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Abstract: The changes in catchments can be analyzed through the generation of DEM, which is im-
portant as input data in hydrologic modeling. This study aims to analyze the effect of anthropogenic
activities on hydrological studies based on DEM comparison and GIUH hydrographs. The four DEM
datasets (SRTM, ALOS, Copernicus, Sentinel-1) were compared to the topographic map of Makkah
City and GPS data in order to assess the quality of the DEM elevation. The GIS Arc Hydro toolbox
was used to extract morphometric and Horton–Strahler ratio characteristics to generate a GIUH
hydrograph of the catchments of Wadi Nouman and Wadi Ibrahim inside Makkah City. Based on
the DEM comparison, Copernicus and SRTM have the highest accuracy, with R2 = 0.9788 and 0.9765,
and the lowest RMSE, 3.89 m and 4.23 m, respectively. ALOS and Sentinel-1 have the lowest R2,
0.9687 and 0.9028, and the highest RMSE, 4.27 m and 6.31 m, respectively. GIUH Copernicus DEM on
Wadi Nouman has a higher qp and lower tp (0.21 1/h and 2.66 h) than SRTM (0.20 1/h and 2.75 h),
respectively. On Wadi Ibrahim, the SRTM has a greater qp and lower tp than Copernicus due to the
wadi having two shapes. Based on the anthropogenic effect, the stream network in the mountain area
is quite similar for SRTM and Copernicus due to the dominant influence of the mountainous relief
and relatively inconsequential influence of anthropogenic activities and DEM noise. In the urban area,
the variation of the stream network is high due to differing DEM noise and significant anthropogenic
activities such as urban redevelopment. The Copernicus DEM has the best performance of the others,
with high accuracy, less RMSE, and stream flow direction following the recent condition.

Keywords: DEM; anthropogenic activities; hydrological study; Sentinel-1; Makkah City

1. Introduction

The water resource system and hydrological condition of a catchment can be influenced
by human activities or anthropogenic activities and climate change. Climate change refers
to meteorological factors, such as extreme precipitation and rising temperature, causing
changes in the water cycle of catchments and flash floods as a natural common disaster. In
the hydrological field, it also changes the character of the catchment, such as the stream
flow of the catchment and its morphometric parameters [1,2]. Wang et al. [3] carried out
hydrological modeling in three river basins—Chaohe, Zhanghe, and Hutuo River—which
found that anthropogenic activities are the dominant factor in stream flow changes rather
than climate change. Tang et al. [4] found human activities in the Lancang River basin in
China have a 55–60% contribution greater than climate change, with 42.6% on average.
There are several studies regarding hydrological responses due to anthropogenic activities,
such as groundwater contaminants on the Tarsus coastal plain, Turkey [5], catchment health
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in the Shazand catchment, Iran [6], and stream flow and geomorphological changes of
catchments [7–10]. Hydrological alterations to Krishna River, India [11], were studied as an
effect of dam constructions (pre and post constructions), and the hydrological alteration or
flow changes were measured. All the previous studies proved that anthropogenic activities
significantly affect the hydrological field, ecosystem, and river system [12,13].

The study of catchment changes can be done through the Digital Elevation Model
(DEM) using the remote sensing (RS) technique. The DEM data represent the elevation or
topography of the earth’s surface, which is very important for environmental studies [14],
such as catchment delineation [15,16], stream network extraction [17,18], surface flow
path mapping [19], different types of natural hazards [20], and also to model floods [21,22].
Various global open DEMs, such as Shuttle Radar Topography Mission (SRTM) from NASA,
Advanced Land Observing Satellite (ALOS) from JAXA, and Copernicus from ESA, can
be accessed freely online. In Addition, the DEM data derived from two Sentinel-1 images
can be an alternative using the InSAR technique. Numerous DEM comparison studies
have been carried out by researchers to select the proper DEM for applications. Purinton
and Bookhagenm [23] compared SRTM-NASADEM, ASTER-GDEMv3, ALOS-W3Dv3.1,
TanDEM-X, and Copernicus and found that the Copernicus DEM has the most realistic
height representation, with low pixel-to-pixel noise and no longer wavelength artifacts,
located in the arid and steep area in Argentina. Karlson et al. [24] compared four pan-
Arctic DEMs within the Kalix River catchment in northern Sweden and found Copernicus
produced the most accurate elevation, small mean error, and RMSE, and was most similar
to the reference DEM, followed by Arctic DEM and ALOS, the least accurate being ASTER.
Karki et al. [25] compared river basins in Nepal and found SRTM 90 m more suitable for
the large river basin and HydroSHEDS preferable for a small–medium basin, while CARTO
and ASTER were far behind in accuracy compared to the other DEMs across all basins.

The study of catchment changes and their behavior can also be analyzed through
morphometric parameters based on the physiographic features of the catchment [26,27].
The morphometric studies of a catchment can be investigated based on the determination
of the geomorphological unit hydrograph (GIUH). Rodríguez-Iturbe and Valdés [28] stated
that GIUH is a hydrograph that depends on the morphological parameters of the catchment.
The DEM is the main data used for the extraction of the stream network by defining the
stream threshold area. The Horton–Strahler ratios, i.e., bifurcation ratio, length ratio, and
area ratio, and the mainstream length from morphometric parameters, can be used for
generating the GIUH [29]. Based on this study, the comparison of past and recent conditions
can be evaluated.

This study aims to analyze the effect of anthropogenic activities on the hydrological
study in Makkah City based on a comparison of DEM datasets. The variation of morphome-
tric parameters, the stream network, and Horton ratios from various DEM were analyzed
to measure the parameters qp and tp of the GIUH. This study is useful for hydrologists
and policymakers for catchment management purposes.

2. Study Area

Makkah City is the administrative capital of the Makkah Region, with an area of
around 1.200 km2 and an elevation of 277 m AMSL, 80 km inland from the Red Sea.
It lies between 39◦53′ E to 40◦02′ E and 21◦09 N to 21◦37′ N. The urbanization rate in
Makkah City is very high. Based on the census of 2017, the population in Makkah City
is around 2,017,793, with an area covered by 33,354 ha. This is almost twice that of
2003, when the population was 1,375,000 and the city had an area of 20,800 ha, with a
population density of 60.49 p/ha. (The Ministry of Municipal and Rural Affairs, https:
//www.my.gov.sa/wps/portal/snp/main, accessed on 17 July 2022).

The topography conditions in Makkah City are quite complex based on the surround-
ing mountains along the residential area in the city, especially near Haram Mosque. Geolog-
ically, Makkah City contains three types of rock: igneous, metamorphic, and sedimentary.
In the mountains of Makkah, Precambrian rock is dominant, with schist, amphibolites, and

https://www.my.gov.sa/wps/portal/snp/main
https://www.my.gov.sa/wps/portal/snp/main
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gneiss. The surface of Makkah City is also crossed by several structural valleys, faults, and
cracks [30,31]. The Wadi Ibrahim catchment, especially, contains Precambrian rock such as
quartz diorite and tonalite as the main igneous rock [32].

There are some wadies or catchments in the Makkah City area: Wadi Nouman, Wadi
Al-Sharea, Wadi Urainah, Wadi Muhassar, Wadi Ibrahim, and Wadi Al-Selouly (Figure 1).
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Figure 1. Several wadi and catchments in Makkah City, Saudi Arabia (Source arcSource: Esri, Maxar,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS
User Community).

Wadi Ibrahim catchment is one of the most important in Makkah City due to the Al-
Haram Mosque located in the lower part of Wadi Ibrahim, and the well of Zamzam around
20 m east of Kaaba and about 30 m deep. Catchments in Makkah City are categorized as
arid catchments characterized by less precipitation, drought, and scarcity of water resources.
The annual rainfall of Makkah City varies, recorded since 1966 after the installation of
gauge station in situ instruments at Umm Al-Gud, Makkah, by the Saudi Meteorological
Authority, and in 1989 at Umm al-Qura University. In 1966, the annual rainfall was less
than 5 mm, while 1989 had an annual rainfall of 318 mm. The extreme rainfall in 1989 saw
269 mm in a single storm, causing flash flood hazards and the runoff to enter the Al-Haram
Mosque area, with Kaaba being half-inundated [33].
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3. Material and Methodology
3.1. Open Global DEM

Various global open DEMs were used in this study, such as the Shuttle Radar Topogra-
phy Mission (SRTM) from NASA, Advanced Land Observing Satellite (ALOS) from JAXA,
and Copernicus from the European Space Agency (ESA). All of them are fully open access
and can be downloaded freely through their websites (Table 1). In addition, the Sentinel-1
DEM can be retrieved from two Sentinel-1 images using the InSAR technique.

• SRTM

SRTM is DEM data provided by NASA with a research effort that obtained digital
elevation models on a near-global scale. During the acquisition period in February 2000,
the first version of SRTM was released in 2003 with three arc second, or approximately
90 m, resolution, and the new version has a resolution of one arc second (30 m), released in
2014. These DEM data can be obtained from https://earthexplorer.usgs.gov/, accessed on
25 October 2021.

• ALOS PALSAR

ALOS PALSAR using L-Band SAR, provided by JAXA with an acquisition period from
2006 to 2011, contributes to the fields of mapping, disaster monitoring, precise regional
land coverage observation, and resource surveying. The release year was 2014. The DEM
can be downloaded from: https://search.asf.alaska.edu, accessed on 26 October 2021.

• Copernicus

The Copernicus DEM GLO-30-DTED is provided by ESA, an improvement product
of commercial version TanDEM-X which was released in 2019 for 90 m and 2021 for
30 m. The acquisition period was 2011–2014. The Copernicus DEM data are available
at three available spatial resolutions (10 m, 30 m, and 90 m). Unfortunately, the 10 m
resolution is available only for the Europe area. The source of the Copernicus DEM is
https://panda.copernicus.eu/web/cds-catalogue/panda, accessed on 27 October 2021.

3.2. DEM Sentinel-1 Generation

DEM can be obtained from a pair of Sentinel-1 SLC images by creating an interferogram
and unwrapping phase process [34]. An interferogram can be generated by combining the
phase of two images with the co-registration process. The quality of the Sentinel-1 DEM
depends on the quality of images during pair image selection, the criteria of which are
as follows:

• Perpendicular baseline: The perpendicular baseline (the position of the satellite at
the time of acquisition) of the image should have a range of 150–300 m (ESA). The
perpendicular baseline is the distance between the satellite’s position at the time of
image acquisition. This is different to displacement studies that required a small
baseline; DEM generation required a high baseline.

• Temporal baseline: The temporal baseline (different time acquisition) of the image
should be as short as possible (6–12 days) to reduce the risk of temporal decorrelation
of the phase. The short temporal baseline gives the best result, while the long temporal
baseline led to a bad interferogram.

• Atmospheric condition: Some factors in the atmosphere, such as water vapor, can
reduce the coherence and quality of the results because they cause phase delays. The
recommended condition is good weather and dry conditions with no rainfall.

• Both images must have the same direction: ascending or descending

Figure 2 shows the pair image selection process in the ASF’s (Alaska Satellite Facility)
baseline tools. The information of 16 chosen images from Sentinel-1 is shown in Table 1.

https://earthexplorer.usgs.gov/
https://search.asf.alaska.edu
https://panda.copernicus.eu/web/cds-catalogue/panda
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Table 1. Detail information of two Sentinel-1 images (master and slave).

Type Date Track Orbit b_temp (days) b_perp (m) Coherence
Master 02-September-2017 14 7215 0 0 1
Slave 14-September-2017 14 7390 12 136 0.88

Master 28-August-2018 14 12,465 0 0 1
Slave 15-October-2018 14 13,165 48 158 0.83

Master 21-September-2018 14 12,815 0 0 1
Slave 15-October-2018 14 13,165 24 107 0.89

Master 15-October-2018 14 13,165 0 0 1
Slave 08-November-2018 14 13,515 24 191 0.82

Master 27-October-2018 14 13,340 0 0 1
Slave 08-November-2018 14 13,515 12 143 0.87

Master 22-September-2020 14 23,490 0 0 1
Slave 16-October-2020 14 23,840 24 175 0.83

Master 04-October-2020 14 23,665 0 0 1
Slave 16-October-2020 14 23,840 12 84 0.92

Master 21-November-2020 14 24,365 0 0 1
Slave 08-January-2021 14 25,065 48 151 0.84

Master 10-December-2021 14 30,140 0 0 1
Slave 22-December-2021 14 29,965 12 153 0.86

b_temp is the temporal baseline, b_perp is the perpendicular baseline, and coherence is a value that expressed the
similarity of the radar reflection between two SAR images.

Few techniques are used to retrieve Sentinel-1 DEM, such as TOPSAR Split to select
the area of interest. The orbit file operator corrects the orbit error. In this study, Sentinel
precise (auto download) was chosen rather than Sentinel restituted for orbit determination.
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The Sentinel precise orbit has less than 5 cm accuracy and the files are delivered within
20 days after data acquisition, while Sentinel restituted has a 10 cm accuracy, with files
delivered three days after data acquisition. In this study, the DEM product was created
manually from Sentinel-1 compared with four different open global DEM products, such
as SRTM, ALOS, and Copernicus (Table 2). The flowchart for generating Sentinel-1 DEM is
shown in Figure 3 and is described in Table 3.

Table 2. General information on various DEM characteristics.

Parameter
DEM

Resolution Sources Acquisition
Year

Released
Year Band

SRTM 30 m NASA 2000 2013 C
ALOS 12.5 m JAXA 2009 2014 L

Copernicus 30 m ESA 2011–2014 2021 X
Sentinel-1 13.5 m ESA 2015–Now 2015 C
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Table 3. The description of each step of DEM generation is sketched in Figure 3.

Steps Descriptions
Read data Read data from two different SAR images
TOPSAR Split Select the area of interest (IW2 and IW3, bursts 2–5, VV Polarization)
Apply Orbit File Correct satellite and orbit geometry
Back Geocoding Make over stack between two images
Interferogram Generate phase and coherence
TOPSAR deburst Remove the seamline/space between the bursts
TOPSAR merge Merge the subswath IW2 and IW3
Goldstein Phase Filtering Reduce the phase noise
Multilooking Reduce the inherent speckle noise
Snaphu unwrapping Export, unwrapping, and import of phase
Phase to Elevation Convert phase to elevation (DEM)
Terrain Correction Geometric correction to project the map into WGS84
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3.3. GIUH Estimation

The GIUH estimation flowchart is shown in Figure 4 and described for each step
as follows:

1. Fill sinks and compute the flow direction and flow accumulations of the DEM using
the eight-direction method.

2. Obtain stream network by applying a threshold area of 2 km2 of the flow accumulation.
3. Delineate the catchment and extract its morphometric parameters using Arc Hydro

tools and the morphometric toolbox in GIS.
4. Calculate Horton ratio parameters (RB, RL, RA, LΩ) and stream order w through the

Python program “CalMorph” [35,36].
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3.4. Horton Ratios

Horton–Strahler ratios proposed by Horton [37] include bifurcation ratios (RB), length
ratios (RL), and area ratios (RA), which have an expression as follows:

RB =
N(w)

N (w + 1)
(1)

RL =
L(w + 1)

L(w)
(2)

RA =
A(w + 1)

A(w)
(3)

where N(w) and N(w + 1) is the number of stream order w and for the next order, L(w)
and L(w + 1) are the mean length of stream order w and for the next order, and A(w) and
A(w + 1) are the mean area contributing to stream order w and for the next order (w + 1).
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3.5. Nash Model

Nash (1960) [38] proposed the equation for GIUH estimation based on Horton ratios
as shown below:

u(t) =
(

t
k

)a−1 e−
t
k

kΓ(a)
(4)

where:
u(t) = GIUH parameter
t = Time (hours)
Γ(a) = Gamma function
k = Shape and scale parameters proposed by Rosso [39]:

a = 3.29
(

RB
RA

)0.78
RL

0.07 (5)

k = 0.70
(

RA
RBRL

)0.48 LΩ

v
(6)

where LΩ is the length of the highest order stream and v is the velocity of the flow

v = 0.8562 L0.23SB
0.385 (7)

where L is the length of the stream and SB is the mean slope of the catchment. The peak
discharge (qp) and time to peak (tp) of the GIUH are given by Rodríguez-Iturbe and
Valdés [28]:

qp =

(
1.31
LΩ

)
R0.43

L v (8)

tp = 0.44
(

RB
RA

)0.55
RL
−0.38 LΩ

v
(9)

The flowchart of morphometric parameters of catchment and GIUH estimation is
shown in Figure 4.

3.6. DEM Validation

The elevation results from open access DEM data are not free from error and require
validation of data accuracy. In this study, the reference elevation data was used from the
topographical map of Makkah City, published by the Ministry of Petroleum and Mineral
Resources Aerial Survey Department, KSA in 1975, and GPS data. The projection of the
topographical map is Universal Transverse Mercator (UTM), with Ain Al Abd 1970 as the
local datum, and has a scale of 1:50.000. The geo-referencing technique was used to import
the scanned map into the ArcMap platform and to retrieve the elevation values from the
135 randomly distributed samples. Overall, there are 167 samples (Z value) consisting of
32 field measurement points collected by GPS around areas affected by the demolition of
hills and near the mega project of the holy mosque expansion, and 135 points extracted
from the topographical map. These samples are compared to the four DEM datasets in
order to assess the quality of the data (Figure 5). Extra multi-value-to-point tools in GIS are
used to combine the DEM and topographic map elevations. To assess the accuracy of each
DEM dataset, statistical equation techniques are applied to different elevation datasets,
mean absolute error (MAE), and Root Mean Square Error (RMSE), which are expressed
as below:

Zerror = ZTopho − ZDEM (10)

MAE =∑n
i=1
|Zerror|

n
(11)
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RMSE =

√
∑n

i=1 (Zerror)
2

n
(12)
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Figure 5. 167 random points selected for DEM comparison (Source arcSource: Esri, Maxar, GeoEye,
Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community).

The statistical measurements above were applied to 167 random points selected for
an estimate of the elevation error. The correlation between DEM and topography is also
analyzed by the coefficient of determination (R2), which is derived from the trend line of
the scatterplot. The 0 value represents no correlation, and the 1 value represents a perfect
correlation.

4. Results
4.1. DEM of Sentinel-1

Various coherence histograms from eight pairs of Sentinel-1 images are shown in
Figure 6. This comparison shows the effect of the temporal and perpendicular baseline
on the quality of the coherence, as mentioned in Section 3.2. The X-axis of the histogram
represents the coherence value, which ranges from 0 to 1. The highest value expresses a
good radar reflection of two SAR images. The Y-axis represents the number frequency
in pixels. The first histogram (top-left), with a baseline of 191 m and 24 days, has the
worst result for the pair images dated 15 October 2018 and 08 November 2018, and the
best performance comes from the last histogram (bottom-right) images for the pair images
dated 10 December and 22 December 2021. The temporal baseline is 12 days at 153 m,
which is around 90% more coherence than 0.5 and has an exponential shape.



Sustainability 2022, 14, 13369 10 of 26

Sustainability 2022, 14, x FOR PEER REVIEW 10 of 26 
 

December and 22 December 2021. The temporal baseline is 12 days at 153 m, which is 
around 90% more coherence than 0.5 and has an exponential shape. 

  

  

  

  
Figure 6. Coherence histogram of pairs of Sentinel-1 images. 

Figure 7 shows DEM with hill shade of SRTM 30 m compared to the results of eight 
pairs of Sentinel-1 DEM images. The baseline at 12 days and 153 meters on 10 and 22 
December 2021 (top-middle) has the best result, which is close to the SRTM 30 m images. 
Based on the histogram coherence and hill shade results above, the pair of images on 10 
December and 20 December 2021 were selected for DEM generation in this study. 
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Figure 7 shows DEM with hill shade of SRTM 30 m compared to the results of eight
pairs of Sentinel-1 DEM images. The baseline at 12 days and 153 m on 10 and 22 December
2021 (top-middle) has the best result, which is close to the SRTM 30 m images. Based on
the histogram coherence and hill shade results above, the pair of images on 10 December
and 20 December 2021 were selected for DEM generation in this study.
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4.2. DEM Comparison

The two catchments in Makkah City were delineated from four DEM datasets using
the ArcHydro toolbox in GIS software. The wadies are the Wadi Nouman and Wadi
Ibrahim catchments. Stream network extraction is carried out from the same threshold.
The comparison of elevation and longest flow path of Wadi Nouman based on different
DEM datasets is shown in Figure 8. Each DEM has a different shape due to different stream
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networks, and Sentinel is the most different to the others. The elevation of each DEM is also
different due to each sensor having different interactions with surfaces. In Wadi Nouman,
the low elevation from SRTM and Copernicus is 282 and 263 m, while Sentinel-1 has 504 m.
The longest flow path for SRTM, ALOS, and Copernicus has an almost similar pattern,
while Sentinel-1 has a quite different pattern and direction.

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 26 
 

504 m. The longest flow path for SRTM, ALOS, and Copernicus has an almost similar 
pattern, while Sentinel-1 has a quite different pattern and direction.  

         

Figure 8. Elevation and longest flow path comparison of four DEMs of Wadi Nouman. 

In Wadi Ibrahim, the wadi from Copernicus and Sentinel-1 has been divided into two 
sub-wadies. The low elevation from SRTM and ALOS is 213 m and 218 m, while that of 
Copernicus and Sentinel-1 is 199 m and 245 m, respectively. The shape of the wadi from 
Sentinel-1 and Copernicus is different due to changes in the stream network direction and 
location of the outlet. The elevation from Sentinel-1 is most significant for all wadies be-
cause of reasons such as poor coherence, baseline condition, atmospheric artifacts, and 
short wavelength (C-band). This factor can affect noise and error contribution (Figure 9). 

Figure 8. Elevation and longest flow path comparison of four DEMs of Wadi Nouman.

In Wadi Ibrahim, the wadi from Copernicus and Sentinel-1 has been divided into two
sub-wadies. The low elevation from SRTM and ALOS is 213 m and 218 m, while that of
Copernicus and Sentinel-1 is 199 m and 245 m, respectively. The shape of the wadi from
Sentinel-1 and Copernicus is different due to changes in the stream network direction
and location of the outlet. The elevation from Sentinel-1 is most significant for all wadies
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because of reasons such as poor coherence, baseline condition, atmospheric artifacts, and
short wavelength (C-band). This factor can affect noise and error contribution (Figure 9).
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The catchment morphometric parameters of all DEMs have been obtained using
ArcGIS software, shown in Table 4 for Wadi Nouman and Table 5 for Wadi Ibrahim.
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Table 4. Morphometric parameters of Wadi Nouman catchment based on four DEMs.

Basin Parameters
Wadi Nouman

SRTM ALOS Copernicus Sentinel-1

Low Elevation (m) 282 284 263 504
High Elevation (m) 2605 2611 2611 2787

Area (km) 678.6 695.7 694.9 747.7
Perimeter (km) 210.7 212.6 217.9 229.3

Longest flow path (km) 68.7 68.5 67.2 68.3
Basin Length (km) 47.4 47.2 49.3 41.2

Table 5. Morphometric parameters of Wadi Ibrahim catchment based on four DEMs.

Basin Parameters

Wadi Ibrahim

SRTM ALOS
Copernicus Copernicus Sentinel Sentinel

(top) (bottom) (top) (bottom)

Low Elevation (m) 213 218 268 199 285 245
High Elevation (m) 949 960 969 750 959 875

Area (km) 110.8 110.3 41 79.6 56.5 53.1
Perimeter (km) 107.2 110.7 57 71.9 85.2 76.1

Longest flow path (km) 34.6 34.2 21.2 21.6 28.6 22.6
Basin Length (km) 28.6 28.8 15.8 16.4 18.7 14.9

Figures 10 and 11 show the comparison of the stream orders of two wadies for all
DEM datasets. There are different numbers of stream orders. In Wadi Nouman (Figure 10),
SRTM, Copernicus, and Sentinel-1 have four stream orders, while ALOS has five stream
orders. Consequently, the LΩ value of ALOS is different and unsuitable for comparison
with the others. In Wadi Ibrahim, SRTM has the same shape as ALOS, but a different
number of stream orders. The LΩ of ALOS is higher than SRTM. In addition, Copernicus
and Sentinel-1 have two wadies, but a different number of stream orders. It is difficult to
compare them to each other.

Based on the procedures mentioned in Section 3.6, the statistical measurement result
for four DEM datasets was calculated by comparing DEM to the topographic map of
Makkah City. The scatter plot of 167 random points together with the trend line and its
equations are shown in Figure 12. The Elevation error, MAE, and RMSE are calculated
and presented in Table 6 to assess the accuracy of the DEM. Based on this calculation,
Copernicus has the best performance with the smallest elevation error of 1963 m, RMSE
of 3.89 m, and a correlation coefficient of 0.9788. The rank accuracy follows SRTM, ALOS,
and Sentinel-1. SRTM has an elevation error of 2329 m, RMSE of 4.23 m, and a correlation
coefficient of 0.9765. ALOS has a 2371 m elevation error with an RMSE of 4.27 m and a
correlation coefficient of 0.9687. The worst results came from Sentinel-1 with an elevation
error of 5174 m, RMSE of 6.31 m, and correlation coefficient of 0.9028, respectively. Sentinel-
1 has the highest RMSE, which may be due to atmospheric noise contribution and an
unsuitable temporal and perpendicular baseline.
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Figure 12. Scatterplot elevation comparison of topographic map vs. four DEM datasets.

Table 6. Statistical measurements of elevation error for each DEM dataset.

Statistical Parameters
DEM

SRTM ALOS Copernicus Sentinel-1

ZError (m) 2329 2371 1963 5174
MAE (m) 17.92 18.24 15.1 39.8
RMSE (m) 4.23 4.27 3.89 6.31

R 0.9765 0.9687 0.9788 0.9028

Based on the DEM assessment and DEM comparison, the two highest errors were
eliminated and were not processed for the next calculation on the hydrological process. The
best two DEMs, SRTM and Copernicus, were then processed for hydrological assessment:
SRTM as the old DEM (acquisition period in the year 2000) and Copernicus as the new DEM
(acquisition period in the year 2011–2014). The Copernicus DEM has a new result for Wadi
Ibrahim, which the stream network changes, and the basin is divided into two sub-basins.
These results can be used to analyze five types of investigations: terrain surface changes
caused by hill shade effects (Figure 13), topographical cross-section (Figure 14), historical
imagery on Google Earth Pro (Figure 15), comparison on GIUH (Figures 16 and 17), and
comparison of the mountainous and urban areas (Figure 18).
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Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the
GIS User Community).
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Figure 13 shows the SRTM DEM; the blue line represents the stream of SRTM, and
the red line represents the stream of Copernicus. The stream direction is straight in the
south-western direction towards the outlet, while in the Copernicus images, the stream
flow turns to the western direction due to the hill being removed (black oval mark), so the
stream flow can reroute through that area.

Figure 14 shows a cross-section of two lines (A–A’ and B–B’). The elevation of the
Copernicus has decreased from approximately 355 m to 307 m on AA’, and from 361 m to
302 m on BB’. Figure 15 strengthens the explanations of this phenomenon, where changes
in the stream network occurred in the Haram Mosque area. Some hilly areas are being
removed as part of the mega project’s expansion of the Al-Haram Mosque. The Copernicus
stream’s direction does not go through the Haram Mosque area like SRTM, but moves to
its surroundings following the pattern of the mosque as the recent terrain surface condition
based on the year 2019 on Google Earth Pro. This makes sense and is more logical for
Copernicus compared to the SRTM DEM.

To study the anthropogenic effects on hydrological responses, the GIUH and Hydrolog-
ical stream network analysis was performed as well. Table 7 shows the Horton–Strahler ratio
parameters (RB, RL and RA) of Wadi Nouman and Wadi Ibrahim catchments. These data
were obtained by plotting N(w), L(w), and A(w) versus order w on a semi-log diagram.

Table 7. Horton–Strahler ratios of three wadies based on four DEM datasets.

Horton Ratios
Basin DEM

RL RB RA LΩ (m)

Wadi Nouman
SRTM 2.61 4.62 5.28 33,672

Copernicus 2.58 4.8 5.44 31,740

Wadi Ibrahim
SRTM 1.55 2.74 3.27 5407

Copernicus (top) 9.7 6 11.28 14,409
Copernicus (bottom) 1.65 3.32 4.28 5939

The comparison of the GIUH hydrograph can be seen in Figure 16. Each GIUH has a
different shape and qp and tp due to different of Horton–Strahler ratios, with a threshold
area (S) of 2 km2. The Figure 16 shows Copernicus has the highest qp and lowest tp
compared to SRTM for Wadi Nouman, while in Wadi Ibrahim, SRTM has a higher qp than
Copernicus. The qp and tp parameters of the bottom catchment are higher than the top
catchment. The summaries of the qp and tp comparison of all wadies is shown in Figure 17.

The shape of the GIUH depends on the Horton ratios, especially LΩ. In wadi Nouman,
the GIUH of SRTM and Copernicus look similar. Based on the significance test of 95%
level of confidence and the one-tailed test, the difference between Wadi Nouman and Wadi
Ibrahim is not significant. Wadi Nouman has a t-value 0.14536 and p-value of 0.442229;
Wadi Ibrahim (bottom) has a t-value of −0.24954 and p-value of 0.4015; and Wadi Ibrahim
(top) has a t-value of −0.40449 and p-value of 0.342974.

The last investigation is based on the location. The mountainous area (Figure 18) (Lati-
tude 21◦30′56.38′′ N and longitude 39◦50′22.11′′ E) has a highly similar pattern for SRTM
and Copernicus due to the dominant influence of the mountainous relief and relatively
inconsequential influence of anthropogenic activities and DSM noise, while in the urban
area (Figure 19) (Latitude 21◦21′42.16′′ N and longitude 39◦49′45.46′′ E), the variation of the
stream network is high due to differing DSM noise and significant anthropogenic activities,
such as urban redevelopment. The stream flow direction of Copernicus provides high
accuracy by smoothly following the road as the stream network.
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5. Discussions
5.1. Limitation of Sentinel-1 DEM

In this study, the Sentinel-1 DEM was obtained using the InSAR technique. The
limitation of the DEM InSAR technique depends on the data used and characteristics
such as the microwave radar band [40,41]. Makkah City is a suitable area due to DEM
InSAR having reliable results for no or fewer vegetation areas [34,41]. However, the DEM
generation of Sentinel-1 is challenging, especially in selecting a suitable baseline. The small
perpendicular baseline is sensitive to noise and atmospheric artifacts, which produce poor
results; between 150 m and 300 m is the optimum baseline. The short temporal baseline
should be as short as possible to reduce the risk of phase decorrelation. In this study, the
selection process of data was carried out carefully. There are eight pairs of images with
various perpendicular and temporal baselines ranging from 107 to 191 m and 12 days
to 191 m, respectively. The coherence ranges from 0.83 to 0.89. The best results to come
from the baseline are 153 m and 12 days. Unfortunately, the temporal baseline of 6 days is
not available in Makkah City. A suitable perpendicular baseline, short temporal baseline,
and good atmospheric conditions for data acquisition are essential to obtain good DEM
results [34,42].

5.2. DEM, GIUH, and Stream Network Comparison

This study compared four DEM datasets: three DEM that are open global DEM and
Sentinel-1 DEM, which have different band waves. The L-band, C-band, and X-band have
different interactions with surface objects. Sentinel-1 DEM is generated manually from
two Sentinel-1 images using the InSAR technique [34,43]. The assessment or validation
DEM contains statistical measurements such as elevation error, MAE, RMSE, and R2. The
elevation error is based on the difference between the elevation of four DEM datasets to
topographic maps as reference data. This measurement can represent vertical accuracy
and be used in the previous study [44]. GIUH and stream network comparisons were
applied to assess the accuracy of the DEMs. Copernicus has a robust performance, with the
smallest elevation error and RMSE, and Sentinel-1 is the worst of all. These results can be
caused by differences in the number of sample points, as well as different sources and data
collection techniques.
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In hydrological analysis, there are differences in RB, RL, RA, LΩ and the main length
of the stream for all DEMs. These conditions make different GIUH shapes, which are gener-
ated based on the Nash model [38] and built based on Horton–Strahler ratio parameters.
Based on the GIUH, there are changes in the shape of the qp and tp parameters for all
DEMs and catchments. In the hydrology stream network comparison, the stream network
in the mountainous area has quite a similar pattern [45], while having a notable difference
in the urban area [46]. As mentioned in the study area, Makkah City has complex places in
which mountains appear along the residential urban area. These conditions may have an
impact on human modification and construction projects in Makkah City. Based on the base
map on Google Earth Pro in 2021, Copernicus has more accuracy than SRTM, which follows
the recent and up-to-date condition of the terrain surface of Makkah City. This result
matches that of a previous study that the Copernicus DEM has the most realistic height
representation and the highest quality landscape representation, is the preferred DEM for
topographic analysis [23] and a more accurate representation of the earth’s surface [47],
is the optimum and most accurate DEM with regard to vertical accuracy, 1.3521 m and
with 95% confidence level 2.6502 m [48], has the highest vertical accuracy of mean error,
standard deviation, the lowest RMSE, and is most similar to the reference DEM [24].

6. Conclusions

The stream network changes in the catchment in Makkah City have been analyzed
through DEM datasets. The assessment of various DEM datasets was performed to select
the up-to-date DEM that represents current conditions, since no DEM is free from error,
considering area condition, acquisition method, acquisition period, and characteristic of
the band wave. Based on this study, the following conclusions can be obtained:

- Based on SAR data availability in Makkah City, the best results generated with lower
errors compared to other pair images were obtained on 10 December and 22 December
2022. Despite having lower errors, the quality of the Sentinel-1 DEM needs to be
improved by using images within a suitable perpendicular baseline, short temporal
baseline, and good atmospheric conditions for data acquisition.

- Based on the DEM elevation comparison, Copernicus and SRTM have the highest
accuracy, with R2 = 0.9788 and 0.9765 and the lowest RMSE 3.89 m and 4.23 m,
respectively. Sentinel-1 and ALOS have the lowest R2 of 0.9028 and 0.9688, and the
highest RMSE of 6.31 m and 4.27 m, respectively.

- In Wadi Ibrahim, it was found that the catchment is divided into two sub-wadis based
on the Copernicus DEM. This main change in the drainage system in Wadi Ibrahim
was due to the continuum of anthropogenic (human) activities around the holy city
of Mecca (the mega project of the holy mosque expansion, demolishing mountains,
adding buildings, etc.)

- The stream network and the morphometric parameters (Horton–Strahler ratios) of the
catchments vary for both Copernicus and SRTM DEMs and influence the shape of
the GIUH.

- The Copernicus DEM for Wadi Nouman has a higher qp and lower tp (0.21 and 2.66)
than SRTM (0.20 and 2.75). In Wadi Ibrahim, the SRTM has a greater qp and lower tp
than Copernicus due to the wadi being divided into two sub-wadies.

- The stream network in the mountainous area is quite similar for SRTM and Copernicus
due to the dominant influence of the mountainous relief and relatively inconsequential
influence of anthropogenic activities and DSM noise. In the urban area, the variation of
the stream network is high due to differing DSM noise and significant anthropogenic
activities such as urban redevelopment.

- Overall, the Copernicus DEM features the most reliable data quality compared to
other open-source data and represents the most recent data.
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