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ABSTRACT. !\. simplifi ed m od el of ice-shee t beha \ 'iour is d esc ribed . I t combin es 
th e ass umpti ons of ra pid ice nOli', hig h \' isco us ac ti \'<Hio n energy a nd reali sti c 
sediment-based sliding dy na mics to fo rm a non-linea r diffu sion-t ype equ a ti on which 
ca n display relaxa ti on osc ill a ti ons a na logo us to th ose o f' surging g laciers, a nd whi ch 
ma y be re levan t to la rge-sca le surges of th e Hudson Stra i t a nd Cabo t S trai t ice streams 
of th e L a urentid e ice shee t. 

\Vh en th e ph ys ics of this mod el is a pplied to a la tera ll y ex tensi\'e unidirec ti ona l ice 
now, such as th a t in th e S iplc Coas t of Anta rc ti ca, a n a ppropri a te mec ha ni sm m ay 
ex ist fo r th e spon ta neo us ge nera tion of ice strea ms. 

1. INTRODUCTION 

H einri ch events a re sequences in th e sedim enta ry reco rd 
of th e North A tl a nti c \\'hi ch ind ica te peri od s \I'hen la rge 
a mo unts of ice-ra ft ed d ebris were sco ured from Hudson 
Bay a nd Hudso n Strait a nd tra nsported o ut to th e ocean 

on ice bergs (H einri ch, 1988; Bond a nd o th e rs, 1992; 
Grousse t a nd o th ers, 1993 ). Th e simples t interpre ta ti on of 
th ese seq uences (and o th e rs d esc ri bed b y Bond a nd L OLli 
(1995)) is th a t th ey occur \' ia repea ted , q uasi-peri odi c 
su rges of th e La urentid e ice shee t (Andrews a nd T ed esco, 
1992; C la rk , 1994), a nd specifica ll y of the Hudson Bay ice 

d ome dra ining throug h Hudson Stra it. M acAyeal (1993 ) 
has sugges ted a sim p le mecha nism wh ereby this could 
occ ur, a nd Fowler a nd J o hnso n ( 1995) ha \ 'e shown th a t 
thi s conce pt is compa tibl e with th eo re t ica l d escripti ons of 
ice now ove r we t, d eform ab le sediment. 

The concept of ice-shee t surges is hig hli g hted by th e 
ex istence o f ice streams, ro r exa mple in Anta rc ti ca, whi ch 

a rc rela ti ve ly ras t outl e t nows, Th eir no table rea ture, 
pa rti cul a rl y o n th e Siple Coas t, is th eir la tera l \ 'ari a bili ty . 
Tha t is to say, th e ice strea ms w hi ch dra in into th e R oss 
l ee Shelfdivid e th e drainage basin into regio ns offas t a nd 
slow now. This is sugges ti ve of a la tera l insta bility, as is 

a lso th e rac t th a t dra inage of ice shee ts genera ll y seems to 

occ ur throug h loca li zed ice strea ms. Again , a principa l 
fea ture of th e Siple C oas t ice streams is th a t th ey m ay be 
und erl a in b y a laye r of \\'e t, dcf()I'ITl a ble sedim ent (All ey 
a nd o th ers, 1987). 

I n this pa per, we ex tend Fowler a nd J ohnso n's ( 1995) 
crude model in two ways . First, we a llow for spa ti a l 

va ri a tion in th e \'a ri a b les, thus d eri\ 'ing a no n-linea r 
diffu sion- type eq ua ti on , wh ose su rg ing so l u ti o ns we 
d esc rib e , Secondl y, in la tera ll y ex tensi\'e f1 0 \\'S (such as 
on th e Sip le Coas t, (o r example ) , \I'e a 11 0 \\' for la tera l 
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spa tia l d ependence o r th e \'a ri a bl es a nd we show how th e 

res ulting m odel may result in th e sponta neo us ge nera tion 
o ri ce streams, Pay ne ( 1995) has a lso fo und osc ill a ti ons in 
a n ice-shee t mod el w i th th e rm all y ac tiva ted noli' a nd 
sliding , a ltho ug h th e m ec ha ni sm is different from tha t 
proposed he re. I n o th e r work , he also found that la tera ll y 

ex tensive noli's a rc subj ec t to strea min g instabilit y 

(persona l communica ti o n rrom A .]. Pay ne) . 

2. ICE-SHEET MODEL 

W e foll ow th e d evelo pm ent o[ F owle r a nd J ohnso n 

(1995), w ho d esc ribed a n a pproxim a te m od el o r ice-shee t 

d yna mics, based on the (as)' m ptotic) I i m i ts of strong 
tempera ture-dependent va ri a ti on of viscos ity a nd sm all 
th ermal diffu sivity, \Ve consid e r a two-dim ensiona l ice 
shee t of thi ckn ess h(x, t) (x is nowline di sta nce, t is time) 
undergoing plug now: th e hori zo ntal veloc it y is u(x, t ), 
w here u is just th e sliding veloc ity, shea rin g is neg li gible 
a nd \-IT a re ass uming that th e bed is a t th e melting point , 
ma inly fo r cO Il\ 'C ni ence , 

.i\1ass co nserva ti on implies 

hi + (hut = a (2,1) 

where a is th e acc umula ti on rat e a nd subsc ripts x a nd t 
d eno te pa rti a l d e ri va ti ves. Th e sliding veloc it y u is 
d e termined by a sliding law of th e fo rm prescribed by 
Fowler a nd J ohnso n ( 1995). I f th e basa l shea r strcss is T 

and th e hea t nux up into th e ice (th e basal coo ling ) is q, 

th en th e hea t d e li ve red to th e inte rrace is G + TU - q, 
where G is th e geo th erma l hea t nux . W e ass ume it is 
consta lll , having a \ 'a lue G = 0,05 \\' m ~ . If th e res ulting 
wa ter supp ly is distributed ac ross a channclized sys tem 
with inter-bra nch spac ing WeI , then th e I\'a ter flux per 
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chann('\ increases in the direction oriee /1 0\1' <leeQl'di ng to 

8Q (G + Tll - q)UlcI 

[):~r pl\"L 
(2,2) 

" ,here PI\" is water densit>, a nd L is tile latent heal. 

\\'a lder and Fowler ( 1994 ) den'loped a theOl'\' "hich 

implied that, fC)r ice sheets mOI'ing o\'l'r wet sediment, the 

eITect in' pressure N (O\'('rburden ice press ure minus \I'ater 
pressure ) ,,'ould be related to Q by 

N = c* /Q~ (2,3) 

" ,here c' was g il 'en by 

• I 1 11 C = c Do h,r 0, (2 .4) 

C' ~ 1.1 x 10 I bar s-1, and D, is the c haracteris ti c 

suspended-sed im ent grain -size, The sliding law is take n 

in the fo rlll 

T = CU'']I{' (2, 5) 

" ,here I'a lues 0 < T . .5 < 1 arc p robably approp ri ate , The 

coe ffi c ient c is a constant w hi ch measures hO\l' "sticky" 

the bed is. High I'a lues 0[' c m ean that th e bed has hi gh 
fi 'ict ion, The shea r stress is 

T = - pghh,r (2,6) 

and the coo ling rate may be dete rmined by a thermal 
boundary-I al'e r a nal vs is, 

Specifica ll y. the temperature T sa ti sfies 

(2,7) 

where th e base is taken as z = 0, h: is th e therm a l 
diffu si\ 'it y a nd the vertical 1'Cloc it y is w = -zu' = - zoul 
ox by cont inui ty (since u = u(.!" t )), If' lIh 2/h'l » I , 
" 'here I is th e ho ri zo nta l lengt h sca le , th en it is 

approp ri ate to soke Eq uation (2.7 ) with 

T = 1';\1 on z = 0, T ---> TA as z ---> 00, (2 .8) 

\I'he re TA is the presc ribed surface tempe rature , which wc 

take to be constant. A simil ar it y soluti on is appro pri ate 

a nd wc find that the basal coo ling is g il '(' n by (FO\der a nd 
J o hnson, 1995 ) 

(2,9) 

\I'here D.T = 1';\1 - TA, P is ice de nsit )', ('p iS th e specific 
hea t, /,; is th e thermal conduc til'it y a nd 

~= 1'1' Ild.f. (2.10) 

Fall 'ler ([lid j uhllsoll: Ice-sheet .I/lrgillg ([1lI1 ice-stre([1II Iumwtio/l 

The seco nd term is added to represent conduc til,(, coo ling 

\I'hen u ---> O. 
Th e sel '(' n Equations 2.1 ). (2.2, 2.3 ), 2.5 ). 2.6. 

2.9 ) and 12.10 ) dctermine th c \'ar iabks h.U.Q. T.q.N 
and E,. \\'c non-dimcnsionali ze th e \'a riables by choos ing 
sca les rh]. [u], nc, where liT define 

[t ] = ~ = 1:1 [a] [n] . 
[.1']=1. 

[Q] = [T][Il]Wd l . 
p\\,L 

c* 
[N]=-I ' 

[QP 
[T] = c[/ln N ]' , 

[T] = pg[h f 11. 
[q] = [T][ u,], 
[E.] = [11 ]1. (2.11) 

H ere. \I 'e chea t a bit, beca use th e I',du es of c' . (' a nd 

particularl y lOci a rc \ 'C ry uncertain, l'I'Cn if' appropriate. 

T herefore, wc argue as 1'0110\1',. A I'a lu e of c ca n be 

in krred from present condi ti o ns on Ice Stream B, 
Antarnica, \I'here T = 0. 15 bar, u =500m)'ear I, N = 
0.4 bar (Bentl ey, 1987 ), thus 

0.15 bar 
(2.12) 

c = [500 m yccu·- 1 n O.'! bar]' . 

The I'a lu e of c' is taken from Equation (2.+ ), choosing 
1 hr l cv 10- 3 , D, = 10- -1 m. Th us, 

c* ~ 0.32 barms-~ . (2. 13) 

\\'e halT no estima te or Wd, so liT use [N ] = 0.-1 bar to 
determine WeI. \\'e th en find fi 'o m Equation 2.11 ) th a t 

.) ~ 

(P9M-) 2 
" 

[u] = c/ [N ]" (2 .1-1) 

where AI = [a]/. \V e choose l' = S = 1. ra th er a rbitrar il y. 

a nd fo r I'a lues 

[a] = 0.2 III year - I. 1= 2000 km. p = 917 kg m - J . 

y = 9.8 III S - 2. [N ] = 0.4 bar. (2 .15) 

a nd c gil'cll by Equation (2. 12) , \IT find AI = + x 105 

,) I 
m - year and 

[u] = 258 III YC-al, - I. (2.16) 

\\' e thell hal 'e \I·i th p . = lO:l ko 111 .
1 L = 335 kJ kO' I , \\ ,..." t"> ' 

cl' = 2 kJ kg I K I. L1T = 50 K , , .. = 2. I \\' m I K I, 
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G =0.05 Wm 2, 

M 
[h] = [u] rv 1550 m , 

1 4 
[t] = [U] rv 0.78 X 10 years, 

pg [h]2 
[T] = - l - rv 0.11 bar, 

[Q] = {c* /[N]}:l rv 2 m 3 S- I, 

PwL [Q] 
Wc! = [7][1£] l rv 3.7 km, 

[q] = [T][U] rv 0 .09 W m -2, 

[~] = lul l rv 5.2 X 108 m2 year-I . (2.1 7) 

When th e eq uati ons are non-dimensionalized with th ese 

sca les, we obtain 

hi + (uht = a, 

Q.r = I + TU - q, 

N = 1 /Q~, 
7 = 1£"NS

, 

T = - hh.r' 

q = (3u /f) + )" / h, 

~= fo'3' 1£dx 

where th e parameters are d efin ed by 

klJ.T 
).. = [7][u][h] rv 0.75, 

G 
I = [T] [u] rv 0.55 , 

I 

(Cl = (Pepk[U] ) '1 lJ.T rv 
fJ 7r1 [T][U] 1.2. 

The eq uations can be written in th e fo rm 

ht + (hu):r = a, 
S R 

1£ = Q (- hhx) , 

(31£ 
Qx = "( - 1£hhx - 1 - >../h, 

U ;1£dx}'! 

where 

R = 1/ r = 2, S = s/3r = 1/ 3. 

(2, 18) 

(2. 19) 

(2.20) 

(2. 21 ) 

It shou ld be emphasized that th e values of the parameters 
are not set in stone a nd we illustrate our thesis with 
differing values below. 

3. ANALYSIS 

Fowler and J ohnson ( 1995 ) a na lysed a pa rameteri zed 
version of Equa tion (2.20) by replacing derivatives by a 
heuristic integra tion. In effec t, the second two equations 
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Fig. 1. iVIulti-valued velocil)l vs stress at values ).. = 0, ,= 1.B, (3 = 3.7. This choice oJ jJarameters is disti/!­
guishedfrom the estimates in Equation (2.19) b)1 historical 
accident. InJact, by rescaling U and 7 in Equalion (3.4), it 
is ea~)' to show that the shajJe oJ the curve depends only Oil 

f3h", v = (R + 2 - S) / 2(R + 1) = 11/ 18 izere. For 
Equation (2.19), (3 h" ;:::: 1.7, whileJor the present values, 
(3(y" ;:::: 2.6. Examination oJ other values suggests that 
F ( T) is multi-valued apjJroximate/y Jar (3 (y" ~ 2. 

were replaced by 

1£ = QSh2R
, 

0.6 

Q = "( + 1£h2 
- f31£~ - ).. / h (3.1) 

a nd eli m in a tion of Q indi ca ted th a t 1£(h) co uld be multi­
valued. When Equation (2.20h is solved with such a flu x 
law, periodic surges result (on th e convec tive time-scale, 
here rv8000 yea rs ) . In thi s sec tion , we explore how these 
results ex tend to spa tiall y d epend ent versions of this 

model. 

First , we ex tend th e mode l in Equation (2.20) to a pply 
to a n entire ice shee t with a single div ide a t x = O. 
Evidentl y, we have 

ht+(uht=a, 

1£ = _QShR lh.r IR- lh", 

f3lul 
Q.T = "( - uhhJ• - c 1 - )" / h. (3 .2) 

{fa udX} 2 

However, th e model is most easily di sc ussed for x> O. 'I'Ve 

denote Equation (2.20h as u = f(7 , Q), so that 

ht + uhx + hfQb + TU - (3u/~1/2 - )..jh} = hj~ (hhJ'):r 
(3.3) 

where fT = 8f /Eh, fQ = 8f / 8Q. Since ~ and Q a re 

essentia ll y quaclratures, this has the a pparent character of 

a d egen e ra te non -l inear diffu sion equation , s in ce 
8f/ 8T > O. The degeneracy refers to the vanishing 
d iffu sion coe ffi cient when h = O. 

\Ve di sc uss th e full x -d ep endent model furth er in 
secti on 4; he re, le t us take a para mete rized versio n of 

Equa tion (2.20), where we replace Q.c b y Q and ~ by 1£ in 

Equ a tion (2.20b- Then (with).. = 0) 

1£ = Q STR , 

Q = "( + UT - (31£1 (3.4) 
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Fig. 2. Schematic sequence of an Ice-sheet swge Jollowing 
the semi-/Jarametel'ized model ( Equation (3.5)) . In the 
quiescent phase, the ice sheet thickens (AB ---> NB') 011 

the lower branch of the U vs T curve. At B', Ujlll7lPS to the 
top branch and this region olfast flow j;rojJagates rapid!), 
backwards to G, so that the activated region GH slu1lljJs 

Jorwa1·d. The resulting slump at G callses increased stress 
there and the 5111ge regiol1 is like0' to projJagate backwards 
to F . Following the surge, the quiescent phase resumes. 

T 

whcnce we have 'li = F (T) . It is easy to see by g ra ph ica l 
considera ti ons that F(T) will typically be multi-valued 
since Q = T-R/Su~ = T - s/3(u1/ 2)61'/s, (Fig. 1). This is 

a na logo us to bu t more realisti c th a n the pa ra mete ri zed 
model of Fowler a nd J ohnson (1995) (who a lso took 
T = h2

) . The multi-valuedness a ri ses thro ug h the con­
fli ct ing roles of u in wa ter production. A slow mod e is 
possible where Q is small, because low Q means low u and 
also low u m eans cooling is effec tive at preven ting much 

water produ ction. However, at the same paramete r 
va lues, it is possible to ha ve high Q a nd hig h u. The 
large u is mainta ined by the hig h Q which is produced by 
fri c ti ona l hea ting, cooling being less rela tively effec ti ve a t 
high u. 

Wha t is th e effec t of this partial parame teriza ti on? 

From Equation (3.2), we have 

[) 
h, = a - [)x [hF ( - hh.l)] (3.5 ) 

whence 

ht + PhT = a + hP' ! (hhT ), (3 .6) 

which is a non -linea r convective-diffusion equa tion , with 

Fowler and J OhIlSO Il: Ice-sheet slllging and ice-stream formation 

the distinguishing feature th a t dP/ dT = P' < 0 on thc 

middle branch of Figure I: nega ti ve diffusion! 

If the ice balance b(x) = fo' a(x) d x is a n increasing 
function , thcn (with h dccreasing) b/ h is a lso, a nd thc 
steady-sta te so lution of Equation (3.5), with hh.1' = 
- j - l(b/ h), will ha\'c (moving outwa rds from the divide ) 

thrce regions of slow fl ow (lower branch of Figure I), 
transi tion (middle branch ) and fas t fl ow (top branch ) . 

Bccause of the negati\·e diffusion , th e transi ti on region is 
\'iolen tl y unstable a nd the ice sheet must oscill ate. 

For a marine ice shee t with b i= 0 at the margin , th e 
shea r stress is (formall y) infinite (thi s is a lso true [or a 
la nd-based ice shee t with b = 0 at th e margin ) a nd it is 

ques tionable whether the time-dependent problem is well 
posed. H owcvcr, for thc situ ation where thc ice drains 
in to an icc shelf, \.vc will ha vc b a nd h non-ze ro a t the ice­
shee t/ ice-shelf transition a nd thus T is finite there. \Ve 
conjecture that th e way in which th e ice shee t oscillates is 

as follows. Let the va lu es of T at the leftha nd a nd 

righthand noses of Figure I be Land T+ (L < T+) . ffth e 
ice sh ee t is shallow, we suppose T < T+ everywhere. As the 
ice shee t thi ckens, T increases until T = T+ at the front. 
Then u jumps to th e top branch by a rapid tra nsient in 
th e drain age system and we surmise that a n "activation 

wave" passes upstream (FO\.vler, 1987), shifting the region 

with L < T < T+ to the fas t branc h. The resulting 
ac tivatcd ice n ow surges forward, lowe rin g the ice 
thickn ess until th e stress is lower than T_ e\·erywhere. A 
repetition ofthc build-up can then occ ur. The seq uence of 
events is portrayed in Figure 2. W e imagine that the 

adva ncing marginal ice pushes the ice shelf forwa rd 

throug h compressive stresses, while the draw-down of the 
in land ice will cause mig ra tion backward of th e ac tiva ted 
region to the di\'idc (or ex tensional fai lure and ice-cliff 
formation a nd co ll apse) . 

4. ICE STREAMS 

'I'V e now retu rn to the full o ne-dim ensiona l mod el 
(Equation (2.20)) . [t is easy to compute th e steady sta te 
a nd a n exampl e is shown in Fig ure 3. It should be noted 

1600 
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Fig. 3. Steari]-state ice sheet from the fit/lone -dimensional 
model ( Equatioll (2.20) ) . T he acculllulationfimctlon a is 
taken as zero. Initial values are h = 2, ~ = 0.1 ) Q = 0.1, 
u = 0.5 and parameter values are I = 0.2, A = 0.36. 
Note Ihat h ---> 0 (so u ---> CXl) in a finite distance . 
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in thi s fi g u re th a t no acc umula ti o n o r a bla tio n is a pplied , 
thus th e m ass flu x is consta nt. The refo re, th e d ecrease o f h 
to ze ro (a nd blo lY-up of'll ) re prese nts a run a ll'ay in :1'. 

Thi s ind ica tes th a t th e m ec h a ni sm prese nt in th e 

pa ra m ete ri zed m odel is s till present in th e full sys tem . 

\Vhil e the pa ra m e teri zed \ 'e rsio n can easil y be sho wn to 

be unsta ble , thi s is less o bl 'io us [o r th e full pro blem , 
a ltho ug h if we write Equa ti o n (3.3 ) in th e [o rm 

h, + u[1 - h2 f QJhl' + hfQb - (3u/ e /2 
- A/ hJ = 

hf r(hhJ r' (4 .1 ) 

th en wc sce th a t th e pos iti\'e Iced-bac k term TU , whi ch 
prod uces th e term -uh2 ! Qh.,. , m ay ca use the ach'cc ti o n 
veloc ity to be nega tive . It is pl a usible th a t thi s m ay lead 

to insta bility in th e sam e so rt o f way as before. In thi s 

sec ti o n , we pro pose a m od e l to exa min e th e e ffect o f th e 
poss ible ins ta bility in a la te ra ll y ex tensive fl o w. 

I n o rd er to d o thi s, we writ e th e a pp rox im a te dra in age 
flu x Q = (c*/NY I in a suita ble I'ec to r fo rm . In th e 

d eri va ti o n o f this rela ti o n ( \\' a lde !" a nd F owl e r, 1994) , 

o ne has th a t Q is p ro po rti o na l to th e squ a re o f th e 

hydra uli c head g radi ent (w hi ch is ro ug hl y pg sin a ) , 
w here ~ is th e ice-surface slo pe. H oweve r, a m o rc 
acc ura te expressio ll is pg sin Cl' + aN l ax, so th a t th e 
dra inage law is mo re acc ura tel y 

(C*)3[ fJN] 2 Q = - 1 + 1/1-
N a:r 

( 4.2) 

where 1/1 = 1/ pg sin a. An a ppro pri a te \'(:' c to r fo rm of thi s 

IS 

* 3 

Q = (~) Ix +'l/NNI(x + 1/I\7N) (4. 3) 

w here x is a unit vec to r d ownslo pe . Since 11/1 \7 N I « 1, 
we a pprox im a te th e d o wnslo pe a nd c ross-strea m wa ter 

fl uxes as 

(
C*)3 

Q II = N (c*):l aN 
Q1- = - !/J -

N ay (4.4) 

wh ere y is th e la tera l space I·a ri ab le . Conserva tion o f 

wa ter nu x no w ta kes th e fo rm (in stead y no w) 

aQI (G + TU - q )Wd aQ1-
ox PwL ay (4.5) 

a nd , if lIT non-dime nsio na li ze a s befo re, but c hoos ing 

Q1- rv !/! [N][QJ/d, a nd c hoos ing a la te ra l space sca le 

I 

d rv {l !/J[N ]P- (4.6) 

th e n Eq ua ti o n (4 .5) becom es 

fJQ" fJQ 1--= , +TlL- q - - (4. 7) ax ay 
wit h 
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Equ a ti o n (4.7 ) thus ta kes th e d iffusiI'C' fo rm (Q II = Q ) 

- = , +TIL - q+-- Q ' - . aQ 1 a [ _ 1 aQ] 
ox 3 ay ay ( 4.9) 

w ith l =400 km (a p prop ri a te to th e S ipl e C oas t a rea ) , 
[N] = 0.4 b a 1' , P = 9 I 7 k g III - :1 , sin Cl' = 10- 3 , t h e n 

'If'rv O. 11 Pa I m a nd thus drv42 km , compa ra bl e to Ih e 
w icl th o f ice st ream s. 

The I'a ri a ti o n o f Q II'i th y suggests th a t lIT sho uld also 

a ll o w fo r la te ra l \ 'a ri a ii o n o f h. Ind eed , o ne ca n posit a 

m odel simil a r to Equ a ti o n ("L9 ) for h based o n a n a lmost 
para llel nO\\' but o ne th e n find s that th e la te ra l diffusio n 
coe ffi cie nt fo r h is la rge , whence we ca n ded uce (j ust a s fo r 
a \ 'a ll ey g lac ie r ) that h ~ h(x, t) an cl thus m ass co nse J'l 'a ­
ti o n lead s to th e (d ime nsio n less ) rela ti on 

h la L 

udy = M * (4. 10) 

wh e re L is th e (sca led ) width of th e [J a Il' a rea a nd 111* is 

th e scaled m ass flu x. \\'e a re ass umin g a prescribed " a lue 

o r !II' a t x = 0 with no acc um ul a ti o n , so th a t th e mass 

(lu x !I f * is co nsta nt in x. As befo re. 

(4.11) 

I nso fa r as pa ra m e teri zed ve rsio ns o f thi s m odel show so m e 
sig na tures o f rUll-a way assoc ia ted with multipl e s tead y 
s ta tes, II'e mig ht ex pec t a n initi a ll v la te ra ll y inho moge­

neo us fl o w to cl e \ 'C' lo p " ho t spo ts" as x lIl c reases, 

co rres ponding to ice strea m s. 

u m/y 

400 -
350 
300 
250 
200 
150 

o 

1000 

Fig. 4. Formatioll of ire streams jiom a lateral[), 11011-

ull iform ill itial conditioll. The jJarameter values are 
, = 0.2, (3 = 1, A = 0.36 (which are more ajJjJrojJliate 
rallies jar the Si/Jle Coast ire streams) alld the model is 
ill tegrated jorward with ill it ial thicklless qf 1500 111 alld 
lleloci{J' J m)'ear l T he ill itial conditioll jor Q is critical 
alld is taken ( dimellsiollless[y ) as Q = 0.05 leith J1I'e 
jx rt l/rba tions sujJerim/Josed. T he /Jlecise location alld 
!I ll/libel' of the ire streams gmaated dejJends sellsilive[J' OIl 

the illitial /JlescnjJtioll of Q cllO.\PII but the streamillg itself 
is a robust phmolllell oll . /Jr01lidillg , i.l 1011' ellough ( or fJ is 
high enough) that Q call decrease to a minimu7ll . and parts 
of the bed are jio::'eII . 
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Fig ure 4 shows th e res ult of a numeri ca l computa ti on, 
111 \\'hi ch we can sec th e d e\T lopm ent oC ice " strea ms" 

from a n initi a ll y inh omogeneo us sta te. Whil e the na ture 

o f th e mod el a nd of the computa ti on is prelimin a ry, it is 
a n indi ca ti o n th a t th e hydra uli c run-away mec ha ni sm 
could be res po nsible' IClr th e existence 0 [' Anta rc tic ice 
strea ms. 

5. DISCUSSION 

In thi s paper "" e ex tend th e pa ra me teri zed mod el 0 [' 

h ydra uli c run-away d e\'eloped by Fowler a nd Johnson 
( 1995 ) in twO ways . First, we gi\ 'e \'ersions w hich a llow for 
spati a l va ri a bility . For pa ra m eteri zed wa ter flu x a nd 

spatia ll y va ri able basa l shea r stress , th e solu tions will 
oscill a te in a peri odi c, surge-like fashion. Secondly, for 
la tera ll y unconlin ed !lows, uniform !lows can spo nta n­
eo usly brea k up to form ice streams. \Y e therefore sugges t 
tha t for ice shee ts mO\'ing O\ 'e r wet, d eformable sedim ents, 
ice streaming is a natural consequence of canal-type 

dra inage dyna mics . 
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