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Abstract—Global digital elevation models (DEMs) are an
invaluable source of information in large area studies. Of particular
interest are shuttle radar topography mission (SRTM) data that are
freely available for the scientific community worldwide. Prior to
any application, global datasets should be evaluated using reference
data of higher accuracy. Therefore, the main objective of this study
was to assess the accuracy of the SRTM C-band (version 4) DEM
and SRTM X-band DEM of mountainous areas located in Poland
and to examine the quality of data in relation to topographic
parameters, radar beam geometry, initial voids in data and the
presence of forest cover. A DEM from the Central National Geo-
detic and Cartographic Inventory, Poland, served as a reference.
The study consisted of three steps: (i) the computation of vertical
errors of the SRTM C- and X-band DEMs, (ii) the examination of
any systematic bias in the data, and (iii) the analysis of the rela-
tionships between the elevation errors and terrain slope, aspect,
local incidence angle, occurrence of voids and land cover. We
found that the SRTM C- and X-band DEMs have mean errors equal
to 4.31 £ 14.09 and 9.03 £ 37.40 m and root mean square errors
equal to 14.74 and 38.47 m, respectively. Only 82 % of the C-band
DEM and 74 % of the X-band DEM vertical errors had absolute
values below 16 m. We found that the most important factors
determining the occurrence of high errors were the distribution of
initial voids and high slope angles for the C-band DEM, and local
incidence angle, slope, aspect and radar beam geometry for the
X-band DEM. In both cases, the presence of forest cover increased
the mean error by approximately 10 m.

Key words: SRTM, digital elevation model, accuracy
assessment, high mountain area.

1. Introduction

In the last decade, global digital elevation models
(DEMs) have become an invaluable source of infor-
mation in large area studies. Knowledge of their
accuracy is very important for data analysis and
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processing. Of particular interest are DEMs acquired
from the shuttle radar topography mission (SRTM)
(Papasaika et al. 2009; SCHINDLER et al. 2011).

The main objective of the SRTM project was to
collect topographic data and create the first-ever
DEM with near-global coverage and with absolute
horizontal and vertical accuracies better than 20 and
16 m, respectively, with 90 % confidence intervals
(RaBus et al. 2003; USGS 2005; Farr et al. 2007,
JPL 2009). According to the US National Map
Accuracy Standards (NMAS), an absolute vertical
accuracy of 16 m within a 90 % confidence interval
corresponds to a root mean square error (RMSE) of
10 m, assuming a normal distribution of errors
(FGDC 1998; Ggescu 2007). These values were
accepted as benchmarks for this study.

The SRTM data were acquired from the 11th to the
22nd of February, 2000 with two interferometric
synthetic aperture radar sensors. The American SIR-C
instrument covered the earth’s surface between lati-
tudes of 60°N and 56°S and provided several
observations for most locations. The German-Italian
X-SAR sensor, due to its greater resolution, had a
narrower ground track and covered approximately half
of the area covered by the SIR-C sensor (RABUS et al.
2003; MARScHALK et al. 2004; WALKER et al. 2007,
Jarvis et al. 2008; DLR 2010). The C-band and X-band
radar wavelengths of 5.6 and 2.8 cm, respectively,
cannot fully penetrate into canopies as they are sig-
nificantly influenced by vegetation height, structure
and density. Due to the presence of various scatterers
such as leaves or branches, the resulting DEMs repre-
sent, therefore, elevations between the bare ground and
the canopy top surface (Horton et al. 2006; FARR et al.
2007). This means that the DEMs of bare ground have
to be produced by filtering the original SRTM data
(JacoBseN 2005; Passint and JacoBseN 2007).
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The two datasets were processed independently.
The SRTM C-band DEM was released by the NASA
Jet Propulsion Laboratory (JPL) in 2003 with a spa-
tial resolution of 3 As. The model, however,
contained “no-data” holes. As a result, the original
DEM was processed to fill the voids and produce
more useful data (REUTER et al. 2007). Currently,
version 4 can be obtained from the Consultative
Group on International Agricultural Research Con-
sortium for Spatial Information (CGIAR-CSI) (Jarvis
et al. 2008) as 5° by 5° tiles. The SRTM X-band
DEM with a spatial resolution of 1 As was produced
by the German Aerospace Centre DLR and has been
freely available for scientific purposes since Decem-
ber 2010. Individual tiles cover a geographic area of
10° by 10° (DLR 2010). The multiple coverage of the
C-band and the averaging of the height values
allowed the production of smoother DEMs than the
mostly single-pass X-band DEM, which suffered
from radar shadow and layover, especially on steep
mountain slopes. The radar shadow was less signifi-
cant in C-band data where data acquired from several
incidence angles could have been used; in contrast,
for the X-band DEM, only the areas of swath cross-
ings were covered twice (MARSCHALK et al. 2004).

The technical report of JPL (RODRIGUEZ et al.
2005) assigns an 8.8 m absolute geolocation error
and a 6.2 m absolute elevation error (at 90 % confi-
dence intervals) for SRTM-C band data. Although the
accuracy of SRTM DEMs is known, DEMs have
been widely examined and assessed. Many studies
have been motivated by particular applications in the
field of hydrology (LupwiG and ScHNEIDER 2000),
geomorphology (GorokHoVICH and VOUSTIANIOUK
2006), glaciology (KAAB 2005; Frey and PauL 2012)
or forestry (WALKER ef al. 2007). SRTM DEMs were
compared to elevation data from various sources,
including shuttle laser altimeter (SLA) (Sun et al
2003), advanced spaceborne thermal emission and
reflection radiometer (ASTER) stereo-pairs (NIK-
oLAKOPOULOS et al. 2006), elevation data obtained
from national resources (LupwiG and ScHNEIDER 2006;
Z1ELINSKI and CHMIEL 2007; SHORTRIDGE and MESSINA
2011; Frey and PaurL 2012) or field measurements
(GoroknovicH and VousTiaNioUuk 2006; KARWEL and
Ewiak 2006; KARWEL 2012; L1 et al. 2013). Most of
these studies incorporated discrete ground truth data,
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such as sets of ground control points (GCPs) or ter-
rain profiles measured with a GPS device. The
elevation error was, therefore, computed as the dif-
ference between the tested DEMs and the reference
DEM. Most frequently, statistics such as the mean
error (ME), standard deviation (SDE), minimum and
maximum error values and RMSE have been used to
describe the accuracy of the data.

A number of studies on the accuracy of SRTM
DEMs have shown the high quality of these sources
as the mean elevation differences from the reference
data did not exceed 10 m and horizontal error was
lower than 20 m (Strozzi et al. 2003; SuN et al. 2003;
KaiB 2005; MaRScHALK et al. 2004; GOROKHOVICH
and VousTiaNiouk 2006; KARwWEL and Ewiak 2006;
Lubpwic and ScoHNEIDER 2006; HIRT et al. 2010;
SHORTRIDGE and MEssiNa 2011; KARweL 2012). Vari-
ous authors, however, have examined the relationship
between the model accuracy and land cover or terrain
parameters such as slope, aspect, local incidence
angle, initial data voids or elevation (EINEDER and
Horzner 2000; Sun et al. 2003; GorokHOVICH and
Voustianiouk 2006; HorrmMaN and WALTER 20006;
KArRwWeL and Ewiak 2006; LubpwiG and SCHNEIDER
2006; ZmeLiNski and CHMIEL 2007; MOURATIDIS et al.
2010; Frey and PauL 2012; KArRwEL 2012). EINEDER
and Horzner (2000) stated that radar shadow and
layover may degrade the radar signal and, conse-
quently, the accuracy of the elevation data. SuN et al.
(2003) noticed only slight increases in C-band DEM
elevation error with increasing terrain slope; they also
reported a strong positive bias in forested areas.
GorokHovicH and VousTiANIOUK (2006) revealed a
significant decrease in SRTM C-band DEM accuracy
on slopes steeper than 10° (in the Phuket study area:
5.03 £ 0.35 and 19.20 & 2.70 m for slope values
lesser and greater than 10°, respectively). Moreover,
they observed the highest errors on north-western
slopes where elevations were underestimated and the
lowest errors on south-eastern slopes with mainly
overestimated elevations. HorrmMAN and WALTER
(2006) confirmed the observations of FALORNI et al.
(2005), showing that the outliers in the X-band DEM
were more frequently found on steep slopes and
resulted from the single coverage. Lupwic and
ScHNEIDER (2006) located one of their test sites in a
high alpine environment with rough surfaces, slopes
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reaching 70° and diverse land cover to analyse the
relationship between SRTM X-band elevation errors
and parameters such as the local incidence angle of
the radar signal, slope, aspect and land cover. They
reported that ME increases with slope, reaching over
30 m for a slope of 50° and for a change in aspect
towards the north and northwest due to the radar
shadow effect. The authors also showed that the local
topography and the radar beam geometry strongly
influenced the accuracy of SRTM, leading to eleva-
tion errors of up to 60 m. Furthermore, they found
that slopes facing away from the radar were prone to
positive elevation errors, while slopes facing towards
the sensor tended to show negative errors. In relation
to land cover, forests caused the highest elevation
errors. Very high elevation errors in non-vegetated
areas were attributed to the fact that these areas were
located almost exclusively on steep slopes. MOURAT-
mis et al. (2010) studied all four versions of SRTM
C-band DEM and reported high accuracy in each
case. They also suggested that slope was the domi-
nant factor that controlled SRTM accuracy, with the
critical value at 18°; above this value, the errors
increased dramatically. FRey and PauL (2012) noticed
lower accuracy of the SRTM C-band DEM in regions
with initial voids, even though the voids were filled
using interpolation algorithms and auxiliary DEMs if
available.

Several studies on the accuracy of SRTM DEMs
have been conducted in Poland. KARWEL and Ewiak
(2006) and KarRweL (2012) analysed SRTM C- and
X-band DEMs of flat and hilly terrains in Poland
and showed positive MEs in both cases. The RMSE
for the C-band DEM was equal to 2.9 m for flat
terrain and 5.4 m for hilly terrain; for the X-band
DEM, the RMSE was equal to 3.6 and 4.1 m for flat
and hilly terrains, respectively. Moreover, these
studies reported higher errors for flat slopes than for
slopes with gradients ranging from 2° to 6°. ZIE-
LiNskl and CHMIEL (2007) assessed SRTM C-band
DEM version 2 in three test sites with various
topographies located in the north, centre and south
of Poland and reported that the RMSE of the C-band
DEM did not exceed 5.2 m on gentle slopes (below
20°) and reached 6 m on steeper slopes. A recent
study by Czusski et al. (2013) focusing on topo-
graphical and hydrological modelling in the deep
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gorge of the Dunajec River (Pieniny Mts., Poland)
showed that the largest errors in the SRTM X-band
DEM occurred in the most rugged part of the study
area where the ME was negative and the RMSE was
equal to 12.05 m.

To date, assessments of the accuracy of SRTM
DEMs in mountainous areas have been applied
mainly in the context of glacier monitoring (KAAB
2005; BERTHIER et al. 2006; Surazakov and AIZEN
2006; Funta et al. 2008; Frey and PauL 2012),
hydrological modelling (Lubwic and SCHNEIDER
2006) and terrain morphometry (GorokHOVICH and
Voustianiouk 2006; Serercik and ALkKaN 2009).
However, complex investigations of the factors that
can potentially influence the accuracy of SRTM
DEMs in mountainous areas, especially for the
recently released X-band data, are lacking. On the
basis of this state-of-the-art technology, it can be
assumed that (i) the slope, aspect, combination of
slope and aspect and forest cover are correlated with
the accuracy of both C- and X-band DEMs; (ii) the
proportion and distribution of initial voids are cor-
related with the accuracy of C-band DEM; and (iii)
the combination of radar beam geometry and local
topography are correlated with the accuracy of
X-band DEM.

For this reason, the main objective of the present
study was to assess the accuracy of SRTM C-band
version 4 and SRTM X-band DEMs in a mountainous
area, and to examine the quality of these measure-
ments in relation to various factors, such as initial
proportion of voids, local incidence angle, altitude
a.s.l., slope, aspect and forest cover. In the study, the
Polish Tatra Mountains were chosen as a test site for
three reasons. First, this range is representative of a
steep, high-mountain topography of other ranges in
the temperate zone. Second, the SRTM C-band DEM
version 4 and X-band DEM were available for the
entire region. Third, a high-quality reference DEM
and other necessary data were available.

The study consisted of three principal steps. First,
vertical errors of SRTM C- and X-band DEMs were
estimated; then, the presence of systematic errors,
such as shift, was examined. Finally, the elevation
errors were related to the local incidence angle and
the distribution of initial voids, terrain slope, aspect
and the occurrence of forest cover.
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2. Test Site and Datasets

The Tatra Mts. (2,655 m a.s.l.) constitute the
highest range of the Carpathians and are located at
the border between Poland (Matopolska Province)
and Slovakia. The lower parts of the mountains
consist predominantly of carbonate rocks, while
granite and metamorphic rocks predominate in the
highest parts. The alpine character of the relief
(Fig. 1) results from glacial processes that formed a
system of cliffs and talus slopes. Currently, the relief
is strongly influenced by slope and fluvial processes
(KotarBa et al. 1987, KorarBa and Peca 2002).
Beech-fir and spruce forests, dwarf pine shrubs,
grasslands and bare ground are the predominant land
cover types, with forests occupying mountain slopes
below the timberline at approximately 1,500 m a.s.l.

The test site (Fig. 2) was defined by the boundary
of the Polish Tatra National Park (TPN) expanded by
a buffer zone 500 m wide. The test site covered
19,729 hectares, with elevations ranging from 902 to
2,540 m a.s.l. The National Park boundary data were
obtained from the TPN GIS Section in a shapefile
format.

SRTM C-band DEM version 4 and SRTM X-band
(Table 1) data consisted of the tiles srtm_40_03 and
srtm_41_03 and the tiles EO10N40 and E020N40,
respectively. For the study area, C-band interferom-
etry observations consisted of multi-pass data, while
X-band observations were collected in only one
pass of the space shuttle. Therefore, the signal

Pure Appl. Geophys.

transmission geometry of the SRTM-X DEM should
be of higher quality than that of the SRTM-C DEM.
Both C- and X-band DEMs were referenced to the
WGS84 ellipsoid. The vertical datum for the C-band
dataset and the X-band dataset consisted of the
EGMO96 geoid and the WGS84 ellipsoid, respectively
(FARR et al. 2007; Jarvis et al. 2008; JPL 2009; DLR
2010).

The reference data consisted of a section of a
DEM available from the national resources of
CODGIK (the Central National Geodetic and Carto-
graphic Inventory; CODGiK 2012) as a triangulated
irregular network (TIN), which is currently the most
accurate DEM covering the entire territory of Poland.
These data were acquired in 2002-2005 by the pho-
togrammetric processing of aerial imagery at 0.2 m
ground pixel size and included regular points at
1040 m intervals (depending on the relief), irregular
spot heights and breaklines. Only in the areas of
dense forest cover, where, neither image matching
nor stereoscopic measurement, was possible, was
then the model based on contour lines and elevation
points digitised from topographic maps at a scale of
1:10,000. The national “1992” projected coordinate
system, based on the WGS84 ellipsoid, was used as
the reference for horizontal positioning. The data
were vertically referenced to the Kronsztad86 eleva-
tion system—one of the components of the Polish
national reference system.

According to the national standards, the horizon-
tal error of the CODGiK DEM should be less than

Figure 1
The Tatra Mountains
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Figure 2
The Polish Tatra National Park
Table 1 from the TPN GIS Section in a shapefile format. The

Specification of global SRTM DEMs (WALKER et al. 2007)

Dataset C-band version 4 X-band
Data post-processing NASA JPL, CGIAR-CSI DLR
Vertical datum EGM96 WGS84
Horizontal datum WGS84 WGS84
Elevation steps 1m 1m
Spatial resolution 3" 1”
Wavelength 5.6 cm 2.8 cm

+10 m (GUGIK 1980). However, the horizontal
accuracy of this product can also be determined as a
function of the aerial photo scale and pixel size
(Kraus 2007). Taking the respective parameters of
the CODGiK DEM into account, the horizontal
RMSE should be equal to 0.2 m. The vertical accu-
racy of the CODGiK DEM was estimated at 1.5 m
for open terrain and 2.75 m for forested areas (GoTLIB
et al. 2006). For the Matopolska Province, KARWEL
(2007) determined RMSE to be 0.5 m using field data
collected along the terrain profiles. For a small case
study area located in the Carpathians, Prak (2008)
showed that forested areas had higher MEs than open
areas; she also noted that errors occurred exclusively
in the former type of land cover.

Considering the predominant types of land cover,
we distinguished forests from other land cover types.
The forest cover mask was obtained as a vector layer

vector data come from detailed forest surveys that are
carried out in Poland for all state forests, including
forests in national parks. The vector data only lacked
coverage for the westernmost valley of the Polish
Tatra Mts. that is a private property; the remaining
portion, consisting of approximately 77 % of the
study area, was large enough to perform the analysis.
The original data included polygons with attribute
information on plant species and height, allowing us
to distinguish trees from dwarf pines and to exclude
dwarf pine shrubs from the forest class.

3. Methods

This study included the following three steps:
(i) preparation of the input data; (ii) assessment of the
accuracy of each SRTM DEM; and (iii) analysis of
the relationships between the accuracy of the SRTM
DEMs and various factors, including the initial pro-
portion of voids (only for the C-band DEM)), the local
incidence angle (only for the X-band DEM), slope,
aspect and forest cover occurrence.

3.1. Data Preparation

First, we converted the reference model from TIN
to a 10-m grid, with a mean difference between the
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grid and the TIN equal to —0.15 m. Next, vertical
reference systems were unified using the WGS84
ellipsoid as the vertical reference datum. As the
WGS84 was the native vertical reference of the
SRTM X-band data, the CODGiK DEM and the
SRTM C-band data were adjusted for the elevation of
the Kronsztad86 elevation system and EGM96 geoid,
respectively. Deviations between the Kronsztad86
level and the global EGM96 geoid in the Tatra
Mountains reach 10 cm, and both Kronsztad86 and
EGMY96 have negative deviations from the WGS84
ellipsoid of approximately 42 m. The differences
between Kronsztad86/EGM96 and the WGS84 ellip-
soid were determined for a sample of regularly
distributed points (spacing of 1 As) that were then
interpolated to undulation rasters and subsequently
added to the respective DEMs. The deviations of the
Kronsztad86 from the WGS84 ellipsoid were deter-
mined using the official gravity model as
implemented in the Geokonwerter software (Numer-
us 2012), while the EGM96 deviations were
computed using the NGA EGM96 Geoid Calculator
(NGA 2012).

Next, the SRTM C-band DEM and SRTM X-band
DEM tiles were converted to points representing cell
centres, with their original elevations written to the
attribute table. From the geometry of the original
raster files, it was clear that every C-band point had
its exact counterpart in the X-band point data. Points
were projected to the “1992” Polish national coor-
dinate system. In this way, the problem of different
spatial resolution of the datasets (FrRey and PauL
2012) was overcome and we avoided raster resam-
pling during the unification of the horizontal
reference systems and DEM projection. Finally,
reference elevations from the CODGiK DEM were
extracted for all points and recorded in the attribute
table.

3.2. Accuracy Assessment

The initial accuracy assessment was based on the
determination of differences between the SRTM
DEMSs converted to points and the reference DEM.
An elevation error (Sun et al. 2003; Lupwic and
ScHNEIDER 2006) was computed for each point as:
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Hyitf = Hex — Heer, (1)

where Hg;s 1s the elevation error, H,, is the elevation
of the examined DEM, and H,; is the elevation of the
reference DEM. Next, the ME, SDE, RMSE and
maximum and minimum error values (LANE et al.
2000; Becek 2008; Liu and MasoN 2009; WEISSTEIN
2012) were computed as follows:

Hgigr
ME =) ¢ 2
E pay (2)
Hgyir — ME)?
SDE — -/ (Hain — ME)” ‘“;_1 ), (3)

H},
RMSE = = Py (4)
n

SDE and RMSE are measures of surface quality
and provide insight into the distribution of deviations
on either side of the mean value (LANE et al. 2000;
Liu and Mason 2009). Once the elevation deviations
and statistics were computed, we determined the
percentage of errors with absolute values below 16 m
and the threshold value at which more than 10 % of
the highest absolute errors occur.

The third task was to detect any systematic
horizontal or vertical shift in the data. The iterative
closest point (ICP) algorithm (BesL and McKay
1992; Rusinkiewicz and Levoy 2001) was applied to
grid points extracted from SRTM C- and X-band
DEMs to align them to the reference DEM. The ICP
algorithm registers free-form shapes (including point
clouds) by the iterative calculation of the local
minimum of the least square distance metric and
source point cloud transformation (translation and
rotation) using the minimisation results (BESL
and McKay 1992; Rusinkiewicz and LeEvoy 2001).
The vector of translation indicated the systematic
shift between the datasets.

To scale the analysis between the C- and X-band
DEMs, we selected every third SRTM X-band DEM
point building a 3" lattice identical to that composed
of the SRTM C-band DEM points. We then calcu-
lated the differences between the X- and C-band
DEMs and the error statistics for the 3” sample of
X-band DEM points to compare this sample with the
entire SRTM X-band DEM set.
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3.3. Influence of Various Factors on the Accuracy
of SRTM DEMs

The accuracy of the SRTM data was assessed with
respect to the following factors: initial proportion of
voids (for the C-band data only), local incidence
angle (for the X-band data only), altitude a.s.l., slope,
aspect and forest cover (for both C- and X-band data).

The raw C-band DEM (version 1) within the study
area consisted of approximately 2 % of voids located
mainly in the vicinity of steep mountain ridges
(Fig. 3). To quantify the effect of voids in the original
C-band elevation data, statistical analysis was con-
ducted for the SRTM version 4 DEM for two zones
determined by the distribution of voids in the original
C-band elevation data.

0 1
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In the case of X-band data, the local incidence angle
may impact the accuracy of the DEM output as the
geometry of the incidence angle strongly influences the
quality of the reflected radar beam. For example, in an
extreme situation (such as in a mountainous area), the
radar data can be lost on steep slopes that are in shadow
due to aradar look angle (FARR 1993). The geometry of
the SRTM X-band beam was given by its viewing
azimuth angle (147°) and look angle (54.5° at scene
centre) (KraMER 2002; RaBus et al. 2003). Following
CasteL and OEgtTLI (2008), it was assumed that the
offset of the two SRTM antennae did not imply
geometrical differences.

In the study, the local incidence angle 6;,. was
derived directly from the output of the Hillshade

local incidence angle [o0]

- < 545

> 545

[Jshadowed terrain

Figure 3
Distribution of voids in the original SRTM C-band data (fop) and distribution of the local incidence angle classes within the study area
(bottom)
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Algorithm (Hillshade) implemented in the ArcGIS
software:

_, (Hillshade 180
GIOC = COS 1<T) X T, (5)

where Hillshade was computed from DEMs for
SRTM-X viewing azimuth angle and look angle
specified above. Moreover, the hillshade algorithm
was customised to address the effects of both local
illumination angle and shadows. Shadowed raster cells
were assigned a hillshade value of zero and a local
incidence angle of 90°. Finally, the local incidence
angle was classified into three zones: (i) shadowed
parts of terrain, where the local incidence angle was
greater than or equal to 90°; (ii) areas where 0,,. was
greater than 54.5°, indicating a surface opposite to the
radar; and (iii) areas where 0,,. was less than 54.5°,
indicating a surface facing the radar (0. equal to 54.5°
indicated flat terrain; Fig. 3).

To verify the relationship between elevation
errors and altitude, Pearson’s correlation coefficients
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were computed for the SRTM DEM elevation errors
and the reference altitude a.s.l. (WEIssTEIN 2012) for
all DEM points after removal of 10 % of the highest
absolute errors.

To assess the influence of slope and aspect on the
accuracy of SRTM data, the derivatives were calcu-
lated from the CODGiK DEM. Errors related to slope
were analysed in classes of 1°. Errors related to
aspect were analysed in eight 45° zones. Flat areas
were not considered due to an insufficiently large
sample size.

The quality of the reflected signal in radar-based
methods is affected by scattering objects on the earth
surface (LubwiG and ScHNEIDER 2006). The most
significant object within the test site was forest,
which covered 70 % of the area. Forests in the TPN
cover slopes of various gradients. As the slope
gradient itself may influence the elevation errors, to
quantify the elevation errors for forested and non-
forested areas, we first excluded slopes above 30° to
remove the most error-prone areas. The analysis was

elevation error [m]
e >32
17-32
11-16
6-10
-4-5
9--5
-15--10
o -31--16
o <-32

Figure 4
Error distribution of SRTM C-band DEM (top) and SRTM X-band DEM (bottom)
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finally carried out for 50 % of the study area, 70 % of
which was forested.

4. Results

4.1. General Quality of the SRTM DEMs

The differences between the SRTM elevation data
and the CODGiK DEM resulted in an error value for
each point (Figs. 4, 5). A visual inspection of the
C-band DEM elevation error showed that the distri-
bution of errors was related to topography. Both the
C-band and the X-band DEM elevation errors were
distributed irregularly (Fig. 4); however, the C-band
positive deviations occurred in valleys while the
negative deviations occurred on and near ridges. The
highest positive and negative X-band deviations
appeared mostly near steep slopes and ridges and
were dependent on the terrain aspect. Though visu-
ally deviations from the reference DEM might seem
to follow a normal distribution (Fig. 5), the frequency
of gross errors was in fact higher than in the case of
the normal distribution. A slight shift towards
positive values was also observed, i.e., the elevation
of the SRTM DEMs was often greater than that of the
reference DEM. This observation indicated the pres-
ence of a constant vertical offset of the SRTM DEMs.
The ME, maximum and minimum error, SDE and
RMSE were more than twice as large for the SRTM
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X-band as for the SRTM C-band DEM,; in both cases,
the RMSE was greater than 10 m (Table 2). A 3”
sample of X-band points showed ME, SDE and
RMSE values that were very similar to the values
obtained when all the SRTM-X DEM points were
taken into account (Table 2).

Absolute values below 16 m were observed for
82 % of the C-band DEM and 74 % of the X-band
DEM vertical errors. The thresholds for 10 % of the
highest absolute errors were at 19.99 and 29.51 m for
the C- and X-band DEM, respectively; these values
exceeded the values provided in the official specifi-
cations (16 m at 90 % confidence level; USGS 2005;
JPL 2009). It was apparent from the high minimum
and maximum errors observed (Table 2) that large
disparities between the SRTM DEMs and the refer-
ence DEM existed. The rather high SDE also showed
that the error values were widely dispersed around the
average value, especially in the case of the X-band
DEM, which confirmed results of initial visual
observations of both SRTM DEMs. Furthermore,
linear regression analysis revealed strong correlations
between the SRTM C-band DEM and the CODGiK
DEM, while the X-band DEM data were much more
scattered around the regression line (Fig. 6).

Importantly, a systematic offset was detected
between both the SRTM DEMs and the CODGiK
DEM. For the C-band DEM, the north—south, east—
west and vertical shifts were equal to 3.92, —0.88 and
11.14 m, respectively; the shifts for the X-band DEM
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Figure 5
Percentage error distribution of SRTM C-band DEM (left) and SRTM X-band DEM (right) with 1 % of outliers excluded
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Table 2
Statistical summary of SRTM C-band and X-band DEM errors

SRTM DEM ME (m) SDE (m) RMSE (m) Minimum (m) Maximum (m) Sample size
C-band 4.31 14.09 14.74 —201.05 175.41 35,136
X-band 9.03 37.40 38.47 —546.80 585.06 316,109
X-band, 90 m sample 9.00 37.78 38.84 —489.00 559.00 35,136
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Figure 6
Correlation of elevation values from the SRTM DEMs and the reference DEM (SRTM-C—Ieft, SRTM-X—right)

equalled 14.94, —3.63 and 10.98 m, respectively.
Removing horizontal offset in SRTM DEMs slightly
decreased ME in both cases and RMSE for X-band
data only. However, this offset correction was not
included in the further analyses, as location accuracy
is a substantial factor of the DEM quality. In both
cases, the systematic horizontal offset, equal to 4.02
and 15.37 m for the C- and X-band DEM, respec-
tively, was lower than the mission accuracy
constraint of £20 m (USGS 2005; Farr et al. 2007,
JPL 2009).

The mean difference between C- and X-band
elevations assessed for a sample of SRTM-X DEM
points was equal to —4.69 m. High minimum
(—489 m) and maximum (559 m) values of C- and
X-band difference, high RMSE (37.14 m) and SDE
(36.85 m) indicate significant variations in the dif-
ferences between these two DEMs.

4.2. Influence of Data Acquisition on the Analysis
of the Accuracy of SRTM DEMs

Only 2 % of the test site consisted of no-data
values in the original SRTM C-band data. Our results
confirmed our expectations that the SRTM C-band
DEM errors and the SDE and RMSE were signifi-
cantly higher in areas of voids in the original SRTM
C-band data (Table 3).

For the SRTM X-band DEM, 11 % of the study
area consisted of shadowed terrain, 32 % consisted of
slopes facing towards the sensor and 57 % repre-
sented slopes facing away from the radar. The ME for
slopes opposite the radar beam was nearly twice as
large as for slopes facing towards the sensor. In both
zones, the SDE and RMSE were comparable. There
was a significant difference in the error magnitude
between slopes that were shadowed and slopes that
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Table 3
Statistical summary of SRTM C-band DEM error in relation to voids in the original C-band elevation data
Deviation ME (m) SDE (m) RMSE (m) Minimum (m) Maximum (m) Sample size
Data 4.19 11.68 12.41 —161.04 175.41 34,452
Voids 10.50 57.36 58.31 —201.05 165.03 684
Table 4

Statistical summary of SRTM X-band DEM error in relation to local incidence angle

Local incidence angle ME (m) SDE (m) RMSE (m) Minimum (m) Maximum (m) Sample size
<54.5—facing towards the radar 3.56 18.01 18.36 —381.60 281.32 101,374
>54.5—opposite to the radar 6.88 20.23 21.37 —368.00 463.20 179,527
Shadowed terrain 36.75 94.01 100.93 —546.80 585.06 34,366

were illuminated by the radar beam (Table 4). The
highest errors occurred in the shadowed parts of the
test site where the ME exceeded 36 m and where
both the SDE and RMSE were approximately five-
times as large as in the illuminated terrain. In the
areas affected by the radar shadow, only 18 % of the
X-band DEM elevation errors fell into the
ME =+ 10 m range.

4.3. Influence of Altitude, Slope and Aspect
on the Accuracy of SRTM DEMs

The correlation between the SRTM elevation
errors and the altitude a.s.l. for all points was —0.02
for the SRTM C-band DEM and —0.16 for the SRTM
X-band DEM. If 10 % of the highest errors were
removed, the correlation was strong and negative
for both the C-band (—0.60) and the X-band data
(—0.53).

The analysis of the influence of slope and aspect
on the accuracy of SRTM revealed a clear relation-
ship between the magnitude of the elevation error and
the terrain slope angle (Fig. 7). A significant decrease
in the accuracy of C- and X-band DEM was observed
with increasing slope angle, especially for slopes
exceeding 40° and 30°, respectively. In terrains
steeper than 70°, the ME exceeded 62 m (C-band
data) and 108 m (X-band data).

Similarly, terrain aspect was found to have an
influence on the magnitude of the SRTM DEMs
error. For the SRTM C-band DEM, the highest and
lowest errors were observed on slopes with eastern

expositions and on south-western slopes, respec-
tively. In contrast, for the SRTM X-band DEM, the
highest error values were found in the northwest
zones, while the lowest errors occurred on slopes
facing south-east (Fig. 8).

4.4. Influence of Forest Cover on the Accuracy
of SRTM DEMs

For the SRTM C-band DEM, the ME was
significantly higher in forested areas than in non-
forested areas where the model underestimated
elevation. The SDE values and the range of errors
were similar for both land cover types. The RMSE
was slightly higher in forested areas, which implies
larger deviations from the reference DEM. The
results of the X-band DEM were different from the
results of the SRTM C-band DEM. The ME showed
that SRTM X-band DEM overestimates elevation for
both land cover types, though the ME values were
significantly higher in the forested areas. The SDE
and RMSE were higher in non-forested areas than in
forested areas (Table 5).

5. Discussion and Conclusions

The overall goal of this study was to assess the
accuracy of the SRTM C- and X-band elevation data
in a mountainous area. The quality of SRTM DEMs
was assessed in general terms rather than in the
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Relationship between slope and mean elevation error of the SRTM C- (left) and X-band (right) DEMs
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Relationship between aspect and mean elevation error for the
SRTM C- and X-band DEM

application-specific case, with the original mission
specifications serving as benchmarks.

The visual evaluation of the distribution of errors
for both models allowed us to detect significant dif-
ferences between the SRTM-C and SRTM-X DEMs
and to outline certain generic patterns. While the
X-band data were not filtered and smoothed, they
included a significant amount of noise. Indeed, the
most prominent features of the X-band DEM were

large positive elevation errors on steep north and
north-western slopes, e.g., areas affected by radar
shadow. Because the X-band DEM consisted of a
relatively raw dataset, more clear relationships
between the X-band DEM errors and the specific
factors, especially aspect, were observed. In contrast,
the original C-band data were carefully processed to
remove artefacts and fill voids by means of interpo-
lation and the use of auxiliary data in SRTM DEM
version 4 (REUTER et al. 2007; Jarvis et al. 2008).
Therefore, the relationships between the elevation
errors and aspects were not as evident for the C-band
data. On the other hand, the visual evaluation of the
distribution of errors of the C-band DEM proves that
it tended to underestimate the elevations of steep
ridges frequent at higher elevations and overestimate
the elevations of deep gorges and valleys at lower
elevations. PauL (2008) and Frey and PauL (2012)
claimed that these errors were mainly caused by the
relatively low spatial resolution of SRTM C-band
data which resulted in smoothing effects and omis-
sion of small objects. However, it seems that the
processing of the original C-band DEM was also
important, as the most suitable method to remove
small and medium voids in high altitude areas was
the spline interpolation (JArvis et al. 2008), resulting
in smoothing effects and loss of detail.

The results from the visual assessment of differ-
ences between the two SRTM DEMs were confirmed
by the comparison of differences of pairs of points in
the same spatial locations (3” lattice). The mean



Vol. 171, (2014)

Assessment of the Accuracy of SRTM C- and X-Band High Mountain Elevation Data 909

Table 5

Statistical summary of SRTM C-band and X-band DEM error in relation to the presence of forest cover

SRTM DEM Forest cover ME (m) SDE (m) RMSE (m) Minimum (m) Maximum (m) Sample size

C-band No —2.86 9.18 9.61 —76.93 121.36 6,001
Yes 9.11 9.24 12.97 —53.32 127.83 12,791

X-band No 2.57 35.90 35.99 —368.00 487.64 54,082
Yes 11.93 19.78 23.10 —171.80 585.06 115,436

difference suggested lower elevation values of the
C-band DEM, while the high SDE and range of
height differences between C-band and X-band
DEMs indicated significant vertical discrepancies
between both datasets.

Neither the C-band DEM nor the X-band DEM
provided satisfactory results within the study area, as
the RMSE of the C- and X-band elevation data were
equal to 14.74 and 38.47 m, respectively. In the case
of SRTM-C DEM and SRTM-X DEM, 82 and 74 %
of errors had absolute values below 16 m, respec-
tively; the mission required that linear vertical
absolute elevation errors should be less than 16 m for
90 % of the data (USGS 2005; Farr et al. 2007; JPL
2009). The positive MEs suggest that both SRTM
models overestimated elevation in the study area.
Other studies carried out in Poland provided various
results: KARWEL and Ewiak (2006) and KARWEL
(2012) obtained positive values while CzuBski et al.
(2013) reported negative ME values for the Pieniny
Mts., a small mountain range north-east of the Tatra
Mts. A positive ME consistent with results of our
study was reported by HIRT et al. (2010) in Australia.
Li et al. (2013) reported a negative ME of the C-band
DEM in China, but they were unable to explain their
result. We believe that the different ME signs in
various SRTM studies can be related to regional
differences in terrain morphology or to differences in
land cover (e.g., presence of forests). The latter factor
is crucial for the positive ME obtained in this study,
as forests cover 70 % of the Polish Tatra Mountains.

The systematic offset was detected in both data-
sets in horizontal and vertical directions. The C-band
horizontal offset was much smaller than that of the
X-band. In contrast to RobriGuez et al. (2005, 2006)
who reported geolocation errors throughout Eurasia
equal to 8.8 m, the horizontal offset of SRTM DEMs
in our study was approximately lower by half for the
C-band DEM and twice as high for the X-band DEM;

the horizontal offset in C-band data seems therefore
negligible. While we were not able to explain the
origin of the high horizontal offset in the X-band
data, these results suggest that the X-band DEM is
clearly an inferior choice to the C-band DEM. We
also detected a vertical offset from the reference of
approximately 11 m for both SRTM DEMs, though
the offset was slightly lower for the X-band DEM.
This value is comparable to the mean elevation error
of forested areas, confirming the significance of land
cover for the error distribution. While the vertical
offsets were similar for both DEMs, all other error
indicators were higher for the SRTM X-band DEM.
We therefore conclude that the higher horizontal shift
in the X-band data significantly contributed to higher
vertical discrepancies and errors between the SRTM
X-band DEM and the reference model than it was in
case of the SRTM C-band DEM. In case of SRTM-X
DEM we agree with VAN NIEL et al. (2008) who
expressed concerns about the impact of sub-pixel
misregistration on DEM errors.

The assessment showed that there was a notice-
able relationship between the distribution and
magnitude of errors and examined factors, namely
altitude a.s.l., slope, aspect, forest cover and charac-
teristics of data acquisition.

The correlation between SRTM errors and altitude
a.s.l. was negligible for all points; however, we found
a strong negative correlation between SRTM eleva-
tion errors and the altitude a.s.l. when gross errors
were excluded. Therefore, we assume that elevation
errors decreased with increasing altitude, reaching
negative values in the highest parts of the study area.
This is most likely due to the distribution of forest
cover in the lower parts of the study area that caused
a positive bias in SRTM data. In addition, the ele-
vation of high mountain ridges were underestimated
in most cases, as was detected visually (Fig. 4). On
the other hand, a low correlation for all points results
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from the presence of gross errors that are related to
other factors discussed below and that occur at vari-
ous elevations.

Our results indicating an increase in elevation
error with increasing slope are fully consistent with
observations of LupwiG and ScuHNEIDER (2006) and
MouraTipis et al. (2010) who examined SRTM
X-band and SRTM C-band DEMs, respectively; our
results are also generally consistent with findings of
GorokHovicH and Voustianiouk (2006) who exam-
ined the X-band DEM for two slope classes (below
and above 10°) and noted that the elevation error was
significantly higher on steeper slopes. Sun et al.
(2003) did not notice the effect of slope on the
accuracy of SRTM C-band DEM version 1 as their
study area was almost completely flat.

We detected a dependence of the ME on aspect,
especially in the X-band data. For the X-band DEM,
the relationship between error and aspect can be
visually detected, as errors increased on the backs-
lopes exposed to the north and north-west.
GorokHovicH and Voustianiouk (2006) found that
aspect influences not only the magnitude but also the
sign of errors (C-band DEM version 4). Similarly,
Lupwic and ScHNEIDER (2006) detected that the ele-
vations of north-western and south-eastern slopes
were, respectively underestimated and overestimated
for the X-band DEM in relation to the local incidence
angle. Our study does not fully confirm this obser-
vation, as we obtained positive ME values regardless
of the geometry of the local beam; nonetheless,
backslopes were subjected to higher errors than
foreslopes, and the positive bias in the SRTM data
was, in general, attributable to forest cover.

Higher errors in vegetated areas were confirmed
by JacoBsen (2005) and Passint and Jacobsen (2007)
who reported that the dominating effect of the veg-
etation on the positive elevation error was related to
the fact that neither C- nor X-band radar wave can
fully penetrate forest canopies (Horton ef al. 2006;
FARR et al. 2007). The higher bias in vegetated areas
was also reported by Sun et al. (2003) who observed
that SDEs and RMSEs were significantly higher in
regions covered with forest. Contrary to their find-
ings, LubwiGc and ScHNEIDER (2006) noted that SDE
values were twice as high in open areas as in forests.
Although this result seems controversial, the partial

Pure Appl. Geophys.

explanation is the fact that non-forest areas are fre-
quently located on steeper slopes, which are more
error-prone. As suggested by LupwiG and SCHNEIDER
(2006), adjusting elevation values of the SRTM DEM
within boundaries of forest patches, e.g., by means of
data filtering, should allow users to produce more
accurate bare ground elevation data.

On the basis of our findings, we conclude that the
most important factors determining the occurrence of
high errors for the C-band DEM were the distribution
of initial voids and high slope angles. For the X-band
DEM, we found that errors were due mostly to the
local incidence angle, slope, aspect and radar beam
geometry; Lupwic and ScHNEIDER (2006) came to
similar conclusions. The knowledge of these param-
eters allows users to exclude areas where the original
elevation data are unavailable or unreliable and to
preserve the remaining portion of the data where the
vertical accuracy is much higher. These findings
support the approach proposed by CasTEL and OETTLI
(2008) who chose a function of the local incidence
angle to model the error distribution in SRTM C-band
version 4 elevation data.

Unlike other studies carried out in mountainous
areas that reported high vertical accuracy of the
SRTM C-band version 4 and X-band data (Goro-
kHovicH and Voustianiouk 2006; Frey and PauL
2012), and in contrast to former expectations (RaBus
et al. 2003), the current study shows that the quality
of the C- and X-band DEMs in the rugged terrain of
the Polish Tatra Mountains is not high; this conclu-
sion is particularly valid for the X-band DEM.
Though our results were gathered for a relatively
small, specific area of high relief complexity, they
were mostly consistent with findings of previous
studies examining factors influencing the accuracy of
SRTM DEMs conducted at different test sites and on
various scales. The global assessment of the SRTM
DEM by RopRIGUEZ et al. (2005) also clearly docu-
mented that the spatial distribution of errors in SRTM
data reflects the global topography and the occur-
rence of major mountain chains, as detected errors
were significantly higher in high mountain areas.
Hence, we conclude that because the Tatra Mountains
represent alpine relief and vegetation typical of other
mountain ranges (especially in the temperate zone,
e.g., the Alps, Pyrenees, Caucasus), our results may
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be applicable to other mountainous areas in the
world.
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