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Elevation Change of the Southern
Greenland Ice Sheet

Curt H. Davis,* Craig A. Kluever, Bruce J. Haines

Seasat and Geosat satellite altimeter measurements for the Greenland ice sheet (south
of 72°N latitude) show that surface elevations above 2000 meters increased at an average
rate of only 1.5 = 0.5 centimeters per year from 1978 to 1988. In contrast, elevation
changes varied regionally from —-15 to +18 centimeters per year, seasonally by +15
centimeters, and interannually by +8 centimeters. The average growth rate is too small
to determine if the Greenland ice sheet is undergoing along-term change due to a warmer

polar climate.

Understanding the current state of the
polar ice sheets is critical for determining
their contribution to sea-level rise and pre-
dicting their response to climate change.
Current estimates from decades of tide-
gauge data indicate an increase in global sea
level of 10 to 20 cm over the past century
(I1). It is uncertain, however, what the in-
dividual contributions of the polar ice
sheets are to sea-level rise at this time. The
Greenland ice sheet is of particular interest
in climate change studies because it is sig-
nificantly warmer than the Antarctic ice
sheet, where temperatures remain well be-
low freezing over the majority of its surface.
Also, the potential for polar amplification
of a global warming trend in the Northern
Hemisphere is very likely (2). Thus, the
Greenland ice sheet is likely to undergo
more dramatic change in response to a glob-
al warming trend.

Using satellite radar altimeter data from
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the Seasat and Geosat missions, Zwally et
al. (3) estimated that the southern part of
the Greenland ice sheet (south of 72°N
latitude) grew by 23 *+ 6 cm/year from 1978
to 1986. Zwally (4) suggested an increase in
precipitation rates caused by a warmer polar
climate as a possible cause of the volume
growth. However, concerns have been
raised about the effect of orbit errors, re-
tracking errors, and systematic biases on
these results (5-8). We reexamined eleva-
tion change of the Greenland ice sheet,
using Seasat and Geosat altimeter data
through 1988 after incorporating recent
technical advancements in ice-sheet re-
tracking, orbit computation, and orbit error
reduction.

The Seasat and Geosat altimeters were
designed primarily for measuring sea-surface
height. Altimeter data collected over the
ice sheets must be postprocessed to produce
accurate surface elevation measurements.
This is called “retracking” and is required
because the leading edge of the reflected
radar signal deviates from the tracking gate
on the satellite, causing an error in the
range measurement. Comparison of the re-
peatability of surface elevations produced
from different ice-sheet retracking algo-
rithms (7) showed that the retracking algo-
rithm (9) used by Zwally et al. (3), hereafter
referred to as the NASA algorithm, intro-
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duced larger errors in the elevation data
than did three other retracking algorithms.
Also, the NASA algorithm produced ice-
sheet growth rate estimates 30 to 50% larg-
er than those derived from three competing
algorithms, which all produced nearly iden-
tical results. Although several refinements
of the NASA algorithm have now been
made (I0), it still introduces significant
random error in ice-sheet datasets. We used
a threshold retracking algorithm developed
specifically for measurement and detection
of ice-sheet elevation change (I11). The
threshold algorithm reduces random errors
in ice-sheet data by up to 35% compared to
the current NASA algorithm (11).

For comparing Seasat and Geosat data,
Zwally et al. (3) used orbit solutions accu-
rate to about 1 m in the radial component
(12). The solutions for Seasat and Geosat
were derived from different gravity models.
Because of this and other factors, these
authors used a 40 = 40 cm systematic cor-
rection in their analysis. Since then, several
consistent sets of orbit solutions have been
developed for both datasets. We used Joint
Gravity Model-3 (JGM-3) (13) orbit solu-
tions that are now available for Seasat,
Geosat-Geodetic Mission (GM), and the
Geosat-Exact Repeat Mission (ERM) satel-
lite datasets. The radial component of Geo-
sat JGM-3 orbits is accurate to 10 cm (14).
The Seasat JGM-3 orbits, while not as ac-
curate as their Geosat counterparts, repre-
sent significant improvement over previous
solutions.

Most studies of ice-sheet elevation
change correct altimeter radial orbit error
using a reference ocean surface in the vi-
cinity of the ice sheet (for example, the
North Atlantic for Greenland) (15). How-
ever, the predominant radial orbit error is a
long-wavelength signal concentrated at a
frequency of 2/orbital period (1/rev fre-
quency). Within each continuous orbit so-
lution, the phase and amplitude of the 1/rev
error change gradually over large distances,
where a high level of correlation is main-
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Table 1. SD of crossover residuals for uncorrect-
ed and corrected datasets. The statistics are
based on height differences at crossover points.
Ocean datasets are from the North Atlantic region
(56° to 72°N latitude, 290° to 360°E longitude).
The root-difference-square (RDS) is a measure of
the magnitude of the orbit-error reduction. RDS is
the square root of the difference between the
squares of the uncorrected and corrected SD.

Uncorrected Corrected RDS

Dataset SD(em)  SD(em) (cm)

Seasat ocean 27.5 13.0 24.2

Geosat ocean 10.0 8.6 5.0

Geosat X 44.5 36.9 24.9
Seasat ice

tained from one orbit revolution to the next
(16). A global analysis of ocean altimeter
data is better suited to exploit these char-
acteristics and can be used to separate 1/rev
orbit errors from global measurement sys-
tem biases that may be present when com-
paring data from different satellites (for ex-
ample, Geosat X Seasat). Equally impor-
tant, orbit corrections derived from a global
analysis are less likely to absorb signals from
actual regional sea-level variations and in-
accurately modeled sea-state and atmo-
spheric pressure loading effects at high
latitudes.

We used the Seasat (6 July to 10 Octo-
ber 1978) and Geosat-ERM (8 November
1986 to 7 November 1988) global ocean
altimeter datasets from the NASA Ocean
Altimeter Pathfinder program (17) for our
orbit error analysis. We created ocean re-
siduals by differencing Seasat and Geosat
sea-surface heights with a global reference
network of mean ERM profiles (18). The
residuals were processed by a stochastic fil-
ter to estimate radial orbit error and global
bias coefficients (19). Only a modest reduc-
tion in radial orbit error was obtained for
the Geosat-ERM ocean data because of the
high quality of the orbit solutions (13, 14).
In contrast, a substantial reduction in radial
orbit error was obtained for the Seasat
ocean data (Table 1). The reasons behind
the larger magnitude of the Seasat radial
orbit error are not fully understood, but the
poorer quality and limited geographic dis-
tribution of the satellite tracking data likely
contribute. Evaluation of the global bias
coefficients showed that Seasat sea levels
were, on average, 27 cm lower than those
from Geosat-ERM (20). Because global
mean sea-level rise during the period be-
tween Seasat and Geosat could account for
only about 2 cm, we attribute the 27-cm
difference primarily to measurement system
bias between the two satellites (21).

&= REPORTS

Table 2. ERM X Seasat elevation change results; n, number of satellite track crossover points.

Regular dH/dt analysis Spatial dH/dt analysis
Dataset ot . aH/ct aH ot aH/dt
(cm) (years) (cm/year) (cm) (years) (cm/year)
87 X S 165+ 7 9 4,277 1.7 *0.8 22+ 7 9 3539 24+*08
88 X% S 22+12 10 2,789 22=*1.2 2+x12 10 1,908 02=*1.2
ERM X S 8+ 3 925 32,867 09*03 19+ 5 9.25 32,283 2.0+05

Both satellites provided coverage up to a
maximum latitude of 72°N. The ice-sheet
surface elevations were produced using the
same JGM-3 orbit solutions applied to the
ocean altimeter datasets. Orbit error and
global bias corrections from evaluation of
the ocean data were applied to the ice-sheet
elevations. Nearly identical reductions in
radial orbit error were obtained for the ice-
sheet data and ocean data from the North
Atlantic (Table 1) (23). Because ice-sheet
data were not used in the orbit error anal-
ysis, this demonstrates that the stochastic
filter was very effective in removing radial
orbit error without absorbing significant
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sea-level signal. Ice-sheet elevation differ-
ences were computed at crossover points
between the ERM and Seasat satellite
tracks. A small correction was applied to
each elevation difference to correct for
slight altitude differences between the two
satellites (24).

For two datasets (87 X S, 88 X S), we
used the same 3-month time period in both
the Seasat (1978) and ERM (1987 and
1988) data to avoid seasonal biases. For a
third dataset (ERM X S), we used the first
2 years of ERM data with the Seasat data to
provide a larger number of crossovers (n), a
better spatial distribution, and to average

dH/dt (cmyr)
18.00

1575

13.50

11.25
9.00
6.75
4.50
2.25
0.00
-2.25
-4.50
-6.75
-9.00
-11.25
-13.50
-15.75
-18.00

We used the Seasat and Geosat-ERM  Fig, 1. Spatial distribution of elevation change from 1978 to 1988 showing large variations in dH/dt
values. The approximate location of the ice divide is indicated by the series of stars. A spatial average

Greenland datasets from the NASA Ice
Sheet Altimeter Pathfinder program (22).
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yields a growth rate of 2.0 = 0.5 cm/year.
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out seasonal variations. We considered both
the average change in elevation (dH) divid-
ed by the average time interval (dt), using
all the crossovers (25) and a spatial average
of the data in 50 km by 50 km cells (26). A
spatial analysis is required because most of
the satellite tracks are located in the north-
ern interior of the ice sheet (4). The results
for all datasets are consistent and give
growth rates of 1 to 3 cm/year (Table 2).
These rates are significantly smaller than
the rate inferred by Zwally et al. (3).

Analysis of the spatial distribution of the
crossover data indicates that the rate of
change varies from —15 to +18 cm/year
across the ice sheet (Fig. 1). Changes in the
northern interior of the ice sheet are small
(-2 to +2 cm/year) and are consistent with
estimates showing no significant change in
mass balance (27). Thinning of 3 to 10
cm/year is indicated for the lower elevations
of the eastern and western flanks of the ice
sheet between 70° to 72°N. The ice sheet
west of the ice divide between 65° to 69°N
increased in elevation by 10 to 15 cm/year.
This rate agrees with growth rates derived
from a comparison of airborne laser altime-
ter and ground survey “data from 1980 to
1994 (28). Modest thinning is indicated in
a few places east of the ice divide between
63° to 67°N, which is also consistent with
laser altimeter results (28). However, con-
fidence is low here because of poor spatial
coverage. In contrast, Zwally (4) reported
large growth rates (>20 cm/year) for all
elevation and latitude bands.

The spatially averaged result for the
southern Greenland ice sheet from 1978 to
1987-88 is 2.0 = 0.5 cm/year. After correct-
ing for vertical crustal motion (29), the spa-
tially averaged growth rate is 1.5 * 0.5 cm/
year. The 0.5 cm/year uncertainty accounts
for only the random component of the error.
Application of orbit error corrections from
extreme filtering strategies suggests that the
systematic contribution from residual orbit
error is <0.5 cm/year. Uncertainties in the
vertical crustal motion, knowledge of the
relative measurement system bias (30), and
biases in the environmental corrections like-
ly contribute at the same level. Thus, the
small 1.5 cm/year growth rate estimate may
not be significantly different from a null
growth rate. Most (>95%) of the data we
used is from elevations >2000 m. We can
make no conclusion as to the behavior of the
lower elevations nearer the ice-sheet margin.
Natural fluctuations in snow accumulation
rates can cause decadal changes in surface
elevation (8). Using the ERM dataset, we
estimated seasonal and interannual varia-
tions in ice-sheet surface elevation to be
*+15 cm and *8 cm, respectively (31). Con-
sidering the large spatial and temporal vari-
ations, the 1.5 = 0.5 cm/year growth rate is
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too small to assess whether or not the Green-
land ice sheet is undergoing a long-term
change due to a warmer polar climate.
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