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ABSTRACT. Th e subglac ia l h ydrology of th e a bl a ti on a rea o f' Storglac ia ren , a 
sm a ll \'a ll ey g la cier in north ern Swed en, is dra m a ti ca ll y a ffec ted b \' a subglac ia l rid ge , 
o r ri egel. \\'ater pressures a bo\'e thi s r iege l a rc rel a ti\"(,' ly constant , \I'hile down-glac ie r 
Il'om it th ey \"a r y sig nifi cant"', Th e lower part of th e g lacier accelera tes in response to 
pea ks in basal \I'a te r press ure, Th e upper pa rt m ay he \\'ea kly coupled to th e 10 \l'e r 
p a rt durin g th ese pea ks, 

A pOII'er-l a \\" fit of'o bse rl"Cd basa l Il'a ter press ures a nd meas ured surface \"C loc iti es 
I" iclds 

11 , E = 30PE - 0, ID 

\\·here ll, is th e surface \'C loc it\, a nd PE is th c eITec ti\ 'e \I ',Her press u re (ice o\"C rburd e ll 
press ure minus subg lac ia l \I'ater pressurc \. Data fro m Findeleng le tsc her. repon ed b y 
I ken a nd13ind sch a dl e r (1986 ), yie ld a n id enti ca l exponent a nd a coeffi cient one o rd e r 
o f magnitud e la r ge r. The simil a r ex ponent impli es that tht' process produ cing th e 
\"(' Ioc it )' I"<l ri a ti o ns o n ho th g lacie rs is simila r. Th e \ 'a ri a ti ons in \"C locily a re inferred to 
be due to hydra uli c j ac kin g on ho th g laciers, 

INTRODUCTION 

Th e first \I 'o rker to sholl' sc ientifi ca l'" th a t \'e loc it \, 
\ 'a riati ons on g lac iers were correl a ted \I'ith \'a ri a tio ns in 
tempera ture a nd ra inf~\11 was F orbes ( 18+2 ), His stud y on 
l\Ie r d e Gl ace indi ca ted th a t accel e ra ted moti on occ urred 
\\·hen tempera tures \ITre hi g h a nd \I·hen prec ipita ti on 
occ urred , Th e reaso n for this co rrelat ion. \'a ri a ti ons in 
basa l \I'a ter pressures induced by \"a riati ons in \I'a ter in put 
to th e glac ier, remai ned unclea r un ti I slUdies b y l\ r eieT 
( 1960 ) a nd \Ii.iller and (ken (19 73), Since th en ma ny 
simila r studi es hal"e bee n und erta ken (e,g, H oclge , 1974; 
[ken , 1978; ] ken a nd others, 1979; 1 ken a nd Bindschad lc r. 
1986: K a mb a nd Engelha rt 1987; F a hnestock 199 1) , 

\\'a ter pressure a ppea rs to influence sli d ing in three 
\\'a ys : ( I ) susta i ned high press ures increase separa ti o n o r 
ice from th e bed , th erebv in creas ing th e shea r stress on 
p a rts of th e bed still in cont a ct \I·ith th e ice. (2 ) bo th 
tra nsient a nd susta ined hi gh press ures exert a force in th e 
clO\I'n-g la r ier direc ti on in cal"iti es fo rm ed in th e lee of 
irregul a riti es on th e bed (hydrauli c jacking), a nd (3 ) by 
\1"Ca kening subg lacia l sedim ents , Th e second id ea \I'as 
proposed by lken and o th ers ( 1979 ) a nd has bee n 
m od e ll ed by lke n ( 198 1), l ken a nd Bindschadlcr ( 1986 ) 
conclud ed th a t I"<ui a ti ons in surface \'eloc it\, obser n:>d on 
Findel engle tsc he r were a res ult o f hydra uli c-j ac kin g 
e ITec ts a t th e beel. 

This stud y foc uses on \'eloc ity reco rds simil a r to th ose 
used by 1 ken a nd Bi ndsc ha dl e r in ord er to illl"Cs ti ga te 
\' ari a ti o ns In \"e loc it \, o bse n 'ed o n Sto rg lac ia re n , 
Swed en , 
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PREVIOUS WORK ON STORGLACIAREN 

Storg l ac i ~i ren ( 6r55' ~ , 18°35' El is a sm a ll , tempera te 
g lacie r loca led o n th e eas tern sid e o f the K ebneka ise 
m ass if in L appla nd , no rth ern Swed e n, Th e top 30- 40 m 
o f th e ice in th e a b la tion a rea is bel ow freez in g 
tempe ra ture thro ug h o ut the seaso n ( H ooke a nd o th e rs, 
1983a; H olmJund a nd Eriksson, 1989 ) , \I,hereas th e res t 
o f' th e g lac ier , including th e ice belo \I' th e laye r in \I'hi ch 
tempe ra tures flu c tu a te a nnua ll y in th e acc umul a ti o n 
a rea, rem ains a t th e mclting po int. Brzozo wski a nd 
H oo ke ( 1981 ) a nd H ooke and ot he rs ( 1983 b, 1989 ) 
studi ed th e \'a ri at io ns in surface \ "C locity durin g th e 
pc ri o d 1979 85, Th e ir studi es 1"C \ 'ea led a season a l 
pa t te rn \I'ith hig h \ 'e loc ity peaks occ urring in early 
summ e r a nd , in so m e yea rs, g ra du a ll y d ecreasing 
\'e loc i ti es as th e me! t season prog resses , Th e glac ier a lso 
reac ts to sudden inputs o f' wate r fro m ra insto rms, Th e 
inte rn a l dra inage sys te m of th e g lac ie r has bee n studied 
extensi\ e ly (Stenborg. 1965, 1969; Nil sso n and Sund
bbd, 1975; H olmlund a nd H oo ke, 1983; H olm lund , 
1988a, b ; H ooke a nd o th ers, 1988; Sea berg a nd o th e rs, 
1988; H ooke, 199 1; K o hler, 1992 : H ock a ncl Hooke, 
1993; H ooke a nd Po hjo la, 199+ , Fro m these st udi es it is 
clea r th a t th ere is a difle renee in th e dra in age sys tems o f 
th e lo wer a ncl uppe r pa rts o f' th e a bl a ti on a rea, The 

o \ 'e rd eep e ned uppe r pa rt see m s to dra in la rge ly 
eng lac iall y, The 10 wCT part dra ins fas ter a nd la rgely 
subg lac ia ll y, a nd th e c ha racte ri sti cs of its subglacia l 
dra in age cha nge during the melt season, In the ea rly 
summ e r it proba bl y co nsists of ma n y sm a ll e r conduits; as 
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th e season p rog resses , t hi s sys te m d el '(' lo ps in to o n c 

consis tin g or rellT r , la rge r conduits w hi c h tra nspo rt th e 

\\'£1 te r m o re e fTi c ie n tI y , 

EXPERIMENTAL PROCEDURE 

In ?'.I a rch 1985 t \\'o s ta ke nets, ne t +5 a nd nct 2::1, eac h 
co nsisting or fi l,(, s ta kes , liTre es ta bli shed on the g lacier , 

This co nfi g ura tio n o r s ta kes was used d urin g th e 1985-87 

li elcl seaso ns, O n ly th e 1987 data a rc di sc ussed he re, as 

th a l is the o nl y li me per iod far \\' hi c h there is Lt 

co rres po ndin g \I'a ter- p ressu rc reco rd, 
1 'he sta kes \\'e re m a d e o f' 6 111 lo ng . 50 111111 di a m e te r , 

stee l p ipes, The di ago n a ls o f" th e nets liTre scaledlO re Oect 

the a\"e ragc loca l thi c kn ess o f" th e g lac ier, The nC'lS lI'ere 
loca ted sli ghll y d ow n- g lac ier (+5 ) a nd up-g lac ie r (23 ) 

rro m a lranS\TrSe bedroc k rid ge . o r ri ege l, in th e b ed 
Fi g, I ) , T h ese loca ti o ns lI'ere c h o,e n to p ro\" ide 

info rm a ti on on ch a nges in fl oll' as th e g lacier c rossed 

th e ri ege l. Th e Sla kes liT re ori g in a ll y se t so th a t th e to p 
projec ted ",O ,5 m a bol,(, t he sno\\' surface , ,\ s me lting 

]allssoll: " 'aler jJrfssllre alld ba.lal '\/iding all SlorglacidreJI 

progressed th e sta kes lI'e lT c ut in incre m e nts o f" 1, 000 ± 
0 ,002 m , thus ma inla ining a minimu m h e ig ht or ",0,5111 

a bO\'(' th e ice su rf~lce , Th e le ng th or eac h s ta ke re l11 a ining 

in th e ice lI'as 111 0ni to red ca rerull y lhro ug h o ut the seaso n 

a nd sta kes \\'e re re placed 11'(' 11 bef"ore th e\" m e lted o ul. On 

days lI'h e n sta kes \I'e IT c u t o r repl aced, lhey \\'(' re 

norl11 a ll y sun'e yed bo th befo re a nd a rte r CUlling, usuall y 
lI'i th o nl y 1 2 h betll'ee n th e su n 'cys , 

H o ri zo n ta l a nd \'e rti ca l a ngles a nd ho ri zo nta l d is

ta nces lO th e indil 'idua l Sla kes \I'(' re meas ured rro m a fixed 

poin l o n th e no rth ern sid e o f"th e glac ier (A72 in Fig ure I ) 

b\" mea ns o f" a Ceod ime tcr 1+0 total sta ti o n, T he in te rn a l 
di sta nces in th e st ra in n e ts liT re m eas u red lI'ilh a 

C eodim e le r 12,\ di sta nce m e ler in o rcl c r to permit a 

least-sq uares eS lima te o r th e loca ti on of' th e s ta kes in the 
loca l coord in a te sys tem, 

SUI"\T)'S liT re u s u a ll ~ ' m a d e be tll 'Cc n 1000 a nd 1300 h 
da il y, \\'ea th er permilling, Th e dislances measured by th e 

Ceodilll c tL'r I ·~O lI'e lT a djusted ftlr tempe ra lure a nd 

barome tri c-press ure e ITeets, 

Th e s ta nd a rd erro r in th e cii sta nces m eas u red by th e 

Ccodi mc te r 1+0 is. acco rciin g to th e m a nu fac turer, 
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J Oll mal oJ Clariolog)' 

± (5 mm + 3 ppm, ) , Based on th e reprodu cibilit y o f 
measurements, the sta ndard error in th e hori zonta l 
a ng les is es tim a ted to be ± 3', Th e ave rage errors in the 
meas ured distances , based on a\'erage di sta nces to sta ke 
nets 45 and 23, arc ± 6,2 a nd ± 6,8 mm, respecti\'ely, a nd 
the errors in th e direc ti ons perpendicular to the \'CClor 
fi'om the instrum ent to the net are ± 6,0 and ± 8,7 mm , 
res pec ti vcl y, 

Th e sta nda rd error in th e di stances m eas ured by th e 
Geodimeter 12A is ± (5 mm + 10 ppm, ), which implies 
that the max imum error in these di stan ces is ± 6 1llm , 

The unce rtaint y in the \'Crtical a ng le measu rements 
mad e wi th the Geocl i meter 140 , as es ti ma ted fi'o m 
re producibi li ty of re p ea ted meas urem e nts, is ±2' , 
produ cing \'erti cal unce rtainti es of 4,0 a nd 5,8 mm to 
ne t 45 and net 23 , res pec ti\·eh'. The un ce rta inty in the 
ve rtical posit ion of a gi\'en poin t is a com bination of'thi s 
uncertainty and that due to changes in a tmospheri c 
refr ac t ion or incorrec t adjustmen t for refrac ti on, The 
resulting unce rtainty of the \ 'erti cal positi o ns is es tim ated 
to be 5- 6 mm, 

The least-squares adjustment that was ma d e in ord er 
to es tabli sh the locations of th e sta kes in the horizo nta l 
p lane provided an additional es timate o f' the sta ndard 
erro r of th ese coordina tes , In ge nera l the error is ± (6-
8 mm ) , Some sUr\'eys yielded large r erro rs; th ese \\'CIT 
either di sca rd ed or in corpora ted with th e kuow ledge of 
th eir limita ti ons, d epend ing on the se\ 'e rit y of the error s, 
Based o n the un ce rtainti es in th e sta ke positions gi\ 'en 
abo\ 'e , ty pica l errors in the horizontal \ 'elocities a re 
genera ll y < ± 10 mm cr i (or SUI,\,CyS 1 d apart. Th e error 
d ec reases for longe r sun'eying period s, 

A large number of boreholes was drillrd on Storg la 
cia re n during this stud y for a \'ari ety of reasons, includin g 
water-pressure meas u remen ts, boreho le-d e form a ti on stu
di es and tracer f'x perime nts, Th e drilling was d one with a 
hot-water drill, The bo rehol es in th e lower part of the 
ab la tio n area were inferred to be connected to the ma in 
sub- or englacia l dra in age ne twork if th e \I'a ler lewl in a 
bo re ho le sudd enly dro pped a nd th e n rema in cd low 
durillg th e res t of th e drilli ng and, m ore importa ntl y, if 
th e le \ 'el fl uctu a ted after dri ll ing was comple te, Sensors , 
originall y des igned for m eas urin g oil pressure in a uto
mo bile engines, were p laced in the ho les a nd connec ted 
eith e r to a cha rt reco rd er or to d a ta logge rs, The changes 
in resistance or the senso rs were con\'e rted to a meas
ura b le signa l throu gh a stand ard W hea tstone bridge, Th e 
senso rs were calibra ted a t the tim e of insta ll a ti on by 
lowe ring and ra ising the sensor in the borehole while 
recording its d epth belO\\' th e ice surface, the d ep th to th e 
water surface from th e ice surface , and th e res istance or 
the sensor. The acc uracy of th e water-press ure measure
ments is ± 3 4 kPa , co rresponding to a cha nge in ",ater 
le\'e l of rv3 . ..j. m, Th e la rges t un certa inty is due to 
hys teresis of' the senso r and difTe rent e lectroni c factors , 
such as unkno\n1 ca b le resistance, te mperature depen
d ence of th e bridge, a nd so forth, 

},10st of th e cli mati c d a ta used in thi s paper \\-ere 
ga thered with sta nd a rd m eteoro logical equipment at th e 
Tarfa la R esea rch Station , Th e d a tabase consists of ho uri y 
a nd daily averages of air tempera ture a nd hourl y a nd 
dail y totals o f' precipitation , R eco rds o f ho urlv totals of 
preci p i ta ti on \I'ere a lso ga th ered on th e g lac ier. 
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OVERVIEW OF GLACIER HYDROLOGY 

As noted ea rli er, th ere is a perennial layer or co ld ice at 
the glac ie r su rface \\' hi ch forms an imperm ea bl e barrier 
through \I'hi c h th e melt\\'a ter ca nn ot percolate, Thus, the 
principa l places where meltwater enters th e glacier, 
o utside th e accumulation a rca, a rc cre\'assecl a r eas a t 
the equi librium line and in t he region a rou nd th e ri ege l. 
Because th e sno\l' cO\'er is much thinner. o n a\'erage , in 
the ab lat ion area th an in the accumu lation a rea (Schytl 
and ot hers, 1963; Schytt, 1965 , 1966, 1968; unpubli shed 
informat ion !i'om T arfala R esea rch Sta ti o n , 1985-87 ), 
and because of higher temperatures a t lo\\-cr e le\'at ions, 
th e snow pac k on the lower part of' th e ab la tion area 
becomes sa turated earlier th a n tha t higher 0 11 the glacier, 
This means tha t waler ca n ente r the glac ier ea rli er a t the 
lower wate r-input a rea th a n a t the upper o nc , 

Basa l \\'a ter pressures in the la rge , o\'erdeepened 
upper part o f th e abla tion area are generall y c lose to, or 
sometimes, briefly and loca ll y, slightl y in excess or the 
o\ 'erburd en pressure (H ooke , 199 1; H ooke a nd Pohjola , 
1994), The ampli tude of the \ 'ariat ions during most of the 
season is onl), rv I 0% of the O\-erburden pressu re, The 
lower pan o f the ab la ti o n a rea is bette r dra ined and 
exhibits a mu ch lower a\'Crage wa ter pressure, The 
amplitud e of \'ar iat ions in thi s pa rt of th c glacier 
frequently exceed s 75% o r the o\'erburd e n pressure 
(H ooke a nd o th ers 1989; H ooke, 199 1), 

VELOCITY DATA 

During thc summer there is a rather rapid acceleration of' 
th e glac ie r in ea rl y to mid-June (Fig, 2), The timing of 
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this e\Tnt d epends o n when th e a ll' te mpera ture rises 

a bO\'e 0 C for a prolonged period, Beca use th e II' inte r 

discharge is sm a ll (Sten bo rg, 1965 th e drainage nelll"Ork 
is not dim e nsioned fo r th c sudd en increase in wa ter !lux , 

In 1987, th e accelerati o n e\'e nt in s ta ke l1 e t 45, is a 

well-deri ned . broad peak corre lated \I'i rh the seasonal 

increase in tem pera ture in Jun e (Fig. 2 ) , fo-I ax imum 
\'e loc iti es during this t'\T nt a rc up to ",60 111 m d I. Th e 

pa ttern 01" \Tlocities in n et 23 durin g rh e same period 

differs in th a t the peak is less well-pronounced, The o nse t 

of" accele rated motio n occu rs simultaneo usly \I'ith that in 

net ·1-5 ; h OIIT\Tr. net 23 ex hibits Illultiple peaks during the 
;leeelna t ion e\Tnt in co n trast to the broad si ngle peak in 

net +5 , 
Th e accderation is probably initi ateci at th e riegd 

" 'hen th e snoll"pack in the cre\'assecl region is a t thc 
me lting point through o ut. I t is unlikely th a t \I 'a ter input 
a t th e eq uilibrium line contribut es mu c h. beca use the 

snowpack th ere is genera ll y thicker tha n at the riegel a nd 

thus reCJuires more tim e to reach th e melting point. 
Hence, sig ni(i cant II'ater input a t th e cCJ uilibrium line 

sta rts la ter th an in the riege l a rea , 
\\'h e n daily \I',He r inputs a rc cOl11parat in'h- constan t, 

the surface \Tlocity. u,' decreases as the melt seaso n 
progresses, reac hin g relati\Th- stabl e \ ',dues by the end 0 (" 

August. Such \I'as the case in 1982 a nd 1983 H ooke and 

ot hers, 1983 b ), but th e tre nd is less ob \'ious in th e present 

d ata beca use of la rge peaks la te in th e scason assoc ia ted 

lI" ith majo r precipitation e\Tnts or periods o f" unusually 
hi g h temperature, Such peaks arc disc ussed in more derail 
I)eloll', 

U nlike in p rl'l 'io us years rHooke and o th ers. 1983b, 
1989 ) th e \Trtical IT loc it y cioes not undng-o any ,{'asona l 

change in 1987, I-I O\lT\T r , there is a rcspo ll se to the Jun c 

acce lerat io n e\Tnt in ne t 45 I Fig, 21. At the tim c o r the 

onse t 0 1" th e e\Tnt the \ Trtica l-IT I ()c it ~, peaks attain a 

pos iti n' \ ';liu e close to th e maximum for the season .. \ s the 

horizo nt a l \ 'e loc itl' in creases, th e ITrtica l vc loc it y drops to 

a loll'. 

Th e az imuth , vJ. of" H " dOl'S not undergo any seasonal 
change , 

On s h o rt er tim e-sca les. \ 'a ri at iol1S in 11 , can Iw 

co rrela ted \I'ith I'a riations in both a ir temperature and 
precipitation, The importance of temperature peaks in 

produc in g- ITlocity hi g hs decreases during a season, Th e 

rela ri\T importance o f precipitation thus in creases, This 

res ults I"rom th e de\Tlopmcnt of a more efficient drainage 

sys tem as th e seaso n progresscs , The cl rai n age sys tcm 

ad a pts to an eJIeclil'f ill/J/l1 rale, determined by alTragc 
meteorological conditions. Thus. peaks in melt pro\'id e 

onl\' a m od est increase in input rate o\Tr the mean dai ly 

ra te. \\ 'h c reas prec ipitati o n may produce a mu ch la rger 
increase, dcpending on th c ra inf~dl int ens ity. \\' he n 

prcc ipita tion occurs oYe r lo nger periods, th e ,l\'erage 

input ra te \I 'ill be hi g h e r , consequ entl y enlarging the 

conduit sys tem, La rger exc ursions fi 'om th e mean inpu t 

ra tes a re th us needed la te in the seaso ll to prod uce a 

\T locity peak of" a gi\'en magnitude. An exa mp le of a 

tempe ra ture- influc nced , and th e reby mc lt-rate-influ
enced , pea k ca n be found on Juli an d ay 20 1 (marked 

by TI in Figure 2 ), Good exa mpl es of prec ipi tat io n

induced vc loc it y peaks (m a rk ed by PI a nd P2 in Fig ure 

2 ) a rc fo und o n Juli a n da ys 188 a nd 2 14. 

]aIlSSOIl: If 'aler !He.l,llIre and basal sliding on Slorglacitfrel! 

Th e major di ffere nces between sta ke ne ts 45 and 23 
arc in the m agnitudes or the m ajo r l'('locit)' peaks a nd in 

th e amplitud es of the I"<l ri a tions in th e (\1"0 ncts. Net +5 

sholl's se \ 'c ra I pcaks reac hi n g a nd eve n exceed i ng 

60 mill d I, ~200% of thc a\'e rage winter \ 'c1ocity, with 
an amplitud e or ",+0 mm d I , The w lociti es in n e t 23 a re 

a lmos t nn-cr thi s hi g h; th e m ax imum in 1987 was 

5+mmd. ", 170°;;, or th e a\ 'erage winter \ 'e loc it y. lI"it h 
a n amplitud e of" ~2+ mm d r. 

\ 'a riations in the direction o f the surfacc-\T loc it y 

n'cto r in net cl·5. W, see m to be wea kly co rrcla ted wit h 

changes in \Tloc ity. H OII'e\'er, the unccrta inty in vJ is 

much larger ('" 7 ) than the \ 'a ri al ions. H ence, such a 
co rrela ti o n is spec ulati\T a t best. 

Resu lts from a force-balance ca lcu la ti on by H ooke a nd 

others 1989 indi ca te that th e basa l shcar s tress c hanges 

significantly in the lower part o f" the ab lat io n a rea, with 
increases reac hin g 84% reiat i\'e to \I' intcr ,",du es, Th e 

upper part 01" the ablation area sho\l's a nega ti\ 'e cha nge 
relatin' to 1\ inter I',dues of ~20 +0 % , Since water 

press llres remain hi gh in th e upper pa rt of" th e a bl ation 

area throughout th e summer season, the basa l drag 
probabh- rClllain s lOll", The 10llT r part o f" the ablation 

a rea. on the o ther han d , cxpe ri encing II'a te r-press ure 
\'a riations 0 (" hi g h amplitud e. is expcc ted to acce lera te 

and decelerate in response to these I'a ri a li o ns. Th e 

\'ariatio ns in basa l drag indi ca ted by H oo ke a nd o thers' 
( 1989 ) calcu la ti ons support thi s noti on , Th e l eloc it y 

record of" net 23 shows smaller \'ariations th a n that o f" ne t 

+5, The fo rm er may thus be partly ca used by lo ng itudina l 
co uplin g to th e lower pan or th e ablation area, 

THE WATER-PRESSURE RECORD 

Figure 3 shows part or the 1987 \'d oc itl' reco rd together 
wi th d etailed 1I'<lter-press ure Ill easu relll e nt s from tll'O 

boreholes, B87r, and B870 (Fig, I ), hourl y average di s

charges fi 'o lll th e tll'O prog lac ial strea ms, Nordjokk a nd 

Sydjokk Fig. 11, hourly <J\T rage temperature a nd hou rl y 
precipitation, The two records o f water press ure a re 

simil ar except ftJr two peri od s , During th e (Jrs t period, 

days 200 203, th e lI'ater pressure in B87a rises close to th e 

expccted o\Trburden pressu re a nd Ou c tuates sli g htl y 

while th a t in b orehole B8 75 ex hibits a diurna l sig nal. 
The most like ly exp lan at io n for thi s disc repan cy is th a t 

B870 lost its co nnection to th e subg lacia l dra in age syste m 

during thi s p er iod , Th e hole see ms to r ega in it s 

con nection to th e ma in dra in age sys tem aga in as wa ter 

pressures in B87,; r ise during day 203, The seco nd pe ri od 
of"ambig uit y s ta rts on day 209 a nd continues throug h the 

res t of" the reco rd, This tim e, B87a secm s to lose a ll 

co nnec tion with th e main drainage sys tem. On da y 2 15, 

\I 'ater IC\-c ls in thi s ho le drop dram a ti ca ll y, The 

sig nifi ca nce 0 1" thi s drop and th e subseq u e nt slow 
increase, a lso seen in th e last part o f" th e B87::; reco rd , is 

not und erstood, L arge temperat urc Ouc tu a ti o ns durin g 

d ays 22 1 22+ sce m not to a ffe c t either wate r-press ure 

reco rd . Th ese flu c tu a ti o ns ma y be compared w ith the 

temperature a nd \I'a ter-pressure pea ks of" d ays 207 and 

209, II" hi ch show a good co rrel a ti on, Onc h yp o th esis 
mi ght be that the \I'a tcr input during th e peri od of rain , 

days 2 12 2 19, was able to so enl arge th e s ubg lac ia l 
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Fig. 3. Hori.:olltal alld l'ertirall'e/orities ill stake lI ets -15 alld 23. discluugeJrom. \ 'ordjokk alld ,~)'d.jokk /Jroglaria/ strealllJ. 
the ratio of ,\'ordjokk Ol'er Sj{{jokk discharge . alld ll'ater-jJrfssllre measuremellts ill bore/zoles 8 7.; alld 876 . HOllr0' average 
telll/Hratllre was recorded al T a/fala Researc/t Slation alld /lOlIr(y /JrerijJitatioll totals were recorded 011 the gLacier . 

dra in age nelwork th a t in creases in mellwa ter flu x du e to 

te mpera ture flu c tu a ti ons \\'ere too sm a ll to a ffec t th e 

pressure in th e sys tem . Tt is poss ible lOO th a t B8 7:; los t 
connec ti on \I'ith th e m ain dra in age sys tem. It is a lso 

possible th a t the slow ri se in \I'a ter pressure refl ec ts th e 

clos ure of conduits. H O\l'e\'er, it is no t c lea r \\'h y th ere a re 

n o diurna l \'a ri a ti o ns in thi s sig na l in res po n se to 

substa nti a l tempera ture n uia li o ns a nd hence m e lt-rate 

va ri a ti ons. 
Th e wa ter-press ure peaks occ urring on d ays 20 7 a nd 

209 seem to be co rrela ted with pro n o un ced tempe ra lure 
pea ks on th e same d ays . Th e lag be tween th e lempera ture 
a nd wa ter-pressure pea ks on th ese two occasions, 4-5 h , is 

co nsistent with th e lags be t\I'Ce n simil a r pea ks elsewh ere 
in th e record (as on days 199 20 1) . H O\l'e \'er , m o re 
p ro no un ced tempera tu re pea ks ea rli er in th e reco rd did 

no t yie ld res ponses of simil a r magnitude. This m ay b e due 
to th e higher a \ 'C rage wa ter- press ure co nditions during 

th e ea rl y pa rt of the reco rd . The w a ter-press ure peak o n 

d ay 20 7 occ urs a fte r a period of lo w tempera tures a nd 

thus loll' wa te r input to th e g lac ie r. H ence, sig nifi ca nt 

clos ure of th e conduits may ha \ 'e occ urred during th e 
p e ri od leading up to d ay 20 7. I t is a lso possibl e lh a t lhe 

peak res ulted from so me loca l e,"e nt rel a ted to th e 
subg lacia l dra inage net\l'Ork , b ut th e consistent time lag 

b e twee n th e d irTe rent tempera ture pea ks and assoc ia ted 
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wa ter-press ure pea ks sugges ts th a t th e peaks a re a direct 

res po nse to m eltwa le r input cha nges . 

Th e disc ha rge c un-cs in f igu re 3 IJrO\'icl e furth e r 
info rm a ti on on th e impo rt a nce of th e \I'a ter-p ressure 

cun·es . The t\l O strea m s, No rdjokk a nd Sydj okk (Fig . I ) , 

d ra in dirTerent pa rts o f th e glacier (see, for exampl e, 

Sten borg, 1969; K ohl e r , 1992 ). Sydj okk wa ter orig ina tes 

m a inly in the mo ulin a rea a bO\'e th e ri ege l. Hig h 
sedim ent co ncentra ti o ns in the wa ter su gges l tha l lh e 

dra inage is ma inl y subg lac ia l. :\ordj okk wa ter ori g ina tes 

in th e acc umul a ti o n a rea a nd p asses through th e 

O\'e rd eep ened a rea u p -g lac ie r fi'om th e riegel. Th e tra nsi t 

tim e fo r th e Sydjo kk w a ter , meas ured from th e in p u t 

point a t th e moulin s to th e Sydj okk \I'e ir located 200 m 
dO\l'nstream from th e g lacier terminus, is b e t\l'een 45 min 

a nd 2 h (K ohler , 1992 ) . The tra nsit tim e is a fu ncti on of 

di sc h a rge (Sea berg a nd oth e rs, 1988) b ut a lso d ecreases as 

th e dra in age netwo rk d e \ 'e lops th ro ugh the seaso n. 

Th e wa ter pressure reco rd ed in bo re h o les B87:; a nd 

B876 sho uld be com pared wi th the Sydj o kk di sc ha rge. A 
maj o r pea k in di sc ha rge o n d a)'s 216- 2 1 7 co i ncid es wi rh a 
la rge d ro p in wa ler p ress ure from hi g h \·alues. This 

impli es th a t \\'a ter p ress ures ri se because of a n increase in 
wa ter in p ut. Th e inc r eased wa ter p ressure is needed to 

dri\'e th e \I'ate r th ro ug h a n under-dim en sio ned d ra in age 

sys tem. 
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THE EFFECT OF WATER-PRESSURE 
V ARIA TIONS ON SURF ACE VELOCITY 

T h e wa ter-p ress u re record ( Fig. 3) ind ica tes th a t th e 

b asal lI'a ter pressure must be m o re than ± 0.5 i\ r Pa, 

co rres po ndin g to a pprox im a te '" h a lf" th e o\"C r b urd e n 

p ress ure, to ca use a m ajor acc el e ra ti o n . The firs t pe ri od 

o f' su ch \\'ater press ures . d a \'s 199- 20+, co rrespo nds \\ 'ith a 

\ "(' Ioc it y pea k in ne t +5. The \'eloc it y 10\\' in th e middle o r 

thi s broad pea k co rrespo nds lO th e p eriod of" 10\\"(' 1' \\ 'a ter 

press u res . \ ' eloc i ti cs \\ 'eIT aga i n hi g h durin g a no th er 

p e ri od in \\'hi ch \\'a ter p ressu res excced ed 0.5 ~IPa, d ays 

2 11 2 18. I t is a lso interes ting tha t t h e \T locit \· 10\\' d uring 

da ys 205 206 co rres po nd s to la \\" \\"a tn press ures during 

th e sa m e peri od . Th e effec ts o f' \\"atn press ure o n th e 

d y n a mi cs of th e g lac ier arc d escr ibcd in mo re d e ta il 

b e lo\\". 

The t\\ O short-term press ure p ea ks d uring d ays 207 

a nd 209 a re also 0 (" interes t sin ce th t'\ do no t co rrelate 

direc tl y I\·ith a n y s ig nifi cant cha nge in \T loc it y. Th e sm a ll 

p eak in \Tloc it )" b e t\\"ee n d a \'s 208 a nd 209 d oes no t 

O\T rl a p I\·ith the seco nd of" these \I';l te r- p ress ure peaks .. \ s 

bo re hole B87:j f'roze shu t o nl y 3 d after the p ress ure 

tra n sdu ce r lI'as in s ta ll ed , wa ter inputs from th e surfll ce 

directl y to th e h o le did no t ca u se th e pea ks. This 

d isc re pa nCl' m ay b e ex pl a ined in o n c or three I\'ays: 

I . Th e ITloc it y pea k is indu ced e ls('\\'here, b\' e ith n a 

push fi 'om u p-g lac ier o r a pull fi'o m down-g lac ie r. 

2 . The \"C loc it y p eak ma: be ca used by meas ure m e nt 

e rro r. ;\ Ith o ug h th cre is no reason to beli clT th a t thi , 

is th e case. it ca nn ot be ntl ed o ut as a pos~ ilJk 

e-x pl a na ti o n . 

3. The n <l ITO\l' \\ ',lll'1"-preSS UIT pea ks a rc loca l and d o no t 

a m·Cl a la rge e no ugh a rea or th c bed to p rodu ce a n 

in c rease in \·(' Ioc it )". Thi s d ()l'~ no t IHO\ ' id e an 

ex pl a na ti o n fi) r th e \"(' Ioc i t y pea k . 

Th e \I'a ter-pressure reco rd scc m s to ind ica tc t ha t th c 

dra in age sys tem \\'as \I 'e ll con nec ted to t he hole d urin g the 

p er iod in qu es ti o n. I t is therefo re d ifli c ult to ex pl a in th e 

\ "(' Ioc it )' pea k in ter lll s o f" lI 'a ter-press uIT \'a ri a ti o ns unless 

t h ese lI'e lT \Try loca l a nd no t a fll-n in g th e site w h ere 

\I'a te r p ress ures wC're bein g reco rd ed . Lo ng itu d in a l

co uplin g eflec ts b y m ean s o f" a pull fi 'o lll do\\" n-g lac ier 

a re th e re\() re unlik e ly . This a lso ap pli es to a possib le push 

fi 'om up-g lac ier , sin ce th ere is no reason to be li nT th a t 

th is pa rt 0 (" th e g lacie r sho uld acce lera te lI ith o ut a n y 

o bsen'a l)lc ca use. Furth CJ" mo re. di sc h a rge lll eaS UI"(, ll1 e nt ~ 

d o n o t shO\\' a n y pea ks durin g thi s p erio d . This sho \l's t hat 

no m a jo r wa ter flu xes \I"(' nt th ro ug h th e drainage sys tem 

t h a t co u ld ha \"C r a ise-d wa te r press ures. It is thu s 

co nclud ed th a t th e \"(' Ioc it y pea k Ill ay be th e res ult of" 

m eas uremcnt crro rs a nd th a t th e \I'a tCJ"-press ure p eak> 

\\" ere no t sufTi c ie ntl y la rge in dura ti o n or Ill agnitud e o r 

bo th to p rodu ce a n inc rease in \·e! oc it :·. 

\\ ' ith th e poss ibl e exce plion of th e peaks o n d ays 207 

a nd 209. th e \I'a te r press ure reco rd ed in borehole B87:; i.s 

ass ul1l ed lO prO\' id e a n acc ura te p in ulT of"globa l p ress urc 

n n ia ti ons und e r th e 10 \\'er part o f the a bl a ti on a rea. o r a t 

leas t to re fl ec t th e condi tions o\"(' r a regio n in co rpo ra ting 

s ta ke ne t +5 . Thi s is support ed b y th e sim ila rit y be tllTe n 

th e B870 reco rd a nd earli er record ings of" \I'ate r p ress ure 

} OIlSSOIl: I I 'II/er jJressure alld basal sliding Oil S/OIglacilfreJI 

m a d e in th e lowe r p a rt o f" th e a b la ti o n area 0 (" 

Storg lac ia ren unpubli sh ed info rm a ti o n ("ro m R . H ooke . 

1985 9+; H ook 199 1) . 

Beca use th e \'elocit y record has a tl'mpora l reso lut io n 

or I 2 d . a nd hence co mpri ses a\Trages o \ "(' r these pe ri od s, 

compa red lO 10 m in fo r th e 1I'<I te r-press ure record. th e 

la tte r w as a \"(Taged o \ 'C r periods co rres po nd i ng to t h e 

int ('!" \" a ls o r th e \"e loc it \· m eas urem ents. \ ' cl oc it y m eaS UIT 

m e n ts during days 198 199 a nd 220 227 \\ 'ere omitted 

fro m th e a na lys is. Th e lirs t int e l"\ 'a l ha s a n in complet e 

press ure reco rd a nd th e s('co nd ll"as initi a lh consid ered to 

ref len a p ro blem lI'ith th e press ure tra nsd uce l". The d a ta 

fi'o m t h ese in te l"\"a ls \\' ill b e disc uss('d h e lm \ ill light 0 (" th e 

an a lys is of" th e rcma ining d a ta . 

'I'h e \\" a tcr-p ress u re reco rd ca n 1)(' co nn: rt ed to 

efl( .. n i\"c pre~su IT, PE, b > su bt racti ng th e \\ <I te r pressure, 

PII . ("1'0 111 th e ice o\T rburd en press ure , PI . Pt. is of m o re 

interes t s in ce it fi gures d irec tly in s('\"(' r a l pro posed sli din g 

la \\ '> . Th e O\T rburd e n press ure \\ 'as ca Icu la ted fi'o!l1 th e 

d e pth 0 (" t he horcho le as g in' n I): th e drilling logs . Th e 

d a il : <In' rage \T loc it y \\" as then p lo tt ed , IS a f"un c ti o n o f 

t he a\"nage e\fect i\ "(" wa tC'!' press ure I: ig. + ). Thi s 

ap p roac h is ~ imil ar to o ne used b\· I ken a nd Bindsc ha dl er 

11986 ) exce pt tha t th ey did no t CO n\T rl their lI"a te r

press u re m cas urcm e nt s to PE . . \ s ca n be see n in th e p lo t , 

co nsid na iJlc srat ter i ~ prese l1 t. ;'\ q.>, len ill g the hi g h 

\'C' loc it \ Ho utli ers" m a rk ed hy circl es in the fi g ure ) , 

1"(' loc iti es Sl'l' lIl to be m o re \ 'a ri a l)le a t hi g hn \',du es o f PE 
I()\\(' r P I I · . This ca n ; " ~o lJe oINT\"c I in th e Fi nd e lcn

gkt c h n cla ta I ke n a nd Bindsr h aclln, 1986. fi g . 6 , 

p . IO;) ). On (' reaso n f()! ' t h is 111 <1: he th a t the Ic loc it\ · 

flul"lu <l ti um ,liT 111 0 lT , t ro ng h ' inflll (' nccd h \ lo ngitudin a l 

~t ress g rad icllt s <It hi g h PE. \\ 'hlTl',,, 10 \\ IT Pr:. tends to 

m as k th ese gracli e nt ~ as th e g lac in r('~ po!1(" m or(' dircctl y 

to h ig h -\\"a tn-prcssure ('\T l1ts .. \l tcrn a ti n· I>. the lI'a ter

p rl'S~ lIr l' reco rd nl ay h e m ore rcprese l1 ta tin' of" g lo ba l 

cO l1diti o ns \\ hen p rcss ures a re hi g h a nd hi gh press ures 

ha \T p e rs is tcd fi))" ~c\T ra l cl ays . i\ po\\"e r- Ia\\' le as t-squ a res 
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curve was fit to the d a ta (d as hed line in Fig ure 4 ). Th e 
choice o f equa ti on facilita tes compa ri son be tween the 
d a ta a nd se\'e ra l pro posed sliding laws. 

The a nom alously hig h \'cloc i ties (ci rc les in Figure 4 ) 
can be a n eHec t of th e la rge Ou ctu a ti ons in water press ure 
during th e periods in ques tio n. Th ese d a ta were removcd 
a nd a sccond curve (so lid line in Figurc 4 ) was fit using 
th c rem aining points. Th e d a ta remQ\'ed will be di sc ussed 
below . Th e curve is gi\'en b y 

U" E = 30PE - 0.10 (1) 

where usE is the surface ve loc ity (usE is used ra ther tha n 
u" to distin g ui sh between surface \'e locity ca lcula ted from 
PE a nd m easured surface ve locit y). The regression has a n 
1.2 of 0. 90. If a ll da ta po ints a re includ ed , th e ,-alue for 
,2 = 0.61 a nd th e coeffi c ient a nd ex ponent in Equa ti on 
( I ) a re 35 a nd 0.32, res pec ti ve ly. Ass um ing a consta nt 
dri"ing stress a nd using N ye's (1965 ) Oow th eo ry, th e 
intern a l-d e fo rm a ti on co 111 po nen t of the su rface-Oow 
,'Cc to r is es tim a ted to be rv4-5 mm d- 1 . This m eans th at 
th e sli d ing component wo uld be ",80- 90 % o f th e surface 
" eloc i t y, consisten t \\'i th studies of borehole d eform a ti on 
on Storg lacia ren (Hooke a nd o th ers, 1992 ) . Subtrac ting 
th e interna l-deform a ti on component fi"om th e velocit y
d a ta points in Figure 4, a nd fillin g a simil a r equa ti on , 
no\\' d esc ri bing the basa l ve loc i ty, u"E, yie ld a coeffi cien t 
of 24 a nd a n exponent o f 0. 49 (1'2 = 0. 88 ) (lower so lid 
lin e in Fig ure 5). 

103 

101 

10-2 

- D 

Storglaciaren (lower line shows lib) 
Findelengletscher (lower line shows %) 
Findelengletscher, high Pw values 

3 4 5 6 7 89 
10- 1 

Effective normal pressure (MPa) 

4 5 6 7 89 

I 

Fig. 5. r-elocil)' and e.fJective-pressure data from Finde
lengletscller ( [ken and B indsclzadler, 1986, table 111. 
p.llJ) and Slorglacidren . Solid line indica tes fJower-law 
besl Jil if Slorglaciiiren dala described by E quation ( I ). 
Long-dashed line indicates flower -law besl fit of 
Findelenglelscher data described by Equation (2) . 

Equ a ti o n (1) ca n be used to calcula te expec ted 
\-e loc iti es from the ori gin a l effec ti ve-pressure d a ta . This 
prO\'id es a furth er tes t o[ th e re li a bility o f th e regression . 
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Fig ure 6 shows th e origi na l veloc ity da ta (so lid lin e) and 
th e \'cloci ty calcula ted fro m Eq ua ti on ( I ) (long -d ashed 
lin e). Equa tion ( I ) models th e o bsen 'ed velocity record 
well . H owe\ 'e r , it is to be no ted th a t wa ter press ures were 
linea rl y ave raged e\'en th o ug h the wa ter press ure was 
inferred to be n o n-linearl y coupled to the surface ve locit y. 
In ord er to es tim a te th e m agnitud e of the erro rs thus 
introduced , a simil a r ana lys is was made on weighted 
a\·e rages. Sin ce Equati on ( I ) is a ·power law, a verage 
effec ti\'e pressures we re ca lcula ted using logarithmic 
va lues of th e e ffec ti\'e-prc su re sig na l. The ave rages were 
then con\'e rted back to effec li\'e press ures a nd a regress ion 
m ad e on these va lues . Th e res ults a re a coeffi cie nt of3 1 
a nd an exponent of 0.42, 1'2 = 0 .89. This indi ca tes tha t 
the error introdu ced by the lin ea r averaging vvas not 
signifi cant for this da ta se t. Comparisons between thi s 
d a ta se t a nd o th er studi es a r e th erefor e justifi ed , 
ind epend ent of th e ave ragin g sc heme used in th e 
indi\'idual stud y . Su ch a compa ri son is mad e b elow. 

150 ,-----,-----,-----,------,-----,-----,-----, 

--M easured velocicy 
125 - - - - Calculated velocity (average Pw) 

::::-100 

"" E 
.§. 75 
~ 
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~ ._-- Calculated velocity (continuous Pw) 
< . 

o L-__ ~ ______ L_ __ ~ ______ L_ __ ~ ____ ~ ____ ~ 

195 200 205 210 215 220 225 
Time (days since 1 January 1987) 

Fig . 6. j\Jl easured velocity from Slake ne/ 45 and velocit} 
record calculated from flower-law relationship be/weell 
slllJace velocify and effective jJreSSllre . 
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Eq ua ti o n ( I ) ca n a lso b e used to calcul a te a 
continuous velocity record fro m the wa te r pressures 
(Figure 6, short-d as hed line) . H oweve r, beca use of th e 
negati ve expone nt in the powe r la w, Us E -> 00 as PE -> O. 
In rea lity th e ve locity is limited b y drag on th e sid es of the 
g lacier a nd , p erha ps more impo rtantly, by in creased 
stress concentra ti ons on local to pographic hig hs on the 
g lac ier bed , as pointed out b y Lliboutry ( 1987) . The 
a bsolute mag nitud e of the la rges t peaks in th e continuous 
calcul a ted velocity curve (sho rt-d ashed line) must be 
viewed wi th this in mi nd. 

Pohjola ( 1993) and I verson (personal com m u ni ca ti on, 
199 1) have m easured sliding sp eeds on Storg lacia ren of 
> 100 mm d - I wi th the use o f bo rehole \'id eo cameras . 
The meas urem ents indicate velocity Ouctua ti o ns much 
la rger tha n those reco rd ed b y d ail y avera ges, so the 
calcul a ted veloci ty curve in Fig u re 6 is not unreasona ble. 
It must a lso b e remembe red tha t the sh o rte r-term 
va ri a tions seen in the calcul a ted continuoLl s curve wo uld 
proba bl y no t be visible, a t leas t not with th e same 
a mplitud e, a t th e surface o f th e glacier. This is because 
basa l velocity vari a ti ons a re like ly to be a ttenu a ted by the 
ice as they a re tra nsmitted to th e surface (Ba li se and 
R aymond , 198 5 ) . 
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Pressure d a ta fro m d ays 198- 199 are incompl e te 
a nd were no r used in the po we r-l a w fits described 
a bo \ 'e . H owever , ass uming th a t th e peri od mIssIn g 
fro m the wa te r-pressure record d u r i ng thi s in terva l 
d oes no t sig nificantl y a lter th e ave rage, rh e ex is ting 
record can be used to cross-\'alid a te t he reli a bility o f 
Eq ua ti on (1) . Th e res ul ting veloci ty (shown as a squ a re 
in Fi g ure 4 ) ag r ees re m a rk a bl y we ll with rh a t 
m easured (Fig. 6 ) . 

D ays 220 226 \I' ere not included in the regressio n 
a na lysis beca use th e wa ter-pressure reco rd for thi s pe riod 
\\'as iniria ll y interpre red as indicating a failure eith er o f 
th e reco rdin g senso r o r of th e co nn ec ti on of th e bo reho le 
to the ma in d ra i nage network. T n vi ew of th e c u n 'e 
ca lcula ted from Eq ua ti on ( I) in Fig ure 6, however , it 
seems th a t the wa ter p ress ure reco rd ed m ay ac tu a ll y h ave 
refl ec ted globa l pressures in the lower pa rt of th e a bl a tio n 
a rea , at leas t to th e ex tent th a t it a ppears to determine th e 
\'e locity in sta ke ne t 45 . The sma ll er in crease in measured 
\ 'e locit ), during d ays 222- 223 is well within the sta nd a rd 
error of th e meas urem ents. Th e three add iti onal d a ta 
po ints obtained fo r this period a re sh own as tri a ngles in 
Fig ure 4 . 

If the four da ta points disc ussed a bo\'!" a re includ ed in 
th e regress ion a na lysis, a n ex po ne nt o[ 0.37 a nd a 
coefTi cient of 32 (7'2 = 0.88) are ob tained , not signifi ca ntl y 
different from the ini ti a l analys is yielding Equa ti on ( I ) . 

If th e ve loc it y o n days 208- 209 is ass um ed lO b e a 
res ult o f meas ure m ent errors, a t leas t in pa rt , th e re 
rem a in three a be rra nt peri ods: d ays 204--205, 2 12- 2 13, 
a nd 2 15 2 17 , a ll o f whi c h co rres pond to l a rge 
variati ons in wa te r pressure. Intcrcs ting ly, Equ a ti o n 
( I ) und eres tim a tes th e veloc it y in a ll three peri od s. Th e 
reaso n for thi s is no t c lea r, but it could be du e to 

lo ng itudin a l-coup li ng effec ts or th e effeCl of ri s in g 
\I'a ter pressure o n \'c1oc it y di scussed by Iken ( 198 1) 
a nd I ke n a nd Bindsc hadl e r ( 1986 ) . I ken ( 198 1) 
con clud ed , based o n a finit e-el em e nt m od el, th a t th e 
hig hes t \ 'C loc iti es sh o uld occur during peri ods o f ri s ing 
pressure a nd no t during pea k press ure . Ca \'it y g ro wth 
is pro m o ted by in c reased wa ter pressures . Th e w a te r
press ure cha nges assoc ia ted wirh th e peaks in Fig ure 6 
a re \ 'e ry la rge, co rres po nd ing to ~ 0. 5P,. Grow th a nd 
d eclin e o f caviti es in res po nse to \I'a te r-press ure 
flu c tu a ti ons is no t a linea r process . If, fo r exa mple , 
wa ter pressures sudd e nl y drop, caviti es will d ec rease in 
size b y plas ti c Oo w to a new equilibrium \I'ith th e lo w e r 
pressure. This m eans rh a t \'e lociti es m ay rem ain hi g h , 
a nd slo wl y d eclining, fo r seve ra l d ays a ft er large 
pressure peaks. Initi a ll y. howeve r , th e \'eloc ity ",ill 
d ec rease in res po nse to the redu c tion in hydra uli c 
j a ck in g. This may h elp to expla in a n o malo us veloc iti es 
suc h as th ose o f d ays 204--205 a nd 2 15- 2 17. How e \ 'e r , 
th e na tura l g lac ie r sys rem is d yn a mi c a nd p ro b a bl y 
n eve r reaches a stead y state. Th e inte rv a ls li sted a bove 
a ll r e present peri od s wh en th e sys te m is proba bl y ve ry 
fa r frOI11 a stead y s ta te a nd ex tre m e \ 'elociti es can b e 
ex p ec ted , es pecia ll y a t th e ri sing limb of th e w a te r
press ure peaks. Thi s indi ca tes th a t th e sys tem is m o re 
strong ly no n-lin ea r th a n Equ a tio n ( I ) wo uld sugges l. 
Lt is a lso evid ent th a t a sliding la '"," sho uld depend no t 
o nl y o n PE but a lso o n dPE/dt , es pecia ll y wh en th e 
c ha nges in PE a re la rge . 

] allsson: lI'aler pressure and basal sliding on SIolgiaciiiren 

COMPARISONS BETWEEN STORGLACIAREN 
AND FINDELENGLETSCHER 

Iken a nd Bindsc had ler ( 1986) pub lished a record o[ wa rer 
press ure a nd surface veloc ity from Find e lengletscher 
simil a r to th a t disc ussed above fo r Sto rg lac ia ren . 
Ana lyz ing th eir da ta yields a r ela tion 

7'2 = 0.77. Thi s reg ress io n was done using a ll da ta 
consid er ed re li a ble by lk en a nd Bindsc hadl er. Th e 
ex ponents from the two regression Eq ua ti o ns, ( I ) a nd 
(2), a re n ea rly id enti ca l, sugges ring a fund a menta l 
rel a ti o nship (Fig. 6). Subtrac ting th e inferred compo
nen t of intern al defo rmatio n, estim a ted b y a simil a r 
calcul a ri o n to tha t mad c fo r S torglac ia re n a bove, fro l11 
th e surface ve locity and re fittin g the da ta yield a consta nt 
of 263 a nd a n ex ponent o f - 0 .6 1 (shown by the lower 
das hed lin e in Figure 6 ). 

Th ere a re two hig h-veloc it y da ta points in fi gure 5 of 
Iken a nd Bindschadl e r ( 1986, p.105 ) th a t a re no t 
in c lud e d in t heir t a bl e Ill . Th e v a lu es o f PE 
(PE

I ~ 0.157 ~ IPa a nd PE
2 ~ 0.059 MPa ) a nd Us fo r 

th ese we re read from the ir fi gure instead. Th ey were no t 
inelud ed in th e regress io n , tho ugh, beca use th eir ex trel11 e 
cha racte r wo uld inf1u ence rh e regressio n stro ngly whil e 
th eir \ 'a lu es we re not kn o wn as prec isely as those of th e 
res t of th e d a ta se t. Inse rting the approxim a te va lues o f 
PE

I a nd PE
2 in to Equ a ri o n (2) pro\'id es a tesr or th e 

reli a bi lit y o f thi s rela ti o n: UsE(P E
1) = 785111111 d - I a nd 

u:(PE
2 ) = 1167 mm d - 1. Th e obsen 'ed \ 'a I ues, as read 

from fi g ure 5 ofIken a nd Bindschadl er ( 1986), are 78 7 
and 996 mm d - I

, res pec ti\ 'el y . Th e \'a lu e co rrespond ing 
to PEI agrees well \I 'ith th e calcu la ted velocity wh ereas 
the second , PE], is signifi ca ntl y different. Th e la tter may 
be ex p la in ed by th e fac t th a t it was meas ured during a 
different year, as pa rt o f a pil o t stud y fo r th e m ain projec t. 
H o\\,e\'e r , including th ese two points in th e regressio n 
a nalys is yields id enti ca l consta llls a nd a n 7,2 o f 0.97 . The 
imprO\'e l11 e nt in 7.2 is m a in ly du e to the strong effec t of 
these po ints o n th e a na lys is. 

CONCLUSIONS 

Veloc iti es in the a bla ti o n a rea of Sto rg lac ia ren va ry 
spa ti a ll y and tempora ll y. Th e bedrock rid ge in th e 
subglac ia l to pogra ph v indu ces some of th ese \'ari at ions 
beca use o f its effec t on th e subglac ial hydro logy. 

Th e lo wer part of th e a bla ti on a rea, down-glac ier 
from th e ri ege l, is influ e nced by da il y va ri a ti ons in 
subglac ia l wa ter pressure induced by prec ipita ti on a nd 
va ri a ti o ns in melt rat e . Th ere is a good correla ti on 
betwee n low efIcc ti\'e press ure und er th is part of th e 
glac ier a nd surface \'e loc it y pea ks. This h as a lso bee n 
desc ri bed from other g lac ie rs: Findeleng le rscher (I ken 
and Bindschad ler, 1986 ) a nd V a ri ega ted G lac ier (Ka mb 
and Enge lh a rt , 1987 ) . I n th e case of Find e lenglct sc her, 
the close rela ti onship be tween the rwo pa ra meters was 
a ttributed to hydra uli c j ackin g in cav iti es a t the bed. The 
empiri cal rela tionships o bta ined from th e ve loc ity a nd 
wa ter-press ure data fro m Findelengletsc he r a nd Storgla -
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c i ~ire n a re simil ar in fo rm. alth ough th e surface \"Clocities 
on Finde lengletscher a re a n order of m agnitud e hi gher. 
This impli es tha t th e processes gO\'e rning th e Oo\\' of (h e 
two g lac iers must also be simila r. Subg lac ia l till is found 
to be d clo rming con tinuo usly undern ea th S torglacia ren 
(l\'erso l1 a nd others, in press ) and so canll o t exp la in the 
n lri a ti o ns in surface speed . It is thus infe rred th a t th e 
\'e loeity \'a ri a ti ons here (00 a re ca used by hyd ra uli c 
j ac kin g . 

ACKNOWLEDGEMENTS 

T a m dee pl y ind ebted to R . H ookc [or a ll hi s encourage
men (, su pport, a nd commen (s regard i ng this \\·o rk. 
Criti ca l comments " 'e re prO\' id ecl by Dr N . Humphrey 
a nd o ne anonymous re\·iewer. Dr A. f ke n read a n earl y 
\"C rsio n o f' th e ma nusc ript a nd made m a n y uscf'ul points. 
:\Tume ro us peo ple a t th e T a rl'a la R esearch Sta tion haH' 
helped in co ll ec tin g th e d a ta through th e yea rs; sin ce re 
tha nks a re due for their combi ned clforts " 'ithout whi ch 
thi s proj ('('[ \\'o uld no t ha \'e been poss ible. Fina ncial 
support has been g racio usly gi\ 'en by The S" 'edi sh 
Soc iety for Anthropology a nd Geogra ph y, Th e Ahlmann 
Fund , Th e S"'edish T o uring Club Fund fo r Scientifi c 
R esea rch , th e H elge A x:son J ohnson Fo und a ti on. The 
Ge nrud e a nd h a r Philipson Found a ti o n , The Royal 
Swedi sh Academy o f' Sciences, The L ag re lius Fund the 
O g raduerades Fund . a nd the U .S. Na ti onal Sc ien ce 
Fo und a ti o n (grants DPP-84 14 190 a nd DPP-86 19086) . 

REFERENCES 

Bal ise. ;\I.J. a nd C. F . R aY 1l1 0 nd. 1983. Trans ler of basa l sliding 

"aria rions lO lhe sll rl ~lce of a linea rl y \· isco lls g lac ier. J. (;/ario/ .. 

31 109.308 318. 

Brzozows ki . .J. and R . Lc B. H ooke. 1981. Season a l \ 'ar iat ions in surlace 

\ 'r1oc it y of the lo\\'er pa rt of Sto rg lac iare n , K ebn ekaisc. Sweden. 
(;cogr . . 11111 .. 63A 3--J. 1, 233- 2+0. 

FahncslOck. :--1. 199 1. H \dro logic control of , Iicli ng \'elocit\ in two 
.\I as ka n g lacie r" o b,el'\'at ion and theory. I Ph . D . disserta ti o n. 

Ca lifo rni a I nstit u te o f' T~c iln o l o,!!;), Pasade na. ) 

ForiJes, J . D . 18+2. Second letter o n g lac iers. C h a m ou ni . 10th .\ ugust 
18,12. t'dillblll~~h , \ ;,It ' Phi/r)jo/Jhiwl ] ollfllal. 33 66 ,3+ 1- 3+-!. 

Hock. R . a nd R . Lt' B. H ooke. 1993. E\'olution of th e interna l dra inage 

s"s tCIll in t il e 10\\,('1' pa rt 01' thc ablat ion a rca of SlOrglacii.i re n . 

S\\ccit-n . Ufol. Soc. . 1111. BIIII .. 105 +1. 537 3+6. 

Hodgc, S. :--1. 197+. \ 'ariations in the slidi ng of a temperate glacier. J. 
(;Iaciol., 13 t69 . 3+9~369. 

Ho lm lund , P. 1988a . I\n a pplication 01' t\\'o t h ~orC' t ica l melt wa ter 

drai n age modeb On SlOrglac iiiren and 1\lik kaglac i;iren. nort hern 
S\\'ed e n . (;fogr .. 11111 .. 70A 1- 2. 17. 

Ho lm lu nd , P. 1988b. In terna l gcomC'tl'\ a nd c\'o lut ion of mou lins. 
SlOrglac ia ren, S\\Tde n . J. Glaciol .. 34 11 71. 24·2 248. 

Ho lm lu n d . P . a nd 111 . Eriksson . 1989. Til e co ld surface layc r on 

Storg lac iii ren. GrogI'. . 11111., 7lA 3 I ,2+1 2-11. 

H o lm lund , P . a nd R . LcE . Il ooke. 1983. High water- p res;ure e\Tnts in 

mo u lins, S torglaciaren, S\\Tclen. Gcogr . .. 11111 .. 65A ( 1 21. 19 25. 

Hoo ke, R. L eE. 199 1. Posi ti\'C feedbacks a.\soc ia ted w ith erosion of glacia l 

cirq ues and o\'crdeepenings . Geol. Sor . . 1111. BIIII .. 103 8 ).1 104 1108. 
H ooke, R . L eB. a nd \ ' .. \ . Pohjola . 1994. H )'Clro log) of a segmen t of a 

glacier !,) ituatcd in an O\·('f( I CcpC' lli n~. Storglaciare n . Swedl'n. J. 
Glaciol., 40 13+ , 1 10 1+8. 

Hooke. R . LeE .. J . E. Gou ld and .1 . Brzozow.\ki. 1983a. :'\ea r-"Iriace 
temperatu res near and below th e eq uilibrium line o n pola r and 

su bpola r g lac iers . .(. G/etscilerkd. (;Ia::.illlgl'ol., 19 11 I . I 25. 

Hoo ke. R . Lc B .. J . Brzozowski a n d C. Bro nge. 1983b. Se,,,,, na l 
nl ria L io n ~ in surface \Tlocity. Storglaci:irl'll. S\\Td cll. (;(>oP,f .. 11111., 

65A 3 1' 1. 263 277. 
Hoo ke. R . LeB .. P . H olml und a lld N. R . 1\'('1'.1011. 1987. I':xt rt " io n 11 0\\ 

demonstrated b;. bOfe-hole clcfornl<ltion llll'a~lIr('nle n b ()\ '(T a ricgcl. 

Sto rglaciiiren. Sweden. J. Glaci,,/.. 33 11 3 . 72 78. 

Il oo ke. R . Le B., S. B. ~l illcr and .1 . K oh lcr. 1988. C harac ter of tlte 

englac ia l a nd su l>g lae ial d r;t in agc 'Y'tem in the upper P'II'I of the 
ablatio n arca o f Storglaci'iren, Sweden.]' (;fllciol .. 34 117 1.228 231. 

Hooke. R . LeB .. P . Calla. P. H o lm lund .. \1. :,\il,son and .\ . S tl'Oe\'('n. 

1989 . . \ 3 year reco rd of ,ca,ona l \·a ri a ti on.\ in SlI rI,,,'l' \'('Iocit\. 
Sto rglac iii re ll. Sweden.]' (;Ia(iol., 35 1120 ,233 2-17. 

Hooke, R . Lc B., \ ' . ,\ . Poh jola, P . .1 <1 ""on and j. K o h ler. 1992. In tra

seasona l c h a nge, in deformatio n proli le, re\Taled b) borehole slUdies. 

Swrgbc iiire n. S\\'eden. ]. Gla(i"I., 30 130 . 3+8 358. 
l ken . . \ . 1978. \ 'ariat ion, of surf;tec \'eiocitic, of ,ome .\Ipine glac iers 

meas u red a t in lc n 'ab o f a {t'" h Oll r~. Compa ri so n~ wit h Arctic 

glacilTs. ,::. (;Iet,r/ICI-krl. Gla::,ialg<,ol .. 13 I 2 . 1977. 23 35. 

Iken .. \ .1981. The cfkct of the , ubglacia l \later pn's'CII 'C on th e sliding 

\'eloci" or a glacier in an id ea li zed nUl1lc rica l model. ]. (;llIriul .. 
27 (97 ), '107- 42 1. 

Iken. A. a nd R . A. E ind.\chad lcr. 1986. Combined measuremen ts oi' 

subg-Iacial \\,Her p re..,:-'UIT and :o,urfacT \ eioCil) of' Fi nclclcl1g1el~chcr. 
S\\ilI.Criallci : conclU'~ion.., abo u t drainage ~ )"'l(' nl and .~Iiclillg 

mec ha ni , m. J. Claciol .. 32 110 ) . 10 1 119. 

Iken .. \ .. H . R o thli sbcrger,A. FIOlro ll a nd \\·. ll acberli . 1983. T heuplii't 

of LTn lc raarglchchcr at th e begin ning or the l11c h s('a~on a 

comcqucn c(' of\\,atcr storage at th e bcd~ J. G/II"i"l .. 29 101 .26 +7. 
h 'l'rson. N. R ., B. H anson, R . LeE . H ook" and l' . .J anssoll. I n p ress. 1'10\1' 

mcc hanis m o f g lacie rs on so rt bed s. S,.i'"(I'. 
!'- amb. B. and H . Engelha rt. 1987. \\ 'a\'es 01' accelera ted motion in a 

glacier a p p roaching .,>u rgc: th e nl i l1i - sllrg('~ or Yar icgalccI G lacier, 

Alaska. US.-\ . J. Claci"l .. 331 113 , '27 +G. 
!'-ohler, .1 . 1992. G lac ier hydro log) of SlOrglaciiil'en, n o rth crn Sweden. 

' Ph .D . disserta tion . Cn i\'ersily o l'i\li nnesota. ,\li n neapoli, . \ 

L1 iboutry. L. 1987. R ea listi c, )'l' t ' imple bo tt om boundal'\ ' conditions for 
glaciers a nd icc sheeh. }. (;I'o/)/~) '.\ . ReL 92 B9 . 910 I 9109. 

~lcier, 1\1. F. 1960. ~lode of now or Saskatchewan G lac ier. Al berta, 

Canada. [ ·.S . Ceol. Sun'. 1'1'0/ Pap. 33 I. 

\I li ller. F. a lld A . Iken. 1973. \ 'e locit\· nU Cluations and water regimc of 
Arctic \'al le\ ' g laciers . IlIternational .b,oriatioll q/ .\)ciflltijir H )'drolog)' 
Pllbiiwtioll 95 (Sym posium a t Cambridge 1969 H l'drologl' 0./ 
(;Iarim \, 165 182. 

:'s'i l"on . .1 . and E . Su ndblad. 1973. T he internal drai nage of 
Slorg l ac i ~ircn and I s f~tl bg lac i ~i rcn c1 c:;,rribcc! by an aUloregre:;~ i ye 

mod el. (;cogr . . 11111 .. 57 A ( I- 2 ). 73 98. 

:\)C, j. F . 1965. The no\\' ofa glacie r ol' rectallguln r. e lli p ti c or para bol ic 
cross-sec t io n .]' (;Iariol .. 5 + 1 \ .661 - 690. 

Po hjola. \ ' .. \ . 1993. ' IY -\'idco obsel,\,at ions of bed and basa l slidin ,!!; on 

Storglac iiircn. Sweden. ). (;Iaciol" 39 131 . I 11 11 8. 

Schytl. \ ' . 1965. )Jotes on glac io log ica l an i\'ities in !'- cbnek'l i,e, S\\l'd en 
during 196,1. Ceogr . . 11111., 47A I I I, ()5 71. 

Schyt l. \ '. I 96() . .'\'otes on glaciological aCl i\'itic, in !'- ebneka isc . S\\eden 

during 1965. Geogr . . 11111 .. 48A I , f330. 
Schytl. \ '. 1968. )lotes on glac io log ica l dcri\'ities in !'- eb n cka i s~, S\led en 

du ri ng 1966 and 1967. GrogI' . . 11111 .. 50A 2 ), I1 1 120. 

Sch\'tl. \ '., S. J onsso n and P. Cedr rs trand. 1963. :\otc. on glaciolo.!(ical 
acti\ 'itics in K ebnekaise, Sweden 19G3. G/,ligr . . 11111., 45A I ,292 299. 

Seaberg. S. Z" .1. '/ .. Seaberg. R . Le B. H ooke a nd D . \\ ' . \\·i berg. 1988. 

Charac ter of the: cnglacia l <l nci subglacia l c1 rainag-t' system in Ihe 
lower pa rt of the a bla ti on area of Storgiaci ;,ircn, S" ede n, a~ 1'C'\'eakd 
b\· dye-t race s tudies.}. Clariol .. 34 117.217 227. 

Stcnborg, T . 1963. Problems concern ing \\·inter run-o il' ri'om glaciers. 
Geogr . . 11111., 47A (3 1. 1-11 18 1. 

Stenborg. T. 1969. Studie, on th e in tern al drainage or glaciers. (;rogr. 
. 11I1I., 51A 1 2 , . 13 +1. 

iV!S rmit'ed 8 D ecember 1993 and accejJled ill revised form 2 SejJlenzber 1994 

240 
https://doi.org/10.3189/S0022143000016130 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016130

