
Abstract
The ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer) Global Digital Elevation Model
(GDEM), which was released in June 2009, provides elevation
data for over 99 percent of Earth’s land area. GDEM was
found to contain significant anomalies mainly caused by
residual clouds in the ASTER scenes, or by the algorithm
used to generate the final GDEM from the variable number
of individual DEMs. In this paper, the GDEM, for the whole
area of Greece was validated by comparing it with reference
DEMs with higher resolution derived either from aerial stereo
imagery, or from ASTER raw data analysis; as well as with
elevation values provided by a number of Geodetic Control
Points (GCP) and GPS measurements. The vertical accuracy
(at 95 percent confidence) was calculated to be more than
30 m (RMSE � 16.01 m) when compared to the GCPs,
whereas the vertical accuracy was calculated around 20 m
(RMSE � 11.08 m) when compared with the GPS derived
elevations. It can be therefore stated that the current version
of ASTER GDEM overall does not meet its pre-production
estimated vertical accuracy of 20 m at 95 percent confi-
dence over Greece, however, it can be used in several
applications, such as topographic analysis, hydrological
and geomorphological modeling, landscape visualization,
and energy balance studies.

Introduction
Geo-scientific applications that use georeferenced carto-
graphic/geospatial data require accurate knowledge and
visualization of the topography of the Earth’s surface. Digital
Elevation Models (DEMs), as digital representations of the
Earth’s topographic relief, provide the basis for many
geographic applications such as topographic analysis,
hydrological or geomorphological modeling, or landscape
visualization. Topographic attributes, such as slope, aspect,
or curvature, can be computed over the grid structure of a
DEM in a straightforward manner (Ackermann, 1994;
Chrysoulakis et al., 2003 and 2004) and can be subsequently
used for geometric, radiometric and atmospheric corrections
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of satellite data (Chrysoulakis et al., 2010). The production
of geocoded, ortho-rectified raster images, a necessity for
incorporating image data in a Geographic Information
Systems (GIS) database, also requires elevation data in the
form of DEMs (Toutin, 2008). However, the general ability of
the DEM to represent the topography depends on both the
roughness of the true surface and the resolution of the DEM.
Namely, since terrain contains variations on many scales,
and different uses of terrain models require different
accuracy, the scale imposed by the DEM resolution affects
the topographic parameters (Quattrochi and Goodchild,
1997). Relying on the observation that relief conserves the
same statistical characteristics over a wide range of scales,
several DEM characterization techniques have been devel-
oped that perform a multi-scale analysis of the elevation
data (Grazzini and Chrysoulakis, 2005).

DEM generation has become an important part of interna-
tional research in the last ten years as a result of both the
existence of many satellite sensors that can provide stereo
imagery and the development of new DEM extraction algo-
rithms (Welch et al., 1998; Toutin et al., 2001; Zhen et al.,
2001; Lee et al., 2003; Toutin, 2001, 2004, and 2008). For
the production of DEMs from optical satellite data, the
respective satellite sensors must have stereo coverage
capabilities. Two methods have been proposed to obtain
stereoscopy with images from satellite scanners (Toutin,
2001): the along-track stereoscopy with images from the
same orbit using fore and aft images, and the across-track
stereoscopy from two different orbits. The former method is
used in ASTER (Advanced Spaceborne Thermal Emission and
Reflection Radiometer) imagery. The ASTER Visible - Near
Infrared (VNIR) subsystem consists of two telescopes: one
nadir looking with a three band detector (Channels 1, 2,
and 3N) and the other backward looking (27.7° off-nadir)
with a single band detector (Fujisada, 1994; Abrams, 2000).
The data products provided by the ASTER have been summa-
rized by Yamaguchi et al. (1998). The ASTER method (along-
track stereo acquisition using a nadir and a backward-
looking telescope) gives a strong advantage in terms of
radiometric variations (because of its near simultaneous
nadir and backward acquisitions) versus the multi-date
stereo data acquisition with across-track stereo, which can
then compensate for its weaker stereo geometry (base to
height ratio of 0.6). The viability of stereo correlation for
parallax difference from digital stereoscopic data has been
described and evaluated in previous studies (Ackermann,
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1994; Bolstad and Stowe, 1994; Hohle, 1996; Al-Rousan and
Petrie, 1998; Lang and Welch, 1999; Toutin, 2001 and 2004).
The basic characteristics of stereoscopy and its application
to the ASTER system for DEM generation have been recently
reviewed by Toutin (2008). He addressed the methods,
algorithms and commercial software to extract absolute or
relative elevation. Furthermore, Toutin (2008) assessed their
performance using results from various organizations and
discussed the use of the DEMs derived from ASTER stereo
pairs in different applications.

Many efforts to assemble global elevation datasets have
been undertaken in the past few decades. In 1986, SPOT was
the first satellite to provide stereoscopic images that allowed
extraction of DEMs over large areas of the Earth’s surface. For
the first time, the scientific community was able to extract
three-dimensional data over areas of interest that were still
inaccessible before the launch of SPOT (Al-Rousan and Petrie,
1998). Since that time, various analogue or digital sensors in
the visible spectrum have been flown, providing users with
spatial data for extracting and interpreting three-dimensional
information on the Earth’s surface (Nikolakopoulos et al.,
2006). The SRTM mission (Werner, 2001; Rosen et al., 2001;
Farr et al., 2007) was the first mission using spaceborne
single-pass interferometric Synthetic Aperture Radar (SAR).
The SRTM DEM products are being distributed mainly under
two forms; these are the SRTM-1 and SRTM-3, with spatial
resolution of 1 arc-second (around 30 m) and 3 arc-seconds
(around 90 m), respectively. The first is available only for the
United States, while the latter is available for the rest of the
globe. The most recent global DEM source is the ASTER Global
Digital Elevation Model (GDEM) which was released by Japan’s
Ministry of Economy, Trade and Industry (METI) and United
States National Aeronautics and Space Administration (NASA)
on 29 June 2009. GDEM is a global DEM generated using ASTER
data, with 30 m posting. At the November 2007 GEO Minister-
ial Summit, NASA and METI were invited by GEO to contribute
this global DEM to GEOSS (Global Earth Observation System
of Systems), and both countries accepted the invitation.
The ASTER GDEM was created by stereo-correlating the entire
ASTER archive, stacking and averaging the individual DEMs,
cloud screening, filling voids or holes using SRTM-3 arc-
second data, and validating the GDEM against higher resolu-
tion DEMs worldwide (Abrams et al., 2010). GDEM was found
to contain significant anomalies, which will affect its useful-
ness for certain user applications. Given that the water bodies
can be effectively masked in ASTER imagery, there are two
primary sources of these anomalies. One is residual clouds in
the ASTER scenes used to generate the GDEM, and the other is
the algorithm used to generate the final GDEM from individual
ASTER DEMs available to contribute to the final elevation
value for any given pixel (GDEM Validation Team, 2009).

Global elevation datasets are inevitably subject to errors,
mainly due to the methodology followed to extract elevation
information and the various processing steps the models
have undergone (e.g., interpolation). Extensive and system-
atic evaluation of such datasets is difficult due to lack of
substantial ground truthing. Error in elevation data is widely
recognized to comprise mainly two components: the hori-
zontal, often referred as positional accuracy, and the vertical
component. However, horizontal and vertical accuracy
generally cannot be separated; the error may be due to an
incorrect elevation value at the correct location, or a correct
elevation for an incorrect location or some combination of
these. Fisher and Tate (2006) provided a detailed description
of causes and consequences of error in DEMs. For stereo
systems, elevation accuracy is generally of the order of the
system instantaneous field of view, or approximately the
pixel spacing, also taking into account the Base-to-Height
ratio (B/H) (Toutin, 2008). The theoretical accuracy of ASTER

DEMs is governed by the accuracy of the control data, the
B/H and the image matching. Since an error of �0.5 to 1
pixel or better for the parallax measurements in the auto-
mated matching process has been achieved with different
datasets from other sensors, the potential relative accuracy
for the elevation with the ASTER stereo data (B/H � 0.6, pixel
spacing of 15 m) could be of the order of 12 m to 25 m or
better (Welch et al., 1998), depending on the type of terrain.
In addition, the accuracy of the DEM will also be dependent
on the geometric parameter calibration, as well as the
accuracy of the ephemeris and attitude data for computing
the direct georeferencing (Toutin, 2008).

A detailed study compared Conterminous United States
(CONUS) GDEM data (934 GDEM tiles) to the United States
Geological Survey (USGS) National Elevation Dataset (NED)
and calculated an overall vertical Root Mean Square Error
(RMSE) of 10.87 m (GDEM Validation Team, 2009). When
compared with more than 13,000 GCPs from CONUS, the RMSE
dropped to 9.37 meters (Abrams et al., 2010). These values
convert, respectively, to vertical errors of just over and just
under the estimated ASTER GDEM vertical error of 20 meters
at 95 percent confidence. Studies around the globe con-
firmed that detailed vertical accuracy results obtained for
CONUS can, in general, be extrapolated with confidence to
other parts of the world. RMSEs for individual tiles vary from
much better than the average CONUS results to considerably
worse, as numerous factors affect local GDEM accuracy.
However, the overall accuracy of the ASTER GDEM, on a
global basis, can be taken to be approximately 20 meters at
95 percent confidence (GDEM Validation Team, 2009).

In this paper, the ASTER GDEM product for the whole area
of Greece is validated using Geodetic Control Points (GCPs)
and GPS measurements as checkpoints. Moreover, the GDEM
for a rural area in Crete (Heraklion), as well as for an urban
area (Athens), are compared with the ASTER DEMs which
were produced in the framework of the REALDEMS project
(Chrysoulakis et al., 2004). REALDEMS was a joint effort of
Foundation for Research and technology; Hellas (FORTH), the
Jet Propulsion Laboratory (JPL), the University of the Aegean,
and Plano S. A., aimed at producing DEM and land-cover maps
for some of the Greek islands. The REALDEMS methodology
was extended by FORTH after the completion of the project
to develop a DEM for the Prefecture of Attica which includes
Athens, the capital of Greece. Detailed information about these
reference ASTER DEMs is given by Chrysoulakis et al. (2004),
Chrysoulakis and Abrams (2005), and Nikolakopoulos et al.
(2006). Finally, the GDEM for the Northern part of Rhodes
Island is compared with a high-resolution DEM (post-spacing of
5 m) derived from aerial stereo images in the framework of the
European project TRANSFER (Chrysoulakis et al., 2008) aimed
at tsunami hazard and risk assessment and the identification
of the best strategies for reduction of tsunami risk.

Data and Methodology
GDEM was evaluated against checkpoints that were evenly
distributed over the Greek territory. Furthermore GDEM was
compared against reference DEMs which were produced in
REALDEMS and TRANSFER projects, using ASTER stereo pairs
and aerial stereo imagery, respectively. Three areas (Athens,
Heraklion, and Rhodes) with a complex physiography (urban
areas included), an extensive drainage network, and eleva-
tions that range from 0 to more than 2,100 m were selected.

The GDEM Datasets
The ASTER GDEM is being distributed by METI and NASA
through the Earth Remote Sensing Data Analysis Center
(ERSDAC, 2009) and the NASA Land Processes Distributed
Active Archive Center (LP DAAC, 2009) at no charge to
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Figure 1. The study area and the locations of the three
DEMs (Athens in the upper right rectangle, Heraklion in
the lower right rectangle and Rhodes is middle right
rectangle). The spatial distribution of checkpoints
within the study area is also shown; the GCPs are
depicted as dots in grey background, whereas the
locations of the GPS measurements are depicted as dots
in white background (rectangle on the left).

users worldwide as a contribution to GEOSS. GDEM was
produced by automated processing of the entire 1.5-million
scene ASTER archive, including stereo-correlation to produce
1,264,118 individual scene-based ASTER DEMs, cloud masking
to remove cloudy pixels, stacking all scene-based DEMs,
removing residual bad values and outliers, averaging
selected data to create final pixel values, and then correcting
residual anomalies before partitioning the data into 1°-by-1°
tiles. It covers land surfaces between 83°N and 83°S with
estimated accuracies of 20 meters at 95 percent confidence
for vertical data and 30 meters at 95 percent confidence for
horizontal data. The ASTER GDEM is in GEOTIFF format with
geographic (latitude/longitude) coordinates and a 1 arc-
second grid. For each 1°-by-1° tile; two files are delivered:
(a) a DEM data file, and (b) a quality assessment (QA) file
which shows the number of scene-based DEMs contributing
to the final DEM value at each post or the location of data
anomalies that have been corrected, and the data source
used for the correction. Fifty ASTER GDEM tiles that cover the
whole area of Greece were downloaded from ERSDAC and a
mosaic DEM that corresponds to the above area was gener-
ated. It should be noted that a part that covers Southern
Greece (southern area of Crete island) is missing; this area
corresponds to tiles 34N-25E and 34N-26E which are not
included in the GDEM dataset. A DEM for this area has been
produced in REALDEMS (Chrysoulakis et al., 2004), and it is
available at no cost to the scientific community.

The Reference DEMs and the Checkpoints
Three reference DEMs and a set of checkpoints were used in
the validation study:

• A DEM corresponding to an urban area. This DEM was
selected as a part of the city of Athens (Figure 1); it was
produced by combining ASTER stereo pairs and ancillary data

(GPS measurements, road networks, etc.) in the framework of
REALDEMS. The spatial resolution of this DEM was 15 m � 15
m in Hellenic Geodetic Reference System 87 (HGRS87), and its
vertical accuracy was better than 20 m (Chrysoulakis et al.,
2004; Nikolakopoulos et al., 2006). It was then resampled to
30 m � 30 m and transformed to Geographic WGS84/EGM96
(World Geodetic System 1984/ Earth Gravitational Model
1996).

• A DEM that corresponds to a rural area. This DEM which
covers a part of central Crete and includes the Northern part
of the Prefecture of Heraklion and the Plateau of Lassithi
(Figure 1) was also produced in the framework of REALDEMS.
The spatial resolution of this DEM was 15 m � 15 m in
HGRS87, and its vertical accuracy was better than 20 m
(Chrysoulakis et al., 2004; Nikolakopoulos et al., 2006). It
was also resampled to 30 m � 30 m and transformed to
Geographic WGS84/EGM96.

• A very high resolution DEM for the area of the Municipality
of Rhodes (Figure 1). This DEM was derived by aerial stereo
imagery and used for inundation mapping in the framework
of the TRANSFER project. The spatial resolution of this DEM
was 5 m � 5 m in HGRS87, and its vertical accuracy was
better than 2 m (Chrysoulakis et al., 2008). It was also
resampled to 30 m � 30 m and transformed to Geographic
WGS84/EGM96.

• The checkpoints that were used in this study came from two
different sources.

• The first checkpoints dataset was a subset from the GCPs of
the National Trigonometric Network for Greece provided
by the Hellenic Military Geographical Service (HMGS,
2009). More than 5,000 checkpoints in HGRS87 evenly
distributed over the Greek territory were used (Figure 1).
The accuracy of their orthometric heights was better than
1 m, referred to the Earth’s equipotential surface that
coincides with the mean sea level at the Hellenic Vertical
Datum fundamental tide-gauge reference station (Kotsakis
et al., 2008). These points were available from 1:5000
topographic maps and were transformed to Geographic
WGS84/EGM96.

• The second checkpoints dataset consisted of GPS positions
acquired in Central Crete in the framework of REALDEMS
projects (Chrysoulakis et al., 2004). These GPS measurements
were differentially corrected using the GPS base station of
FORTH. The Earth Gravitational Model EGM08, which has been
recently released by the U.S. National Geospatial-Intelligence
Agency (Pavlis et al., 2008) was used to correct these
checkpoints for the geoid separation for Greece. The EGM08
raster data set of 2.5-minute geoid undulation values (Pavlis
et al., 2008) was used.

The Comparison Methodology
To compare the elevation distributions derived from GDEM
with the three reference DEMs and the checkpoints, several
descriptive statistical measures were employed, among them
skewness and kurtosis (Nikolakopoulos et al., 2006). The
elevation of each GDEM post was compared with the respec-
tive reference elevation and the Root Mean Square Error
(RMSE) was calculated directly from raster data. Mean
Absolute Error (MAE) and Median Absolute Error (MedAE) are
also displayed; the latter is robust to outliers and a better
estimator of the central tendency of absolute error when it is
asymmetrically distributed. RMSE, MAE, and MedAE are global
measures of accuracy. To provide an indication of the
spatial distribution of error at local level, dot maps that
present the magnitude of error in the neighborhood of each
checkpoint were developed and an example of such a map
is shown in the next section (Figure 9).

The RMSE was calculated as described in Chrysoulakis
et al. (2004) and Hadjimitsis et al. (2009): Let ZCP(i) denote
the elevation of checkpoint i. To overcome the random error
caused by any horizontal offsets associated with each GDEM
value, a buffer zone was created around each checkpoint; these
zones were circles with a radius of 30 m. The set of these
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zones was superimposed on GDEM and the spatial average
of the GDEM elevation in each zone, denoted by ZGDEM(i) was
calculated. For each zone i, the calculated elevation value
ZGDEM(i) was compared with ZCP(i) of the respective
checkpoint. Consequently, the RMSE was calculated as:

(2)

where, �zi is the ZGDEM(i) - ZCP(i) differences and n is the
number of checkpoints. Bias was analogously estimated
using the above buffer zones.

To quantify the strength of linear association between
GDEM and reference DEMs, Pearson’s and Spearman’s correla-
tion coefficients were calculated. Pearson’s product-moment
correlation is a parametric measure of a linear relationship
between two variables; it is the most widely used correlation
measure and its statistical significance is evaluated on the
basis of distributional assumptions on the examined pair
of variables. On the other hand, Spearman’s rank-order
correlation statistic uses the ranks of the data values, and the
test of its statistical significance is free from distributional
assumptions. Preliminary analysis indicated that there was
significant spatial correlation in the GDEM and reference
DEMs datasets, which inflated the corresponding correlation
coefficients. For this reason, correlation measures were
calculated on sub-samples of GDEM and reference DEMs with
a sampling rate that reduced spatial correlation substantially.
Based on past variogram analysis (Nikolakopoulos et al.
2006), sub-samples with a minimum distance of 50 posts
between sample points were selected and correlation coeffi-
cients were calculated on these sub-samples. The selected
sampling distance allowed for a sample size of 78 sampling
points for Athens, 578 sampling points for Heraklion and
34 points for Rhodes, with very low spatial autocorrelation.

Correlation coefficients close to unity imply strong
linear associations and subsequently very good fit for
equations such as:

ZGDEM(i) � a0 � b0 ZCP(i) � �(i) or
ZGDEM(i) � a1 � b1 ZReferenceDEM(i) � �(i)

where a0, a1, b0, b1, are unknown coefficients that need to
be estimated while the epsilons represent the random error
which should not display large variability. One may rewrite
the above equations as:

ZGDEM(i) � ZCP(i) � a0 � (b0�1) ZCP(i) � �(i)

and

ZGDEM(i) � ZReferenceDEM(i) � a1 � (b1�1)
ZReferenceDEM(i) � �(i)

Now the coefficients a0, a1, b0, b1, can be assigned a
physical meaning, in the sense that if b0, b1 deviate substan-
tially from unity, the data provide strong evidence of elevation
dependent bias. If, on the other hand, the null hypothesis that
states that the above slopes are equal to unity cannot be
rejected, one may quantify the bias of estimated elevations
based solely on a0, a1. Here, to estimate the coefficients in the
above equations, we performed both a (conventional) least
squares (LS) procedure and a robust-to-outliers least absolute
deviations (LAD) algorithm. Confidence intervals and hypothe-
sis tests on the estimated coefficients are usually based on the
hypothesis that epsilons are independent and homoscedastic;
that is, their variance is fixed across observations. Since the
data provided evidence against the null hypothesis of
homoscedastic errors, robust (to heteroscedasticity) confidence
intervals for the estimated coefficients were calculated.

RMSE � 9
1
na

n

i�1
dzi

2

Confidence intervals for the least squares estimates were based
on covariance matrices that were estimated according to the
method suggested in MacKinnon and White (1985), whereas
heteroscedasticity-robust confidence intervals for LAD estimates
were based on the resampling procedure proposed in He and
Hu (2002). Hypothesis tests on the coefficients were based
on the corresponding confidence intervals.

Results and Discussion
The GDEM for Greece is shown in Figure 2. Catchments and
mountainous areas are clearly depicted; the shoreline and
the border lines are superimposed. Figure 3 displays
histograms and summary statistics for the three examined
sub-areas within Greece that were examined. It appears that
the distributions derived from GDEM and reference DEMs for
each area are similar with regard to symmetry and fat-
tailedness, since skewness and kurtosis practically coincide.
On the other hand, GDEM elevation observations are slightly
less dispersed. The RMSE, MAE, MedAE, as well as the 95
percent quantile of absolute error (AE95%) for Athens,
Heraklion, and Rhodes cases are shown in Table 1. In
accordance with intuition, the worst performance is
achieved in the urban area (Athens case), since man-made
features increase the complexity and the roughness of the
urban surface and introduce more noise complicating the
comparison. The DEMs for all areas display almost perfect
linear associations, as shown in Table 2, with slightly
weaker correlations for the case of Rhodes.

Ideally, GDEM would display negligible bias, so linear
relationships between GDEM and reference DEMs would be
represented by equations with estimated slopes very close to
unity, estimated intercepts close to zero and small variability
for the error terms of the models, however, systematic errors
have been reported by Hirt et al. (2010). The scatter plots of
GDEM versus reference DEMs, for Athens, Heraklion, and Rhodes
are shown in Figures 4, 5, and 6, respectively. These scatter-
plots are again based on sub-samples of GDEM and reference
DEMs to avoid the errors introduced by spatial correlation.
GDEM overestimated the elevation for Athens and Rhodes, but
underestimated it for Heraklion. Estimated (using both LS and
LAD) intercepts (a0,LS and a0,LAD) and slopes (b0,LS and b0,LAD)
and the associated 95 percent confidence intervals are shown

Figure 2. A DEM for Greece that was generated using
the GDEM tiles.
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Figure 3. Histograms and the summary statistics for reference DEMs: (a) REALDEMS
Athens, (b) GDEM Athens, (c) REALDEMS Heraklion, (d) GDEM Heraklion, (e) TRANSFER
Rhodes, and (f) GDEM Rhodes for the three areas examined in this study.

in Table 3. The null hypothesis of no elevation dependent bias
cannot be rejected for Athens and Rhodes, as in both LS and
LAD estimated slopes, unity is included in the 95 percent
confidence intervals. On the other hand, statistically significant
bias is observed in both cases as zero is not included in the
confidence intervals of the corresponding intercepts. Therefore,
bias can be estimated using the estimated intercepts, constrain-
ing the slope to unity. For Athens, such an estimate for the

intercept equals 20.854 with a 95 percent confidence interval
given by (19.986, 21.722). The corresponding LAD intercept
equals 21.422 with 95 percent confidence interval given by
(20.115, 22.729). For Rhodes, the LS estimated intercept,
constraining the slope to unity, equals 10.753 with a 95
percent confidence interval given by (6.531, 14.976). The
corresponding LAD intercept equals 12.176 with 95 percent

TABLE 1. ACCURACY MEASURES (RMSE, MAE, MEDAE, AND AE95%) 
FOR ATHENS, HERAKLION, AND RHODES CASES

RMSE (m) MAE (m) MedAE (m) AE95% (m)

Athens 21.21 20.85 21.42 26.61
Heraklion 11.93 10.50 10.10 21.09
Rhodes 13.45 12.21 12.18 25.08

TABLE 2. CORRELATION COEFFICIENTS FOR THE
ASSOCIATIONS BETWEEN THE THREE REFERENCE
DEMS WITH THE RESPECTIVE GDEM PRODUCTS

Pearson’s Spearman’s
Area Coefficient (r) Coefficient (r)

Athens 0.9994 0.9976
Heraklion 0.9998 0.9996
Rhodes 0.9777 0.9393
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TABLE 3. INTERCEPTS, SLOPES, AND ASSOCIATED HETEROSCEDASTICITY;
ROBUST 95 PERCENT CONFIDENCE INTERVALS (IN PARENTHESES)

	0,LS 	0,LAD 
0,LS 
0,LAD

Athens 21.213 21.204 0.998 1.001
(19.290, 23.136) (18.198, 24.210) (0.991, 1.006) (0.987, 1.014)

Heraklion �8.760 �9.041 0.997 0.997
(�9.534, �7.987) (�10.081, �8.001) (0.996, 0.999) (0.995, 0.999)

Rhodes 14.565 15.068 0.934 0.961
(6.997, 22.131) (6.462, 29.028) (0.825, 1.043) (0.751, 1.172)

confidence interval given by (7.701, 16.651). In contrast with
the previous cases, confidence intervals for slopes that corre-
spond to the region of Heraklion provide evidence against the
null hypothesis of no elevation dependent bias (Table 3).

Figure 4. Scatter-plot of GDEM versus REALDEMS elevation
sub-sample for the area of Athens. A strong positive
correlation (R2 � 0.99) between the GDEM and the
reference DEM, as well as an overestimation of GDEM are
observed.

Figure 5. Scatter-plot of GDEM versus REALDEMS elevation
sub-sample for the area of Heraklion. A strong positive
correlation (R2 � 0.99) between the GDEM and the
reference DEM, as well as an underestimation of GDEM
are observed.

Figure 6. Scatter-plot of GDEM versus TRANSFER elevation
sub-sample for the area of Rhodes. A strong positive
correlation (R2 � 0.96) between the GDEM and the
reference DEM, as well as an overestimation of GDEM are
observed.

Very strong correlation was found between the GDEM and
the elevation derived from the first checkpoint dataset (GCPs)
as can be observed in Figure 7, where a scatter-plot between
ZGDEM and ZCP is shown. A RMSE of 16.01 was calculated. The
corresponding LS estimated intercept equals 11.016 with a 95
percent confidence interval given by (10.939, 11.073); the LAD
intercept differs substantially as it equals 13.371 with an
associated confidence interval given by (12.689, 14.052). LS
estimated slope was equal to 0.996, and LAD estimated slope
was found equal to 0.994 with corresponding confidence
intervals given by (0.995, 0.996) and (0.994, 0.995), respec-
tively. As unity is not included in the confidence intervals for
slopes, there is evidence of elevation dependent bias.

The above RMSE value is relatively high if compared
with the less than 11 m values that were reported for both
USA and Japan (GDEM Validation Team, 2009). The follow-
ing two factors may contribute to the RMSE magnitude:

• The vertical datum conversion during the reprojection of the
GCPs from HGRS87 to Geographic (WGS84/EGM96) system.

• The horizontal offset of GDEM, in some cases, was more than
one pixel, whereas the horizontal offset of the reference
ASTER DEMs was less than 15 m. The reason is that the
reference DEMs were used to orthorectify the respective VNIR
ASTER channels. Then, the horizontal offset of the multilayer
(DEM plus VNIR) map was further corrected using high
resolution road network vectors which were overlaid and
clearly distinguished in the VNIR image. In this way, the
horizontal offset of the reference DEMs was corrected to less
than 0.5 pixel RMSE using a 2D polynomial transformation
(Hadjimitsis et al., 2009).
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Figure 7. Scatter-plot between ZGDEM and ZCP. An
excellent correlation is observed.

The correlation between the GDEM and the elevation
derived from the second checkpoint dataset (GPS measure-
ments) was stronger than the correlation between GDEM and
GCPs. The GPS derived elevations were converted to orthomet-
ric elevations using the EGM08. A RMSE of 11.08 m was
calculated. This RMSE value is closer to the respective RMSE
values estimated over USA and Japan (GDEM Validation
Team, 2009). However, the above comparison was made only
for central Crete, because differential GPS measurements were
available only for this region, as it was the main validation
area of the REALDEMS project (Chrysoulakis and Abrams, 2005).

The RMSE is an aggregated measure of the vertical
accuracy of the produced DEM. To assure its accuracy at local
level, one may visualize how the difference ZGDEM - ZCP is
distributed in space; hence one may depict the magnitude of
this difference around each checkpoint. For this purpose a
new set of circular buffer zones around each checkpoint was
created, however this time the radius of each buffer was equal
to 10 times the absolute value of the difference ZGDEM - ZCP. A
dot map of these buffers over the GDEM reflects how the error
is distributed in space. Figure 8 shows the error map pro-
duced for tile 39N-21E, which is located in the central part of
Greece and corresponds to a mountainous area. The perform-
ance of GDEM for this tile is rather good (RMSE � 13.43). The

Figure 8. Dot-map presenting the local level performance of GDEM. The radius of each
circle is ten times the difference between the GDEM elevation and the elevation of the
respective checkpoint. It is obvious that the deviation is higher in areas with high relief.

157-165.qxd  1/12/11  1:24 PM  Page 163



164 Feb r ua r y  2011 PHOTOGRAMMETRIC ENGINEER ING & REMOTE SENS ING

dots that are shown in Figure 8 represent circles with radius
equal to 10 times the ZGDEM - ZCP difference.

Conclusions
Statistical measures were used to estimate GDEM vertical
accuracy. The results indicated strong correlation between
GDEM and reference DEMs in all cases. Individually, the GDEM
and reference DEMs each showed spatial autocorrelation. For
this reason, the correlation procedure was repeated using
sub-samples of spatially uncorrelated points. The correlation
coefficients corresponding to these sub-samples were high in
all cases, indicating a strong correlation of the respective
datasets. The RMSE values for the GDEM/reference DEM
differences were 21.21 m, 11.93 m, and 13.44 m for Athens,
Heraklion, and Rhodes areas, respectively. In accordance
with intuition, the worst accuracy is achieved in the urban
area (Athens case).

The GDEM was compared against the GCPs evenly
distributed over the Greek territory, and a RMSE of 16.01 m
was calculated, which was higher than the respective RMSEs
reported for USA and Japan (GDEM Validation Team, 2009),
but it is much less than the RMSE that was reported for SRTM
data for the same area (Nikolakopoulos et al., 2006). Finally,
the GDEM for the area of Crete was compared against GPS
measurements and a RMSE of 11.08 m was calculated, which
was slightly better than both the RMSE (12.41 m) that was
reported for the same area by Chrysoulakis and Abrams
(2005), and the RMSE (19.73 m) that was reported by Hadjim-
itsis et al. (2009) for the area of Cyprus. Given GDEM spacing
(30 m), an RMSE of 11.08 m is acceptable, however, it does
not meet the published specification of 20 m LE95. The GDEM
mosaic covering the whole country was finally reprojected
to HGRS87, and it is available at no cost to the Greek scien-
tific community. It can be used as a data product in its own
right, as well as to perform 3D orthorectification of different
remote sensing images. It is known that 10 to 20 m accurate
ASTER DEMs can be used in the generation of Reference
Product orthoimages from Ikonos, whose accuracy standard
specifies 25 m positional accuracy with a 90 percent level of
confidence. The GDEM mosaic is suitable for a large range of
environmental and geo-scientific applications including the
above mentioned orthorectification procedures.
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