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Synergistic Use of Satellite Laser Altimetry and
Shuttle Radar Topography Mission DEM for
Estimating Ground Elevation Over
Mountainous Vegetated Areas

Wen Liu and Qi Chen

Abstract—Topography is fundamental to numerous environ-
mental studies for understanding Earth surface processes. With
a near global coverage, satellite lidar Geoscience Laser Altimeter
System (GLAS) onboard Ice, Cloud, and land Elevation Satel-
lite (ICESat) provides valuable terrain elevation information via
Gaussian decomposition of its waveforms. It is commonly assumed
that the lowest decomposed Gaussian peak corresponds to terrain
surface. Although this assumption is valid over flat areas with
sparse canopy, it might be problematic over sloped areas with
surface objects. This letter proposes a new algorithm to estimate
ground elevation over mountainous vegetated areas using GLAS
data in conjunction with Shuttle Radar Topographic Mission
Digital Elevation Models (SRTM DEMs). It was found that in-
corporating SRTM DEM can reduce the bias of the mean ground
elevation estimates by up to 1-3 m. This letter also suggests that
more research is needed for improving ground elevation estimates
over mountainous areas with relatively open canopy.

Index Terms—Airborne lidar, Gaussian decomposition, ground
elevation, Ice, Cloud, and land Elevation Satellite (ICE-
Sat)/Geoscience Laser Altimeter System (GLAS), Shuttle Radar
Topographic Mission C-band Digital Elevation Model (SRTM
DEM).

I. INTRODUCTION

IGH-QUALITY topographic data are crucial for un-
derstanding various land surface processes [1]-[3]. The
Geoscience Laser Altimeter System (GLAS) onboard the Ice,
Cloud, and land Elevation Satellite (ICESat) is a powerful
sensor capable of providing ground elevation information with
high precision and nearly global coverage [4], [S]. The ground
elevation retrieved from the GLAS offers critical information
not only on bare Earth [6] but also on canopy vertical structure
[7]-[9]. For example, the GLAS has been used to derive canopy
height [10]-[13], which can be calculated as the difference
between canopy top and ground elevation [7], [14], [15].
Gaussian decomposition is a common technique to calculate
ground elevation from the GLAS. This method decomposes
GLAS waveforms into several individual Gaussian distributions
so that terrain and surface object elevation information within
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the GLAS shot can be reconstructed [16]. It is usually assumed
that one of the Gaussian peaks, particularly the lowest Gaussian
peak, represents the ground information [6], [7], [14], [17],
[18]. In an area where it is flat with relatively open canopy,
the lowest Gaussian peak can match well with the ground [14].
However, over sloped variable terrains, there might be multiple
Gaussian peaks associated with reflections from the ground
surface. Some studies [6], [7] found that, over mountainous
areas, the lowest Gaussian peak is generally lower than the
actual mean ground elevation, but the second or third to the
lowest peak could be closer to the ground [6]. These studies in-
dicated that the correspondence between the Gaussian peak and
the ground is strongly dependent on the terrain and vegetation
conditions; the information from GLAS Gaussian decomposi-
tion alone is insufficient to determine which Gaussian peaks
represent signals from the ground. To address this problem, it
is pressing to determine how Gaussian peaks correspond to the
ground and to develop a method to use these peaks to estimate
the ground elevation.

In this letter, we introduce a novel algorithm for retrieving
mean ground elevation z,, through a synergist use of GLAS
data and Shuttle Radar Topographic Mission C-band Digital
Elevation Models (SRTM DEMs). Airborne-lidar-derived
ground elevations z, are used to evaluate the estimated z,,
value. Both 30- and 90-m SRTM DEMs are tested to investigate
the effects of DEM spatial resolutions on estimating z,,.

II. STUDY AREA AND DATA
A. Study Sites

This study is conducted at five individual vegetated moun-
tainous sites located in the Northwest United States. The first
site, located in Mendocino, CA, is covered by coniferous forests
consisting of upland redwood, pygmy cypress dwarf, northern
mixed chaparral, and bishop pine forests. The second site, lo-
cated in Lewis, WA, is covered by coniferous forests in early to
late successional stages. The third site, located in Santa Clara,
CA, is primarily dominated by oak woodland and California
annual grassland. The fourth site is located in Iredell, NC, with
major land covers of pasture, deciduous forests, and shrubs.
The fifth site, located in the Appalachians range (traversing
the counties of Watauga, Avery, Burke, and McDowell), NC,
is dominated by deciduous forests with a minority of evergreen
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Fig. 1. Flowchart of vertical datum conversions.

trees, pasture, and deciduous trees [6], [7]. These five sites are
denoted as LEW, MEN, SAN, IRE, and APP sites hereinafter.
Among the first three, the LEW and MEN sites are dominated
by conifers that share similar mean tree height (~35 m) and
canopy cover (~0.9), while the SAN site has much shorter
vegetation (~10.7 m on average) and lower canopy cover
(~0.27) [7].

B. Data

Three data sets are applied in our analyses, i.e., the GLAS,
the SRTM DEM, and the airborne-lidar data. The GLAS data
were obtained from the National Snow and Ice Data Center
(http://nsidc.org/data/icesat/), which archives and distributes
15 products of level-1 (L1) and level-2 (L2) laser altimetry and
atmospheric GLAS data. In this letter, we used GLA 01 (L1A
Altimetry Data) and GLA 14 (L2 Land Surface Altimetry) from
the release 28 [7].

The SRTM C-band DEMs of 1 and 3 arc-second (ap-
proximately 30 and 90 m) were downloaded from the Earth
Resources Observation and Science Center, U.S. Geological
Survey. All SRTM data are stored in 1° tiles in raster format.

The airborne-lidar data of the LEW and MEN sites were
acquired by the Airborne Lidar Terrain Mapping (ALTM)
System in February 2003, while the data of the SAN site
were obtained by the Optech ALTM 3100 lidar system during
flights in April-May 2006 [7]. The airborne-lidar data of the
IRE and APP sites were collected in early 2003 by EarthData
International using the Azimuth Aeroscan system [6].

C. Data Preprocessing

The three data sets were originally in different horizontal and
vertical datum. The airborne-lidar data and the SRTM were
in orthometic height (referring to geoid surface), while the
GLAS was in ellipsoid height (referring to an ellipsoid). To
be consistent, both the GLAS and the airborne-lidar data are
converted into the same horizontal datum as that of the SRTM
data in the World Geodetic System 1984 (WGS 84). Elevations
of all data were converted to the WGS 84 ellipsoidal height
(see Fig. 1).

The ground elevation validations z, from airborne-lidar data
were processed by the Toolbox for Lidar Data Filtering and
Forest Studies (TIFFS) software package via automatically
identifying terrain returns and interpolating them into a 1-m
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Fig. 2. Finding of the ground vertical extent and ground Gaussians. The
vertical range between the ground start and the ground end is the ground vertical
extent. The GEC is the referencing point to locate ground vertical extent.
Within the ground vertical extent, (black line) the two decomposed Gaussian
components are identified as ground Gaussians. Gaussians in gray dot line are
above-ground Gaussians.

raster DEM [6], [7], [19]. The derived z, value was quantita-
tively assessed by a manually edited National Aeronautics and
Space Administration DEM with the statistical difference of
0.01 + 0.73 m (mean =+ standard derivation) [7]. Furthermore,
slopes at GLAS shots were extracted from the fused SRTM
DEM tiles by the surface analyst tools in ArcGIS.

Extra steps were taken to remove GLAS shots affected by
bad weather or saturation [7]. As a result, a total of 66, 200,
134, 692, and 611 good GLAS shots remain at the LEW, MEN,
SAN, IRE, and APP sites, respectively.

III. METHODS
A. Gaussian Decomposition of the GLAS Waveform

The shape of the transmitted laser pulse of the GLAS
shows a near-Gaussian distribution [5]. A received waveform
is the result of the convolution of the transmit pulse and the
differential cross sections, which provides the theoretic basis
of the Gaussian decomposition of the GLAS waveform [16].
To minimize the influences of the high frequency noise, the
received waveforms were first smoothed by the transmit pulse
before the initial determination of waveform parameters. The
smoothed waveform can be modeled as the sum of Gaussian
components [20], as shown in the following functions:

N
W(t)= > Wn(t) 0]
m=1
—(t—pm)?
Wi (t) =Ape  27m (2)

where W (t) is the intensity of the received smoothed waveform
at time t, W, (t) is the intensity contribution of the mth
Gaussian, N (N <= 6) is the number of Gaussian components,
A,, is the amplitude of the mth Gaussian, ., is the centroid of
the mth Gaussian, and o, is the standard deviation (1/e half-
width) of the mth Gaussian. A,,, p,,, and o, are recorded in
the product GLA 14. An illustration of Gaussian composition
is shown in Fig. 2.
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TABLE 1
STATISTICAL MEAN AND STANDARD DERIVATION OF 2z, — Zy. Zm IS THE ESTIMATED MEAN GROUND ELEVATION FROM GLAS WAVEFORMS, AND 2z,
Is THE GROUND ELEVATION DERIVED FROM AIRBORNE LIDAR. METHOD 1 INDICATES RESULTS WHEN GROUND ELEVATION CENTERS ARE
CALCULATED BASED ON (7) (9). METHOD 2 INDICATES THE RESULTS WHEN (10) Is USED TO DETECT THE GROUND ELEVATION
CENTER AND (2-5pks) REFERS TO THE NUMBER OF GAUSSIAN PEAKS INCLUDED IN THE METHOD. METHOD 3 INDICATES THE
RESULTS WHEN 2, IS CALCULATED AS THE ELEVATION OF THE GAUSSIAN PEAK OF HIGHER AMPLITUDE AMONG THE
LOWEST TWO. THE BEST RESULTS OF EACH SITE ARE SET IN BOLDED AND UNDERLINED

Zm — Zy (METER)

Study sites 30-m SRTM DEM 90-m SRTM DEM No DEM

(shots) Method2 Method2

Method1 Method1 Method3
2pks 3pks 4pks Spks 2pks 3pks 4pks Spks

LEW (66) -0.6+8.4 6.7£82  9.7+83 11.6+8.7 12.148.6 -0.6£8.2  7.0+83  9.8482 11.9484  12.6+84 3.448.1
MEN (200) -1.1+7.0 6.0+8.1  84+8.0  9.7+8.1 10.7+8.3 -1.6£72  6.0+83  83+8.0  9.748.1 10.7+8.3 3.247.7
SAN (134) 236460  -1.7443  -1.0£3.1 -0.8£3.0  0.7+3.1 -3.6£6.0  -2.0+4.6 -1.0£3.0 -0.7£3.0  -0.6+3.0 -4.4+5.5
IRE (692) 215482 03£7.7 2.7+£7.5 4.447.8  5.448.2 22481 -01£7.7 25+£7.4  4.3+£7.8  5.548.1 -1.0£7.5
APP (611) -0.2+3.3 1.0£3.9  2.645.2 3.6+6.1 4.447.0 -0.4+32  1.0+£3.8 2.745.0 3.7+£5.9  4.446.7 -0.4+3.2

B. Algorithm of Calculating z,,

The principle of our algorithm of calculating the mean
ground elevation z,, is to first detect the Gaussian peaks
corresponding to the terrain ground, which are called ground
Gaussians (e.g., the black Gaussians in Fig. 2), and to then
average elevations of all ground Gaussians, i.e.,

B vazl flag; x E;

Fm = 3)
Zij\il flag;

flag, =0, nonground Gaussian 4)

flag, = 1, ground Gaussian (5)

where N (1 <= N <= 6) is the number of Gaussians, flag; is
the flag of the ith to the lowest Gaussian indicating whether
it is a ground Gaussian, and F; is the elevation of the ith to
the lowest Gaussian peak. Ground Gaussians are those within
ground vertical extent, a vertical range defining the starting and
the ending of ground signals. The size of the ground vertical
extent, denoted as GES, can be calculated as follows [21]:

GES = (m) = tan(slope) * GLASFootPrintSize(m). (6)

Along with the size, a referencing point (e.g., its center,
starting point, or ending point) is needed to determine the exact
location of the ground vertical extent. We choose the center as
its referencing point and call it ground extent center (GEC).
In this letter, we propose two different methods (denoted as
methods 1 and 2) to automatically identify GECs.

In method 1, GECs are selected between the lowest two
Gaussian peaks using

GEC :El, when A1 > A2 OR AVEl < AVEQ (7)
GEC=FE,, when A4, < Ay AND AVE; > AVE, (8)
AVE; =|GW; — GES| ©)

where A; and GW; are the amplitude and the width of the ith to
the lowest Gaussian, and AVE,; is the size difference between
the ith Gaussian width and the ground vertical extent.

In method 2, GECs are chosen among the lowest N peaks by

GEC = E;; where S; is the maximum

among the lowest N Gaussians (10)
where S; is the area of the ith to the lowest Gaussian. [N
ranges from 2 to 5, and 2 < ¢ < N. Corresponding to the
number of lowest N Gaussian peaks included in method 2, the
specific algorithms are denoted as 2pks, 3pks, 4pks, and 5pks,
respectively (see Table I).

To compare with methods from previous studies, another set
of z,, values are calculated as the elevations of the Gaussian
peak with higher amplitude between the lowest two Gaussians
[6]. This is denoted as method 3.

IV. RESULTS

The z,, values estimated by various algorithms were com-
pared against z,, with the statistics of their differences (z,, — 2y,
or bias of z,,) listed in Table I, where the algorithm with the
smallest bias at each study site is set in bold and underlined. The
LEW, MEN, and APP sites had the z,,, estimate of the smallest
bias from method 1, while the best results of z,, were from
method 2 of 5pks at the SAN site and from method 2 of 2pks at
the IRE site.

Method 1 generally performed well at all study sites. Com-
pared with method 3, method 1 was capable of reducing the
bias of z,, by about 1-3 m at the LEW, MEN, and SAN sites;
at the IRE and APP sites, the biases of z,,, from method 1 were
comparable with those from method 3 with their values less
than 1.5 m (see Table I).

Method 2 outperformed method 1 at the woodland (SAN)
and IRE sites (see Table I) but failed to give acceptable es-
timates of z,, at two coniferous sites and at the APP site.
By using method 2, the z,, bias tended to decrease with the
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increasing number of Gaussians at the SAN site, while the bias
was minimized method 2 of 2pks and then increased when
more numbers of Gaussians were included at the APP site. The
smallest biases were —0.6 m at the SAN site and —0.1 m at the
APP site.

V. DISCUSSIONS

Our results indicated that method 1 generally improves es-
timates of z,, compared with those from method 3. This is
mainly attributed to the two improvements in our algorithm,
i.e., using the SRTM DEM to aid the identification of ground
peaks and averaging all identified ground Gaussian peaks in-
stead of using one single selected Gaussian peak for calculating
mean ground elevation.

We also found that the spatial resolutions (30 versus 90 m) of
SRTM DEMs had limited impacts on estimates of z,,,. The bias
of z,, differs less than 0.2 m between the two SRTM DEMs for
all algorithms and sites, except when method 1 is used at the
LEW site. We found that this is very likely related to the small
differences in ground vertical extents derived from 30- and
90-m SRTM DEMs. Mean slope differences are 2.4° at the IRE
site, 1.5° at the APP site, and less than 0.3° at the LEW, MEN,
and SAN sites, respectively. Note that the 30-m SRTM DEM
is unavailable at the global scale while the 90-m SRTM DEM
is. This has important implications to potentially expand our
algorithm to other places using the 90-m SRTM DEM without
sacrificing much accuracy compared with the application of the
30-m SRTM DEM.

Individual GLAS shots were analyzed to better understand
biases in our z,, estimates. When method 1 was used, the biases
of z,, could be as large as —20-23 and —22-31 m at the LEW
and MEN sites, respectively, while biases of z,,, by method 2 of
Spks ranged from —12.8 to 13.96 m at the SAN site. After vi-
sually exploring the features of the vegetation distributions and
the topographical variations from Google Earth at these specific
shots, we found that the overestimation of z,, usually happens
when the canopy is dense so that the laser energy hardly pene-
trates into lower elevation, which makes the detection of ground
Gaussian peaks difficult. Fig. 3(a) shows such an example
shot where the estimated ground vertical extent (thus z,,) is
much higher than z,. The underestimation of z,, frequently
happens over locations with steep topography. We originally
suspected that this is caused by the coarse spatial resolution
DEM, given that the 30- or 90-m SRTM will flatten valleys
and peaks in topography, leading to underestimated slopes and
thus underestimated ground vertical extent according to (6).
However, no obvious improvements were found after we used
the slope derived from airborne-lidar data to derive the ground
elevation extent size (GES). Therefore, the large bias of z,, [see
Fig. 3(b) for an example] is mainly caused by the imprecise
estimation of the ground vertical extent center (GEC), which is
more difficult to be determined over steep slopes.

Since the accuracy of z,, estimates is largely determined
by algorithms of detecting GECs, we further compared the
elevations of individual Gaussian peaks to z, and identified the
Gaussian peak closest to z, for each shot. We found that, at
the LEW, MEN, and APP sites, 90% of the closest Gaussians
are from the lowest two peaks (see Table II), which ensures
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Fig. 3. Biased z,, estimates. (a) Shot where the calculated z,, value (within
the ground vertical extent, i.e., the shaded area) is much higher than z,.
(b) Shot where the calculated z,,, value is much lower than z,,.

TABLE 1II
PERCENTAGE OF THE nTH GAUSSIAN PEAKS THAT ARE THE CLOSEST
ONE AMONG S1X DECOMPOSED GAUSSIANS TO GROUND
ELEVATION VALIDATIONS 2,

Pk 2Mpk  39pk  4®"pPK  5"PK 6"PK
LEW 47.0% 424% 91% 135% 0% 0%
MEN 42.0% 47.5% 85% 15% 0%  0.5%
SAN  10.45% 27.6% 32.8% 194% 9.0% 0.75%
IRE  21.24% 38.73% 26.01% 11.71% 2.02% 0.29%
APP  59.4% 34.53% 524% 0.65% 0.16% 0%

method 1 would be optimal to describe GECs. At the two
remaining sites (particularly SAN), a relatively high percentage
of the closest Gaussians were from the third or fourth to the
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lowest peaks (see Table II). This explains the large biases when
method 1 was used to estimate z,,, at these two sites. In general,
we found that method 1 performed the best at sites of rela-
tively dense canopy (LEW, MEN, and APP), while method 2
performed better at sites of sparse and open canopy (SAN
and IRE). Mountainous areas with open canopy pose the
most significant challenge because it is unclear how many of
Gaussian peaks should be included in method 2 to achieve the
best results, which calls for more future research to improve
ground elevation estimation over these areas.
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