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ABSTRACT
Glaciers in the Tibetan mountains are expected to be sensi-
tive to climate change. The change of glacier mass is lo-
cally depending on e.g. precipitation, melting and variation
in ice flow. In this paper we analyze the data acquired by
ICESat/GLAS laser altimetry, along several tracks over the
glaciers of the Nyainqêntanglha range from February, 2003
to November, 2004. The surface characteristics are evaluated
within laser footprints over the glacier outlines based on the
glaciological inventory on the Tibetan Plateau constructed by
CAREERI, CAS. For this purpose, we extract two waveform
parameters: the waveform width and the number of modes.
These parameters are compared with surface slope and rough-
ness obtained from the ASTER GDEM (Global Digital Ele-
vation Model).

Index Terms— ICESat/GLAS, waveform analysis, ASTER
GDEM

1. INTRODUCTION

The surface morphology of mountainous glaciers is charac-
terized by variations on scales ranging from a few meters to
several kilometers horizontally. Given ice flow over basal
irregularities and atmospheric standing waves, large-scale
undulations are usually a typical wavelength of 3-4 times the
ice thickness [1]. In contrast, small-scale surface irregulari-
ties associated with sastrugi and wind-formed features, form
over periods of hours to days and are inherently transient
and unpredictable in a deterministic sense [2]. The last type
containing e.g. crevasses is developed where the stresses of
the ice from variations in flow exceed the breaking strength
of the ice in tension. These glaciers are widely distributed
in mountainous areas, and their shape and flow are char-
acterized by fluctuating surface relief, flowing to downhill.
In this study we pay attention to ICESat/GLAS datasets
acquired from campaign L1A (February––March, 2003),
L2A(September––November, 2003), L2B(February––March,
2004), L2C(May––June, 2004), L3A(October––November,
2004), seen in Fig. 1. The waveform fitting analysis within
each footprint will be used to evaluate the characteristics of
waveforms as they fluctuate with topography[3, 4].
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Fig. 1: The measurements were performed by ICESat/GLAS
laser altimetry in 2003 and 2004. During this period, we col-
lect the elevation data both from product GLA14 and ASTER
GDEM, raw waveform data from GLA01 for each laser shot
overlaying the region of interest in Nyainqêntanglha Range.

2. SLOPE AND ROUGHNESS DERIVED FROM
ASTER GDEM

To evaluate the GLAS performance over mountainous glacial
surfaces of varying relief, slope and roughness values for rep-
resentative geomorphological terrains in our study area were
quantified using ASTER GDEM. These two parameters were
defined at a length scale of 90 m, approximating the footprint
diameter of the GLAS laser beams, by calculating the local
mean plane to a 3 × 3 grid of elevation values (see Fig. 2).
The slope calculation (Equations 1 to 5) used the algorithm
described by [5].

sloperadians = arctan(∆S) (1)

∆S =
√
(dz/dx)2 + (dz/dy)2 (2)

[dz/dx] =
(H3 + 2H6 +H9)− (H1 + 2H4 +H7)

8 ∗ x cell size
(3)

[dz/dy] =
(H7 + 2H8 +H9)− (H1 + 2H2 +H3)

8 ∗ y cell size
(4)



where dz/dx and dz/dy are the height change rates of the sur-
face in two orthogonal directions from the center cell. Then,
we transform the unit of slope from radians to degrees using
the equation below:

slopedegrees = sloperadians ·
180

π
(5)

Fig. 2: The example of a moving ASTER GDEM window
is shown here. The black ellipse is an ICESat footprint illu-
minating the surface target. Each pixel is 30 m×30 m, the
characters H1 to H9 indicate the elevation of each ASTER
GDEM pixel. Both slope, and roughness will be calculated at
this moving window scale.

The surface roughness can be defined in several different
ways, but for consistency with the ICESat data, we quantified
the roughness from the ASTER GDEM data as the standard
deviation of the differences with a locally best fitting plane as
follows. First, the plane P (x, y) best fitting the elevations in
the 3×3 ASTER GDEM window, in the least square sense is
estimated, given by

P (x, y) = rxi + syi + t (6)

Then, the roughness σR is defined as

σR =

√
1

9
∆H (7)

with

∆H =

9∑
i=1

[Hi − (rxi + syi + t)]2 (8)

All these implementations are done in the commercial
software Arc/Infor.

3. TYPICAL WAVEFORM ANALYSIS

In the view of glacio-morphology, over 90% of the glaciers
in this study area are valley glaciers, mountain glaciers, small
glaciers. In this section,we show several typical example

waveforms for different locations in the area and analyze the
variation according to their topography and landscape type.
A total of 1316 samples from GLAS 01 are picked out in
the further evaluation in this area. First of all, we set several
criteria to describe the morphological characteristics of the
glacier: the general shape; the terminus location; the longitu-
dinal profile; supply source of the glacier; activity of the ice
tongue. Moreover, we geolocated the ICESat/GLAS tracks
with the glacier and lake masks. Finally, we pick up four
larger glaciers Guren, Guila, Lisheng, and Bili to analyze
further. The attributes of these glaciers are mentioned in
Table.1.

In Fig. 3 six examples of ICESat waveforms over the
study area are shown. Waveforms 3 (a) and (b) were ac-
quired high on the glacier, waveforms 3 (c) and (d) were
low on the glacier, (e) is obtained from rocky mountainous
terrain, while waveform (f) is captured from Nam Co lake.
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Fig. 3: Typical waveform examples were picked out over
certain landscapes. (a),(b) are in the accumulation zone of
Guila glacier, (c),(d) are in the ablation zone of Guila glacier
and Lisheng glacier, respectively. (e) is located in the rocky
mountainous terrain and (f) is on the lake surface. Note: to
describe the complexity of waveform (e), we set the number
of modes larger than 6.



Table 1: Morphological features of the four named glaciers in the study area, S, L, H, D, V represents area, length, elevation,
depth and volume, respectively. t, ac, al, ex means total, accumulation zone, ablation zone, and exposed area, respectively.

St Sac Sal Sex Lt Hmax H Hmin Hal D V
(km2) (km2) (km2) (km2) (km) (m) (m) (m) (m) (m) (m3)

Guren 5.6 1 –– 5.6 4.2 6260 5830 5400 –– 78 0.44
Guila 14.69 1 4.32 13.69 7.2 6384 5882 5380 5900 108 1.59

Lisheng 4.4 1 1.6 4.4 3.3 6360 5924 5488 5900 72 0.32
Bili 5.6 1 –– 1.4 4.2 6080 5855 5630 –– 48 0.07

The intensity is a good indicator of glacier optical prop-
erties. Ice, snow, and surface irregularities (mainly crevasses)
show a good differentiation in terms of geometry and re-
flectance. Fig. 3(a), (b) show shot 34 and 21 geo-located
in the accumulation zone of Guila, whose slope´re 9.9°,
49.5°,roughness are 1.01 m, 1.54 m, respectively. The distri-
bution is Gaussian in both cases, shot 34 fitted with only one
main peak, the amplitudes are both close to 1.2 v. Although
the waveform width of shot 21 is broadened by the slope ef-
fect and fitted with 3 peaks, they still correspond to glaciers.
We considered two other shots 22 and 26 in the ablation zone
of Guila and Lisheng (Fig. 3(c), (d)). The most remarkable
feature is that their widths increase to 11.27m, 12.01m, re-
spectively. There are 5 peaks in shot 22, the peak of the last
Gaussian mode responds to the lower ground surface within
the ICESat 70m footprint. Specifically, the number of peaks
in shot 26 is less than 6 as well, the peak of last Gaussian
mode corresponds to the surface elevation, and the maximum
of intensity is also much lower than the values in (a), (b). In
combination with the glacier inventory by CAREERI, and
Landsat TM imagery 2003, the waveform can be interpreted
as over the crevasses. Similarly, shot 26 indicates moraine
overlaying the glacier. We find more oscillations in the re-
turn pulse which involved more morphological features. It
represents mountainous area.

4. COMPARISON OF PARAMETERS BETWEEN
ASTER GDEM AND ICESAT DATA

Initially, Fig. 4 (a) shows a scatter plot of the ICESat eleva-
tion against the ASTER GDEM elevation. It shows a very
obvious linear trend. The differences of elevations between
ASTER GDEM and ICESat are also visualized in the his-
togram, Fig. 4 (b). In terms of absolute magnitude, our cal-
culation shows that the largest difference is 126.10 m, which
the mean difference is around 33.96 ± 18.17 m over all the
samples. The surface features, roughness and slope, are cho-
sen as the shaping factors of waveforms (see Fig. 5). To give
a basic sense of the complexity of the mountainous surfaces,
we generate a four relevant figures to reveal the distribution of
slope and roughness versus the number of fitted ICESat wave-
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Fig. 4: Correlation in elevation between ICESat and ASTER
GDEM shown in (a); the histogram of deviation obtained
from ASTER GDEM elevation subtracts ICESat elevation
shown in(b), we divide all the difference into 20 bins, the
occupancies of variable deviations in different range can be
found in this histogram.

form peaks, respectively.The maximum of the peak number
is set as 6. The metrics 25% percentile, median, 75% per-
centile and maximum are set to measure each dataset. Fig. 6
and 7 shows the scatter plots of the ASTER GDEM slope
and roughness vs. the ICESat waveform number of modes
and the ICESat waveform width, respectively. As expected,
both the number of modes and the waveform width increase,
on average, with the corresponding ASTER GDEM slope and
roughness. Indeed, both surface slope and roughness have a
widening effect on the waveform: as the vertical distribution
of scatterers increase with both growing slope and roughness,
the waveform widens as there is more time differences be-
tween return time of the lowest and highest scatterer in the
illuminated footprint. The relation between surface slope and
roughness versus number of modes is less direct. But clearly,
in the high relief mountainous terrain, the possibility of scat-
tering occurrence at different heights, contributing to different
modes increases.

5. CONCLUSION

The present research extracts the extent parameters of re-
ceived waveforms from laser system in ICESat/GLAS by



(a)

(b)

Fig. 5: (a) slope (unit:degree) and (b) roughness (unit:meter)
extracted from ASTER GDEM. The gray bold line is the out-
line of these four larger glaciers, Guren, Guila, Lisheng,
and Bili. The values of the calculated slope and roughness
are color scaled from low to high gradually.

Non-linear least squares method. Then, We make a exam-
ple study of these parameters in mountainous and glacial
area. Moreover, we compare these shifts of full waveform
evaluated from GLA01 raw data with surface features from
ASTER GDEM. Through the analysis, the response of mor-
phology with laser waveform is shown in Nyainqêntanglha
range. Roughness, slope of the surface can be quite signifi-
cant and may contribute several meters even several tens of
meters to the pulse extent. The fitted waveforms reveal that
the received waveforms are an accurate representation of the
situation of surface heights within the GLAS footprints from
the visualization of the typical waveforms mentioned in the
results.
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Fig. 6: The distribution of ASTER GDEM derived slope and
roughness vs. number of ICESat waveform modes. The black
dashed line is the range from sample minimum to sample
maximum, the blue box describe the range from the 25% per-
centile to 75% percentile, the blue and green circle indicates
the median and outliers of each dataset in descriptive statis-
tics.
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Fig. 7: This is a comparison linked the full width of ICE-
Sat waveform with surface slope and roughness within the
footprint. The different color points indicate the full width of
ICEsat waveform distributed in the relevant slope or rough-
ness values.
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