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Summary. Recent improvements in the spatial and temporal retrieval of 
land-based cryospheric change information south of 42.5" allows fairly robust 
construction of forward model predictions of the time-rate of change in grav- 
ity. A map-view prediction is presented for the time-rate of change in geoid, 
d N / d l  that might be retrieved from the currently orbiting gravity space craft, 
CHAMP (Challenging Mini-Satellite Payload for Geophysical Research and 
Application) and/or GRACE (Gravity Recovery and Climate Experiment). 
Complementary computation of the surface gravity change, d d g / d t ,  is also 
presented. The latter can be recovered from terrestrial absolute gravity mea- 
surements. Also, the computed rate of change Stokes coefficients for degree and 
order C, m 1-12 may be used as reliable estimates of the Southern Hemisphere 
cryospheric change contribution to  the global low-degree harmonic variability 
recorded in multidecadal satellite laser ranging (SLR) data sets. 
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1 Introduction 

With the launching of the CHAMP and GRACE gravity satellite missions 
scientists are now provided with a new opportunity to  decipher interannual 
and iriterdecadal hydrological changes that may have wide-sweeping societal 
implications about changes in the storage and replenishment of large freshwa- 
ter reservoirs across the globe [l]. The Antarctic ice sheet stores a water mass 
having the potential to  raise equivalent sealevel by 30 meters. The stability 
of this mass to  wasting is quite sensitive to  year-to-year changes in oceanic 
thermal structure [2]. The level of accuracy provided by the new gravity mis- 
sions 131 implies that stand-alone satellite gravity data sets might be brought 
t o  beax on the question of Antarctic ice mass change. The main goal of this 
paper is to  employ very recent estimates of ice mass balance to investigate the 
implications for measurement of the time-dependent gravity south of 42.5". 

http://nasa.gov
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2 Time-varying Stokes Coefficients 

A main goal of non-tidal time-varying gravity field determination is to  isolate 
perturbations to the external gravitational potential: 

where r, 8, A, t are radial position, colatitude, longitude and time, respectively, 
and G M  is the product of the universal gravitational constant and planetary 
mass. The Earth’s surface gravity is g, and mean radius, Re. Here Y e m j  are 
normalized real surface harmonics [4] and Cemj are the Stokes coefficients 
with the symbol { ’  } for time differentiation. We call these later parameters 
the time-varying Stokes coefficients and consider physics in which these are 
primarily driven by surface density changes u ( B , A , t )  at r = Re.  Variations 
that  conserve mass allow the sum (1) to begin at  Q = 1. 

2.1 The 27-year Record from the Lageos Class SLR Measurements 

Since the launch of Starlette and Lageos I in the mid-1970’s continuous mon- 
itoring of for Q = 2,3,4,5,6,7 has been maintained. Since about 1992, 
when a constellation of similar small passive satellites were in orbit, these 
have been increasingly reliable observations. There are mass balance coeffi- 
cient relations that link these observations to total nonsteric sealevel change 
[4] [5] [6]. However, there exists a large number of poorly modeled sources, 
aside from glacial isostatic adjustment (GIA) which drives a large component 
of the secular part of the signal [5]. A main inference derived from the even 
and odd-chained secular zonal signal, after correcting for GIA, is that  Antarc- 
tica may be contributing to equivalent nonsteric sealevel rise rate (ESLRR) 
of about & = -0.05 to +0.6 mm/yr [5] [6], but with a number of critical 
caveats and rather indeterminable error estimates. The situation for Antarc- 
tica, however, has now taken a turn for the better as we now discuss. 

2.2 12-year Record of Mass Balance Monitoring 

Radar and laser altimetry, on-ice GPS, speckle tracking of ice flow by remote 
sensing, ocean temperature and salinity measurements, passive microwave 
monitoring from space, ice core data, and grounding line migrations deter- 
mined from InSAR, now provide a wealth of new data from which the mass 
balance of the principal ice drainage basins of Antarctica may be obtained 
[7]. In some parts of East Antarctica the formal errors are comparable to 
the drainage basin imbalance estimate. However, these form a relatively small 
portion of the total, and are sufficiently small in amplitude that they do 
not degrade a quantitative estimation of satellite retrieved gravity changes 



Antarctic Ice Mass and Gravity Change 3 

Table 1. Model ESLRR (equivalent sealevel rise rates) in mm/yr. 

( A  i N Z  i S S A  ( A P  

0.2410 0.0002 0.1050 0.0809 

south of the Antarctic Circle. With new Shuttle Radar Topography Mission 
(SRTM) data now available for elevation control, revised estimates for the 
Northern and Southern Patagonian icefields show that the ice mass loss to 
the oceans during the period 1995-2000 is substantial [8], occurring at rates 
that  rival those of the entire Antarctic continent. Estimates are also available 
for glaciers of the Southern Alps of New Zealand (91. 

The greatest uncertainty in computing southern hemispheric long wave- 
length gravity changes due to continental cryospheric imbalance is a lack of 
sound observational constraint on the Antarctic Peninsula region. 

2.3 Space and Terrestrial Fields from Cryospheric Imbalances 

It is straightforward to convert volumetric ice imbalance into gravity and 
crustal motion for elastic Earth models. First, we note that a set of surface 
density rate coefficients, 6emj, may be calculated in an expansion similar to  
(1) arid related to the Stokes rate coefficients as: 

With the direct loading of the ocean (of total rise rate i) accounted for, these 
coefficients are computed from a series of spherical caps with rates of ice height 
changes Di. Assuming conservation of mass, the density coefficients are 

where pw and pice are densities of ocean water and continental ice, and aemj 
are normed ocean coefficients [4]. The total number of caps is &isk and Cj!mj,i 
are disk coefficients (eq. 30b in [lo]). The rate of change in the geoid [4] is: 

and the time-rate of change in surface gravity [lo] is 
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Cryosphere Change Power Spectra 
10 D91- 1.5 Antarctica 

l r  GRA CE "limit" 

e. L 
GLo ba L ICE-3G 

e 0.1 Cryosphere South of 45"s * E 
E 
W 

A 0.01 

a2: " 0.001 

5 10 15 20 25 30 35 40 

Fig. 1. Power spectra for cryosphere change and GIA models. GRACE annual 
recovery error estimate [l] and CHAMP sensitivity estimate for three years [14] 
correspond to theoretical limits. 

wherein elastic deformation is accounted for by the surface potential and ra- 
dial displacement Love numbers, k: and hi, respectively. Geoid rates may be 
constructed using the stand-alone satellite data. The surface rate of change is 
measured using absolute gravity instruments placed on bedrock [ll] [12]. 

subsubsectionIntegration of Present-day Cryospheric Information Using 
the cap-grid structure for ice covered regions, each of the terms 6lmj,iDi in 
(3) is created with grid-size varying from small sizes in the Cordillera Darwin 
(Tierra del h e g o ) ,  Patagonia and the Antarctic Peninsula (radii a( 21 0.05") 
to  large caps in East Antarctica (radii ai cz 1.28'). Ice on the Antarctic conti- 
nent ( A )  is represented by 268 caps, while ice in the Antarctic Peninsula ( A P )  
and southernmost South America (SSA) has 146 and 38 caps, respectively. 
Each of these were treated, in essence, as cap harmonics. For our purposes, 
neither spatial nor spectral smoothing was required and the series were trun- 
cated at L = 256, as were the ocean function coefficients. The total ESLRR 
associated with land-ocean mass transfer for four regions south of 42.5" S is 
given in Table 1. The total rate of change in sealevel, 4, in (3) is assumed to  
be derived from the net sum of ice mass changes in the model. 

Degree Power Spectra 

The detectability of the time-dependent field generated by changes in the 
continental cryosphere may be scrutinized via the secular geoid rate power 
spectrum [13]. Such plots (Figure 1) are diagnostic of the ability for satellite 
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data  to  recover the time-dependent field associated with the large-scale ice 
mass changes. In Figure 1 the combined mass exchange of all four regions ( A ,  
AP,  SSA and New Zealand; N Z )  are assumed. For comparison, the spectra for 
both global and Antarctic GIA are also shown (see [13]). With the exception 
of Antarctica, GIA has a fairly reliable time-dependent gravity field. 

Antarctic Peninsula Scenario 

The status of glacial and ice sheet balance has been greatly improved during 
the last few years in all but one region: the Antarctic Peninsula. Data-based 
models of glacier discharge that scale seasonal temperature changes to  eleva- 
tion and precipitation, suggest that the Peninsula is in negative mass balance 
[15] [16] [17]. The evidence, however, is somewhat anecdodal. (For example, 
the observed changes in adjacent ice shelves [18]). There is not enough data 
for constructing a complete balance estimate, and even the net surface mass 
balance is complicated by short wavelength orography [19]. We incorporate a 
scaled model [16] to account for the Peninsula. 

While model inputs for Patagonia are likely significant at a 2-0 level [8], 
uncertainty of the Antarctic continent struggles at the 1-0 level [7], a situ- 
ation possibly exacerbated by sub-decadal variability [20]. The estimate also 
considers reanalysis with newly acquired airborne laser altimetry and radio 
echo sounding data  [21]. In spite of its large uncertainty, the new estimate is 
a great improvement over the simple ’scenarios’ assumed previously [5] [lo]. 

3 Terrestrial and Space Rate Predictions 

3.1 Zonal Field 

Observations of the amplitudes of the secular zonal harmonic rates are about, 
1 j e  1 N 0.3 t) 3.0 x lO-”yr-’ for 2 5 5 6 [6]. Table 2 gives ice change 
predictions for the very low order zonal gravity field rate coefficients. Clearly, 
these predictions are of an amplitude comparable to those derived from long- 
term SLR observations. For the first time, then, it is more definitively show 
that interdecadal cryospheric change in the high latitude Southern Hemisphere 
is a major contributor to the overall je-sealevel budget. This is true, even if 
the ’AP’ scenario is ignored (the column jFAP in Table 2 is for coefficients 
computed with the net imbalance of the Peninsula set to  zero). 

3.2 Non-zonal and Surface Gravity Change 

The zonal coefficient amplitude is strong enough that CHAMP, GRACE and 
follow-on gravity missions could be employed to ’monitor’ the cryospheric 
balance state in the Southern Hemisphere. For such analyses, we provide the 
lowest 12 degree/order normed rate coefficients in Table 3 for the forward 
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Table 2. Zonal rate coefficients Jt -J=~,,J (units: lO-"yr-') 

1 -2.034 -1.587 
2 1.211 0.929 

4 0.755 0.559 

6 0.298 0.270 

3 -1.040 -0.780 

5 -0.495 -0.381 

7 -0.170 -0.218 
8 0.055 0.163 
9 0.081 -0.064 

10 -0.266 0.104 
11 0.478 0.321 
12 -0.677 -0.542 

model that includes the 'AP' scenario and provide a map of the correspond- 
ing surface gravity rate change, ddgldt in Figure 2. Measurement of the surface 
gravity change may be important for separation of solid Earth GIA signatures 
from current ice mass change related gravity [22] [lo]. The future for terrestrial 
gravity measurements may, in deed, be a bright one, due to  recent technologi- 
cal advances that allow such instruments greater portability and lower power 
levels for continuous operation [23]. The predicted rates of gravity change in 
West Antarctica and Patagonia exceed annual change amplitude of 1.5 pgals 
over wavelengths of several hundred km. 

3.3 Geoid Change 

Continued improvements in the processing of CHAMP and GRACE data 
may soon mean that secular changes in the geoid shall be determined at ,  
or below, the 1 mm level at  half wavelengths, AX N n R e / l ,  of AX N 1600 
km (e  - 12) [24]. Figure 3 shows in mapview the computed annual geoid 
changes anticipated for cryospheric landlocean mass transfer south of 42.5' 
using recent mass balance estimates [7] [8] [21]. Although preliminary analysis 
of CHAMP and GRACE data do not yet show this level of sensitivity, the large 
signal (- -1 mm/yr) contoured over West Antarctica has 600 5 Ax 5 2000 
km, and thus, there is potential for this signal to be detected. 

4 Conclusions 

The goal of the present paper is to  clarify the current status of forward model- 
ing predictions for interdecadal to multidecadal time-scale cryospheric change 
south of 42.5" S at high spatial resolution and to offer predictive maps for es- 
timating both space and terrestrial-based gravity changes. Largely due to  the 
application of space and airborne monitoring systems and the emergence of In- 
SAR and GPS, great strides have been made in determining ice mass balance 
since about 1990. Folding such information into the various forwardlinverse 
architectures for solving for global water mass fluxes is important in two dis- 
tinct areas of gravity research: (1) analysis of mass flux budgets from the zonal 
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field monitoring provided by SLR; and (2) for the future analyses of ice mass 
budgets in which high resolution data may be able to provide an additional 
tool for deciphering the GIA component of secular Antarctic gravity change. 

Table 3. Non-zonal rate coefficients for ice mass south of 42.5" (units: 10-"yr-') 

1 
2 
2 
3 
3 
3 
4 
4 
4 
4 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 

1 
1 
2 
1 
2 
3 
1 
2 
3 
4 
1 
2 
3 
4 
5 
1 
2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
8 
1 
2 
3 

-0.08773 
0.02346 
0.08552 

-0.01104 

0.03178 
-0.01045 
0.19257 

-0.06405 
-0.00828 
0.03937 

-0.19575 
0.07950 
0.01583 

-0.14452 

-0.01305 
-0.06038 
0.18137 

-0.07874 
-0.02673 
0.03113 

0.07038 

0.05696 
0.02943 

0.00488 
0.00414 

-0.06880 
0.13730 

-0.02101 
-0.02493 
0.06719 

-0.00193 

-0.15689 

-0.05086 

-0.00916 
-0.01151 
0.00206 
0.05850 

-0.13236 
-0.01913 

0.50261 

0.03383 
0.48439 

-0.43268 

-0.05936 
-0.03324 
-0.46513 
0.05242 
0.05614 

0.40150 
-0.02516 

-0.02886 
-0.07598 
0.04669 

-0.00067 
-0.33111 
-0.00915 
0.08100 

-0.06773 
-0.00083 
0.00743 
0.27696 
0.05078 

-0.07326 
0.07988 
0.00189 

-0.01935 
0.00241 

-0.2426a 

0.05541 
-0.07597 
-0.00099 
0.03514 

-0.00576 
-0.00153 

-0.08460 

0.2 1989 
0.10379 

-0.03720 

9 
9 
9 
9 
9 
9 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
1 2  

4 
5 
6 
7 
8 
9 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

0.01458 

0.01382 
0.02130 

-0.07292 

-0.00569 
-0.00065 
-0.04409 
0.14171 
0.05232 

0.06542 
-0.00072 

-0.01848 
-0.03325 
0.01150 
0.00222 

-0.00106 
0.02961 

-0.15805 
-0.07236 
-0.01 162 
-0.04577 
0.02180 
0.04319 

-0.01948 
-0.00525 
0.00302 

-0.00006 
-0.01830 
0.17152 
0.07896 
0.01921 
0.01933 

-0.02387 
-0.04760 
0.02790 
0.00924 

-0.00731 
0.00015 
0.00045 

0.05543 
-0.00113 
-0.05086 
0.01109 
0.00524 

-0.00137 
-0.19464 
-0.10706 
0.02614 

0.00484 
0.06052 

-0.01775 
-0.01090 
0.00465 
0.00031 
0.15748 
0.09909 

-0.02612 
-0.00789 
-0.00992 
-0.06062 

-0.02467 

0.02398 
0.01825 

-0.01015 
-0.00091 
0.00059 

-0.10427 
-0.08579 
0.03729 
0.03356 
0.01545 
0.04968 

-0.02821 
-0.02559 
0.01796 
0.00189 

-0.00203 
0.00024 
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d6g/dt (pgal/yr) 

gravity rate (pgals/yr) - Elastic response 
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Fig. 2. Surface gravity change for absolute and relative terrestrial gravity measure- 
ments. Contours of negative d6g/dt are at 0.5 pgallyr intervals. 
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Fig. 3. Geoid changes caused by glacial imbalances, associated ocean filling and 
elastic response. 
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