
111111als q/UaciologJ' 25 1997 
(' Inte rnationa l G lac iologica l Soc iety 

Geotnetry response of glaciers to changes in spatial pattern 
of tnass balance 

A N DRE W BOUDREAU X , C HARLES RAYMO:\TD 

L '/Zi l'ersi~J' qlll asliillgloll, Geo/)/~) 'si[s Progralll B o\ 351650, ,S'eallle, r I ;·1 98195-1650, [ ~S. 1. 

A BSTRACT. The effect o f the spati a l p a ttern o f m ass ba la nce on t he stead y-sta te 
geometry of a g lac ier is exa mined using a Via lO\' l'\ye glacier-n ow model based o n non
linea r intern a l deform a ti on of th e ice with no basa l moti on. Su rface profi les a rc predicted 
us ing a ra nge of spa ti a l va ri a ti o ns of m ass ba la nce th a t includc uniform shift s th a t cause a 
cha nge in th e mean a nd spa tia l pa ttern s with zero mean representing cha nges in ba la nce 
grad ient and cur vaLUre. The co rresponding effects on geometry induced b)' the d ifTerent 
mass-ba la nce pa tterns a rc described in terms of the \'o lume a nd meas ures of surface slope 
a nd convex it y. T he cha nge in glac ier volume, slope a nd cOIl\ 'ex it )' induced by unifo rm 
cha nges in m ass balance with non-zero mea n a rc more th a n onc order of magn itude la rger 
t ha n correspond ing cha nges caused by sp a ti a l pa t tern s or simil a r a mplitude. but \I'ith zero 
mean. These results sho\\' th a t th e mean m ass ba la nce conta ins m ost or the mass-ba lance 
informati o n releva nt to th e d yna mic cha nges or a glac ic r. An importa nt conscquence is 
th a t the memor y of a cha nge in clima te, which is controll ed by th e consequent \'o lum e 
cha nge, should be insensiti\ 'e to the spa ti a l pa ttern o th er th a n hO\\, th a t a fTec ts th e mean. 
T he spati a l pa tte rn of mass ba la nce does induce sma ll cha nges in the shape or th e steady
sta te profil e, which indica tes th e spa tial pa ttern co uld a ffec tthc short time-sca le res ponse 
characteri stics. 

INTRODUCTION 

This pa per exp lores how th e spati a l pat tern of m ass ba lance 
o n a glac ier o r ice shcet affects its steady-s ta te geo mctr y. 
Qua l ita t i\'e ly, th e sensitivity of th e surface-ele\'a ti on profil e 
to th e mass ba la nce is low because or the high scnsiti\ 'it y of 
ice now to thi ckn ess a nd slope (Pa te rson, 1994). Thus, differ

ences in ice tra nsport tend to be accompli shed la rgely by 
velocit y va ri a ti ons dri\'en by rel a ti\ 'C ly sma ll geo metry 
cha nges. From ano th er persp ec ti\ 'C, th e dirrusi\ 'e effec t or 
iec now smoo th es out spa ti a l irrcg ul a riti es. These noti ons 
indica te th a t spa ti a l \'a ri a ti ons in mass bala ncc \\'o uld ha\'C 

onl y a minor effect on the stcad y-sta te elc\'a ti o n profil e of 

th e surface or a glac ier. The principa l purpose of thi s paper 
is to test sys tematically a nd qua ntita ti\Tly how scnsitive (or 
insensitive ) steady-sta te profil c shapes a rc to th c deta il s or 
th e spa ti a l pa LLc rn of mass ba la nce. 

The q ues ti o n is sig nificant fa r scvc ra l reasons. It is com
mon to report measurements of the mass ba la nce' of Cl glacier 

in terms of onc \ 'ariable (the mean O\ 'er th c g lac ier a rea or 
thc to ta l on th a t a rca ). Observat ions indica tc th a t ),ea r-to
yea r changes in mass balance ca n be unifo rm over the a rea 
of some glac ic rs. On th e o ther ha nd, th ere a rc cxamples 
\I'here inter-a nnua l cha nges in mass ba la nce do dcpend on 

pos ition. Energy-ba lance modeling of mass ba lance predic ts 

th a t the gradient of m ass ba la nce with a ltitudc could be 
expcc tcd to cha nge substa ntially with a cha nge in clim ate 
regime (O erlem a ns a nd Hoogc ndoorn, 1989). Therefo re, 
the ques tion a ri ses as to whcth er the mean ba la nce is sufIi
cient to de termine what will happen to a g lac ier in response 
to climate cha nge. T hc effect on glac ie r vo lume is ofp a rticu

lar inte rest because th a t wo uld a ffec t the res ponse time to 

c li mate cha nge (j6ha nnesson a nd o th ers, 1989) a nd is of 

hydrologica l inte res t beca use it represents water storage. A 

rel a ted questi on is what ca n be inferred about the mass
ba la nce pa tt ern of a glac ier from il S geo metry;> 

\Ve \\TIT a lso moti\'a ted by th e des ire to test t ime-dcpen
dent models to sce whcth er they approached th c co rrect 
asymptoti c stead y state. To m a ke sLlch a te's t we had to have 
a n inde pendent es tim ate o f th e fin a l steady sta te. 

In order to qu antiry th e efrects from spa ti a l \'a ri a ti ons in 
mass ba la nce, wc examined the stead y-sta te geometry pre
d iC'l ed by a si mplc glac icr-n o\\' model 10 1' a seC[ uence of pro
g ress i\Tly more complex mass-ba la nce pa tterns. 

MODEL DESCRIPTION 

The now is ass Llm ed to be two-d imensio na l (2-D ) in a verti
ca l pl a ne w ith X hori zonta l in th e direc ti on of nO\\" The 
geometr y o f the glac ie r is then desc ribed by the ele\'a ti ons 
of th e upper surface Zs(X) a nd th e bed eb 'a lion Zb(X) . 
The thickness is H (X ) = Z,(X) - Zb(X) . It is ass llIll ed 
tha t thc bed Z,,(X) a nd th e mass ba la nce B(X) are gi\'C11 
as runcti ons 0 (' X a nd fi xed independe nt of time. Then 
H (X ) is to be ca lcul a ted from th e Il o\\' d yna mics a nd 
boundar y conditi ons, \I,hich \I,ill a lso determine ZJX'). 
Because B is spec ifi ed to depend onl y on X a nd not on H, 
there is no ICed back between m ass ba la nce a nd thi ckn ess 
cha nges. Furthermorc. the 2-D as pec t 0[' th e m odel mcans 
tha t onl y crfects from along-Il ow (long itudina l) \ 'a ri a ti ons 
in B a re considercd, a nd nothing is Ira rn ed about efrects 
from ac ross-flO\l' \'a ri a ti ons in B . 

"10 se t the bounda ri es of the m odel g lac ier, it is assumcd 

th a t th e now sta rt s aga inst a \T rti ca l cl iff or a fi xed-flow 
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di"ide a t X = 0. The ba lance flu x pcr unit width Q is then 

defined as 

Q(X) = t ' B(X)dX 
./0 

(1) 

Q(X) increases throug h the acc umul ati on area, where 
B > 0, a nd decreases th rough the abl a ti on a rea, where 
B < 0. The' max imum in Q occurs a t X" , which is the 
locati on of the equilibrium line. T he locati on of the termi
nus XI is determined by Q(X 1 ) = 0 with XI > O. 

Stead y sta te requires tha t the flu x from ice m otion is 
equa l to the ba la nce flu x a t a ll locati ons X. Int roducti on of 

a dependencc o[ice flu x on thickness and slope leads to 

Q(X) = -I\'l dH dZbl"- l (dH dZ/,) 11 + 2 
dX + dX dX + dX H . (2) 

This form for the ice flu x foll ows from \"Crt ica lly integ ratcd 

ice deform ati on neglecting surface-pa ra ll el st ress g rad ients 
a nd basal sliding. It is a commonly lIs l'd \'ar iablc in the 
modeling o f glaciers a nd ice shee ts (Pate rson, 1994). In 
Equati on (2), n is the power in the ass umed ice-fl ow la\V 
(G len's Law ) a nd J( is a vari able depending on g ra\' ita

ti ona l-force density, fl ow-l aw pa ra meters, enha ncement 

[actor [rom fabric, a nd verticall y awraged temperature 

with a weighting that acco unts for \'ari a ti on of stress \\'ith 
depth . These calcula ti ons ass ume t ha t ice densit y, fabric 
a nd temperatu re arc independen t of X , a nd I( is consta nt. 

Equati ons (I ) a nd (2) define a first-order diflcrenti a l 
equa ti on that determines H (X ) given B(X) a nd ZI,(X). 
This stead y-sta te model is simila r to the Vi a lov model fo r 
a n ice sheet (Paterson, 1994·), but a ll ows non-uniform Band 
Z\,. 

To facilita te development of numerica l so lutions, \Vc in
troduce dimensionless \'ari ables {.r . Zb, zs, h, b, q} defin ed 

as {X /[L], Zb/[H], Z,/[H ], H /[H ], B/[B], Q/([B][L])}. WC 
take [L] to be approxim ately the g lacier leng th, [H] to be 
approximately the elevati on difference between the surface 
a t the head a nd the terminus, a nd [B] to be approx imately 
the mean acc umul ati on rate in the acc umu lati on a rea. In
troductio n of these sca lings into Eq ua ti on (2) gives 

(
d h + elZb) h (II +2)/1I = _ (9..) 1/" 
eLl' dJ' k 

(3) 

where k = K [Hf"+2 /([L]"+J [B]). l :Q mitiga te the sing ula r
it y in Equa ti on (3) a t .fl \Vhere h = 0, we int roduce the sub
stitut ion 

( 
~n _ 

(

? +? ) ,, / (211+2) 
h x) = --f(x) 

n 
(4) 

which reduces Equation (3) to 

elf (2n + 2 ) (,,+ 2)/( 2,, + 2) dZb _ (q) 1/ 11 -+ --f ----
clx n dx k 

(5) 

Equa ti on (5) was soh 'ed fo r n = 3 subj ect to the bounda ry 
condition that f(xt) = 0, which is equivalent to h(.cl) = O. 
Commercia l solution packages with adaptive gridding were 
used to produce numeri cal solutions. Acc uracy was tested 

by comparison to kn own ana lytica l soluti ons [or spatia ll y 
uniform or stepped-bala nce distributions (Pa terson, 1994) 
a nd by checking the sensitivity of the results to error to ler
ances in the solut ion packages. 
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SPATIAL RESPONSE 

\ Ve arc concern ed with the cha nge in thi ckness h caused by a 
change in ba la nce b. Therefore, we se t up a reference sta te 
(z\" b, li ) for a g i\'l' n Zb described by b (equi va lently ij as 
defin ed by Equation (1)) a nd ri. It is understood that the spa
ti a l pa ttern of thi s refcrence sta te co ul d , in pr inciple, be 
complex. H owC\'e r, we will consider only the reference 
sta tes desc ribed in Figures I a nd 2. These a rc denoted by 
a: l, a:2, \):1 , .. . , d:2, where thc number refers to the bala nce 
pattern (Fig. I) a nd the letter to the bed geometry (Fig. 2). 
\ Ve then examine the stead y-sta te devia tions in h from a 

g i\"en reference sta te [orcee! by ? cha nge in b. The 
deviati ons a re represented as b a nd h. We exam ine elifTerent 
b(x) with varying degrees of spatial complcxit y a nd deter
mine wha t cha racteristics of l~(.c) they cause. The ac tu a l ca l
cul a ti ons a re done by solving Equa ti ons (+) a nd (5) 
numerica ll y with b a nd h, so it is not necessa ry for the de\'ia

ti ons b a nd I~ to be sma ll compa red to the reference "a lues 6 
a nd I~. 

2 
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0.4 

, - , 
X 

, 
\2 '-" 0.3 C'" , 
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x 
Fig. 1. Example distributions qf rderence balance b( x) 
( LabeLed 1 alld 2). 

\ Ve choose [L ] = X t as defin ed by the reference ba la nce 
b, so that the d imensionless reference leng th is I. 

Legendre polynomia ls Plr.;} are u~ed to represent the 

spati al cha racteri sti cs o[ both b a nd h over the reference 
leng th [0. 1]. The Pj(x) a re norma ll y defined on [- 1.1] as 

(j + l )Pj+ 1 (x) = (2j + l ).7.: Pj (.r) - jPj _ 1 (.1') (6) 

with Po = 1 a nd PI =.c. Fo r o ur purpose, the Plr) are 
shi[ted a nd compressed to [0. 1] by definin g 

(7) 

Fig ure 3 shows that increas ing orders 0 [" Pj(x) represent 
increas ingly fin e spati a l structure. The 71j(;r) 10rm a com
plete orthogonal se t on [0,1] with the p roperty 

t p;(..r)pj(x)dx = 0, i i= j. 
Jo (8) 

Figure 3 illustra tes sevcra l other impo rta nt propert ies orthe 
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Fig. 2. JJodel reslIll.l Jor referma jll1ji:ICf jmifiles z,(.r) 
resllllillgJroll/ several ('oll/billaliolls ofreference bed geolllfll)' 
zllr) (Iaheled a. b,c alld d) alld b(.I') (I alld 2 ill Fig. I). The 
different HII/ace.1 Z, (.1' )/or a gil,etI bed ,::,,(.r) associated lcit/z 
the balance dislributiolls I ([lid 2 are /lot distinguishable at the 

jJlolling smle. 

plc): po(;r) = 1: the an' rage O\ 'er [0. 1] denoted by < fJ j >(\ 
isO forj > O:pJ( l ) = 1 fo rj 2: O. 

For a g iven rekrence state (z", 6, it). \IT co nsider distribu

tions of b(.r) that are rcpresented by (3piCl') OIle ordcr a t a 

1.0 Ir-------------",. 

0.5 

0.0 

-0.5 

-1.0 

0.2 0.4 0.6 0.8 1. 

X/L 

Fig. 3. Spalial jlallem of Ihe omled Legendle pO(J'lIolllials 
plr) dejilled ~v Equations (6) and (7) Jorordel 0 10 3. 
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time for j = O. 1. 2 ... . ; pll') represe nts the spatial pa ttern 
a nd (j gin', the a mplitude. Since p./( l ) = 1. there is a 
decrease in the a bl a tion ra te a t th e terminus (.1' = 1). when 

J> 0, a nd t3 < 0 g i\TS thc o pposite cOCC I. Furthermorc. 

since < PI >/, = 0 fo r j > O. b(J') deri\cd ('ro m pJ(.r) with 

j> 0 do no t cha ngc th e mean ba la nce (0 o\cr the refere nce 
length, a nd therefo re d o no t ca use a change in leng th. ~ro re 

directly in te rms nf' bal a nce: + PIl(.l' ) is a spati a lly unifo rm 
shirt ca using an increase in the mean ba la nce on th e 

re/ t'l'c nce Ic ng th; +Pj (.r) d cc reases the ba la nce g radi ent; 

+p](.r) decreascs the dO\I'Il-glacier increase in ba la nce gra

dient. which \\T refc r to here as ba la nce CLIl'l' <1 ture. 
Fig ure -I- shows e:-.a lllplcs o f' ,; calc ulated 101' 6 equa l to 

O.2po(.r), 0.2pl (.t) and 0.2p2l,r) appli ed to the referencc 
statc a :1 (Figs I a nd 21. .:\o ticl' th a t a ll three o f' the cha nges 
in m ass ba la nce co rrespo ndLO a red ucti o!, of'a bl a ti on a t th e 

tCl'm inus by 10 '10 . Thc dc\'iati ons h a rc la rges t Illr 

6 = 0.27>0 (.1'), wh ich has a no n-zero m ean (0.2). This bal a nce 

de\'ia tion ca uses a n increase in leng th of' 10% a nd an 
inCl'ease in \ 'o lume of' 18%. E\'(' n tho ug h the ba la nce dn'ia

lions 0.2pI('/' ) a nd 0.2p~( .r) halT zero Ill ea ns a nd do not 
a lt er th e leng th , they both cause a reducti o n in g lac ier 

\ ·olume. The ba lance cle\' ia tions 0.2pO(.1·) a nd 0.2pl (:c) 
resu lt in a reduction in surface slope. a nd a ll ca use a 

decrease in tl1(' upwa rd COJl\T:-. it y of the surface profile O\Tr 
lllost of' the g lac ier length. 

1.0 
+ 

1.0 

IJ:: 

0 

·2 

0.4 0 

<~r~0 -o.Q1 
0 

--- Distance ---

FI~I!,. -1. Thidillf.1:l dellialiolls ,; jJl'oduced I~J ' balall((, dellialiolls 

I~for Ille rejcrell(fJlale a,' 1 ( Figs 1 ([lid 2) (liIJelll'l 'arialioll qf 
[) andj7at bed z" = 0 ). I II the IIjlper palle/.1. solid lines rep 
resent re/ermre balallce [) alld dashed ClI/'l'eJ represCllt dis
lurbed balallte 6 + 6. 

Wc descr ibe th e ' ;(.r) th a t res ults !i-Olll C(.f) = !,JpJ( .r) as 

-x. 

li(j. d: .1') = L (,(.i) (t3)Pi (.r) (9) 
, ~O 

The quant it y c!.il (,cl) represents th c topog raphic response to 

a Pi d e\'iation in h o f size ,cl projec ted onto Pi, a nd is g il'Cn by 

(,U )(J) = j .1 ';(j.;3: .r )pi(.r)d.l'/ rl p/(.l')d.r 
.0 Jo 

(1 D) 

By reference to Fig ure 3 and Equat ion (10), c!.i) I(J r i = O. l. 2 

can be interpre ted in terms of'geo n1('trica l cha nges induced 
b\' I; = Jpi(.r) as ro IlO\\'s: (/j') g in's the increase in \·olulll c. 
dJ

) is a measure o f' th e decrease in slope and d'J) is re la ted 

to the decrease in upward cO lwex ity of th e surface. 

Fig ure 5 shows how C;.I) depend on j3 fo r th e reference 

state a:1 (Figs I and 21. For d > 0, Fig ure 5 sho\\'s th e fCa

tu res co nce rn i ng cha nge in \ 'olume, slo pe a nd cOll\c:-.i t y 
ea rli e r illustrated in Fig ure -I- ftl r {3 = 0.2. The opposite 
efT(.'cts a rc predicted fo r jJ < 0 when 11:11 is sm a ll. Fo r 

I,BI ::; 0.1. C).II((3) arc appro:-. illl ately lincar in {3. For large r 
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Fig. 5. Toj)ograj)/tic resj)onse coifJiciellls difilled ill Equatiolls 
(9) alld (la) calculated Jo r balance deviations b(x) = 
(Jp) (x) corresponding 10 changes in balance mean ( j = 0, 
tOj) panel ), gradient (j = 1, cent er j)anel) and curvature 
(j = 2, bo fl om pallel). Solid curves show /'opograplz ic res
j)onse cod/ieienls ( Equation (la)) jor volume increase 
(0 (J) i = 0), slojx decrease (I (j) ('i = 1) and convexi£y 
decrease (2 (J) (i = 2). T he results shown areJor riference 
slate a: 1 ( Figs 1 and 2) (linear variation rif f) andjlat bed 

z - b = O). 

{J, the linearit y can break down, as is apparent in Figure 5. 
Of course, thi s is expected, because Equ ation (3) is non-l in
ea r. (!n thi s regard, it is important to recognize tha t in gen
era l 17, can not be represented as the superposition of the 

elTeets from individua l pj(x) components of an a rbitra ry 
mass-balance cha nge. Such a superposition would be , ·a lid 
onl y in the case that (3; are small enough to remain in the 
linea r range fo r all j.) 

The sensitivity 0 (" vo lume, slope and convex ity to differ
ent spati a l pallerns of b can be represented for small {J 
through sensitivity pa rameters defined as 

(ll ) 

where 

(i = t ii(x)p;(x)dx / t p;2(x)dx (12) io ia 
represents the proj ec tion of il(x) on Pi (x) . These pa rameters 
a re the slopes of the curves in Figure 5 at f3 = 0, scaled to 
give the fracti onal cha nge in geometry cha racteri stics of 
the surface profile (e.g. volume i = 0 , slope i = 1 0 1' convex
ity i = 2) caused by a unit frac ti onal cha nge in terminus 
ba la nce for the different spati a l patterns o f" ba lance cha nge 
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(e.g. mea n j = 0, g radient j = 1 or curvature j = 2). For 
example, SO (I ) gives th e fractiona l cha nges in volume causcd 

by unit frac tional change in ba lance at the terminus asso
ciated with a change in ba lance gradient. The res ults for 
reference state a: l (Figs I and 2) a re shown in Figure 6. 

The same proce ·s was fo ll owed for the .other reference 
states by imposing a simil a r selec tion of b on them. T he 
corresponding sensitivit y di ag rams a re a lso shown in 
Figure G. All of these examples show the same sys tematics 
with rega rd to elTects on volume, slope and com ·ex ity of th e 
thickness profil e. The appare ntl y reversed slope elTects fo r 
the conca, -c bed (geometr y c) ar ises because the rekrence 
state is thi ckest in the lowest pa rt of the profile and the thick
ness g radient is opposite to the other examples, which a re 

thickest in their upper reaches (Fig. 2). 

DISCUSSION 

The main res ult shown in Figure 6 is that the e/Tcc ts on 

volume, slope a nd convex ity a re one order of magnitude 
la rger for a spati a ll y uniform , ·ari ati on in b compared ( 0 a 
change in b that has non-zero mea n with the same change at 
the terminus. A unifo rm change in bcauses ch anges in thick
ness tha t a re concentrated in the lower part of the glac ier 
profil e, which res ults in la rge changes in slope a nd com-cx
ity of the surface (Fig. 4). Changes in b with ze ro mea n cause 
changes in thickness that a re largest: in the mid- to upper
pa rts of the glacier profi le (Fig. +). The effect on volume has 
the oppos ite sense when comparing zero and non-zero mean 
changes that have the sa me change in b a t the terminus. 

The detail s of shape sensiti,·iti es do not depend signifi
cantl y on the reference mass-balance pattern (compa re 
co lumns I and 2 in Fi g. 6), but there is considerabl e depen
dence on the bed geometry (compare rows a , b, c and d in 
Fig. 6). A n important example is tha t the frac tiona l change 
in volume per unit change in mean ba lance in uni ts of term i
nus abla tion rate va ri es from about 1 to 2 ( 80 (0) in Fig. 6). 

The la rge r numbers arc associated with low bed slope 
(geometry a ) especia lly nea r the terminus (geometry c). 

It has long been recognized that the change in steady
sta te leng th of a glac ier is rela ted to the change in mean mass 
balance by continuity without rega rd to now dy namics 
(Nye, 1960). The time-scale to complete the change in leng th 
is controll ed pr ima rily by the volume change required to 
reach the new steady state U6hannesson and others, 1989). 
This time-scale desc ribes how long a glac ier "remembers" 
prior climate. Evide ntl y, it is very insensitive to th e spati a l 
pattern of" mass ba la nce tha t causes the changes. 

It is of interest to ask whether information about the spa
ti al pattern of the mass-bala nce cha nge might be round in 
the changes in g lac ier geometry up-glac ier from the termi
nus. The results of these ca lculations indicate that while the 
g lacier shape is a ffec ted by the spati a l pa ttern or mass 
balance, the e!lects a re ve ry small and a re likcly to be 
obscured by factors in nature that a rc not accessibl e to pre

cise ana lysis (for example, deta il s of the bed geometry, the 
physica l controls of /Tow or transient response to clim ate 
change). In thi s regard, it is important to recognize that 
the conclusions of these calcula ti ons can not bc ex tended to 
short-l eng th scales, \\·here longitudina l coupling (K a mb 
and Echelmeyer, 1986) suppresses diffusion e/Tccts that 
smooth the profile (La ngdon and R aymond, 1978). It is also 
important to keep in mind that these caleula ti ons specify 
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FI~r;. 6 ShajJe sellsilil'iO' jJaralllelers syl defined ill Equalions (10), (11) alld (12). (;0/11111115 show resu//sjor dijJerell l reference 
ba/al/Cf ( FI~r;. I). 1<.011. 'S SIlOlt' reslI//s.for dijJerml re/i'rl'llce bed ( Fig. 2). . Yale Ihat sensi/il' i~)' 10 shifls ill Ih e l!!fall ba/al/ ce .1'11011 '11 as 
S; (0 ) are dil'ided~)' 10 .for dis/J/a)' ill Ih is.figll re. 

bala ncc as a fun cti on of pos ition, a nd th e fccdbac k bc t\\"Cc n 
m ass ba la ncc a nd geometry can be different tha n when 
bala nce is specified as a fun cti on of a ltit ude a nd the slope 
or the bed is low. 

The most import a nt potenti a l changc in b with a zero 

mca n is a cha ngc in bala nce gradient, which wo uld have 

simil a rit y to a de\'ia ti on of th e fo rm .8pl (.1-). For example, 
in many cases a likely elTec t of climate wa rming is a n 
increase in bala nce gradi ent (O erlem a ns a nd H oogen
doom , 19(9), which co rrcspo nds to {3 < 0 and predi cts a 
consequent increase in \'o lume. The \'o lume increase is ne
cessa n ' to a llow a la rger nux q in the central pa rt of th e 
profi le. The volume sensit iyit y to a change in bala nce g radi
ent is a bout 0.1 - 0.2 ( 8() ( 1) in Fig. 6), which is much sm a ll er 
th a n th e \'olume sensiti\'it y to cha nge in mean mass ba lance 
or a bo ut I 2 ( S() (O) in Fi g. 6). 

In rea lit y a cha nge in ba la nce g radi ent may be la rger in 

the abl a ti on a rea tha n the acc umul ati on a rea (O erlem ans 

a nd H oogendoorn , 1989). This wo uld have a n added effect 
of increas ing th e c un'ature of th e spa ti a l patte rn of mass 
ba la nce desc ribed like /3P2('1') with jj < O. The consequence 
would still be to increasc th e \ 'olume slig htl y, but a t a sensi
ti vity th a t is ye t sma ll er ( 80 (2) in Fig. 6). 

CONCLUSIONS 

The principal conclusion IS th a t most of th e informa tion 

rc!n'ant to the geometry of a glac ic r is conta ined in the 
mea n m ass ba la nce. Deta il s or th e spa ti a l pa ttern of lll ass 
balance a lTec t th e geometry, but th e cm'c ts a re morc tha n 
one order 0 (' magnitude sma ll er th a n those drin'n by th e 
mea n. 
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