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The Geoscience Laser Altimeter System is the space
lidar on the NASA ICESat mision. Its design com-
bines an altimeter with 5 cm precision with a laser
pointing angle determination system and a dual wave-
length cloud and aerosol lidar. GLAS measures the
range to the Earth’s surface with 1064 nm laser pulses.
Each laser pulse produces a precision pointing mea-
surement from the stellar reference system (SRS) and
an echo pulse waveform, which permits range determi-
The single
shot ranging accuracy is < 10 cm for ice surfaces with
slopes < 2 degrees. GLAS also measures atmospheric
backscatter profiles at both 1064 and 532 nm. The 1064
nm measurements use an analog Si APD detector and
measure the height and profile the backscatter signal
from thicker clouds. The measurements at 532 nm use
photon counting detectors, and will measure the ver-
tical height distributions of optically thin clouds and
aerosol layers Before launch, the measurement perfor-

nation and waveform spreading analysis.

mance of GLAS was evaluated using a lidar test in-
strument called the Bench Check Equipment (BCE).
The BCE was developed in parallel with GLAS and
served as an inverse altimeter, inverse lidar and a stel-
lar source simulator. It was used to simulate the range
of expected optical inputs to the GLAS receiver by
illuminating its telescope with simulated background
light as well as laser echoes with known powers, en-
ergy levels, widths and delay times. The BCE also al-
lowed monitoring of the transmitted laser energy, the
angle measurements of the SRS, the co-alignment of the
transmitted laser beam to the receiver line of sight, and
performance of the flight science algorithms. Perfor-
mance was evaluated during the GLAS development,
before and after environmental tests, and after deliv-
ery to the spacecraft. The ICESat observatory was
launched into a 94 degree inclination, 590 km altitude
circular polar orbit on January 12, 2003. Beginning in
early February, GLAS was powered on tested in stages.
Its 1064 nm optical receiver was evaluated in a several
tests using both solar background light and an inter-
nal test source. Laser 1 was activated on February 20,
2003. GLAS operated with Laser 1 for 38 continuous
days on orbit using its 1064 nm receiver channel, pro-
ducing over 130 million individual laser measurements
of the Earth’s surface and atmosphere. These nadir-
pointed measurements fell along the ICESat’s ground
track, and spanned more than 4 cycles of the initial
8-day ICESat repeat orbit. The initial GLAS measure-
ment set shows strong echo pulses from ranging to the
surface topography, oceans, ice sheets and cloud tops,
as well as profiles of clouds and aerosols. The GLAS
measurements have unprecedented vertical and angular
resolution, and show nearly continuous height profiles
of ice, land and ocean surfaces or cloud tops, as well
profiles of backscatter from thin clouds and aerosol lay-
ers. Examples of these GLAS measurements and an ini-
tial assessment of its science measurement performance
will be presented.
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On January 12, 2003 the Ice, Cloud and land El-
evation Satellite (ICESat) was successfully placed into
orbit. The ICESat mission carries the Geoscience Laser
Altimeter System (GLAS), which has a primary mea-
surement of short-pulse laser-ranging to the Earth’s
surface at 1064nm wavelength at a rate of 40 pulses
per second. The instrument has collected precise ele-
vation measurements of the ice sheets, sea ice rough-
ness and thickness, ocean and land surface elevations
and surface reflectivity. The accurate geolocation of
GLAS’s surface returns, the spots from which the laser
energy reflects on the Earth’s surface, is a critical is-
sue in the scientific application of these data. Pointing,
ranging, timing and orbit errors must be compensated
to accurately geolocate the laser altimeter surface re-
turns. Towards this end, the laser range observations
can be fully exploited in an integrated residual analy-
sis to accurately calibrate these geolocation/instrument
parameters. ICESat laser altimeter data have been si-
multaneously processed as direct altimetry from ocean
sweeps along with dynamic crossovers in order to cal-
ibrate pointing, ranging and timing. The calibration
methodology and current calibration results are dis-
cussed along with future efforts.
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The precision of the Geoscience Laser Altimeter
System (GLAS) elevations is investigated using cross-
ing arc residuals formed when ascending and descend-
ing passes cross over the same location on the ground.
This study uses the 5 contiguous 8-day repeat cycles
from February 20th, through March 28th, 2003 of laser
number one data and the laser number two data avail-
able from Fall 2003. The errors in the GLAS eleva-
tions consist of - 1) residual orbit errors, 2) unmod-
eled attitude error which cause erroneous geolocation
of the return, 3) distortion of the received return rel-
ative to the return processing model, and 4) errors in
the tide and atmospheric delay models. The ICESat
mission precision orbit and GLAS attitude supplied by
UTCSR are used for this study. Evaluation of crossover
residuals within each 8-day repeat cycle for both conti-
nental ice sheets shows consistency in the precision of
laser 1 throughout all 5 repeats. The distortion of the
received return is investigated and crossover residuals
are calculated with and without editing the distorted
returns showing how well the return processing algo-
rithm accounts for the distortion. Crossover statistics
for laser 2 are calculated within each 8-day period and
compared with those from laser 1 to show if there are
any differences in precision in the measurements be-
tween the lasers. The precision as a function of surface
slope is presented showing that precision degrades with
slope. Higher slopes cause more distortion of the return
and increase the effect of the attitude error. Cross-laser
crossovers are calculated giving a measure of laser bi-
ases over the ice sheets in areas where little surface
elevation changes are expected. A comparison is also
made with radar altimetry crossovers from ERS-2 show-
ing the expected large improvement in GLAS precision
in the higher sloping regions compared with the radar.
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ICESat, the altimetry mission devoted to determi-
nation of temporal variations in the Polar Regions,
launched in January of 2003. The satellite is in a nearly
circular orbit with an inclination of 94 deg and a mean
altitude of 600 km. The science goals of ICESat are to
perform repeat elevation measurements over time with
an accuracy of 1.5 cm/yr for a 100 km by 100 km area.
Achievement of the science goals partly depends on the
accurate determination of the laser direction as well as
identifying any biases in the timing and/or range mea-
surements. The pointing or directional information of
the laser in the celestial reference frame is provided
by an innovative CCD camera onboard ICESat. The
laser pointing accuracy requirement is 1.5 arc seconds.
The pointing information and the range data product
combine to produce a measured altitude vector. The
Earth illuminated spot location is the vector sum of the
altitude vector and the precision orbit position vector
in the terrestrial reference frame. In order to verify
that the laser directional information is appropriately
accurate, several experiments have been implemented
during the initial 354 days of laser operation. These
experiments, performed at White Sands (New Mexico)
and Bonneville (Utah), contribute to the validation of
the scalar altitude measurement, the time of measure-
ment and the position of the laser footprint to within
4.5 meters (1.5 arc second). The two methodologies
that will be conducted at one or both of the aforemen-
tioned locations are an airborne camera system that
will photograph at least one ICESat laser spot on the
ground, and a ground detection array that will cap-
Both techniques
will provide independent measurements for comparison

ture’ multiple spots on the surface.

to the onboard laser directional data and the measure-
ment timing. During the initial laser operations pe-
riod (Feb 20th - Mar 29th), photographs were acquired
and analyzed for position determination. Although the
ground array did not capture and time tag an ICE-
Sat footprint, the calibration activities assisted in tun-
ing the implementation of off-nadir pointing commands
and contributed to analysis of laser offset biases. An
integral part of the verification of the scalar altitude
measurement is the comparison to an independent air-
borne LIDAR survey over the White Sands area. BEx-
isting data has been crucial to ongoing analysis of the
altimetry data products and the accuracies. Further
refinement is expected when laser operations and the
calibration activities resume.
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In order to obtain quantitative information on
clouds and aerosols from earth orbiting backscatter
lidars, accurate calibration is of fundamental impor-
tance. For lidar wavelengths in the visible and UV
portion of the spectrum, molecular scattering from the
atmosphere in regions devoid of cloud or aerosol can
However, at 1064
nm, the signal from molecular scattering is too small
to be detected from space. In this case alternate cal-
ibrated backscatter targets such as clouds, aerosols or

be used as a calibration target’.
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the earth’s surface must be used. This paper uses co-
located measurements of cloud and aerosol backscatter
obtained from a well calibrated airborne lidar system
to obtain the lidar calibration constant for the 1064
nm channel of the Geophysics Laser Altimeter System
(GLAS). In January, 2003 GLAS was launched into a
near polar orbit aboard the Ice, Cloud and land Ele-
vation Satellite (ICESat). In addition to a high res-
olution altimetry channel, GLAS contains both 1064
and 532 nm backscatter lidar channels. After a month
long engineering checkout phase, the first laser (GLAS
has 3 lasers) was turned on and GLAS began obtain-
ing atmospheric and surface returns at 1064 nm. The
532 nm channel was not activated at this time due to
engineering concerns. In this paper we describe the
methodology used to calibrate the GLAS 1064 lidar
channel using validation measurements acquired by the
Cloud Physics Lidar (CPL) during the THORpex (THe
Observing-system Research and predictability experi-
ment) campaign in February-March 2003. The CPL is a
compact and versatile 3 wavelength (1064, 532 and 355
nm) lidar system that flies on the NASA ER-2 aircraft
and serves as the primary validation instrument for the
GLAS atmospheric measurements. On three days dur-
ing THORpex, the ER-2 was flown directly underneath
the GLAS track for 20 to 30 minutes as GLAS flew over-
head at roughly the mid point of the ER-2 flight leg.
The GLAS under flights were performed in regions that
contained varying cloud types with one day obtaining
mainly marine boundary layer aerosol. The talk will
present a short overview of the GLAS instrument, the
derivation of the GLAS theoretical calibration based on
the system parameters, and the use of the CPL data to
obtain the GLAS 1064 nm calibration.

URL: http://glo.gsfc.nasa.gov
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Surface topography in the region of the Vostok sub-
glacial lake, Antarctica, from the previous analysis of
radio-echo sounding and satellite radar-altimeter data
indicated a trough (2-8 m) along the western margins
and a rise (5-7 m) along the eastern margins. The el-
evation data obtained from Ice, Cloud, and Land El-
evation Satellite (ICESat) show the troughs and rises
in more detail, such as a deeper trough (18 m) in the
western margin. These troughs and rises have been as-
sumed to be caused by ice dynamics as the ice flows
from grounded to floating and to re-grounded status,
and associated buoyancy effect. We use a newly de-
veloped time-dependent 3-D thermo-mechanical higher-
order numerical model to simulate the ice flow across
Vostok subglacial lake. By comparing the surface to-
pography generated from the model with the ICESat
measurements, the ice-sheet behavior is investigated to
explain in more detail the cause of the troughs and
rises.

C31D-07 1150h

ICESat Observations of Southern Alaska
Glaciers

Jeanne Sauber! (301-614-6465;
jeanne@steller.gsfc.nasa.gov)

Bruce F. Molnia? (703-648-4120; bmolnia@usgs.gov)

Mitchell®

1Geodynamics Branch, NASA’s Goddard Space Flight
Center, Greenbelt, MD 20771, United States

Darius

2U.S. Geological Survey, 926A National Center, Re-
ston, VA 20192, United States

3Dept of Geological Sciences, Case Western Reserve
University, Cleveland, OH 44106, United States

In late February and March, 2003, the Ice, Cloud,
and land Elevation Satellite (ICESat) measured ice and
land elevations along profiles across southern Alaska.
During this initial data acquisition stage ICESat ob-
servations were made on 8-day repeat tracks to enable
calibration and validation of the ICESat data prod-
ucts. Each profile consists of a series of single point
values derived from centroid elevations of an ~70 m
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diameter laser footprint. The points are separated by
~172 m along track. Data sets of 8-day observations
(an ascending and descending ground track) crossed
the Bering and Malaspina Glacier. Following its 1993

1995 surge, the Bering Glacier has undergone major
terminus retreat as well as ice thinning in the ablation
zone. During the later part of the 20th century, parts of
the Bering Glacier’s piedmont lobe thinned > 5 m/yr,
while that of the Malaspina thinned by about 1 m/yr.
The multiple observation profiles across the Bering and
Malaspina piedmont lobes obtained in February/March
are being geolocated on Landsat-7 images and the el-
evation profiles will be used for a number of scientific
objectives. Based on our simulations of ICESat per-
formance over the varied ice surface of the Jakobshavn
Glacier of Greenland [Mitchell et al., 2003], we expect to
measure annual, and possibly seasonal, ice elevations
changes on the large southern Alaskan glaciers. Using
elevation data obtained from a second laser, we plan
to estimate ice elevation changes on the Bering Glacier
between March and October 2003.
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The ocean mesoscale is under sampled even with
the four operational microwave altimeters currently
on orbit. Laser altimetry from ICESat could po-
tentially provide a substantial amount of ocean to-
pography measurements that would improve ocean
mesoscale sampling if we understand the performance
of the laser measurement system over the ocean and
process the data in a manner consistent with mi-
crowave altimeter mesoscale mapping products. To
test this capability, we compare along track ICESat
sea level anomaly in the Gulf of Mexico to mesoscale
sea surface height anomaly maps derived from Jason-
1, TOPEX/POSEIDON, Geosat Follow-on and Envisat
microwave altimetry. The anomalous topographic sig-
nals associated with Loop Current fronts and eddies are
clearly seen in the 40 Hz ICESat data, which are veri-
fied by coincident microwave altimetry and radiometric
images of sea surface temperature and ocean color. The
remaining high frequency, fine spatial scale differences
between the laser and microwave measurements can be
mitigated by a variety of filtering techniques to reduce
the noise in the laser measurements; however, system-

atic and non-random errors need further investigation
before more accurate mesoscale altimetry maps can be
produced by blending laser and microwave altimetry.
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On January 12, 2003, NASA launched the Ice,
Cloud, and land Elevation Satellite (ICESat) which
is carrying the Geoscience Laser Altimeter System
(GLAS). Orbiting at nearly 17,000 miles per hour ( 6
km/sec), ICESat/GLAS is providing data with un-
precedented accuracy on the globe’s third dimension,
elevation. ICESat is the latest in a series of NASA’s
robotic Earth-orbiting spacecraft designed to study the
environment of our home planet and how it may be
changing. The main mission of ICESat is to mea-
sure the surface elevation of the large ice sheets cov-
ering Antarctica and Greenland. While several years
of measurements are needed to determine mass bal-
ance changes, ICESat is already revealing details of
ice sheet surface features from deep in the interior out
to the surrounding sea ice. This presentation is based
on 14 descending tracks from cycles 1-6 from ICESat’s
first mission phase (GLAS Laser 1 of 3) that occurred
February 20 to March 29, 2003. Although the data are
not yet fully calibrated, the Release 11 product utilized
here is quite mature. Data from ICESat’s second mis-
sion phase (Laser 2 of 3) is not included here. Using
a technique that matches elevation data to gain and
energy values enables rapid initial quality assessments.
These assessments show that a substantial number of
these West Antarctic elevation profiles are partially or
substantially impacted by meteorological phenomena
(clouds or blowing snow). This presentation will: 1)
define the West Antarctic ice sheet’s divide location
and elevation; 2) illustrate the overall topography of
a portion of West Antarctica; 3) demonstrate repeat
track elevation analysis and composite track develop-
ment; 4) discuss factors influencing selection of profiles
for analysis; and 5) show other specific features of in-
terest observed within the area.
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Understanding the past and current mass balance
of the Greenland Ice Sheet (GIS) is critical to predict-
ing changes in sea level. Repeat altimetry surveys of
ice sheet elevation change (dH/dt) from 1978 to 1988
and 1993/94 to 1998/99 suggest that the higher ele-
vation parts (above 2000 m) of the southern ice sheet
are in overall mass balance, with some regions observed
to be thickening (gaining) and others thinning (losing).
While there was general agreement in the observed spa-
tial patterns between the two time periods, with thick-
ening to the west of the ice sheet divide and thinning to
the east in southern Greenland, significant differences
in dH/dt were found. Ice sheet elevation change in-
cludes both long-term and short-term components and
the short-term components likely mask repeat altime-
try measurements primarily intended to monitor the
long-term behavior of the ice sheet. Long-term changes
in ice sheet elevation are caused by isostatic rebound
and ice sheet dynamics. Short-term changes are driven
by spatia

C32A-0419 1330h POSTER

Glaciological Field Measurements in
West Antarctica in Support of ICESat
Laser Altimetry

Gordon S Hamilton! (207-581-3446;
gordon.hamilton@maine.edu)

V. Blue Spikes!

H. Jay Zwally?

1Climate Change Institute, University of Maine, 303
Bryand Global Sciences Center, Orono, ME 04469,
United States

2Code 971, NASA/Goddard Space Flight Center,
Greenbelt, MD 20771, United States

‘We have been conducting several ground-based
glaciological activities on the West Antarctic Ice Sheet
to assist in the calibration/validation of ICESat laser
altimeter data and to interpret elevation change results.
In December 2002, just prior to the launch of ICESat,
we conducted detailed geodetic mapping at two sites
(100 km? and 25 km?) to characterize the shape of
the ice sheet surface. The ground measurements will
be compared with 8-day repeat satellite data to as-
sist in the evaluation of laser ranging accuracy. We
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