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[1] We report on long-term surface elevation changes of the central Amery Ice Shelf
(AIS) by comparing elevation records spanning 4 decades (1968–2007). We use elevation
records acquired with the following methods: optical leveling (1968–1969); ERS
radar altimetry (1992–2003); GPS (1995–2006); and Ice, Cloud, and land Elevation
Satellite (ICESat) laser altimetry (2003–2007). We compute multidecadal elevation trend
(dh/dt) values at crossovers between the leveling route and each of the GPS and
ICESat tracks as well as shorter-period dh/dt at ERS-ERS, GPS-GPS, and ICESat-ICESat
crossovers. At GPS-leveling crossovers the mean long-term dh/dt is 0.003 m a 1, and at
ICESat-leveling crossovers the mean dh/dt is +0.013 m a 1; neither trend is significantly
different from zero. The data do, however, exhibit variable trends: near-zero change
between 1991 and mid-1996, then thickening to 2003, followed by thinning

2003–2007, with 5 year dh/dt averages exceeding ±0.1 m a 1. The changes in
dh/dt pattern in mid-1996 and again in 2003 occur with unexpected speed. The ice shelf
exhibits different dh/dt patterns than does the surrounding grounded ice, suggesting
that surface mass balance variations or longer-term variations in firn densification
processes are unlikely to be major causes. We conclude that these observed multiyear
elevation changes must be due to currently unexplained or presently poorly quantified
phenomena involving surface or basal processes and/or ice dynamics. With the
multidecadal stability of the AIS established, the short-term fluctuations that we observe
suggests that for other ice shelves, observed strong dh/dt signals over short time periods
do not necessarily indicate ice shelf instability.

Citation: King, M. A., R. Coleman, A.-J. Freemantle, H. A. Fricker, R. S. Hurd, B. Legrésy, L. Padman, and R. Warner (2009),

A 4-decade record of elevation change of the Amery Ice Shelf, East Antarctica, J. Geophys. Res., 114, F01010, doi:10.1029/

2008JF001094.

1. Introduction

[2] Disintegration of Antarctic ice shelves can result in
accelerated outlet glacier flow [e.g., Rignot et al., 2004] and,
consequently, sea level rise. Ice shelf instability is likely

related to changes in temperature of both the atmosphere
and ocean [e.g., Scambos et al., 2000; Shepherd et al.,
2003]. To monitor the health of an ice shelf, long time scale
(decades) observations of surface elevations are required to
separate short-term fluctuations from changes that may
reflect secular trends. On shorter time scales (several years),
elevation trends are subject to variations in environmental
conditions; e.g., decadal variations in regional accumulation
patterns could be as much as ±25% of the long-term mean
[Monaghan et al., 2006]. It has recently been suggested that
multidecadal variations in prior accumulation can have a
complicated influence on current elevation changes via
anomalies in the thickness of the firn layer [Helsen et al.,
2008].

[3] For Antarctica’s ice shelves, continuous records of
elevation change spanning several decades unfortunately
are rare. The earliest geodetic quality leveling data on ice
shelves were collected during the mid-to-late 1960s [e.g.,
Dorrer et al., 1969], and accurate GPS measurements have
only been available since the mid-1990s. Satellite altimetry
provides the most practical way to monitor surface elevation
change on ice shelves, but the most suitable altimeter data
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(from the Earth Remote Sensing (ERS)-1 and ERS-2 satellites)
only extend back to 1992. Zwally et al. [2005], for example,
used ERS Radar Altimetry (RA) to show that many Antarctic
ice shelves increased or decreased in elevation with typical
rates of ±(0.1–0.4) m a 1 over the period 1992–2001.

[4] The Amery Ice Shelf (AIS), East Antarctica (Figure 1),
has a long record of elevation measurements, acquired using
various methods between 1968 and 2007. The first geodetic

quality optical leveling profiles were obtained in late 1968
in conjunction with observations used to generate precise
velocity and strain data [Budd et al., 1982; King et al.,
2007]. More than 500 km of the central AIS was surveyed
along three profiles (two transverse and one longitudinal to
the ice flow direction). Since 1995, GPS-derived elevation
profiles have been obtained [e.g., Phillips, 1998]. In addition
to the ERS-1 and ERS-2 data, laser altimetry data from the Ice,

Figure 1. Overview of Amery Ice Shelf (AIS) surface elevation data sets used in this study, with the
grounding line marked in light green. Data sets shown are the leveling route (dark red; only well-
positioned portion shown), Ice, Cloud, and land Elevation Satellite (ICESat) ground tracks (blue), and
kinematic GPS tracks (other colors). ERS-ERS crossover locations are shown as orange diamonds. Also
shown are the locations of the automatic weather station and of the connection of the leveling to sea level.
Note that the ice front has advanced considerably ( 40 km) between the times of the leveling (late 1968;
dashed purple line [Fricker et al., 2002]) and the Mosaic of Antarctica (MOA) image acquisition (late
2003).
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Cloud, and land Elevation Satellite (ICESat) are available
since 2003 [Schutz et al., 2005]. In this paper, we report on
crossover analyses of elevation data from these four sources
(leveling, ERS, GPS, and ICESat) to assess the magnitude
of interdecadal and intradecadal elevation change and
variability of the central AIS. These comparisons represent
one of the longest records of Antarctic ice shelf surface
elevation data yet exploited.

2. Data Sets and Data Processing

2.1. Compatibility Issues for Ice Shelf Height Data

2.1.1. Reference Systems and Frames
[5] The fundamental data type used in this paper is obser-

vations of ice shelf surface height. One of the challenges in
comparing heights from different sources is converting all
data into the same geodetic reference system. Most notably,
heights obtained from historic optical leveling require
conversion from an instantaneous sea level datum to ellip-
soidal heights before they can be compared to ellipsoidal
heights collected by satellite-based technologies (e.g., GPS,
altimetry). This conversion requires, among other correc-
tions, an accurate model of the geoid-ellipsoid separation
(typically referred to as a ‘‘geoid model’’) which has only
recently become available for Antarctica through analyses
of the data from the Gravity Recovery and Climate Exper-
iment (GRACE) satellite mission. Errors in preGRACE
global geoid models over the AIS region are up to ±3 m,
due to lack of gravity observations in the region; the GRACE
data have improved this by an order of magnitude. We use
a recent (April 2008) GRACE-based static geoid model
(EIGEN-GL04C; http://icgem.gfz-potsdam.de/ICGEM/
ICGEM.html), calculated for the WGS-84 ellipsoid.

[6] Care must also be taken in adopting the same perma-
nent solid earth tide convention. Altimetric height time
series (including ERS and ICESat) are produced in a mean
tide system, whereas GPS time series are currently produced
in a conventional tide-free system [McCarthy and Petit,
2004]. The difference between the two is 0.10 m at the
latitude of the AIS (the conventional tide-free surface being
above the mean tide surface at this latitude). Throughout
this paper we adopt a mean tide system; that is, we block shift
the GPS time series by 0.10 m and compute geoid-ellipsoid
separations in this system. The time-variable component of
the solid earth tide has been modeled throughout with
negligible residual error. After applying the abovementioned
corrections (geoid, solid earth/mean tide), the leveling eleva-
tions are reduced to a system consistent with the International
Terrestrial Reference Frame 2000 (ITRF2000) [Altamimi
et al., 2002].

[7] In addition to these corrections, comparison of heights
from various sources relies on consistency in the reference
frames used for each measurement type. Our GPS and ICESat
elevations are produced in the ITRF2000. The ERS eleva-
tions described below are in a reference frame consistent
with ITRF2000, at least at the level of a few mm a 1, and
we regard the difference as being negligible over the
observation period of ERS.

[8] The ICESat elevations (release 428) are provided on
the TOPEX/Poseidon ellipsoid, which we convert to the
WGS-84 ellipsoid to be compatible with the GPS and leveling
data.

2.1.2. Tide and Inverse Barometer Corrections
[9] Another challenge in comparing elevations over float-

ing ice shelves is to correct all the data sources for the
effects of ocean tides and atmospheric pressure variability
(the ‘‘inverse barometer effect,’’ IBE). Contributions from
the tide and IBE can be significant in this region, being
>1 m for the tide and up to 0.5 m for IBE. Tide errors
directly affect GPS and altimetry measurements, and hence
accurate corrections are required. In this paper, tidal correc-
tions were made using the TPXO6.2 tide model [Egbert and
Erofeeva, 2002], the most accurate global tide model cur-
rently available for this region [King and Padman, 2005], or a
new AIS 2 km tide model, depending on the data set. The new
2 km model has a significantly more accurate and higher-
resolution representation of the ice shelf margins (ice front
and grounding line) of the AIS. For the purposes of the
present study, the differences in tide predictions between this
2 km AIS model and TPXO6.2 are negligible. The ocean tide
loading displacement was modeled also using TPXO6.2. The
IBE was estimated from atmospheric pressure records from
various sources according to the individual data set, as
described below. The typical value of the IBE is 0.01 m
change in sea surface height per +1 hPa change in air pressure
[Padman et al., 2003].

2.2. Leveling (1968)

[10] The optical leveling route was surveyed during
October–December 1968 (Figure 1) [Budd et al., 1982].
Leveling heights (H) were obtained relative to instantaneous
sea level (SL) on 30 December 1968. We recently returned to
the archived field notes and reanalyzed the leveling observa-
tions. Unfortunately the exact time, t, of the SL connection
was not found in the surviving field notes. Personal diary
entries (M. Corry, unpublished diary, 1968–1969) state that
the SL connection was made during ‘‘mid late afternoon’’
local time (local time is GMT+6 h); so we set t to 1200 UT.
Conversion of H to ellipsoidal heights (h) is given by

h ¼ H ht IBEt þ DOT þ N þ e; ð1Þ

where ht is the instantaneous tide height; IBEt is the inverse
barometer effect due to variations in atmospheric pressure
(P); DOT is the mean dynamic ocean topography (height
of the mean ocean surface above the geoid); and N is the
geoid-ellipsoid separation, evaluated at each leveling location.
The first three correction terms are evaluated at the SL con-
nection location. We take DOT and N to be time-invariant,
with little error over the time periods considered. Residual
errors (e) are discussed below.

[11] Average measurement spacing along the leveling
route is 150 m and locations for reference poles every
3–10 km along route are taken from King et al. [2007]. The
locations of intermediate points were determined using
‘‘stadia tacheometry’’ (the process of measuring horizontal
distances using an optical level; see Schofield [1993] for a
complete description) with positional errors less than 10 m
on average. Random errors in leveled height differences
accumulate at the end points of the leveling lines (relative
to the northeast AIS) and reach 0.2 m over the length of the
lines, with mean values of 0.15 m.

[12] We applied tide corrections using the TPXO6.2 tide
model [Egbert and Erofeeva, 2002]. The timing uncertainty
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at time t will introduce an error into the tide correction, but
this is small, since the connection occurred during a turning
diurnal tide, so the maximum error is only 0.2 m,
contributing less than 0.01 m a 1 to uncertainty of long-
term (30 year) estimates of rates of elevation change for a
given geographical location (dh/dt). For the IBEt correction,
P values are not available for the date and location of the SL
connection. Over our study region, mean pressure values
have changed slightly between 1968 and 2007 [Heil, 2006]
and neglecting IBE would fail to remove the small resulting
dh/dt. We estimated an IBEt value [Padman et al., 2003]
using pressure data recorded at Mawson Station (Figure 1).
Mawson pressure was first corrected to an AIS mean
surface pressure (981.2 hPa) using data from an automatic
weather station (AWS) deployed at G3 in the central AIS
(Figure 1) during 1999–2003. Comparison of 1999–2003
Mawson daily mean pressure with pressure from the G3 AWS
showed a high correlation (r = 0.72) and no phase lag.
Residual root-mean-square (RMS) between Mawson and G3
values was 8.4 hPa ( 0.08 m IBE) and hence we assigned
this error for IBEt. We thus consider the error in IBE due to
the timing error to be negligible.

[13] We obtained geoid-ellipsoid separation (N) values
(equation (1)) at each leveling location from EIGEN-GL04C.
The lack of gravity data in this region makes it difficult to
make accurate local error estimates for N, but it is 0.3 m
globally based on a global GPS/leveling comparisons [Förste
et al., 2008]. Larger errors have been found in EIGEN-GL04C
over grounded ice in the Southern Prince Charles Mountains/
Lambert Glacier basin upstream of the AIS [Scheinert et al.,
2008], at higher spatial scales than those sampled by EIGEN-
GL04C, but those results are in an area of large topographic
variation unlike our study area. We consequently adopt 0.3 m
as our error estimate for N.

[14] Mean DOT values (as appearing in the right hand
side of equation (1)) were obtained from a specially provided
(D. Chambers, personal communication, 2006) unsmoothed
version of the Chambers [2006] model extended to the
Antarctic coastline. These values were then smoothed over
400 km (half wavelength) to overcome GRACE-related
errors. Seasonal deviations from the mean DOT are small in
this region. Evaluation of the DOT model at the leveling
connection site gave a value of 1.5 m. Errors are probably
<0.05 m [Chambers, 2006]. There will also be some small
residual deviation from this mean DOT but we regard this as
negligible when computing dh/dt over 30-year time spans.

[15] We assessed the accuracy of the N and DOT correc-
tions for this region at Davis Station (Figure 1) where h and
H observations of mean sea level are available [Watson,
2005]. Differencing these observations gives values within
0.05 m of the sum of N and DOT, suggesting that the
N + DOT corrections applied to the AIS leveling elevations
are likely accurate.

[16] For practical reasons, the 1968 surveyors performed
the leveling at points of locally high elevation, which
introduces a positive bias in those heights. When comparing
these heights with heights derived from GPS and ICESat with
their different (effectively random) sampling geometries,
this will introduce a negative bias in the estimated dh/dt.
On the basis of kinematic GPS profiles on the central AIS,
elevation changes over distances of 150 m can typically be up

to 1 m, giving an upper bound of this bias of 0.03 m a 1

when considering the time period between the leveling and
other data sources. However, Monte Carlo simulations of
height profiles moving at speeds of the ice shelf motion
suggest that the likely magnitude of a 30-year dh/dt bias is
no more than 0.01 m a 1.

2.3. GPS Surveys (1995–2006)

[17] Kinematic GPS surveys of the ice shelf surface along
profiles were carried out in 1995, 1999, 2001, 2003, and
2006 using snowmobiles. Surface elevation was sampled
every 10–30 s which, given the speed of snowmobile travel,
is equivalent to a point every 30–90 m. We processed data
from all of these campaigns using the Track kinematic GPS
software [Chen, 1998; King and Bock, 2006], relative to a
local ice shelf base station whose coordinates were deter-
mined using kinematic precise point positioning (PPP) [King
and Aoki, 2003]. Ocean tide loading displacements were
modeled in the PPP analysis. The exception to this analysis
procedure was the 1995 data where we simply adopted the
analysis described by Phillips [1998]. Tidal corrections were
made to each GPS data set using TPXO6.2. IBE corrections
were made using data from the AWS (after 1999) or using
corrected Mawson data (1995 and 1999). We produced
the GPS elevations on the WGS-84 ellipsoid and applied
the correction for the permanent tide. Uncertainties of the
GPS-derived heights are 0.05 m with effectively zero bias.

[18] We computed elevation change rates at GPS-GPS
crossovers (that is, crossovers between two different GPS
profiles) using the Akima spline interpolation technique
[Wessel and Smith, 1998]. We used six elevations either side
of the crossover in the interpolation. Only crossovers for
which dt > 2.5 years were analyzed to ensure robust dh/dt
estimates in the presence of seasonal signals [Blewitt and
Lavallée, 2002]. No outliers needed to be removed from this
data set.

2.4. ERS-1 and ERS-2 Data (1992–2003)

[19] We obtained radar altimeter data, acquired by the
ERS-1 and ERS-2 satellites, from http://icesat4.gsfc.nasa.
gov/index.html, as Level 2 ice data records (version 5),
covering the period 1992–2003. These data have the
NASA/GSFC V5 range-retracking algorithm, atmospheric
range corrections, instrument corrections, slope corrections
and an adjustment for solid earth tides applied [Zwally and
Brenner, 2001; Zwally et al., 2005]. We only used data
from the 35-day repeat phases (Phases C and G of ERS-1;
all of ERS-2), and we used a mixture of ocean and ice mode
data. NASA/GSFC applied instrument corrections include:
removal of a 40.9 cm bias from ERS-1 elevations to account
for a change in instrument parameter used for ERS-2
[Femenias, 1996]; corrections for drifts in the ultrastable
oscillator and bias changes in the scanning point target
response that are obtained from ESA; and upgraded orbits
(DGM-E04 orbits) which have a radial orbit precision of
5–6 cm [Scharroo and Visser, 1998].

[20] The ocean tides modeled in the NASA/GSFC
processing chain were added back in (since the implemented
CSR3 tide model is not accurate in Antarctica) [King and
Padman, 2005; King et al., 2005]; we derived better tide
corrections using the 2 km tide model and applied these to the
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ERS heights. We modeled ocean tide loading displacements
based on TPXO6.2. We estimated the IBE corrections using
surface pressure data from NCEP Reanalysis model output
[Kalnay et al., 1996] by extracting a record for a point on the
center of the AIS (70 E, 70 S) and then computing the IBE
correction relative to the same mean pressure used for the
other data sets. Since pressure systems have large spatial
scales, this procedure will remove the majority of the IBE
effect.

[21] We used crossover analysis to produce dh/dt estimates
at ERS orbital crossover locations. ERS satellite ground
tracks only repeat to ±1 km from the reference track, and to
avoid problems with cross-track topography we excluded
elevation measurements further than 1 km from a nominal
(median) crossover location from the dh/dt calculation. We
also removed individual crossover points located within
10 km of the grounding zone. Further filtering was done by
excluding crossovers in the following three cases: (1) <50
samples; (2) dt < 5 years; or (3) detrended time series with
standard deviations >2 m. For the remaining crossovers,
dh/dt and its uncertainty, sdh/dt, were computed assuming a
linear plus annual cycle model with the initially uniform
variance-covariance matrix of the model parameters scaled
to unit a posteriori variance. These dh/dt values were then
smoothed using all (dh/dt)i (where i denotes an individual
crossover dh/dt) estimates within a distance l (in km), such
that li < 50 km from each ith crossover location, using an
inverse distance weighting scheme:

dh=dtsmooth ¼

Xn

i¼1

dh=dtð Þi s2
i;dh=dt þ li=200ð Þ2

1

Xn

i¼1

s2
i;dh=dt þ li=200ð Þ2

1

The second term in the weighting factor down weights a
point at 50 km, with typical sdh/dt of 0.1 m a 1, by an
additional 0.25 m a 1 (in quadrature). Alternative weighting
schemes could be applied, but this one preserves local
features while reducing noise sufficiently well for our
purposes.

[22] We did not correct for the effects of glacial isostatic
adjustment on the grounded ice sheet since the effect in this
region is likely small (<±2 mm a 1) and uncertain [e.g.,
Ivins and James, 2005]. The effects of firn densification on
ERS, and our other elevation measurements, are discussed
later.

2.5. ICESat Data (2003–2007)

[23] We used ICESat laser altimeter data for the period
October 2003 to April 2007 from the following ICESat
campaigns: Laser 2a, 2b, 3b, 3c, 3d, 3e, 3f, 3g, and 3h. Data
from these campaigns are all available as Release 428, which
are fully calibrated and include final orbit and attitude
corrections. We used geolocated ICESat footprint locations,
ocean tide and ocean tide loading corrections, atmospheric
pressure, and receiver energy and gain from the GLA12 data
product. A low gain saturation correction was applied
[Fricker et al., 2005]. The elevations were converted to the
WGS-84 ellipsoid and the tides from the ICESat processing
chain added back in. Improved tide corrections were applied
using TPXO6.2 (along-track data) or the AIS 2 km tide model

(crossover data). In both cases ocean tide loading displace-
ments were modeled on the basis of TPXO6.2. The IBE was
corrected using surface atmospheric pressures supplied with
the ICESat records. In ideal conditions, ICESat Laser 2a
elevations are biased too low by <0.02 m (too high by
<0.02 m after correction for the permanent tide) with an
uncertainty of <0.03 m [Fricker et al., 2005]. Over rougher
surfaces, biases per satellite pass may increase substantially,
although the mean bias remains close to zero [Shuman et al.,
2006]. Intercampaign elevation biases are present in ICESat
data, but these are of order 0.1 m and are somewhat random
in time. In our subsequent analysis, we used an uncertainty
of 0.1 m for each ICESat elevation measurement.

[24] We used along-track ICESat data in the comparison
with the leveling data. We also computed values of dh/dt at
ICESat-ICESat crossovers for analysis of shorter-term eleva-
tion changes. ICESat ground tracks are not exactly repeated
(±200 m deviation from a reference track) and we merged
(in a least squares sense, with no distance-dependent down
weighting) dh/dt estimates within 5 km of each nominal cross-
over location to obtain one crossover per 5 km at maximum.
For the ICESat-ICESat comparison we removed crossovers
for which (1) dt < 2.5 years; (2) jdh/dtj > 0.5 m a 1; or
(3) uncertainties > 0.05 m a 1. Only a small number of dh/dt
values were large, and at least some of these appeared to
be related to surface crevasses visible in satellite imagery.

3. Results

3.1. Elevation Change Rates Over 30–40 Years

[25] We computed values of dh/dt at GPS-leveling and
ICESat-leveling crossovers in the same manner as for the
dh/dt values at GPS-GPS crossovers (section 2.2). We did
not directly compare elevations derived from RA to those
from the other techniques since the RA has a large footprint
(2–3 km over ice) and measures to a different surface. In
addition, Thomas et al. [2008] report that ERS-derived dh/dt
for Greenland may exceed measurements of actual surface
dh/dt by several cm a 1, probably due to a progressive lifting
of the radar-reflecting horizon within the upper snow layer.
They suggested year-on-year increases in summer melting
in Greenland, and consequent changes in near-surface snow
properties, as one possible mechanism to explain the effect.
The extent of any such differences for Antarctica remains to
be established.

[26] We note that ICESat elevations represent an average
over a footprint of 65 m in diameter, whereas the GPS and
leveling heights are effectively point values. This will intro-
duce some small elevation variation at crossover locations.

[27] The spatial distribution of dh/dt for the 203 multi-
decadal intertechnique records (84 GPS-leveling crossovers
and 119 ICESat-leveling crossovers) is shown in Figure 2.
The ICESat-leveling crossovers sparsely cover a larger
region of the AIS, whereas the GPS-leveling crossovers are
mainly concentrated in the central AIS region. Most of these
crossover values show close to zero change over the periods
considered ( 27–38 years and 39 years, respectively). The
GPS- and ICESat-derived values show close agreement, sug-
gesting any intertechnique bias is small. The ICESat-derived
dh/dt (Figure 3) are normally distributed at the 5% signifi-
cance level as determined in a Lilliefors test, while the GPS-
derived values are not normally distributed. This may reflect
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the small area sampled by the fewer GPS crossovers, with
smaller-scale features playing a more dominant role in the
sample. The histograms of dh/dt have standard devia-
tions of 0.044 m a 1 (ICESat) and 0.068 m a 1 (GPS),
respectively.

[28] Mean dh/dt values are 0.003 m a 1 for GPS and
+0.013 m a 1 for ICESat (Figure 4). Estimated (one sigma)
errors are 0.011 m a 1 and 0.009 m a 1, respectively, on a
point-by-point basis. These errors are highly correlated be-
tween crossover locations and hence data averaging does
not substantially reduce the errors of the dh/dt estimate.
Statistically, the dh/dt values do not differ from zero at the
95% confidence level.

[29] Accounting for potential systematic biases in the
leveling data set (Section 2), the dh/dt for GPS minus level-
ing could range between 0.011 and +0.005 m a 1 and the
dh/dt for ICESat minus leveling could range between
+0.019 and +0.007 m a 1; the errors stated above also
apply. These ranges are dominated by the potential error in
the leveling tidal correction (ht in equation (1)) due to the
uncertainty in timing the connection to sea level. Change in
mean sea level (globally +0.002 m a 1) introduces a
further bias into these dh/dt estimates, although we do not
apply a correction since its rate of change for this region is
unknown.

[30] Our mean 38-year dh/dt values do not agree with
the value derived by Zwally et al. [2005] from ERS RA over
the period 1992–2001. They reported +0.150 ± 0.017 m a 1

Figure 2. Derived dh/dt values from GPS-leveling (circles)
and ICESat-leveling (triangles) crossover comparisons.

Figure 3. Histogram of dh/dt estimates on AIS for GPS-
leveling (black) and ICESat-leveling (red) crossovers.

Figure 4. Mean dh/dt estimates derived at crossover loca-
tions on the AIS. Bar heights represent the 1s errors of each
height data set. Bar widths represent the time period over
which the mean net dh/dt applies. The GPS-GPS crossover
dh/dt are generated only from crossovers from epochs at
each end of the bar, whereas all other dh/dt are generated
from all available data. For ICESat and ERS crossovers, the
unfilled polygons are for the region covered by the leveling
and GPS, defined with a latitudinal cutoff at 72 S. The filled
polygons are for all ERS and ICESat crossovers on the AIS.
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from crossovers within a region of radius 100 km, centered
on a crossover point in the northeast AIS. For the central
and northern AIS, visual inspection of Figure 2b of their
paper suggests a mean value closer to +0.10 m a 1. The
discrepancy suggests either an error in one or more of the
leveling/GPS/ICESat/ERS data sets or substantial decadal
level variations in AIS elevation, both positive and negative.

3.2. Intradecadal Elevation Change Rates

[31] To investigate the apparent discrepancy between our
1968–2007 results and those of Zwally et al. [2005] for
1992–2001, we increased our temporal sampling within
the 1992–2007 period by using the ERS-ERS, GPS-GPS and
ICESat-ICESat crossovers. This period has almost contin-
uous observation from a combination of ERS and ICESat
data. Elevation changes at the ERS crossovers for 1992–
2003 are shown in Figure 5 (left). Considering only the
values on the floating ice shelf, they suggest a net elevation
increase at the ice front, with elevation decrease along the
northeastern margin.

[32] To examine the ERS elevation time series, for each
crossover location we combined all crossover time series
within a search radius of 100 km of that point. This is
complicated since each crossover series has a different mean
height, different sampling epochs and, potentially, different
dh/dt. The latter was avoided by first comparing each series
visually. We then estimated offsets for a common epoch for
each crossover series to be merged. This was done in a
modified linear regression, estimating a single trend for all
crossover series and one offset term per crossover series. The
various time series were weighted uniformly. We then sub-
tracted the respective offsets to produce a ‘‘reconstructed’’
merged time series.

[33] A typical combined elevation time series for one
crossover location is shown in Figure 6. On the basis of

significant peaks in the time series spectra, the main
geophysical signal appears at one and two cycles per year
with smaller amplitude signal at three and four cycles per
year, in addition to the linear term. The best fitting model,
based on these parameters, is also shown in Figure 6. This
time series shows a mean dh/dt close to zero or slightly
negative from 1992 until 1996.8, at which time the dh/dt
signal switched to positive through to the end of the time
series in 2003. Subdividing the data set in these two
subperiods (1992–1996.8 and 1996.8–2003) reveals that
there is a spatial pattern of a shift from low dh/dt to strong
positive dh/dt across the entire ice shelf (Figure 5 middle
and right). For the first subperiod (1992–1996.8), elevation
changes are typically in the range 0.1 to +0.1 m a 1. In
the second subperiod (1996.8–2003) elevation changes
shift to +0.1 to +0.2 m a 1 across the entire northern and
central AIS. The reduced number of crossover locations
for the earlier subperiod when compared to the full period
is due to a lack of data at some crossovers during each
subperiod, resulting in data spans that are too short for
reliably estimating dh/dt.

[34] We compared our ERS-ERS crossover results to the
results of Zwally et al. [2005], in particular we compared
their Figure 2b with our Figure 5. The same ERS data are
used, although some important differences in postprocessing
exist. First, we only use 35-day repeat data over the period
1992–2003 to derive dh/dt whereas Zwally et al. [2005] use
all available data over the slightly shorter period 1992–2001.
Second, we detide the ERS data using a more accurate tide
model which reduces the effects of tidal aliasing. Third, we
identified an erroneous jump in the Zwally et al. [2005]
results for the AIS. Close examination of Figure 3b of
Zwally et al. [2005] reveals that the dh/dt for a region of
100 km radius in the NE AIS for 1992–1996.6 was

Figure 5. ERS-derived dh/dt at crossover locations for its (left) full observation period, (middle) period
of low dh/dt on the AIS, and (right) period of positive dh/dt on the AIS. There are a few crossovers
offshore on semipermanent sea ice, but these do not substantially affect our subsequent analyses.
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0.001 m a 1 (see Figure S1 in the auxiliary material).1

This was followed by an apparent step in elevation at 1996.6
and subsequent increase in dh/dt to +0.102 m a 1 from
1996.6 to 2001 (giving them a mean rate of +0.15 m a 1).
The step is due to an erroneous altimeter bias value at the
location of the crossover shown in their Figure 3 and some
surrounding points (H. J. Zwally, personal communication,
2007). Correcting for the error (0.46 m) removes the step,
leaving a corrected mean dh/dt for the full period of
0.073 m a 1. Figure 5 may be regarded as a corrected
version of their map of dh/dt for this region.

[35] The mean ERS dh/dt for the AIS is also shown in
Figure 4, both for the entire AIS (filled polygons) and for
the region where the GPS and leveling data exist (taking all
points north of 72 S). We note that there is little difference
between the two mean values, partly due to there being very
few ERS dh/dt estimates in the southernmost section of
the AIS.

[36] The GPS-GPS crossovers span a similar period
(1995–2003) to the later subset of the ERS record
(1996.8–2003). A total of 150 crossovers were available,

with mean dh/dt also shown in Figure 4. The mean dh/dt
is 0.122 m a 1 between the 1995 and 2003 surveys and
0.127 m a 1 between the 1995 and 2001 surveys. The rate for
the shorter period (1999 to 2003) crossovers (0.123 m a 1)
is also in close agreement. These are somewhat consis-
tent with the independent ERS rate (0.095 m a 1) over
the similar period 1996.8–2003, giving us independent
validation of this result. Furthermore, the temporal stability
reflected in the various GPS-GPS dh/dt estimates over the
period 1995–2003 is in good agreement with the temporal
stability of the ERS-derived dh/dt for 1996.8–2003 shown
in Figure 6. While the error budget of ERS estimates of
dh/dt is somewhat complicated by, among others, possible
changes in surface characteristics over time [e.g., Lacroix
et al., 2007; Phillips, 1998], the agreement between
independent techniques suggests confidence may be placed
in the results. GPS-GPS crossovers covering the period
2003–2006 show a smaller mean dh/dt, suggesting an ice
shelf surface lowering occurs after 2003, at least in the rela-
tively small region sampled by the GPS profiles (Figure 1).

[37] ICESat-ICESat crossovers are analyzed for the peri-
od 2003.8–2007.3. The mean dh/dt crossover values over
this most recent period are shown in Figure 7 for the
floating AIS and the surrounding grounded ice. On the
AIS, a distinct pattern of negative dh/dt is observed, except

Figure 6. Time series of ERS-ERS elevation using dh data from all crossovers within 100 km of the
crossover located at 69.64 S, 71.99 E. The red dots are 10-day averages at actual sample epochs. The red
and cyan lines are best fitting values (to the unsmoothed data) for the entire and pre-1996.8 periods,
respectively. The best fitting model was based on the time series spectra and included a linear term plus
periodic terms with one, two, three, and four cycles per year.

1Auxiliary materials are available in the HTML. doi:10.1029/
2008JF001094.
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in the southernmost region where there are some strongly
positive values. The mean dh/dt of the entire AIS is

0.119 m a 1; for the region north of 72 S it is 0.184 m
a 1 (Figure 4). The negative dh/dt observed in the ICESat
crossovers in the region of the GPS data is consistent with the
GPS-observed decrease in dh/dt after 2003 and is also
consistent with ENVISAT along-track results (B. Legresy,
unpublished data, 2008), showing trends of 0.1 m a 1 over
the central AIS region (between 70 and 71 S) for the period
2003–2007.

[38] The magnitude of the dominant negative ICESat
dh/dt signal observed is in contrast to the signal on the
grounded ice, where small negative values are evident west
of the AIS and near-zero values are evident to the east. This
is illustrated in the histogram of ICESat-ICESat dh/dt
values (Figure 8). Close examination of the ERS-ERS dh/
dt histograms reveals a similar contrasting relationship
between the grounded and floating ice, most notably for
the 1996.8–2003 period (Figure 9), although for this data
set the pattern is reversed with more positive dh/dt on the
ice shelf than on the grounded ice.

4. Discussion

[39] The net elevation change of the central Amery Ice
Shelf over the 39 years from 1968 through 2007 is close to
zero and, given the assumed relationship between ice shelf
elevation and ice shelf thickness, the central AIS has a near-
zero thickness change over this period. Pre-1996.8 ERS
trends for the central and northern AIS are consistent with
the longer-term net trend along the leveling route. Shifts in
ice shelf dh/dt in mid-1996 and 2003 are each observed in
two of the ERS, GPS and ICESat data sets; in both cases the

shifts are abrupt. Between 1996.8 and 2003 the ERS-ERS
and GPS-GPS crossovers agree that the ice shelf dh/dt was
positive. From 2003, both ICESat-ICESat and GPS-GPS
crossovers agree that ice shelf surface dh/dt decreased, and
the ICESat-ICESat crossovers show clear negative dh/dt
after 2003. The GPS-GPS crossovers cover a smaller area
more densely than the other techniques, but a consistent
pattern is still seen.

[40] Our interpretation of Figure 4 is, therefore, that the
central AIS showed a net increase in surface elevation from

1996.8 to at least 2003, and then began to decrease again.
To provide a net near-zero thickness change over the longer
record, we interpret the period between 1968 and the early
1990s to have been a period of small net lowering of the
central AIS ( 0.01 m a 1), where the lowering is pre-
sumably due to an imbalance between local mass budget
contributions of accumulation, basal melting, vertical strain
thinning and ice thickness advection, and/or variation in firn
densification rates. We emphasize that this is an inference of
net change and that there may have been periods prior to
1992 where the ice shelf fluctuated as observed in the period
after 1996.

[41] Our finding that the central AIS has not undergone
substantial net surface elevation change over 39 years is
consistent with the velocity change analysis of King et al.
[2007] who concluded that the central AIS had undergone
only a very small reduction in ice velocity over the period
1968–1999. Simple considerations of force balance in the
ice shelf suggest that a regionally slightly thinner ice shelf
would be consistent with slightly lower velocities.

[42] Together, the long-term dh/dt and velocity change
data sets provide strong evidence that this region of the AIS
remained largely unchanged between 1968 and 2007. Fur-
thermore, they provide baseline measurements against which
any future changes of the AIS can be interpreted. Given the
ERS-observed thinning of, for example, Larsen B and Wilkins
ice shelves that occurred prior to their recent collapses in

Figure 7. The dh/dt (2003.83–2007.28) at ICESat-ICESat
crossover locations. Data have been filtered as described in
the text.

Figure 8. Histogram of dh/dt measurements shown in
Figure 7 from ICESat-ICESat crossovers on the floating
AIS (black, left scale) and the grounded ice sheet (red, right
scale).
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2002 and 2008 [Shepherd et al., 2003, L. Padman et al.,
manuscript in preparation, 2008], this is especially important.

[43] Our results also indicate that within short time
periods of observation, the AIS has undergone elevation fluc-
tuations of up to ±0.5 m over 5 years, or up to ±0.1 m a 1

(Figure 4). Unfortunately, the GPS-derived velocity data for
the AIS do not have sufficiently frequent site reoccupation to
determine subdecadal variations which may accompany the
observed increase in dh/dt during 1996 and no GPS-based
velocity data are available over the 2003 period. SAR-derived
velocity data are also sparse during this time frame.

[44] There are several potential contributors to the
observed interdecadal fluctuations in surface elevation:
(1) surface mass balance; (2) firn densification; and (3) basal
processes. We examine each of these in turn below.

[45] 1. Surface mass balance: Budd et al. [1982] give
values of 1962–70 mean snow accumulation rate, ranging
from 1.2 m a 1 ( 0.45 m a 1 water equivalent (w.e.)) at the
ice shelf front to 0.42 m a 1 ( 0.16 m a 1 w.e.) at the
southern extent of our observation network. Combining
these observations with considerations of the buoyancy of
the ice shelf using an ocean water density of 1028 kg m 3,
in agreement with Fricker et al. [2001], and the implied
densities of snow from above, translates to an influence on
ice shelf elevation from 0.26 m a 1 (southern extent of our
network) to 0.76 m a 1 (northern extent). If the ice shelf
is in steady state, this accumulated mass is balanced by
thinning, basal melt/freeze and thickness advection, with the
snowpack densifying to firn and ice to maintain an average
surface elevation. The annual periodic variations in Figure 6
indicate that there are regular seasonal aspects to this balance,
although this could also be related to seasonal altimeter
measurement bias. Clearly if an individual year has annual
accumulation that is substantially different to the average
there would be a corresponding anomaly in elevation. This
could influence inferred rates of elevation change that are
only based on initial and final measurements, rather than
continuous monitoring.

[46] Monaghan et al. [2006] modeled decadal level
accumulation variations compared to regional means over
the period 1955–2004 using ice core records and the
ERA-40 meteorological reanalysis. From their Figure 2
(and assuming regional coherence in long-term accumulation
rates) we infer that the region around the AIS experienced
about 5% reduction in accumulation over the period 1955–
1995 followed by about 15% increase in accumulation over
the period 1995–2004. Converting these to ice shelf eleva-
tion change anomalies relative to the long-term mean snow-
fall rates of Budd et al. [1982] (as given above) would yield
values between 0.01 and 0.04 m a 1 (1968–1995) and
between +0.04 m a 1 and +0.11 m a 1 (1995–2004). These
variations would match the signs and be close to the magni-
tude of the measured dh/dt of 0.01 m a 1 (1968–1996) and
+0.10 m a 1 (1996–2003), but such an analysis ignores
the matter of firn densification. Over years and decades, these
accumulation anomalies will result in variations in densifi-
cation rate [e.g., Arthern and Wingham, 1998] and hence we
regard this agreement as probably being fortuitous; densifi-
cation issues are discussed below.

[47] Furthermore, the observed elevation changes on the
ice shelf during 1996–2007 are anomalously large when
compared to those on the surrounding grounded ice, further
suggesting that decadal accumulation variations, which
have larger spatial scales that that of the AIS [Monaghan
et al., 2006], are not directly responsible. For example,
Figure 7 shows that the recent negative dh/dt of the
Northern AIS is of opposite sign to the surrounding dh/dt
signal over the grounded ice sheet. We therefore consider
that accumulation variations are unable to account for the
recent fluctuations in AIS elevation revealed by our analysis.

[48] 2. Firn densification: We did not correct for the
effects of varying firn densification on the observed dh/dt.
Densification rates are sensitive to both temperature and
accumulation fluctuations [Arthern and Wingham, 1998;
Helsen et al., 2008; Zwally and Li, 2002], and since they
do not reflect mass change, they bias estimates of ice shelf
mass balance derived from dh/dt. Previous altimeter-based

Figure 9. Histogram of dh/dt measurements shown in
Figure 5 from ERS-ERS crossovers on the floating AIS
(black, left scale) and the grounded ice sheet (red, right
scale).
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studies of Antarctic dh/dt generally did not model this effect,
or applied only a temperature-based model [Zwally et al.,
2005]; see also the review of Alley et al. [2007] and
references therein. The magnitude of the Zwally et al.
[2005] modeled temperature-driven effect is generally small
in East Antarctica, being +0.002 m a 1 on average, and
no more than ±0.01 m a 1 for the AIS [Zwally et al., 2005,
Figure 9]. Recently, however, Helsen et al. [2008] have
reported on a model of the effect of accumulation anomalies
on measured dh/dt and suggested that substantial biases
may exist if the effect is not corrected. In particular they
find that dh/dt can depend on both current and decadal to
multidecadal average accumulation rates. For the 1995–
2003 ERS-2 period, they report an effect on measured dh/dt
incorporating anomalies in the depth of the firn layer that
reaches ± 0.2 m a 1. Their estimates of the effect for the
AIS are between approximately +0.02 and +0.08 m a 1

(estimated from Helsen et al. [2008, Figure 2a]) for 1995–
2003. This densification anomaly would somewhat explain
our observed 1996–2003 dh/dt, although it remains to be
seen whether the model also agrees with the earlier or later
observations. However, Helsen et al. [2008, Figure S9g]
also show that their 1995–2003 estimate for the AIS is not
statistically different from zero at the 2s level, mainly due
to large uncertainty in their 25-year accumulation trend for
this region (their Figure S9e). Furthermore, it does not
agree with our observations that the AIS dh/dt during
1996.8–2003 and 2003–2007 are anomalous compared to
the surrounding grounded ice, since their modeled correc-
tion is continuous across the grounding zone [Zwally et
al., 2005, Figure 2a]. It may be that this is a result of their
limited model resolution and that a focused AIS-based
study into firn densification would improve their presently
uncertain estimates. Passive microwave data have been used
to infer AIS ice melt extent and intensity over the period
1978–2003 [Liu et al., 2006] and these suggest that melt in
the region of the AIS is almost exclusively confined to the ice
shelf, offering the possibility that the observed elevation
changes are related to surface melt. However, the time series
of Liu et al. [2006] shows no obvious signal that could be
related to the mid-1990s elevation increase we observe. In
contrast, around the time of the observed elevation decrease a
positive melt anomaly (relative to the slightly decreasing
trend) does occur in austral summer 2002–3, in general
agreement with AWS temperatures that show January tem-
peratures in 2003–2006 to be positive anomalies to the
long-term trend (I. Allison, personal communication, 2008).
Further ice core, AWS, remote sensing and model studies
are required to further explore the impact of firn densifi-
cation on our data sets.

[49] On longer time scales, Helsen et al. [2008] suggest
that dh biases due to firn densification alone could theoret-
ically reach as high as 1 m over 50 years, or 0.02 m a 1,
although the value for the AIS on these time scales is at
present completely uncertain. Until improved longer-term
model results are available, based on local ice cores, this
possible uncertainty should be considered alongside our
stated uncertainty estimates for our long dh/dt record. The
meteorological modeling of Helsen et al. [2008] does
predict increased snowfall and warmer temperatures over
the AIS during 1995–2003 (their Figures S5a and S5c).

Importantly, the relative effect on ERS-derived dh/dt of
variability in firn densification, compared to that of the other
techniques is not known, but is likely to be different owing
to the possible effect of changing subsurface reflectors on
radar altimetry [Thomas et al., 2008].

[50] 3. Basal processes: Ice-ocean modeling suggests that
the central AIS is dominated by regions of net basal melt
of between zero and 1.0 m a 1 of ice [Williams et al., 2002],
representing a present-day contribution to elevation reduction
of 0.00–0.10 m a 1. There is little direct observational
oceanographic data from this region to constrain ocean
temperature and circulation changes over the relevant time
scales. However, preliminary regional oceanographic model
runs show that changes in ocean temperature can affect
basal melt rates on suitable magnitudes (B. Galton-Fenzi,
personal communication, 2008). The spatial and temporal
pattern of the related surface elevation change requires
further exploration with more sophisticated model runs.
Furthermore, the ocean circulation effects of a major calving
event around 1963 [Fricker et al., 2002] and subsequent
advance of the ice front also remain to be explored by
computer modeling.

[51] In addition to these three effects, small-scale topo-
graphic features on the ice shelf are advected downstream
with the net ice flow, with typical velocities on the AIS
being 300–1300 m a 1. As discussed above, the effect of
this on the longer-term data set is < 0.01 m a 1 in terms of
a systematic bias. For the shorter periods, we performed
further Monte Carlo simulations and found that biases due
to advection may exist in our mean GPS–GPS dh/dt with
magnitudes <±0.01 m a 1. The ERS and ICESat crossovers
cover longer periods and larger regions than the GPS-GPS
crossovers, and hence this value represents an upper bound
to the topography-related mean dh/dt in those records.

[52] After considering these potential contributions to the
observed changes in dh/dt, we are still uncertain as to their
cause. They must, therefore, be due to changes in some
currently poorly understood process (either ice dynamics, or
basal mass exchange) or poorly quantified firn column
changes.

5. Conclusions

[53] We have analyzed a 4-decade record (1968–2007) of
surface height data for the central Amery Ice Shelf and
found that its elevation (and hence thickness) remained
largely unchanged in net terms over this period. It was
essential to exploit recent advances in geoid, mean dynamic
ocean topography and tide models to avoid large biases in
dh/dt based on the 1968 leveling data that we reanalyzed
from raw field notes. This data set now represents one of the
longest and best observed records of height change of a
large Antarctic ice shelf and provides baseline data against
which shorter period fluctuations must be interpreted.

[54] In contrast to the longer record, the dh/dt values
computed during the period of continuous observation are
complex; the AIS elevation apparently deviated from its
mean by 0.5–1.0 m over two periods of less than 7 years.
The speed at which the ice shelf dh/dt changes is surprising
and suggests caution should be exercised in interpreting ice
shelf surface height trends. Zwally et al. [2005] identify

F01010 KING ET AL.: AMERY ICE SHELF DH/DT (1968–2007)

11 of 13

F01010



many ice shelves with strong dh/dt signals, but the record
we present here suggests that it is possible that these trends
may change in the future without necessarily signaling ice
shelf instability. Insufficient observations on the AIS in the
1968–1992 period mean that only the net elevation change
is measured and the fluctuations after near-continuous obser-
vations began in 1992 cannot be regarded as unique to this
latter period. The dominant source(s) of these variations
are not yet known and further investigation is required,
especially in relation to the observed changes in dh/dt in
mid-1996 and 2003. We consider that the observed changes
are not caused by accumulation fluctuations. This leaves
presently unidentified changes in ice shelf dynamics, basal
or subshelf processes, or presently poorly quantified firn
processes (including those related to surface melt) or basal
melt variations as the foci for future observational and model-
based investigations.

[55] Our results highlight the importance of continuous,
multidecadal observations of ice shelf elevation and show
that interpretation of elevation changes spanning short time
periods can be misleading especially when seeking to extra-
polate results beyond the observation interval.
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