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The Ice, Cloud, and Land Elevation Satellite (ICESat) completed 19 successful
campaigns for Earth observation missions following its launch in 2003. The
Geoscience Laser Altimeter System (GLAS) on board ICESat provided data of
high quality with unprecedented accuracy over the globe. The three laser sensors
of GLAS acquired a large volume of data between 2003 and 2009. These data were
used widely to detect changes in Greenland and Antarctic ice sheets and to deter-
mine forest heights, sea-ice freeboard heights and the distribution of cloud and
aerosols. Here, we provide a review of these applications, describe the method-
ology involved in GLAS data processing and summarize some of the challenges
to make better use of GLAS data. Other applications, including ice-sheet slope
extraction, distinguishing between water, bare land, urban building and high for-
est, urban building height extraction, changes in glaciers and ice caps and water
levels in lakes are discussed more briefly.

1. Introduction

Variation in surface elevation at the global scale is an important factor in global
environmental change. A number of satellite sensors have been developed to obtain
Earth-surface elevation data. Radar altimeters, such as those on board Seasat and
Geosat, were first developed with a primary goal of studying the ocean surface, in par-
ticular, determining the geoid (Cooper and Hinton 1996; Berry 2000). Information on
significant wave height and near sea-surface wind speed can also be derived from the
radar returns (Tokmakian et al. 1994). Currently, radar altimeter data are obtained
mainly from Jason-1, ERS-1/2 (European Remote Sensing Satellite), TOPEX (Ocean
Topography Experiment) and ENVISAT (Environmental Satellite) (e.g. Papa et al.
2003, Legresy et al. 2005, Chambers 2007, Klokočník et al. 2008). The characteristics
of the altimeters on board these satellites are listed in table 1. The successful appli-
cation potential of altimetry data in other aspects apart from oceanography has also
been demonstrated, including mapping polar ice sheets, monitoring sea-ice margins
(McIntyre 1991, Cudlip and Milnes 1994) and studying sea ice, land surfaces and ice
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8838 X. Wang et al.

Table 1. Characteristics of different satellite-borne microwave altimeters and ICESat.

ERS-1/2(RA)
ENVISAT

(RA-2)
TOPEX/
Poseidon

Jason-1/
Poseidon2 ICESat

Orbit altitude (km) 785 785 1336 1336 600
Inclination (o) 98.52 98.55 66 66 94
Footprint (km)∗ ∼7 2–10 ∼5 ∼5 0.075
Pulse transmitted 13.8 GHz 13.575 GHz 13.6 GHz 13.6 GHz 1064 nm

3.2 GHz 5.3 GHz 5.3 GHz 532 nm
Mission duration (year) 1991–2003 2002–2008 1992–2006 2001– 2003–2009

Note: ∗Diameter of altimeter footprint over land.

caps (Fabrice et al. 2003, Benoit et al. 2005, Laurence et al. 2009), as well as detect-
ing water-level changes in wetlands (Kim et al. 2009). However, the accuracy of radar
altimetry in the determination of land-surface elevation is limited by its large foot-
print, which has a diameter of several kilometres, see table 1. Over sloping areas, the
slope-induced error varies from several metres to tens of metres. The microwaves used
in altimetry belong to the Ku band, and this has the consequence that snow-surface
elevation cannot be determined accurately because Ku band microwaves can penetrate
through snow to the snow/ice interface (Connor et al. 2009). The large footprints
of radar altimeters (table 1) can satisfy lower resolution mapping demands (several
kilometres) with moderate height accuracy. For finer spatial resolution work, a better
solution is to use a laser altimeter because of its smaller footprint and greater height
accuracy.

ICESat was an experimental scientific satellite launched by the National
Aeronautics and Space Administration (NASA) in January 2003 with the Geoscience
Laser Altimeter System (GLAS), which comprises three lasers (Laser 1, Laser 2
and Laser 3) as the primary instruments on board. The primary purpose of the
GLAS instrument is to detect ice-elevation changes in Antarctica and Greenland
(Bae and Schutz 2002, Zwally et al. 2002). However, the application of these data
reached far more aspects than the initial purpose. These data have been used widely in
other fields, including deriving sea-ice freeboard, forest canopy height, cloud heights,
aerosol-height distribution and land-terrain changes (Zwally 2010).

2. Characteristics of the ICESat/GLAS instrument

ICESat operates at a height of about 600 km with an inclination angle of 94◦. Because
of the small laser footprint, in order to obtain a dense ground-track coverage over
the globe, a 183-day repeat cycle orbit was initially designed. However, two reference
orbits have actually been used in operation: an 8-day repeat orbit and a 91-day repeat
(with a 33 day subcycle) orbit. The 8-day interval was adopted to enable frequent
repeats of the ground calibration sites during the lifetime of Laser 1, and the 91-day
orbit was adopted to provide dense data for scientific usage (Schutz et al. 2005) for
Laser 2 and Laser 3. In each campaign of Laser 2 or Laser 3, the laser keeps working
for about 33 days, almost two or three times a year. At the global scale, GLAS provided
full coverage of relatively fine-resolution satellite altimetry data from 2003 to 2009.

In addition to the three lasers, the scientific equipment onboard ICESat includes a
global positioning system (GPS) and a star tracker (ST) (e.g. Schutz 1998, Zwally et al.
2002, Abshire et al. 2005, Schutz et al. 2005). The principle of height measurement
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Applications of ICESat 8839

(see figure 1) is as follows: the laser pulse transmitted from GLAS reaches the ground
after interacting with clouds or aerosols in the atmosphere and is reflected back to the
atmosphere, interacting with clouds and/or aerosols again. Finally, the laser pulse is
received by the 1 m diameter telescope. The distance from the laser transmitter to the
ground surface can be computed using:

d = ct/2, (1)

where c is the speed of light and t is the flight time of the laser beam, which can be
determined from the laser pulse transmitting time and receiving time.

During this process, the space location of GLAS can be determined by the GPS, and
the orientation of the satellite can be obtained by the ST so that the location of the
footprint on the ground can be determined. Based on these data, the ground elevation
value and location are computed (see figure 1). However, this is just a coarse result,
some corrections need to be done to rectify the range and location of each footprint,
see, for example, Schutz (2002) and Sirota et al. (2005). The accuracy and precision of
ICESat altimetry data are about 14 cm and 2 cm, respectively (Shuman et al. 2006).
The error sources are listed in table 2.

The direction of GLAS is almost pointing to nadir (with a 0.3◦ bias), and the laser
footprints on the ground are about 70 m in diameter spaced at about 172 m along
the subsatellite track. The working frequency of GLAS is 40 Hz and two laser pulses
with wavelengths of 532 and 1064 nm are transmitted (e.g. Zwally et al. 2002, Schutz
et al. 2005). GLAS was the first polar-orbiting spaceborne laser altimeter system, and
the horizontal precision of the ground footprints is about 6 m (Abshire et al. 2005).
The GLAS footprints obviously become denser at higher latitude because the orbits
get closer together, especially in the polar regions. The coverage of ICESat/GLAS
extends to 86◦ S/N (to be compared with 81.5◦ S/N for ERS1/2) in latitude because
of its 94◦ orbit inclination.

GPS + ST

Range vector

Footprint

Surface

Ellipsoid surface

o

z

y

x

GLAS

Figure 1. Altimetry concept of GLAS. They are the other two important instruments onboard
ICESat. Oxyz is the defined geographic coordinate system.
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8840 X. Wang et al.

Table 2. Single-shot error budget for ICESat elevation
measurement (Zwally et al. 2002).

GLAS range measurement precision (cm) 10
Radial orbit determination (cm) 5
Pointing determination (cm) 7.5
Atmospheric delay (cm) 2
Atmospheric forward scattering (cm) 2
Other (cm) 1
Residual sum of square (RSS) (cm) 13.8

Figure 2. Missions of ICESat/GLAS. Different colours stand for different lasers: red, Laser 1;
pink, Laser 2; blue, Laser 3; and the lengths of the bars show the durations of different missions.
There are a total of 18 colour bars and L1a (20 February 2003 to 21 March 2003) and L1b
(21 March 2003 to 29 March 2003) are shown as one bar L1.

ICESat/GLAS successfully carried out 19 campaigns until the mission was termi-
nated. In order to maintain a 3–5 year life span, the three laser transmitters were
operated individually. For each campaign, there is an identifier, such as L2b to denote
Laser 2 and operation period b, see figure 2. However, the instruments did not oper-
ate exactly as expected. On 29 March 2003, Laser 1 stopped working (Kichak 2003,
Abshire et al. 2005) and on 21 May 2005, Laser 2 stopped working because of its rapid
energy loss caused by photodarkening at or near the laser’s frequency doubler (Allan
2008, Abdalati et al. 2010). Laser 3 stopped working after 14 days in campaign L3k
in October 2008. After that, Laser 2 was restarted again and expired on 11 October
2009.

Based on the waveform of the received laser pulse and other instrument records,
15 different kinds of data (e.g. Zwally et al. 2002, Schutz et al. 2005), described as
GLA01, GLA02, . . . , GLA15, are derived after processing. These data can be sepa-
rated into three levels as L1A, L1B and L2, and the most advanced data level is L2,
including cloud and aerosol data, planetary boundary data, sea-ice and sea-elevation
data, ice-sheet-elevation data and land-elevation data (see table 3). These different
levels of data have been widely used in oceanographic and sea-ice thickness studies,
cloud-height determination and vertical distribution of aerosols in the atmosphere,
land-elevation changes, biomass information extraction and polar ice-sheet change
detection. The structure of different kinds of data was given by Brittingham and Lee
(2005).

D
ow

nl
oa

de
d 

by
 [

IF
R

E
M

E
R

- 
C

en
tr

e 
D

e 
B

re
st

] 
at

 0
0:

32
 0

9 
D

ec
em

be
r 

20
11

 



Applications of ICESat 8841

Table 3. Description of GLAS data (NSIDC).

Data products Data description

GLA01 L1A Global altimetry data
GLA02 L1A Global atmosphere data
GLA03 L1A Global engineering data
GLA04 L1A Global laser pointing data
GLA05 L1B Global waveform-based range corrections data
GLA06 L1B Global elevation data
GLA07 L1B Global backscatter data
GLA08 L2 Global planetary boundary layer and elevated aerosol layer

height
GLA09 L2 Global cloud heights for multi-layer clouds
GLA10 L2 Global aerosol vertical structure data
GLA11 L2 Global thin-cloud/aerosol optical depths data
GLA12 L2 Antarctica and Greenland ice-sheet altimetry data
GLA13 L2 Sea-ice altimetry data
GLA14 L2 Global land-surface altimeter data
GLA15 L2 Ocean altimeter data

3. Major applications of GLAS data and discussion of methods

3.1 Measurement of sea-ice freeboard and thickness

Sea ice plays an important role in global climate-change studies, especially in polar
regions (Laxon et al. 2003). Sea ice reflects the incident sunlight greatly and absorbs
only a small amount of solar energy. If the extent of sea ice decreased or increased
to a large extent, it would change the local energy budget and the global climate
greatly (Cavalieri and Markus 2006). Recent studies show that Arctic sea ice is thin-
ning (e.g. Rothrock et al. 1999, Lindsay and Zhang 2005). Traditionally, from remotely
sensed images acquired by different satellites, the horizontal distribution of sea ice
can be determined. However, it is difficult to obtain elevation information about sea
ice with traditional imaging sensors. Satellite altimetry makes this possible. The first
example of ice freeboard (the part of sea ice above the sea surface) measurement with
a radar altimeter was described by Laxon et al. (2003). With earlier active microwave
data, only lower resolution elevation data at the scale of several square kilometres can
be derived. Over larger ground irradiation areas, the precision decreases due to the
complexity of the return waveform after interacting with the ground (Brenner et al.
2007).

Sea-ice thickness (including the snow depth on the sea ice) extraction can be divided
into two parts: first, sea-ice freeboard is derived, and then ice thickness is obtained
by assuming hydrostatic equilibrium. Knowledge of sea-surface height is crucial to
freeboard extraction. The freeboard Hf (see figure 3) can be calculated by subtracting
the sea-surface height from the sea-ice height:

Hf = Hsi − Hss, (2)

where Hf is the freeboard (from the sea surface to the top of the sea ice plus its snow-
cover depth), Hsi is the sea-ice height and Hss is the sea-surface height.
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8842 X. Wang et al.

Hf

Hsi Hss

fb

hs

hiSea ice

Sea water

Ellipsoid surface

Figure 3. Sketch map of sea-ice thickness measurement.

Sea-surface height (Hss) is the base to derive freeboard, which traditionally can
be achieved by different models considering geoid undulation, tidal contribution,
atmospheric pressure and dynamic topography associated with geostrophic surface
currents. The discussion on sea surface and these four parts were detailed by Kwok
et al. (2006). However, the modelled surface is not precise enough to determine the
actual sea surface because not every part is well known.

Different methods for the determination of sea-surface elevation have been devel-
oped by many researchers. There are at least six methods to determine it.

1. Laxon et al. (2003) first gave an example of freeboard measurement from a
radar altimeter with sea-surface height determined by open water or thin-ice
measurements through the analysis of return echoes.

2. Kwok et al. (2004) gave a first look at Arctic sea-ice freeboard with the sea
surface determined by new openings of the sea using a method that analyses
near-coincident ICESat and RADARSAT imagery. However, snow depth is
the greatest uncertainty in the conversion from freeboard to ice thickness.

3. Forsberg and Skourup (2005) combined Arctic Gravity Project data and
Gravity Recovery and Climate Experiment data to derive a new geoid model
and select the lowest values from geoid-subtracted ICESat data (ICESat tide-
corrected data with ellipsoid height subtracting the geoid height) to represent
the sea surface with a correlation length of 20 km along track. However, in
some heavy ice conditions, the lowest values may correspond to thin ice, thus
introducing a bias.

4. Kwok et al. (2006, 2007) proposed two alternative approaches to deriving sea-
surface height. One involves detecting open water or newly frozen snow-free
leads by comparing the reflectivity of the samples with that of the background
ice and the expected deviation from the mean surface as the sea level. The other
involves using a criterion that samples have an expected deviation from the
mean surface as the sea-surface height. Because of a lower requirement, more
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Applications of ICESat 8843

sea-surface points with a lower quality are selected than that of the previous
method. However, these two methods tend to give a higher sea-surface level
because sometimes the sea-surface level is contaminated by thin ice.

5. Zwally et al. (2008) developed an algorithm to extract sea surface with the
lowest 2% of ICESat elevations in a 50 km segment. However, if 2% of the
points correspond to thin ice rather than open water, there will be a bias in
sea-surface determination.

6. Farrell et al. (2009) developed new criteria to derive sea-surface height in the
Arctic by analysing a combination of ICESat parameters including surface
elevation, reflectivity and the properties of the reflected laser waveform. This
method is independent of synchronous image data and focuses on individual
footprint analysis.

All the methods described above for sea-surface-height derivation are based on open
water, leads and thin-ice area extraction. In practice, the method of combining near-
coincident images with ICESat data may be problematic since near-coincident images
do not always exist, but it gives best quality of leads detection to present sea-surface
height. Other methods developed by Forsberg and Skourup (2005), Kwok et al. (2006,
2007), Zwally et al. (2008) and Farrell et al. (2009) can be used if local synchronous
image data are not available. The thickness of thin ice is the primary uncertainty of
these methods. In addition, less leads detected under different criteria than actual ones
may not represent sea-surface level adequately. The determination of local sea-surface
height is an area for further research because it is the base to directly derive freeboard
and even sea-ice thickness.

Once the freeboard, Hf, is determined, it is straightforward to determine the thick-
ness of the ice assuming hydrostatic equilibrium and a simple laminar geometrical
shape of the sea ice:

hi = ρs

ρw − ρi
hs + ρw

ρw − ρi
fb (3)

and

hs+fb = Hf, (4)

where ρs, ρi and ρw stand for snow, sea-ice and water densities, respectively (sometimes,
they are given as constants (Zwally et al. 2008)), hi is the thickness of sea ice, hs is the
thickness of the snow covering on the ice, f b is the height from the sea surface to the
snow-ice surface and Hf is the total freeboard from the water to the top of the sea ice
plus the snow depth. Hf, f b, hs and hi are depicted in figure 3. hs can be calculated using
Earth Observing System (EOS) Aqua Advanced Microwave Scanning Radiometer
(AMSR-E) data (Cavalieri and Markus 2006, Zwally et al. 2008) or derived from
available climate and meteorological data products (Kwok and Cunningham 2008).
Hf can be derived from GLAS data by using equation (2). Thus, f b can be derived
using equation (4). Finally, hi is calculated. When there is no snow covering on the sea
ice or there is little snow, equations (3) and (4) simplify to:
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8844 X. Wang et al.

hi = ρw

ρw − ρi
fb (5)

and

fb = Hf. (6)

Since the sea-ice thickness derivation is now primarily from freeboard conversion
according to the buoyancy principle, further in situ measurement is necessary to
validate the final results.

Many researchers have worked on the dynamic change of sea ice with
ICESat/GLAS data. Kwok et al. (2004, 2006, 2007, 2008), Forsberg and Skourup
(2005), Zwally et al. (2008) and Farrell et al. (2009) focused on sea-ice surface deter-
mination (described above), freeboard derivation and sea-ice thickness extraction.
In addition, the results of freeboard derived from ICESat/GLAS data were com-
pared with other results, such as airborne Light Detection and Ranging (LiDAR)
data. Kurtz et al. (2008) determined the freeboard of sea ice north of Alaska from
ICESat/GLAS data and compared it with that derived from a high-resolution air-
borne laser altimeter. The results showed a good agreement most of the time, but
sometimes GLAS data underestimated the freeboard by up to 9 cm because occa-
sionally thin ice is considered as the sea surface. Sea-ice dynamics and sea-ice
characteristics, such as sea-ice roughness and sea-ice ridges, can also be obtained from
GLAS data (Kwok et al. 2006). Farrell et al. (2009) used GLAS data from 2003 to 2008
to extract the 5-year freeboard changes of Arctic sea ice and found that the mean free-
board during the autumn and winter periods declined at a rate of about 1.8 cm yr−1

and 1.6 cm yr−1, respectively.

3.2 Change detection of Antarctic and Greenland ice-sheet elevation

In polar areas, the primary precipitation is snowfall because of the low temperature.
In the central polar areas, the accumulated snow packs into ice and gradually forms
into ice sheets. The ice tends to flow under gravity to lower levels where some becomes
glaciers and some becomes ice shelves (Rees 2006). In the austral summer, melting
from ice shelves is an important source of water supply to the ocean. Therefore, the
mass balance is a critical factor in global change and global warming. The influence
of ice sheets on global change was discussed by Bamber et al. (2009), Clark et al.
(1999) and Ivins (2009). According to the Intergovernmental Panel on Climate Change
(IPCC 2007), sea level would increase by 5 m if the ice in western Antarctica melted
completely. The sea level could rise by about 70 m if both the Greenland and Antarctic
ice sheets melted completely (Alley et al. 2005). From 1992 to 1996, the changes of
Antarctic ice-sheet elevation derived from altimeter data was determined to be an
annual decrease of 0.9 ± 0.5 cm (Wingham et al. 1998). GLA12 data are produced
for the purpose of studying changes in the Antarctic and Greenland ice sheets. Digital
elevation models (DEMs) of Antarctica, with a resolution of approximately 500 m
(Dimarzio et al. 2007a), and of Greenland, with a resolution of approximately 1000 m
(Dimarzio et al. 2007b), which are critical to polar change research, can be freely
obtained from the National Snow and Ice Data Center (NSIDC; http://nsidc.org/).
ICESat/GLAS data can cover the whole of Greenland and most of the Antarctica ice
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Applications of ICESat 8845

sheet. There are at least three methods to obtain changes of ice-sheet elevation with
GLAS data. These are summarized below.

1. Elevation change can be extracted by comparing ground overlapping footprints
(Slobbe et al. 2008). Altimetry data from overlapping footprints from different
campaigns can be extracted to derive changes. Since ICESat/GLAS adopts a
near-polar and repeat orbit data collection strategy, ground overlapping foot-
prints, which can be divided into repeat-track footprint pairs and cross-track
footprint pairs (see figure 4), have been obtained during different campaigns.
Repeat-track footprint pairs (see area B in figure 4) refer to laser footprints
from repeat tracks that are in the same orientation. Cross-track footprint pairs
(see area A in figure 4) refer to laser footprints from cross tracks that are in dif-
ferent orientations (one descending track and one ascending track). Therefore,
this method is effective at higher latitudes where dense ground footprints are
available. Adjacent footprints from different laser campaigns are selected for
analysis if the distance between them is less than 70 m. If footprints are located
in a flat area, comparisons between pairs that are farther apart can be used
(see 4 and 5 in figure 4), if the error caused by the slope is small.

2. Elevation change can be determined by comparison of DEMs derived from
different GLAS campaigns (Slobbe et al. 2008). GLA12 provides precise infor-
mation on horizontal location and elevation data so that a DEM can be
produced; the grid size of the DEM can be 0.1◦ × 0.1◦. Changes can be derived
from the latest DEM by subtracting an earlier one. This method takes one
DEM as a reference surface. Therefore, GLAS data acquired during different
campaigns can be used. However, the precision of change detection depends on
having a high density of footprints in each grid, and this method is not effec-
tive at lower latitudes where the distribution of laser footprints is sparse. At the
same time, slope-induced errors are difficult to quantify over areas that are not
flat since footprints from different campaigns may differ largely in horizontal
location.

3. Elevation change can be determined from comparison of crossover elevation.
In order to make the best use of GLAS data, different orientation data can
be used to extract elevation changes if there are no overlapping footprints
(see 2 and 3 in figure 4). Firstly, crossovers should be located. Secondly, for
each track, the adjacent data are used to fit a linear trend so that the data
can be interpolated to give the elevation at the crossover point, assuming that
the surface is continuous. The crossover elevation can be interpolated with the
adjacent elevation from both sides along a track (e.g. Smith et al. 2005, Brenner
et al. 2007). Thirdly, elevation changes are derived by subtracting the elevation
of the previous track from that of the subsequent track. Information about
crossover density at different latitudes is shown in table 4 (Schutz 1998) if the
ICESat/GLAS adopted the 183-day repeat track.

These methods have been widely used since the production of GLAS data. For
these three methods, (1) and (3) are always combined to detect changes in elevation.
Shuman et al. (2006) presented the primary precision (about 2.1 cm) and accuracy
(about ±14 cm) of selected elevation data (Release 21) from 2003 to 2004 based on
crossover differences. In addition, factors affecting change detection of elevation were
discussed and the location of ice-shelf grounding lines from ICESat/GLAS data was
suggested to be derived based on the distinction between ground and floating areas.
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1 2
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B

3 4 6

5

Figure 4. Sketch map of crossovers for GLAS. Area A and Area B in the boxes show cross-
track overlapping footprints and repeat-track overlapping footprints, respectively. There are no
overlapping footprints between track 2 and track 3, although a crossover point does exist.

Table 4. Number of crossovers in 100 km × 100 km for
ICESat/GLAS 183-day repeat track.

Latitude ranges Number of crossovers

70◦–71◦ 230
75◦–76◦ 550
80◦–81◦ 1675
84◦–85◦ 11500

Fricker and Padman (2006) located the ice-shelf grounding line by change analysis
of repeat-track elevation from 2003 to 2006 in the Institute Ice Stream region of the
southern Ronne Ice Shelf because the data at different phases of the ocean tide can
help determine the landward and seaward limits; they demonstrated that the loca-
tion of the grounding zone based on feature identification in satellite imagery or
DEMs may be in error by several kilometres for their coarse resolutions. Rignot and
Kanagaratnam (2006) discussed the weakness in elevation change detection assuming
a smooth surface using GLAS data. Subglacier water system information was suc-
cessfully extracted from variation of repeat-track elevation from GLAS data in the
Antarctic plateau (Fricker et al. 2007). Slobbe et al. (2008) gave an estimation of vol-
ume change rates of Greenland’s ice sheet using ICESat overlapping footprints. Most
change-detection methods use only a small part of the data, such as overlaps and
crossovers. How to make the best use of GLAS data from each campaign requires
further investigation.

3.3 Measurements of land elevation and forest height

Global change has attracted a great deal of research attention in recent years.
Greenhouse gases such as CO2 and CH4, have become a great concern all over the
world (Patenaude et al. 2005). Forest lands play an important role in the global carbon
cycle, by exchanging CO2 with the atmosphere through photosynthesis and respiration
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(e.g. Dixon et al. 1994, Patenaude et al. 2005, Stewart and Hessami 2005). Three-
dimensional (3D) information on forest canopies is a critical source of information for
biomass estimation and the determination of local carbon budgets (Gong et al. 1999,
2000). Information on the vertical distribution of forest and shrubs is badly needed for
forest ecosystem dynamics. With multi-spectral and hyperspectral remote sensing or
even with aerial photography, the horizontal distribution of vegetation can be derived
and species can also be interpreted (Gong et al. 2001). Although 3D information can
be derived from photogrammetry and Synthetic Aperture Radar (SAR) interferom-
etry (Gong et al. 2002, Brown et al. 2010, Neumann et al. 2010), the information is
mostly concerned with the surface of the canopy. With the improvement of altime-
try technology, especially when LiDAR came into use, LiDAR altimetry data contain
the most direct measurements of forest structural information, including the height
of the canopy and the height of the understorey vegetation and biomass. Different
airborne LiDAR instruments, such as the Scanning LiDAR Image of Canopies by
Echo Recovery (SLICER) and the Laser Vegetation Imaging Sensor (LVIS), as well as
commercial airborne LiDAR instruments have been widely used (e.g. Blair et al. 1999,
Lefsky et al. 1999a,b, Dubayah and Drake 2000, Weishampel et al. 2000, Harding
et al. 2001, Drake et al. 2002, Chen et al. 2007, Huang et al. 2009). These instruments
are powerful for vegetation-height extraction at the local and regional scale. When
ICESat/GLAS was launched in 2003 with the first spaceborne laser system, it started
to play a role in global forest-height retrieval.

GLA01 data and GLA14 data are usually combined to derive vegetation height
(Duong et al. 2007, Lefsky et al. 2007, Pang et al. 2008), which can be matched by the
record index, since the waveform information is recorded in GLA01 data and GLA14
data have horizontal geographical coordinates and other parameters. For each GLAS
waveform, there are 544 bins (one bin corresponds to 1 ns or 15 cm), with a range
capability of 81.6 m. From campaign L3a, the bin size from 1 to 151 changed to 60
cm, and other bins remained unchanged, so that the range capability was expanded to
150 m (Harding and Carabajal 2005, Sun et al. 2008).

Since the 1064 nm laser pulse, whose waveform can be described by a single peak
Gaussian equation, is used to do altimetry measurements, the echo waveform will
also be a single peak Gaussian function if the footprints are located over flat areas.
However, in forested areas, the received laser pulse waveforms usually contain sev-
eral peaks as the combination of several Gaussian functions corresponding to returns
from different layers in the forest; in particular, from the top layer first and the ground,
see figure 5 (for GLA14 data, at most six alternate different Gaussian functions can
be separated from the return laser waveform). Thus, the height of the canopy can be
determined by analysing the return waveforms (Brenner et al. 2003). For return laser
waveforms, the mean and standard deviation of background noise can first be cal-
culated from waveform data. Signal start time and end time can be determined by a
threshold, such as three standard deviations above the mean noise value (Sun et al.
2008). De-noise processing is then applied to the original waveform. Next, waveform
decomposition is used to fit each peak. The signal start time always corresponds to the
top layer, and the location of the last peak stands for the ground (Hofton et al. 2000,
Neuenschwander et al. 2008) (see figure 5, signal start line (black) corresponding to
forest-top layer in the footprint and the location of last peak (black line) correspond-
ing to the ground elevation). Therefore, taking the time period between the signal
start and the last peak, multiplying by the speed of light and dividing by two gives the
vegetation height, see figure 5.

D
ow

nl
oa

de
d 

by
 [

IF
R

E
M

E
R

- 
C

en
tr

e 
D

e 
B

re
st

] 
at

 0
0:

32
 0

9 
D

ec
em

be
r 

20
11

 



8848 X. Wang et al.

450

500

550

600

650

700

R
e

la
ti
ve

 t
im

e
 (

n
s
)

750

800

850

900

0 0.1 0.2 0.3 0.4 0.5

Return pulse (V)

0.6 0.7

Alternate signal end

Ground peak

Alternate signal centroid

M
a
x
im

u
m

 c
a
n
o
p
y
 h

e
ig

h
t

Alternate signal start

0.8 0.9 1

Figure 5. GLAS return pulse after interacting with the forest. The blue points are return echo
samples. The standard deviation is indicated by a red dashed line. The mean of the noise is indi-
cated as a red line. The horizontal black lines represent the signal start and end times. GLA14
alternate decomposed Gaussian equations are depicted by green lines, and the location of the
signal start and end times are depicted as separate black lines. The alternate signal centroid is
given as a purple dashed line. The location of the last peak (blue horizontal line) stands for
ground, and the maximum canopy height is indicated as a vertical black line.

However, there are still some critical issues requiring further research. Forest-height
determination over sloping areas is a big challenge since the variation in ground
elevation results in a coarse ground height when derived from received waveforms,
especially in mountainous areas. The exact ground height corresponding to the tip of
the tree top is hard to locate given that the GLAS footprint is much greater than a
tree canopy in area, although different models have been developed to describe this
(Gwenzi 2008). The ground elevation is difficult to determine since signals from both
the ground and low shrub are often mixed together (Rosette et al. 2008, Chen 2010a).
For mountainous areas, different regression models have been developed to consider
slope information within a GLAS illuminating footprint because signals induced by
slope, which can be derived from local DEMs need to be removed from metrics in
order to extract an accurate forest height (Lefsky et al. 2005, Rosette et al. 2008). Thus,
the analysis of waveform leading edges and trailing edges (Lefsky et al. 2007) is essen-
tial. However, regression models differ for different sites. In addition, the algorithm
to specify the threshold of the signal is not consistent. Waveform decomposition tech-
niques need to be further developed especially for these complicated areas. In addition
to canopy-height determination, above-ground biomass estimation with a statisti-
cal model from forest maximum height (Simard et al. 2008) is another important
application.

GLAS data application in forested area has been carried out in recent years by a
number of researchers. Harding and Carabajal (2005) modified the waveform with
an instrument model according to a high-resolution DEM, and then compared it
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Applications of ICESat 8849

with the actual waveform of GLAS; they confirmed that the extraction of biophys-
ical parameters over tree-covered areas of low relief can be accomplished with ICESat
data. Lefsky et al. (2005) extracted maximum forest height in tropical broadleaf
forests, temperate broadleaf forests and temperate needleleaf forests using GLAS
waveform data and a knowledge of local topography, as well as an above-ground
biomass estimation with an empirical method. Sun et al. (2008) reported forest-
height extraction over a forested area in the USA using GLAS data from autumn
2003 to summer 2005 and airborne LVIS data. Forest heights determined from
these two types of data were in good agreement. Dolan et al. (2009) derived for-
est growth rate from GLAS data and Landsat-based disturbance history maps in
three regions of the USA, as well as the estimation of above-ground wood produc-
tivity from height–biomass allometric relations. Chen (2010b) used GLAS data to
extract forest canopy height over mountainous areas (with mean slope of around 20◦)
and pointed out that the direct canopy height from GLAS waveform metrics tended
to be higher than that derived from airborne LiDAR data and that it was difficult
to identify signal start time and terrain ground elevation. Lefsky (2010) estimated
forest heights over the world with Moderate Resolution Imaging Spectroradiometer
(MODIS) data determining the forest-covered areas and GLAS data estimating
height.

3.4 Measurements of cloud and aerosol vertical distribution and optical depth
derivation

Cloud feedback and the influence of aerosol are considered as major uncertainties
for predictions of global climate (Spinhirne et al. 2005a). In addition, knowledge on
the height, coverage and thickness of cloud layers is essential in modelling the radia-
tive fluxes at the surface and within the atmosphere (Palm et al. 2002). Spaceborne
radiometers and imagers could give a direct view of cloud tops, but the vertical dis-
tribution of clouds could not be easily and reliably derived from them. Efforts have
been taken to study the structure of clouds and aerosols. Different LiDAR systems
have been developed, such as the Cloud and Aerosol LiDAR System, the Cloud-
aerosol LiDAR with Orthogonal Polarization and the LiDAR In-space Technology
Experiment (Berthier and Toutin 2008). As a first polar-orbit laser sensor, GLAS
could be able to monitor more southern and more northern areas to provide data
for polar climate research.

Since GLAS is a dual-frequency laser system, it can provide atmospheric profiling at
both 532 nm and 1064 nm, which use photon-counting detectors and analogue detec-
tion, respectively (Yang et al. 2008). The detailed characteristics of the two channels
are listed in table 5. The 1064 nm channel, with an Avalanche photodiode detector
with a 0.1 mm band-pass filter and a 450 µrad field of view (Palm et al. 2002), can be
used to detect the cloud height, and the 532 nm channel, with a tight band-pass filter of
about 30 pm and a field of view of about 150 µrad, relying on photon-counting detec-
tors (McGill et al. 2005), can be used to detect vertical structures of aerosols and thin
clouds (e.g. Shiobara et al. 2004, Spinhirne et al. 2004, 2005a,b). The 1064 nm channel
will supplement when and if the 532 nm channel is saturated since the backscatter from
dense clouds is strong.
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8850 X. Wang et al.

Table 5. Characteristics of two channels (Palm et al. 2002).

Parameter 532 nm channel 1064 nm channel

Laser energy (mJ) 36 73
Laser divergence (µrad) 110 110
Laser repetition rate (Hz) 40 40
Receiver field of view (µrad) 150 450
Detector dark current (A) 3.0 × 10−16 50.0 × 10−12

Detector quantum efficiency 60% 35%
RMS detector noise 0.0 2.0 × 10−11

Electrical bandwidth 1.953 × 106 1.953 × 106

Optical filter bandwidth (nm) 0.030 0.080
Total optical transmission (%) 30 55

3.4.1 Measurements of cloud-top layer height and aerosol vertical distribution. The
transmitted laser pulse interacts with molecular, aerosol, cloud and other particles and
finally is received by the detector of the receiver detector. This process can be described
by the standard LiDAR equation. Then, aerosol extinction coefficient and backscatter
coefficient can be obtained:

P(z) = P0
cTs

2
A(βπ (z)/z2) exp[−2

� r

0
σ (z′)dz′] + Pb + Pd, (7)

where P(z) is the power of the back-scattered laser pulse at an altitude of z, P0 is the
power of the transmitted laser pulse, c is the speed of light, σ (z′) and βπ (z) are the
extinction coefficient and backscatter coefficient, respectively, at the altitude of z, Ts

is the time for a single laser pulse, A is the area of the laser receiver, Pb is the scattered
solar radiation and Pd is the detector dark signal.

With equation (7), after applying fundamental corrections and normalizations to
the raw LiDAR signal, the normalized LiDAR signal P′(z) is generated and stored in
GLA02 data. In addition, if the LiDAR calibration constant C is calculated, the cali-
brated attenuated backscatter cross section β ′(z) is easy to obtain from the normalized
LiDAR signal. For the 1064 nm channel, the calibrated attenuated backscatter cross
section is obtained by (Palm et al. 2002):

β ′(z) = P′(z)/C. (8)

Figure 6 depicts the back-scattered energy distribution for the 532 nm signal for
GLA07 data. Aerosol and cloud-layer-height data are designated as GLA09, and the
layer-detection algorithm is a single-pass threshold comparison technique designed
for use with the 532 nm data. First, in order to increase the signal to noise ratio
(SNR), a time series of GLAS profiles in 4 s segments will be combined to calculate
an averaged attenuated backscatter coefficient profile. In addition, the correspond-
ing threshold profile is obtained by computing Rayleigh backscatter values. In clear
regions, radiative scattering stems entirely from Rayleigh scattering and when parti-
cles are present, scattering is increased (Palm et al. 2002). A layer boundary-detection
algorithm is based on the backscatter coefficient profile comparison with the thresh-
old profile in the vertical direction. If a specified number of consecutive bins exceed the
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Figure 6. Backscatter cross-section distribution in 532 nm for GLA07 data (descending),
ICESat was travelling from the north of America to the Pacific Ocean, as depicted by the cyan
line in the left panel, and the red line depicts the actual ground track.

threshold, a layer top is assigned to that position. A layer bottom is assigned to where
the signal magnitude of a number of consecutive bins falls below the threshold value
(Breón et al. 2005, Hart et al. 2005). Thus, both the top and the bottom of a layer are
determined. Specifically, the layer boundary is the first two bins exceeding or falling
below the appropriate threshold based on molecular scattering (Dessler et al. 2006).
This algorithm to define a layer is used to find boundaries of both cloud and aerosol
layers. The threshold algorithm with two or three bins to define a cloud layer was dis-
cussed by Mahesh et al. (2004), and approximately 4% more layers were detected using
two bins as a threshold. In order to assign a type to a layer, it will be necessary to test
it to determine how well it matches characteristics ascribed to cloud and aerosols. The
signal magnitude, signal gradient and altitude of the top of each layer are used in the
layer discrimination procedure to indicate the likelihood that a layer is either cloud or
aerosol (Palm et al. 2002).

3.4.2 Optical depth derivation. The most important optical characteristic obtained
from the LiDAR backscatter profile is particle optical depth. For aerosols, the optical
depth can be derived from:

σ (z) = Spβ
′(z) (9)

and

τ =
zb�
zt

σ (z′)dz′, (10)

where Sp is the aerosol extinction to backscatter ratio or LiDAR ratio, which can be
obtained through a look-up table, zt and zb are top and bottom of a specific layer
and τ is the optical depth. For cloud, the optical depth derivation is also based on
equations (9) and (10), but the process is more complicated. The method to derive
cloud optical depths of dense clouds was discussed by Yang et al. (2008), and the
critical issue was to calibrate solar background signals (it was always considered as
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Observed ground-track footprint

Reference ground-track footprint

Aligned footprint

Figure 7. Repeat tracks and aligned points (redrawn from Yi et al. 2005).

noise before), since this part needs to be subtracted from signals received by the photon
detectors.

Many researchers have contributed to the application of GLAS aerosol and cloud
data. Spinhirne et al. (2005a) presented an example of GLAS data usage in profil-
ing significant cloud and aerosol layers in the atmosphere and, from that, we can
see the 532 nm channel has a higher SNR than the 1064 nm channel. Dessler et al.
(2006) determined the heights of different cloud layers by analysing GLAS data from
the tropics. Hlavka et al. (2005) verified the precision of cloud and aerosol depth
data derived from GLAS data by comparing with Cloud Physics LiDAR (CPL) data.
To visualize GLAS data, a software package, named the Interactive Data Language
(IDL) Visualizer (ICESAT/GLAS Science Computing Team 2008), is available from
NSIDC, and this enables the direct distribution of cloud and aerosol to be examined
visually.

3.5 Ice-sheet slope extraction

Ice-sheet slope and roughness are mainly affected by bedrock topography, ice flow,
ice thickness, wind and mass balance. In polar areas, accurate slope information can
be used to improve the accuracy of both radar altimeter and laser altimeter elevation
measurement because slope-induced error in GLAS footprints can be calculated accu-
rately. During the operation of ICESat/GLAS, millions of sets of altimetry data were
obtained. In areas with constant slope, the slope information within a footprint can be
obtained because the returned waveform is broadened after interacting with a sloped
surface (Brenner et al. 2003). For large areas, slope information can also be achieved
by analysing GLAS repeat-track data. Yi et al. (2005) gave an algorithm to extract the
3D surface slope information using the repeat ground-track elevation data, and the
process is summarized below.

Firstly, filter the altimetry data to avoid those affected by cloud or reflected from
cloud. Secondly, altimetry data are selected according to different repeat tracks and
a reference ground track (bright blue circles in figure 7) can be selected to align the
other repeat tracks. Thirdly, align points in other repeat tracks to the points in the
reference ground track. A reference footprint is selected and then a line perpendic-
ular to the reference track is drawn. Thus, the intersections can be located (small
dark circles in figure 7). Fourthly, calculate the elevation of those intersections. Two
adjacent laser footprints are used to fit a linear trend so the intersection along track
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Applications of ICESat 8853

can be interpolated. Fifthly, calculate the slope in both along-track and cross-track
directions:

tan s = �h/D, (11)

where s is the slope, �h is the height difference between two adjacent altimetry data
and D is the distance of these two footprints.

Finally, the 3D slope can be obtained by combining the along-track slope and cross-
track slope:

tan2 S = tan2 sa + tan2 sc, (12)

where S is the 3D slope, sa is the along-track slope and sc is the cross-track slope.
However, an error could be introduced in the process mentioned above. Even with

the ICESat/GLAS data from the same campaign, the exact data collection time is
not the same, and the elevation may be changed over time. In addition, the accuracy
of horizontal location and altimetry accuracy are critical to the slope information
extraction. More detailed information was given by Yi et al. (2005).

3.6 Land-cover classification

Land cover is one of the most important applications in remote sensing and different
kinds of remotely sensed images are used for land-cover classification. However, the
data from the satellite laser altimeter ICESat/GLAS can also be used for land-cover
classification. ICESat/GLAS makes three basic measurements (Brenner et al. 2003):
(1) the range from the laser to the nadir surface; (2) the shape of the returned laser
waveform, which is reflected from different surfaces; and (3) the returned laser pulse
energy, which is affected by the reflectivity of the medium. These measurements can be
combined to carry out land-cover classification. Duong et al. (2006) gave an example
of land-cover classification in the Netherlands and four categories were obtained: high
vegetation, urban, water and bare land/low vegetation. The method is summarized
below.

Returned laser waveform data and energy data are used in the process. Firstly, the
original laser waveform is normalized and the normalized waveform is smoothed.
Secondly, a waveform decomposition technique is used to derive all the Gaussian com-
ponents in the processed waveform. This is similar to what was discussed in section 3.3.
The background signal can be calculated and the signal start time and end time are
located. Three parameters are provided in this step: the number of Gaussian compo-
nents (N), the location of the signal start (S) and the width of the signal start and
signal end (W ). Thirdly, land cover is classified with a decision-tree algorithm (a flow
chart of this algorithm can be seen in figure 8). N, S, W and waveform energy (E),
which is relevant to the land-surface reflectance, are used by the classification algo-
rithm. The algorithm is based on the land covers and their laser response analysis.
For water, the reflectance is small so that the returned waveform energy E is lower
than that of the other three. A threshold can be set to derive water. Then, N is used
to derive bare land because bare surfaces usually correspond to only one Gaussian
component. W and N can also be combined to derive bare land with small trees or
low vegetation and multi-Gaussian components occurred in the waveform since the W
is narrower and the N is less than high trees and buildings. Signals from high vegeta-
tion correspond to a wider first signal mode (corresponding to an earlier signal start
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Figure 8. Flow chart of land-cover classification (adapted from Duong et al. 2006). TE , TN ,
TS and TW are the thresholds of E, N, S and W .

time S) than urban and multi-Gaussian components, and they can be differentiated
by S. Finally, the classification result from ICESat/GLAS is validated with different
land-cover maps.

Duong et al. (2006) classified these four different land-cover types with an accuracy
of approximately 73%, and the algorithm was not good enough to differentiate water
and bare land. The method can be improved. By comparison of the width of every sin-
gle Gaussian component, better classification results of urban and high buildings can
be derived. More detailed information can be found in Duong et al. (2006). However,
in polar areas, the land-cover classification is not the same as that discussed above.
This is because in polar areas, the land cover is mainly snow, ice, rocks and water.
Molijn et al. (2011) gave an example of land-cover classification in the Dry Valleys of
Antarctica with an algorithm of a decision tree, which are composed of kurtosis, reflec-
tivity, width and saturation information of waveforms with an overall classification
accuracy of 74%.

3.7 Urban building height extraction

Urban expansion monitoring is an important application of remote sensing. Urban
building heights can be derived from digital photogrammetry, interferometric syn-
thetic aperture radar (InSAR) and airborne LiDAR (Alexander et al. 2009, Cheuk
and Yuan 2009, Meng et al. 2009, Sauer et al. 2009). ICESat data can also be used to
extract urban building height. The LiDAR returned waveform is composed of various
signals from different layers, and a typical urban area scene is shown in figure 9. The
final waveform is relevant to the height levels, roof reflectance, roof slope, roof area
and ground structure in the footprint. Gong et al. (2011) gave the first example of
building height extraction using GLAS data and the method is summarized below.
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Figure 9. Different building height layers and corresponding laser waveform. The two hor-
izontal black lines show the location of the signal start and end, and the red lines show the
decomposed Gaussian peaks.

Firstly, GLA01 original waveform data are selected and the de-noising and smooth-
ing processing is carried out, which is similar to that discussed in section 3.3.
Secondly, waveform decomposition is used to fit the processed waveform, and the sig-
nal start, signal end and different Gaussian components can be recorded. Thirdly, the
decomposed Gaussian components are used to extract building height. The earliest
decomposed Gaussian function (FM) corresponds to the tallest target in the footprint
and the latest one (LM) corresponds to ground. Therefore, the maximum building
height within a footprint should be calculated from:

MBH = c(tc,LM − tc,FM)/2, (13)

where MBH is the maximum building height, c is the speed of light and tc,LM and tc,FM

are the centre position of the LM and FM, respectively. Fourthly, extracted building
height from ICESat/GLAS can be validated with in situ measured building height.

With this method, Gong et al. (2011) extracted some building heights in Beijing
with a root mean squared error of 6.4 m. Compared with the result from a direct use
of GLA14 Gaussian extraction, this method is more accurate. They pointed out that
accurate discrimination of building roofs and tree canopies can help improve building
height extraction. More detailed information is given by Gong et al. (2011). In addi-
tion, the total floor space of buildings can be obtained by combining GLA14 data
with land-use/land-cover data (Cheng et al. 2011).
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3.8 Changes in glaciers and ice caps

Dynamic change of ice caps and glaciers is closely related to global climate change
and sea-level changes. Changes in the extent of ice caps or glaciers can be derived from
traditional remote-sensing images. Changes in volume can be estimated if information
about the elevation changes can be obtained. For their smaller area compared with ice
sheets, change-detection methods for ice caps or glaciers are slightly different from that
discussed in section 3.2. The altimetry data from ICESat/GLAS can provide highly
accurate changes at the footprint compared with an existing DEM in the ice-cap and
glacier regions. The process is summarized below.

Firstly, a DEM in the study area that is already developed is needed as
the reference data. A DEM derived from stereoscopic pairs of Terra-Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Système
Probatoire d’Observation de la Terre5-High Resolution Geometric (SPOT5-HRG)
and Advanced Land Observing Satellite–Panchromatic Remote-Sensing Instrument
for Stereo Mapping (ALOS–PRISM) or a Shuttle Radar Topography Mission
(SRTM) Digital Elevation Model (DEM) can be used as a reference surface (Sauber
et al. 2005, Berthier and Toutin 2008, Kääb 2008, Sneed et al. 2008). Secondly,
ICESat/GLAS data are selected and filtered to avoid cloud effects. Thirdly, height
difference can be obtained by subtracting the reference height with GLAS altimetry
data. For some small glaciers, there may be only a few tracks of data covering them.
However, the availability of these data can make it a promising tool for investigating
regional-scale volume changes of glaciers (Kääb 2008).

3.9 Water-level changes in lakes

Water levels in a lake can be considered as having the same altitude at a spe-
cific time. Therefore, the laser altimetry data over different areas over the lake
in different campaigns can be used to study water-level changes. In arid areas,
without in situ hydrological measurements, GLAS data can be an effective alter-
native to water-level monitoring. Chipman and Lillesand (2007) obtained lake-level
changes from GLAS data in southern Egypt from 2003 to 2005, and Urban et al.
(2008) examined water-level changes from ICESat/GLAS data with local tide-
gauge data in Lake Pontchartrain, Louisiana, USA. The method is summarized
below.

Firstly, laser altimetry data unaffected by cloud over a lake area are selected,
and saturation correction is carried out to those saturated footprints for the high
laser echoes. The reason for saturation correction is that a saturated waveform cor-
responds to a lower elevation than the actual values (Urban et al. 2008). Secondly,
water-level slope is calculated and removed along ICESat tracks. For the limited accu-
racy geoid model, the altimetry data along track can depict a sloped surface that
needs to be removed to get an accurate lake water level. Thirdly, altimetry data from
different times are averaged to get the lake water level. Thus, averaged lake water
levels in different campaigns are comparable, and the lake water-level variation is
clear.

The result shows that the lake water-level change obtained with this method
agrees well with that from tide-gauge data (Urban et al. 2008). However, the lim-
ited observation schedule each year could not supply enough data for hydrological
applications.
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4. Conclusion

GLAS data is widely used in various fields, and many important discoveries have
been made, such as subglacier water system extraction, Greenland and Antarctic ice-
sheet variation, global forest-height distribution, etc. The application of GLAS data is
not limited to the areas reviewed above. Although successful examples are constantly
being produced, there are many issues limiting its use in Earth science studies. The
low density of GLAS footprints does not completely produce a wall-to-wall map-
ping of the Earth’s surface; this is a particularly limiting factor in the lower latitudes.
Nonetheless, as the technology of satellite laser altimetry continues to advance, the
potential of global laser measurement can be expanded to more application fields
of science. Presently, ICESat/GLAS has already stopped working, and ICESat-2 is
scheduled to be launched in 2015 with a broader application than its predecessor
(Abdalati et al. 2010).
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