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Migration of the Siple Dom.e ice divide, West Antarctica 
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ABSTRACT. The non-linea rity of the ice-flow law o r a loca l accumula tion low over an 
ice divide can cause isochrones (inte rnal layers) to b e shallower under the divide relative La 

the fl a nks, forming a "divide bump" in the intern a l layer pat tern . Thi s di vide signature is 
ana lyzed using ice-flow models a nd inverse tech niques to detect a nd q ua ntif y motion o f the 
Siple Dome ice divide, West Antarc tica. The principal feature indicating that migrati on h as 
occurred is a distinc t tilt of th e axi s of the peaks of th e wa rped inte rna l layers beneath the 
div ide. The calcula ted migration ra te is 0.05- 0.50 J11 a I toward Ice Stream D and dep ends 
slightl y on whether the divide bump is caused by the non-linearity o f ice now or by a loca l 
acc umul ation low. Our calcula tions also suggest a stro ng south- north accumul ati on g ra ­
dient of 5- 10 x 10- 6 a I in a na rro w zone north of the di vide. A con equence of di v ide 
migration is tha t pre-Holocene ice is thickest abo ut 0.5 km south of the present divide p osi­
tion. Divide m oti on indicates that non-steady processes, poss ibl y assoc ia ted with ac tivit y o f 
the bounding ice streams, a re a flecting th e geometry of Siplc Dom e. The migrati on ra te is 
sufficientl y slow that the divide bump is maintained in th e intern a l laye r pattern a t a ll 
obse rvable depths. This suggests tha t m aj or asynchrono us changes in the eleva tion or p os i­
tion of the bounding ice stream s a re unlikely ove r a t least the pas t 103- 10 I yea rs. 

NOTATION 1. IN TRODUCTION 
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The sta bilit y of th e ' Ve. t Anta rctic ice sh eet (\\,AIS ) has 

been in qu estion since the ea rly 19 705 when Weerlman 

(1974) m a de the a rg ume nt th at ice shee ts g rounded below 
sea leve l a re unsta bl e a nd co uld coll a p se catastrophically 

in res p o nse to a modest inc rease in sea le ve l. Cha rac te ri z ing 

the present and future sta bilit y of th e "VAlS is complicated 

by the presence of seve ra l ice stream s. Their capac ity to 
tran sp o rt mass rapidl y from th e interi o r to the sea p oss ibly 

inc reases the potentia l for rapid co ll a pse o f the WAIS. 

Unde rsta nding th e pas t b eha\'ior of these ice streams sho uld 

prov ide important clues to th eir rol e in '''' IS stability. 
Inte r-ice-stream rid es are good pl aces to look fo r ev i­

dence of pas t ice-stream activit y. because a reco rd of 
changes in ice now a t th e edges of these ridges may be re ­

corded in their geo m e try and internal stra tigraphy. Sipl e 

Dome is th e r idge b e tween Ice Strea m s C a nd D in "Vest 

Antarc tica (Fig. I). Th ere is e\·idence fo r recent cha nge a t 

its bounda ries. Retz la ff a nd Bentl ey (1993) used ice-pen e­
trati ng rada r to de tect buried crevasses of the former shea r 

marg in and date th e shut-down of Ice Stream C a t about 

130 years ago. J acobe l and oth ers (1996 a ) showed tha t 
inte rna l laye rs are trunca ted beneath a linea r topographic 

feature on the northeas t Oank of Sip le D o m e a nd sugges ted 

that this fea ture is a fo rmerl y ac tive m a rg in . Tt is poss ible 

that these o r other past events have a lte red th e ice fl ow a t 
Siple D o m e and have left a signal in the p a ttern of inte rn a l 

layers. 
I n this paper, we present evidence fo r mig rati on o f th e 

Siple Dome divide ove r the pas t seve ral thousand years a t a 
ra te o f 0.05- 0.50 m a 1 no rthward towa rd Tee Stream D. Our 

resu lts are based on ana lysis of the shape o f intern al laye rs 

obtained from rada r m easurements in the \'icinity o f the 
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Fig. I. A r HRR image ofS iple Dome and lee Streams C and D. R adio echo -sounding ( RES) prrifiles measll red in 1994 and J996 
are shown b)' Ihe while lines. CouTleS)' rifT Scambos, Nalional Snow and lee Dala Cenler, Universi!y of Colorado. 

di\·ide. lee-flow models and inverse techniques a re used to 
determine the rate of divide m otion and its sensitivity to 
the pattern of acc umulation nea r the divide. \ Ve do not 
attempt to identify the specific cause of divide mig ration in 
this analys is. :\Tereson and o the rs (1998) have fo und that this 
di\'ide migra tion could be caused by either an increase 
(decrease) in ele\'ation of th e Ice Stream D (Ice Stream C) 
-side boundar y of Siplc Dom e by less than 100 m or by a 
modest cha nge in the acc umula ti on pattern over the past 
several thousa nd years. 

2. MEASUREMENTS 

The geometri es of the surface, bed and interna l layers in the 
vicinit y of the Siple Dome summit were obtained from 
Global Positioning Sys tem (CPS) surveys a nd broad-band, 
monopulse radio echo-so unding (RES) m ea surements 
made in 1994 a nd 1996 as p a rt of a co llaborative project 
among the University uf\'Vashington, St. Ola f College and 
the Uni ve rsity of Colorado. D etailed RES m easurements 
we rc made eve ry 20- 100 m a long a 4- km profile across the 
summit using se\'C ral frequency bands (dominant wave­
length 25- S0 m in ice, Table I). L ow frequencies were chosen 
to reveal deep internal layers whil e higher frequencies were 
chosen to revea l shall ower laye rs. Eaeh RES measurement 
is a \'oltage time se ri es tha t is filtered with a zero-phase, 
fourth-order Butterworth filter at I 10 NIHz to reduce 
high-frequency noise and low-frequency coupling within 
the rada r system. The signa l voltage is mapped to color. Se­
quenti a l, equa ll y spaced m easurements of a profil e are 
plotted together to re\'ea l the shape of the bed rock and 
interna l layer pattern. The intern al layers a re caused by va r­
iati ons of elec trica l properti es in the ice (H a rrison, 1973; 
1\loo re a nd others, 1992). They a rc assumed to be isochrones, 
that is, fo rmer ice-sheet surfaces which have been buried 
a nd defo rmed over time by iee fl ow (Hammer, 19S0). 

The measurements show th at Siple Dome is a two-di-
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Table 1. SllInmalY of RES measurements 

Braod·balld reil lerjfl'qllency 

:--ll-1 z 

2 
2 
5 
7 

I1 a,·elenglh. ;n ice 

III 

80 
80 
35 
25 

I-/or;::,olllol sl)a[ill,~ 

m 

20 
100 
20 
20 

m ensional ridge overlying Oat bed rock with ice thickness 
1009 ± 7 m at the summit (Raym ond and others, 1995; 
Scambos and Nereson, 1995; J acobel and others, 1996 b ). Fig­
UIT 2a shows a 10 km cross-sec tion of Siple Dome obta ined 
from RES measurements with a wavelength of ",SO m in ice. 
A detailed 4 km profile meas ured using a shorter wa\'e­
length (;::::35 m ) is shown in Figure 2b. The interna l layers 
are digiti zed for . hape analysis by selecting the signa l travel 
time associated vvith the max imum or minimum ref1 ection 
a mplitude in a ha nd-prescribed time window. Each digi­
tized interna l layer is then smoo thed hori zonta lly with 
either a 100 m box-car filter (for pro files with 20 m measure­
ment spacing) or a zero-phase, low-pass filter routine with 
cut-ofI' frequency at 5 x IQ -l- m I (for long profil es with 
100 m measurement spacing). Travel time is converted to 
d epth using a ray-tracing prog ram that includes a correc­
tion for the vari a tion of density with depth (\'\Teertman, 
1993). Firn density is based on measurements of a 160 m core 
ta ken nea r the di vide in 1994 (M ayewski and others, 1995). 

Figure 2 shows that the intern a l layers have a shape that 
varies with depth, with no relation to surface or bed topogra­
phy. The layers a re waqx d convex-up in a ;::::2 km wide zone 
beneath the divide with a max imum upward displacem ent of 
about 50 m (Nereson and Raym ond, 1996). The pa ttern is 
asymmetric. The depth to a g iven layer on the north flank 
of Siple Dome is g reater than its depth to the south. Figure 
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Fig. 2. (([) A 10 km radar /Jrlijile of SljJLe Dome measured 
perpendicular la the divide al Ih e summit. }.tleasuremenls 
were made eve I) ' 100 III u.'ilh a center frequency oJ 2 1\ 1 fl;;: . 
( b) ShaLLow part (j/a detailed radar /JrofiLe where measure­
ments were made evel), 2011/ wilh a center jreqllenc.Y of 
5lvlfh The dala in bOlh /}(I1leL., have been corrected Jor 
CPS-delmnined lojJograph)1 and band jJass JiUe/ed al l~ 
10 MH:. The black band over the lOp 80 100 m of lhe 
jmiji/es denoles Ihe part of the relurned R ES signal obscured 
~Y the direel aint'ave. The apel oJselecled internal la)'ers aTe 
marked wilh black dols in Ihe Lower jJanel. The solid Line 
shows /he trend (1/ the apex a.lis. 

3 shows that variati on in shape is sm a ll along the divide 
ridge, so that the layer shapes are largely two-dimensiona l 
in a yenica l plane perpendicular to the ridge Oacobcl and 
others, 1996b). The p os itions of the apex of the curved layers 
a rc not vertica ll y a lig ned; the ax is is tilted toward the north 
side of Siple Dome by about 60° from vertica l (Fig. 2 b; 
Nereson a nd R ay mond, 1996). 

R egardless of the cause of the local warping o f th e 
interna l layers, the warping is likel y a feature associa ted 
with the presence of th e divide. Therefore, wc interpre t th e 
tilt o f the apex ax is as direc t evidence for di\·ide migration. 
H owever, inferring th e rate of mig ration is not direc t. An 
ice-now model predic ts that a layer a t 60% depth is a b o ut 
10+ yea rs old (Nereson a nd others, 1996). The hori zon tal di s­
placement of' its ap ex from the present divide positi o n is 
about 700 m, which might suggest a migrati on ra te o f 
0.07 m a I However, thi s simple ana lysis fail s to include the 
integ rated effec t of ice now on the sha p es ofi sochrones ove r 
time. 

Fig. 3. Three-dimensional Te/msenlatiol1 of a 10 x la x 1 km 
cube centered althe Si/Jle D ome .Hlmmit showing surface-ele­
vation wn/ollrs, bed lojJograp/91 and Ihe sha/Je rijone prominent 
internal laJler idell/iJi'ed.Foll1 RES meaSll rements. Horizon­
taL coordinates are in kilol7lelers and denole distance "lIorlh" 
and "easl" oJ Ih e summil relatil'e to tlte eas/~west-trellding 

divide ridge. y,'/le geographic north is /6.-1 west if local 
"norlh': Valiwl coordinales are in lI1e/elS above Ih e II:CS84 
eLlipsoid. 

3. FLOW MODELS 

Our goa l is to determine th e rate of'd i\'ide migration and its 
sensitiv it y to unknown parameters. This goa l requires a for­
ward mode l that pred ic ts the shape of' an isochrone laye r 
res ulting from its deformat ion since deposition and includes 
a near-divide deformati o n process which produces up­
warped isochrone layers. 

R aymond (1983) sh owed that the non-linear creep of ice 
leads to a n anoma lous (l ow pa ttern spanning a fe\\' ice thi ck­
nesses b eneath an ice d iyide. Deep ice is rel a ti\ 'C ly "st ifT''' due 
to low deviatoric stres" so that downward-mo\'ing iso­
chrones a rc pred icted to drape ove r this stifT' zone a nd 
become warped convex-up. A two-dimens ional, stead y­
state, fi ni te-elemeIll model ( FE~1 ) of th is descr iption of ice 
Oow is used as a reference m odel against wh ich the obse rved 
laye r sh a pes are initiall y compared. \Ve do not attempt to 
acco unt for effects such as the linea r behm'ior 0 [' ice under 
low shear stress ( ~Iellor a nd Testa, 1969; Doake and \VolfT, 
1985; A lley, 1992; \\'addingto n a nd others, 1996) or the deve l­
opmen t of crysta l fabri cs on the deform a ti o n of isochrones. 
Rather, wc consider the special divide n ow regime pre­
dicted by a n isotropic, non-I i near Oo\\' law as olle poss ible 
cause of warped isochrones. 

Up-warped isochrones can a lso be ca used by slow buria l 
and low vertica l \'eloc iti es associated with a loca l minimum 
in the sp a tia l acc umul a tio n pattern ove r the di\·ide (as 
found by Fisher and others (1983) at Agass iz Ice Cap). This 
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is a second possible process leading to up-wa rped iso­

chrones. 
T he actua l deformati on o f isochrones nea r ice divide 

m ay b e caused by some combinati on of a noma lous Oow 
from non-linear ice deform.atio n and from th e sp a tial acc u­

mulat io n p a tle rn. We estima te divide mig ra ti o n r a te at Siple 

D ome sep ara tely for each deform ati on process. The range of 

the res ults is ass umed to b e indicative of the uncerta inty 
which a rises from OLlr lack of knowl edge about the exact nat­

ure of deformation near the Siple Dome ice div ide. 

The FEJ\J prm' ides the b asis for construc ting a kine­

m atic !low m odel which is used to model th e evolution of iso­
chrone sh ap es for each case. The Oow field in th e kinematic 

model is shifted to simul a te di v ide migra tion a nd adjusted to 

acco unt for spati a l " a ri a tions in accumula tion rate. The 

e" o lutio n o f isochrone shap es is found by tracking partieles 
in th e res ulting time-dependent Oow field . The divide mi­

g rati o n ra te is then determined by the shift o f the modeled 

!low field r equired to m a tch the shape of intern al layers 

obse n 'ed a t Siple Dome. 

3.1. Steady-state reference model 

The refe rence finite-elem ent model (FEM) incorporates the 
fo llowing ass umptions (Ner eson and others, 19 96): 

I. The ice-sh eet geometry is two-dimensio nal and steady 

state. 

2. The b o ttom of the ice sh eet is frozen to its b ed. 

3. Ice d eforms according to Glen's non-linear Oow law, 

E: = T / (2B)", which rel a tes th e effective shear-strain 
ra te, E, to the effecti ve sh ear stress T with the degree of 

non-linea rity described b y n = 3. 

4. Th e p a ra meter B in the !low law is a fun c tion of tem­

pera ture T following Hoo ke (1981). 

5. The temperature fi eld is steady state as d e termined from 

the c urrent measured surface temperature (-26°C), ac­

cumula tio n rate, an ass umed geotherma l heat Oux of 

65.5 mW m 2 (Alley a nd Bentley, 1988) a nd a simple, 
one-di m ensional heat-flow model (Fi resto ne a nd others, 

1990, equa tion (4)). This m odel predic ts basal tempera­

tures ra ng ing from - 2° to - 8°C. 

6. The acc umulation ra te is ass umed to b e 0.10 m a I ice­
equivalent (M ayewski a nd others, 1995). 

Fig ure 4a shows the iso chrone shap es predicted for thi s 
steady-sta te case and the sh a pe of obser ved i nternallayers 

from the rad a r measuren"lents. The mode!ed and observed 

layers fo r each pair shown h ave th e same ave rage depth. Fig­
ure 4 b sh ows the difference b e tween the m od e l and the da ta; 

da rk eolo rs show a reas o f large di screpa nc y. This stand ard, 

stead y-sta te desc ription of iee fl ow predic ts significa ntly 

m ore wa rping (max imum a mplitude ~100 m ) than we ob­
serve ( ~50 m ). 

3.2. Kinematic representation of flow field 

The FEM is eomputati o na ll y intensive a nd does not a ll ow 

for ti m c-dep endent effec ts such as mi g ra tio n of the divide 
Oow ficld. A kinema tic model is construc ted to match th e 

sp a ti a l va ri a ti on of the !low field from th e finite-element 

model ca lcula ti on. This kinem a tic Oow model is computa­
tiona ll y e fficient and a llows simulation o f divide migration. 

it is time-dep endent in th e sense that it calcul a tes the effect 
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Fig. 4. Comparison between isochrone shapes predicted by a 
steady-state ice flow model with a non-linearJlow law and 
the shapes qf internal layers observed llsing RES. ( a) 
lI/l odeled layers in gray and observed la)'eTS in black. ( b) 
i\!/odel and data discrejJanC)! plotted according to the gray scale 
to show the spatial pattern qf the mismatch. 

of a migra ting divide on isochrone deform a tion . The m odel 
does not all ow fo r va rying ra tes o f divide mig ra tion. The mi­
g ra tion ra te and accumul a tio n p a ttern a re assumed co n­
sta nt for a ll time. Therefore, the initial divide p osition is 

outside the model domain. 

\ Ve assume that the ice thickness H is consta nt in the 

± 4 km region a round the dividc, since rada r m eas urements 
show that the ice thickness ther e vari es by less tha n 2 % . \Ve 

a lso assume tha t H has not ch a n ged over time. The depth­

averaged horiz onta l velocity u(x), the mass balance b(x) 
a nd the distance along Oow from the divide x a re rela ted by 

u(x)H = 1" b(x) dx . (1) 

The depth variat ion of horizonta l velocity can b e w ritten in 

terms of a sh a p e fun ction '; tha t va ri es with p os iti on x and 

height above the bed z in the v icinity of the summit 

U(x. z) = us(x) ,;(x , z) , (2) 

where Us is the h ori zonta l ve locity a t th e ice surface z = H, 
,;(x,O) = 0 a nd ,;(x, H) = 1. We construct,;(x, z) as a linear 
combination of a shape func tio n ty pical of near-di vide Oow 

(div(Z) and a sha p e function typica l ofO ank fl ow (r(z) : 

,;(x , z) = <fJ (X)(div(Z) + [1 - <fJ(x)](r(z); (3) 

where O :S: q;(x) :s: 1 describes the partitio ning between 
fl ank and divide Oow regimes. 
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Combining Equations (2) a nd (3) a nd integra ting over 
depth g ives 

us(x) lH ( ) u(x) = -'- ~ x , z d z, 
H a 

us(x) { rH 
= If ifJ(x) l a (cliv(z)dz 

+ (1 - ifJ (x)) lH (r( Z)dz } . (4) 

Equati o ns (I) a nd (2) then require 

) ~(x, z) B( ) 
u(.r: , z = :=: (x) x , (5) 

/I ( .r 
where :=: (x) = fa ((x,z)d zand B(x) = J o b(x) dx. Thever-
t ica l velocity fi eld w(x, z) is found from incompressibility 

(6) 

wh ich gives 

b(X) j 'Z Blz 

w(x . z ) = - ~ ~(x . z)dz - ::;- a,{ dz 
~ a ~ a 

B l Z + '::'2 a,l :=: ~(x, z)dz. 
~ . a 

(7) 

Equatio ns (5) and (7) desc ribe a continuo us two-dimen­
sional fl ow fi eld which includes a specia l near-di vide fl ow 
regime. 11'acking the moti on o f ice part icles in th is fl ow fi eld 
through time predict the shape of isochrone hori zons. In th e 
simplest case, ((x , z) = 1, b(x) = ba, a nd Equations (5) and 
(7) reduce to famili a r ex press ions used to d erive the "Nye" 
time-sca le (e.g. Paterson, 1994, p. 277): u(x. z) = (bal H):r 
a nd w(x, z ) = -(bol H )z . 

To simu la te divide m igra t io n, the fl ow field is moved in 
the same refe rence fra me as the di"ide, so tha t the hori zon­
ta l , 'eloc it y in the di vide refe rence frame u' (x' . z· ) is 

u*(x' , z* ) = u(x' , z* ) - Mb(O), (8) 

where !I f = m) b(O) is a consta nt di"ide-m ig ra tion rate rn 
sca led to a reference accumu la ti on rate b(O) which is taken 
to be 0.10- 0.15 m a \ ice equ ivalent represen ting a range 
about the m odern rate o f 0. 13 m a \ (persona l communica­
ti on from K . K re utz), x ' = x - Xcii,' a nd z· = z. \ Vith thi s 
construnio n, x· = 0 is a lways the divide position. The ex­
pression for vertica l ve locity w(x, z) is unchanged so th at 
w*(x*. z* ) = w(x*. z* ). \ Ve drop the asteri sks from now on, 
assuming we are a lways in the mQ\'ing d ivide reference 
frame a nd x = 0 is the divide position. 

3.3. Case 1: non-linear divide deform.ation 

The first m odel para me ter izat ion ass umes tha t interna l 
layer warping bencath the d ividc is caused only by the 
a noma lo us flow rcgime pred icted nea r iee divides from a 
non-li nea r ice-flow law. The shape fun c ti o ns (f and (d iv in 
Equ atio n (3) arc desc r ib ed by a n eighth-o rder Chebys hev 
Polynomi a l fit to the FEM fl ow fi eld a t x = 10 km and 
x = 0 km, respectivel y. The pa rtitioning funct ion ifJ (x) is 
chosen so tha t the hor izontal vclocit y It(:r:, z) given by Equa­
ti on (5) m atches u(x, z) pred icted by the FEM. Wc find tha t 
cfJ (x) is well approx im a ted by the continuously difTerenti­
able, even fun cti on: 

where £\ = 775 m a nd £2 = 3740 m represent scale lengths 
which d efin e the width of th e di, ·ide zone. This pa rtiti oning 
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finit e-eLemell t model calwlatioll ( d(o /i ed Line) and from 
Equations (3) and (9) (soLid Line) Jor x = 0, 0.5, IO, 3.0, 
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functi on illustra tes that the cha rac te ri sti c \\'idth o f thi s zone 
a ssociated w ith di, ·ide fl ow is a bo ut two ice th icknesses 
("-'2 km ) (Ray m o nd , 1983; H \'idberg, 1996). Fig ure 5 shows 
the hori zonta l \ 'e locity shape fun cti o ns from th e FEr.. r a nd 
from Equation s (3) and (9), D es p ite the simplificati ons in­
volved in definin g ((x , z ), the kinem atic model reproduces 
the layer shap es predicted by the finite-element r efe rence 
m odel with a n rms error of 5 m. 

A simple spa ti al va ri a ti on in acc umul a ti on b(.r ) is 
a llowed, because th e asymmetr y o f the obsen 'Cd laye rs 
impli es some acc umulation g ra di e lll across the d i,·ide inde­
pendent of the laye r warping. ' Vc d escribe a hinge-like acc u­
mulati on pa ttern with two g ra di e lll parameters C, a nd 0 11 
which desc ribe the acc umu la ti o n g radient on th e south 
(x < 0) and no rth (.x > 0) sides o f the di"ide, respec ti, 'C ly: 

b(i) _ 
b(O) = O,:r + 1, 

ben 0 -
b(O) = ' II

X + 1, 

.r ~ 0: 
(10) 

i > O. 

where b(O) is a refe rence acc umul a ti on rate a nd i = xl H. 
Since we assume th at the ice thickness H is consta nt, we 
scale the veloc ity pattern to the acc umul ati on ra te so that 
Equati on (I) h o lds. Veloc ity Equa ti ons (5) a nd (7), with 
shape fun ctions g i\'en by Equ a tions (3) a nd (9) a nd pa ra­
m eters given by Equations (8) a nd (10), defin e th e kinemati c 
m odel fo r isochrone deform a tion due to a non-linea r fl ow 
law. There a rc three non-dimensio na l free pa ra m eters, 11 1, 
Cs, and 0 11 wh ich we va ry and find th e combin a ti o n which 
best fits the obse rved laye r shapes. 

3.4. Cas e 2: acc um.ulation m.inim.urn at div ide 

The second para meteriza ti on a ssumes that interna l laye r 
wa rping is caused solely by a local acc umula ti o n m inimum 
over the divide. "Ve construct a uniform fl ow field with no 
inherent spec ia l d ivide fl ow zo ne by se lling ifJ (:r) = 0 in 
Equati on (3) thereby remQ\'ing the spati a l va ri a ti o n in the 
velocity shape functi on ( (x, z ) so th a t 

( (x , z) = (r( z ) . (ll ) 

' Ve furth er defin e a new acc umu la ti on pallcl'll th a t a ll ows a 
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local minimum over the divide. This pattern could be 
caused by wind scouring at the di vide and redeposition else­
where (Fisher a nd others, 1983) or by a deposition pattern 
whieh eauses less snow to be deposited over the di vide rela­
tive to the fl anks. The snowfall a t Siple Dome may be asso­
cia ted with meso-scale cyclones which track from the north 
o r northeast side of Siple Dome (Bromwieh, 1988; Ca rrasco 
a nd others, 1997) . Numerical models suggest that winter sur­
face winds are likely from the north to northeast (Bromwich 
a nd others, 1994). Wind perpendicular to the east- west­
trending divide could cause scouring and redepos ition on 
thc lee side. Orographic effects m ay cause more deposition 
on the north fl a nk of Siple Dome and a precipitation "sha­
dow"on the south fl ank. \Ve simula te these effects by super­
impos ing one period of a cosine curve on the best-fitting 
hinge-like accumulati on pattern from case I: 

1+ G:i, i:::; - ,\/ 4 , 

C ni ) - ,\/ 4 <i:::; 0, 
b(i) 

1+ G:i - Aeos T ' 

b(O) 
C ni) 

(12) 

1+ G~i - A eos T ' 0 < i :::; 3,\/4, 

1+ G~i . i > 3,\ / 4, 

where G:, and G~ emerge from case 1 since the far-ficldl ayer 
shapes suggest a n aec umulation g radient independent of the 
divide zone. 

Using thi s second pa rameteri zation, the model fl ow field 
u(x . z) and w(x, z) is defin ed by Equations (5), (7) a nd (8) 
with the shape fun ction gi\'en by Equation (11) and acc umu­
lati on pattern given by Equation (12). vVe vary three non-di­
mensiona l pa rameters to find the bes t fit to the observa tions: 
the scaled amplitude A and wavelcngth ,\ of the superim­
p osed cos ine acc umul ation curve and the scaled divide 
m ig ration rate AI. 

4. CHOOSING THE BEST MODEL 

Bccause we do not know a priori th e aec umulation hi sto ry of 
Siple Dome or the age of any laye r, our goa l is to match layer 
sizajJes rather than any pa rticular isochrone. We must there­
fo re decide which modeled laye r we compare to a g iven 
observed laye r in a way that ma kes a unique one-to-one 
assignment of observed to modeledlaye rs. Options include 
comparing layers with the same height (1) at the present 
divide x = 0, (2) at their shallowes t point, (3) at either edge 
of the domain o r (4) when averaged over the dom ain. \Ve 
wa nt to emphas ize the shape of layers near the divide to 

determine the divide migration ra te. Options (I) a nd (2) 
a re therefore poor choices, because they emphasize the mis­
m a tch between the model and the data at edges of the 
domain where we expect the effects of a migrating divide to 
be sm allest. Option (3) presents problems when the layers 
a re asymmetric. \Ve choose option (4) and compare modeled 
a nd observed layers with the same average height Z. The 
shape 5 of each layer is defined as its height \'a riation rela­
tive to its average height: 

5(.1', z) == z(x, z) - Z. (13) 

For a di sc rete se t of digiti zed layers, each layer is denoted 
by the index j and identifi ed by its average depth Zj. Points 
a long the hori zonta l coordinate a re denoted by i. The shape 
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of each layer is quantifi ed by measuring the elevati on 5 i,i a t 
each pos ition i along layer j so that 

5ij = 5(x;, Zj ) = z(x;, Zj) - Zj . (14) 

To compa re modcled (Sij ) a nd observed (55) layer shapes 
(data ), we define a mismatch index J: 

1 L NJ (5111 _ Sd.)2 

J = T _ 2:= L w ij IJ f2 I) 

P j = l ;= 1 J 

(15) 

The term fj is the expec ted combined error from the model 
and the data for a pa rticula r layer j. A weighting function 
w ij for point i on layer j is chosen to g i\'e increased weight 
to the residual in the divide a rea. The number N j is the tota l 
number of points i a long a layer j and L = 30 is the tota l 
number of layers, T = L .i N j is the tota l number of points 
sampled in the domain and p is one less than the number of 
free para meters in the model. In thi s application, each layer 
is sampled every 200 m, and N j depends on the length of the 
RES profil e (3- 7 km ). 

4.1. The expected error 

The combined error term f j represents errors in layer shap e 
5(x; , Zj, z) and ari ses from errors in determining the eleva­
tion z of a point at X i on a g iven modeled or obse rved laye r 
and in determining the a\ 'e rage height of the layer Zj. For 
each layer j with average height Zj, we define 

85m _.) ? 2 ]1 
+ (8z,J ~Z~, + ,0. z~n 

(16) 

where a ll va lues on the righthand side correspond to laye r j 
and subsc ripts m and cl denote modeled and observed 
va lues, r espeetively. 

Both the model and the data contribute to the total error. 
We do not include errors due to using poss ibly wrong 
ass umptions in the fl ow model (fl ow law, temperature distri­
bution, e te.), because instead we consider two distinct de­
scriptions of interna l layer deformation. H owever, there is 
an error in Zm associated with simplifications used to defin e 
the kinematic model. Based on a compa rison to the FE M , 
these m odel simplifications correspond to ~zm = 1- 5 m, 
depending on the height of the layer. \ Ve ass ume no error in 
average depth so that ~Z,n = O. 

Main sources of errors in the data include (1) picking 
errors: accurately defining an internal layer from the rada r 
data, (2) processing errors: filtering a nd smoothing the 
internal layers, and (3) physics errors: conve rting the signa l 
travel time to depth. Pa rt of the error ~Zd is due to random 
noise associated with picking a layer from the raw radar 
data which contributes to (1). This error is significantly re­
duced during the smoothing process a nd amounts to less 
than I m . Another contribution to ,0.zd is uncerta inty asso­
ciated with hori zontal space between radar measurements 
a nd how well this spac ing is known: ~Xd. vVe somewha t 
a rbitra ril y se t ,0.xc\ to be ha lf of the meas urement spacing: 
10- 50 m . The contribution to ,0. zd is sm all ( <2 m) because 
the laye r hapes vary only sli ghtly with position. The error 
in average depth ofa layer ~Zd is systematic for a given layer 
and a ri ses from identifying a specific return time associated 
with a n internal layer from a rather broad reflecti on signa l 
and from converting th e signa l tra\ 'eltime to depth. Both of 
these depend on signa l frequency and we ta ke the error to 
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a m ount to a bo ut one-tenth of the waveleng th o f the re­

fl ec ted pul se: a bo ut 2- 10 m. Based on these estim a tes, the 

to ta l combined e rro r Ej from Equa tion (1 6) ra nges from 3 
to 6 m, dep ending on the ave rage layer height a nd signa l 

frequency. 

4.2. The weighting function 

The simplest we ig hting schem e is to presc ribe equa l weight 

to a ll of the res idua ls by se lling wij = 1. H oweve r, we a rc 

prim arily inte res ted in determining th e rate of divide mi­

g ra ti on and informa tion about divide position is conta ined 
in the shape of the "di vide bump". \ Ve therefore wa nt to gi\ 'e 

g reater weight to the res iduals assoc ia ted with thi s feature so 
tha t res idua ls occurring where the di\·ide signa ture is most 

p ro nounced a re g iven m ore weight than those w h ere th e 

sig nature is weak. 

\ Ve define a wei g hting functi o n Wij which is proporti ona l 

to the component o f the model cd layer shape tha t is caused 
by deform ati o n processes associa ted with th e presence of th e 

di v ide. This div ide sh ape compo nent (Jij is obta ined b y sub­

tracting the laye r shape predic ted under no spec ia l divide 
fl ow or divide acc umulation pattern from th e model edl ayer 

sha pe Si'] . This IT mo\TS th e sh a p e associated with b ed topo­
g raphy and la rge-sca le acc umul a ti o n patterns. Th e res ult­

ing shape conta ins o nl y the sig n a ture from the di\ ·ide fl o\\' 
field . For Sipl e Donw layers, rh is a dj llstment amo unts to re­

mO\'ing a ny linear trend prese nt in the modeledl ayer sh ape. 

The divide sig na ture shape (Jij is ge nerally positi ve b eca use 

the di\·ide defo rm a ti on processes considered here produce 

up-wa rped isochrones. \Ve do no t consider model s w here 
the divide defo rm a ti on produces d own-warped isochrones 

a nd negati\ "C (Jij va lues. The divide signa ture shape is no r­
m a li zed so that 

(17) 

a nd 

L NJ 

LLW;j= l . (18) 
j = 1 i= l 

With thi s d e finiti on of the we ig hting functi on, res idua ls 
fa r from the predic ted di\'ide sig na ture rece i\"C lilllc we ight­

ing, and layers with a more prono unced di\·ide sig na ture a rc 

we ighted more hea\' i! y than laye rs with no signa ture such as 

those found near the surface a nd b ed. Beca use th e we ig hting 
fun cti on is no rm a li zed, model s which produce a mi sm a tch 

index J < 1 m a tch the obsen'ati o n s to within th e weighted 
e rrors (a 68°/', confidence le\'e1 ) a nd models co rres ponding 
to J < 2 fit th e d a ta to within tw ice the weighted e rrors (a 
95% co nfidence level). O\'er- o r underestim a ti o n of th e 
e rrors would cha nge th e value o f the minimum J (e.g. from 
I to 2) but no t its dependence o n the model pa ra m e ters. 
S ince wc h3\"C o nl y three free pa ra m e ters for each case, wc 
can explore the entire pa rame te r sp ace and find th e sha p e of 

the three-dimensio na l pa rame te r \ 'olume th at d e fin es th e 
b es t fit (minimum J ). 

Our res ults a rc not sensitive to a reasonabl e choice of 
weighting fun c ti o ns. Prescribing equa l weight to a ll p o ints 

a long a g iven laye r by choos ing wij = 1 does no t change 
the value of th e three best-fitting p a rameters for e ithe r case; 

though th e ove ra ll \ 'alue o f the mism atch J inc reases 

sI ig htl y fOl' case l. 

5. RESULTS 

Fig ure 6 shows a compa ri so n between th e shape of th e 
observed layers a nd th e layers predic tcd by the kin em a ti c 

m odel with the combina lion of pa ra m e te rs th at produces 
the sm a ll est J for case I wh ere the diyide bump is caused 

by a non-li nea r ice-flow law. The sm a ll a rea of la rge r r es i­

du a ls likely indicates tha t th e simple hinge-like spati a l p a t­

tern of acc umul ation a llowed in the case I model is no t 

sufficientl y Oex ible to a ll ow an exact m a tch bet II'Cen m odel 

a nd obsen 'ati ons. The real acc umul a ti o n pa ttern is prob­
a bl y more complex. Fig ure 7 shows how t he mi sma tch p a ra ­

m e te r J de pends on the three model p a ra m e ters G" C ll a nd 
1\1. The m odels with p a ra meters within the J < 1 conto u r 

fit the d a ta to within the ex pected erro rs. G in" n thi s thres h­

o ld , t he inferred scaled mig rati on ra te 1\1 = 2.0 3.5 corre­

sp o nds to a divide-mig ra ti on rate rn = 0.2 0.5 III a 1 no rth­
ward towa rd lee Stream D when w c ta ke b(O) = 0.10-
0.1 5 m a '. This is three to sewn times fas te r th an th e m ig ra ­

ti o n ra te inferred from the a ngle of the a p ex ax is and a hy­

po the tical depth- age sca le. The infe rred 111 ig ration ra te is 
rel a tivel y inse nsiti\'e to the acc umul a ti o n g radi cnt so uth o f' 

tlte div id e G, (Fig. 7). Northward d i\ ' icle mig rati on (tow a rd 

Ice Stream D) smea rs o ut layer sha pes to the so uth, lem'ing 
a "w a ke" o f' rcl ati\ 'Cly n a t layer ' and obsc uring inform a ti o n 

a bo ut acc umul ation p a tte rns there (pa p e r in prepa rat ion b y 
E . \ Va ddington and oth e rs). Therefo re, C, is not well co n-
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stra ined a nd ranges from about - 0.03 to 0.02. The minimiza­
tion indicates a relatively strong positive accumula tion gra­
dient north of the divide w i t h C n = 0.05- 0.07. 

For case 2, where the divide bump is caused by a local 

accumula tion low, we choose C~ = 0.06 and C; = 0 in 
Equation (12) as derived in case I. We also choose p = 4 in 
Equation (15) to refl ect two additional degrees of freedom, 
because we a ll ow a more complicated accu mulation pattern 
and use results from case I in Equation (12). Figure 8 shows a 
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caused by a local low in accumulation over the divide. NI = 
1, A = 0.04, A = 3. (a) Modeled layers in gray and observed 
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comparison between the observed layers and th e pred icted 
layers for the combina tion of A , A a nd !l1 which g ivc the 
minimum J. Figure 9 shows the sh ape of J. O vera ll , the ac­
cumul ation-Iow model produces a slightly better fit (J « 1) 
to th e observations than the non-l inear flow-law model, 
probably because of the curvature a llowed in the prescribed 
accumulation patte rn. However, thi s slightly improved fit is 
beneath the level of expected errors a nd does not imply that 
case 2 is more plausible than case I. The predicted migration 
rate is slower than case 1, with M rang ing from 0.5 to 2.0 at 
the J < 1 level. The predicted migration rate !I f is la rgely 
independent of the amplitude A or the wavelength A of the 
accumulation p attern . The predicted a mplitude A of the ac­
c umul at ion low ranges from 2 to 6% ofb(O). The predicted 
wavelength A of the accumula tion feature \'ari es be tween 
2.5 and 6.5 ice thicknesses (2.5- 6.5 km ), increas ing with 
amplitude A. This range of A is expected, since the wa rped 
feature observed in th e layer sh ap es sp ans abo ut two to four 
ice thicknesses, suggesting A ~ 4- 8. The accumul at ion pat­
terns predicted by thi s model are reasonable poss ibiliti es 
near th e divide. 

The lower pred ic ted migration rates for case 2 (acc umu­
lation low) a rise from th e fact that a combination of A and A 
a lone can be found to produce a suffic ient match to the gen­
eral shape of the observed layers w ith no d ivide migra tion. 
Only a slight shift of the fl ow fi e ld (sm all migration ra te) is 
required to bring the modeled layer s into agreement with 
observations. For case 1 (non-linear flow), the deformation 
field which produces the divide bumps is la rgely fi xed by 
our as umptions about ice dynamics, a nd a more sign ificant 
migration of the flow fi eld is requir ed to produce agreement 
between the model a nd the data. 

6. DISCUSSION 

It is possible that the real situation at the divide is best des­

cribed by a combina tion of a sp ecia l flow regime associa ted 

with non-linear flow and a complex accumulat ion p a ttern. 

A ss uming that case I and casc 2 are equa ll y likely and, using 

the J < 1 mismatch level as a reasonable thresh old, we esti­

m ate that the Siple D ome divide is migrating northwa rd to­

ward Ice Stream D a t about 0.05-0.50 m a- I, corresponding 

to M = 0.5- 3.5 a nd b(O) = 0.10- 0.15 m a '. If we have ove r­

(under-)estimated the errors, then the predicted ra nge 

would be smaller (larger). The simpl e estimation of t he mi­

gration rate from the angle of the I ayer apex axis a nd a pre­

sumed depth- age scale produces a value in the low end of 
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thi s range at about 0.07 m a I. The predicted rate is o nl y 
slig htl y sensitive to the presumed m echa nism which pro­
duces the internal layer wa rping beneath the divide. The 
non-linear divide-now mecha nism predi ct higher mig ra­
tion rates tha n the acc umulation minimum mecha ni sm. 
However, thi s analysis does not disti ng uish which mecha n­
ism is operating a t Siple Dome or reveal a ny informa tio n 
about the ice-now la w. Resolution o f these questions will re­
quire information from ice cores a nd m easurements o f thc 
depth variation of stra in. 

A large south- north acc umul a tion g radient of 5 
10 x 10 6 a- I is a robust feature of our a na lys is in the 2- 4 km 
zone north of the di vide. This result is independent of the 
mig ration rate and is consistel1l with bo th mecha ni sm s o f 
bump form ati on considered here. The predicted acc umul a­
tion g radient would be a rtificially high if the di vide zoll e 
calcul a ted using the FEJ\I is too wide (gi"ing 10'" , 'enica l 
" eloe iti es ove r a la rge zone). H oweve r, the acc umul a ti on 
pattern predicted fo r case 2 (no di, ·ide zo ne from non-linea r 
now law) does not r equire a smaller g radi el1l. Therefore, the 
large predicted acc umulation gradi ent near the divide is a 
requirement of the da ta, not an a rtifac t of the ca lcul a ti o n. 
M easuremel1ls from sha ll ow co res a nd snow pits in the vi ci­
nity of the Siple Dome summit indica te a regional- sca le 
south- north acc umul a ti on gradi ent over the di,·ide which 
is 10- 30% of our predicti on (persona l communicati o ns 
from K. Kreutz a nd K. Taylor). \Ve expec t that the stro ng 
accumulati on gradi ent predicted here is a di"ide-I oca l effect 
a nd m ust decrease wi rh distance from the di vide. The ,n 'ai 1-
abl e field sampling is too spa rse to de tcc t the locali zed pa t­
tern suggested by thi s a na lysis. 

\,yc do not allow for time vari a ti o n of the migra ti o n ra te. 
If pas t changes in mig ra ti on rate or acc umul ati on pa ttern 
ha" e occurred, then the di sc repa ncy between the model 
a nd the data would be depth-dependent. A model which fits 
the sha llower (younger ) laye rs wo uld no t fit deeper (older) 
layers. Such a pattern is not clea rl y evident in Figures 6 a nd 
8, suggesting that e ither the migra ti o n ra te and acc umul a­
tion pattern have been rel atively consta nt in time or th at 
isochrone shapes arc not sensitive to pas t cha nges tha t h a, 'C 
occurred . 

The insensiti"it y of isochrone shap es to pas t now 
changes ari cs because isochrone defo rma ti on is a n inte­
g rated process. Layer shapes lose evide nce of old now re­
gimes over time. It is therefore dirTic ult to determine how 
long the di"ide has been migratin g. \ Vc assume tha t it has 
been migrating for t » H / b (10 I a ). However, the ac tu a l 

onse t o f m igrati on may be rel atively recent a nd the layer 
shapes no longer conta in onset informa ti on. It is not correct 
to use th c age of the o ldes t (dcepes t) de tecta ble isochrone 
with a displaced apex as the age of di vide-mig rati on onse t, 
because the mO"ing now fi eld affects th e de fo rmati on hi s­
tory o f (1 /1 isochrones, regardl ess of their age. H oweve r, a 
deep laye r ca n bc used to place an uppe r bo und 0 11 the da te 
of mig ra ti o n onset. If th e di vide had bce n in o nc locati on for 
a long tim e a nd then sta rt ed to migrate, wc wo uld expec t to 
sce rem na nt wa rping a t the old di"idc pos i ti o n in the deepe r 
laye rs where the wa rping is expect cd to be most pro­
noullced. It ' \'Q uId ta ke rv lO I yea rs for the cha nging now 
fi eld assoc ia ted with di, ·ide migrati on to sm ear out well-de­
veloped wa rped laye rs (paper in prepa ra ti o n by E. Wad­
ding to n a nd others). Suppose the di\'idc was ollce at the 
prese nt a pex of the dee pest detected laye r, about 700111 
so uth o r the di,·ide. Th en the di,·ide has been migrating 
towa rd fe e Stream D fo r a t least 700/ Al yea rs, or abo ut 
1.5- 15 ka. 

J\Iig ra ti o n of the ice divide suggests tha t non-steady pro­
cesses a rc a ffecting the gcometry of Sip le Dome. Candida tes 
include c ha nges in the el c" a ti on or positio n o f the bounding 
ice stream s o r a change in the spat ia l acc umul a ti on pattern . 
)/ercso n a nd others (1998) have ex plored th ese poss ibiliti es 
and co ncluded that rel a ti'T ly small cha nges in either cancli­
date could produce th e ra te of obsen 'C c\ di v ide moti on. A 
furth e r co nsequence o f the Siple Dome di,·ide migration 
a nd the assoc ia ted effec ts o n isochrone sh a pes is that pre­
Holoce ne ice is thickes t a bo ut 0.5 km south o f the present 
ice di,·ide. This informa tio n has bcen used to select the exac t 
site for a deep ice co re to be obtain ed fo r paleoc lima te 
a na lysis. 

The m ig ration ra te is surTicientl y slow that the nea r­
di,·ide wa rping is maintained in the inte rn a l laye r pattern. 
This indicates that the di,·ide has been w ithin a few ice 
thicknesses of its present pos ition for th e p as t 10:1- 10 I years 
and sugges ts that there have bcen no m aj o r asy nchrono us 
changes in thc configura ti on of the bounding ice streams or 
in th e geom elry of Siple D ome in th a t time. Significant 
as), lllm.e tri c forcing a t the bo undari es of Siple Domc wo uld 
cause rapid mot ion of the di"idc (Hind m a rsh, 1996) and 
prc\'ent th e de, 'C lopment o f a nea r-divide isochrone bump. 

Since th e de\'clopment o f a di"ide blimp ta kes time, its 
presence a t Si plc Dome ra ises the questi o n a bo ut the age of 
Sipl e D o m e itself There a re two di stinc t hypotheses. The 
first is th a t Siple Dome has ex isted in abo ut its present Sla te 
for the p as t 10 I or more yea rs. This sugges ts th a t Siplc Dome 
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has been a Oow center for 1T1OSt of the H oloeene and sup­
ports the theo ry that ice streams were present during the 
earl y stages of retreat of the R oss Ice Shelf (D enton and 
others, 1989). The second hy pothes is is tha t Siple Dome 
form ed m ore recentl y as a result of ice-stream initiation 
and thinning of the WAIS. 

The ana lysis presented here ass umes the first hypothesis: 
constant ice thi ckness. Given thi s ass umption and a time­
a\"Craged accumulation rate of 0.10 m a- I ice equivalent, the 
time-scale to create a well-developed warp in the internal 
layers by either an accumula tion low or by ice-dynamic pro­
cesses is related to the thickness/acc umul a tio n rate time­
scale (inverse of the cha racteri stic \'ertical strain rate), 
about 10 1 years. Without considering the smearing effects of 
div ide migration, it would take at least 5 ka to deform iso­
chrones to the extent wc observe at Sipl e Dome. The first 
hypothesis is thus consistent with the data . 

However, we cannot eliminate the second hypothesis. 
Possible rapid thinning ofWAIS and the form a tion of Siple 
Dome would be associated with large vertical strain rates 
which increase the speed of ice deformation a nd reduce the 
time required to create internal layer warping beneath the 
divide. If Siple Dome form ed by rapid synchronous thin­
ning at its boundari es as a result of ice-stream initiation, 
then it is possible to form isoehrone bumps beneath the 
di\·ide at all depths in as little as 103 years. For example, sup­
pose Siple D ome was once twice as thick as a t presem and 
thinned to its present thi ckness in about 103 years. Assuming 
no change in accul11ulation rate, the vertical strain rate 
during thinning would be roughly IQ 3 a I, which is about 
onc order of magnitude la rger than the vertical strain rate 
for the steady-state case. The time to form a divide bump, 
which is related to the vertical strain rate, would con'es­
pondingly be reduced by about a factor of ten. Measure­
ments of age vs depth and tota l gas content from the deep 
ice core will help resolve this question. If Siple Dome has 
thinned rapidly in the recent past, then the thickness of 
laye rs deposited during and prior to thinning would be 
sma ll er (due to larger vertical strain rates ). Thus, these 
layers would appea r in the presem ice sheet at shallower 
depths th an ifno thinning occurred. Accumulation-rate es­
timates frol11 layer-thickness profil es which ass ume no dome 
thinning would be a rtifi cia lly low. 
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