
Greenland Ice Sheet: Is It Growing or 
Shrinking? 

In their recent report "Growth of Green- 
land ice sheet: Measurement" (22 Dec., p. 
1587), H. Jay Zwally et al. write that Geosat 
and other satellite radar altimeter data indi- 
cate "the southern Greenland ice sheet has 
been thickening since the mid-1970s." We 
believe that these results are incorrect be- 
cause inadequate attention was given to 
eliminating low frequency signals surface 
elevation that arise from errors in satellite 
altitude. We offer two lines of evidence to 
support our position. (i) An implausible 
trend of sea level is observed for the ocean 
near Greenland when the data analysis 
methods of Zwally et al. are used, and 
(ii) the observed secular path of the earth's 
pole is inconsistent with a significant accre- 
tion of ice on Greenland. 

The method of analysis outlined by Zwal- 
ly et al. was to determine the trend of the 
observed height change of the ice sheet at 
intersections (crossovers) of altimeter pro- 
files. The results appear compelling, -but 
computed satellite orbits suffer from a large 
number of low frequency systematic errors - .  
requiring calibration of results against some 
standard. Thus in oceanographic applica- 
tions of satellite altimeter data, the data are 
commonly compared with sea level varia- 
tions by isiand tide gauges. In the case 
of Geosat crossover data over Greenland, a 
calibration can be done by applying the 
analysis of Zwally et al. to crossovers in the 
surrbunding oceans. For the same 18- 
month time span of Geosat data, we find for 
the average latitude of the area of Greenland 
considereh an apparent secular increase of 
North Atlantic sea level of about 50 centi- 
meters per year. Such an increase of sea level 
is clearly an artifact and suggests that the 28- 
centimeter-per-year result obtained for the 
Greenland ice sheet during 1985-1986 is 
also an artifact. Indeed, our results suggest 
that Greenland ice may have thinned by 22 
centimeters per year (28 - 50 = -22) in 
1985-1986. This calibrated result therefore 
offers a counterexample to the 20-centime- 
ter-per-year ice thickening cited by Zwally et 
al. for the period 1978-1985 on the basis of 
Seosat-Geosat crossovers. 

Systematic secular trends of sea level are 
also observed elsewhere in the unadjusted 
Geosat data. Southwest of New Zealand. 
antipodal to Greenland, we obtained an 
apparent sea level fall of the same magni- 

tude. Overall, the effect has a linear depen- 
dence on latitude with near-zero values at 
the equator. Long wavelength, low-frequen- 
cy effects are common in satellite altimetry, 
but do not show up in published analyses of 
crossover data [for example, ( I ) ]  because 
these signals are customarily removed from 
profiles of satellite altimeter data by adjust- 
ing each pass into a reference grid. By not 
treating the Geosat data in this way, Zwally 
et al. have introduced errors that undermine 
our confidence in the overall conclusions of 
the report. 

Thickening of Greenland ice is also incon- 
sistent with observed changes in the earth's 
pole position. In his companion report 
"Growth of Greenland ice sheet: Interpreta- 
tion" (22 Dec., p. 1589), Zwally writes that 
the ice sheet is thickening 23 centimeters per 
year south of 72"N and half of that in the 
north. This would have the effect of moving 
the earth's pole away from Greenland at 
about 4 milliarc seconds (mas) per year (2). 
But the motion of the  ole has been moni- 
tored for more than 90 years, and the avail- 
able observational evidence (classical optical, 
satellite Doppler, satellite laser ranging, and 
very long baseline interferometric determi- 
nations) indicates that the secular motion is 
toward Greenland at a rate of about 3 mas 
per year. Peltier (3) has attributed this mo- 
tion to the effect of glacial rebound in North 
America and Europe. The discrepancy be- 
meen the observed ~ o l a r  motion and the 
motion inferred from the purported ice 
buildup in Greenland is about 7 mas per 
year, that is, about 20 centimeters per year. 
The new measurements alone, starting with 
satellite Doppler observations in 1972, rule 
out any major short-term change (in the last 
5 to 10 years) in the Greenland ice mass. 
~ l t h o u ~ h  there is some uncertainty in the 
observed secular pole motion on longer time 
scales (greater than 100 years) as a result of 
motions of the tectonic plates, the general 
agreement seen in measurements from four 
different techniques mitigates against these 
uncertainties being much larger than a few 
centimeters per year. To explain the discrep- 
ancy as an error in the glacial rebound 
calculations would require an error of a 
factor of 2 or more. We therefore feel that 
the pole position measurements provide a 
strong indication that an ice buildup in 
Greenland has not been occuring. 

In conclusion, we believe this use of inad- 
equately calibrated altimeter crossover data 
from Geos 3, Seasat, and Geosat has not 
~rovided a reliable conclusion about accre- 
tion of ice on Greenland. 
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Response: Douglas et al. say we used "inad- 
equately calibrated altimeter" crossover data 
from Geos-3, Seasat, and Geosat and sug- 
gest the ice sheet may have thinned during 
1985-1986. Their interpretation overlooks 
our intersatellite comparison, neglects the 
effects of cyclical variations on their inferred 
artificial ocean-surface rise. and underes- 
timates the ambiguities inherent in relat- 
ing earth-rotation parameters to mass 
changes. 

As described in our reports, the data we 
used for all the intersatellite comparisons 
were referenced to a common ocean surface. 
This referencing included the Seasat 
(1978)-Geosat (1985) comparison, which 
we believe is most significant for mass bal- 
ance studies because of the 7-year interval 
between measurements. All our Geos-3 and 
Seasat data were adjusted to a reference 
ocean surface produced by us from Geos-3 
and Seasat data. Our initial comparison be- 
tween the unadjusted Geosat data and the 
Seasat data gave an apparent ice elevation 
rise of 1.785 t 0.014 meter over 7 years. 
We then subtracted of 0.4 t 0.4 meter to 
correct for a systematic bias between the 
Navy ocean reference level that is consistent 
with the Naw Geosat orbits and our ocean 
reference level, to which we adjusted the 
Seasat and Geos-3 orbits. For comparison, 
the 1959-1968 Expedition Glaciologique 
Internationale au Groenland IEGIG) sur- 
face leveling showed a 1-mete; increase in 
central Greenland and thinning at the mar- - 
gins, as noted in our paper. 

The basic conclusions on ice sheet growth 
are the same for both the Geosat-Geosat and 
the Seasat-Geostat comparisons. Our results 
from the 18-month Geosat (1985)-Geosat 
(1986) data showed a rate of ice sheet 
elevation change that is similar in both 
magnitude andspatial distribution over the 
ice sheet to the Seasat-Geosat values. The 
Geosat measurements provided more spatial 
detail, due to improved tracking over the 
steeper portions of the ice sheet. A more 
detailed analysis ( I )  of the 1985-1986 Geo- 
sat-Geosat crossovers in the western abla- 
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tion zone shows a spring-mspring and sum- 
mer-to-summer elevation increase that is 0.9 
+ 0.4 mem when calculated relative to the 
average change obtained from all ice sheet 
clo.ssovers. 

We now have additional results from anal- 
ysis of the unclassified Geosat Exact Repeat 
Mi ion  (ERM) data that confirm our con- 
clusion of ice sheet growth. This analysis 
uses data with all Geusat and Seasat orbits 
calculated by the National Aeronautics and 
Space Admidmation (NASA) with the use 
of the same gravity field. From a Seasat 
(1978)-Geosat (1987) crossover analysis, 
we obtained an ice sheet elevation increase 
of 1.55 meter, which is consistent with our 
previous 1.38-meter increase for 1978- 
1985. After we adiusted both the Gcosat 
and Seasat orbits & our ocean reference 
surface, we obtained essentially the same 
increase. Also, our new dHldt (elevation 
&rena versus time) analysis for 1987 
shows a similar ice sheet growth rate, whcre- 
as analysis of the ocean crossover data near 
Greenland for the same time period shows a 
negative "trend" of  0.17 meter per year. 

Douglas et al. emphasize the use of tide 
gauge data and the adjustment of orbits to 
the ocean surface to "calibraten the altimeter 
data. It should be noted that altirneter-a'de- 
gauge comparisons sometimes show dis- 
crepancies of tens of centimeters [for exam- 
ple, (2)]. Furthermore, it is known that 
orbit adjustments may remove real varia- 
tions in ocean topography or emrs in the 
numerous corrections to the altimeter data 
over the ocean and thus introduce oceano- 
graphic-based errors over nonoceanic areas. 
Depending on the length of the record, such 
emrs could appear to be several tens of 
centimeters per year. 

The analysis of Douglas et al. uses Depart- 
ment of Defense classified data that were not 
available to us. We recognize, of course, that 
our Geosat-Geosat analysis for 1985-1986 
may be influend by undetermined secular 
orbit errors over the 18-month period. We 
now know that the data over both the ocean 
and the ice sheet appear to have cyclical 
variations that could indude orbit e m  as 
well as real variations in the ice and ocean 
surfaces. Although the dHldt analysis used in 
our paper, and by Douglas et al. over the 
ocean to infer their areificial changes, can 
reduce the effect of cyclical variations on 
calculated linear trends, the calculated trends 
still depend on the length of the record and 
the phasing of the cyclical variations. An 
elevation time series, H(t), which we ob- 
tained from sequential analysis of 18 months 
of ice sheet crossovers. shows a seasonal 
variation that we intecp&ed as being caused 
by seasonal variations in snow accumulation 
and firm compaction. Similarly, aamina- 
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tion of the H(t)  time series over the ocean is 
n d e d  to &parate real surface elevation 
changes from possible orbit errors and to 
determine the dfea of cvclical variations in 
the ocean data on d e d d d  trends. Conse- 
quently, we do not think it is accurate to 
sim~lv deduce a trend from the ocean dHldt 
analyis alone, assume it is orbit error, and 
deduce that the ice sheet thinned during the 
1985-1986 period. 

R~ the second line of evidence, 
namely the secular path of the earth's pole, 
(i) there are a variety of contributing 
sources to the observed ~olar motion 
(ii) the water-mass for current sea level rise 
is not included in their calculations because 
its source is undetermined. and (iii) ana- 
lyses of the set of possibic conh-ibuting 
factors to polar motion have not been sut7i- 
aently corwuahed to deduce present ice 
sheet growth or shrinkage unambiguously. 
For example, a more recent analysis by 
Peltier (3) showed consistency of obsaved 
wlar wander and rotation with model re- 
h t s  that included recent small glacial wast- 
age as well as North American and Europe- 
an glacial rebound, if there were a substan- 

tial Bacents Sea ice sheet 18,000 years ago 
and no current changes in the ice sheets 
(that is, if one attributes Peltier's 1-millime- 
ter-per-year estimate of sea level rise to 
thermal expansion and small glacier wast- 
age). To further illustrate the ambiguity of 
such deductions, a decreasii ice mass in 
W i e s  Land of East Antarctica could be 
postulated as a counterbalance to the ob- 
served Greenland mass increase. 
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