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ABSTRACT
Accurate DEM-derived streamlines and catchment boundaries are essential for hydrological modelling. Due to the popularity
of hydrological parameters derived mainly from free DEMs, it is essential to investigate the accuracy of these parameters. This
study compared the spatial accuracy of streamlines and catchment boundaries derived from available digital elevation models
in South Africa. Two versions of Stellenbosch University DEMs (SUDEM5 and DEMSA?2), the second version of the 30 m
advanced spaceborne thermal emission and reflection radiometer global digital elevation model (ASTER GDEM?2), the 30 and
90 m shuttle radar topography mission (SRTM30 and SRTM90 DEM), and the 90 m Water Research Commission DEM (WRC
DEM) were considered. As a reference, a 1 m GEOEYE DEM was generated from GeoEye stereo images. Catchment boundaries
and streamlines were extracted from the DEMs using the Arc Hydro module. A reference catchment boundary was generated
from the GEOEYE DEM and verified during field visits. Reference streamlines were digitised at a scale of 1:10 000 from the 1 m
orthorectified GeoEye images. Visual inspection, as well as quantitative measures such as correctness index, mean absolute
error, root mean squares error and figure of merit index were used to validate the results. The study affirmed that high resolution
(<30 m) DEMs produce more accurate parameters and that DEM source and resampling techniques also play a role. However,
if high resolution DEM:s are not available, the 30 m SRTM DEM is recommended as its vertical accuracy was relatively high and
the quality of the streamlines and catchment boundary was good. In addition, it was found that the novel Euclidean distance-
based MAE and RMSE proposed in this study to compare reference and DEM-extracted raster datasets of different resolutions is
a more reliable indicator of geometrical accuracy than the correctness and figure of merit indices.

Keywords: hydrology, catchment delineation, digital elevation model, correctness index, figure of merit index,

Euclidean distance index

INTRODUCTION

Digital elevation model (DEM) derived catchment boundaries,
sub-basins and streamlines play an important role in
hydrological studies (Li and Wong, 2010; Martz and De Jong,
1998; O’Callaghan and Mark, 1984; Renssen and Knoop, 2000;
Turcotte et al., 2001; Vogt et al., 2003). The availability of good
quality DEMs makes it possible to carry out hydrological
and geomorphological analyses on regional or national levels
(Moore and Wilson, 1992; Thomas et al., 2014). DEMs are
offered at a variety of resolutions ranging from very high
(0.1-5 m) to low (1 km) (Behrens et al., 2010; Tarekegn et al.,
2010). Very high resolution (VHR) DEMs, as derived from
airborne light detection and ranging (LiDAR) data, are often
only available for small areas, particularly in developing
countries where this technology is still prohibitively expensive.
Consequently, freely available near-global DEMs are frequently
used for hydrological studies at national or regional scales.
Various studies have investigated the value of DEMs for
hydrological analysis. For instance, Weepener et al. (2012)
developed a hydrologically improved DEM for South Africa
from the SRTM90 DEM using 20 m 1:50 000 contours and
ASTER GDEM data. They found that useful river lines
and catchment boundaries can be delineated from the
hydrologically improved SRTM90 DEM. Li and Wong (2010)
compared stream networks extracted from the national
elevation dataset (NED), SRTM90 DEM and LiDAR with
stream networks extracted from the national hydrography
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dataset (NHD). They also compared flood simulations using
the stream networks delineated from the different DEMs

and concluded that higher-resolution DEMs can derive more
accurate river networks, but that the spatial resolution of a
DEM only has a minor effect on flood simulation results.
Callow et al. (2007) evaluated the effect of commonly used
hydrological correction methods (stream burning, Agree,
ANUDEM v4.6.3 and ANUDEM v5.1) on the overall nature
of a DEM. They found that different methods produce non-
convergent results for catchment boundaries, stream position
and length, and that these techniques differentially compromise
secondary terrain analysis. Their study also concluded that,
while hydrological correction methods successfully improved
the calculation of the catchment area, stream position and
length, they increased catchment slope.

DEMs invariably contain errors, most of which can be
attributed to the data source, methods, topography complexity
and spatial resolution (Aguilar et al., 2005; Kinsey-Henderson
and Wilkinson, 2013; Mukherjee et al., 2011; Mukherjee et al.,
2013; Thomas et al., 2014; Rodriguez et al., 2005). It has also
been reported that the accuracy of a DEM is dependent on its
application (Sharma and Tiwari, 2014; Sharma et al., 2010).
Kensey-Henderson and Wilkinson (2013) compared DEMs
derived from synthetic aperture radar (SAR) data and DEMs
interpolated from topographical data for slope gradient and
soil erosion estimation in low relief areas. They evaluated the
magnitude of error in DEM slope and erosion estimates using
the Revised Universal Soil Loss Equation. They determined that
the SRTM DEMs provided more accurate estimates of slope
gradient and erosion in low relief areas.

Frey and Paul (2012) investigated the suitability of the
SRTM90 DEM and the ASTER GDEM for the compilation
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of glacier-specific topographic parameters in Switzerland.
Comparing the delineated parameters with those derived
from the Swiss national DEM (DHM25), they concluded that,
although the SRTM90 DEM vyielded slightly more accurate
results, both DEMs were suitable for the compilation of
topographic parameters in glacier inventories.

Evidently, the freely available medium (90 m) and high
resolution (30 m) near-global DEMs have opened up many
possibilities for hydrological analyses, especially at national
and regional scales (De Clercq et al., 2013; Wang et al., 2011;
Weepener et al., 2012; Sharma and Tiwari, 2014). Researchers
frequently use these DEMs for hydrological studies, mainly
because they are freely available (De Clercq et al., 2013;
Gichamo et al., 2012; Wang et al., 2011; Weepener et al.,

2012). However, little attention has been paid to the quality

of the products that are derived from these DEMs. Given

their popularity, it is important to assess the accuracy of the
derived hydrological parameters so that uncertainties can

be considered in the interpretation of hydrological analysis
results. For South Africa, in addition to the freely available
global DEMs (for example, SRTM and ASTER GDEM), a
hydrologically improved Water Research Commission (WRC)
DEM is available. While these DEMs are widely used to

derive hydrological parameters, the accuracy of the resultant
parameters has not been evaluated. This study investigated the
validity of hydrological parameters derived from these freely
available DEMs. The spatial accuracy of catchment boundaries
and streamlines derived from a total of 7 DEMs that are
available at national level in South Africa was evaluated. In
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addition, this study investigated a novel Euclidean distance-
based technique for validating the geometric accuracy of DEM
derived streamlines and catchment boundaries using root
mean squares error and mean absolute error.

MATERIAL AND METHODS
The study site

The study area is the Sandspruit catchment, a subcatchment

of the Berg River in the Western Cape Province, South Africa
(Fig. 1). The catchment is located in a winter rainfall region,
and the mean annual rainfall is about 400 mm (Fliigel,

1995). The study area is 152 km? in size and has a gently hilly
topography. The geology of the Sandspruit catchment is mainly
Malmesbury shales, even though there are smaller occurrences
of fine sediment, silcrete-ferricrete, greenstone, quartzite and
granite. An opencast mine is located in the south-eastern

part of the catchment. While the catchment is largely used for
dryland cultivation of winter wheat, canola and pasture are also
cultivated, and a small proportion of the catchment is covered
by natural vegetation.

Datasets used

The datasets used in this study included trig beacon heights,
field survey points, satellite and aerial imagery, DEMs,
reference streamlines and a reference catchment boundary.
Each of these datasets is described in the following subsections.

SOUTH AFRICA

o Great Berg River
(CZ3 Primary Catchment
O Sendspruit Catchment

Km
o 30 60

Figure 1. Location of the Sandspruit catchment
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Trig beacons and field survey points

A combination of trig beacons and GPS field survey points
were used to validate the vertical accuracy of the DEMs. Trig
beacons covering the Sandspruit catchment, established by

the South African Chief Directorate of National Geo-spatial
information (CDNGI) and their coordinates (including ground
height), were obtained from the Centre for Geographical
Analysis (CGA) at Stellenbosch University. GPS field survey
points were measured using a survey grade Trimble Differential
GPS. The GPS points were differentially corrected to improve
their accuracy to about 10 cm. A total of 38 points (6 trig
beacons and 32 GPS points) were used as reference points to
validate the DEMs.

Satellite and aerial imagery

GeoEye stereo-images were acquired from Geo Data Design.
The 0.4 m resolution images were captured in July 2011, a
period in the year when crops in the study area were still
at seedling height. Vegetation would therefore have had a
minimal effect on photogrammetrically extracted heights.
Very high-resolution (0.5 m) orthorectified digital aerial
images covering the study area were sourced from CDNGI
(http://www.ngi.gov.za). The images were acquired in 2007 and
were used as spatial reference during the orthorectification of
GeoEye stereo images.

DEMs

The DEMs considered in this study were the SRTM90 DEM,
SRTM30 DEM, ASTER GDEM?2, two versions of Stellenbosch
University’s digital elevation model (SUDEM) (SUDEMS5 and
the digital elevation model of South Africa), the 90 m Water
Research Commission DEM (WRC DEM) and a 1 m DEM
generated from GeoEye images (GEOEYE DEM).

The SRTM90 DEM was completed in 2000 and provides the
first medium-resolution DEM data at near-global scale (Farr
and Kobrick, 2001; Li and Wong, 2010). The SRTM90 DEM
has an absolute vertical error of less than 16 m and an absolute
horizontal accuracy of 20 m (Farr, 2000; Mulder et al., 2011;
Van Niekerk, 2008). According to the Consultative Group on
International Agricultural Research Consortium for Spatial
Information (CGIAR-CSI, 2011), the SRTM DEM data have
been processed to fill data voids and can be used by a wide
range of potential users.

The SRTM30 DEM is a near-global DEM that comprises
a combination of data from the Shuttle Radar Topography
Mission flown in February 2000 and the United States
Geological Survey’s GTOPO30 data set (USGS, 2016).

The ASTER GDEM was developed jointly by the Ministry
of Economy, Trade and Industry (METTI) of Japan and the
United States National Aeronautics and Space Administration
(NASA). The second version of ASTER GDEM (GDEM?2) was
released in October 2011 (ASTER GDEM Validation Team,
2011) with the inclusion of 26 000 additional scenes to improve
coverage. The new version uses a smaller correlation kernel
to yield higher spatial resolution, and water masking was also
enhanced. ASTER GDEM2 was validated by comparing it to
the absolute geodetic references over the conterminous United
States (CONUS), the national elevation grids over the US
and Japan, the SRTM 1 arc-second DEM over the US and 20
sites around the globe, and global space-borne laser altimeter
data. The vertical and horizontal accuracy of the GDEM2
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is estimated at 17 m and 71 m, respectively (ASTER GDEM
Validation Team, 2011; Mukherjee et al., 2013).

The SUDEM, developed by the Centre for Geographical
Analysis (CGA) at Stellenbosch University, is a commercially
available product. As of 2015, four products that involve
various levels of processing were produced (Van Niekerk, 2016).
The 5 m resolution SUDEM5 was generated by fusing the 30
m SRTM DEM with the so called ‘Level 1 product’. The Level
1 product (5 m spatial resolution) was interpolated from large
(1:10 000) and smaller (1:50 000) scale contours and spot-height
data (Van Niekerk, 2016). Smaller-scale contours were only
used in areas where large-scale data were not available. Using
LiDAR data as reference, the SUDEMS5 product was estimated
to have a mean absolute error (MAE) of 2.2 m (Van Niekerk,
2016). The 2 m digital elevation model of South Africa (DEMSA2)
is a digital surface model (DSM) that is available at 2 m resolution.
This DEM was extracted from 0.5 m resolution CDNGI stereo
aerial photography (Van Niekerk, 2016). Based on surveyed
reference points, the MAE of DEMSA2 product is estimated to be
0.35 m (Van Niekerk, 2016). The SUDEM and DEMSA?2 products
were considered in this study as they are the only very high
resolution DEMs available nationally in South Africa.

The Water Research Commission’s digital elevation model
(WRC DEM) was developed by the Agricultural Research
Council (ARC) for the WRC (Weepener et al., 2012). This DEM
was interpolated from the SRTM90 DEM. The SRTM voids
were filled with elevation values interpolated from 20 m (1:50
000 scale) vertical interval contours obtained from CDNGI.
The resulting DEM was hydrologically corrected by filling sinks
and depressions. The vertical accuracy of the WRC DEM was
determined to be less than 5 m.

The GEOEYE DEM was created from GeoEye stereo images
acquired in July 2011 using the rational polynomial coefficients
(RPC) model in the LPS module of ERDAS Imagine software
(www.intergraph.com). The GEOEYE DEM was extracted at
1 m horizontal intervals and was validated using reference
points (trigonometric beacons) in the Sandspruit catchment.

A MAE of 0.70 m was recorded. The GEOEYE DEM was used
to delineate a reference catchment boundary. The reference
catchment boundary was extracted using the Arc Hydro
module in ArcGIS 10.

Reference catchment boundary and reference streamlines

Reference streamlines were digitised at a scale of 1:10 000 from
the 1 m orthorectified GeoEye images. The reference streamlines
were visually compared to the 1:50 000 national riverlines
dataset. It was found that, although the two datasets were
geometrically aligned, the 1:50 000 streamlines were much more
generalised and contained many topological errors (e.g. gaps).
The reference catchment boundary, generated from the
1 m resolution GEOEYE DEM, was used to validate the
lower resolution DEM-delineated catchment boundaries. The
reference catchment boundary was validated during several
field visits and by visual inspection in ERDAS Stereo Analyst
(www.intergraph.com).

Delineation of catchment boundaries and streamlines
from DEMs

The Arc Hydro extension for ArcGIS software was used to
delineate the Sandspruit catchment boundaries and streamlines
from the DEMs. All the datasets were projected to the Universal
Transverse Mercator (UTM) coordinate system (Zone 34S).

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 674


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/
http://www.ngi.gov.za
http://www.intergraph.com

Catchment boundaries and streamlines were extracted at the
native resolution of the DEMs. Additionally, the DEMs were
resampled to the resolution of the coarsest DEMs (90 m) to allow
comparison without the effect of spatial resolution. The threshold
for stream delineation was set at 1% of the maximum flow
accumulation, as recommended by Arc Hydro’s rule of thumb
for stream delineation from DEMs (Merwade, 2012; Tarboton,
2003). The GEOEYE DEM was used to calculate reference flow
accumulation thresholds for the other DEMs at their respective
resolutions. For catchment boundary delineation, outlet (pour)
points were selected at the same position. A stream network

was extracted from the GEOEYE DEM to enable comparison
with previous studies conducted with very high resolution
(VHR) DEMs (Li and Wong, 2010). Catchment boundaries and
streamlines extracted from all the DEMs were converted to
raster datasets using the Feature to Raster tool in ArcGIS 10.1,
and the cell size was set to 5 m for comparison purposes. Cells
representing boundaries or streamlines (using the GRID_CODE
ID of the feature dataset generated by Arc Hydro) were allocated
values of 1. All other cells were defined as having no values (i.e.
NODATA). Separate raster datasets were created for catchment
boundaries and streamlines.

Validation
Vertical accuracy of the DEMs

The vertical accuracies of the DEMs were determined using the
absolute and relative mean error (MAE), absolute and relative
root mean squares error (RMSE) and 90" percentile, based

on a combination of trig beacons and differentially corrected
GPS points as a reference. RMSE, MAE and 90" percentile are
metrics based on reference values commonly used to determine
the accuracy of a DEM (Rawat et al., 2019). The MAE and
RMSE were calculated based on Eqs 1 and 2:

X,-Y]) @)

)

where X, is the elevation of a DEM at point i, Y, is the reference
elevation at point 7, and n is the number of samples. According
to Rawat et al. (2019), RMSE varies with the variability within
the distribution of error magnitudes, square root of the number
of errors and the magnitude of MAE. MAE is a more natural
measure of average error and, unlike RMSE, is unambiguous
(Rawat et al., 2019). Lower RMSE and MAE values show good
accuracy. The 90" percentile error reveals the value below
which 90% of the errors fall.

DEM delineated catchment boundaries and streamlines

The catchment boundaries and streamlines extracted from the
DEMs were visually compared to the reference datasets. Four
measures, namely the correctness index (C), figure of merit
index (FMI), MAE and RMSE were used to quantitatively
evaluate continuous delineated catchment boundaries and
stream networks. The C_and FMI were introduced by Li and
Wong (2010) to validate stream networks extracted from
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DEMs, while MAE and RMSE are proposed in this study as
additional measures of spatial agreement.

The C_compares two sets of raster cells (A and B), which
represent DEM-extracted and reference raster datasets, respectively
(Li and Wong, 2010). The C_ is calculated by Eq. 3 below:

©)

where N, is the number of cells representing the reference
raster and N, ., is the number of cells of the DEM-extracted
raster. Index values range between 0 and 1, and indicate the
proportion of the reference raster that is correctly represented
by the extracted raster (Li and Wong, 2010). A high correctness
index value indicates a high accuracy of extracted streams.
According to Li and Wong (2010), C, does not reflect how
well the extracted raster (representing stream networks in their
case) can reproduce the entire actual raster, and they assert
that the FMI offers a better solution. The FMI is the ratio of the
intersection of the observed change and predicted change to the
union of observed change and predicted change (Pontius et al.,
2008; Perica and Foufoula-Georgiou, 1996). FMI is computed
by Eq. 4 below:

(ANB)

FMI =

(AB)
where N, is the number of unique cells found in rasters A
and Band N,, ., is the total number of cells found in both A
and B (overlapping cells are only counted once). FMI values
range between 0 and 1, and a higher FMI value indicates a
higher overlap between the two raster datasets, therefore high
accuracy.

Euclidean distance (ED) is calculated from the centre of
the reference raster cell to the centre of the extracted raster cell.
Figure 2 depicts how ED is calculated for streamlines. MAE and
RMSE consider the offset (ED) between cells in the reference
raster and the closest cell in the candidate raster. The sum of the
offsets was used to calculate MAE and RMSE using Eqs 1 and 2.
Relatively low MAE and RMSE values indicate a high accuracy
of DEM-extracted raster datasets. RMSE is considered a better
indicator of accuracy as it is more sensitive to outliers than MAE,
but it is often useful to interpret these measures in combination.
Large differences between MAE and RMSE are indicative of high
variances in individual errors (i.e. outliers).
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Figure 2. Depiction of Euclidean distance calculation using
streamlines
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RESULTS
Vertical accuracy of the DEMs

The descriptive and accuracy statistics of all the DEMs used

in this study are given in Table 1 and Fig. 3. The DEMs show
disparities in how they represent the character of the study
area, as depicted by the variances in the different descriptive
and accuracy measures recorded (Table 1, Fig. 3). ASTER
GDEM2 shows the highest bias followed by the SRTM30 and
SRTM90, GEOEYE DEM, WRC DEM, DEMSA2 and SUDEM5
(Fig. 3). The absolute and relative MAE and RMSE are <1.54 m
for DEMSA2, <3.28 for SUDEMS5, <3.75 for GEOEYE DEM,
<6.99 for SRTM30 DEM, <7.14 for WRC DEM, <12.35 for
ASTER GDEM2 and >13.03 for SRTM90 DEM, respectively.
Regarding the 90" percentile, 90% of elevation values fall below
2.17 (DEMSA2), 2.28 (SUDEMS5), 3.09 (GEOEYE DEM), 7.37
(SRTM30 DEM), 9.05 (WRC DEM), 12.3 (ASTER GDEM2)

and 12.99 (SRTM90), respectively. It is obvious that DEMSAZ2 is
the most accurate (vertically), followed by SUDEM5, GEOEYE
DEM, SRTM30 DEM, WRC DEM, ASTER GDEM2 and
SRTM90 DEM.

Table 1. DEM descriptive and vertical accuracy measures

DEM-delineated catchment boundaries

Based on visual assessment, the catchment boundaries
extracted from all the DEMs seem relatively accurate
compared to the reference catchment boundary (see Fig. 4a-f).
It appears that SUDEM5 and DEMSA?2 delineated very
accurate catchment boundaries (Fig. 4e, f). The catchment
boundaries delineated from these DEMs show small
discrepancies with the reference catchment boundary. While
the catchment boundaries delineated from the SRTM30

DEM and WRC DEM also appear to be visually accurate, the
discrepancies of the catchment boundaries delineated from
these DEMs seem slightly greater than those of the SUDEM5
and DEMSA?2 (Fig. 4b, d). The WRC DEM appears to delineate
a better boundary than the SRTM30 DEM at the area occupied
by a mine on the south-eastern part of the Sandspruit
catchment (Fig. 4b, d). The ASTER GDEM?2 and SRTM90
DEM delineated catchment boundaries show visibly larger
discrepancies with the reference catchment boundary (Fig. 4a,
¢). While the ASTER GDEM2 shows a large discrepancy with
the reference catchment boundary in the middle of the eastern
part of the catchment, the SRTM90 DEM catchment boundary
shows a larger discrepancy compared to the reference

. GEOEYE ASTER SRTM30 SRTM90 WRC
DEM attributes DEM GDEM2 DEM DEM DEM SUDEM5 DEMSA2
Supplied resolution (m) 1.00 30.00 30.00 90.00 90.00 5.00 2.00
Minimum elevation (m) 29.83 22.97 36.21 29.91 39.00 39.15 26.99
Maximum elevation (m) 943.89 939.97 938.21 910.91 912.00 925.99 944.61
Mean elevation 169.55 169.43 174.86 166.64 168.16 168.42 169.79
Standard deviation 88.42 89.16 87.99 89.92 82.88 82.02 88.28

W Absolute RMSE B MAE m@DEM bias [ Relative RMSE @ Relative MAE @ 90th percentile

14

Figure 3. DEM vertical accuracy measures
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Figure 4. DEM-delineated catchment boundaries for (a) ASTER GDEM2, (b) SRTM30 DEM, (c) SRTM90 DEM, (d) WRC DEM, (e) SUDEM5 and (f)
DEMSA2
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boundary in the vicinity of the mine at the south-eastern part
of the catchment and at the outflow of the catchment at the
north-eastern part. The SRTM90 DEM appears to overestimate
the catchment boundary in the south-eastern parts, but
performs better than the ASTER DEM2 in delineating the
eastern boundary (Fig. 4c). The ASTER GDEM2 slightly
underestimates the catchment boundary at the south-eastern
part of the catchment and is also unable to correctly delineate
the eastern boundary (Fig. 4¢).

Regarding the accuracy measures at the supply resolution
of the DEMs, DEMSA?2 yielded the lowest RMSE and MAE,
followed by SUDEMS5, SRTM30 DEM, ASTER GDEM2, WRC
DEM and the SRTM90 DEM (Fig. 5). The C, and FMI ratios
for SUDEM5 and DEMSA?2 are all at near-maximum values
(C.= FMI = 0.99). Whereas the C values for SRTM30 DEM
and WRC DEM are near maximum and equal (C, = 0.99), the
FMI ratio for SRTM30 DEM is slightly higher than that of
WRC DEM (Fig. 5). The ASTER GDEM2 recorded the lowest
C and FMI values. From these results, it is clear that DEMSA2
delineated the most accurate catchment boundary followed by
the SUDEMS5 (Fig. 5). Figure 5 indicates that the SRTM30 DEM
yields a more accurate catchment boundary in comparison to
the ASTER GDEM2. When comparing the medium resolution
(MR) DEM:s, it is clear that the WRC DEM delineated a more

ERMSE BEMAE

E RMSE-MAE

Figure 5. Catchment boundary accuracy at DEM supply resolution

BRMSE BMAE mRMSE-MAE

accurate boundary than the SRTM90 DEM (Fig. 5). While the
vertical accuracy of DEMSA2, SUDEMS5, SRTM30 DEM and
SRTM90 DEM is in line with the accuracy of the delineated
catchment boundary, this is not the case for ASTER GDEM2

and WRC DEM. Although the WRC DEM yielded a better
vertical accuracy than the ASTER GDEM2, the ASTER GDEM2
delineated a slightly more accurate catchment boundary than the
WRC DEM (Table 1 and Fig. 3, Fig. 5). Based on the differences
between RMSE and MAE, it is obvious that VHR DEM:s yielded
lower variations in individual errors and that accuracy decreased
as resolution decreased (Fig. 5). As can be seen in Fig. 5, the
variation in individual errors for catchment delineation increases
with an increase in the spatial resolution of the DEMs.

For catchment delineation performed when all DEMs are
resampled to MR, SRTM30 DEM records the lowest RMSE,
followed by DEMSA2, WRC DEM, SUDEM5, ASTER GDEM?2
and SRTM90 DEM (Fig. 6). With regard to MAE, WRC DEM
yields the lowest MAE values, followed by DEMSA2, SUDEMS5,
SRTM30 DEM, ASTER GDEM2 and SRTM90 DEM (Fig. 6).
Similarly, lower Cr and FMI values for catchment delineation
are seen when the DEMs are resampled to MR (Fig. 6). For the
VHR DEMs, DEMSA?2 delineates a more accurate catchment
boundary than SUDEMS5 as was the case at supply resolutions.
A similar trend is observed for the HR DEMs and the MR

mCr mFMI
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E 097
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"
G 0.95
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Figure 6. Catchment boundary accuracy at 90 m resampled DEM resolution
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DEMs where SRTM 30 DEM delineates a better boundary than =~ DEM-extracted streamlines
ASTER GDEM2. It is obvious from Fig. 6 that the variations
in individual errors for the VHR and HR DEMs for catchment Streamlines extracted from the DEMs are depicted in Fig.

boundary delineation increase when they are resampled to 7a-g. Visually, the streamlines appear to align well with the
MR. The variations in individual errors for SRTM30 DEM and reference streamlines, although some misalignments for the
WRC DEM are lower than those of very high resolution DEMs different DEMs are apparent in certain areas. An in-depth
(DEMSA?2 and SUDEMS5) when they are resampled to MR. view of a selected area around the mid-northern part of the
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Figure 7. DEM-delineated stream networks for (a) GEOEYE DEM, (b) ASTER GDEM2, (c) SRTM30 DEM, (d) SRTM90 DEM, (e) WRC DEM,, (f) SUDEM5

and (g) DEMSA2
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catchment reveal larger discrepancies for the GEOEYE DEM,
ASTER GDEM2 and the SRTM30 DEM (Fig. 7a, b and ¢).

The visual discrepancies of the streams delineated from the
SRTM90 DEM, WRC DEM and SUDEMS5 appear to be smaller
than those of GEOEYE DEM, ASTER GDEM?2 and the SRTM30
DEM. Visually, the DEMSAZ2 streams align very well with the
reference streamlines (Fig. 7g).

At DEM supply resolution, GEOEYE DEM recorded the
longest streamlines, followed by SUDEM5, DEMSA2, ASTER
GDEM2, SRTM30 DEM, WRC DEM and SRTM90 DEM
(Fig. 8). The RMSE and MAE values for delineated streamlines
for all the DEMs are similar. Similarly, the variation of
individual errors for stream delineation for the DEMs is similar
for all the DEMs (Fig. 8). C, and FMI values for all DEMs are
low. VHR DEMs recorded slightly larger C, and FMI values.

Regarding delineation when the finer resolution DEMs are
resampled to MR, the total lengths of extracted streamlines are
generally shorter for all DEMs, with the exception of ASTER
GDEM2. Contrary to streamline lengths extracted at supply
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Figure 8. Streamlines accuracy at DEM supply resolution
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resolution, ASTER GDEM recorded the longest streamlines,
followed by DEMSA2, GEOEYE DEM, SUDEM5, WRC DEM,
SRTM30 DEM and SRTM90 DEM. As at DEM supply resolution,
RMSE and MAE for delineated streamlines are similar for all

the DEMs (Fig. 9). It does not seem that the geometric accuracy
of the DEM extracted streamlines is in line with the vertical
accuracy of the DEM:s (Table 1 and Fig. 3, Fig. 9).

DISCUSSION

All the DEMs used in this study show reliable vertical
accuracies. The overall vertical accuracies of DEMSA2 and
SUDEMS are slightly lower than reported by Van Niekerk
(2016). This is likely due to the use of a combination of
differentially corrected GPS points and trig beacon heights
in this study, whereas LiDAR data were used by Van Niekerk
(2016). Also, validation data used in this study were mainly
biased along the main channel in the catchment. Although
the surveyed points were mainly measured on areas without

Streamlines length (Km)
28R EREBES

Meters
(=R SR TTR ST RN R T

ECr mrvI

0.25
= b2
= 0.15
& 01
S 005

Figure 9. Streamlines accuracy measures at 90 m resampled DEM
resolution
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vegetation, it is likely that riparian vegetation could have
influenced the accuracy as it could have been included in the
pixels. The vertical accuracies of SRTM DEM and ASTER
GDEM?2 are higher than reported in product specifications.
While the absolute vertical accuracy of SRTM DEM and
ASTER GDEM2 were reported to be around 16 m and 17 m,
respectively, all vertical accuracy measures used in this study
yielded accuracy values <14 m for both DEMs. These results
are consistent with previous findings where Elkhrachy (2018)
reported absolute vertical accuracies of 5.94 and 5.07 m for the
SRTM30 DEM and ASTER GDEM2, respectively. Also, Patel
et al. (2016) recorded absolute RMSE values of 3.72 and 6.03
m for the SRTM30 DEM and ASTER GDEM2, respectively.
The vertical accuracy of WRC DEM is consistent with what
was reported by Weepener et al. (2012). The vertical accuracy
of GEOEYE DEM is slightly less than that of SUDEM5 and
DEMSAZ2. Occurrence of vegetation could have influenced
the accuracy of the GEOEYE DEMs since the survey was
conducted in August 2017 whilst the stereo images used to
create the DEM were captured in July 2011. Areas without
vegetation along the stream could easily have been vegetated by
the time the imagery was taken.

Reliable catchment boundaries were delineated from VHR
to medium-resolution DEMs investigated in this study when
carried out at supply resolutions. Based on the assessment
indicators, the VHR DEMs yielded more accurate catchment
boundaries followed by high-resolution and medium-
resolution DEMs at supply resolution. DEMSA2 demonstrates
superiority over all the DEMs for catchment delineation, while
the SUDEMS5 also records a relatively accurate catchment
boundary at supply resolution. While SRTM30 DEM yielded
a more accurate catchment boundary than ASTER GDEM2 at
supply resolution for the HR DEMs, the WRC DEM recorded
a more reliable boundary in comparison to the SRTM90 DEM
for MR DEMs. DEM resolution does not appear to play any
role when catchment boundaries are extracted at medium
resolution for all the DEMs. These findings are consistent
with previous studies that demonstrated that the outputs of
hydrological modelling are not influenced by DEM resolution
alone (Tan et al., 2015; Wang et al., 2015; Wang et al., 2011;
Wau et al., 2008; Chaplot, 2005; Wolock and Price, 1994), as the
DEM source (Wang, Yang and Yao, 2011; Li and Wong, 2010)
and resampling technique (Wu et al., 2008) also play a role in
the accuracy of delineated hydrological parameters. According
to Woodrow et al. (2016), Zhang et al. (2008), Garbrecht and
Martz (2000) and Walker and Willgoose (1999), the source of
data used to generate a DEM is the main factor determining
the spatial and horizontal detail of a DEM. DEMs derived
from contours and spot heights are known to be generalized
and are unlikely to contain sufficient detail in areas where the
horizontal contour interval is larger than the DEM resolution
(Vaze et al., 2010).

In this study, a catchment with relatively moderate terrain
was chosen to assess the quality of the derived datasets. It
is expected that the quality of the SUDEMS5 products will
improve as terrain complexity increases, as they are largely
unaffected by distortions caused by view angle and vegetation
cover. Contours are also more densely distributed in areas of
complex terrain, which means that interpolated elevations are
generally more accurate in such areas. The better performance
of the SRTM 30 DEM in comparison to ASTER GDEM for
catchment delineation is in line with the findings of Li et
al. (2013) who investigated the impact of resolution and
DEM source based on ASTER GDEM and SRTM90 DEM
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and found that SRTM DEM performed better than ASTER
GDEM, irrespective of the course grid size. Also, Zhang et
al. (2008) evaluated SRTM, NED and LiDAR DEMs at three
spatial resolutions (4, 10 and 30 m) in simulating hydrologic
responses. They concluded that a 10 m LiDAR DEM recorded
the best results.

With regard to delineation performed when VHR and HR
DEMs are resampled to MR, the accuracy of the catchment
boundaries decreases substantially. This is likely due to the
resampling technique. Le Coz et al. (2009) used 6 resampling
techniques to aggregate the SRTM DEM from 0.09 to 10 km.
They found that mean and median resampling techniques
yielded smoother relief while maximum and nearest neighbour
produced rougher relief, which resulted in overestimation of
the surface area of floodplains. A nearest neighbour resampling
techniques was used in this study.

Similar to catchment boundary delineation, reliable
streamlines were extracted from all DEMs used in this study. The
accuracy of streamlines extracted from all the DEMs appears
to be similar irrespective of resolution and the vertical accuracy
of DEMs. While the differences in the accuracy measures are
slight, they do not seem to be in line with the resolutions and
vertical accuracies of the DEMs. This is in contrast to Charrier
and Li (2012), who found that the offset from the reference tends
to continuously increase as DEM resolution decreases. Vogt et
al. (2003) also demonstrated that the quality of DEM-derived
river networks is limited by the spatial resolution and vertical
accuracy of the underlying DEMs. However, our study is in
support of Charrier and Li (2012) with respect to the length of
streamlines decreasing with decreasing DEM resolutions, and
that the mean offset is mainly less than the cell size of the DEMs.
In this study, the offset is similar for all the DEMs. It is likely
that terrain complexity affects the delineation of streamlines in
the current study. The studied catchment has moderate terrain.
For streamline delineation at HR, the SRTM30 DEM performed
better compared to the ASTER GDEM2. According to Tarekegn
etal. (2010), ASTER-based DEMs are relatively accurate in near-
flat and smoothly-sloped areas, but they are characterised by
large errors in areas covered by forest, snow, steep cliffs and deep
valleys. The catchment area in this study is generally flat and
clear of tall vegetation, which would have been beneficial to the
ASTER GDEM. However, the results of this study show that the
SRTM DEMs performed better than the ASTER GDEM for the
derivation of topographic indices (Frey and Paul, 2012).

Regarding streamline extraction at MR, the WRC DEM
showed a slight improvement over the SRTM90 DEM. This
is in line with Callow et al. (2007) who concluded that
hydrologically corrected DEMs resulted in an improved
calculation of the catchment area, stream position and length
as compared to unmodified DEMs. Although the differences in
accuracy measures were marginal, it appears that the positional
accuracy of streams stay relatively similar when VHR and
HR DEMs are up-sampled to MR. However, total extracted
streamline length decreased when the VHR DEMs were
up-resampled to MR, and the decrease was more than 9%.

The C and FMI ratios calculated for the SRTM90 DEM at
5 m cell size in this study are comparable to those reported by
Li and Wong (2010), who recorded C_and FMI ratios of about
0.03 and 0.01, respectively, for the SRTM90 DEM.

While the C_for the 1 m GEOEYE DEM in this study is
slightly lower than that of the 2 m LiDAR DEM at 5 m cell size
resolution used by Li and Wong (2010), the 1 m GEOEYE DEM
yielded a higher FMI than their LIDAR DEM. The 2 m DEMSA2
and 5 m SUDEMS5 yielded higher C_and FMI values at 5 m cell

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 681


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/

size in comparison to the 2 m LiDAR DEM in Li and Wong
(2010). However, the C and FMI ratios are not good indicators
of accuracy when DEMs of different resolutions are compared.
Instead, Euclidean distance based MAE and RMSE measures are
recommended as they are less sensitive to resolution differences.
The positional accuracy of DEMSA?2 streamlines is comparable
to those of WRC DEM despite its lower resolution. This can
partly be attributed to VHR resolution DEMs being more
sensitive to topographic features and, in the case of DEMSA2
land cover features (e.g. vegetation growing in the river-bed), it
can cause inaccuracies in the extracted streamlines.

CONCLUSIONS

This study investigated the utility of DEMs for extracting two
hydrological parameters, namely, catchment boundaries and
streamlines. The accuracy of these hydrological parameters
extracted from two VHR DEMs (DEMSA2 and SUDEM5),
three freely available HR global DEMs (30 m ASTER GDEM2
and SRTM DEM:s) and two MR global DEMs (90 m WRC DEM
and SRTM DEMs) were compared. The study affirmed that
the higher resolution DEMs generally produce more accurate
parameters (only with respect to catchment boundaries in this
study), but that other factors such as source data, resampling
technique, terrain complexity and interpolation algorithm also
play a role. It is also evident from the results that, of the HR
DEMs considered in this study, the SRTM30 DEM produced
more satisfactory catchment hydrological parameters than the
ASTER GDEM2. Regarding the MR DEMs, the WRC DEM
yielded consistently more accurate catchment boundaries and
streamlines than the SRTM90 DEM. When the VHR and HR
DEMs were resampled to MR, the HR DEMs generated less
accurate catchment boundaries.

The ED-based MAE and RMSE proposed in this study
can be reliably used to compare reference and DEM-extracted
raster datasets of different resolutions and are generally
better indicators of geometrical accuracy than the C and FMI
ratios. The MAE and RMSE values are more intuitive because
they provide a quantitative measure of the ED between the
generated and reference features. The C and FMI ratios are
unitless, which makes comparisons difficult. The difference
between the MAE and RMSE values can also be used as an
indicator of consistency (i.e. impact of outliers).

Despite the relatively lower accuracies of the streamlines
and catchment boundaries derived from the high- and
medium-resolution DEMs considered, the quality of these
datasets seems to be acceptable but depends on the application
and scope of assessment. It is critical that the uncertainties in
the derived products are taken into consideration when these
are used for hydrological analyses. Large errors in streamlines
and catchment boundaries can have a significant impact
on some applications. Hydrologic modelling, in particular,
requires accurate channel and catchment morphology data;
large offsets in stream centre lines and catchment boundaries
will have a negative impact on flow prediction accuracies.
DEM-derived streamlines are also increasingly being used in
automated topographical and land cover mapping. Errors in
streamlines derived from DEMs will be propagated to these
datasets, particularly at large mapping scales.

From the results presented in this paper, it is clear that
VHR DEMs should be used at supply resolution to delineate
catchment boundaries and streamlines, if available/affordable.

Caution should be exercised when using hydrological parameters

extracted from up-sampled VHR DEMs, particularly catchment
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boundaries and total streamline lengths, as these can be highly
inaccurate. Also, it does not seem that there is a significant effect
on the geometrical accuracy of extracted streamlines when finer
resolution DEMs are resampled to MR.

Of the available DEMs covering South Africa, the DEMSA2
is the most suitable product for delineating detailed catchment
boundaries. The hydrological parameters from the SUDEM5
are also relatively accurate. As stated earlier, these DEMs
should be used at supply resolution for accurate catchment
boundary delineation. It does not seem that up-sampling VHR
and HR DEMs to medium resolution has a substantial effect on
the positional accuracy of delineated streamlines.

Regarding freely available DEMs for delineating
catchment boundaries and streamlines, the SRTM30 DEM
is reccommended. This DEM generated superior catchment
boundaries in comparison to the other freely available DEMs
(namely, WRC DEM, ASTER GDEM2, WRC DEM and
SRTM90 DEM).

More research is, however, needed to evaluate how the
different DEMs will perform in landscapes with complex
terrain and land cover.
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