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Abstract 

A digital elevation model (DEM) represents the bare land surface of the Earth. DEMs are used in a 

wide range of applications, including geological studies, geomorphology, water resources and 

hydrology, evaluation of natural hazards, and vegetation surveys. In recent years, DEMs have 

increasingly been used in geographic information systems (GIS), mainly due to the availability of free 

satellite-based DEMs, some with global coverage. 

The satellite-based DEMs over South Africa provide topographic surface representation but are 

associated with errors, and in recent decades there have been significant efforts to improve accuracy. 

In South Africa, the ground levelling (trigonometrical beacon) data is more capable of representing 

the terrain heights accurately. However, the data points are farther apart, which makes it difficult for 

accurate continuous terrain representation. 

In this research, contributions are made towards the development of an accurate digital elevation 

model from ground and satellite data over South Africa. This is achieved by preparing satellite-based 

DEMs (AW3D30, SRTM, ASTER, TanDEM-X, and MERIT), assessing the quality of the satellite-based 

DEMs, selecting candidate DEMs for fusion, modelling candidate DEM errors, and fusing DEMs. The 

aerial-based DEM from LiDAR is also applied in the assessment of the quality of satellite-based DEMs, 

although this was only possible in selected areas due to a lack of LiDAR data covering the whole of 

South Africa. 

Following removal of outliers from each DEM, a different number of ground levelling data is used in 

the assessment of the DEMs (26364, 25728, 23773, 25967 and 24485) ground levelling points for 

AW3D30, SRTM, ASTER, TanDEM-X and MERIT, respectively. The vertical quality assessment results 

indicate that the standard deviations of the differences between ground levelling and DEMs heights 

are ±5.09, ±7.03, ±9.20, ±4.99 and ±8.36 m for AW3D30, SRTM, ASTER, TanDEM-X and MERIT, 

respectively. In general, the vertical accuracies of the satellite-based DEMs are relatively lower in 

higher areas than in low areas. 

The results of height differences between satellite-based and LiDAR DEMs heights in different 

geomorphological ranges indicate that the AW3D30 and TanDEM-X are better candidate DEMs for 

generating a new DEM over South Africa. Applying a combination of linear regression, multiple 

regression, and adaptive terrain-dependent methods to these DEMs, their vertical accuracies 

improved. The standard deviations of the differences between ground levelling and the improved 

DEMs at 8,657 points over South Africa decreased from ±5.745 to ±4.995 m for AW3D30 and ±5.073 

to ±4.582 m for TanDEM-X. 

A fused DEM was developed from improved AW3D30 and TanDEM-X DEMs using a combination of 

different fusion methods (linear combination, weighted averaging, and simple averaging) over South 

Africa. The fused DEM was assessed using 8,657 ground levelling points over South Africa. The 

standard deviation of the height differences between ground levelling and the fused DEM is ±4.290 

m, indicating the superiority of the fused DEM over all the satellite-based DEMs used in this study. 

The fused DEM can be applied in areas with a slope less than 20° where an accuracy of less than 4.3 

m is achievable. In the steepest areas, it can still achieve better vertical accuracies compared to 

other satellite-based DEMs tested. 
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Chapter One: INTRODUCTION 
 

1.1  Background  

A DEM is one of the basic and most frequently used digital representations of bare earth. Earth 

surfaces are represented by raster or regular grid points with a value representing an elevation. DEMs 

have many applications, including but not limited to view-shed visibility analysis, landscaping, water 

modelling, marine observation, and geological land observation (Singh, 2019; ElSayed and Ali, 2016; 

Tian et al., 2018). In accordance with Yamazaki et al. (2017), DEMs are also important datasets for 

geodetic survey applications, since precise terrain representation is essential in geodetic survey for 

applications such as earthquake motion analysis, flooding overflow modelling, soil erosion prediction, 

and sediment yield prediction. 

Different techniques that vary in production cost, time, sampling density, and pre-processing 

requirements to generate DEMs have been developed. These techniques include ground field surveys 

such as GPS surveys, conventional contour maps, photogrammetry, Airborne Laser Scanning, and 

satellite remote sensing (ElSayed and Ali, 2016). The ground field surveying technique generates DEMs 

with high accuracies, but their applications are restricted to small areas as they are time-consuming 

and costly, especially in mountainous and rugged terrain (Tian et al., 2018). Photogrammetry has 

become a frequently used technique to generate DEMs compared to field ground surveying 

techniques and conventional maps (Gómez et al., 2012). Photogrammetry uses satellite or aerial 

images to generate DEMs, which makes it cheaper and less time-consuming. High resolution and good 

light conditions (cloudless view) are required to achieve better accuracies in photogrammetric 

techniques (ElSayed and Ali, 2016). 

Light detection and ranging (LiDAR) technology generates high precision DEMs but, using this 

technology is also expensive, limiting its application, especially in developing countries (O'Loughlin et 

al., 2016). In developed nations, the LiDAR DEMs cover a small percentage of the earth’s land-surface 

(O'Loughlin et al., 2016). In the past years, satellite remote sensing techniques have provided a quick 

and cheap way for DEM generation. Stereo matching of a pair of optical images (optical stereoscopy) 

and Interferometry Synthetic Aperture Radar (InSAR) images are the most regularly applied satellite 

techniques (Karkee et al., 2008). 

InSAR and optical stereoscopy use different sensing technologies to generate DEM’s. The InSAR 

technique uses two or more SAR images to generate a DEM by taking the phase difference between 

the waves returning to the satellite or aircraft. The optical stereoscopy technique is based on image 

parallax in which a difference in coordinates between conjugate points in two partially overlapping 

images is found, and elevation is extracted based on the image geometry (Karkee et al., 2008). The 

satellite-based DEMs generated either from InSAR or optical stereoscopy are the most used DEMs, 

due to their almost global coverage. Until now, the most popular near-global DEMs include the Shuttle 

Radar Topography Mission (SRTM), TerraSAR-X add-on for Digital Elevation Measurement (TanDEM-

X), ALOS World 3D 30 m (AW3D30) and Advanced Space- borne Thermal Emission and Reflection 

Radiometer (ASTER).  

The DEMs have been used by many scientists for different scientific studies (O'Loughlin et al., 2016). 

Advances in satellite remote sensing techniques over the years have improved the accuracy of terrain 

elevation representation. For example, the 90 m SRTM DEM was the only SRTM DEM that regions 

outside the United States could access freely before 2013. However, 30 m SRTM DEM become freely 
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accessible to everyone thereafter (Jing et al., 2013). Global DEMs, such as ASTER (30 m), TanDEM-X 

(90 m), and AW3D30 (30 m) are also freely accessible, (i.e., they are public).  

As a result of difficulties such as clouds and rain, slanted radar sensing, and shadows when satellites 

acquire data, the InSAR and optical stereoscopic techniques do not produce accurate results. The 

InSAR technique sometimes fails to give a good estimate of elevation due to non-linear distortion of 

the image, temporal decorrelation, layover in images, and atmospheric condition change during the 

acquisitions (Karkee et al., 2008). In some cases, stereo images contain radiometric variation, cloud 

cover, and low levels of texture, which may lead to poor image matching in the optical stereoscopic 

technique. (Weydahl et al., 2005). Due to these challenges, satellite-based DEMs contain many 

observation errors, which cannot be ignored for some applications.  

The satellite-based DEMs are, furthermore, affected by errors such as spatial scale into short-

wavelength speckle noise, medium wavelength strip noise, long-wavelength absolute biases and land 

cover (Yamazaki et al., 2017). According to Rodríguez et al. (2006), the speckle noise is a random error 

with a very short wavelength of pixels and can be noted in a radar image by the grainy salt and pepper 

pattern. The strip noise is a constant height undulation with a wavelength of 500 m to 100 km 

(Tarekegn and Sayama, 2013). According to Yamazaki et al. (2017), the absolute bias is a shift in the 

average elevation over a large domain.  

South Africa has some national DEMs that have been used in scientific research. These include the 

Chief Directorate: National Geo-Spatial Information (CD: NGI) DEM, Stellenbosch University Digital 

Elevation Model (SUDEM), and ComputamapsTM South African Digital Terrain Model (SADTM). The CD: 

NGI DEM is available for free, while the SUDEM and SADTM are available at a cost. The SUDEM is part 

of the efforts being made in South Africa to produce a high-resolution national DEM that reduces 

anomalies in satellite-based DEMs. 

 

1.2  Statement of the problem  

The publicly available free 25 m resolution DEM provided by the CD: NGI produced from hybrid 

methods has limitations. From a preliminary assessment and analysis conducted by the author, the 

DEM does not provide the full coverage of the country, some tiles are missing, and some tiles contain 

pixels with incorrect height information. In addition, the NGI 25 m DEM, when validated using 12,460 

ground levelling (trigonometrical beacon) has a standard deviation of approximately ±4.60 m and 

±5.88 m when validated using 189 LiDAR data, but it has a lot of inconsistencies in terms of coverage 

including missing pixels.  

The LiDAR data available provides a small percentage coverage of the country as it only covers certain 

locations such as the City of Cape Town. As part of the efforts being made to address the issue of 

inconsistencies in terms of coverage and pixels missing, the SUDEM was developed. It has full national 

coverage and reduces anomalies in satellite-based DEMs. The DEM is, however, expensive, and not 

available to the public. 

The South African ground levelling (trigonometrical beacon) data heights have a precision of about ± 

0.1 m and are more capable of representing the terrain height accurately. However, the ground 

levelling data points are farther apart, making it difficult to accurately represent the topographical 

surface over South Africa. A surface or contours interpolated from ground levelling data points 

(trigonometrical beacons) can only represent a topographical surface at an accuracy of ±10 m over 

South Africa. This is because interpolation cannot estimate above maximum or below minimum 
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values, and therefore does not replicate the bare continuous earth surface. This means that there is a 

chance to improve topographic representation in South Africa using satellite- and aerial- based digital 

elevation models. 

The satellite-based DEMs provide an accurate surface replication but are associated with speckle 

noise, strip noise, voids, and vegetation errors, limiting their applications. The results from different 

parts of the world indicate an average vertical accuracy range of ±7 to ±16 m. Now the challenge is 

how to incorporate ground levelling data and satellite-based DEMs to develop a more accurate DEM 

over South Africa that draws from the strengths of the two and reduces errors to improve its 

applications. The intended solution to the problem is to use the ground levelling and LiDAR data to 

model DEM systematic error and use fusion techniques to develop an accurate national DEM for South 

Africa. 

 

1.3  Research objectives 

The main objective of this research is to contribute to the development of a digital elevation model 
with vertical accuracy better than 5 m from ground and satellite data over South Africa. The following 
are the specific objectives. 
 

• To empirically select candidate global DEMs for fusion to develop a more accurate DEM over 
South Africa 
 

• To empirically select the optimal fusion technique(s) and develop a fused DEM for South Africa 
based on freely available DEMs and ground levelling data 

 

1.4 Study area 

The study site is the whole of South Africa, and it is located between latitudes 22⁰ - 35⁰S and longitudes 

17⁰ - 33⁰E. It has an area of approximately 1.22 million km2. The region consists of high, middle, and 

low-level terrain with a mountain height range of up to 3,475 m. The physical features range from 

grasslands, forests, deserts, bushveld, mountain peaks and coastal wetlands. Figure 1 shows the study 

area. 

 

Figure 1: Study area 



 

4 
 

1.5 Thesis outline 

Following this introduction is chapter 2. It starts by discussing the theory of digital elevation models. 

In theory, the techniques for deriving ground-based, aerial-based, and satellite-based DEMs are 

presented. The second part of chapter 2 discusses the assessment of the vertical accuracy of DEMs. 

This includes methods for assessing the vertical accuracy and methods for modeling errors in DEMs. 

The third part focuses on the fusion of DEMs. Here the discussion is on the different methods used in 

fusing DEMs. The final part of this chapter discusses the most common DEMs in South Africa. This 

includes a discussion on ground-based, satellite-based, and fused DEMs in South Africa. Chapter 2 

concludes with a presentation of problems with DEMs in South Africa. 

In chapter 3, the methodology towards the development of an accurate digital elevation model from 

ground and satellite data over South Africa is presented. The section shows the dataset acquired and 

how it is processed to achieve the objectives. There are four processes which include preparing 

satellite-based DEMs, assessment of the satellite-based DEMs over South Africa using ground levelling 

and LiDAR, modeling errors on selected candidate DEMs, and finally the fusion of the error modelled 

DEMs. 

In chapter 4, the prospects for the development of an accurate digital elevation model from ground 

and satellite data over South Africa are presented. This includes the data sources, methods, and 

techniques to be considered for the development of accurate DEMs over South Africa in the future. In 

chapter 5, the approach is reviewed by revisiting the stated research objectives, identifying 

weaknesses, and exploring avenues for future research.  
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Chapter Two: LITERATURE REVIEW  
 

2.1 Digital elevation models 

A digital elevation model (DEM) represents the elevation of the earth's bare surface as digital images 

where each pixel represents the elevation at the pixel’s center point. The Digital Terrain Model (DTM) 

and Digital Surface Model (DSM) are common terms related to DEMs.  DTM is a model that represents 

the bare Earth’s surface, as well as topographic information, such as information about slopes, and 

aspects of the terrain (Oksanen, 2021). Due to the widespread use of airborne laser scanning and 

satellite radar, digital surface models (DSM) have become commonplace. These models represent the 

highest elevation of the terrain, including land cover. DSM only represents the bare earth's surface in 

open areas, whereas in other regions, the model follows forest canopy and building roofs (Oksanen, 

2021). 

 

Before the development of DEMs, country-wide elevation data was stored on contour lines, printing 

plates, and paper maps (Oksanen, 2021). Even though contours remain a good way of visualising 

topography, they have two inadequacies in terms of data storage: 

• Contours are not continuous representations of surfaces, and the surfaces that form between 

a contour interval are largely unknown. 

• For contours to be generated, visualisation is necessary, which forces the use of generalisation 

rules in cartography. In this process, some details of the topography are removed, while others 

are deliberately over-emphasized. 

A DEM can be represented as a raster (a grid of squares) or as a vector-based triangular irregular 

network (TIN). The TIN dataset is also referred to as a primary (measured) DEM, whereas the raster 

DEM is referred to as a secondary (computed) DEM (Ronald, 1987). The TIN representation has the 

primary advantage of requiring fewer points to represent the terrain with the same level of accuracy, 

but its disadvantage is that it is relatively more difficult (than a raster grid) to determine elevation 

from the model (Mikhail et al., 2001). 

Among many other uses and applications, the DEMs are used for climate impact studies, hydrological, 

and hydraulic analyses and models, cartographic representations, geological applications, visibility 

analyses, road and dam planning, flood risk analysis, planning of telecommunication networks, 

agriculture and forestry applications, geophysical modelling, palaeogeographical mapping, cut-and-fill 

analysis, automatic drainage basin delineation, biogeographical, analysis of landscape dynamics, 

water management, ortho-rectification of aerial photographs, 3D visualisations, and 

geomorphological analysis. 

 

2.1.1 Generation of digital elevation models based on ground field surveys 
 
Ground-based DEMs are obtained from interpolation using field measurements. Ground levelling 

surveying techniques are used to obtain field measurements by determining unknown elevations or 

heights using known heights or elevations. In land surveying, a ground levelling survey can be 

described as vertical measurement and is considered important as it generates data for construction, 

mapping, and engineering design. Different ground levelling survey methods include but are not 

limited to barometric, GNSS, precise or geometric, and trigonometric levelling. 

https://en.wikipedia.org/wiki/Raster_graphics
https://en.wikipedia.org/wiki/Triangular_irregular_network
https://en.wikipedia.org/wiki/Triangular_irregular_network
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Barometric levelling determines the relative unknown elevation or height by measuring the air 

pressure difference using a barometer. The method has disadvantages as air pressure is also affected 

by other elements such as temperature. The trigonometric levelling method determines the height of 

an unknown point by taking vertical angular observations and the distance between the points using 

a theodolite or total station. Geometric or precise levelling involves using a telescope to take 

observations of staves and using the observations together with a known height to evaluate a height 

difference to find an unknown height. GNSS levelling involves using satellite-positioning systems and 

the geoid to determine unknown heights or elevation (normal, orthometric, or non-orthometric 

heights).  

Due to the high accuracy of ground levelling survey data, a DEM produced from them is accurate. 

However, the costs and time-consuming nature of these techniques limit their use to small areas or 

means that they are used as references or to complement other types of DEM. A brief description of 

trigonometric levelling in South Africa is provided here because trigonometrical beacon data has been 

used in the current study. 

The erection and surveying of trigonometrical beacons in South Africa began in 1834. Once a robust 

country-wide geodetic network had been established by 1936, secondary and tertiary triangulation 

began and was completed in the early 1980s. South African coordinates were referred to the Cape 

Datum using the Clarke 1880 modified ellipsoid. The Cape Datum has its origin at trigonometrical 

beacon Buffelsfontein, No. 130, in degree square 3325. The geodetic latitude of Buffelsfontein was 

determined from several adjacent astronomical stations. Its geodetic longitude was determined from 

the Royal Observatory in Cape Town's triangulation chain. 

A telegraph time signal from Greenwich was used to determine the Royal Observatory's longitude. 

The development of computing systems and the introduction of satellite positioning in the 1970s, 

notably the establishment of the Global Positioning System (GPS) in the 1980s, enabled a recalculation 

of the South African reference frame. Throughout the country, a GPS baseline survey campaign began 

in 1990, surveying trigonometrical beacons of zero-order, each approximating 100km in length. 

 

The work ended in the Hartebeesthoek94 Datum, which was officially introduced on the 1st of January 

1999. The Hartebeesthoek94 Datum is referred to the World Geodetic System 1984 ellipsoid (WGS84), 

with the Hartebeesthoek Radio Astronomy telescope as the datum origin. The heights of the 

trigonometrical beacons were calculated using trigonometrical heightening techniques and are 

referred to the Land Levelling Datum. South Africa has a network of approximately 28,000 

trigonometrical beacons.   

 

There are 9 types of trigonometrical beacon: standard concrete pillars with 1.26 m or 1.89 m signals, 

standard beacon on platform, standard up-station, pipe beacon, 10-11 m block beacon, metal tripod 

beacon, 15 m windmill tower beacon, 6.3 m or 8.82 m windmill tower beacon and block beacon higher 

than 10 - 11m. At each trigonometrical station, a minimum of three witness marks are placed and 

surveyed. These witness marks are used to confirm the beacon position during subsequent surveys. 

 

2.1.2 Aerial based digital elevation models 

 

Aerial-based DEMs are derived from data collected by high-precision sensors mounted on moving 

aircraft and collecting information about the bare earth surface over which the aircraft flies. Popular 

DEMs derived from aerial surveys are photogrammetric and LiDAR DEMs. 
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Photogrammetric DEMs: Photogrammetry is the science of obtaining reliable information about 

surface properties and objects without actual physical contact, measuring and interpreting this 

information. Photogrammetry takes its name from the three Greek words phos or phot, which means 

light, gramma, which means letter, or something drawn, and metrein, which means measurement 

(Schenk, 2005). According to Baqersad et al. (2017), photogrammetry is a measurement technique 

that uses photographs or digital images to calculate the geometry, displacement, and deformation of 

a structure. The earliest applications of photogrammetry were aerial and terrestrial, motivated mostly 

by military reconnaissance. As digital cameras and high-resolution cameras became more affordable, 

the applications expanded into other fields of science such as civil and mechanical engineering. 

In aerial photogrammetry, as an aircraft flies over bare earth’s surface, high precision metric cameras 

photograph the terrain. In most instances, the optical axis of the camera is perpendicular to the 

ground. The most prominent products of photogrammetry are maps. They are produced at a variety 

of scales and accuracy levels. The photogrammetric DEM generation technique involves extracting 3D 

data or information from two or more overlapping aerial photographs (also called stereo pairs). In 

general, extraction techniques assume that all camera parameters (internal and external) are well-

known (Mikhail et al., 2001). In built-up areas, it is relatively common for DSMs, which represent 

heights of the tallest surfaces at that point, to be generated from optical image matching (Ismail and 

Jaafar, 2013). 

Airborne laser scanning (LiDAR) DEMs: In a LiDAR technique, a laser range-measurement beam scans 

the terrain beneath the aircraft, typically by whiskbroom. In this process, the LiDAR system emits EM 

pulses to the surface, which reflect off the target surface and are detected by the LiDAR system. Laser 

scanning using pulsed laser beams is the preferred method for airborne scanning (Vermeer and Ayehu, 

2018).  

Among other things, this technique can be used to construct geocentric terrain height models of high 

precision (a few centimetres depending on the terrain type) and resolution (sub-m2) (Vermeer and 

Ayehu, 2018). Having a GNSS-equipped scanning aircraft positioned in a geocentric reference frame is 

essential to the success of airborne laser scanning. The LiDAR process is largely automated, unlike 

photogrammetry. This explains a portion of its current popularity; however, precisely calibrating the 

laser scanner and connecting its origin with the electromagnetic center of the GNSS antenna is 

challenging (Vermeer and Ayehu, 2018). 

With modern instruments, it is possible to record and use multiple reflections, such as those from the 

canopy, mid-level foliage, understorey, and the forest floor. One can then construct either a DSM 

which represents the heights of the tallest surfaces at that point or a DTM which represents ground 

elevation from the point cloud generated (Vermeer and Ayehu, 2018). For constructing a DTM in urban 

areas, buildings must be removed, either manually or automatically. 

Comparison of the techniques: In any operative condition, it has become clearer that neither 

photogrammetric nor airborne laser scanning techniques can guarantee complete and consistent 

results as both techniques have their advantages and limits (Szabó et al., 2016). The way that LiDAR 

collects data makes it more reliable than photogrammetry because LiDAR allows the acquisition of 

full-waveform data by collecting thousands of points per second. According to Csanyi and Toth (2007), 

because of the footprint, the horizontal accuracy of the LiDAR is worse than vertical accuracy. 

According to Nex and Rinaudo (2011), it is impossible to directly obtain radiometric and semantic 

information from LiDAR. 

On the other hand, the photogrammetric technique is biased by vegetation as it can only produce 

surface models. According to Nex and Rinaudo (2011), it is not possible to generate accurate point 
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clouds without errors under every operational condition (especially on the terrestrial). One of the 

major obstacles to automation in photogrammetry is the complicated and sometimes unreliable 

matching procedure, especially when dealing with converged imagery with significant depth 

differences or with the presence of bad-textured areas (Nex and Rinaudo, 2011). 

LiDAR is generally the preferred source for elevation modelling data due to its ability to collect more 

detailed depth data, but photogrammetry can provide detailed visual information on the 

environment, which is invaluable to many researchers (Mapware, 2020). LiDAR is, however, extremely 

expensive, so it is typically flown only over small- high-value areas, like cities, with photogrammetry 

used for large-scale data collection. 

 

2.1.3 Satellite-based digital elevation models 

 
Satellite-based DEMs are generated by remote sensing techniques, which provide a relatively cheaper 

and quicker way for DEM generation compared to ground and aerial-based methods. The remote 

sensing process (deployed in satellite-based data acquisition techniques) involves the process of 

obtaining information about an object, area, or phenomenon under investigation via the analysis and 

interpretation of data acquired by a sensor-device on a satellite that is not in contact with the subject. 

The DEMs generated from data collected by optical and radar remote sensing systems, and those 

derived from fusing the data from these systems are discussed below. It is important to note that the 

DEMs described refer to Digital Surface Models (DSMs). This is due to the low penetration of SRTM 

and TanDEM-X radar signals in dense vegetation and the canopy sensitivity of optical images used to 

generate ASTER GDEM and AW3D30. 

 

Shuttle Radar Topography Mission (SRTM): SRTM's mission research generated Digital Elevation 

Models (DEMs) on a near-global scale from 60N to 56S. Between the 11th and the 22nd of February 

2000, the SRTM mapped the earth's surface to provide a high-resolution digital topographic database 

consisting of digital elevation data, covering about 80% of the world landmass (Roth et al., 2002). The 

C-and X-band interferometric radar data were used to generate the SRTM elevation data. During the 

mission, two antenna pairs working at different frequencies were operated, and the SRTM recorded 

the earth's topography and processed it at 30 m resolution. The SRTM DEM has a vertical error of no 

more than 16 m at a 90% confidence level (Tian et al., 2018). The DEM is in the geographic coordinate 

system and based on the WGS84 ellipsoid horizontal datum with vertical datum as EGM96 (Tran et al., 

2014). 

 

Advanced Space- borne Thermal Emission and Reflection Radiometer (ASTER): The U.S. National 

Aeronautics and Space Administration (NASA), Japan's Industry, Trade, and Ministry of Economy 

jointly released the first Global Digital Elevation Model (GDEM) version in July 2009 which was formed 

from 1.7 million stereo images captured by the ASTER and released to the public at no cost covering 

the earth's surface from 83° North to 83° South (Abrams, 2016).  

 

There was a shortcoming in the first version of ASTER in the sense that there was missing data. 

Therefore, the second version, which had an additional 260 000 stereo-pairs scenes to cover the short 

falling by filling in the missing data, eliminating many artefacts, mostly those caused by remains of 

cloud edges, was released in 2011 (Mohamed and Saleh, 2018). According to Tachikawa et al. (2011), 

the vertical accuracy for the first version is estimated to be 20 m at 95% confidence level. The second 

released version also had some uncorrected artefacts. Therefore, the US and Japan jointly released 
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version 3 of the Global DEM (GDEM) in 2016, which was produced by stereo correlation of 2 million 

ASTER scenes covering the earth’s surface from 82° North to 82° South (Abrams, 2016).  

The released ASTER DEM version 3 has a 30 m resolution and has been improved from the previously 

released versions, as areas with missing data have been filled with more acquired data, and any 

artifacts which previously occurred are corrected. This version also contains separate data that 

identified water bodies (Abrams, 2016). According to Gesch et al. (2016), the ASTER Global DEM 

(GDEM) third version has been reported to have a vertical accuracy of lower than ±16 m at a 95 % 

confidence level. The DEM is in the geographic coordinate system and based on the WGS84 ellipsoid 

horizontal datum with vertical datum as EGM96. 

 

Advanced Land Observing Satellite World 3D – 30m (AW3D30): AW3D is the latest generation high 

resolution global DSM released by Japan Aerospace Exploration Agency (JAXA). AW3D uses 3 million 

scene records to cover the global land areas. The records were collected from 2006 to 2011 by the 

PRISM panchromatic stereo mapping sensor on the Advanced Land Observing Satellite “DAICHI” 

(Japan Aerospace Exploration Agency, 2021). The AW3D30 has a 30 m resolution and was generated 

from resampling the AW3D, available at a resolution of 5 m, and it is considered the most accurate 

open-source DEM (Tian et al., 2018). Due to its late release, there are also a few studies testing vertical 

accuracy. The DEM is in the geographic coordinate system and based on the WGS84 ellipsoid 

horizontal datum with vertical datum as EGM96. 

 
Multi-Error-Removed Improved Terrain (MERIT): MERIT-DEM is a high accuracy global DEM with a 

horizontal resolution of approximately 90 m at the equator (3 arc-second). The DEM was produced by 

removing major error components from space-borne DEMs (SRTM3 v2.1 and AW3D30). Yamazaki 

(2018) used datasets from multiple satellites and filtering techniques to eliminate speckle noise, tree 

height bias, absolute bias, and strip noise. After the removal of the biases, land areas mapped with 

2m, or better vertical accuracy were increased from 39% to 58%. Remarkable improvements after 

error removal were in flat areas, and landscapes such as river networks and hill-valley structures 

became more visible. The DEM is in the geographic coordinate system and based on the WGS84 

ellipsoid horizontal datum with vertical datum as EGM96. 

 
TerraSAR-X and TanDEM-X: TerraSAR-X and TanDEM-X are imaging, radar and earth observation, 

satellite missions for commercial and scientific applications. The satellites are managed by DLR 

(German Aerospace Center) and supported by BMBF (German Ministry of Education and Science). The 

satellites are owned and operated by DLR, with the scientific rights also held by the DLR. On the 15th 

of June 2007, the satellite TerraSAR-X was launched, and since January 2008, it has been operating, 

then on the 21st of June 2010, the TanDEM-X was launched (Airbus, 2015). 

 

The two satellites (TerraSAR-X and TanDEM-X) operate close to each other, separated by a distance of 

a few hundred meters and record data synchronously. Both satellites acquire the databases for the 

Global World DEM, presenting an unrivaled quality, accuracy, and coverage with the worldwide and 

homogeneous DEM available from 2014 (Airbus, 2015). The TerraSAR-X and TanDEM-X acquire radar 

images at higher quality for the entire Earth while circulating in a sun-synchronous orbit at an altitude 

of 514 km on the equator and provide data independent of weather conditions. Both satellites have 

an operational life of 5 years and are reliable providers of high-resolution radar images. The satellites 

acquire radar data in three modes, which are the spotlight, strip map, and scanSAR (Airbus, 2015). The 

application of the high-resolution TanDEM-X and TerraSAR-X imagery includes but is not limited to 

change detection, land use/cover mapping, environmental applications, defense and security 

applications, topographic mapping, and surface movement (Airbus, 2015). 



 

10 
 

 

The TanDEM-X global digital elevation model is as the result of merging at least two different 

acquisitions of the same area, which are from the TerraSAR-X and TanDEM-X imaging radar earth 

observation satellite missions. The DEM is available with a pixel spacing in latitude direction of 0.4 arc-

second, 1 arcsecond, and 3 arcseconds, corresponding to approximately 12 m, 30 m, and 90 m, 

respectively. The DEM has been generated on all overland surfaces with a relative vertical accuracy of 

2 m for slopes less than 20° and 6 m for slope greater than 20° (Han et al., 2021). The DEM is in the 

geographic coordinate system and based on the WGS84 ellipsoid for horizontal and vertical datum. 

 

2.2  Assessment of vertical accuracy of existing public digital elevation 

models 
 

2.2.1 Considerations when assessing vertical accuracy 

Vertical accuracy is one of the most important aspects of a DEM. Vertical accuracy refers to how close 

a modeled height obtained from a DEM represents/replicates the actual height of the topographical 

surface. DEMs generated from different techniques such as photogrammetry, radar, LiDAR, and 

satellite sensors, among others, have different levels of accuracy. 

 
A focus in most DEM evaluations is on absolute vertical accuracy rather than relative vertical accuracy 

(Luebke, 2019). Absolute vertical accuracy accounts for all effects of systematic and random errors 

and relates the DEM heights to the true height with respect to an established vertical datum. Relative 

accuracy is a measure of the point-to-point vertical accuracy of models against another reference 

model that has higher vertical accuracy. Since in DEMs, elevations are an average over the chosen 

area, the vertical accuracy is correlated to horizontal resolution. In flat areas, the effect of averaging 

is minimal, while in hilly terrain, the effect is large, especially for lower resolution DEMs (Luebke, 

2019).  

 

2.2.2 Validation of digital elevation models 

To judge the validity of an accuracy assessment, the selection of a test site is critical. Assessment 

should either occur on a very large site or several different sites with different variations of the terrain. 

Depending on the available data, the point-based, profile-based, and surface-based are different 

methodological approaches for the assessment of the DEMs (Luebke, 2019). 

The point-based approach is used if the reference data is provided as a set of points with accurate 

height information and scattered over the area of interest. Differences in heights are determined for 

each point independently, and the vertical accuracy is determined for the entire set of points. The 

profile-based approach is used to provide more understanding of the quality of the DEM if the 

reference data is collected along with a linear feature. In addition, relative vertical accuracy can be 

calculated along with each profile after removing the errors of the starting point. The surface-based 

approach is used if the reference data is provided as a grid. In this approach, a difference in surface is 

determined, and a validity mask is used to exclude anomalies in any of the input datasets or any 

differences due to temporal changes.  

Irrespective of any approach used, the DEMs must be referenced to the same vertical datums before 

being assessed. The transformation must be performed if the vertical datums are different. The 

validation is essential in deciding on the DEM's suitability for utilization towards the development of 

an accurate digital elevation model(s). 
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2.2.3 Selected case studies on vertical accuracy of freely available global digital elevation 

models 

Many authors have conducted DEM validation studies in various parts of the world. Only four case 

studies (Uuemaa et al., 2020; Santillan et al., 2016; Mahesh et al., 2021; Han et al., 2021) are discussed 

here.  

Uuemaa et al. (2020) evaluated the vertical accuracy of freely available DEMs (AW3D30 version 3.1, 1 

arc-second SRTM version 3, 3 arc-second MERIT, 1 arc-second NASADEM, 3 arc-second TanDEM-X 

version 1, and 1 arc-second ASTER version 2), using locally derived LiDAR-based DEM; and the Pleiades 

1A data as reference models. To validate the DEMs, error raster’s were generated by subtracting the 

reference models from corresponding DEMs and descriptive statistics (median, mean, and root mean 

square error (RMSE)) were calculated for the height differences (Uuemaa et al., 2020). In addition, 

land cover, slope aspect, and slope angle were taken into consideration when assessing vertical 

accuracy. The study was conducted by Uuemaa et al. (2020) in four areas in various parts of the world 

(China, Estonia, New Zealand, and Norway).  

The Estonian study area was in southern Estonia and had an area of approximately 225 km2. The area 

was characterized by relatively flat topography, with some hilly landscapes in the eastern part with 

elevations ranging from 40 to 218 m. 28% of the land cover was cultivated/ arable, 17% open forest, 

and 52% closed forest. In this area, the ASTER, AW3D30, MERIT, TanDEM-X, SRTM, and NASADEM had 

a RMSE of 10.36, 7.92, 3.01, 7.16, 6.59, and 6.39 m, respectively (Uuemaa et al., 2020). The study area 

in China was in the Ningxia Hui Autonomous, covering an area of approximately 103 km2. The area 

contained mountains and had tectonic faults that resulted in a diverse relief with an elevation ranging 

from 1063 to 1766 m. 20% of the land cover in this area was grasslands, 24% artificial landscapes, and 

52% was sparsely vegetated. In this area, the ASTER, AW3D30, MERIT, TanDEM-X, SRTM, and 

NASADEM had a RMSE of 13.52, 7.18, 12.43, 11.1, 10, and 8.53 m, respectively (Uuemaa et al., 2020). 

The New Zealand study area was in the southern part of the North Island with an area of approximately 

111 km2. The topography of the area is characterised by mountains and gorges, with elevations 

ranging from 32 to 828 m. In this area, the ASTER, AW3D30, MERIT, TanDEM-X, SRTM, and NASADEM 

had a RMSE of 11.7, 11.42, 13.58, 15.05, 13.07, and 12.08 m, respectively (Uuemaa et al., 2020). The 

Norway study area was used only in the assessment of the AW3D30, MERIT, ASTER, and TanDEM-X 

DEMs. The study area was located between the Jotunheimen and Rondane mountainous areas and 

had an area of approximately 193 km2. The area had a relatively flat topography with an elevation 

ranging from 335 to 1662 m. 12% of the land cover/use in this area was open forest, 37% grassland, 

and 44% forested. In this area, the ASTER, AW3D30, MERIT, and TanDEM-X had a RMSE of 9.22, 4.98, 

10.49, and 6.84 m, respectively (Uuemaa et al., 2020). 

Assessment results for all the GDEMs in the study areas indicated that, the AW3D30 was the most 

robust and stable performing DEM, followed by the NASADEM, and SRTM, respectively. MERIT and 

TanDEM-X performed better than ASTER, despite their low resolution. The ASTER DEM had the highest 

ambiguities and least performance when compared against the reference data in all the study areas 

(Uuemaa et al., 2020). The slope was found to be the most significant factor influencing DEM accuracy. 

Flat areas (slope less than 5°) had the smallest bias in elevation values, and this bias increased with 

slope, resulting in higher variations in errors (Uuemaa et al., 2020). There was no systematic effect of 

aspect on DEM performance. In densely forested areas, all DEMs overestimated height. MERIT, 

however, was less impacted by the forested areas, primarily due to vegetation removal procedures. 
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Santillan et al. (2016) conducted the vertical accuracy assessment of the 30 m GDEMs (AW3D, SRTM, 

and ASTER) in north-eastern Mindanao, Philippines. The DEMs were assessed against 274 ground 

control points (GCP) scattered over different land cover/use classes. The ground control points were 

derived using the 3rd order differential levelling using a high precision digital level. The horizontal 

coordinates for these points were derived using GPS. The area had 5 different land covers/uses 

(grassland, cultivated areas, brushland, built-up areas, and dense vegetation).  

To validate the vertical accuracy of these DEMs, the elevations of the DEM and GCPs were compared. 

ArcGIS 9.3 software was used to extract DEM elevations at each point. Following that, the differences 

in elevation were calculated by subtracting the GCP elevation from its corresponding DEM elevation, 

resulting in the measured DEM errors (Santillan et al., 2016). Based on these measured errors, the 

mean error and root mean square error (RMSE) for each DEM were calculated, along with their 

standard deviations. According to Santillan et al. (2016), the results indicated that the AW3D30 

performed better than the SRTM and ASTER. The SRTM also showed a greater performance compared 

to the ASTER DEM. The AW3D30, SRTM, and ASTER had a Root Mean Square Error (RMSE) of 5.68, 

8.28, and 11.98 m, respectively. 

Mahesh et al. (2021) assessed the vertical accuracy of open source 30 m DEMs (AW3D30, SRTM, Carto, 

and ASTER) using the Ice, Cloud, and Elevation Satellite/ Geoscience Laser Altimeter System 

(ICESat/GLAS) and Real-Time Kinematic Global Positioning System (RTK GPS) data for reference. The 

study was conducted in the Tamil Nadu state, located in the south-eastern part of India. The study 

region had an area of approximately 130,058 km2 and was characterized by a greater variation in relief, 

with the highest elevation as 2,637 m. The study was also conducted over a 10 km long coastline, 

covering approximately 8,863 km2.  

To validate the vertical accuracy, ArcGIS software was used to extract elevation values from raster 

DSM/DEMs, using the ICESat/GLAS point shape files. A difference in elevation was calculated between 

these DSM/DEMs and ICESat/GLAS. A minimum, maximum, mean, and standard deviation were 

calculated for the elevation points, and any differences exceeding 100 m between the ICESat/GLAS 

and the DSM/DEMs were excluded (Mahesh et al., 2021). Key statistical parameters such as mean 

error, standard deviation and root mean square error (RMSE) were computed for the elevation 

difference. 

Mahesh et al. (2021) suggested that AW3D30 represents terrain elevation values the best, followed 

by SRTM and Carto DEMs. Results from the validation of the DEMs against the ICESat/GLAS indicated 

that AW3D30 had the least Root Mean Square Error (RMSE) compared to the SRTM, Carto, and ASTER, 

in the Tamil Nadu region and over the coastline (Mahesh et al., 2021). In the Tamil Nadu study area, 

the RMSE for the AW3D30, SRTM, Carto, and ASTER were 2.48, 3.02, 3.88, and 8.02 m, respectively, 

while the RMSE in the Coastline were 2.29, 3.10, 3.93, and 8.98 m, for AW3D30, SRTM, Carto, and 

ASTER, respectively (Mahesh et al., 2021).  

Han et al. (2021) assessed the vertical quality of the 1 arc-second DEMs (TanDEM-X, ASTER, and SRTM). 

Reference data was taken from ICESat/GLAS points with 14-cm absolute vertical accuracy but 70-m 

diameter, and 12-m resolution TanDEM-X DEMs with less than 10-m absolute vertical accuracy. The 

study was conducted in four areas located in China, with the first two areas located in Xinjiang 

province, then the last two areas each located in Sichuan and Inner Mongolia. All the areas had 

coverage of 1◦ × 1 ◦ (Han et al., 2021).  

The four study areas were chosen based on two main criteria: diversity in land use/cover and 

topographic environments (flat, hilly, and mountainous areas), and free availability of TanDEM-X data 

in the area. 91% of Xinjiang (A) land cover was grassland/cropland/bare land, and in Xinjiang (B), 
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approximately 16% of the land was covered by forest and 74% by cropland/grassland/bare land. 

Approximately 56% of Sichuan land was covered by forest, and 40% was cropland/bare land/ 

grassland. In Mongolia, 2% of the land cover was shrubland, 3% was forest, and 86% was 

cropland/grassland/ bare land (Han et al., 2021).  

Han et al. (2021) used two main methods used for evaluating the accuracy of DEMs. One method was 

the comparison between the DEM and ICESat/GLAS points. The other comparison was made between 

the DEM and 12-m TanDEM-X.  In this study, differences were evaluated in terms of not only 

geographic features, but also how DEMs were created. The quality assessment results indicated that 

the TanDEM-X had a better performance compared to the SRTM and ASTER DEM. The ASTER DEM had 

the worst performance results (Han et al., 2021). As the slope increases, the quality of these DEMs 

decreases. The slope has the greatest impact on the vertical quality of ASTER GDEM followed by the 

SRTM. There was no systematic effect of aspect on ASTER GDEM and SRTM. The SRTM and TanDEM-

X have lower quality when vegetation covers are denser, since denser vegetation makes it difficult for 

the InSAR band to penetrate vegetation, which makes it challenging to obtain the true surface 

elevation land (Han et al., 2021). The TanDEM-X and SRTM have superior accuracy in obtaining 

elevations in vegetation-covered areas than optical techniques (i.e., ASTER). The land cover has little 

effect on ASTER GDEM. 

A focus of this section was on studies previously conducted on the vertical accuracy of free satellite 

global digital elevation models. A review of methods for validating DEM vertical accuracy was 

conducted, along with evaluations of satellite-based DEMs that perform best and worst, as well as 

evaluations of land cover and topography conditions that affect vertical accuracy. As indicated in the 

case studies, there are two main methods to evaluate the accuracy of DEMs. A DEM can be compared 

with more accurate points, such as GPS data and elevation control points, obtained from a large-scale 

topographic map. One other way to determine the DEM's accuracy is to compare it to higher-accurate 

DEMs, such as topographic maps, LiDAR DEMs, or other high-accuracy DEMs. 

From these case studies it can be drawn that the AW3D30 is the most robust reliable DEM available 

in comparison to the SRTM (30 m), ASTER (30 m), TanDEM-X (90 m), NASADEM (30 m), and MERIT (90 

m). Due to TanDEM-X (30 m) not being accessible to the public for free, no large-scale comparison of 

its performance with AW3D30 has been conducted yet. In comparison to SRTM (30 m), TanDEM-X (30 

m) performs better. The MERIT (90 m) and TanDEM-X (90 m) performs better than the ASTER (30 m), 

despite their low spatial resolution. The ASTER (30 m) DEM has the highest ambiguities and least 

performance in comparison to all the implied DEMs. It can also be found that slope is the most 

significant factor affecting DEM accuracy, while the aspect had no significant effect. Vertical accuracy 

of DEMs is also affected by changes in land cover. The low penetration capacity of SRTM and TanDEM-

X radar signals in dense vegetation and the canopy sensitivity of the optical images used to generate 

AW3D30 and ASTER GDEM, results in low vertical accuracies in these DEMs.  

In these studies, the DEMs were assessed vertically over small areas of not more than 140,000 km2 

with a less spatially distributed ground control network. Therefore, this research will also focus on 

evaluation of vertical accuracy of the satellite-based DEMs (AW3D30, ASTER (30 m), SRTM (30 m), 

MERIT (90 m), and TanDEM-X (30 m) on a larger scale (> 500,000 km2) against a more spatially 

distributed ground control network. Also, satellite-based DEMs are to be compared with high-accuracy 

DEM (i.e., LiDAR).   
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2.2.4 Modelling errors in digital elevation models 

 
Two common techniques for modelling errors in elevation models are discussed in the subsequent 

sections. They include regression and adaptive terrain dependent methods. 

 

2.2.4.1 Regression  

 

The simplest relationship between the dependent and independent variables is linear. Simple linear 

regression is used in modelling a relationship between two continuous variables. Usually, the intention 

is to predict the value of an output variable based on an input variable. The general equation for the 

simple linear regression model is given as follows, 

 0 1i iy   = +  (2.1) 

where, 𝑦𝑖  is the dependent variable, 𝑥𝑖 is the explanatory variable and 𝛽0, 𝛽1  are the unknown 

regression coefficient parameters. The simple regression coefficients 𝛽0 and 𝛽1 can be determined 

using the Ordinary Least Squares (OLS), which minimizes the sum of squares of residuals 𝑣𝑖, where 𝑣𝑖 

= 𝑦𝑖 − 𝑦̂𝑖, and 𝑦̂𝑖  is the true /expected/ estimated value of 𝑦𝑖. The multiple regression model refers to 

how a particular response variable 𝒚 changes linearly based on several predictor variables. The 

multiple regression model is given as, 

 

 0 1 1 2 2i i i n ni iy        = + + + + +  (2.2) 

where, 𝑦
𝑖
 is the dependent variable and 𝑥𝑠  are the independent variables, 𝛽

𝑠
 represent the unknown 

regression coefficient parameters, and 𝜀𝑖 represent the residuals of the observation 𝑖 . The multiple 
regression model coefficients can be determined using several techniques, and the most used 
technique to solve for the parameters is the OLS method, which minimizes the sum of the squares of 
the residuals. The robust least square is an alternative method as it reduces the influence of outliers. 

Several authors have used regression for modelling errors in DEMs in various parts of the world. We 
only include a few such studies that have reported improvement of accuracy of DEMs using repression 
in various parts of the world. They include the United States of America (Shortridge and Messina, 
2011; Su and Guo, 2014; Su et al., 2015), Egypt (ElSayed and Ali, 2016; Ali et al., 2018), China (Tian et 
al., 2018) and Thailand (Gorokhovich and Voustianiouk, 2006). 

The methods by Shortridge and Messina (2011), Gorokhovich and Voustianiouk (2006), Tian et al. 
(2018), Su and Guo (2014), and Su et al. (2015) demonstrated reliable performances with reference to 
land cover and terrain types.  A multiple regression model using the variables (slope, aspect, 
landcover/use, and ecoregion) proposed by Shortridge and Messina (2011) explained nearly 60% of 
the total variation in SRTM (90 m) error and it is believed that the model has a potential of improving 
the worldwide SRTM data using globally available datasets.  

Su and Guo (2014) proposed a multilinear regression model based on three variables (slope, 
vegetation height, and leaf area index (LAI)) that reduced the SRTM (30 m) DEM's mean error by 89% 
and the standard deviation by 11%. According to (Su et al., 2015), a multiple linear regression (tree 
height and canopy from a multisource dataset, slope from SRTM DEM) reduced the SRTM (30 m) mean 
height difference from 12.15 m to 0.82 m, while the standard deviation decreased by 2 m after the 
correction was applied. 
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Gorokhovich and Voustianiouk (2006) observed that there was a strong correlation between elevation 

errors and geomorphological characteristics (slope and aspect). Results showed that the application 

of the multiple regression model improved the SRTM (90 m), but for slope values less than 10°, the 

improvement was insignificant. The application of the multiple regression model showed a significant 

improvement in areas with slope values of more than 10° (Gorokhovich and Voustianiouk, 2006). 

Tian et al. (2018), fitted simple curves on the slope and error distribution data and observed that the 

correlation coefficients were higher than 0.9, and this was an indicator showing that a simple linear 

regression model could be used to improve the accuracy of the fused DEM (AW3D30–SRTM (30 m)) 

in the study. From the results, it was observed that the vertical accuracy of the DEM was improved by 

13.6% and 16% in low relief and mountainous areas, respectively (Tian et al., 2018). The polynomial 

regression methods by ElSayed and Ali (2016), and Ali et al. (2018) demonstrated reliable 

performances. Ali et al. (2018) Improved the vertical accuracy of the SRTM (30 m), and ASTER (30 m) 

by nearly 80% and 50 %, respectively. ElSayed and Ali (2016) improved the SRTM DEMs of 90 and 30 

m resolutions to be closer to the GPS DEM.  

The methods in this section demonstrate reliable performance. The research will therefore test all 

methods (polynomial regression, linear and multiple linear regression based on the variables 

(geomorphological factors and semantic information)) on candidate DEMs for fusion and choose the 

method that performs the best. 

 

2.2.4.2 Adaptive terrain dependent method 

The adaptive terrain method was proposed by Zhou et al. (2020) for the correction of the SRTM DEM 

over mountainous areas. The method considers the errors that are dependent on the local terrain and 

global error trend, to correct the SRTM DEM over mountainous areas based on the Bayesian 

Information Criterion and uses the robust estimation method (M- estimator) and OLS method to solve 

for the coefficients of the model. An adaptive terrain dependent method matrix in formation is given 

as (Zhou et al., 2020):  

 

  =   (2.3) 

where X and B denotes the model parameters, and model factor vectors, respectively, and ∆𝐻 is 

expressed as, 
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where, 𝐻, 𝑆, 𝐴 are corresponding DEM elevations, slopes, and aspect to the height differences (∆𝐻). 

𝑎0, 𝑎1 ⋯ ⋯ 𝑎14 are the unknown model coefficients to be determined. 𝐸 and  𝑁 are geographical 

longitudes and latitudes, respectively. 



 

16 
 

A study was conducted in China in Hunan Province in an area called Zhangjiajie to test the method by 

Zhou et al. (2020). The northern part of the area had flat terrain with an elevation ranging from 118 

to 630 m and slopes ranging from 0° to 13°. The southern part of the area had mountains with 

elevations ranging from 130 to 1452 m and slopes ranging from 0° to 72°. The area was dominated by 

high land cover/ use. The results from the study indicated a 20% improvement in the accuracy of the 

SRTM DEM (Zhou et al., 2020). The method has been shown to deliver reliable results. As a result, the 

method will be tested on candidate DEMs for fusion, and if it improves them, it will be adopted. 

 

2.3 Fusion of digital elevation models 
 

In this section, different methods, and summaries of different published literature on the 

development of accurate digital elevation models using different fusion techniques are presented. 

Due to a lack of accurate continuous reference DEM and the lack of computing capacity required to 

implement advanced fusion techniques over large areas, this research adopted the simple fusion 

techniques (Weighted averaging, Linear combination fusion, and Averaging fusion) after weighing the 

minimal gains in accuracy between simple and advanced fusion methods. In the first three sections, 

an overview of these methods used in the analysis to fuse the candidate DEMs is provided. 

 

2.3.1 Weighted averaging fusion 

 

The weighted averaging fusion algorithm is the most frequently used approach and is given as (Tran 

et al., 2014; Mohamed and Saleh 2018): 
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where, 𝑛 is the number of datasets (DEMs), 𝑋𝑖  represents data values to be averaged, and 𝑤𝑖 are non-

negative weights applied to 𝑋𝑖. Data with high weights always contribute more to the weighted 

average than to low weights. Weights for weighted averaging DEM fusion are usually derived from the 

discrepancies between the investigated DEMs and the reference data. A challenge arises when the 

reference data is not available or only covers a small area. In most cases, the error maps from satellite-

based DEMs are unavailable (Papasaika et al., 2011). 

Tran et al. (2014) fused free DEMs (3-arc second SRTM and 1-arc second ASTER) using the weighted 

averaging technique. The study area was in the city of Danang, which is in Middle Central Vietnam. 

The study area was about 950 km2 and had a height ranging from 0 to 1664 m. The area has a varying 

topography that ranged from flat to mountainous. After fusion, the DEM was then filtered to reduce 

mismatches and noisy data. The final fused DEM accuracy improved from 14.9 m RMSE in ASTER and 

14.8 m RMSE in SRTM to 11.6 m RMSE in fused DEM from ASTER and SRTM (Tran et al., 2014). 

 

Bagheri et al. (2018) proposed a weighted averaging technique for DEM fusion. Weights used in the 

techniques were derived from weight maps which are generated by a specially trained artificial neural 

network (ANN). The technique was tested between the TanDEM-X and the Cartosat-1 DEM over urban 

areas. The test sites were in Munich, Bavaria, which is covered by LiDAR data used as a reference to 

assess the technique.  
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According to Bagheri et al. (2018), the result from the test indicated that the proposed fusion strategy 

can significantly improve the DEM quality. Over industrial areas, TanDEM-X, Cartosat-1, and weighted 

fused DEM had RMSE of 5.11, 3.56, and 3.46 m, respectively, over the inner city, 8.41 m, 8.13 m, and 

7.75 m over high buildings, 2.61, 2.45, and 2.33 m in residential areas, 4.82, 4.65, and 4.18 m over 

forested areas, and 0.84, 0.81, and 0.68 m over agricultural areas. 

Mohamed and Saleh (2018) fused (ASTER and SRTM) using weighted averaging. The weights were 

derived from the DEM height errors. The study was conducted over an area located in Egypt. The area 

was located along the Nile River as a part of Banisuif, Elfayoum, and Giza governorates and had an 

area of about 81 x 54 km. The RMSE for SRTM, ASTER, and weighted fused DEM were ±6.94, ±7.97, 

and ±6.71 m, respectively (Mohamed and Saleh, 2018). 

 
Roth et al. (2002) fused digital elevation models from different sources using the weighted averaging 

technique with fusion weights derived from height error maps. The technique was applied in a study 

conducted in the southwest of Germany. The site covered about 110 km x 140 km of the Black Forest 

and the southern Rhine Valley with, elevation ranging from 140 to 1500 m. The dataset used included 

the SRTM/X-SAR, MOMS-2P, and the ERS tandem. According to Roth et al. (2002), after mosaicking 

and applying the fusion technique, the resulting DEM showed a quality improvement. 

 
Reinartz et al. (2005) fused SPOT-5 HRS, and DEM derived from C-band and X-band radar data acquired 

during the SRTM mission using the weighted averaging technique.  A test was conducted in two areas. 

The first test site was in the south-eastern part of Bavaria and had an area of about 40 x 50 km, with 

an elevation ranging from 400 to 2000 m. The second site was in Catalonia (Spain) and had an area of 

about 60 km x 60 km.  

According to Reinartz et al. (2005), the fusion technique of the three DEM (C-band=C, X-band=X, SPOT-

5=5) leads to fused DEMs (CX, C5, X5, CX5) of higher accuracies. The C-band, X-band, Spot5, CX, C5, 

X5, CX5, had standard deviations of 9.8, 5.6, 5.1, 6.5, 5.3, 4.8, and 4.9 m, respectively over the fields. 

In the suburbs of Barcelona, the C-band, X-band, Spot5, CX, C5, X5, CX5, had standard deviations of 

2.8, 4.3, 3.3, 3.3, 2.6, 3.2, and 3.0 m, respectively. Over forest areas, the C-band, X-band, Spot5, CX, 

C5, X5, CX5, had standard deviations of 12.3, 10.5, 8.9, 10.1, 8.4, 8.8, and 8.6 m, respectively. 

 

2.3.2 Linear combination fusion 

 

The linear combination fusion method estimates optimum weights using the variance and correlation 

of errors for sites that have reference data (Pham et al., 2018). These weights are then regionalized 

by relating them to the topographic slope. This method has been widely used in other studies to 

improve the accuracy of climatic and hydrologic forecasts such as sea surface temperature, 

precipitation, soil moisture, and rainfall-runoff models (Pham et al., 2018). The original DEMs in this 

method are first normalized before being used in the derivation of fusion weights using the equation 

(2.6), so that the resulting weight values are between 0 and 1. 

 ( )
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
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where, 𝑍𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑, 𝑍𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙, 𝑍𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ , and 𝑠𝑡𝑑(𝑍𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙) are the normalised, original, mean, and 

standard deviation of the DEMs, respectively. 𝑠𝑡𝑑(𝑍𝑟𝑒𝑓) and  𝑍𝑟𝑒𝑓
̅̅ ̅̅ ̅̅  are the standard deviation and 

mean of the reference data, respectively (Pham et al., 2018). The method for determining weights by 
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Bates and Granger (1969) is used to derive weights for DEM fusion using the variance and correlation 

of errors for sites that have reference data. The aim of the method is to produce a combined forecast 

with low errors. 

Bates and Granger (1969) assumed that performance of the individual forecasts would be consistent 

over time in the sense that the variance of errors could be expressed as follows:  by 𝜎1
2  and 𝜎2

2 for all 

values of time, 𝑡. Additionally, both forecasts were assumed to be unbiased (either naturally or after 

correction). The combined forecast would be obtained by a linear combination of the two sets of 

forecasts, with 𝑘  being the weight of the first set and (1 − 𝑘)  being the weight of the second, so 

that the combined forecast would be unbiased (Bates and Granger, 1969). As a result of the combined 

forecast, 𝜎𝑐
2, the variance can be expressed as follows: 

 
2 2 2 2 2

1 2 1 2(1 ) 2 (1 )c k k k k     = + − + − , (2.7) 

 

where 𝜌 is the correlation coefficient between the errors in the first set of forecasts and the errors in 

the second set and 𝑘 is the proportionate weight given to the first set of forecasts. The choice of 𝑘 

should be made so that the errors of the combined forecast are small; in particular, aiming to minimize 

the overall variance, 𝜎𝑐
2. Differentiating with respect to 𝑘, and equating to zero, we get the minimum 

of 𝜎𝑐
2 occurring when: 
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The linear combination fusion is expressed as follows, 

 
 

 ( )1 2 1DEM DEMDEM fusion k k=  + −   (2.9) 

where, 𝑘 is the optimum weight and 𝑍𝐷𝐸𝑀 are elevations from the DEMs. 
 
Pham et al. (2018) applied the linear combination technique to fuse SRTM and ASTER DEMs. The 

research was conducted in two studies and two test sites. The first study site was in Western 

Washington at Mount Rainier National Park. The area was characterized by a mountainous landscape. 

The test site was located at the Valles Caldera National Preserve in New Mexico State. The area was 

also characterized by a mountainous landscape. The second study site was in Benton County in 

northwest Indiana and contained a flat landscape with major land use/cover being agricultural. The 

second test site was in Whitley County in northeast Indian and has mostly cropland use. The results 

indicated that combined DEMs demonstrate a 47% and 20% reduction in mean bias over a 

mountainous site, and 16% and 58% at a low-relief site when compared to SRTM and ASTER GDEM, 

respectively (Pham et al., 2018). 
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2.3.3 Averaging fusion 

In this method, equal weights are used in fusing the DEM’s. The fusion formula is given as, 
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where, 𝑛, and 𝑋𝑖  are the number of items, and data values to be averaged, respectively. Mohamed 
and Saleh (2018) fused ASTER and SRTM using the averaging technique. The RMSE for SRTM, ASTER, 
and averaging fused DEM were ±7.04, ±12.65, and ±8.80 m, respectively. These results indicated that 
the fusion enhanced the ASTER accuracy but not the SRTM. 
 

2.3.4 Sparse representation fusion 

 

According to the physiological characteristics of the human visual system, sparse representation 

describes the natural sparsity of signals. A sparse representation method is a transformation-based 

approach that is widely used to classify, super-resolve, identify, extract characteristics, deblur, 

analyse, and combine multimodal images (Li et al., 2018). This method was first implemented in image 

fusion by Yang and Li (2010). 

 

The fusion using the sparse representation technique with the support of weight maps was applied by 

Papasaika et al. (2011) to three DEMs (30 m SPOT1 Reference 3D DEM, 15 m ALOS/PALSAR2 DEM, and 

25 m ERS3 DEM) at a test site located at Thun, Switzerland. The area was characterized by different 

morphology and land cover. The results from an assessment performed against 2 m LiDAR reference 

DEM to validate the accuracy of the initial and fused DEM showed that the RMSE for ALOS, SPOT, ERS, 

fused DEM(ALOS-SPOT), fused DEM(ERS-SPOT), and fused DEM(ALOS-ERS), were 19.4, 15.5, 10.7, 

11.0, 9.7, and 10.9 m, respectively (Papasaika et al., 2011). 

 

2.3.5 Frequency domain fusion 

 
The frequency domain fusion technique uses the Fast Fourier Transform (FFT) to convert the input 

DEMs into a spatial frequency domain, as described in Honikel (1998). The low-pass and high-pass 

filters are then applied to remove the erroneous frequency components, then after the filtering 

process, the DEM spectra are summed, and the inverse FFT is applied to convert the fused DEM back 

into a spatial domain. The filtering operation is given as (Karkee et al., 2008): 

 

 ( ) ( ) ( )1 1, , ,p pF p q F p q p q=   (2.11) 

where 𝑝, 𝑞 are the frequency domain indices, 𝐹1𝑃(𝑝, 𝑞) is the resulting filtered DEM 2D spectrum, 

𝐹(𝑝, 𝑞) is the original stereo optical DEM 2D spectrum, and 𝐻1𝑃(𝑝, 𝑞) is a filter (either low or high 

pass). 

 

Karkee et al. (2008) used the frequency domain fusion technique to improve the quality of ASTER and 

SRTM. The research was conducted at about 25 km east of Kathmandu in the central region of Nepal, 
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which has an area of about 60 km2. The area consisted of plains, valleys, and uneven, rocky hilly 

regions. A contour map was used to produce a reference DEM and the assessment results showed 

that the RMSE for SRTM, ASTER, and fused DEM, were 18.3, 28.3, and 16.4 m, respectively (Karkee et 

al., 2008). 

 

2.3.6 Multi scale fusion 

 
In the Multi scale fusion, a Wavelet Transform (WT), bidimensional empirical mode decomposition 

(BEMD), and nonlinear adaptive multiscale decomposition (N-AMD) analysis methods are applied to 

the DEMs to decompose them into n-level frequency domains. A fusion rule is then developed based 

on the analysis of the decomposition (Tian et al., 2018). 

 
The wavelet transform is a multi-resolution time-frequency analysis method. In the low-frequency 

section, this method has a high-frequency resolution, and in the high-frequency section, it has a high 

time resolution. The empirical mode decomposition is a novel time-frequency analysis method that 

was proposed by Huang et al. (1998). In this technique, there is no Fourier transform involved and it 

can be used for nonlinear, nonstationary signal linearization and smooth processing. The Nonlinear 

adaptive multi-scale decomposition is a recent nonlinear adaptive multi-scale decomposition method. 

The method can determine any trend signal without prior knowledge and can reduce the noise of time 

series data more effectively than the linear filters, wavelet shrinkage, and chaos-based noise reduction 

scheme (Tian et al., 2018). 

 

Tian et al. (2018) applied the multi-scale fusion technique to the 1-arc-second SRTM and AW3D30. 

The research was conducted in two study areas. The first study area was in the City of Chuxiong, 

Yunnan Province in Southwestern China. The area is mountainous and has complex terrain. The flora 

in the area is mainly perennial trees. The second study area was in Xilinhot, in the Inner Mongolia 

Province of Northern China. It has a gently undulating surface with a landscape that is mostly 

grassland. The resulting fused DEM was compared against the ICESat, used as the reference ground 

elevation. The RMSE of the newly created DEM from multi-scale fusion improved by 29,6% and 19.3% 

over the mountainous area, and by 27.4% and 15.5% over a low-relief region compared to the 1-arc-

second SRTM and AW3D30, respectively (Tian et al., 2018). 

 

2.3.7 Active surface fusion 

Active surface fusion is a generalization of snakes or active contours developed by Kass et al. (1988). 

In this technique, the less accurate (active surface) is adjusted towards the most accurate (reference 

surface). As the active surface approaches the reference surface, it is constrained by rigidity terms. 

The shape of the surface is determined by internal forces that constrain it to be piecewise smooth and 

external forces that drive it to coincide with geomorphological features throughout the reference 

surface (Kass et al., 1988).  

 

A 4m grid IKONOS-based DEM and 2 m regular spacing LiDAR-based DEM were fused using the active 

surface technique in a study conducted in Switzerland around the town of Thun (Papasaika et al., 

2009). The area is made up of smooth hilly regions, steep mountains, and flat areas with elevations 

ranging from 530 to 2190 m. It was observed from the results that the fusion methodology can 

improve initial input DEM accuracy, especially in cases of building updates, and enhancement of 

hedges. Papasaika et al. (2009) revealed that the availability of land cover maps on areas that show 
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inconsistent accuracies can help in understanding the characteristics of the area and derive DEM 

quality measures. 

 

2.3.8 Ordinary cokriging fusion 

 

The concept of cokriging can be considered as an interpolation of points. A point map is an input into 

the function, and a raster map is returned, along with estimations and optional error maps (Johnston 

et al., 2004). The technique is a multivariate variant of the ordinary Kriging operation: It calculates 

estimates for a poorly sampled variable from a well-sampled variable. According to Johnston et al. 

(2004), ordinary cokriging can be expressed as, 

 

 ( ) ( ) ( ) ( ) ( ) ( )1 1 1 2 2 2s s s s s s    = +  = +  (2.12) 

 

where 𝑍1(𝑠) and 𝑍2(𝑠) are the input variables, decomposed into deterministic trends 𝜇1(𝑠) and 𝜇2(𝑠) 

having random autocorrelated errors as 𝜀1(𝑠) and 𝜀2(𝑠). There would be autocorrelation for each of 

them and cross-correlation between them. 

 

Setiyoko et al. (2019) applied cokriging fusion technique to height point data extracted from Cartosat-

1 stereo imagery and GPS data measurement in a hilly area covered by plantations. It was also applied 

to height point data extracted from ALOS PRISM stereo imagery and topographic map in a flat area 

covered by plantations with elevation ranging from 700.26 to 717.86 m. Results from the experiment 

indicated that the interpolation error could be reduced by the ordinary cokriging fusion process 

(Setiyoko et al., 2019). 

 

2.3.9 Modified k-means clustering fusion 

 

The main objective of the modified k-means clustering technique is to fuse DEMs without any initial 

knowledge of the errors in the DEMs. The technique is made up of (1) slope and elevation 

thresholding, (2) k-means clustering and (3) adaptive mean and Gaussian filtering (Fuss et al., 2016). 

 

The slope thresholding process removes attributes of DEM surfaces that are different from other DEM 

surfaces in the same location. Elevation thresholding removes elevations that are different from other 

elevations in the same location. The k- means clustering isolates groups of elevation that are similar. 

Adaptive mean filters compare the mean and standard deviation of neighbouring cells with the centre 

value based on a moving window. If the value in the center of the window is greater than the 

calculated threshold value, the centre value is replaced by the mean of the neighbouring values (Fuss 

et al., 2016). Gaussian filtering smooths the DEM and reduces the short-scale variance that resulted 

from k-means clustering. 

 

Fuss et al. (2016) tested the modified k-means clustering technique using 12 DEMs from Synthetic 

Aperture Radar (SAR) imagery in Southern Ontario, Canada, Northwest of the city of Guelph. The site 

had an area of 316 km2, elevation ranges from 310 to 443 m above mean sea level with a post-glacial 

landscape that is mostly moderately sloping with some hillocky topography present. According to Fuss 

et al. (2016), the final DEM product from the fusion was more accurate and precise than a simple 

averaging of DEMs. The fusion step that included slope and elevation thresholding was effective in 

increasing the accuracy and precision of the final DEM product. The overall accuracy of the final DEM 

product was also impacted by the k-means clustering of the elevations as this reduced the precision 
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of the estimates, but the erroneous elevation estimates were removed in the final step of the fusion 

using the adaptive mean and Gaussian filtering (Fuss et al., 2016). 

 

2.3.10 Self-consistency fusion 

 

The self-consistency fusion detects and removes errors from the tiles, then produces a low noise fused 

DEM by averaging the different clean tile elevations. The method is based on the expectation that 

reversing the reference and target images will produce similar (or self-consistent) results when the 

image matching algorithm finds the correct match, and if the algorithm fails, different results will be 

produced (Schultz et al., 2002).  

 

Schultz et al. (2002) tested self-consistency fusion on two data sets. The first dataset was a set of four 

high elevation images covering the same area captured over a desert environment, and the second 

dataset was a set of photo-realistic simulated images generated from a known DEM and ortho-image. 

The results from the fusion showed that the method can generate a fused DEM that is almost ‘error-

free’ (Schultz et al., 2002). 

 

2.4 Digital elevation models in South Africa 

In this section several types of popular DEMs in South Africa are presented together with related 
challenges or problems. 
 

2.4.1 Ground based digital elevation models and other elevation sources in South Africa 

 

CD: NGI 25 m DEM: This DEM is generated from a stereo pair of photogrammetric images or from 

contour data sets at 25 m resolution and is accurate to 3 m at 95% confidence level and covers 

approximately 66% of the area of South Africa (Verhulp, 2015).  

 

GISCOE 20 m DEM: GISCOE was previously known as GIMS. In 2000 they created a 20 m DEM based 

on contours, spot heights, and trigonometrical beacons digitized from the 1:50 000 map series. No 

accuracy statement is available for the product (Verhulp, 2015). 

 

DEMSA: The digital elevation model of South Africa (DEMSA) was generated from 0.5 m resolution 

stereo aerial or satellite imagery and has a resolution of approximately 2 m. The product is available 

as a Digital Surface Model (DSM) and as a Digital Terrain Model (DTM). The DEM has a mean vertical 

error of 35 cm and is available for the whole of South Africa at a cost, depending on the size and 

product level (van Niekerk, 2021). There is not much information about the validation data for this 

DEM. 

 

CD: NGI contours and spot heights: The contours (20 m vertical interval) and spot heights depicted 

on the 1:50 000 South African topographical maps are primary sources of elevation data in South 

Africa. These sources of elevation data were digitized by the Chief Directorate: National Geospatial 

Information (CD: NGI) and are available for use by the public for free. The contours are accurate to 11 

m at a 95% confidence level (Verhulp, 2015). CD: NGI also provides free 1:10 000 contours and spot 

heights to the public that are derived from 1:10 000 orthophoto maps, and no accuracy statement is 

available for these products. 
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2.4.2 Fused digital elevation models in South Africa 

SUDEM: The Stellenbosch University Digital Elevation Model (SUDEM) is a 5 m resolution DEM created 

by combining multiple sources of elevation data, namely large scale (1:10 000 and 1:50 000) contours 

and spot heights, and 1-arc-second SRTM. The SUDEM has three product levels, at levels 1 and 2, the 

resolution is 5 m, with an RMSE of 10.1 and 10.2 m, respectively. An estimated absolute accuracy of 

less than 1 m is achieved using the Level 3 DSM (van Niekerk, 2015). The level 1 SUDEM product was 

utilised in filling up any voids present in the SRTM, after which the two DEMs were fused using a 

patented weighting scheme that favours the SRTM in areas where contour and spot heights densities 

are low (van Niekerk, 2021). The SUDEM is assessed using high accurate surveyed reference points 

obtained from the City of Cape Town (van Niekerk, 2015). The SUDEM is available at a cost and has a 

vertical accuracy of 2 to 15 m depending on the area (van Niekerk, 2021). 

 
SANSA 20 m DEM: Originally acquired through ComputaMaps in 2000, the DEM is primarily used as a 

reference for automated image processing (orthorectification) and hydrological modeling, as well as 

DEM derivatives. Interpolated from contour vector lines and spot heights of 1:50 000 (20 m) and 

patched using SRTM (90 m). Limitations such as a wide range of artifacts caused by incorrectly assigned 

contour heights, and the elevation accuracy is unknown (Verhulp, 2015). 

 

2.5 Problems with existing digital elevation models over South Africa 
 
The CD: NGI free contours and spot heights provide valuable information about elevation over South 

Africa. However, contours are not ideal for interpolating DEMs because their densities are affected by 

slope gradients. Low-relief areas are particularly problematic because contours are often spaced far 

apart (horizontally), reducing the efficiency of interpolation. Contour DEMs can be improved by 

incorporating the spot heights in the interpolation process. However, the product is still insufficient 

to represent subtle changes in terrain. The CD: NGI free 25 m resolution DEM does not provide the 

full coverage of the country, and from a preliminary assessment and analysis conducted, some tiles 

contain pixels with incorrect or abnormally high or low height information. Access to products such as 

LiDAR data, SUDEM, and various large-scale DEMs that were generated for specific projects is 

restricted as these are available to the public at high costs. 

 

On the other hand, the satellite-based DEMs over South Africa provide an accurate surface replication 

but are associated with errors such as speckle noise, strip noise, and vegetation error, limiting their 

applications (Yamazaki et al., 2017). Some of the satellite-based DEMs contain voids and abnormally 

high or low height information, relatively low resolution (30m or less) and poor quality, which make 

them unsuitable for some applications (e.g., flood modelling, geomorphometry, civil engineering) (van 

Niekerk, 2015). High-resolution and quality satellite-based DEMs are also available to the public at 

high costs. 

 

Due to the less accuracy and limited coverage of South African free local DEMs and the high cost of 
accurate DEMs, this project will provide the public with the ability to access an accurate DEM at no 
cost, reflecting current topography and land cover for the entire country. 
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2.6 Chapter conclusion 
 

Different high-resolution global DEMs described above include SRTM, ASTER, AW3D30, TanDEM-X, 

and MERIT. The case studies indicate that AW3D30 is the most reliable DEM available in comparison 

to the SRTM (30 m), ASTER (30 m), TanDEM-X (90 m), NASADEM (30 m), and MERIT (90 m). Due to 

TanDEM-X (30 m) not being accessible to the public for free, no large-scale comparison of its 

performance with AW3D30 has been conducted yet. In comparison to SRTM (30 m), TanDEM-X (30 m) 

performs better.  The ASTER (30 m) DEM shows the worst performance compared to all the free high-

resolution DEM’s. It was found that slope was the most significant factor affecting DEM accuracy, 

while aspect had no significant effect. Change in land cover also affects the vertical accuracy of DEMs. 

 

In the studies, DEM accuracy is evaluated using two methods. One method is to compare the DEM 

with more accurate points (point-based), such as GPS data and elevation controls collected from large-

scale topographic maps. The other way to compare the DEM is by comparing it with higher-accuracy 

DEMs (surface-based), such as large-scale topographic maps, LiDAR DEMs, and other high-accuracy 

DEMs. The regressions (linear and multiple linear), and adaptive terrain-dependent methods have 

been shown to deliver reliable results. There are various fusion techniques described, including sparse 

representation, weighted averaging, linear combination, frequency domain, multi-scale, active 

surface, ordinary cokriging, modified k-means clustering, and self-consistency averaging of DEMs. 

According to Schindler et al. (2011), fusion techniques perform the same way. 

 

Among the different techniques described in section (2.3), the DEM fusion by weighted averaging is 

the most applied fusion algorithm. To accomplish the fusion, height error maps need to be available 

for weights derivation (Papasaika et al., 2011; Schindler et al., 2011). Height error maps are provided 

by DEM providers but in most cases, they are not available. Therefore, data-driven strategies to find 

weight maps based on geomorphological characteristics are used (Papasaika et al., 2011). Weights can 

also be generated using a specially trained artificial neural network (Bagheri et al., 2018). There are 

several DEMs and other elevation sources in South Africa, including CD: NGI 25 m DEM, GISCOE 20 m 

DEM, DEMSA, SUDEM, SANSA 20 m DEM, NGI contours, and spot heights. A lot of inconsistencies exist 

in the publicly available DEMs, including missing pixels. Obtaining local DEMs with full national 

coverage and reducing anomalies in satellite-based DEMs can be costly. 

 

This study aims at developing an optimal digital elevation model over South Africa by using freely 

available satellite-based DEMs with high resolution and ground levelling data. In the literature, the 

DEMs were assessed vertically over small areas with a less spatially distributed ground control 

network. This research will therefore evaluate vertical accuracy of the satellite-based DEMs implied 

on a larger scale against a more spatially distributed ground control network. Also, satellite-based 

DEMs will be compared with high-accuracy DEM (i.e., LiDAR).  Candidate DEMs from the assessment 

that show results of being most reliable will be modelled using all the correction models described 

above, then fused using the fusion methods (weighed averaging fusion, linear combinations, and 

simple averaging). The modelling and fusion algorithms will be implemented using MATLAB, ESRI 

ARC/GIS, GRASS, and EViews software. 
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Chapter Three: EMPIRICAL INVESTIGATIONS FOR DEVELOPMENT 

OF ACCURATE DIGITAL ELEVATION MODEL FROM GROUND 

AND SATELLITE DATA OVER SOUTH AFRICA  
 

3.1  Preparation of satellite-based digital elevation models over South 

Africa 

This section shows the methodology of how the datasets are acquired and processed to achieve the 

objectives. The research is divided into four phases: preparation of satellite-based DEMs, assessment 

of the satellite-based DEMs, selection of DEMs for fusion and error modelling, and DEM fusion over 

South Africa. Figure 2 shows a flowchart of the processes towards the development of an accurate 

digital elevation model from ground and satellite data over South Africa. The first top row indicates 

the data sources, the second row indicates the data supplied by the sources, followed by data 

processing flowcharts to achieve different objectives. 

 

 

Figure 2: Flowchart for Methodology process 

 

3.1.1 Introduction  

To prepare the data for processing, all tiles of the DEMs over the whole of South Africa need to be first 

merged. Uniform horizontal and vertical datums among the DEMs is very critical in understanding the 

data before doing any further assessment or application. Void presence needs to be checked, and any 

voids available in the DEMs need to be filled. 

 

3.1.2 Data and methods 

Table 1 shows the data prepared, sources, spatial resolution, and accuracy. The ASTER, AW3D30, 

MERIT, SRTM, and TanDEM-X are satellite-based DEMs. The absolute vertical accuracy specification 

for the MERIT and AW3D30 is based on the results of tests conducted by different authors. The 
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absolute vertical accuracy specifications for the SRTM, ASTER, and TanDEM-X are provided by the data 

producers. However, the relative vertical accuracy specifications are based on the results of tests 

conducted by different authors. 

 

Table 1: DEM types, sources, spatial resolution, and accuracies 

Dataset Spatial 

resolution 

Source Vertical Accuracy 

specifications 

SRTM  30 m USGS (https://www.usgs.gov/) < ±16 m absolute & 

< ±6 m relative. 

ASTER 30 m Earthdata(NASA) 
(https://search.earthdata.nasa.gov/search) 

< ±16 m absolute & 

< ±6 m relative. 

AW3D30 30 m JAXA 

(https://eorc.jaxa.jp/ALOS/en/aw3d30/data/index.ht

m) 

< ±5 m absolute 

TanDEM-X 30 m Geoservice 

(https://download.geoservice.dlr.de/TDM90/) 

< ±10 m absolute 

MERIT 90 m Yamazakilab  

(http://hydro.iis.utokyo.ac.jp/~yamadai/MERIT_DE

M/) 

< ±12 m absolute 

 

In addition, SAGEOID10 was also used for converting ellipsoidal heights to spheroidal orthometric 

heights. The collected SAGEOID10 is a 2½' x 2½' final hybrid geoid model and covers the whole of 

South Africa between 22°S and 35°S latitude and 16°E and 33°E longitude. The data is downloaded as 

an ASCII data file containing 128,017 geoidal height points. The SAGEOID10 model is estimated to have 

an accuracy of better than 10 cm and was developed using satellite altimetry, global DEM, land-based 

gravity measurements, the Earth Gravity Model 2008, and GPS/levelling. The data source is the 

International Service for the Geoid (ISG) (https://www.isgeoid.polimi.it/Geoid/geoid_rep.html). 

 

3.1.2.1 Merging the DEM tiles 

Each freely available DEM comes in several raster tiles. Therefore, a mosaic of the raster data tiles is 

done. Mosaicking of tiles combines all the raster tiles to produce one continuous raster.  

3.1.2.2 Unifying horizontal and vertical datums among the DEMs 

All the DEMs are collected in a GeoTIFF format in a geographic coordinate system and based on WGS84 

ellipsoid for horizontal datum. The AW3D30, SRTM, ASTER, and MERIT heights are orthometric and 

based on EGM96 as the reference vertical datum, while the TanDEM-X heights are ellipsoidal heights 

and based on the WGS84. A conversion of TanDEM-X heights from ellipsoidal to spheroidal 

orthometric is done before further application using height anomaly as follows, 

      
 H h N= −  (3.1) 

  
where, 𝐻 is the spheroidal orthometric height,  ℎ is the ellipsoidal height (TanDEM-X heights) and 𝑁 

represents the geoidal heights (in this case SAGEOID10 heights were used). A total of 128,017 geoidal 

height points from SAGEOID10 are used in interpolating a 30 m resolution raster surface using the 

inverse distance weighted (IDW) technique.  

 

https://www.isgeoid.polimi.it/Geoid/geoid_rep.html
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3.1.2.3 Voids in DEMs 

According to Qiu et al. (2019), the voids in DEMs are normally found in rugged topography, and DEMs 

such as the SRTM, ASTER, and TanDEM-X are affected by many voids. Many spatial analysis processes 

such as orthorectification, viewshed generation, slope, and aspect generation fail because of voids 

that are present in some areas of DEMs (Kroenung et al., 2006). Some of the causes of the presence 

of voids in satellite-based DEMs are topographic shadowing and the complex nature of Interferometric 

Synthetic Aperture Radar (IFSAR) technology (Kroenung et al., 2006). 

Before the DEMs implied can be used for further applications, a check for the void presence needs to 

be done, and present voids must be filled (Qiu et al., 2019). Locations in DEM with voids contain pixel 

values with no data. To determine the presence of voids for each satellite-based DEM in this study, a 

conditional map algebra expression is used in classifying the data into two classes. The expression 

classifies the raster pixels that have a value into one class and pixels with no data into another class. 

Many studies usually propose general interpolation methods to fill the voids in the DEMs, and these 

interpolation methods include kriging, spline, and inverse distance weighting (IDW). Due to the 

limitation of interpolation methods, which only use neighboring elevations for filling voids, these 

methods can sometimes produce less accurate geomorphological features (Qiu et al., 2019). Methods 

such as Delta Surface Fill, multi-source fusion, and fill and feather can be used to fill large voids (Qiu 

et al., 2019). 

This study uses the Arc GIS Elevation Void Fill function to fill voids using an interpolation method. The 

function creates pixels in DEMs where holes exist by using the Plane Fitting/ IDW method to fill the 

voids. The method first calculates the value of the missing pixel by taking the average of the eight 

neighboring values, then applies the plane fitting method, and if the error of the plane fitting method 

is too large, an inverse distance weighted (IDW) algorithm is applied. 
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3.1.3 Results and discussion 

The results and discussion based on the merging DEM tiles, voids detected and filled are presented. 

 

3.1.3.1 Merged DEM tiles 

The result for merged raster tiles for each satellite-based DEM are shown in Figure 3. 

 

 

(a) ASTER DEM 

 

(b) AW3D30 DEM 
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(c) MERIT DEM 

 

 

(d) SRTM DEM 
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(e) TanDEM-X DEM (after converting ellipsoidal to orthometric heights) 

Figure 3: Satellite-based DEMs after merging the raster tiles over South Africa (units are in m) 

 

All the merged satellite-based DEMs provide full coverage of South Africa and fair surface replication. 

The satellite-based DEMs (ASTER, AW3D30, MERIT, SRTM, and TanDEM-X) have maximum elevation 

values of 3466, 3461, 3472, 3475, and 3480 m, respectively. The satellite-based DEMs have minimum 

elevation values of -5, -36, -255, -254, and -190 m, respectively. The negative elevation values are 

located over mines and waterbodies. 

 

3.1.3.2 DEM voids detected and filled 

Over South Africa, the pixels with no data values were found only in the SRTM. There were no voids 

in the AW3D30, TanDEM-X, MERIT, and ASTER though Qiu et al. (2019) observed that TanDEM-X and 

ASTER are also usually affected by voids. For the MERIT DEM, no voids were expected as this DEM is 

produced by removing major error components from existing satellite-based DEMs (SRTM3 v2.1 and 

AW3D30). SRTM DEM and Hillshade before and after the voids have been filled are shown in Figure 4. 
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SRTM DEM (left) and Hillshade (right) before void filling 

 

SRTM DEM (left) and Hillshade (right) after void filling 

 

Figure 4: SRTM DEM (left) and Hillshade(right) before and after void filling 
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All the present voids in the locations identified in the SRTM vary from large to small and are in higher 

elevations. The maximum and minimum void have an area of approximately 4.3 km2 and 542.10 m2, 

respectively. Because of the size of the voids, other void filling techniques such as multi-source fusion 

needs to be considered once the assessment of the DEMs has been done. However, in this case, the 

voids are present in areas where there is no reference data to assess the improvement. The void filling 

technique has filled all the voids in the SRTM as shown in Figure 4 and the results indicate a fair surface 

replication.  

 

3.2 Assessment of satellite-based digital elevation models using ground 

levelling data over South Africa  
 

3.2.1 Introduction  

The point-based approach is used in the assessment of the satellite-based DEMs over South Africa. 

The vertical accuracy of the DEMs is assessed against ground levelling data. This process includes 

extracting the elevations from DEMs corresponding to the ground levelling data, validating the heights 

of the DEMs, and studying the Influences of elevation, slope, and land use/cover on height differences. 

 

3.2.2 Data and methods 

The datasets used are all the DEMs in Figure 3, the ground levelling (trigonometrical beacon) data 

described in section (2.1.1) is used as reference. Spatial distribution of the ground levelling is shown 

in Figure 5. The ground levelling data position (latitude, longitude) were used to extract elevation from 

the DEMs to facilitate assessment of vertical accuracy. The AW3D30, SRTM, ASTER, TanDEM-X, and 

MERIT elevations corresponding to a total of 27,350 ground levelling data points were extracted. To 

do the process, a spatial analysis extraction tool is used to extract multi-raster values to points. 

In addition, a SANCL 2018 (South African National Land Cover 2018) is also used in the assessment. 

The data has a 20 m resolution and covers the full extent of South Africa. The Land Cover dataset is 

generated from multi-seasonal 20 m resolution Sentinel 2 satellite imagery. The imagery used 

represents the complete temporal range of accessible imagery attained by Sentinel 2 through the 

period 01 January 2018 to 31 December 2018. The data is downloaded in a GeoTIFF raster format in 

geographic coordinate system and in Albers Equal Area projection. The data source is the E-GIS 

(https://www.environment.gov.za/mapsgraphics). 

 

https://www.environment.gov.za/mapsgraphics
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Figure 5: Distribution of ground levelling data points, with black dots representing ground levelling 
data points 
 

3.2.2.1 Validation of vertical accuracy of the satellite-based DEMs over South Africa 

The validation of the vertical accuracy of DEMs over South Africa includes the determination of the 

absolute differences in heights between the DEMs and ground levelling data and determining the 

relative differences between the DEMs. Outliers present in height differences are removed for each 

DEM, and statistical analysis of the height differences is done. The influence that elevation, slope, and 

land use/cover change have on height differences is assessed. The absolute height differences 

between the DEMs heights corresponding to 27,350 ground levelling data are determined as follows, 

 

 
Trig DEM

Trig DEM− =  −  (3.2) 

where, ∆𝐻𝑇𝑟𝑖𝑔−𝐷𝐸𝑀 are differences in heights between trigonometrical beacons and AW3D, SRTM, 

ASTER, TanDEM-X, and MERIT heights, respectively. 𝐻𝑇𝑟𝑖𝑔 and  𝐻𝐷𝐸𝑀represent trigonometrical 

beacon heights and corresponding extracted heights on the DEMs. A total of 27,350 successfully 

extracted points from the DEMs were used in evaluating the relative differences in heights between 

the DEMs, as follows, 

 

 1 2

1 2

DEM DEM
DEM DEM− = −  (3.3) 

where, ∆𝐻𝐷𝐸𝑀1−𝐷𝐸𝑀2
 are differences in heights among the AW3D, SRTM, ASTER, TanDEM-X, and 

MERIT, respectively. 𝐻𝐷𝐸𝑀1 and  𝐻𝐷𝐸𝑀2 represent DEM heights. The statistical parameters computed 

include the minimum, maximum, mean, and standard deviation. The statistical parameters are 

computed for the absolute height difference, and for the relative differences between DEMs. The 

minimum and maximum values are the lowest and highest values from the 27,350 height differences 
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dataset. The equations (3.4) and (3.5) below represent the formulas used in the computation of the 

mean and standard deviation for the height differences, respectively. 
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where, 𝛥𝐻𝑖, is the height differences between a satellite-based DEM and ground levelling data for 

point  𝑖 , 𝑛 is the number of ground levelling test data points,  𝛥𝐻𝑖
̅̅ ̅̅ ̅ is the mean of the height differences 

between a satellite-based DEM and ground levelling data. Outliers are removed using a method as 

shown in equation (3.6) that focuses on a percentage of differences with respect to orthometric 

ground levelling data heights (taking > 3% to be outliers). This method is a more thorough approach 

to identifying outliers because it can identify outliers that cannot be visually identified by plotting data 

and using common sense. The method also ensures that elevation data in high areas that are normally 

less accurate on DEMs are not arbitrarily removed, while errors in more accurate elevation data in 

lower areas are detected and removed.  

 

 

 
100i

outlier Trig

 
 


 (3.6) 

 

where,  
Trig DEM

i =  −              

 

Several tests were conducted using different percentages before arriving at 3% for application in this 

research. The method is applied to each DEM, then the remaining points and outliers are plotted to 

check spatial variations in the differences for each DEM. Height differences with values corresponding 

to more than 3% are considered outliers and are removed. The statistical parameters of the height 

differences of the remaining points are computed for each DEM. 

 

3.2.2.2 Assessment of the influence of elevation, slope, and land use/cover on heights 

differences 

First, the influences of slope and elevation changes on height differences are assessed, then secondly, 
the influence the change in land use/cover has on height differences and lastly, incorporating the 
assessment of slope and elevation change over each land use/cover.  The slope S, can mathematically 
be defined as a function of gradients at 𝑥 and 𝑦 direction at a given point on a surface [𝑧 = 𝑓(𝑥, 𝑦)] 
as follows, 
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 ( ) 1 2 2, tan x yS x y f f−= +  (3.7) 

 

where,  𝑆(𝑥, 𝑦) is the slope and  𝑓𝑥 and 𝑓𝑦 are gradients in 𝑥 − and 𝑦 − directions. A geodesic slope 

raster in degrees is generated for the full extent of South Africa using the SRTM. The slope map is 

shown in Figure 6, and it was reclassified into ranges with an interval of 10 to get well-defined areas 

for testing the effect of slope change on the DEM’s. The reclassified slope over South Africa using 

SRTM is shown in Figure 7. 

 

Figure 6: Un-ccategorised slope representation over South Africa based on SRTM data (units are in 

degrees) 
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Figure 7: Categorised slope representation over South Africa based on SRTM data (units are in 
degrees) 
 

Regarding land use/cover, the South African National land use/cover includes 9 features (bare land, 

grassland, shrub-land, water bodies, wetlands, cultivated land, forestland, built up, and mines & 

quarries) as is shown in Figure 8. Image reclassification of the 9 classes into 3 classes of land use/cover 

(low, medium, and high) is done, and the corresponding categorised land use/cover is shown in Figure 

9. The low land use/cover is composed of bare land, grassland, shrub-land, water bodies, and 

wetlands. Medium land use/cover is composed of cultivated land. High land use/cover is composed of 

forestland and built-up areas.  

 

 
Figure 8: South African National Land use/cover before categorisation 
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Figure 9: South African National Land use/cover after categorisation 
 

Extracted elevation and slopes corresponding to the ground levelling data are divided into different 

ranges, and statistical parameters for the height differences in each range are computed to assess the 

vertical accuracy. To determine the influence of land use/cover on height variation, the land use/cover 

corresponding to the ground levelling data points is extracted, differences in heights in each land 

use/cover are determined, and statistical parameters for the height differences are computed. The 

influence of elevation and slope change on the vertical accuracy of each DEM over each land use/cover 

is assessed. 

Out of 27,350 ground levelling data points before outlier removal, only a total of 27,120 were classified 

into different land use/cover classes, and 230 levelling data points were unclassified. The unclassified 

points either fell in the mines & quarries class or were part of an originally unclassified area. A total of 

18,962 levelling data points fell in low land use/cover areas, 2678 in medium land use/cover areas, 

and 5480 in high land use/cover areas. 

 

3.2.3 Results and discussion 

The results and discussions of vertical accuracies of the DEMs before and after outliers are removed 

are first presented, then followed by the influences of elevation, slope, and land use/cover on the 

vertical accuracy of each DEM. 

 

3.2.3.1 Height differences before removing outliers 

Statistical results for the absolute height difference between the DEMs and the ground levelling data 

before removing outliers are presented in Table 2, while scatter plots of the height differences are 

given in Figure 10. 
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Table 2:  Absolute height difference between the DEMs and ground levelling 

 

In Table 2, the overall height differences between the DEMs (AW3D30, SRTM, ASTER, TanDEM-X, and 

MERIT) and the ground levelling data have standard deviations of ±9.52, ±11.24, ±12.92, ±12.85, and 

±12.56 m, respectively with mean values of 3.44, 4.69, 10.70, 5.33, and 9.30 m. The statistical 

parameters indicate that the AW3D30 achieves better absolute vertical accuracy compared to all 

other DEMs, followed by the SRTM, MERIT, TanDEM-X, and ASTER, respectively.  

Although the statistical results indicate that the AW3D30 achieves better vertical accuracy compared 

to all other DEMs, the original specification of better than ±5 m is not met over South Africa. The 

TanDEM-X and MERIT vertical accuracy specifications of better than ±10 and ±12 m, respectively, are 

also not met over South Africa. The SRTM and ASTER vertical accuracy specifications of better than 

±16 m are met over South Africa. 

 

 

 

AW3D30 SRTM ASTER TanDEM-X Merit 

N 27350 27350 27350 27350 27350

Min(m) -987.70 -982.70 -989.70 -990.26 -977.99

Max(m) 243.10 298.00 300.00 400.70 318.36

Mean (m) 3.44 4.69 10.70 5.33 9.30

STDV (±m) 9.52 11.24 12.92 12.85 12.56
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Figure 10: Scatter plots for height differences between ground levelling and satellite-based DEM 
heights before removing outliers 

 

In the scatter plots in Figure 10, outliers can be visually identified. In Table 2, the maximum and 

minimum height differences indicated a difference in the satellite-based DEMs from ground levelling 

heights by more than ±100 m, and this is another general indication of outlier presence in the data. 

According to Figure 10, outliers are distributed in almost all elevation ranges, so applying a threshold 

of removing height differences of more than ±100 m would not be an effective way to remove outliers. 

Because elevation data in high areas that are normally less accurate on DEMs are arbitrarily removed, 

while errors in more accurate elevation data in low areas are not detected and removed. Therefore, 

the method in equation (3.6) was applied. The statistical results for the differences in heights between 

the DEMs are illustrated in Table 3. 

 

Table 3: Relative height differences among the DEMs 

 

 

In Table 3, statistical results indicate that discrepancies between the DEMs exist and that larger 

discrepancies exist between the ASTER and TanDEM-X while smaller discrepancies are observed 

between the SRTM and MERIT. 

 

 

N Min(m) Max(m) Mean (m) STDV (±m)

AW3D30 & SRTM 27350 -174.00 277.00 1.26 6.71

AW3D30 & ASTER 27350 -147.00 279.00 7.27 9.42

AW3D30 & TanDEM-X 27350 -99.18 387.30 1.89 8.96

AW3D30 & MERIT 27350 -169.27 297.36 5.86 8.43

SRTM & ASTER 27350 -100.00 97.00 6.01 8.81

SRTM & TanDEM-X 27350 -87.74 334.30 0.64 8.05

SRTM & MERIT 27350 -94.00 98.15 4.61 5.16

ASTER & TanDEM-X 27350 -80.47 344.30 -5.38 10.83

ASTER & MERIT 27350 -114.12 131.35 -1.41 9.58

TanDEM-X & MERIT 27350 -322.61 119.09 3.97 9.64
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3.2.3.2 Height differences after removing outliers 

 
From the 27, 350 height differences, there were 3.6% outliers for AW3D30, 5.9% for SRTM, 13.1% for 
ASTER, 5.1% for TanDEM-X, and 10.5% for MERIT. Spatial distribution of the ground levelling data 
points used to extract corresponding AW3D30, SRTM, ASTER, TandDEM-X, and MERIT heights over 
South Africa after taking > 3% to be outliers are given in Figures 11 to 15. 
 

 

Figure 11: Distribution of selected ground levelling points (green dots) and outlier points (red) based 
on AW3D30 DEM 

 

Figure 12: Distribution of selected ground levelling points (green dots) and outlier points (red) based 
on ASTER DEM 
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Figure 13: Distribution of selected ground levelling points (green dots) and outlier points (red) based 
on SRTM DEM 

 

 

Figure 14: Distribution of selected ground levelling points (green dots) and outlier points (red) based 
on TanDEM-X DEM 
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Figure 15: Distribution of selected ground levelling points (green dots) and outlier points (red) based 
on MERIT DEM 

 

Most outliers are spatially distributed around locations with medium and high land use/cover. It is 

possible that this is due to the low penetration capacity of SRTM and TanDEM-X radar signals in dense 

vegetation and the canopy sensitivity of the optical images used to generate ASTER GDEM and 

AW3D30. Fewer outliers are spatially distributed over the low land use/cover locations, which typically 

are areas where radar signals can penetrate well and where no canopy has an effect on vegetation 

reflectance on satellite images. ASTER has a large distribution of outliers, followed by MERIT, SRTM, 

TanDEM-X, and AW3D30, respectively. Statistical results for the absolute height difference between 

the DEMs and the ground levelling data after removing outliers are illustrated in Table 4, while 

corresponding scatter plots of the height differences after removing outliers are given in Figure 16. 

 

Table 4: Absolute height difference between the DEMs and ground levelling over South Africa 

 
 

In Table 4, the absolute height differences after removing outliers between the DEMs (AW3D30, 

SRTM, ASTER, TanDEM-X, and MERIT) and ground levelling data have standard deviations of ±5.09, 

±7.03, ±9.20, ±4.99, and ±8.36m, respectively with mean values of 2.94, 3.81, 9.35, 4.27, and 7.91 m, 

respectively. The results indicate that the TanDEM-X achieves better absolute vertical accuracy 

compared to all other DEMs followed by the AW3D30, SRTM, MERIT, and ASTER, respectively. The 

TanDEM-X and MERIT standard deviations are within the vertical accuracy specifications of better than 

AW3D30 SRTM ASTER TanDEM-X MERIT

N 26364 25727 23773 25962 24485

Min (m) -34.90 -37.80 -40.70 -28.83 -18.62

Max (m) 74.30 66.20 63.20 73.95 72.29

Mean (m) 2.94 3.81 9.35 4.27 7.91

STDV (±m) 5.09 7.03 9.20 4.99 8.36
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±10 and ±12 m, respectively. The SRTM and ASTER vertical accuracy specifications of better than ±16 

m is met and the AW3D30 original specification of better than ±5 m is marginally met. 

 

 

 

 



 

44 
 

 

 

Figure 16: Scatter plots for height differences between ground levelling and satellite-based DEM 
heights after removing outliers 
 

In Figure 16, the minimum and maximum height differences improved after outlier removal and are 
less than ±100 m. The coefficients of determination between ground levelling data and height 
differences for the DEMs (AW3D30, SRTM, ASTER, TanDEM-X, and MERIT) are 0.0124, 0.0069, 0.0171, 
0.017, and 0.0305, respectively. Based on these results, there is a very weak linear (positive) 
correlation between the ground levelling data heights and height differences for all DEMs.  On the 
other hand, if we look at the absolute height differences and visually at sub-figures in Figure 16, we 
can see that there is a high correlation. As elevation increases, absolute height differences also 
increase. This indicates a decrease in the vertical accuracies of the satellite-based DEMs, indicating 
that high areas are less accurate compared to low areas. 
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3.2.3.3 Influences of elevation, slope, and land use/cover on heights variation 

Variation of standard deviation with elevation change 
 
Table 5: Variation of standard deviation of the differences between ground levelling and satellite-based DEM heights with elevation over South Africa 

 
Height range (m) 0 - 500 500 - 1000 1000 - 1500 1500 - 2000 2000 - 2500 2500 - 3000 > 3000 R2 

AW3D30 Number of points 3184 4629 10854 7105 540 49 3 0.0124 

STDV (±m) 2.63 4.04 5.19 5.99 7.01 6.15 15.05 

SRTM Number of points 2722 4516 10818 7082 537 49 3 0.0069 

STDV (±m) 3.09 5.45 6.84 8.30 11.44 12.16 13.44 

ASTER Number of points 1200 4209 10709 7069 536 48 2 0.0171 

STDV (±m) 4.79 7.15 8.75 10.51 13.24 10.50 2.40 

TanDEM-X Number of points 2943 4603 10781 7065 519 48 3 0.017 

STDV (±m) 2.15 3.32 4.54 6.42 9.67 10.79 19.39 

MERIT Number of points 1923 4197 10710 7073 530 49 3 0.0305 

STDV (±m) 3.16 6.02 8.02 9.78 12.95 14.32 14.85 
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In Table 5, there is a relationship between the standard deviation of the height differences and 

elevation range. As the elevation increases, the standard deviation also increases. The lowest standard 

deviations for all the DEMs were found in the height range (0 to 500 m). The highest standard deviation 

for AW3D30, SRTM, TanDEM-X, and MERIT are found in the height range greater than 3000 m. 

Although the standard deviations depict a relationship, Table 5 indicates a very weak linear (positive) 

correlation between the elevation and height differences for all DEM’s. From these results, it can be 

drawn that these DEM’s vertical accuracy degrade with an increase in elevation. It can also be deduced 

that it is more likely for higher areas to have lower vertical accuracy compared to lower areas. 

 

Variation of standard deviation with slope 
 
Table 6: Variation of standard deviation of the differences between ground levelling and satellite-
based DEM heights with slope over South Africa 

 
Slope range  0° - 2° 2° - 4° 4° - 6° 6° - 8° 8° - 10° > 10° R2  

AW3D30 Number of 
points 

9433 7121 3245 1927 1332 3306 0.0524 

STDV (±m) 4.54 5.14 5.02 4.90 4.63 5.84 

SRTM Number of 
points 

9371 7033 3171 1856 1266 3030 0.3024 

STDV (±m) 4.97 5.83 6.20 6.29 6.06 8.75 

ASTER Number of 
points 

8669 6427 2893 1728 1186 2870 0.1118 

STDV (±m) 7.82 8.39 9.15 9.09 9.38 10.55 

TanDEM-
X 

Number of 
points 

9342 7038 3201 1892 1307 3182 0.1053 

STDV (±m) 4.34 4.76 4.49 4.45 3.55 6.79 

MERIT Number of 
points 

9145 6745 2961 1718 1165 2751 0.3223 

STDV (±m) 5.21 6.48 7.21 7.56 7.97 10.27 

 

In Table 6, as the slope increases, the standard deviation also increases, meaning deterioration in the 

vertical accuracy. All the DEMs have the lowest standard deviations in areas with the slope range (0° 

to 2°). The highest standard deviations for all the DEMs are found in the slope range greater than 10°. 

Although the standard deviations depict a relationship, the coefficients of determination in Table 6 

indicate a very weak linear (positive) correlation between the slope and height differences for the 

AW3D30, ASTER, and TanDEM-X, and a moderate positive correlation for the SRTM and MERIT. From 

these results, it can be drawn that these DEM’s vertical accuracies degrade with an increase in slope. 

It can also be deduced that it is more likely for steeper areas to have lower vertical accuracies 

compared to gentle areas. 
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Land use/cover verses elevation 

Variation of standard deviation with elevation in low land use/cover 
 
Table 7: Variation of standard deviation of the height differences with elevation in low land use/cover areas over South Africa 

 
Height range (m) 0 - 250 250 - 500 500 - 750 750 - 1000 1000 - 1250 1250 - 1500 1500 - 1750 1750 - 2000 >2000 R2 

AW3D30 Number of points 689 898 1117 2258 3120 4512 4014 1368 580 0.0055 

STDV (±m) 1.78 3.06 3.58 3.65 4.08 4.41 4.82 5.24 7.06 

SRTM Number of points 541 756 1051 2222 3108 4495 3999 1356 577 0.0061 

STDV (±m) 2.00 3.57 5.15 5.51 5.99 6.91 7.39 8.69 11.60 

ASTER Number of points 137 364 887 2156 3075 4455 3995 1357 574 0.0107 

STDV (±m) 3.19 4.91 6.16 7.19 7.71 9.07 9.73 11.13 13.25 

TanDEM-X Number of points 585 874 1104 2256 3115 4484 3999 1351 558 0.0109 

STDV (±m) 1.34 2.37 2.97 3.25 3.53 4.00 4.94 6.44 9.92 

MERIT Number of points 363 579 925 2115 3060 4464 3993 1359 570 0.0352 

STDV (±m) 1.90 3.28 5.24 6.48 7.25 8.48 9.07 10.69 13.20 

 
In Table 7, it can be observed that as the elevation increases, there is also an increase in standard deviations. In all DEMs, areas with a height range (0 to 250 

m) have the lowest standard deviations, and areas with a height range greater than 2000 m have the highest standard deviations. Although Table 7 standard 

deviations depict a relationship, the coefficient of determination indicates a very weak linear (positive) correlation between the elevation change and height 

differences for all DEMs. 
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Variation of standard deviation with elevation in medium land use/cover 
 
Table 8: Variation of standard deviation of the height differences with elevation in medium land use/cover areas over South Africa 

 
Height range (m) 0 - 250 250 - 500 500 - 750 750 - 1000 1000 - 1250 1250 - 1500 1500 - 1750 >1750  R2 

AW3D30 Number of points 409 252 116 96 161 760 751 78 0.00001 

STDV (±m) 1.63 2.10 2.13 2.86 3.88 2.76 2.61 1.86 

SRTM Number of points 357 249 115 96 161 760 751 78 0.1645 

STDV (±m) 1.91 2.74 3.57 3.21 4.46 2.50 2.67 2.14 

ASTER Number of points 99 132 111 96 161 759 750 78 0.0016 

STDV (±m) 2.81 4.62 6.24 6.95 6.90 7.30 8.25 7.93 

TanDEM-X Number of points 377 251 116 96 161 760 751 78 0.0012 

STDV (±m) 1.01 1.47 1.62 2.27 3.20 1.87 2.10 1.48 

MERIT Number of points 290 221 109 95 161 760 751 78 0.0568 

STDV (±m) 1.62 3.12 3.37 3.59 5.13 2.68 2.74 2.60 

 

In Table 8, the AW3D30, SRTM, TanDEM-X, and MERIT standard deviations increase with an increase in elevation from height range (0 to 1250 m). These 

height ranges are also areas where the lowest and highest standard deviations for these DEMs are found. The standard deviations of the DEMs implied above 

decrease from a height range greater than 1250 m. The ASTER standard deviation increases with an increase in elevation from height range (0 to 1750 m) and 

decreases from height range greater than 1750 m. In ASTER, areas with a height range (0 to 250 m) have the lowest standard deviation, and (1500 to 1750 

m) have the highest standard deviations.  The coefficients of determination in Table 8 indicate a weak linear (positive) correlation between the elevation and 

height differences for the AW3D30, ASTER, TanDEM-X, and MERIT and a moderate positive correlation for the SRTM. 
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Variation of standard deviation with elevation in high land use/cover 
 
Table 9: Variation of standard deviation of the height differences with elevation in high land use/cover areas over South Africa 

 
Height range (m) 0 - 250 250 - 500 500 - 750 750 - 1000 1000 - 1250 1250 - 1500 1500 - 1750 >1750  R2 

AW3D30 Number of points 473 454 484 532 1008 1207 719 123 0.074 

STDV (±m) 1.89 3.43 4.50 5.75 6.10 7.78 10.02 11.84 

SRTM Number of points 370 439 476 530 1000 1201 719 120 0.0304 

STDV (±m) 2.27 3.65 5.28 5.85 6.25 8.58 11.02 12.91 

ASTER Number of points 177 287 422 511 995 1180 715 122 0.0694 

STDV (±m) 2.96 4.91 6.89 8.00 8.54 10.05 12.01 14.38 

TanDEM-X Number of points 405 442 479 526 999 1186 717 119 0.0684 

STDV (±m) 1.77 2.92 3.44 4.13 5.46 7.21 11.02 12.69 

MERIT Number of points 167 298 410 530 998 1190 714 122 0.0553 

STDV (±m) 2.23 3.53 5.06 6.43 7.53 8.88 11.46 12.84 

 

In Table 9, as the elevation increases, there is also an increase in standard deviations for the height differences. In all DEMs, areas with a height range (0 to 

250 m) have the lowest standard deviation, and areas with a height range greater than 1750 m have the highest standard deviations. As the Table 9 standard 

deviations indicate a strong relationship, the coefficient of determination also indicates a weak linear (positive) correlation between the elevation and height 

differences for all DEM’s. 

Table 7 shows a similar trend in results to those in Table 9. In all the results, the standard deviations for the height differences increase with an increase in 

elevation, meaning deterioration in the vertical accuracy. From these results, it can be drawn that these DEM’s vertical accuracies degrade with an increase 

in elevation in low and high land use/cover. From the results in Table 8 it is deduced that in medium land use/cover, AW3D30, SRTM, TanDEM-X, and MERIT 

vertical accuracies degrade with an increase in elevation in range (0 to 1250 m). The ASTER vertical accuracy in medium land use/cover degrades with an 

increase in all elevation ranges. 
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Land use/cover verses slope 

Variation of standard deviation with slope in low land use/cover 
 
Table 10: Variation of standard deviation of the height differences with slope in low land use/cover 
areas over South Africa 

 
Slope range  0° - 2° 2° - 4° 4° - 6° 6° - 8° 8° - 10° > 10° R2 

AW3D30 Number of 
points 

5973 4933 2350 1468 1054 2778 0.091 

STDV (±m) 3.66 4.06 4.04 3.82 4.24 5.71 

SRTM Number of 
points 

5930 4895 2310 1428 1004 2538 0.376
4 

STDV (±m) 4.40 5.06 5.58 5.68 5.95 8.90 

ASTER Number of 
points 

5566 4560 2151 1342 959 2422 0.130
4 

STDV (±m) 7.34 7.88 8.81 8.85 9.31 10.59 

TanDEM-
X 

Number of 
points 

5923 4899 2337 1459 1035 2673 0.192
4 

STDV (±m) 3.34 3.43 3.63 3.52 3.47 7.08 

MERIT Number of 
points 

5829 4772 2210 1350 940 2327 0.361
9 

STDV (±m) 4.80 5.98 6.92 7.32 7.95 10.36 

 

In Table 10, as the slope increases, the standard deviations of the DEMs also increases. In all DEMs, 

areas with a slope range (0° to 2°) have the lowest standard deviations, and areas with a slope range 

greater than 10° have the highest standard deviations. The coefficients of determination in Table 10, 

indicate a weak linear correlation between the slope and height differences for the AW3D30 and 

ASTER, moderate positive correlation for the TanDEM-X, and a strong positive correlation for the 

SRTM and MERIT. 

 

Variation of standard deviation with slope in medium land use/cover 
 
Table 11: Variation of standard deviation of the height differences with slope in medium land use/ 
cover areas over South Africa 

 
Slope range  0° - 2° 2° - 4° 4° - 6° 6° - 8° 8° - 10° > 10° R2 

AW3D30 Number of 
points 

1683 716 129 49 24 22 0.0151 

STDV (±m) 2.41 2.76 3.08 4.65 2.67 2.82 

SRTM Number of 
points 

1676 686 118 45 20 22 0.1988 

STDV (±m) 2.48 3.14 4.11 3.32 4.87 4.77 

ASTER Number of 
points 

1473 551 91 36 15 20 0.0132 

STDV (±m) 7.28 7.58 8.99 7.99 7.40 8.70 

TanDEM-
X 

Number of 
points 

1678 698 125 44 23 22 0.0146 

STDV (±m) 1.71 2.33 2.37 2.01 1.73 1.62 
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MERIT Number of 
points 

1651 648 98 36 16 16 0.2371 

STDV (±m) 2.26 3.29 4.38 4.55 5.26 9.83 

 

The only consistent trend in Table 11 is the variation of standard deviations of SRTM and MERIT with 

slope range. It can be observed that as the slope increases, the standard deviations of the SRTM and 

MERIT also increase, and there is a moderate positive correlation between these DEM height 

differences and slope. In the SRTM, ASTER, and MERIT, areas with a slope range (0° to 2°) have the 

lowest standard deviation, and with a slope range greater than 8° have the highest standard deviation.  

For the AW3D30, ASTER, and TanDEM-X, there is variation in standard deviations as slope increases. 

However, for AW3D30 and TanDEM-X, low standard deviations are in areas with slope range (0° to 2°) 

and (>10°), respectively. In slope range (6° to 8°), the AW3D30 has the highest standard deviations, 

and the TanDEM-X has the highest standard deviation in slope range (4° to 6°). Table 11 also indicates 

a weak linear correlation between the slope and height differences for the AW3D30, ASTER, and 

TanDEM-X. 

 

Variation of standard deviation with slope in high land use/cover 
 

Table 12: Variation of standard deviation of the height differences with slope in high land use/cover 
areas over South Africa 

 
Slope range  0° - 2° 2° - 4° 4° - 6° 6° - 8° 8° - 10° > 10° R2 

AW3D3
0 

Number of 
points 

1698 1421 742 403 248 488 0.001
7 

STDV (±m) 7.03 7.74 6.91 7.13 5.99 6.46 

SRTM Number of 
points 

1683 1396 715 376 236 449 0.073
1 

STDV (±m) 6.99 7.93 7.56 8.08 6.33 7.38 

ASTER Number of 
points 

1552 1270 628 343 206 410 0.028 

STDV (±m) 9.19 9.94 9.60 9.38 9.20 9.73 

TanDE
M-X 

Number of 
points 

1662 1394 718 384 243 472 0.000
9 

STDV (±m) 7.10 7.96 6.70 6.89 3.84 4.48 

MERIT Number of 
points 

1589 1282 637 328 204 389 0.119
9 

STDV (±m) 7.14 8.30 8.13 8.40 7.89 9.39 

 

In Table 12, there is a variation in the standard deviations of the DEMs as the slope increases. However, 

for AW3D30 and TanDEM-X, the lowest standard deviations are found in slope ranges (>10°) and 

higher standard deviations in slope ranges (2°- 4°). Table 12 also indicates a weak linear correlation 

between the height differences of these DEMs and the slope. 

 

From the results in Table 10, it can also be deduced that in all the DEMs in low land use/cover it is 

more likely for steeper areas to have lower vertical accuracies compared to flat areas. In Table 11, for 

the SRTM and MERIT in medium land use/cover, it is more likely for steeper areas to have lower 

vertical accuracies compared to flat areas. However, for AW3D30, TanDEM-X, and ASTER, this is not 
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the case as there is an unclear variation in vertical accuracies as slope changes. For AW3D30 and 

TanDEM-X in high land use/cover, it is more likely for steeper areas to have higher vertical accuracies 

compared to flat areas. For the MERIT, SRTM, and ASTER, in high land use/cover it is more likely for 

steeper areas to have lower vertical accuracies compared to flat areas. 

In all the evaluations of the satellite-based DEMs against ground levelling data, the ASTER shows the 

lowest vertical accuracy, followed by the MERIT and SRTM. These DEMs also provide very low 

accuracies in areas with the highest elevations and slopes. The AW3D30 and TanDEM-X provide 

relatively high vertical accuracies in most elevation and slope ranges. Therefore, they (AW3D30 and 

TanDEM-X) are candidate DEMs suitable for fusion over South Africa and this is only based on the 

DEMs evaluated in this study. 

 

3.3 Assessment of satellite-based digital elevation models using ground 

levelling data and LiDAR data over a portion of western part of South 

Africa 
 

3.3.1 Introduction  

The point and surface-based approach is used in the assessment of the satellite-based DEMs over a 

portion of the western part of South Africa. The vertical accuracy of the DEMs is assessed against 

ground levelling and reference surface data (LiDAR DEM). This process included extracting the 

elevations from DEMs corresponding to the data, validating the heights of the DEMs, and studying the 

Influences of geomorphological factors and semantic information on height differences. 

 

3.3.2 Data and methods 

The datasets used are all the DEMs in Table 1, the ground levelling (trigonometrical beacon) data 

described in section (2.1.1) and LiDAR data are used as references. The LiDAR comes in a point cloud 

and has a density of 2 to 3 points per m2 at a vertical accuracy of 0.1 m. The LiDAR is provided by the 

City of Cape Town, captured in the years 2011 to 2015 and updated annually. 

 

3.3.2.1 Preparation of the collected LiDAR Data 

The LiDAR data collected for the City of Cape Town region had 150 different LAS datasets. The LAS 

datasets act as a simple container definition of one or more LiDAR (LAS) files that present a single unit. 

The LAS dataset also allows the storage and display of the LiDAR data and surface measurements, 

making it possible to process large volumes of LiDAR data. The LAS data points were collected in 

geographic coordinate system and based on WGS84 transverse Mercator, with horizontal datum as 

Hartebeesthoek 94. 

Data processing steps include generating a LAS dataset, calculating statistics, generating a layer from 
the LAS dataset, and converting the LAS dataset to raster format. By creating a new LAS dataset, all 
the collected LAS files were combined into one LAS file. The LAS dataset's statistics were calculated 
through the computation and updating of all missing file statistics as this is essential for understanding 
the dataset. Creating a layer from a LAS dataset was done by filtering the LAS dataset generated using 
the last return values as the filtering points. To generate a DEM from the LiDAR (LAS) file, a conversion 
of the LAS file to a raster surface was done using elevation values stored in the LiDAR points. The 
resulting raster had a spatial resolution of 1 m. 
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3.3.2.2 Selected area for LiDAR reference 

Getting a high-quality ground truth reference surface that covers the whole country was a challenge 
because high-quality reference DEMs from sources such as LiDAR are limited to small areas as a result 
of high costs. From the LiDAR data, a region (A) as shown in Figure 17, with elevation and slope 
variation was identified. The area was used as a reference for assessing the satellite-based DEMs. 
Region (A) had an area of approximately 406.239 km2 and is characterized mostly by flat surfaces with 
an elevation range of approximately 514 m. Spatial distribution of ground levelling data over area A 
(DEM and Slope) are shown in Figures 18 and 19. 
 

 

Figure 17: LiDAR DEM for the City of Cape Town (units are in m) 
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Figure 18: Distribution of ground levelling data points, with black dots representing ground levelling 

data points over LiDAR DEM in area (A) 

 

 

Figure 19: Categorised slope representation over area (A) based on SRTM data (units are in degrees) 
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3.3.2.3 Validation of the vertical accuracies of the DEMs over area (A) 

 
The quality of the DEMs in area (A) is assessed using two methods: (1) comparison using ground 

levelling height data as reference (absolute) and (2) using LiDAR DEM as reference (relative). Absolute 

height differences are obtained by comparing trigonometrical beacon heights data against LiDAR and 

the satellite-based DEMs (AW3D30, SRTM, TanDEM-X, ASTER, and MERIT). Relative height differences 

are obtained by comparing LiDAR and satellite-based DEMs for area (A) at each pixel (grid) and in each 

land use/cover. 

 

LiDAR DEM is in a raster format, and point features are needed. Therefore, a 90 × 90 m polygon 

sampling grid of points (fishnet) was generated. A total of 42,160 sampling grid points were generated 

for area (A). Coordinates for each output sampling grid point feature class were calculated. The point's 

coordinates were referenced on WGS 84. The elevations for the DEMs (LiDAR, AW3D30, SRTM, 

TanDEM-X, ASTER, and MERIT) on the grids were extracted. The height differences between the LiDAR 

and satellite-based DEMs corresponding to sampling grid points are determined as follows, 

 

 
LiDAR DEM

LiDAR DEM− =  −  (3.8) 

where, ∆𝐻𝑙𝑖𝐷𝐴𝑅−𝐷𝐸𝑀 are differences in heights between LiDAR and AW3D, SRTM, ASTER, TanDEM-X, 

and MERIT heights, respectively. 𝐻𝐿𝑖𝐷𝐴𝑅 and  𝐻𝐷𝐸𝑀represent LiDAR heights and corresponding 

extracted heights on the DEMs. 

 

3.3.2.4 Assessment of the influence of geomorphological factors and semantic information 

on height differences 

The evaluation process includes looking at the influence that geomorphological factors have on height 
differences in different categories, and this is done using the 90 × 90 m sampling grid data points. This 
is essential in studying the correlation of height errors with geomorphological parameters (slope, 
elevation, aspect, and surface roughness) as it helps in selecting better candidate DEMs for fusion over 
South Africa. The generation of slope and land use/cover over South Africa is already discussed in 
section (3.2.2.2).  
 
According to Papasaika et al. (2009), the aspect is opposite to the direction of the gradient; it is the 

direction perpendicular to the contour lines. The aspect A can mathematically be defined as a function 

of gradients at 𝑥 and 𝑦 direction at a given point on a surface 𝑧 = 𝑓(𝑥, 𝑦) as, 

 ( ) 1, 270 tan 90x x

y x

f f
A x y

f f

−
 

= + − 
 
 

 (3.9) 

where,  𝐴(𝑥, 𝑦) is the Aspect and  𝑓𝑥 and 𝑓𝑦 are gradients in 𝑥 − and 𝑦 − direction. The geodesic 

aspect is generated, and the process involves the aspect derivation from each cell of the DEM by 

identifying the compass direction that the downhill slope faces for each location. The aspect over 

South Africa using SRTM is shown in Figure 20. The aspect over area (A) is shown in Figure 21. 
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Figure 20: Aspect representation over South Africa based on SRTM data (units are in degrees) 

 

 

Figure 21: Aspect representation over area (A) based on SRTM data (units are in degrees) 
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The surface roughness is generated using a focal statistics tool, which calculates a statistic of the values 

within a specified neighborhood for each input cell location. In the focal statistic tool, the surface 

roughness is generated by assuming that it is approximately the standard deviation of the DEM, and 

the output surface roughness is shown in Figure 22. The surface roughness over area (A) is shown in 

Figure 23. 

 

 

Figure 22: Surface Roughness representation over South Africa based on SRTM data (±m) 

 

 

Figure 23: Surface Roughness representation over area (A) based on SRTM data (±m) 
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Regarding land use/cover, from the 42,160 grid points in the region (A), 354 points were unclassified, 

and 41,806 were classified into three different classes. From the classified grid points, a total of 9,091 

were in low land use/cover, 19,116 in medium land use/cover, and 13,599 in high land use/cover. The 

categorized land use/cover over area (A) is shown in Figure 24. 

 

 
Figure 24: Land use/cover over area (A) 
 
Extracted sampling grids, elevation, slopes, surface roughness, and aspect over area (A) are divided 
into different ranges. However, for aspect the 9 campus directions are used to segment the data. 
Statistical parameters for the height differences in each range are computed to assess the vertical 
accuracies. To determine the influence of land use/cover on height variation, the land use/cover 
corresponding to the grid points is extracted, differences in heights in each land use/cover are 
determined, and statistical parameters for the height differences are computed. The influence the 
change in the geomorphological factors (slope, elevation, aspect, and surface roughness) has on the 
vertical accuracy of each DEM over each land use/cover is also assessed.  

 

3.3.3 Results and discussion 

The results and discussions of vertical accuracies of the satellite-based DEMs in area (A) are presented, 

followed by the influences of geomorphological parameters, and land use/cover on the vertical 

accuracy of each DEM. 
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3.3.3.1 Relative height differences in area (A) 

Statistics of the relative height differences between LiDAR and satellite-based DEMs at 42,160 grid 

points (90 by 90 m) over area (A) are presented in Table 13, while scatter plots of elevation change 

and height differences are given in Figures 25 and 26, respectively. 

 

Table 13: Relative height difference over area (A) 

 
 
In Table 13, the height differences between the DEMs (AW3D30, SRTM, ASTER, TanDEM-X, and MERIT) 

and the LiDAR data heights have standard deviations of ±2.27, ±3.10, ±4.94, ±2.32, and ±3.71 m 

respectively, with mean values of -1.79, -1.22, 7.31, 0.37, and -0.68 m. The statistical parameters 

indicate that the AW3D30 achieves better relative vertical accuracy compared to all other DEMs, 

followed by the TanDEM-X, SRTM, MERIT, and ASTER, respectively, in that order. The original ±6 m 

relative accuracy specifications of the SRTM and ASTER are met.  

 

 

 

AW3D30 SRTM ASTER TanDEM-X MERIT

N 42160 42160 42160 42160 42160

Min (m) -36.00 -54.00 -48.00 -73.12 -54.22

Max (m) 41.00 53.00 63.00 61.82 57.01

Mean (m) -1.79 -1.22 7.31 0.37 -0.68

STDV (±m) 2.27 3.10 4.94 2.32 3.71
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Figure 25: Scatter plots of LiDAR against satellite-based DEM heights over area (A) 
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Figure 26: Scatter plots of heigh errors against LiDAR DEM heights over area (A) 

 

In all the scatter plots in Figure 25, R2 > 0.99, this indicates that there is approximately 99% correlation 

between the heights of the satellite-based DEMs with those of LiDAR DEM. Based on the coefficient 

of determination, there is a very strong positive correlation. Satellite-based DEM heights increase as 

LiDAR heights increase. It can be seen, however, from the figure, that the DEMs do not coincide when 

replicating the terrain. 

 In the scatter plots in Figure 26, the coefficients of determination between LiDAR data heights and 

height differences for the satellite-based DEMs (AW3D30, SRTM, ASTER, TanDEM-X, and MERIT) are 

0.0012, 0.011, 0.0055, 0.0023, and 0.0198, respectively. Based on these results, there are very weak 

linear correlations between the LiDAR data heights and height differences for all DEMs implied. A 

satellite-based DEM's vertical accuracy is usually affected by elevation, with high areas being less 

accurate than low areas. However, LiDAR elevations do not have a systematic effect on DEM 

performance in the sub-figures of Figure 26. The weak linear correlation is due to the extreme 

influence of overrepresented height. 

 

3.3.3.2 Absolute height differences in area (A) 

Statistical results for the height difference between the DEMs heights and the ground levelling data 

heights in the area (A) are presented in Table 14, while scatter plots of elevation changes are given in 

Figure 27. 

 

Table 14: Absolute height difference over area (A) 

 
 

The statistical parameters in Table 14 indicate that the LiDAR achieves better absolute vertical 

accuracy compared to all other DEMs and is followed by the AW3D30, ASTER, MERIT, SRTM, and 

TanDEM-X, respectively. From these results, all the satellite-based DEMs show the worst performance. 

LiDAR AW3D30 SRTM ASTER TanDEM-X MERIT

N 53 53 53 53 53 53

Min (m) -5.10 -5.10 -4.90 3.90 -7.16 -2.2

Max (m) 25.70 67.10 64.10 75.10 70.92 66.11

Mean (m) 2.18 4.50 7.60 15.62 8.19 9.48

STDV (±m) 4.37 11.15 12.14 11.59 13.16 11.86
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The original absolute vertical accuracy specification of the SRTM, ASTER, and MERIT is also within the 

expected vertical accuracy. The TanDEM-X and AW3D30 results are beyond the vertical accuracy 

specifications. The few numbers of ground levelling data points covering area (A) have resulted in poor 

statistics for all the DEMS, especially the TanDEM-X. 

 

 

 

 

Figure 27: Scatter plots of ground levelling data heights against satellite-based DEM heights in area 
(A) 
 

In all the scatter plots in Figure 27, R2 > 0.99, and this indicates that there is approximately 99% 

correlation between the heights of DEMs with those of ground levelling. Based on the coefficient of 

determination, there is a very strong positive correlation. The DEM heights increase as LiDAR heights 
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increase. It can be seen, however, from the figure that the DEM which replicates the bare earth with 

better accuracy is the LiDAR. 

 

3.3.3.3 Relative height differences in each land use/cover in area (A) 

 

The statistical results for the height difference in low land use/cover between the satellite-based DEMs 

and the LiDAR DEM grid points heights in the area (A) are presented in Table 15. In low land use/cover, 

the AW3D30 still achieves better relative vertical accuracy compared to all other DEMs, followed by 

the TanDEM-X, SRTM, MERIT, and ASTER, respectively. 

 

Table 15: Relative height difference in low land use/cover over area (A) 

 

The statistical results for the height difference in medium land use/cover between the satellite-based 

DEMs and the LiDAR DEM grid points heights in the area (A) are presented in Table 16. In medium land 

use/cover, the TanDEM-X achieves better relative vertical accuracy compared to all other DEMs, 

followed by the AW3D30, SRTM, MERIT, and ASTER, respectively. 

 

Table 16: Relative height difference in medium land use/cover over area (A) 

 

 
The statistical results for the height difference in high land use/cover between the satellite-based 

DEMs and the LiDAR DEM grid points heights in the area (A) are presented in Table 17. In high land 

use/cover, the AW3D30 achieves better relative vertical accuracy compared to all other DEMs, and is 

followed by the TanDEM-X, SRTM, MERIT, and ASTER, respectively.  

 

Table 17: Relative height difference in high land use/cover over area (A) 

 

AW3D30 SRTM ASTER TanDEM-X MERIT

N 9091 9091 9091 9091 9091

Min (m) -36.00 -52.00 -48.00 -69.12 -52.95

Max (m) 41.00 53.00 63.00 61.82 57.01

Mean (m) -1.94 -1.34 6.77 0.26 -0.87

STDV (±m) 2.67 3.70 5.49 2.95 4.44

AW3D30 SRTM ASTER TanDEM-X MERIT

N 19116 19116 19116 19116 19116

Min (m) -18.00 -15.00 -26.00 -17.04 -21.19

Max (m) 21.00 16.00 31.00 18.02 18.71

Mean (m) -1.58 -1.33 8.08 0.42 -0.44

STDV (±m) 1.52 2.16 4.65 1.21 2.98

AW3D30 SRTM ASTER TanDEM-X MERIT

N 13599 13599 13599 13599 13599

Min (m) -26.00 -25.00 -27.00 -73.12 -34.22

Max (m) 26.00 36.00 35.00 47.88 35.94

Mean (m) -2.00 -0.96 6.60 0.37 -0.88

STDV (±m) 2.70 3.40 4.64 2.91 3.76
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3.3.3.4 Influences of elevation, slope, aspect, and surface roughness change on heights errors 

over area (A) 

 

Height error correlation with elevation 

The variation of the standard deviation of the differences between LiDAR and satellite-based DEM 

heights with the elevation over the area (A) are presented in Figure 28, while scatter plots of mean 

values are given in Figure 29. In Figure 28, an increase in the elevation results in an increase in the 

standard deviations of all the DEM’s. From these results, it can be deduced that the vertical accuracies 

of these DEMs relative to the LiDAR decreases with an increase in elevation. The ASTER has the lowest 

vertical accuracy compared to all the DEMs in the range (< 236 m), followed by the SRTM in elevation 

(5 – 28 m) and MERIT in the range (28 -236 m). At elevations (> 236 m), the MERIT has very low 

accuracy compared to all other DEMs.  

 

 

Figure 28: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
elevation change (m) over area (A) 
 

In all the scatter plots in Figure 29, the ASTER has the highest mean height differences in all elevation 

ranges compared to all other DEMs, which indicates that in area (A), ASTER has the largest offsets 

from LiDAR. The offsets are positive, indicating that ASTER generally underestimates LiDAR heights. 

The AW3D30 and SRTM show negative offsets in all ranges, indicating an overestimation of LiDAR 

heights. TanDEM-X offsets are significantly smaller than the offsets of AW3D30, SRTM, and MERIT in 

elevation ranges (5 - 221 m) and (> 236 m). In elevation ranges (< 28 m), the TanDEM-X overestimates 

LiDAR heights, and in elevation ranges (> 28 m), it underestimates. The MERIT overestimates LiDAR 

heights at elevations (< 236 m); for values above (> 236 m) it underestimates. 
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Figure 29: Scatter plots for mean height differences against mean of the height (m) over area (A) 

 

Height error correlation with slope 

The variation of the standard deviation of the differences between LiDAR and satellite-based DEM 

heights with slope over the area(A) are presented in Figure 30, while scatter plots of mean values are 

given in Figure 31. In Figure 30, an increase in slope results in an increase in the standard deviations 

of all the DEMs. From these results, it can be deduced that the vertical accuracies of these DEMs 

relative to the LiDAR decreases with an increase in slope. The ASTER has the lowest vertical accuracy 
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compared to all the DEMs in all ranges, followed by the SRTM in slope (0° - 3.9°) and MERIT in slope 

(> 3.9°). 

 

 

Figure 30: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
slope (°) over area (A) 

 

In all the scatter plots in Figure 31, the ASTER has the highest mean height differences in all slope 

ranges compared to all other DEMs, which indicates that in area (A), ASTER has the largest offsets 

from LiDAR. The offsets are positive, indicating that ASTER underestimates LiDAR heights. The 

AW3D30 and SRTM show negative offsets in all ranges, indicating an overestimation of LiDAR heights. 

The TanDEM-X underestimates LiDAR heights in all ranges. The MERIT overestimates LiDAR heights at 

slope (< 9.71°); for values (> 9.71°) it underestimates.  The TanDEM-X offsets are significantly smaller 

than the offsets of AW3D30, SRTM, and MERIT in range (< 9.71°).  
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Figure 31: Scatter plots for mean height differences against mean slope (°) over area (A) 

 

Height error correlation with surface roughness 

The variation of standard deviation of the differences between LiDAR and satellite-based DEM heights 

with surface roughness over area(A) are presented in Figure 32 while scatter plots of mean values are 

given in Figure 33. In Figure 32, an increase in surface roughness results in an increase in the standard 

deviations of all the DEM’s. From these results, it can be deduced that the vertical accuracies of these 

DEMs relative to the LiDAR decreases with an increase in surface roughness. The ASTER has the lowest 

vertical accuracy compared to all the DEMs in the range (0 - 4.807), followed by the SRTM in the range 

(0 - 1.523) and MERIT in (> 1.523).  
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Figure 32: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

roughness (± m) over area (A) 

 

In all the scatter plots in Figure 33, the ASTER has the highest mean height differences in all surface 

roughness ranges compared to all other DEMs, which indicates that in area (A), ASTER has the largest 

offsets from LiDAR. The offsets are positive, indicating that ASTER generally underestimates LiDAR 

heights. The AW3D30 and SRTM show negative offsets in all the ranges, indicating an overestimation 

of LiDAR heights. The TanDEM-X underestimates LiDAR heights in all ranges. The MERIT overestimates 

LiDAR heights at surface roughness (< 4.807); for values (> 4.807) it underestimates. The TanDEM-X 

offsets are significantly smaller than the offsets of the AW3D30, SRTM, and MERIT in ranges (0 – 3,083) 

and (> 4.807). 
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Figure 33: Scatter plots for mean height differences against mean roughness (± m) area (A) 

 

Height error correlation with aspect 

The variation of the standard deviation of the differences between LiDAR and satellite-based DEM 

heights with aspect over the area(A) are presented in Figure 34 while scatter plots of mean values are 

given in Figure 35. In Figure 34, it can be observed that a change in aspect does not provide a clear 

pattern to indicate what happens in the standard deviations of the DEM’s height differences. 

However, the more an area is flat, the better the vertical accuracies of the AW3D30, MERIT, and SRTM 

and this can also be observed in the aspect range (-1– 0), which is classified as flat. The ASTER has the 

lowest vertical accuracy compared to all the DEMs in all ranges, followed by the MERIT and SRTM.  
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Figure 34: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
aspect (°) over area(A) 

 
In all the scatter plots in Figure 35, the ASTER has the highest mean height differences in all aspect 
ranges compared to all other DEMs, which indicates that in area (A), ASTER has the largest offsets 
from LiDAR. The offsets are positive, indicating that ASTER generally underestimates LiDAR heights.  
The AW3D30, SRTM, and MERIT show negative offsets in all the ranges, indicating a general 
overestimation of LiDAR heights. The TanDEM-X underestimates LiDAR heights in all ranges. The 
TanDEM-X offsets are significantly smaller relative to the AW3D30, SRTM, and MERIT offsets. 
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Figure 35: Scatter plots for mean height differences against mean aspect (°) over area (A) 

 

Coefficients of correlation for the geomorphological factors 

 
The coefficients of correlation for the geomorphological factors over area (A) from Figures 29, 31, 33, 
and 35 are summarised in Table 18. 

Table 18: Coefficients of correlation for the geomorphological factors in % over area (A) 

 
 

The mean aspect against the mean height difference shows a relatively weaker (negative) linear 

correlation for the AW3D30 and ASTER while the MERIT shows a moderate(negative) correlation. The 

mean roughness against the mean height difference for SRTM and ASTER shows a weak (positive) and 

weak(negative) correlation, respectively. The mean height against the mean height difference for 

ASTER and TanDEM-X shows a moderate (positive) correlation. The rest of the correlation coefficients 

range from strong to very strong. 

mean height mean slope mean roughness mean aspect

AW3D30 67.96 87.95 65.70 -0.77

SRTM 84.96 66.14 31.03 -77.34

ASTER 51.47 -55.43 -24.27 -38.63

TanDEM-X 58.90 -98.51 -90.60 -72.77

MERIT 90.60 99.29 97.21 -45.39

LiDAR
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3.3.3.5 Influence of elevation, slope, aspect, and surface roughness on heights errors in 

different land use/cover over area (A) 

 

Height error correlation with elevation, slope, aspect, and surface roughness in low land 

use/cover over area (A) 

The results for variation of standard deviations of the differences between LiDAR and satellite-based 

DEM heights with elevation over area (A) in low land use/cover are presented in Figure 36, while 

scatter plots of mean values are given in Figure 37. In Figure 36, an increase in the elevation results in 

an increase in the standard deviations of the ASTER and MERIT. From these results, it can be deduced 

that the vertical accuracies of these DEMs relative to the LiDAR decreases with an increase in elevation 

in low land use/cover. The TanDEM-X, SRTM, and AW3D30 indicate a variation as elevation increases. 

The ASTER, MERIT, and SRTM indicate very low accuracies in all the ranges compared to the AW3D30 

and TanDEM-X.  

 

 

Figure 36: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
elevation (m) in low land use/cover over area (A) 

 

In all the scatter plots in Figure 37, the ASTER has the highest mean height differences in all elevation 

ranges compared to all other DEMs, which indicates that in low land use/cover of area (A), ASTER has 

the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally underestimates 

LiDAR heights. The AW3D30 shows negative offsets in all ranges, indicating an overestimation of LiDAR 

heights. In elevation ranges (< 41 m), the TanDEM-X overestimates LiDAR heights, and in elevation 

ranges (> 41 m), it underestimates. The MERIT and SRTM overestimate LiDAR heights at elevations (< 

301 m); for values (> 301 m) they underestimate. TanDEM-X offsets are significantly smaller relative 

to the AW3D30, SRTM, and MERIT offsets in all ranges. 
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Figure 37: Scatter plots for mean height differences against mean height (m) in low land use/cover 

over area (A) 

 

The results for variation of the standard deviations of the differences between LiDAR and satellite-

based DEM heights with slope over the area (A) in low land use/cover are presented in Figure 38, while 

scatter plots of mean values are given in Figure 39. In Figure 38, an increase in the slope results in an 

increase in the standard deviations of the ASTER, SRTM, and MERIT. From these results, it can be 

deduced that the vertical accuracies of these DEMs relative to the LiDAR decreases with an increase 
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in slope in low land use/cover. The TanDEM-X and AW3D30 indicate a variation as the slope increases. 

The ASTER, MERIT, and SRTM indicate very low accuracies in all the ranges compared to the AW3D30 

and TanDEM-X.  

 

 

Figure 38: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
slope (°) in low land use/cover over area (A) 

 

In all the scatter plots in Figure 39, the ASTER has the highest mean height differences in all slope 

ranges compared to all other DEMs, which indicates that in low land use/cover of area (A), ASTER has 

the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally underestimates 

LiDAR heights. The AW3D30 and SRTM show negative offsets in all ranges, indicating a general 

overestimation of LiDAR heights. In slope ranges (< 9.71°), the TanDEM-X underestimates LiDAR 

heights, and at slope ranges (> 9.71°) it overestimates. The MERIT overestimates LiDAR heights at 

slope (< 9.71°); for values (> 9.71°) it underestimates. TanDEM-X offsets are significantly smaller 

relative to the AW3D30, SRTM, and MERIT offsets in all ranges. 
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Figure 39: Scatter plots for mean height differences against mean slope (°) in low land use/cover over 

area (A) 

 

The results for variation of the standard deviations of the differences between LiDAR and satellite-

based DEM heights with surface roughness over the area (A) in low land use/cover are presented in 

Figure 40, while scatter plots of mean values are given in Figure 41. In Figure 40, all the DEMs have 

the largest standard deviations when the surface roughness (> 4.807). From these results, it can be 

deduced that the vertical accuracies of these DEMs relative to the LiDAR in areas with higher surface 

roughness in low land use/cover is very low. The ASTER, MERIT, and SRTM still indicate very low 

accuracies compared to the AW3D30 and TanDEM-X in almost all ranges. 
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Figure 40: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

roughness (±m) in low land use/cover over area (A) 

 

In all the scatter plots in Figure 41, the ASTER has the highest mean height differences in all surface 

roughness ranges compared to all other DEMs, which indicates that in low land use/cover of area (A), 

ASTER has the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally 

underestimates LiDAR heights. The AW3D30 and SRTM show negative offsets in all ranges, indicating 

a general overestimation of LiDAR heights. In ranges (< 4.807), the TanDEM-X underestimates LiDAR 

heights, and in ranges (> 4.807) it overestimates. The MERIT overestimates LiDAR heights at surface 

roughness (< 4.807); for values (> 4.807) it underestimates. TanDEM-X offsets are significantly smaller 

relative to the AW3D30, SRTM, and MERIT offsets in all ranges. 
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Figure 41: Scatter plots for mean height differences against mean roughness (±m) in low land use/cover 

over area (A) 

 

The results for variation of the standard deviations of the differences between LiDAR and satellite-

based DEM heights with aspect over the area (A) in low land use/cover are presented in Figure 42, 

while scatter plots of mean values are given in Figure 43. In Figure 42, as aspect changes, there is a 

variation in standard deviations of the DEM’s. However, the more an area is flat, the better the vertical 

accuracies of the AW3D30, MERIT, SRTM, and ASTER. This can also be observed in the (-1 – 0) aspect 

range, which is classified as flat. The ASTER, MERIT, and SRTM still indicate very low accuracies 

compared to the AW3D30 and TanDEM-X, in almost all ranges. 
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Figure 42: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

aspect (°) in low land use/cover over area (A) 

 

In all the scatter plots in Figure 43, the ASTER has the highest mean height differences in all aspect 

ranges compared to all other DEMs, which indicates that in low land use/cover of area (A), ASTER has 

the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally underestimates 

LiDAR heights. The AW3D30, SRTM, and MERIT show negative offsets in all ranges, indicating a general 

overestimation of LiDAR heights. In ranges (< 247.5° and > 292.5°), the TanDEM-X underestimates 

LiDAR heights, and in ranges (247.5° - 292.5°) it overestimates.  The TanDEM-X offsets are significantly 

smaller than the offsets of the AW3D30, SRTM, and MERIT in range (> 0°). 
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Figure 43: Scatter plots for mean height differences against mean aspect (°) in low land use/cover over 

area (A) 

 

The coefficients of correlation for the geomorphological factors in low land use/cover over area (A) 

from Figures 37, 39, 41, and 43 are summarised in Table 19. 

 

Table 19: Coefficients of correlation for the geomorphological factors in % over area (A) in low land 
use/cover 

 
 

The mean aspect against the mean height difference shows a weak(positive) linear correlation for the 

AW3D30 and MERIT, while the ASTER shows a weak(negative) correlation. The mean roughness 

against the mean height difference for SRTM and AW3D30 shows a weak(positive) correlation. The 
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mean slope against the mean height difference for AW3D30 and SRTM shows a weak(positive) linear 

correlation. The mean height against the mean height difference for TanDEM-X shows a 

weak(positive) correlation. The rest of the correlation coefficients range from strong to very strong. 

 

Height error correlation with elevation, slope, aspect, and surface roughness in medium 

land use/cover over area (A) 

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with an elevation over the area (A) in medium land use/cover are presented in 

Figure 44, while scatter plots of mean values are given in Figure 45. In Figure 44, an increase in the 

elevation results in an increase in the standard deviations of all the DEMs. From these results, it can 

be deduced that the vertical accuracies of these DEMs relative to the LiDAR decreases with an increase 

in elevation in medium land use/cover. The ASTER, SRTM, and MERIT have low vertical accuracies 

compared to the AW3D30 and TanDEM-X in all ranges.  

 

 

Figure 44: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
elevation (m) in medium land use/cover over area (A) 

 

In all the scatter plots in Figure 45, the ASTER has the highest mean height differences in all elevation 

ranges compared to all other DEMs, which indicates that in medium land use/cover of area (A), ASTER 

has the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally 

underestimates LiDAR heights. The AW3D30 shows negative offsets in all ranges, indicating a general 

overestimation of LiDAR heights. The TanDEM-X underestimates LiDAR heights in all ranges. The 

MERIT and SRTM overestimate LiDAR heights at elevations (< 301 m); for values (> 301 m) they 

underestimate. In range (> 301 m), AW3D30 offsets are significantly smaller relative to the TanDEM-

X, SRTM, and MERIT offsets. The ranges (9 – 41 m) and (64–167 m), TanDEM-X offsets are significantly 

smaller relative to the AW3D30, SRTM, and MERIT offsets. The ranges (41 – 64 m) and (167 – 301 m), 

MERIT offsets are significantly smaller relative to the TanDEM-X, AW3D30, and SRTM offsets. 
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Figure 45: Scatter plots for mean height differences against mean height (m) in medium land use/cover 
over area(A) 

 
The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with slope over the area (A) in medium land use/cover are presented in Figure 46, 

while scatter plots of mean values are given in Figure 47. In Figure 46, an increase in the slope results 

in an increase in the standard deviations of all the DEMs. From these results, it can be deduced that 

the vertical accuracies of these DEMs relative to the LiDAR decreases with an increase in slope in 

medium land use/cover. The ASTER, SRTM, and MERIT have the lowest vertical accuracies compared 

to the AW3D30 and TanDEM-X in all ranges.  
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Figure 46: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

slope (°) in medium land use/cover over area (A) 

 

In all the scatter plots in Figure 47, the ASTER has the highest mean height differences in all slope 
ranges compared to all other DEMs, which indicates that in medium land use/cover of area (A), ASTER 
has the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally 
underestimates LiDAR heights. The AW3D30 and SRTM show negative offsets in all ranges, indicating 
a general overestimation of LiDAR heights. The TanDEM-X underestimates LiDAR heights in all ranges. 
The MERIT overestimates LiDAR heights at slope (< 9.71°); for values (> 9.71°) it underestimates. In 
range (< 4.181°), TanDEM-X offsets are significantly smaller relative to the AW3D30, SRTM, and MERIT 
offsets. In ranges (> 4.181°), MERIT offsets are significantly smaller relative to the TanDEM-X, AW3D30, 
and SRTM offsets. 
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Figure 47: Scatter plots for mean height differences against mean slope (°) in medium land use/cover 

over area (A) 

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with surface roughness over the area (A) in medium land use/cover are presented 

in Figure 48, while scatter plots of mean values are given in Figure 49. In Figure 48, an increase in the 

surface roughness results in an increase in the standard deviations of all the DEMs. From these results, 

it can be deduced that the vertical accuracies of these DEMs relative to the LiDAR decreases with an 

increase in surface roughness in medium land use/cover. The ASTER, SRTM, and MERIT have the 

lowest vertical accuracies compared to AW3D30 and TanDEM-X in all ranges.  
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Figure 48: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
roughness (±m) in medium land use/cover over area (A) 

 
In all the scatter plots in Figure 49, the ASTER has the highest mean height differences in all surface 

roughness ranges compared to all other DEMs, which indicates that in medium land use/cover of area 

(A), ASTER has the largest offsets from LiDAR. The offsets are positive, indicating that ASTER 

underestimates LiDAR heights. The AW3D30 and SRTM show negative offsets in all ranges, indicating 

an overestimation of LiDAR heights. The TanDEM-X underestimates LiDAR heights in all ranges. The 

MERIT overestimates LiDAR heights at surface roughness (< 4.807); for values (> 4.807) it 

underestimates. In range (< 2.494), TanDEM-X offsets are significantly smaller relative to the AW3D30, 

SRTM, and MERIT offsets. In range (> 2.494), MERIT offsets are significantly smaller relative to the 

TanDEM-X, AW3D30, and SRTM offsets. 
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Figure 49: Scatter plots for mean height differences against mean roughness (±m) in medium land 

use/cover over area (A) 

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with aspect over the area (A) in medium land use/cover are presented in Figure 

50, while scatter plots of mean values are given in Figure 51. In Figure 50, as aspect changes, there is 

a variation in standard deviations of the DEM’s. However, the more an area is flat, the better the 

vertical accuracies of the AW3D30, MERIT, SRTM, and TanDEM-X. This can also be observed in the (-1 

– 0) aspect range, which is classified as flat. The ASTER, MERIT, and SRTM still indicate very low 

accuracies compared to the AW3D30 and TanDEM-X in all ranges.  
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Figure 50: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

aspect (°) in medium land use/cover over area (A) 

 

In all the scatter plots in Figure 51, the ASTER has the highest mean height differences in all aspect 

ranges compared to all other DEMs, which indicates that in medium land use/cover of area (A), ASTER 

has the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally 

underestimates LiDAR heights. The AW3D30, SRTM, and MERIT show negative offsets in all ranges, 

indicating a general overestimation of LiDAR heights. The TanDEM-X underestimates LiDAR heights in 

all ranges. The ranges (-1– 0°) and (> 247.5°), TanDEM-X offsets are significantly smaller relative to the 

AW3D30, SRTM, and MERIT offsets. In ranges (0° - 247.5°), MERIT offsets are significantly smaller 

relative to the TanDEM-X, AW3D30, and SRTM offsets. 
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Figure 51: Scatter plots for mean height differences against mean aspect (°) in medium land use/cover 
over area (A) 

 
The coefficients of correlation for the geomorphological factors in medium land use/cover over area 

(A) from Figures 45, 47, 49, and 51 are summarised in Table 20. 

Table 20: Coefficients of correlation for the geomorphological factors in % over area (A) in medium 
land use/cover 

 

The mean aspect against the mean height difference shows weak(negative) linear correlation for 

AW3D30 and SRTM, and moderate (negative) correlation for ASTER and MERIT. The mean height 

against the mean height difference for ASTER shows a moderate (positive) correlation. The rest of the 

correlation coefficients range from strong to very strong. 

 

mean height mean slope mean roughness mean aspect

AW3D30 62.00 96.84 92.64 -4.47

SRTM 88.18 95.08 95.79 -30.97

ASTER 56.06 -84.17 -70.74 -49.57

TanDEM-X 91.96 95.24 93.57 -63.28

MERIT 87.94 98.58 95.52 -40.05

Lidar in medium land use/cover
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Height error correlation with elevation, slope, aspect, and surface roughness in high 

land use/cover over area (A) 

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with an elevation over the area (A) in high land use/cover are presented in Figure 

52, while scatter plots of mean values are given in Figure 53. In Figure 52, an increase in the elevation 

results in an increase in the standard deviations of all the DEMs. From these results, it can be deduced 

that the vertical accuracies of these DEMs relative to the LiDAR decreases with an increase in elevation 

in high land use/cover. The ASTER, SRTM, and MERIT have the lowest vertical accuracies compared to 

AW3D30 and TanDEM-X, in almost all ranges.  

 

 

Figure 52: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 
elevation (m) in high land use/cover over area (A) 

 

In all the scatter plots in Figure 53, the ASTER has the highest mean height differences in all elevation 

ranges compared to all other DEMs, which indicates that in high land use/cover of area (A), ASTER has 

the largest offsets from LiDAR. The offsets are positive, indicating that ASTER underestimates LiDAR 

heights. The AW3D30 shows negative offsets in all ranges, indicating overestimation of LiDAR heights. 

The MERIT and SRTM overestimate LiDAR heights at elevations (< 301 m); for values (> 301 m) they 

underestimate. The TanDEM-X overestimates the LiDAR heights in elevations (< 41 m); for values (> 

41 m) it underestimates. In ranges (< 167 and > 301 m), TanDEM-X offsets are significantly smaller 

relative to the AW3D30, SRTM, and MERIT offsets. In range (167 - 301 m), MERIT offsets are 

significantly smaller relative to the TanDEM-X, SRTM, and AW3D30 offsets. 
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Figure 53: Scatter plots for mean height differences against mean height in high land use/cover over 

area (A) 

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with slope over the area (A) in high land use/cover are presented below in Figure 

54, while scatter plots of mean values are given in Figure 55. In Figure 54, an increase in the slope 

results in an increase in the standard deviations of all the DEMs. From these results, it can be deduced 

that the vertical accuracies of these DEMs relative to the LiDAR decreases with an increase in slope in 
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high land use/cover. The ASTER, SRTM, and MERIT have the lowest vertical accuracies compared to 

the AW3D30 and TanDEM-X in all ranges.  

 

 

Figure 54: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

slope (°) in high land use/cover over area (A) 

 

In all the scatter plots in Figure 55, the ASTER has the highest mean height differences in all slope 

ranges compared to all other DEMs, which indicates that in high land use/cover of area (A), ASTER has 

the largest offsets from LiDAR. The offsets are positive, indicating that ASTER underestimates LiDAR 

heights. The AW3D30 and SRTM show negative offsets in all ranges, indicating overestimation of LiDAR 

heights. The MERIT overestimates LiDAR heights at slope (< 9.71°); for values (> 9.71°) it 

underestimates. The TanDEM-X underestimates the LiDAR heights in slope (< 9.71°); for values (> 

9.71°) it overestimates. The TanDEM-X offsets are significantly smaller relative to the AW3D30, SRTM, 

and MERIT offsets in all ranges. 
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Figure 55: Scatter plots for mean height differences against mean slope (°) in high land use/cover over 

area (A) 

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with surface roughness over the area (A) in high land use/cover are presented in 

Figure 56, while scatter plots of mean values are given in Figure 57. In Figure 56, an increase in the 

surface roughness results in an increase in the standard deviations of all the DEMs. From these results, 

it can be deduced that the vertical accuracies of these DEMs relative to the LiDAR decreases with an 

increase in surface roughness in high land use/cover. The ASTER, SRTM, and MERIT have the lowest 

vertical accuracies compared to AW3D30 and TanDEM-X in almost all ranges.  
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Figure 56: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

roughness (±m) in high land use/cover over area (A) 

 

In all the scatter plots in Figure 57, the ASTER has the highest mean height differences in all surface 

roughness ranges compared to all other DEMs, which indicates that in high land use/cover of area (A), 

ASTER has the largest offsets from LiDAR. The offsets are positive, indicating that ASTER 

underestimates LiDAR heights.  The AW3D30 and SRTM show negative offsets in all ranges, indicating 

overestimation of LiDAR heights. The MERIT overestimates LiDAR heights at surface roughness (< 

4.787); for values (> 4.787) it underestimates. The TanDEM-X underestimates the LiDAR heights at 

surface roughness (< 4.787); for values (> 4.787) it overestimates. In ranges (< 3.083 and > 4.787), the 

TanDEM-X offsets are significantly smaller relative to the AW3D30, SRTM, and MERIT offsets. In range 

(3.083 - 4.787), the MERIT offsets are significantly smaller relative to the AW3D30, SRTM, and 

TanDEM-X offsets. 
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Figure 57: Scatter plots for mean height differences against mean roughness (±m) in high land 
use/cover over area (A)   

 

The results for variation of the standard deviation of the differences between LiDAR and satellite-

based DEM heights with aspect over the area (A) in high land use/cover are presented in Figure 58, 

while scatter plots of mean values are given in Figure 59. In Figure 58, as aspect changes, there is a 

variation in standard deviations of the DEM’s. However, the more an area is flat, the better the vertical 

accuracies of all the DEMs. This can also be observed in the (-1 – 0) aspect range, which is classified as 

flat. The ASTER, MERIT, and SRTM still indicate very low accuracies compared to the AW3D30 and 

TanDEM-X in all ranges.  
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Figure 58: Variation of standard deviation of the height errors between LiDAR and DEMs heights with 

aspect (°) in high land use/cover over area (A) 

 

In all the scatter plots in Figure 59, the ASTER has the highest mean height differences in all aspect 

ranges compared to all other DEMs, which indicates that in high land use/cover of area (A), ASTER has 

the largest offsets from LiDAR. The offsets are positive, indicating that ASTER generally underestimates 

LiDAR heights. The AW3D30, SRTM, and MERIT show negative offsets in all ranges, indicating 

overestimation of LiDAR heights. The TanDEM-X underestimates the LiDAR heights in all ranges. The 

TanDEM-X offsets are significantly smaller relative to the AW3D30, SRTM, and MERIT offsets in all 

ranges. 
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Figure 59: Scatter plots for mean height differences against mean aspect (°) in high land use/cover over 
area (A) 
 
The coefficients of correlation for the geomorphological factors in high land use/cover over area (A) 

from Figures 53, 55, 57, and 59 are summarised in Table 21. 

Table 21: Coefficients of correlation for the geomorphological factors in % over area (A) in high land 
use/cover 

 

 

For the mean aspect against the mean height difference, the AW3D30 shows a weak(positive) linear 

correlation, while the MERIT shows a weak (negative) linear correlation. The TanDEM-X, ASTER, and 

SRTM shows a moderate (negative) linear correlation. For the mean height against the mean height 

difference, the ASTER shows a weak(positive) correlation, while the AW3D30 shows a moderate 

(positive) linear correlation. The mean slope against the mean height difference for AW3D30 shows a 

moderate (negative) correlation. The rest of the correlation coefficients range from strong to very 

strong. 

mean height mean slope mean roughness mean aspect

AW3D30 47.70 -56.17 -62.90 9.95

SRTM 90.14 -74.31 -64.74 -58.23

ASTER 28.05 -87.82 -81.42 -50.94

TanDEM-X 79.69 -89.53 -84.59 -42.46

MERIT 91.96 93.50 94.17 -28.62

Lidar in high land use/cover
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In all the evaluations of the satellite-based DEMs against LiDAR, the ASTER shows the lowest vertical 

accuracy, followed by the MERIT and SRTM. These DEMs also provide very low accuracies in the 

highest geomorphological (elevation, slope, and surface roughness) areas. The DEMs performance 

was not systematically affected by aspect, which is consistent with previous studies. The AW3D30 and 

TanDEM-X provide high vertical accuracies in most geomorphological areas compared to the implied 

DEMs. Therefore, they (AW3D30 and TanDEM-X) are candidate DEMs suitable for fusion over South 

Africa. This is only based on the DEMs evaluated in this study. 

 

3.4 Error modelling strategies for developing accurate digital elevation 

model over South Africa 

3.4.1 Introduction 

The errors in the candidate DEMs are modelled using different strategies. The process involves co-

registration of the DEMs, derivation of parameters for modelling the DEMs using the ground levelling 

data. The error modelling strategies applied include the regression and adaptive terrain dependent 

method. The modelled DEMs are evaluated using ground levelling data. 

3.4.2 Data and methods 

The dataset used is the AW3D30 and TanDEM-X in Figure 3, and the geomorphological parameters 

(slope, aspect, and surface roughness) generated in sections (3.2.2.2 and 3.3.2.4). The ground levelling 

(trigonometrical beacon) data described in section (2.1.1) is used as a reference and for the derivation 

of the model parameters. 

3.4.2.1 Co-registration of DEMs 

Since the geomorphological parameters to be used in the error modelling strategies were from an 

SRTM DEM, pixel alignment was necessary before the derivation. According to Jing et al. (2013), 

horizontal shifts, which are sometimes referred to as geo-location errors or horizontal errors, can exist 

among global DEMs. These shifts may come from erroneous georeferencing inherent in the DEM 

observations and can be encountered in practice by ambiguous or changing definitions of the position 

to which elevation refers (Jing et al., 2013). Figure 60 shows the investigation of pixel misalignment 

between the DEMs (AW3D30, SRTM, ASTER, and TanDEM-X). 



 

97 
 

 

Figure 60: Pixel misalignment in AW3D30 relative to the SRTM, TanDEM-X, and ASTER 

The area (D) inside the rectangle shown in Figure 60 was used to investigate pixel alignment between 

the 1 arc-second DEMs (AW3D30, SRTM, ASTER, and TanDEM-X). The area was chosen because it 

contained the original tiles from the producer for all DEMs, and all the tiles do not have null values. 

From this area, the raster tiles were converted to grid lines, and it was observed that superimposing 

the SRTM on the TanDEM-X and ASTER, the pixels aligned. When superimposing the AW3D30 on the 

DEMs (ASTER, TanDEM-X, and SRTM), there was a pixel misalignment in the AW3D30 relative to those 

DEMs. It can be observed in Figure 60 that there is an obvious ½ grid pixel shift in the northwest 

direction. A ½ grid shift of the AW3D30 relative to the DEM’s (SRTM, ASTER, and TanDEM-X) in 

different directions (northwest, northeast, southeast, and southwest) was compensated and 

validation of the AW3D30 vertical accuracy using ground levelling was done. 

3.4.2.2 Methods for modelling DEM errors 

 
The improvement on the candidate DEMs was done using models with parameters derived using 

ground levelling data. Since the candidate DEMs (AW3D30 and TanDEM-X) had larger errors in high 

slope (>20°) relative to smaller errors in low slope areas, the regional corrections were considered 

throughout South Africa to try and model areas with slopes greater than 20° effectively. The six regions 

were chosen such that when a sample of models and test points is selected, areas with slopes greater 

than 20° will be modelled effectively. A sample of 66.67% of ground levelling data points from each 

region were chosen using random sampling. The remaining 33.33% of data points that were not part 

of the sample were used to test the derived correction models. 

 
Nine different correction models were derived. These correction models include the simple linear 

regressions, multiple linear regressions, and the adaptive terrain-dependent method with parameters 

determined using Ordinary Least Squares (OLS) and Robust least squares (M-estimator) and these are 

discussed under section (2.2.4). The simple linear regression was used to estimate the relationship 
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between the geomorphological factors (slope, aspect, and surface roughness) and height errors. The 

simple linear regression was also used to estimate the relationship between the geomorphological 

factors (slope, aspect, and surface roughness) and absolute height errors. Multiple regression as a 

function of (slope, aspect, and surface roughness) to predict height errors was used.  

 
Based on the slope ranges (0° – 2.5°, 2.5° – 5.5°, 5.5° – 7.5°, 7.5° – 10°, 10° – 20°, >20°), a selection of 

different methods that have high effect in improving the vertical accuracy of the DEMs in each slope 

range was done. The selected methods for each range were combined and used to generate final 

models that are applied to the candidate DEMs. The six regions for correction derivation are shown in 

Figure 61, and the number of ground levelling models and test points used are shown in Figures 62 to 

73.  

 

 

Figure 61: Different regions for correction model generation 
 

In region 1, out of 3,656 points of height differences between ground levelling and each of the DEMs, 

2,437 points were randomly selected for the model derivation. The remaining 1,219 points were used 

in the validation of each of the applied corrections. 
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Figure 62: Spatial distribution of model points falling in different slope ranges over region 1 

 

 

Figure 63: Spatial distribution of test points falling in different slope ranges over region 1 
 

In region 2, out of 3,286 points of height differences between the ground levelling and each of the 

DEMs, 2,191 points were randomly selected for the model derivation. The remaining 1,095 points 

were used in the validation of each of the applied corrections. 
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Figure 64: Spatial distribution of model points falling in different slope ranges over region 2 

 

 

Figure 65: Spatial distribution of test points falling in different slope ranges over region 2 
 

In region 3, out of 5,702 points of height differences between the ground levelling and each of the 

DEMs, 3,801 points were randomly selected for the model derivation. The remaining 1,901 points 

were used in the validation of each of the applied corrections. 
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Figure 66: Spatial distribution of model points falling in different slope ranges over region 3       

 

 

Figure 67: Spatial distribution of test points falling in different slope ranges over region 3 
 

In region 4, out of 4,499 points of height differences between the ground levelling and each of the 

DEMs, 2,999 points were randomly selected for the model derivation. The remaining 1,500 points 

were used in the validation of each of the applied corrections. 
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Figure 68: Spatial distribution of model points falling in different slope ranges over region 4 

 

 

Figure 69: Spatial distribution of test points falling in different slope ranges over region 4 

 

In region 5, out of 2,894 points of height differences between ground levelling and each of the DEMs, 

1,929 points were randomly selected for the model derivation. The remaining 2,894 points were used 

in the validation of each of the applied corrections. 
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Figure 70: Spatial distribution of model points falling in different slope ranges over region 5 

 

 

Figure 71: Spatial distribution of test points falling in different slope ranges over region 5 
 

In region 6, out of 5,927 points of height differences between ground levelling and each of the DEMs, 

3,950 points were randomly selected for the model derivation. The remaining 1,977 points were used 

in the validation of each of the applied corrections. 
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Figure 72: Spatial distribution of model points falling in different slope ranges over region 6 

 

 

Figure 73: Spatial distribution of test points falling in different slope ranges over region 6 

 

The validation of the corrected DEMs vertical accuracies was done using the combination of the whole 

test points from each region. The process included finding the height differences between the ground 

levelling test points and the corrected DEMs, then determining the statistical parameters as described 

in section (3.2.2.1). The validation of the vertical accuracies was also done for slope ranges (0° – 2.5°, 

2.5° – 5.5°, 5.5° – 7.5°, 7.5° – 10°, 10° – 20°, >20°). 
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Other methods tested using the 41,260 LiDAR sampling grid of the area (A) are given as follows: 

(i) Fitting different simple curves in the mean and actual data 

For fitting different simple curves in the mean and actual data method, the process takes the 

correlation coefficient of the height error against each geomorphological factor data for each DEM 

into account. The geomorphological factors with the highest correlation coefficient against the 

height differences are chosen, and simple linear or exponential models are fitted. The method 

was tested using ground levelling over the whole of South Africa. 

 

(ii) Using multiple trends for different geomorphological factor sections 

The derivation of a correction model based on multiple trends for different sections includes 

looking at the trends that exist in a data, then fitting different simple curves for each data section. 

The method was tested using ground levelling over the whole of South Africa. 

 

(iii) Using linear, multiple regression modelling, and adaptive terrain-dependent methods 

The adaptive terrain-dependent, linear, and multiple regression methods are discussed in section 

(2.2.4).  

 

(iv) Using the mean geomorphological (slope, aspect, and surface roughness) factors and 

semantic information errors to model DEM errors 

The correction model based on geomorphological factors and semantic information errors 

involves the derivation of corrections based on the mean values of geomorphological parameters, 

height errors, and corresponding weights. This is done by fitting different models (polynomial, 

Gaussian, power functions, exponential, the sum of sines, Fourier series, and rational) for each 

DEM data. The method was tested using ground levelling and LiDAR over the area (A). 

 

3.4.3 Results and discussion 

The results and discussions of vertical accuracies of the co-registered AW3D30 are presented, 
followed by the vertical accuracies of the modelled DEMs. 
 

3.4.3.1 Validation of co-registered AW3D30 

The statistical results for the validation of co-registered AW3D30 in different directions, using ground 
levelling test data, are shown in Tables 22 and 23. 
 
Table 22: Absolute height differences of co-registered AW3D30 on TanDEM-X grid 

 

AW3D30 Original AW3D30 NW AW3D30 NE AW3D30 SE AW3D30 SW

N 8657 8657 8657 8657 8657

Min(m) -34.90 -34.90 -23.40 -24.70 -23.40

Max(m) 66.00 62.20 62.20 66.00 52.80

Mean (m) 2.768 3.867 3.626 3.370 3.619

STDV (±m) 4.784 5.745 5.609 5.414 5.562
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Table 23: Absolute height differences of co-registered AW3D30 on TanDEM-X grid 

 
 

In Tables 22 and 23, there is an increase in the standard deviations and mean values in every direction 

the DEM is co-registered. In Table 23, the southeast shows the least standard deviation compared to 

other directions, and it is followed by the southwest, northeast, and northwest, respectively. From 

the results in these tables, co-registration of the AW3D30 on the grids of the DEMs (ASTER, SRTM, and 

TanDEM-X) decreases the vertical accuracy of the original DEM and the direction with better vertical 

accuracy is the southeast. However, based on the area (D) in Figure 61, a shift in the northwest 

direction was adopted for subsequent analysis and this was because of an obvious visible ½ grid pixel 

shift in the northwest direction. 

 

 

AW3D30 Original AW3D30 NE AW3D30 NE AW3D30 SE AW3D30 SW

0 < Slope < 2.5

N 3920 3920 3920 3920 3920

Min(m) -16.40 -15.40 -16.40 -16.40 -15.40

Max(m) 48.10 48.10 48.10 47.10 48.10

Mean (m) 1.878 2.222 2.080 2.022 2.134

STDV (±m) 4.357 4.580 4.505 4.461 4.522

2.5 < Slope < 5.5

N 2448 2448 2448 2448 2448

Min(m) -34.90 -34.90 -20.90 -24.70 -21.50

Max(m) 47.50 46.50 44.40 45.50 47.50

Mean (m) 2.768 3.698 3.437 3.225 3.450

STDV (±m) 5.015 5.416 5.220 5.179 5.298

5.5 < Slope < 7.5

N 666 666 666 666 666

Min(m) -23.40 -23.40 -23.40 -23.40 -23.40

Max(m) 31.80 33.80 48.80 39.80 31.80

Mean (m) 3.654 5.265 4.696 4.127 4.762

STDV (±m) 4.410 5.304 5.080 4.841 4.992

7.5 < Slope < 10

N 593 593 593 593 593

Min(m) -4.80 -5.60 -6.00 -6.60 -8.60

Max(m) 38.50 34.10 38.50 36.10 43.90

Mean (m) 3.698 5.689 5.286 5.064 5.463

STDV (±m) 4.303 5.169 4.843 5.226 5.566

10<Slope<20

N 824 824 824 824 824

Min(m) -4.60 -4.60 -8.10 -7.00 -4.30

Max(m) 60.60 60.60 60.60 46.60 36.60

Mean (m) 4.779 7.702 7.391 6.658 7.130

STDV (±m) 4.847 6.514 6.515 6.115 6.081

Slope > 20

N 206 206 206 206 206

Min(m) -2.70 -2.60 -2.90 -3.30 -2.30

Max(m) 66.00 62.20 62.20 66.00 52.80

Mean (m) 6.136 12.087 12.015 10.277 10.816

STDV (±m) 6.641 10.369 10.334 9.718 10.110
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3.4.3.2 Improvement on candidate DEMs 

Tables 24 to 47 shows the statistical results for the six different regions before and after applying 

various models. 

 

Region 1 

Table 24: Absolute height difference in region 1 between the AW3D30 and ground levelling test data 
before and after applying different correction models 

 

 
Table 25: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for AW3D30 in region 1 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1219 1219 1219 1219 1219 1219 1219 1219 1219 1219

Min(m) -23.40 -29.83 -29.14 -29.37 -30.17 -29.53 -29.73 -29.60 -32.46 -31.11

Max(m) 37.80 33.59 31.73 33.94 33.14 31.36 33.47 33.40 34.25 35.26

Mean (m) 5.308 -0.022 0.019 -0.023 -0.415 -0.386 -0.416 0.005 -0.007 0.934

STDV (±m) 6.195 5.906 6.194 5.872 5.895 6.194 5.857 5.868 5.768 5.839

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 571 571 571 571 571 571 571 571 571 571

Min(m) -4.90 -8.94 -9.65 -8.76 -9.39 -10.08 -9.23 -8.32 -9.42 -8.93

Max(m) 37.80 33.59 31.73 33.94 33.14 31.36 33.47 33.40 34.25 35.26

Mean (m) 3.874 0.103 -1.413 0.097 -0.364 -1.819 -0.378 0.097 0.152 0.987

STDV (±m) 5.151 5.154 5.200 5.071 5.154 5.196 5.074 5.095 5.083 5.053

2.5 < Slope < 5.5

N 350 350 350 350 350 350 350 350 350 350

Min(m) -20.50 -26.00 -26.18 -25.41 -26.39 -26.57 -25.83 -25.60 -27.33 -25.49

Max(m) 34.30 28.82 29.43 29.39 28.44 29.01 28.97 29.81 29.99 30.80

Mean (m) 5.202 0.250 -0.084 0.244 -0.161 -0.489 -0.168 0.267 0.183 1.002

STDV (±m) 6.105 6.067 6.091 5.965 6.068 6.091 5.968 5.948 6.022 6.026

5.5 < Slope < 7.5

N 88 88 88 88 88 88 88 88 88 88

Min(m) -23.40 -29.83 -29.14 -29.37 -30.17 -29.53 -29.73 -29.60 -32.46 -31.11

Max(m) 33.80 27.30 29.00 27.83 26.96 28.57 27.47 28.32 29.64 29.88

Mean (m) 6.186 -0.177 0.863 -0.211 -0.520 0.459 -0.547 -0.194 -0.231 0.621

STDV (±m) 6.557 6.547 6.649 6.400 6.547 6.644 6.406 6.454 6.727 6.763

7.5 < Slope < 10

N 73 73 73 73 73 73 73 73 73 73

Min(m) -5.00 -12.38 -10.45 -12.02 -12.68 -10.85 -12.32 -12.03 -13.27 -10.88

Max(m) 30.50 22.52 24.54 23.48 22.25 24.16 23.18 23.17 22.85 24.73

Mean (m) 6.886 -0.577 1.660 -0.407 -0.868 1.252 -0.696 -0.270 -0.699 0.442

STDV (±m) 5.573 5.514 5.402 5.510 5.516 5.408 5.511 5.372 5.236 5.610

10<Slope<20

N 110 110 110 110 110 110 110 110 110 110

Min(m) -4.60 -15.37 -9.27 -14.78 -15.51 -9.70 -14.92 -14.11 -11.80 -11.11

Max(m) 31.70 21.77 26.56 21.52 21.59 26.13 21.38 21.50 26.39 27.87

Mean (m) 9.648 0.052 4.366 0.216 -0.137 3.961 0.040 0.350 0.205 1.383

STDV (±m) 7.549 7.672 7.506 7.520 7.662 7.507 7.515 7.467 7.157 7.550

Slope > 20

N 27 27 27 27 27 27 27 27 27 27

Min(m) 1.40 -15.72 -3.43 -25.73 -14.90 -3.86 -24.25 -26.03 -13.82 -14.79

Max(m) 25.30 11.81 19.56 13.01 11.81 19.17 12.99 13.01 7.59 20.60

Mean (m) 12.185 -4.494 6.744 -5.367 -4.345 6.345 -5.114 -5.358 -4.096 -0.564

STDV (±m) 7.432 7.198 7.191 8.679 7.160 7.201 8.511 8.703 5.974 7.604
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Table 26: Absolute height difference in region 1 between the TanDEM-X and ground levelling test data 
before and after applying different correction models 

 

 

Table 27: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for TanDEM-X in region 1 

 
 

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1219 1219 1219 1219 1219 1219 1219 1219 1219 1219

Min(m) -23.08 -28.64 -28.30 -28.43 -28.71 -28.37 -28.51 -28.53 -29.63 -29.33

Max(m) 50.07 43.84 44.78 44.26 43.79 44.71 44.20 44.12 43.44 45.27

Mean (m) 5.057 -0.027 -0.022 -0.028 -0.113 -0.094 -0.114 -0.019 -0.015 0.882

STDV (±m) 5.146 5.045 5.148 5.052 5.044 5.148 5.051 5.053 4.989 5.009

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 571 571 571 571 571 571 571 571 571 571

Min(m) -5.07 -9.40 -10.02 -9.08 -9.51 -10.09 -9.20 -8.98 -9.18 -8.43

Max(m) 39.88 35.28 34.55 35.42 35.18 34.48 35.32 35.25 35.19 36.68

Mean (m) 4.518 0.107 -0.561 0.097 0.001 -0.632 -0.011 0.104 0.112 1.087

STDV (±m) 4.774 4.774 4.782 4.761 4.774 4.782 4.761 4.767 4.683 4.674

2.5 < Slope < 5.5

N 350 350 350 350 350 350 350 350 350 350

Min(m) -20.54 -25.70 -25.74 -25.45 -25.78 -25.81 -25.54 -25.53 -25.60 -24.59

Max(m) 34.61 29.46 29.67 29.70 29.38 29.59 29.61 29.81 29.69 30.96

Mean (m) 4.743 -0.178 -0.335 -0.182 -0.269 -0.407 -0.274 -0.174 -0.199 0.689

STDV (±m) 5.074 5.072 5.077 5.081 5.072 5.077 5.080 5.083 5.034 5.052

5.5 < Slope < 7.5

N 88 88 88 88 88 88 88 88 88 88

Min(m) -23.08 -28.64 -28.30 -28.43 -28.71 -28.37 -28.51 -28.53 -29.63 -29.33

Max(m) 47.85 42.26 42.93 42.49 42.19 42.86 42.42 42.61 42.58 43.88

Mean (m) 5.127 -0.403 0.037 -0.413 -0.476 -0.034 -0.484 -0.410 -0.524 0.310

STDV (±m) 6.107 6.104 6.129 6.081 6.104 6.129 6.081 6.096 6.123 6.205

7.5 < Slope < 10

N 73 73 73 73 73 73 73 73 73 73

Min(m) -7.90 -13.87 -13.03 -13.71 -13.93 -13.10 -13.77 -13.73 -12.38 -11.63

Max(m) 50.07 43.84 44.78 44.26 43.79 44.71 44.20 44.12 43.44 45.27

Mean (m) 6.175 0.170 1.116 0.252 0.111 1.044 0.194 0.278 0.215 0.962

STDV (±m) 6.344 6.310 6.305 6.332 6.311 6.305 6.333 6.303 6.179 6.309

10<Slope<20

N 110 110 110 110 110 110 110 110 110 110

Min(m) -0.57 -8.01 -5.45 -7.73 -8.02 -5.52 -7.74 -7.57 -7.66 -7.35

Max(m) 35.57 28.10 30.39 27.07 28.08 30.31 27.09 27.02 28.85 29.57

Mean (m) 6.995 0.070 1.918 0.159 0.038 1.847 0.131 0.176 0.159 0.818

STDV (±m) 4.316 4.255 4.311 4.202 4.256 4.311 4.205 4.199 4.413 4.389

Slope > 20

N 27 27 27 27 27 27 27 27 27 27

Min(m) 1.05 -10.46 -4.07 -14.62 -10.23 -4.14 -14.21 -14.37 -7.26 -6.57

Max(m) 22.73 10.79 17.50 10.17 10.91 17.43 10.33 10.12 9.89 12.27

Mean (m) 9.367 -0.617 4.239 -0.937 -0.558 4.168 -0.851 -0.939 0.021 0.947

STDV (±m) 5.399 5.393 5.364 5.934 5.386 5.364 5.899 5.899 4.998 5.058
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In Table 25, the correction model for the AW3D30 is a combination of the adaptive terrain-dependent 

method with parameters determined using Robust least squares (M-estimator) for slope less than 

2.5°, multiple regression as a function of (slope, aspect, and surface roughness) for slope 2.5° to 7.5°, 

and adaptive terrain-dependent method with parameters determined using Ordinary Least Squares 

for slope greater than 7.5°. In Table 27, the correction model for the TanDEM-X is a combination of 

the adaptive terrain-dependent method with parameters determined using Robust least squares (M-

estimator) for slope less than 2.5° and greater than 20°, adaptive terrain-dependent method with 

parameters determined using Ordinary Least Squares for slope 2.5° to 5.5° and 7.5° to 10°, simple 

linear regression as a function of surface roughness for slope 5.5° to 7.5°, and multiple regression as 

a function of (slope, aspect, and surface roughness) for slope 10° to 20°. The models are adopted 

because, after being applied to these DEMs, there is a remarkable decrease in standard deviations in 

those slope ranges, meaning an improvement in vertical accuracy. 

 

Region 2 

Table 28: Absolute height difference in region 2 between the AW3D30 and ground levelling test data 

before and after applying different correction models 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1095 1095 1095 1095 1095 1095 1095 1095 1095 1095

Min(m) -3.90 -14.05 -8.56 -15.84 -13.96 -8.81 -15.62 -17.83 -12.17 -8.81

Max(m) 39.50 30.23 35.08 29.38 30.21 34.82 29.43 29.31 29.69 30.51

Mean (m) 4.114 -0.348 -0.371 -0.317 -0.607 -0.629 -0.578 -0.317 -0.360 0.632

STDV (±m) 5.107 4.782 5.097 4.736 4.785 5.097 4.739 4.715 4.409 4.494
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Table 29: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for AW3D30 in region 2 

 
 

Table 30: Absolute height difference in region 2 between the TanDEM-X and ground levelling test data 
before and after applying different correction models 

 
 

 

 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 413 413 413 413 413 413 413 413 413 413

Min(m) -3.90 -7.02 -8.56 -7.01 -7.35 -8.81 -7.34 -7.27 -7.52 -6.16

Max(m) 31.80 28.90 28.05 28.69 28.56 27.78 28.36 29.31 29.69 30.51

Mean (m) 2.210 -0.917 -2.295 -0.870 -1.244 -2.553 -1.204 -0.942 -0.550 0.476

STDV (±m) 3.983 3.986 4.038 3.916 3.986 4.036 3.918 3.970 4.046 4.013

2.5 < Slope < 5.5

N 283 283 283 283 283 283 283 283 283 283

Min(m) -2.70 -6.47 -7.94 -6.59 -6.76 -8.19 -6.88 -7.57 -7.81 -6.11

Max(m) 22.90 18.79 19.31 19.01 18.52 19.04 18.72 20.13 20.13 20.79

Mean (m) 3.789 -0.078 -0.669 0.014 -0.367 -0.928 -0.282 0.056 -0.125 0.759

STDV (±m) 4.477 4.451 4.459 4.324 4.452 4.459 4.331 4.248 4.365 4.415

5.5 < Slope < 7.5

N 122 122 122 122 122 122 122 122 122 122

Min(m) -3.00 -7.49 -8.36 -7.67 -7.75 -8.60 -7.91 -8.77 -8.62 -7.35

Max(m) 24.90 19.93 20.90 19.45 19.70 20.64 19.25 19.72 20.05 20.16

Mean (m) 5.189 0.406 0.710 0.382 0.163 0.452 0.141 0.372 -0.072 0.761

STDV (±m) 4.974 4.951 4.966 4.908 4.952 4.965 4.911 4.882 4.876 4.811

7.5 < Slope < 10

N 95 95 95 95 95 95 95 95 95 95

Min(m) -3.00 -8.84 -6.93 -8.45 -9.03 -7.20 -8.65 -7.54 -9.17 -8.50

Max(m) 17.20 11.72 12.20 11.75 11.51 11.95 11.55 11.22 9.28 10.73

Mean (m) 6.187 0.650 1.606 0.603 0.446 1.350 0.404 0.496 0.032 0.783

STDV (±m) 4.356 4.381 4.301 4.413 4.379 4.302 4.408 4.388 3.949 4.062

10<Slope<20

N 163 163 163 163 163 163 163 163 163 163

Min(m) -1.90 -10.58 -6.26 -10.72 -10.61 -6.50 -10.67 -12.37 -11.98 -8.81

Max(m) 27.60 20.66 23.03 20.60 20.53 22.77 20.48 20.55 16.64 18.63

Mean (m) 6.844 -0.453 2.424 -0.461 -0.568 2.165 -0.566 -0.282 -0.918 0.369

STDV (±m) 5.681 5.711 5.565 5.748 5.706 5.566 5.740 5.644 4.418 4.747

Slope > 20

N 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00 19.00

Min(m) -2.60 -14.05 -8.16 -15.84 -13.96 -8.40 -15.62 -17.83 -12.17 -6.12

Max(m) 39.500 30.226 35.075 29.380 30.212 34.817 29.428 29.135 27.280 29.349

Mean (m) 9.679 -0.914 5.097 -1.097 -0.861 4.840 -1.014 -1.060 1.245 2.793

STDV (±m) 11.191 11.282 11.162 11.348 11.274 11.162 11.333 11.385 8.634 9.631

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1095 1095 1095 1095 1095 1095 1095 1095 1095 1095

Min(m) -1.49 -6.50 -5.60 -6.66 -6.50 -5.60 -6.65 -7.34 -8.59 -4.87

Max(m) 33.29 30.01 29.17 29.85 30.01 29.17 29.84 30.12 30.22 31.19

Mean (m) 4.106 -0.263 -0.278 -0.242 -0.267 -0.280 -0.247 -0.245 -0.272 0.677

STDV (±m) 3.674 3.496 3.674 3.472 3.496 3.674 3.472 3.469 3.484 3.493
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Table 31: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for TanDEM-X in region 2 

 
 

In Table 29, the correction model for the AW3D30 is a combination of the simple linear regression as 

a function of surface roughness for slope less than 2.5°, multiple regression as a function of (slope, 

aspect, and surface roughness) for slope 2.5° to 7.5°, and adaptive terrain-dependent method with 

parameters determined using Ordinary Least Squares for slope greater than 7.5°. In Table 31, the 

correction model for the TanDEM-X is a combination of the simple linear regression as a function of 

surface roughness for slope less than 2.5°, multiple regression as a function of (slope, aspect, and 

surface roughness) for slope 2.5° to 7.5°, original TanDEM-X for slope 7.5° to 10°, and adaptive terrain-

dependent method with parameters determined using Ordinary Least Squares for slope greater than 

10°. The models are adopted because, after being applied to these DEMs, there is a remarkable 

decrease in standard deviations in those slope ranges, meaning an improvement in vertical accuracy. 

 

 

 

 

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 413 413 413 413 413 413 413 413 413 413

Min(m) -1.49 -5.05 -5.60 -4.93 -5.05 -5.60 -4.94 -4.57 -4.81 -3.80

Max(m) 33.29 30.01 29.17 29.85 30.01 29.17 29.84 30.12 30.22 31.19

Mean (m) 3.017 -0.417 -1.374 -0.407 -0.424 -1.377 -0.413 -0.430 -0.380 0.539

STDV (±m) 3.791 3.793 3.797 3.764 3.793 3.797 3.764 3.771 3.815 3.797

2.5 < Slope < 5.5

N 283 283 283 283 283 283 283 283 283 283

Min(m) -0.44 -4.13 -5.19 -3.88 -4.14 -5.20 -3.89 -4.30 -4.27 -3.08

Max(m) 32.28 28.16 28.22 28.30 28.16 28.22 28.30 28.74 28.60 29.55

Mean (m) 3.896 -0.055 -0.477 -0.002 -0.061 -0.479 -0.007 0.012 -0.048 0.772

STDV (±m) 3.715 3.706 3.711 3.658 3.706 3.711 3.658 3.646 3.728 3.727

5.5 < Slope < 7.5

N 122 122 122 122 122 122 122 122 122 122

Min(m) 0.63 -4.07 -3.84 -4.00 -4.08 -3.84 -4.00 -4.37 -4.42 -3.49

Max(m) 20.99 16.29 16.87 16.48 16.28 16.87 16.48 16.86 17.19 17.57

Mean (m) 4.546 -0.047 0.165 -0.059 -0.051 0.163 -0.062 -0.064 -0.123 0.727

STDV (±m) 3.096 3.089 3.091 3.054 3.089 3.091 3.054 3.041 3.144 3.078

7.5 < Slope < 10

N 95 95 95 95 95 95 95 95 95 95

Min(m) 1.68 -3.61 -2.85 -3.36 -3.61 -2.85 -3.36 -3.54 -3.56 -2.91

Max(m) 10.98 6.12 6.46 5.41 6.12 6.45 5.40 5.43 5.77 6.45

Mean (m) 5.047 -0.075 0.629 -0.090 -0.078 0.626 -0.092 -0.139 -0.124 0.684

STDV (±m) 2.150 2.207 2.167 2.173 2.206 2.167 2.173 2.192 2.245 2.221

10<Slope<20

N 163 163 163 163 163 163 163 163 163 163

Min(m) 1.18 -5.74 -3.49 -6.25 -5.74 -3.49 -6.24 -6.45 -7.67 -4.87

Max(m) 17.27 10.46 12.74 10.63 10.46 12.74 10.63 10.55 8.82 11.53

Mean (m) 5.940 -0.414 1.580 -0.374 -0.414 1.578 -0.373 -0.325 -0.549 0.729

STDV (±m) 3.146 3.087 3.129 3.100 3.087 3.129 3.100 3.082 2.955 3.042

Slope > 20

N 19 19 19 19 19 19 19 19 19 19

Min(m) 2.65 -6.50 -1.55 -6.66 -6.50 -1.56 -6.65 -7.34 -8.59 -3.48

Max(m) 19.43 9.60 14.92 9.59 9.61 14.92 9.60 9.47 6.08 13.43

Mean (m) 7.628 -1.034 3.209 -1.060 -1.029 3.207 -1.054 -1.081 -0.607 1.439

STDV (±m) 4.121 4.172 4.096 4.333 4.172 4.096 4.333 4.359 3.223 4.121
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Region 3 

Table 32: Absolute height difference in region 3 between the AW3D30 and ground levelling test data 

before and after applying different correction models 

 

 

Table 33: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for AW3D30 in region 3 

 

 

 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1901 1901 1901 1901 1901 1901 1901 1901 1901 1901

Min(m) -34.90 -37.27 -38.90 -37.77 -37.95 -39.48 -38.42 -38.21 -38.22 -37.57

Max(m) 62.20 54.36 58.49 53.76 53.94 57.91 53.41 53.34 50.28 53.82

Mean (m) 3.444 -0.337 -0.346 -0.358 -0.919 -0.926 -0.938 -0.366 -0.299 0.571

STDV (±m) 5.746 5.062 5.727 5.014 5.065 5.727 5.014 4.993 4.756 4.946

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 638 638 638 638 638 638 638 638 638 638

Min(m) -13.30 -15.13 -16.73 -15.18 -15.85 -17.31 -15.90 -14.90 -15.31 -15.09

Max(m) 29.80 27.93 25.56 27.92 27.22 24.98 27.20 27.52 26.58 28.63

Mean (m) 1.404 -0.437 -2.408 -0.514 -1.151 -2.988 -1.234 -0.632 -0.148 0.276

STDV (±m) 3.632 3.635 3.626 3.515 3.634 3.626 3.520 3.481 3.623 3.616

2.5 < Slope < 5.5

N 617 617 617 617 617 617 617 617 617 617

Min(m) -34.90 -37.27 -38.90 -37.77 -37.95 -39.48 -38.42 -38.21 -38.22 -37.57

Max(m) 23.60 21.14 19.27 19.62 20.46 18.69 18.90 19.12 20.18 21.08

Mean (m) 2.324 -0.565 -1.449 -0.552 -1.208 -2.029 -1.201 -0.562 -0.501 0.039

STDV (±m) 4.023 4.011 4.025 3.834 4.011 4.025 3.844 3.790 3.999 3.986

5.5 < Slope < 7.5

N 161 161 161 161 161 161 161 161 161 161

Min(m) -12.30 -16.00 -16.56 -16.16 -16.59 -17.15 -16.74 -16.70 -16.40 -15.95

Max(m) 27.50 22.96 23.61 20.66 22.43 23.03 20.31 19.81 20.51 22.60

Mean (m) 4.109 0.006 0.292 -0.005 -0.554 -0.289 -0.562 -0.027 -0.384 0.511

STDV (±m) 4.725 4.707 4.709 4.546 4.707 4.709 4.557 4.486 4.649 4.658

7.5 < Slope < 10

N 178 178 178 178 178 178 178 178 178 178

Min(m) -3.40 -8.16 -6.53 -8.25 -8.67 -7.11 -8.76 -7.59 -9.25 -7.51

Max(m) 19.80 14.53 16.00 13.45 14.05 15.41 13.03 13.45 13.78 14.62

Mean (m) 4.724 -0.305 0.979 -0.247 -0.801 0.399 -0.741 -0.138 -0.547 0.395

STDV (±m) 4.628 4.625 4.562 4.507 4.624 4.562 4.512 4.421 4.250 4.387

10<Slope<20

N 236 236 236 236 236 236 236 236 236 236

Min(m) -4.60 -10.98 -8.31 -11.81 -11.33 -8.89 -11.95 -11.47 -12.18 -9.03

Max(m) 60.60 54.36 56.52 53.76 53.94 55.94 53.41 53.34 50.28 53.82

Mean (m) 7.617 0.317 3.825 0.498 -0.024 3.245 0.163 0.681 -0.110 1.689

STDV (±m) 7.323 7.278 7.251 7.300 7.274 7.251 7.294 7.249 6.550 6.733

Slope > 20

N 71.00 71.00 71.00 71.00 71.00 71.00 71.00 71.00 71.00 71.00

Min(m) -1.20 -16.62 -4.39 -20.19 -16.02 -4.97 -19.23 -20.77 -22.02 -10.96

Max(m) 62.200 51.039 58.485 50.405 50.961 57.905 50.414 50.494 48.539 52.237

Mean (m) 12.910 -0.499 9.135 -1.190 -0.423 8.555 -1.010 -1.106 0.300 4.724

STDV (±m) 11.898 12.052 11.838 12.469 12.012 11.838 12.355 12.604 10.514 11.253
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Table 34: Absolute height difference in region 3 between the TanDEM-X and ground levelling test data 
before and after applying different correction models 

 

 

Table 35: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for TanDEM-X in region 3 

 
 

In Table 33, the correction model for the AW3D30 is a combination of multiple regression as a function 

of (slope, aspect, and surface roughness) for slope less than 7.5°, and an adaptive terrain-dependent 

method with parameters determined using Ordinary Least Squares for slopes greater than 7.5°. In 

Table 35, the correction model for the TanDEM-X is a combination of multiple regression as a function 

of (slope, aspect, and surface roughness) for slope less than 10°, simple linear regression as a function 

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1901 1901 1901 1901 1901 1901 1901 1901 1901 1901

Min(m) -7.24 -12.58 -11.03 -18.56 -12.53 -11.18 -18.36 -19.55 -17.94 -13.31

Max(m) 73.32 63.46 69.54 63.01 63.39 69.41 62.97 63.02 63.37 67.73

Mean (m) 3.763 -0.013 -0.020 -0.030 -0.162 -0.157 -0.178 -0.034 0.013 0.812

STDV (±m) 5.277 4.557 5.277 4.463 4.560 5.277 4.468 4.457 4.499 4.874

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 638 638 638 638 638 638 638 638 638 638

Min(m) -7.24 -9.57 -11.03 -9.46 -9.74 -11.18 -9.64 -9.48 -9.54 -9.40

Max(m) 30.16 27.96 26.34 27.94 27.79 26.17 27.76 27.87 25.77 28.04

Mean (m) 2.453 0.278 -1.330 0.197 0.106 -1.468 0.021 0.153 0.070 0.357

STDV (±m) 2.956 2.970 2.955 2.921 2.970 2.953 2.921 2.917 2.952 2.962

2.5 < Slope < 5.5

N 617 617 617 617 617 617 617 617 617 617

Min(m) -6.44 -9.45 -10.22 -9.47 -9.61 -10.35 -9.63 -9.48 -9.16 -8.97

Max(m) 17.72 14.29 13.95 12.63 14.13 13.83 12.47 12.67 13.54 14.72

Mean (m) 2.833 -0.207 -0.949 -0.205 -0.367 -1.085 -0.367 -0.216 -0.164 0.258

STDV (±m) 2.165 2.170 2.166 2.049 2.170 2.167 2.049 2.040 2.179 2.161

5.5 < Slope < 7.5

N 161 161 161 161 161 161 161 161 161 161

Min(m) -4.06 -7.88 -7.82 -7.90 -8.03 -7.93 -8.05 -7.88 -7.63 -7.08

Max(m) 22.71 19.00 18.92 19.68 18.85 18.77 19.52 19.80 18.72 19.76

Mean (m) 3.684 -0.358 -0.100 -0.364 -0.503 -0.238 -0.508 -0.363 -0.204 0.567

STDV (±m) 2.918 2.929 2.917 2.818 2.929 2.917 2.819 2.803 2.872 2.905

7.5 < Slope < 10

N 178 178 178 178 178 178 178 178 178 178

Min(m) -4.75 -10.07 -8.50 -10.21 -10.19 -8.60 -10.33 -10.17 -11.64 -8.50

Max(m) 49.10 44.50 45.35 42.83 44.37 45.24 42.73 42.54 43.08 45.51

Mean (m) 4.242 -0.562 0.462 -0.504 -0.697 0.327 -0.635 -0.474 -0.277 0.701

STDV (±m) 4.291 4.304 4.292 4.146 4.303 4.294 4.148 4.122 4.181 4.272

10<Slope<20

N 236 236 236 236 236 236 236 236 236 236

Min(m) -4.97 -10.84 -8.76 -10.43 -10.96 -8.91 -10.55 -10.33 -9.80 -9.01

Max(m) 30.64 24.72 26.86 24.37 24.60 26.72 24.27 24.33 25.37 26.52

Mean (m) 5.770 -0.909 1.987 -0.729 -1.017 1.850 -0.830 -0.647 -0.608 1.200

STDV (±m) 4.386 4.362 4.386 4.339 4.360 4.386 4.338 4.341 4.396 4.338

Slope > 20

N 71 71 71 71 71 71 71 71 71 71

Min(m) 1.63 -12.58 -2.16 -18.56 -12.53 -2.30 -18.36 -19.55 -17.94 -13.31

Max(m) 73.32 63.46 69.54 63.01 63.39 69.41 62.97 63.02 63.37 67.73

Mean (m) 15.915 4.195 12.133 3.721 4.160 11.997 3.720 3.752 4.314 9.252

STDV (±m) 17.674 16.858 17.673 16.713 16.867 17.672 16.721 16.708 16.591 17.688
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of surface roughness and absolute height errors for slope 10° to 20°, and adaptive terrain-dependent 

method with parameters determined using Ordinary Least Squares for slope greater than 20°. The 

models are adopted because, after being applied to these DEMs, there is a remarkable decrease in 

standard deviations in those slope ranges, meaning an improvement in vertical accuracy. 

 

Region 4 

Table 36: Absolute height difference in region 4 between the AW3D30 and ground levelling test data 

before and after applying different correction models 

 

 

Table 37: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for AW3D30 in region 4 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

Min(m) -7.80 -21.33 -12.51 -25.65 -20.86 -12.74 -24.57 -26.87 -16.10 -10.97

Max(m) 40.00 27.72 35.53 28.42 27.44 35.30 28.12 28.65 26.31 28.19

Mean (m) 4.354 -0.067 -0.134 -0.094 -0.296 -0.370 -0.322 -0.122 -0.037 0.638

STDV (±m) 5.125 4.558 5.116 4.531 4.552 5.116 4.522 4.515 4.068 4.274

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 500 500 500 500 500 500 500 500 500 500

Min(m) -3.50 -6.15 -8.20 -6.18 -6.44 -8.43 -6.48 -6.66 -6.85 -5.83

Max(m) 16.70 13.96 12.78 13.23 13.66 12.54 12.96 13.96 14.75 15.41

Mean (m) 2.183 -0.410 -2.334 -0.551 -0.712 -2.570 -0.848 -0.638 0.105 0.468

STDV (±m) 2.863 2.831 2.879 2.639 2.832 2.879 2.646 2.665 2.727 2.732

2.5 < Slope < 5.5

N 448 448 448 448 448 448 448 448 448 448

Min(m) -7.80 -10.94 -12.51 -11.27 -11.22 -12.74 -11.54 -11.67 -11.26 -10.43

Max(m) 31.10 27.72 26.72 28.42 27.44 26.49 28.12 28.65 26.31 27.32

Mean (m) 3.493 0.023 -0.982 0.013 -0.243 -1.217 -0.253 0.008 0.072 0.453

STDV (±m) 4.104 4.052 4.100 3.826 4.054 4.100 3.835 3.812 3.879 3.904

5.5 < Slope < 7.5

N 145 145 145 145 145 145 145 145 145 145

Min(m) -2.20 -6.93 -6.75 -6.47 -7.15 -6.98 -6.70 -6.52 -7.88 -6.78

Max(m) 31.00 26.24 26.25 26.73 26.02 26.02 26.50 26.38 21.96 24.24

Mean (m) 5.386 0.904 0.941 0.862 0.678 0.705 0.637 0.896 0.179 0.918

STDV (±m) 4.922 4.916 4.881 4.803 4.916 4.881 4.806 4.736 4.507 4.672

7.5 < Slope < 10

N 145 145 145 145 145 145 145 145 145 145

Min(m) -5.60 -10.81 -9.98 -10.66 -11.01 -10.21 -10.86 -10.50 -11.12 -10.46

Max(m) 20.80 15.86 16.02 14.15 15.66 15.78 14.01 13.47 11.97 14.36

Mean (m) 5.433 0.081 0.905 0.048 -0.110 0.670 -0.142 -0.039 -0.564 -0.053

STDV (±m) 4.532 4.511 4.477 4.412 4.511 4.477 4.414 4.336 4.479 4.370

10<Slope<20

N 196 196 196 196 196 196 196 196 196 196

Min(m) -4.10 -10.56 -8.15 -11.03 -10.71 -8.39 -11.04 -11.96 -13.41 -10.97

Max(m) 32.70 26.30 28.31 26.84 26.15 28.07 26.67 27.03 24.17 25.46

Mean (m) 7.803 0.336 3.333 0.686 0.229 3.097 0.566 0.734 -0.518 0.618

STDV (±m) 5.602 5.723 5.556 5.655 5.714 5.556 5.648 5.603 4.978 5.159

Slope > 20

N 66.00 66.00 66.00 66.00 66.00 66.00 66.00 66.00 66.00 66.00

Min(m) -2.40 -21.33 -6.54 -25.65 -20.86 -6.77 -24.57 -26.87 -16.10 -9.16

Max(m) 40.000 26.250 35.532 26.782 26.322 35.296 26.834 26.790 23.098 28.190

Mean (m) 11.755 -1.736 7.346 -2.096 -1.602 7.110 -1.946 -2.043 0.259 4.139

STDV (±m) 9.658 9.926 9.579 10.794 9.889 9.579 10.692 10.810 7.321 8.499
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Table 38: Absolute height difference in region 4 between the TanDEM-X and ground levelling test data 

before and after applying different correction models 

 

 

Table 39:Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for TanDEM-X in region 4 

 
 

In Table 37, the correction model for the AW3D30 is a combination of the simple linear regression as 

a function of surface roughness for slope less than 2.5°, multiple regression as a function of (slope, 

aspect, and surface roughness) for slope 2.5° to 5.5° and 7.5° to 10°, and adaptive terrain-dependent 

method with parameters determined using Ordinary Least Squares for slope 5.5° to 7.5° and greater 

than 10°. In Table 39, the correction model for the TanDEM-X is a combination of multiple regression 

as a function of (slope, aspect, and surface roughness) for slope less than 5.5° and 7.5° to 20°, and an 

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500

Min(m) -9.25 -16.97 -13.94 -28.86 -16.97 -13.98 -28.82 -31.94 -18.24 -13.57

Max(m) 48.32 33.60 43.70 32.55 33.58 43.66 32.53 32.33 30.83 43.80

Mean (m) 4.558 -0.053 -0.099 -0.080 -0.086 -0.136 -0.113 -0.093 -0.048 0.612

STDV (±m) 4.323 3.522 4.325 3.454 3.522 4.325 3.454 3.461 3.446 3.733

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 500 500 500 500 500 500 500 500 500 500

Min(m) -3.85 -6.97 -8.42 -7.50 -7.00 -8.46 -7.54 -7.76 -6.08 -6.22

Max(m) 16.81 13.87 12.26 12.35 13.83 12.22 12.32 11.76 12.55 13.47

Mean (m) 2.820 0.020 -1.827 -0.096 -0.017 -1.865 -0.133 -0.199 -0.008 0.305

STDV (±m) 1.786 1.777 1.788 1.595 1.777 1.788 1.595 1.569 1.766 1.731

2.5 < Slope < 5.5

N 448 448 448 448 448 448 448 448 448 448

Min(m) -3.56 -6.96 -8.31 -6.90 -6.99 -8.35 -6.93 -7.08 -6.38 -6.20

Max(m) 32.77 29.19 28.08 29.91 29.15 28.04 29.87 30.12 28.26 29.00

Mean (m) 3.639 -0.029 -1.022 -0.025 -0.064 -1.059 -0.060 -0.056 -0.056 0.222

STDV (±m) 2.754 2.702 2.754 2.526 2.702 2.754 2.526 2.502 2.606 2.611

5.5 < Slope < 7.5

N 145 145 145 145 145 145 145 145 145 145

Min(m) -0.65 -5.24 -5.26 -5.10 -5.28 -5.30 -5.14 -5.09 -4.43 -4.34

Max(m) 17.33 12.38 12.75 12.87 12.35 12.72 12.84 12.99 11.16 11.94

Mean (m) 4.742 0.069 0.072 0.027 0.036 0.035 -0.006 0.018 -0.035 0.372

STDV (±m) 2.914 2.916 2.926 2.780 2.916 2.926 2.781 2.751 2.716 2.782

7.5 < Slope < 10

N 145 145 145 145 145 145 145 145 145 145

Min(m) -9.25 -14.65 -13.94 -14.50 -14.68 -13.98 -14.53 -14.42 -13.34 -13.57

Max(m) 19.13 13.63 14.42 9.41 13.60 14.39 9.37 9.46 13.70 14.15

Mean (m) 5.534 0.000 0.890 -0.045 -0.031 0.853 -0.076 -0.043 0.011 0.403

STDV (±m) 3.468 3.452 3.484 3.139 3.452 3.484 3.140 3.071 3.537 3.434

10<Slope<20

N 196 196 196 196 196 196 196 196 196 196

Min(m) 0.69 -6.88 -4.10 -7.46 -6.90 -4.14 -7.48 -7.59 -6.62 -5.24

Max(m) 41.80 33.50 37.20 32.55 33.47 37.16 32.53 32.33 30.83 34.19

Mean (m) 7.169 -0.462 2.507 -0.152 -0.490 2.470 -0.179 0.038 -0.254 0.754

STDV (±m) 4.369 4.350 4.376 4.166 4.350 4.376 4.166 4.122 4.253 4.313

Slope > 20

N 66 66 66 66 66 66 66 66 66 66

Min(m) 2.94 -16.97 -1.80 -28.86 -16.97 -1.84 -28.82 -31.94 -18.24 -5.29

Max(m) 48.32 33.60 43.70 31.88 33.58 43.66 31.88 31.63 30.49 43.80

Mean (m) 13.661 0.061 8.980 -0.428 0.044 8.943 -0.439 -0.293 0.155 6.160

STDV (±m) 10.651 10.334 10.669 10.876 10.334 10.669 10.871 11.093 10.124 10.804
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adaptive terrain-dependent method with parameters determined using Ordinary Least Squares for 

slope 5.5° to 7.5° and greater than 20°. The models are adopted because, after being applied to these 

DEMs, there is a remarkable decrease in standard deviations in those slope ranges, meaning an 

improvement in vertical accuracy. 

 

Region 5 

Table 40: Absolute height difference in region 5 between the AW3D30 and ground levelling test data 

before and after applying different correction models 

 

 

Table 41: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for AW3D30 in region 5 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 965 965 965 965 965 965 965 965 965 965

Min(m) -7.60 -12.48 -12.74 -12.60 -12.61 -12.82 -12.72 -13.07 -13.43 -10.89

Max(m) 27.50 23.53 22.58 23.48 23.37 22.43 23.32 23.10 23.55 23.62

Mean (m) 4.768 0.012 0.023 0.002 -0.121 -0.103 -0.130 0.013 0.060 0.731

STDV (±m) 4.577 4.293 4.577 4.228 4.293 4.576 4.229 4.209 4.204 4.182

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 536 536 536 536 536 536 536 536 536 536

Min(m) -4.10 -8.14 -8.53 -8.12 -8.29 -8.69 -8.28 -7.81 -6.62 -6.27

Max(m) 27.50 23.53 22.58 23.48 23.37 22.43 23.32 23.10 23.55 23.62

Mean (m) 3.558 -0.349 -1.197 -0.338 -0.507 -1.322 -0.496 -0.399 -0.098 0.406

STDV (±m) 3.688 3.687 3.690 3.638 3.687 3.689 3.639 3.640 3.627 3.601

2.5 < Slope < 5.5

N 269 269 269 269 269 269 269 269 269 269

Min(m) -7.60 -12.48 -12.74 -12.60 -12.61 -12.82 -12.72 -13.07 -11.17 -10.89

Max(m) 25.30 20.41 20.16 20.48 20.28 20.08 20.32 20.48 21.46 21.85

Mean (m) 5.103 0.259 0.346 0.303 0.129 0.221 0.172 0.344 0.067 0.733

STDV (±m) 4.517 4.500 4.511 4.439 4.500 4.511 4.440 4.420 4.478 4.442

5.5 < Slope < 7.5

N 68 68 68 68 68 68 68 68 68 68

Min(m) -0.20 -6.34 -4.70 -6.17 -6.43 -4.84 -6.27 -6.08 -5.75 -5.02

Max(m) 22.60 16.80 18.17 17.60 16.70 18.01 17.48 18.55 17.69 17.82

Mean (m) 7.194 1.222 2.477 0.991 1.127 2.348 0.902 1.005 0.824 1.677

STDV (±m) 5.063 5.088 5.084 4.996 5.087 5.081 4.996 4.981 5.376 5.320

7.5 < Slope < 10

N 36 36 36 36 36 36 36 36 36 36

Min(m) 0.30 -6.76 -4.06 -6.65 -6.82 -4.23 -6.72 -5.94 -6.19 -4.51

Max(m) 22.50 15.94 17.54 15.55 15.86 17.44 15.48 15.26 14.62 16.24

Mean (m) 7.756 0.884 3.091 0.889 0.817 2.956 0.819 1.182 0.407 1.416

STDV (±m) 5.572 5.603 5.475 5.402 5.602 5.485 5.406 5.201 4.969 5.154

10<Slope<20

N 48 48 48 48 48 48 48 48 48 48

Min(m) -0.20 -8.10 -4.72 -8.45 -8.14 -4.87 -8.40 -7.92 -9.06 -6.79

Max(m) 26.90 18.87 21.99 18.98 18.83 21.88 18.94 19.17 14.79 17.42

Mean (m) 10.181 1.257 5.492 1.142 1.253 5.359 1.137 1.511 1.191 2.779

STDV (±m) 5.371 5.403 5.264 5.268 5.398 5.276 5.267 5.097 5.001 4.955

Slope > 20 

N 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00

Min(m) 2.80 -11.04 -2.31 -11.74 -10.76 -2.39 -11.46 -10.83 -13.43 -7.47

Max(m) 18.500 4.304 13.899 3.754 4.463 13.757 3.920 4.414 6.299 9.850

Mean (m) 8.025 -5.834 3.371 -6.599 -5.685 3.235 -6.437 -6.158 -4.456 -0.945

STDV (±m) 4.613 4.927 4.661 4.811 4.908 4.655 4.795 4.761 5.861 4.994
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Table 42: Absolute height difference in region 5 between the TanDEM-X and ground levelling test data 
before and after applying different correction models 

 

 

Table 43: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for TanDEM-X in region 5 

 
 

In Table 41, the correction model for the AW3D30 is a combination of the adaptive terrain-dependent 

method with parameters determined using Robust least squares (M-estimator) for slope less than 2.5° 

and 10° to 20°, multiple regression as a function of (slope, aspect, and surface roughness) for slope 

2.5° to 7.5°, adaptive terrain-dependent method with parameters determined using Ordinary Least 

Squares for slope 7.5° to 10°, and original AW3D30 DEM for slope greater than 20°. In Table 43, the 

correction model for the TanDEM-X is a combination of the adaptive terrain-dependent method with 

parameters determined using Ordinary Least Squares for slope less than 5.5°, adaptive terrain-

dependent method with parameters determined using Robust least squares (M-estimator) for slope 

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_corr ATDM_corr(OLS) ADTM_corr(M-estimator)

N 965 965 965 965 965 965 965 965 965 965

Min(m) -0.87 -5.31 -5.81 -5.3 -5.31 -5.81 -5.31 -5.54 -8.25 -9.5

Max(m) 59.06 24.46 24.4 24.4 24.46 24.4 24.43 24.4 22.65 23.32

Mean(m) 4.813 0.078 0.087 0.074 0.073 0.084 0.069 0.080 0.157 0.769

STDV (±m) 3.881 3.803 3.885 3.797 3.803 3.885 3.797 3.802 3.452 3.447

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 536 536 536 536 536 536 536 536 536 536

Min(m) -0.87 -5.31 -5.81 -5.30 -5.31 -5.81 -5.31 -5.54 -7.65 -6.77

Max(m) 28.87 24.46 24.06 24.44 24.46 24.06 24.43 24.30 22.65 23.32

Mean (m) 4.373 -0.006 -0.358 -0.006 -0.012 -0.361 -0.012 -0.024 0.036 0.675

STDV (±m) 3.793 3.798 3.792 3.796 3.798 3.792 3.796 3.797 3.294 3.302

2.5 < Slope < 5.5

N 269 269 269 269 269 269 269 269 269 269

Min(m) -0.11 -4.71 -5.00 -4.54 -4.71 -5.01 -4.54 -4.64 -4.73 -4.09

Max(m) 29.06 24.14 24.44 24.23 24.13 24.44 24.22 24.40 22.02 22.86

Mean (m) 4.844 0.072 0.113 0.091 0.067 0.110 0.086 0.105 0.160 0.793

STDV (±m) 3.834 3.838 3.841 3.834 3.838 3.841 3.833 3.841 3.456 3.456

5.5 < Slope < 7.5

N 68 68 68 68 68 68 68 68 68 68

Min(m) 0.90 -4.29 -3.71 -3.94 -4.29 -3.71 -3.94 -3.85 -3.70 -2.83

Max(m) 24.88 19.71 20.31 20.04 19.70 20.31 20.04 20.41 18.78 19.24

Mean (m) 5.314 0.068 0.602 -0.021 0.065 0.599 -0.024 -0.010 0.472 1.056

STDV (±m) 3.697 3.701 3.698 3.722 3.701 3.698 3.722 3.736 3.673 3.604

7.5 < Slope < 10

N 36 36 36 36 36 36 36 36 36 36

Min(m) 1.65 -3.80 -2.95 -3.67 -3.80 -2.95 -3.68 -3.66 -4.60 -3.70

Max(m) 12.28 6.79 7.45 6.64 6.78 7.45 6.63 6.51 8.00 8.20

Mean (m) 5.847 0.223 1.160 0.236 0.223 1.157 0.234 0.346 0.678 1.199

STDV (±m) 2.921 2.945 2.893 2.844 2.945 2.893 2.844 2.771 3.136 3.131

10<Slope<20

N 48 48 48 48 48 48 48 48 48 48

Min(m) 1.67 -4.67 -2.95 -4.85 -4.66 -2.95 -4.85 -4.63 -5.63 -5.05

Max(m) 19.41 13.51 14.89 12.96 13.51 14.89 12.96 13.00 14.09 14.47

Mean (m) 7.242 0.757 2.543 0.730 0.760 2.540 0.731 0.859 0.757 1.180

STDV (±m) 4.284 4.242 4.308 4.211 4.242 4.308 4.211 4.231 4.516 4.445

Slope > 20 

N 8 8 8 8 8 8 8 8 8 8

Min(m) 5.55 -4.72 0.92 -4.95 -4.70 0.92 -4.93 -4.61 -8.25 -9.50

Max(m) 17.91 9.21 13.25 9.03 9.22 13.25 9.04 9.27 7.74 7.41

Mean (m) 9.803 1.247 5.121 0.975 1.258 5.118 0.984 1.129 -0.518 -0.571

STDV (±m) 3.636 3.813 3.641 3.866 3.812 3.641 3.865 3.885 4.668 4.804
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5.5° to 7.5°, multiple regression as a function of (slope, aspect, and surface roughness) for slope 7.5° 

to 10°, simple linear regression as a function of surface roughness for slope 10° to 20°, and original 

TanDEM-X DEM for slope greater than 20°. The models are adopted because, after being applied to 

these DEMs, there is a remarkable decrease in standard deviations in those slope ranges, meaning an 

improvement in vertical accuracy. 

 

Region 6 

Table 44: Absolute height difference in region 6 between the AW3D30 and ground levelling test data 

before and after applying different correction models 

 

 

Table 45: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for AW3D30 in region 6 

 

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977

Min(m) -15.40 -17.42 -18.52 -17.47 -18.47 -19.73 -18.50 -17.23 -17.53 -15.49

Max(m) 48.10 45.85 45.87 45.91 44.64 44.82 44.68 46.37 44.87 47.57

Mean (m) 2.440 -0.190 -0.203 -0.188 -1.320 -1.331 -1.319 -0.171 -0.171 1.249

STDV (±m) 6.357 6.146 6.353 6.133 6.166 6.353 6.155 6.128 6.003 6.092

Original AW3D30 Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 1262 1262 1262 1262 1262 1262 1262 1262 1262 1262

Min(m) -15.40 -16.85 -18.52 -16.71 -18.23 -19.73 -18.13 -17.19 -17.53 -15.49

Max(m) 48.10 45.85 45.87 45.91 44.64 44.82 44.68 46.37 44.87 47.57

Mean (m) 1.339 -0.656 -1.308 -0.695 -1.920 -2.436 -1.958 -0.687 -0.507 0.796

STDV (±m) 5.400 5.384 5.406 5.368 5.387 5.409 5.372 5.374 5.362 5.363

2.5 < Slope < 5.5

N 481 481 481 481 481 481 481 481 481 481

Min(m) -14.40 -17.42 -16.84 -17.47 -18.47 -17.92 -18.50 -17.23 -15.97 -15.46

Max(m) 46.50 43.62 44.25 43.43 42.54 43.19 42.40 43.85 43.15 45.53

Mean (m) 3.716 0.858 1.077 0.952 -0.225 -0.049 -0.150 0.983 0.699 2.237

STDV (±m) 7.571 7.542 7.561 7.521 7.547 7.560 7.528 7.510 7.421 7.549

5.5 < Slope < 7.5

N 82 82 82 82 82 82 82 82 82 82

Min(m) -1.50 -5.24 -3.72 -5.05 -6.09 -4.82 -5.89 -5.17 -6.88 -4.76

Max(m) 28.80 24.90 26.54 24.85 24.03 25.49 24.01 25.28 24.74 27.87

Mean (m) 4.846 0.833 2.186 0.779 -0.007 1.056 -0.033 0.779 0.318 2.002

STDV (±m) 5.550 5.552 5.588 5.533 5.551 5.597 5.534 5.572 5.681 5.696

7.5 < Slope < 10

N 66 66 66 66 66 66 66 66 66 66

Min(m) -3.50 -8.21 -5.74 -7.63 -8.79 -6.79 -8.29 -7.28 -8.77 -6.09

Max(m) 34.10 29.60 31.82 30.15 28.87 30.76 29.31 30.61 30.04 32.48

Mean (m) 5.687 0.830 3.084 0.899 0.168 1.965 0.247 0.972 0.437 2.343

STDV (±m) 7.191 7.268 7.125 7.221 7.251 7.114 7.210 7.154 6.906 7.192

10<Slope<20

N 71 71 71 71 71 71 71 71 71 71

Min(m) -3.00 -9.97 -6.11 -10.47 -10.18 -7.32 -10.53 -10.97 -10.04 -7.66

Max(m) 16.70 9.18 13.97 9.23 9.08 12.83 9.17 9.18 6.13 9.38

Mean (m) 4.987 -1.775 2.345 -1.601 -2.036 1.218 -1.854 -1.555 -2.001 -0.170

STDV (±m) 5.147 4.879 5.054 4.858 4.918 5.037 4.899 4.763 3.592 4.184

Slope > 20

N 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00 15.00

Min(m) -0.30 -12.61 -2.64 -13.96 -11.16 -3.71 -12.07 -13.58 -7.00 -6.17

Max(m) 29.900 19.238 27.046 19.793 19.797 25.879 20.320 19.656 15.992 18.938

Mean (m) 14.700 2.868 12.054 2.599 3.673 10.926 3.569 2.622 3.458 5.447

STDV (±m) 10.006 10.840 9.869 10.950 10.644 9.843 10.696 10.821 7.175 8.491
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Table 46: Absolute height difference in region 6 between the TanDEM-X and ground levelling test data 
before and after applying different correction models. 

 

 

Table 47: Comparison of the different correction methods in different slope ranges, using the ground 

levelling test data for TanDEM-X in region 6 

 
 

In Table 45, the correction model for the AW3D30 is a combination of the adaptive terrain-dependent 

method with parameters determined using Ordinary Least Squares for slope less than 5.5° and greater 

than 7.5°, and simple linear regression as a function of surface roughness for slope 5.5° to 7.5°. In 

Table 47, the correction model for the TanDEM-X is a combination of the adaptive terrain-dependent 

method with parameters determined using Robust least squares (M-estimator) for slope less than 

2.5°, adaptive terrain-dependent method with parameters determined using Ordinary Least Squares 

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

N 1977 1977 1977 1977 1977 1977 1977 1977 1977 1977

Min(m) -16.49 -19.41 -20.62 -19.29 -19.60 -20.89 -19.49 -19.46 -20.67 -18.26

Max(m) 61.93 49.75 57.87 47.55 49.79 57.67 47.70 47.41 45.29 55.84

Mean (m) 3.792 -0.165 -0.195 -0.163 -0.332 -0.351 -0.330 -0.157 -0.132 1.395

STDV (±m) 6.283 6.141 6.284 6.123 6.142 6.285 6.125 6.124 6.063 6.182

Original TanDEM-X Slope_corr Aspect_corr Roughness_corr abs(Slope_corr) abs(Aspect_corr) abs(Roughness_corr) Multiple linear reg_ corr ATDM_corr(OLS) ATDM_corr(M-estimator)

0 < Slope < 2.5

N 1262 1262 1262 1262 1262 1262 1262 1262 1262 1262

Min(m) -16.49 -19.41 -20.62 -19.29 -19.60 -20.89 -19.49 -19.46 -20.49 -18.26

Max(m) 50.24 46.62 46.38 46.67 46.44 46.32 46.49 46.84 45.29 48.15

Mean (m) 3.036 -0.362 -0.952 -0.398 -0.543 -1.109 -0.581 -0.396 -0.478 0.938

STDV (±m) 5.052 5.044 5.055 5.038 5.044 5.058 5.038 5.041 5.031 5.030

2.5 < Slope < 5.5

N 481 481 481 481 481 481 481 481 481 481

Min(m) -9.11 -13.41 -13.03 -13.45 -13.57 -13.14 -13.61 -13.37 -11.89 -11.20

Max(m) 49.26 45.09 45.39 44.92 44.92 45.33 44.76 45.07 44.19 46.67

Mean (m) 4.705 0.548 0.719 0.631 0.386 0.565 0.467 0.642 0.774 2.194

STDV (±m) 7.785 7.769 7.785 7.767 7.770 7.785 7.767 7.766 7.633 7.776

5.5 < Slope < 7.5

N 82 82 82 82 82 82 82 82 82 82

Min(m) -0.75 -6.29 -4.74 -5.86 -6.42 -4.89 -6.00 -5.84 -5.76 -4.50

Max(m) 43.35 38.30 39.47 38.24 38.16 39.40 38.10 38.38 39.19 40.97

Mean (m) 5.018 -0.156 1.025 -0.199 -0.293 0.866 -0.328 -0.200 0.531 1.947

STDV (±m) 6.932 6.943 6.950 6.928 6.943 6.964 6.928 6.951 6.928 7.021

7.5 < Slope < 10

N 66 66 66 66 66 66 66 66 66 66

Min(m) 1.43 -4.97 -2.68 -5.23 -5.07 -2.93 -5.31 -5.38 -5.87 -2.60

Max(m) 42.15 36.51 38.03 34.72 36.38 37.77 34.66 34.50 35.13 38.82

Mean (m) 5.780 -0.137 1.805 -0.070 -0.255 1.658 -0.180 -0.044 0.581 2.385

STDV (±m) 7.815 7.892 7.801 7.787 7.890 7.792 7.788 7.768 7.629 7.860

10<Slope<20

N 71 71 71 71 71 71 71 71 71 71

Min(m) 0.47 -7.04 -3.50 -6.96 -7.12 -3.64 -7.02 -6.92 -8.71 -3.98

Max(m) 19.44 10.51 15.32 10.47 10.47 15.07 10.45 10.32 10.21 15.12

Mean (m) 4.808 -2.785 0.821 -2.621 -2.862 0.666 -2.683 -2.604 -2.163 0.490

STDV (±m) 3.046 2.801 3.032 2.753 2.804 3.024 2.756 2.739 3.170 2.962

Slope > 20

N 15 15 15 15 15 15 15 15 15 15

Min(m) 2.68 -11.93 -1.22 -13.17 -11.81 -1.30 -12.95 -13.18 -20.67 -4.97

Max(m) 61.93 49.75 57.87 47.55 49.79 57.67 47.70 47.41 43.75 55.84

Mean (m) 17.850 5.795 13.862 5.585 5.829 13.706 5.669 5.593 2.813 11.125

STDV (±m) 15.309 15.249 15.275 14.857 15.249 15.250 14.866 14.798 14.570 15.637
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for slope 2.5° to 10° and greater than 20°, and multiple regression as a function of (slope, aspect, and 

surface roughness) for slope 10° to 20°. The models are adopted because, after being applied to these 

DEMs, there is a remarkable decrease in standard deviations in those slope ranges, meaning an 

improvement in vertical accuracy. 

 

3.4.3.3 Assessment of the final regional correction models over South Africa  

The correction models used in modelling AW3D30, and TanDEM-X errors are shown in Figures 74 and 

75. Tables 48 and 49 show the validation results of the vertical accuracies of the corrected/improved 

DEMs. According to Figures 74 and 75, large corrections were applied to areas with slopes greater 

than 10°. Areas with slope less than 10° had small corrections. 

 

 

Figure 74: AW3D30 final corrections model over South Africa (units are in m) 
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Figure 75: TanDEM-X final corrections model over South Africa (units are in m) 

 

Table 48: Absolute height differences between the DEMs and ground levelling data for the test data 
before and after applying correction 

 

 

 

 

 

 

 

 

 

 

 

 

AW3D30 TanDEM-X AW3D30 TanDEM-X

N 8657 8657 8657 8657

Min(m) -34,900 -23,079 -37,954 -28,338

Max(m) 62,200 73,320 50,458 62,921

Mean (m) 3,867 4,250 -0,073 0,213

STDV (±m) 5,745 5,073 4,995 4,582

Original DEMs Corrected DEMs
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Table 49: Absolute height differences in different slope ranges between the DEMs and ground levelling 

data for the test data before and after applying correction 

 

 

In Table 48, after the correction is applied to the AW3D30 and TanDEM-X, there is a remarkable 

decrease in mean values. A decrease in standard deviation was also observed. The AW3D30 before 

correction does not meet the absolute vertical accuracy specification, and this might be because of 

the DEM co-registration process, but the corrected AW3D30 has a standard deviation less than ±4.995 

m, which is within the vertical accuracy specifications. The TanDEM-X before and after the correction 

has a standard deviation of ±5.073 and ±4.582 m, respectively and is within the expected ±10 m 

absolute vertical accuracy specifications. 

In Table 49, after the correction is applied to the AW3D30 and TanDEM-X, the mean values decrease 

for all slope ranges. A decrease in standard deviation is also observed in all slope ranges. Steeper 

slopes experience higher standard deviations of the height errors for all the DEMs before and after 

correction, but there is a decrease for corrected compared to the original DEM’s. The corrected 

Slope ranges AW3D30 TanDEM-X AW3D30 TanDEM-X

0 < Slope < 2.5

N 3920 3920 3920 3920

Min(m) -15,40 -16,49 -17,016 -18,257

Max(m) 48,10 50,24 46,336 48,184

Mean (m) 2,22 3,31 -0,269 0,427

STDV (±m) 4,58 4,17 4,420 4,037

2.5 < Slope < 5.5

N 2448 2448 2448 2448

Min(m) -34,90 -20,54 -37,954 -25,559

Max(m) 46,50 49,26 43,167 44,198

Mean (m) 3,70 3,97 0,041 0,065

STDV (±m) 5,42 4,69 5,126 4,491

5.5 < Slope < 7.5

N 666 666 666 666

Min(m) -23,40 -23,08 -29,067 -28,338

Max(m) 33,80 47,85 28,800 42,401

Mean (m) 5,27 4,59 0,837 0,034

STDV (±m) 5,30 4,27 5,224 4,173

7.5 < Slope < 10

N 593 593 593 593

Min(m) -5,60 -9,25 -13,265 -14,226

Max(m) 34,10 50,07 30,052 43,460

Mean (m) 5,69 5,19 -0,173 -0,040

STDV (±m) 5,17 4,69 4,759 4,434

10<Slope<20

N 824 824 824 824

Min(m) -4,60 -4,97 -12,956 -10,249

Max(m) 60,60 41,80 50,458 31,974

Mean (m) 7,70 6,30 -0,241 -0,484

STDV (±m) 6,51 4,12 5,700 3,953

Slope > 20

N 206,00 206,00 206,00 206,00

Min(m) -2,60 1,05 -22,18 -21,94

Max(m) 62,200 73,320 48,563 62,921

Mean (m) 12,09 13,47 0,34 1,99

STDV (±m) 10,37 13,28 8,79 12,27

Original DEMs Corrected DEMs
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TanDEM-X has a better performance on slopes ranging from 0° - 20°. For slopes greater than 20°, the 

corrected AW3D30 has better performance. The vertical accuracy of all the corrected DEMs still 

decreases on steeper slopes. 

 

3.5 Fusion strategies for developing an accurate digital elevation model 

over South Africa 

3.5.1 Introduction  

The DEM fusions are between the corrected (AW3D30 and TanDEM-X), using ground levelling to 

derive fusion parameters. The fusion methods applied include the linear combination, weighted 

averaging, averaging of the DEMs, and taking corrected TanDEM-X elevations for slope values less 

than 20° and corrected AW3D30 elevations for slope values greater than 20°. The fused DEM is 

evaluated using ground levelling data. 

3.5.2 Data and methods 

The datasets used are the DEMs (AW3D30 and TanDEM-X) improved in section (3.4), the ground 

levelling (trigonometrical beacon) data described in section (2.1.1) is used as a reference and for the 

derivation of fusion parameters. 

The methods for fusing the improved DEMs (AW3D30 and TanDEM-X) included using the linear 

combination, weighted averaging, and averaging of the DEM’s. These methods are described under 

section (2.3). The other fusion method that was used to fuse the DEMs but not described in section 

(2.3) involved the use of TanDEM-X data for the slope range 0° – 20° and AW3D30 data for slope > 

20°, based on empirical investigation results. The results of DEM validation using ground levelling 

showed that the corrected TanDEM-X has better performance than the corrected AW3D30 in low 

slope ranges, while AW3D30 performs relatively better than TanDEM-X in high areas. Therefore, this 

information was used in deriving a fusion method as follows, 

 
𝐷𝐸𝑀 𝑓𝑢𝑠𝑖𝑜𝑛 = 𝒊𝒇(𝑠𝑙𝑜𝑝𝑒 < 20°), 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑇𝑎𝑛𝐷𝐸𝑀 − 𝑋 𝒐𝒓 𝒆𝒍𝒔𝒆 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐴𝑊3𝐷30 

  (3.10) 

In this method, for slope values between 0° and 20°, the corrected TanDEM-X elevations are used, 

then for slope values greater than 20° the corrected AW3D30 elevations are used. The ground levelling 

data used for fusion parameter derivation is the same as those described under section (3.4.2.2). A 

sample of 66% of ground levelling data points from each of the regions in Figure 61 were chosen using 

random sampling. The sample was used in the derivation of fusion model parameters. The remaining 

33% of data points that were not part of the sample were used to test the fused DEMs. Spatial 

distribution of model and test points falling in different slope ranges over the six regions are shown in 

Figures 62 to 73.  

 

The validation of the fused DEMs vertical accuracies was done using all the test points. The process 

included finding the height differences between the ground levelling data and the fused DEMs, then 

determining the statistical measures as discussed in section (3.2.2.2). Because some fusion methods 

may have a very high effect on improving the accuracy of the DEMs in certain slope ranges compared 

to others, the slope ranges were included in the validation. This was done to determine a combination 

of fusion methods that have a very high effect on improving the accuracy of the DEM’s and using the 
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combination to generate a final fused DEM. The slope ranges included were (0° – 2.5°, 2.5° – 5.5°, 5.5° 

– 7.5°, 7.5° – 10°, 10° – 20°, >20°). The original DEMs (TanDEM-X, SRTM, ASTER, MERIT, AW3D30, and 

co-registered AW3D30) are also compared to the fused DEM. The comparison is done using height 

differences between 8,657 ground levelling test data points and the DEMs.  

 

3.5.3 Results and discussion 

3.5.3.1 Vertical accuracies of fusion methods in different regions 

Tables 50 to 60 show the statistical results for the corrected DEMs and fused DEMs using different 

fusion methods for the six different regions. 

 

Region 1 

Table 50: Vertical accuracy comparison of different fusion methods using the ground levelling test 
data in region 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

N 1219 1219 1219 1219 1219 1219

Min(m) -29.07 -28.34 -28.48 -28.35 -28.70 -28.70

Max(m) 35.24 43.46 40.67 42.26 35.95 36.27

Mean (m) 0.383 0.475 0.460 0.530 0.429 0.389

STDV (±m) 5.722 4.998 4.973 5.189 5.079 4.897

Corrected DEMs DEM fusion results
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Table 51: Vertical accuracy comparison of the different fusion methods in slope ranges using the 

ground levelling test data in region 1 

 
 

In Table 51, the final fusion is a combination of the linear combination for slope less than 2.5° and 

greater than 20°, TanDEM-X for slope 2.5° to 5.5° and 10° to 20°, averaging for slope 5.5° to 7.5°, and 

weighted averaging for slope 7.5° to 10°. The methods are adopted because, after fusion of the DEMs, 

there is a remarkable decrease in standard deviations in those slope ranges, meaning an improvement 

in the vertical accuracy. 

 

Region 2 

Table 52: Vertical accuracy comparison of different fusion methods using the ground levelling test 

data in region 2 

 

Slope ranges AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

0 < Slope < 2.5

N 571 571 571 571 571 571

Min(m) -8.91 -8.43 -7.28 -7.96 -6.39 -7.28

Max(m) 35.24 36.66 36.27 36.38 35.95 36.27

Mean (m) 0.990 1.090 1.061 1.076 1.040 1.061

STDV (±m) 5.054 4.675 4.640 4.645 4.689 4.640

2.5 < Slope < 5.5

N 350 350 350 350 350 350

Min(m) -25.46 -25.56 -25.54 -25.46 -25.51 -25.56

Max(m) 29.95 29.66 29.73 29.95 29.80 29.66

Mean (m) 0.175 -0.200 -0.109 0.175 -0.012 -0.200

STDV (±m) 5.926 5.033 5.094 5.925 5.276 5.033

5.5 < Slope < 7.5

N 88 88 88 88 88 88

Min(m) -29.07 -28.34 -28.48 -28.35 -28.70 -28.70

Max(m) 28.18 42.40 39.69 42.26 35.29 35.29

Mean (m) -0.227 -0.426 -0.388 -0.424 -0.327 -0.327

STDV (±m) 6.349 6.065 5.967 6.058 5.960 5.960

7.5 < Slope < 10

N 73 73 73 73 73 73

Min(m) -13.26 -12.38 -12.52 -13.22 -12.82 -13.22

Max(m) 22.86 43.46 40.67 22.86 33.16 22.86

Mean (m) -0.703 0.212 0.079 -0.740 -0.246 -0.740

STDV (±m) 5.236 6.183 5.917 5.074 5.385 5.074

10 < Slope < 20

N 110 110 110 110 110 110

Min(m) -11.80 -7.38 -8.31 -7.38 -9.59 -7.38

Max(m) 26.38 26.80 22.90 26.80 17.57 26.80

Mean (m) 0.206 0.206 0.206 0.325 0.206 0.206

STDV (±m) 7.156 4.188 4.329 4.273 5.047 4.188

 Slope > 20

N 27 27 27 27 27 27

Min(m) -13.84 -6.57 -7.76 -6.57 -9.73 -7.76

Max(m) 7.56 12.24 9.20 12.24 6.94 9.20

Mean (m) -4.109 0.981 -0.071 0.981 -1.564 -0.071

STDV (±m) 5.971 5.024 4.756 5.024 4.817 4.756

Corrected DEMs DEM fusion results

AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

N 1095 1095 1095 1095 1095 1095

Min(m) -12.07 -8.50 -9.58 -8.53 -10.29 -8.50

Max(m) 28.99 30.05 29.87 29.02 29.52 29.87

Mean (m) -0.375 -0.253 -0.273 -0.387 -0.314 -0.280

STDV (±m) 4.328 3.412 3.429 3.524 3.668 3.397

Corrected DEMs DEM fusion results
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Table 53: Vertical accuracy comparison of the different fusion methods in different slope ranges using 

the ground levelling test data in region 2 

 
 

In Table 53, the final fusion is a combination of the linear combination for slope less than 5.5°, and 

TanDEM-X for slope greater than 5.5°. The methods are adopted because, after fusion of the DEMs, 

there is a remarkable decrease in standard deviations in those slope ranges, meaning an improvement 

in the vertical accuracy. 

 

Region 3 

Table 54: Vertical accuracy comparison of different fusion methods using the ground levelling test 

data in region 3 

 

 

Slope ranges AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

0 < Slope < 2.5

N 413 413 413 413 413 413

Min(m) -6.87 -4.89 -4.55 -6.80 -4.80 -4.55

Max(m) 28.99 30.05 29.87 29.02 29.52 29.87

Mean (m) -0.819 -0.374 -0.446 -0.810 -0.596 -0.446

STDV (±m) 3.900 3.757 3.730 3.891 3.737 3.730

2.5 < Slope < 5.5

N 283 283 283 283 283 283

Min(m) -6.77 -4.36 -4.44 -4.41 -5.08 -4.44

Max(m) 19.98 28.65 27.60 26.74 24.31 27.60

Mean (m) 0.020 -0.007 -0.006 0.013 0.007 -0.006

STDV (±m) 4.215 3.624 3.607 3.629 3.727 3.607

5.5 < Slope < 7.5

N 122 122 122 122 122 122

Min(m) -7.95 -4.65 -4.71 -4.92 -5.79 -4.65

Max(m) 18.58 17.16 17.02 16.63 16.39 17.16

Mean (m) 0.367 -0.066 -0.030 0.094 0.150 -0.066

STDV (±m) 4.798 2.996 3.073 3.278 3.675 2.996

7.5 < Slope < 10

N 95 95 95 95 95 95

Min(m) -9.18 -3.77 -3.64 -3.77 -6.03 -3.77

Max(m) 9.30 5.41 5.63 7.31 6.90 5.41

Mean (m) 0.028 -0.120 -0.112 -0.037 -0.046 -0.120

STDV (±m) 3.951 2.146 2.194 2.344 2.843 2.146

10<Slope<20

N 163 163 163 163 163 163

Min(m) -11.95 -7.67 -8.45 -7.69 -9.72 -7.67

Max(m) 16.64 8.82 8.84 8.82 11.40 8.82

Mean (m) -0.917 -0.549 -0.595 -0.550 -0.733 -0.549

STDV (±m) 4.421 2.958 3.012 2.959 3.463 2.958

 Slope > 20

N 19 19 19 19 19 19

Min(m) -12.07 -8.50 -9.58 -8.53 -10.29 -8.50

Max(m) 27.25 6.05 7.63 6.03 13.37 6.05

Mean (m) 1.240 -0.615 -0.113 -0.603 0.312 -0.615

STDV (±m) 8.631 3.221 4.000 3.229 5.305 3.221

Corrected DEMs DEM fusion results

AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

N 1901 1901 1901 1901 1901 1901

Min(m) -37.95 -21.94 -18.97 -22.18 -20.06 -22.18

Max(m) 50.46 62.92 56.55 62.90 55.74 48.56

Mean (m) -0.460 -0.067 -0.187 -0.398 -0.263 -0.211

STDV (±m) 4.622 4.396 3.666 3.959 3.966 3.556

Corrected DEMs DEM fusion results
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Table 55: Vertical accuracy comparison of the different fusion methods in different slope ranges using 

the ground levelling test data in region 3 

 
 

In Table 55, the final fusion is a combination of the linear combination for slope less than 2.5° and 10° 

to 20°, TanDEM-X for slope 2.5° to 7.5°, averaging for slope 7.5° to 10°, and AW3D30 for slope greater 

than 20°. The methods are adopted because, after fusion of the DEMs, there is a remarkable decrease 

in standard deviations in those slope ranges, meaning an improvement in the vertical accuracy. 

 

Region 4 

Table 56: Vertical accuracy comparison of different fusion methods using the ground levelling test 

data in region 4 

 

 

Slope ranges AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

0 < Slope < 2.5

N 638 638 638 638 638 638

Min(m) -14.28 -9.43 -8.77 -13.20 -8.44 -8.77

Max(m) 27.18 27.92 27.85 27.25 27.55 27.85

Mean (m) -0.638 0.146 0.073 -0.565 -0.246 0.073

STDV (±m) 3.456 2.923 2.920 3.361 3.045 2.920

2.5 < Slope < 5.5

N 617 617 617 617 617 617

Min(m) -37.95 -9.27 -10.02 -9.57 -20.06 -9.27

Max(m) 18.58 12.92 12.63 12.82 11.10 12.92

Mean (m) -0.590 -0.236 -0.266 -0.250 -0.413 -0.236

STDV (±m) 3.710 2.004 2.032 2.017 2.568 2.004

5.5 < Slope < 7.5

N 161 161 161 161 161 161

Min(m) -16.19 -7.57 -7.11 -12.25 -9.44 -7.57

Max(m) 19.66 19.44 19.43 19.33 19.37 19.44

Mean (m) 0.007 -0.337 -0.315 -0.237 -0.165 -0.337

STDV (±m) 4.403 2.752 2.768 3.274 3.267 2.752

7.5 < Slope < 10

N 178 178 178 178 178 178

Min(m) -9.07 -9.93 -9.61 -9.01 -6.77 -6.77

Max(m) 13.89 42.12 40.20 13.83 26.36 26.36

Mean (m) -0.515 -0.411 -0.418 -0.515 -0.463 -0.463

STDV (±m) 4.247 4.089 3.999 4.230 3.726 3.726

10<Slope<20

N 236 236 236 236 236 236

Min(m) -11.95 -10.25 -10.08 -10.70 -10.50 -10.08

Max(m) 50.46 24.60 22.51 22.38 24.41 22.51

Mean (m) -0.071 -0.870 -0.720 -0.661 -0.471 -0.720

STDV (±m) 6.563 4.335 4.331 4.423 4.811 4.331

 Slope > 20

N 71 71 71 71 71 71

Min(m) -22.18 -21.94 -18.97 -22.18 -19.32 -22.18

Max(m) 48.56 62.92 56.55 62.90 55.74 48.56

Mean (m) 0.061 3.632 0.809 0.628 1.847 0.061

STDV (±m) 10.530 16.351 11.169 12.113 11.816 10.530

Corrected DEMs DEM fusion results

AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

N 1500 1500 1500 1500 1500 1500

Min(m) -15.75 -19.74 -14.15 -15.44 -14.65 -15.75

Max(m) 28.22 31.97 29.60 31.96 28.91 29.61

Mean (m) -0.151 -0.070 -0.042 -0.056 -0.111 -0.066

STDV (±m) 4.012 3.311 2.946 3.081 3.248 2.925

Corrected DEMs DEM fusion results
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Table 57: Vertical accuracy comparison of the different fusion methods in different slope ranges using 

the ground levelling test data in region 4 

 
 

In Table 57, the final fusion is a combination of the linear combination for slope less than 2.5° and 7.5° 

to 20°, TanDEM-X for slope 2.5° to 7.5°, and AW3D30 for slope greater than 20°. The methods are 

adopted because, after fusion of the DEMs, there is a remarkable decrease in standard deviations in 

those slope ranges, meaning an improvement in the vertical accuracy. 

 

Region 5 

Table 58: Vertical accuracy comparison of different fusion methods using the ground levelling test 
data in region 5 

 

 

Slope ranges AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

0 < Slope < 2.5

N 500 500 500 500 500 500

Min(m) -6.25 -7.63 -7.61 -6.83 -5.90 -7.61

Max(m) 13.15 11.85 11.83 11.18 10.48 11.83

Mean (m) -0.530 -0.179 -0.180 -0.187 -0.355 -0.180

STDV (±m) 2.626 1.552 1.552 1.586 1.877 1.552

2.5 < Slope < 5.5

N 448 448 448 448 448 448

Min(m) -11.72 -7.13 -7.16 -8.65 -9.42 -7.13

Max(m) 28.22 29.61 29.60 29.05 28.91 29.61

Mean (m) -0.025 -0.087 -0.087 -0.041 -0.056 -0.087

STDV (±m) 3.806 2.478 2.481 2.885 2.930 2.478

5.5 < Slope < 7.5

N 145 145 145 145 145 145

Min(m) -7.61 -4.61 -4.58 -4.58 -5.54 -4.61

Max(m) 22.72 13.13 13.29 13.14 17.92 13.13

Mean (m) 0.454 0.048 0.055 0.049 0.251 0.048

STDV (±m) 4.518 2.741 2.754 2.753 3.443 2.741

7.5 < Slope < 10

N 145 145 145 145 145 145

Min(m) -10.33 -14.23 -14.15 -14.18 -12.28 -14.15

Max(m) 12.98 9.15 9.01 9.03 8.57 9.01

Mean (m) -0.040 -0.028 -0.028 -0.027 -0.034 -0.028

STDV (±m) 4.252 2.971 2.962 2.965 3.230 2.962

10<Slope<20

N 196 196 196 196 196 196

Min(m) -12.96 -7.17 -7.00 -7.17 -8.28 -7.00

Max(m) 25.03 31.97 25.92 31.96 21.56 25.92

Mean (m) -0.234 0.025 -0.040 0.025 -0.104 -0.040

STDV (±m) 5.009 4.094 3.879 4.093 4.001 3.879

Slope > 20 

N 66 66 66 66 66 66

Min(m) -15.75 -19.74 -12.57 -15.44 -14.65 -15.75

Max(m) 23.32 30.28 20.89 22.92 20.87 23.32

Mean (m) 0.538 0.241 1.044 0.299 0.389 0.538

STDV (±m) 7.322 10.167 7.429 7.362 7.565 7.322

Corrected DEMs DEM fusion results

AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

N 965 965 965 965 965 965

Min(m) -12.55 -7.65 -7.34 -6.61 -7.31 -7.34

Max(m) 23.61 22.65 22.89 23.31 23.13 22.89

Mean (m) 0.591 0.269 0.324 0.436 0.430 0.325

STDV (±m) 4.152 3.520 3.515 3.668 3.654 3.494

Corrected DEMs DEM fusion results
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Table 59: Vertical accuracy comparison of the different fusion methods in different slope ranges using 

the ground levelling test data in region 5 

 

In Table 59, the final fusion is a combination of the linear combination for slope less than 2.5°, 

TanDEM-X for slope 2.5° to 10°, and weighted averaging for slope greater than 10°. The methods are 

adopted because, after fusion of the DEMs, there is a remarkable decrease in standard deviations in 

those slope ranges, meaning an improvement in the vertical accuracy. 

 

Region 6 

Table 60: Vertical accuracy comparison of different fusion methods using the ground levelling test 

data in region 6 

 

 

Slope ranges AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

0 < Slope < 2.5

N 536 536 536 536 536 536

Min(m) -6.27 -7.65 -7.34 -6.61 -6.96 -7.34

Max(m) 23.61 22.65 22.89 23.31 23.13 22.89

Mean (m) 0.407 0.036 0.122 0.305 0.221 0.122

STDV (±m) 3.601 3.295 3.265 3.423 3.314 3.265

2.5 < Slope < 5.5

N 269 269 268 268 268 268

Min(m) -12.55 -4.73 -4.59 -4.67 -7.31 -4.73

Max(m) 20.31 22.02 21.48 21.44 20.12 22.02

Mean (m) 0.267 0.160 0.174 0.173 0.214 0.157

STDV (±m) 4.346 3.456 3.508 3.469 3.725 3.462

5.5 < Slope < 7.5

N 68 68 68 68 68 68

Min(m) -6.32 -2.83 -2.86 -5.06 -3.97 -2.83

Max(m) 18.02 19.24 19.19 18.20 18.63 19.24

Mean (m) 1.009 1.056 1.055 1.077 1.033 1.056

STDV (±m) 4.899 3.604 3.627 4.502 4.084 3.604

7.5 < Slope < 10

N 36 36 36 36 36 36

Min(m) -6.19 -3.96 -3.91 -4.18 -4.27 -3.96

Max(m) 14.62 6.55 6.85 10.64 10.58 6.55

Mean (m) 0.409 0.309 0.313 0.420 0.359 0.309

STDV (±m) 4.967 2.775 2.810 3.486 3.628 2.775

10<Slope<20

N 48 48 48 48 48 48

Min(m) -6.79 -4.64 -4.61 -4.50 -5.52 -4.50

Max(m) 17.43 13.14 12.96 12.60 13.46 12.60

Mean (m) 2.781 0.743 0.804 0.948 1.762 0.948

STDV (±m) 4.959 4.202 4.180 4.125 4.176 4.125

20 < Slope 

N 8 8 8 8 8 8

Min(m) 2.80 5.55 5.54 5.70 6.11 5.70

Max(m) 18.50 17.91 17.91 17.97 18.21 17.97

Mean (m) 8.025 9.803 9.786 9.614 8.914 9.614

STDV (±m) 4.613 3.636 3.632 3.596 3.774 3.596

Corrected DEMs DEM fusion results

AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

N 1977 1977 1977 1977 1977 1977

Min(m) -17.02 -20.70 -18.12 -18.54 -17.64 -18.12

Max(m) 46.34 48.18 47.84 48.16 47.26 47.84

Mean (m) -0.078 0.765 0.664 0.786 0.344 0.768

STDV (±m) 6.082 6.043 5.860 5.918 5.887 5.841

Corrected DEMs DEM fusion results
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Table 61: Vertical accuracy comparison of the different fusion methods in different slope ranges using 

the ground levelling test data in region 6 

 

 

In Table 61, the final fusion is a combination of the linear combination for slope less than 2.5° and 10° 

to 20°, and AW3D30 for slope 2.5° to 10° and greater than 20°. The methods are adopted because, 

after fusion of the DEMs, there is a remarkable decrease in standard deviations in those slope ranges, 

meaning an improvement in the vertical accuracy. 

 

 

 

 

 

 

 

Slope ranges AW3D30_Corr TanDEM-X_Corr Fusion (linear combination) Fusion(Weighted averaging) Fusion(Averaging DEMs) Final DEM fusion

0 < Slope < 2.5

N 1262 1262 1262 1262 1262 1262

Min(m) -17.02 -18.26 -18.12 -18.26 -17.64 -18.12

Max(m) 46.34 48.18 47.84 48.16 47.26 47.84

Mean (m) -0.656 0.938 0.686 0.927 0.141 0.686

STDV (±m) 5.348 5.030 5.028 5.030 5.093 5.028

2.5 < Slope < 5.5

N 481 481 481 481 481 481

Min(m) -15.98 -11.91 -12.94 -13.59 -13.94 -15.98

Max(m) 43.17 44.20 43.95 43.88 43.68 43.17

Mean (m) 0.701 0.776 0.758 0.754 0.738 0.701

STDV (±m) 7.419 7.632 7.500 7.463 7.420 7.419

5.5 < Slope < 7.5

N 82 82 82 82 82 82

Min(m) -1.50 -5.75 -3.68 -5.18 -3.07 -1.50

Max(m) 28.80 39.18 34.70 38.34 32.49 28.80

Mean (m) 4.846 0.533 2.045 0.883 2.690 4.846

STDV (±m) 5.550 6.930 6.256 6.777 6.002 5.550

7.5 < Slope < 10

N 66 66 66 66 66 66

Min(m) -8.75 -5.89 -5.80 -5.51 -6.29 -8.75

Max(m) 30.05 35.07 29.56 31.14 29.64 30.05

Mean (m) 0.443 0.580 0.532 0.572 0.511 0.443

STDV (±m) 6.898 7.624 7.019 7.373 6.909 6.898

10<Slope<20

N 71 71 71 71 71 71

Min(m) -10.21 -6.81 -7.32 -10.07 -8.51 -7.32

Max(m) 6.18 9.72 8.57 6.09 7.56 8.57

Mean (m) -2.004 -2.361 -2.310 -2.019 -2.182 -2.310

STDV (±m) 3.612 2.638 2.551 3.537 2.803 2.551

Slope > 20 

N 15 15 15 15 15 15

Min(m) -7.04 -20.70 -8.55 -18.54 -13.16 -7.04

Max(m) 16.02 43.71 23.46 23.75 26.62 16.02

Mean (m) 3.497 2.807 2.955 3.577 3.152 3.497

STDV (±m) 7.199 14.576 8.719 10.247 9.908 7.199

Corrected DEMs DEM fusion results



 

131 
 

3.5.3.2 Vertical accuracy of the final fused DEM over South Africa 

The final fused DEM for the whole of South Africa is shown in Figure 76. Tables 62 and 63 show the 

statistical results for the comparison of the corrected DEMs and final fused DEM over South Africa. 

 

 

Figure 76: Final fused DEM for South Africa (units are in m) 

 

Table 62: Vertical accuracy comparison of the corrected and final DEM fusion 

 

 

 

 

 

 

 

 

Corrected AW3D30 Corrected TanDEM-X Final DEM fusion

N 8657 8657 8657

Min(m) -37.95 -28.34 -28.70

Max(m) 50.46 62.92 48.56

Mean (m) -0.073 0.213 0.173

STDV (±m) 4.995 4.582 4.290
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Table 63: Vertical accuracy comparison of the corrected and final DEM fusion in different slope 

ranges 

 

 

In Table 62, the final DEM fusion has a smaller standard deviation compared to the corrected DEMs. 

In Table 63, the final DEM fusion has smaller standard deviation in slopes ranging from 0° - 5.5° and 

greater than 7.5°. The results indicate that the final fused DEM has a better performance in these 

slope ranges. The vertical accuracies of the corrected DEMs and final fused DEM still decreases at 

steeper slopes, but fused DEM shows better performance compared to the corrected DEMs at these 

slopes. 

 

Slope ranges Corrected AW3D30 Corrected TanDEM-X Final DEM fusion

0 < Slope < 2.5

N 3920 3920 3920

Min(m) -17,02 -18,26 -18,12

Max(m) 46,34 48,18 47,84

Mean (m) -0,269 0,427 0,334

STDV (±m) 4,420 4,037 4,016

2.5 < Slope < 5.5

N 2448 2448 2448

Min(m) -37,95 -25,56 -25,56

Max(m) 43,17 44,20 43,17

Mean (m) 0,041 0,065 0,050

STDV (±m) 5,126 4,491 4,417

5.5 < Slope < 7.5

N 666 666 666

Min(m) -29,07 -28,34 -28,70

Max(m) 28,80 42,40 35,29

Mean (m) 0,837 0,034 0,578

STDV (±m) 5,224 4,173 4,200

7.5 < Slope < 10

N 593 593 593

Min(m) -13,26 -14,23 -14,15

Max(m) 30,05 43,46 30,05

Mean (m) -0,173 -0,040 -0,188

STDV (±m) 4,759 4,434 4,014

10<Slope<20

N 824 824 824

Min(m) -12,96 -10,25 -10,08

Max(m) 50,46 31,97 26,80

Mean (m) -0,241 -0,484 -0,440

STDV (±m) 5,700 3,953 3,887

Slope > 20

N 206,00 206,00 206,00

Min(m) -22,18 -21,94 -22,18

Max(m) 48,563 62,921 48,563

Mean (m) 0,336 1,986 0,756

STDV (±m) 8,790 12,272 8,224
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3.5.3.3 Comparison of the original DEMs and fused DEM over South Africa 

The statistical results for the vertical accuracies of the original DEMs and final fused DEM over the 
whole of South Africa using the combination of all the ground levelling (trigonometrical beacon) test 
data at 8, 657 points are shown in Table 64. 
 
Table 64: Statistics of the height difference between the DEMs and the ground levelling data heights 
over South Africa 

 
 
In the statistical results in Table 64, the final DEM fusion has a smaller range, mean, standard 

deviation, and RMSE over South Africa compared to all other DEMs applied in this study. These results 

indicate that the final DEM fusion achieves better absolute vertical accuracy compared to all other 

DEMs followed by the original AW3D30, TanDEM-X, co-registered AW3D30, SRTM, MERIT, and ASTER, 

in the order of decreasing vertical accuracy. The AW3D30 before co-registration, TanDEM-X, and 

MERIT standard deviations are within the vertical accuracy specifications of better than ±5, ±10 and 

±12 m, respectively. The SRTM and ASTER vertical accuracy specifications of better than ±16 m are 

met. The AW3D30 after co-registration does not meet the original specification of better than ±5 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

ASTER SRTM MERIT AW3D30 before coregistration AW3D30 after coregistration TanDEM-X Final DEM Fusion

N 8657 8657 8657 8657 8657 8657 8657

Min(m) -35.50 -37.80 -12.82 -34.90 -34.90 -23.08 -28.70

Max(m) 91.50 91.40 116.43 66.00 62.20 73.32 48.56

Mean (m) 9.995 3.851 8.497 2.768 3.867 4.250 0.174

Range (m) 127.00 129.20 129.25 100.90 97.10 96.40 77.26

STDV (±m) 9.732 7.293 9.275 4.784 5.745 5.073 4.290

RMSE (±m) 13.950 8.247 12.579 5.528 6.925 6.618 4.294
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Chapter four: PROPOSED FRAMEWORK FOR THE DEVELOPMENT 

OF ACCURATE DIGITAL ELEVATION MODEL FROM GROUND 

AND SATELLITE DATA OVER SOUTH AFRICA  

 

4.6 Introduction 

The data sources, methods and techniques that have worked for the development of an accurate 

digital elevation model from ground and satellite data over South Africa are presented. The reference 

data, DEMs, correction models applied, fusion methods, application areas, and challenges with the 

use of the final fused DEM are discussed. 

 

4.7 Prospects for development of accurate digital elevation model from ground 

and satellite data over South Africa 

4.7.1 Data sources and error modelling strategies for DEM fusion 

The ground levelling (trigonometrical beacon) and LiDAR work well as reference data for absolute and 

relative assessment, respectively. The AW3D30, TanDEM-X, SRTM, and MERIT DEMs can be used to 

develop an accurate DEM over South Africa. However, the most accurate DEMs that give better results 

are the AW3D30 and TanDEM-X. These DEMs are also the best candidate DEMs for fusion over South 

Africa because of the higher vertical accuracies in different geomorphological ranges compared to the 

other DEMs tested in this study. According to Santillan et al. (2016), the AW3D30 has always shown 

stable and high performance, and this has been supported by Uuemaa et al. (2020) and Mahesh et al. 

(2021). According to Han et al. (2021), the TanDEM-X has a better performance compared to the 

SRTM. 

Segmenting the DEM into different regions and modelling DEM errors by the derivation of model 

parameters using a sample of points from the ground levelling data covering each region of interest 

provides better results, compared to the derivation of model parameters in a small region with LiDAR 

as reference and applying the models to the whole study area. In other words, correction parameters 

derived in one region, even if they are based on accurate reference DEM like LiDAR, cannot be used 

effectively in another region. 

Using simple linear and multiple regression as a function of (slope, aspect, and surface roughness) to 

predict height errors, improves the errors in the DEMs (TanDEM-X and AW3D30). The adaptive terrain 

dependent method proposed by Zhou et al. (2020) also improves the errors in the DEMs. However, 

modelling DEMs errors using a combination of these methods, by selecting models that have a very 

high effect on improving the accuracy of the DEM’s in certain slope ranges (0° – 2.5°, 2.5° – 5.5°, 5.5° 

– 7.5°, 7.5° – 10°, 10° – 20°, >20°) provides a remarkable improvement in DEM errors modelling. 
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4.7.2 Fusion methods and strategies that improved DEMs fusion 

Segmenting the DEMs into different regions and fusing DEMs using models in which parameters are 

derived using a sample of points from the ground levelling data covering each region of interest 

provides better results, compared to the derivation of fusion parameters in regions with LiDAR as a 

reference and applying the fusion parameter to the whole study area. 

Using linear combination, weighted averaging, averaging of the DEMs and fusion based on selected 

data by slope range (TanDEM-X, 0° – 20° & AW3D30, > 20°) results in a surface that improves the 

DEMs. However, using a combination of these fusion methods, by selecting methods that have a high 

effect on improving the accuracy of the DEM’s in certain slope ranges (0° – 2.5°, 2.5° – 5.5°, 5.5° – 7.5°, 

7.5° – 10°, 10° – 20°, >20°) provides more accurate final fused DEM that improves both the AW3D30 

and TanDEM-X vertical accuracies. 

 

4.7.3 Application and challenges of the final fused DEM 

The final fused DEM generated has high resolution and national coverage and can be widely used in 

various research fields. Because the final fused DEMs includes elevations from DEMs which achieve 

better vertical accuracy, it can be applied in areas with different elevations and slopes. However, the 

proposed applications are in areas with slopes less than 20°, as better terrain representation is 

achievable. In the steepest areas, it can still achieve better vertical accuracy compared to other free 

satellite-based DEMs (SRTM, ASTER, MERIT, TanDEM-X, and AW3D30). 

The developed DEM can be used for various applications, which include but are not limited to 

geological studies (detection of the geological structure, geological mapping, and analysis of tectonic 

evolution), geomorphology (volcano and aeolian), water resources, and hydrology (hydrologic 

modelling and reconstruction of palaeodrainage), evaluation of natural hazards (flooding and tsunami, 

earthquake), vegetation surveys and gravity modelling. 

The challenge with the use of the DEM is that a full understanding of the consistency and homogeneity 

of the DEM is still necessary before it can be employed in various applications. The fused DEM still has 

challenges of decreasing vertical accuracy as slope increases. However, it still provides better results 

compared to other free satellite-based DEMs tested over South Africa. 
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Chapter five: CONCLUSION AND FUTURE WORK  

 

5.1 Conclusion 

This study aimed to contribute to developing a digital elevation model using satellite-based DEMs and 

ground levelling data over South Africa. This was achieved by preparing satellite-based DEMs, 

assessing the quality of the DEMs, selecting candidate DEMs for fusion, co-registration of DEMs, 

modeling candidate DEM errors, and fusing DEMs using such data and information. In this final 

chapter, the approach is reviewed by revisiting the stated research objectives, identifying weaknesses, 

and exploring avenues for future research. 

The findings indicated that the absolute height differences had standard deviations of ±5.09 m for 

AW3D30 implied heights, ±7.03 m for SRTM, ±9.20 m for ASTER, ±4.99 m for TanDEM-X, and ±8.36 m 

for MERIT. In terms of the assessment results for the whole of South Africa, the AW3D30 and TanDEM-

X showed better performance compared to all other DEMs. The ASTER showed the worst performance 

compared to all other DEMs. 

Variation in elevation and slope affect accuracy of satellite-based DEMs. As elevation increases, the 

vertical accuracy of the DEMs decreases. As the slope increases, only the vertical accuracy of ASTER 

and MERIT decreases, and in other DEMs, there is no clear trend. Most high accuracies are achieved 

by these DEMs in areas with an elevation below 500 m and flat areas with slope angles between 0° to 

2°. The lowest accuracies are observed in the steepest slopes and highest elevation areas.  

Assessments in land use/cover categories show significant decrease in the accuracy of DEMs with 

increase in elevation in the low and high land use/cover areas. In medium land use/cover, only the 

ASTER vertical accuracy decreases as elevation increases. The rest of the DEMs show unclear trends 

and have low vertical accuracies in the elevation range (1000 - 1250 m). The reason for the unclear 

trend may be attributed to the smaller amount of ground levelling available, especially in higher 

elevation areas. In low land use/cover, all the DEMs vertical accuracies decrease as the slope becomes 

steeper. In medium land use/cover, only the SRTM, ASTER, and MERIT vertical accuracies are affected 

by slope change. In high land use/cover, the MERIT vertical accuracy decreases as the slope becomes 

steeper, and for the AW3D30 and TanDEM-X, higher vertical accuracies are found on steeper slopes. 

The absolute vertical accuracy of the AW3D30 and TanDEM-X varies less compared to all other DEMs 

over all land use/cover. 

The findings indicated that the AW3D30 and TanDEM-X had the least height error standard deviations 

relative to LiDAR in all different geomorphological ranges compared to other DEMs and were better 

candidate DEMs for fusion. In the LiDAR area adopted in this study, an increase in the 

geomorphological factors (elevation, slope, and surface roughness) results in a decrease in the DEM's 

vertical accuracy. Most low vertical accuracies are achieved by these DEMs in areas with the highest 

(elevation, slope, and surface roughness). In all land uses/covers, most relatively low vertical 

accuracies are achieved by the DEMs in areas with the highest (elevation, slope, and surface 

roughness). In addition, there is no clear relationship between aspect change and height errors. 

The co-registration of AW3D30 to grid lines of the DEMs (SRTM, ASTER, and TanDEM-X) decreases the 

vertical accuracy of the original DEM. Although a shift in the northwest direction was adopted for 

subsequent analysis, co-registration to the southeast offers better vertical accuracy compared to 

other directions when validated using 8,657 ground levelling data. 
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The approach for modeling DEM errors, which is made up of a combination of simple linear 

regressions, multiple linear regressions, and adaptive terrain-dependent methods over South Africa, 

provided a remarkable improvement in the vertical accuracy of the DEMs. After validating the DEMs 

using 8,657 ground levelling test data, there was a decrease in mean and standard deviation values. 

The standard deviation of the discrepancies decreased from ±5.745 to ±4.995 m for AW3D30 and 

±5.073 to ±4.582 m for TanDEM-X, and the models had more effect over slope ranges, greater than 

10°. 

Deriving fusion parameters using ground levelling model points and selecting a combination of the 

best fusions from (linear combination, weighted averaging, (TanDEM-X (from 0° – 20°) & AW3D30 (> 

20°)), and simple averaging) provided a remarkable improvement in the vertical accuracy of corrected 

DEM’s. After validating the AW3D30, TanDEM-X, and final fused DEM using 8,657 ground levelling 

data points, the standard deviations of the discrepancies were ±4.995, ±4.582, and ±4.290 m, 

respectively. In slopes, less than 20°, the final fused DEM achieved the best accuracy. 

The findings also indicated that the final DEM fusion achieves better absolute vertical accuracy 

compared to all the original satellite-based DEMs used in this study, followed by the original AW3D30, 

TanDEM-X, co-registered AW3D30, SRTM, MERIT, and ASTER, respectively. The fused DEM can be 

applied in all elevation and slope ranges. However, better terrain representation is achievable in areas 

with slopes less than 20°. The fused DEM is expected to be used in scientific research and geospatial 

applications, which include but are not limited to geological studies, geomorphology, water resources 

and hydrology, evaluation of natural hazards, vegetation surveys, and gravity modelling. 

A full understanding of errors in the fused DEM is still necessary before it can be employed in various 

engineering and scientific applications. The DEM still has challenges of decreasing vertical accuracy as 

slope increases. However, it still provides better vertical accuracy compared to the freely available 

satellite-based DEMs (SRTM, ASTER, MERIT, TanDEM-X, and AW3D30) in all slope ranges in South 

Africa. 

 

5.2 Future work 

Experiments with raster data that have national coverage are very time-consuming, requiring days to 

run processes. Therefore, many different tests and experiments have been left for the future due to 

lack of time. Future work for this research concerns a deeper analysis of the final fused DEM and new 

proposals to try different methods. The following ideas could be tested for future work: 

It is recommended that a DEM assessment may include not only the vertical accuracy but also the 

horizontal accuracy. The original heights of the TanDEM-X were ellipsoidal and were converted to 

spheroidal orthometric using the geoidal heights model interpolated by IDW. It could be interesting 

to use other interpolation techniques such as, kriging, artificial neuron networks, among others, and 

assess different TanDEM-X orthometric heights. 

The co-registered AW3D30 to grid lines of the DEMs (SRTM, ASTER, and TanDEM-X) in the northwest 

direction was used for all subsequent analyses. However, the findings indicate that the southeast 

offered better vertical accuracy. Therefore, further research is recommended using the DEM co-

registered to the southeast direction. 

A similar process used to generate a SUDEM can be tested. However, in this case, this can be done 

using either AW3D30 or TanDEM-X. The process that was followed by Yamazaki (2018) in developing 

a Multi Error- Removed Improved Terrain (MERIT) DEM can be replicated in South Africa using the 
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TanDEM-X and AW3D30. The vertical accuracy of DEMs could be improved through the use of very 

high-resolution satellite data from InSAR techniques. 

A more improved DEM can be generated by combining the final fused DEM with multiple sources of 

elevation data, namely large-scale contours, and spot heights. With available larger storage and robust 

processing software, the final fused DEM can be resampled to very high resolutions, and integration 

using ground levelling data can be tested to improve the accuracy of the DEM. 
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