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ABSTRACT. A finite-element solution of the time-dependent mass-contingity
aquation for solump-averaged iee sheet flow and sliding s applied to the Antaretic
lee Shest, First a calibration of the model to the steady-state pressnt ice sliest
configuration is presented.  With Mtted values of the parameters describing the
regions of sliding. the degres of bed coupling and the ice hardness, a change o
tlee msean annual sea-level temperature s osed to simolate variation of the climatie
conditions ower Antarctica for both warining and eooling of the climate. Paradesi-
cally a climate warining of up to 9 degress leads to an inerease o iee valume, whils
cocling leads to decreasing ice volume as long as the pressot margins of Antarctica
are maintained. Some extreme simulations of the Antarctic lee Sheet for “max-
i over-riding™ and “minimom warm-climate™ are shown for situations wlere
tlie present bed conditions are altered. Finally a time-dependant simulation shows
Llie pesspomse of the ee sheet system to eyelizal variations in the simulated climats
demonstrating the lag of the o sheet response to be approximataly 2,700 years

INTRODUCTION

Mosdels of the steady-state configuration of the Autarstiz
[ee Shest have been wsed to explore the derived char-
acteristics (Budd et al 1971, Jenssen et al. 1945,
while time-dependent models have been wsed to hind-
cast, the response of the joe shest to slimatic vardations
(Oerlemans 1982), (MacAyeal 1989 (Huybrechis 19#).
These maodals have besn employed to determine balanss
vieloeities and basal stress maps whish can be eomparad

with the increasing quanticy of feld evidence {Alleay ot
al 1986, Hindschadler et al. 1937 Bindschadlar et al.
1984, Shabtai= and Bentley 1937 Shabiaie i al. 1934,
Whillans et al. [HET].

Controwersy exists concerning the behavior of the iee
sheet during the last ice age especially with respect to
it response during the termination. Local alpine glaciers
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may or may nob have respomded in the same way that
larger outlet glaciers themselves measures of the larger
iee mlest, belaved., To wonrmavel the shrooologies of such
eritical regions as the Dey Valleys (Denton et al 1987
requires. an umderstanding of the interactions between
such different ayatems,

Understanding wow the ice shest will Behave nore
aponss tosuch human-rmoderated climatic changes as the
potential OO warming regquires such modeling experi-
ments While on the sarfase a climate warming moight
b expected to result in the reduction of e i Aatare
tiea, there exists the potential for some limited growih,
e to ihe inereasing accomoalation rates that warmer
temperaturss might produce, Wikl so lictle ablation in
presant Antarciica a considerable warming would need
i oecur before the inereasing ablation dominated ihe
simultanesusly increasing asewmuolation rates,

In ihis paper a solution to the time-dependent mass-
continuity equation wsing the finite-alement meathod s
presented.  Like any continuity-driven model  the pri-
mary input consisis of the mass balance al a partic-
ular time or poiot o the modeled region,  For omod-
els dealing with derived characteristies or steady-sbats
configurations of the present iee sheet, the present al-
beit inecanpletely koown, accumulation patterns suffice
Time-dependant studies of the jee shest’'s past or Tutues
belavior reguire some parameterization of the iee shest
climate with asufficiently simple “knob” that can be ad-
Justed to refllect experienced or expacted climatic changs
Only with such a parameterizabion can one address such
questions as whether the ice sheat will shrink or grow in
responss to OOy warming or how the ice shest changed
during the last ice age and s tarmination

As tlee bes sheat grows or shrinks in response to chang-
ing zlimate, it will necesanly affect its awn climats in
a complex Tashion. While the ideal might be to couple
the i sheet model with a global sireulation model to
predict changing mass-balance patterns, this s presently
impractical. A maore tractable approach is to define a pa-
rameterization of the ise sheet climate in terms of simple
meteorslogical quantities soch as the ambient alr tem-
perature over the ice shest or the potential water vapor
content of the atmosphers. Such a mass-balanee scheme
should have the potential for both inereasing ablation
rates as well as increasing accumulation rates as the eli-
ks Warins.

The mass-balanes scheme presepted here depends pri-
marily on the apecified mean annual sea-level tempeara-
ture as the “koob” with which we adjust climate  The
temperaiuore at any point on the jee sheet s obiained
from an adiabatic lapsse rate, from which the saturation
vapor pressare al elevation is calealated  From this quan-
iity an accumulation rate dependent apon surface eleva-
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ihon amd slope can be abtained by fitting to preseat. aceu-
mulation rates, Ablation rates can be estimated by ap-
plying a seascnality factor which simulates the seasonal
variation in temperatiare,  Comparison with regions of
Crreenlanmd where ablation is presently occurring allows
pararmeterization of this prosess,  Neb mass balance s
ihen simply the difference betwesn these two rates

The Model

Glaciological Eguations

This mudel is deseribed in detail in Fastook and Chap-
man [Fastook and Chapman 1939) and Fasiook | Fastook
1980 The model consists of a fonite-slement solution
of the Z-dimensional {map-plans} time-depapdent. mass-
continuity equation, given in terms of the net anmoal
miass balance, 4. by the following expression

YVoor=aq o (1)

Tor east this as a differ=ntial equation onse muoest relate
ihe flux & to the ice surface elevation, & through a
constibutive agouation. For non-Newtonian fluids sush as
iem, this involves a nonlinear relationship depending on
the iee surface alevation. the thickness, and the surfacs
alopes

We can, however, linearize this by absorbing all de-
pendensies on b and all nonlinearities oo the surface slops
it a spatially aom-uniform proportionality sonstant
kfx, y). This constitulive equation relating iee flux to
surface slops can be expressed by

a=—kizr y)Wh=ILH (2}

The material coeflicient &z g} is dependent apon the
form af the flow and sliding laws,

We use (zlen’s flow law (Glen 1955 for the component
of velosity due to internal deformation of the s, given
by the following axpression.

Up = —— ["“—”T""] HoH (3)

42

The shding law ossd hers s a general relationship
for beds at ithe melting point develoged by Weertman
{ Weertman 1857, Weeriman 1%} and given by the fol-

lovwing expression.
VA"
s = [P.'J|H ﬂl] g ()

The solumn-averaged ioe velocity for a csombination

of Lhese two modes of motion is
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U= flis+il— fiiis ()

where [ i= the fraction of veloeity due ta sliding. For
eximting 1oe sheats [ can be osed a8 a parameter to “tune’
ihe model. For reconstructing ice shests from the past
and for extrapolating future belavior, [ ocan be esti-
mated from various eroasiomal features found o the glacial
gealogic record [ Hughes 19800,

The form of Bz y) = obtained by combining equa-
tions (3) (4) amnd (5) and substitoting into equation

i)

k(x, y =
e ) o

This shows tle dependenss of the material coaffisient
o bee density, gravity, flow law constant and sliding law
conatant (both of which are dependent on ice tempara-
twre, ice erystal sige Tmpuarity content, ete] ies thick-
n=as, and surface gradi=nt,

Substituting the constitutive law sxpression for o
Troim egquation (2) into contimity squation (1] yields the
following differential equation in &

Vo—kr yiWVhil=n- ﬁ (T}
B

The presence of k(z, y) in the continuity equation in-
corporates the pliysies of the flow and sliding laws inte
ihe problem. sines its form depends on the form of the
flavw and sliding law. Different ireatments of the fow
and aliding process change the form of bz, y) but do oot
affect the method with which the problem is solved. An
entirely different sliding relationship can be substituted
without materially affecting the finite-alement metlod of

obtaining a solution to this equation.

The Finiteselement Slethod

The finite-alament method s espesially well suitaed for
solving equations such as squation (7] The method as-
surres linear spatial interpolants for the soslution of this
differential equation, turning the problem into a set of al-
gebraic equations which can be solved by ordinary matnx
meihads [ Becker et al. 1BE1). The solution of these alge
brais equations corresponds to the values of foat sach of
ihe mosdal peints defining the grid of elameants used to repe
resent the domain of the problem. Boundary conditions
can aitlier be specified 100 surface elevations or specifiad
ice fluxes across the boundary, Material properiies (such
as Lle linearization comstant. the net accomulation rate
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ihe flow law constant, the sliding law constant, or the
fraction of the velocity due to sliding) can be specified
for each node.

Dhee to the noo-limearty in te egoation represented
by the linsarization constant, Bz, g), we muost procesd o
ihe soslution by an iterative technigue. Initially a aniform
value s chosen for Eix g) and a solution for & at each
nade 18 found. From this a new non-uniform (e, g) s
obtained from equation (6) and a new solstion for & s
obtaimed.  This process s repeated a bhandlul of times
until the values of the solution stop changimg,

T]:H'_' MHIH BHIHH!:E H.I‘.‘I.-H‘l.-it:lll!lllj.l.l

Tl primary input, besides the bedrock topography, is
ihe mass balance at each node. In modaling existing
i shests, messured values of aceumulation rates can
I nse=d  Howewer il experiments dealing wich changing
climate are desinad  some self-consistent mass-balance re-
lationship that aceounts for changes in the iee configura-
tion is necessary Do the ideal we would eouple such an
iee aheet model with a global cireulation model (GOM],
a0 Lhat changing topography and albedo would e albls
io affect the ice shest’s own climatic comditions With
(a7 Ms too expensive and complicated, a simpler paran-
eterization of the ise sheet’s affect on local climats s
required for eficient experimentation. We developed a
muass=balanes relationship based on empincally fiting to
present. Antarctic accumulation rates. This relationship
depends on surface elevation, sorface slope, and lati-
tude, Complementary ablation rates are based on South
Crreenlamd mass-balanee data and are appropriate for
modest warming of the Antarctic climate  The climate
i aadjusied by varying the mean annwal sea-level air tem-
perature, Ty gp which provides a starting point for all
tempeeralune caleoulations at present sea level  We under-
stand the lmitations of this very simplified model of ihe
s balanee, but feel that it s an appropriate approxi-
mation to the actual sitoatioon.

The mass-balanse relationship follows Fortuin and
Oerlemans {Fortoin and Oedemans 100} with modifi-
cations suggesied by Jouzel and Merlivat (Jouzel and
Merlival 18584} and Braithwaite and Oles=n {Braithwaits
and CHesen |QHE|_:I.

Basizally this involves an annual average surface tem-
perature {Tg. * C) derived from a lapse rate (AL, "Cfkm]
and modified for distance from the pole (B, ™ 7 lati
tude]

Tes=Adpeh+ Hralagr+0+ Ty + 141 [H_:I
Froms this a free atmosplere-isothermal layer temper-

ature (Tp. "K) is obiained from & standard meteorolog-
ieal relationship.
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Tr =067+{Ts +2730)+ 5839 )

This temperature s used to caleulate the saturation
vapor pressure [ Eg, mbara) from a standand metecnolog-
ieal relatisnship,

Terwi =—909718 = (273 16/TF — 1.0 {100}

Team: = —3.5665 = LOG(2TRU6/TF) (1)

Trruws = 0AT6T93 € (1.0 — T /273 15) + 0. TR5835 (12)

Ey =Tegmi +Teryus + Terus (13}

Eg = k= (14)

Finally. accwmulation rate [ Aqq. mfyrbee sgoivalent |
15 obiained from a Gt of accomulation rate as a Tunction
of saturation vapor pressure and sorface slope (SLopg

Jll.lufh.m._:l.

Ave=Wes ks + X xSrape 4+ % [15)

Ablation is modeled by caleulating the number of pos-
iive degres days based on sssumptions of the seasonality
as a function of latitude, A seasonality Tactor is calea-
lated that represents incoming solar radiation at the top
of the atmosphers as & fonetion of lativeds and monih,
From published values (Sellers 1965) we obiain a latitu-
dinal slope, Q.5 {1y fday /7 latitude), and intercept, 57

(Iy/day). from which an anoual mean is caleulated by
the following expression.

Qv =ﬁ§wn—@smfm (16

A monthly mean temperatore (% O s calealated from
ihe mean annnal temperatore as o funetion of the diffee-
ence betwean the annual mean and the monthly solar ra-
diaticas. The proportionality constant is obtained by lin-
ear regression Trom 28 stations wherse measiared monthly
tempeeratnre and calealated solar radiation could be come-

pared {Behwerdifeger [984].

Tp=Tg +0.020 % ([QFy — @5y * Lyr)—Gy)  {17)

The annual suim of positive degree days
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12
Pop=3_ 30«1} (18)
I=1

im waed o caleulats ihe ablation rate

Agr = 6= Pop (14}

where the proportionality eonstant applies to West
Crreenland ablation data { Braithwaite and Olesen 1936).
Finally, the net mass balanee is the difference between
ihese two,

o= Age — Apy, (20)
Fertuin and Crerlemans | Fortuin and Oerlemans 1H#R))

estimated parameters for the variows fitbing equations
from available Antarctic data  We have used the Seott
Palar map as digitized by Budd [Drewry 1983). This
data provides surface elevation, ee thickness, bedrock
elewation, surface temperature, accomolation mate, and
balance velocity for a 20 ki grid centerad om the Soutl
Pale (241X241 grid). We differ slightly from their pul-
lished values in that we have lumped together the escarpe
meent. amd interior values while excluding the ioe shelves,
This was done to avoid a discontimuity in mass bal-
ance values that their curves gensrated ab the escarpe
meent S interior boundary

The fallowing are the values obtained for tle manthly
sepsomality Tactors, For QU we use B60, 1036, 1200, 325,
330, 90 150 G600, L300, 1020 930, and 850 ° O, For (25,
we s O G6T 46 LLGOT, % 16T, 3667, 1 0. LG6HT. 66467,
12.0 6333, 0393, and -3.333 ° OF° laticude  (cher fit-
ting parameters obtained include 4, = —9.623X 103
*Cfm, B o= 0568 ¢ O latitude, F = 2488 °
O, W= B mfyefmbar X = LEKHEZE mfyr. and
£ = —000TESE mfyr, where these are all obiaiped by
linear regression with the Seott Polar map data

Figure | shows a comparison betwesn tle fitted val-
wes generated by equation (20) and those presented
by Drewry (Drewry 1983) Major discrepancies oceur
mainly in the Peninsula region and along the Amndsen
Sea Comst where the G consistent]ly underestimates ihe
net accurmalation rates,

Calibration of the Model

With a mass-balance relationship such as the one de-
seribed in the previoons seetion, we can begin to look at
ihe effects of warming or cooling the slimate of Antare-
tiea, To see the subitle effects that such changes producs
we st be confident that the other unkpown parameters
are defined in such o way that for the present climate we
will obtain a steady state configuration for the iee shest
which agrees well with the present configuration.
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This is done in an iterative Fashion by defining the spa-
tially non-uniform linearization constant. &x, ) from
ihe present ice shest surface. Bot first we muost defioe all
of the 1772 nodal point valwes of the flow law constant
ihe sliding law constant, amd the fraction of the welosity
which is due to sliding (A, 5, and [ in equation (6.

We da this by initially assuming a uniform value for
each of thess parameters obtaining a solution, & for
several time steps, amd then exarmining each of the oodal
point surface elevation values relative to the known eleva-
ihon ab that paint, The various values of the parameters
are then adjusted in a direction that will improve the it
For example if the surface is too high at & particolar
meiade, dhe flow and sliding law constants will be redoced
and the fraction of sliding will be inereased. thaerely tend-
ing to peduce the surlace elevation at this poiot amd in-
proving the fi.

This process s repeated Tor all the nodes collectively,
wnbil the surface attains a reasonable it or wntil the pa-
rameiers go outside some reasonable range of values, For
instanes, the sliding fraction canmot exeesd | oor be
less tlian 0 amd the range of ice hardness values is in
sone sense prescribed by the temperatures A Tew dogen
i of this iterative process wsually suflice to obilain a
good fit which is shown in Figure 2,

Figure 3 shows the distribution of the sliding frac-
tion that was obtained in this fitting process. Note ihe
almast complete dominance of Qow throwghowt the in-
terior of the ies sheet. Sliding only occurs o localized
regions around the margio of tle e sheet and in regions
koown 1o be asociated with ice sireams, such as the
e sbreams along the Siple Coast. the ice streams that
feed the Amery [oe Shell, the Pine lsland and Thwaite's
Claciers as well as some of the major sutlet e streams
ithat fow throogh the Transantarctic Mountains, In ad-
ditiom thers is a large region of sliding surrounding and
Lo Lhe east of the Fildhner-Ronne lee Shell, Qualitatively
this agrees wall with where sliding might be expected to
OEEr,

Figure 4 shows the distribution of the flow law pa-
rameter that was obiained in this fiiting proeesss. The
bulk of the valuss in regions where low dominates are
betwesn 2.5 and 3.5 bar-m/fyrd. with an average value
of 287 for the 350 nodes I:_-:Ju1. of L3ALG dee coversd ||ud.-r:.=|_:l
with sliding fraction less than or equal to 0.1, Tn addi-
tion note that the higher values (e harder ee) tend to
cecur further Troom the coast where the jee is in general
calder The regions of sofi iee corresponding to small
flow parameter values oseur mainly in areas whers slid-
ing dominates s these do ot affect the jee sheset surfacs
elevation.

The disiribution of the sliding parameter s similar to
ihe distribution of the flow law parameter, again with
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extrame values occardng mainly in regions where flow
darmimates, Hecause of the hmited areas where sliding
darmimates this s mof shown, In regions shere the slid-
ing dominates (466 nodes out of LG Tor sliding fraction
greater than (0.1} the average walue of the sliding param-
ster is 00277 bar-m/yrd. In regions where the sliding
fraction is particularly high {(greater than 008) the slid-
ing pararmetar s lower, with an average value of 000129
for 217 nodes This eould reflect the Tact that regions
of high sliding fraction are controlled by some mecha-
nizm that leads to greater decoupling of the bed such as
deformable sediments.

Sensitivity Tests of the Mlodel

Variation of the Sea-Level hMean Annual Adr
Termperatures
T s Llie effect of variation of the elimate on the volome
and areal extent of the Antarctie lee Sheet, a number of
ex perimenlz were performed for various values of Ty g
[0 each case Cle walue of the mean annoal sea-level teme-
perature was adjusted. and the model allowed to ron for
Q000 years a tirme period that approsimated equilibeiom
conditions, In this time period, the major adjestoeents o
ihe shape amd response of the ice shests have oscareed,
alihough thers is still an adjostment remaining as the
high elevation. low accumulation rate poriions of the a2
sheet eguilibrate, These forther adjustmeants are small,
and sinee the climate system marely remains in the same
state For mouch lomger than 10 000 yearm. this response
was ool eonsidersd o be important. Shown in Table
I are Aodation volume tofal volume, areal extent. aver-
age thickness and maximum surface elevation for various
valoes of Tygr The Atation volome differs Trom tee to-
tal vesluime in Clat it s the portion of the ice shaet that
world eontribute to sea-leove] rise if the entire jce shest
were melted  For a column where the bed s below sea
level, a certain portion of the ice defined by the ratios
of the densities of e and water, would be replaced by
sen water if the iee shest were melted. This portion of
the column does pot contribuate to the rise in s level
and hemee s ot included in the volume caleulation
Table 2 shows the same results pormalized with re
apect ba the pres=nt configuration, which corresponds 1o
a value for Twyar of =14 degress O Figare 5 shows the
same reults inoa graphical form Note that the max-
mein imerease o velome occurs for a temperatore -
crease of § degrees, and that both average thickness and
dame elevation continge Lo inerease as the temperature
warm=, This 5 due o thie increazing accumulation ratss
at higher elevations, a consecpuence of the incr=asing sat-
urabion vapor presare as the climate warms. Whils ab-
lation rates also increase, their effect is prirmarily at lower
elevations which results in a decrease in the areal extant
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of Lhe ice sheet as the elimate warms.
Extreme configurations

Moomwam configuralion

A maximum configuration for the ice shest is attained by
removing certaim of the conditions that are denived for
ihe “Best it" configuration. Fimst all shding conditions
are pemoved, This effectively remmoves all ice streams and
iee shelves Tleese regions of Fast fow ar low bed coupling
lovwer thie surface both in their immediate vicinity as well
as upstrearn in their catchment areas Since the distribua-
ihon of sliding is changsd, kesping the distribotion of fows
law parametars shown in Figure 4 s unreasonable,. Hence
the fow law parameter is set 1o a value of 3 0 bar-mfyr s
everywhere  Beginning from the “best fit” eonfigura-
tion the model is allowed v adjust to the pew boundary
conditions,  Table 3 shows the volumes, area, averags
thickness, and dome elevation as a function of time as
ihis system conmes to equilibrivm. [t would be expectad
ihat sush a configuration would develop its own distribu-
ihon of sliding sones around the margin, but tlese lave
nat been included and henee this iee sheet s some what
sinplified  Figure 6 shows the surface elevation contours
for this maximum configuration after 50 000 years The
iodal volume for this samualation s just over twice the
present velane,

Mimrmwn configuralion

OF eonrse with sufficiently high temperatures and abla-
thon rates the entire Antaretic lee Sheet can be remaved.,
However, for what one might consider a “reasonalble”
'“'H.I'Jll.inH_ a residual e sheet s left in |:|:|u.jur ]:u:tiunﬂ
of the continent. With a warming of 20 degreess [ from
=ld at mes level o +ﬁ} the iee configuration obtaimed is
shown in Figure 7. This, like the maximm eonfigura-
ihon, s a simplification of the actual iee shest, sinee o
ihis case we have preserved the present sliding zones. as
well as the fhow law spatial distribution. Chee would ex-
et Chat Cliee wonld shangs as the e shest diminisled
in wolume and area with loeal gones of sliding along the
margin evolving, This would manifest as lower surfacs
alopes along the reduced iee sheet nnarging which would in
twrn lower Lhe interior elevations somewhat. This could
result i greater ablation oo the redused iee sheet, and
it might shrink further from the displayed sonfiguration.
Howewer, given the simplified boundary comditions, the
iem sheat dees ot disappear, even for a warming of 20
dlegrees (7,

To demonstrate Lhis tle e sheet s preseribed to ave
aliding sonditions everywhers, This situation resulis in
ihe egquilibriom configuration shown in figure 3 While
the outline of the residual iee shest is similar, the ice in
ihe all-aliding case s almost | m Cliiamer o tle e
rior of the ise shest, in addition the iee sheet equilibrates
mush more quickly., Figure % shows total volumes as a
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Tunctiom of thime for both the situation where the sliding
gones are preseryed from the “hest (7 configuration,
and for the situation wlere tlhere is shiding everywhere,
The all-sliding case squilibrates in less than 10000 years
while tlie “beest fit” case takes almost three Gimes as long.

Timedepemdent Experiments

The experiments thus Gar have dealt with egquilibriom sie-
waticms Lhat are attained by applying a sudden changs
io an mitial condition and allowing the system ta re
apond. As the rate of change of the system decneaseas,
ihe aystem approachss an equilibrivm state, In reality
ihe ice sheat will raraly attain such an equilibrium eon-
figuration, since bafore that state is attained the driving
mechanism will have changed, sither abrupily or in some
continuous fashion

To demonstrate the response of the Antarctic les
Shest o a smoothly varying driving foree, & smooth si-
nusoidal waration of the mean annual sea-level temper-
ature, Tygp. is applied over & time span of 300K years
Tlee cyele beging with Ty g, ab its current walue of =14
cegress (0 and the ice sheet in its eguilibrated “hbest
fit™ eomfiguration  Owver 200000 years the temperaturs is
warmed to -8 degress, then eooled down to =200 degress,
and then warmed back up to =14 degreess. This driving
foree is shown in Figure 10 by the dashed line, The re
aponses ol the ice sheet 18 1o change both volume and
areal extent, The total volume s shown in Figare 10
by the solid line, Wertical lioes indicate both peaks and
valleys of the two curves The volume response of ihe
iee ahest lags the drving fores temperature by approx-
imately 2,700 years as the volume changes just under
10% of its total velume, There is some indication that
this lag depends slightly on the amplitede of the driving
fores variations., as a similar simulation with a smaller
temperature swing showed a lag of just over 200 years

Cl.'lnl:ll.l!lil.‘ln

A finite-element mode] of the Antaretic lee Sheet with an
adjusiable meteorlogieal mass-balance relationship can
Iver msnd] tew sitincly tlee response of tle lee slest to differant
climates,

Calibration of the model with tle presept ce shest
configuration yields a ressonable Gt with a distribution
of aliding which s in aceord with sxpacted regions of low
bed coupling. The distribution of the flow law paramster
9 also in rough agreement with that which would be
expereted from ice-column temperature considerations,

Two extrems configurations. a maximuom over-riding
amnd a minimum warm climate e sheet. display the
boundaries of the envelaps in which our simuslations most
behave.

A varying driving foree in the form of the mean an-
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il sea-leve]l temperatone yields & soo-equilibriom o
sheet that responds to the continuously varying climate,
This response has & findte lag time of approcioately 2 700
years with a volume amplitude of just onder 10%.
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Symbasls Taed
@ e o2 et acenmualation fablation rate
Ao oo oL low law parameter
Age oo o o o oo e e ablation rats
Ace oo oo oL caccumulation rats
Ap  fitting constant corresponding to Che lapse rats
B oL Leliding law parameter
Hy MiEting comstant
e T comsbant
Eg . . . .. . ... .. csaluralion wapor pressore
Ex ... ... ... saluration vapar pressors exponesmot
oo oL Traction of velosity due 1o sliding
T oo o e e aeeeleration of gravity
oo oo oo oo iem surface elevation
Hooooo oo Liee column thickness
Eow) .o ... ||||r-=|.rm=|.|1uu constant for eomstitbative
relationship
Lar oo o o oo odskance Trom the paolse
Mmoo e e o e wsliding law exponesnt
oo e i e e Mow law exponent
Punn i-l.l:lllu:lJ accumialation of |.|l:a-r|1.|.1r|- degres days
@Gy . ... . .. seasonality Tactor for the " month
@5; ... . .. .. se;asonality Tactor for the I'® month
v o oo oo oL csessonality Factor
B e e e e dlemsity of e
Enare - - oo o oo ciee sufaee second derivative
Srape . coeeee oo iee surface gradient
Ty .. mean :1.|:|||uaJ fruu atmosphere isoihermal layer
1.EI:I:I[.I-FI?I.[I.IFE
Tysr . .. mean annual alr temperature at sea level
Tg o o .. . .. . . .. .mean annual air temperatoes
oo oo oolumn-averaged welosiiy
e o Ll.n]l.||:|:u|.-:1.'rr-n1.H,ud veloeity dus to flow
[ .Ll.n]l.n:l:ul.—:vl.'rlfnl.ﬁud velocity dus to sliding
W ki eomstbant
X oo i eomnstant
Ao oo Tt eomnstant
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Table 1. Flelalien solume, folal volame, area. average theckness and dome elecation as o funetion af
Twse
Twse Flat. VFal. Taf. Val. Avrea A:.ly. Theck Mar. Klee.
(deg ) {Mikm® ) (M ) (M | (m) fn )
=24 1. 2304 224171 12 9491 1435 AT45
=22 1 54651 22 5o 13 1091 1492 b ¥l
=20 1. 9257 23 39451 13 2391 1505 74l
=11 . 235 23 Tia4 13 2091 1536 Jae
-1 T 24 2062 13 2940 aaT R
=14 211255 24 2246 13 3340 hTd J45d
=12 215264 25 3507 134804 1596 EEEN
=10 218475 25 7289 134809 1520 Fhl6
- 218341 25 TRES 13 3690 1541 Joad
-4 220108 25,8417 13 2za0 156 Fh2
-7 215041 25 7512 13 0791 1532 0Tl
=i 21.74M 25 3779 12 7091 1714 Fe
] 21.5148 24 9209 12 3091 1744 A0L3
-1 Hp.a350 23 G6TH 11 4492 1520 A0S
-3 L. T 21 7596 10 3493 1004 4081

Table 2 Kotwes of Flofation velwme, folal volame, arda, average thickness and dome elevation fo fhe

configuration for 0§ degrecs (7 as a fanclion of Tygp

Twse Flad, Vil Tot. Fal. Area Avg. Thaek Mar. Elev.
-4 (1910 0.203% (0BT .84l 0472
-22 (926 a2 0.a7h 11,845 0476
=20 (943 n.a42 (. B 1954 0441
=14 (961 0957 IR T a7 0987
=l (1 940 n.a7a .80 .987 0983
=14 1000 L.oon L. L.ann L.{Wbd
=12 1014 1.0zl 1007 Ll L.(MhE
=1 1034 | WIETH 1007 1.2y Ll
-4 11033 1.013a R 1.4 L.zl
-3 1.042 1041 RS L.04a L2463
-7 104l [ NIET) 0.a7y L0056 L.l
- 1031 I.naz LR L0086 LG
=4 1014 L.00d R B I I0s L2
o | (1 936 0953 (L850 1153 L7
-2 933 n.e77 A 1.207 10540
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