala 11,1 illg l~'iJualio ll 

(j) Ior a [ '-lIl1hll rllIlIlI/e!, 

2,0 

If th e drainage sys te m lI'ere fl owin g entireh' as an 

opcn channel, onc would expert di sce rnihle (' un'a ture in 

th e Q ITrsus U relationship, HOII,(,ITr. the o bse rl'Cd 

A = f(Rh) U = f(Q) 

).l. 2 

A =Rh W U 3,6 [_(sS) lo Q :5 
_"'W 

2 3 1. ! A = 2 I~h 
U = 4 ,2 [Sin2 (8/2) cos2 (8/2) (~ J8 Q 4 sin (8/2) co" (8/2) 

T able 1, I-{),{/ralllir /Jaralll eln m/ue,1 Jar 111'11 o/Jell-rlta lllle/ lIlodd.\ alld rlosed collduil, 
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. . 

~ 

'(1) 
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0 
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Fig . 4. L'jJjJer gm/)Il: ratio of average disch(lIge Q 10 average velocity U Jor the riegel mOlllins NIl ( black squares), M2 
( black Iriangles ) . .\13 ( crosses), and ,114 (lI.'hile Iriangles) . Lower grajJh: smoolhed discharge ( dark gm} line), IlOur()! 
disc/i(IJge ( lighler gm)' line ) and average discharge al Ihe time oJ Ihe IraceJor the riegel mOl/fins (symbols) . Dolled vertical 
linej demarcale limes oJ lracer ( T ) and disc/z(l}ge ( QJ anal pis. 

distributi on is, apart from the outl ying points, quite 
linea r. This implies th at A is constant , and tha t th e 
dra in age sys tem II'as fl owing pred o minantl y as a 
pressuri zed conduit. T o hig hlight the difference in the 
rel a tionship between di scha rge and velocity for th e two 
d ifferent sys tems. Fig ure 3 a lso shows Q versus U foI' 
traces conducted in Sydjiikk between the glacier snout 
and th e dam , and a best-(jt line using Equation (5) fo r a 
\'-shaped cha nnel, with b = 0.25 and a adjusted to (jt the 
da ta. 

A conduit with time-varying geomet ry \-lIould a ppear 
in a Q vers us U d iagra m as a cun'e whose exac t positi on 
a nd sha pe wou ld be a fun c tion of th e insta nta neous sta te 
of the sys tem. Traces conducted quickl y enough a nd 
O\'er a suffi cient ra nge o f disc ha rges wou ld provid e a 
snapshot of th e curve . If th e sta te of the sys tem cha nged 
more rapidl y than th e ra te at wh ich traces were 
conduc ted , then the sna psho ts wou ld be a bl e to record 
only a sing le point on th e time-\'a rying c urve, and th e 
res ults, when take n toge ther , wou ld show wh a t 
a ppeared to be a no n-sys tema ti c rela tionship of Q 
I'tTS U S U. This wou ld be parti cul a rly striking at hig he r 
discharges o r a t the beginning of the m elt season wh en 
changes in the subglac ia l drainage sys tem occur most 
ra pidly . 

Looking a t sys tem changes in a sli ghtly different way, 
Figure 4 d ep icts Q/ U = A as a fun cti on of time , together 
with the hourl y mean d ischarge, the disc ha rge smooth ed 
with a 24 h mO\'in g-a\ 'e rage filt er, and th e mean 
discha rge Q during th e time of the trace . Disc ha rge 
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\'aries on two time-sca les; there is a diurnal \ 'ari a tion, 
shown by the hourl y d ischarge record , whi le a longer 
time-sca le va ri a tion is illu stra ted by th e smoo th ed 
discharge. The longer time-scale changes in discharge 
are echoed b y changes in the cross-sec tional area A; th is 
suggests th at sys tem variations occ ur predomina ntl y a t 
loll' frequencies, an ex pla na tion that is consistent with 
slow melting and clos ure in th e subglacial conduits (e.g . 
R othlisberger, 1972). Th ere m ay be sub-diurna l varia
ti ons as well , but th e traces were perform ed too 
infrequ entl y to support d e tailed analysis. 

Figure 4 shows how the Q/U relationship changes 
over time, a nd highlights th e differences between res ults 
from indiv idual moulins. vVhile I asserted ea r lier that 
the ri egel moulins may be assum ed to behave as a single 
effecti\'e moulin, thi s is clearl y not the case for a ll traces; 
MI and lVI4 vary inconsis tentl y on 28 Jul y, for example. 
If the cond ui ts do join a short dista nce below the bottom 
of the mou lins, this would im ply tha t the earl y ca ree r of 
the trave lling trace r cloud is important in d e termining 
what is ultimately detec ted at th e snout. This can a lso be 
surmised from the apparent linea rity of the Q \'e rsus U 
rela ti onship . Because the tracer tra\'erses an indisputa ble 
300 m of open channe l, or more than 25% o[ the 
straight- lin e sys tem leng th , apparent linearity implies 
that the tracer must have spent a disproportiona te 
amount of time in the moulin-and-condu it part of th e 
sys tem. T he shorter th e inferred conduit sec tion , th e 
longer is the relat ive time th e trace r must have resided 
there. 
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MODELING THE DATA 

Model description 

A simple model can be uscd to quantify th e percentage of 
conduit Oow necessa ry to produce a ppa rent linearity in th e 
Q versus U relationship. Th e drainage sys tem is modeled as 
a sing le vertical moulin extendin g direc tl y to th e bed a nd 
co nn ecting from th ere to a h o ri zo nta l semi circu la r 
press uri zed conduit draining into a n inclined open cha nnel 

(Fig . 5) . F10lI' thro ughout th e sYs tem is fully turbulent , the 
m o ulin a nd conduit ha\'e consta nt cross-sec tion s, a nd rhe 
open-channel segment is a wide recta ng ul a r chan nel, with 
no roof constrictions. Conduit closure a nd melting a re 
neglec ted; th e sys tem is assumed to be stat ic. 

Moulin 

Pressurized conduit 

Open channel 

pL .......... 

....... v L 
(1-p)L .... 

Fig. 5. Simple lIIodel diagram . See 1nl Jor n/J/allalion oJ 
j)llllbo/s. 

T he rele\'an t parameters for th e m od el are: the he ig h t 
of water in the moulin h, relati\ 'e to th e juncti on between 
the mo ulin a nd the conduit ; the c ross-sec tional a reas of 
th e conduit and th e moulin Ac and Alii; th e average 
\'e loc iti es in th e conduit an d open-cha nnel segm ents Uc 

and Uoc ; th e minimum ve loc ity through th e entire sys tcm 
U; th e average di scha rge durin g the time of th e trace Q; 
th e stra ight-line ho rizonta l sys tem length L; and th e 
sys tem sinuosity v, d efin ed as th e ra ti o of th e ac tu a l 
sys tem length to L. I f P is the fra c tion of L occupied b y 
the condu it, th en th e length of th e sys tem occ up ied b y a n 

o pe n cha nn el loc is g iven by 

loc = (1 - p)vL (6) 

Model discharge versus velocity 

T seek a n expression th a t relates U to Q as a fun c ti o n o fp 

Kolzler: Pressurized flo w beneatlz Storg/aciiiren 

and othe r geometric pro p erti es of th e sys tem . The ave rage 
tim e, or t ime-to-peak t p , tha t it wou ld ta ke for a trace r to 
pass th rough th e system can be pa ni tioned among the 
three p a rts of th e sys te m , so th at 

(7) 

where th e subsc ripts m , c, and oc refer to th e mou lin , 
conduit a nd open cha nn el, res pectively. Thi s assum es that 
tracer is transported in stantly from th e top of th e mo u li n 
to the upper surface o f the wa ter backed up in the mou lin. 
Di viding both sides of Equation (7) by L a nd inverting 
gives th e minimum \ e loc ity 

L 
U =---

tm + tc + toe 
(8) 

The individu al trave l times for eac h component of the 
system can a lso be wrillen in terms of \ 'c!ocity to yield 

From con tinuit y, 

Q 
Um=-A' 

rn 

(9) 

(10) 

(11) 

and , from T a ble I. for th e case of a wide recta ngula r open 
channe l, 

(12) 

\I·here 

[ 
(9S)J];\i 

koc = 3.59 ZO(' HI I ' (13) 

S is th e slo pe of th e cha nnel, VI" is th s tream width , a nd 

Zoc is th e height of th e e fIcc tive-roug hn css c lement. These 
las t three express ions a re substituled into Equation (9 ) 
a nd rearra nged to yie ld 

The re la tionship between hand Q in the hori zo nra l 
conduit segment is given b y Bernoull i's equa tion fo r p ipe 
Oow and th e Da rc), \\ 'e isbach exp ress io n fo r fri c tio na l 
head loss ( \ 'ennard and Street, 1982, p. 358 ): 

h = Uc
2 [1 + fCPVL] _ U1Il

2 

2g 4Rc 2g' 
(15) 

where R c is the hydra uli c radius a nd f e is the Darcy
Weisbac h fr iction fac lor of th e condu it. \tVh il e Bern ou lli 's 
equation is sr ri cti y \'a lid only for stream li ne Oo\\', th e 
co rrec t io n factor ap p lied for lurbu le n l now is rough l y 
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J ourna/ qf G/oci%gJ' 

u ni t y, a nd is typica l I y neglected (\ ' enna rd a nd Stree t , 
1982, p .35 7) . Substituting Equ a ti ons (10 ) a nd ( 11 ) into 
Equa ti on ( 15) res ults in 

(16) 

Beca use th e first term within th e brac kt' ts on th e 
righth a ncl sid e o f" Equa ti o n ( 16) domin a tes f"o r a ll but 
th e shortes t o f" conduits, I drop th e las t t\\"o terms. For a 
semic ircul a r closed conduit , R c = 0. 24-1 /lc., \\'hi le lr is 
g i\T n b y Equ a ti on (3), \\'ith th e appropri a te change In 
subsc ripts. Combining th ese t\\'o ex press io ns yi e lds 

. [ z(" ] ~ ie = 0 .18 1 ~ . (17) 

\\'h ere Zc is th e height of th e e ffec ti \'e-roug hn ess elements 
ill th e conduit. Substituting Eq ua ti on ( 17) in to the 
trunca ted fo rm of Equ a ti o n ( 16 ) yields 

\\'hich, \\"h en substituted in to Equa tion ( 18 ) , yields 

where 

1(0(" = (1 - p)v 
kot 

(20) 

(21 ) 

(22) 

The first, second and third terms in th e d c n omina tor o f 
Equ at ion ( 19 ) a re th e cOl1lributi ons o f th e moulin , 
conduit and open-channel sec ti ons, res pec ti\·e1 y. 

Taking each term sepa ra te ly, one secs th a t \'elocity in 
th e conduit-Oow pan of th e sys tem is p rop orti ona l (0 

discharge a nd th a t ve loc it y in th e open-c ha nnel part is 
proportion a l to th e t\\'O-firth s power of disch a rge , as no ted 
pre\· iously. In th e moulin te rm , U is il1\ 'e rse ly propo r
ti ona l (0 Q ; this is beca use higher disc h a rges require 
grea te r head to dri\'e th c \\ a ter thro ug h th e conduit 
scc ti on , r es u lting in increased di stance th a t th e trace r 
must trave l. There is of co urse a ph ysical limit; if th e 
\\,a tcr in th e mo ulin reac hes th e g lac ier surface, th en thi s 
term becomes consta nt. F o r the purposes a t ha nd , this is 
no t a probl em; wa ter did n o t fill th e mo ulins to th e top 
during th e pe ri od of th ese ex perim ents. 

Fitting data to the model 

If eith e r th e open-cha nn el o r m oulin terms III Eq ua ti on 

( 19) a re o f th e same ord cr as th c conduit te rm , th en th e re 
will be a pprec ia ble r un'a ture in a plot oru a nd Q. This is 
clea rl y a t odds with th e o bsen 'ed linea r trend of th e trace r 
res ults. The ques ti on is, wh a t combina ti o n o f pa ramete rs 
does expla in th e d a ta, a nd wh a t a re th e implica ti ons fo r 
th e dra in age sys tem? 
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This ca n be a nswered by fi tti ng Eq ua ti on (19 ) to th e 

trace r da ta to es tim a te possibl e \' a lu es of 1(111' K c- a nd K oC' . 
In d oing so, I use onl y those da ta ta ken afte r 2 August 
(Fig . 4), since during this pe ri od , with onc exception, 
th e re a rc no sig nificant exc ursio ns fro m th e trend in th e U 
\T rSUS Q r e la ti o nship . Disch a rge during this peri od 
occ urred as a stead y diurn a l sig na l, \\'ith no sudden 
inc reases duc to ra infa ll o r up-g lac ier releases o f sto red 
wa ter. 1 ass um e th a t th e conduit geo metry had a dj usted 
to a n a pprox im a tely stead y-s t,;tc ronfi gura ti o n a ft er a 
la rge rai nfa ll th a t had orc urrcd some days ea rli e r . Th e 
o nc outl ying tracer res ult , condu c ted in ~ I4 on 5 A ug ust, 
was proba bl y th e res ult of a mi sreco rd ed pour time ra th er 
th a n a short-te rm cha nge in thc conduit sys tem , a nd \\'as 
removed fro m th e redu ced d a ta se t. 

Fining is p e rfo rm ed by in \'cning Eq ua ti o n ( 19) to 
o bta in 

(23) 

\\'hen written thi s \\'ay, a n y gcnera l linea r leas t-sq ua res 
litting ro utin e might be used to sok e lo r th e coe fTi cients 
Kil l ' K C' and I (oc . H owc\'er , thi s yields onc ncga ti\ 'e a nd 
t\\·o positi\'e \',dues [or K Ill , I ( c a nd n or . res pec ti\ ·ely. 
l\' egati\ 'C coeffi c ients a re nOl ph ysirall y pla usibl e, a nd an 
a ltern a ti w fittin g schcmc is employed . Fitting il1\ 'oh-es 
th e applica ti o n o f a merit func ti on to q ua ntif)' th e 
agreement bc tween the d a ta gc n era ted by a parti cul ar 
com bina ti on of model pa ra m e te rs a nd th e d a ta ac tu a lly 
meas ured . One such merit fun c ti o n is 

.\ 

X
2 = 2)Vi - vd· (24) 

;= 1 

where Yi a re th c obse n Td d a ta, a nd YI a rc th e m od r led 
d a ta (Press a nd o th ers, 1989, p .55 1). In a ge nera l linea r 
least-sq ua res fit , th e deri va ti\ 'c o r :\.2 with res pec t to th e 
m odel pa ra m e te rs is sc t to zer o a nd th e res ulting sys tem of 
equa tions is soh-ed cxac tl y using lin car a lgl"bra . The 
p ro blem is th a t th ere may be o th e r combina ti ons of model 
para meters th a t g i\ 'e a n cCJu a ll ), reaso na ble fi t. V a ri ous 
canonica l m e thod s exist fo r c ha rac teriza ti o n o f X2 in 

p a ra meter sp acc (Press a nd o th ers, 1989, p. 55 1); as a 
"q ui r k-a nd-di rty" a iLern a ti \'e, I si m pi y use Eq uat ions 
(23 ) and (24) to calcula te A 2 a t disc rete \'a lu es of th e 
coe fTi cients K ill , K c a nd Koc. This bo th re\'ea ls the ra nge 
of sa tisfacto ry pa ra meter \'a l ues a nd pe rm i ts the i m posi
ti on of constra ints on th e p a r a m ete r values. 

As sta ted , nega ti\'e va lu es a rc ph ys ica ll y impl a usib le. 
A furth er constra int may be ap pli ed as well , n a mel y that 
th e p roglac ia l stream has a m easura ble len g th with 
res pec t to th e unkn ow n to ta l sys tem leng th , so th a t 
pa ra meter \'a l ues indica tin g a press uri zed sec ti on extend
ing beyond th e confin es of th e g lac ier a re a lso ph ys ica ll y 
im p la usib le . 111\'o kin g thi s co nstra int is esse nti a ll y 
equiva lent to a djusting th e vel ocit ), d a ta to account ('o r 
the time th e t racer spends in th e proglac ia l stream, as 
d esc ribed by Seabe rg a nd o th ers ( 1988 ). 1 rearrange 
Equation (6 ) a nd inse rt it into Eq uatio n (22 ) with 
L = 1300 a nd loe = 300 to yield th e conditi o n th a t 

(25) 
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Rath er than estimating \',liue's for the parameters lV, Zu 

and 5 in Equation 12 to obtain a \ 'a lue for K o(', I fit ko" 

to the U and Q \ 'alm's obtained fi'o l11 th e tra ces conducted 

in the proglacial s tream, \\'hile stream geollll'lr)' may not 

be quite the sa m e beneath the' glacier. and \I'hile 

recogni zing that the' prog lae ial trace data comprise on ly 

[c)Ur points , which do not occur o\Tr a \'e rY \I 'icle range of 

discharge , the' yalue' of k(l" o btained is unlikely to be 
significantly in error, This is beca use' n ' ,S and Zo 

contribute to k'H' in fracti o nal pO\lTrs : for a recta n g ular 

channel, a t\l 'o-fc) ld error in ('s tilll<ltin ,g these parameters 

contribute's to an error in "'0(' of only 25°'0. 23(1,. or 7° o . 

respeCli\'C'h-, In es timating ko(' from the proglaeial-stream 

data, it does not matter \I hether thc \'-shape'd or the 

rectang ular channel l1lodel is u sed. In either case. 

ko" :::::: 0.7, 11 hich , \I'hen inse rt ed into Equation 25. 

results in the limitati on that 

(26) 

Results 

Thc rangc 0[' co n straincd bes t-fit \ ',dues ly in g \I' ithin 

68 ,3[1.. confidencc limits onc s tandard d('\ ' iatioll ) arc 

!\"II = 0,0-0 ,2.1\" = lA - i.7. and j\o" = 0,33 - 0.7. \I' ith 

the Il1lnlnlUm \ ' alue or \ 2 in th e \'ieinity or 

1\'111 = 0.05.1\" = 1.6 and 1\0(' = O, Ll. Figure 6 shows thc 

eu n-e resulting [i'o m Eq U<l tion 19 wi th these codTi c ien t 

\ 'alucs, plotted lOgcthe'r \I 'ith the lidd data and the 68.3 0
0 

confidence limit s , 

0,6 

0.4 

:::J 0.2 

0,0 ¥=----.-----,-----.------.,-----. 
0,0 0,2 0,4 0,6 0,8 

Fig , 6, ,J l'nage di,l rft(II~!',e (L (/lid I'e/oci(l' l ' ji)r IraCl',1 

rOlldllrlN/2 10 . I lIglI,ll (O/}(,II rircle.I). rl'l/rirled be,l /./il 0/ 
dala 10 I:'qualioll ( 2-1 ) (,Iolid lille). alld ()8.3°,o (o11/idmCl' 

lilllil ,1 ( lighl gr({J' lill!','). 

1,0 

To so h-e 101' open -channe l k-ngth I[J'"' Equations \22 1 

and (6 ) arc combincd to yie ld : 

(27) 

U si ng the rangT of' li tled I'alues of {\(J(' and k"" = 0.7 

implies an open-channel segment of 300 6+0 m. \I'ith thc 

bes t-fit \ ',duc at 360 m, Subtracting thc proglacial-s tream 

segmcnt of 300 m yie ld s pressurized-conduit flo\l" occur

ring to \I'ithin 340 0 m or the snout, with thc bes t lit at 

60 III upstream or the snout Fig, 1) . 

While there is no ind ependent \I'ay of \Tril)' ing this 

re' sult directh', it is possible to check the \'alidit), or the 

A'ohler: PreJJllli::ed j10lL' ben('(lIft Slol~r.:laciiirell 

moc\cl by comparing fitt ed \'a lu cs or I{II' , \I'hich reflect 

\I'<Iter !e\'els in the moulin , \I'ith water-press ure data from 

the samc a rea as the riegej moulin s , This can be seen b\' 

rccasting the expression fo r 1\11, in terms of hand Q (cf, 

Equations ( 14 1 and ( 19 )) , so that 

. hAil, 
I,", = Q2L' (28) 

Although A", \I'as not m eas ured ciuring these experl

mcnts. obsc J'\ 'ations fi'o l1l prn'ious \ 'cars can be used to 

make a (Tucicestimate. ln his dcsce llt to thc bottom of onc 

of the ricgel Illoulin s, H olm lund 1988 mapped a (TOSS

sectional a rea or rough ly 5 J1l ~ in the plunge pool, at a 

depth of roughl y +0 m. H e also repone I that th e conduits 

leading a\la\ li 'o m th e splash pool of' I()ss il mo ulin s ha\ 'e 

cross-sectiona l areas or about 0,1 J11 :! . Computing an 

"a\'L'J'age" I'a luc for All, is diflicult in thi s case. but to 

maximize the cstimate of h, I \I ill assull1c that AliI is 

be tter rcpresentcd b) the small conduits draining the 

bottolll s of th e moulins, II' it single l1loulin rccc i\'ing 

rough I)' 5°·" or the obscJ'\'C'd d O\l nSli,(, ,11ll di sc harge has a 

cross-scc tional area of 0.111/, then total moulin area AliI 
\I ' ill bc about 2 m ~ . If' 1\111 = 0,05, and L = 1300 m, then 

Q in the ohsc l'l'ec\ range or 0,2 1.0mls· 1 leads to h 
\ 'a ryi ng from :i to 100 m, 

The low \'alLles determincd fil l' 1\111 connote 10\1' \I',Her 

In'cb in the l1loulill , <lllclthus in \latcr press ures measured 

anywhere along the concluit. Th e \I ater-k\TI ),ecord in a 

boreholc rou~hly :i0 m dO\\'Jl-g lacier from :-"1+ supports 

thi s conc lusio n; during 2 10 ,\ug us t l\atcr-lnTI \\'as a t o r 

Ix'ILl\l' the icl'('l of till' transclucer, rou g hl) 20 III O\Tr the 

bed. 

Th e' results or the tracn a n;Ji ys is ' lI g~es t that a 

significant p(')'centagT of' the drain<l gT S) StCIll []O\\'S \I 'ithin 

a prcss urized conduit. I \\ 'ill 110\1 tUJ'll to the other 

experimenta l mcthod used to cictcrl1l in e thi , percentage, 

DISCHARGE WAVES AND LINEAR-SYSTEMS 
ANALYSIS 

Line'a r-sy, tclll s ana lysis, bcttn known to hyclrologi s ts as 

the " unit-h ydrograph " method, ha s hecn used to analyze 

hydrologic proccsses in a \ 'ariet) or meclia (Himlll c lbau 

ancl Bisc hofr 1968; Doo~e . 19 73; N l'Ullla n and dc 

:-"I arsi ly, 1976: Drciss , 1982, Th e drainage sys tclll is 

simpl y \ ' ic\\'l'd as a " black box " with an input signa l a nd 

output sig"na l, in thi s case, di scharge. For a n unknown 

s\'S tem, the t\\'O signals can 1)(' anal) zeci to determine 

emp iri ca ll y the characte'ristics of' thi s black bm. and the' 

results can be compa red with tlieo)'y. 

III lincar sys tems , some proccss con\'C rts an input 

signal,/;(I) into an output signal j ;,( t), Th e elelllental

input s ig nal is a si ngle sp ike, and th e systcm's response to 

this elementa l-input signa l. i,e. the sys tcm 's output signal , 

is the transfi.'r function ( Papoulis, 1962 ) . The ccntra lt enct 

of lincar-sys tcm s analys is is that it is poss ible to cOlllb in e 

thc outpu t signa ls of any nUIllI)('r of arb itrarily scakd 

elclllcntal-input f'unction s and sum thelll to obta in th e 

total sys telll output; thi s is \\'hat is cxpressed in th e 

co n \'o luti on intcg ra l. ~I o re rcit'l'antiy. onc ca n also 

decon\'oh-c two signals, that is, so h-e' fClr a n unknown 
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tra nsfer fun c tion , using known input and ou tput signals. 
COI1\'olution a nd decol1\'olutio n a re readil y computed in 
the frequency domain using th e Fast f ouri er Tra nsform 
(Press and others, 1989). 

The two types of dra inage system, open-c ha nnel a nd 
press urized-conduit, have ch a rac teristi c ways of trans
form ing a n input di scha rge signa l into an output 
di scharge sig nal. For example, if a sudd en increase in 
di scharge is introduced into a stead y-sta te sys tem , there is 
a characteri stic delay in th e arrival of thi s step in crease a t 
the downstream end of th e sys tem. This delay represen ts 
the time needed for the sys te m to adjust its energy 
gradi ent to accommodate the new water flux. Beca use the 
two sys tem s have different m eans of transmitting energy 
down-gradient , the delay depends prima rily on th e type 
of flow in the sys tem. I n the case ora press urized conduit, 
this delay represents the time it ta kes [or th e moulin to fill 
up to the new level required to dri ve th e additi onal 
di scharge th rou gh the cond ui t . Because water is largely 
in compress ibl e, transmission o f the press ure wave is 
nea rl y insta nta neous through the conduit, provid ed that 
the walls a re relatively impe rm eable a nd ri g id , a nd that 
furth er storage does not ta ke place along th e Omv path. In 
an open-channel sys tem, however, the storage takes pl ace 
within th e flow itse lf, and the storage " location" is 
ad vec ted with the flow. The c ha racteri sti c speed a t \\'hich 
the cha nge in di scharge travels is a fun ction of th e average 
velocity of th e flow, which is itse lf a [unction of discha rge 
and channel geometry . 

To qua ntify the way in which discharge waves move 
through a subglacial drainage system consisting of a 
combination of the two poss ibl e end-m ember sys tems, I 
will use th e sa me simple model d escribed abO\'e (Fig. 5) . 
Input di sch a rge Qi enters the m oulin and bac ks up to the 
height necessary to dri ve the output Oow thro ugh th e 
length of th e pressurized cond ui t. The flow then con tinues 
through th e open-cha nnel segmen t until it a rri\'es as 
output disc harge Qo at th e g lac ier porta l. 

This d e\ 'elopment ass um es that: ( I ) th e effects of 
unstead y Oow a re negligible in compa ri so n LO th e 
fri cti onal 10. ses along the conduit leng th , (2 ) fri ctional 
losses in th e conduit are muc h la rge r th a n in th e moulin , 
(3) a ll flow p a ra meters can b e cross-sec tionall y averaged , 
and (4 ) during th e time of interes t the co nduit can be 
trea ted as a ri gid pipe. 

Discharge waves in pressurized conduits 

Consider first th e passage of di scha rge waves in a sys tem 
Oowing entirely as a pressurized conduit. Because mass is 
conse rved a nd th e cond ui t walls are assumed to be 
impermeabl e, the rela tionship between input and output 
di scha rge in the sys tem is given by 

(29) 

The height of water in th e moulin h required to dri n the 
fl ow Qo thro ugh the conduit is given by the truncated 
form of Eq ua tion (16), with th e change of nota ti on that 

Q = Qo: 

(30) 
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Equating Equation (29) with th e time-deri\'ative of 
Equation (30) a nd rearranging yield 

dQo 
(3Q0dt + Qo = Qi , (31) 

where 

(32) 

Th e term (3 embod ies a ll the geom ct ri cal parameters of 
the sys tem, a nd is taken to be a constant for th e simple 
sys tem el1\·ision cd. In terms of J(IlI' the parameter 
d escribing th e relati ve amount of tim e that trace rs spend 
In the moulin sec tio n of the system , (3 is gi\ 'en by 

(3 = 2LKm · (33) 

Equation (3 1) is non-linear, with no known a na lyt ica l 
so lution in closed form (K a mke, 1942 ). One can explore 
th e behavior of such non-lin ea r eq ua ti ons using sta nd a rd 
perturbation techniques (:\Tayfe h , 1973 ). Th e input 
di scha rge is written as a sm a ll perturba tion a bou t a 
reference discharge Q: 

Qi = Q[(l + .sG]. (34) 

where c is a sm a ll constant th a t sca les the perturba ti on 
and G is any fun ction of time, scaled to unity. Similarly, 
Qo is written as a power-series expans ion abo u t Q: 

(35) 

Th ese two ex press io ns are substituted into Equ atio n (34) 
a nd terms a rc co ll ected in .s . f o r sufIi cien tl y sma ll 
perturbations, terms highe r th an O(c) arc neglected, 
res ulting in : 

(36) 

Equation (36) is essentiall y the "linear-reservoir" model 
(e.g. i\ilsson a nd Sundblad , 1975 ) . Numerical integration 
o f Eq ua ti on (3 1) for \'arious Qi gives q uali tatively similar 
results to th e lin ea ri zed Equ ation (36 ), even at fairly large 
values of c . 

The initi a l con diti on used in soh 'ing Equation (36) is 
th a t as t -> 00, J Q iclt = I Qodt. A further condition is 
imposed; the system must be "ca usa l" , that is, the inpu t 
must precede th e output in time. The so luti on to 
Equation (36) satisfying these conditions is 

(37) 

where 

( 1) (t - T) 
H(t - T) = (3Q e- --:iQ(u(t - T)), (38) 

a nd u(t - T) is th e unit-step (Heav iside) function. The 
integra l in Equation (37 ) is a convolution of th e input
di scha rge sig na l with an expo ne nti a ll y decaying fun c-
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ti o n, H, kn ow n \'a ri o us ly as th e sys te m-res ponse 
fun c ti on , ke rn el function , o r tra nsfer runc tion , and 
herea ft e r ca ll ed th e tra nsfe r run ction (Pa poulis, 1962 ). 
Thi s partic ul a r transrer runcti o n d esc ribes h ow a 
pressurized-condu it system a djusts to cha nge in th e 
in put sig na l. 

As a n exa mple, consider a step increase in the input 
di scha rge by a n a mount Q" ove r th e backg round level at 
tim e t = 0, 

(39) 

III this case , the ex pli cit so luti on or Equa ti on (37 ) IS 

( 40) 

(Fig. 7), Th e c ha racte ri sti c tim e to at whi ch th e conduit 
sys tcm Cull y adjusts to th e in crease in di sc harge is 
contro ll ed b y th e pa rameters (3 a nd Q. I f th e crite ri on 
fo r Cu ll adju stm e nt is taken as th e time a t w hic h output 
discha rge is 95% or input di sc ha rge , then th is occ urs a t 
th e time te = 3(30, 

Q 

1,0 

0.8 

0,6 

0.4 

0,2 

0 
-1 0 3 

Fl 
~ 

4 5 

Fig, 7, i ll/Jui alld 011 I/JII I discharge Qi alld Q o ill a 
/Jrm llri:::.ed-rolldllil ~)'s lfll1 for a slejJ ill crease in Qi. al/d 
1/1111' l " al witich Qo is 95% of Qi' 

Reca lling th e d efiniti o n o r (3, onc ca n see that a long. 
rough conduit \, 'ith a large ra ti o bet\\'Cen th e m o utin a nd 
conduit c ross-sec ti onal areas wou ld take comparativel y 
longe r to adjust to a sudden increase in di sc harge th a n 
wou ld a short, smooth conduit with a small ratio be tween 
th e mouli n a nd condui t c ross-sec ti ona l a reas . 

Discharge w a ves in open channels 

;\I od eling th e passage or di sc ha rge \\'a\'es In open 
cha nnels is m o re compl ica ted , a nd ge nera ll y requires 
th r use oC num eri ca l tec h niques . For sma ll increases in 
di sc harge , ho we\'e r, a n a pprox im a te ,oluti o n ex ists, At 
th e upstream e nd or a stead y fl ow in a unifo rm open 
channe l \\' ith \'e tocit)' Uor, a step increase in di sch arge is 
introduced ; this disturban ce moves downstream as a 
monoc lin a l kin ema ti c wa , 'e tra\ 'C lI in g a t a co nsta nt 
\'elocity c. If' th e wave trave ls downstream with no 
rri('[iona l losses or change in shape, a nd th e c han nel is 
uniform , th e n 

KolzLer: Pressllrized flow beneath Storglacitiren 

3 
c = 2Uoe ( 41) 

(H e nd erson, 1966 ) . 
If a step increase in discharge is introduced at th e to p 

or th e moulin , and is transmitted d irec tl y to an o pen 
c ha nn el conduit conn ec ted to th e bottom of the m o u lin , 
th en th e wa\'e speed in the open ch a nnel is gi\ 'en by: 

X 
c=

t or ' 
(42) 

w here tor is the characteristi c time d e lay ror the a rri\ 'a l o f 
th e wave a t a di stan ce X downstrea m, Equa tions (4 1) 
a nd (42 ) toge th er give 

2X 
toe =--

3Uoc' 
(43) 

The relat ionship be t\\'een \'eloc ity a nd di sc ha rge for a 
wid e rec ta ngul a r ch a nnel 

(44) 

is combined wi th Equ a ti on (+3) to yie ld 

2X 
t oe =---" . 

3 kor Q" 
(45) 

Beca use the fo rw a rd m o ti on of th e wa \'C is ass um ed to be 
stead y a nd unaffected by bed geom e try or by diffu sio n of 
th e \\'a\'(' crest, [ se t th e output di sc ha rge in th e o pe n
cha nn el s\'stem as simpl y being id e nti cal to th e input 
di scharge onset by the cha racte ri sti c time of Equation 
(45 ) . Thus Qi a nd Qo in th e open cha nn el a re related by 

( 46) 

Th e d ependence o Ctor on Q in Equ a ti o n (45 ) mean s tha t 
Equ a ti on (46 ) is no n-linear. Sin ce toe is proportional to 
o nl y a li'ac ti ona l power or Q, howe\ 'e r, thi s non-linea ri t y 
is rcl a ti\ 'ely insig nifi ca nt a nd [ lin ea ri ze Equation (46 ) b y 
rewriting the ex press io n 1'0 1' t oe using m ean di scha rge Q: 

2X 
tor =--- -., 

3korQ"· 
(47) 

Dis charge waves through a combined system 

T o d esc ribe passage or discharge wa\ 'es through a system 
comprising both press u ri zed cond ui t a nd open ch a n nel 
sec ti o ns, I combin e Equa ti ons (37 ) , (46 ) and (47 ) , 
m a kin g th e ch a nges of no ta ti o n th a t Qo ro r th e 
press uri zed conduit is Qi ror the open cha nnel, a nd th a t 
X in Equa ti on (47 ) is (1 - p)vL. Thi s yields 

where 
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2( 1 -p)vL 
toe = " 

3/'-0('Q" 
(49) 

a nd H is g iye n b y Equatio n (38 ) , The tra nsfe r fun cti on 

fo r th e combin ed svs tem is a decay in g ex p o nent ia l 

drl ayed b y t h e a m o unt of tim e necessa ry to tra \ 'Cl'se the 

o pe n-c ha nnel segm ent of th e sys te m (Fig, 8) , 

Q 

-1 o 2 

t 
~Q 

3 4 

Fig, 8, i ll/JIl I alld OllljJli/ discharge Qi alld Q o ill a 
('Oil/billed /nessllri::.ed-rolldllil o/Jell-challllel jlow :s.yslem!or 
({ spike illPlll , and l/ie lime toe il lakes lhe pressure W{(l'e 10 

Irm'e!'se Ihe ojJeIl-r/wllllel .lfgllleJIl of Ihe ,~)'jlem , 

STORGLACIAREN AS A LINEAR SYSTEM 

5 

I n th e fo llo \\' ing secti ons, I describe the tim e seri es of 

input a nd o utput discha rges measured 011 S to r g lac ia ren, 

deco J1\ 'oh-e th e tim e seri es to o bta in a n ex p e rime n ta lk 

deri \'Cd tra nsfer fun ction for th e drainage sys te m , a nd 

fin a ll y, fit t he th eo reti ca l tra n sfe r fl ln c tio n (Equ a ti o n 

(48 )) to th e ca lcu la ted tra nskr fun ct ion , Th e re a re three 

m ajo r ass umptio ns in th is d evelo pm ent : 

( I ) T he sing le m eas ured input-d isc harge sig n a l is ro ughl y 

equ i\ 'a lent to al~)' input s ig n a l ent erin g a n y m o ulin in 

the d ra in age system, \I'ith a djustments o n ly in the 

a mplitud e of th e sign a l r e fl ec tin g th c size o f th e 

pa rti c ul a r dra inage a rea, A lth o ug h suprag lac ia l 

strea ms a rc arc consta ntl y reorga nizing the mse h'es 

as th e g lacier surface m<.:i ts d ow n wa rd , th us clcc reas

ing or incr easing disc ha rge to an indi yidu a l m o ulin , 

thi s ass umptio n is p ro ba b ly not too unrea so n a b le; 1 
mo nitored di sc harges a t two neighbo ring m o ulins 

sim ulta n eo ush- {or a sho rt p e ri od , a nd fo und th a t th e 

t\\'o sig na ls \I'e re roug hl y synch ro nous, with grad ual 

cha nges ta king p lace O\'e r lo nge r ti me-sca les th a n the 

res po nse tim e of th e sys te m , 

(2 ) The simple m od el is re presem at i\'e of th e subglacia l 

dra in age sys tem; a sing le in put -disc h a rge sig na l 

enters o n e g ro up of m o u lins loca ted a t th e upstrea m 

cnd o f t h e sys tem, \\'ith no o th e r so urces o r sinks a long 

th e leng th o f th e sys tem , C lea rl y this is n o t so; th ere 

a re co n t r i b u ti o ns fj·o n1. seve ra l sm a ll e r m o uli ns 

d ow nstrea m o f th e ri ege l, as \I 'C 11 as fi'o m s upraglac ia l 

run o ff a t th e snou t. H owe\'C r , as p re\' io usly m en

ti oned , th e ri egel mo u lins dra in a n a r ea th a t is 
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ro ughly 70% of the tota l glac ic r surface be t \I'('en th c 

Sydj il kk da m a nd the upper a bl a ti on zone, w hile th e 

10 \l'e r Ill o ulin s and supraglac ia l runoff areas arc 

roughl y 20% a n d 10(Yo, respect i\'e ly, I n ad di t ion, it 

is reaso na bl e lo sup pose th a t th e lower mo ulin s d o no t 

d iffer radi ca ll y in th eir cha racte ris tics from the ri ege l 

m o ulin s; a lth ough th ey a re f'a rth e r d O\l'nstream in th e 

s\'s tem , th ey a re also small e r a nd thus mig ht ha\'c 

effec ti n: ly sim il a r tra nsfe r fUll ct io ns, Alth o ug h th e 

sa m e a rgumen t cannot be made (or th e sup raglac ia l 

r u noff, the infl ue nce of' a signal compri sing roughl y 

10% of the tota l d isc ha rge, \I,ha te\'e r th e sha p e of its 

t ra nsfer [ll11 c ti o n , shou ld be minim a l. 

(3) Th e geom e try of th e dra in age sys tem d oes no t 

und ergo sig nifi cant cha nge d urin g the period of the 

exp eri me nt. Thus the pa ra m e te rs f3 a nd t o(' a rc 

trea ted as cons ta n ts a nd the e n t ire ti me se ri es is 

d eco!l\'oh 'ec1 in o ne step , 

DISCHARGE TIME SERIES 

Th e di sc ha rge d a ta consis t of t \l 'O records span nin g the 

period 5 9 Aug ust. Th e out p u t d isc h a rge \I'as m easu red 

a t th e Sydj~l kk dam , \\'a ter level 0\'(' 1' the da m \I'as 

m o ni to red th ro ug h t ime, a lld periodic meas uremen ts of 

di sc harge, usin g th e co nsta nt- injec ti o n flu o resce nt-dye 

me thod (Tu rner D esig ns, 198 1), a ll O\\'('d the cons t r uct ion 

or a ra t i ng cu I'\'e , 

Th e inp u t di sc h a rge \I 'as measu red at ;\11 using a 

"mou li n bag", A large fa bri c funn el connected to a 

sect io n of pipe \I' i th a sma ll ho le a t th e bo ttom was 

suspend ed \I'ithi n t he mou th of a Illouli n: \I'a te r fl o\ \'ing 

O\'e r th e li p was e h anne led into th e fu n nel a nd bac ked up 

in it to the le\'C l requi red to cl ri \ 'e a particul ar cli sc ha l'ge 

th ro ug h th e hole a t th e bottom o f' t he p ipe (Fig, 9 ) , A 

Fig , 9, .I10ulill bag: a fabric jill/lle/ is collllecled 10 a 
seclioll of /Jipe lvillt a hole al Ihe bollolll alld is slIs/Jelu/ed 
wilhil7 Ihe 11701llh rif a mOlllill, .1 /JresslIre Imllsdllcn ill Ihe 
/Ji/Je 1Il0llilors l/ie ll'aler /e1'l'lll'ilhill Ihe bag , 
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press ure tra nsdu ce r in the pipe co nnec ted to a daw logge r 

\\ 'as used LO m o nito r th e wa tcr le \·el. 

T\\'o mou lin b ags we rc dep loyed during th e 198 8 field 

season. T he fi rs t w as unsuccessful b ccause th e Ic ng t h of' 

pipc a t th e botLOm o f' th e f'unnel \I'as insufTi c ie nL to 

m easure th e full r a nge or disc h a r ges; either th e \I'<H c r 

fill ed a ll th e th e w ay to th e LO p o r it a ll dra ined o ut o f' th e 

bo tto m . Th c seco nd b ag was m o difi ed Iw addin g a 2 m 

le ng th o f' pipe \\'ith t\\"o holes loca ted a t different h e ig hts 

fi 'om th e bottom ; la \\' di sc ha rges w o uld be mcasured b y 

th e 10\\'c r ho le, whi le hi g her disc h a rges mlLtld ,dra in 

thro ug h both ho les. This a rra nge m e nt p rO\'ed sa tisfacto r y 

10 1' m cas uring th e ra nge or wa ter he ig hts in the b ag, 

although it m a d e illt e rpreta ti on of th e ra tin g cun"(' m o rc 

difli c u lt. Se\'entee n discharge meas ure m ents were m a d e 

in th e supraglac ia l s trea m to d efin e th e ra ting c un'e f(l r 

th e \J I Ill o ulin b ag . Th c di sc ha rgc p ass in g thro ug h th e 

b ag is, in th cory , pro po rt iona l to th e squ a re roo t o r th e 

h e ig h t o f' \\'a te r d ri \ ' in g th e f1 0 \\· . The co ns ta nt o r 

pro po rti ona lit \· is a f'un ct ion o f su c h geo metri cal fac to rs 

a s th e cross-sec tiona l a rea or th e pipe a nd of'th c dra in 

ho le . Beca use th e re \\ "(' re t\\·o holes in th e .\ 11 Ill o ul in b ag 

a l dille rcnt hcig ht s w ithin th e pipe, t\l 'O cun'es \\"(' rc fill ed 

to th e d a ta, eac h \\"ith th c requi sit e h a ll~powe r rel a ti o n 

ship , a nd a smoo th inle rpola tin g CUJ'\ T was dra wn at th e 

j un c ti o n wh ere th e c UJ'\ 'es mee t ( Fi g. 10 ). 

<n 
:::. 
0 

30 

20 

10 

10 20 30 40 

Pressure sensor output (mV) 

Fig . 10. Halillg ({m'l' jin' l/ie lIIoulill bag ill .11 I. T wo 
({IITe.1 (Ire IIJNI be(all ,le l /i e 1II01llill bag !tad Ill'V !t ole!> al 

dijjl'r£'lll /ieig!tl!> Ji'olll l!te bu/lulII . 

ANALYSIS 

50 

Th e t\ \'C1 time se n es consist o f' 204-8 po ints of' di sc retel y 

sa mpled di sc ha rg-e data ta ken at 3 min illten 'a ls durin g 5 
9 ,\ ug ust. Th e input d a la arc first n o rmali zed so th a t th e 

to tal \ 'o lume und e r th e cunT co rres p o nds to th a t 0 [' th e 

OUlput di scharge ( Fi g. Il a ), in accord a nce w ith th e 

a ss umptio n that th c sing le meas ured inpul sig n a l is 

rc prese ntati \'e o f' a ll s ig na ls ente rin g th e sys tem. L o \\,

pass filterin g th e tim e se ri es 1,(, ITa ls diITerences in th e lo \\,

frequ e ncy compo n e nt s o f'th c tll'O sig nals ( Fig. 1I b) whi c h 

a re m os t likely th e rcs ult o f' g ra du a l cha nges in th e 

drain age a rea ups tream fi 'o m th e 111 0 ulin. Beca use th e 

res po nse tim e o f th e sys tem is se \Tra l h o urs, a nd because 

th e ch a nges occ ur O\T r peri ods o f d ays, r subtract t il ese 

lo \\·-rreq uency co 111 po n e nts fi 'olll b o th s ig na ls (Fi g. I I c ). 
:\Te:-; t, th e d a ta a rc prepa red fo r a ppli ca ti on o f' th e fas t 

Fo u rier lra nsfo rm (F FT). The fi rs t 20 and last 20 po i n lS 

arc multipli ed b y a sinusoid a l sm oothing function to 

1 
o 

A'olller: P rl'.l.mri::.ed jlOIC' bell fa lh Slorgl(lcidrl'll 

o 24 48 72 96 
1.4 r-----~----~----~----~___, 

1.2 

1.0 

0.0 L-____ "'-____ ~ ____ ~ ____ ___'__I 

1.0 r-----~----~----~----~___, 

48 72 96 

time (h) 

Fig. 11. ( 11 ) 11I/!lII-di.lc/wrge (gra.J' filiI' ) alld oll ljJlIl 

di.lc/wrge ( blllrk filii' ) ligllal.1 afier lIo llllafi::.alioll ollhe 

ill/ill I sigllal. T illle i.1 relaliN 10 midllighl . .5 . l lIgII.11 

1988. (b) L01I ':Ji'eqlll' IICJ' (OIll /JOllfllll!/ Ih e i ll/JII I-di,Ic/{(lIge 

( r;I'(!l' lille ) IIIIr!olll/lIIl-dilc!lOrge ( biark fille ) .Iiglla/j . ( e) 

I Il/J/l I-diH/u/I;r;e (gr(!)' lille) alld olll/JIlI -di.lrharge ( black 

fi l/e) sigl/al.1 leilll lite 1001':jiequeII()' (0 I17/JOlli'll 1.1 slIb

tracled. 

rem O\T a ll\' sudd en.iul11ps in th e tim e seri es at either cnd. 

The time se ri es are th e n "paclcl ed " \\ 'ith 1024 zeros to 

elimin a te " \\Ta pa ro unc! ", a n effect wh e re \)\' th e o pe ra 

ti ons p e rfc) rm ed a t o n e e nd o r a tim e se ri es influ ence th e 

other e nd , a nd a by-produ c t o r a n ass umptio ll impli cit in 

th e FFT. n a mely th a t th e time seri es is p e ri odi c. Fina ll y. 

d eeo ll\ 'o l uti o n is perfo rmcd in th e fi T Cj u e ncy d oma in to 

yie ld th e tra nskr f'ullct io n (Press a nd o th e rs, 1989 ). 

The res ult a nt tra nsk r f'un c ti on has a la rge co mponent o f' 

hi gh-freque ncy noise tha t o bscures the ulld e rl ying st ru cture 

(Fig . 12 ) , whi ch nC\T rth e less does rese mble th e decayin g 

expo ne nti a l of'th e th eo re li ca l tra nsfi.' r fun ct ion (Equ a ti o n 

48 . Hig h-fiTCju enc\' no ise is a n inhere n t problem in 

d eco n \'olulio n in th e fi T Cju ency d o m a in, a ttributa ble 

ma in ly to ra nd om no ise in th e origina l tim e seri es (Press 

a nd o lh e rs, 1989 In di\ 'icling the OUlput b \' th e input in 

the fi -eque nC)' doma in , equa l weightin g is gi\'en to a ll 

fi-cqll e nc ies conta in ed in th e t\\·o sig n a ls. A lth oug h th e 

tra nsfo rm ecl output a nd input sig na ls m a l' ha l'e ID\\' 
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J ournaL oJ CLacioLogy 

amplitudes a t higher frcq uencies, when one is di vided by 
the other a rela tively hi gh a mplitude valu e results. 

N oise is typica ll y ha ndl ed by filtering out the high
frequ ency component eith e r before or a fter the transfer 
fun cti on is ca lcula ted . For th e purposes a t ha nd, however, 
this is unn ecessa ry; instead , Equa ti o n (48 ) is fitted 
direc tl y to th e first 120 points of the calculated tra nsfer 
fun cti o n using th e Leve nberg-M a rqu a rdt a lgo rithm 
(Press a nd o thers, 1989 p.5 72 fT.). 

Th e ra nge of accepta ble fi ts defin ed by o n e standa rd 
deviatio n is {3Q = 3000- 8000 and t or = 6- 15 min , with 
the bes t fit to the da ta occuring a t roug hl y {3Q = 4500 
a nd t or = 9 min. Combining Equa ti ons (6 ) and (49) 
yields th e expression fo r op en-channel leng th : 

(50) 

0.05 rr-~--~-~--~-~---'--~---'---, 

0.04 

0.03 

in 
M 0.01 
.§. 

-0.01 

-0.01 

·0.02 

.0 .03 .':---~---""""------=---~4----:5-----:!6 

time (hours) 

Fig. 12. CaLculated transJerJunction, with close-up oJ the 
first 120 jJoints (gray Line) and the theoretical transfer 
Junction llsing best-jit vaLues oJ the Fee jJammeters ill 
Equation (48) (dashed line) . 

The fitted values of t oe toge ther with k oc = 0.7 a nd 
Q = 0.5 indicate a total o p en-channel le ng th of 285-
715 m , with th e bes t fit to th e data a t 430 m , or, upon 
subtrac ting th e proglacia l-stream leng th , a subglacia l 
open-cha nn el length of be tween - 15 a nd 415 m from th e 
snout, with the best fi t occ urring a t l 30m (Fig . 1). The e 
values are consistent with th e range es tim a ted with the 
tracer a n a lys is, nega til 'e va lu es notwithsta nding . 

The ra nge of values for {3Q is ra th er la rge, howeve r. 
The bes t fit is equi va lent to {3 = 9000 (using Q = 0. 5), 
which wh en inserted in to Equ a tion (33 ) yields Km = 3.5. 
This is well outside the hig h es t va lue fo r K m d etermined 
from th e tr ace r res ults a nd impli es a ph ys ica ll y 
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impla usibl e r a nge of wa ter h e ight in th e m o ulin . 
Inse rting K m = 3 .5 into Equ a ti o n (28) with A m = 2 m 
leads to h varying from 450 to 2250 m over th e o bserved 
di scharge ra nge. One possibility is th at the es tim a te for 
Am is too low . The pressure record from the bo re hole in 
th e vicinity of th e riegel moulins indica tes th a t h was 
roughl y 50 m a t a time when Q was 1.0 m3 

S-I; inse rting 
th ese values into Equa ti on (28 ) yields Am ~ 35 m 2 This 
value is closer to the cro s-sec tio n a l dimensions o f m o ulins 
a bO\'e the splash pool re ported by H olmlund ( 1988) . The 
problem remains tha t a cross-sec tional a rea o f such 
m agnitud e requires tracers to sp end a significant a m ount 
of time in that segmen t. This wo uld lead to a strong 
inve rse rela tionship between U a nd Q, whi c h is not 
supported by th e trace r da ta . 

The diffic ult v is tha t th e calcula ted tra nsfe r fun ction 
h as too long a " m emory" . A plausible ex plan a tio n is th at 
th e calcul a ted tra nsfer fun ction is polluted b y " und er
flow", i. e. seep age of water fro m the drain age sys tem 
fa rth er up-g lacier of the ri egci moulins. vVh e n high 
discharge enters the ri egel moulins, it bac ks up in the 
m oulin to form a hydrauli c " d a m " which prevents the 
up-glacier wate r from draining into the conduit sys tem. 
\Vhen discha rge en tering the ri ege l moulins d ec reases, the 
wa ter level falls, the hydra uli c d a m is 1011'ered a nd th e up
glacier waters a re free to drain aga in. This m ech a ni sm 
would lead to an ex tended ta il in the transfe r fLl nc tion, 
p ar ti cul a rl y if th e drainage sys tem up-glacie r fro m the 
ri egel is di stributed in la rge numbers of sma ll c h a nn els as 
is p roposed in sel'eral studi es (e.g . Hooke a nd o thers, 
1988; Hooke a nd Pohjola, 1994 ) . 

For the purposes of this pape r, however, a n e xtend ed 
ta il in th e tra nsfer fun ction d oes not pose a se rious 
problem. The simple model captures the essenti a l sha pe of 
the transfer fun ction of more com plex m ul ti ple-i n pu t 
sys tems, and th e importa nr p a ra m eter for es tim a ting the 
open cha nnel leng th remains th e time-to-peak in the 
transfer fun c tion. 

DISCUSSION AND CONCLU SION 

U sing two different me thod s, I co nclud e th a t a n 
apprec ia ble len g th of the sLlbg lacial conduit sys tem on 
Storglac ia ren occurs as a pressuri zed conduit. This is 
quite difTerent fm m the comple tely open-cha nne l system 
H ooke ( 1984 ) predi cted using R othlisberger 's ( 1972 ) 
unmodifi ed express ion for a semicircular basal conduit. 

This is by n o means a new result, for it has lo ng been 
recognized tha t the R othlisberge r model unde res tima tes 
wa ter pressures . R othli sberge r fo und th a t to model 
obse rved wa ter pre ures on Gornergletscher , h e needed 
to use a n abnormall y low valu e for the ice-viscosity 
p arameter in the fl ow law for ice (R othli sberge r , 1972 ). 
Studies on other glaciers have yielded similar results, 
na mely th a t b asa l ice needs to be in the ra nge o f 4-150 
times soft er th a n is norma lly ass umed in o rd er to 
successfull y predict observed borehole wa te r pressures 
with semicirc ula r condui ts (Hoo ke a nd oth ers, 1990). 

One possibility is tha t clos ure rea ll y is la rger th an 
ass umed; closure ra tes in ice tunnels loca ted beneath 
Bondhusbreen a nd Engabreen , N orway ( 160 a nd 200m 
ice thi ckn ess, r es pec ti vely) are o bse rved to be 4- 16 times 
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large r th a n th ose predi c ted using Nye's c ircu la r-tunnel 
closure mod el with customary va lues of th e viscos ity 
para meter in th e now law (H age n and others, 1993 ). 

Hoo ke a nd o thers ( 1990) summa ri ze a number of 
proposed mechanisms [or softe r basa l ice, such as higher 
water con te n t, i m pu ri ties, a nd terri a ry creep effec ts, bu t 
conclud e that th ese ca nnot adequate ly ex p la in th e low 
p redi c ted wa ter pressures. Th ey propose instead a simpl e 
geometri cal modifi ca tion to th e Rothli sberge r expression 
that wou ld res ult in more rapid closure rat es. By ass uming 
tha t subg lacia l conduits a r e broad a nd low ra ther than 
semicirc ul a r, they were a ble to ma tch obse rw'd press ures . 

The results of this work d o not shed furth er li ght on 
\\'hi ch, ifan )" of th ese m ec ha ni sms ma y be respons ible [or 
enh anced closure, bu t do support pIT\' ious findin gs using 
two ne\\' and different approac hes . 
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