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Tidewater calving 
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ABSTRACT. Da ta fro m Columbi a Glac ier a re used to id entify processes tha t 
control caking from a tem pera te tidewa ter g lac ier a nd to rc-eva lu ate modcls tha t ha \'e 
been proposed to desc ribe iceberg caking. S ince 198 1, Columbi a Glac ier has been 
retrea ting ra pidl y, with a n a lmos t seven-fo ld increase in calv ing ra te from th e mid-
1970s to 1993 . At the sam e time, th e speed of th e glac ier increased a lmost as mu c h, so 
th a t the ac tua l ra te of retrea t in creased m o re slowl\' . According to the comm o nl y 
acce pted m odcl , the ca lving ra te is Lin ea rl y rel a ted to the wa te r d epth a t the te rminus, 
\I'i th retrea t of th e glac ier sno u tin to dee per w a ter, leadi ng to I a rge r cah 'ing ra tes a nd 
acce lera ted r e trea t. The Columbia G lac ie r d a ta show tha t th e caking ra te is no t 
simply linked to observed qu a ntiti es such as wa ter de pth or s tre tching ra te nea r th e 
terminus. During the retreat, th e thi ckn ess a t the terminus a ppears to be lin ea rl y 
correla ted with the wa ter d epth ; a t the terminus, the thi ckn ess in excess of fl o ta ti o n 
remained a t a bo ut 50 m. This suggests th a t re trea t may be initi a ted \I'hen th e te rmina l 
thi ckn ess beco mes too sma ll , vvith the ra te of re treat contro ll ed b y th e ra te a t whi c h th e 
snout is thinning and by th e basa l slope. Th e implication is th a t the ra pid re trea t of 
Columbi a Glac ier (and o th er compara ble tidevva ter glac iers) is not th e res ult o f a n 
increase in ca lving as th e g lac ier re trea ted into d eeper wa ter. r ns tead , the re trea t was 
initi a ted a nd mainta ined by thinning of th e g lac ier. For Columbi a G lac ie r , th e 
continued thinning is proba bl y assoc ia ted with th e increase in glac ier speed a nd 
ret rea t m ay be ex pected to co ntinue as long as th ese la rge speed s a rc main ta in ed. It is 
not clea r wh a t mechanism m ay be respo nsible for the speed-up but the mos t likely 
candid a te is a cha nge in basa l conditi ons o r subg lacia l dra in age. Conseq uentl y, th e 
beha\' ior o f tidewa ter glac ie rs m ay be contro ll ed by processes ac tin g a t th e g lacie r bed 
ra ther th a n b y wha t ha ppens a t th e glac ier te rminus. 

INTRODUCTION 

Ca king fro m g lac ier ternl 111 I IS a n important, yet poorl y 
und erstood m echa nism for ice loss, permitting much la rger 
volu mes of ice lO be los t fro m a glacier th a n wo uld be 
poss ible thro ug h melting. I t has been sugges ted (H odge , 
1979; ~d e i e r , 1979) th a t caki ng glac iers a rc inherentl y 
unsta ble, with no sta ble res po nse 10 a long-term mass­
ba la nce d efi cit (Clarke, 1987 ). During the las t deglacia­
ti on, la rge qu a ntiti es of ice bergs were produ ced by th e 
La uren ti de ice shee t on a t leas t six occasions (H einrich, 
1988; Broecke r, 1994) a nd increased ca lving m ay havc 
been cru cia l to the ra pid di sintegra ti on o f the grea t 
Ple istocene ice shee ts (e.g . Tho mas, J 977; Po ll a rd , 1984; 
\\'a n"en a nd Hul ton, 1990 ). Indeed , once initi a ted , the ra te 
of retrea t of th e caking fro nt can be impress iveo For 
example, d uring the second ha lf of 199 1, th e terminus of 
Columbi a Gl ac ier, Alas ka, U.S .A. , retrea ted a t a ra te of' 
a lm os t 4 km a I (Krimm el, 1992; see a lso Fi g. I ), 
disc ha rging vas t qu anlities of icebergs in to Prince \\,illi am 
Sound , a nd pos ing se ri ous haza rds to the m aj o r shipping 
routes used by supert a nkers tra nsporting o il from th e 
termina l of the Tra ns-Alas ka n pi peline a t Va ldez (Di ckson , 
1978). Obta ining a better und erstandin g of the caking 
process is c rucia l when addressing the possibility o f pas t or 
future ra pid cha nges in th ose pa n s of th e cryosph ere th a t 
a re po tenti a ll y prone to cha nges in cl ima te. 

Tidewater g lac ie rs n Oli to wa rds the sea, termin a tin g 
in a ll ice cliff fro m w hi ch ice bergs a rc di sc harged . This 
p rocess may be te rm ed tidewaLer calving to m a ke a 
di stinc ti on with caking from fl oa tin g te rmini . In m os t 
cases , th e lower reac hes of' tid ewa te r g laciers arc co n fi ned 
la ter a ll y as th e ice passes thro ug h a relat i\oely 11<:UTO \lO 

fj o rd on its \I'ay to th e open sea. At th e mouths o f th ese 
fj o rd s, or in places where the fj o rd wide ns 010 joins a no ther 
la rge r fj ord , cnd mo ra ines a re oft e n fo und , sugges ting th e 
m os t advanced pos ition of the glac ier te rminus. In po la r 
regions, the te rminus may be fl oa ting, as is the case fo r th e 
lo wer 10 km o f' J a kobsha \'ns I sb ne, Wes t G ree nl a nd 
(Echelmeye r a nd o th ers, 199 1) . I t coul d be argued th at 
such g laciers a rc essenti a ll y ice she lves th a t have fo rm ed 
in na rrOIl' emb ay m ents a nd , as such , may di splay 
diffe rent beha vi o r fr om glac ie rs wh osc terminu s is 
g ro unded . R ee h ( 1994) sugges ted tha t, for fl oat ing 
te rmini , a searc h fo r a genera l caking rela ti on m ay be 
illuso ry, beca use o the r facto rs tha t m ay influence the ra te 
o f caking, such as di scha rge of ice ac ross th e grounding 
lin e a nd geo m e try o f th e fjo rd , are spec ifi c fo r each 
indi\'idual glacie r. F o r tempera te tid ewa ter glac iers, such 
as th ose found in Al aska , th e terminus is usua ll y g ro u nd ed 
up to the cah 'in g f,"o n t, a lthoug h p a rts of the te rmina l 
region may incid e nta ll y become a fl oa t. In this st ud y , o nl y 
tidewa ter glacie rs wh ose terminus is (mos tl y) gro und ed 
a re consicl ered . 
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The calving rate (unit: m a ' ) is defin ed as th e volume 
o f icebergs discharged per unit time and per unit vertical 
a rea of th e terminus (Pa terson , 1994, p. 376 ) . Equiv­
alently , the calving ra te represents th e speed a t whi ch the 
terminus retrea ts due to iceberg producti on. This re treat 
is countered by the forw a rd m o\'emem of th e snout 
caused by ice flow. Thc net rat e of change in terminus 
position is thus equal to the ice velocity a t th e te rminus 
minus the calving ra te. 

A number of th eoreti ca l studies has been cond uc ted to 
deri\ 'C expressio ns for the ra te of ca lving. The m ajority of 
these a pply to floatin g glaciers and ice sheh'es (e .g . R eeh, 
1968; Holdswo rrh , 1978). A mod el for ca h'ing from the 
terminus ofa grounded glacier was d eveloped by Hughes 
(1 989, 1992) a nd Hughes and N a kagawa ( 1989) . Hugh es 
a rgued that be nding shea r is th e m echanism that controls 
calving from grounded ice walls. At the front of the 
g lacier, the sea-wa ter pressure is insufficient to balance 
the weight-induced lithosta ti c stress and a long itudinal 
tensil e stress develops. This stress increases from the 
bottom to th e top of the ice fron t so tha tit acts 
eccentri call y, resulting in bending of the glacier termi­
nus. By consid ering forces a nd couples acting on the snout 
of th e glacier, H ughes ( 1992 ) d eri\'ed the foll owing 
expression for the calving ra te 

u. _ 3pgH';e ( _ p",(H - D)) 
(' - 1 

rtC2 pH 
(1) 

where rt is the viscoplastic viscosity of creep, p and p", are 
the density of ice and sea \\'a ter, r espec ti\'e ly, H is the ice 
thickn ess a t th e terminus a nd D d enotes the water depth 
a t the terminus. Bending creep in shea r bands up to a 
di sta nce C from the terminus causes the termin a l slab to 
ineline at an a ngle e ri 'om th e vertical. The calving ratio, 
C / H , is essentiall y unknown a nd the theory proposed by 
Hughes (1992) does not give a n expression from which 
the caking ratio can be estimated. While Hugh es ( 1992) 
explored severa l parameteri za tions for the calving rat io 
that a re consistent with data from 12 Alaskan glaciers 
g i\'en in Brown a nd others ( 1982), the res ults are 
a mbig uous a nd inconclu ive due to the uncerta inty in 
the original d a ta . Additiona lly, th e bending-shea r mech­
a nism req uires a su bstantial ice h e ight above th e fl o ta ti on 
thickn ess. During its retrea t, th e terminal thic kness of 
Columbi a Glacier approac hed the flota tion thi ckness. 
This means th a t Hughes' model cannot be a ppli ed to the 
re trea t phase of Columbi a Glacier or other tid ewater 
glaciers whose terminus a pproaches flota tion (p ersona l 
communication from T.J. Hughes, 1996) . 

A different a pproach to the problem of iceberg calving 
is to use observations to determine empiri call y how th e 
rate of calving depends on measured variables, such as 
water depth or height of the terminal freeboard. Brown 
and others ( 1982) conducted a sta ti stical a na lysis of da ta 
from 12 Alaska n tidewa ter g laciers and conclud ed th at 
the a nnual width-averaged calving rate, Uc (in km a I), is 
correla ted with the wa ter d epth, D (in m), as 

Uc = 0.027D. (2) 

Pelto and W a rren ( 1991 ), ,;vho considered th e Al as kan 
data se t with additional data from glaciers in Greenland 
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a nd Svalbard, deri\'ed a somewha t different , but a lso 
lin ear , relationship: 

Uc = 0.07 + O.008D . (3) 

Th ese relations sugges t tha t the a n n ua l-mean ra te of 
ca lv ing in creases lin ea rl y with w a ter d epth a t the 
terminus. An almost equally good fit between caking 
ra te a nd thickness a t th e terminus ex ists for the Alas ka n 
g lacier d a ta (Brown and others, 1982, ta bl e 7). Thus, it is 
no t clear whether ice thi ckn ess or vva te r d epth should be 
considered as an independent variable in th e ca lving la w , 
a ltho ug h in most studi es th e wa ter-d epth dependen cy is 
adopted , because o f th e margina ll y better fit. 

It m ay be no ted th a t, despite th e linea r relation 
ob ta ined , Pelto a nd W a rren (199 1) a rg ued that this 
relation ca nnot be a ca usal one. The water-depth rel a tion 
m ay be necessa ry but canno t by itself expla in observed 
ca king rates . If th e water depth at the te rminus increases, 
th e ra te of iceberg producti on may increase, but a n 
inc rease in cah 'ing r a te need not a lways be associa ted 
with an increase in water depth. On the o ther ha nd , while 
recognizing tha t th e physical processes th at determi ne 
ca lving a re not ye t q uan tifi ed , Mei er ( 1994) conc! uded 
th a t th e linea r calving relati on should be consid ered 
se riously for modeling a nd predi ction. 

Seasonal cha nges in calving ra te ha \' e been studi ed by 
Sikonia ( 1982), who considered calving ra tes and ice 
speed s m easured on th e center line of Columbia Gl acier 
for th e period 24 July 1977- 2 Septembe r 1980, as d e ter­
mined from repeat aerial photogramme try. There is no 
m eaningful correlation between the seasona l calving rate 
a nd water depth bu t Sikonia a nd Post ( 1980) a rgued th a t 
th ere is a correla tio n between ca lving ra te a nd disc ha rge 
or wate r at th e bed. Because the ac tu a l subg lacial 
dra inage is imposs ible to measure, Sikonia (1982 ) instead 
used as proxy th e discharge of nea rb y Knik Ri\·e r. A 
calving relation th a t fits these da ta is 

(4) 

where J{ reprcsen ts th e Knik River discha rge (in m 3 s ' ) 
a nd H b is th e heig ht a bove buoyancy, d efin ed as 

H b = H - Pw D. 
P 

(5) 

\"'hil e a ll of these calving relations a re based on a bes t 
fit to available da ta, they appear to be contradi ctory. The 
a nnual , width-averaged, cah' ing ra te is determined 
prim a ril y by water depth and appears to be onl y weakly 
correlated with the h eight a bove buoyancy (Pelto a nd 
vVa rren , 1991 , fi g . 2) . The seasona l center-line calving 
ra te, on the other hand, shows a good correla ti on with the 
height a bo\'C buoyancy a nd almost no correla tion with 
th e water depth. Sikoni a ( 1982) offered three possibl e 
expla nations, namely (i) one or other of the cah 'ing 
relations is wrong, (ii ) some unidentifi ed process a\'erages 
the seasonal rela tion (Equa ti on (4)) into the annual 
rela tion (Equation (2) o r (3)) for tim e periods of I year or 
longe r, or (iii ) th e linear rela tions a nd the seasona l one 
d escribe t\\O different calving processes that , as ye t, ha ve 
n o t been separated . P elto a nd \'Varren ( 1991 ) have 
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sugges ted a fourth possibility, namely tha t the linear 
rela ti on between cah-ing ra te and \I'a ter d epth is a 
spurious res ult due to limited d a ta . 

A few comme nts conce rnin g th e linea r calving rel a tion 
a ppea r to b e appropria te . Th ere a re few , if an y, 
th eoreti ca l a rg um ents as to wh y th e cail'ing ra te should 
depend linearly on the wa te r depth near th e terminus, 
a lth ough w a te r d epth fea tures promin entl y in th e 
theoreti ca l mod el of Hughes ( 1992). :"1ore importa ntl y, 
eight of th e 12 g laciers consid ered by Brown a nd oth ers 
( 1982 ) a re eith e r in stead y sta te or retreating o nl y slowl y. 
Omitting th e four ra pidly re trea ting glaciers from the 
sta ti sti cal a nal ysis improves th e correla ti on coe ffi c ient of 
th e linea r fit , r 2, from 0.91 fo r th e entire da ta se t to 0.98 
fo r the reduced se t. This indi ca tes th a t the lin ea r ca il'ing 
rela ti on is prim a ril y due to th e eight glac ie rs whose 
termini a re close to stead y sta te. U nder suc h stead y 
conditions, m a n y co rrela ti o ns m ay exi st th a t do not 
describe the gove rning processes . In ord er to va lid a te a ny 
cah-ing relatio n , it should be tes ted un a mbig uously 
against th eo ry a nd observa ti o ns, in parti c ul a r those 
m ade on tid ewa ter glaciers during the phase o f ra pid 
retrea t. H owever , a comprehensi\'e cah-ing th eo ry has, as 
ye t, not been d e\ 'eloped and th e only th eory ava il a ble for 
ca lving from g ro unded glac ie rs contains a number of 
essenti a ll y unkn ow n parame ters a nd may no t a pply to 
compa ra ti ve ly thin tidewa ter g laciers. This m eans th a t 
the linea r calving la \\' canno t ye t be verifi ed o r disprO\'en 
by theo ry. Neve rtheless, the lin ear rela ti on (Eq ua ti on (2) 
or (3)) can be adopted as a \\'O!"king hypo th es is a nd 
e\'alua ted aga ins t ava il a bl e d a ta, in pa rti c ul a r d a ta 
collec ted on C o lumbia Glac ier prior to a nd during its 
ra pid retreat. 

Co lumbi a Gl ac ier is o n e of a bo ut 45 g laciers 
surrounding Prince \\,illi a m Sound on th e south coas t of 
Alaska . In 19 78, the glacit' r cO\ 'ered about 1100 km 2 a nd 
\\'as about 66.6 km long. Th e position of the terminus had 
been sta ble fro m a t leas t th e la te 1700s until th e earl y 
1980s. Beca use o f the immin ent possibility of re trea t, the 
U .S. G. S. (T aco m a ) initi a ted a m o ni toring progra m on 
Columbia Glacier in th e summer of 1976. Sin ce th en, 
ae ri a l photogra mmetry on th e lower reaches has been 
conducted by th e U. S.G.S . (T acom a ) about fi\ 'e tim es per 
year (Fountain , 1982; Krimmci , 1987, 1992; Krimm cl 
a nd Vaug hn , 198 7; persona l communi ca tion fro m R.I\1. 
Krimm el, 1993 ) , d ocumenting th e onse t and subsequent 
course of th e ra pid retrea t th a t sta rted in 198 1. This 
ex tensive d a ta se t prov id es simulta neous es timates of 
g lacier retrea t a nd glacier speed from which th e cah-ing 
ra te ca n be inferred. This a voids one of th e problems 
assoc ia ted with th e Alaska n g lac ier da ta se t used by 
Brown a nd others ( 1982 ), na m ely th a t retrea t a nd ice 
speed were not a lways measured in th e same yea r. 

The Columbi a Glacier da ta se t represents th e onl y 
documel1la tion of a tidewater g lacier just prior to th e onse t 
of retrea t as well as covering the subsequent co ll a pse o f the 
lower regions. Th ese data offer a unique opportunity to 
stud y tid ewa ter cah 'ing (among m a ny other processes). In 
a n ea rli er stud y, M eier (1994) used these da ta to tes t the 
linea r ca h'ing rela ti on derived by Brown a nd o thers 
( 1982). Hi conclusion was tha t th e newer C o lumbia 
Glacier da ta, cove ring the period 1979- 93, a re consistent 
with rela ti on (2 ) . However, this vi ew may be cha ll enged. 

r ail der Veen: T idewater caLving 

As no ted by ~Ie i e r (1994), both the a nnual caking ra te 
and wa ter depth a t the terminus in creased up to the mid 
19805. After a bou t 1985, the relation between ca lving ra te 
a nd wa ter depth becom es more obsc ured. In fact, lVleier 's 
da ta a ppea r to indica te that the dra ma tic increase in 
calving ra te since 1990 occurred whil e the glac ier terminus 
retrea ted into sha llower wa ter (M eier , 1994, fi g. 5). Wh en 
considered sepa ra tely, a linear rela ti o n betwee n ca lv ing 
ra te a nd water d epth represents a m edi oc re fit to th e 
Co lumbia Glacier data (1,2 = 0.51 ) . When combined with 
th e Alas kan da ta , the co rrela ti on coe ffi cient for the linea r 
fit is 0 .74. ~le i e r ( 1994) a ttributed the dec rease in r2 to 
add ed extra noise fro m the Co lumbia Gl acier d a ta . 
Altern a ti H ly, it could be a rgued th a t th e linear-ca lving 
rela ti on appli es onl y to the eight Alas ka n glaciers that a re 
close to steady sta te a nd th a t the reduction in correla ti o n 
coe ffi c ient is due to adding data points from glaciers th a t 
do no t obey Equa tio n (2). T o a la rge ex tent, the ambig uity 
in th e cah-ing da ta presented by :"leier ( 1994), and the lac k 
of a ny definitc a nswer against or in fa vor of the lin ea r­
ca lv ing rela ti on, m ay be a ttributed to the compara ti ve 
pa ucity of da ta po ints. M eier ( 1994) considered 14 annu a l 
ca lving ra tes from Columbia Glacier, o ne \'a lue for eac h of 
th e yea rs 1979 93 . The number o f data points can be 
grea tl y increased if th e a\'a il a ble U .S.G.S. data a re used to 
th eir full ex tent a nd th e time seri es of the running-m ean 
caking ra te is co nsid ered . It may be ex pec ted tha t thi s 
proced ure better re\ 'eals any trends in the da ta a nd 
poss i ble co rrela ti o ns betwee n ca l\'i ng ra te a nd o th e r 
obsen 'ed parameters. 

COLUMBIA GLACIER CALVING, 1976-93 

Columbia Gl ac ier has been monito red regul a rl y sin ce th e 
summ er of 1976 by ae ri a l photogra mme try conducted by 
th e U.S. G. S. (T aco m a ) a bout fiv e tim es per yea r. 
D e ri ved surface eleva ti o ns and surface speeds have bee n 
g ive n by Founta in ( 1982 ) and Krimm el (198 7, 1992 ) . 
Dig i ta l copi es of th ese da ta, as we ll as of more recen t 
m eas urements, were kindl y provid ed by R. ~I. Krimmcl 
of th e U.S.G.S. (T acom a ). In thi s s tud y, da ta fro m 74 
Oi g ht inten 'a ls, co\ 'e ring the period fro m 24 July 1976 to 
10 Jul y 1993, a re consid ered. 

The ca lving ra te is fo und by ta king the differe nce 
between th e ra te o f ad va nce of th e g lacier terminus a nd 
th e ice speed nea r th e terminus. On each photog ra ph , 
points along th e te rminus ac ross th e width of the g lac ie r 
were m easured to d efin e th e positi on o f th e terminus. Th e 
ave rage terminus positio n is defin ed as the a \'e rage over 
th e 2 .5 km wid e centra l pa rt of th e glacier (Krimm el, 
1992) . Di viding th e ch a nge in terminus position by th e 
leng th of th e ni ght inte n 'a l yields th e ra te of cha nge in 
te rminus positio n, shown in th e uppe r pa nel of Figure J. 
Su rface ve loci t ies in bo th hori zo n tal direc tions a re 
d erived from trac king of distinct surface fea tures o n 
successive photogra phs (Fountain , 1982; Krimmel, 198 7, 
1992) . These ph o tog ra mmetri call y d e termined ve lociti es 
do no t cxtend a ll thc way to th e g lacier terminus. 
Ex tra pola ti on to th e terminus of g ridded \'clociti es w as 
tri ed but yielded obvio usly unreali sti c results, so th e speed 
a t th e terminus is a ssum ed equ a l to the speed a t th e 
seawa rd bound a ry o L th e d ata . Fo r most night interva ls, 
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Fig. I. Rate of terminus advance. ice speed at the terminlls 
and cah'ing rate, for Colum bia Clarin, 1976- 93. The 
heaV), curves rejJresent tlte centered 2 )lear rllnning mean. 

the dista nce between the las t velocity determination and 
the terminus is less than I km , so the error thus introduced 
may not be roo seve re (Va n d el' Veen, 1995 ) . The ice 
speed at th e terminus, also aver aged over th e 2.5 km wide 
cen ter part, is shown in the second panel of Fig ure I. The 
ca king rate (Fig. I ; third p a nel ) is obtained from the 
difference between the upper two panels. 

The terminus exhibits a n a nnual cycle of re treat in 
late summ er, followed by a n advance in the spring (Fig. 
I; upper pa nel) . Until the wi n ter of 19 78- 79, the terminus 
remained g round ed on H ea th er Island , a t -the seaward 
end of the fj o rd , but between 8 November 1978 and 6 
January 1979 the ice front re trea ted from H ea ther Island 
and has been unable to re-es ta blish contac t since. Nea r 
the wes tern margin of the g lacier, the position of the ice 
front did no t change much until ea rl y 1984, when retreat 
from the terminal moraine began. In places, th e ice front 
retrea ted O\'er distances of more than 1500 m during the 
summer of 1984 (cr. Meier and others, 1985a ) . Since then, 
the terminus has retrea ted a t an increasing rate. 

The glacier speed ex hibits a clear annua l cycle and the 
pO\'\'er distribution of the \'elocity ShO\\'ll in th e second 
panel of Figu re I conta ins only one significant peak, 
centered a round I year (Va n d el' Veen, 1995, fi g . 19). In 
additi on, sho rt-term meas urem ents of glacier speed show 
diurna l a nd semi-diurna l variations assoc ia ted with th e 
two main tid a l constitu ents (\\' alters and Dunl a p , 1987 ) 
a nd in c reased ice now a ft e r hea\'y ra infa ll events 
(Krimm el a nd Va ughn , 1987; Waiters and Dunla p, 
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1987; M eier and o thers, 1994). Near the terminus, the 
seasonal \'e locity reaches a maximum in la te fall a nd earl y 
winter, whil e the minimum occurs during the summer. 
l\leier and others ( 1985b) proposed that this termina l­
velocity pulse is ca used by the seasona l retreat o f the 
glacier front . F a rth er up-g lac ie r , th e max imu m in 
\ 'e loc ity occurs in la te spring and th e minimum in la te 
sLi mm er (Krimmel a nd Va ughn , 1987 ). Similar seasonal 
\'a ri a ti ons in ice velocity ha\'e been ohsen 'ed on o ther 
g lacie rs (e.g. Hod ge, 1974; H ooke a nd others, 1983; lken 
a nd others, 1983) a nd are genera ll y a ttributed to ch a nges 
in basal drainage as water input from surface m e lting 
inc reases (Hodge, 1974; Tangborn a nd others, 1975) . 

The cU r\'e of cah 'ing ra te (Fig . I ; third panel ) close ly 
resembles th at of ice speed, mainly because the ra te of 
advance (or retreat ) changed much less than did th e ice 
speed. Over the period of' conside l-a tion , the calving rate 
in creased by almost a factor of 7, as predi cted by the 
linear relation between Uc and water depth (the water 
depth increased from a bout 50 to 300 m). In fact , 
compa rison between the caking rate and water d epth 
a t the terminus (Fig. 2, upper panel ) sugges ts that th ere is 
a co rrela tion between these two qua ntiti es, with th e 
caking ra te in creasing as the wa ter depth increases. A 
similar ap proxim ate correla tion ap pea rs to exist be tween 
calving ra te and th e o ther quantiti es shown in Fig ure 2. 
Howe\'C l' , a qu antita tive exa mina ti o n of tht' correl a tion 
be t'vvee n calving rate and any of th e quantities shown in 
Fig ure 2 indica tes that Uc is not simply linked to a ny of 
these parameters (Fig. 3). \\'hil e for a number o f the 
r ela ti ons tes ted the bes t fit h as a la rge corre la tion 
coe fTi cient (r2 > 0.8; T able I), visual inspection of the 
curves in Figure 3 indi ca tes that these rela ti ons only 
d esc ri be the gen e ra l trend in a very broad sense, e \ 'en if 
onl y the 2 year running-mean d a ta a re considered. 

As \\'as to be expected, the seasona l calving rates a re 
much more variable than the 2 yea r running-mean \ 'alues 
(Fig. 3). The seasonal values d e rive from successive 
photogram met ry fli ghts and represent a\'erages ove r 
peri ods of I to several months. Beca use caking is no t a 
continuous process a nd may conta in a stochas ti c compon­
ent, short-term observations of ca lving rate arc not bes t 
suited for understa nding the nature o f iceberg produ ction. 
Therefore, the presen t stud y focuses on the 2 year I'll n n i ng­
m ean ca lving ra tes to eliminate short-term temporal 
flu ctuations that m ay otherwise confuse the di sc ussion. 

The larges t un certa inty in the Columbia Glacier data 
se t is associated with th e basal elevations. In thi s stud y, 
el eva ti ons derived b y R asm ussen ( 1989) are used fo r the 
m a in part of the fj o rd , \\-hil e near the terminal mora ine 
eleva ti ons derive from direct ba th ymetric so undings 
(Brown and others , 1986). Th ese basa l eb 'a ti ons may 
conta in an impo rtant error and th e poor correl ation 
between calving rate and water d epth could be a ttributed 
to uncertainties in the bed topography. However, this 
does not a ppear to be a likely expla nation. Figure 4 shows 
a compa rison be tween inferred water depth calc ula ted 
using the 2 year running-m ean ca lving rates a nd the 
lin ear-cah 'ing rel a ti on (2) (using a fixed valu e fo r the 
constant of proporti ona lity) a nd the bed topography 
d eri ved by R asmu ssen (1989). Th e lin ea r-caking relation 
pred icts almos t consta nt \\-ater d epth until ea rl y 1980, a 
rapid increase until late 1984, followed by a dec rease until 
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Fig. 2. fr ater dejJliz . ice l!iickness and heighl above 
blllJ)I({1U)' al the lerminlls of Colllmbia Glacier. The lower 
panel shows Ihe alol7g ~f1oll.' slrelciting rale averaged over 
Ihe lower 6km (o r less, if fewer dala are (/l'ailable ) oJ 
glacier lengllz . T he hem~)I Cllrl'es rejJl'esell1 Ihe 2 )lear 
cenlered rulllling mean. 

ear ly 1986 a nd lin a lly a g radu al deep ening in more recent 
yea rs. This pa ttern d oes not co rres po nd to the R asl11ussen 
basal to pogra ph y a nd differences are m os t notable for th e 
la te 1970s (pri or to th e rapid retrea t ) a nd mid 1980s 
(imm ed ia tely aft er the onset of ra pid re trea t). There is no 
ind ica ti on th a t th e basal elc" a li ons obta ined by R asmus­
se n a re in error b y such a la rge a m ount th a t th e 
differences can be exp la in ed or th a t th e ge neral trend of 
th e basal topogra ph y d e ri" ed by R as l11ussen is in erro r , 
a lld it may be cOllclud ed lha t the unce rt ailllY in basa l 
to pogra phy is a n unlikely ex pla na ti on fo r th e lack o f 
correla ti on between ca lv ing ra te and wa ter depth. 

A lth ough th e lin ea r ca lving rela tio n (2) has bee n 
a ppli ed to the re trea t ph ase o f Co lumb ia G lac ie r 
(R asl11ussen a nd M e ier. 1982; M eier , 1994) a nd is 
ge ne ra ll y invoked to ex pla in th e o bse rved cyc ling o f 
tidewa ter glac iers (e .g . Pmvell , 199 1; vV arren, 1992 ), i t 
sho u ld be noted th a t M eier a nd Pos t ( 1987 ) ra ised th e 
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0.4 

possibili ty tb a t the li nea r-caking law may no t be " a lid 
when th e g lacier retrea ts r a pid ly because th e a pproach to 

nota ti o n m ay become th e controll ing fac to r. During th e 
accelera ted re trea t, ano th e r ca king relatio n m ay becom e 
impul'ta n t. I t could be conjec tured th a t the Columbia 
Glac ier d a ta support thi s sugges ti on. 1 n th e g ra phs shown 
in Figures I a nd 2, seve ra l distinct regimes may be 
identili ed . In i ti a ll y, up to a bo u t la te 198 2, the ra te of 
ca lving inc reased as the w a ter depth a t the terminus 
increased a nd , as the ra te o r re trea t increased , th e now in 
th e termin a l region becam e more tensil e . During th e 
second ph ase, from ea rly 1983 to la te 1984, the stretching 
ra te nea r th e term inus continu ed to increase, m aintaining 
the increase in cah 'ing ra te d esp ite the d ec rease in wa ter 
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Table 1. RelationsJitted to the Columbia Glacier data, 1976-93. Uc is the calving rate (km a - J), D is the water depth at 
the terminus ( m below sea level) , H is the ice thickness at the terminus (171), H b is the height above buo))ancy ( m) and ~xx 
is the stretching rate up-glacierJrom the terminus (a - /) . T he columns Labeled "Curve in Figure 3" indicate which if the 
best-Jit relations are shown in Figure 3 

Relation 2year rllnflZng mean Seasonal values 

CoeJJicienls r·1 Curve in Fig. 3 Coefficients 0 T- Curve ill Fig. 3 
( right panels) ( left panels) 

Uc = cD c=0.0 137 0.908 
Uc = cD + d c=0.03 1 0.768 

d = -4.633 
Uc = cD P C = 3.555 x 10 7 0.822 

p = 2.878 
Uc = cH c = 0 .0098 0.86 1 
Uc = cH +d c = 0 .033 0.546 

d = - 8.392 
Uc = cH P C = 1.983 x 10 11 0.593 

P = 4.389 
Uc = cH I> c=0.04 1 0559 
Uc = cH b + d c = - 0 .085 0.945 

d= 8.906 

Uc = cH i', c = 2528.02 0.8 12 
p= - 1. 637 

Uc = d.".,. c= 16.843 0.890 
Uc = d.,..,. + d c= 12.074 0.528 

d= 1.1 3 1 

Uc = d~,,. c = 13.887 0.680 
P = 0.859 

dep th a t the terminus. Starting in earl y 1985, the 
stretching rate decreased for unknown reasons, resulting 
in a sm aller calving rate. As the terminus con tinued its 
retreat, the glacier fron t became ground ed in deep er 
water and , a t some poi n t, the wa ter d ep th once again 
becam e the controlling va ri a ble for the ra te of calving . 
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Fig . 4. UpperpaneL : position oJthe terminus oJColumbia 
Glacier, 1976- 93. Lower panel: water dep th injerredjrom 
the Linear relation ( Equation (2)) between caLving rate 
and water depth ( black dots ) . The fidl curve represents the 
water depth jrom Rasmussen ( 1989) . 
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Dash c = 0.0 14 0.848 Full 
c=50.02 0.493 
d = - 2.9 15 

Full c = 1.5 14 x 10 6 0.593 
p= 2.6 17 

Dash c = 0.00984 0.804 
c = 0.0243 0.33 1 Full 
d = - 5.046 

Full c = 1. 328 x 10 9 0.404 
p = 3.673 
c = 0 .038 0.498 

Dash c = -0.057 0.469 Full 
d = 7.047 
c = 298. 11 4 0.399 
p= - 1.1 5 1 

FuLl c = 14 .9 12 0.679 Full 
c = 2.547 0.0 11 
d= 2.777 
c = 2.958 0.00 1 
p = 0.064 

Thus, it could be tha t from la te 1982 to early 1986 th e 
calving ra te was con troll ed prim a ril y by th e stretching 
ra te a t th e te rminus. Before and after thi s interruption, 
wa ter d epth may have been the contro lling p a rameter. 
H owever , w ithout some th eoretical description of the 
p rocesses involved, this scen a rio remains sp eculative and 
not very h elpful in und ers ta nding the processes control­
ling iceberg calving. I t may b e noted , however, th a t if the 
water-dep th rela ti on does no t apply to ra pidly retrea ting 
glaciers, as su gges ted by M eier and Pos t ( 1987 ), it is not 
clear why, a fter the interrup tion from 1982 to 1986, wa ter 
dep th wo uld once more becom e the con trolling va ri a ble. 

Perha ps th e most su rprising feature of the rapid 
retreat of C o lumbia Glacie r is th a t the increase in calving 
ra te was accompanied by a n a lmos t equally la rge increase 
in glac ier sp eed , resultin g in a much sm aller rate of 
termi nus retrea t than initia l! y predicted. In fac t, an 
excellent correlation between calving ra te a nd ice speed 
exists, both for the Columbia Glacier data (Fig . 5) and 
the Alaska n g laciers inves tiga ted by Brown a nd others 
(1982 ) (cf. V a n der V ee n , 1995, fi g. I ) . From a 
ma thema tical point of view, this correla tion can be 
ex plained b y consideri ng th e equ ation from whi ch the 
calving ra te is calcula ted , n a mely 

dL 
Uc = Ui -­

d t 
(6) 

where Ui r epresen ts the ice sp eed and L is the terminus 
pos ition . As sh own in Figure I , the ice sp eed is (much ) 
larger th a n the ra te of ch a n ge in terminus p os ition, so 
that, acco rding to Equation (6 ), Uc may be exp ected to be 
closely cor rela ted with Ui . From a physical standpoint, 
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however , the co rrela tion a pparent in Fig ure 5 is not 
immediately ob\·ious. 

\ Vhil e it could be a rg ued th a t the C o lumbi a Glacier 
da ta support , a t leas t in a genera l sense, th e commonl y 
acce pted lin ear-ca king la \\' (as was d o ne by Yfeie r 
(1994)) , the res ults di scussed above indica te tha t perhaps 
a re-eva l uation of th e calving mecha nism is wa rranted. In 
pa rti c ular, the iss ue to be addressed is whether caking 
can be d esc ribed by a caking rela tion o f the form in 
Equ a ti o n (2) or a more complex va ria ti on on it, o r 
wheth e r the caking rate is a second a ry pa ra meter, with 
as con trolling \'a riable the posi ti on of the terminus, which 
may be determined by th e geometry o f th e glacier snout. 
This iss ue is not merely a ma tter of sem a nti cs bu t has 
importa nt conseq uences for und ersta nding the retrea t of 
Co l um bia Gl ac ier a nd oth er co m para bl e tid ewa ter 
glac iers. 
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Fig. 5. Correla tion betweell w/z'ing ra te and ice speed at 
the tenninlls Jor the seasonal measurements (right) and 2 
]ear rullll ing-mean val li es ( leJi). The Lines co n es/Jond to 
the best Linear}it given in Table I. 

CONTROLS ON CALVING RATE 

Th e o bse n 'a ti on that th e ca lv in g rate IS lin ea rl y 
co rre la ted with ice ve loc it y sugges ts t\\·o poss ible 
scena ri os, na mely (i) th e same ph ysica l process contro ls 
ice fl ow a nd iceberg prod ucti on, or (ii ) the posi ti on of th e 
g lacie r te rminus is controll ed by the local geo metry. An 
essen ti a l di fference exi sts between these two scena ri os . 
According to the first o ne, the ra pid re trea t of Columbia 
Glac ier 'vvas ca used b y a n increase in calving ra te, perha ps 
assoc ia ted with increased water depth at th e terminus. 
Th e simulta neous in c rease in ice velocity ma y ha\'e 
slowed th e ra te of re treat but ca lv ing remained th e 
controlling mecha ni sm a nd retrea t can onl y be ha lted if 
th e ra te o f caking dec reases aga in. In th e second scena rio, 
th e in crease in calving rate is a seconda ry effec t a nd th e 
retrea t of the glacier is due to anoth er process, mos t likely 
th e inc rease in glac ie r speed and assoc ia ted thinning o f 
the g lac ier to ngue. ""hil e the Columbi a Glac ier d a ta 
canno t prO\' ide a definitive anS\\'er in favo r of one or th e 
other m odel, some a rg uments can be presented to cast 
reaso nable doubt on th e first model. 

Circumstanti al ev id ence has been used to link calving 
ra te to wa ter depth near the terminus. As a rgued a bove, 
the lin ear-ca lving rela ti on deri\'ed by Brown a nd others 
(1982) may be prima ril y due to the glaciers whose termini 
are close to stead y sta te . Under such (semi- )stati ona ry 
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conditi o ns, m a ny co rrela ti ons may ex ist that do not 
desc ribe ac tua l processes but ra ther refl ec t the adjustment 
of th e g lacier to el1\·ironmental conditi o ns. The mos t 
ob\"ious example of this is th e link between ice velocity and 
integra ted sUl"face accumula ti on. For a stead y-sta te glac ier, 
the ice flux through an y cross-section eq ua ls the tota l 
snowfall acc umula ted upstream. rf the position or the 
terminus is stead v, this means tha t the calving Ilux must be 
equal to th e net accumul a ti o n integrated over the entire 
glac ier. Thus, a n excellent co rrela tion between ca king ra te 
and the sp a ti a ll y ave raged surface mass ba la nce can be 
ex pec ted. H owever, this correla tion does not d esc ribe the 
ca usal process for iceberg calving. Simila rl y, th e empiri ca l 
rela tion be twee n Uc and D may be incidenta l, no t so much 
beca use o f the limited number or glac iers considered (as 
sugges ted by Pelto and W a rren (1991)) bu t because these 
glaciers are a ll close to stea d y conditions. 

:\10s t o r the Ilow of Co l um bia Glac ier is assoc ia ted with 
basal sliding which, acco rding to the majority o f theories, is 
controlled by the effec tive pressure a t the g lacier bed (e.g. 
Bindsch adl e r , 1983 ). Th e lin ea r con-el a tion bet\\'een 
caking rate a nd glacier speed therefore sugges ts th at, if a 
ca king la w ex ists, th e ra te o f cah'ing should somehow a lso 
be rela ted to the effec ti \ 'e basa l press u re, P~ . I t is not 
immedi a tel y clea r ho\\' basa l pressure affec ts ca king but it 
could be em 'isioned tha t Pc allec ts the d e pth to which 
surface crevasses penetra te, by raising or lowering the 
hydrauli c g rad e line in the g lacier. Where surface crevasses 
are a bl e to penetrate deeper, frac ture a nd subsequent 
derac hme n t from the m a in body of ice becomes more 
likely. H o weve r, this scena ri o does not ex pl a in \-\' hy th e 
ca lving ra te sho uld va ry with e[fec ti\'e basa l pressure in a 
simila r way as does the ice speed. 

Theo re ti cal models [o r ca h'ing (e.g . R eeh, 1968; 
Hughes, 1992) are based o n the ass umpti o n th a t th e 
lithos ta ti c tress a t th e terminus is onl y pa rti a lly ba lanced 
by sea-wa ter press ure. Th e lithos tati c stress is due to th e 
weight of th e ice and increases linearl y with depth below 
the upper ice surface (cf. Fig . 6) . T akin g z = 0 a t sea lewl 
and positive upward. a nd d enoting th e eleva ti on or th e 
upper surface by h, the lith os ta ti c stress is 

L(z) = pg(h - z) . (7) 

Integra ted over rh e tota l ice thickness, th e n e t lithos ta ti c 
force pe r unit width IS 

(8) 

Part of thi s force is ba la nced by the press ul"e from sea 
wa ter on th e terminus, whic h a lso increases linea rly with 
depth belo w sea le\'el (th e minus sign indi ca ting tha t this 
pressure is direc ted up-g lac ier) : 

(9) 

The tota l h ydros ta ti c force per unit width IS th en 

I 2 Fw = 'iPwgD . (10) 

T a kin g th e difference b e tween th e lith os ta ti c a nd 
hydrostati c fo rce, a nd di v iding by the ice thickness to 
obtain th e d e pth-averaged stress , gives th e unba lanced 
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Fig. 6. Illuslraling /wrizontal forces acting al Ihe glacier 
terminus. The weight-induced lil/wstatic stress increases 
linearly wilh dejJlh below the ice sll1face and is jJartially 
balanced by Ihe water jJressure , which increases linearly 
with dejJth below the sea sll1jace. 

stress at the terminus 

(11) 

Presum ably, this stress is responsible for icebergs breaking 
off. 

Withou t de\'elop ing a complete theory for stress 
transmission in the g lacier snout, it is not possible to 
predic t how the ca lying rate depends on the unbalan ced 
stress, but it seems reasonable to assume that calvin g 
increases as SI becomes larger. As shown in Figure 7, th e 
opposite was true during th e retreat of Columbia G lacier. 
As the glacier retrea ted into deeper water, the unba l­
a nced lithostatic stress d ecreased from almost 800 kPa to 
somewhat less than 400 kPa. The frac tion of the lithostatic 
stress not balanced b y sea-wa ter pressure (that is, the 
term between sq ua re brackets in Equation ( 11 ), shown in 
the lower panel of Figure 7) decreased from abo ut 55 to 
20% of th e depth-averaged lithosta ti c stress . If, ind eed , 
the force imbalance at the terminus is responsible for 
calving, it is not clear how a decrease in the unba lan ced 
stress can lead to larger cal\'ing rates . 

It could be a rgued th a t the na ture of iceberg ca lving 
changed during the ra pid retreat of Columbia Glacier a nd 
that the search for a ca lving law that a pplies to the pre­
retreat condi tions as well as to the phase of rapid retreat 
may be illusory . There is some evidence to support this 
view. Prior to its rapid retreat, the terminus was grounded 
on a fa irl y sha ll ow moraine at the end of the fjord. During 
calving events, the ice cliff slid from the glacier, shattering 
as it fell , producing re lativcly small icebergs . As th e 
terminus retreated into d eeper water, calving events were 
observed during which la rge icebergs appeared to rise from 
under water, indica ting bo ttom calving. In recent years, 
with the glacier term ina ting in very deep water, the size of 
the icebergs has increased even more. Some of these large 
icebe rgs include se rac clusters that seem to fl oat away from 
the glacier (personal communication from R. M. Krimmcl , 
1995 ) . The changing character of ca lving may explain the 
lack of success in deri ving a calving relation that describes 
the retrea t of Columbi a Glacier. 

While it may not be possible to es tima te th e ca lving 
rate from a theore tical or empirical calving rela tion , th e 
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Fig. 7. Difference between lithostatie stress a/ld water 
jJressure during tlte retreal oJ Columbia Glacier. T he upfJer 
jJanel shows the 2 )lear running-mean difference in dejJth ­
averaged stress, while the lower jJanel shows this difference 
normalized with the dejJlh -averaged lithostatie stress . 

calving m echanism need not be entirely beyond under­
standing. M eier and Post ( 1987 ) pointed out that th e 
terminus of Columbi a G lacier appears to retreat to th e 
point where the effective basal pressure approaches zero . 
This suggests an entirel y difIerent model [or iceberg 
ca lving, in which the terminus position is d e termined by 
the local geometry. During the retreat , the flotation 
criterion has been reached locally and temporarily at the 
terminus (lVl eier and oth ers, 1985a; Meier , 1994), so it 
could be that the terminus tends to retrea t to where th e 
thi ckness a pproac hes th e Ootation thickness. Or, in 
simpler terms, the almost Ooating pan o[ the snout 
breaks off, because the ice is too weak to support a floa ting 
tongue (M eier and Pos t, 1987) . If so, the thickn ess a t th e 
terminus during the retreat {ollows li"om the flotation 
criterion, a nd 

H = Pw D + Ho 
P 

(12) 

where Ho r epresents the minimum thi ckn ess a bove 
flot ation tha t can be suppo rted by the glacier. Equation 
(12) represen ts the mini m u m th ickn ess a t the terminus 
that can be m aintained befor e the terminus retrea ts. The 
actual thi ckn ess may be la l"ger if advance is not possible, 
as is the case if the glacier has reached the terminal 
morain e at th e end of the fjord , beyond which the water 
depth increases rapidly . During the phase of retrea t, 
th inning m ay cause the terminal thickness to become less 
than th e minimum thickness given by Equ a tion (12 ) , 
causing th e terminus to retract. 

A linear relation between thickness a t th e terminus, 
H , and water depth , D , is supported by th e data from 
Columbia Glacier, a t leas t after th e onset of ra pid retreat, 
as shown in Figure 8. The straight line corres ponds to 
Equati on ( 12) with Ho = 50 111.. The solid dots, represent­
ing data points from 1982 onward , closely foll ow th e 
th eore tical prediction. Prior to 1982, th e termin us 
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Fig. 8. Correlalioll belween Ihicklless alld le'aler del)I" at Ihe 
lermilllls oj Columbia Glacier. Open circles indicate 
measurementj prior 10 1982 and solid dais dala .from 1982 
onward. 

rem a in ed grounded o n th e fj ord sid e of th e termin a l 
mo ra ine a nd th e ice thic kn ess a ppea red to have been 
la rge r tha n tl1(' minimum thi ckn ess need ed to maillla in 
th e terminus positio n. Aft er the g lacie r thinned sufT­
iciently, ra pid retrea t was initi a ted. 

Acco rding to th e calving model pro posed here, re trea t 
of th e te rminus occ urs II'hen the thi c kn ess becomes less 
th a n th e minimum thi c kn ess. This m eans th a t th e ra te o f 
retreat is controll ed by th e thinnin g ra te o rthe ice a nd b y 
the basa l geometry. A pprox ima ting th e sha pe of th e sno ut 
as a wed ge, 1·I·ith co ns ta nt thi ckn ess gradi ent (ex = 

- DH / ox ) a nd consta n t basa l slope, {3, th e ra te of re trea t 
ma y be wri [ten as 

",here 

oL 
at 

l aH 
Gat 

G =a+ P"'{3 
P 

(13) 

(14) 

represe n ts a geometry facto r th a t can be el'a l u:t ted fro m 
measured surface ele l 'a ti o ns and basa l geometry. H ow­
el'e r , th e uncerta int~ ' in basa l slope PI'Cl'enrS a meanin g ful 
ca lcula ti on of G (th e un cen a intl' in th e d a ta becomcs 
more importa nt II·hen g radi ents are co nsid ered , as ill thi s 
case ) . Therefore, th e p rocedure is reve rsed a nd th e 
present d a ta a re used to es tim a te th e geometry fac to r. 
R es ults o f thi s ca lcula ti o n a rc shown in Fig ure 9, Th e rate 
or re trea t (Fig, 9; upper pa nel) is o bta ined ri 'om th e 
cha nge in te rminus positi on as meas ured on success ive 
pho togra ph s. The thi c ke ning ra te (Fig . 9; second pa nel ) is 
es tim a ted from the ch a nge in surface c\ el 'a tion meas ured 
0 11 th e pho togra phs. a l'e raged OI'C r th e las t fell' kilome te rs 
of' g lac ie r (cr. \ 'an d er V een , 1995 ) , Th e geometry facto r , 
G (Fig . 9; 101l'e r pa nel) , is th e q uo ti en t of th ese two 
qu a ntiti es , Prio r to th e summ er o f' 1983. th ere is 
consid era bl e va ri a ti o n in calcula ted "alues of G but 
a ft erwa rds th e geo m e try facto r rema i ns more cons ta n l. 
Th e surface slope did no t cha nge mu ch during the peri o d 
consid ered (\ 'an d er V een , 1995, a ppe ndix B), so th a t 
va ri a ti o ns in G may be assoc ia ted prim a ril y lI'ith th e 
basa l to pograph y. Th e d ec rease in geo metry fac tor a nd 
reduc ti o n in l a ri a bility m ay be assoc ia ted with th e 

r "all der " een: T idewater calving 

genera ll y Oa tte r (and pe rha ps smoo th er ) bed fa rth er 
into the Qord (Fig, 4). Whil e th e un ce rtainty in the da ta 
prohibits a qu a ntitatil'e eva luation. t11f' curves shown in 
Figure 9 stro ng ly sugges t th a t th e ra te of glac ie r retrea t is 
linked to th e thinning ra te, as predic ted by th e ca h-ing 
mode l adl'an ced in this study, 

A som ewh a t differe nt m odel for th e interac ti on 
belll'een ice 0 0 11' and re trea t of the g lac ie r has been 
presen ted b y M eier ( 1994) , based in p a rt on th c 
observ a tion th a t, genera ll y, hig h I'alu es o f stretching 
ra te a t the te rminus co rres p o nd to high ra tes of calving , 
As th e ra te o f ca ll'ing inc reases, longitudin a l stretching 
becomes la rge r, leading to thinning or th e g lac ier snout. 
This thinning leads to d ec rea sed effec tive basal press ure 
(because th e height a bol 'C b uoyancy d ec reases ). whi ch 
results in fas te r nOli' throug h the dependcncy of the sliding 
\'Cloc it y o n effec tive basa l press ure a t th e bed, The 
increase in icc ve locity slo ws th e ra te of re trea t, so th e 
interac ti o n be tll'een ice no \\' a nd cah-ing represents a 
nega ti ve feed-back, The m odel proposed in thc prese nt 
stud y pl aces 111 0re emph as is o n ice no\\' in th a t th e ra te of 
retreat is di c ta ted by th e ra te o f thinning ra th cr than th e 
rel'erse, 

With th e presentl y a l'a ila blc measurem ents on tid e­
lI'a ter ca lving, it is not poss ible to decide un a mbig uoush- in 
fal'or of a n y o nc ca h-ing mod e l. l\ either the commonll' used 
linea r-ca lving rel a tion (Equ a tion (2)) , or va ri a ti ons on it , 
nor th e m od el proposed here, benefi ts from theoretical 
sup po rt. D es pi te th e pionee ri ng lI'ork of Hug hes ( 1992 ), a 
complete th eo reti cal d esc ripti o n of tid ewa ter ca h-ing 
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remains lac king. Wh a tever processes a re to be included in 
any m od el, it is evident from the Columbi a Glacier d a ta 
that th e retrea t of this glacier ca nnot be understood 
without considera tion of dynamica l processes, such as ice 
speed a nd thinning of th e terminal region. 

CONCLUSIONS 

Iceberg calving from grounded tid ewa ter glaciers is a 
complex process tha t may be pa rti a ll y controll ed by 
unpredicta ble local fac tors such as crevasse densi ty 
(dicta ting where th e ice is most likely to break ofT) o r 
rainfall events (which may cause th e ice to weaken as 
water enters the intraglac ia l dra inage network ). Th e 
random na ture of th ese conditions limits our ability to 
predict short-term calving ra tes . However, it may be 
expec ted th a t these temporal flu ctua tio ns become less 
importa nt when consid ering averages over I to seve ra l 
years, a llowing the long-term ca lving ra te to be es tim ated 
from a th eoreti cal o r empiri cal m od e l. Th e usu a l 
approach has been to li Ilk th e ra te of cal vin g to 
obse rvabl e quantiti es, such as wa te r d epth or Ice 
thi ckness a t the cah·ing front. 

A\·a ilable data on calving glac ie rs, suitable to tes t 
various models, can be di vided into two ca tegories. The 
first consists of glaciers that are in stead y sta te or 
retreating a t a slow ra te. The ma in o bj ee tion against 
the use of this data source is th at derived correlations (fo r 
example, the linear rela ti on between cah-ing ra te a nd 
,vater d epth ) may not be indicative of th e causal process 
but, instead, refle ct th e adjustm ent of the glacier to its 
environm ent. A more a ppropriate ca tegory for tes ting 
calving models conta ins glaciers tha t a re undergoing 
rapid change. At present, only one such g lacier has been 
docum ented extensivel y, namely Co lumbi a Gl ac ie r , 
Alaska, which has been monitored since the mid-1970s, 
well befor e the onse t of drasti c retrea t. 

D a ta coll ected on Columbia Glacier do not un a m­
biguously support th e commonly adopted linear-ca lving 
law (Equa tion (2)) , o r an y other correla tion between 
calving ra te and measured quantiti es, o th er than perha ps 
th e heig ht above buoyancy. It could be a rgued th a t th e 
uncerta inty in especiall y th e basal topogra phy is suff­
icientl y la rge to interpret these da ta as supponi,·e of th e 
linear-ca lving relation (a has been done by M eier (1994 ) , 
on th e basis of fewer data points), a lth ough this would 
require considerab le adjustment to th e basal eleva tions 
d erived by Rasmussen (1989) and a lso used in thi s stud y. 
In parti cula r, the da ta sugges t th a t th e in crease in ca lving 
ra te did not occur until a fter the terminus had retrea ted 
to th e foot of th e termin al moraine. According to th e 
ca lving law (Equation (2)) , the ra te of calving should 
have increased sooner as the terminus started to re trac t 
from th e moraine. If ad opted, however , th e conven tion a l 
model fo r iceberg ca lving fa ils to expla in o ther prominen t 
features observed during the retrea t of C olumbia Glac ie r. 

There a re three observa tions th a t ra ise the qu es ti on 
wheth er a cah-ing rela ti on ac tuall y exists. First, during 
the retreat, the speed of Columbia Gl acier increased 
a lmost as much as did th e ca lving ra te, such that the two 
a re linearl y co rrelated. This is a surpri sing res uit , because 
basa l sliding is generall y believed to be controlled ma inl y 
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by the effec tive basal pressu re or by the am o un t of wa ter 
present benea th the glacier. It is not clea r h ow either of 
these would a ffect the produc tion of icebergs a nd why the 
dependence of the ca lving ra te on effec ti ve basal pressure 
or wa ter storage wo uld be similar in form to tha t of th e 
sliding ve loc ity . Secondl y, cah·ing is usua lly a ttribu ted to 
the un ba la nced li th os ta tic stress a t the gl ac ier fron t. 
H owever , this stress d ec reased as Columbi a Glac ier 
retrea ted , ye t th e ra te of cal\-ing increased b y almos t a 
factor of 7. Thirdly, the ra te of terminus re trea t appea rs 
to be con -ela ted with th e rate of surface lowering in the 
glacier sno ut or, equi valentl y, to the thinning ra te. None 
of these findings can be readil y ex plained b y th e linear­
cah-ing re la tion or a more complica ted ex tension. 

A diffe rent mechani sm for ca lving is proposed in this 
stud y, inspired by the sugges ti on ofMeier and Pos t (1987) 
that th e terminus appears to retrea t to the point wh ere 
th e effec tive basa l press ure a pproaches ze ro. The 
mecha nism envisioned he re is tha t the terminus retreats, 
if the th ic kness in excess o f n ota tion becomes less than 
some criti cal \·a lue. For Columbia Glacier, the minimum 
thickness l-equired for th e terminus to rema in steady is 
about 50 m a bove the (local) fl ota tion thi ckness . Accord ­
ing to thi s scenari o, retrea t is initia ted wh en the termina l 
thi ckness becomes too sm all a nd the ra te of retrea t is 
controll ed b y the thinning ra te and the basal slope. In this 
model, th e cal ving ra te is a secondary p a rameter , 
determin ed by the ra te of retrea t a nd ice velocity. 
Conseque ntl y, if the glacier speed increases, the cah-ing 
rate increases proporti ona ll y, perhaps with a short tim e 
delay, to m ainta in the ra te of terminus re treat. 

In contrast to ea rli er ca lving models, the model 
proposed here is able to expla in , at leas t in a qua lita tive 
sense, observations made on Columbia Glacier during its 
rapid re trea t. N e,·ertheless, there is, a t presen t, li ttle 
theoretical support for thi s new mechanism a nd ph ysica l 
justifi ca tion remains speculati ve. Th e ice in tempera te 
tidewa ter g laciers is gen era ll y too weak to support a 
floa ting tongue. It may be that, as fl ota tion is approached 
and basal drag redu ced , the snout cannot m a intain its 
integrity a nd disintegra tes. H owever, th e na ture of th e 
processes involved remains unclear. 

If acce pted , the prese nt model di cta tes a re-evaluation 
of controls on the beha vior of tidewa ter glaciers. It has 
been sugges ted tha t calvin g tidewa ter g lac iers ex perience 
a cycle of slow advance, followed by a short peri od of 
rapid re trea t or coll a pse, caused by increased ca lving 
ra tes as the terminus de taches from its termina l moraine 
and retreats into deeper water (Pos t, 19 75 ; M eier and 
Pos t, 198 7) . Following this scena ri o, retreat can onl y be 
halted if the cah·ing ra te d ecreases aga in, usua lly a fter th e 
terminus has retracted to the head of th e Gord . According 
to th e new cal ving mod el, however, retreat is initiated 
and mainta ined by thinning of the glac ier. In the case or 
Columbia Glacier, continued thinning is most likely 
associa ted with the increase in glac ier speed , a nd retreat 
may be expected to continue as long as th ese la rge speeds 
are ma inta in ed. Th e implica tion is that the behavior of 
tid ewa te r g laciers is con trolled more by processes ac ting 
at the glacier bed (fo r example, a sudd en or gradual 
change in subglacia l dra inage or wa ter storage; Kamb 
and oth ers, 1994) th a n by wha t happens a t the glacier 
terminus. 
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