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within the larger "beam-limited" footprint, 
which is ten times the size of the pulse- 
limited footprint (5 ) .  However, for the pur- 
pose of studying elevation changes, correc- 

Growth of Greenland Ice Sheet: Measurement tion for slope-induced errors is not necessary 
because the pulse-limited footprint is usually 
located at the same place on the surface 

H. JAY ZWALLY, ANITA C. BRENNER, JUDY A. MAJOR, during successive transits. 
ROBERT A. BINDSCHADLER, JAMES G. MARSH We corrected surface elevations for varia- 

tions in the effective atmospheric path 
Measurements of ice-sheet elevation change by satellite altimetry show that the length, earth tides, and lags in the automatic 
Greenland surface elevation south of 72" north latitude is increasing. The vertical radar-pulse tracking circuitry of the altime- 
velocity of the surface is 0.20 0.06 meters per year from measured changes in surface ter (3, 4). For GEOS-3 and Seasat, residual 
elevations at 5906 intersections between Geosat paths in 1985 and Seasat in 1978, and errors in the radial position of the satellite 
0.28 .t 0.02 meters per year from 256,694 intersections of Geosat paths during a 548- with respect to the center of the earth are 
day period of 1985 to 1986. reduced by reference of the orbital positions 

to a common ocean surface derived from the 

D ETERMINATION OF THE BALANCE Hz - HI  + E, where Hz and HI  are the Seasat and GEOS-3 altimeter data. After 
between mass input and outflow of surface elevations during successive orbits at orbit adjustment, the SD of the elevation 
the polar ice sheets is needed for times tz and tl ,  respectively, and E is the differences is 4.7 m for GEOS-3-GEOS-3 

understanding of the ice-sheet response to random measurement error from a distribu- crossovers and 1.0 m for Seasat-Seasat cross- 
climate change and the contributions to sea- tion with a SD. The error for each elevation overs. The standard errors for single mea- 
level rise or fall. Measurement of elevation measurement is ~ l f i ,  which includes errors surements are 3.3 m for GEOS-3 and 0.70 
change by satellite altimetry offers a method in the altimeter-range measurement and in m for Seasat. The calculated SD for GEOS- 
of determining changes in ice volume and determination of the vertical position of the 3-Seasat differences is 3.4 m. Precise orbit 
therefore mass balance (1). The 3-year oper- orbit. The magnitude of E is determined information over ice-covered areas is includ- 
ation of GEOS-3 radar altimeter from April from analysis for which (Hz - H I )  are ed with the Geosat data (7). The SD of the 
1975 to June 1978 (2), followed by the 3- small. Although E is usually larger than elevation differences at 16,250 Geosat-Geo- 
month operation of the Seasat radar altime- actual elevation changes, average changes sat crossovers for which the time difference 
ter from July to September 1978, provided a can be obtained over areas of the ice sheet between measurements is <15 days is 1.49 
time series of ice elevations, but the preci- for time periods in which there are a suffi- m. The Geosat single-measurement error is 
sion and spatial coverage of GEOS-3 was ciently large number of measurements. therefore 1.05 m. In these analyses, cross- 
limited. The U.S. Navy Geosat radar altime- The range measured (Fig. 1) is to the over differences greater than 10 ril were 
ter (3), which was launched in March 1985, average surface elevation in the "pulse-limit- discarded (15 m for GEOS-3) (8). The 
has provided a large number of recent repet- ed" footprint [maximum circular area from relative SD for Geosat-Seasat differences is 
itive measurements. We have determined which radar reflection is simultaneously re- therefore 1.26 m. The remaining errors are 
changes in ice-surface elevations using data ceived by the altimeter (2, 5 ) ] .  The mini- mainly a combination of altimeter measure- 
from GEOS-3, Seasat, and the first 18 mum pulse-limited footprint is 3.6 km in ment error over irregular surfaces and resid- 
months of Geosat. The estimated change in diameter for the GEOS-3 altimeter and 1.6 ual orbit errors. 
ice volume and its significance is discussed krn for both the Seasat and Geosat altime- Two methods were used to obtain the rate 
in a companion paper (4). ters, over smooth surfaces and larger over of change of surface elevation from a set of 

Changes in surface elevation were deter- 
mined where successive sub-satellite paths 
intersect (Fig. 1). The measured elevation 
difference at a crossover point is d~ = Fig. 1. Crossover method for mea- 

suring changes in surface elevation, 
S ( t ) ,  from radar-altimeter measured 
elevations, H(t) ,  on successive or- 

H. J. Zwally and R. A. Bindschadler, Oceans and Ice bital paths (0) of the satellite. Hor-  
Branch, Code 671, National Aeronautics and Space izontal location of the crossover 
Administration (NASA), Goddard Space Flight Center, point is determined within a few 
Greenbelt, MD 20771. 
A. C. Brenner and J. A. Major, ST Systems Corporation, meters. The relative error, E, for 
4400 Forbes Way, Lanham, MD 20706. measurement of elevation change, 
J. G. Marsh, Space Geodesy Branch, Code 626, NASA, dH, at a single crossover is about 
Goddard Space Flight Center, Greenbelt, MD 20771. 1.4 m. 
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Table 1. Average rates of change in ice-sheet elevation and relative error at a single crossover of the 
satellite radar altimeters. N, number of crossovers. 

Satellite N dHldt Maximum 
(rnlyear) dt (years) Interval Relative 

error (m) 

GEOS-3-Seasat 657 0.11 t 0.14 3.2 April 1975 to June 1978 3.4 
Geosat-Seasat 5,906 0.20 t 0.06 7.0 July 1978 to October 1985 1.26 
Geosat-Geosat 256,694 0.28 ? 0.02 1.5 April 1985 to September 1986 1.49 

crossover measurements. If a sufficient num- 
ber of measurements were made during two 
distinct periods separated by a relatively 
large time interval (dt), then the surface 
velocity is the average crossover height dif- 
ference divided by the time interval 
[C(H2 - Hl)ilN)/dt, where (H2 - Hl)i  is 
the elevation difference at the ith crossover 
and N is the number of crossovers]. This 
method is appropriate for comparing the 3 
months of Seasat measurements with Geosat 
measurements made 7 years later. 

The second method, the dHldt method, is 
appropriate for a set of crossovers that tend 
to have randomly distributed time intervals. 
The slope of a linear fit to the crossover 
differences, dHi = (Hz - Hl)i ,  versus their 
time intervals, dti = (t2 - tl)i, gives the 
thickening (dHldt > 0) or thinning rate 
(dHldt < 0). In this method, we implicitly 
assume that dHldt is a linear function of time 
and that the data are randomly distributed 
about a linear trend. The SE of the slope and 
the SD of the points about the linear fit can 
only be used to assess the statistical signifi- 
cance of a linear trend if cyclical components 
in the data are small. 

The dH1dt method has several advantages. 
All crossovers created by a series of altimeter 
measurements can be used. The effect of 
possible seasonal changes in either the sur- 
face elevation or radar back-scattering prop- 
erties is reduced, because a specific dti, for 
example, might have summer-to-winter and 
winter-to-summer measurements. Also, the 
value of the dH intercept at dt = 0 can 
indicate measurement biases. 

We first applied the dH1dt method to 
GEOS-3 and Seasat data, which extended to 
65.1°N and 72.07"N, respectively. The aver- 
age rate of increase in surface elevation 
south of 65.1°N obtained from 525 cross- 
over differences was 0.35 * 0.17 miyear (9).  
Subsequent analysis with 127 more cross- 
overs gave a dH1dt of 0.11 * 0.14 miyear 
(Table 1). The SD of the 657 dHi values 
with respect to the linear fit is 3.48 m, 
consistent with the 3.40-m estimated rela- 
tive error (Table 1). A similar analysis of 
626 GEOS-3-GEOS-3 crossovers gave a 
dHldt of 0.07 ? 0.23 miyear. Although 
these three values of dHldt are positive and 
overlap within 1 SD, the confidence regard- 
ing ice-sheet thickening based on these data 
alone is not high. 

The dHldt analysis for 548 days of Geosat 
measurements between 1 April 1985 and 30 
September 1986 (Fig. 2)  gives 0.284 2 
0.004 miyear for 256,694 crossover differ- 
ences. The ice sheet area covered is from the 
southern tip of Greenland to 72"N. The SD 
of the points about the line is 1.14 m, for an 
iterative 3 SD editing with SD convergent 
to 2%. In the calculation of SE of the slope, 
we assume that errors among the dHi are 
independent, even though some correlation 
may be expected among the crossovers 
along a given orbit. Depending upon the 
magnitude of the residual orbit error com- 
pared to the altimeter measurement error, 
the number of crossovers per orbit, and the 
degree of correlation from one crossover to 
another, the true error on the slope for this 
case could be as much k 0.02 miyear. 

I 
1 Fig. 2. Elevation differences dHi at 

256,694 Geosat-Geosat crossovers 
versus dti. Negative dti indicate that 

1 the elevation measurement, H2, on 
I an orbit ascending in latitude pre- 
i ceded the elevation measurement, 

H,, on an orbit descending in lati- 
1 tude Intercept at dt = 0 shows an 

-8 1 - ascendng-descending orbit bias of ~ , , -0.48 m. The rate of increase m 
-600 ' -400 -200 ' o 200 400 600 surface elevation is 0.28 L 0.02 mi 

-0.10 
-60 0 60 120 180 240 300 360 420 480 540 600 

Time difference (days) 

Fig. 3. Average dHi of Fig. 2 in 30-day intervals 
versus dt (see text). Nonlinear components caused 
by seasonal effects are smaller than the linear trend 
of 0.28 miyear. 

In our analysis, dH = Ha - Hd, where Ha 
is the elevation obtained on the orbit path 
ascending in latitude and Hd is the elevation 
on the path descending in latitude, regard- 
less of whether t, > td or ta < td. The dH 
intercept at dt = 0, obtained by averaging all 
dHi for which ldtil < 15 days, gives an as- 
cending-descending orbit -bias equal to 
-0.48 * 0.01 m. This bias indicates that 
Geosat descending orbit calculations are sys- 
tematically too h:lgh relative to ascending 
orbits in the vicinity of Greenland. 

Although the dHldt method reduces the 
effect of possible seasonal variations in the 
measured elevation, a seasonal modulation 
in the deviation of the dHi values about the 
linear fit is evident in Fig. 2. Minimal devi- 
ations appear at about 0'6, and 12 months, 
and maximal deviations at about 3 and 9 
months. To examine the effect of this semi- 
annual variation on the linear trend analysis, 
we averaged the dHi in 30-day intervals 
[dH, = C(H2 - Hl){/n, where n is the num- 
ber of measurements in the interval]. The 
dH, for dt < 0 were then averaged with the 
corresponding values for dt > 0 (Fig. 3). 
Although there are obvious nonlinear com- 
ponents, the variations about the linear fit 
are not large and are nearly symmetrical. 
Linear fits to the mean values give 
0.289 k 0.032 miyear and 0.279 ? 0.020 
miyear, before and after averaging the mean 
values for dt < 0 and dt > 0, which are 
consistent with the slope in Fig. 2. 

Elevation changes between Geosat and 
Seasat measurements are more meaningful 
for mass balance studies because of the 7- 
year interval between the two satellites; 
however, comparisons may be influenced by 
differences in the orbit calculations, or their 
relative ocean-geoid levels. Coarse-grid in- 
formation received from the Navy on their 
altimeter measurements of the oce-an surface 
in the vicinity of Greenland with Geosat is 
sufficient, however, to estimate the possible 
bias with respect to the Seasat measure- 
ments. The estimated Geosat-Seasat eleva- Time difference (days) 

1588 

year. 
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tion bias over Greenland is 0.4 5 0.4 m. McConathy and C. C. Kilgus, ibid., p. 170) are 

which we treat as a correction with a system: classified for geodetic purposes, but the data over ice 
was released as unclassified data for ice studies (H. J. 

atic error. In other respects, the Geosat and zwallv. I. A. Maior, A. C. Brenner, R. A. Binds- 
Seasat altimeters are similar in design, and chadl&, 'ibid., p. '251). The geodetic mission has 

been followed by an unclassified exact-repeat mis- the same range-correction retracking algo- sion (G. H. Born, J. L. Mitchell, G. A. Heyler, ibid., 
rithm was used over ice. We accounted for p. 260), but the orbit determinations currently 

the ascending-descending orbit bias by ana- 
lyzing the crossovers of ascending Geosat 
orbits with Seasat separately from those 
with descending Geosat orbits, and then 
averaging the G o  results. We avoided sea- 
sonal biases by comparing the Seasat data 
for 15 July to 10 October 1978 with Geosat 
data for the same period of 1985. The 
resulting Geosat-Seasat average elevation 
difference for 5906 crossovers is 1.785 a 
0.014 m. After correction for the Geosat- 
Seasat orbit bias, it is 1.385 2 0.414 m. The 
average rate of change over the 7-year inter- 
val at these crossover locations is thus 
0.20 a 0.06 miyear. The altimeter measure- 
ments (Table I) thus show that the southern 
Greenland ice sheet has been thickening 
since the mid-1970s. 
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Growth of Greenland Ice Sheet: Interpretation 

An observed 0.23 mlyear thickening of the Greenland ice sheet indicates a 25% to 45% 
excess ice accumulation over the amount required to balance the outward ice flow. The 
implied global sea-level depletion is 0.2 to 0.4 mm/year, depending on whether the 
thickening is only recent (5 to 10 years) or longer term (< lo0  years). If there is a 
similar imbalance in the northern 60% of the ice-sheet area, the depletion is 0.35 to 0.7 
&year. Increasing ice thickness suggests that the precipitation is higher than the 
long-term average; higher precipitation may be a characteristic of warmer climates in 
polar regions. 

T HE MASS BALANCE OF THE GREEN- 
land and Antarctic ice sheets is of 
current interest, largely because of its 

direct relation to global sea level, which 
appears to be rising by 2.4 * 0.9 mmiyear 
(I) .  Although both thermal expansion of the 
ocean (2) and melting of small glaciers (3) 
contribute to sea-level rise, the major source 
of water is undetermined. Also, the possibil- 
ity of enhanced ice-sheet melting in a warm- 
er climate (4) is of concern. Glaciers respond 
to both precipitation and temperature in 

Oceans and Ice Branch, Code 671, National Aeronautics 
and Space Administration, Goddard Space Flight Cen- 
ter, Greenbelt, MD 20771. 

such a manner, however, that enhanced 
precipitation may offset increases in surface 
melting ( 5 ) .  

Each year, approximately 3000 km3 of 
water is exchanged between the ocean and 
the ice sheets of Greenland and Antarctica, a 
volume equivalent to 8 rnm of water from 
the entire surface of the world's oceans. The 
uncertainty in ice-sheet mass balance has 
been at least 230% of the annual mass 
exchange (6); this uncertainty is equivalent 
to 22.4 mmiyear of sea-level change. Re- 
cently, Meier et al. (7) estimated that there 
has been a small positive balance for both 
Greenland (-0.1 2 0.4 &year of sea-lev- 
el change) and Antarctica (-0.6 2 0.6 

mmlyear). In contrast, recent total flux esti- 
mates (8) of annual snow accumulation, 
iceberg discharge, and peripheral melting of 
the Antarctic ice sheet indicate that the net 
ice loss has been 750 km3iyear, which is 
35% of the mass input and equivalent to 1.9 
mmlyear of sea-level rise. 

Satellite radar altimetry measurements 
show that the surface elevation of the Green- 
land ice sheet south of 72"N (Fig. 1) in- 
creased from 1978 to 1986 (9). The mea- 
sured elevation change varies with latitude 
(Fig. 2), and the errors are larger at lower 
latitudes and lower ice-sheet elevations 
mainly because of the smaller number of 
crossovers (10). The largest elevation in- 
creases were over the southern dome around 
63.5"N and in the central region near 72"N 
during 1985 to 1986. 

The spatially averaged elevation changes, 
obtained by analyzing the crossover differ- 
ences in ice-sheet elevation bands (Fig. 3) 
and weighting those values by the fractional 
area in each band (0.12, 0.14, 0.20, 0.31, 
and 0.23 for lower to higher elevations), are 
0.233 ? 0.041 rntyear for 1978-1985 Geo- 
sat-Seasat measurements and 0.239 * 0.030 
rnlyear for 1985-1986 Geosat-Geosat mea- 
surements. In southern Greenland, the equi- 
librium line (boundary between net ablation 
and net accumulation) is at -1200 to 1500 

Fig. 1. Map of Greenland showing surface eleva- 
tions in region covered by satellite radar altimetry 
and locations of surface measurements (EGIG, 
D3, and OSU) of elevation change. 
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