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ABSTRACT. U nd ersta nding th e res ponse o f' present and fo rm er ice caps to 
clim a ti c OU Cl ua ti ons d epends on a n elTCc ti \'e m eans 0(' mod elling m ass ba la nce , 
Abl a ti o n ca n be reaso n a bl y well a pprox im a ted from surface energy-ba la nce 
calc ul a ti ons, but cha nges in snowfa ll. th e prim a ry mass-ga in mecha nism , a re poo rl y 
und erstood, This is a pa rti cula rl \' impo rta nt limita ti o n in th ose mid-l a titude a reas 
where th e loca ti o n of'precipitation belts cha nges fro111 g lac ia l to interg lac ia l conditi o ns, 
This pa per d e\'C lo ps a meth od of mod elling th e spati a l and tempora l \'a ri a bility of 
snO\l' fa ll in Pa tago ni a , SnO\di:dl is predi Cled [I'om a \'enica ll ), integra ted moisture
ba la nce equ a ti o n representing winter, equinoc ti a l a nd summer seasons, lnputs to th e 
mod el a re sea-surface tempera tures a nd th e geos tro phic \I'ind a t 700 mbar, The 
d o min a nt process a flcc tin g prec ipita ti on is th e ad\'ec ti on of moisture in a n a ir co lumn 
\\,hose a bility to hold moisture is d epend ent on tempera ture a nd a ltitud e, R ela ti\'e 
humidit y controls e\'a pora ti on a nd prec ipita ti o n , bo th o r whi ch increase with hig her 
wind speed s. Sno\\'[t11 is ca lcul a ted [i'om seasonal prec ipitatio n a nd th e a nnua l 
tempera ture reg im e, whil e a bl a tion is es tim a ted from d egree-d ay ca lcul a ti o ns, Th e 
mod el success full y simula tes present-d ay prec ipita ti o n a nd mass-ba la nce pa tte rn s in 
Pa tago nia, \,'c a lso run th e mod el for full- g lacia l conditions with a nd with o ut a n ice 
cap , re\'ea ling th e cx trcme \'a ri a bility of mass bal a nce a t dil1erent stages o f a g lac ia l 
cyc le a nd th e re la ti\'e importa nce of a ltitud e/mass-ba lance feed-bac k in ice-cap 
grow th, Sincc th e mod el is dri\'en by wind a nd tempera ture Gelds it has th c potenti a l 
to use th e res ult s 0 (' GC~ls as input. 

INTRODUCTION 

Th e a im o f this pa per is to cx plore a way o r linking ice
ca p mod els to m ass ba la nce by foc ussing on th e role o r 
cha nging a tmospheri c pa tt e rn s a nd th eir influence on 
prec ipi ta ti on, The ad\'antage of th e a pproac h is th a t it 
ca n be a ppli ed to former ice ca ps a nd ice shee ts \I,hose 
morph ology a nd behavio ur a rc influenced by precipita 
ti o n pa tte rn s diITerent to th ose o f th e present. Also, it 
a ll ows 10 1' th e e ITec ts of ch a nges in th e to pogra ph y of a n 

ice ca p during growth and d ecay , 

Wh ereas present ice-cap model s a re good a t predi ctin g 
the ge nera l na ture of ice d yna mics, th eir ability to 
simul a te rea l g lac ie rs d epends prim a ril y o n a good 
spec ifi cati on or mass ba la nce. This scnsili\' it y or a n ice
ca p model to Ill ass ba la nce is a n impo rta nt limi ta ti on in 
und ersta nding th e link be t\\'een th e a tmosphere a nd th e 

cryos ph ere, r n pre\'io us resea rch \\T used a fa irl y intricate 
meth od of presc ribing mass-ba la nce/a ltitud e rela ti o nships 
a nd equilibrium-line-a ltitud e (ELA ) surfaces in Pa tago
nia (HultoI1 a nd o th ers, 1 99 '~ ) . H ere, during g lac ial 
episod es, a n ice cap built up as a rid ge a long th e cres t o f 

th e And es a nd ex tend ed 1800 km (I'om th e cool-tempera te 

clim a te of la titud e 56°S to th e \\'a rm-tempera te climes o f 
4-0 S, Th e basic meth od of fo rc ing th e ice-ca p mod el was 
\'i a Cl rela ti\ 'eh ' simple pa ra bo li c cunT \I'hi ch d efin ed loca l 
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m ass-ba lance/altitude rela ti o nships, The precise \'a lues 
fo r th e loca l cun'('s \I'(' re \ 'a ricd o\'e r th e model d oma in 
acco rding to a continenta lit y r~l c t o r. Th e ELA surrace too 
\I'as. in part. d epend ent on th e sa me continenta lit y racto r. 
\\' c fo und th a t th c inco rpora ti o n or continenta lity \I'as 

necessa ry in ord er to be a bl e to mod el rea li sti c glacial ice 
masses for Pa tago nia a nd pre\'ent th e build-up o f ice to 
th e eas t o f th e Andes . The stee p \I'es t eas t moisture 
g radi ents gO\ 'Crn ed by th e wes te rli es had a cru cia l ro le in 
d e te rmining m ass-bala nce pa tte rns a nd ice-cap ex tent 
o\'(' r tim e, The main pro blem was that it was difti cult to 

kn ow ho lV to \'a ry th e continenta lit y pa ram eter thro ugh 
tim e in ord er to re fl ec t bo th th e cha nges in mo isture 
ba la nce ca used by the presence o f a la rge ice m ass o\'e r 
th e And es a nd th e e flec t of cha ng ing wind patte rn s in 
prO\' iding moisture. In pa rti cul a r, we were conce rn ed 
th a t \I'e mig ht be und eres tim a tin g moisture sta n 'a ti o n 

caused by th e growth of th e icc ca p a nd that we co uld no t 
d cmonstra te th e re la ti\'e importa nce of tempera ture, 
wind a nd moisture pa ttern s in genera ting g lacie rs, 

Thi s pa per ta ckl cs the pro blem by d e\' eloping a m od el 
th a t acc ura te ly refl ec ts th e prese nt-da y distributi on of 

prec ipita tion a nd seaso na l snow m ass ba la nce in 

Pa tago ni a a nd is forced by a fa irl y simple se t or regiona l 
c lima ti c \'ari a bles. Th e meth od is feas ible within presen t 
computing res tra ints a nd a ll o \\'s th e simulta neo us e\'o lu-
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tion of' th e ice-ca p and mass-ba la ncc m odels. The mod el 
\\ 'orks b y ca lcula tin g th e seaso nal distributi o n of 
precipitat io n in Pa tago nia from a first-ord e r mo isture

bal a nce mod el. 

THE M ODEL 

The prec ipita ti o n Illodel is based o n the work o f'S a nberg 

and O e rl em a ns ( 1983 ). They use a ,wtica lh' integra ted 

m o isture-balance eq ua tion (o r d esc ribing atmospheric 

prec ip itab le \\'a ter H ' ): 

ull" 
- = - u.\7W + (IV,,, - W )/T* ut 

- (fJ - foS) 1T' + D\7II '2 rv (1) 

where (1 is th e \ 'e rti ca ll y a" craged wind , T* IS a c har
ac te ri s ti c e \ 'a pora tion tim e for th e surfacc concerned 
IO\Tr sea = 3 d. over land = 6 d, Q\'e r ice = 30 d 1. and 
n',,, is th e max imum moisture th e at mos phe re can ho ld . 

H'm is a no n-linear function or a ltitude a nd temperature 

a nd so is a n impo rta nt control o n regio na l patterns of 

mo isture balance . lmportanrly in thi s eq ua tion, rel a ti" e 
humidities control loca l moi sture ba lance, but a bso lute 
humiditi es contro l tota l moisture-c irc ulati o n rates. A 
"'backgroulld" co nsta nt prcc ipita ti o n rat e is d esc ribed 

by the para meter f o a nd a topograp hi c co mponent oC 
prec ipit a ti on by h wh ere S is th e pos iti" e slo pe in the 

up\\'ind direc ti o n. The last tcrm d escribes atmosp he ri c 
dilrusion of' moi sturc \\'here D is a diffusio n co nsta nt. 

\\'e a ppli ed thi s mode l to th e samL' model d o m ain \\'e 

used for icc-shee t reco nst ru c ti o ns. na me ly that pa rt o f 

Patago ni a lying bet\\'ee n latitud es 35 a nd 59 "S Hul ton 

a nd o th ers. 1994) . The o nly c ha nge was tha t \\'e extended 

th e area into th e Pac ific to prQ\'ide a g rea ter m o isture
so urce region . The cqua tions were so hTd o\"(~ r a finit e
difference g rid 0(" 20 km using a lt e rna t in g-direct io n
implicit (A DI ) tec hniqu es (Smith , 1985 ). Zero moi sture 

g radients were p resc ribed at the bo undaries. I n initi a l tes ts 

a 20 min tim e ste p prO\-ed to be stable in a ll 'rind speeds. 

\\ ' inds are o ne o f the fund a m e nta l bo und a ry co ncli
ti o ns. As a first approxima ti on \\"c used th e geos tro phi c 
\\'ind created b,' th e zona l press ure g rad ic nt a t 700 mbar 

a ltitude. This crea tes a se t o f \\ 'es te ri y \\"ind \ 'ec to rs \\-hich 

\-a ry in streng th with la titude. Seaso na l \\ 'ind fields ca n 

thus be spec ifi ed a nd the \rind fi e ld ca n be forc ed b,' 

a lt c rin g- th e zona l 700 mbar p ress ure \·a lu es. Th e 
imp li ca ti o n is th at me ridiona l tra nsfe r oC mo isture in the 
m od e l only occurs [i'o m a tm osp heric diffu sio ll. In 
prelimin ary experiments, \\-ind speed s we re the d ominant 

con tro l o n mo isture patte rn s; g rea te r \\ 'ind speeds a llo\\-ed 

faste r transfer o f mo isture (i-om sou rce areas to sinks. 

T empe ratures \\'e re d e ri H'd fro lll sea -surface air 
tem pera tures in the Pacific a nd m odifi ed in respo nse to 

a co ntinentalit y term and a lapsc ra te appropriate [o r 

each ce ll. Continentality terlllS \\T tT pa ram e te ri zed o n th e 

basis oC the proportion of la nd a nd sea within a fi xed 

rad ius. In interior P a tagonia , summer tempe ra tures are 

predicted to be 6 'C hi g he r , a nd winter tempera tures 6 -C 
10\\T r. than th e ir marine equ i\ 'a lents a t th e samc la titud e. 
A lin ear a ltitudin a l la pse rate of 6 .5 C km I \\-as used . a 

reaso nabl e a pproximation for Pa tago ni a (K err a nd 

Hullol/ al/d Sugdm: .I/ass balal/ce oll!orllll'l marilime ire cain 

Sugdcn, in press ). This spec ifi cat io n a ll o\\"s th e model to 
be fo rccd by sea -surfa ce air tem perat ures a lo ne or b~ ' 

linking- them to th e zo na l 700 mba r pressure field. \\'c ra n 

th e model \\'ith present -d ay summ e r and \\"inter tem pe ra 

tures in th e Pac ifi c. Th e equin oct ial s itu a ti o n \\as 

assumed to li e midway' be t\\Te n th e t\\"o . 
The initial a pplication o r th c moi sture-ba la nce 

Equatio n ( I ) indicated t\\"o problems . Th e first \\'as th at 

the atmosphere ac hi e\'ed \ 'a lu es o f m o isture grea ter th a n 

the th eo retica l maximum , IT'111' This sugges ts that excess 

m o isture n eecb. to b e precipitated as sa turat io n is 

approaehed. Th e second problem \\'as th a t it \\ 'as ha rd 
to ach ie\T hi g h prec ipitation ra tes in coo le r reg ions 
beca use prec ipit ation, itse lf defined as a function of 
abso lute humidity. \\ 'as tcmpera tuIT-d epc nd enl. \\'a rlller 

reg io ns produced more prec ipi tation th a n coo ler ones a t 

simil a r rel a ti\'e humiditi es. W e therefore re\ 'ised th e 

balance eC! uation as follo\\ -s: 

uH" ---at = - 11.\711 ' + (H"111 - 11" - 11" 1'y) / T ' 
(2) 

- [(foS + h + hI 1)1\" + he" 1t
·] + D\72n-

\\"here the ex po nential precipitation te rm he"\\" a ll m\s 
hi g h prec ipit a tion as th e atmos ph ere ap proa c hes sa tura 
ti o n and is co ntro ll ed by the parametCTs ha nd h: IT 'Pg is 
an e'"'tpo ration term lin ea ri ) depend e nt o n \\'ind speed 

(v ) controll ed by th e parameter 09; and the term !hl1 )TT T is 

th e lin early d ependent \\ ' incl-prec ipit<ltion term controll ed 

by h. These las t t\\ 'o term s a 11 0\\' faster moisture 
exchange \\'ith th e SUd;UT in \\ 'indy areas and thus 
produce hig her prec ip itation in coo ler mid -l a titudes. This 
is reasonabl e since precipitation in these a reas is la rgeh

assoc ia ted \\'ith storms \r hi ch arc themseh-e, co rre lated 

\\'ith hi g he r \\ 'ind speed s. The pa ram eters in Equ at io n 2) 
can he adapted to adjust th e impo rt a nce of precipitation 
and ('\·aporation. For in s tance. bo th \\-ind-rclated 
e\ 'apora tion a nd preci p i tation can be s t re ng th e necl to 

m a ke th e res ultant prec ipitation patterns mo re o r less 

se nsiti'T to \\' incl speed. Ultimately though. \'an'illg th e 

parameters is o r o nl y sfCo nd an' sig nili cance beca use \\'ind 

d omin a tes th e transfer of' moisture a nd its a\·ailabilit\-. 
I n order to assess th e capab iliti es o f" th e m ode l. three 

prec ip itation scena ri os \\TIT calcu la ted fix th e present

da y summ er, \\·inte r and equinoctia l seaso ns. Seasona l 

temperatures a re required to calcu la te m ax imulll pre

cipita blc wa ter content, to assess ho\\' llluc h precipitat io n 

f ~tll s as sno \\' a nd to es tim a te ab la ti o n. ,\n exp ress io n o f' 
tcmpe ra ture \'a ri at io ll throu g ho ut th e \ear is required for 
each loca tion. T o o btain thi s \\T co nsid e r th e tempera turc 
extremes in SUlllmer a nd \\"inter a t a g; i\T n locat ion. 

ta king in to account a lti tude and a n y con tinen ta lit y 

dTccts, a nd th en ass ume that th e an nu a l distribution o r 

temperature is sinusoid a l. Thus, tem pera ture T" at a ll\' 
point in th e yea r is: 

T" = 7(J + m ( cos e) (3) 

\\ 'here 7(] is the a nnual m ea n temperature, In is ha lf th e 

a nnu a l range o r temperatu re. a nd e represen ts a g iH' n 
po int in th e a nnu a l cycle meas ured from summer equinox 
to sUlllme r eq uinox \\-here a )ear is 7r rad. Thus, b y 

integrati o n O\'er the rele\'all t per iod. <l\Trage temperature 
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Ill/liOIl alld SI/gden : iliass balallre all Iormer maritime ice ca/JS 

\'a lues for the season can be ob ta ined (Fig , I ) , Th ese 

correCl ly simula te th e pa tlern and a mplitud e of tempera 
tu re \'aria ti on in Pa tago nia, To es tim a te the precipita ti on 
f ~t!li ng as snolV lVe follow Sanberg a nd Oerlem a ns (1983 ) 
in ass uming that precip ita ti o n w ill fa ll as sno\\' if 
te mpera tu res a re bclow 1°C. F ro m Equ ation (3), lVe 
calc ul a te th e peri od o f tim e in eac h seaso n th a t 
tem pe ra tures a re belolV thi s le\'e l a nd , ass uming th a t 
prec ipita tio n is e\'enl y distri b u ted thro ughout th e season, 
we calcu la te a snoll'fa ll rate, 

W e calc ul a te a bl a ti on exp li c itl y us ing a d egree-day 

a 

6 ________ 6 

c 

meth od a nd integra te th e excess tempera tures fo r eac h 

d ay of th e yea r. Braith waite (1985 ) a nd Bra ithwai te a nd 

Olcsen (1989, 1993 ) ha\'e shown th a t pa ra meteri za ti o n of 
d egree-d ay mod els nl ri es fo r ind i\' idu a l g lac iers because 
of conditi o ns such as surface a lbed o, clo udiness, la ti tud e, 
aspec t a nd wind speed, Incl usion of such factors fo r 
Pa tagonia is diffi cult beca use th ere is little inform a ti on on 
sUI{ace a bl a tion ra tes, d eg ree d ays, o r o th er co nditi ons 
a fleeting loca l energy ba la nce , In such circumsta nces, wc 
make a first a pp rox im a ti o n a nd pa ra meterize it aga inst 
the loca ti ons fo r IV hi ch we ha \'e kn own a blat ion \'a lues 

b 

·2 

d 

Fig , 1, Predicted temjJeratllres ( UC) Ior (a) summer alld (b) willler calculated Ior Ihl' jJresfIIl d(~JI I~JI a/J/J/ying ([ la/Jse rale 
(6,S'Ckm I) alld a seasollal eOll lillentaliO' term 10 sea-level air lem/Jeratllres ill l/ie Pacific. Tllis ShOI1'S Ihe amplitude oIl/'{{rmillg 
ill slimmer and cooLillg ill willter, The temperature jJallem is similar 10 that ~f t/ie present ( .IIi1ler, 1976) , M odelLed atmospheric 
water-mpour (ontellt ill 11/ qfl!'{//erJor the whole atmosjJ/zeric coLlIllwfor (e) slimmer and (d) will/er IIl1der presen/ dO)' cOlldiliolls , 
These are the c(Yllalllic equilibriulII m/l/es achieved a[la rullning Ior Ihree model d(~J's, 
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Ohata and o th e rs, 1985 ) . Abl a ti on (a) is then foun d as: 

a= Db (4) 

Il'here b is a linear parameter and D, the degree-day sum 
abo\'(: a ce rtain tcmperature thres ho ld (T II ) , is simpl y the 
integ ra l under the seaso nal-tempe ratu re exp ress io n 
(Equa ti o ll 3)) , 

COMP ARISON OF THE MODEL WITH THE 
PRESENT-DAY SITUATION 

The firs t s tep is to see whether the model can predict 

present-day di stributions oC precipitation , snoll-[all and 

mass balance. Only if these simulat ions arc successful can 

lIT ha\'(.' the confidence to proceed to experiments d urin g 
g lacia l conditions, An initi a l test of the model is ro see 
II'heth e r it produces suitable atmospheric-moist ure \'a l
ues, The model 's predictions of tota l atmosphe ri c Iyater

moisture content arc sh o\l'n in Figure I a nd produce 

\ 'a lues of 10~ 15mlll in \I'inter and 12 17 Illm in su mmer. 

T hese \ 'a lues arc close to general estimates Bannon and 
Stee le, 1960 ) and sho\l' th e same seasona l trends, 

Another sign ifica nt second test of th e mode l is its 
ability to simulatl' present-day precipita ti on pat terns. 

P red icted summ er, winter and a nnu a l total precipi tat ion 

estimatcs a rc shown in Figure 2. Bearing in mind th e 

pauc ity of precipi tation data for the region, the predictcd 
distribution of mean anll ua l precipitation sho"'s a good 
match \I'i th measured \ 'a l ues of preci pi ta ti o ll ( i\ fill eT, 
1976 ) . In particu lar, the model p icks up the magnitude 

and strong east~lI'est grad ient. There is a predicted 

(mm - Above - 4000 - 6000 , 
\ - 2000 - 4000 

l1li 1000 - 2000 

0 500 - 1000. 

0 250 - 500 ! 

D Below 250 

a 

!-Ill/lOll alld SlIgdm: .lfa:,:, ba/allce onformer marilime ice ca/JS 

gradient from 1000 2000 mill in the "TSt to less than 
ISO I11m in th e cast. Th e lat itudin a l precipitation g rad iem 

is a lso clear in the east, wi th drier clim ales in \I'armer 

lat itudes . The model shOll's a \ 'e ry patchl' precipitation 

di s tribution with strong loca l contrasts, whereas the 
publi shed maps ha\'(> sl1100thed contours. Probabl\' , the 
model is rea li stic in that it exp li c itl y shows c hanges 
assoc iated lI 'it h local topograp hi c \ ·ariat ions . T he poorest 

match 0(' the model is that it produces relali\'ely loll' 

prec ipitation \ 'a lLl es in the coasta l margin o f' the south

west. T he modclled coasta l , 'a lu es of 1000 2000 111 m are 
1011'(')' than reality whcre \'al ues ma>' bc up to 5000 mm 
.\ 1 iller, 1976 ) . Possib ly, the modcl underes tim ates rain

fall due to ach'ect io n . Th e high modelled , 'a lu es in the 

Andes agree \I'ith some recent measured , ·<dues O\'er the 

ice ficld s of 6000 7000 mm Escoba r and others, 1992 , 

The \ 'ariat ions in su mmer and w inte r precipitation 
matc h mcasured seasonal nuiat ions . In lI'inter. both th e 
mod el and measured ",liues indicate hi g h precipitation 
throu ghout \I'('s tern Chile . In the modC'l this is caused 

direc tly by coo l land temperatures in compa ri so n to th e 

adjacent sea. Summer precipitat ion is 1011'e r o\'('ra ll. 

Precipitation to the cast anci in the Atlantic is less 
affected by seasona l c h anges, except in nonhnn 
.\rgentina where p recip itation in creases beca use of lhc 
slacken ing or th e westerlies in summer. This latter feature 

is also reprod uced by rhe model. 

The model caleulates the proportion of prec ipi ta tion 

that fal ls as snOIl, and thi s is ShO\\'ll in Fig ure 3a, As 
expected , sno\\' f~lil is highest on the most e lenued part of 
th e Andean chai n a nd on the hi g her parts 01' th e p la ins in 
the lee of the Andes whe re \\' i n ter tem pera tu res a re 

10\l'('st. There is a latitudinal grad ient in that th ere is 

b c 
Fig, 2, ,1iodelled /Jlwi/Jilalioll ( 111111 ) Ior ( a) Sil l/WIN, ( b) u' illler. alld (c) Ihe.rear (1 ,1 a It'ho/e . The oil/ill/Ifi' alld It'illler m/lIe.1 (Ire 
gil'fIl as meall all/wa! equi1'{//fIll mle.IIor cOIII/Jariooll . The al'emll /Jreci/Jilalioll di.llriblllioll cOllljlare.lI({1'ollrab~)' 1( ,il/1 lIIeawred 
dislriblllions, showing l/ie "long wesl ea:, I jJrecipilalion gradi!'lll alld ab,IO/lIle "a/lies dose 10 measlIred m/lIeo . Thick line.1 rejJres('//1 
100011/ {olllollr illlen'ah, 
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J/U/tOIl alld Sugden : ,Ilass balance 011 former maritime ice ca/Jf 

o 

(mma-1) 

(mma-1) - Above 3000 - Above 6000 - 2000 - 3000 - 4000 - 6000 - 1000 - 2000 - 2000 - 4000 - 0 - 1000 

l1li 1000 - 2000 ~~ -1000 - 0 
1,-G'8 500 - 1000 L_~ -2000 - -1000 ~-c 

250 - 500 D -3000 - -2000 
~ 1j'*\.1"I~ lG\l I Below 250 .. Below -3000 -a 

Fig. 3. ( (/ ) Predicted /Jresellt-d(~)' Jllouya!/ ( 111111 (/ I we. ) alld ( b) presel/t-d(!), lIIass ba/aI/re o Ue!" a )lea/" ( 111111 a I lv .e. ) . There is 
a good fit betweel/ the areas predicted La /all'e ({ positive //la ss ba/al/Cl' al/d the locatioll Ci//Jresell t ice/ields. 

mo re snow in th e so uth th a n in th e no rth. The hi g hes t 

n tiu es o f snowfa ll a rc in th e a reas o f hig hes t prec ipit a ti o n. 
This p a ttern agrees " 'ith tha t g i,"en by K a d o mtse" a 
( 1987 ) . Snow m ass ba la nce is sho wn in Fig ure 3 b. This 

shows positi ve m ass- ba la nce va lues o nl y in th e "i c init ), o f 

th e m a in ice fi e ld s of tod ay, no ta bl y Hi e lo Pa tagimi co 

S ur, Ri e lo Pa tago ni co N o n e a nd Hicl o Co rdill e ra 

Darwin. In thi s case season a l sno,,· is m e lted fro m a ll 
but th e hi g hes t, we t test e le, ·a ti o ns. The good (it w ith th e 

dis tributi o n o f ex is ting ice caps is e nco uragin g a nd o fTe rs 

so m e d egree o f confid e nce in th e m od el. 

MODELLING GLACIAL CONDITIONS 

\V e run th e m od el und er g lac ia l conditi o ns fo r two m a in 

reaso ns. First, it prov ides a m eans o f a p p ra ising th e m od el 

und e r extre m e conditi o ns a nd di sce rning w he th er o r no t 

it m ay b e a pplied success full y to fo rm er ice cap s. 

Secondly, th e m odel ca n be used to assess th e re la ti "e 
im porla nee lO ice-cap m ass ba la nce of ex tern a l fo rcing 
[acto rs, such as tempera tu re a nd press ure fi eld s, a nd 

inte rn a l [ac to rs suc h as ice-ca p to pogra ph y. 

In ord er to simula te m ax imum g lacia l conditi o ns \l'e 

,e t te mpe ra tu res thro ug ho ut th e regio n a t 4 C 10" 'e r th a n 
prese nt a nd shirred th e pressure di s tributi o n north b y 3° 
la titud e. The te mpe ra ture shift is a n a rbitrary fi g ure 

whi ch is a littl e 10 \l'e r than th e 3 C indica ted b y o u r O\l'n 

m od e lling o f" th e ice cap durin g th e L as t G lac ia l 

~laximum (Hulto n a nd o th ers, 1994), less th a n t he 

~6cC es tim a ted [o r th e sa m e ti me fro m pa laeoeco logica l 

e"idence (H e usse r , 1989a ) a nd fo rm e r m o ra in es ( Po n e r , 
198 1) , a nd in th e middle o[ th e g lobal es tim a tes o f coo lin g 

du r in g th e L as t G lac ia l ~Iax imum (Broec ker a nd 

D e n ton . 1990; Ba n 'o n , 1992 ) . Th e northwa rd shirt o f 

th e press u re fi e ld s is implicit in o ur prn' io us m od elling 

(H ulto n a nd o thers, 1994) a nd the wo rk of H eusse r ( 1983 , 
1989 b, c ) Th e \\' ho lesa le shiftin g o f th e press ure syste m 
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te nds to inc rease \l'ind sp eed s in a ll but th e m os t so uth erl y 
loca ti o ns. \V e ra n th e m od el und e r a full- g lac ia l c lima te 
,,"ith ice-cap to pograph y a nd a lso w itho ut a n ice cap in 
o rd er to tes t the m od el's se nsitivity to to pog ra ph y. 

Running th e m od el with a n ice cap res ults in a n 

e ntire ly differenr prec ipita ti o n pa tte rn ( Fig . 4a ) fro m th a t 

o f th e prese nt d ay ( Fig . 2) . Prec ipita ti o n is co ncentra ted 

a lo ng th e \\,es te rn (i'o nr o f th e ice cap , a nd th e leewa rd 

prec ipita ti o n g radi e nt stee pe ns. Th e a lread y stro ng w es t 
eas t prec ipit a ti o n contra st streng th ens. N a tura ll y . th e 

snolVra ll pa tt e rn ( Fi g. 4 b ) [o ll o ws th e prec ipita ti o n 

distributi o n stro ng ly, but a ltitudes a re hi gh eno ug h to 

a ll o\\' 5no,,-[a ll O\ 'er a ll o f th e ice cap. Th e m ass-ba la nce 

dis tributi o n (Fig . 4c ) c1 oseh- mirro rs th e loca ti o n o f th e 
I ice cap \\' i th m ass-ba la nce ra tes be twee n 0 .0 a nd 0 .5 m a 

ove r m os t o r th e ice-ca p surface, but ri sin g to O\'e r 4 m a I 

111 the southwest. 

Th e full-g lacia l sce na ri o produces a n e nerge ti c ,,"estern 

ice ca p co nstra in ed b>' ocean calving a nd a n eastern ice 
cap limit ed by m o isture suppl y . Th e sys tem expe ri ences 
positi" e feed-bac k in th a t, as th e ice ca p e"o h-es, it 
inte rrupts th e \\'es te rl y now o f m oisture-l a d en a ir in creas

ing ly e ffec ti,·e1 y . Th e increase in prec ip it a ti o n gives ri se to 

a n additi o na l ra il in ELA oyer a nd a bO\-c th a t whi c h 

mi g h t be re la ted to a redu c ti o n in tempera tures . But th e 
vcry prese nce o f th e ice ca p a lso limits precipita ti o n whic h 
hind ers its east\\'a rd exp a nsio n . In such a sys tem , th e zo ne 

o f hig h sno ,,' acc umul a ti o n mig ra tes upwind a nd th e e lIec t 

il1lensifi es as th e ice shee t e, ·o ,,"es . In effect, it acce lera tes 

its o lVn g rowth to wa rds th e windwa rd Oa nk a nd becom es 

sell~limiting o n th e Ice side. 

Perspecri" e o n th e m agnitude o[ thi s effec t is prO\ 'id ed 
b y runnin g th e Cull -glacia l c lim a te with o ut a n ice ca p. In 
suc h a case , precip ita ti on is simil a r to th a t of th e prese nt 

d ay . but s n O\d~t1l a nd m ass ba la nce a re muc h hig her. 

Compa ri so n o f" th e two se ts o f" predi c ti o ns sho ws th a t th e 

ex istence o[ th e ice cap has three m a in effec ts: it shifts th e 
centre of m a ximum m ass ba la nce \\'est"'ard s by 80 km ; it 
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(mma-1
) 

(mma- 1) (mma-1) - Above 6000 - Above 6000 - Above - 4000 - 6000 - 4000 - 6000 - 2000 -- ./~~ - 2000 - ~, _" I \ -1\11 - 1000 - 2000 -r=~-: 0 500 - 1000 
i_I ...... ~~ 

250 - 500 I~ 'l 250 -i~ 
r---' 

Below 1---.-1 Below L~ 1 ! .. 

" ~t 0 

o 

d e 

F ig, -r F/(/I~glacial tUlldilioll ,1 {{jJjJ/ied 10 Ihe 111(11 illl 11 III Palagollial/ icl' ca/! a ,1 II/uddled I~r H llllolI al/d olhers ( 199-1 j , F or IlIil rill" 

lell/jJeralure,l are Ililt 'e!'l'd I~J ' -I (; alld jJrl',ullrejie/d1 1I1O/'I' d 1I0rlh kJ' 3 lal" wlII/)ared 10 Ihe /J/'e,lfIIl d{~)' , .1bol'l' , /JI'I'didiolll of ( a j 

jJrl'l'ijJilalivlI . ( b) ,llIvllfall. alld ( c) lIIa,l .1 ba/alia 011 alld alOlllld Ihe ice cap , The :0111' lif 111(11 illl 11 III ,11101(' a(,(,llIlIlI/alillll is VII Ihl' 

1( 'eslem ll'illdll'aldj7allks ojlhe ire (({fJ . eSfJecia/(J' ,IOlllh 0/ -1-3 ,S, BdOlt '.jllll-g/acia/ c/imale cOlldilioll ,1 It'ilholll all ia ((If) ale a/so 

slum'll. PredicliulI.1 of (d) jJreci/)ila l iulI. (I') .llI!illfall. alld U) III{/jS ba/ollel' . [ 'lIil.l are 111111 a 1 11 ,.1' , 11110 IIgllO 11 I , 

in creases th e a rea or maximu m m ass ba la nce by a n o rder 

o r l11 agnilUd e; a nd it increases th e a ridit y of" th e lee Oa nk 

\I'here lo ta l prccipita ti o n in th c adj ace nt pl a ins is rcduccd 

Iw 250 111111 50 'Yr) ) . Th e e fT t'c t is es pecia ll y s tro ng in th e 

no rth a nd so u th \\'he re th e to pogra phi c co ntras ts he t\l'ee n 
g lacia l a nd no n-g lac ia l e pi !'>od es a rc stro nges L 

These ex pe rim e nts shed li g ht o n the res pcn i\'e pa n !'> 

pla ycd by th e ciifk rent facto rs a rf'ec tin g prec ipit a ti o n a nd 

mass b a la n ec durin g a g lac ia l cycl e . Th e m a in 

conclusio n is th a t, in a m a ritim e clim a te w ith hi g h 
ra tes o r prec ipi ta ti o n . a 10 \l'C rin g or tempe ra ture is muc h 
mo re impo rt a nt in initi a ling g lac ia ti o n tha n a c ha ng;e in 
\I'incl fi e ld s. Once g lacia li o n is initi a ted . 11 0 \1'(' \ '(' 1' , th e 

la t le r elT<:n i nil uc nces g lac ier g rclI l"lh. Pa rti c ul a rl > 

s trikin g is the sig nifi ca nt role of" ice ~ ' llrf ~lce topogra ph y 

in ch a ng ing th e pa tte rn of" prec ipita ti o ll hOlh o n th e ice 

ca p itself a ne! I()!' a co nsie! na bl e di sta nce in th e Ice. Th e 
impli ca ti o lb a rc th at th e res po nse o f' t he Pa lagoni a n ice 
cap to f() I-c ing is non~lin ('ar a nd th at a rc ial i\T ly sm a ll 
deg ree o f' init ia l fo rcing is sufli c ient to triggn a ph ase o f' 

ra pid growth . Th c reaso n fc) r thi s sensiti \ ' ily re la tcs to lh e 

prese nce o f' th e ;\ncl es ly ing <1 lh\l'a rt th e wcs terli es a nd 

d ose to th e g lac ia ti o n limit to cl a>'. Thi s semiti \ 'it y o f" t he 
Parago ni a n icc ca p ro c ha nge agrees \I il h o ur ea rli n 
\I 'ork using a less so phist ica ted rep rese nt a t io n o r mass 
ba la nce . 
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CONCLUSIONS 

This investi ga ti on of th e links between prec ipita ti o n, snow 
mass ba la nce a nd ice-ca p behavio ur >'ields three ma in 
conclusio ns. 

I. A verti cally integra ted moisture-ba la nce eq ua tion is 
a bl e to reproduce successfull y th e present-d ay di stributio n 

of preci pi ta tion , sno\\·fa ll a nd sno\\' m ass bal a nce 111 

Pa tago ni a a nd can be a pplied to fo rm er ice caps. 

2. The model provid es a means of distingui shing the effec ts 
on ice-cap growth of ex tern a l forcing fac tors, such as wind 
field s a nd tempera ture, a nd internal fac tors such as 

cha nging ice-surface topogra ph y. Th e effec t of topogra phic 

feed-bac k on mass bala nce is as importa nt in ice-cap g rowth 
as the initi a l tempera ture-cha nge mass-ba la nce/a ltitude 
feed-back. 1\loreo\'(' r, th c effec t is hi g hl y va ri a ble from 
pl ace to place . This sugges ts ca uti on when interpreting the 
results of mod els tha t rely on spa ti a ll y a nd tempora ll y fix ecl 

mass-ba la nce /a ltitud e relati o nships ( Hu ybrechts a nd 

oth ers, 199 1; F as took and Pren ti ce, 1994). 

3. Th e mod el has the adva ntage that it ca n be refin ed by 
compa rison both with mod ern clim a te d a ta a nd with the 
pa laeoeco logical record of the pas t. The pa laeo-pred ic

tions of prec ipita tion , snowfa ll a nd m ass ba la nce can ac t as 

hypoth eses in need of empiri cal tes tin g. 
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