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~BSfRACT. The et.ynamics of ground.r:d tidc:waler glaciers is in\'cuig;ued with a
unw=:kpendent "u:menc:.al now mock~ whKh sol\'es t~ full ~ualions for the st1U$ and
yelocny fidds.and mdu<ks a ~'al('r.prt$s~rN:kpencknl sliding law. The calving criterion
Implement~ In I~(, model shlfu the c~l\'mg ~rom al each timc-su,:p to the ilion where
the ~rontal K'e ~hld:nes5 cxc«ds nOiation height by a prescribed value. Whhlhis mood,
~he hn~ar.n:lauon ~I .....ttn calving.rate ~nd water depth proposNl on empirical grounds
IS quahtatl\'e~y reproducnl r~r the situation ora slO\<o'ly retreating or advancing terminus,
b.u t not r~r situauons or rapa~ changes. ~ngth changes or tick\..·ater glaciers, i.e. (:S~­
nally ra~ changes. ~.~ dommantlyconlrollnl b)' the bed topography and a~ to a minor
dcgr« a ~Irccl ruchon 10 a ~:us.bi!:lanr~ change. Thus, accurale informalion on lhe
ncar-len:nIl1US bed topog~aphy 15 requm"d ror reliable prediction ofthe terminus changes
due. to chmate changes. 1 he rnul15 also confirm the sugg~ted cycles orslow advance and
rapid ~n:at through a basaJ ckprnsion. Rapid changes in terminus positions p~fcrabl)'
occur tn plact'S whe~ I~ btd slopes upwards in the K:e-l10\00' dir«tion.

I. INTRODUCTION

This stoo)' imutiplCS t~'atcrglacieo.,. which a~ defined
a) glac~" that end in the sea with a K"JUIIJrJ icc cliff from
... hich K:ebt'tg' an:: dischargnl. The prnclll paper approachn
the- dynamics of ticr...'atc:r glaciers with a lilTlC'-<kpcnde.m
numaica1 Row modt:l The model soI\'e5 the full equations
lOr 1M JlrtSS and \'clocity fH::lds., including a wate=r-preuur("­
dqX'ndc:nt sliding law. A cakillg crilcnon is implemented
... hirh mtlO\'e5 at each tinx.stcp tM part oft~ glam termi­
nus that is thinning below a crilical haghl abol.'t: booyancr
Thm, the cahillg ralc. ""hich is ddined as the icc v~locity at
ttw tmninus minus the nue of change in the terminus posi­
,iutl., i..s an output quantity of the modd. This rep«'5Cnts im­
portant progrelS in the: imUligation of the C\'OIution of
lde~'atcrglacicn by rnc:ans ofa nurnc:ncal glacitr O~·model.

The modcI is applied loa geomelry characteristic rtw lXk­
"'~Icr glaciers with a basal deprusion in the terminus n-gion.
~Iodd calculations performed ror t","O mau-balantt 5t"t:.narios
!un· led to an advancing and a m~ating situa.tion mainl)'
O\cr lhe basaJdc~ \\ilh tMsc model aperimmts it is
Immdtd to demonsu-ate how the changes oft~ cah;ng rront
art affmed by the phyUc.a.l pt"OCf:UeS eonsK&eml and their
f'rttlbark mechanisms. The qualitati\'t:ly described COllC'C"pts

and proct:ues tuggated for tidrwater gtacien on the basis of
....",'ions (MOe< and Foot, 1987; ''an <1<, ''en, 1996) ~ill
,aoo bt a:amirw:d.

Bn.'01 Glaciology Cen,.... School of Gcog<aplUul
So",,,,,,,, Un;~,yofllriotol, Brillol BS81SS, Eng\and.

U. Motivation

The dynamical beha\;our or tidewater glacicn is important
because of lht'ir reaction to climate change, but is still poorl)'
undcntood (Mcit't', 1994; \"an dcr Vttn, 1997a~ Observations
of~~ra1 glaciers, such a.s Columbia. Glad(:r, Alaska, Us.A.
(Meier and Post" 1987). Glanar lip&aIa.. Palagonia (\\arren
and others.. 1995b~ Gladu San Rarac~ Chile (Warren and
Olhen, 19953~ and ro::ords of pasl glacial exparnion (Poo,.,·ell,
1991) shO'o" that t~"3ter glacien ha\"C a great potential lOr
dramatic rdTl':ats or the terminus position ror example.
Columbia Glacier mn::ated al a talt' orabout 0.7 km a-I from
1985 to 1991 (Krimmd. 1992~ Icetx:tg calving is a very dJi­
dent ablation mechanism and permits a much larger nte or
mass km than surface melting (\"an der Vttn.l996). A gcnc:r­
ally high cal\;ng acti\;tycan strongty incrtast the fresh-water
input into the ocean in tht' form or nbcrr and may ha"~ a
strong impact on the en\'ironmenL For example, during the
rapid f"t'tTl':at 01' Columbia Glaciu, drifting icebergs posed a
Krlous thrt:at to oil tanktn (DKwn, 1978~ The additional
ftt:Sh """'ter may also affC(1 the marine «osystcm in the SUT­

roonding sea. During the last glaciation, largt' quantitits or
icebergs \'\'Crt' dischargro by the Laurt:ntidc icc shttt six
timc:s. Th~' \'\~rt: rttorded in a set or ice-rafted debris dcpos­
il~ in scdimc:nllav~n in the North Allantic (Heinrich, 1988~
Thew: to-Calkd Heinrich e\"eDU art: CODl}('('ted ",,;th npid
C'limatt' \'ariations in the~h Atlantic region. It ....'as specu­
lated (Broecker, 1m) that the additioru.l fresh water from tM
di..hargtd ittbe~ disrupt~ the ck'cp-water f~ati?n

thercb\' s~;tehing the tlw=rmohalinc ocean orcwauon

bcl",,~n glacial and interglacial modes (Dansgurd~
sa ~TfllS~ Thus, studying lhe present tKJc.,..-ater glaciers
may pr'O\!idc a beuer understanding of the past changc:s.
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Th(' rapid [han~('s in 111(' terminus pctsilion of Columbia
Glacit'r during r('t·t'nt dt.Tadt"S (~lt-ier and Pllsl, 198;) and of
StTeral P;uagonian grounded caking glat'it'r5 (\\'arren, 1993;
:'\arust' and mhers. 1997) arC' nOI direcll)' rclatt'd 10 climate,
.\kier and PC151 lI9f11) n'lCc"llIiunrd Ih;u It>1lger pc-riods of""'arm
c1imale rna)' ha\"e' triggered rapid rt'lr('als by glacier thinning
in tilt' lerminus region. ClarL;e 1987) suggt'Slcd Ihat lidC'walt'r
gl;tcit'f'S inht'remly haH' an unstable respoII~ 10 a long-t('nn
mass,balance' drfl('il. In \'i~' of Ihe' pOIC'ntial for rapid
changN of lick"''atrr glaciers as a r"pllllse 10 dim;ue
ehangt~ impm\'rd L;llO\.. kdgC' of Ihe dynamics is essential.

1.2, Current knowledge 00 tidewater glaciers

St'\'('ral pmcl'Sst·S Ih;1I illflu{~nt'I' Ihr dymtmit·s of lidewalt'r
!o:lacien hOI\'(' htTIi idt'ntifil·d. :llId Iht'st' lTl:ly 1)(' imponam w
cOnlwl till" position or the lerminus, Eml'iri,al studies
shoWI·d Ihal lh{' cakin~ ralc illcrc.ISl'S linearly wilh ,,'illl'r
tlt'plh al lht' tl'rminus I Brown ;uld otlwrs. 19HZ}, It h:!s also
lx'cn recognizcd thaI bed topography plays an imlxmam roll'
in Iht' cUlllrol of,hangl:'s in Ihe terminus position (.\teit'r and
PO~I. 198h liclt-watt'r glariers Iypically t'lld at a submarine
fWllIal mnrainr. \\'ht'n Ih(' terminus slans 10 rt'ln:al into
d'~I>I'r Walt'r, Ih(' cal\"ing ani\·iIY ill("fraOlCS and r('Suhs in ;,a
dram;u;" rtlrral, ""hi<'h has hrrn oIN'r\'«! for many tick­
wawr gl;l.l·iers \'an (k-r \(-I:'n, I9'Jia: \l-nleris, 1999\ .\leit'r
and Post ,198i suggesttd Ihat li(k-""atcr glacitrs ullCkrgu a
cyrlf' of slo...· ;,ad\'anl"e on tilt' order of a fe'" hundrt"d 10 ;,a
thousand years) and rapid r('treat ckcadn 10 a cenlury'
Ihrough a dt'prnsion in Ihe b.uallOpography.

Basal sliding is known IU 1)(' 3n importilnl fa('lor ill t'OIl­
Imllin.~ thr dynamics or lick"'alrr glacirr5 (.\ll:'irr and PU~I,

19M;; \an dt'r\"n-n,l996 and is relat«ltu basal waler prNsure
lL;en, 1981: Billdschadler. 1983~ Observations al Columbia

Ghtcier shtl""td lhat the sliding willeit}' at thl'" temlinus
increa.~ wilh inCfeasin,; cah'ing r;lIe, lhus rtdu'inj.1; lilt ralr
ofposiliun ehan,l.(c (\an der \ ct'n, 1996). J);lta from milny tidl'­
wall:r glaciers show Ihat t!lt·rt' is a K'ItKl corrdalion bCIWI'l'1i
cakinR raIl' and it'e speed OIl Ihe terminus (\an der \cen,
19%: Jania and KaClmarsb, IYlJi). ~or glaeit,fS in steady
Slale lhis t'urrclalion is a direci const.'qUt·nn." of Ihe definilion
of the cal\'in.: rate, bUI for rapidly ch.l1lging .:lacit,f'S Iherr is
110 such ('\"idence 1\'an der \CI'II. 19<J(j" Funhermort, it is still
1101 rlt;,ar ... hrl her inntaS«! calving leads 10 ill("rta~d sliding
or \'Icr \"tTSa.

Back prNsurr from the lerminal moraine rna)' abo afTt.'("1
the ict nO\oo' i \all der \eclt, 1997a: Fi!oCher and Powell 1998\,
When th(' terminllS rctrcalS and loses COnlan with the fron­
tal morainf', thc back stros is expttted to rn.."Creasc and lht
\'docilY at the tcnninus ..... ill increase dlK' 10 enhanced hori­
zuntal slrelching (~leier and Pust, 1987,1. and the ral(' of
retr('al willl~ reduced.

On long time-scales (hundreds of )'t'ilrs) sedimentation
procC'Sscs and Ihr formation ofa lerminal moraint become
important (Powell, 1991: Hunler and olhers, 1996; J-ischer
and Powell, I99A). The filling ofthc ba.~al drprcssion in front
oftht· glacier and lhl:' ~ro ..... inK tcrminal push moraine reduce
Ihe water depth and therefore the calving ani\"ity. Hence. all
advance of Ihc glacier Ihrough a basal depression is fad Ii­
laled, al already observed al'Jako Glacier, Alaska (Mot)'ka,
199;). and Hubbard Glacier, Ala.~ka (Mayo, 19H9~

Which processes initiale a relrcat or advanc(' of a calving
glacier is slill an 0lXn qocstion. E\'en th(' compn:hensivt data­
sel of~pidly r('lreating Columbia Glacier docs not allow the

idcntification of the mechanisms Ihat cause and control. a Itr·
minus relreat. Two dilT('n:lll conccptiollS ha"(' bttn proposed.

Meier (1994, 1997) suggested thill caking is tht driving
mt'Chanism for a n:lrc;u. His cOIX'('ption is~d on Ih('
proportionality of the caking ~tt 10 Ihe water depth
(Brown and others, 1982). MeitT" claims Ihal increased
rah'ing rates It'ad 10 additional horiWllIal strelching at
Ihe termintL~ as Ihr increased difT height causc:s highrr
unhalancl'd lithostati<' StrC'SSC'S. Incrca.scd hurizontal
stulching willthrn lead loa Ihinning oftlie glacirr termi­
nus and Ihc efTccti\"t' prrssuR' will dt'Crn.\C. followc:d by all
inncaS(" in hasal sliding and addilional hori7.ontal strt"tch­
ing. Ulht rah'ing ratl:' is relal('d to Ihe eXlension rate, Ihr
cah'inR al'li\'ity will inut'a.'It" and tnhaocl:' tht' rtlreat, On
I he mlll'r ha nd. Ihe iIlHcasr IIf sl idi nl-:: dul' to ~Iacicr thin,
lIin~ will n'ducc the rt'trcal (.\!<·il'r anti Post, IgB7}.

A dini'rent conn'pl is Prol>llsl:d by\'an dlT\"t't'n (I9'Jti,
1997 b). He mailllains that if Ihinning laL;rs plact" al
tl1l' It'rminus dut" to int'frasf'd lInw \"t'locilY and hori,
zonlal sln,tching. Ihr cah'ill~ ;t('ti\'il)' and thl'"rt'filrl:'
tht· ratc or retn'al will inf'ftasc. Obscr\"atinm al
(Allumbia Glacier (~II:irr and 1'0sl, 19M7: \ an dn \ iTll.
1996) and rapidly relrealing gWtllldC"d ral\'ill~ ~lat'it"1"

in Patagonia (\i'llIrris, 1999) sho""rd that tht" part of
thl:' lC'mlinus which is Ihinning 1K'low a critical ht'iJitlll
al",,·C' notation breaks ofT dul:'" 10 buoyaocy. In tin_
imerpr(,lation. tlw reI real is illilialro and m:tintaillt'd
b) Ihinning and s(frtt'hiIlJit orthe glacit'r.

.\kin·s and \1m dt'r \Mon's opposillJ( concepts sho.. thai
Iht" in\"uln·d physic'al Pnlt·cs~ lead 10 romplex fl"t"C!ll;I.l
mrdJalli~ms.. \\'1' tlwrcfure pmlXt"\C to appruaf'h Iht" proUt'm
by mrans of a nunwrit'al glacit"r Illodt'!. which allows ('oul)­

linfo': of thr rl:'lr\'allt pmrts,," Ctllk'('flllllg Ihl' dynamit·. "I

lidr....ater glacil:'n.

1.3. Previous m.odelliog work

Al the Iw:ginning uf the r:tpid rt'trt'al orC(llumhia Glarin in
tilc early 19HOs scvt"falllllllwrit',,1 mlldd~ wt're dt'vrltllK'd III

order 10 pr'-dit"llhe futurt, n'tn'at uflhis li(k-watrr gl.ll'irl
RaslHlClscn and .\Ieier '198'1) uscd a onc'-dimensional 01",....1
based on mass cnnSt'r\'ation. In thi~ mudrllht" cah-in~ rJl(
was spt'cified hy a linear function of the watt'r depth al lhl
terminus.. A draslic rt'lrt'at Ihal slrun~ly dl:'pc-nds nil lh.
paramelers of tht" cah·ing rUItf"tiun ",.'as prtdicttd,

$ikonia (1982) modelled Ihr now in a \'ertiral SotC"Ulll1
alort~ the no....line, Rasal slidinj{ was simulated by usilll:,1
thin sofl layer at the glacier bed, Thr cah,jng ralt' .. ,I'

rdated 10 icc Ihi<'knt'Ss abo\"e 1>U~'anf"Y and to seasonal \ .\fl'

alions of frtsh-waler runoff_ Tht' moddled Ienglh rh.I111....
was cxtremdy sensiti\'e to Ihe paramtler5 used ill Ihe f.al,·
ing funclion. FOr small varialions of these pa~mctef' II...
reaf'tion oftht' glacit'r rallKtcI bct ...·ttllllO retrtat al all ,lilt!

a rapid rei real.
Rindschadler and Rasmussen (1983) dr:vdopr.d a fimu"

dilTcrcnt'e mtldt"lthat calculated the icc nux for a finitr lUll'll'

her of cross,secliollS and upclau-d Ihl:' glacier geomelf)' INn,
thc continuity equalion. The ratio of Ill(" sliding \"dOt 11,1"
the tOlal surface \"elocilY was df'ICrmillcd from ol~,'r\rll

velucities and was aMumcd to be a constant for cach I)lUllll"
'Ilace, DilTert:nt par"meu:rizatiom for Ih(' calving ratl'" ,,·(!r
UK'd which rdaled Ihe calving rate linearly to water drplh 'K

front height. If nocalion wa.s. ruched at the terminu<. Iflo'
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2. GOVERNING PROCESSES

2.1. Calving

:\ mudc'l of the dynamics of a lidewaler glacier musl incor­
porale realisti(' descriptions ofc'akin/-: and basa Isliding. :llId
mUSI consider inll'ractiuns I)(·tweenlh(" cah'inl{ pron'ss and
lh(" dynamin ufth(" entire glacin I\'an dt'r \Cell. 199ial

The caking ralc u.- is ddinl-d as thc volume of it'C Ihat
Iwcaks ofT per unit time and per unit "cnical area from tilt"
glacier lerminus {P.,ilersol1, 1994, p. 3i61- It iSt.'qual to the it..'e
n:locit}' at thl:' tl'nninus. u" minus the rale ofchangt> in the
lerminus position L:

Flotation modtl
Based on the obsrr\"ations at Columbia Glacier. an alterna­
li\'e lr"atmelll of calving is sug/-:csted in the J1otation mood
(\an der\el"ll,1996!, I)uring the rapid retreat ufColumbia
Gla,ier, Ihe terminus appeared 10 n·treat to a posilion where
il approached notation thirklll'SS (~leier and Post, 1987). In
Ihe flutation model, the terminus of the glacier rl:'treats to
the position wh('rl" th(' ire Ihidmess h cxceeds thl:' flolalion
IwiJ;ht by ;"11 amoulll h" (Yan der \een. 19961- The heighl Oil
Ihe terminus ~ is then gin'n hy

p.
he = -d+ h.. (3)

Po

,\I,lt-illduad rali'in,!! mood
ror small and slowly nowing tidt'walc:r glaciers. pans, or all.
of IIle terminus arc gellt.'rally far abo\'e the critical heighl h~,

and the cah'ing ratt'S art' small «150 m a I~ In Ihis case. Ihe
oI.J,scrved caking rates cannot be dl'SCribed by mea.ns of the
fl0l31ion model. and other proccsscs are COlli rolling the cal\'·

where Po. is the ocmit\" of sea or fresh ....'aler (10'30 or
IOOOkgm 1 and P, is th; dt'nsily of glacier ice. This implies
thai Ihl' pan of the terminus where thl' icl' thickness is below
tht' critical thickness ~ cakcsofTb«-ause the ice can no longer
rt"'Sisllhe huoyanr~ force. Tht" final dctaehmcm is probabl~'duc
tlJ additional .... eakening ofthl' icc b~ the formation of bottom
nl'\·as.\CS when flotation is approached an der \«n. 1998\.
Applying this modd to the rapid rttrl"al ofColumbi;,. Glacier.
\an dC'r \'N:n '1996, found hu = 50 m, The flotation model is
cnnsistl'nt with the obsc'f\'t'd rapidly retrl'ating calving
glacicn in Palagonia, ",hal' a similar critical height aoo\'e
IJlInyant·y was dt'ri\'ed \\clIu:ris. 1999~ In Ihe flotalion modd
1111' c:lking mechanism dot·s !lol nero to be elllirely undl.-r·
stout.l. whidl f<l\"oul'li ils U~ in a numerical mudd in ordt'r to
calculale IhI' e"olul ion of Iidewalrr glari('rs.

To date. lilt' nOlalion mockl has only bI'~n tl."Sh-d wilh
dalasl'ls of largl' fasl.nt/wing lid('walcr glaciers (""'att'r
dq>lhs of ISO 300m, fluw \'docitit:S of 100006000ma- l),
ror smalkr gladt'rs (walt'r depths <150m, flow ,'c1ocilies
<200 m a I, the obst-rvl"d fromal clifT heights getU"rally do
nlll exceed 50 m. and th(' hl'ight abovc flotalion is exp«tcd
to Ix well bdO\\ thl.' 50 m su~gcstcd for Columbia Glaci('r,
Thcrefore. we propoS<' a mOOifitdJ1otation rrittrion ""'ht"rr thc
fixed minimum height al)()\'l' flotation h., in Equation \3' is
f('placrd by a small fraction q of the flotation thidfK"SS at
Ihe lerminus. TIll: height al tht' lerminus is thl'n

h,=P.(I+q)d~P.d+h'. (4)
C PI p, 0

!-tlr thi~ modifit-d flOlaliull criterion, the temlinus mO\'cs 10
tht· position wheft' the itoe thidncs.s corresponds to h~,

Choosinlil: q = 0.15. the resulting f<, is l'quallo the observed
\'alue of h;, = SO m for Columhia Glacier.

steady stale. The observed calving rates during the rapid
retreat of Columbia Glacier and several other grou~
calving glacien (e.g. Hansbreen Uania and Kaczmarska,
1997); Glaciar San Rafael (Warren and othen, 1995a~

Maud Glacier (Kirkbride and Warren, 1997) arl:' not con­
sisteOl ....·ith the linear calving relalion A linear caking
relation may nol be \'3lid during rapid changes of glacier
tl:'rmini (~Ieicr and Post, 1987), as observed at Columbia
Glacier, However, these empirical relations can be adoped
as a working hypothesis. and a calving mockl should meet
th~ relations.

(2)u.-=3d.
"uh a codru.:iem of 27.0 a I, ~Ito and Warren ll99l, pr~
po~d a similar, linear relationship"" ith additional data
fmlll glacien in Grec.nland and S\'alhard, ror glaciers cak·
illS ill10 fresh watt"r, a 15 times smaller slope coe.fliciell1 ,J of
lhl' linear relationship bctwCf"n caking rate and ""'al~r

d,'pth has been found (Funk and Rt)(hlisb(:rg~r,1989~ How­
tTl"r. rrcem studies of the large Patagonian glaciC'fS cah'in~

1l11o lak(1" such as Glaciar San Raf'leI (WarrC"1l and olllt'rs.
1(lll;,a) and Glaciar Moreno (ROll and othcrs.I998~do nOl
rUlilirm a smaller slop<' Hw-fficit'nt IJ for frcsh·water ('aking
gl<lciel'5. The: propo5t:"d relations arc cmpirit:al and do lIllt
<beribe the mechanisms of calving. \an der \ffn (1996)
~'Ultcd out that the: empirical linear relation in Equation
2 IS boucd on data from glacic-n which arc in or close to

dL
,&,-=u'-di' (I)

With this formulation, Ih~ ic~ lost by ml'hing atth<, caking
front is included in Ihe cah'in.~ rate. ~Iostthl'orelical ~tlldif's

nfral\'ing .....ere appliffi 10 floating glacicf)I and ice sh<,ln:s
Redl. 1968; Holds.....orth. 1978, HlIgh<"!> {llJlJ2) dt'n'lnp<,d ;I

1hcon·liral model for caking: (If !Croundt'd glaeier~ basc'd on
1!It idt'a thaI bc:ndin~ shear is the cOlllnlilin~ merhanism for
ra"'ing. This theory canllOI explain unambiguously Ihr
ol)S("rvalions on tidl'watt'r glacil'rs and cannlll ht" appliN:l to
tKkwall'r glat'it'f)I dost" 10 OOiatioll atlhe It"nninm (\:In dn
\rC'll.I996)'

Sen'ral quantities. such as watt'r dr-plh. from hl'ighl and
In' "('Iorit)', sh{)\O,' a dOS(' rrlationship 10 tht" caking ratl".
Ral\t"d 011 data of 12 Alaskan lidc",-ater glacil'rs. Brm\'n and
nthl'rs l1982) proJ>OSf'd a proportionality 1x-lwcl'n calvinlil:
ratt' and wall:'r ckpth d at the' terminus:

floating ice was removed, According to the model results, a
rapid retreat was expeCted, Calculations could only b~ per­
form~d for a f~w hundred m~tenof r('tre;,.t due to limitalions
in compuling lime, According 10 the results of all Ihre(:
mockl!>. a rapid r~lreal of Columbia GI;,.cier was cxpened.
Surprisingly. Ihe oll5Cf\'~d glacier r('lreat ""'as much slO""'er
Ihan predicted, mainly I)(.-cause the flow \1:'locities if)(r~ascd

more than ~xp«tcd (Meier. 1994~
In a similar sclling. the r~lrcat of l:meraargletscher.

Swil'lot'rland, ending in a planned new rescH'oir was eSli­
matrod. Funk and Rothlishcrgcr (1989 proposed and used
an approach in which Iht')· cslimaled the mass flux and the
empirical calving rate as a fuuction of water depth. FlIr a
similar prohlem Oil Austdalsbrccn. :\orway, Hooke and
olhers (1989) followed Ihis approach, bill also discusst'd Ihe
t'ni'ctufa changing waler It.'vel on basal sliding,

597
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fig. I, (:alr-m,uronl ofIl00uh",n, 0 litlm'nl"glnri" locautl
In Spibh",t!.fR, 51·alhmd. Tk, "ouk m,luti out al Ih, 11"010­

Ii", Jkow" ", Ik, pkologtaplr n/,,,tld all along Ik, loki,,!:
fau anti pmiJu' Ih10ughoul Ihl mdt;"J: kaJlJff, Tk, h,~t!.ht

ofth, {aki",e.faa 011 th,kalO" JAown;J IR :!j m, Th, phnto.
graph l,'a.lla~", 01 10;1' titl, i"Ju~1' 1!J98.

wherr .\1. is in m s IK I. /I is the wa\'(' 11I'iRht in mrtt'N, P
is Ihe mean wa,·t· pnilld in ~"('(lIlds :tnd R is Ihf: roughn~s
hcigh! "fllle in'-waler houndary in I1WIl'rs. The mt'h rale is
f"untmllt·d hy wa\'r aCli\'il y and waIn lempt:ralurc. Accord­
ing 10 Ihe lill'ralu1(", a rf:3,"Omthlc "alut' for surfare rnugh­
n("S~ "fi("(" in!le:t .....awr is l('m. Assuming a 5t:a Icmprralurf:
of I"C. a wa\'e hci$thl of 0.1-0.2 III and a ....·a\·(' pt'riod of 3­
5s, melting rales of 0.2-05 m d I arc calculaled (Equalion
(5 ).. rorrcspondin$t 10 annual mell rales up 10 180 m a I. If
t h('!lea is ('O\'ertod ..... ith i("(' durinR Iht' .....inu:r 5t:ason. no mdl·
ing will,akf: plaC'c atlht' .....aler-line and Ih('refore Ihe annual
value will he rcdurrd. Thus. for slo.....I)· nCl""'-ing lidcw.ttcr
RlaC'ien, melling al Iht:: waler·line M'cms to tK a rontrolling
proccs.' of lhc calving rate. This is confirmed by obser­
valions at Hambrerfl, a lidewaler glacier in Spiuhergen

illJ.: raIl'". ti,r Ih..~(' slowly nowill~ lidl'"'au'r ~Iacit'f:li. mdlill~

,II lilt' from ma~ hn'ollll' imporlanl. i1hholl,~h lht' a\...ra~l"
amount 111'1('(' 10Sl by IT1dlin~ is small rnll1l'hlr("d 10 Iht, mass
loss hy r;lh-ing Powdl. 198HI, AtTordillf.{ 10 ol1.'t'l'\·iI,iolls.
nlt"hin~ is OllWt'ntr,tled 011 lilt' walt'r-linr (Fig. II. dUl' 10 wa\"('
l"rosion. Obst'r\,allolls frulll GIMi"r San R:lfad (\\arrt'n and
olhns, 199;h and I.r Coni., GI;u·irr. Alaska Ipt:'rsonal
t'ommuniriltion from K. A. Edll'lnlt"yt'T. 2001 . indiralt' thai
("src"'si\'(' mrhin~ m,ly al'\(l lakr p1ac'f: hdo" Ihl' waler-linc·.
,-\,. for thc' (ktrriuralion (lfin·tx-r~, Illrhillg allhr w;ut'r-linr
\\3S found 10 1)(' ont' nrdt'r of ma~niludc high('r than !iuh­
:tquc'ou." mdlill1; fornod hy buoyanry ('OIl\'('('lioll (EI-Tahall
and olhers, 19Ri~ TllU~, till' \"('flintl in' fmnl i~ under('ut by
melting :nthr .....aur·lim.. and Ihe icr :11"I\'r 11t(' nOlt'h hrraks
offin Ihin lanwllils. TIll' r('sullin~ t';lh'in~ r;l1t· is '"flui\'ait-Ill !()

,h(' melt r;lIl' ;1\ till' wall·r-lim'. This pron'ss has htTn
nb!O"I'\'l'd on st'\'('r;ll glal"it'rs and d.·...·riht·d In dl,tail for
fr('\h-walt'r ('alving :'>.Iallcl Glad,·r. :"\t'\, Zt'aland (Kirkhridl'
and \\·arn'n. 199i . As",umlng Ihal nwlt ing at Ih(' walt'r-lilw is
thf: dri\'ing prtl("rss for nth-ing, Iht· Ilwlt ralr mmt h(' nn tht,
order ofma1;nilu(k "flht" flow n:ltl("ily al Ihe u:rminu\. Fmm
lahnralory and fidd rxprrimcnt' and ffllm III("ort'tit·al.slUdit.'S
on IIll: ckl('rior.llinn ofirdx-rgs. an «i"alion for ,hf: mdt rate
.\1. at thr w:llfr-lint' pt'r -C waleI' lemprralurt' aho,'(' thr
mdlin~ pllint wa~ dt·ri\·ed EI-Tahan and ntlwrs.I987r.

(6)I,. = k--r;:' p,. .. ,

The tick.....al(:f glacif:r model p~lllcd in Ihis papt'rcakll.,tll"
Ihf: surface f:\'olulion and II\(: t .....o-dimensional no..... "" ... unl"
(\'dociIY, strain ralc and Sires, field) for a 10ngitudinal5l' 11<'41

ofa glacier.

3. MODEL DESCRIPTION

\\ hen' lilt' hasal \"("Iocity l), i~ rrldttod 10 th(' hasal shear stro~
1"\" and A.-, m and rare adjuslahk empirical positi\'e param­
t·ters.. The effrt"t of thr cfft'ni\'{" pft'ssun: p,.. .... hidl is dcfincd
as the it·r·o\·erburdt·n minus lilt" I>;ts.al wau'r prcs~urr. i,
inrlutkd in thf: sliding rela,ioll. WaleI' slllragt:: al the l.K"d llIa~

illso Ill' an important f;lrlOr in h;lSal mOl ion. }ofI I' short-lrrm
\"I'lut'ilY \'ui;lIinns al Columbia G!acic'r (Kamb and Olht·rs,
199·lJ and at I.e CUlIl" Glarier (pt'rsonill t'omlllullir;uiull
from K. E.t·hdnlt"ycr. 2OO1Itll(" sliding \'rloril)' .....as f('lauod Ilf
....·att·r Slord1;r rathrr than dirrt"lly 10 .....alt"r pressU1('.

Thr ill\'t"rn'" proporlionalily oftht" sliding \'{"Iocily t" III
"~ in tAluation r6'l has .. Slron~ ('ffcrl on Ih(' flow oflick.......l"
f.{lat"il'rs.. Thr h,:tliitl .....aler prt"S.~u" of a tick-.....aler Jl:lancf
ul'K.lt·~OC"S sca!iOnal and IOllg-'C"f1ll \"ariations" depending 011

Ihl' .....aln input and thc slate of tll(' sulJf;laeial waIn dr"irul:"
s~"5lem. Th,' ",'aIel' 1e\'e1 ..... ithin a lidt'walf:r glarit'r decrea~
to\'l'ards Ihe rah'illg front to a \'alu(" corresponding to .-.c'~

It',-d. In I he silualion ofa lide.....ater glacier I he t:fli.·Cli\,r prr'·
SUI'(' is also rXl'cnt"d 10 dct:"reaSt-tuwards the Irrminus.

ACl'ording to tht· slidill~ 1;1"' (Equ;lliun (6),I. lh,' rt'tlurt,d
cneni\"c prt'Ssure induces in('fraSC"d sliding \"c1u(:ilics. Thi. i­
suppurted by lilt' oll!!Ocf\'t-od high sliding rales (~(ri('r and Post.
19H7) and inrre;l."'I.,d n(Wo' \'docilies lo.....ards Ihf: calving frOll1
on lidr.....atrr glacif:f'.>. such as lIanshrern (\'idi and olhcl".
2000,. Cnlumhia Glarirr (Kr;mmd and \"aughall, 19Ir..
Glaciar :'>.loreno tRoll and mllas. 1998~ and :'\ordh, ..
glclSCht=r, Grrf:nland Clunk and Bosch.I990~\"ic1i and Ol.lK-r­

(2000) u5t:d a \\'alr-r-prnsurt'-dC"pcndent diding la..... in ~

glacier no..... modclto explain Ihr obscr\'t'd "docily incre-l-<
on Han~hrC('n. IlIlh(' e-\'olution oftick",-ater glaciers a strolle
imeranion tak('s plarf: bt'1 .....('('!1 basal sliding and gl.tflfl

geometry. An iorrraM' in b3,~al .....alrr prMisur(' or a Ihit1rtillc
ufthf ~I.tl·i('r ;nlhe If:mlinus rr~ionl('ads 10 t'nhanct"d h.l\,ll
sliding dur 10 Iht' reduclion of effr('li\·(' pressure. Thr \'r!lO("irl
ill('reas(' indUCf:d by sliding If:ads In addilionallhinnin~;tnd J

funhf:r ilK'ru~ in sliding. It is lhuefore n..~llIi311Oin,·hllk
thf: effect of .....alcr prrssurt' on hasal sliding .....hen modt:lhnt:
lh(' dynamirs Oflide-.....aler glarien (Van dt'r\(-en. 1997;1

(Fig. I; Jania. 1988). Salinity additionally affects melting
and may explain Ihe reduced cal\;ng rates for small fresh­
waler calving glaciers (Funk and Rothlisberger, 1989~

2.2_ BasaJ sliding

Thr fast now oI)5("f\'t'd al many lickwaler glaeien (Meit=r
and POSI. 1987) is primarily due' to high sliding \"e1ocities
(Clarke. 1987: Kamb and uthf:rs. 1994; Mcicr and olhers,
1994). Also. for ~mall slowly no..... ing lidewaler glarirrs, such
as Hansbret·n. ha~al ~liding dominates the now in tht'u:rmi·
nus f('gion ("i,'li and olllt"rs, 2000~ 8a~al .....atcr prcssur", is
f(Togni1.cd as an important COnl rolling fanor for basal slid­
ing /Budd and Olht"fS, 1979; Ikrn. 1981: Bindschadlcr, 19R3;
Jansson. 19951. A t'omll'KlIlly usrd drsrriplion fnr basal slid­
ing is f8indschadlcr.1983\:

(5)(R)"11.\1. = 0.000146 H P'
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3.2. Basal boundary condilion

3.1. Field equations and flow law

(J I)
.:< .:."{

0
p",. =

-P.·g(z - :::,,)

3.4. Calving fronl and upstream boundary

3.5. Numerical solution lechnique

now velocilY at Ille surface, and b(x, f) is the slirfac(' mass
balance, A lilwar rdation is assumed l.K:t\\'cr-n mass balance
b and surface altitude S.

.'\t thc upstre:lm boundary lilt' horizontal \"e101:i1}"
u,(x = 0,.:, t) is set to zero from Ihe ~urfa('c 10 the bcd, hUI
the il'l' can move in tht" vt'Ttical direclion, This nwallS Ihal
no in' flux into 11ll' modl'l oc,urs through lhi.~ boundary.
\,'ilh Ihis houndary {"IJlldilioli we- art' ahk 10 simulale an
in'-saddk silualion,

For t he frontal \TTl il'al icc dirTstanding ill the sea nr in a
htkt~, lh(' hydro~latie prr-ssure artht, waltT p.. is taken into
aC"rOlll1l:

wlwTt,.:., is I'qual to sea or lake le\"l'1. The Illodifi~'d nOlalion
crilt'Tion IfA]u;nioli (-I I is uSl'd 10 calt-lilall> tilt' posi, ion or Ihe
caking fronl. For each tillle-slt'p. lhe nt'w H'rminus is moved
10 lIlt' posililln wlll're thl' in' lhickness" ("x('('l~ds Ihl'" notalion
Iwighl by thr fraCiioll (I = O.Li Thr in" mass Ihal is remo\'ed
l'orrt'spolld~ to till' Illass loss due 10 eakinJ;:, fi'llowing lhis
nll'lhod. tilt' cakillg ralt' i,~ a result of tht: numcril:al modd
,1111"1 is cOlllrollt'd by bOlh Ihe icc n-Iot'ity and Ihe surf.lce
dlall~I's. This is in contrast 10 earlit'r moods Ihal indudt-d
ad hoc assumplions for the calvillg r:ne,:\ floating lerminus
ramllll 1)1.> Ireatt·d in our model.

In IIII' rase of slowly nm"ing tidewaler glaciers, melting al
the waler-line is impllrlant. Thcrefure. a prl-"SCribrd c<l.h·ing
ralt· ("all bc indudt'd in thr m(xld, which is dlTin:d from lhe
mdl ralt'S allht" w;ur-r,line al"("ording 10 Equ;uion I:)).

TIl\' Sl r,s~ and \'c1ority fields arc ralcuJatl-d wilh Ill(' eommer­
rial finilt'-ckmrnl pro~ram ~1:\RC ,~IARC: Analysis
RI'sl'ardl Corp.. 1!197). Tht' nxk soh'('s tht' ruB Nlualions for
tht" \'I'locily and Slrcss fidds lGudmundssoll, 1999), hasc'd on
tIll' finilt,-dt'lllelll mt,thod. A f,lur"node isopar,tnU'lrie qU:ldri­
!JIIT.!1 Hamann demenl is uSt'd wilh a bilinear intt"rpolalion
fUlw,inn. J-(IT each timt'-step. the two-diml'llsiollal Sl rcss and
\'c1ocilY fields along lht' l10wline an' rakuhllrd. Wilh tht'
l'akulalt-d surfan' nnw \"t'lO.:ilil'S and till' mass-balance
inpUl, tlw nl'\\" g];leicr surf:lrt· is dclt'rmint'd by Ihe surian'
boundary Equittioll llOl. This equal ion is approximaled hy
finitt, dilTcrt"llrt'S usill~ IllI' IWo-S1l'p Lax-Welldrorr melhnd
IITt'SS a;ld tllhef1i., 19961. whidl is based Oil a forward-limc
eenlt'Tt'd-spart: S('hrme and is second-order in lim!" and
spilce. This approximalion was u,'><"'d and ll'Strd in detail for
this applicalinn by Ll'ysin/.:"t'r 11998). :'\odes at Ill(' caking fmlll
arc mO\'cd al"cordill~ 10 Ihe \'elocilY wctor and till" time-step.
ror eadl linll'-Slep. Ihe ll'rrninus position is updaled acrording
to Iht" !1l(xlifil-d notalion criterion, and a m'w grid is defined
!ilr Iht' upd,uro J:l,larit'r boundary. This proeedure 10 dc:terminc
L1w ne\\" lerminus posilion afler a linll'-str-p is idl'mieal for a
rclrt"alillJ:l, and an a<h'aneing S!'rllarill,

III tht' fullowilll-: modd ralndalions a lime-stl'p of 0.1 yt"ar
is used and Ihe glaci,'r Icn~1I1 is ulxlalt"d at rach liull'-Slt'p by
usill~ IIII' modified notation nill'rinn (Equ:uioll 1-1) t To tl'St if
Ihe calculatccl Il'nl-:tl1 changt' and lht, rt-511lting raking rate
art- indqx>nrlrlll of the rhosen tillle-stcp. Ih(' model has been
rlln lilT Ihr- sanw scenarios with difTr-f('1lt limt>-steps.. ,"or
retreat scenarios.. the cumulative change in It"nglh obcaincd

(0)

(7)

(8)
Dr"-a +pg) ==0,

x,

Icc is lrealed as an incompressible viscous nuid. The tljuatiml
for mass cOlllinuilY and for linear IIwmelll um can he wrillt"n as

(JII,
-~Oax,

Tht: glac.i<:r now modd rcquin'S ,Ill appropriate btlulldary
fondition ill Iht, glacit'r bed 10 ilCCOU11l flIT basal sliding. For
lhe preSl'nl no..... model Ihe propo.'l(·d sliding la..... uluatilln
\6/\ is USt,d......hich takes tht- dTt'niw pn'!'>Surr p•. inlo :1('COUIll
and is based on eurn'll! sliding t1lt'oril'S. \\'c St'l r = I ilnd III =
I so thai wc gl't a lin!:ar sliding law in 1"[,. Relalion \6 is
implemelltl.-d in tht- modd by addinR a Ihin soft layer Oil tilt'
glacier basc (\,il'li and othns, 20(0). The \'is('osily of Ihis
basal layt'r has bet'll chosen in ordn w fulfil Ihe slidillg
relation (6) fflr a spt'Cifi('" lo!."Ouioll. A dt,tailt"d implt:nwllIa­
lion is desniht'd ill \'idi alld others {2000,. The ell;:cti\"('
pmsllrc p" in Equation (6) is cakulall."d i1tTording In lhe
prrscribcd WOller le\'(;1 \"ilhin the glaeier. and lht, h'l.sal
I"t'locily and basal sheilr lranion result frolll soh'inl-: lhe
system (If fidd l"qualioll,s and boundary conditions.

The cncni\'e pressure changl's in each linw-slrp aud has
I" bt· caleul<lled from lilt' actUal in: IhiCKncss and hasal waler
prl'Ssur('. TIlt' hasal WOller pn'ssun' along Ihl' nmdinl' of a
I:l:tl'it'r is poorly known, so as.~umptinlls must 1)(' made, "i1r
Ihe mood cakulations preS('lllcd in this Pill)l.T. lhl' walt'T !I-\"t'l
I~ OIMumed to 1)(' 011 sea Jl'vel whirh is lhe lower [imi, I;lr a
lidtwater glacier. The WOller k\"l'l is usuall)' hight"r. I'SIWt'ially
\luring mdtillR S1'aSOllS, hUl ill Ihis \,'ay Iht' dfl'('l of a dt'cn'as"
illg ('rrttli\'(' pn..-ssurt- towards the glacier front is takt'n ililo
,n roum. Changes in hasalwpography due 10 scdimt"1l1alioll
lulhe sea in fmnt of Ihe j;t;lacier, or Ihe fomlatiol1 ofa tl'rminal
Illoraine, arr- nllt ronsiderrd in the modd,

.....here II, art" thc vclocily,omponclIls, p is lht, in' tknsilY, 9J

arc Ihe componellls of lhe aCl'e!c.-ralion due 10 gra\'iIY and
T,) an' Ihe l'omlXlOents of the stres.~ tClIst,r. The horiztJlIlal
coordinatt" is J'\ == x and Ihe \'('nil'al coordinale is 72 = ::,
\\'hidl is posit iv, ill 1Ill' up.....ard dinTtion, Glcll's no..... law
(Glen, 1955) n·lalC'S IhI' tlc-vialoril' Slrl'SSI'S 10 Iht' slrain raws
and can bl' ..... rillen as

3,3. Surface boundary condition

.[ 11(' time ('\'olution oflhe glacier surfacc is cakulalt'd, Tht'
'\!l fan: boundary nllldition for lhc glarier ~urfatT is

':: ~ b - ,.; ~: + ";. (10)

"'hc~ S(x, t) is the ,urfacc ele\'ation" t is thf' limf', rt,.(r, t) is
till horizontal and t!,(x, t) the "ertil'al ('"omponrnt of Ihe

and

when: i OJ an' Iht, cnllllXllll'nls ofthe Sl raill-ratc It'Jl~IT, and CT,)

an' th(' l'Om!)(JnCllls of Ihc IkvialOrir slress 1t'lI~ur aud an'
gin'n by CT,) = T,) - ~6,)Tk4- TIll' dTtTlin' slll':tr siress T is
defilled by T'! = ~CT,/1" 'I)'pit'al valm's uftht, flo.....-Ia ..... t'Xpo­
1It'llI tI = ~I and the rale farwr ,4 =0.1 har l a I han' btTIl
USt·d in th!" mo(kl {Hubbard alld 01 hers. 1~~18: GlldmundwJIl,
1999: Albrechl and olhers, 20001.
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Fig. 2. Clacin hd (solid linr) and initial surfaa topo­
§.raphits ustd.for 1/I()dtl calculations Jor tht rttrtaling

(dashrd-dolttd lint) and tht ad/'ancing sanario (dnshrd
linr). Both SftU~I"-Jlalr JUlJaa pll!lilrs art calcu/alrd usill.r:
thr salllr mass hatrllla.

Fig. J Paramrlrrr<..rd mass balalla ulrd for Ihr rrlrratin,t:
(dalhrd-dollrd linr) and thr ad/'anrinl: S((TlOrio (dalhrd
fillr). Thr Jolid linr indiratrs Ihr mau halana UHd to calcu­
lair Ihr inilial j/ra~v·ltatr lurjacr gromr(rirs.
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sinn' rill' bq~inningoflhe simulalion dilll'rs by OIl mosl 0.3%
durinJt periods of fast ret real with linw-sll'PS \'arying
I)('twccn 0.05 and 0.1 yt·ars. In tht· slowly retreating: periods
lhe maximum dini:renn: is <O.05~". We conclude that thl'
mudd results arr 1101 signifi('antly inllul"nn:d hy lht· dlmrtl
time-slep.

tl1l' nllxlcl calculations, a .....ater pn'ssure within the glari"f
l'urn'sponding tn S(';I kn'l i~ assunll·d. Sea~H1al variations
nftllt' t'n~lacial Willer Il'\'d an' nUl induded.

4,2. Mod~l r~sults

4. MODEL EXPERIMENTS

4.1. Model input

:\ rrlft'ating and;1ll ach"alKing scenario across a submarinl'
hasal deprl"Ssion arc rakulaled wilh lhe nunll'rical model. A
synthetic bed topography is assumed. which should Ix: rqm~­
sentativc for a tidt'water glarier (~ig. 2j. The mo<!t·! cakula­
tiom start wilh steady-stalc glacier surfa('e:s obtaillt'd from
model t'aku!:llions for prescrit>l'd l'onSlalU mass halann-s, :\
typical simplified mass-halanl'C funnion from a tidC\\tller
glacicr in Svalbard (Hanshre:en) Uania and Kan:man;ka,
1997) is ur.cd, in which Ihe mass halan,·t· dq>ends linearly on
altitude and is ,:onslant al>lI\T a rritil'itl allitude II,. (Fig. J):

b~{ao'S(I)+(ll+"b $(X)S/l,. (12)
UU·ha +Ul +lJb $(x) > 11",.

where $(x) is the ~urfi\rt~ e1cvalion and 6b is a pamllleter tn
impo~ rh'iO~es in mass balance, :\ulllerical \'alm's of atl =
O.(X)6la I,al = 2.3m .. land 11,. = 450IllWert'dcll'rmint'd
from dala ofJania and Kan:marska (1997). TIll" sccnarios
arc forrcd by shif(in~ the mass balance hy 6b (.i~, 3). For

Rrtrraling sCfllario

Thl' glari.. r rl:'tn'al IS l()rred by shifuug the mass-halanrl'
fUIKtion (Equal ion (12,) of fib = -0,3 OJ a I (Fig. 3) dunlll-:
lhe: l'min' limc pl'riod of IlInd..1calcu[;llions. TIll" modcllt'll
n'trt'at is shown in Figurr:s 4 and S. Thrrc dinf-relll phaS("
,all he dislinguishl'tl. In the firsl phase. the terminus is sll)wl~

relrealin~ unl iltlw lOp of Ihe suhmarine hill is rt'a,h('d '!)t,int
.'\~ From this poim, the rale nfff:trt'at incrl"asC's as lhe: glacin
tl'rminus J.::el~ illln drq)C"r watrr, resulting ill a vrry rapir!
retn';11 and in high caking ralt·s (sccund phase). Onrr till'
d('C'prst part or Iht, hasal dl'prrssion (point Bl has t>t"ll
p.1SSt·d, the gl;lri,'r trrminus move:s into shallo.....rr walt"r. lht'
r;ul.' ofrrtrt"at is rcdurl:'d and lhl' silUalioll rest'mhlrs that !It

Ih(" firSI phase. \,'ith tht· n'tr('al illlo dt'l'pcr waler, Ihe ral\'ine
ratl' and tht' \"docity:u thr tI'rminus in('frase {Fi~. 5).1-1..,,·
("vC'r. tht" rah'ing ratc innC:lsrs fastt"r than lhr i,r \"I'lndll,
n;'"suhin~ in a rapid tt'fminus ff'tn·at. Ahhough Ihl" i,'C' lh;!·l·
Ilrss d('('"rrascs, thl' surface: no..... \'docity incr('a~'s signili­
candy along tht· nnwlin(" to .....ards the ('ah'ing frolll ovrr tI\!"
entin: rclrt'atin~ prriod (~ig. 6). This is mainly dll(' III
ill("rl:'aSrn hasal sliding lIe:ar the frolll. rausrd by Ihl:' <krrra,'
illg- crT("ctivl.' pf('s.~urc. In thl' lI~rminus rrginn Ihl' irr til'''
velocities undergo large chan,~cs over limr dul.' to changl", ill

.;
•
.§.
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Fig. 4. Erolution oj thrglacirr surjau.for Ihr rrlrrating lunario. Thr timt inttroOl /,(lwtt1l twolurfacr profiltJ is 50.JftJrl. TAt das/ltd

linr iJ lht ltarting surface. Tht lOp ojllrt htdrod: hill andlJu dupul point in lht basal dtprrjjion aT( indicQtrd by A and H, rrlpttti«!J,
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hasal sliding:. whcrt'as funher up-glacier thc \,(·Ioci. y chang("s
arc small i Fig, 61" During til<' pha!'(' of rapid rctreal strong
surf'a('l' Im..wing takes pianos (Fig, -II. leading to high ('ah-ing
rates! Fig..1h I.

TIlt' lllass·balann~ funnion ....·as shirt('d at tht· beginning
of the ('akulat ions hill thell l.:xpt constant as a function ofahi­
lud(' for thc whol<- mood paiod. ('orresponding to constant
c1intllti(' conditions. The sudell"n rapid retn:at takes place at
the lo('at ion of till: bas...1tkpression aftt'r a period ofl\OO years
of ('(Instant ma.,,~-balarKe function or ('onstant equilibrium­
lil\(' altitudt' IF.I,,:\) (Fig. 7\" Thus. th(' change in glacier length
dot's not Hlllndia/tti' rdleClthe dimatir si~nal. Ahhough the
input nt:lss-habnre funnioll is constant o\'er time, the an:r­
a,l.:t" Sllrlan" nt·t halann' (surfiln" iHTumulalion and ablation
without caking\ undC'rgOl's change"s du(' to ('hang('S in surf'ac('
rlc""ation and geomrtl1' (~ig, 7b). During th(' phase of rapid
retreat. the ablation is dominau'd by caking and leads 10 a
rapid shrillb~e of tIll' ahlation zone", which is the caust: of
the ~udden inl"rt':tsc' in the accumulation-arca ratio (:\:\R)
and the a"crage surfa('e net balance (Fig, 7r: and b~ This
illustrait's that a lillll.' st'ri("S of a\'C'Tagr surfa('(' m't halaoce of
a ,l.:la('it'r must 1)(' llSt-d "'ith ('ar(' ifinlt'rprett-d as an indicator
ufchang:t'S in dimate.

I~r
E====:=======~0.5 "b" .... ,,

i. " ,",

..

,.."""
b '
-- CaMng rate Uo:

- - - • Termiru velociIy III

~-"""

• c

'\1,,/
.. .. ,.. "" ,.. ,

a •,

\'
"--.. .. ,.. "....

b

~

i: '\~----1
r---f----"""/.':,.t:==::;..",==:l:~,..<;:=.=..=..",..=.,",,,;j;:=.=..:..=;,,o;:,,==::;,~..

'''''

Fig. 5. RtlrfQling fanarlO: fl"oJulion ~ (a J Ihf,e/ario I,nglll

L. (h) Ih, ralrlrlg roff u,_, t!l, ufO(;~r at Ill, tami,IU' II, and

Ill, Ifnglll (hollg' dL/dl oil/I (() Ih, /1'01" d'fi,ll d 01 thf
I"minll! &lwan 800 and !300.l'raTJ.
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fig. 6. Rrtrtating sunario: (a) glari" IHd ,III'ot;an aton,!!
Ill,j1(Jw/inr andfronl positjoll (Joml OJ fl~. Ij: (h) (Onlou'

Mol oJtemporal n:o/ul;o" oJlht sur/auflow l'tIO(i~l' a/on!: Ih,
fl~Jijn,. Tht (:onlour Ii", inlm'iJl if 10 m Q J.

:Idl'an(;n,e sannrio
A gliteit'r ad\'ann' is I(un"d with a shift of tht, mass-balalKt:
fun('tiol1 {Equation (11)) of M = +0,9 m a I (Fig, 3~ The
glacier is thickening due ttl the positi"e mass balance and
slowly starts III advance (Fi~ 8 and 9~ While the glacier is
ad\'ancing. the ('alving front lTachCll dttpt"r .....al('(. leading
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during this slep. Throughout this phase, proceS5CJ O1h~r 'hall
the flotation [rilerion may controlthl: calving rate.

for this reason, an additional model run with thl: SOInW

sc~nario wa.~ performed, which ineluded melting al lhr
wat~r-lin~ (fig. IO~ A constant melting rat~ u~...11 = BO ma I

at the calving fronl was assumed (Equation (5), rouhil1!: in
a constant calving ratr' u.: = u~lt. This prescribed mdl'
induced calving rat~ is only considered if the calving ralr
inferred from the flotation criterion drops bel"",' BOma I.

This is Ih~ CaM: during the rapid advance. Due 10 thr I,rr·
scribed calving rate during this phase, the rate ofad\'alwr i~

slightly reduced ;It the beginning of the accelerated ad, .11.·r
(fig. 10). but the height allovt: buoyancy at the terminus )larH

to grow and exceeds IhecritteaJ height ~. This leads to high­
~r frontal flow .velocities. Once the terminus has paSSI-d the'
frontal moraine and reaches deeper wattr, the buoyanr)'
induced cal"';ng is again controlling the front ?f,eldllll
change. Despite the different change in length during t.hl' {asl

Fi.(. 10. Diffeunt ad/JQnC"ittg sunarios. (a) Evolution rf
glaeiif ltngln. Thr solid linc rtprrMnts lnt caM oflnt oJltoMing
s((norio witn aprrs(Tilwd mtlt-induCldeo/ting rail of8O '" a I.

Tnr dotltd li"r shows tht adtwncing sunotio wilhoul il

prlscribcd ealuing ratt (sonu I1J in Fig. 9), and tnr dashtd linr
is lnr odvonu SU1Iorio ulith rrdu.ttd trlas.s~olonCl shift of
0.7 m a-I insuad lljo.9 III 0-

1
• (IJ) CAlllinK talts corrr.Jptmdillg

to tn, oduanu sunarios shown in (a).

..

,
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~ J \
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Fig, 9. Adr'ane;ng sctnorio: roolulian of(a) tntglacln ltngtn
L, (h) Inr calt:ing raft U", Int ut{QCity al tnr Itrm;nus Ui and
Int (rngln ehangt dLjdt, and (c) tnt wattr dtptn d 01 tnt
ltrminus,
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to highcr citlving rates and iet velocities at thc H:rminus. The
ratt of advance is \'cry small and decreases \l\'ith incrtalling
water depth. Once the terminus pitSSCS the dttpest point of
the basal depression (8). the calving rate decreases rapidly,
accompanied by a smaller ~uction of the terminus
velocities. This results in a rapid advance unlil the terminus
m:erridn the basal hill (A~ For a short period of timc, the
calving rate evcn \'anishes because the terminusllides uphill,
and the critical height above buoyancy ~ is always exceeded
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Fig. II. Rttrraling and adllo"cing SWlorios wilh L'a,;abl,
height abovt huo1onty. Tht solid lint ftpfrsenlJ lnt mod/lld
toolution oJlhtglocin ltngth prmnttd IKjort (q = O.15~ and
tht dashtd and dolled lintS show tlu tlJQ/utiotl oIg/ori'T Itnf!.11I
for Q slightly di1lmnt htight about hUfJ)'ollC)' with q = 0.12
and q = 0.18, mputil1tly.

!Xriod of advance compared 10 the case without a prescribed
mch·induccd calving rale, the final positions of the glacier
[ront arc almost identical (Fig. 10~

In an additional modd run with a slightly smaller shift
of the mass·balance fUIKlion of lib = +0.7 m a I instead of
0.9 m a -I. it i! not possible for the glacier to overcome the
basal depression (Fig. IO~ A steady state is reached already
in the downslope region of thc depression.

Fig. 12. Relrrating and advan(ing sunarios wilh va,iable
walt' d,pth in th, "gion ojtlr, basal d,premon. The solid lin'
"pm,nfj llr, modtUrd tvolution ojthlgla(iff l'nglh prntnlrd
brfort. and th, dashrd and dotlrd linn show th, ,voIution oj
glo(i" lmgllrJo, 0 (hon.~ in wot" d,plh in Ih( r'gion ojllrt
basal d,pmsian oj-10% and +JOY., mpulivt{].

confirm Ihe effect of basal topography 011 the dynamics of
tide.....ater glacie~ohtained from Ihe pre,'iou.~ advancing and
retreating scenarios. );('vcrthdess, in the advancing case a
variation of q or tht· mag-nitude of the basal depression can
have a significam effe("( 011 the qualitative behaviour of the
glacir.r evolution.

5. DISCUSSION
Sauilivi!J ojtlrr mod,l ,~lt.s
To examim: the scnsitivity of the modell«i scenarios 10 the
choice of the height above buoyallC'y, additional model runs
with a slightly diffe~nt q .....e~ JXrform«i (Fig. 11~ A larger
q =0.18 instead of q =0.15 leads 10 higher calving rates and
frOIUOlI flow velocities and therefort' to a higher mass loss by
calving, whereas a smaller q = 0.12 Iuds to a reduced mass
loss by calving. The retreat rates a~ not changed signifi­
cantly, but the OlU(:t of rapid ~tl'(:at is shifted in time,though
still fixed to the location of the basal ckpression.. Retreating
scenarios al'(: only affect«i to a minor degree by changing q.
whereas advancing scenarios show a qualitatively different
behaviour. for the advancing scenario a reduced q = 0.12
results in a faster ad"ance, because with respect to q =0.15
the mass loss by caking is reduced. How('\"(:r, the gcm:ral
advance behaviour ....·ith ~spcct to basal topography is
similar. With q = 0.18 in the advancing scenari~ the terminus
docs not ~rcome the basal depression.. because the mass loss
by calving is 100 large and a steady-stale gcomt'try is reach«i.
In contrast to Ihe case of retreat, the total mass loss bycalving
is also high during the phase of slow change in position. ror
this reason, a change in q has a signifMAilnt efloct on lhe
change in the terminus position for the advancing So::enario.

A 100/. increase or rt'duction in water depth in the region
of the basal depression results in a dynamical lxha"iour
qualitatively ~ry similar (Fig. 12) to that prncnted hefon::
with varied q (Fig. II~ The magnilude of the rate of retreat
or advance is different in the region of the basal depression,
httause the calving rate is st:nsitive to changes in basal sloJX
and water depth. In the casc of the shallower depression,
dL/dt is reduced during Ihe phallC: of rapid retreat due 10 a
r~oc~ mass loss by calving. whereas for the dttpcr tkpres'
SInn the rapid relreat is accelerated as a result of enhanced.
cah·ing. In the advancing scenario with increased water
depth the glacier docs not o~n.:omc the bas.'\I dtpression,
Iw:causc the mass lou by calving ~omcs too large.

fhClc tensitivity considerations on the critical height
abOve buoyancy and the magnitude of the basal depression

The modelled rdation lKt .....ecll calculated calving rate and
.....ater deplh using the modified notation criterion {Equation
(4)) is qualitatively in goocl agrttmcnt wilh the linear
relation suggest«i from observations (Brown and others,
1982), but only regarding slow ad.....mccs or retreats {fig. 13a
and b~ Where rapid changes occur the calving rate increases
non-linearly with water depth. Meier and Post (1987) showed
thai tht: linear cahing law is probably limited to the case of
slo.....ly changing tide.....ater glaciers by arguing that in the case
of rapid retreat. flotation may be Ihe determining fa("lor. This
is aiM> supported by the data from rapidly retreating
Columbia Glacier (\'an der\e-cn, 1996). and our model results
clearly confirm this limitcd ....alidity of the linear calving law.

C()nsidrring the flotation criterion for the calving process"
the rt'treat or advance is primarily a consequence of glacier
thinning or thickening in the terminus rtgion, which is in gen­
eral due to mass-balance changes. The magnitude of the thick­
ness and thl'reforc the length change dqxnds, besides the mass
balanrc, on bed g('tlllletry and basal sliding. ror example,
during the rapid retreat through the basal dt-prcssion, the typi­
cal flo,,- acct'leration to"~drdS the caking front is enhanced,
because basal sliding incrt'a.<;('S with .....ater depth (fig. 6~ This
leads to a much hi~her mass-flux divergence in the frolllal
region and finally to an additional surface lowering.

In the presence of a basal depression, a small change of
mass balancc call lead to a drastic change in the terminus
position. It could be sho.....n that thinning due to a slightly
negative mass balance is the triggering process for a rapid
retrt'a\. This (('Suit supportS the concept of Van der vttn
(1996) for explaining the observed rapid retreat ofColumbia
Glacier. which suggests that the rapid rel~at is initialed and
maintained by the thinning of the glacier. The model calcu­
lations demonstrate that rapid changes oftidewatcr glaciers
arc.. as oflen olJscrved, plT'dominandy an effect of tx:d
lopographyal and behind the terminus, and only to a minor
degree a diud reaction to a mass-balance change. This was
already described qualitatively on the basis ofobservations
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520 alld 600.rtarsjoT Iht ad/'QlI(( sUT/aTio.

hy \'ariom authurs p.lt'ier and Post. 19H7: Warn·n. 199~1:

:\aril~e and olhe~. 1997).
TIlt' 0111(\..1cakulalilllls pt'rronm'd with ttl!' two~n=narim

ronl'irm tht' ronn'pt or rapid retn'at and slow adl'anl'(' ora
tidt· ...·a!t·r gl;u-irr through a basal drpn'ssioll qUillitatilTly
desnilwd hy ~kicr and I'osl d9Hh The obtained simul­
tal1l'flUS inrrl'as\' in tl'rminus l"('locil y wil h ilK"n·il.~in~ l'all'ing
rate il1u~tral('s that an arn"lcratt"d retreat throuRh a ba....11
drpression is not obl·ious. TIlt' mockl experiments prrrorml'd
r1('arly show thaI whettwr a r('treat or ad\'alJ('e is ~Iow or rast
clt-pends !lOI only on Ihl' watt'r dt'pth, bUI also on dw ~iK!l or
thr ba~al slup(' al Ih(' t('rminus. Rapid dla!l~rs in Ille ll'rmi-
nus position occur ·herr IhI' hed slope's up in flow c1in·nion.
...·htreas in regions ·here thl' hed slopes do....n Iht changts
are slow.

In rOlllraSI 10 tlw slow ad\"3nn' wilh progr...s.~ioll into rlrrr­
rr water. a rast ad\"30('1' into shallowl'r ...·ata is prrdic·tt·d by ,ht'
IlWdl'1. Tllis lIas IX'C'1l ohst'r\"l..'Ii (lualilatilTly at Taku Glaril'r
I~tlllyka ancl POSt. 19(5) and Huhhard GI,l("il'r (Mayo. 19MI,

hut, in bOlh cases. Sl'dimc'llIatioll PITI("CSS("S anrlthe formation
ora trrminal push-morainr were imulvrd in tht rapid ad\"auI:l'.

The model rl'suhs t'nahk us tn idcmiry rCKiollS or stah!r
and unstable tc-rmililis posilionJ.. A downsloping bed in thl'
nn.... direction allows a stahle or slowly c'hanKing position.
On thl" Cllhl'r hand. irha.QI ek\"ation inHeasl's in till' now
dircninn. lilt' terminus position is nOi stablr and a rapid
rrtn'at ur adl'arK'c 10 a stable re~iol1 is inevitahle. A~ a COIl­

sl~lluenc... , in Ih... prest'nce or a ba~al rlt'prc'ssion in thr Irrmi­
IlU.~ region ora tidf'wat('r glacier, more than Oile slcady.slall'
surfa('(' and trrminus position ('xislS for a given ma~s

balann:, depending on th(' initial grometry. In Figure 2
two difTerem st('ady.state geometries raleulaled with Ih...
same mass halancc arl' shown. Th(' lower sleady stale was
calcul;lIed wilh an iniliallcrminus hehind the basal drprf's­
sinn. wherl'as ror the olher sleady Slale it was in rrf/Ill orlhe
hasal dl'pression.

In Ihe ra~1' nra prCJKrC!lsiflll orlhr lerminus into drrper
waler, th(' rail' or adva1lC"l: slow~d"wn, because the ma.s~ loss
rlUI' 10 calving i1lC"n:ases. Thus, a long lime is rNluirffl 10

huild up enough mau to advance. The model results or Ihe
advancing scenario show Ihat in order to {Jvercomt a basal
depression, a long period or large positive mas.s halance is
rC<luirt'd. !rthe mass balance is not large enough, Ihe glacier
will rearh a sleady state and the calving rront will slay inlhe
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do....nslopc· rrgion of tlw dl'pr~sion (Fig. 10j. for c!c:cp h;\s;11
dq)fcssions. such as tho~(" 1:H'ncath Columbia Glacirr, a \"C"r~

lar~c' POSilil'I' mass balanrl' o\"er \"ery lon/ol: liml' pl'fiuel­
(>1000 yl.".3rs) may hI" ('xl)("f·trd as a Ilt'n'ssary ('ondilioll r;'r
a (f'ad\";lnt·c anoss Ihe dl·pression. I,ookinR at th(' Illllg Ii Illf
periods Ilt'c'dc'd li)r till' ad\'ann' thro\l~h a l)t'd dt'pres~lon,

otht'r prot'e~Sf'S Illily support thr adl'afl('C' orthe ~1.3rio:r tn­
minus. for example, rock sedimentation in Ihe glacic'r rorr·
lidd and the rormation or morainal banks wfluld r('ducr thf
wiltl'r dl'plh and till' cal\'in~ al'li\,i,y and ra('ililalt' an
ad\'ancC" (Pau~rson. 1994: ~Iolyka and Post. 199:r, Fisdll'r
and Powl'll. 199R). Tht"St· prn('"t"sst"s art' not ('"onsidl'fn:1 in th,'
prrsrntf'li dynamic mod,·I. whirh poS/.'S a limil;uiolllO !lIncl·
tiling an adl'allCc' or a tidt'watt'r glacic·r.

Othc'r proct"SSt·s, such as lateral dra!: or cross-sc=eti"n
chan~es along th(' nowlim~. may hr imlxlrlant. For rxallll'lr
a narrowing or a valky or an irll"rraSl' in latf'fal dra~ Ill:l\

!rild to a slu....rr n'l real or a lidf~ ....atcr glaciC'f. Howt\'rr. SIN·1i
thn'c..din1l'nsional prnn'ssc'S and the possible- 0I1S/'1 Urnl,n"
iOR I,r tIlt' in' Innguc: ('anllul he In·atl-<! in thI' prl."st'nt mfleld

6, CONCLUSIONS

Adl'al'\Ct' and n·trt:at or thl' terminus of ratlwr ~mall .1I1fl
slowly fl(lwin~ ~round"d liclt'walrr Rla('irrs ilr(' simubl"t
wilh a numl"rical glacier mood. The modd sokes tilt" full
rorr('·balal1f"t" "1uation.~ 10 compute StrTS$ and \"dority li,·II!·
and calculatcs Ihr timc ('volulion or IhC" glarier surracr f",.,
given mass·halatK·e M'enario. Basal sliding is implt'nll"IIIl''tf
through a sliding param('terizalion haM';d on hasal ".ur:
pressurr corn=slxmdil1~to a walcr table at sea level. C:lhirlc
l~ implemented wilh Ihe notalion modd, in which I h.' r.th·
ing rronl is ~hirted Oil each lime,sl(,p to Ihe posilion WhCII·thr
rronlal let" thirkllt"M exr('ffls flotation height by a prell< rit ....1
value, Thus. the calving rate is an output or Ihe IlII>fkl. III

('"ontrastlo pre,'ious modelling approaches. For sIO'o'..t~ 011\1'

ing glacil:n which al1' ("on~id('fcd hf're, olher prOl'es."'·' <lI.h
as mehing along Ihe water-linr at IhC" calving rrolll lll)\

become controlling proces.'lCs. Therl:rol1', a calvin,", r.llr
equivalent to the melting rate can additionally be prC'So rillrd
in Ihe model.

The model calculations confinn the eyel" or sill"
advalll"f': and rapid relreat through a basal df':pressi(lol Sll~'



Kcsted by Meier and Post (1987). for a slowly advancing or
retreating silUation, the known empirical rdation Ix:twecn
water depth and calving rate (Brown and others, 1982) is
qualitatively reproduced by the model, hut l10t for rapidly
chanKing situations. Thus, this study d('monstrales that
unJ;table rapid retreats of tidewater glacic;n and thl' known
empirical relation between cah-ing rate and ,"'ater dcpth
can be explaincd ..... ith a model in which a height-above_
buoyancy criterion is prescribed.

The Olodd calculations furtht'r~howthat ('alving dt"J~nds

not only on water dr-plh bUl also 011 the sign of IIIl' basal slope'
in the t(,rminus region. Rapid changes (If thl' terminus posi.
tinns preferably ()('('ur ill region.~ wht'f(' Ihe lX'd slopt.'fi up in
the nn..... din~tion_ and are therefore predominantly an ('ffert
of tx:d IOpography rattll"r than a din:ct rcanitllJ to change!' in
dirnate. In our modd cxpl·rimems. Ihinning due \() a change
in flimatr and Iherdort· in mas~ balance is only Ihe triggl'fing
pruc('ss for a rapid rctreat through a hasal dc·pression.

Ifbullyanq'. parameteri1.l"(! \\'ith the nntatinn rritrnon. is
Ihe dominant dri"ing fanor for cah-ing. the obtailll'd rate of
ad"at!C(' or r("t(('al is primarily eontrollrd by challges in the
~urface t·lt·,·alion in the terminus ((·gion. and much lc~s hy thr
ral\"ing mechanism ilSt'lf. This mc·all.\ that Ihl' milgnilude (If
Iht· rah-in~ rate is a rcsult of tilt' glacic'r dynamics and not \·in·
\"r~a. Surfan··c,IC\·ation dlallges lll'ar Ihr terminus an'
~trt1ngly afTcncd by changt's in hasal sliding and Iwd top0/o:·
raphy. This SC'nsiti"il y of glacier change to hasill topography
ha~ important ('"OllS(·qUC·Ill.:C'S regarding tht' future bC'hin-iour
tl tide'water g];u'irrs with rl'spcn 10 dimau' change. A simplc'
I'"rallll't('rization in trrrns uf I'a~ily availahle' information.
~lIrh as surfatT wpography. i{"t··nnw n'luci,)" and Icrmillu~

llt'i~hl. GUillot he' expected. Sincr hasal dl'prc~siuns it! Ihe
frontal rl'gion an' typiral filr tidt'water glaric·rs. rapid n·t rt·,lts
.lrr likely. ('\'en if tl\(' mass·hal;mrl· dlangc'~ arl' small and
Sill\.',. Ttl predin the kngt h I·hangt· of tickwatt'r glaciers. c'~pc"

ri .. lIy for short-term changt's. till' IJ;\sal tnpugr,lphy in tIlt'
fromal n'gion must 1)(' kllm,·n.
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