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ABSTRACT

Worldwide and nearly worldwide covering height misdare partially available free of charge in
the internet, partially the data are available wuthrestrictions, but have to be purchased. These
height models are based on optical or radar spaagary. Dei)ending upon the type of input data
and the used sensor orientation the spacing anuaot as well as the characteristics, of the Heigh
models are different. An overview about the absohnd relative accuracy, the consistency, error
distribution and other characteristics as influeatéerrain inclination and aspects is given. Not |
any case the information content corresponds tcgﬁimat spacing and partially the accuracy varies
remarkably. Partially by post processing the hemgatlels can or have to be improved.

INTRODUCTION

Digital height models (DHM) are required for sevemmote sensing and GIS application. The
generation of DHM is time consuming and expensa®,available nearly worldwide covering
height models should be taken into account if they able to solve the requirements of handled
projects. For most freely available height modelse accuracy information is available, but the
quality of a DEM cannot be described just with digeire for the accuracy. In addition different
accuracy descriptions are in use and the accuragy depend upon some parameters as terrain
inclination, aspects and number of images usedh®mpoint determination. It is also necessary to
separate between relative and absolute accurdwy whole DEM may be shifted in X, Y and Z. In
addition the definition of the height model as BagjElevation Model (DEM) with the height of the
bare ground or as Digital Surface Model (DSM) witie height of the visible objects as vegetation
and buildings is important. Based on automatic hiatg of optical images DSMs are generated.
Height models based on Synthetic Aperture RadarR(SAovering large areas are usually
determined by interferometry (INSAR) based on InS&Rfigurations. By radargrammetry usually
only smaller areas are handled. For height modedgd on SAR the height in the vegetation areas
depends upon the wavelength — the long wavelengthnd P-band can penetrate the vegetation
while with C- and X-band deliver heights closettie top of the vegetation.

SPECIFICATION OF ACCURACY

Traditionally the geometric quality of a DEM is danined with a more precise height model. For a
correct definition of the accuracy it has to beaiteel if there are systematic differences between th

58



investigated DHM and the reference DHM (figure The shifts and scale differences should be
determined by adjustment to guarantee an optirmafifts are often based on datum problems, but
it may be caused also by limitations of the origataaccuracy.
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Figure 1: Shift of height models caused by datuabl@ms in a mountainous area — shift in X=80m,
in Y=187m, leading to RMSZ reduction from originaiOm to 15.8m

The accuracy figures or uncertainty parameters“pagameter, associated with the result of a
measurement, that characterizes the dispersidreofalue that could reasonably be attributed to the
measurand” (JCGM 100:2008). JCGM 100:2008 (Evadmatif measurement data — Guide to the
expression of uncertainty in measurement) of thiet ommittee for Guides in Meterology, where
ISO is a member, is related to measurements. Qkearomputed object coordinates are no direct
measurements, but the accuracy figures can be faedhis if similar conditions for the
determination exist. If this is not the case, weeht express the accuracy depending upon the
different conditions e.g. terrain inclination ormier of images per object point.
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Figure 2: Relation SZ to LE9O / LE95
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figures | Definition

RMSZ | Square mean of discrepancies

SZ Square mean of (discrepancies — bias)

MAD |Linear mean of absolute values |of
discrepancies

NMAD | MAD related to 68%  probability
(MAD*1.48)

LE50 Median value of discrepancies

LE9O | Threshold including 90% of discrepancies

LE95 | Threshold including 95% of discrepancies

Table 1: accuracy figures
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Figure 3: frequency distribution of discrepancié€artosat-1 DSM against reference DEM in open
areas and normal distribution based on RMSZ and BMA
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Figure 4: frequency distribution Cartosat-1 DSMiagareference DEM in open areas after filtering
points not belonging to bare earth and normalibistion based on RMSZ and NMAD
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The justification and meaning of the accuracy feguhas to be checked in relation to the frequency
discrepancies of the height discrepancies of theuated DHM against the reference DHM. In
figures 3 and 4 the frequency distributions (blined) are compared with the normal distributions
for the same number of discrepancies and basedheomobt mean square discrepancies and the
NMAD as standard deviations of the normal distiidnoit Under the condition of normal distributed
discrepancies NMAD should be identical to SZ. Ifbias is available RMSZ is identical to SZ. In
figures 3 and 4 the function related to RMSZ isteed to the discrepancy 0.0, while the function
related to NMAD is centered to the bias. In fig@rthe normal distribution related to NMAD is not
far away from the frequency distribution, while th@mal distribution related to RMSZ does not fit
very well. This is caused by the higher numberaofiér discrepancies — the frequency distribution
of the extreme positive and negative class cordlinespected larger discrepancies, so it goes up
significantly. The larger discrepancies influenbe RMSZ via the square mean quite more as the
normalized linear absolute mean. The “open areasthe test field contain also elements not
belonging to the bare earth, namely single treesbanidings. If such elements are filtered out, the
normal distribution especially based on the RMSZ djuite better (Passini et al. 2002). The shown
relation is a typical result for all investigateeidgiht models.

Accuracy| Not filtered filtered Not
figures filtered /
filtered
RMSZ 3.77m 2.56m 1.47
SZ 3.72m 2.51m 1.48
MAD 1.75m 1.53m 1.14
NMAD |2.59m 2.27m 1.14
LE50 1.73m 1.51m 1.15
LE9O 5.43m 4.09m 1.33
LE95 7.65m 5.21m 1.47
Sz 3.74m +| 2.48m +
(slope) | 3.45m*tan(slope) 8.3*tan(slope)
Not used| 0,02% 0%
(>40m)

Table 2: accuracy figures of Cartosat-1 DSM/DEMiagfareference DEM — test area Warsaw

Table 2 shows the different accuracy figures. | ¢hse of the not filtered DSM, which includes
single trees and buildings, there is a relatioh.46 between SZ and NMAD while this is reduced to
the relation of 1.10 for the filtered data. For elanormal distributed values SZ and NMAD
should have the same value. Only for the filterathdve have a satisfying similarity between the
Cartosat-1 DHM and the reference DEM. The dependemon the terrain inclination can be
neglected because of the dominating flat area. iBgrihg elements not belonging to the bare
ground RMSZ, the standard deviation SZ and LE95st&m@ngly improved by factors 1.47 up to
1.48. Also LE90 is changed by the factor 1.33 whike change of MAD and NMAD is limited to
1.14. That means NMAD is not so sensitive for ladjscrepancies.

The relation for this example is typical for alladyzed height models — it is not so simple to egpre
the uncertainty of the determination just by orgufe. NMAD expresses the uncertainty for the
majority of the height discrepancies better asI&&,a higher number of larger discrepancies have
to be expected as expressed by the normal distibuin addition for undulated terrain the
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dependency upon the terrain inclination has todspected. If elements not belonging to the bare
ground are included in the data set, we have nalgenous relation for expressing the uncertainty.
Under operational conditions usually the detailshaf accuracy are neglected and we are working

with accuracy figures not describing the unceriaprecisely.
The often used linear errors LE90 and LE95 arestiokels in the frequency distribution. These thr&ghare strongly depending

upon the larger discrepancies which are usualls@diby not homogenous data sets. By this reason BBEOLE95 are not
recommended.

ANALYZED DATA SETS

The world-wide old GTOPO30 of the USGS and US NG&A heen replaced by the GMTED2010
(http://eros.usgs.gov/#/Find_Data/Products_and_Datailable/GMTED2010), which is available

also with 7.5 arc-seconds (arcsec) point spaciogesponding to 231m at the equator (Danielson
& Gesch 2011). The former GTOPO30 with just 30 ergsoint spacing was very inhomogeneous,

this has been improved for large areas by the USR®M-height models.

By interferometric synthetic aperture radar (INSARpéd on the Shuttle Radar Topography Mission (SRTM)G00 a height
model has been generated for the area from 56° h8out up to 60.25° Northern latitude (http://wwwangi
csi.org/data/elevation/item/45-srtm-90m-digitalv@ton-database-v41) — NASA/USGS.
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Figure 5: Worldwide coverage by SRTM DSM and ASTEREM

The SRTM height model is available with 3 arcsepspacing, corresponding to 93m at the
equator. The original information with 1 arcsecapg up to now is available only for the USA and
for other areas only under special national agre¢snélhe first version, available since 2003,
included some gaps in mountainous and dessertnggihich now are improved by gap-filling
(Reuter et al 2007).

Parallel to the US C-band on the SRTM there was thls German/Italian X-band. Also based on
this, height models are available, but they havgelagaps between the data stripes (figure 6). On
the other hand the data are free available with 1rcsem  spacing
(http://www.dlIr.de/dIr/en/desktopdefault.aspx/tahia?12/332_read-817/).
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Figure 6: Gaps between the strips covered by STRidaxd

Based on the Japanese optical stereo sensor ASmMEReoUS platform Terra with 15m ground
sampling distance (GSD) and a base to height oeladf 1:2.1, several stereo models have been
generated since 2000. All stereo models have beed for the generation of height models by
automatic image matching (Tetsushi 2011). The ASTHHEM is covering the range of the latitude
from +83° up to -83° with a point spacing of 1 acscorresponding to 31m at the equator. In the
first version the three-dimensional shifts of theividual height models have not been respected
correctly, leading to a loss of resolution of theight models (not so detailed contour lines as
corresponding to the spacing). By this reason gmored version, the ASTER GDEM2 has been
generated and is available free of charge sinc&.28RTER GDEM(2) is a product of the Japanese
METI and the US NASA (http://www.gdem.aster.ersdagp/login.jsp).

In addition to the above mentioned free of changglable data also other height models can be ho&fOT 5 carries in addition
to the large HRG instruments the HRS (High Resolufitareo) a stereo sensor with 5m x 10m GSD andeatbdseight relation of
1:1.2, used for the generation of height modelSBOT DEM or Reference 3D for large parts of the evavith 30m spacing
(http://lwww.astrium-geo.com/en/198-elevation30c@lzsen 2004).

By the Indian optical stereo satellite Cartosatidnfed also IRS P5) nearly the whole world has
been covered. Cartosat-1 has 2.5m GSD, it hasw #igection of 5° ahead and 26° behind,
corresponding to a height to base relation of fLtGe curvature of the orbit is respected. So based
on Cartosat-1 height models nearly at any locati@y be generated. For example the German
company GAF in cooperation with the German Aerosp@enter DLR offers the generation of
Cartosat-1 height models.

The Chinese ZY-3 has two inclined views with 3.2i805and a nadir view with 2.1m GSD, so it
can be used similar as Cartosat-1 for the DSM gdioer, but since the launch in 2012 not a
corresponding coverage of the world has been relache

Just now the radar satellites TerraSAR-X and TanBEDf the DLR are flying close together for
the generation of worldwide height models by InSWRich shall be available 2014 as TanDEM-X
Global Elevation Model with 12m spacing, 2m relatand 10m absolute LE9O.
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ANALYSISOF HEIGHT MODELS

GMTED2010

GMTED2010, covering the whole world, is availablgha80, 15 and 7.5 arc-seconds point spacing.
It is available with different versions — DCS, MAKIIN, MED, MEA and STD. STD is the quality
layer including the estimated local standard demmgtwhile all other are height models. The DSC-
file contains the best information about the DSKE justification of the other files is hardly to
understand. The following accuracy informationméydoased on the DSC-file.

In the Jordan test area GMTED2010 shows againstefieeence height model a RMSZ of 4.35m
with a bias of -1.42m corresponding SZ of 4.11m andMAD of 3.43m. The bias is shown as
correction — that means the GMTED2010 height madabove the reference DTM. As function of
the terrain inclination we have: SZ=3.36m+0.27mfséwpe). For the SRTM height model similar
values are computed but this is not a surpriseusechoth are based on the same data set. It should
not be forgotten, that SRTM has 3 arcsec and GMTHDZonly 7.5 arcsec point spacing, so the
terrain can be described more precise by SRTM.Jbngan test area has no forest and it is not very
rough, so the height values are more accurate athér areas. The frequency distribution (figure 7)
shows again a quite better fit to the normal disiiion based on NMAD as on SZ.
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Figure 7: frequency distribution GMTED2000, testaadordan

In the mountainous and very rough Zonguldak tesh arith an average slope of 0.3 and an average
change of the slope from one grid point to the r&x0.15 the conditions are not as optimal.
GMTED2010 has an RMSE of 8.75m, a bias of -5.11md a%Z=7.10m or
SZ=7.71m+2.89m*tan(slope). Again this is very clegse5Z=7.08m for SRTM C-band. A reverse
investigation including the influence of DTM intelption leads to SZ=15.34m for GMTED2010 or
SZ=14.2m+10.0m*tan(slope), while it is for SRTM @rd: SZ=10.39m or
SZ=7.80m+18.56m*tan(slope), showing the advantafjesnoaller DHM-spacing for a precise
description of the surface in mountainous area

ASTER GDEM, GDEM2 and SRTM

ASTER GDEM is based on automatic matching of th@BR stereo models while SRTM is based
on INSAR, so some differences in the charactesistiave to be expected. INSAR has some
problems in mountainous areas with foreshorteniiigure 8). In the foreshortening parts the

64



backscattered signal from different ground elementeverlaid and cannot be separated, so the
height determination fails in such parts.

For ASTER GDEM all available stereo pairs have besed. This is varying strongly depending
upon the location (figure 9), caused by cloud cagerand imaging priority. But also within one
scene the number of images/object points is styoraylying as shown by the example in figure 10.
Figure 12 gives an overview about the variatiorth&f number of images/object point in 12 test
areas. In one test area in the average just 2.§esfi@oint and in another 50.1 images/point have
been used.

In nine test areas with different character thenggtoic quality of the height models from SRTM,
ASTER GDEM and ASTER GDEM2 have been analyzed. tHs¢ area Zonguldak is a rough
mountainous area, partially covered by forest, @ldrdan has nearly no vegetation and is smoothly
mountainous. Mausanne includes forest areas ané solimg up to mountainous parts. Inzell is
dominated by steep mountainous area, partially reavdy forest, while Gars includes smooth
mountainous parts. Pennsylvania has rolling partisiarge forest areas, while Philadelphia includes
downtown areas of the city. Arizona has nearly egetation and includes some mountainous parts.
Warsaw is covered by forest areas and is domindlaty it has the disadvantage of a limited
number of images/object point used for the matchifflge Warsaw test area of GDEML1 in the
average has only 9.84 and GDEM2 14.5 images/obats. This is quite less as in the other test
areas, explaining why in the flat area the standiendation of the GDEM1 and GDEM2-data are
higher as in other test areas. Here for GDEML1 thedard deviation of the height can be expressed
as SZ = 17.00m — 0.8;umber of images or 15.1m for 2 images up to I&mi6 images and for
GDEM2: SZ=19.05m — 0.72umber of images or 17.61m for 2 images up to 3.&4m@2 images.

In other test areas the dependency of the accugamy the number of images is not so clear.

slant range 1243 5 6 7

F=fore-
shortening

L=layover

S=shadow

1 2 34 5 6 7
Figure 8: Slant range geometry of SAR
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Stacking NMumber

Figure 9: Number of images/object point used foTER GDEM

Figure 10: Color coded number of images used fof A GDEM in test area Pennsylvania
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Figure 11: Variation of number of images/objectpan 12 ASTER GDEM test areas — in average
24.8 images/object point

It is the question, what is the height accuracguFés 12 up to 15 present different results of the
point heights, in addition we have the influencetlod DHM interpolation being quite different
depending upon the point spacing and the terraighoess. Finally it depends upon the use of the
height models and the individual frame conditiofise root mean square differences of the original
data against reference data (fig. 12) are influeérnme shifts in all 3 coordinate components. The
standard deviations in fig. 13 do not differentibietween open areas and forest as well as the
dependency upon the terrain inclination. In figlidethe standard deviations for the open areas and
flat parts are shown. Figure 15 compares the re@msquare values of all test areas and shows the
strong dependency upon the frame conditions. Depgndpon the use of the height models,
information about different geometric quality figgrhave to be used.
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Figure 12: Root mean square differences of origilaéh against reference data [m] (absolute
standard deviation), RMSZ over all test areas: GREM..66m, GDEM2: 10.38m, SRTM: 7.60m
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Figure 13: Standard deviation of height after stuftrection (relative standard deviation),
SZ over all test areas: GDEM1: 7.88m, GDEM2: 7.85RTM: 5.69m
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Figure 14: Standard deviation of height after stuftrection for flat and open areas,
SZ over all test areas: GDEM1: 5.76m, GDEM2: 6.13RTM: 3.93m
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Figure 15: RMSZ / SZ average of all used test areas
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Figure 16:
Differences of
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reference DEM
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Figure 17:
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Figure 18:
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In general NMAD in flat and open areas is approxetyal0% below SZ and in mountainous and
forest areas up to 50% smaller.

The examples of the differences between SRTM DShkpeetively ASTER GDEM2 and the
reference DEM in figures 16 and 17 highlight sorhi¢he problems of these height models. Both
are DSM with the height of the visible surface. Twvn town area on right hand side and in the
center are shown in red color (above 9.1m heigfdrénces) caused by the buildings located above
the bare ground. The original SRTM DSM has somes @sipown in black) caused by radar layover
and on the river. Such gaps are not present at RSGBEM2. The standard deviation of SRTM is
4.1m while it is 6.7m for ASTER GDEM2. This doest moean, that SRTM is better it only has
gaps in the areas with larger discrepancies.
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The frequency distributions of the SRTM height medégure 19) against a reference DEM show
also some typical effects. In this case SRTM hbaga listed in table 3. In the SRTM DSM small
forest areas included causing an asymmetric digtab (upper left). If the analysis is reducedtie t
open areas, there are still some single trees anldings included, nevertheless the normal
distribution based on the NMAD is not a bad desmip of the frequency distribution. This
becomes better if the DSM is filtered to a DEM (&weft). In this case the normal distribution
based on the NMAD and shifted by the bias fitsségtig to the frequency distribution of the
discrepancies. The normal distribution based om&¥not shifted by the bias does not describe the
frequency in a satisfying manner.

RMSZ | bias SZ NMAD
SRTM 5.07 | 2.05| 4.63 411
DSM
Open area 456 3.76 2.59 1.91
Open +| 4.83 | 447, 1.84 1.59
filtered

Table 3: accuracy figures for SRTM DHM Warsaw [m]
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The large values for the accuracy figures in t&bkre caused by small forest parts. For the open
area there is still a larger discrepancy betweermiSZ NMAD, which becomes smaller in the case

of filtered height data. In general the relativéghé accuracy of the SRTM-data in the Warsaw test
area are very good.

SRTM X-band

As mentioned, in addition to the height model basedhe SRTM C-band, which is available free
of charge in the internet, based on the Germate8RTM X-band also height models have been
generated and are available via the WEB (http://wdivde/dIr/en/desktopdefault.aspx/tabid-
10080/150_read-817/) now also free of charge. TRENS X-band DSM by theory should be more
precise as the SRTM C-band DSM, but the C-band D¥khost cases is not only based on one
height model, it uses the average height based llomvailable models. By this reason the
investigated X-band height models have nearly #mesaccuracy as the C-band height models
(Jacobsen 2005). Nevertheless the SRTM X-band hemgliel is available with 1 arcsec point
spacing which is an important advantage agains3 tresec of the SRTM C-band DSM.

REFERENCE 3D

Large parts of the world are covered by Referemzebdsed on SPOT 5 HRS stereo models (figure
20). They are not free of charge, but have the @dga of a point spacing of 30m, partially
distributed with 20m spacing. Within the ISPRS estific assessment of height models based on
SPOT 5 HRS has been made (Baudoin et al. 2004) slatails are presented in Jacobsen 2004.
The orientation accuracy of the SPOT 5 HRS steredets not supported by GCP is in the range of
RMSZ=5m to 9m. The root mean square height diffeesrafter bias correction for open areas is in
the range of SZ=5m to 6m; that means it is clostnéoresults of the SRTM DSM. But the better
point spacing has some advantages for the resol@o the other hand SPOT 5 as well as the HRS
sensor has a spectral range from 0.48um up to M7ABavelength that means only the very first
part of infrared is included, causing problems forage matching in forest areas where the
dominating reflection is in the infrared range. KR8 DSM in a forest area in Turkey demonstrated
that in such areas a gap filling by SRTM 1 arcssa ¢ made (Buyuksalih, Jacobsen 2008); reverse
several SRTM gaps have been filled with HRS DSMs.

Figure 20: Coverage by Reference 3D and SPOT-5 iHR§es
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Figure 21: Frequency distribution of Reference BDpen areas, test field Black Sea

The frequency distribution of the height discrepasan the test area Black Sea (figure 21) has the
typical shape. In the open areas the distributidh@ height discrepancies is expressed very well b
the normal distribution based on NMAD. In this c&sference 3D has a very good accuracy in the
open areas of SZ=3.1m and NMAD=2.5m, even LE9Ohesel.5m. With 0.59m the bias of this
height model is limited. As it is also shown inurg 21, Reference 3D is filtered for large
discrepancies, so the normal distribution of Refeee3D data usually does not show a higher
number of larger discrepancies as it is the casetfeer height models.

CARTOSAT-1

As shown by figure 22, nearly the whole world ive@d by Cartosat-1 stereo pairs. In some areas
(red in figure 22) several Cartosat-1 stereo paesavailable for the same area.

el .

e

E\Users\P5_Coverage\P5_coverage Kategorienpg

General availability of suitable stereo data - new acquisitions necessary for area-wide products ¢ 230 5000 10.000
T

Kilometers
I: Good stereo data availability for area-wide products - small gaps can be filled with new acquisitions

- Very good stereo data availability for area-wide products - no new acquisitions required Status: 08.2012

Figure 22: coverage by Cartosat-1 stereo scenes
72



Cartosat-1 has 2.5m GSD, corresponding to thissyiséem accuracy as usual is one GSD in the
height, corresponding to SZ=2.5m or NMAD 2.2m. HBystem accuracy is available for open and

flat areas and a scene orientation based on groonttol points. For usual terrain the standard

deviation is in the range of 4m. The accuracy efdhrect sensor orientation of Cartosat-1 everr afte

calibration is not better as 100m. If no groundtoapoints are available, Cartosat-1 height models
can be geo-coded by means of the SRTM-height mdtiel.absolute accuracy of the SRTM height

model is in the range of 3m (figure 23), satisfyirggy often as reference for other height models.

4m

systematic height errors of SRTM

3m

2m

Tm

Figure 23: systematic height differences of SRTMNDHetermined by height profile points of
ICESat-data source: Intermap

NextMap World 30

The private company Intermap generated with a coatinin of the SRTM DSM with 3 arcsec
spacing, ASTER GDEM-2 with 1 arcsec spacing and BOA0 for the polar regions with 30arcsec
a worldwide height model with 1 arcsec spacing. Bystematic positional errors have been
improved by ICESat height profile points having @ecy in the range of 0.1m up to 0.2m. The
morphologic details of ASTER GDEM2 have been corafiwith the accuracy of the SRTM DSM
improved by ICESat data. The height models have be&ermined for blunders and gaps have been
filled with other data. Meta data include inforioatabout the used input data. Intermap specifies
the NextMap World 30 DSM in the average with 5mndtxd deviation. Water areas have been
flattened and the height of the oceans is Om.

TanDEM-X Global DEM

The German radar satellite TerraSAR-X has beenclsoh 2007, since 2010 the identical
TanDEM-X is available. Both satellites are flyingee 2011 in a so called Helix configuration with
a base component across the orbit of approximatyn up to 400m (figure 24). This is an optimal
configuration for height determination by Interferetric Synthetic Aperture Radar (INSAR).
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Figure 24: Helix orbit configuration of TanDEM-X

The first coverage of the whole world by TanDEM-Xslbeen completed, now a second coverage is
flown together with a repeated coverage in difti@reas as mountains and densely built up areas.
With the repeated coverage the bottle neck of rbegdayover shall be reduced.

The TanDEM-X Global DEM is specified with an abdeliheight accuracy LE90 < 10m and a
relative accuracy within the tiles of 1° x 1° of @& < 2m, corresponding to RMSZ < 6m and SZ <
1.2m for terrain with inclination below 20%. Forr@n with an inclination above 20% LE90 is
specified with 2.4m. The grid spacing will be Ord¢sec, corresponding to 12m at the equator. On
special request FDEM and HDEM are offered withd&@&ec spacing (6m at the equator).

As usual with the X-band radar a DSM will be getetla— the X-band radar only penetrates the
vegetation slightly depending upon the incidenagef(figure 25).
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Figure 25: Penetration of X-band radar into can@pghe et al. 2012)

RESOLUTION OF HEIGHT MODELS

The accuracy of a height model is the dominatintgga, but it is not the only one. For several
applications the resolution of the DHM is importaResolution is close to the relative accuracy —
the accuracy of one point in relation to the neayeld. The relative accuracy in most cases is better
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as the absolute accuracy because it is not depeangden a bias caused by the orientation. The term
relative accuracy has to be specified in detad # relative within one scene or is it relativatjin
relation to neighbored points (figure 25). Figuré@ €hows, that directly neighbored points of
ASTER GDEMZ2 in the test area Jordan have a stargfan@tion in height of 2.87m, while with 10
points distance (approximately 290m) the relatiemdard deviation with 4.48m is not so far away
from SZ=4.88m for the whole scene.
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Figure 26: Relative standard deviation of Aster G2Ein test area Jordan Horizontal: point
distance [0.1 arcsec] Vertical: relative standdadiation [m]

Visually the relative accuracy can be seen withdéils of contour lines. Figure 27 demonstrates
the resolution of the different height models wathpart of the test area Zonguldak. The reference
model has 10m point spacing, showing any detdiscbntour lines of the SRTM X-band data with
effective 27m spacing are not far away from thise ASTER GDEM2 corresponds to this, while
the first version of ASTER GDEM does not show tlegads, it corresponds with the details of the
contour lines to SRTM C-band with approximately 8@uint spacing. Of course with the
GMTED2010, having 201lm point spacing, the contoned are quite more generalized, but it
cannot be compared with the old GTOPO30 having 8@pacing and a lower accuracy. The
obvious improvement of the ASTER GDEM-resolutiomliso stated in Tetsushi et al. 2011.
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Figure 27: contour lines based on different herghtlels

CONCLUSION

The shown investigation demonstrates that it ispossible to explain the accuracy of the nearly
worldwide covering height models just with one figu The accuracy depends beside the
specification of the accuracy upon the charactesisof the test areas, especially the terrain
inclination and roughness as well as the coverggerest, because most of the height models are
digital surface models with the height of the Visiburface and not the bare ground. In the used tes
areas the worldwide GMTED2010 is dominated by SRA&hts, leading to similar accuracy of
the included height points. ASTER GDEM2 has beepraved against the first version of ASTER
GDEM especially with the relative accuracy, clearyproving the resolution. Also the absolute
location in all three coordinate components isdrethut the relative standard deviation of height
within the scenes is on the same level. The gépdibf the SRTM height models did not play an
important role for all used test areas, so no adérence between the first SRTM-version and the
actual one has been identified. In general the SR€Mht models are more accurate as the height
models based on ASTER, but the GDEM2 now has algleatter resolution, fitting to the spacing
of 1 arcsec as SRTM C-band DHM available only vdtarcsec point spacing. The SRTM X-band
DHM, available only for parts, has advantages ajaBDEM?2 — it has the same resolution but a
higher accuracy. SPOT reference 3D is on a sinat&uracy level as SRTM but is not so much
affected by large errors. In dense forest areaseference 3D no money should be spend for SPOT
reference 3D because there it is dominated by SRé&ights used for gap filling. NextMap World
30 combines advantages of SRTM and ASTER GDEM2thegevith an improved orientation, but

it is not free of charge. In 2014 with the TanDEMs¥obal DEM we will have a clear improvement
against the existing large area covering DHM basedpace information with the resolution and
the accuracy. Nevertheless individual height modelsed on very high resolution space images
with 0.5m GSD are with the system accuracy of 18DGor the height still better, but the
generation is more expensive.

The planned use of the height models is importantHe selection of the accuracy figures shown
above — it is possible to respect / determine liifessn X, Y and Z and shall a DSM be used or are
only the open areas important. In addition theatarinclination plays an important role. For the

76



description of the terrain itself the accuracy lbysinterpolation, dominated by the point spacing
and the terrain roughness, has to be respected.
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