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Abstract

Satellite sensors provide currently reliable elevation data over large areas, with spatial resolutions below 100
m and reported accuracies of approximately 10 m. However, the vertical accuracy of these quasi-global
digital elevation models (DEM) varies depending on the terrain and land cover, decreasing in mountain
areas, and may influence the quality of products derived from these data, like stream channel network or
relief forms. In this paper, we investigated two global elevation data sets: SRTM-X DEM and ASTER GDEM,
assessing their vertical accuracy and reliability of terrain features extracted automatically from the elevation
data. The research was carried out in the Pieniny Mis., a small mountain range in southern Poland, with
elevations ranging from about 400 m 1o 1000 m a.s5.l. One particular attribute of this mountain range that
may create several problems in deriving accurate terrain features is a deep, narrow and windy gorge of the
Dunajec river. We found that the vertical accuracy of SRTM-X DEM is significantly better than of the ASTER
GDEM (Root Mean Square errors of 12.05 m and 17.43 m, respectively). Both DEMs allow fo extract terrain
Jfeatures with a similar accuracy in areas of moderately steep and gentle slopes, yet fail to properly represent
the floor of the Dunajec gorge as relative vertical errors along the river may exceed 100 m. Therefore, we
conclude that while both models provide statistically reliable description of the terrain surface, they require

additional corrections for hydrological or terrain modeling.

1. Introduction

Satellite sensors provide currently reliable elevation
data over large areas, with spatial resolutions below
100 m and reported vertical accuracies of 10-20 m.
Examples of widely used elevation data sets are
Advanced Spaceborne Thermal Emission and
Reflection Radiometer Global Digital Elevation
Model (ASTER GDEM; ASTER, GDEM
Validation Team, 2009) and Shuttle Radar
Topography Mission (SRTM) digital elevation
models (Wagner, 2003 and Rodriguez et al,, 2005)
(Table 1), The ASTER instruments were designed
and built by Ministry of Economy, Trade, and
Industry (METI) of Japan and launched on board of
US National Aeronautics and Space Administration
(NASA) TERRA spacecraft in 1999. Elevation data
were received from stereo pairs acquired from nadir
and backward looking sensors located on the
satellites, in three spectral bands, from visible to
near-infrared wavelengths. The first version of
ASTER GDEM was made available to the public in
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2009 (ASTER GDEM Validation Team, 2011). The
elevation data cover land surface between 83°N and
83°S latitudes and are available as 1° by 1° tiles in
the GeoTIFF file format, with a resolution of 1 arc
second. The SRTM was a cooperative effort
between NASA, National Geospatial-Intelligence
Agency (NGA), Agenzia Spaziale Italiana (ASI) as
well as Deutsches Zentrum fiir Luft und Raumfahrt
(DLR). The space shuitle Endeavour with the set of
SIR-C/X-SAR (Shuttle Imaging Radar - type C / X-
band Synthetic Aperture Radar) collected data in
three microwave bands (L, C and X) in February
2000 (Rabus et al., 2003, Farr et al., 2005 and Jarvis
et al., 2008). The X-SAR instrument collected data
with higher resolution (1 arc second), but with
reduced coverage, allowing to build the SRTM X-
band digital elevation model (SRTM-X DEM) based
entirely on finer X-band data. It has been made
available through the FTP service of DLR / ASI
since 2010 (DLR, 2010).
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Table 1: Characteristics of ASTER GDEM and SRTM-X DEM

ASTER GDEM ver. 2* SRTM-X DEM DLR/AST**
Data supplier METI/NASA NASA/NGA/DLR/ASI
Version and acquisition date ver. 2, 2011 ver. 1,2011
Period of data collection 2000-2010 11 days in 2000
Acquisition technics stereo pairs, visible and near infrared | radar interferometry
Main distortion factor clouds radar shadows and echo
Datum (horizontal) WGS1984 WGS1984
Datum (vertical) EGM96 geoid WGS1984 ellipsoid
Horizontal resolution 1 arc second 1 arc second
Horizontal accuracy +30 m (abs.) 95% Circular Error (CE) | £20 m (abs.) 90% CE
Vertical accuracy +20 m (abs.) 95% Linear Error (LE) +16 m (abs.) 90% LE
Data format GeoTIFF, 16-bit signed integer DTED-2, 16-bit signed integer

*ASTER GDEM Validation Team, 2009; 2011

**Wagner, 2003; DLR, 2010

Several studies investigated the vertical accuracy of
both elevation data sets, comparing them to
elevation data from various sources: stereo-pairs
(Nikolakopoulos et al., 2006), elevation data
obtained from national resources (Ludwig and
Schneider, 2006 and Frey and Paul, 2012) or field
measurements (Gorokhovich and Vostianiouk,
2006). This studies prove that the vertical accuracy
of global elevation data depends on the terrain and
land cover, decreasing especially in rugged
mountain areas of high terrain complexity
{Gorokhovich and Vostianiouk, 2006, Hoffmann
and Walter, 2006, Ludwig and Schneider, 2006, Hirt
et al., 2010, Jacobsen and Passini, 2010, Mouratidis
et al., 2010 and Frey and Paul, 2012). Vertical errors
of DEMs propagate into various derived products,
like slope gradients, aspects, stream channel
network or relief forms, and may cause unexpected
artifacts putting into question the usefulness of these
data for further analysis. Several studies have
tackled this question, showing that terrain attributes
are sensitive to DEM accuracy and cell size (Bolstad
and Stowe, 1994, Thompson et al., 2001, Erskine et
al., 2007, Jacobsen and Passini, 2010 and Grohmann
and Sawakuchi, 2012), however, knowledge on the
accuracy of terrain feature extraction from these two
relatively new DEMs: ASTER GDEM and SRTM-
X DEM is limited. Therefore, in this paper we
aimed to investigate various aspects of accuracy of
SRTM-X DEM and ASTER GDEM. The study was
carried out in a small mountain range in Poland with
an extremely rugged relief. We assessed vertical
accuracy of both data sets using standard error
measures, and proposed various means to estimate
reliability of terrain features extracted automatically
from the elevation data.

2. Methods

2.1 Study Area

The study was confined to the section of the Pieniny
Mountains in Poland within the boundaries of the
Pieniny National Park (PPN, Figure 1). Although
the elevation in the PPN does not exceed 1,000 m
(Trzy Korony 982 m a.s.l), this section of the
Pieniny range belongs to one of the most spectacular
mountain sites in Poland due to the gorge of the
Dunajec river which cuts through its very middle
(Figure 1, Supplement, Amnex 1). The relative
elevations around the Dunajec gorge reach up to 500
m, its walls are in some places extremely steep, and
the course of the river is winding, resulting in
serious difficulties in proper estimation of elevation
for any aerial data acquisition technelogy.

2.2 Elevation Data Sets and their Preparation

2.2 1 SRTM-X and ASTER GDEM data

For this study, SRTM-X DEM data file
(E0201500N491500 SRTM_1 DEM.dt2) was
downloaded from the website
https://centaurus.caf.dlr.de:8443. The data are stored
in DTED format, in geographic coordinate system
(WGS 84) and WGS 84 vertical datum. ASTER
GDEM data set (ASTGTM2 N49E020_dem.tif) in
version 2 released in 2011 was obtained from the
website http:/reverb.echo.nasa.gov/reverb. This
version was improved with respect to the previous
one due to better data processing algorithm and
additional data used during the processing.
However, the revised version still contains
anomalies and artifacts which are particularly
important in local studies (ASTER GDEM
Validation Team, 2009). Data are in geographic
coordinate system (WGS 84) with EGM 96 vertical
datum.
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Figure 1:

Both models have no voide in the study aren,
neverthelese the quality of elevation data differs
significantly and degrades in the most mgeed part of
the Pianiny Mix, and over the water hodies
(Smpplement, Annex 2), Ag in the shudy arca the
average imdulation of the BGM 96 detum in relation
to the WIS 84 detymn equale 40,45 m (based on the
reference point values and teats done with datom
convertore, =8, EGM 96 GeoidCalenlator by
Netional Geospatial  Intelligemce  Agency,

http:#earthinfo. nga milAGand(iwrald/gravitymod/-
egmO6/intpt himT), clevations of the SETM-X DEM

wexe recdlenlsted by subiracting en integer value of
40 m Both modelz were then resampled to the
Polish co-ondinaie gystemn *1992° wing the nesrest
neighbor method end output rezolution of 20 m, and
clipped finslly to the extent of the study area.

2.2.2 Reference dala setx

Digitizing clevation date from topographic maps
wag often used in the past to create digital clevation
models (Arrighi end Soille, 1999 mnd Urbmbaki,
2011}). Due to the umevailability of Airbome Laser
Scarming (ALS) dats, for this study the reference
dete were extracted from the Polish topographic
maps in 1:10,000 scales. These maps were made in
national planer coordmate system 19927 based on
the “Kronaztad 86" vertical referetice syebam. Firvat,
hwight values from the pritnery goodstio hotlzontal
tetwotk were dightized. They have the average
posithon ertor of 0.1 trom et the mep scale that is £1
m (GUGIE, 1987). In additdon, height valoes from
the supplementn]l goodetlc watical mwiwork were
usexd. Their positional accutacy may vary fom 0.5
i o 20,75 mn, As the fadlore by read the position
of points on the mep is about 0.5 mm (Longley o

al, 2008}, the total horizontal emor for the refersnca
pints should not exceed 9 m, The vertical precigion
of elevation fipr the reference points ix 0.1 m, For the
wdy aren, a totnl of 278 groymd control pointe were
aequired, moat of them represented the primary
congidered as the referehce point dats ect, The
topographic maps wene need also to compute 8 high-
reaphrion reference DEM for the study area. In
addition to gendetic points, contour lnex with an
interval of 25 m, height spoiz placed on
cheracterigtic terrain  forme, discontinmities and
water lines were vectorized from the topographic
maps. Ad the density of contours waz high, end their
positional oror aa compared to ground comtrol
pointa ghould not exceed two thirds of the combour
imterval for elopea higher than 20° {GUGIK, 1980),
the accuracy of the reference DEM should be ligher
ﬂzmﬂ:ntnfSRTM-XDEMuﬂASTEREDEhLIn

from the maps were imtexpolated to a Triangulated
Imeguler Network {(TIN) model and then converted
into & regular grid with 10 m cell size to retain all
detgils of the mmface, using 8 matuel neighbor
mwthod, and finelly resavpled to 20 m using neareat
twighbor aszigmment to allow a direct comparison
with SRTM-X DEM md ASTER GDEM. This
reference olenation model w9 lake refisred o a9
TopoDEM. I order to assens results of hydrological
modeling, the stream twtwork (tivers, siroams and
croeks) was also vecttized frem the same 1:10,000
maps. The acioal position of streams was confirmed
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2.3 Accuracy Assessment

Accuracy assessment started with the analysis of
mean error {(equation 1) and root mean square errors
(equation 2) of both data sets using the reference
point data set:

ME = e, — hy)
L Equation 1
RMSE = Jﬁ_ =10 — B
n

Equation 2

Where x; denotes elevation measured at DEM being
evaluated, and #; is the reference elevation, at peint
i, River network was generated on both DEMSs using
standard ArcGIS tools (hydrological modeling).
First, sinks were filled, then flow accumulation
network was computed based on the flow direction
ragter, finally, sireams were delineated. Distances
between vertices of computed river features and the
reference stream line digitized from topographic
maps (points to ling distances) were calculated only
for the Dunajec river, distance discrepancies for
other streams were evaluated visually. As for the
Dunsjec river, the vector line digitized from the
topographic maps was used also to generate vertical
profiles along the river course and to calculate the
vertical errors along the river. Elevation anomalies
were described as the difference between elevation
measured on the tested DEMs and the river bed
elevation extracted from the TopoDEM. Terrain
features were computed on all models using the
Topographic Position Index (TPI) proposed by
Weiss (2001). TPI in general allows to classify
landscape inte discrete landform categories by
comparison of individual cell heights with an

To calculate TPI, neighborhood search radius has to
be carefully tested to classify terrain features;
comparison of results received with various search
radii may show the relation between terrain forms of
different scales and hicrarchies (Jenness, 2006). In
this study, the landforms were computed using a
480 m radius (the value was selected using trial and
etror approach). All necessary work was performed
uging Jenness TPI-based classification extension in
ArcGIS (Jenness et al., 2012). Based on calculated
TPI values, all DEMs were classified into valleys,
gentle slopes, steep slopes and ridges. The terrain
forms received from the SRTM-X DEM and
ASTER GDEM were then compared to the map of
terrain forms generated from the TopoDEM using
standard cross-tabulation procedures for qualitative
maps.

3. Results
3.1 Vertical Errors for SRTM-X DEM
and ASTER GDEM

If both models (SRTM-X DEM and ASTER
GDEM) are compared to each other, 72% of the
study area has the absolute elevation difference
below 10 m, and 94% below 20 m. Area where
larger uncertainty exists is located in the south-
eastern, most dissected part of the mountain region,
and the maximum height difference between the
models equals 114 m, ME for SRTM-X DEM was -
2.48 m, RMSE was 12.05mfor all reference points
(10.15mfor positive values and 6.49mfor negative
values; Figure 2). ME for the ASTER GDEM was
069 m, RMSE was equal to 17.43m for all
reference points (14.30 m for positive values and
997m for negative values; Figure 2). Absolute
errors were the hiphest for both models in the most
rugged part of the mountain range; the extreme
values (above 50 m) occur most frequently on
steeper slopes (Supplement, Annex 3).
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Figure 2: Elevation errors of SRTM-X DEM and ASTER GDEM
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3.2 Accuracy of the Stream Network Delineation

Maximum horizontal distance between vertices of
the Dunajec tiver path generated from global DEMs
and the reference river line reached up to 1036 m in
case of SRTM-X DEM and 530 m in case of
ASTER GDEM (Figure 3), and mean values of
horizontal distance were 121.6 m and 117.2 m,
respectively. Most problems were identified in the
valley of the Dunajec river between points A and B,
as the delineation of the river path was not
consistent with the actual one, and both models
performed here equally bad. In the Dunajec river
gorge, between point B and C, the distances
between delineated river courses and the reference
line did not exceed 160 m (SRTM-X DEM) and 110
m (ASTER GDEM). Both models failed to represent
correctly elevations along the course of the Dunajec
river (Figure 4). Although they depicted a clear
trend down the river course as represented by
elevation data taken from TopoDEM (elevations
decrease by approximately 60 m, from 470 m a.s.1.
down to 410 m as.l), the elevation in the most
narrow part of the gerge varied significantly, with
elevation anomalies ranging from -39 m to 145 m in
case of SRTM-X DEM, and -52 m to 88 m in case
of ASTER GDEM. The Fill Sinks function available
in ArcGIS did not allow to solve all the problems
with the elevation models, and the smoothed river
profile still contained significant errors (artificial
dams and barriers; Figure 4). These effects caused
displacements of the Dunajec channel, especially
between points A and B where the flat valley floor
is wider and also its discontinuity in the middle of
the gorge in case of SRTM-X DEM. North of the
Dunajec gorge both models allowed to delineate
stream network that is much more consistent with
results received using the reference TopoDEM

(Figure 3).

3.3 Delineation of Terrain Features

Based on the TPI classification, four elementary
topographic forms were extracted from all DEMs,
Valleys, gentle slopes, steep slopes and ridges had
similar distribution for both global DEMS, yet they
were significantly different from the reference
TopoDEM (Figure 5). In particular, TopoDEM had
a much higher share of ‘gentle slope’ class which
included also broad valley floors; this class was less
pronounced in both SRTM-X DEM and ASTER
GDEM due to small scale elevation variability,
contributing to the visually pronounced ‘salt and
pepper’ effect.

4. Discussion and Conclusions

For most of the study area, SRTM-X DEM and
ASTER DEM cxhibit low differences (less than 20
m) for more than 90% of the studied area. However,
their vertical errors measured with 278 reference
points exceeded the values provided in their
specifications (Wagner, 2003; ASTER GDEM
Validation Team, 2009; ASTER GDEM Validation
Team, 2011; DLR, 2010). As it was expected, the
largest errors occurred in the most rugged part of the
Pieniny National Park, where processing quality of
both DEMs was lower than in other parts of the
study area. These errors, together with small scale
variability propagate into various derivatives of both
DEMs. Standard tools of hydrological modeling of
ArcGIS software allowed to extract stream line
network with sufficient accuracy over most of the
study area. The only exception was the Dunajec
Valley. First, in the flat and relatively wide (around
500 m) section of the wvalley the automatic
delineation of the stream line failed, as both ASTER
GDEM and SRTM-X did not capture such a small
scale feature like the river channel, incised into the
flat valley floor by less than 5 m. Here, filling sinks
likely contributes to a major uncertainty in the
delineation of the river course, as this procedure
eliminates local elevation minima that represent the
river channel. On the other hand, in the narrow part
of the Dunajec gorge the vertical errors were severe
and in case of SRTM-X DEM exceeded 100 m.
Filling sinks at least partially eliminated these errors
and was efficient for the ASTER GDEM, allowing
to delineate the continuous river course with a good
accuracy, it failed however for the SRTM-X DEM.
Hence it seems that using global DEMs for stream
channel delineation in the complex mountain terrain
with flat valley floors and deeply incised river
gorges is not a recommendable solution. Rather,
existing stream network should be used to cormrect
the DEMs via ‘burning’ proper river profiles into
the DEMs or, alternatively, clevation data with
higher reselution and better accuracy should be used
for hydrological modeling (Gichamo et al., 2011).
Small-scale elevation variations of both SRTM-X
DEM and ASTER GDEM contributed to errors in
terrain forms classification that were visible as ‘salt
and pepper’ appearance of qualitative maps (Figure
5). This effect was much less visible for the
TopoDEM.: in this case, smooth interpolated surface
received from contours and elevation points
outperforms both global DEMs. These disparities
contribute to significant differences in the
proportion of two classes (gentle and steep slopes)
between global DEMs on one side, and the

Accuracy of SRTM-X and ASTER Elevation Data andits Influence on Topogrephical and Hydrological Modeling: Case Study of the Pieniny Ms. in Poland




reference DEM on the other. As in case of
hydrological modeling, smoothing of global DEMs
might be a good choice before performing terrain
classification, yet it should be simultaneous with
updating the DEMs with elevation values of river
channels and ridges elevations. The findings of this
study confirm that global DEMs (SRTM-X DEM
and ASTER GDEM) are a good approximation of
the variability of Earth surface except for extremely
steep and rugged mountain relief, However, these
models do not represent correctly the topology of
valley and ridge networks, as is the case of
topographic maps that explicitly contain this type of
information. These drawbacks, together with the
small-scale elevation variability exclude the direct
use of global DEMs in either terrain classification or
hydrological modeling.
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NOTE:

The graphics referred as ‘Supploment Annex 1,
Annex 2 and Annex 3” in this paper are available
online at: www.gis.geo.uj.edu.pl/ijg/supplement pdf.
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