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Abslracl.  Fmr scenarios of present day Antarctic icc sheet mass change arc dcvclopcd  from
comprchcnsivc reviews of the available glaciological and occanctgraphic cvidcncc.  ‘1’hc  griddcd
scenarios predict widely varying contributions to secular sca lCVCI chaagc ~ ranging from -1.1
to 0.45 nmlyr,  and predict polar motion I;l and time-varying low-dcgrcc  gravitational
cocflicicnts J/ that differ significantly from earlier csti~natcs. A reasonably linear rclaticrnship
bctwccn  the rate of sca ICVCI change from Antarctica &,i and the prcdictcd  Antarctic J, is
found for the four scenarios. ~’his linearity permits a series of forward models to bc construct-
ed that incorporate the effects of ice mass changes in Antarctica, Ckcnland,  and distributed
smaller glaciers, as WCI1 as postglacial rebound (assunling  the lC1{-3C deglaciation history),
with the g?al of obtaining optimum reconciliation bctwccn  observed constraints on JI and sca
ICVCI rise <. Numerous viable combinations of lower mantle viscosity a]id hydrologic smrrccs
arc found that satisfy ‘ ‘ctbscrvcd” < in lhc range of 1 to 2-2.5 nmdyr and observed J/ for dc-
grccs 2, 3, and 4. III contrast, rates of global sca lCVC1  rise above 2.5 n~ln/yr arc inconsis{cnt
wi[h availab]c J/ observations. The successful comp~sitc  modc]s feature a pair of lower n]an-
tlc viscosity solutions, arising from the sensitivity of J/ to glacial rcbouncl. I’hc paired values
arc WCII scpara.tcd at & = 1 nml/yr, but move CIOSCI together as g is incrcascd,  and, in fact,
merge around ~ = 2 - 2.5 n~nl/yr,  revealing an intimate relation bctwccn  < and prcfcrrcd  lower
mantle viscosity. I’his  general pattern is quite robust and persists for different J/ solutions, for
variations in source assumptions, and for different styles of lower mantle viscosity
stratification. Tighter J/ constraints for 1 >2 may allow some viscosity stratification schcmcs
and source assumptions .to bc cxcludcd in the future. For a ~,ivcn total observed <, the sca lcv-
CI rise from Antarctica ~~ is tightly constraipcd  and rang,cs from O to + 1 n~n~/yr (correspond-
ing to an ablating icc sheet) as estimates of & arc raised from 1 to 2.5 nm~/yr.  }Iowcvcr,  when
the dcgrcc  3 zonal  harmonic constraint is removed, the solutions show litk sensitivity to An-
tarctic mass balance, emphasizing the need for a WCII dctcrmincd odd-dcgrcc  secular zonal har-
monic for determining polar icc mass balance.

lnfro(luction

II has long been known that ocean-contincot hydrological
exchanges couki JM’OdLICC  prcciiclabk chaogcs in global gcocktic
obscrvablcs such as the icoglh of day, the long wavc]cngth
gravitational field.11, and the location ofthcpok of rotation nl
[C.&, klwk ottd Rcvellc, 19S2; f,ottlbcd  otd(.’rrzfmvc, 1976;
),omkk, 1980]. Sptmcd by the current interest in global
change stociics and by aclvanccs in satellite geodesy, rcccol
work has been undertaken to dctcrminc the effects of hydrolop,i-
cal cxchangcs o n  g,lobal g,coclctic obscrvablcs [wagm cl)td
IIlcAdoo, 19M; Sctbditli  c1 al,, 1988;  Cbm  crtd O’CCVInrw,
1988ii,  b; Alifro}’ico  ottd Wfier, 1 9 8 9 ,  1 9 9 3 ;  7)wj)itt  PI al.,
1992; h’im r[ itl., 1993; 7hpiH, 1993;  Jnnvs flwfh’iw!,  199 S].
Several of these sludics have coosidcrcd the cffecl of present
day mass changcs ofthc Antarctic and [ireenland ice shccts and
nlountain glaciers and small ice caps. l’hc delayed viscoclastic
response of tbc k~arlh to late Plcisloccnc and early }101OCCOC

clcglacialion.s  akoproduccs  a significant signature [Yodere[  al.,
1983; l’cl[icr, 1983; 1985; Rubitrcot)l,  1984; Ytw otd Sdmiitli,
1985; YIWH e/ al., 1986] ,  and this is sopcrimposcd  on the
prcscot day climate change rclatecl signature.
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‘1’hc volLanc of icc gmundcd  onto the Antzmiic continent is
inlmcnsc,  accounting for about 2.1 ‘A of tbc total supracnstal
water supply. NongIacial water outsiclc of the world’s ocean
basins, by contrast, smounts to a mere 0.3°/0. Furthermore,
slllall mountain glacicts  (plus icc caps) and icc grounded in
Greenland total to only 0.006V0 and 0.21 ‘Yo, rcspcctivcly [Meicr,
1990]. I;stimatcs of the present day balance ststtc of tbc great
Antarctic icc sbcct remain contentious, and a small fractional
imbalance can ttanslatc  into a large, perhaps even LJotninant,
influcncc on the sca Icvcl rise budget. What is proposed in this
paper is to assutnc, a priori, that the mass balance state for
Antrirctica is unknown. An Antarctic mass balance constraint
mig,ht  then bc dcvisccl by parmetcrizing  alternative sources for
sea Icvcl and secular, time-dependent gravity and polar motion.
This undertaking, is initiated by evaluating a nunlbei of
scenarios of present day Antarctic mass balance based on accu-
multttion data and drainage basin analyses [Girwim[(r) ad
[kw{lq’g  1 985; Brtttky  (itd Giovitwtio, l991; Bctlllry, 1 995]
a n d  oceanqyaphic  const ra in ts  [Jmds ef 01., 1992] ,  ‘J’hc
scenarios rliffcr mainly in how mass balance is extrapolated to
unn]casurcd rc.gions. A sum of the mass balance of each
drtiinag,c systcn) yields a prediction of the net hydrological bal-
ance of the entire gtoundcd  Antarctic ice sheet M and hcncc
Antarctica’s contribution to prcscnl day sca lCVCI rise $A .

Wc tbcn procccd to search for combinations of present day
sca Icvcl soorcing and mantle viscosity input to postglacial
]cbound that satisfy observed constraints on satellite derived jl
and total (gk)bat) sca ]cvel rise <. The Antat-ctic contribution to
sca Icvcl rise ~, is treated as a free pammctcr, and wc utili~c
Iincar l-cla(ionships bctwccn ~1 an(i ]ow-rlcg,rcc s e c u l a r  zonal
harmonics .;{ derived from tbc scenarios dcvclopcd here. I’his
procedatc  also rcqoircs treating tbc onkaown  Greenland contri-
bution, &, in a similar mannct-, and assamcs that total sca Icvcl
rise is brackctcd by the range 1 to 2.5 nln)/yr [/kwKlm, 1995].
Although no at[cmpt is made to SOIVC a formal leas! sqoarcs
inversion, a patamctcr  search indicates tbc sensitivity of ~1 to
,)1. 1[ appears that optimi~cd sourcing for tbc satellite solutions
for secular .)I (/ = 2- 4) imply an Antarctic icc sheet in a state
of ncg,ativc mass balance. in Iargc measure, the Jwedictcd polar
motion r;) plays a secondary role since polar motion is ICSS sen-
sitive to An[arc[ic mass imbalance than to other, relatively non
zona] maw rcdistributions such as mountain glacier melting or
Greenland imbalance [ 1~’(~ht e/ aL, 1993],  1,owcr mantle
viscosity is also freed as a parameter in tbc prediction of tbc
glacial rebound .j, values, and wc find that a broad range of
viscosity values can satisfy the data.

} Iowcvcr, tl~crc arc some importaat caveats in reaching this
conclusion. First, tbc influcncc of postglacial rebound on .)i is
sensitive to glacial load history, ‘1’hc Iatc Pleistocene and early
}Ioloccnc load history must bc spatially and temporally WCII
approximated by tbc I(; I1-3G model [?i~shinghrrttl ord Pelfirr,
1991 ]. This sensitivity is related to the prediction of a rela-
tively Iargc J~ositivc J3, which would  not occur if Antarctic
dcp,lacialion WCIC  to occur earlier and more “in pbasc”  with
tbc nor(bcm hcmispbcrc dcglaciation [e.g., hit~s c/ al,, 1993],
SCCOIKI,  each of three porlions of the sca Icvcl rise budget
(small mountain glaciers and icc caps, antbropogcnic  sources,
and stcric expansion) should bc known to witbin a factor of
:ibout 2 and gencr+rlty consistent with tbc reports by Meier
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[ 1 990], Wrr)”)”id and Oe}”let))(rtls [1 990], ]kmgkrs  [1 995], mm
[ 1995], and dc Wolde cl til, [199 S]. l’bird, the Antarctic sea
level/L/l paranlctcrizations  must not change significantly from
those found for out’ four scenarios.

Most critical to the anqlysis of the Antarctic bakincc state is
Ihc cxistcncc of a robust .13 solutiot? from satellite Iascr ranging
data ‘1’hat a stable solution for J3 has YCI been obtait~cd is
somewhat debatable [Errms aml Bclfcrrfpflt, 1996; Net”ett/  (IItd
)(kko, 1996; Cmwwe ef cl., 1996]. It has been discovered
rcccntly that there is a stt ong correlation bctwccn a known
t~(~l~p,ra>ritatiol]:il  force (liarih albcdo) and the residuals of the
I AGl OS  I eccentricity orbital clcmcnt [A4arfit1 OIIJ Rubimam,
1996j.  Residuals in those particular elements tend to dominate
multi satellite solutions for the odd-dcgrcc  gravity harmonics
[t;ams  c,~d llc([rwlpu~,  1996], and it would not bc too surpt-is-
inp, to scc a series of future revisions of secular .13. ‘1’hcrcforc
out analysis may have a more modest conclusion: an isolation
of a strong sensitivity of satellite-dctcrmincd .)3 to the present
day Antarctic mass balance state.

A s(atc of nc.gativc Antarctic mass balance is generally at
o(ids with wha[ glaciologists have conciudcd from analyses of
Ihc nlajor icc drainage systems [Brw[k’y atld Giovitfr{/o, 1991]
unless icc shelf basal mcltiog and calving rates have been sub-
stfintially undcrcstimatcd as suggested rcccntly by Jmobs  cl oi.
[ 1992], U,ltimatcly, the cot~firmation  of the globally based solu-
tions for <A that rely on JI and rh must bc found through a
more detailed analysis of the mass balance of these drainage
basins.

This paper expands on some of the results prcscntcd by
,/nmn omi h~it~s [ 1995] and is parl of a broader study consider-
ing, all the geodetic responses due to Antarctic icc mass ChalWC.
{)nly recently has there been interest in the local geodetic sig-
natures of vertical and hori~ontal ct-ustal motion and changes in
the solid surface g~avity that mpidly evolving icc masses might
}M’OdUCC [(b)i)’(d  flld ~]fl~l’t”, 1995; Jetties ctnri Ivitl.v, 1995;
);’ahr C( al., 199S]. Jaws ad hlns [1995] found that onc of
their scenarios prcdictcd a maximum peak vcriical crustal
motion rate of ~ 10 mndyr, Iargc enough to bc detectable using
a series of Global Positioning Systcm (GPS) data collcctcd in
continuous observing mode. }lowcvcr, glacial rebound tnight
drive strong,cr vcriical crustal motions in West Antssrctica if
cuincnt models (IC;I,-3G or I(X-4G)  of a large-volume, mainly
Iloloccnc reduction of the Antarctic icc mass arc correct. A
more detailed description of the ctwstal motion calculations arc
to bc presented in a Iatcr paper.

‘1’hc first part of this paper dcscribcs in some detail tbc back-
ground and dcvclopmcot  of four scenarios of present day
Antarctic mass change J’ollowing that is a discussion of the
resulting global geodetic predictions and a comparison with
observations and othct possible sources. We conciudc b y
describing global con~posilc  scctlarios t h a t  sinlultqncously
satisfy obscrvc(i constraints on .)l and sca ICVC1  change {. First,
wc conlmcnl further on prescnl day sca level change.

l’resent IMy Sea 1 mw] Change  an(l Antarctic ICC
Shccl Mass llalancc

l’here is a wide consensus that over the past fcw dccadcs,
sca lCVCI has been rising, with rcccnt analyses finding a sea
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lc~cl Iisc bctwccn I and 2.5 Inn)lyt [J)ar/tcI/, 1983; J’el/ier ad
7f/.\hi//gho,/, 1 989; 7k/pi)/ r7ml Wahr, 1 990; IMuglfi,f, 1991;
Mcicr, 1 993]. } Iowevcr, lhcse values contrtrst sharply with esli-
ma[cs of total sca lCVC1 rise that are obtained when the input
f[onl known sources k consiclercd, For example, Meier  [ 1993]
cstimtcd that 0.4 i 0.2 mnI/yI of sca ICVC1 rise. comes from
mountain gkrcicrs and small ice caps, -0.2 i 0.4 n)n)/yI from
Greenland, -0,45 i 0.55 n]n~/yr  from Antarctica, 0.4 4 0.2
mn~iyr from ocean thermal expansion, and 0.23 4 0.24 n]n]lyr
from land hydrology. I’hcsc inputs sum to 0.4 i 0.8 n]nI/yI
(root-slllll-s(lllarc error), significantly J3clow the amount of sea
ICVCI  rise obtained from most analyses of tide gauge records. It
is ckar lhal our understanding of the various factot-s contl’ibut-
ing to sca level change is incomplcic.

I;slimates of the ml mass balance of Antarctica vary widc]y
doc 10 uncer[ainlies in dctcrminirrg both accumulation and
discharge rates. I’hc mass accumulation rate in Antarctica is
around 2 x 101s kgiyr (2000 Wyr); a 10°/0 net imbalance is
suflicicnt to cause sca Icvcl to change by about 0.6 nln~/yr
(adding 360 Gt of water to the oceans c.auscs sea level to rise
by a b o u t  I mm), ‘1’hc ]ntcrgovcrnmcntal  I ’ a n t ]  o n  (:]in]ate
(’hangc (1[’(’(’) estimates of the contribution to sea ICVCI change
in the }ms{ 100 years from Antarctica range from -0. S to 0,5
m miyr [ lf’~rrrick am’ @IlcIImII.\, 1990], indicating that a mass
imbalance of cilhcr sign ancl cquiwlcnt  to ~1 O’XO of the accu-
lnulation rxtc is plausible. A rcccnt upclate to the II’(K: rcpor[
[ I/’{//)ick cl 01,, 1996] gives an even broader range of 31.4
mndyr.  IN the following section wc discuss scenarios cxtrtrcted
from two detailed stodies of Antarctic mass balance, A stady
by /lr’I///J’J CId ~im)itm//o [ ] 99 ~ ] found the Antarctic contl ibu-
tion to sca Icvcl rise to bc negative (- 0.1 2 ~4 >- 1.1 nm)/yt),
and anotbct by .Imwbs C( al. [ 1992] found that the Antrrrctic
con[libution  to sca level Iise ~, could be as large as + 1.3
mn)/yl

l)rainagc llasin Analysis

‘1’o obtain a regional net mass balance, it is ncccssary to
cval Lailc both mass inpLlt and oLitpLlt of the iCC sbcct, q’hc maw
input of a region, assuming that there is no inflow from sur-
rounding Lrr’cas,  comes from sur~~ce  accumulation, Net surface
accumulation is duc to a nun~bcr of processes, to which precipi-
tation and drifting contribuk  positively, and sublimation and
deflation (wind erosion) contribute negatively. Jkw//qI ad
Girn’itw/@ [1 991] (hcrcinaftcr rcfcrrcd to as BG91) utilized the
nc( SUI face mass balance estimates of Giovinel(o awi  Betifh?y
[ 19S5],  a compilation and synthesis of surface mass balance
mcasorcnlcnts rcporlcd in the literature, which BG91  updated to
incorporate ncw data.

}’igurc  1 illustifites the six major Antarctic drsrinagc systems,
as dcscribcd by Girwitw//o ad Jkn/ky [ 1985]  and utiliz,cd by
13G91 in thcit analysis of present day Antarctic icc mass bal-
ance. ‘J’hc boundnr’ics of the drsrinagc systems were choscl~ by
dctct Inining the regions which feed t}lc three major icc shc]vcs
(Amcry  Ice Shelf, systcm Jlo(; Ross Ice Sbclf, systcm EoF;
and Filch ncr-l{onnc ICC Shelf, system JoK). ‘1’hese three sys-
tems drsrin much of the interior of Antarctica, ‘1’hc remaining
thtcc systems (Ka’}1,  ~cll,  and }’j’J) tend to drain coastal
rc~ions, ‘J ‘hc drainage systems were then subdivided to obtain
l~llysiogr~l>l]ically simple!- r e g i o n s  [Giovinct(o and Jkw(lcy,
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198S], “1’hc  bounrlarics of the subsystems were chosen to fol-
low flow lines, ccmtincntal divides, or diviclcs separating
rcg,ions of convergent or divergent flow, thLIs ensuring that
there is Iit(lc or no mass flow across boundaries.

Ice flow in Antarctica terminates in tbc ocean, As ice flows
from the interior, its tbickncss diminisbcs,  reaching a point
wbcrc ii floats, if tbc bcd is far cnougb below sca lCVCI.  ‘1’hc
boundary bctwccn icc which is suppor(ccl by the solid surface
and floatinp, icc is known as tbc grounding line (Figure 2). l~or
dc[crmining,  tbc contribution to sca lCVC1 cbangc, it is the net
mass balance of the .ryoondcd  por[icrns of tbc icc sheet thai is
ilnporhint since floating portions arc parl of the ocean systcln.
Ideally, then, observations of tbc rate of outflow of the icc
sheet at the grounding Iinc, combined with observations of tbc
surface mass balance of the intcricrr portions, would sufticc to
dctcminc  the net mass imbalance of a drainage systcm. LJnfor-
tunatcly, in dynamically acti}c regions such as icc streams, icc
flow c a n  bc q u i t e  conip]cx and tempcmally v a r y i n g
[f!it/ddmllet c1 01., 1993].

in piuciicc, obscwriions  may only bc availahlc inland of the
g,tounding  line or CIOSC  to tbc icc sbclf  front. If obscrvatiotls
atc maric on the icc shelf (and observations at t}w grounding
line arc kicking,), then it is also necessary to consirlcr IIIC rate at
which the shctf  is p,aining or losing mass owing to basal n~clt-
ing or ft cc~ing.  Arlwmccs in space-based and airborl~c prccisc
nlapping  mctbmls  will offer a pmvcrful ncw database in the
fu~ure,  } lo~vcvcr, tbcsc techniques have been in LISC for an
insufl;cicnt amount of time 10 yield unambiguous cstimalcs of
IIIa SS change OVCI most of the great icc sheets [1’dweskdi e/
r71., 1 993; A’rabill r’1 al., 1 995].

Il(i91 began by considcuing mass imbalance mcasuren~cnts
fot inland regions (Tab]c 1 and Figure 3). ‘1’able 1 shows both
their r’cgional  mass imbalance estimates and their subjective
cs(itnatc of its significance, essentially defined by mcasorcmcnt
accurtrcy and colnp]ctencss in coverage. Also shown in ‘fable 1
arc the areas and equivalent icc height change rates infcncd for
the ptescnt study. “1’hcsc arc to bc dcscribcd in more detail in
the following section. I’able 1 shows that only tbrcc inland
systems, 1 alobcr[ Glacier, Ilast Antarctica onto I{OSS  ICC Shelf,
and l)inc island Cllacicr,  arc considet-cd to have a significant
illlbalancc. of these, tbc I an]bcrt Glacier bas two conflicting:
estimates of accumulation [Alli.w/,  1979; Allisrm e/ crl., 1985;
Mc/n/)vr,  1985a, b], Icading to two differing cstitnates of the
net imbalance, onc of which 1X91 considered to bc significant.
A rcccn( reanalysis of the mass balance of the I’inc island Gla-
cicl systcm [[mrhikr  et al., 1995] s h o w s  it may bc ICSS posi-
tive than stated by IUG91,  although unccrlaintics still exist.

lKi91  next considered icc shelf systems for which there are
Incasurcmcnts, ‘I ‘hey evaluated inflow and outflow of t}~c Iiast
and \Vcst l<oss ICC Shelf and the Amcry  Icc Shelf and dctcr-
lnincd the amount of icc sbclf  basal melting (freezing) required
fm steady state balance. ‘1’hcy did not find cvidcncc to suggest
ttlat these rcg,ions arc significantly out of balance.

Finally, 1VG9  I cmsidcred  combined inland and ice shelf sys-
tems (1’able 2 and Figure 4). These systems lack outflow
Il]casurctncnts al the grounding ]inc and hcncc require an esti-
mate of lbc icc sbclf basal melting rate required for steady
siatc. I’able 2 shows the net mass imbalance, tbc basal melt
rate which would bc required for steady state, and their
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assesstncn( of whcthet this rate k reasonable. I’hc Amcry  ICC

Sbclf and Iastcrn  Ronnc ICC Shelf require unrcawmably large
basal melting rates and the Brunt-1 {iiscr-1 ,arsm Ice Shc]vcs
require smallct melt rates than tbosc observed. It is SLIg,g,CSWd,
thcrcforc, (hat these systems have a net mass imbalance.

Scenario Ikwlopmrnt

IKi!l 1 CX(I :ipolated the observed net mass imbalances to
un!ncwur’cd  regions in a number of ways, producing balance
scenarios for the entire Antarctic icc sheet with the pmiictcd
contribution to sca level rise &A ranging from -().] to -1.1
mn]/yJ.  Onc of [hc striking, aspects of mms balance studies in
Antarctica at c the large regions (approximately 30’ZO by area)
for which thclc arc insufficient observations (t’igurc 5). The
unmcasurcci regions tend to bc coastal regions where mass
accunlulation mtcs arc high.

In this stLKly wc have gri(idcd Antarctica witi~ 280 disks of
area S0,000 kmz, and for each scenario wc have assigned a net
Inass balance to each disk (in n}iliimcters pcr year of icc
equivalent). This grid is sufilcicntiy fine that ail the regions
lis(c(i i n  ‘1’ablcs 1 an(i 2  cm bc rcprcscnted, I’he tinai t w o
columns of ‘i’ai>lc 1 show the a!cas obtained from gridding the
mc[isurcd regions and , the calculated equivalent icc hcigllt
change i~, where rj = J4/(Atca  x p,cc) with the (lcnsity of icc

PIC< ‘ 917.4 kF~m3.
In tKi9 I‘s minin~um scenario tbcy assumed that tiw icc

shcc( is in balance except for mcasurcci  regions which are
sip,nificantly out of balance (scenario 1, J~igurc 6a). I’hc Mcln-
ty]c intcrptetation for the 1 ambcrt  Glacier is assumed (1’able
1), and it is assumed that the imbalance of the Amcry ICC Shelf
is riuc entirely to processes on the icc shcif  (’1’able 2). l~urtbcr-
nmtc, it is assumed that the entire }~iichner-l{onnc systcm is in
i)aiancc. “i’his Icavcs tile foliowing  tbrec r e g i o n s  w i t h  a
significant imbalance: a growing Pine island glacier (14 = s()
Cit/yr,  i] = 218 n?ndyr), a g[ owing I;,ast Antarctica onto tbc
Ross Icc Sllclf (A4 = 26 Gt/yr, i] = 16 mn~/yr), and a reducins
region located inland of the Brunt and Riiser-1 arscn ICC
ShClvCs (A”l = - 3 7  [ i t / y I ’ ,  ~~ =  - 2 0 1  nJlll/yt-). q’his s c e n a r i o
gives a iow prediction fcy Antarctica’s possible negative contti.
but ion to sea, Icvcl rise (<1 . -0.1 nlnl/yr) an(i positive ncl mass
itnbalancc (A4 = 39 (it/yr),

tl~91 next cxtl apolatcci  fron~ measured iniand drainage sys-
tcnls to unmcasared regions in two different ways, finding net
mass imbalances A4 of 400 and 290 Gt/yr, corresponding to sea
lcvci Pdil of I. 1 and 0<8 mn~/yr, rcspcclively. I;irs(, they cxtra-
poiatcd to Llt)l])CMLltCd regions by assuming that mass in~bal-
ancc is p] opor(ional to mass input (scenario 2 by mass, l~i~ute
(ib). ‘1’able 1 shows the total net mass imbaiancc of tbc n~eas-
ulc(i inian[i systems to bc + 118. S Gt/yr. 11G91  found that the
mass input to Antfirctica is 1660  Gt/yr, and that to the nwas-
urcd systems is 500 Cit/yr.  If tbc net mass imbaiancc of the
LllltllCaSLllCd rcg,ions is proportional to mass input, then this
ilnplics a nc[ mass imbalance of umncasurcd  regions of I 18. S
Gt/yr x (1660 - 500)/500 E + 280 (it/yr. In gridding scenario
2 by mass, wc concentrated the cxtrapo]atcd imbalance in coa-
stal disks, wbcrc accun~ulation rates arc highest, }~or  48 coastai
disks, with total area of 2.4 x 10fi  kn~7, we dctcrmincd the
cquivaicnt icc hcigl]t change i~ to bc 128 n~n~/yr,  giving a total
ncl mass balance A4 of 400 (~ 2S0 + 11 !S,5) Gt/yr. Scenario 2
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by mass provides a sca Icvcl fall of 1.1 nlnl/yr (~4 = + 400
G1/yr), the largcsl of all the scenarios,

lKi91 also extrapolated fronl measured grounded regions to
unmcasurc(i regions by area (scenario 2 by area, }~igurc 6c).
Table 1 shows that oLlr toltil griddcd area of the nwasLa’cd
inland regions is S.3 x IOf kn12, which closely approximates
11(i91’s determination of S. 1 x 10f kn]2. BG91  dctcrl~~incd tbc
to(al grounded at-ca to bc 12.1 x 106 kln2. ‘Ibis Icads to a nct
mass imbalance of unnlcasLlrcd regions of + 118.5  Gt/yr x
(1?.1 - S,1)/5.1 = + }63 Cit/yr. For 151 disks in untncasurcd
areas w c  clctctmined an cqLlivalcnt icc h e i g h t  c h a n g e
i] z 24.8 E 25 nm]/yr. This corresponds to a net mass in]bal-
ancc in onn~casLa’cd regions of + 172 Cit/yr,  chosen to obtain a
total net mass balance of + 290 (= 172 + 11 8.5) Gt/yr, which is
in a2rccn~cn[ with the total balance given by BG91. This
scenario gives a sca lCVCI fall of 0.8 mndyr (IIi = + 29(1
Gt/yt). Note that bccaLlsc scenarios 2 by mass and by area arc
cxtlirpolations flom inland regions, they lack the mass in~bal-
ancc near tbc BrLlnt and Riiscr-1.arsen Icc Shelves (i] = - 201
mtdyr)  that is present in scenario 1.

1{(;91 prcscntcd two additional scenarios, wbcrc they extra-
polated from all nlcasLa’cd areas, not jLlst grounded ice. These
scenarios give intcrincdiatc values of sca ICVCI  fall (0.3 and 0.4
mn~/yI), and have not been explicitly considered in this stLldy.

A Rcapprxisal  of oceanographic Constraints

The three prcccding scenarios prcciict sca level fall duc to
Antarctica’s net hydrological imbalance at Icvcls ranging from
0.1 to 1.1 llm~/yl. If Corrccl, th is  imbalance  contribLltcs to an
even latg,cr sbor[fall bc[wccn the observed scc Lllar sca Icvcl rise
and the sum of the individLlal  soLlrcc estimates. Onc possible
rcsolut ion of this shortfall is offered in the analysis of Jmobs  et
[//. [ 1992] (hcrcinaf[cr rcfctwcd to as J92), who found a negative
net mass imbalance for Antarctica. J92 cval Llatcd t}]c net mass
balance of both the grounded and floating portions of the
Antarctic icc sheet. I’his is in contrast to BG91, who focused
on finding lhc net mass balance of the groLa~dcd portion only.
Ilccausc J92 considered the icc sheet in toto, they skirted the
diflicult issue of determining dmvnstrcam icc flLIxcs in the
groLlndcd  regime. (Jsing the cstimalcs of (;irwim’l{o atd lirtt/-
/[:s [ 198 S], wit}) some adjLMnlcnts  in the Antarctic }’cninsuta,
J92 obtained a net mass inpL)t for the entire icc sheet of 2144
(itly l”. ‘1’hcy tllcn dctcrmincd the atlrition rates from iccbcrg
calving, (-20 16 Gt/yr), icc shelf melting (-544 ~it/yr) and rLll)Off
(-53 ~;tfyr),  for a net mass imbalance of tbc entire ice sheet of
-469 (it/yr. “1 hc associated Llncer(ainty is large (i639  (it/yr).
‘1 ‘t~is indicates t}lat onc cnd-member interpretation allows a near
~cm or sligb[ly positive net mass in] balance for Antarctica, On
tllc othcl hand, if sbclf  dissipation mtcs arc in equilibrium with
Ihc mass flLIx  oLlt of groLaldcd regions along, the coastline of tbc
Wcddcll Sea, then the gioLa~dcd Antarctic icc sheet may bavc a
nc[ hydrological imbalance of -469 Gt/yr, implying an Antarctic
conll ibLltion  to sca Icvcl cbangc ~J~ = 1.3 n~n~/yr,

in J92’s analysis ,  icc s h e l f  nlclting assLmlcs  g,rcatcr
significance than in most prcvioLls s[L]dies. Iislitnates of icc
shelf tnclting from five prcvioLts  stLldics (see J92, I’able 2) aver-
age to -322 Cit/yr.  J92’s estimate, at -S44 (Wyr, is Iargcr by
-2’22 Gt/yr. “1’his  diffcrcncc accounts for nearly one-half of the
totiil icc sheet mass balance estimate of -469 Gt/yr. ‘l’heir
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analysis of icc sbclf melting, inwlvcd  consideration of ciireet
mcasLIt’cmcnls of ice shelf thinning and thickening, as we]i as
obscwr[ions  of seawater oxygen isotope ratios, ocean salinity,
all(i tilernlai structLlt’c, all(i iS SLlppOrlCd  by Ocean Circulation
mociciing.  Saiinity variations arc indirccl indicators of icc mcit
mtcs since saiinity is affectcci by ftcsh water fiLAling OLII of a
clissipat ing, icc sileif [Jc/~kitl$ (lnd IMflrk, 199 I; //cl/t))et dmi
JIIc()!)s,  i 992].

A Morlific(i Scenario to Account for Observations of
SulJsiIcif  Mcltwatw IUow

[’onstr’Ltcting  a mass baiance scenar io  based  on  J92’s
anaiysis requires appot(ioning  the net mass imbaiancc bctwccn
p,rounded and floaling icc bccausc floating ice is aircaciy part of
the ocean syslcm ami dots not contribute fLMhcr to sea lCVCI
cilange. J92 noted tilat their finciing could impiy a variety of
Con(iitions,  rttnging from assuming that tbc mass loss is derived
cnlircly from witilin tbc icc sbc]ves (with grounded icc n~ain-
laininF,  its mass) to assuming ti~at the mass loss is doc cntirciy
to an cni]ance(i oLllward fiLIx  of grounded icc (with ice shelves
maintsrining their mass), J92 fLlrhCl noted that ICSS than haif of
lhc negative net mass imbaiancc of -469 Gt/yr, eqLlal to & :
+ I,3 mIn/yr, lnLlst  come from the groLmdcd  ice sheet if it were
to accoLmt for the 0.45 n~n~/yr  shortfall between ti~c 1990 lPC~
cslimatcs of ti)c observed totai rise rate, & = 1.S n~n~/yr  [ l?o/-
I;CA and Omkwiam, 1990],  and the sums of known soL]rccs and
sinks ( ~ E 1.0S n~n~/yt). ‘1’hc ]at(cr are sLnnnlarii’cd as arising
from thermai expansion ( * 0 . 4  nlnl/yr), nmLmlain  giacicrs (*
0.4 mn~/yI),  Grccnismd  (E 0,25 rnn~/yr)  and Antarctica (= 0,0
llml/yl ),

in constructing a mass baiance scenario from J92, wc have
nlafic tkvo assulllptions. IFitst, ti~c mass imbaiancc of the intc-
I ior pol-iions of tile groLlndcd  icc is ass}lmcci to bc adequately
(iescribeci b y  s c e n a r i o  2  b y  am (14 ❑ 2 9 0  Gt/yr). I’his
sce!lario accoLlnts for net mass balance observations of inland
icc wimc  sLIch observations exist, provides a rationale for
e~ltapolating to Llnmcasut’ed  iniand regions, an(i does not have
tile cxtrcmc vaiLle of sca ]evcl change of scenario 2 by mass,
Sccon(i, tiw net mass balance of tile groLnldcd  portions of the
icc simct is awumcd to bc sufficient to make up tbc 11’(:(:
silorlfaii of 0.45 n]nl/yr of sea level rise (M = - 160 Gt/yr).
“1’hcsc assumptions impiy that tbc net mass imbaiancc of inland
portions of tbc groLnl(icci  Antarctic icc sheet is reasonably well
consttainc(i (anti dcscribc(i by scenario 2 by area) but that thct-c
is sLlbstantiai maw loss of groondcd icc at or near the gtoLnld-
ing line. ‘1’he mass ioss could bc dLlc to retreat of tbc groLuld-
ing, ]inc or tilinning of the groLmLicd icc sheet near tile groLald-
ing iinc. For ttlc gt-id size adopted in this study, it is not possi-
illc t o  {iistinguisil  bctwccl) tile t w o .  QLlalitativcly,  lhcsc
assLn]lptions  seem 10 bc cntirc]y consistent with tbc studies of
L’et)(lcj n)d Giovitr//o  [ 1991] and Jmoh.s e/ a/, [ 1992].

‘1 ‘Itcreforc 450 Gtlyr (= -160 Gt/yr -290 Gt/yr) was removed
from ti~c border of scenario 2 by area to obtain the J92 scenario
(ligLlrc 6d), ‘1’hc icc shelf melting rates of J92 were used as an
ai~pmximatc gLlidc to  determine where  mass  shouid bc
removed. ‘1’able 3 shows the net icc shelf melt rates determined
by J92 for foLlr major icc shelf systems and the narrower sbcif
systems distributed around tbc circ Lm~fcrcnce of Antarctica
labeled “within 100 ktt~ of ice fronts”, Also shou,n  for each icc
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shcIf sys(cm is the net melt Mtc expressed as a percentage of
the totrrl net melt rate. 3’Iw final columns of I’able 3 show the
mass renmvcd from the areas just inland of the varioLls shelf
systems of sccnrrrio  2 by area for the purpose of constrLtcting
(IIC .192 secnario. q’hc J92 griddcd balance map emphasizes
mcltinp,  inland of the Filchncr-Ronne  and Amcry ICC Shelves
and pkrccs Icss emphasis on the melting of the narrow icc shelf
sysicms girdling Antarctica,

,Jadis and //r//tNcr  [ 1996] have recently upd~tcd  the esti-
mate of icc sbclf  melting to -756 Gt/yr from -544 Gt/yr, based
on ncw obscrvatims  from the southern Amundscn  rind }lcl-
lin@aLlscn Seas. I’his Jnovcs the total Antarctic icc shccl bal-
ance from -469 to -681 Gt/yr, placing it even more firmly nega-
tive, and woLIld require only 25°A of the imbalance to comc
from p,mundcd  porlions of ~hc icc sheets to account for tllc
1 I)CC shortfall.

‘1’hc four scenarios dcscribcd in detail here include the three
Antti~ctic scenarios discussed by Jams flmi him [1995].
Scenarios 1 and J92 arc t})c satnc, Scenario 2 by mass is the
sanlc as ,l~lmc,$ aIId /I~imv’  [ 1 99S] scenario 2. Jrrmcs crtd l}~ir~,!
[ 1995] clid not discuss sccnal io 2 by area.

Additional Mass Balance Scenarios

In addi(ion to the four Antarctic scenarios dcscribcd above,
wc will consider the global geodetic response to three other
scenarios as follows: one for Antarctica, onc for Checnland,
srnd onc accounting for mountain glaciers and small ice caps.

1’0 scenario. “1’hc  1’0 scenario (Jigurc  7a) shows 7ku/)in’s
[ 1993] steady-state Antarctic scenario with 0.0 nm~/yr of SCH
Icvcl contribution. ‘1 rupin considctcd three scenarios of Antarc-
tic icc mass change using Radok cl al’s [1986] gri(hlccl surface
m:iss accutl~ulation data files and, for each scenario, evaluated
three cases corresponding to 0.0, 0.6, and 1.2 nm]/yr of sca
level fall. ‘1’hc steady-state scenario concsponds  to the situatiol,
where a spatially uniform sheet of mass is removed from tbc
accumulation l-atcs to give tllc desired amount of sca lCVCI
change.’ Antarctic accumulation rates tend to be Iargcst around
the pcliphcry; conscqucntly, removing a uniform sheet of mass
Icads to mass loss in the interior and mass increase along the
coast and in the Antarc(ic Peninsula.

Northcmt Grmnlaml. 10 }’ig,urc 7b a northeast Greenland
scenario is shown that is a rclativcty ad hoc model constructed
from the results of FtIhtIes[ocL et irl. [1 993], who rcporlecl flow
feat urcs rcm inisccnt of Antarctic icc streams in northeastern
Greenland based on satellite imagery. It was dcvclopcd by
aSSLllllillp,  that thc flOW fCatUrCS COrI’eSpOlld  tO a substantial mass
10ss in this region, Iargc enough, in fact, to account for the
missing mass equivalent to 0.4S nlnl/yr of sca level rise implicrl
in the I I’(’C rcporl [ Wfrtt.id  nnd (krkwfltl,?,  1 990]. With
(irccnlanci already assumed to bc providing 0.4 nm~/yr, this
assun~pti o!] rcquil cs that Chccn land bc contributing approxi-
mately 0.4 + 0,45 = 0.85 mnI/yI of sea level rise. As con-
stmc(cd, the scenatio provides 0.91 nlnl/yr. “fhc striking aspect
of this sccnatio is that it alone explains nearly the entire
observed polar motion signature. I’his scenario is not rooted in
any glaciologically-derived mass balance studies and, conse-
qucn(ly, should bc viewed as an interesting bul entirely spccuta-
livc dcil~onslralion  case,
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Mountain glaciers and small icc caps. A Rairly well con-
sllirincd sccnatio can bc asscwblccl for the mass changes of glo-
bal Iy dis[ribotcd n]oLa~tain glacicrx and small icc caps. &fcier
[ I 984] glOLIpCd  lllOLll)hill glaciers and small icc caps into 31
regions and, for 13 of these regions, dclcmincd  long-tctm mass
tvrlanccs. }IC Ihcn employed a linear relation bctwccn annLlal
nlass balance amplit Ldc and long-term (secular) mass balance to
cs(in]titc scc Lllat mass balance for tbosc regions where only
ann Llal mass balance amplitudes were known, We utili7wl
Mcici’s  mass balance estimates, whet-c available, and otherwise
used the linear paramctcrintion  to dctcrminc secular mass bal-
ance for all 3 I regions. [)Lu gri(tdcd version of this global csti -
Ina(c corresponds to a 0.38 mn~/yr contribution to sca icvcl rise.

Computation of j, and ]il

] ow-dcgrcc,  secular variations in tbc I;ar[h’s gravitational
ficlci .)/ and lhc secLllar drifl of the pole sil arc Sensilivc (o
ongoing chang,m in sLlrfacc  mass loads. With suflicicntly prc-
cisc obseuvatiotls and by considering all Iikcly global geodetic
SOLIICCS,  constraints can potentially bc placed on present day sca
Icvcl SOLII’CCS  [/.(Imbeck,  ] 9 8 0 ;  ~filt’ovica  and ]’c)lict’, 1993;
Nc)c/)/  o)~d K/o.ykcJ,  1996]. } Icre wc briefly review how secular
glob:il  geodetic qwrnlitics may bc obtttincd from a spccificd
changing sLn face mass load,

The }{ar(h’s external gravitational potential field 4 can bc
chpamlcd us ing  nor’malizcd a s s o c i a t e d  1,egcndrc fLmctions
/’,,,, (coSo)

1 let c wc have int rod Llccd the spherical harmonics ~’(O,k),
where c I and c> arc ‘<COS”  and “sin” fLa~ctions, and O and k
arc colatitudc aacl longitude, respectively. la (l), G’ is the
grtivittitioaal constant; r? and n]C arc the }tarth’s mean rtidi Lls
and mass, rcspcctivcly; while r is the radial distance from the
l{ar[h’s ccn(cr. ‘1’hc spherical harmonics arc normal iz.cd with a
factor

[ 1(/-))/ )! (2/+1)(2-50,,,)  “ 2
Ni,,l F -

(1-l tll)!
(2a)

sLIch that ~1,,, (COSO) = N,,,, 1’/,,, (cosO), and

The SIokcs coefficients <’l,,,j  arc given by

4nr72(l + k~’).I

I [C’hao cl 01,, 1987], where rJ(O,k) is the equivalent sL]rrace
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mass density of an applied surface load rind tbc elastic load
1 me nLlnlbcr  is /i~’. The surface mass clcnsity load consists of
an applied icc load and cormponding  ocean load. ‘l’he ocean
load is assumed to bc Lmiform]y  distributed throughout t}lc oce-
ans and is cboscn to render the total imposed sLlrfacc mass
equal to ~cro. 1 lcnce the global geodetic paramclcrs computed
here for present ciay icc mass cbangcs inc]udc the eustatic
ocean load correction [e.g. (’hoc) nmf 0 ‘GMnrw, 1988a].

Analyses of satellite orbital elment  accclcrations, from
which time-varying gravity is a by-product [c.g,, Eanes and
Be//@mv,  1996], utilize unnormli~cd  harmonics in expanding
the Iiarth’s m~al gmvitational  field

r [1- W’]p(coso)l  ‘4)4,(,. ,()) ,  .@~’

which, in light of the fot-cgoing,  gives

,/, = (2/ + I)”* t;~

(72( I + k;’)
{

a(O,?b)Plo(cosO)dS
Ill c .

4n02(l + k!’)

HI<(21 + 1) “0’ ‘
(5)

w,hcrc in (~) and (s), 61,11j and  Ol,,,i arc the normcd a n d
unno]tncd spherical harmonic coefficients of a sLtrfacc density
load, rcspcclivcly. l;rom (5) it is clear that the gravitational
cocflicicnts  .lI arc obtained from the sLlrfacc mass or density
load o((),k) through an integral with 1.c.gcndrc  polynomial
wcightinp.  fLlnctions, [’[ (cosO).

l’crlurbation of the Flarlh’s inertia tensor throLtgh surface
loading lea(ls to changes in Earl]] rotation through conservation
of angLllar  nlolllcntLlln, Stanclat d nlcthodology  invo]vcs W’I ilillF,
the Ilar[h>s pcr[Lnt~cd rotational state or referenced to the mean
anp,ular velocity of the I;arlh Q; we have

[/awbd, 1980],  where the standard axes xl, x2, and X3 point
in the direction of Greenwich, 90”E,  and the (north) axis of
rotation, rcspcctivcly. The w 1 and m 2 are direction cosines of
polar motion, Owing  to the small angles involved, the m ,,j can
bc viewed as lbc an.glcs sLlbtcndcd by tbc x I and x2 components
of the perturbed rotation co and the X3 axis. ~’hc tirnc rate of
change of polar motion ~i~ 1,2 is therefore commonly cxprcsscd
as the tin~c ra(c of change of an angle, in milliseconds of arc
pcr year (n~as/yr) (1 radian= 2,063  x IOx mas).

I ,ikc the gravitational coefficients J,, polar motion
!11 = /;) ,x, + t;l*kj can bc obtained directly fronl t}lc
specification of a surface mass load [e.g. I,ottllrmk,  19so]. For
a load that is changing at a constrmt  rate, wc have

4  N2104 X,,,,i) ,
“lj=--5n’ C - A

o*lj (7)

[1.owbmk,  1980]. I’hc quan[ity N21 = (S/3)]’2  is the dcglec 2,
order 1 normal i~ing  coefficient. l’hc tr+msfer  function XW(,t)  is
given by the pt’odLict of k. /(k. - k2), which accounts for
changes in the centrifugal potential (/i. S= 0.942 and k2 ~ 0.30 is
the dcgtcc 2 tidal loadinp, response), and (1 + 1#),  which
accounls for the elastic yielding of the Farih (k$’ s - 0.30).
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The qLlantilics (.’ and A arc the polar and equatorial moments
of iocr[ia, rcspcclivc]y, “1’bc direction of polar wanclcr y (in a
nor[hctm hcmisphcrc pcrspcctivc) is given by

mcas Llrcd ctJLltllcrcl{Jck}i’isc (cast warcl)  from the Greenwich
mcridiao,  in a southern hctnisphcrc pcrspcctivc the direction of
polar motion ysll is obtained by adding 01 subtracting 1800 from

~Nll

l’olari?flotion  and l,o}v J}cgrec  Cra\’itatiollal
Coefficients

This sccl,ioo discLlsscs the polar motion th and gravitational
cocflicicnl .11 predictions, “1’hc  fo]lcrwing section discLlsses gk-
bal composite scenarios that inclL& known sca lCVCI sources
aod arc coostrLlctcd to provide ~1 predictions that agree with
obsctwations.

Prediction of Polar Drif[ Signature

lateral movement of sLlrt_acc mass caLlscs a corresponding
shift in the priacipal nlcmcnts  of incrlia of the Iiarlh. In turn,
this forces a shifliogofthc  liarth’s pole of rotation with respect
to lhc fixed CILISt, ‘]’hc net effect of mass buildLlp is to cause
tbc pole of rotalion 10 move away from lhc mass. Spbcrical
harn~onic dcgIcc 2, order 1, sLIr’face mass density cocftlcicnls
were Obtainc(i for each of the mass halancc sccnaricrs shown it]
lig,Lltcs 6 and 7, and polar motion drift mtcs were thca dctet-
Illiocd Llsing, (7) and (S).

The polar motion molts arc sLmlnlatizcd  in ‘1’ablc4, and the
ditcclions and lllagtlil~ldcs  ofpolar r]lotiorlarcgivctl  in Fig, L]rc8
io bo th  n nor~l]cro and soLlthcra hcmisphcrc pcrspcctivc. JFigurc
8 con{irms the above qLlalitativc description; that is, Circcnland
is losing mass, and I;igurc Sb shows the pole moving, toward
(ircclllalld, Indeed, this scenario is remarkable in that it rrlonc
accoLlnts for a sLlbstaotial fraction of the observed drift of the
pole,  in the southern hemisphere (FigLlrc  &’a) tbc sLlbstantial
n)aw lost inland of the l’ilchncr-l{onnc ICC Shelf in the J92
sccoario is rcflcctcd ia the dircctiot~ of polar motion for that
sccnalio.

“1’bc  direction of polar motion for sccnaricr 1 is a con] bina-
tion of motion away from Pioc Island Glacier and motion
toward the Riiscr-larscn  Icc Sbclf. The rcsoltant polar motion
points toward ocilher region, showing how varioLls potcotial
SOLIICCS  of polar motion may sum to provide a rCSLlhlt vector
tlait is not obviously related to any of the sources. For both
scenario 2 by mass and sccoaricr 2 by area, the mass incrcasc in
}:asl Antarctica, e v e n  thoLlgh it is distribLltcci Over a lalge
azinlLl~hal range, dominates the mass incrcasc of the l’inc Island
Glacict and (for sccoario 2 by mass) the Antarctic PeniosL]la.
(’onscqLlcntly,  both predictions arc in thcapproxitnat  cdircction
of 270°ti,  ~’hc polar motion dac to small ice caps and nloLnl-
taio glacicrs isrclativcly  sn]all,rcflcctin  gthc longitudinal varia-
bility ofthc tt]ass soLlrccs,  asnotcd byl’cl/ic/[19S8] and  7rL1-
/);/](,/(//, [1992],

Ily far, the largest polar motion prediction is that fot
7j~y~i/~’s [1993] TO sccoario. ‘t’hc prcclictcd  direction is caLtscd
hylhc  mass incrcasc in the Antarctic PcninsLlla, con~bincd with
the nlass dccrcasc that isconccntratcd  in inland l;ast Antarctica,
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‘1’hcsc two effects dominate over the coastal regions of mass
incrcasc in lkst Antarctica. ‘1’hc  rh valocs given by 7kupi11
[ 1 993] for his stcacly-s!atc, 0.0 nlnl/yI sca Icvel change sccnatio
arc compared to the 1’0 valLv.x computed bet-c in I’able 4 .
‘I ‘rupin’s qootcd polar motion n~agnitLdc ;) has been red Llcccl
by a factor of 1.12 because wc do not include the possible
cf~cct of core coupling,. AgI ccmcnt is fairly good, considering
tlm diffcrcnccs that can arise in constructing this scenario.

‘fhc polat- motion prcclic(ions for oLu four Antarctic scenarios
arc considerably smallct than the 1’0 prediction (and the othcl
Antarctic scenarios considered by 7ku/)i)l [1993]) and, at most
(for the J92 scenario), attain l/~ the nlagnitLldc of the observed
secular polar motion, AlthoL@} the polar motion arising from
present clay Antarctic icc mass changes should probably bc
included in polar motion budgets, the effects may not bc as
large as previously indicalcd. I Iowcvct,  any sLlbstantial hydro-
logical imbalance of tbc GrccnlLrnd  ice sheet woLl]d bc suflicicnt
to cxcitc significant polar motion bccausc Greenland is located
away ftrom the rotation axis nearer a peak of the dcgrcc 2, ordct
I, 1 ,cgcndrc fonction.

/’d/icr awl .li~i~)g [1996] have most rcccntly considered sec-
ular polar motion in the context of postglacial rebound and find
that the obsctvcd secular polar motion can bc explained in
terms of postglacial rebound alone, if tberc is a substantial
viscosity incrcasc in the dccpcr portions of the lower mantic.
}UtUIC po]ar motion analyses using more tightly consttaincd
plcscnt day sLtrfacc  mass transporl models are ncccssary. A
fLlll treatment might also inc]udc consideration of longer tin~cs-
calc phenomena sLIch as mountain bLlilding [e.g., Vc’meemw  <1
[/1., 1994] and shoLlld also address unccrlaintics in the determi-
nation of the observed scc Lllar polar drift, A con)prchcnsivc
treatment of polar motion is beyond the scope of the present
paper, and hc] caflcr wc shall limit the disc Llssion  to the zonal
grttvity harmonics,

‘1’imc-wrying  Y,onal Gravity Coefficients

Yjonal  gravity coefficients represent the axially symnlct  tic
undul:itions of the external gttivity field. I’hc I = 2, w = O and
1 = 3, w = O cocfticicnts  have simple geometric interpretations,
the f[wmcr reflecting oblatcncss and tllc latter the Earth’s axial
pear sbapc, Although large nontidal ./2 and ~3 WILICS  can result
from mantle rebound, they may also bc driven by surface mass
transfer sLIch as the continent-ocean hydrological Cxchangc  that
causes secLllar Sca Icvcl rise. };igorc ga shows a tLltOrial  cxanl-
plc in which the Greenland icc sheet ablates and the grounded
Antarctic icc sheet grows, causing a don~inantly  pole-to-pole
lllass cxcbangc, (howth  in both the pear shape (~~) and higher
odd-dcg,t cc yonal halnllonics must accompany this climate
change scenario. This particular example would not produce a
corlcsponding ]argc J2 since cquatoria] regions woLlld  only bc
indirectly involved and the oblatc shape of the l~arth would bc
Iil[lc affcctcd,

X,onal nodal structure. FigLlrc 9b shows the wcightitlg,
fonctions -1’1 (COSO) (equation (5)) for the zonal harmonics near
the soLlth pole. ‘1’hc zeroes (nodes) of dcgrccs 2, 3, and 4 arc
Iocatcd well oLltsidc Antarctica bLlt approach Antarctica with
increasing dcgrcc. “fhc dc.gtcc 5 node is located near the l{ast
Antarciic coastline, and for higbct dc.grccs the node is located
well imsidc sotnc par[s of I:ast Antarctica, illustrating, that with
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incmsing dcgrcc comes increasing sensitivity to the details of
An!arctic mass redistribution. ‘1’hc alternation in sign bctwccn
even and odd harmonics at the south pole (O mar 180°) is also
appIiIcnt in l~igurc 9b. 1 ,cgcndrc polynomials do not alternate
near the north pole (O near 00), explaining why the ~1 values of
the Anttirctic scenarios altcrj~atc in sign with increasing degree
but the Greenland scenario ,/, valLles do not (’1’atrlc 5). }:or a
unifcml Anltirctic icc mass increase (6 >0 in Antarctica),
comcsponding,  10 a sca level fall? }:ip,urc  9 iliuslratcs that .12 and
.)4 v,ill bc ncgyrtivc  and j3 and J5 will bc positive. This rule of
thumb is gene! tiny valid but breaks down if there is a stt ong
latitudinal (lcpcndcncc to the pattern of Antarctic icc sheet abla-
tion and growth such as is present in the ‘1’0  scenario, which
fca(arcs interior ablation and coastal growth. }’or higbcr
dcgrccs it bccomcs incrcasin.gly more important to know the
location of the changing mass bccaose the nodes al-c locatccl
wilhia AntLirclica.

i, hlagnitodc, I’hc computed .)l values tend to maintain
lhcir magnitLdcs to approximately dcgrcc 6, tbcn dccrcasc in
si~c (1 ‘able 5). An exccplion is the mountain glaciers scenario,
f o r  which the IllngllitLldCS  arc ncg,tigiblc  for dcgrcc 4 and
grcatct, ‘1’his is prcsLln~ably  duc to the wide variation in lati-
tadc of the mountain glaciers and icc caps, leading to relatively
cflicicnt cancellation. ~’hc ?’0 sccniirio features a marked
incrcfisc in ./, magnitude with ctcgrec 1, With its mass loss in
the interior and mass incrcasc along the coastlines, the ~’O
scenario is well situated to contribute to the dcgrcc 7 and 8 har-
nlonicsj which change sign at about the same latitude in East
Anttrrctica as dots the mass accLln~Lllation  of the 1’0 scenario,
](01 hiFhCl dCF,l’CCS  (l)Ot S} IOWI1) thC 1’0 ~, ValLICS dcctcasc
rapidly with dcgicc /. ‘t’here is very good agrccmcnt bc{wcct]
oLa calc Lllatcd ‘1 O .~ val Ltcs and tbmc given by 7r’upi~]  [1993].

‘1’hc m+ kwl/.ll  dcpcnrtcncc for Antarctica. FigLwc 10
shows how the prcdictcd .)l valm.w vary wilt] sca Icvcl chango
for our four gridrlcd scenarios and tlw Antarctic scenarios
studied by 7kupitl  [ 1 993]. I{ach frame in l;igLlrc 10 show’s the
.)l predictions on the ordinate axis an(i the corlcsponding sca
Icvcl change on the abscissa. For the lowest dcgrccs there is a
failty good, Iincar relationship between sca lCVCI  change and the
ptcdictcd ./l valLIcs for our Antarc(ic scenarios (solid ]inc;
Iinc:it equation given above each frame). I’hc linear fit
degrades with increasing dcglcc, and for dcgrccs 6 and higher
the fit is relatively poor. ‘1’hc magnitude of the y intercepts of
the Iincar fits fcu our scenarios arc ncglip,ihlc  at the ]owcst
clcgI ccs and incrcasc with dcgtcc. ‘t’his rctlccts the tendency of
the Imv-dcgtcc .j, harmonic to depend mainly on the total mass
being gained 01 lost, whereas the higher harmonics arc more
sensitive to the spatial distribution of the mass change,

1 Imvcvcr, 7iq~in’s [ 1993] scenarios show it is possible to
cons!mct Antarctic scenarios with no net mass change but with
substantial prcdic[cd .), values, even at the Iowcst dcgrccs (Fig-
ure 10; also sec Table 5 for the ‘1’0  scenario). In addition to the
s(cady state scenario discussed above, fron) which the 1’0
scenario was obtained, I’rupin considered the cases in which the
inlcriol’ is thinning at the surface mass accumulation rates given
by I<mfok cf a/. [1986] and the exterior is thickening at the sur-
face mass accumulation rates (“thinning interior”) and the
opposite case of interior thickening and exterior thinning
(“thickening interior”). For these scenarios t}]e boundary
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bdwccn  the interior and exterior regions wsis defined to bc a
sLlrfacc mass accumulation contour line chosen to give the
rcq Llir’cd anmLint  of sca Icvcl charrgc (0.0, -0.6, or -1.2 nln~/yr).
AllhoLlgh  the slopes of the ]incs for ?hpiti’s  [1993] scenarios
arc similar to oLIrs  at low dc.gtccs,  t}~cy have markedly nonzcm
j’ intcrccpts, reflecting the much strong,cr variation of mass
change wit]) ]atii Lldc  for lhcsc scenarios, ]n the following sec-
tion wc will primarily employ the linear relationships developed
f] on] our scenarios, as they embody current knowlcclp,c of
An(arc(ic icc sheet balance.

Global Composite Scenarios

(’an global composite scc!larios bc constructed that satisfy
obscrva[iol~at  constraints on J, values, account for the various
known .)l soLlrccs,  and satisfy constraints ot~ total SCSI ICVC1  rise?
10 answer this, it is ncccssary first to determine the Greenland
s c a  l e v e l / . /l dcpcndmcc similar  to  that  dctcrmincd for
Antarctica. As wc]l, consideration must also bc given to the ~1
conlribLilion  f rom pos tg lac ia l  rebound,  w}~ich is often
paramctcrizcd in terms of mantle viscosity, assLln~ing a given
load hislory such as 1~1,-Ki [e.g., Aim  e[ f7/,, 1 993; A4i[rm~im
o/Kl l’cl/ic/’,  1 993].

Sca I ,C~Cvjl Dcpenrlcwcc for C;rccnland

Sca lcvcl/.)l  l~arat~]c[cri~.atiot~s can bc dcvclopcd for Green-
land in the sanm way as for Antarctica. Figure 1 I is similar to
Iip,urc 10 and shows how Greenland ~1 varies with its contribu-
tion to sca Icvcl change fot 7@iH’s  [I 993] two Greenland
scenarios and our hll; Greenland scenario. 7?@2’s  [ 1 993]
scenarios WCI c derived from two griddcd maps of Greenland
surt”acc mass accLJll~ulation mtcs given by lkrdok ct o/, [1982].
‘1’hc two maps tort cspond to diffcrcn[ assumptions about thr
location of the }Icnson line, w}lich is the boundary bctwcctl
interior regions of net positive surface mass imbalance and pet-i.
phctfil regions of net negative surface mass imbalance. Jor  the
two cases, then, of an inner Ilcnson (1 B) and outer Benson
(011) line, 7i./q)it/  [ 1993] subtracted uniform sheets of mass
ncccssary to provide spccificd amounts of sca ICVCI  rise (- 0.5,
-0. I, and 0.3 mmlyr).

7iM//i}I’s  [ I 993] two scenarios ,givc very similar ~1 predict-
ions as a function of sca lCVCI rise. I’hcse predictions are not
dissimilar, in Fact, at low harmonic dcgrcc, to the predictions of
our Nl: (irccnland scenario (SCC the solid ]in: in IigLwc  11, pro-
doccd by assuming that the NR Greenland .lI contributions are
proportional to its contribution to sca lCVCI change).

In IIIC followil,rg global composite scenario analysis, the
avcrap,c sca level/.ll depcndcncc of 7tupin’s [1992] two Grccn-
lilll(l scenarios is assumed: Jl= 37.4<  (/, J3= 34.2~[; ,
,/q = ?K),9&, and.j5=  20.1&i, where ~G is the Greenland con-
tribution to sca Icvcl change (SCC l{igLlrc 11), Thcex act Green-
land sca level/.)l dcpcndcncc seems to be relatively uninlpor-
tant. Prcliminaty global scenario analyses incorporated the
ralhct ad hoc ND (irccnland scenario mthcr than the average of
TrLlpin’s scenarios, and there was no significant change in the
overall patlcrns,
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‘1’bc  glacial rebound conttibLltion  cicpcnds on tbc assLuncd  icc
load history, which is highly uncet[ain in Antarctica, m WCII as
mantle viscosity. Thcrcforc the con~posite  scenarios dcrivcrl in
this section shoLlld  bc vicweci as ill LMralivc  and not definitive,
as will bc discussed fLnlhcr  in the final section. FigLlrc 12
shows prcdic(cd ,/1 valLlcs fot- two different paran]etcriz,ations of
lower mantle viscosity with the difference occurring in tbc
ttcaimcnt of viscosity variations in the dccpcsl 650 km of the
lower mantle (2235. S to 2885.5 km depth). I’hc solid lines arc
A1i/M,vico ((rid ?Jellicr’s [ 1993, J:igLlt’c 1 ] predictions with n~an-
tlc viscosity varying beneath 670 km dcptb. I’hc dashed lines
corlcspond to hitl.$ c/ nl.’s [ 1993] calcLllations,  in which mantle
viscosity also varies beneath 670 km dcptb, bLlt the dccpcst 650
km of the Iowet mantle arc held at a constant, relatively high
viscosity of 6 x 1 ()~~ Pa s. ‘1 ‘hc laticr paramctetizat  ion follows
from the tendency of fLlll numerical convective simulations to
maintain a fait ly thick high viscosity notch above the bottom
thermal boundary Iaycr [C.’)?/i.!~rt~.~er/,  198S; A’ins e/ al., 1993;
7/wk/cy,  1 996]. P(lri ami l’eltiet [ 1 995] have given a rcccnt
sLlnlnlary of all gcodynamical constrstints on tltc viscous profile
of the mantle, in which they also favor the cxistcncc of a deep
high viscosity notch. in both cases the ICE-3G  loading history
[ ?ilrhitlglmtti ad f’cllicr, 1991 ] is Ltscd and the upper mantle
viscosity is assLlnlcd  to bc IOz] Pa s. In the following wc will
refer to tbc Mi{ro~~ico  ad 3’e//icr [1993]  calculations as the
bon~ogcncoLls  lower mantle (HIM) case and the fvin,! CI al,
[ 1993] cLtlcLllations as the 650-kn~  boLlndary  layer (650111)
case,

Ior a  fa i r ly  wide class of late Plcistoccnc dcglaciation
models the prediction of time rate of cbangc in the I;arth’s
shtrpc .jl shows a prominent peak in tbc response when plotted
as a fLlnction of lower mantle viscosity, a feat Llrc that was first
pointed oLlt by O ‘{ ’onMl/  [ 197 I ]. Peak .)l rates occLw at
viscosity values that arc sn~all cnoL@ to respond fully to the
loading, cycle, ycl large enough that there is still a sLibs[antial
ongoing response al present. Viscosities that arc too small have
altttost colt~plctc]y  rct Lll”ncd to a slate of gravitational cqLlili -
bri Llnl and hence give small present day mtes. in contrast, an
cxlrcmcly hifdl Iowcr mantle viscosity prodLlccs a response that
is too “sluggish”.

Shown in FigLtrc 12 is the observed J2 value obtained by
Nerm flmj Kkmko [ 1996], It is clear that if glacial rebound
were the only process contribLltin.sg  to tbc nontidal time rate of
chan~c of [he cicgrcc 2 gravitational field, there woLlld  bc two
pwfcrt cd valLlcs for the viscosity that explain the observations
[e.g., /’c//icr, 1983]. It will be shown in the analysis presented
below, wherein we incorporate the effect of ongoing sca level
change, that this dLlality in the rnantlc viscosity solution is a
ralllcr enduring fCatlllC.

The most striking dif~crencc bctwccn the two sets of curves
is the shift of peak .)l values to smaller mantle viscosities fot
tltc 6S0111.  case. The shift to smaller mantle viscosities occufs
bccaLlsc  the prcscncc of the high-viscosity 650-kn~  thick layct
renders the “average” lower mantle viscosity higher than in the
homop,cncous lrnvct- mantle case. l’hat is, a given viscosity in
the zooc above the boLmdary layer prodLlccs behavior like a
somewhat bighcl viscosity applied across the whole Iowcr rnan-
tlc. The magnitude of the shift dccrcases with increasing
dcgt cc because bighcr-dcgrcc gt’avitat ional coefficients sample
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Iess deeply into the Iowcr mantle [Mi/wvica  rrmf F’el[ier, 1991].

Basclirw Assumptions for [;lobal Cornpositc Scenarios

“1’ha[  present ckiy hydrological transfers between the polar icc
sheets and ocean are an important source for ~1 and n)LIst bc
sitl~ultancously considered along with postglacial rcbcrund has
been known for some time [e.g., Sabdini  d al., 1988; Wa}Ir e[
[IL, 1993] and has most recently been discussed by Nctw md
Klrish [ 1996]. Our approach pamllcls that takca by the latter
authors. A rough sketch of this type of analysis is given by
li{mtwck  [ 1980, cbaptcr 9], and has also been discussed by
Alilml’ica ad Pellier [l 993].

WC systematically vary the assumed Iowcr mantle viscosity
and sca ]CVCI change ~ soLlrced to the negative (or positive)
mass balance state of both the Antarctic and Greenland ice
shcc(s. ‘1’hc sum of tlw predic ted  ~1 contribLltions  fronl the
various soL]rccs are then compared to the values dcdL]ccd from
sa(cl]i[c obscrva[ions. Wc commence with seven basic assm]p-
tions to dctcrminc the gcncrat pat~cra of behavior, then examine
the consequences of varying a nLm]bcr  of the assLm]ption.s.

‘1’hc assumptions arc as follows, (1) ~’he postglacial contri-
bLllioa to ~1 con~cs from either tl!c 111 M or 650111  ~ cases (SCC
}:igurc 12). (2) ‘1’hc Antarct ic  .ll conlribLltion  can bc dctc(-
mincd ftom tl]c Iincar re la t ionships  bctwccn sea lCVCI ancl .1,
p,ivca in FigLlre  10 for the foLlr Antarctic scenarios dcvclopcd in
[his s!ady (solid line, scc above each frame). (3) The Grccn-
Iand ./, conllibulion depends oa the Greenland contribLltion to
sca Icvcl chang,c in a way spccificd by the mean slopes givca
by Tr/~/~in’s  [ 1993] two Greenland scenarios (ligLlre 11, mean
slope of shor~- ancl long-dashed lines; sec above each frame),
(4) The sca lCVCI and ./j contribLltions  from mountain glacicts
and small icc caps arc known (’t’ables 4 and 5 [after A4eirv,
1984]). (5) The thermal expansion conltibLltion  to sca ICVC]
chanp,c is rotlghly 0.4 mnl/yr [ 1$ ’awick frud Oerkwrm, 1990].
(6) ‘1’hc anthropogc!:ic effect on sea Icvcl change is negligible.
(7) (M}Icr potcntiai .lI soLmccs  arc negligible.

Scarchcs for optimal parameter combinations were undcr-
tilk~l~  for a nLlalbct of cboiccs of total sca Icvel change ~. For
each choice the Antarctic conttibLltion  was allowed to vat-y sys-
tematically. With thermal expansion accounting for 0.4 nlnl/yr
of sca lCVCI rise and the melting of mountaia glaciers and small
icc ctips providing an addition~l + 0.38 n]n@, the Grccnlarrd
contribLltioa  to sca ICVC1  change and hcncc Ji coLlld bc dctcr-
mined.

As a n]casLlrc  of the qLlality of any particLllar fit, a norn~al-
iml standard dcvialioa

fr. . ..1 ) 1/2

(9)
([/.2’ ‘J J

was compL!tcCi.  IIcr’c the sLtpcrscripts  “o” and “p “ refer to
the observed and predicted values, rcspcctivc]y, and o, is tbc
qL@L’d uncctlaialy  of the observation. Ibis quantity is con-
SIIOC(C(I  to have tbc value 1 if tbc predictions, in a root-sLlm-
squarc sense, are a distance of Icr from the observations, a
value of 2 if the predictions arc Iocatcd 2ci flrom the obscrva-
lions, and so on

l;xccp[ wbm noted, wc usc the ~1 determinations of NctwI/
flt]d K/o.sko [ 1996] based on analysis of 1,AG1i(E  1 and 2,
Ajisai, and Starlctic orhits as follows: ~2 = - 27.7 d 2,5,
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.)3, = 15.7 d S,S, and ./d c 2.() 4 14.6 (in 10 ‘2 yr-’). I’he
(Icgl’cc 3 clct:rmination is the lumped observation
,j3, = ~3 + 0,837./5.  IIolding the pre(iictcd values  ~} = O, (he
sianciar(i deviation of the observations is 6.9.

Self-consislcmq for the \’iscosily Models

lig,Llrc 13 silows the contouml  standard deviations when the
postglacia l  ~1 cotnc from tbc hotnogcncous  lower mantle
(III M) case, shown as solid Iincs in Figur’c 12. Kcsults are
shown for the total amount of sea Icvcl rise ranging from O to
2.5 nln~/yr. IigL(rc 13 cicarly indicates that there arc. choices of
the som;what  anlbiguoLls observation of total ongoing sea ICVCI
change ~, Antarctic sourcing for sca ICVCI  change <1, and Iowcr
mantle viscosity that cause the standard deviation to bc substan-
tially reduced below the standatd deviation of the observatiotls
(= 6.9). Across a range of total sca ICVCI  rise 1< & s 2 n]n)/yr
thci”c atc paratmtcr  choices that rwlucc tbc standard deviation
tu Icss than 1.0.

Aiso clearly shown in JigLlrc 13 arc the well-known low and
high viscosity solution branches charactcris[ic of late Plcisto-
ccnc rcbouncl models. Along these branches the stamlarci devi-
ation is rcduccd in a similar style. ‘the two branches app] each
onc another with increasing ~ and, indeed, merge at & = 2.0
mndyr with a Imvcr mantle viscosity of 2 x 1022 Pa s. As totai
sca ICVCI  rise & incrcascs above 2.0 n~nl/yr, the minimum stan-
datd (icviation increases substantially, producing a value
d = 4.2 at & = 2.5 n~n]/yr  (which is near the largcsl recent esti-
mate of present day eustatic sca Icvcl rise). As ~ dccrcascs
bclrsw 1.0 nln)/yr, tbc brancilcs d i v e r g e  farlbcr, I’hc h i g h
viscosity brmcb disappears beyond 1023 Pa s at 0.5 rnn~/yr  total
sca ICVCI  rise, whereas the low viscosity branch has a pro-
nounced standard deviation n]inimum of 1.33 (lower mantle

21 pa s ~,itll ,ijl)tarctica’S sourccd contribu-viscosity is then 10
tion ii = -0, I n~nl/yr), At ~ = 0.0 n~n~/yr,  the viscosity of the
low-viscosity brmch minimum is rcduccd to Icss than 10~1  Pa
~.,

liigulc 14 sltows a similar analysis for the 650-kn~  boLmdary
layct (650111.) postglacial rebound case. lvins e/ nl,’s [1 993]
calculations awLlmc  an l~li-Xi loading history, a iower mantic
viscosity that wtrics from 1 02(’ to 10?3 J’a s, and that the dccpcst
650 km of Iowcu mantle is fixed at 6 x 10~3 Pa s. I’hc broa(i
fcatorcs arc similar to the 11[ M casc~ with two branches of
sol Ll[ions that arc widc]y separated at & = 0.0 nml/yr and that
approach onc another with increasing total sca Icvcl rise ~. In
dc[ail, the behavior is somewhat different. ‘1’hc  preferred Iowcr
man~lc viscosity values arc smaller by a factor of 5 to 10 whclt
conlparcd to the }11 h4 case. I’hc two branches merge at 2.5
nlltl/yr of total sca Icvel rise rdtbcr than 2.0 mnl/yr.

‘1’owawl  a {:onslraint on l’rcscnl-day  Antarctic Mass
Rslancc?

l’able 6 defines 11 giobal composite scenarios, based on tile
Iocafion of the s(andar(i  deviation mininla in F’igurcs  13 and 14.
For both the I [1 A4 and 650131 cases it shows a relation
bctwccn total sca lcvci cbangc and the location of the minimum
stirndard  deviation, I/or & = 1.0 n)n~/yr,  Antarctica ablates at a
rate that contributes roughly ~4 = 0.2 nm~/yr to that total rise
rate. As the total assLm]cci  sca lCVCI rise & incrcascs to 2.0-2.5
mndy],  the Antarctic positive soLlrcing  incrcascs to about ~~ =
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0.8 to 1.0 nln)/yr’.
Table 7 shows tbc prectictccl and rcsidLlal  .jI valLm for the 1 I

Composilc scenarios. ]’OSlglaCia] rebound tends to prodLlcc  the
Iaugcst .;l signatures. l’he Antarctic mass balance signaturt  is,
generally, pt-c(iictcd to bc the second largest and of opposite
sip,n to the glacial rebound contribLltion,  ‘1’here is a trade-off
bc~wccn the contributions from rebound (which depends on
mantle viscosity) and Antarctic mass balance (which depends
on the Antarctic contribution to sca ICVCI  c})angc). For tllc
III M case a lower mantle viscosity near 1072 Pa s (c.$., com-
posite scenario I)) predicts a large postglacial rebound .ll value.
The Ia((cr, therefore requires a large <d to provide a larp,c
of~sct~ing  ,/1 contrihLl(ion from Antarctica in order to match the
obscwcd ./, values. In comparison, the 650BI,  case has peak
postglacial rcboLud  .j, values around 2 x 1021 Pa s, corlcsfroncl-
ing to conlposi(c scenario J, which features 1.3 n~n~/yr  of sea
level rise from Antarctica. For both manllc viscosity paranw-
tcri~ations, then, a very substantial glacial rebound signal
appears 10 bc quite viable bLlt implies a ]argc amount of total
sca ]cvcl rise & and corlcspon(iitlg Iargc negative mass balance
for An[atc(ica,

l]om  Table 7 the rcsidL]al values tend to bc largest for
dcp,rcc 4, a conscqucncc of the .14 value having the Iargcst
unccrhiin[y, As wc shall SCC, tighter obscrvationat  constraints
on ./4 arc Ltscful in reducing the range of allow’able parameters
that satisfy the .j, observations.

‘m j, IhIdgd

The general pat(crn shown in F’igurcs  13 and 14 is robLlst,
\t)c varied a nLlnlbcr  of assumptions and found that the doublc-
root solutions that merge with increasing, global sca ICVC1 arc
quilt persistent, ‘1’o assist in understanding how varying a
given soLlrcc paramctm can affect the location of the standard
deviation minin~a, here wc derive a formal expression for the ~i
hudgct. “1’hc following development also highlights an in~por-
tant con[rast in the constraints providccl  by even- and odd
dcgt cc hat-f nonics.

l;O] the purposes of our paratnctcrization the total custatic
sca Icvcl change ~ is

,.,
t ‘ <4 + <(; + {1( + iwj (lo)

whclc the subscripts .4, (i, AI, and W refer to the sea lCVCI
contributions from Antarctica, Greenland, mountain glaciers and
stnall icc caps, and tbcrmal expansion effects, rcspcctivcly.
The ./l conlribLdiotls  from Antarctica and Greenland, rcspcc-
tivcly, can bc w! it~cn as

i’. ,,, = [I,gd + b,, (Ila)

./,(, = c,<~. (llb)

‘I ‘hc cocfticicnts n,, /){, and c1 arc the coefficients relating sca
lCVC1 contribution  to .)l (c,g., sec Figures 10 and I 1), and for
sinlplici(y, wc shall assLnnc  that the (irccnland sca lCVCl/J1
dcpcndancc dots not have a constant term, Relation (1 O)
allows the (ircctlland contribution to sca lCVC1 & to bc elin~-
inaicd from ( 11 b), such that
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Thc total .// hUdgCt  is

where PGR  refers to the postghrcial rebound component. With
(1 la) and (12), this total can bc rmvrit(cn as

. . .
c, (g,,f -{ <,, ) + b/ + .)/1, + J/p(; tr

If wc assume that a parameter combination has been found that
satisfies a SC( of observed J,, then (14) can bc used to dctcr-
minc how a change to onc of tbc source parameters forces
anotbcr soorcc paramclcl- to change to maintain agtccmcnt with
the .)1 ohscrvations.

Equally important, (14) shows that ~hc ./( bL@ct depends on
the Antarctic contribution to sca lCVCI ~4 through the dificrencc
of the Iincar coefficients 01 -- Cl. As a comparison of FigLlrcs
1(1 and 11 shows, the Iincar coefficients tend to bc of tbc same
size find siF,n for the even-rlcgrec }larmonies,  especially at
dcgrccs 2 and 4 , so that Ibc diffcrcncc c], - r-l = O. This
imp]ics a lack of sensitivity of the even-dcgr’cc ~/ bL@ct to the
Antarctic contribution to sca Icvcl $4. in marked contrast, tbc
linear cocftleictlts for tbc odd-dcgrcc  harmonics arc of opposite
sign and of approximately tbc same sip,c,  especially at dcgrcc 3,
so  tha t  the  diffcrcncc ol - c1 E 2[11. }Icncc the odd-dcgrcc
budgc[  is twice as sensitive to the Antarctic contribution to sca
Icvcl ~1 as it is to t}lc total sca level ~, wbcrcas the evcn-
dcg,r cc hudF,ct  is rclat ivcly insensitive to the Antarctic contribLt-
tion to sca ICVC1.  For dcp,rccs 2 and S wc therefore have

w’i[lt approximations a2 ~ C2 and 03 Z= - C3.
As an example of how (15) can bc used, ICI us consider that

wc bavc found a parameter combination that satisfies observed
.), values; thal is, wc arc Iocatcd at a standard deviation
n~ininlLm~ (a global composite solution). 2’o rcn]ain at that
sttindatd deviation miminum,  a change to onc soLmcc parameter
n~Llst be acconlpanicd by opposite chan~cs to one or more of
tl]c othct partinlc[crs so that the lcf[-hand-sides of (1 Sa) and
(I Sb) remain uncbangcd  (i5./~ = &J3 ~ 0). I ,ct us assume that
the tbcmlal cxp:insion of the oceans & is cloublcd from 0.4 to
0.8 nlnl/yr (b~ll = 0.4 mnllyr). If wc keep tbc mountain gla-
cier and g,l?cial rebound contributions unchanged
(&,, ~ 6.),1, , &/ll)ciR = O), then in (15a) the only way to offset
the effect of the incrcrtsc in thermal warming is to incrcasc the
global sca Icvcl ri,sc ~ by an cqLlal amount. I’hc dcgrcc 3 rela-
tion (1 Sb), with 5< = ~~)1 = 0.4 n~n~/yr,  is immediately satisfrcd
without requiring a fL)rthcr change to another source parameter
(sLIch as Antarctic contribution to sca Icvcl).  Wc conclude t}]at
tllc ctlcct  of increasing the thcrmrrl expansion is to shift tbc
solutions toward larp,cr amounts of global sca ICVCI  rise but otb-
crwisc Icavc the solotiorts essentially unaltered, ‘1’his i s
con fimcd  in the following discussion.

Although this example is relatively straightforward, in gcr~-
ctal, it is not obvious how perturbing a given source pararnctcr
affects the other source parmctcrs. ~onscqucnt]y, through
direct nLm~crical calculation wc ,varicd tbc observational con-
str fiints to reflect otbct groLlps’ ,1{ determinations, assumptions
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regarding anlbropogcnic  and stcric effects on sea lcvc] rise and
the moLmtain glacier .j{ and sca Icvcl contributions,, and tbc
assumption that only surFacc loading contributes to JI, to sec
bow the g,lobal composite solutions arc affcctcd. Wc found  that
the double brsrnch  of the viscosity solutions is a ratbcr cndLlting
feature.

To iilusttatc this, Figui-c  15 shows the trace of the standard
rtcvialion nlininlLlnl  wbcn a varicly of assumptions arc varied,
Pigul-c 1 S (Icfl) shows bow tbc location of the rnininlLan stan-
dard deviation shif(s as tbc total sca Icvel change is varied, and
lip,Llrc 15 (ripbo shows the actLlal  values of the standrrrd devia-
tion (/. The slandard calcLllation agaimst  which the assumptio]ls
arc varied is tied to the Ncwm and  h’lmko [1996] satellite
Iascl-ranp,ing solLltions for .)l and also relics on tbc III,M posiK-
lacial rebound calculations (see list of assumptions and Figure
1 3).

Alternative 1,ascr Rangirrg Solutions for j,, . Figures 15a
and 15b indicfitc tbc effect of Llsing alternative .ll dctcrnlina-
tions. in addition to Newm and Kkm!io’s [ 1996] valLlcs (solid
Iinc), wc at il i~cd Cc]zctmve c/ al.’s [ 1996] valLms  (short-dasbcd
Iinc) and (.YKWR  c/ a/.’s [ 1989] valL)cs (long-dashed line),
shown in Table 8. I)iffcrcnt gtoups pursLlcd different data
rcd Llction str~tcp,ies,  so that Nerem ond K/o,~ko  [ 1996]  present a
“]Ul)lpCd”  ./3, . ./3 + 0 .837 . )5, whereas ~.%rjtg C( 0/, [1989] and
~“(ii-emw  w n/. [ 1996] SOIVC  for an isolated J3.

Results gcncratcd by assuming either Nettw and A’losko’s
[ 1°96]  or ~.’l]ell~ e[ fI/,’s [ 1989] valLlcs arc actually qoitc sin]i-
Iar. This can yc at(ribLttcd to tbc similarity of tbc rcspcctivc
solutions for ,12 and .Jd and fortbcr implies that Ncrcm and
Klosko’s  Iumpcd .)3] dots not. give an appreciably different
constraint than CAcng ct al,’s .13,  I’hc main difference is the
matkcdly highct standard deviations obtained for the lmv-
viscosity branch using (:hcng, ct al,’s values. Examination of
the residuals shows that it is the appreciably tigbtcr constraint
on [’hcllg  ct al,’s ./4 that Icads to tbc bigbcr standard deviation
srlong, the low-viscosity branch. ‘t’bis shows how tighter con
stmints On bighcr-dcgrcc harmonics could assist in discrin~inat-
ing bctwccn competing, composite scenarios.

‘1’hc only significant dift’crcnce in tbc location of the standard
deviation minima shown in F’i.gurc  15a @ that tbc preferred
solulions for C’OZCMW e[ (//,’s [ 1 996] J, are systematically
slliftcd toward higher Antarctic sea ICVCI contribLltions  by 0.2 to
0.3 inn]/yr. ~’nxwauc e/ a/, [1996] find a large negative valLle
fot ./3, Satisfying this constraint woLlld  require an incrcasc in
Antarclic icc sheet ablation, in comparison to tbc other ~1 solu-
tions  ‘1’he physics involved in this effect is ex~laincd in I~igLlrc
%, althoLlgh  the sign and direction of the J3 and the hcnj-
isphei.ic mass trxnspor[ arc reversed. ‘1’bis can also bc undcr-
s[ood by considcritlg (15b), wbcrc, with &)3 < 0 and a3 < 0 and
all the source parmctcrs fixed except for Antarctic eontribLltion
to sca lCVCI,  wc most have tbc cbangc to tbc Antarctic contribLb
tion to sca ICVCI  b~l > ().

l;ig,Lllc 1 Sb shows that the stmdard  deviation minima arc
typically below 2, cxccpt for ~he~tg CI rrl.’s [1989] low viscos-
ity branch. }~or fill tbrec sets of sol Lltions  tbc standard deviation
is rcduccd to valLIcs of ~ or ]CSS for som combina t ion  of
paramctcts. The stnallcst standard deviations (best fits) tend to
hc attained on the high-viscosity branch or wbcre tbc two
briincbcs mcrg,c at 2 x 102? Pa s.
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SOIIIC Alternative Source Assompiions, 10 t}lc foregoing
analysis wc assLln~cd  that the anthropogcnic  contribution to sea
Icvcl is nil, that lhcrmal expansion provides 0.4 nm]/yr of sca
Icvcl tisc [ 11’o}’t”ick ad Oedem/m, 1 990], and mountain gla-
ciers provirlc 0.38 nlnl/yr [14eicr, 1984]. I’here is uncertainty
regarding the magnitude of all these effects. For example,
~fcicr  [ 1993]  places Ihc tmthropogcnic contribution to sca level
at 0.2?I i 0.24 n~n~/yr,  +0.06 to + 0.3 n)n~/yr  caused by ground-
walcr “mining” and -.07 to -0.17 nlnl/yr dLlc to reservoir
ill~l~otlt~cll~~ct~t, obtained by adding the small estimate of reser-
voir inlpoondmcnt  10 the ]arger estimate of groondwatcr  dcp]c-
li(m. }Iowcvcr, if ~hm’s [199S] recent estimate of -0.3 mndyr
for reservoir in)poundmcnt  is acccptcd, then the anthropogcnic
contribution drops back to O or cvco becomes slightly negative,
Similarly, a rcccnt reasscssn~cnt of the stcrica]ly induced rise
Component of 0.22 to 0.s 1 Ilmdyr [de Wok/e e/ al., 1 995]
ranges f] on)  SOO/O to 1 20°A of the value of 0.4 nml/yr arioptecl
bcre [ Wotlick  frtd  OetletmtN, 1 9 9 0 ] .  }Finally, 7iwpin  el al.
[ 1996], in considering the mass balance of mountain glaciers in
western (:anada and Alaska, argues that these glacier systcnls
akmc atc contributing 10 sca ICVC]  at a r’atc of ().4 f ().2 mndyr,
which, if cortcct, suggests that A4eier’s [1 984] mountain glacict
an(i small icc caps cstimalc is too snlall.

‘1 ‘b address the uncetlaint y in these SOLO’CCS,  and without
at(cmpling,  10 dctcrminc “ptefcrrcd” alternatives, wc consider
variations in the thermal expansion and mountain glacier
sources. ligurcs  1 SC and 15d show the effect of assuming that
Ihctlllal expansion contt-ibulcs 0.8 n~n~/yr  to sca lCVCI rise rather
than 0.4 n~n~/yr  (short-dashed Iinc) and the effect of assuming
tlait nminlain  g)acicrs contribute twice as much to sea !cvcl rise
(0.76 n~nl/yr rather than 0.38 mtnlyr) and, conscqucntly,  drive
.J, valLIcs that arc douh]cd  (]ong-dashed line). ~’hc effect of the
doLLblcd mountain glacier contribo[ion is rather negligible; the
curve is sbif[cd dowrn by a mere O. I nln~/yr in Antarctic c(rntri-
botion to sca Icvcl. in conttast, as prcdictcd in the discussion
fbllowing  (1 Sa) and (15b), the don~inant effect of doubling thc(-
mal cxpansinn is to shift the solutions toward larger amounts of
global sca ICVCI  rise. I’hc standard deviations again arc typi-
cally Icss than 2, although for the dooblcd mountain glacier
scenario the standard deviation dots not drop below unity for
any combination of paramctcts. ~’bc important result is that
pctiulbitlg these soL]rccs by a Ptctor of 2 dots not alter the gcn-
ctal pattern of prcfcrrcd global solutions.

A more profound effect is shown in Pigorcs 15e and 15f,
whcIc tllc An[arctic sca level/~ l paramcterization is derived
ftom 7}l{pit;’s [ I 993] steady state scenario, mthcr than from oLu
gliddcd Antarctic sccoarios. ~’hc steady state scenario features
a s[ton:, latitudinal contrast bctwccn interior regions of mass
loss and coashrl regions of mass accumulation (the ‘1’O scenario
shown in Figure 7a is a specific instance of the stcacly state
scenario corl csponding  10 0.0 nm]/yJ of Antarctic contribution
to se? ]cvcI). Although the slopes of the steady state sca
level/.l l l~:ittil]~ctcri~~tiotls  (SCC the long-dashed lines of Iigure
IO) arc quite similar to the slopes of our paratnctcrizations, the
sleatly-stale patmmctcrizations feature strongly nonzcro intcr-
ccpts. As shown in Jigurcs  15c and 15f, this drives the global
solutions toward significantly stnallcr amounts of total sca level
rise and smaller amounts of Antarctic contribution to sea ICVCI,
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Tbc importance of this exstmplc  is apparent when one rccalis
that the unnvxrsLlrcd  areas dcsc~itrcd by ‘Ren(ley and Gioviw[[o
[ 1991] (see l;igLmc S) all Iic along the Antarctic coast, If future
mass balance n]casLlrcn~cnts along the llast Antarctic coast
reveal a stt ong, contlasl with intc]-ior regions, lhCll the constant
lcrms (the b, term in 11a) in the Antarctic sca level/~[ paran~c-
tcrizations WOLlld  bccmnc nonvwo, w h i c h  would res~lt in
changes to the global composite scenarios, IIowevcr, tbc size
of the change woLlld  likely bc smaller t}~an that found for t}lc
s(caciy state scenario un]css the in~balance is much greater than
that feat Llrcd in scenario 2 by mass. Scenario 2 by mass, which
provides -1. I n~n\/yr of sc.a level rise, has iis extrapolated mass
imbalance conccn[rateci in coastai regions, and yet for low har-
monic cicgrccs it iics quite ciose to our nearly zero intercept
}~arat~~c(cri~atiot~s  (soii(i  lines, I~igLlrc 10). ‘l’his indicates tilat
nlLIch Iargcl’ iatil Ldinai mass baiancc contrasts arc nccdcd to
obttiin  paran~ctcri~ations with markcdiy  non?cro intercepts.

}’ig,ums  i Sc and 15f ais? show tile effect of assuming a con-
tlibu[ion to tile observed J2 from core flow-induced variations
in tile, iwcssLluc  fici(i at tile core-mantic boundary witil nlagni-
to(ic ./2: - i?l x 10 1 2  /yr [Fo,lg cl d,, 1996], a vaiuc aboLlt

1/2 of the obsctvc(i ,j2. The cs{irnatc of the secular cbangc in
(’hill  pressure is somewhat spccLliativc since it relics on the
ilypotilcsis of a fro~cn-fiux ficici tilat is embccidcd in a nearly
gcos(mpilic  core sorfacc flow that is properly invcr(cd for by
cmi~ioying  gcomag,nctic fici(i data spanning cpocils 196S to
i 97s [SCC ];lo.[hem CI al,, 1989], 1 icrc wc include this estimate
since i[ speaks, in some n~casLtrc,  to ti~c question of how a frac-
tional an(i imsibiy Lmmodclabic  i~ar( of observed J2 migi~t cm-
rupl oLIt” analysis. While the overaii pattern is uncbangcd over
muci] of tile iowcr mantle viscosity range, the inciusion of tile
scc Lllar variation in ~MB prcssLm dots dcgtadc ti~c soiotions
and this is rcflcctcd in tile ilighcl standard deviations (poorer
fit) over most of the viscosity range (iig,urc I Sf). Ibis dcgm-
dation coLlid  bc intcrprctcd in tile foiiowing  foLlr possibic ways :
(i) l’cIIIg c{ al. [1996] have ovcrcstimatcd ti~c nlagnitLldc of the
core-flow i>tcssLlrc  cffccl, (2) there arc yet otilcr proccsscs con-
tributing to the sccLjiar variation of tiw giobai gravity ficid
(sLIch as inlcrnai oceanic and atmospilcric mass Cxcilangcs),  (~)
citilcr or both tllc paramctcri~ations for the present day surface
mass ci~angc an[i glaciai rcboLlnd coLlid bc scriousiy in error, or
(4) that ail soLlrccs  have been inclLldcd and aii tile estimates and
i>artil]~cicri~atiotls arc corl cctly considcrcd,  implying (from Fig-
ure 15fI that total sca lcvci cbangc is currently around 2,5
Inn]/yr anti tile “average” lower mantic viscosity is aroLmd
2 x 10>) i’a s it woul(i  bc prcn~atLlrc to cxciLldc any of tilcsc
possibililics,

‘J’hc 1 mportrrnt Role of a Wrii-cictcrmined Odd-dcgrcc
Sccuiar  I larnmnic,  As disc L\sscd above, an odd-degree har-
monic constraint is nccdcci to dctcrminc tile Antarctic. (or
Grccnianci) contribution to sca icvcl. T’his cruciai point is iiiLls-
ttatc(i in i:igLlrc 16, wilici~ si]ows ti]c contoLmd standard devia-
tion obtainc(i L]sing Koms atd Br//m@i#s  [ i 996] ~2 and ~d
wIILics (1’abic 8), but cxciudcs a constraint on ~3. For a given
an)oLlnt of totai sca ICVCI  cilangc tbc standard deviation is
almos( complctciy indci~cndcnt  of tile Antarctic contribution to
sca icvci cilangc. ‘1’iIis  occLlrs bccausc the Antarctic and Circcn-
lan(i sca icvci/,jl i~aramctcrizatioo for tiic even, iow-degree har-
nmnics is approximately cqLlai; so as the Antarctic contribLltion
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to sca Icvcl rise changes, Greenland’s also changes but with
opposite sign, and tbc two ~j contributions nearly cancc]. What
is lcf[ is the strong cicpcndcncc on mantle viscosity. In marked
conlmt, if ocld-dcgrcc harmonics arc incl Lldcd, with their oppo-
silc hemispheric parity, a tipht constraint on the partitioning of
sca ICVCI  change soLlt’ccd to the Antarctic and Greenland icc
sheets is intro dLlccd,  ‘1’hc tLltorial example of Figure 9a also
ill LlstrLitcs this.

‘1’bc pronoLlnccd dcgrsrdation  in source constraint rcvcalcd in
l;igurc 16 is caused by tbc assLmlcd  lack of knowledge of tbc
sccuhrr variation of the I:arlb’s skew-symmetric (odd / ) har-
nlonics. ‘1’hc Ial(ct harmonics have opposite parity to those of
even / and the stark contrast of nonconvergent (FigLlrc 16) to
convergent standard deviation minimizations (FigLmcs  13 and
14) is, indeed, a testament 10 their pO~CI’fUl information con-
tcnl. I’olar sources of sccLtlar sca Icvcl variation arc cotl-
s~mincd by low-dcgrcc scc Lllau gtavity only if odd-degree cotl-
s(raints arc included,

l)iscussion and Summary

‘1’hc global composite scenarios dcvc]oped in this paper iilus-
tt”alc the ]XNVClfLll  constraints on present day mass balance and
1 klr[h rhcolop,y  that a consistent, well-determined set of .)l
observations coLJld provide. 1 Iowcvcr, with the present large
observational uncertainties for all but the relatively wcll-
dctcrmincd dcgj”cc 2 harmonic, it cannot ycl bc argued that they
ptovidc dcfini!ivc answers. I’hcrcforc efforts to improve
observed secular zonal gravitational harmonics arc qLlitc war-
rlntcd.

Some por[ion of the observed sccLllar polar motion may bc
driven by Ihc present day mass imbalance of Greenland or
Antarctica [ ?kupift, 1993]. I lowcvcr, tbc sip,natures  predicted
here from the drainage basin [Ben//ey and  Gioiine//o,  1991]
and icc shelf melt rtrtc modified scenarios [.lacobs C( rrl,, 1992]
have a magnitude that is, at best, onc third of that observe.d, It
woLIkl appear that a robLlst observation of .13 might provide a
more important piccc of global geodetic information for con.
s(raining, Antarctic mass balance than LIocs polar motion,
NatLltiillY, if the odd-dcgrcc  harmonics arc to provide definitive
constl aints on polar icc mass balance, other possible sources fot
~1 (and higher dcg,rccs) nlLlst hc more tightly constrained, Fo;
cxrIn)plc,  a complctc cvalLlation of the last half century of
al~tllrol~og,cllic -rclatccl” bydroiogic b a l a n c e  rwnains somcw’hal
am biguoos and only the reservoir component appears to have
been treated adequately [~/Mw, 1995].

Global Implications of IIIC Antarctic Scenarios

C)Ltr  griddcd Antarctic scenarios arc based upon mass bal-
ance analyses of individ Llal icc dtainagc basins [Giovim//o  atd
/;c~~//q’, 19S5;  /kw/ley  and Giovim//o,  1991]. ‘1’hc scenar ios
capt Llrc scvcrirl imporlant features of glaciologicrrlly and
occiitlc)gral>}~ically based models. in J~arlicular, since they focLls
on individual dfiiinage systems, they rcprcscnt a common stan-
dard flom which all types of acc Lanulation, flow, and ablation
data arc to bc rcfcrcnccd in future data-based model inlprovc-
mcnts [c,p,,, }imllc:}, 1995]. Additionally, tbcy represent alter-
native cnd-member extrapolations to regions having little or no
datti covcrap,c,  As data that fLlrthcr constrain mass balance of
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individual dt+tinagc basins bccomc available, mocicls based on
this data will pmvidc indcpcndcnt  bounds on the Antarctic icc
sbcct contt-ihution  to observed ~1 and ~. For example, recent
reappraisals move the Pine Island Glacier towatd a less positive
mass balance [/.ucchi/c[  e/ al,, 1995] and nearby ice shelves
tmvarci .gtcatcr melting [./mob.$ aw/  //c/lImv,  1 996], suggesting
that a future lounci of scenario revisions might feature a less
neg,a(ivc (more positive) Antarctic contribution to sea ICVCI.

owing  10 the wide variation in & anti J, that our models
pmlict,  wc cannot argLm that any onc of the four scenarios cla-
bomtcd upon here necessarily represents a significant refinment
ovcl the scenarios Llscd in pt’cvioLls  stLldics by 7iLr@ [ ] 99S]
and Mi/mJicn  atd Pc/tier  [1993] to determine mass balance
rcla[cd .)l. 1 Iowcvcr, dcspi(c the differing ways in which mass
imbalance was extrapolated to umncasurcd  regions, our Antarc-
tic scenarios reveal a ncar]y linear ,rclationship bctwccn the
simLll[ancoLlsly  prcdic[cd low-dcgrcc  ,/1 and Antarctica’s contli-
bu[ ion to present day sca Icvel change ~~ . Unless futwc
scenario revisions include qLlilc drastic changes from the currctlt
state of knowledge of Antarctic icc mass balance, tbc sea
level/,), l}alal~~ctcrizatiot~s  (icvcioi>cd  from our models may
imvc to bc rciativciy stable,

Witil  simiiar iincar rciationsilips dcvclopcd for Greenland sea
icvcl sourcing ~C; ami ~1, this permits an exhaustive exploration
to fin(i optin~Lml  valLm of Antarctic and Grccnianci sea Icvcl
sourcing ti]at provide agrccmcnt with observed sea icvel and .)l
wbcn comhinc(i witi] otilcr s ca  ICVCI  a n d  .lf contt-ibLltors,  OLw
scarcil for optinlum paramctct” combinations inciLldcd assLlnlcd
known sca ICVCI  contt’ibLltions  fronl ocean thcrmai expansion
ami smii icc masses and ~1 contributions from stnaii icc
masses and giacial t’cbound.  1,owcr  mantic viscosity was frec(i
as a p:iramctcr for ti]c postglacial rebound ~1, and ti~c I(:fi-Ki
glaciai loa(i ilistory of 7’r/.d1i@mm and Pc/lier [1991]  w a s
assumc(i.

N un}croLls  viable combinations or globai composite scenarios
of Ant~letic and Grccniand  sca ICVCI  soLwcing and lower mantle
viscosi(y coLIid bc foLn~d ti~at satisfy observed ~~ for global sca
icvcl rise & I tinging fronl less tilan 1, to 2-2,5 nln]/yr. Poslgia-
ciai rchoLlnd  is gcncrai!y titc ]argcst ,11 source for the composite
scenarios. A wcii-known  feature of postglacial rebound J, is
tile cxistcncc of a pronounced peak at some lower mantie
viscosity, imi~iying,  in gcncml, tile existence of two mantle
viscosity soi Lltions  that can dciivcr a given postglacial rebound
.),. ‘1’hc duaiity of .j[ -cicrivcd mantle viscosity solutions has
b e e n  (iiscussc(i at lcng(il [e.g., )’odet e/ c/., 1983; Pe/(ier, 1983;
1985; Rltl,itlcc!t}), 1984; Ytwtl OIICI Snbmfini,  1985; Yuetl et al,,
1  9 8 6 ;  Afilt”otico  otld Peltier, 1989, 1 993;  lvitls et 01., 1 993;
If’cibr c1 o/., i 993], and wc found it to bc a persistent fCatLlrC of
tile giobai composite scenarios. } Iowcvcr, tile strong intcrrcia-
tionsi~ip bctwccn assLm]c(i total sca Icvcl rise & and  tiw prc-
fcrl c(i 10WCI mantic viscosity rcvcaicci  by tile giobai comi]ositc
scenarios has not prcvioLMy been cxplicatcd,

in general, tile two viscosity brmci)cs arc separated by a fac-
tor of 50 or more in manllc viscosity for totai sca icvci rise
atounci ~ = 1 nIn~/yr,  and as & increases to 2-2.5 nm~/yr the
t w o  brmcilcs  appi-oacil one anotilcr and  merge ,  For iargcr
anloLlnts  of total sca icvcl rise titc solution degrades rapidly.
l’i~is is cntirciy consistent with tide gauge analyses showing that
tot:ii sca icvcl rise is bctwccn I and 2.5 n~n~/yr,  bLlt it dots not
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plo~,idc a ncw constraint. ‘l’he ]argcst contributor to ~/ is post
glticial rcboLlnd  and is offset by a smaller Antarctic contribution
of opposite sign. The secular variations in gravity harmonics
cirivcn by the Grccnlanci ice cap, temperate glaciers, and other
sl)];ill icc caps tend to give a smaller contribution to the total.

‘1’hc general patlcrn of the solutions was prcscrvcd in two
very diffclcnt }lardlllctcri?:~tiolls of Iowcr mantle viscosity, onc
which assumed a homogeneous lower mantle (I II,M) arid
another which aSSUllJCd  viscosity varying in tbc lower mantle
but with the ciccpcst 650 km fixed at a relatively high value of
6 x 1071 Pa s (650111.). I’hc effect of having a high-viscosity
kmvcr mantle is that the preferred viscosity of the rctnaining
iowcr tllanllc is rcd L)ccd relative to the l]] M case. })oth tyJlcs
of  10WICI  mantle viscosity strLlctLlrc provide rather nicely iso-
lated solLltirms,  and ibis tends to indicate that there exists a
broad range of Imvcr mantle viscosity stratifications capable of
g,iving sigrccn~cnt  with the observed .11 for a given choice of
lotal sca level rise & When (:kmg et r7/,’s [ 1 989] j, solutions
were used, which feature a substantially smaller error estimate
for ,)4 than the otbct- Iascr-ranging solutions, a marked degrada-
tion in the fi[ of the low-viscosity brtinch solLltions  occurs.
This soggcsts that in the futLlrc a tighter set of constraints on
ohscrvcd ./, for / > 2 might permit certain lower mantle viscos-
ily struc[ut’cs 10 bc cxcl LJdcd [~filmvicn  and  f’ehiet’, ] 991; h)in$
c1 (11,,  I 993],

l’ro~idcd the odd-/ constraints arc retained, the general char-
actcl of tbc prcfcrtcd sol Lltions  holds, even when some underly-
ing assLln)ptions  a r c  variccl, I)oubling  the nmLlntain  glacier
(an(i doubling their contribution to j,) or doubling the stcric
cotnponcnt  of sca Icvcl rise only caLlscs the preferred solLltiot]s
f(,r Antarctic soLlrccs  to ci]angc slig}ltiy and has little effect 011

the glacial r’cboLnld dominatcci  behavior, When the Antarctic
sca level/,)l pat amctcri~af ion is changed to rctlcct the strong
latitudinal cicpcndancc of mass balance foLmd for 7rwpin’s
[ 1993] steady state scenarios, a larger charrgc is observed,
al[h  OLl@  again tbc basic sol Lltion behavior is retained. A case
whctc aboLd 1/2 of the observed ./2 is assumed to come from
proccsscs other than glacial rcboLlnd  or present day hydrological
cxchangcs (spccitically,  prcssorc loading at the CM R predicted
i~y /i~n~ C( al. [ 1996]) rcvcats the same basic sol L]tion behavior,
alliloLlp,h  thctc is a poorer fil over nlLlch of the viscosity or total
sca Icvcl rise ranp,c,

Antarctic Sca l,CVCI Sourcing and Odd Dcgrw 7,0nal
IIarmonics

Our .j, -bascci solLltions  for ti]c sca lcvci rise ~1 caused by
lilt  !nass inlbalancc of tile groLlndcd  Antarctic ice sheet tend to
parallel the assumc(i Iotal (global) sca lCVCI than.gc. I’hc cLw-
tatic sca Icvcl components of the n:g,ativc Antarctic mass bal-
ance solutions correspond to about, <i = 0,0 nln~/yr at, ~ = 1,()
tlltll/yt  total sca lct,cl rise and to <i = l.0 nlnI/yI- at & = 2 to
2.5 nlnl/yr. ‘1’his rcqLlircnlcnt for Antarctic ablation is con-
sistent witi~ tbc assessment of large basal melting and calving
rates in Ihc Wcddcil  Sca reported by Jacobs cl a/. [1 992] and
opon wilich the J92 scenario was constructed, ‘t’he latter csti-
ma(cs arc rather consistent with the observation ti~at ice shelves
at tile margins of the Antarctic Peninsula, in both the Bcl-
iingshaLiscn and Wetidcll Seas, have been rch-eating since about
J 945 [ J’o@MH nd Dmke,  1996], }Iowcvcr, oLlr estimates of
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ptcscnt day Aniarctic sea ICVC1  sourcing also clcpcnd critically
on assLlnlptions  regarding the timing and nlagnitLdc of clcglacia-
tion.

For example, the  g lobal  composi te  solLltions  change
significantly when the glacial rebound ~1 values of Wahr el nl,
[ 1993] (not discLmcd rrbovc) arc USCCI instead of the lll,Tvl
WIIUCS  of Mi/wvic(~ ad Pellier  [ 1 993]. Wfrhr e/ al, ‘S [1 993]
calcuhdions employ the Same mantle viscosity strLlct  Lwc as the
Ill .M case and only differ in assuming a simplified ticglaciation
biskwy.  ‘1’hrcc disks, corresponding to the Iaorcntitlc,  Scandi-
navian  and Antarctic icc sheets, which undergo steady, uniform
g,laci:ition and dcglaciation phases peaking at 18 ka and cnclitlg
at 8 ka, clclivcr peak glacial rcboond ~1 values which arc only
S0°4  or ICSS of the peak } 1 i M valLlcs. I’his has a rather in~por-
tant effect on the global ccrmpositc  scenarios, as the range of
acceptable total sea lCVCI rise drops to O to 1 n~n~/yr,  and the
corresponding range of Antarctic contribution to sca level is
-0.4 to 0.3 mnI/yt-.  This rather profound change shifts the glo-
bal composite solLltions from requiring Antarctic ablation (Ill M
case) to allowing either Antarctic ablation or acc LnnLllation  and
highlights the impor[ancc of the dcglaciation history in con-
s[rLlciing  secular renal gravity budgets.

11 is thcrcfotc  qLlitc possib]c that changes to detailed dcgiaci-
ation nmdcls stlch as lC:I~-~~  coLlld plodLlcc  significant changes
to .), -derived intcrptctations of mantle viscosity and icc mass
balance. ‘1’hc 1(:11-K;  model cmployccl  in all calculations here
features a la[c (9-5 ka) Antarctic dcglaciation,  in marked corl-
trast to models that fCatUIC an eadicr  southern hemispheric ice
mass transfer to the ocean basins that is almost exactly in phase
with the Iatc Plcistoccnc and early IIoloccnc northern hcnl-
isphcric glacial retreat (e. g., l~Ii.-2 [WI{ frnd IJel[ier’, 1983]),
Shifting Antarciic dcglaciation to earlier times would, in gcn-
cr:il, dccrcasc the pos(glacia] rcboLmd .), since the mantle has a
greater time in which to reestablish gravitational equilibrium.
The effect woLild  bc especially SCVCI”C  in the case of the skcw-
syl~ln~ctric  .)3 bccaLlsc  it depends on the diffcrcncc bctwccn the
norll)crn a n d  soLlthctn  hcmisphcrc dcglaciations [YrM/er e/ r?/,,
1983; ~}’im~ CI a/., 1993;  Mi/rm~irw omf Pdtier,  1993]. I’his
would rcdocc the ./l values (relative to the }11 .M case) in a
n]:innct similar in natLlrc, if not in magnitodc,  to that dcscribcd
t3bOVC  fOl W(lh}’ C/ (7/. ‘ S  [  I 993]  JI WIUCS,  ~OtNCqLIClltly,  W C

migh(  expect that the I(:Ii-4~1 model [Peltier, 1994], w h i c h
fcatur!s  an earlier, smaller Antarctic dcglaciation,  would pro-
dacc .li val Lies that woL!ld have to bc compensated with smaller
an~oLtnts  of total sca Icvcl rise and smaller amounts of Antarctic
ablation.

A main issLlc, and perhaps the most important result cnlcrg-
ing from our stLvdy,  ccntcrs around the size and sign of the
]Llmpcd odd chain of harmonics. };or cxamp]c, a ]argc negative
value for .)3 [(.’mmme  e[ 0/., I 996] pLIshcs the prcfcrrcd solo.
tions toward a global scenario having larger ncl Antarctic melt
contribLltion  to sca level rise at the cxpcnsc of Greenland icc
sheet ablation. Variation in even-/ harmonics (as reported in
varioLls analyses of satellite Iascr ranging data) affects the in-
terpretation of Antarctic and Grccnlancl  sca ICVCI  sourcing in a
less sensitive manner, ‘J’hc sensitivity to the odd-/ chain is
more dram atical Iy exhibited in the preferred sol Lltions  when
constraints on thcm arc dropped entirely. in this case the
dcpcndcncc on Antarctic contribution to sca level nearly disap-
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pcars, and only mantle viscosity and the total sca level rise arc
inlpotlant in determining preferred parameter combinations,

}Mimalcs of .)3 and of the entire skew-symmetric (odd)
chain coLIld inlprove sLlbstantially  with a more rigorous undcr-
s(anding, of the nongravitational forces that affect high-orbit
Iascl ranging saicllites, For cxmplc, an impressive correlation
hctwccn residuals in the orbital eccentricity element of
1.A(il;OS  1 and the I{arlh’s miiation  (albcdcs) signatLwc h a s
been discovered rcccntly by Mor/irt atd l{tibitlcat~l [1996]. W c
conjcctLlt-c that this indicates that a more robust, secularly vary-
ing pear shaped harmonic (/ = 3) solution could soon bc gen-
erated in analyses of satellite laser ranging data, ‘l’his is nccdcd
if s[i(cllitc-(icri vc(i sccuiar zonai harmonics arc to contribotc
significantly to (ictcrmining present day poiar icc mass baiancc.
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Figure Gptions

l{igurc 1. Map of Antarctic surface clcvaticm and
drainage systems. Contour interval is 0.5 km. 130un-
darics of major drainage systems (ice divides) arc
marked with capital letters at the coast; interior icc
divide intcrsccticms  arc marked with lower case let(crs
[aflcr  GioviJJc//o  md Ben//ey,  198S].

lrigyre 2, Plan view and cross section of ice sheet
grounclcd below sca lCVC1  [after I’honm and Bentley,
I 978].

I’igurc  3. Map of surface mass imbalance rates (in 100
kg/n12  pm year). l’hc inland icc systems for which a net
imbalance determination could bc made arc dclincatcd
with heavy litlcs and arc numbered according to Table 1.
l’rimed and double-primed letters indicate subdivisions of
the major drainage basins, Circles mean no significant
imhalancc, pluses mean significant positive net inlbal-
ancc. liigurc is aflcr Bent/ey  and Giovinetfo  [ 1 9 9 1 ] .

l~igurc 4. Same as l~igurc 3, but for combined inlanci
and icc shelf systems for which a net imbalance determi-
nation could bc made. ‘1’hcsc  regions arc identified with
brackctcd nutnbcrs  according to ‘l’able 2. Also shown
for each region is the basal ice shelf melt rate (meters
pcr year) rcquirccl  for steady state. Cirlccs  mean no
significant imbalance, plus and minus mean significant
positive and negative net imbalance, rcspcctivc]y.  }~igurc
is aflcr Ben//ey and Giovind[c) [1991].

l~igurc 5. Same as Figure 3, bu( for systems without net
mass imbalance determinations. ‘1’hcsc  systems, dcl-
inca(cd with thick lines, arc located along the coast. }Jig-
urc is after Bm?//ej’ and Gim~ind/o [1991].

IJigurc  6. liour scenarios of present day Antarctic ice
sheet mass change, three derived from Bentley and
Giovinct/o  [ 1991], (a) scenario 1, (b) scenario 2 by mass,
(c) sccnmio  2 by area, and onc from Jacobs et al.
[ 1992], (d) J92 scenario. Imbalance is rcprcscntcd in
lnillimctcrs  pcr year of icc thickness cbangc.

l~igurc 7. ‘1’hc (a) TO [af~cr 7@)in, 1993] and (b) Nf;
(irccnland scenarios. ICC height change  is shown in Fig-
ure 7a in millimeters pcr year and in figure  7b in meters
pcr year.
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ltigurc  8, q’hc observed polar motion direction and mag-
nitucic and the directions and magnitudes resulting from
the present day scenarios of ice mass change in a (top)
southern and (bot~om) northern hemisphere pcrspcctivc.
Ohs is obscrvccl [ Vondtuk  et al., 1995]; 1, scenario 1; 2a,
scenario 2. by area; 2111,  scenario 2 by mass; J92, J92
scenario; IC, mountain glaciers and small icc caps; 1’0,
‘1’() scenario; and Gr, Nll Greenland scenario. I’hc polar
motion  magnitude for the ‘1’O scenario (dotted line) is not
shown to scale (SCC Tab]c 4; the arrow should bc 30°/0
larger). ‘1 ‘IIc observed polar wander is dircctcd  toward
I ludson l]ay. Apparently, postglacial rebound is capable
of cxp]aininp,  most of this signature [see Pdfier ad

.)iat]g, 1 996].

Figure 9. (a) A tutorial example of large, positive, odd-
dcgrcc  zonal chatlgcs  arising from Greenland ablating
and Antarctica accumulating ice mass. (b) The weight-
ing functions - PI (COSO)  for dcgrccs  2 through 8 required
to derive zonal hamonic cocfflcicnts  J, from a given
surl%cc load CJ(O,L) (equation (5)). Positive values of the
weighting functions arc shaded. Numbers on the peri-
phery  indicate the corresponding spherical harmonic
dc.grcc.

l~igure 10, ‘l’he ~1 predictions for tbc four Antarctic
scenarios dcvclopcd  in this study (circles) for dcgrccs  2
through 7. C)n the abscissas arc <J, the Antarctic contri-
tyltion to sca level change, and on the ordinates arc the
.ll predict ions. Also shown above each frtunc  arc the
paramc.tc]s of the best ,fitting straight line drawn through
the 4 circles (J2dot = .12, etc., and }Idot  = <), drawn as a
solid line. Also shown arc the J, values obtained by
Iiiipit? [ 1993] for his steady-state (crosses, long-dashed
]inc), thinning interior (triangles, dotted line), and thick-
ening interior (p]uscs, short-dashed line) scenarios.

Vigum 11. jl predictions for the Greenland ice sheet for
7kJ)it?’s  [ 1993] outer Benson line (OB) (triangles, short-
dashcd line) and inner IIcnson line (111) (pluses, long-
dashccl line) scenarios as a function of Greenland contri-
bution to sea level change  &G, for degrees 2 through 7.
‘1 ‘he solid line is the sea level/Jl dcpendcncc  obtained by
scaling the N}; Greenland scenario J1 prediction by the
Greenland contribution to sea level change. I’hc linear
dcpcndcnccs for the three scenarjos  arc given in each
frame. ‘fhc Greenland sea level/J l dcpcndcncc  used in
the following global composite analysis is givcyl  above
each frame and is the avcra~c  of the sea level/.J, slopes
found for Ihipir?’s [ 1993] tw; scenarios, “ “
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ljigure  12. Postglacial rebound J, predictions. I)cgrccs
2 through 5 arc given and the lCR-3G  [7iMhi@Mm  and
l’cl/iw,  1991 ] ice load history is assumed. I’hc hon~o-
gcncous  lower mantle (11 I M) case (solid lines) refers to
A!fitt”ovica  and }’r/lier’s [1993] calculations, in which the
who]c lower mantle viscosity is varied. I’hc 650-km
boundary layer (650BL)  case (dashed lines) refers to
l]~ims  cl al’s  [1993] calculations, in which the lower
mantle viscosity is varied, cxccpt  for a 650-km-thick
boundary layer at the core-mantle boundary (2235.5 to
2885.5 km depth). The boundary layer has a fixed high
viscosily of 6 x 1023 Pa s. ‘1’hc horizcmtal  lines in the
dcp,rcc 2 frame show the observed J2 and associated
unccrtaint y, as rcpormd by Nerm and Khko [1996].

k’igurc 13. Contoured nomalimd standard deviation d
(SCC text for definition) for global ~ompositc  scenarios
assuming the }II,M glacial rebound J, values (Figure 12,
solid line) and other source parameters as dcscribcd  in
the text under basc]inc  assumptions. q’hc contours indi-
cate the lCVC1  of agrccmcnt (smaller values equal better
agrccmcnt) bctwccn  prcdictcd and observed J, vahm as
]owcr man[lc  viscosity and the Antarctic contribution to
sea lCVCI change are varied for total sca ICVCI than.gc rate
~ ranging from O to 2.5 nm~/yr.  Global composite
scenarios A through D, as dcscrjbcd  in Tab]cs 6 and 7,
arc marked accordingly. Subordinate tick marks on the
horizontal axis arc located at factors of 2 and S times the
labc]cd values. Contours arc drawn at standard deviation
Valllcs of 1, 2, 3, 5, 10, 20, 30...

lrigurc 14. Same as Figure 13, cxccpt the 650-km boun-
dary layer (650111.) postglacial rebound case is assumed
(Iigure  12, dashed line). I’hc abscissas refer to the
lower mantle viscosity above the boundary layer. Scc
‘1 ‘ablcs 6 and 7 for the details of global composite
scenarios 11 through J.
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lrigurc 15. A summary of the minimum standard devia-
tion as different source assumptions and observed Jl
values arc vm-icd, (Icft) Paths (arrows) taken by the
minimum standard deviation as total sca lCVC1  is varied,
with the differing symbols indicating assumed total sca
lCVCI  rise and the differing line types indicating different
assumptions or observed JI values. The paths arc drawn
relative to lower mantle viscosity (horizontal axis) and
Antarctic contribution to sca lCVC1  (vcr[ical axis), similar
to IJigurcs  13 and 14. (right) ACtUa] corresponding stan-
dard deviation values. I’hc standard curves (solid ]inc)
in l;igurcs 15a-1 Sf come from Figure 13 (Nerern  and
K/osAo [1996] Jl obscrvat  ion~ and the 111 M postglacial
rebound calculations). (a) .J1 observations changed to
Cazencvr  et nl.’s [ 1 9 9 6 ]  a n d  Cheng  C( al.’s [ 1 9 8 9 ]

values (SCC ‘1 ‘ahlc 8), and (b) their standard deviations.
(c) ‘J’hc  thcmal expansion effect on sca lCVCI rise is dou-
hlcd and the mountain glacier zyld small icc caps’ contri-
bLtlion to sca ICVCI rise and J, doubled, a,nd (d) their
standard dcviaticms.  (c) Antarctic sca level/J l paranlctcr-
i~ation  changed to 7hpin’s  [1993] steady-state model
(SCC lol~g-dashed lines of. FigLrc 10) and Fang e( a/.’s
[ 1996] cst imatc of the .J2 contribution from pressure
effects at the core-mantle boundary (CMB) is included,
and (f) their standard deviations.

]rigure 16. Same as Figure 13, but with no constraint
from J~. I+;cw.T and  BdIcid@/s  [1996] J2 and Jd values
arc used (Table 8).
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Tablc 1. Net Mass lmbalancc M and Fquivaknt ICC Height ~hangc i] for ln]and Ice
Syskms

[Bcrtdey  and (;icwimvm,  1991 ] This Stady

system if
Guyl

1. JLl(UklI’iiUtTICIl* s

2. Hastct  n ouecn  Maucl I and o
3, };as[ern }Mcrby land 3
4. I ambcrt  G]acicr  (Alliscm/Mclnty re)t 3917
5, Wcs[el-n Wilkes I,and (~on~bincd) 4
6, last  Antarctica csnlo Ross lce Shelf 26
7. West Anlatctica 01)10 Ross Ice Shelf -8
8, I’hwai(cs  Glacier 5

9. Pine island G]acicr so
10. Rutfotd  ICC Sl[ean) -6

I’olslk 118.5

● Scc F’igurc 3 for numbered regions,
j [A//i.~o}/, 1979; Alli,wn et al., 1985; Mcl{~oIe, 1985a, b]

Significant
imbalance?

no
no
no

ycslno
no
ycs
no
no
yes
no

150
450
100
800
85(I

1800
600
250
2s0

50

S300

36
0

33
53/10

5
16

-14
22

218
-130
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‘fable 2. Net Mass lmbalancc  ~] and implied Steady State Basal
Melt Rate for Combined Inland Icc and Icc Shelf System

fic,Jt/ey frnd (;io\,ine//o [ 1991 ]

i~ Basal Melt
Syskm (Gtlyr) kale  (nl/y I) Reasonable?

11. An]ery  ICC Shelf” 83/5 I 1 .s/0.9 no
(Allison/Mclntyre)l-

12, Gcorg,e VI Ice Shelf 48 2.1
13. Westcra Ronnc Ice Shelf

yes
44 0.37 ycs

14. llastetn  Ronnc Ice Shelf 79 0.28 no
15. Filchner  Ice Shelf 47 0.35 yes
16, Ilran[  &  Riiset-latscn -37 0.16 no

Ice Shelves

* Sce F’igure 4 for numbcted regions.
1 [Al[i,wvi,  1979; Alli.von PI al., 1985; MclrIo,w,  19U5a,  b]



Table 3. ICC Shelf Melting Rates From kdrs e{ crl.

[ 1992] (J92)  and ATIIOLIIIt  of Mass J<emovcd From
Scenario 2 by Area to Obtain the J92 Scenario

ICC shelf NCI Mc]tfbtc Mass Removal to
System }:rom J92 C)btain J92 Scenario

-.

Gigatons Percent (iigatons Percent
pcI Year of I’otal pet Year of Total

Filchncr-Ronnc 202 38 21? 47
Ross 79 15 68 ]s
George VI 49 9 43 10
Amery 23 4 36 8
Wi~hin 100km 173 33 91” 20

of Ice Fronts

Total 526 450

● }lcrc59Cit/yl are ftot~~}lt~de!by l.ar~da!ld  32(it/yrarefrot~~
otlmr nanow  shelves
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‘1’able 4. Rates of Sca 1,CVC1 Rise <, Ice Sheet Mass Change A>, and  Secular Polar Motion ri,

ICC Shcci Scenai io

-:.-.. “O. “:::.- ~i,acic: “
Mountain

(ilobal Raic Sccn:irio 1 Scenario 2 Scenario 2 J92 7rupit2 This and Small N};
Qaalltily by Area by Mass Scenario [1993] study Ice Caps” Grecnlaml obsclvecl

i., nlnllyl -0.1 } -0.8 -1.10 0.44 0 0 0,38 0.91 1.51
A!, (wyl 39 290 400 -160 0 0 -138 -331
111) 1, I))as/yI’ 0.48 0.31 0.56 1.13 4,’23 4.46 0.36 2.43 3.31

7NII’1 206 79 120 128 2S9 258 152 330 282

Ysll 26 2.$9 300 308 79 78 332 1 so 102

J92 scenario is based on .kwobs C( al, [1992]. I’he mas arc milliseconds of arc.
* I)ata from Mekv [1 984].
I Valw is ll]tcrgovcr,ll~~cntal  Panel on Ciimatc  Change (l I)CC) best estimate [W’urrick  and CIcrkwam,  1990].
{V(dac is f, am Vofldl’dk  Cl rd. [1 995].
1 J)llcc[ion  y of secular polar  motion fiI given in ‘E of (irccnwich in a norihcm  (y~ll)  and soothcrn (ysll)  hemisphere pcrspcctivc,
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I’able S. Secular 7.onal  Gravitational ~ocfficicnt j, Rates

ice Shec~ Scenario

TO hkwntain
Glaciers

Scenario Scenario 2 Scenario 2 J92 7rupirt This atd Small N];
I)cgIcc  1 1 by Area by Mass S c e n a r i o  [ 1 9 9 3 ]  S t u d y  lce Caps G,ccnland

2 -4.6 -31.6
3 5.2 32,6
4 .5,4 -30.1
5 S.6 27,4
6 -5,2 -20.5
7 5.(I 15,7
8 -4.4 -9.3

-41.4 17.8 9.s 9.6 8.7
40.2 -19.1 -20.8 -20.8 4.0

-33,5 18,7 34.2 34,1 0,7
26.7 -18.5 -47.4 -47.2 0.2

-14.6 16.2 58.6 58,3 -1,0
6.2 -1s.1 -66.8 -66.1 -1.0
3.5 13,3 70.9 69,9 -0,4

36.4
35.8
35.6
28.2
25.0
17.0
11.2

Ralcs arc in 10”12 yr” 1.



I’able 6. Global Composite Sccoario  I)cfinitirrns

Seri Level Change, nm~/yr 1 ,Owct Standard
Umpmilc - Mant]c Deviation
Scenario* I’olal Antarc~ic Greenland Viscosity (Pas)

A 1.0 0.3 -0.08 2X 102 I 1,48
11 1.5 0.7 0,02 5 x lo?] 1.69
c 1.5 0.4 0.32 5 x  lo?~ 0,86
1) 2.0 0,8 0.42 2x 10?2 0.92
}; 1,0 0.2 0.02 5X 10?? 0.66
}, 1.5 0.5 0,22 5x 10?0 0.58
G 1.5 0,6 0.12 1 x 1022 1.18
}1 2,(I 0.9 0.32 I x 1021 1.70

1 2.0 1.0 0,22 5x 102 I 0.73
J 2.5 1,3 0.42 2x 1o11 0.19

*Scct~arios  A-Ilare hol~~ogel~colis low,crll~al~tlc (} IIM)scci~arios(  FigLlre 13)
and Scenarios Ii-J are 650-kn~boLmdat-y  laycr(6S01H.)  sccnarios(Figurc  14).

l-Value srcfcrt oviscosityofthc  wllolclowcrll~atltlcfc~~  lII,M scenarios and
to viscosity  oflowcr ~~lalltlc above tl]chigll-viscosi(y boLllldary laycrfor’the
6501;1, scenarios.



‘1’able 7, ~1 Predictions and Residuals for Global (omposik Scenarios

jl Values, by IlcgIcc,  in 10 ‘2 /yr*

Observed J2 . -27.7 + 2.S observed j31 = 15.7 f 3.S Observed j4 = 2.0 t 14.6

Sceilririo  A G Poll Res A G Kill Res A G PGR Rcs

A (1,48) 11.8 -3.0 -40.8 -4.5 -21.1 -4.1 38,3 -1.52 11.5 -2,5
H (1.69)

-33.7 26.0
27,3 0,8 -61.1 -3.3 -46.9 1,0

c (0,86)
61.0 -3.6 25.4 0.6 -59,8 35.1

15.7 12,0 -61.1 -2.9 -27.6 16,3 25,2 -2.4 15.0 10.0 -32,6 9.0
1) [0.92) 31,2 ]5,7 -84.2 1,0 -53,3 21.4 38.5
IL (0.06)

5.0 28.9 13,0 -48.9 8.4
7.9 0.8 -45,4 0.3 -14,7 1.0 24.0 1.2 8.0 0.6 -23.2 15.9

F (0.58) 19,6 8.2 -64.3 0.0 -34.0 11.2 31.0 3.3 18.5 6.8 -18.8 -5.1
(i (1.18) 23,4 4,s -64.8 0.s -40.5 6,1 50.4 -4,5 21.9 3.7
II (1.70) 3s,0 12.0 -90.1 6.7

-47 .3  23 .0
-59.8 16.3 59.4

1 (0.73)
-4.5 32.3 9,9 -42.0 1.1

38.9 8.2 -83,4 -0.1 -66. I 11.2 66.2 0,3 35.8
J (O. 19)

6.8 -59.6 18.3
50.s 15.7 -102.1 -0.5 -85.5 21.4 76.3 -0.7 46.’2 13.0 -60.1 2.2

Values in parmhcses  arc standard deviatirms.
* A is Antarctica; (i, (irecnlancl;  P(ilt, postglacial rebound; Res, Obsc\-ved  - ~PIcdictcd (prcdictcrl  includes

n!oantaip  glaciers and small icc caps, sec Table 5); observed values arc from Newm  and  K/o.dio  [1996]
(.)31,  = J3 + 0.837J5). Scenarios A-I)  arc 111 M sccnal ios (}:igulc  13); sceoarios  l&J ate 650111 scenarios
(I:igatc  14).
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Tab]c 8. .), Satellite Solutions

Rcfelcnce

Net-em and Klo.T?io
[1996]

C’llzmuvr  PI 01.
[1996]

Chmg et al.
[1989]

Iillncs mid hwldJ)ur

[ 1996]

.i2 J31
-27.7 15.7
i 2,s i 3,5
-30
f3
-’25
j3

-25,6
+ 3,4

Standard
j3 j4 Dcvia[im

2 6.9
? 14,6

-17 -8 11.4
+1 i 15
-1 3 4,8
j3f6

-9 5.3
i 13

Values in I 0-12 yr-’.
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