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ABSTRACT. Changes in the Earth's grav ity fiel d wit h time ha\'e imp orta nt applica­
ti ons to a broad range o r di sciplines. Any process that involves a large eno ug h hori zonta l 
redi stributi on or mass, e ither within the E a rth or on or a bove its surface, is potenti a ll y 
detec ta ble. In pa rticul a r, when ice shee ts grow or shrink, g rav ity changes as l11ass is redi s­
tributed in the solid ea rth a nd between the ocea ns and th e ice sheets. The sourccs orgloba l 
sea-I e\ 'cl ri se (abo ut 2 111111 a 1 O\'e r the las t ce nt ury) a nd in pa rticul ar the contribution or 
the A nta rc tic ice shee t thereto are not well understood. G rav it ), measurem e nts can help to 
diminish thi s unce rta inty. 

Th e technology currentl ), exi sts to n'leas ure gnl\·it y with high acc uracy by a dua l­
satel lite miss ion in which the dista nce be twec n the satellites is precisely m o nitored. We 
estima te rrom recent studies that tempo ra l cha nges in the gravity fi eld as de te rmined by 
a sa tellite g rm·it y miss io n las ting 5 yea rs a t a n orbit a l heig ht o r +00 km wo uld be sensiti\'e 
to cha nges in the ove ra ll mass or the Antarc ti c ice shee t to a precision cO ITes po ndi ng to 
better than 0.01 mm a 10 1' sea-l evel cha nge. H owever, the e flec ts of th ree othe r phenomena 
that co uld each produce a tempora ll y var ying gra\'it y sig na l with charac te ri sti cs compa r­
abl e to tha t caused by a c hange in Ant a rc ti c ice - pos tg lac ia l rebound , inte r-a nnua l 
\'a ri a bilit y in snow ra l I, a nd a tmosphe l-ic pressure trend s - a lso need to b e eva l uated. 
Postg lac ia l rebo und co ul d be pa rtly se pa ra ted rrom ice-m ass cha nges w ith the a id or 
globa l p os itioningsys te l11 campaigns a nd numer ica l model s o r rebound th a t use impro\'ed 
determinations or ma ntle \'iscosity also prO\'ided by the g ra \ 'it y mission. D e tn lllination of 
in tcr-a nnua l ice-mass cha nges will be a ided by measu reme nts ormoisture-nu x di vergence 
a round the perimetC'J's o r the ice sheets a nd direc t obsen 'a ti o ns of inter-a nnua l changes by 
the g ra vit y sa tellitc itselr. The remO\'a l o r pressure dkc ts O\'e r An ta rcti ca ,,·ill become 
more efTec ti\ 'C as the nu m ber of autom a ti c weather stat io ns in the interi or o rth e continent 
Incrcases. 

Eve n a ft er co rrec ti o ns a rc made [o r these ractors, the unce rta inti es they cause limit the 
acc uracy in the determin ati on of the co ntribution or th e Anta rctic ice shee t to sea-l evel 
cha nge to about 0.5 mm a I . HowC\'e r, there is a strong compl ementarit y be twee n gravit y 
meas ure m ents a nd th e surface-height m easurements th a t will be p rodu ced by NASA's 
lase r a lt imeter mi ss ion ea rl y next centur y. 1bgether, they sho uld be able to de termine that 
contributio n to an acc uracy or about O. lmm a I. 

INTRODUCTION 1997) (he rea rter we express cha nges in the ice sheet In 
mm a I; "water equi\ 'a lent " is to be understood ). 

The m ass of the inland Anta rctic ice sheet (i.e. th e 
grounded porti on; Fig. I) va ri es tempo ra ll y th rough the ex­
cha nge o r water with the oceans. It gai ns m ass onl y by snow­
ra il on its surrace; the m o isture source is evaporation rrom 
the oceans. I\[ass is los t to the ocean p rim a ril y by solid now 
across the ma rgins o r the inl a nd ice, i. c. ac ross the ground­
ing line, a nd seconda ril y by excess mclting a nd liquid wa te l­
runo ff. Thus, the measure m ent or the to ta l cha nge in mass o f' 
the ice o n land is a direct ( though pa rti a l) measu re o f th e 
cha nge o r water mass in the oceans. C urrently, the la rge­
sca le Ill ass ba lance o r the Anta rcti c ice sheet is poorly 
known. Estimates o r the A ntarctic contribution to the 
obse rved global sea -l eve l rise during thi s century a rc in the 
ra nge 0 ± 1.4 mm a 1 ('Va rrick a nd othe rs, 1996); not even 
the sig n is kn own. This corres ponds to the yea rl y additi o n o r 
removal or a layer or wa ter 40 mm thick, spread over th e ice 
shee t, i.e. some 25% o r the a nnua l average input or ~ 150 
mill a 1 (persona l comlllunicati on rrom D. H. Bromwich, 

SATELLITE GRAVITY MEASUREMENTS 

There a rc a t least three m~j o r ad vantages or satellite grav it y 
measurem ents for large-sca le m a s-ba lance studies. The first 
is that since g ravity dep end s simply on m ass, changes in 
gra\'it y provide a direc tllleas ure or ice-mass bala nce th at is 
independent or the mea n de nsit y orthe ice sheet, which can 
change with time. Secondl y, g rm'it y integrates spati a ll y, 
thus obv ia ting the huge diffic ult y that glac io logists race in 
extrapola ting res ults rrom field studies in a few a reas to 
much la rge r regions, es p ec ia ll y to an entire ice shee t. 
Thirdl y, sa tellite grav ity ra pidly prov ides a measure 0 [' ice­
sheet mass a t a particul ar e poch; repea ted m easurements a t 
later times y ield mass cha nges over well-defin ed time inter­
va ls. There in li es a limita ti o n o r the technique a lso: a ny 
result wo uld be representa ti\ 'C o r the ice sheet 1'0 1' onl y the 
rela ti\'el y brief duration or the satellite mi ss io n. 
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Fig. 1. Map qf the inland (grounded) ice sheet of Antarctica, showing swJace elevations (black contour lines: heights in km), 
mountainous regions (dark gray) and sections of the ice sheet where the bed is above ( medium gray) and below (light gray) sea 
level. The heavy black lines divide the principal drainage systems. The grounding lines of/he Ross and Filchner- Ronne Ice Shelves 
are designated by the black dotted lines. 

The U.S. National Research Council recently completed 
a study on satellite gravity that includes a n examination of 
its value for studying glaciers and ice shee ts (USNRC, 1997). 
This paper is based on the findin gs of tha t report, to which 
we contributed. In that report severa l different gra"ity-mis­
sion scenarios, involving different instrumental concepts, 
were exa mined. H ere, we will consider only one of those 
concepts, known as "satellite-to-satellite tracking" (SST). 
In this scheme, differential orbital perturba tions are meas­
ured by pl acing two satellites in the same orbit, separa ted 
from each other by a few hundred kilometers, so that in 
effect one satellite "chases" the other. A microwave link 
between the two satellites is used to measure the line-of­
sight range rate (time derivative of the inter-satellite dis­
tance), which, in turn, provides information on the gravita­
tional a ccelerations acting on the two satell ites. We choose 
thi s single cheme not onl y to simplify the di scussion, but 
also because it is the basic concept of the gravity recovery 
and climate experiment (GRACE ), recently accepted by 
NASA as one of the two initial missions for its Earth System 
Science Pathfinder program. We further ass ume that the 
orbital height is 400 km and that the mission las ts for 
5 years. 

Our purpose here is to a sess what cha nges in the mass of 
the Anta rctic ice sheet would be detectabl e by such a satel­
lite gravity mission. The outer bounds of the Antarctic con­
tribution to sea-level change ( ± 1.4 mm a- I) cited above 
corresp ond to a change in height of the Anta rctic geo id of 

208 

about 2.2 mm a I. However, that is not a convenient form 
in which to make a sensitivity compari son. Instead, the 
spheri cal ha rmonic components of the geoicla l p erturbation 
caused by a particul ar di stribution of m ass change were 
estimated a nd compared with the estimated m easurement 
errors for the SST mission. (A number of simplifying 
ass umpti ons about the errors to be expected in the measure­
ments were made to permit their analytical evaluation. 
Further de ta ils can be found in the USN RC (1997) report. 
From the ha rmonic components it is possible to calculate 
the sensitivity of the gravity mission to mass layers di stribu­
ted evenly on surface squares of different latera l dimensions 
(Fig. 2). Approximating Antarctica by a square about 
3500 km on a side, we estimate from Figure 2 that the 
ass umed SST mission would be sensitive to cha nges in the 
overall m ass of the Anta rctic ice sheet to an astoni shing 
acc uracy of 0.1 mm a- I, i.e. only 3 J1m a- 1 of sea-l evel rise! It 
would be nice to think th a t all problems of Antarctic ice­
sheet mass balance wo uld thereby be solved. Unfortunately, 
there a re major ambiguities in interpreting the gravity 
signals over the ice heet, that limit the accuracy of the 
mass-bala nce determinations. 

AMBIGUITIES 

These problems have to do with separating the effects of ice­
sheet cha nges from those arising from (a ) isostati c rebound, 
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Fig. 2. Sensitivity to variations in the thickness qf a square 
disk qf water vs size qf the square Jor an SSTsateLlite gravity 
mission at an altitude qf 400 km. The solid line rifers to the 
detection qf the average change over 5 years, used to evaLuate 
the secuLar trend, whereas the dashed Line refers to the detection 
qf a single-year change, used to evaLuate the inter-annuaL var­
iations in mass input. 

(b ) inter-annua l variations in snow accumulation rates, and 
(c) inter-annual variations in mean atmospheric pressure. 
The sizes of these effects are di scussed in turn below and 
summarized in Table l. 

Isostatic rebound 

It is particularly difficult III A ntarctica to distinguish 
between effect of present-day changes in ice-sheet m ass 
a nd effects of the Earth's viscoelast ic response to changes in 
ice mass over the past few hundred to severa l thousand 
years. For example, the top panel of Figure 3 shows the secu­
la r change in the geoid that wou ld be caused by an increase 
in Antarctic ice, uniformly di stributed over the ice sheet 
( the rate of thickness was cho en to be consistent with a 
g lobal sea-level fa ll of 1 mm a 1). T he middle panel of Figure 
3 shows the secula r change in the geo id caused by the Earth's 
isostatic acljustment to a thinning of the ice sheet over the 
las t 4000 years, at a rate equivalent to a steady lmm a 1 rise 

Table 1. Alagnitudes qf various processes, in terms of mean 
if.fects on Antarctica and on sea leveL, together with the sensi­
t ivity qf an SSTsatellite gravity mission 

Annual exchange with ocean 
Al1larclic contributi on to sea-l evel change 

(TPCC' upper bound ) 
Rebo und unccrtaint y now 
Rebound uncertainty due to ice history, 

viscosity known 
Cl'S measurement of up li ft (for I n1ln a Ion 

rock 
Snow-accumulat ion-va riability contributio n 

to ~'scc ul ar change" 
Atmospheric-pressure variability 
SSTsensitivity to average change over 5 yea rs 
SSTscnsi ti vity to annua l change 

Antarctic AII/arc/ic 
water geoid 
layer 

I Vorld­
widesfa 

Level 

Inma mma 111111 a 

180 10 6 

40 2.2 1.4 
30 1.6 1.0 

10 20 0.5 I 0.3 0.6 

3.6 0.2 0.12 

11 0.6 0.4 
5 0.3 0.2 

0.1 0.005 0.003 
0.4 0.002 0.013 

• Il1lcrgovernmcl1lal Pa nel on Climate Change. 

Bentley and Wahr: SateLLite gravity and mass baLance of Antarctic ice sheet 
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Fig. 3. The estimated secuLar change in the geoid, in mm a /, 
from: (toP) a uniform inaease in ice over Antarctica, with a 
rate of thickness change coms/londing to a 1 mm a / Jail in 
gLobaL sea level; (middLe) the viscoeLastic response qfthe soLid 
earth to a uniform rate of decrease in Antarctic ice during the 
last 4000 years, with a rate qf thickness cha nge comsjlonding 
to a 1 mm a I rise in sea LeveL, assuming uj)j)er-mantle viscosi­
ty = J(p Pa s, and Lower-mantle viscosity = J(f2 Pa s; and 
( bottom) the earth's viscoeLaslic response to the Late-Pleisto­
cene degLaciatiol1 of Antarctica, assuming ice model ICE3G 
( Tushingham and PeLtier, 1991) and the same viscosity profiLe 
llsed in the middLe paneL. 

in sea level, using the viscoelastic Green's functions ofDaz­
hong and Wahr (1995) ( the viscosity para meters are given in 
the figure caption). Note that the results in these two panels 
have si mil a r spatial patte rns and amplitudes that are not 
greatly di£Terent. 

In principle, one could correct [or the isostatic uplift by 
measuring it on exposed rock. Although m ost of Antarctica 
is ice-covered, there are many exposures in the extensive 
Transantarctic Mountains, which cut through the continent 
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from the Atlantic to the Pacific (Fig. 1). Hence, continuous 
global positioning system (G PS) measurements at selected 
si tes along the Transantarctic M ountains (and elsewhere) 
to determine uplift rates would be a , ·aluable undertaking 
Games and Ivins, 1995). Accuracies on the order of 1 mm 
a 1 in the vert ical component should be a ttainable with 
5 yea rs of continuous GPS m easurements (for this estimate 
we assume that accuracies in the vert ical a re abo ut 10 mm 
averaged over every 2 weeks, and that the errors are not 
notably correlated from onc 2 week period to another). 
Repeatabiliti es of about 2 mm a 1 for GPS measurements in 
Alllarctica are already being reported (Dietrich and others, 
1997; Hothem and others, 1997) a nd an appropriate network 
in the Transantarctic Mounta ins is being establi shed 
(Ray mond a nd others, 1997). An accuracy o[ 1 mm a 1 in 
the rate of vertical crusta l deformation corresponds to an 
uncertain ty in the secula r g rav ity signal that is equivalent 
to about 4 mm a 1 of ice r emoval or growth, or about 
0.12 mm a- I of global sea-level rise. The problem is, however, 
that crustal uplift rates meas ured for the Transantarctic 
Mountains, which occupy only a ma ll fraction of the total 
area of Antarctica, are unlikely to be representative of the 
average uplift rates for the entire continent. It is thus prob­
able that t he best use of such GPS measurements would be to 
help constrain models of the rebound, which would then be 
used to remove the effects at a ll locations. 

Constraints on rebound models are necessary because 
they a lone, in their current sta te of development, would not 
suffice to solve the problem . Uncertainties in the Earth's 
viscosity profil e and in the time evolution of the Antarctic 
ice sheet could lead to errors in the rebound solutions that 
are large enough to degrade estimates of prese lll-day ice­
sheet cha nges significantly. ' Ve ha, ·e attempted to quantify 
thi s degradat ion, as follows. ' Ve used the approach described 
by Daz hong and Wahr (1995) to compute ,"iscoelastic 
Green's fu nctions for various p lausible m antle-viscosity 
profil es. ,,,re convolved those Green's fun cti ons with different 
space- time di stributions of the Anta rctic ice sheet, thus ge n­
erat ing a suite of possible geoid signals caused by isostatic 
rebound. The difference betvvee n these signals is an estimate 
of the error in rebound models. ' Ve took differences between 
pairs of estimated geoid signa ls, and fitted to each difference 
a hypothe tical present-day cha nge in Antarctic ice thickness 
that would cause it. The results indicate the possible effects 
of errors in the rebound model on the solutions for present­
day changes in the ice sheet. \Ve find , [or example, that un­
certa inti es in the current rebound models are likely to 
correspond to uncertainties on the order o[ 30 mm a 1 in 
present-day ice, which is equival ent to abo ut Imm a- I of 
global sea-level change. 

At first glance, this result suggests that a gravity mission 
alone wou ld not improve the g lobal sea-leyel-change esti­
mate of War rick and others (1996). However, it is likely that 
a dedicated g ravity mission will lead to a solution for secular 
changes in the gra,"ity field oyer Canada (resul ting from the 
di sappearance of the Laurentide ice sheet ) that wou ld 
g reatl y impro,·e knowledge o f the ea rth's viscos ity profil e, 
par ticula rly in the lower m a ntl e (USNRC, 1997). Upper­
mantle viscosity would be less well constra ined , and could 
conceivably be somewhat different under Antarctica than 
under Canada. However, errors in the upper-m antl e-viscos­
ity model wou ld have their largest impac t on the gra,"ity 
field at relatively short waveleng ths. As such, they are likely 
to be less of a problem [or learn ing about present-day 
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ch anges in ice than are lower-mantle errors. Thus, we 
assu me that aft er the gra,·ity mission has been in place for 
a number of years, the main source of uncertainty in the 
Amarctic viscoelas tic ehange would be the time evolution 
o f the Antarctic ice sheet itself. 'Ve estimated thi s uncer­
tainty by ta king differences be tween geoid signa ls caused 
by differcnt models of isostatic rebound , as desc ribed above, 
except that when taking differences between two models in 
thi s case, we kept the viscosity profi le fixed wh il e varying 
the ice-sheet history. 

Estimates of the contribution of shrinkage of the Antarc­
tic ice sheet to sea-Ie,·el rise since the Late Glacia l f-.Iax i­
mum were reviewed by C lark and others (1996), who 
suggested that there may be a co nvergence of esti m ates to 
within a range of about 15- 20 m. H owe,u, that r ange does 
not include the estimates made by Peltier and hi s assoc iates 
for either the ICE3G model (26 m ; Tushingham and Peltier, 
1991) or the ICE4G model (22 m ; Peltier, 1994). Conse­
quently, to be conservat ive, we have adopted a somewhat 
broader range within which we ass ume the actual va lue 
probably lies: 20 ± 5 m. \Ve do no t extend our range to in­
clude the 35 m estimate of ~akada and Lambeck (1988), 
which we find unreasonably la rge on glaciological grounds: 
even a fully de,"eloped ice sheet t ha t extends to the edge of 
the continental shelf arou nd the continent wou ld contain 
onl y enough ice to lower ea level by 25 m or less (Hughes 
a nd others 1981; Huybrechts, 1990). There is disagreement 
a lso over the timing of the major production of m eltwater 
from the An ta rctic; Clark and o the rs (1996), for example, 
p lace the principal contribution at about 14000 BP' whereas 
Peltier (1994) belie, ·es it ca me only abo ut 11 000 years ago. 
Aga in, to be consen "ative, we haye adopted a 3000 year un­
certainty in the timing of the m ass loss from Anta rctica. We 
ha, ·c also allowed for the possibili ty that the ice m ass has 
been changing O\·er the las t few hundred to few thousand 
yea rs (the middle panel of Figu re 3 sh ows an example). 

The present-day viscoe last ic uplift rate depends on the 
earth's viscos ity profi le. If the lower-mantle viscosity turns 
o ut to be 5 x 1021 Pa s or small er, the uncertainty in the 
Antarctic contribution to present-day sea-level rise wou ld 
be on the order of 0.6 mm a- I, wi th about equal contribu­
Li ons from uncertainti es in the Pleistocene iee history and 
in estimates of wha t the mass ba la nce might have been m·er 
the past several hundred to se\"era l thousand yea rs. At 
la rger ,·alues of lo\\"er-manrle yi scosity (e.g. 20 x 1021 Pas 
or g reater), the Earth wou ld respond more slowly to pa t 
changes in ice, and the tota l uncer ta inty might be reduced 
to 0.3 mm a I or sm a ll er. 

In either case, consLraints from G PS measurem ents on 
exposed rock would reduce the uncertainty further, to 
about ± 0.2 mm a I. Uncerta in ty estimates thi s small wou ld 
indeed lead to imprm"Cd estima tes of the Antarctic contribu­
t ions to sea-leve l change. 

Snow accumulation rates 

The sccond interpretation difficulty ar ises from the consid­
e ration of inter-annual var iations in the snow accumulation 
rate on the ice-sheet surface. H ere the problem is not in 
determining the change in mass o f the ice sheet, but in dis­
tinguishing between changes in the mass of the solid ice, 
wh ich can only occur by ice-dynamic processes with time­
scales in decades to mill ennia a nd which, conseq uentl y, are 
of the most interest in terms of sec ula r changes in sea level, 
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and epheme,-al cha nges associated with a few years of high­
er-than-normal o r lower-than-no rm al snowfall ra tes. Inter­
annua l vari ability will result in changes in ice-sheet mass 
over the lifetime of a satellite mission that are no t rela ted to 

the long-term (i. e. centennial-sca le) balance. Thus it inter­
feres with the evaluation of long-term changes from a rela­
ti vely short miss ion. We therefore assum e, for evaluation 
purposes, that the long-term cha nges are "conta minated" 
by shorter-term va ri ability, producing a "pseudo-secul a r" 
eflect. 

To estima te the magnitude of this effect wc employ the 
analysis of Va n der Veen (1993). 'Vc consider the inter-annual 
vari ations in acc umulation rate to be randoml y di stributed 
in time; we must ass ume a standa rd deviation fo r the inter­
annual va riation of annual accumul ati on rat es. It is not well 
known how la rge the a\·erage \·a ri ability in snow fa ll might 
be o\'er an enti re ice sheet, but on a more local scal e a n aver­
age inter-annua l va riabi li ty of 25% has been estimated 
(Giovinetto, 1964); that is the fi g ure we will adopt fo r all of 
Anta rctica (i.e. 45 mm a I). We a lso assume a 5 yea r mission 
for a ll our ca lcul ati ons. We then find from Va n de r Veen's 
(1993) analysis (Fig. 4) that if wc were to detec t a n average 
g rowth or shrinkage rate in mass that was 25% of the inter­
annual vari ation in the accumul a ti on rate, there wo uld be a 
70% chance tha t it was a "rea l" (i. e. long-term ) change. 
Thus, if the va ri a bility in acc umul ati on rate is treated as 
a n error source, the 10" uncerta inty (68% proba bility) is 
about 25% of the inter-annu a l va riabilit y, or 6% of the ac­
c umu lation ra te. So, for a m ea n accumu la tion rate of 
150 mm a l ove r the entire ice shee t, we find a n uncertaint y 
in the secul a r m ass change a ri sing from the inter-a nnual 
\·a ri ability o f a bout 9 mm a 1 (0.3 mm a 1 in sea Icvel ). This 
is a very rough es timate, but it sufIices to show th a t the error 
source is impo rta nt. 
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Fig. 4. ProbabiLi£)i Ihal a thickness change (wa ler equivalenl) 
q/all ice sheet, observed over seVeral) 'fmJ, is due la stochaslic 
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There are two ways actua ll y to measure the inter-a nnual 
differences. The first is by the calculation of broadl y ave r­
aged snowfa ll rates from conve rgence of the a tmospheric 
moisture flux ac ross the bounda ri es of the ice shee t, which 
is determined from the sma ll number of surface stations 
making regula r rawinsonde observations and suppl emented 
by satellite-based soundings of water \'apor a nd winds. 
Meteo rolog ists hope that by the year 2000 the to ta l input 

can be known to 10 % (persona l communicati ons from 
D. H. Bromwich, 1996 a nd W F. Budd, 1996), although diffi­
c ulties remain (persona l communication from D. H . Brom­
wich, 1997). Furthermore, the uncerta inti es wo uld be to a 
la rge extel1l . ys tematic, i. e. not va rying year-to-year. Thus 
the error in the inter-annua l differences would be less tha n 
10 % ; if it were half that, the error wo uld be a bo ut 
10 mm a I (0.3 mm a 1 in sea level), i. e. about the same as 
the uncertainty cited above. Thus, while not perhaps signifi­
cantly reducing the uncertainty from thi s source, the 
meteorological measuremel1ls will give a va luable estim a te 
of its size. 

Secondl y, the g ravit y mea urements themsclves ca n help 
de termine the inter-a nnua l va ri ations, a t least for the p e riod 
of the mi ss ion. According to our calculati ons (Fig. 2) the 
SST mission could , in principle, reso lve these thickness va r­
ia tions to an acc uracy of about 0.4 mm. In actuality, the 
accuracy wi ll be less, because the gravit y signal of the ice 
sheet is contamin a ted by the signa l from the surrounding 
ocean. We estim a te, using an annua lly va rying geoid pre­
dic ted (i-om oceanic general-circ ula tion data (USNRC, 
1997), that the oceanic effects would limit the acc uracy in 
de termining inte r-a nnua l changes in snowfall to a bo ut 
2 mm (0.07 mm o f" sea In·el). This wo uld represent a g reat 
improvemel1l ove r c urrent methods of determining cha nges 
in snowfall ove r time, but would not direc tl y improve the 
es timate of the "pse udo-secul ar" cha nge. 

Atmospheric pressure 

The third problem a ri ses from the fac t that the gra\·ity satel­
lite will measure th e mass of the a tmosphere, as well as the 
m asses of the ice shee t a nd the solid ea rth. The mean a tmo­
spheric press ure 0 11 the ice-shee t surface (which reDec ts th e 
o\·erl ying mass ) must be determined from measurements a t 
onl y a small number of points; consequentl y there m ay be 
considerable erro r in eva luating annu a l averages. Pa rt of thi s 
co uld be a rela ti vely sta tic error, near ly consta nt throug h 
time, so it would no t notably a fTec t a ca lcul ati on of sec ul a r 
cha nge rates. H owever, there still rem a ins a random-e rror 
component, which is a lso on the order o f I or 2 mba r (a bo ut 
equ a l in mass to 10 20 mill of ice or 0.3- 0.6 mill of sea-l eve l 
equi va lent ) on a nnua l averages (persona l communicati on 
from D. H. Bromwich, 1997), and hence pres umabl y is on the 
order of Imba r (10 mm of" ice; 0.3 mm of sea leve l) with 
resp ec t to an estim a te of the ·ec ul a r cha nge rate based o n a 
5 yea r tilll e seri es. Th e unce rtainties in mean pressures ca n 
bes t be reduced by continuing to ex tend the number of a uto -
matic weather sta ti o ns (AWSs) over the Antarctic surface 
a nd ass uring tha t d a ta from them a rc used in calcul a ti o ns 
of the mea n press ure ( there were abo ut 80 AWSs and nea rl y 
40 occupied sta ti o ns as of the Anta rctic "FROST" Proj ec t in 
1994- 95, but their distribution was ve ry uneven, Icav ing 
nl ajor gaps in the coverage or the continenL (,TLlrner a nd 
others, 1996)). 

COMPLEMENTARITY WITH GLAS 

From the d isc uss ion o f ambiguiti es we conclude that a satel­
lite g ravity mi ss ion, together with ava il able (or soon-to-be­
available ) anci Ilary information, ca n Icad to a determ i na­
ti on of the Anta rcti c contribution to sea-level change with 
a n acc uracy on th e order of 0.5 I11m a I. C alculations of m ass 
ba la nce will become dramatica ll y more acc urate whe n o n-
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going cha nges in the height of the ice shee t a re d etermined 
sepa rately using lase r altimeter measurements from a n or­
biting satellite, specifica ll y, one car rying NASA's pla nned 
Geosc ience L aser Altimcter System (GLAS ), which is 
scheduled fo r launch in 2001. For a given mass inc rease, the 
surface-height changes for isos ta tic uplift , changes in solid 
ice and cha nges in snow acc umulation at the surface would 
be in the ra ti o of 1: 3.5 : 10, respecti vely, because the source of 
mass change in each of those cases is characteri zed by a 
diITerent mean density. If the cause of mass cha nge were in 
the atmosphere, there ,m uld be no change in height at all 
(the rcsponse of the icc to pressure fluctuations is neg ligible). 
it foll ows that simultaneous measurements of change in 
height and change in gravity should, in principle, make it 
poss ible to distinguish between diITerent causes of mass 
change. NASA's pl anned lase r-altimeter mission, carrying 
GLAS in a 94° orbit with a nominal lifetime of 4 yea rs, is 
design cd to detec t mean surface-hcight changes to better 
than 10 mm a 1; an accuracy of a few mm a 1 in mea n height 
ehange over la rge areas will probably be attained. An accu­
racy of 3 mm a- I, combined with the satellite g ravity meas­
urements, would make it possible to calculate the 
contributi on of the ice shee t to sea-l evel change at the 
O.lmm a 1 level. Neither satellite gravity nor satellite laser 
alti metr y has that capabil i t y a lone: the two types of meas­
urement are strongly compl ementary. (The laser altimeter 
measurements a re subj ect to most of the sa me uncerta inti es 
about causes as the gravity measurements, but with difTer­
ent sensitivities. Without better knowledge of the isostatic­
rebound a nd snowfall-va ri a tion efTects, such as can be 
obtained using satellite grav ity, the GLAS-based estimates 
of the ice-sheet contributions to sea level would probably 
be acc u rate to a few tenths of a m i11i meter per yea r.) 

DRAINAGE SYSTEMS WITHIN ICE SHEETS 

The Anta rctic ice sheet is, of course, a complex eomposite of 
individual dra inage systems or basins, some of which are 
characteri zed by fas t-moving, low-gradient ice streams bor­
dered by slowly fl owing ice, some by la rge outlet glaciers 
through peripheral mounta in ranges, and som e by broad 
expanses of open sheet fl ow with only small, local glaciers. 
From a direct societa l standpoint, the total m ass balance of 
the ice on land may be the most relevant qua ntity to meas­
ure, but, from a glaciologica l standpoint, it is at least as 
important to measure the mass changes in individua l drain­
age systems within the ice sheets, because they are the basic 
dynamic units; the dynamic behavior of a pa rticul a r drain­
age system m ay be nearly independent of the dynamic beha­
vior of even its nearest neighbors. Glaciologists can lea rn 
how to predict future changes in ice-sheet mass balance only 
by understa nding the dynamics of these basic units. 

The ice sheet is so la rge, a nd satellite gravity so sensitive, 
that a grav ity mission can provide a va luable approach to 
the study of subdivisions like individual drainage systems, 
as well as entire ice sheets. For example, the mass of ice in 
the large dra inage system that empties into the east side of 
the Ross Ice Shelf, West Antarctica (Fig. 1) is suspected to 
have fluctu ated dramaticall y in the past because of unstable 
dynamic behav ior, including a rapid retreat at the end orthe 
las t ice age that may be continuing at present, albeit at a 
reduced rate. Secular changes in the thickness of this drain­
age system could be tens of millimeters per year. 'vVe see 

212 

from Figure 2 tha t the assumed SST miss ion could de ter­
mi ne the secular ch a nge in mass of thi s region (approxi­
m a ted by a squa re 600 km on a side ) to an acc uracy of 
a bout 4 mm a- I (in sea level ), or the o rder of 10 % of the pos­
sible imbalance. The de termination of secula r changes in the 
m asses of thi s and o ther large drainage systems would a llow 
models of ice-shee t dyna mics to be tested . 

The same problem s a ri se with interpretation of g rav ity 
cha nges O\ 'er a dra inage system as with changes O\'er the en­
compass ing ice shee t as a whole, and the same approaches to 
alleviating those problems mostl y appl y. There is a specia l 
situation with respect to isostatic rebound, howeve r. 1so­
sta tic rebound model s that incorpora te the res ults of ana­
lyses of ice-sheet d ynamics, such as those based on the 
ICE3G and ICE4G models of Tushingham and Pelti er 
(1991) and Peltier (1994), show an isostatic rebound rate on 
the east side of the Ross Ice Shelf tha t is much greater than 
the Antarctic average because of the major model ed ice­
sheet retreat there a t the end of the las t ice age (Peltier, 
1995). Modeled rebo und rates a re g reater than 10 mm a 1 

over a wide area, and the maximum rate is over 15 mm a 1 

( the pattern is the sa me as for the geo ida l change shown in 
the bottom panel of Figure 3). It is no co incidence that the 
highest modeled uplift rates are foc used on the regions 
where the greatest likelihood of rapid change from a g lacio­
log ica l perspective ex ists today; the same high glaciological 
sensitivity that is of concern today presumably led to la rge 
changes in ice mass in these areas in the past. As a rebound 
rate of 15 mm a 1 is g ravitationally equivalent to an ice­
thickness change o f about 60 mm a 1, even a large g laciolo­
g ica l imbalance co uld be obscured by ongoing isostatic 
uplift. 

Since the Transanta rctic Mountains cut throug h the 
region showing large modeled uplift rates, GPS urveys in 
those mountains of the type recommended above would 
provide an excellent check on the m odel s. Furthe rmore, 
sincc the rates of cha nge that might be attributed to either 
changing ice mass o r isostatic rebo und a re so la rge, this 
region is particularly well suited to testing by compa ring 
results from a gravity satellite with those from a lase r-alti­
me ter satellite. 

CONCLUSIONS 

The measuremenL a nd interpretation of changes in Antarc­
ti ca is a complex issue, given the complex nature of the phe­
nomena involved: sec ula r changes in ice-sheet mass, post­
glacial rebound, inter-annual vari ability in snowfa ll, a nd 
the eITect of atmospheric pressure trends. (a) Postg lacial 
rebound could be partly separated from ice changes by com­
bining measuremenLS from a network of GPS receivers on 
the land surface with numerical model s of rebound that use 
improved determi na tions of mantl e viscosity provided by 
the grav ity mission . (b) Separati on of the pse udo-sec ular 
eITec t of the inter-annual mass cha nges from true sec ular 
ch a nges will be a ided by calculations of mass input to the 
ice shee t from atmospheric moisture-flux divergences a nd 
by the direct observations of inter-a nnual changes by the 
gravity satellite. (c ) The removal of pressure eITects over 
Anta rctica will become more eITective as the number of 
A\t\TSs in the interior of the continent increases. (d ) Gravity 
m easurements will be most eITective in combination wi th the 
observations planned for NASNs laser-a ltimeter mission. By 
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combining results from the two miss ions, an accuracy of 
0.1 mm a I in the determination of the contribution of the 
Antarctic ice sheet to sea-le\'el change shou ld be attainable. 

In add ition, satellite gra\' it y meas urements are capable 
of yielding va luable information about the mass balance of 
individua l drainage systems within the Antarctic ice sheet. 
Glaciologists will find such information hi ghl y useful for 
testing models of ice dynamics, which are essential to the 
prediction of fut ure sea-l evel change. 
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