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Abstract

We report on a range error in NASA’s Ice, Cloud and land Elevation Satellite (ICE-
Sat) that degrades elevation precision and introduces a small but significant elevation
trend over the ICESat mission period. This range error (the Gaussian-Centroid or “G-C”
offset) varies on a shot-to-shot basis and increases in magnitude as laser transmit en-
ergies decline. Although the G-C offset is uncorrelated over periods < 1 day, it evolves
over the life of each of ICESat’s three lasers in a series of ramps and jumps that give
rise to spurious elevation trends of 0.92 to 1.90cm yr'1, depending on the time period
considered. Using data over the Ross and Filchner-Ronne ice shelves we show that
(1) the G-C offset introduces significant biases in ice-shelf mass balance estimates,
and (2) the mass balance bias can vary between regions because of different tempo-
ral sampling of ICESat. We can accurately reproduce the impact of the G-C offset on
these two ice shelves by fitting trends to sample-weighted global mean G-C offsets for
each campaign, suggesting that it may not be necessary to fully repeat earlier ICESat
studies to determine the impact of the G-C offset on ice sheet mass balance estimates.

1 Introduction

NASA'’s Ice, Cloud, and land Elevation Satellite (ICESat) (Schutz et al., 2005) was an
Earth-orbiting laser altimeter mission that operated from 2003-2009. ICESat’s primary
task was to repeatedly measure the elevations of Earth’s ice sheets to help quantify
their contribution to sea level change in response to increasing atmospheric and ocean
temperatures. Many studies have used ICESat elevation data to quantify volume/mass
changes of glaciers (e.g., Gardner et al., 2013), ice shelves (e.g., Pritchard et al., 2012),
and ice sheets (e.g., Shepherd et al., 2012), and ICESat data have been combined
with other measurements to increase the spatiotemporal coverage and resolution of
surface change estimates. These complementary data include airborne laser altimetry
from NASA’s Operation IceBridge mission (Koenig, et al., 2010; Kwok et al., 2012;
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Schenk and Csatho, 2012), gravity from the NASA/DLR GRACE mission (Riva et al.,
2009), and elevations from ESA’s ERS-1, ERS-2 and Envisat radar altimeters (Zwally
et al., 2011; Hurkmans et al., 2012). ICESat will provide benchmark elevations for the
planned ICESat-2 mission (Abdalati et al., 2010), which would extend the satellite laser
altimeter record to 15 yr or more.

Since the ice sheets are so vast, a 1 cm elevation change over all grounded ice corre-
sponds to a mass change of 134 Gt and a sea-level equivalent of 0.37 mm. Centimeter-
level systematic errors in satellite altimeter measurements are therefore crucial to ice
mass balance estimates, and ICESat underwent rigorous calibration and validation to
ensure that it would meet its accuracy target of 2cm yr'1 elevation change averaged
over 100 x 100 km regions (Zwally et al., 2002). The ICESat calibration program was
based on the minimization of elevation residuals from regularly-repeated pointing ma-
neuvers over the open ocean (e.g., Luthcke et al., 2005), with subsidiary efforts to help
calibrate timing and geolocation (Magruder et al., 2007, 2010) and to mitigate the im-
pact of detector saturation (Fricker et al., 2005). ICESat validation included crossover
analysis to determine ICESat’s initial precision and accuracy (Shuman et al., 2006;
Brenner et al., 2007), followed by long-term elevation comparisons with respect to sta-
ble and/or independently-characterized reference surfaces (Fricker et al., 2005; Urban
and Schutz, 2005; Borsa et al., 2007, 2008; Shuman et al., 2009).

Although ICESat was intended to be operated continuously throughout its mission
(Abshire et al., 2003), laser reliability concerns after the failure of the first ICESat laser
led to it being operated “campaign-style” — whereby data were acquired in a series of
~ 33-day campaigns spaced 4—6 months apart (Table 1). The ICESat validation effort
focused largely on documenting changes in ICESat elevation accuracy from campaign
to campaign and between different releases of ICESat data (e.g., Fricker et al., 2005).
Despite ongoing refinements in elevation retrieval (reflected in higher product release
numbers), multiple studies have documented persistent instrument-related elevation bi-
ases between campaigns (Gunter et al., 2009; Riva et al., 2009; Siegfried et al., 2011).
More importantly, these “inter-campaign biases” exhibit statistically significant (albeit
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different) trends over the ICESat mission period (Urban et al., 2012). Furthermore,
researchers estimating ice mass balance using ICESat data have taken different ap-
proaches with respect to inter-campaign biases, with some choosing not to correct for
them (Pritchard et al., 2009; Gardner et al., 2013) and others applying biases from one
of several sources (Gunter et al., 2009; Riva et al., 2009; Zwally et al., 2011; Shepherd
et al., 2012).

This paper describes a previously unrecognized component of the ICESat inter-
campaign biases, an inadvertent range error (called the Gaussian-Centroid or “G-C”
offset) that was introduced during the processing of Level 1 data. Correcting for this er-
ror improves the precision of individual elevation measurements and removes a small
but significant anomalous elevation trend from ICESat data. Using global statistics for
the G-C offset and case studies over a terrestrial reference surface and two Antarctic
ice shelves, we demonstrate the potential impact that the correction has on elevation
accuracy and ice sheet mass balance.

2 Data and analysis
2.1 ICESat campaigns

Data collection during the ICESat mission took place during 18 separate campaigns
between February 2003 and October 2009 (Table 1). In this paper, we refer to these
campaigns using the standard convention of pairing the number of the operational
laser with a letter designating each consecutive campaign for that laser (e.g., L2a is
the first campaign for Laser 2, L3b is the second campaign for Laser 3, etc.). Laser
1 operated for only 56 days before it failed and thus was flown only in ICESat’s 8-day
exact-repeat calibration orbit. Most published studies use data from L2a onwards (after
the spacecraft had transitioned to its 91-day repeat orbit) so we will focus primarily on
Lasers 2 and 3. To avoid confusion about the time sequence of the laser campaigns, we
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note that Laser 2 was switched off after L2c and then back on again after Laser 3 failed,
which is why campaigns L2d-L2f took place after L3k (the final Laser 3 campaign).

2.2 |ICESat elevation validation at the salar de Uyuni

This study arose from our ICESat validation work involving elevation comparisons with
a GPS-derived reference DEM acquired several months before launch at the salar de
Uyuni in Bolivia (Fig. 1) (Fricker et al., 2005; Borsa et al., 2007). Total topographic relief
over the 45-by-54 km Uyuni DEM is only 80 cm, making this one of the flattest surfaces
on Earth. Both ascending (Track 360) and descending (Track 85) ICESat tracks cross
the Uyuni DEM, and over 300 individual laser footprints from each track fall within the
DEM boundaries. In 2009, we resurveyed the salar de Uyuni to check for topographic
change that might impact ICESat elevation validation and found that the DEM surface
had risen by an average of 2.5cm (Brunt et al., 2009). For the analysis used in this
paper, we mitigate the effects of this surface change by linearly interpolating in time
between the 2002 and 2009 DEMs to the date of each ICESat pass over the salar,
creating a unique hybrid reference DEM for each track in each campaign.

At the salar de Uyuni, inter-campaign biases for the latest release of the ICESat data
(R633) range over 10 cm, with elevation biases of up to 17 cm between repeated tracks
within a single campaign (see Fricker et al. (2005) for a summary of our methods).
These values are of similar magnitude to what has been observed by other investi-
gators in different locations (Shuman et al., 2009; Siegfried et al., 2011; Urban et al.
2012). The salar de Uyuni is an ideal validation site — high-elevation (smaller hydro-
static delay correction) with negligible cloud cover (little or no multiple scattering) and
no topography (little or no elevation impact from pointing errors) — so we expected more
accurate elevation recovery than we observed. At the same time we realized that with
such a large range of observed biases, we had an opportunity to use the salar de Uyuni
for calibration rather than just validation and could potentially uncover candidates for
the unidentified error sources affecting ICESat elevations.
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2.3 Correlations between transmit pulse parameters and ICESat elevations

For this study, we undertook a systematic examination of the elevation impact of
a number of ICESat metadata parameters, motivated by observations made by our
group and other investigators that some of these parameters varied systematically
from campaign to campaign (e.g., Fricker et al., 2005; Shuman et al. 2009). We hy-
pothesized that at the salar de Uyuni we would be able to observe correlations be-
tween these parameters and the elevation biases remaining despite improvements
in ICESat orbit determination, pointing, and ranging over the life of the mission (see
http://nsidc.org/data/icesat/past_releases.html). Although we recorded and tracked in-
strument and environmental metadata as part of our validation activities, we had not
previously looked for quantitative correlations between these metadata and the ICESat
elevation biases over Uyuni.

In order to maximize the number of independent data in our analysis, we did not
work with inter-campaign biases, but instead used the individual elevation misfits (the
differences between the ICESat and interpolated DEM elevations) for all 8371 valid
ICESat returns over the salar de Uyuni DEM. We regressed these misfits against a
number of metadata parameters, including (1) transmit pulse skewness, (2) transmit
pulse eccentricity, (3) transmit gain, (4) transmit pulse energy, and (5) receive pulse
energy. We highlight these parameters because they all exhibit some degree of cor-
relation with footprint elevation misfits. In the case of transmit pulse skewness, visual
examination of the scatterplot between skewness and misfit (Fig. 2) shows that the
two are linearly correlated, with stronger correlations for individual campaigns than for
the entire dataset. Quantitatively, the linear Pearson correlation coefficient R between
skewness and misfit is 0.30 (and statistically significant) for the entire dataset, with val-
ues for individual campaigns that reach 0.64 for L2b and L3c. Since parameters 1-2
are related to the transmit pulse shape and parameters 3-5 are directly or indirectly
related to transmit pulse amplitude, we concluded that characteristics of the transmit
pulse were affecting ICESat range determination and were able to identify a potential
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mechanism for this effect in the ICESat Range Algorithm Theoretical Basis Document
(ATBD) (Brenner et al., 2003).

ICESat’s transmit and return pulses are recorded as waveforms of energy versus
time, with each waveform sample spanning 1ns (equivalent to 15cm in range). ICE-
Sat Level 1 data post-processing identifies the times associated with reference points
on the transmit and return waveforms and differences the two to obtain the pulse travel
time. Both reference points should refer to a common place on both waveforms to avoid
biasing the travel time measurement, however a figure in the ICESat Range ATBD
specified two different types of reference point: the centroid of the transmit waveform
and the peak position of the Gaussian fit to the return waveform (Fig. 3). If the ATBD
figure were correct, any deviation of the transmit waveform shape from a perfect Gaus-
sian would cause a divergence between the centroids and Gaussian peaks of both the
transmit and return waveforms. The result would be a timing/range error that would
propagate through the geolocation process to yield a corresponding elevation error of
similar magnitude but opposite sign.

2.4 An ICESat range error: the Gaussian-Centroid (G-C) offset

Although Gaussian-to-centroid (or G-C) timing was not intended to be used for
range determination for simple ICESat return waveforms (D. Yi, personal communi-
cation, 2012), NASA’s ICESat Science Computing Facility confirmed that G-C timing
was implemented through data release R633 for all ICESat products except GLA14
(land/canopy elevations). Fortunately, the range error due to G-C timing can be repro-
duced exactly using the transmit pulse parameters available in the ICESat GLAO5 data
product (see http://nsidc.org/data/icesat/data.html).
The G-C range error (henceforth the “G-C offset”) can be calculated as

G-Coffset(m) = (GLA05.d_parmTr(2) — GLA05.d_locTr)- ¢ (1)

where d_locTr is the GLAO5 parameter containing the time (in ns) corresponding to
the transmit waveform centroid, d_parmTr(2) is the GLAO5 parameter containing the
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time (in ns) of the peak of the Gaussian fit to the transmit waveform, and the speed
of light c is defined as 0.150mns™". The elevation impact of the G-C offset can be
removed by adding the offset from Eq. (1) directly to ICESat elevations, a step we refer
to as the “G-C correction” in Sect. 3 below. Alternatively, investigators can apply the
G-C correction from files provided by the National Snow and Ice Data Center (http:
//nsidc.org/data/icesat/correction-to-product-surface-elevations.html). Technically, the
G-C offset/correction should also be scaled by the cosine of the laser pointing angle
measured from nadir, but since this angle is rarely over 3 degrees, the scaling is <1 mm
and is negligible in most cases.

2.5 G-C offset characteristics for ICESat’s three lasers

We took the entire ICESat dataset and used Eq. (1) to calculate the G-C offset for all
laser pulses with a valid surface return. Ordering the pulses sequentially by laser shot,
we found significant and systematic differences in the G-C offset between the three
lasers and over the life of each laser (Fig. 4; Table 1).

During its short life, Laser 1 had a mean G-C offset of 1.77cm, a G-C offset stan-
dard deviation of 1.99 cm, and little change in G-C offset behavior over time (Fig. 4a).
Laser 2 had almost the same mean offset as Laser 1 (1.76 cm), but more than double
the offset standard deviation (4.80 cm; Fig. 4b). Laser 2 also exhibited a four-fold in-
crease in G-C offset standard deviation from L2c to L2f, which was associated with low
(sub-20 mJ) and declining transmit energies. Increased variance is expected with low
transmit energy because the accompanying decrease in the signal-to-noise ratio of the
laser waveforms (once the transmit gain can no longer be increased to compensate)
degrades the precision of centroid determination and Gaussian fitting (Fricker et al.,
2005). In addition, there were significant changes in the moving average of the G-C
offset (the red line in Fig. 4a), including (1) a 5¢cm drop at the end of L2a that is as-
sociated with an instantaneous 10 mJ fall in transmit power and is probably due to the
failure of one of the diode pump bars, (2) a large negative spike at the beginning of L2b
during the period ICESat was in sun acquisition mode, and (3) an inverse correlation
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with transmit power beginning in L2d, which was when transmit energy fell and stayed
below 10 mJ.

By contrast, Laser 3 showed much more stable G-C offset behavior, due in part to
its higher transmit energies (Fig. 4c). Overall, Laser 3 had a lower mean G-C offset
value than the other two lasers (-3.38 cm) and a relatively constant standard deviation
whose value was close to that of Laser 1 (2.32cm). The Laser 3 offset moving average
started around 0cm, jumped 3cm in the middle of L3a (when the laser temperature
was increased from 13.8 to 16.0°C), and then gradually dropped by 4 cm through L3d
and showed little change afterwards.

3 Results and discussion
3.1 Trend in the G-C offset over the ICESat mission

There are two direct effects of the G-C offset: (1) it increases the shot-to-shot variability
of ICESat elevations (especially at low transmit energies) and (2) it shifts the mean
elevation for most campaigns. Of greater relevance to ice sheet mass balance studies
is a secondary effect due to the fact that when ordered in time, the changes in the
mean G-C offset between campaigns exhibit a trend over the mission period (Fig. 5)
that could potentially be interpreted as real surface elevation change (dh/dt).

We estimated the G-C offset trend via a linear regression against time of the global
mean G-C offsets for campaigns L2a to L2f, with inverse-variance weights for each
campaign calculated from the offset standard deviations (all data are from Table 1).
This choice of weighting lowers the contribution of high-variance data points, which in
this case are the three Laser 2 campaigns at the end of the mission. For the L2a—-L2f
period, we obtained a trend of —1.38 £ 0.40cm yr'1, which is statistically different from
zero at the 3-sigma level. Since many published studies do not include the later ICESat
campaigns in their analysis, we also report trends for other data periods (Table 2, Trend
A). As Table 2 and Fig. 5 show, the fewer campaigns used at the end of the ICESat
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mission, the more negative the trend of the G-C offset: up to —-2.13 +0.53cm yr‘1 in
the case of data spanning only the period between L2a to L3i.

3.2 Potential impact of the G-C offset on ICESat elevation trends

The negative trend in the G-C offset contributes an erroneous positive trend in ICESat
elevations that could be interpreted as real surface change. However, the trends we
calculated in Sect. 3.1 may not reflect the actual effect of the G-C offset on ICESat-
derived dh/dt in cases that involve different regression weighting, as we discuss below.

ICESat investigators estimate volume change by integrating many independent dh/dt
estimates over a region of interest. If ICESat elevation data are not corrected for the G-
C offset, the offset will propagate through the linear regression used to obtain the dh/dt
estimates and introduce a trend error that depends on the weighting applied to the
elevations (see Appendix A). Most investigators use constant weighting for all returns
(e.g., Shepherd et al., 2012), so we repeated the linear regressions from Sect. 3.1 using
a uniform weight on each campaign of 1/4 cm ™2 (corresponding to a 2.0 cm standard
deviation) to see how this would change the G-C offset trend. The result was less
negative trend estimates (Table 2, Trend B), with the biggest change for the longest
data periods (e.g., for L2a—L2e and L2a-L2f). Using a different value for the uniform
weight will not change the trend estimates, although it will change the formal error
obtained for those trends.

The number of ICESat measurements in each campaign (i.e. sampling) also affects
how the G-C offset will affect dh/dt estimates. For example, campaign L2f has fewer
returns than any of the other campaigns because it was only 11 days long and be-
cause its low laser transmit energy resulted in a low percentage of valid returns being
recorded due to attenuation by clouds. There are relatively few L2f elevations included
in the many thousands of dh/dt estimates made over an ice sheet, which means that
L2f elevations (and therefore the G-C offset for L2f) are typically underweighted in the
average ice sheet dh/dt.
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We can estimate the impact of sampling density on the G-C trend by modifying the
uniform-variance regression weights above to include a term for number of returns
expected for each campaign on a global basis (Appendix A). The resulting trend es-
timates (Table 2, Trend C) are more negative than they would be if sampling density
were not considered. This is due to the lower weighting of the sparse L2d, L2e and L2f
campaigns, whose relatively high G-C offsets now have a smaller impact on the G-C
trend estimate. These trends are our best approximation of the impact of removing the
G-C offset from ICESat elevations, although differences in relative ICESat sampling
from the global campaign averages (due to regional effects or data editing protocols)
are likely to cause the dh/dt impact of the G-C offset in specific cases to vary from our
estimates.

3.3 Power spectrum of the G-C offset

To determine whether there might be regional variation in the G-C offset, we examined
the G-C offset power spectrum to look for temporal correlations that could map into spa-
tial patterns. For this analysis we could not use G-C offsets calculated from the centroid
and Gaussian parameters in the GLAOQ5 data product, since shots without a valid return
(see Table 1) did not undergo Gaussian fitting during ICESat data processing. Spectral
estimation requires continuous time series, so we retrieved transmit waveform records
from the GLAO1 data product, estimated Gaussian fits for every ICESat transmit pulse,
and recalculated the G-C offset using Eq. (1) and the original GLAO5 centroids. The
new G-C offsets deviate from the GLAO5-derived offsets by 0.0 £2.5mm (1-sigma)
overall and are continuous over each campaign.

We calculated G-C offset power spectral density (PSD) estimates for each of the 18
ICESat campaigns using a single-window Fast Fourier Transform (FFT) with a Ham-
ming taper. In all cases, the PSDs follow the same pattern: a flat spectrum at frequen-
cies higher than about 107° Hz and, if there were any jumps or ramps in the G-C offset
time series during the campaign, a fractal spectrum with spectral slopes ranging from
0 to -2 at frequencies lower than 107° Hz (Fig. 4). What these results show is that the
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G-C offset behaves like white noise over periods shorter than a day, which implies neg-
ligible along-track structure over distances less than about 15 full orbits. Furthermore,
because of the spatio-temporal pattern of ICESat tracks — whereby later tracks fill in
between earlier tracks — changes in the G-C offset are almost uniformly distributed over
a broad area such as an ice sheet. The global characteristics of the G-C offset should
thus be a good first approximation to how the offset behaves in any regional analysis.

3.4 Impact of the G-C Offset on ICESat measurements of ice shelf dh/dt

In order to test our assumptions about the impact of the G-C offset on ICESat dh/dt esti-
mates, we looked at two areas in Antarctica: the Ross and Filchner-Ronne ice shelves.
For each ice shelf we estimated dh/dt for campaigns L2a—L2f using ICESat data with
and without the G-C offset. (In the following discussion, we will use the term “G-C
correction” to refer to the removal of the G-C offset by its addition to ICESat eleva-
tions). For this analysis, we followed the standard approach of simultaneously estimat-
ing planar slopes (dh/dx, dh/dy) and temporal trends (dh/dt) for nearby footprints along
segments of ICESat near-repeat tracks using least-squares estimation with unit weight-
ing (e.g., Smith et al., 2009; Gardner et al., 2013). We used saturation-corrected and
tide-corrected elevations from the ICESat GLA12 data product, “retided” the elevations
using a more accurate tide-model (Padman et al., 2002; Fricker and Padman, 2006),
and estimated dh/dt only for reference tracks that contained four or more campaigns.
Finally, for each ice shelf and method, we simply averaged all dh/dt estimates to derive
a single dh/dt value without accounting for uneven spatial distribution (i.e. we did not
interpolate estimates to a regular grid).

For the Ross Ice Shelf, the average dh/dt value changed by —-0.69cmyr  after
applying the G-C correction (from +0.10cm yr'1 to -0.59¢cm yr'1). For the Filchner-
Ronne Ice Shelf, the average dh/dt value changed by —0.48cm yr_1 after applying the
G-C correction (from +1.80cm yr'1 to +1.32cm yr'1 )- The reason the impact of the G-C
correction is different for the two ice shelves is because the sampling of elevations from
each campaign is different. Most relevant is the undersampling of the Filchner-Ronne
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Ice Shelf in L2a relative to the Ross Ice Shelf (see Table 3), which slightly flattens the
G-C correction trend. This can be understood by observing that lowering the weight of
L2a in Fig. 5 will tend to flatten the slope of the linear fit to the G-C offsets by mitigating
the impact of the high L2a value. L3g and L3i are also sampled very differently on
the two ice shelves, but they matter less because they are close to the center of the
time series and because their mean G-C offset values are similar to those of nearby
campaigns.

The G-C correction significantly changed the mass balance of the ice shelves we
examined. Because of hydrostatic equilibrium, a given change in surface elevation
equates to about nine times more change at the underside of the ice shelf, greatly mag-
nifying the impact of systematic measurement errors. In the case of the Ross Ice Shelf,
the —-0.69cm yr‘1 change in average dh/dt from the G-C correction implied a mass bal-
ance correction of —29 thr'1 after accounting for hydrostatic equilibrium. The mass
balance correction for the Filchner-Ronne Ice Shelf from the change in average dh/dt
was —-19 thr‘1.

In addition to the analysis described above, we also approximated the ice shelf ele-
vation trend impact of the G-C correction using linear fits to the mean global G-C offsets
of each campaign. For each ice shelf, we linearly regressed the mean G-C offsets from
Table 1 against time, using the campaign sampling from Table 3 to derive appropriate
weights via Eq. (A11) (Appendix A). We obtained estimates for the dh/dt impact of
the G-C correction of —0.61cm yr'1 for the Ross Ice Shelf and —0.49cm yr'1 for the
Filchner-Ronne Ice Shelf, both within 1 mm yr‘1 of the actual dh/dt values calculated
by applying the G-C correction and reprocessing the dataset. This suggests that it may
not be necessary to fully repeat earlier ICESat studies to determine the impact of the
G-C correction as long as the local sampling and explicit weighting scheme for each
campaign is known.
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3.5 Relationship to estimates of inter-campaign biases

There have been many independent estimates made of ICESat inter-campaign biases,
seven of which were presented by Urban et al. (2012). Importantly, there was almost
no consensus amongst the authors who contributed to this presentation; indeed these
seven estimates yielded biases that differed by up to 20 cm for any single campaign
and bias trends that ranged from -0.3 to +2.2cm yr‘1 over the L2a-L2f period. Given
the different surface types, data locations, spatial sampling, and methodologies used
in these estimates, it is understandable that the implied biases might differ. However,
since the inter-campaign bias trends (or their underlying biases) are supposed to be
applied as corrections to all ICESat data, it is important to understand the reasons for
and implications of the variability between the estimates.

For the purposes of this discussion, we can identify three components of the mea-
sured inter-campaign biases: (1) the contribution of the G-C offset, (2) bias due to
all other instrument error sources, and (3) bias estimation errors due to actual eleva-
tion/range changes from unmodeled physical processes such as surface change and
atmospheric scattering over the selected calibration surfaces. The contributions of all
three components will vary according to the data and methodology used in the bias
estimation. For instance, we demonstrated in Sect. 3.4 how the impact of the G-C
offset differs by a few mm yr'1 between two ice shelves on the same continent be-
cause of data sampling. We might also expect, for example, differences between land-,
ocean- and ice-determined biases due to systematic differences in cloud cover or sur-
face geometry (e.g. sea-state effects). Larger differences are likely if biases are being
estimated over surfaces that are assumed to be stable but are not, or over surfaces
whose time variance is imperfectly known.

Applying the G-C correction removes the first component of the inter-campaign bi-
ases and thus will alter existing inter-campaign bias estimates. Specifically, we can ex-
pect the G-C correction to decrease inter-campaign bias trends by 0.92 to 1.90cm yr‘1
depending on the campaigns used (Table 2, Trend C). This means that the G-C offset is
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a significant contributor to the inter-campaign biases, although the large spread of the
inter-campaign bias estimates indicates that significant residual variability will remain in
all estimates after the G-C correction is implemented. Validation using the two ICESat
tracks over the salar de Uyuni DEM (Fig. 1) confirms that the impact on the fitted ele-
vation trend from applying the G-C correction to individual ICESat shots is almost the
same as what we predict from the global analysis in Sect. 3.2 (-0.92cm yr'1 predicted
versus —1.17cm yr‘1 actual for L2a—L2f). The actual bias trend at Uyuni changed from
0.67+£0.47cm yr'1 to —-0.50+£0.36cm yr'1 after the G-C correction, with the non-zero
residual trend illustrating the fact that some elevation error is likely to remain after the
G-C offset is removed.

Of importance to previous studies that used ICESat data containing the G-C offset,
recent studies have suggested (e.g., Rignot et al., 2013) that applying a set of inter-
campaign biases implicitly corrects for the impact of the G-C offset, at least at the level
of the mean elevation for each campaign. While technically true, we are concerned
that this is not a satisfactory way to make the G-C correction. Applying empirical inter-
campaign biases may correct the effect of the G-C offset, but the variability of inter-
campaign biases from different sources suggests that this approach can introduce
additional errors in dh/dt estimates. We suggest instead that investigators explicitly
correct for the known G-C offset using one of the methods described in Sect. 2.4, with
the understanding that characterizing the remaining elevation errors/biases will require
additional work.

4 Conclusions and outlook

We propose a range correction to the ICESat Level 1 data that removes the effect of
an erroneous travel time calculation in the Level 1 data (the G-C offset). The impact of
the G-C offset on ice sheet elevation trends (dh/dt) can vary substantially depending
on the time span of investigation and the data sampling in each observation campaign.
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If those factors are carefully considered, we have shown that it is possible to reproduce
the effect of the G-C offset to within a few mm yr'1 at a regional scale.

Additional work is still needed to characterize the elevation errors that remain after
the G-C offset is removed. This work includes the revision and ultimate reconciliation of
various estimates of ICESat inter-campaign biases, all of which will change as a result
of the G-C offset correction. The large variation in existing estimates of inter-campaign
biases suggests that the problem of estimating empirical errors is not necessarily any
easier than uncovering the root sources of those errors. We also wonder if the formal-
ization of the inter-campaign bias as a description for otherwise unmodeled and persis-
tent errors in ICESat elevations may have diverted attention away from the need for a
more systematic and methodical effort to identify outstanding error sources in the ICE-
Sat data. In particular, we are concerned that a single “universal” set of inter-campaign
biases (were one to become available) would not be equally relevant across a range of
studies using different spatial subsets of data or different data sampling/editing.

The discovery of the G-C offset was the result of having access to a stable refer-
ence surface that allowed us to unambiguously link ICESat elevation anomalies to an
ICESat timing error. Our approach can and should be applied to a broader sample of
reference surfaces to provide a greater range of values for various instrument param-
eters, thereby increasing the diagnostic power of the correlation analysis. There are
many active and potential reference sites around the globe, and we believe that the
satellite altimetry community should attempt to link these into a single virtual surface
for altimeter calibration and validation. Future missions might consider increasing both
the resources and expectations for these efforts.
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Appendix A

Linear regression of mean G-C offsets to estimate the G-C impact on ICESat
elevation trends

If we take the chi-square merit function for the linear fit to N pairs of time/elevation data

N-1 2
5 (h; + Ah;) — (a+ bt)
= A1
Flan= 3 [0 (A1)
where the t; are points in time corresponding to different ICESat campaigns, h; are
the “true” surface elevations, Ah; are the corresponding G-C offsets, and o; are the
standard deviations used for (h; + Ah;), a linear regression will return the closed-form
solution for the slope (or trend) b of the linear fit
1| [stami]  [<n h+Ah;
23] [ - o] ]
be : . (A2)
[< 1] e [ fi 12
=3 [22]- =2
Equation (A2) can be rewritten as
[ <t ] t ] [<n At t Ah,
bl e b W b el v
b= - - - ~ + (A3)
2 E-lE] [l
which shows that the minimization of Eq. (A1) to find b is identical to the minimization
of
N-1 2 N-1 2
h; - (a+ bt; Ah; - (a+ bt
Z [M] + z [M] (A4)
Oj Oj

i=0 i=0
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or that
b = bgyyrace + bG-C' (A5)

The contribution of the G-C offset to the trend in the data can therefore be considered
separately from the contribution of the surface elevations themselves, although the
weighting will be the same in both cases.

To scale these conclusions from a single evaluation cell to an entire study area,
we note that the ice volume change for a given region is calculated by summing the
contribution of many independent trend estimates

dv
j j J /

with separate terms for surface volume change and volume change from the G-C offset.
If we make the simplifying assumption that the area A; of each evaluation cell is the
same (most studies interpolate volume/mass estimates to the nodes of a regular grid)
and take M to be the number of cells, the second (G-C term) in Eq. (A6) can be written

M-1 bG-c,-

o

dVgc _
dt

M-1
A bg-¢, = MA (A7)
j=0

j=0

Substituting the linear regression solution for bg_¢ into Eq. (A7), taking the values for
t; and o; to be the same everywhere for a given campaign (although different between
campaigns), and distributing the summation over j gives
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is the estimate of the G-C offset trend from the mean G-C offsets.
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We have estimates of Ah; from Table 1 (the mean G-C offset by campaign), which
our analysis in Sect. 3.3 suggests should be valid anywhere on Earth. The conclusion
from Egs. (A8)—(A10) is that for uniform sampling of the various campaigns, estimating
the impact of the G-C offset on ICESat elevation change trends only requires fitting
a linear trend to a set of mean G-C offsets ordered in time, using whatever o; were
chosen for the surface change analysis.

Finally, we consider the impact of sampling, whereby the number of valid ICESat
returns can be different for different campaigns. In Egs. (A3), (A4), this is manifested by
having some campaigns with a large number of elevations/offsets and some with few
(or even no) elevations/offsets, which implicitly down-weights campaigns with fewer
samples. We would like to have a way of representing sampling when we fit linear
trends to the G-C offset means in Eq. (A10). While it is beyond the scope of this paper
to offer a proof, bootstrap analysis will confirm that a weighting that accounts for non-
uniform sampling is

2

o 0 25
o; = SN (A11)
where the S; are the number of samples for a given campaign in the study area and
N is the total number of campaigns (as in Eq. A1). This formulation roughly preserves
the value of the formal error on the slope estimate obtained from uniform-variance
weighting. In the uniform-variance scenario typical for ICESat, what matters for the
trend estimate is the relative number of samples between campaigns, not the absolute
numbers.
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Table 1. ICESat campaign metadata and G-C offset statistics. Campaigns are listed sequen-
tially in time and are named as described in the text. Laser 2 campaigns are shown in bold to
highlight the switching that occurs between lasers during the mission. The valid returns column
gives the percentage of shots for which a surface elevation was recorded, which tends to drop

as laser energy decreases.
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A range correction

Campaign Start Date End Date # Days % Valid #Valid G-CMean G-Co — for ICESat
Returns Returns (cm) (cm) o A A Borsa et al.
L1a/L1b 2/20/03  3/29/03 37 73% 85862366 177 199 ¢
L2a 10/13/03  11/19/03 37 63% 80770785 590 1.83
L2b 2/17/04  3/21/04 33 64% 72697059 060 207 © Title Page |
L2¢ 5/18/04  6/21/04 34 53% 62361334 -0.16 370
L3a 10/3/04 11/8/04 36 64% 79437302 -058  1.93 %
L3b 2/17/05  3/24/05 35 67% 79778747 137 195 = —
L3c 520005  6/23/05 34 65% 75890428 344 246
L3d 10/21/05  11/24/05 34 63% 71662990 ~4.06 256 :
L3e 2/22/06  3/28/06 34 65% 74789938 -413 210
Laf 5/24/06  6/26/06 33 62% 71172594 -372 227 ©
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Table 2. G-C offset trend estimates (and formal 1-sigma errors) using different data periods A. A. Borsa et al.
and different least-squares weighting applied to each campaign. Trend A uses inverse-variance %
weighting derived from the G-C offset statistics in Table 1, Trend B uses uniform weighting, %
and Trend C uses weights derived from global ICESat sampling by campaign. These trend = — ‘
estimates also represent the impact of the G-C correction on dh/dt, indicating that all ICESat- % 1 rage
derived C;ce elevation change estimates should become more negative once the G-C offset is %;
removed. w
Conclusions References
Begin End G-CTrendA G-CTrendB G-C Trend C - -
. . -1 -1 -1 :
o) Tables Figures
Campaign Campaign (emyr™) (emyr™) (cmyr™) 2 - -
L2a L3i -2.13+0.53 -1.90+0.48 -1.90+0.51 <
L2a L3j -1.88+0.47 -1.62+041 -1.76+0.47 %- — “
L2a L3k -1.64+041 -139+0.36 -1.55+0.42 =)
L2a L2d -1.54+£040 -1.00£0.32 -1.17+0.38 Ry _ —
L2a L2e -1.48+0.40 -0.62+0.29 -1.05+0.37 ® Back Close
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Table 3. ICESat sampling of the Ross and Filchner-Ronne ice shelves for the elevation trend 7,4287-4319, 2013

estimates in Sect. 3.4. We list the number of shots used by campaign over the entire ice sheet

(S; in Eq. A11), as well as the relative campaign sampling weights (expressed as a percentage
of the maximum number of shots on that ice shelf for any campaign). There are large differences
in relative campaign sampling between the two ice shelves for L2a, L3g and L3j, which results
in different estimates for the elevation trend impact of the G-C offset.
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L2a 395218 96 179955 68 S :
2o 285648 69 198316 75 5
L2c 378640 92 244073 92 ]
L3b 335248 81 202618 77 w) Tables Figures
L3c 363814 88 264081 100 o -7 -7
L3d 358902 87 197763 75 %
L3e 291486 71 151919 58 2 — “
L3f 368413 89 234540 89 -
g 41428 100 1e91e0 o4 ; KN N
L3h 329989 80 227046 86 o Back Close
L3i 384517 93 235922 89 - - -
L3j 262832 64 220324 83
L3k 160299 39 127620 48 o
L2d 189205 46 123881 47 §
L2e 261577 63 190585 72 7
Lof 104189 25 49165 19 )

N

g

4313


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/7/4287/2013/tcd-7-4287-2013-print.pdf
http://www.the-cryosphere-discuss.net/7/4287/2013/tcd-7-4287-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

TCD
7, 4287-4319, 2013

Jaded uoissnosiq

A range correction

- for ICESat

) A. A. Borsa et al.

3

c

»

@,

8 Title Page ‘
S

'8 Abstract Introduction
:
a' —————— I —
9]

c

7

o

S

> R I
Q

© -
:

Full Screen / Esc

Fig. 1. The reference DEM used in this study, located on the salar de Uyuni in Bolivia. Topo-
graphic relief across the 45-by-54 km DEM is only 80 cm, making this region of the salar one
of the flattest natural surfaces on Earth. ICESat tracks 85 (descending) and 360 (ascending)
cross the DEM and are used for range validation.
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ICESat Elevation Misfit vs. Tx Pulse Skewness
o001 — — 1 1 T T T 1
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ICESat elevation misfit to Uyuni DEM (cm)
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-4 -2 0 2
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Fig. 2. Scatterplot of ICESat elevation misfits versus the transmit pulse skewness for each shot,
with the linear correlation between the two indicated by the black line. The Pearson correlation
coefficient R is 0.30 for the whole dataset, with higher coefficients for most of the individual
campaigns — up to 0.64 for L2b and L3c (see campaign color code at right of plot).
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Fig. 3. ICESat range determination illustration, adapted from Brenner et al. (2003). The trans-
mit and return waveforms are shown in black, and the Gaussian fits to those waveforms are
shown in green. The centroids of the transmit (C;) and return (Cg) waveforms are indicated by
the solid black vertical lines, and the peak locations of the Gaussian fits to the transmit (Gy)
and return (Gg) waveforms are indicated by the dotted green vertical lines. The ICESat range
determination algorithm that was implemented through data release R633 used the time differ-
ence between the return Gaussian peak and the centroid of the transmit waveform (multiplied
by the speed of light ¢ and divided by 2 to get one-way range), which introduces a range error

equal to (Gy - Cy)-c/2.
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Fig. 4. The G-C offset, transmit energy, and transmit gain for Laser 1 (a), Laser 2 (b), and Laser
3 (c), ordered sequentially by cumulative number of shots for each laser. The red line in the
top plot is the 10 000-shot moving average of the G-C offset. ICESat campaigns are named in
blue at the top of the plots and are delineated by blue lines marking the end of each campaign
period. The scatter in the G-C offset grows as transmit energy drops, especially below 20 mJ.
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ICESat G-C offset, campaign means and trends
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Fig. 5. G-C offset campaign means and trend estimates for selected data spans from Table 2,
Trend A. The boxes are the mean values for each campaign of the G-C offset data in Fig. 4, the
error bars are the offset standard deviations for each campaign, and the different lines are G-C
offset trends estimated for different data periods using inverse-variance weighting. The G-C
offset has a bigger impact on elevation trends when campaigns at the end of the mission are
excluded.
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Fig. 6. Power spectrum of G-C offset for campaigns L3a (left) and L3c (right), showing a flat
spectrum beyond 10"°Hz and different behavior at lower frequencies. The main difference
between the two campaigns is that the moving average of the G-C offset jumps abruptly in L3a
while it is flat in L3c (see Fig. 4c).
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