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Abstract

In the past decade, significant advances in global elevation modelling have been made
with the release of the space-borne SRTM “Shuttle Radar Topography Mission” and ASTER
“Advanced Spaceborne Thermal Emission and Reflection Radiometer” elevation data sets. Since
a number of applications may rely solely on SRTM and/or ASTER GDEM, it is important to
assess the quality of these DEMs using accurate data and precise techniques as well as finding
simple but applicable approaches to improving these valuable free access DEMs. To doing so,
present study has focused on comprehensive methods include DEM error quantification, DEM
error distribution pattern as well as DEM statistical enhancement model. After LiIDAR, SRTM
and ASTER GDEM data preparation, at the first step, validation of SRTM v4.1 and ASTER
GDEM v.2 have been examined using LiDAR information as truth data. Various visual,
empirical, and analytical approaches were used as methods. Determination the impacts of terrain
characteristics on SRTM and ASTER GDEM DEMs error distribution was next stage which
have been done using determination of slope and aspect effects on DEM error distribution
pattern in study area. Subsequently, techniques for SRTM and ASTER GDEM enhancement
have been investigated by testing varied interpolation approaches on output DEM’s quality.
Regression model as a next method have been applied on interpolated DEMs for acquiring
better-enhanced results. Finally, to evaluate the effects of improvements approaches on SRTM
and GDEM, quantification of DEM errors was done again, and amount of RMSE and statistical
parameters was calculated for enhanced SRTM and ASTER GDEM. To sum up, Results could
showed us, despite last version of ASTER GDEM has finer pixel size and its validation team
claims its vertical accuracy is near to 17 meter (while for our case study 28 meter), still SRTM
has better quality and is more reliable than GDEM. Improved RMSE of near 15 m versus 28
meter in original data for ASTER GDEM and 10 Meter opposite 19 meter for SRTM were the

results of DEM enhancement in this study.
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CHAPTER 1

INTRODUCTION

1.1 Background

Since the 1950s, Digital Elevation Models (DEM) have been widely used in
studying topography (Yang et al., 2003 and Guo, 2005), geomorphology (Sauber et al.,
2005, Gorokhovich and Voustianiouk, 2006), vegetation cover (Kellndorfer et al., 2004
and Simardet et al, 2008), urban development (Gamba et al., 2002), agricultural
practices (Chen et al, 2007) and earthquake hazards (Ganas et al, 2005 and
Cunningham et al., 2006). Because of rapid progress in computer science and space
technology, breakthroughs have been made in DEM data acquisition, storage and
processing (Van Zyl, 2002). As a geospatial data framework of the basic content, DEM
has played a very important role in national spatial data infrastructure and digital Earth
implementation as described by Shang et al. and Wang et al. (2001). (Xiaodong Huang
etal., 2011).



Generally, DEM data sets can be obtained from a range of techniques, such as
ground survey (Kahmen&Faig, 1988), airborne photogrammetric imagery (ASPRS,
1996), airborne laser scanning (LIDAR) (Lohr, 1998), radar altimetry (Hilton et al,
2003) and interferometric synthetic aperture radar (InSAR) (Hanssen, 2001). Quite
often, DEMs are constructed from data sourced from several of these methods and are

thus of variable quality (Hilton et al., 2003).

In the past decade, significant advances in global elevation modelling have been
made with the release of the space-borne SRTM “Shuttle Radar Topography Mission”
(cf. Werner, 2001and Farr et al, 2007) and ASTER “Advanced Spaceborne Thermal
Emission and Reflection Radiometer’(METI/NASA, 2011) elevation data sets. The
DEM data from these two space missions cover most of the populated regions of the
world and are publicly available (at no cost) at spatial resolutions of 3 arc seconds for
SRTM (though 1 arc second data are available to the military) and 1 arc second for
ASTER. These new high-resolution data sets considerably improve the knowledge of the
Earth’s surface in developing regions with poor geospatial infrastructure. However,
benefit can also be gained in countries with dense forest regions which hard to surveying
elevation data such as Malaysia. For such countries, SRTM and ASTER are containing

useful supplementary or alternative elevation data sets (C. HIRT et al., 2011).

Although these DEMs provide clear and detailed renditions of topography and
terrain surfaces, these depictions can lure users into a false sense of security regarding
the accuracy and precision of the data. DEM data, like other spatial data sets, are subject
to error (USGS, 1997; Monmonier, 1991 and Wright, 1942).Normally potential errors,
and their effect on derived data and applications based on that data, are often far from

users’ consideration.

DEM errors (the departure of a given elevation from truth) have been well

documented in the literature (Pike, 2002). DEM errors are generally categorized as



either systematic, blunders or random (USGS, 1997). Systematic errors result from the
procedures used in the DEM generation process and follow fixed patterns that can cause
bias or artifacts in the final DEM product. When the cause is known, systematic bias can
be eliminated or reduced. Blunders are vertical errors associated with the data collection
process and are generally identified and removed prior to release of the data. Random
errors remain in the data after known blunders and systematic errors are removed.
Sources of DEM errors have been described in detail, (Burrough, 1986; Heuvelink,
1998; Pike, 2002 and Wise, 1998). Error sources have been summarized as (a) data
errors due to the age of data, incomplete density of observations or spatial sampling; (b)
processing errors such as numerical errors in the computer, interpolation errors or
classification and generalization problems; and (c) measurement errors such as
positional inaccuracy (in the x and y directions), data entry faults, or observer bias

(Wechsler, 2003).

Since a number of applications may rely solely on SRTM and/or ASTER DEMs,
it is important to assess the quality of these data, i.e., how well does the DEM
approximate the shape of the Earth’s surface? Quality of elevation data is commonly
expressed in terms of vertical accuracy. It can be determined using comparison data that
should be based on accurate and independent methods, such as (terrestrial) topographic
surveys, airborne laser scanning or photogrammetric techniques, allowing truly external

and independent validation ( Wechsler SP, 2006).

A technique attracting increasing attention for its ability to provide precise and
accurate ground and canopy top elevations, as well as its efficacy for validating remote
sensing data sets, such as those provided by the SRTM is LiDAR remote sensing.
LiDAR is an active remote sensing technique similar to radar, utilizing a focused pulse
of short-wavelength (1064 nm) laser light. This short pulse (typically 5 to 10 ns at Full
Width Half Maximum (FWHM)) is fired towards the Earth where it is reflected off
various surfaces such as branches, leaves, and the ground before returning to the sensor.

The time of flight of the laser pulse is measured and provides the range from the



instrument to the reflecting surface. The combination of this range measurement with the
position and pointing of the sensor allows the laser footprint to be geolocated (Hoftonet
et al.,, 2000). Because the laser pulse emitted by the system is extended in time and
space, and interacts with a vertically extended object, such as canopy, the return pulse is
extended. The majority of existing sensors is small footprint (_1 m wide) and records the
range to one or multiple ambiguous reflecting surfaces on the ground. Such systems
provide a wealth of data for validation of other remote sensing data sets such as those

provided by the SRTM and GDEM.

1.2 Statement of problem

SRTM and ASTER GDEM as open access digital elevation models (DEM)
provide basic information on heights of the Earth’s surface and features upon it.
Existence of different uncertainties like horizontal shift, elevation offset, horizontal
resolution, voids, artifacts and so on cause users faced with many ambiguous when using
these open access DEMs almost knowing about their quality and relevant accuracy at
various land cover including different landuse, range of relief landforms are main issues
in using these free data. There is no map of showing their accuracy in individual areas
like tropical countries same as Malaysia with dense forests and vegetation cover and no
comprehensive study for preparing specific framework to showing different accuracy in
specific land covers zones. Little is known about error propagation in open-access
DEMSs through the primary terrain derived attributes such as slope and aspect. In this
study we have been examined the accuracy of SRTM and ASTER GDEM with LiDAR
dataset as ground truth data using wide range of statistical approaches in various relief
landform to investigate amount of error and relevant accuracy and the form of

distribution errors in study areas.



Malaysia is a country, which is covered by dense forest in most regions. This
condition is one of the problematic factors in using active remote sensor instruments in
surveying ground data from the earth, cause led to removing the chance of wave
penetrating through the trees. The digital elevation models (DEMs) produced by the
Shuttle Radar Topographic Mission (SRTM) and Advanced Spaceborne Thermal
Emission and Reflection Radiometer(ASTER) are formally DSMs, as they provide
heights of surface features and includes the heights of vegetation, buildings and other
surface features, and only gives elevations of the terrain in areas where there is little or
no ground cover. DEM corrections and modification about removing surface effects
from DSM to achieve DTM is another problem that need to be accomplished after
primary assessment and before any data train analysis. (DTM usually refers the physical
surface of the Earth, i.e., it gives elevations of the bare ground (terrain)). Every specific
approach has its own advantages and disadvantages for example using filter for
removing noises could help to smooth some high artificial area but could change other
values to unreal. Using Fusion of DEM approach that reduces the errors and can
improve near expected values is another approach but that is sometimes rather moderate.
Knowing about simple and applicable approaches, which any one can use, is another

problem that has been considered in this study.

1.3 Objective of study

This research is focused on accuracy assessment of SRTM and ASTER GDEM
Digital Elevation Models in Kluang area at south of Malaysi by using LiDAR dataset as
a ground truth data and Geostatistial techniques as method. In fact specific objectives of

this study are classified as following:

o To validate SRTM and ASTER GDEM based on LiDAR referenced points as

control truth data.



o To determine the impacts of terrain characteristics on SRTM and GDEM DEMs
error distribution.

o To enhance SRTM and ASTER GDEM accuracy and quality using statistical
approaches.

o To quantify the effects of improvement approaches on DEMs accuracy.

14 Scope of the study

The scopes of the present study are to determine the quantity and quality of
SRTM and ASTER GDEM as two open access sources of Digital Elevation Model using
GIS and statistical techniques in three areas of variable relief: High, Median and Low
relief at Kluang in State of Johor, Malaysia. Different statistical methods have been used
to achieve different amounts of errors in study areas. Assessment and also consideration
the effects of terrain parameters includes different types of slope and aspect classes on
distribution of error in SRTM and ASTER GDEM digital elevation models is

comprising next scope of this study.

By doing enhancing and modifying statistical approaches on DEMs and
recognition of its restriction and possibly solving them, it is possible to get results that
are more accurate from hydrological model. Finding the best method for removing the

effects of ground features to improve DEMs data is another scope of this study.

Among different input parameters for finding reliable values from hydrological model,
Digital Elevation Model (DEM) is one of the main important factors that its accuracy
and quality can effect on preciseness of other parameters extracted from DEM like
slope. Investigation of amount of DEMs error on slope accuracy is last scope of present

study.



Generally, in this research ArcGIS plus SPSS used to prepare data and simulate
the amounts of SRTM and GDEM errors in Kluang region as study area. Then, results
will be comparing to LIDAR dataset as control point. Analyses in this procedure help to

find effective parameter to generate the errors stud area.

1.5  Significance of the Study

(a) Present study can be used as a reference, which include introduction of various

statistical approaches on quantifying digital elevation errors.

(b) The results of regression equations include DEM enhancement can generalized

to other places of Malaysia to improve SRTM and ASTER GDEM quality.

(c) Findings of this analysis maybe used as resources to determine the relevance of a

particular DEM datasets in varied relief terrain.

1.6 Site Description

In order to evaluate the accuracy of the models over a wide range of vertical
relief terrain one of the sub basins of Selai watershed was selected as study area. Basin
selected is located in Kluang district in the state of Johor at the southern part of Malaysia
in South-East of Asia with basin centroid occurring at latitude: 243421.7 and longitude:
606381.18. Study area is the most forest type rich area of Kluang and its area has been
estimated at 31.4 KM2. Elevations range from over 8 m above sea level at northern part
and ranges to under 440 m at southern part of basin. Surface drainage within the basin

varies and distribute in whole of area. Figure 1 illustrates the location and hydrology of



selected basin. Table 1.1 shows the position of selected study area by X and Y at RSO
KERTAU Projection system

Table 1.1: location of selected regions in Kluang, Johor, Malaysia

] Longitude Latitude
Type of site selected
X) (Y)
609415 247854

Basin

603380 239509
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Figure 1.1  The location of site selected regions with three different vertical relief

terrains in Kluang - Johor, Malaysia



REFERENCES

86



87

Arrell, K.E (2002). Predicting glacier accumulation area distributions. Unpublished Ph.D. in
Geography. University of Durham, 383 pp.

ASPRS (1996).Digital Photogrammetry — An Addendum to the Manual of
Photogrammetry (ed. C. Greve).Publication of the American Society for Photogrammetry and
Remote Sensing.Maryland.Kahmen H. &Faig W. 1988.Surveying. W. de Gruyter, Berlin, New
York.Lohr U. 1998.Digital Elevation Models by Laser Scanning. Photogrammetric Record
16(91), 601 105-109.

ASTER GDEM Validation Team, (2011). “ASTER Global DEM Validation Summary
Report”. METI & NASA, 28 p.

ASTER Validation Team (2009).ASTER global DEM validation summary report.the
ASTER GDEM Validation Team: METI, NASA and USGS incooperation with NGA and other

colloborators. June 2009, 28 pages. Available online: https://Ipdaac.usgs.gov (accessed on

28.07.2009).

Bamler, R (1997). Digital terrain models from radar interferometry. In: Fritsch, D.,
Hobbie, D. (Eds.), Photogrammetrische Woche. Wichmann, Heidelberg, pp. 93—105.

Beek EG, Stein A, Janssen LLF.(1992). Spatial variability and interpolation of daily
precipitation amount.Stochastic Hydrology and Hydraulics6:304-320.

Bishop, T.F.A., Minasny, B (2005). Digital soil-terrain modelling: the predictive
potential and uncertainty. In: Grunwald, S. (Ed.), Environmental Soil-Landscape Modeling:

Geographic Information Technologies and Pedometrics. CRC Press, Boca Raton, FL, pp. 185—
213.

Bolstad P V and Stowe T (1994). An evaluation of DEM accuracy: Elevation, slope, and
aspect.Photogrammetric Engineering and Remote Sensing 60: 1327-32.

Bolstad, Paul (2002). GIS Fundamentals: A First Text on Geographic Information
Systems, 1st. ed. White Bear Lake, MN: Eider Press.

Brad Jordan Gamett (2010) An Accuracy Assessment of Digital Elevation Data and
Subsequent Hydrologic Delineations in Low Relief TerrainMaster of Science.ldaho State

University.



88

Brown, D.G., Bara, T.J (1994). Recognition and reduction of systematic error in
elevation and derivative surfaces from 7 1/2-minute DEMs.Photogrammetric Engineering and

Remote Sensing 60 (2), 189—194.

Burrough, P. A.,(1986).Principles of Geographical Information Systemsfor Land
Resources Assessment.Oxford University Press, NewYork, NY, 194 p.

Burrough, P.A., McDonnell, R.A (1998). Principles of Geographical Information
Systems.Oxford UniversityPress Inc., New York, 333 pp.

C.HIRT, M.S. FILMER , W.E. FEATHERSTONE (2011).Comparison and validation
of recent DEMs over Australia.Western Australian Centre for Geodesy & The Institute for
Geoscience Research. 8 Curtin University of Technology, GPO Box U1987, Perth WA 6845,
Australia.

Canters F, De Genst W, and Dufourment H(2002). Assessing effects of input uncertainty
in structurallandscape classification. International Journal of Geographical Information Science

16: 129-49.

Carrara A, Bitelli G, and Carla R (1997).Comparison of techniques for generating digital
terrainmodels from contour lines. International Journal of Geographical Information Science

11:451-73.

Chang CL, Lo SL, Yu SL. (2005). Applying fuzzy theory and genetic algorithm to
interpolate precipitation.Journal of Hydrology 314:92—-104.

CHEN, Q.G., ZHANG, J. andYANG, L.N., (2007).GIS description of the Chinese
ecotone betweenfarming and animal husbandry.Journal of Lanzhou University (in Chinese), 43,

pp-24-28.

Chirico, Peter G. ( 2004), An Evaluation of SRTM, ASTER, and Contour Based
DEMsin the Caribbean Region, In URISA 2004 Caribbean GIS Conference, September13-17,
Sherbourne Conference Centre, Barbados [Proceedings], p.209-219. Retrieved on June 6, 2008

online at:http://geology.er.usgs.gov/eespteam/terrainmodeling/Pete's%20publications/chiric o_urisa2004.pdf..

CUNNINGHAM, D., GREBBY, K.T., GOSAR, A. andKASTELIC, V., (2006).

Application of airborneLiDAR to mapping seismogenic faults in forested mountainous terrain,



&9

southeasternAlps, Slovenia. Geophysical Research Letters, 33, 1.20308, doi:
10.1029/2006GL027014.

De Bruin S and Bregt A (2001).Assessing fitness for use: The expected value of spatial

data sets./nternational Journal of Geographical Information Science 15: 457-71.

Denker H.(2004). Evaluation of SRTM3 and GTOPO30 Terrain Datain
Germany.GGSM 2004 |AG International Symposium Porto, Portugal (ed. C. Jekeli et al.),
Springer, Heidelberg: 218-223.

Ehlschlaeger C R and Shortridge A. (1997). Modeling elevation uncertainty in
geographical analyses.In Kraak M J and Molenaar M (eds) Advances in GIS Research:
Proceedings of the Seventh International Symposium on Spatial Data Handling. London, Taylor
and Francis:585-95.

Environmental Systems Research Institute “ESRI”(2010). ARC/GIS User’s
Guide.Environmental Systems Research Institute.Redlands, CA, USA.

Evans I S (1972).General geomorphometry, derivatives of altitude, and descriptive

statistics. In Chorley R J (ed) Spatial Analysis in Geomorphology. London, Methuen: 17-90.

Federal Geographic Data Committee (1998). Geospatial Positioning Accuracy Standards
Part3: National Standard for Spatial Data Accuracy. Retrieved on July 5, 2008 online at,

http://www.fgdc.gov/standards/projects/FGDC-standardsprojects/ accuracy/part3/chapter3

Farr, T.G., Rosen P.A., Caro E., Crippen R., Duren R., Hensley S., Kobrick M., Paller
M., Rodriguez E., Roth L., Seal D., Shaffer S., Shimada J., Umland J., Werner M., Oskin M.,
Burbank D. andAlsdorf D,(2007). The Shuttle Radar Topography Mission. Rev. Geophys. 45,
RG2004, doi:10.1029/2005RG000183.METI/NASA 2009.4STER Global Digital Elevation
Model by Ministry of Economy, Trade and Industry of Japan (METI) and the National
Aeronautics and Space Administration (NASA) Available at:
http://asterweb.jpl.nasa.gov/gdem.asp

Fisher P (1998). Improved modelling of elevation error with
geostatistics.Geolnformatica 2: 215-33Foody G M 2003 Geographical weighting as a further
refinement to regression modelling: Anexample focused on the NDVI-rainfall relationship.

Remote Sensing of Environment 88:283-93.



90

Fisher, P.F., Tate, N.J (2006). Causes and consequences of error in digital elevation

models. Progress inPhysical Geography 30 (4), 467—489.

Foody G M(2003).Geographical weighting as a further refinement to regression
modelling: An example focused on the NDVI-rainfall relationship. Remote Sensing of

Environment 88:283-93.

Fowler, a., Samberg, A., Flood, M. and Greaves, T (2007).Topographic and Terrestrial
Lidar. In Maune, D. F., ed., Digital Elevation Model Technologies and Applications: The DEM
Users Manual, (2nd edition). Bethesda, Md.: American Society for Photogrammetry and

Remotesensing.

Frederic.happi.mangoua - usherbrooke.ca, Kalifa.Goita - USherbrooke.ca,(2009).A
COMPARISON BETWEEN CANADIAN DIGITAL ELEVATION DATA (CDED)AND
SRTM DATA OF MOUNT CARLETON IN NEW BRUNSWICK (CANADA).Centre
d’Applicationset de Recherches en Télédétection (CARTEL), Université de Sherbrooke,2500
Boulevard de 1’Université, Sherbrooke, Québec, J1K 2R1 Canada.

GAMBA, P., DELL’ACQUA, F. andHOUSHMAND, B., (2002).SRTM data
characterization in urbanareas./nternational Society for Photogrammetry and Remote Sensing

Commission III,Symposium 2002, 9-13 September, Graz, Austria, pp. 2004—-2008.

GANAS, A., PAVLIDES, S. andKARASTATHIS, V.,(2005).DEM-based morphometry
of range-frontescarpments inAttica, central Greece, and its relation to fault slip

rates.Geomorphology,65, pp. 301-319.

Gao J (1997). Resolution and accuracy of terrain representation by grid DEMs at a

micro-scale.International Journal of Geographical Information Science 11: 199-212.

Garbrecht, J.,Martz, L.W (1997). The assignment of drainage direction over flat surfaces
in sterdigitalelevation models. Journal of Hydrology 193 (1-4), 204-213.

Garcia, V. C. (2004). Using GIS and LiDAR to Map Headwaters Stream Networks in the
Piedmont Ecoregion of North Carolina.Master’s Thesis.North Carolina State University.

Gemmer M, Becker S, Jiang T.( 2004). Observed monthly precipitation trends in China
1951-2002.Theoretical and Applied Climatology77:39-45.



91

Gesch, D. B (2007).The National Elevation Dataset. Topographic and Terrestrial
LiDAR. In Maune, D. F., ed., Digital Elevation Model Technologies and Applications: The DEM
Users Manual, (2nd edition). Bethesda, Md.: American Society for Photogrammetry and Remote

Sensing.

Giles P T and Franklin S E (1996).Comparison of derivative topographic surfaces of a
DEM generated from stereoscopic SPOT images with field measurements. Photogrammetric

Engineeringand Remote Sensing 62: 1165-71.

GOROKHOVICH, Y. and VOUSTIANIOUK, A., (2006). Accuracy assessment of the
processed SRTMbasedelevation data by CGIAR using field data from USA and Thailand and

itsrelation to the terrain characteristics. Remote Sensing of Environment, 104, pp. 409—413.

GUO, L.Z., (2005). A study of the Hill shading maps based on 1:250 000 DEM database
of China.Bulletin of Surveying and Mapping (in Chinese), 9, pp. 41-43.

Guth P. (1992). Spatial analysis of DEM error. In Proceedings of theASPRS/ACSM
Annual Meeting, Washington D.C., 187-96.

Hebeler F and Purves RS (2009) The influence of elevation uncertainty on derivation of

topographic indices. Geomorphology 111: 4-16.

Hengl T., Gruber, S., Shrestha, D.P (2003).Digital Terrain Analysis in ILWIS. Lecture
Notes. Internationallnstitute for Geo-Information Science & Earth Observation (ITC).Enschede,

56 pp.

Hengl, T., Reuter, H.I. (Eds) ( 2011). Developments in Soil Science vol 33,
Elsevier.Geomorphometry: Concepts, Sofiware, Applications., 796 p.

Heuvelink, G., Burrough, P., and Stein, A.,(1989).Propagation of errors in spatial
modeling with GIS.Int. J. Geogr. Inf. Sci., 3, 303-322,

Hilton R.D., Featherstone W.E., Berry P.A.M., Johnston C.P.D and Kirby J.F.
(2003).Comparison of digital elevation models over Australia and external validation using
ERS-1 satellite radar altimetry.Australian Journal of Earth Sciences 50(2): 157-168. doi:
10.1046/j.1440- 0952.2003.00982.xHanssen R.F. 2001. Radar interferometry: Data

Interpretation and error analysis. Springer, New York.



92

Hirano A, Welch R, and Lang H, (2003).Mapping fromASTER stereo image data: DEM
validation and accuracyassessment.ISPRS Journal of Photogrammetryand Remote Sensing 57:
356-370.

Hirt C, Filmer MS and Featherstone WE( 2010). Comparison and validation of the
recent freely available ASTER-GDEM verl, SRTM ver4.1 and GEODATA DEM-9S ver3

digital elevation models over Australia.Australian Journal of Earth Sciences, 57(3):337-347.

Hofer, M., Sapiro, G., Wallner, J (2006).Fair polyline networks for constrained
smoothing of digitalterrain elevation data. [EEE Transactions on Geoscience and Remote

Sensing 44 (10), 2983-2990.

Holmes KW, Chadwick OA, and Kyriakidis PC (2000).Error in a USGS 30-meter
elevation model and its impact on terrain modeling.Journal of Hydrology 333: 154—173.

HosseinArefi, Peter Reinartz(2011). Accuracy Enhancement of ASTER Global Digital
Elevation Models Using ICESat Data. Remote Sensing Technology Institute;German Aerospace
Center(DLR), D-82234 Wessling, Germany; doi:10.3390/rs3071323.

Huff, C. and Noll G. (2007).Sonar.In Maune, D. F., ed., Digital Elevation Model
Technologies and Applications: The DEM Users Manual, (2nd edition). Bethesda, Md.

American Society for Photogrammetry and Remote Sensing.

Hunter G J and Goodchild M F (1997).Modeling the uncertainty of slope and aspect
estimates derived from spatial databases. Geographical Analysis 29: 35-49.

Hutchinson, M. F. (1988). Calculation of hydrologically sound digital elevation
models.Third International Symposium on Spatial Data Handling at Sydney; Australia.

Hutchinson, M. F. (1989). A new procedure for gridding elevation and stream line data

with automatic removal of spurious pits.Journal of Hydrology, 106: 211-232.

Hutchinson, M. F. 1993. Development of a continent-wide DEM with applications to
terrain and climate analysis./n Environmental Modeling with GIS, ed. M. F. Goodchild et al.,
392-399. New York: Oxford University Press.

Hutchinson, M. F., and T. I. Dowling(1991).A continental hydrological assessment of a
new grid-based digital elevation model of Australia.Hydrological Processes 5: 45-58.



93

Jenson, J. R. (2000). Remote Sensing of the Environment. An Earth Resource

Perspective. Dehli, India: Sanat Printers.

Josephat Karumuna Kyaruzi, (2005). Quality assessment of DEM from radargrammetry
data quality assessment from the user perspective. Master of Science in Geoinformatics.
International institute for Geoinformation science and earth observation. Enschede ; The

Netherlands

KELLNDORFER, J., WALKER, W., PIERCE, L., DOBSON, C., FITES, J.A.,
HUNSAKER, C., VONA,J. and CLUTTER, M., (2004).Vegetation height estimation from
shuttle radar topographymission and national elevation datasets.Remote Sensing of Environment,

93, pp. 339-358.

Kervyn, M., Goossens, R., Jacobs, P. & Ernst, G.G.J. (2006).Mapping volcano.Remote
Sensing of Environment15: 657-857.

Koch, A., &Lohmann, P, (2000). Quality assessment and validation of digitalsurface
models derived from the shuttle radar topography mission (SRTM).Proceedings, IAPRS, Vol.
XXXIII, Amsterdam, 2000.

Kyriakidis P C, Shortridge A M, and Goodchild M F (1999).Geostatistics for conflation
and accuracyassessment of digital elevation models./nternational Journal of Geographical

InformationScience 13: 677-707.

Lee, 1., Chang, H., and Ge, L. (2005).GPS Campaigns for Validation of InSAR Derived
DEMs.Journal of Global Positioning Systems;Vol 4, No. 1-2, pp. 82-87.

Leica Geosystems GIS & Mapping (2003).Leica Photogrammetry Suite
OrthoBASE&OrthoBASEProUser’s Guide.Leica Geosystems GIS & Mapping, Atlanta, 481 pp.

Li, Z (1988). On the measure of digital terrain model accuracy.Photogrammetric Record

12, 873-877.

Li, Z (1992).Variation of the accuracy of digital terrain models with sampling interval.

Photogrammetric; Record 14, 113—128.

Lopez C (2002). Improving the accuracy of photogrammetrically derived DEM.

International Journalof Geographical Information Science 16: 361-75.



94

Maidment, D.R., (2002). Arc Hydro; GIS for Water Resources. Environmental

Maune, D. F., Kopp, M. K., Crawford, A. C., &Zervas, C. E. (2007).Digital Elevation
Model Technologies and Applications: The DEM User’s Manual (2x4 Ed.). Bethesda, Maryland.

American Society for Photogrammetry and Remote Sensing.

McDermid G J and Franklin S E (1995).Remote sensing and geomorphometric
discrimination of slope processes. ZeitschrififiirGeomorphologie 11: 165-85.

Monckton C(1994).An investigation into the spatial structure of error in digital elevation

data.InWorboys M F (ed) Innovations in GIS 1, Taylor and Francis: 201-11. London.

Monmonier, M., (1991).How to Lie with Maps.The University ofChicago Press.
Chicago, Illinois, 207 p.

N. Gonga-Saholiariliva,Y. Gunnell,C. Petit,C. Mering(2011) Techniques for quantifying
theaccuracy of gridded elevation models and for mapping uncertainty in digital terrain
analysis.Progress in Physical Geography; DOI: 10.1177/0309133311409086 .The online
version of this article can be found at:

http://ppg.sagepub.com/content/early/2011/07/13/0309133311409086.

Ordnance Survey (1992). 1:50,000 Scale Height Data User Manual. Ordnance Survey,
Southhampton.Oreskes, N., Shrader-Frechette, K., Belitz, K., 1994.Verification,validation and

confirmation ofnumerical models in the earth sciences. Science 263, 641-646.

Pfeifer, Norbert (2005). A Subdivision Algorithm for Smooth 3D Terrain Models./n
ISPRS Journal of Photogrammetry and Remote Sensing, 59 (3), pp.115-127.

Pike, R.,(2002).A Bibliography of Terrain Modeling (Geomorphometry).the
Quantitative Representation of Topography-Supplement 4.0,USGS, 158 pp

Raaflaub, L.D., Collins, M.J (2006). The effect of error in gridded digital elevation
models on theestimation of topographic parameters.Environmental Modeling& Software 21,
710-732.

Rabus, B., Eineder, M., Roth, A., and Bamler, R (2003).The Shuttle Radar Topography
Mission. A New Class of Digital Elevation Models Acquired by Spaceborne Radar, ISPRS
Journal of Photogrammetry and Remote Sensing, 57 (4), pp. 241-262.



95

Reuter H.I, A. Nelson, A. Jarvis (2007). An evaluation of void filling

interpolation methods for SRTM data, International Journal of Geographic.

Reuter, H.I.,, Wendroth, O., Kersebaum, K.-C (2006). Optimisation of relief
classification for differentlevels of generalisation.Geomorphology 77 (1-2), 79-89.

Rodriguez E., Morris C.S., Belz J.E., Chapin E.C., Martin J.M., Daffer W. & S. Hensley
(2005). An Assessment of the SRTM Topographic Products,.Technical Report JPL D-31639, Jet
Propulsion Laboratory, Pasadena, California, 143 pp.

S. Anderson, James A. Thompson, David A. Crouse, Rob E. Austin(2006). Horizontal
resolution and data density effects on remotelysensed LIDAR-based DEM. Geoderma 132, 406—
415;Elsevier.

SAUBER, J., MOLNIA, B., CARABAJAL, C., LUTHCKE, S. andMUSKETT, R.,
(2005). Ice elevationsand surface change on theMalaspina Glacier.4laska. Geophysical Research
Letters, 32,1.23S01; doi: 10.1029/2005GL023943.

Scherzinger, B., Hutton, J. and Mostafa, M., ed. David F. Maune (2007).Enabling
Technologies. Digital Elevation Model Technologies and Applications: The DEM User’s
Manual (2nd Ed.).Bethesda, Maryland. American Society for Photogrammetry and Remote

Sensing.

SHANG, Y.L.,WANG, D.H., JI, J.P., SONG, H.J. and LIU, J.J., (2001). The national
1:250 000 scaletopographic database: establishment and application. Bulletin of Surveying and
Mapping(in Chinese), 10, pp. 29-32.

Shangmin Zhao, Weiming Cheng, Chenghu Zhou, Xi Chen, Shifang Zhang,Zengpo
Zhou, Haijiang Liu &Huixia Chai (2011). Accuracy assessment of the ASTER GDEM
andSRTM3 DEM: an example in the Loess Plateau and North China Plain of China.
International Journalof Remote Sensing, DO1:10.1080/01431161.2010.532176to link to this
article: http://dx.doi.org/10.1080/01431161.2010.532176.

SIMARD, M., RIVERA-MONROY, V.H., MANCERA-PINEDA, J.E., CASTANEDA-
MOYA, E. andTWILLEY, R.R., (2008). A systematic method for 3D mapping of mangrove
forests basedon shuttle radar topography mission elevation data, ICEsat/GLAS waveforms and
fielddata: application to Ciénaga Grande de Santa Marta, Colombia. Remote Sensing
ofEnvironment, 112, pp. 2131-2144.



96

Stephen Wise(2011) Geomorphometry and DEM Error. Department of Geography
University of Sheffield. Sheffield, UK.

Sun Ranhao, Zhang Baiping, and Tan Jing(2008).A Multivariate Regression Model for
Predicting Precipitation in the Daqing Mountains./nternational Mountain Society: DOI:
http://dx.doi.org/10.1659/mrd.0944; URL:
http://www.bioone.org/doi/full/10.1659/mrd.0944Systems Research Institute, Inc., Redlands,

California.
TaherBuyong (2006). Spatial statistics for Geographic Information Science(1st
edition).Skudi ,Johor; University of Technology of Malaysia.

TetsushiTachikawa, Masami Hato, Manabu Kaku,Akira Iwasaki (2011). Characteristics
of ASTER GDEM Version 2./GARRS 2011, Vancouver, Canada.

Theobald D M (1989). Accuracy and bias issues in surface representation. In Goodchild
M F andGopal S (eds);The Accuracy of Spatial Databases. London, Taylor and Francis: 99—106.

Thompson, J.A., Bell, J.C., Butler, C.A (2001).Digital elevation model resolution;
effects on terrainattribute calculation and quantitative soil-landscape modeling. Geoderma 100,

67-89.

TOMISLAV HENGL, HANNES |. REUTER(2009). GEOMORPHOMETRY
Concepts,Software,Applications(First edition) .Radarweg 29, PO Box 211, 1000 AE Amsterdam,
The Netherlands Linacre House, Jordan Hill, Oxford OX2 8DP, UK: Elsevier.

Topography with remote sensing: ASTER vs. SRTM (2004).International Journal of U.
S. Geological Survey Federal Standards for Delineation of Hydrologic UnitBoundaries(Version
2.0). Retrieved on May 1, 2007 online at, ftp://ftp-
fc.sc.egov.usda.gov/NCGC/products/watershed/hu-standards.pdf.

United States Geological Survey (USGS), (1998). Standards forDigital Elevation
Models.National Mapping Program, Reston,VA.

Us Geological Survey (2003).SRTM Water Body Data Set.Web document.
http://edc.usgs.gov/products/elevation/swbd.html (accessed 28.July 2009).

USGS, U.S. Geological Survey (1997). Standards For Digital ElevationModels, Part 1:
General, Part 2: Specifications, Part 3: Quality Control.



97

Van Niel KP, Laffan SW, and Lees BG (2004).Effect of error in the DEM on
environmental variables for predictive vegetation modeling.Journal of Vegetation Science 15:
747 _856.

VAN ZYL, 1.J., (2002). The shuttle radar topography mission (SRTM): a breakthrough
in remotesensing of topography. ActaAstronautica, 48, pp. 559-565.

WANG, D.H,, LIU, J.J., SHANG, Y.L., JI, J.P. and SONG, H.J., (2001). The design and
establishmentof 1:250 000 digital elevation model of China. Bulletin of Surveying and Mapping
(inChinese), 10, pp. 27-30.

Wechsier SP (2003). Perceptions of digital elevation model uncertainty by DEM users.

Urban and Regional Information Systems Association Journal 15: 57-64.

Wechsler SP (2006). Uncertainties associated with digitalelevation models for
hydrologic applications;Areview. Hydrology and Earth System Sciences Discussions3: 2343—
2384.

Wechsler, S. P. and Kroll, C.,(2006).Quantifying DEM Uncertainty and itsEffect on
Topographic Parameters.Photogramm. Eng. Rem. S.,72, 1081-1090.

Weibel R and Briandli M (1995).Adaptive methods for the refinement of digital terrain
models forgeomorphometric applications. ZeitschrififiirGeomorphologie 11: 13-30.

Werner M. 2001.Shuttle Radar Topography Mission.Mission overview.Journal of

Telecommunication 55, 75-79.

Wise, S., (1998).The Effect of GIS Interpolation Errors on the Use of DigitalElevation
Models in Geomorphology, in: Landform Monitoring, Modeling and Analysis. edited by: Lane, S.
N., Richards,K. S., and Chandler, J. H., John Wiley and Sons, 300 p.

Wise, S.M (2000). Assessing the quality for hydrological applications of digital
elevation models derived from contours. Hydrological Processes 14 (11-12), 1909—1929.

Wood J D (1994). Visualising contour interpolation accuracy in digital elevation
models./n Hearnshaw H M and Unwin D J (eds) Visualization in Geographical Information
Systems.Chichester, John Wiley and Sons: 168—80.

Wood I D (1996). The Geomorphological Characterisation of Digital Elevation
Models.UnpublishedPh.D. Dissertation, University of Leicester.



98

Wright, J., (1942). Map makers are human: Comments on the subjectivein maps, The

Geographical Review, 32(4):527-544.

Xiaodong Huang, HongjieXie, Tiangang Liang &Donghui Yi (2011).Estimatingvertical
error of SRTM and map-based DEMs using ICESat altimetry data in the eastern TibetanPlateau,
International Journal of Remote Sensing;32:18, 5177-5196.

Y. Gorokhovich, A. Voustianiouk (2006).Accuracy assessment of the processed SRTM-
based elevation data by CGIAR using field data from USA and Thailand and its relation to the

terrain characteristics.Remote Sensing of Environment104 : 409-415. Elsevier.

YANG, H.Q., LI, N.L. and LI, C.M., (2003). A study of extraction of bone lines from 1:
250 000scale DEM. Bulletin of Surveying and Mapping (in Chinese), 10, pp. 22-23.

Zhang, W., Montgomery, D.R., (1994).Digital elevation model gridsize, landscape

representation, and hydrological simulations. Water Resource, Res. 30, 1019— 1028.





