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ABSTRACT. The classica l theo ry of j bkulhla ups used R b thli sberge r's ea rli e r 
th eory of ice-ch a nnel dra inage to d escribe th e d e\'elopm enL of th e Oood h yd rog ra ph. 
This theor y h as som e dra wbacks: th e mecha ni sm of initia ti on (breaking th e seal) is 
opaqu e, the M a nning ro ug hn ess coe ffi c ient is too la rge a nd th e h ydrog ra ph s ca n revea l 
a sudd en switching from cha nnel opening to cha nnel clos ure which is not simula ted by 
th e mod el. In this pa per , we exa mine th ese fea tures by ex plorin g a more d e ta iled 
mod el, w hi ch ta kes into account the ph ysics of sedim en t eros ion a nd its effec t on 
cha nnel morph ology. \Ne propose a th eor y in which cha nnels need no t be semicircul a r, 
but have sha pes d e termined by a LocaL ba la nce be twee n closure a nd melting, a nd in 
whi ch erosion of th e tunn el ma rgins is ta ken into account ; in p a rti cula r , we d eri \"C 
theoreti ca l predi c ti ons fo r sediment di sc ha rge, a nd we a lso p ro pose a mec ha ni sm 
whereby th e pressure sea l ove r th e cald era rim a t Grims"'o tn in V a tn ajo kull , I cela nd, 
can be broken when th e la ke-l evel wa ter pressure is still some 6 ba r be low th e 
max imum overburden ice pressure. 

1. INTRODUCTION 

J okulhla ups a re outburst flo ods which occur undernea th 

glaciers due to th e emptying of sub glacia l or ice-ma rgina l 

lakes d a mmed by th e ove rl ying ice . The former type is 
commo n in regions of signifi cant geo th erm a l hea t, such as 
I cela nd , where on e of th e bes t-known examples is 
Grim svotn benea th V a tn aj okull. F ig ure I shows a 
longitudinal profil e of th e V a tn aj bkull ice shee t. The 

subglacia lla ke lies within a vo lcani c caldera, a nd th e high 

geotherma l hea t fl ux melts th e ice, increasing th e la ke 
volume. At som e critical level, th e wa ter pressure bursts 
through th e seal exerted by the ice dom e at the ca1d era 

rim , a nd th e res ul tin g fl ood a llows pea k discharges of u p 
to 10~ m3 S- l ove r a period of 2- 3 wee ks. Th ese fl oods 
occur e\'er y 5- 10 years; a fte r th e la ke drawdow n during 

th e fl ood , th ere is a slow repleni shment of th e lake le\'e l 

until th e next outburst occurs. 
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An initi a l mod el was proposed b \· Nye ( 1976 ), 
fo llowing R oth li sbe rger ( 1972 ) . In th is d esc rip tion, a 
semicircula r cha nn el in th e ice is opened ra pidl y bv the 
fri cti ona l hea t ge nera red by the \\'a ler 0 0 \\ ' . T he theory 

simulated well the rising limb of the h yd rogra ph but more 

d era il ed wo rk by Spring a nd Hutler (198 1) indica ted th a t 
th e fa lling limb was less \-,-e ll ex pl a ined. Clark e ( 1982 ) has 
a lso used th e model. 

Skeidadirjokull Skeidarar sandur 

I ce 

Bedrock Snout 

3 0 40 50 60 7 0 (km ) 

Fig. 1. Cross-sectional view oJ r-atnajokull and Ihe sllbglacial lake Cr/msvoIII along Ille joklllhLall/J draillage route (from 
Bjo'mssolZ, 1974) . 
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FowLer al/d , \ g: Simlllaliol/ oJjokullliau/Js 

fn thi s pa per wc address three pa rt icu lar pro b lems 
conce rnin g the simu la ti on of joku lh la ups, with sp ec ia l 
reference to th e 1972 nood from Grims, ·otn . The first 
prob lem concerns th e initi a tion mecha nism. The mos t 
ob, ·io us reason for a n outburst is if th e effec ti ve pressure 
N d ec reases to zero in th e sea l regio n. H owe' T r , 
observations by Bjo rnsso n ( 1992) indi ca te th a t th e 
Grimsvo tn sea l is broken wh en th e effec tive pressure is 
of rh e ord er of 6- 8 ba r. The second pro blem is th a t in 
ord er to fit th e ri sing limb of th e Grimsvo tn hydrograph , 
Nye was fo rced to use a hig h value of th e Yla nning 
roughness coeffi cien t. A rela ted a nd mo re se rious p ro blem 
is th e third onc, na m ely th e ina bility of th e N ye m od el to 
simula te th e rel at ively ab rupt shut-o ff obse rYCd in the 
typical Grims,·otn h ydrogra ph. 

2. A WIDE-CHANNEL MECHANISM FOR THE 
GRIMSVOTN jOKULHLAUPS 

The total es tim a ted suspended-sediment yie ld from th e 
1972 Grims,:otn joku lh la up is 2.4 x 1010 kg (T6m asso n 
a nd o th ers, 1980) . This co rres ponds to a n ayerage eros ion 
of 180 m 3 per unit leng th of th e 50 km long subg lacia l 
dra in age pathway. This strongly sugges ts th a t th e now 
cha nn el is wide . Wid e channels ha ve been adyoca ted by 

Hooke a nd o th ers ( 1990). rf the cha nnels a re wid e, then 
we can ex pect th eir effective roug hness to be la rge r, wh ich 
co uld exp la in the a noma lous :'1anning coe ffi c ient va lues 
determined by K ye ( 1976 ) . I n addition , we wi ll show that 
wide cha nnels can ex p la in th e sudd en shut-d own of the 

flood. I n th e fo llowing sec tio n , we propose a mecha ni sm 

for breakin g th e seal based on W a lder a nd Fowler's 
( 1994) wide-channel dra in age th eo ry. 

3. BREAKING THE SEAL 

At th e end of a j oku lh la up , th e cha nn el pressure is low 
and th e leakage ma y be of D a rcy type in th e seal reg ion a t 
the ice divide nea r th e lip of th e ca ld era . At lower 
altitudes a la rge r base Oow will ca use cha nnels to fo rm. 

W e calcu late a n expec ted effec tive press ure by ass uming a 

region of Darcy fl ow nea r th e seal, a nd a n R cha nnel 

below th e sea l. The D a rcy- R othlisbe rge r tra nsition point 
is taken a t 8 km from th e la ke/ ice boundary. To acco unt 
for tb e effcct of surface-d eri ved meltwa ter, we presc ribc a 
water Ou x a long th e R cha nnel which increases lin ea rly 
with d ownst ream distance s, from approx im a tely ze ro a t 

the tra nsition point to th e typical obsen·ed value ("-' 100 
m3 s- I; from Bjo rnsson , 1988) at th e fro nt portal. 

Fi g ure 2 shows th e ca lcu la ted effective -press ure 
profi les at pre-Oood a nd Oood-init ia ti on lake leve ls. In 
the sea l region , the effec tiye pressure N has a max imum ; 

as th e la ke refi lls. this maximum is d ecreased to a , ·a lue of 

ap proxima tely 15 ba r when th e la ke reaches its fl ood­
triggering level a t abo ut 1430 m a.s. 1. Notice that thi s 
d iffers from the , ·alue 6 bar whi ch is based on h ydrosta tic 
eq uilibrium. Th e much higher effeeti,·e pressure is due to 
th e ass umpti on of D a rcy leakage . 

The di stinc tion be tween th e D a rcy a nd R othlisberge r 

regions is not only one of water flux . The ice-surface slope 
over th e lower reaches is abo ut 0.02, wh il e a t th e sea l it is 

256 

E 
os 

..c 

Darcy 

region 

I· ·1· 
Rothlisberger region 

L Transition Point 

·1 

20 r-------~------~------._------._------ro 

(a) PRE-FLOOD 

5 

°0~------t~O-------2~0-------~~------~~------W~ 

solid line in (a) for comparison 

20r-----r-~------._------._------._------ro 

(b) AT FLOOD INITIATION 

o~------~------~------~------~------~ o 10 20 40 
, .. 

Distance from Gnmsvotn - km 

Fig. 2. Com/Juted values oJ effective pressure N via 
D{[rC)!-Ro~hLisbelger }low at ( a) the pre-jlood, low Lake 
LeveL 1374.5 In , and (b) the iy/J icaL jlood-inil ialioT/ Lake 

Level 1430111 . 

sm a ll e r. Th e dra in age th eo ry o[ \\' a lder and Fowler 
(1994) indica tes that th e style of drainage [or water Oow 

O\·e r d eform a b le sed iments d epends strongly on th e ice 

surface slope Q . r f Q is very low, then D arcy now is 
unsta ble fo r hig h enoug h water Oux Q, and cana ls ex ist 
,,·ith N < p, where p is criti ca l effective press ure : R 
cha nnels a re not feas ib le. At hig her Q (e.g . 0 .02 ), both 
cha nnels a nd ca na ls a re yiable, and th en channels a re 

preferred. 

Our mecha ni sm for breaking the seal is as fo ll ows: in 
between Ooods, the D a rcy Oow in th e sea l has maximum 
N > p, a nd 110 tra nsitio n to a cana l fl ow is possib lc; lower 
down , Q is hig her, so th a t cha nn elizecl dra inage can 
occur. H oweve r, as th e la ke refi lls, th e ma ximum N in th e 

sea l region drops unti l N = p, a cana l is viab le and we 

envi sage a tra nsi tion to a ca na l sys tem in th e sea l. This 
tra nsiti on effec tively ac ts li ke opening a tap, a nd th e Oood 
proceed s; th e details of th e process a wait furth er stud y. 

A wide-channel lIlodel 

Our wide-cha nn el fo rmu lation is ill ustra ted by th e 
schem a ti c d iagra m shown in Fig ure 3 . I t can be shown 
th a t th e downstrea m va ri ation of Q wi ll norm a ll y be 
negli g ib le, and hence that drain age during j oku lhl a ups 

ca n be asce rta ined by a na lyzing th e opening and closure 

of th e cha nnel independen tly of d ownstream di stance s. 
L et x be a c ross-st ream coo rd inate , a nd le t h (x, t) be th e 
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Fig , 3, Schematic diagram of t/ie wide channel showillg the 
mathematical J)'mbols IIsed ill aliI' .formulatioll, The .fo7/r 
/hermomec/{{/ Il ical thallnel jJl'ocesseJ Q/ in/ere,l/ hae are /lte 
L'er/iwl ice-melling and closure , and /lt e lateral l'I'osion and 
creej} inJlow of ti!! sedimmts , 

c h a nnel d e pth , W e suppose th e c h a nn el is in - l < x < l , 
a nd in ge n e ra ll = l(t ), In th e R o thli sbe rge r N ye m od e l. 
we e ffectivel y (a nd a rbitra ril y ) ass ume l = h , a nd th e 
re laxa ti o n o f' thi s ass umpti o n requires a n ex tra re la ti o n 

to d esc ribe th e \I'idth l(t ), 
Our a n a lys is is based o n th e limit h « I; if' h rv I, th e n 

wc rega in th e N ye mod el. If h « l , we m ay a pproxim a te 
th e ice-roo r a nd bedroc k bo und a ri es as being pa ra ll e l a t 
e \ 'e ry c ross-s trea m pos iti o n , th e n a loca l (in ,c ) ba la n ce 

lead s to t h e dim ensio n a l equ a ti o ns 

oh m 
- =--w ot Pi ' 

h(- q/)=T, 

, , Dp", 
-cjJ = p",g S lll (3 - us ' 

1 '* , 2 
T = 8' f PwU , 

11'l1( -cjJ' ) = iTiL , (4 ,1 ) 

w h e re (ii is th e local m elting ra te, W is th e c losure ra te, U 
is th e local now \ 'Clocity, T is th e local w a ll shear s tress 

(g i\'C n v ia th e fi"ic ti o n fac to r 1'* ), a nd cjJ' is th e h ydra uli c 

g ra di e nt. r\o te th a t a fri c ti o n pa ra m e te ri zatio n \I'hi ch 

d ine rs fro m th e ~ I a nning fo rmu la in Equ a ti o ns (4 ,1 ) h as 
bee n used in d esc ribin g th e local m o m e ntum b a la nce; as 
a res u lt. o ur fo rmu la tion bea rs simil a rit y to th a t o r 

W a ld e r a nd F owle r ( 1994); m o re spec ifi ca ll y, since T 

rep resents th e to ta l shea r s tress a t th e roo f' a nd b eel 

bo und a ri es (as o pposed to o nl y a t th e beel ) , 1'* can be 
rel a ted to th e m o re ra mili a r fri c ti o n racto r f in ri\ 'e r 
m ec h a nics b y J* ~ 2f , 

In Equ a ti o ns (4 ,1 ) th e re a re fi ve equ a ti o ns [o r 

h,m,w,cjJ' ,T,pw a nd u, so tha t \\'e require t\l'O furth e r 

equ a ti o ns , One is co nsen 'a ti o n of m ass, \\' hi c h ta kes th e 

g lo ba l integra ted for m 

uS DQ 1 j ' ~ 
~ + n- = ],,1 + - mdx, 
u t u S Pw L 

(4 ,2) 

\I' he re L is th e inte n 'a l (- I, I), a nd l\ J is a surface -der i\' ed 

m eltwa te r suppl y ra te , The sec ti o n S a nd nux Q a re g i\ 'e n 

FOlder and . \ g: Sill/ula/ion o/jiikulh/aujJs 

S = 1 hd::r , Q = 1 hudx, (.J ,3) 

The m a in diffe ren ce be twee n thi s a nd the N ye m od el 

li es in th e closure re la ti o n be twee n wa nd N = Pi - P\\" 
\\'hi ch is o ur second eq uat io n, W e can a d op t th e m e th od s 

of linea r e las ti e it\ , as used for crac k prob le ms by Eng la nd 

( 197 1) , fo r exa mple, to sho \\' t h a t, fo r co nsta n t-\' iscos itv 
Ice, th e c los ure ra te is d e tcrmin ed bv il1\'C rlin g 

\\ 'he re f cl c ll otes Lt prin cipa l \ 'a lu e integra l. a nd Pi IS Ice 
\ ' iscos it y: and if N is ind epend ent o f ,7:, th en 

(4,5) 

By a n a logy to c losurt' 0 [' circ ular ice ch a nn e ls, \\ e now 
extend thi s res ult a nd a ll o \\ ' a Il o n-linea r flo \\ ' law o f'G le n 
type b y pUlling ~£ i - l = N 2 j.J.o - l Fro m Equ a ti o ns (+ ,1 ), 

\\ 'e o bta in 

a nd this has to be co u p led \\' ith a la ke inl e t bo unda n ' 

condi t io n re la ting Nand Q, H o \\'e\'e r , \\'e see th a t I(t ) is 

und e termin ed in th e a bO\'C m od el, a nd w e h a \ 'e to 

presc ribe l(t ) ind epe nd e ntl y to comple te th e m od el. 

A paraIneterized Inodel 

\\'e a d o pt a lumped pa ra m c te r \ 'e rsio n o f Equa ti o n (4 ,6 ) 

b y \\Titin g 

(.J ,7) 

putting 

1 

Q = 21h1{ ~~cjJ/ l } " 
j p", 

wh ere we o mit th e x d epend en ce o f th e closure ra tc a nd 

th e c ha nn el d epth, so th a t nuia b les a rc no \\' fun c tio ns o f' 

tim e o nl y (i, e , h == c1h/ dt ), I t ca n be sho wn th at th e 

eq ua ti o n d esc ri bi ng la ke-\\ 'a te r m ass is 

N' P",9(Q . ) =T - 'ri LL , 
I. 

(.J,9) 

\\'h e re mL is th e la ke-re fillin g ra te, a nd AL its eITec ti \'C 

a rea , 

It rem a ins to presc ri be th e half-width l (t) , H e re we 
suppose th a t ba nk clos ure occurs \ 'ia in wa rd c ree p o f th e 
till , \\'hil e e rosio n o ut wa rd s occ urs v ia bank ra ilure a nd 
sedim e nt upta ke by th e wa te r now, \\' e suppose ba nk 

e rosio n d epen ds direc tl y o n strea m po \\'e r (th e p roduct 

TU ), \\'hil e in\\'a rd c reep of till m ay be inferred fro m 

re la ted wo rk by F owle r a nd \\' a ld e r ( 1993 ) , Our m odel 
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Fowler and Ng : Simulation oJjokulhlaups 

for the evolu tion of I is then 

( 4.10) 

where AT, a, b are th e Boulton a nd Hindmarsh (1987 ) 
now-l aw pa rameters, a nd N T is the pre-Oood effective 
pressure in the till. The para meteriza tion of the depth h 
a lso facili ta tes th e calcul a tion of a bulk cha nnel ro ughness 
for comparison with the Nye mod el. W e use th e formula 

( f) ~ n' = Rf. 8g -, (4. 11) 

where for the present case R ~ h/2, a nd rem embering 
f ~ 1*/ 2, the effective Manning rou ghness for th e wide 

cha nnel is th en 

n' ~ (4 .12) 

W e non-dimensionalize Equa tions (4.7 ), (4.9 ) a nd 

(4. 10) by writing the varia bles h , N , I, t , Q, a nd 14>'1 
(which we call iP) in terms of a ppropri a tely chosen scales 
ho, No, la, to, Qo, <1> 0, a nd we then have the dim ensionless 
model 

li = <T>~ h~ - lN3 , 
• 1 :1 

N = liP'l h'i - A , 

i = iP~ hi - MINa, ( 4.13) 

where 

(4. 14) 

T ypi ca l es tim a tes for Grimsvotn lead to 

ho = 10.4 m , No = 9.7 bar , la = 94 m, 

to = 1.2 X 105 S (1.4 d ), Qo = 2.5 X 104 m3 S-1 , 

(4 .1 5) 

and then typical values of A a nd M a re 

A ~ 10- 3
, M ~ 0.01 . (4.16) 

In Figure 4 we show the results of computing a flood 

hydrograph , where we have chosen parameter valu es to 
provide good fits to the rising limb and the maximum 
di scha rge of th e Grimsvotn 1972 Dood. Th ese valu es a re 
f* = 0.1 , K 1 = 1.6 X 10- 4 kg m 5 S2, iP = 196 kg m 2 S- 2 

W e see tha t the mod el is a ble to simulate the hydrograph 
quite we ll , a nd in p a rti cul a r th e sh a rp cut-off is 

mimicked . This is caused by the accelerated closure due 
to th e ra pid ly increased valu e of I. The M a nning 
ro ug hness calculated from Equation (4. 12) ta kes a n 
average value of a bout 0.03m 1/3 s, more norm a l than 
the va lue inferred from Nye 's (1976) work. Finall y, the 
simulation ind icates a maximum channel width of a bout 

90 m. If a layer of sediment 2 m thi ck is eroded in the 
nood , then we can a lso simulate the es tima ted fi g ure of 
180 m3 sedim ent eroded per unit length of channe l. 

It wi ll be seen th a t we ha ve improved th e estimate of 
maximum discha rge a t the ex pense of producing a very 
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1972 CrimsviJtn j6kulhlaup : ( a) linear discharge scale; 

(b) logarithmic discharge seal'!! . Dashed lines are the 
simulated recession solution oJ Equation (4.19). 

30 

sharp fa ll -off in water nu x. This can be rectifi ed by 
incorporating th e spa ti a l d epend ence of the fa lling 

discharge . The mass conservation law corresponding to 

Equation (4.2 ) can be written dimensionlessly as 

o(lh) o ( lh~) 11 " M 
E--+--=ET . ' + ot os ' (4. 17) 

with the base now melt run-off being es tima ted as 
3 1 M ~ 0.01 (corresponding to l OO m s outnow at the 

terminus ). The point here is tha t, even if the inl et now 
shuts off instantaneously, a n expansion or ra refacti on 
wave will propaga te down th e ch a nnel, so that h (a nd 
hence water flu x) will shut off more g rad ua ll y. Indeed we 

can find a n ex plicit soluti on based on the method of 
characteristics for thi s decay (Carrier a nd Pearson , 1976) . 

At nood termination, I cha nges littl e, so the shu tdown 
in h is descri bed (ignori ng the me1 ti ng term ) by 

( 4. 18) 

where M=M/l-::;1O- 2 (since l ~ 0 (1)) . Suppose that 
h = 1 for s > 0 a t t = 0, and then h = 0 for s = 0 at t > 0 
(this corresponds essen ti a ll y to the res ul ts obtained so fa r ) . 
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Th e so lulion a t the o utl el S = 1 is then h = 1 + (Alt/E) 
for 0 < t < 2E/3, when th e expansion wave reaches the 
ou tl et, after which 

- '\ -:\ 

!If = h~ - [h - (Mt/E)P, (4. 19) 

until t = E/ ]\;/1 /3, when th e base fl ow with h = A12
/
3 

resumes. 
\Ve have fitt ed the descending limb of the hydrograph 

using Eq uation (4. 19) wi th \ 'a lues of ].[ = 2.5 X 10- 3 a nd 

E = 2, as shown in Fig ure 4 . Although we success full y fi t 
the hydrogra ph , the \'a lue of E is ab norma ll y high (a n 
a pprop ri a te va lue is E =0 .03 ) . ' Ye consid er th a t this may 
be du e to a distributed strea m p atte rn during flood s, 
which effec tively may in crease the to rtuosity of th e 
cha nn els by the req uisi te a moun t. 

5. CONCLUSIONS 

If th e res tl'ic tion o f semi c irc ular c ha nn e ls in fl ood 
models is removed , then we need sepa ra te eq uatio ns fo r 

channe l d epth h a nd ha lf-wicl rh l . W e propo. e a n ice­

closure equ a tion fo r th e d e pth , and suppose th a t width 
is d e te l-m ined prim a ri ly by eros io n a nd inwa l-d creep o f 
sedim enls. As a result, we a re ab le to prov ide a n 
improved simul ation hydrogra ph of th e 1972 Grims­
vbtn jbku lh la up with a p la usib le value of l\/I a nning 

roughness. 
In o rd er to explain the fl ood-trigge r mechan ism when 

the la ke pressure is some 6- 8 bar below th e max imum icc­
o\'Crburd en pressu re, we in vo ke th e fl edgling theory of 
basal dra inage throug h subglacial sediments, and sugges t 
that D arcy flow in the seal region becomes unsta ble ",·hen 

the effec tive pressure becomes suffi cientl y low, leading to 

canalised fl ow a nd subseq uen t flo od co nditions. A more 
precise description awaits furth er work. 

FowLer and Ng: Simulation oJ jiJkulhlaups 
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