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ABSTRACT

Optimizing the combined horizontal and vertical accuracy of the well-known Global Digital Elevation
Models (GDEMs) of various resolutions for each country and region especially in Iraq's mountainous areas is
still questionable. All the three GDEMs, approximately, have the same vertical accuracy with the Root Mean
Square (RMSE) of +7.3 m, +7.6 m and +6.5 m via 12 fixed Ground Control Points (GCPs) for the Advanced
Land Observation Satellite Phased Array L-band Synthetic Aperture Radar (ALOS PALSAR 12.5 m), the
Shuttle Radar Topographic Mission (SRTM 30 m) and the TerraSAR-X (the name of twin satellites) add-on
for Digital Elevation Measurement (TanDEM-X 90 m) GDEMs respectively. Moreover, the percentage of
outliers that are greater or smaller than +10 m detection of the height extraction from both the ALOS
PALSAR and SRTM Digital Elevation Models (DEMs) contains 16.7% and for TanDEM-X was 25%. In this paper,
the special DEM is derived using 2123 handheld GPS points for Sulaymaniyah Governorate, Kurdistan re-
gion, Iraq. The height extraction by discarding the outliers of 58% gives the RMSE of +8.0 m in the case of
adding geoid heights (N) to the ellipsoidal heights (h) via the Earth Gravitational Model 2008 (EGM2008)
and +5.6 m without adding N. It is expected that the derived DEMs will give more accurate results both
horizontally and vertically in the mountainous areas when GPS observations are intensified. The horizontal
accuracy is validated through extracting hierarchy stream types of the watershed map from the DEMs for
higher than 100 pixels length. The ALOS PALSAR DEM extracted more numbers of stream orders than others.
Finally, based on the criteria of RMSE, outlier detection, and the number of extracted stream orders, the
ALOS PALSER DEM is regarded as the optimal GDEM in comparison with the close accuracy of both the

TanDEM-X and SRTM DEM.
© 2020 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Triangulated Irregular Network (TIN), and the contour-based model. In
the DEM method, the terrain is divided into regular cells, whilst in the

There are three common methods for computer representation of
terrain of the Earth, namely, the Digital Elevation Model (DEM), the
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TIN method the terrain is covered and connected with irregular tri-
angles. The contour-based model produces irregular patch shaped
surfaces using the intersection of a set of lines normal to the contour
and the lines with the steepest descents [1].

The DEM is a quantitative representation of the Earth's surface
and spatial information of data which has become a vital source of
information about the elevation, slope and terrain relief for scien-
tific investigations and researchers. It replaces the traditional
paper-based topographical data sources and formats. It also takes
up data structures for storing, displaying and analyzing the topo-
graphical information. The interpolation is used to establish the
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elevation value for the entire terrain. The elevation value is related
to an array representation of square cells or pixels. The DEM can be
derived from a variety of sources such as the interpolation of con-
tour lines, existing topographic maps, field surveys and photo-
grammetry, with the field survey being the most accurate in
comparison to the other sources. The DEM can also utilize data from
new methods such as the aerial stereo-photogrammetry, satellite
remote sensing, radar interferometry, airborne laser scanning and
radar altimetry [2—7].

The extracted land—surface parameters from the DEMs vary
with a spatial scale which is a function of cell size or grid resolution.
Normally, the higher the DEM resolution the more accurate results.
Therefore, the determination optimal cell resolution of the DEMs
has been a topic of research in the last of the previous decade [8,9].

The Shuttle Radar Topographic Mission (SRTM) of 1”7 x 1” reso-
lution (approximately 30 x 30 m), is the most popular GDEM freely
available from the National Aeronautics and Space Administration
(NASA) and covers latitudes between 56°S and 60°N. However, it is
unsuitable for mapping metropolitan areas [7,10—13]. On the other
hand, the TerraSAR-X (the name of twin satellites) add-on for Digital
Elevation Measurement (TanDEM-X 90 m) product of an arc 3" x 3”
resolution (approximately 90 x 90 m) is freely downloadable online
for scientific use which is available as a database now and represents
the bare Earth surface. However, the Advanced Land Observation
Satellite Phased Array L-band Synthetic Aperture Radar (ALOS
PALSAR 12.5 m) is the most precise GDEM in the world and opened
for free to the public since 2015 [14].

The DEM inherent different types of errors such as gross errors
in data collection and deficient orientation of stereo images with
unknown combination errors and unknown sources. These errors
vary depending on the geographical locations, grid spacing, and the
interpolation techniques used to derive the DEM. With all these
types of errors, the main limitations of the DEM are under-sampling
rough areas and oversampling flat areas [1,6].

A quality of the DEM is influenced by several factors, including
algorithm, terrain type, grid spacing and characteristics as well as
sensor types [15]. The validation of such GDEMs in different coun-
tries and regions would give more benefits to global users due to the
various accuracy of these DEMs over the different regions [16]. The
first step of assessing the quality of the DEM is to check a sample of
suitable numbers of heights from the DEM against known heights.
The problem of assessing the DEM based on a limited sample of
check points is because of impossible determination, whether the
type of error is systematic/random or blunders. Therefore, hydro-
logical analyses including derivation of watersheds will be another
indication which is largely sensitive to the DEM quality [17].

Researches have shown that the Global Navigation Satellite
Systems (GNSS), including the Global Positioning System (GPS), is
capable of providing the accurate and continuous three-
dimensional positioning to users at all local, regional, national
and international scales [18]. Therefore, the GPS observations could
potentially replace the classical surveying instruments [19].

Although the GPS allows for the fast and accurate location in-
formation (e.g. latitude, longitude and elevation) of points
depending on the World Geodetic System 1984 (WGS84), it mea-
sures the ellipsoidal height (h) instead of the orthometric height (H)
which is needed in various engineering applications and mapping.
The H values can be measured using spirit leveling, or by the
terrestrial leveling process which is time-consuming and costly
especially in rough and mountainous areas [20].

The GPS leveling needs a height correction to be algebraically
added to the value of h to obtain the value of H. This correction is
known as the geoid height or geoidal undulation (N). The values of
N are typically in the range of +100 m. A positive value of N

indicates that the geoid is above the ellipsoid, whilst a negative
value indicates the opposite. The maximum measured value of N
is +80 m close to New Guinea, in the Andes Mountains and the
southwest of the Indian Ocean. Whereas, the minimum value of N
is —105 m measured in different locations including near Puerto
Rico, Sri Lanka, the west of California and Antarctica [21].

The main objective of the study is to determine the relationship
between the resolution of the global well-known DEMs and their
vertical accuracy for Iraq's mountainous areas. Accordingly, the best
DEM will be identified for different application usages. Another
objective is to examine the accuracy of the extracted DEM from
handheld GPS points in comparison to the same global DEMs of the
study area. This effort is considered as the first study of its kind for
optimizing the three GDEMs in Iraq and its mountainous areas.

2. The study area

The study area is Sulaymaniyah Governorate, which is a part of a
mountainous area in the Kurdistan region of Iraq. The area is
located in the Universal Transverse Mercator (UTM) zone 38° N and
surrounded by latitudes 34.7°N-36.5°N and longitudes 44.5°E-
46.3°E (Fig. 1). The whole area is estimated to be 17,023 km?, which
accounts for 3.9% of the total area of Iraq [22,23].

The area is characterized by its mountainous and rolling areas,
and comprises four mountain series, wide areas of fertile plains and
no desert. A part of Zagros Mountain representing the highest
mountain series is located at the north-east of the study area which
forms a natural border with Iran and extends toward Iran itself.
Another part of the Zagros Mountain series extends from the north
towards the north-east. The third series is Peramagroon Mountains,
which is located few kilometers north of Sulaimani city (the capital
or the center of Sulaymaniyah Governorate) and it trends south-
east towards the north-west. Finally, the Baranan Mountain se-
ries, which is relatively lower than the others, extends from the
south-west towards the north-east [24].

The study area has many limitations that restrict terrestrial land
surveying. It contains a wide risky area of land mines and unexploded
bombs from the Iraq—Iran war, especially along with the moun-
tainous belts of the border with Iran. The most recorded numbers of
mine victims in Iraq are in Sulaymaniyah Governorate of about 8130
victims until 2017 [25]. Furthermore, the north-east and south-east
borders of Sulaymaniyah Governorate is on top of the mountainous
area that forms the common border with Iran and is prohibited from
civilians to get in. Generally, there is a difficulty to reach the top of
mountains due to the unsuitability of existing earth roads.

These severe constraints have made the terrestrial land
surveying carried out in the current study to be limited to
measuring points around the mountains. Attempts were made to
collect data on top of the mountains using a helicopter, however,
only a limited amount of information could be collected due to the
associated cost of taking a helicopter flight, and restrictions on
helicopter departure in the rugged mountains of the remote areas.

3. Methodology
Different datasets and methods were used for both extracting

the GDEMs and deriving the DEMs from the GPS points for the
study area. These are explained in the following sections.

3.1. GDEMs extraction

The extraction method of each GDEM as well as DEM from the
GPS points for the study area can be summarized as follows (Fig. 2).
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Fig. 1. The geographical locations of (a) Kurdistan region in Iraq, (b) the study area in Kurdistan region and (c) the study area (source: prepared and drawn by the researchers).

1) Extracting ALOS PALSAR DEM:

A) Select the study area to download the Advanced Land
Observation Satellite Phased Array band Synthetic Aperture
Radar (ALOS PALSAR) with long frequency and a spatial
resolution of 12.5 x 12.5 m from the Vertex website (http://
vertex.daac.asf.alaska.edu/).

B) Choose Dual Beam Fine (DBF) sensor. Then, select the high-
resolution option to download the DEM.

C) Export the downloaded DEM to the ArcGIS10.5.

2) Extracting SRTM DEM:

A) Select the study area to download the SRTM with medium
frequency and a spatial resolution of an arc 17 x 1”7
(approximately 30 x 30 m) from the Earthexplorer website
(https://earthexplorer.usgs.gov/).

B) Export the downloaded DEM to the ArcGIS10.5.

3) Extracting TanDEM-X:
A) Select the study area to download the TanDEM-X with short
frequency and a spatial resolution of 3” x 3” (approximately
90 x 90 m) from the Earth Observation Center (EOC) of the
German Aerospace Center (DLR) website (https://geoservice.
dlr.de/web/maps).
B) Export the downloaded DEM into the ArcGIS10.5.

4) Extracting GPS points DEM:

A) Export the coordinates of points and their elevations from
the Excel sheet to the ArcGIS10.5.

B) Choose the Inverse Distance Weighted (IDW) for the inter-
polation because this method gives the best result for
generating the DEM and it is more accurate than the Kriging
method of the interpolation [26].

Finally, each above product is clipped as a study area separately.
Then, the sink and fill commands are applied for each to extract the
four above DEMs respectively.

3.2. GPS observations

A handheld GPS (Garmin GPSMAP 60CSx) was used for the cur-
rent fieldwork. This type of GPS is preferred to the commonly used

Earthexplorer Derive
or EOC ~ GPS Vertex

Choose the
ALOS PALSAR
DEM product

Download
the SRTM
and
TanDEM-X
DEMs

Select the high
Export the resolution option
downloaded to download
DEMs into
the
ArcGIS10.5 Clip as the Choose Fine
study area Beam Daual

(FBD) sensor

mode

the DEM Export the
downloaded DEM

into the

ArcGIS10.5
command on

the DEM

Fig. 2. Flowchart of extracting SRTM and ALOS PALSAR DEMs,TanDEM-X and derived
DEM s from the handheld GPS points for the study area.
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Garmin handheld GPS due to its higher sensitivity and accuracy for
these types of works. Measurement accuracy using the Differential
GPS (DGPS) with code data is < 5 m and <10 m for horizontal and
vertical measurements, respectively [27]. However, the Ground
Control Points (GCPs) (also called GPS leveling points) observed
accurately using the static GPS survey and geodetic receivers to be in
use for validating the DEMs as discussed in section 3.5.

Two datasets are used in the current study for deriving the DEM
using the GPS points. The main dataset is obtained from the
comprehensive fieldwork of GPS observations carried out in this
study which covers the entire study area. This dataset was sup-
plemented by a secondary set of data which was taken from the
works of previous researchers carried out between 2007 and 2010,
and contains the density of points for a limited area. The overall
number of points within the study area is 2123 as shown in Table 1
and Fig. 3 [28—31].

Table 1
Specification of the handheld GPS observations datasets.

No. Source of dataset Characteristics of the GPS Information Total

points points

1 Fieldwork Year of survey 2018 166’

(Researchers) Distance between the points <11 km

2 Ph.D. Thesis [28] Year of survey 2010 1315
Distance between the points 0.5—1 km

3 M.Sc. Thesis 1 [29] Year of survey 2008 206
Distance between the points 0.5—1 km

4  M.Sc. Thesis 2 [30] Year of survey 2008 319
Distance between the points 0.5—1 km

5 Unpublished data [31] Year of survey 2008 117
Distance between the points 5—10 km

Total GPS points 2123

Note:
1 161 out of 166 points were surveyed using the Sport Utility Vehicle (SUV) and
the rest 5 points were surveyed by the helicopter.

3.3. Fieldwork

Before starting the fieldwork of the GPS survey as shown in
Fig. 4, a reconnaissance survey is conducted covering the basic
information about the whole study area and its main and
accessible routes. Traveling routes were carefully selected to
avoid repetition and save cost and time for the GPS observations.
However, the SUV with a four wheel drive (4WD) struggled to
reach the top of the mountains, hence, the helicopter was utilized
to measure a limited number of points on a selected top of a
mountain series (see Fig. 3).

The total number of the GPS points was 166 in which 5 points
were measured using the helicopter as presented in Table 1 and
Fig. 3. The average distance between points was 11.8 km with 56%
of the distance intervals being greater than 10 km as given in
Table 2. Whereas, the average distance between the GPS points of
previous works ranges between 0.5 km and 1 km as shown in
Table 1.

The comprehensive GPS fieldwork covered the entire study area.
The overall distance of the field survey was 5526 km back and forth
via the SUV and 120 km via the helicopter over a part of the Baranan
Mountain series (as described in section 3.1). Triangulation net-
works were constructed for all the 166 GPS points using the
Autodesk Inc.'s AutoCAD Civil 3D 2019 software. The number of
triangles in the triangulation networks between the connected
gravity points was 305 and the number of lines without repetitions
was 470 as shown in Fig. 5.

3.4. Extracting the geoid heights from the Earth Gravitational Model

The Earth Gravitational Model 2008 (EGM2008) was used for
extracting the N values for the GPS points to convert them to H
which is released by the EGM development team from the U.S.
National Geospatial-Intelligence Agency (NGA), and it is publicly
available from their website. This model is complete to the
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Fig. 3. Datasets of the GPS points in the study area.
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Survey preparation

Instrumentation and GPS measurements

GPS points datasets

Fig. 4. Flowchart of conducting the handheld GPS survey.

spherical harmonic degree and order 2159 and contains an
additional coefficients extending to degree 2190 and order 2159
[32].

For countries such as Iraq, which lacks its local geoid, the
EGM2008 can be used as a source to formulate the global geoid
model for computing the geoid heights (N) according to the WGS84
for the entire Earth. Therefore, each observed ellipsoidal height (h)
via the Garmin handheld GPS was converted to H through the
extracted N from the EGM2008. The converted orthometric heights
were then used for deriving the DEMs from the GPS points of the
study area as illustrated in Fig. 2.

3.5. GCPs

The GCPs are crucial for validating and selecting the best DEMs
based on their actual measured orthometric heights and predicted

Table 2
Average distance interval between the handheld GPS points in the study area.

No. Distance interval (km) No. of lines Percentage of distance intervals (%)

1 <5 56 12
2 5to< 10 208 44
3 10to< 15 115 25
4 15to <20 44 9

5 >20 47 10
Total 470 100

Note: (1) The average distance interval among the GPS points is 11.8 km.
(2) The total number of possible triangle networks among the GPS points is 305.
(3) The total number of sides among the GPS points without repetitions is 470.

Sulaimani city

Sulaymaniyah Governorate

. Triangulation line
Border line

Fig. 5. The triangulation networks between the surveyed handheld GPS points inside
the study area.

heights obtained from the DEMs via Root Mean Square Error
(RMSE) as shown in Eq. (1) [17]. The validation technique via GCPs
was conducted earlier by the United States and Japanese partners
for the validation and characterization of the Advanced Space-
borne Thermal Emission and Reflection Radiometer Global Digital
Elevation Model (ASTER GDEM) [33].

n . 2
RMSE — \/ 2iz1lX (predlctidz - X(measured)] 1)

where,

RMSE: value of root mean square error,

X(measured): elevation of the GCPs,

X(predicted): extracted heights of the same positions of GCPs from
the GDEMs,

n: number of the GCPs.

These national GCPs include two sets which were established
by the Polish Polservice Company between 1974 and 1977 [34].
They were later accurately observed and processed by the Iraq
General Board of Surveying (GBS) using the static GPS survey and
geodetic receivers in 2008. The Online Positioning User Service
(OPUS) report files for the national GCPs were provided by the
National Geodetic System (NGS) website. The accuracy of hori-
zontal control ranged between 1 cm and 4 cm. However, the
accuracy of h ranged between 1 cm and 11 cm as shown in
Table 3.

The first set of the GCPs contains 10 previous benchmarks (BMs)
which were the first-order benchmarks of +0.1 mm accuracy.
Whereas, the other set consists of 5 previous triangulation points
and their H were measured using the trigonometric leveling based
on the nearest first-order benchmarks around them. However, the
accuracy of these triangulation points is from +30 cm—50 cm
because of the refraction errors of a theodolite during the obser-
vations (see Table 3) [34].
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Table 3
The h and H values with their accuracies of the GCPs.

No. GCP h (m) H (m) o (cm) oy (mm or cm)
Code

1 35-10 880.32 872.45 3 0.01 mm

2 35-12 714.84 707.16 11 0.01 mm

3 35-17 875.90 867.16 6 0.01 mm

4 36—-30 520.30 513.48 4 0.01 mm

5 36—-34 702.84 695.96 5 0.01 mm

6 36—-43 693.20 684.65 2 0.01 mm

7 43-11 522.10 512.95 1 0.01 mm

8 43-12 650.81 640.11 7 0.01 mm

9 43-17 661.86 650.26 1 0.01 mm
10 H4* 526.63 516.17 — 0.01 mm
11 9019 — 864.6 — 0.3—-0.5 cm
12 10002 — 17123 — 0.3—-0.5 cm
13 10016 — 1232.7 — 0.3—-0.5 cm
14 10037 - 614.9 — 0.3—-0.5 cm
15 10039 — 1118.6 — 0.3—-0.5 cm

Note: h means ellipsoidal height, H means orthometric height, ¢ means standard
error, o, means the standard error of the ellipsoidal height and oy means the
standard error of the orthometric height of the GCPs.

2 The H of GCP H4 is measured by the researchers directly using sprit leveling,
based on the benchmark which is located on the body of Dukan dam.

3.6. Watershed mapping

Hydrological or watershed mapping is another method for
validating the horizontal accuracy of both the GDEMs and
derived DEMs from the GPS points. In the current study, each
DEM via ArcGIS10.5 was utilized for deriving watershed maps for
the study area which is represented by the main streams of
accumulation thresholds of greater than 100 pixels (as proposed
by Wise [17]) according to each extracted DEM as shown in Fig. 6.

Open DEM(s) via
ArcGIS10.5

L 4

Hydrology toolbox

RAHLER syste

v ¥
Watershed map ‘Watershed map
via via
SRTM DEM ALOS PALSAR DEM
+ %
‘Watershed map ‘Wartershed map
via  via
TanDEM - X ‘GPS points DEM

Fig. 6. Flowchart of extracting watershed mapping from the SRTM and ALOS PALSAR
DEMs, TanDEM-X as well as the derived DEMs from the handheld GPS points.

Therefore, higher numbers of the stream orders with more res-
olution in the watershed map via the exact DEM will be the
optimal GDEM for the study area. Accordingly, the resolution of
the derived DEMs from the GPS points will be also assessed for
the study area.

4. Results and discussions

The GDEMs with different resolutions include the SRTM and
ALOS PALSAR DEMs, TanDEM-X as well as the derived DEMs from
the GPS points for the study area as shown in Fig. 7. The hori-
zontal reference of all the GDEMs is all the same and referenced
to the WGS84. However, the vertical reference of the ALOS PAL-
SAR and SRTM DEMs are both referenced to the Earth Gravita-
tional Model 1996 (EGM96) and the obtained height from both
the DEMs is H as shown in Table 4. On the other hand, the
extracted height from the TanDEM-X is different and represents
the h in which it needs to synchronize to be the H by algebraic
adding of N via Eq. (2) [13].

NGeom =h—-H (2)

Where,

Nceom Means geometric geoidal height, h means ellipsoidal height
and H means orthometric height.

The results show that the minimum and maximum eleva-
tions of the terrain via DEMs vary from 238 m to 3019 m in the
SRTM DEM, 244 m to 3041 m in the ALOS PALSAR DEM, and
246 m to 3039 m in the TanDEM-X. The differences in elevation
(AH) between the maximum and minimum heights are 2781 m,
2797 m and 2793 m in each of the ALOS PALSAR and SRTM
DEMs as well as the TanDEM-X respectively. However, the
minimum and maximum elevations of the derived DEMs from
the GPS points range between 279 m and 1679 m with a AH of
1400 m (see Table 4). Recently, a related study which carried
out in the plain area of Iraq at the University of Baghdad
Campus [35], and identified the roughness of the Earth surface
and density of collected data are the main factors controlling
the quality of the derived DEMs via the handheld GPS points.
Hence, the study used density points in a limited and flat area
(0.8 x 1.0 km) to achieve a better accuracy for the derived DEMs
via the handheld GPS points. Therefore, this discrepancy be-
tween the GDEMs and the derived DEMs is because of the
limited number of GPS points used in the current study and
excluding the mountainous series with the highest points
especially the Iraq—Iran border mountains. The plain areas
were not covered in the south-west of the study area in which
the lowest points are located.

4.1. Validating GDEMs via GCPs

It is necessary to evaluate the accuracy of the DEMs obtained
before they can be used in the future. Results of research carried
out on the northern margin of the Tibetan Plateau have
demonstrated that the standard error of the GCPs of ASTER GDEM
of a spatial resolution of 1”7 x 1” is 9.3 m with a precision of 10 m
for the whole area [35]. Previous researches also identifies out-
liers as values outside the range of +10 m (more or less than
10 m) for the accuracy of half of the contour interval for moun-
tainous areas with maps of scale 1/20,000 and contour intervals
of 20 m [36,37]. This range margin of +10 m is utilized as a guide
to assess the accuracy of the obtained DEMs and to highlight the
detected outliers.
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Fig. 7. Extracting the SRTM and ALOS PALSAR DEMs, TanDEM-X as well as the derived DEMs from the handheld GPS points for the study area.

Table 4
Specifications and elevation ranges of the GDEMs in the study area.
No. Name of the GDEM Reference system [13,14] Spatial resolution (m) Minimum and maximum elevation (m) Range (m)
Horizontal Vertical
1 ALOS PALSAR WGS84 EGM96 125 244 and 3041 2797
2 SRTM WGS84 EGM96 30 238 and 3019 2781
3 TanDEM-X WGS84 WGS84 90 246 and 3039 2793
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Based on Table 5, the RMSEs of the height discrepancies of the
ALOS PALSAR and SRTM DEMs as well as the TanDEM-X with the
heights of GCPs show +7.3 m, +7.6 m and +6.5 m, respectively, with
a slight insignificant difference between them. The correlation co-
efficient (r) is used to quantify correlations between variables
measured in this study. The value of r ranges between +1 (for
perfect, direct correlation) and —1 (for perfect, inverse correlation),
with a value of zero showing no correlation between the variables
[38].InTable 6, the value of r for the RMSE, has a strong relationship
with height values of +0.73 m and +0.70 m for both the ALOS
PALSAR and SRTM DEMs. Fig. 8 which is utilized via MATLAB shows
that the number of detected outliers (10 m or more) based on the
height of 12 GCPs was 1 (8%) in the TanDEM-X and 2 (16%) in both
the ALOS PALSAR the SRTM DEM:s. According to the detected out-
liers, the TanDEM-X is the best GDEM because it has the minimum
number of outlier.

4.2. Validation of the derived DEMs from the GPS points via GCPs

The GPS observations and post-processing of the GCPs were
carried out by the Iraqi General Board of Surveying. The difference
between the geometric geoid heights (Ngeom) of GCPs is the alge-
braic difference of the h and the H (see Eq. (2)). Based on Table 7, the
value of Ngeom Of GCPs in the study area is positive and varies
between +6.82 m and +11.60 m.

Two DEMs for the GPS points have been derived via EGM2008
for obtaining N values of the points. A DEM was derived through
adding N correction to h and another DEM was derived without
adding N values. When outliers are excluded, the obtained RMSE
of discrepancies with no N correction to the DEM is better than
the DEM with N corrected, because of the accuracy of the
handheld GPS itself (less than 10 m is also within the limit of
outlier range) which is equivalence to the N values (from +6.82 m
to +11.60 m) within the study area (see Table 7). In other words,
if the N value corrections are added, the amount of error in H
values will increase due to the accuracy of the handheld GPS used
in this study.

RMSE of discrepancies for the GDEMs is larger than the derived
DEMs from GPS points without adding N values except for the
SRTM DEM. In the ALOS PALSAR and SRTM DEMs as well as the
TanDEM- X, the RMSE of discrepancies are 8.5 m, 3.6 m and 9.2 m,

Table 6
Minimum and maximum elevation discrepancies of the GCPs via the GDEMs in the
study area.

Statistical ALOS PALSAR (m) SRTM (m) TanDEM-X (m)
indicators

Minimum 1 1 0
discrepancy

Maximum 11 18 13
discrepancy

Correlation 0.73 0.70 0.46

coefficient (r)
between H and the
discrepancy

respectively, whereas 5.6 m and 8.2 m were recorded in both the
derived DEMs from the GPS points as shown in Table 8.

4.3. Validating the GDEMs and derived DEMs from GPS points via
watershed maps

Four watershed maps have been extracted from the GDEMs and
GPS DEM. Nine types of streams have been identified in the ALOS
PALSAR DEM, followed by eight types in the SRTM DEM, and six
types in the TanDEM-X. The GPS DEM also identified nine types of
streams, but with a lower resolution and distorted shapes as shown
in Fig. 9. This suggests that the small number of handheld GPS
points was not enough to cover the study area. However, with more
densification of the GPS points, the resolution of the GPS DEM will
give a better horizontal accuracy.

4.4. Criteria for optimizing the GDEM for the study area

Three main criteria were formulated to measure the suitability
of the best GDEMs for the study area including the RMSE, the
outlier and the number of extracted stream orders from the
watershed maps. The best first and third criteria give a full mark
of 33.33 out of 100 and the rest is calculated directly or inversely
according to the best one. Whereas, the second criterion is
divided into three parts and each gives 11.11 out of 33.33, because
that all of them are related to outlier detection.

Table 5
Elevation of the GCPs (or BMs) versus obtained heights via GDEMs.
No. Code Elevation of GCPs (m) ALOS PALSAR SRTM TanDEM-X
H (m) Discrepancy® (m) h (m) Discrepancy” (m) H (m) Discrepancy (m)
1 35-10 872.45 878 6 870 -2 880 0
2 35-12 707.16 714 7 704 -3 715 0
3 35-17 867.16 876 9 865 -2 876 0
4 36-30 513.48 522 9 514 1 522 2
5 36—-43 684.65 690 5 681 -4 691 -2
6 43-11 512.95 521 8 511 -2 522 0
7 43-12 640.11 650 10° 636 -4 649 -2
8 43-17 650.26 661 11° 646 -4 660 -2
9 36-34 695.96 699 3 689 -7 692 —-11°
10 10016 1232.70 1226 -7 1215 —18° 1234 -8
11 10037 614.90 614 -1 607 -8 610 —-11°
12 10039 1118.60 1117 -2 1107 —12° 1112 —13¢
RMSE (m) +7.3 — +7.6 — +6.5 —
Note:

2 The descripancy is the difference between the height values obtained via the ALOSPALSAR and SRTM DEMs minus the H of the GCPs.
b The descripancy is the difference between the height values obtained via the TanDEM-X minus the h of the GCPs as shown in Table 3.

€ The bold values represent the outliers (10 m or greater).
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Table 7 o ) ALOS PALSAR and SRTM DEMs and the number of stream order in
Geometric geoid heights of the GCPs in the study area. the ALOS PALSAR DEM are all given the full point of 33.33. Whereas,
No. Code h of GCPs (m) H (m) Ngeom® (m) the rest DEM points are calculated inversely for RMSEs because the
1 3510 380.32 372.45 787 less.RMSE value is the best. The same pr.1r1c.1ple. is applied to the
2 35-12 714.84 707.16 1+7.68 outlier percentage. In contrast, the full point is given to the largest
3 35-17 875.9 867.16 +8.74 number of extracted stream order in the ALOS PALSAR DEM and the
4 36-30 5203 513.48 +6.82 points of the other DEMs are calculated directly concerning the best
5 36—34 702.84 695.96 +6.88 one as shown in Table 9.
6 36-43 693.2 684.65 +8.55 . . . .
7 43-11 5221 512.95 19.15 Accordingly, the best combined horizontal and vertical accuracy
8 43-12 650.81 640.11 +10.70 of the three GDEMs is followed their resolutions. It can be
9 43-17 661.86 650.26 +11.60 announced that the ALOS PALSAR DEM 12.5 m is the optimal GDEM
10 H4 526.63 516.17 +1046 for the study area with total points of 90.61 out of 100. However, the
11 10037 620.8 614.9 +5.86

? NGeom =h-H

Meanwhile, both RMSEs (including and excluding the outlier
values) of the height values in comparison to the elevation of the
GCPs criterion in the TanDEM-X, the outlier percentage of both the

Table 8

total points of both the SRTM DEM 30 m and TanDEM-X 90 m are
close together of 78.00 points and 77.35 points, respectively. The
total weight ratio precision of three GDEM is 100: 101: 117
respectively (see Table 9). In other words, it can be stated that for
each 100 unit obtained accuracy from the TanDEM-X and for the
ALOS PALSAR and SRTM DEMs the accuracy increased to 101 and
117 units, respectively.

Elevation of the GCPs via the derived DEMs from the GPS points in both cases of adding and without adding N to h.

No. Code Hgeps (M) DEM with adding geoid heights (N) DEM without adding geoid heights (N)
H (m) Discrepancy (m) H (m) Discrepancy (m)
1 35-10 872.45 864 —8.6 868 4.5
2 35-12 707.16 697 —10.1 703 4.2
3 35-17 867.16 925 58.2 962 -94.8
4 36—-30 513.48 557 43.9 566 -525
5 36—43 684.65 682 -29 689 —-44
6 43-11 512.95 509 —4.2 518 -5.0
7 43-12 640.11 711 70.5 671 -30.9
8 43-17 650.26 658 8.2 657 —6.7
9 36—34 695.96 743 47.2 733 -37.0
10 10016 1232.70 1117 —115.9 1068 164.7
11 10037 614.90 909 293.7 585 29.9
12 10039 1118.60 627 —492.0 632 486.6
RMSE with outliers (m) — — 179.5 — 159.3
RMSE without outliers (m) - - 8.0 - 5.6

Note: (1) The bold values represent the normal differences between the GCPs and values via the DEM and the italic values are the outliers.
(2) The RMSE of the same points without outliers for the ALOS PALSAR and SRTM DEMs as well as the TanDEM-X are 8.5 m, 3.6 m and 9.2 m respectively.
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Fig. 9. Extracting the watershed maps from the SRTM and ALOS PALSAR DEMs,TanDEM-X and the derived DEMs from the handheld GPS points for the study area.

Table 9
Formulating the criteria for selecting the optimal GDEM for the study area.
No. Name of criteria Criteria values Criteria points (out of 33.33)
ALOS SRTM (30 m) TanDEM ALOS SRTM (30 m) TanDEM
PALSAR (12.5 m) -X (90 m) PALSAR (12.5 m) -X (90 m)
1 RMSE including outliers (+m) 7.3 7.6 6.5 29.68 28.50 3333
2 RMSE excluding outliers (+m) 6.4 4.5 3.1 5.38 7.65 11.11
Outlier percentage (%) 16.7 16.7 25 11.11 11.11 7.42
Mean deviation of the outliers (m) 0.5 5 1.7 11.11 1.11 3.27
3 No. of the stream order 9 8 6 3333 29.62 22.22
Total points (out of 100) — — - 90.61 78.00 77.35
Combined horizontal and vertical weight - - - 117 101 100

5. Conclusions

Three extracted GDEMs, SRTM DEM, ALOS PALSAR DEM and
TanDEM-X, with different resolutions, are validated in the current
study based on the three different criteria including the RMSE,
outlier detection and the number of extracted stream orders from a

watershed map. Indeed, the derived DEMs from the handheld GPS
points give better results in comparison to the GDEMs when out-
liers are discarded.

The horizontal accuracy of the DEMs was tested via watershed
maps which are extracted from the each DEM. The results showed
that the accuracy of the GDEMs follows their spatial resolutions.
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Therefore, more stream types in the watershed map were detected
on the ALOS PALSAR DEM than SRTM DEM, which in turn was more
accurate than the TanDEM-X. The GPS DEM also detected equal
numbers of stream orders as the ALOS PALSAR DEM but with un-
clear and distorted images, this was due to the limited number of
the handheld GPS points that were available to this study.

The vertical accuracy (i.e. heights) of the GDEMs were validated
via the GCPs. The RMSE of the height discrepancies of ALOS PALSAR
and SRTM DEMs as well as the TanDEM-X show +7.3 m, +7.6 m and
+6.5 m, respectively. Results showed that the number of outliers in
comparison to the height of 12 GCPs (10 m or more) was 1 (8%) in the
TanDEM-X and 2 (16%) in both the ALOS PALSAR and SRTM DEMs.

For validation of the derived DEMs from the GPS points via the
GCPs, two DEMs have been derived via EGM2008 for obtaining N
values of the points. One DEM was derived through adding N
correction to h and another DEM was derived without adding N
values. The obtained RMSE of discrepancies with no N correction to
the DEM is better than the DEM with N corrected.

Four watershed maps have been extracted from the GDEMs and
GPS DEMSs. Nine types of streams have been identified in the ALOS
PALSAR DEM, followed by eight types in the SRTM DEM, and six
types in the TanDEM-X. The GPS DEM also identified nine types of
streams.

To sum up, according to the formulated criteria including the
RMSE, outlier detection and the number of extracted stream orders
from the watershed maps. The best combined horizontal and ver-
tical accuracy of the optimal DEMs for the study area is the ALOS
PALSAR DEM 12.5 m. Whereas, the SRTM DEM 30 m and TanDEM-X
90 m ranked the second and third respectively with slight differ-
ences between them.
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