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Abstract

Water is a vital resource for life and the nucleus of everything on the globe. Nowadays, water is becoming a scarce resource,
which is a menace to humankind and its future. Due to disparity in global water distribution, regions are suffering from
acute water inability while others have a surplus. Water resources have to be prudently managed as they are beneficial for
humanity. This study used the shuttle radar topography mission digital elevation model data to perform a detailed mor-
phometric analysis of the Riyadh urban area. Generally, analyzing the morphometric parameters involves linear, areal, and
relief aspects; therefore, the paper covered these parameters. The morphometric analysis results revealed that the Riyadh
metropolitan area delineated into 40 watersheds and has eighth-order streams with a total area of 8500 km?; although the
city area is 6570 km? according to the administrative division. Consistent with statistical analysis, stream order is inversely
related to the stream number with the coefficient of determination (R%) being 99%. Meanwhile, the cumulative stream length
is directly proportional to the stream order with the same R? value. Moreover, a high bifurcation ratio in most watersheds
refers to less permeable rocks with a steeper slope. Consequently, the bifurcation ratio conforms to the high drainage den-
sity of the city (1.57 km/km?) and confirms the impermeability of subsurface material and mountainous relief. The Riyadh
hypsometric integral is 38%, while the erosion integral value is 62%. Both values indicate that the basin is at a mature stage.

Keywords Morphometric analysis - Hypsometric analysis - Longitudinal profile - GIS - Urban watershed

Introduction industrial and urban areas. The surplus is beneficial when

the harvested rainwater can be collected and used for dif-

Water is a vital-scarce resource of life and its misuse threat-
ens to humanity, both now and in the future. The disparity
in water distribution creates an acute water deficit in many
regions and a surplus in others. This surplus may occur dur-
ing rapid and extreme rainfall events over a short period;
thus, it has a twofold effect. This results in a massive amount
of water leading to catastrophes and destruction from the
inability of flood control systems to accommodate enormous
volumes of water during the storms. This massive amount of
water may impact different regions, including agricultural,
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ferent applications. Therefore, water resources need to be
carefully managed due to their benefits for humankind.
Sustainable development aims at conserving and develop-
ing natural resources. Developing the watershed is the back-
bone of natural resource management (land and water), that
additionally mitigates the effects of natural disasters such as
floods. Different factors influence the watershed develop-
ment including the available water, soil type, physiography,
geomorphology, land use/land cover and drainage density.
To realize such benefits, several different approaches are
used in watershed management. One of these is analyzing
the watershed morphometric parameters. Furthermore, these
morphometric parameters enable the decision-makers to
gather useful information about the topographical, geologi-
cal and hydrological characteristics of the watershed.
Morphometry represents the topographic relief of the
earth’s surface in a mathematical way (Clarke 1966; Non-
gkynrih and Husain 2011; Bhunia et al. 2012; Hajam et al.
2013; Biswas et al. 2014; Withanage et al. 2015). The
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morphometric analysis is performed by measuring the linear,
areal, relief and watershed gradients (Magesh et al. 2013; Ali
and Ali 2014; Kaliraj et al. 2015; Ali et al. 2016). The widely
recognized watershed morphometry concept is that the basin
morphology impinges on the different dynamic geomorpho-
logic and geologic mechanisms. Nonetheless, the impact of
drainage morphometry is primary for understanding the ter-
rain with the soil’s physical and erosional properties (Bag-
yaraj et al. 2011; Dutta and Roy 2012). Accordingly, the
morphometric analysis is critically important to illustrate
the basin’s hydrological characteristics. Consequently, the
results of the watershed morphometric analysis are crucial
in integrated water resource management.

Regardless of the existence of soil type maps, morpho-
metric parameters (linear, areal and relief) can be utilized
as a significant tool in micro-watersheds prioritization (Bis-
was et al. 1999). Drainage patterns refer to spatial relation-
ships between streams or rivers, which may be influenced in
their erosion by inequalities of the slope, soils, rock resist-
ance, structure and geologic history of a region. Study-
ing the morphological characteristics of streams has been
instrumental in measuring different significant properties
such as biological, physical and chemical. Apart from the
identification of watershed morphometric parameters, it is
crucial to study the morphometric aspects in several other
environmental trends such as thermal stability, heat content,
erosion, chemical mass, nutrient loading rates, growth and
biological productivity. For instance, Hayes and Anthony
(1964) found that there is a positive relationship between fish
productivity and lake mean depth and surface area for 150
North American lakes. (Schindler 1971) interpreted that lake
surface area, drainage area and volume have implications on
alimentary differences in Ontario lakes. Besides, the lake
morphology reflects its geological descent.

Watershed morphometric analysis along with the prevail-
ing climate, geology and basin geomorphology assists in
elucidating more information about the basin’s linear, areal
and relief parameters (Pareta and Pareta 2011; Pareta and
Pareta 2012; Rai et al. 2014; Pandey and Das 2016). Lin-
ear aspects include the stream order, stream number, stream
length, mean stream length, stream length ratio, bifurcation
ratio and length of overland flow. The areal aspects involve
the basin length, perimeter, area and form factor, elongation
ratio, circularity ratio, drainage density, stream frequency,
drainage texture and infiltration rate. Meanwhile, the relief
aspects encompass the total relief, relative relief, relief ratio,
hypsometric analysis and gradient ratio.

There are two approaches (traditional and modern) to
analyze the morphometric parameters. The conventional
approach is based on topographic maps and manual calcu-
lations. Horton (1945) proposed empirical relations between
the landform characteristics and the controlling variable of
climate, hydrology, vegetation and soil properties. These
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relationships were the cornerstone of the quantitative
description process of the drainage basin network and form,
as well as their interrelationships. However, the modern
approach depends on the complementarity of remote sensing
techniques (RST) and geographic information systems (GIS)
(Kant et al. 2015). This can improve the analysis accuracy
and save time. RST and GIS are the latest sophisticated tools
for achieving the sustainable development of watercourses
and water resources via management, watershed develop-
ment and micro-watershed prioritization. There are different
useful remote sensing data sources, such as the shuttle radar
topographic mission (SRTM) and the advanced space-borne
thermal emission and reflection radiometer (ASTER). These
missions provide accurate, rapid and economic data for
analyzing the hydrological systems compared to traditional
methods. Watershed characteristics were produced using
the complimentary SRTM digital elevation model (DEM).
Numerous morphometric studies have been conducted in
several countries (Rao et al. 2010; Nongkynrih and Husain
2011; Kumar 2013; Waikar and Nilawar 2014; Gabale and
Pawar 2015; Kalam and Ramesh 2015; Asode et al. 2016).

This study aims at managing the urban watershed by iden-
tifying the morphometric parameters of the Riyadh metro-
politan area based on the DEM data via the GIS platform,
along with the delineation of studied watersheds. The analy-
sis will help decision-makers to understand the hydrologi-
cal, geological and topographical characteristics of the study
area to constitute an intense initiation for all future studies
on the urban watershed.

Site descriptions

Riyadh city (latitude 24°13'51" N to 25°10"30"” N and lon-
gitude 45°59'12" E to 47°20"29" E) is the capital of Saudi
Arabia (Fig. 1). The Riyadh metropolitan area is 6570 km?
of which 1800 km? urbanized area, while the watershed area
is 8500 km?. Riyadh was selected to analyze the morpho-
metric parameters, as it is an urban area with tremendous
infrastructure with agricultural and industrial inter-sectoral
collaboration. Moreover, it is among the fastest-growing cit-
ies in the world since it has vertical and horizontal expansion
with a high population of 6.5 million people (Aina et al.
2008; Ashwan et al. 2012). Furthermore, the soil texture
of Riyadh is varied, including sand, loam and gravel (Rad-
wan et al. 2018). The current city climate features a hot-dry
summer and a cool-moist winter. The average temperature
reaches its highest (22—43 °C) from June to August and the
lowest (8-22 °C) from December to February (Qhtani and
Al Fassam 2011). The area is part of a semiarid zone that
experiences a tropical climate (Radwan et al. 2019). Despite
a deficit in annum average precipitation of about 62 mm, the
city periodically experiences flash flooding (Rahman et al.
2016). However, in the recent past, the rainfall pattern has
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Fig. 1 Map of the Riyadh metropolitan area
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changed, resulting in downpours for hours to days causing
a high volume of surface runoff. The flooding results in sig-
nificant damage, including socioeconomic loss, soil erosion,
destroyed infrastructure, land degradation, vegetation loss,
the inundation of cities and the loss of lives (Bajabaa et al.
2014; Spitalar et al. 2014).

Materials and methods

Morphometry is a mathematical description of the earth’s
surface and reflects the nature of its configuration. The
watersheds in the Riyadh metropolitan area were deline-
ated based on DEM data obtained from the US Geologi-
cal Survey web site. The 1-ARC SRTM DEM with a 30 m
accuracy was employed in the city watershed delineation
(Fig. 2). The DEM publication date was September 23, 2014
and was updated on August 6, 2015. A watershed is a basin-
like landform. There are two approaches for extracting the
watershed network; the traditional approach is to extract

the watershed network and manually identify the stream
order, which takes considerable time and effort. Whereas,
the modern approach is to obtain the watershed automati-
cally. The watersheds were delineated automatically using
the DEM digital processing by the hydrology tool incorpo-
rated in ArcGIS 10.4. The processing includes DEM filling,
identifying flow direction and flow accumulation, setting
conditional, stream order, and also converting the stream
order from raster into vector data (Fig. 3). To ensure consist-
ency, the watershed borders were verified by overlaying it
on Google Earth Pro software. Additionally, the DEM was
used to create the slope map and contour map in Figs. 4 and
5, respectively.

This work was carried out through georeferenced satel-
lite data to analyze the morphometric parameters. Accord-
ingly, the morphometric parameters were identified for
every watershed based on mathematical formulas and GIS
platform measurements using the SRTM DEM. The mor-
phometric parameters were divided into three categories:
(1) linear aspects, (2) areal aspects and (3) relief aspects.

Fig. 2 Digital elevation model
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The linear aspects involve the x-axis calculations of the
stream properties. These aspects include the stream order,
stream number, stream length, mean stream length, stream
length ratio, bifurcation ratio and length of overland flow.
The parameters of stream properties are calculated using the
standard methods and formulae presented in Table 1. The
areal morphometric analysis includes the two-dimensional
parameters involved in the x- and y-axes calculations of the
drainage basin. Some of these aspects are determined by the
DEM processing in the GIS environment, such as the basin
length, basin perimeter and basin area. Whereas, the remain-
ing areal variables such as the basin form factor, elongation
ratio, circularity ratio, drainage density, stream frequency,
drainage texture and infiltration rate are computed using the
formula in Table 1. The relief morphometric analysis con-
siders the three-dimensional parameters concerned with the
x-,y- and z-axes calculations. These variables, such as the
total relief, relative relief, relief ratio, hypsometric analysis
and gradient ratio, are found in Table 1.

Moreover, the relationship between the watershed land
area and its altitude has been represented by the hypsometric

stream order

curve. It is calculated by dividing the watershed area by the
number of altitude classes in that watershed area. Further-
more, all maps were projected onto the World Geodetic Sys-
tem 1984 Universal Transverse Mercator (WGS 84 UTM)
Zone 38 Coordinate System.

Results and discussion

The Riyadh metropolitan area was delineated automatically
into 40 watersheds as shown in Fig. 6 via the GIS plat-
form based on the high-resolution quality of the DEM. The
detailed morphometric parameters results are mentioned
below:

Linear morphometric parameters
The linear aspects of a watershed are mainly related to the

drainage network pattern that is influenced by the topo-
graphic characteristics (Radwan et al. 2017). The following
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is the detailed information for each linear aspect. The deter-
mination of the stream order (u) constitutes the first step
in the drainage watershed analysis. The literature consid-
ers several ordering methods for the classification (Grave-
lius 1914; Horton 1945; Strahler 1957; Scheidegger 1965;
Shreve 1967). The straightforward method proposed by
Strahler (1964) is adopted in this study. The Strahler method
assigns the smallest stream segment as first order; where two
such streams join, a stream segment of the second order is
generated. When two streams of the second-order join, this
generates a stream segment of the third order and so on.
When streams of two different orders join, the higher order
is assigned. Figure 6 depicts the stream order classification
of the Riyadh metropolitan area watersheds.

It is noted that the lowest stream order has the maximum
number of streams and vice versa. The Riyadh metropolitan
area is delineated into 40 watersheds as shown in Figs. 7, 8,
9 and 10. These watersheds vary in stream order, size and
all morphometric parameters. Overall, the city is classified
as an eighth-order drainage basin. The stream order controls

@ Springer

the watershed size and hierarchy. The stream order of the
city delineated watersheds ranging from the third to seventh
order as presented in Table 2. Watersheds 12 and 17 are
of seventh order, while the minimum order (third order) is
located in watersheds 13, 16 and 32 to 40 except 34.

The stream count of the same order (stream number, N,)
is based on the method proposed by Horton (1945). Fig-
ure 11 shows an inverse relationship between the stream
order and stream number with a coefficient of determination
(R?) of 99% for the basin area. Therefore, the total number
of streams gradually decreases with the increase in stream
order. This figure shows a geometric series agreeing with
and obtained by Horton’s law. The series begins with a sin-
gle stream for the highest order and increases according to
a constant bifurcation ratio. The total number of streams
ranges from 1 to 25,322 for the entire city for the eighth
and first order, respectively. The detailed stream numbers
for every order in Riyadh city are presented in Table 3.
According to Table 2, to summarize the watershed stream
numbers, the watersheds with more than 1000 streams are
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9,12, 14, 15, and 17, while watersheds 4, 6 to 8, 10, and 18
to 25 except 21, have 100 to 500 streams. The rest of the
watersheds have less than 100 streams. The first and second
stream orders represent about 95% of the streams in the stud-
ied watersheds. Whereas, the higher stream orders consti-
tute the remaining 5% of the streams number. These results
are important in investigating the watershed characteristics
like drainage pattern (Waikar and Nilawar 2014; Kant et al.
2015) that is a good indicator of the impermeability and
infiltration capacity (Pandey and Das 2016).

Stream length (L,) is a very significant hydrological fea-
ture of the watershed and can be considered as an indicator
of surface runoff characteristics. The stream length is based
on Horton’s law proposed by Horton (1945). Consequently,
the stream length was measured from the basin mouth to
drainage divide (Kant et al. 2015; Pandey and Das 2016).
Generally, the longer stream lengths are an indicator of
a flatter gradient (Pandey and Das 2016). The maximum
stream length is concentrated in the first-order streams,
which decreases with increasing stream order (Strahler

1964). The length of the first and second stream orders cover
about 94% of the total stream length, whereas the length of
the remaining stream orders covers less than 6%. The main
basin stream length ranges from 0.209 to 11,305.5 km for
the eighth- and first-order streams, respectively. Table 2 pre-
sents the delineated watersheds’ total stream length, which
ranges from 2.96 to 7548.31 km for watersheds 37 and 17,
respectively.

The mean stream length (L) was calculated by divid-
ing the total stream length for any order by the number of
streams for the same order. This is closely related to the
drainage network and associated surfaces (Strahler 1964).
The mean stream length ranges from 0.021 to 0.627 km for
the fifth- and third-order streams in the main basin, respec-
tively. The cumulative stream length for the study area is
2.286 km; it is noted that the mean stream length increases
with increasing stream order. Additionally, the cumulative
stream length of the watersheds is augmented by increasing
the stream order (with a coefficient of determination (R?) of
94%) (Fig. 12). The coefficient of determination confirms

@ Springer



1920

Modeling Earth Systems and Environment (2020) 6:1913-1932

Table 1 Main morphometric parameters and computation methods

Parameters

Formula/definition

References

Linear Stream order (u)

Stream number (N,

Stream length (L)
Mean stream length (L

sm)

Stream length ratio (R;)

Bifurcation ratio (Ry)

Mean bifurcation ratio (Ry,,)

Length of overland flow (L,)
Areal Basin length (L)
Basin perimeter (P)
Basin area (A)
Form factor (Ry)

Elongation ratio (R,)

Circularity ratio (R,)

Drainage density (D)

Stream frequency (F;)

Drainage texture (D))

Infiltration number (Iy)

Relief Maximum relief (Z)

Minimum relief (z)
Mean relief (Z)
Total relief (H)
Relative relief (R)

Relief ratio (R)

Hypsometric integral (HI)
Gradient ratio (Rg)

Hierarchical rank

N, =R

where R, =bifurcation ratio; k =highest order of the basin; u=basin order

Length of the stream (km)

Lsm=L/N,

where L, =total stream length of order u (km)

N, =total number of stream segments of order u

RL = Lsmu/(Lsmu - 1)

where L
its next lower order

Ry =N/(N, +1)

where N, =total number of stream segments of the order u

N, + 1 =number of segments of the next higher order

Ry, =average of bifurcation ratios of all orders

L,=1/(2XxDy) (km)

where L, =length of overland flow and D, =drainage density

The longest dimension of the basin which parallels to the principal drainage
(km)

Total length of outer boundary of drainage basin (km)

Area of the basin (km?)

Ri=A/Lp

where A =basin area (km?)

L2=square of basin length

R.=2v/(A/m)L,

where A =area of the basin (km?) and L, = basin length (km

R.=4nA/P?

where A =basin area (km?)

P2 =square of basin perimeter

D,=L/A (km/km?)

where L =total length of stream segments of a basin (km)

A =basin area (km?)

F,=N/A

where N, =total number of stream segments of all orders

A =basin area (km?)

D,=N,/P

where N, =total number of stream segments of all orders

P =basin perimeter (km)

I[;=DyxF,

where Dy =drainage density

F,=stream frequency

The highest elevation at the source of the basin

The lowest elevation at the mouth of the basin

Statistical analysis

H=Z-z

R=H/P

where H=Total basin relief

P =perimeter of the basin

R,=H/L,

where H=Total basin relief

L, =maximum basin length

Z-2)IZ-72)

R,=(Z-2)/L,

where Z=elevation at source

z=elevation at mouth

L, =length of main stream

«mu=Mean stream length of order u; L, — 1 =mean stream length of

Strahler (1964)
Horton (1945)

Horton (1945)
Strahler (1964)

Horton (1945)

Schumm (1956)

Strahler (1964)
Horton (1945)

Schumm (1956)

Schumm (1956)
Strahler (1964)
Horton (1932)

Schumm (1956)

Miller (1953)

Horton (1932)

Horton (1932)

Horton (1945)

Zavoiance (1985)

GIS environment

GIS environment

Strahler (1952)
Melton (1957)

Schumm (1956)

Pike and Wilson (1971)
Sreedevi et al. (2005)
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the precision of the results in delineating watersheds and
extracting the drainage basin network. The closer R? value is
to one, the better is the quality of the extraction. For consist-
ency, these results are matched to Horton’s law. The stream
length ratio of the study area for different stream orders
ranges from 0.1 to 8 for the sixth and fifth order, respec-
tively. Meanwhile, the main stream length for delineated
watersheds ranges from 0.86 to 111.17 km for watersheds
35 and 12, respectively, as presented in Table 2. However,
the presence of moderately resistant rocks, high slopes and
topography is observed in the terrain, furthermore these
conclusions in accordance with the important indications
of the results obtained by Bindu et al. (2012); Pandey and
Das (2016).

The ratio between the number of streams of a particular
order and the number of streams of the next higher order
(bifurcation ratio, Ry) is estimated based on Schumm (1956).
The bifurcation ratio (R,) ranges from 2 to 5.636 for the
seventh and fifth order, respectively; the entire city has a
mean Ry of 4.45. The results of different studies indicate

that the mean bifurcation ratio ranges from 3 to 5 for water-
sheds without differential geologic control (Coates 1958;
Kant et al. 2015; Pandey and Das 2016). In accordance with
Table 2, the bifurcation ratio of all delineated watersheds is
within the normal range excluding the following watersheds
15, 30, 32, 33, 35, 37, and 38. A higher mean bifurcation
ratio value suggests the presence of less permeable rocks
with a high slope, while a lower bifurcation ratio value sug-
gests porous rocks with less structural control (Pareta and
Pareta 2011; Pareta and Pareta 2012; Pandey and Das 2016).

The length of overland flow in Riyadh city is 0.32 km,
while the length of the overland flow for studied watersheds
ranges from 0.175 to 2 km for watersheds 13 and 4, respec-
tively, as presented in Table 2. These values are considered
in the hydrologic and physiographic development of water-
shed areas (Waikar and Nilawar 2014). This independent
variable can substantially affect the quantity of the water
required to exceed a certain threshold of erosion. Generally,
a smaller length of overland flow indicates that the basin
may have a higher flood hazard potential (Shi 2014).
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Table 2 Detailed linear values

. Watershed Stream order ~ Stream Total stream  Mainstream  Mean bifur-  Length of over
for the entire study area No.? number  length (km) length (km) cation ratio  land flow (km)
watersheds

1 4 96 57.96 6.11 442 0.19
2 4 78 44.51 3.67 4.01 0.20
3 4 48 32.58 4.87 3.54 0.19
4 5 123 74.22 1.04 3.28 2.00
5 4 42 25.30 1.44 3.50 0.20
6 5 562 365.41 13.08 4.59 0.19
7 4 173 110.44 10.34 3.68 0.19
8 5 533 351.81 17.38 4.51 0.19
9 6 2101 1371.77 38.79 4.40 0.19
10 5 177 121.56 3.85 4.57 0.18
11 4 89 53.71 7.15 4.06 0.19
12 7 9487 6414.62 111.17 443 0.19
13 3 20 15.44 4.92 3.88 0.18
14 6 3949 2639.72 51.38 5.02 0.19
15 5 1665 1135.30 64.83 7.24 0.20
16 3 24 17.52 3.02 4.38 0.18
17 7 10,547 7548.31 75.81 4.52 0.20
18 5 372 252.89 15.68 4.21 0.19
19 5 133 82.59 7.13 347 0.20
20 5 372 254.82 5.56 4.52 0.19
21 4 93 58.56 6.30 3.11 0.19
22 4 212 153.98 18.27 3.77 0.19
23 5 214 126.17 7.80 3.55 0.19
24 5 159 116.60 5.54 3.49 0.20
25 4 103 66.63 9.76 4.49 0.21
26 4 79 54.85 3.53 4.01 0.19
27 4 58 42.18 6.26 3.67 0.19
28 4 52 43.85 2.02 3.44 0.19
29 4 53 31.06 4.16 341 0.20
30 5 87 60.29 5.15 2.94 0.20
31 4 43 28.01 1.47 3.30 0.21
32 3 44 17.67 7.73 6.07 0.19
33 3 81 63.86 8.86 8.64 0.21
34 4 54 31.53 4.18 3.52 0.21
35 3 10 6.09 0.86 2.75 0.21
36 3 23 20.39 3.71 4.25 0.18
37 3 8 2.96 1.12 2.25 0.22
38 3 10 4.78 1.14 2.75 0.21
39 3 28 17.76 4.24 4.75 0.20
40 3 21 14.09 4.72 4.00 0.21

*Watershed No. is the watershed name

Areal morphometric parameters

The areal morphometric parameters detect essential features
for the watershed drainage, including the geological struc-
ture, climatic conditions and watershed denudation history.
The aspects considered in this study are the basin length,
basin perimeter, basin area, basin form factor, elongation
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ratio, circularity ratio, drainage density, stream frequency,
drainage texture and infiltration rate. The detailed areal
results for every watershed in the Riyadh city are presented
in Table 4.

The studied watershed area ranges from 1.29 and
2944.6 km? for watersheds 37 and 17, respectively. 7.5%
of the total watersheds have areas greater than 1000 km?.
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Fig. 11 Relationship between the logarithm of stream number and
stream order

Table 3 Number of streams for every order for Riyadh city

Stream order Stream number Min. stream Max.
number?® stream
number®

1 25,322 5 8293
2 5527 2 1763
3 1237 1 384
4 283 1 92
5 62 1 21
6 11 1 5
7 2 1

8 1 1 1

? The minimum number of streams for this order in one watershed

® The maximum number of streams for this order in one watershed

y = 0.4445¢0-2187
R?=0.9381

Log of cumulative stream length (km)

0.1

1 2 3 4 5 6 7 8

Stream order

Fig. 12 Relationship between the logarithm of cumulative stream
length and stream order

The area ranges from 100 to 500 km? located in 10% of the
total watershed area, while 37.5% of the whole watersheds
have areas ranging from 20 to 100 km?. About 20% of the
entire watershed area covers less than 10 km?. The remain-
ing watersheds range from 10 to 20 km? in area. Generally,
the increase in the basin area raises the share of precipitation
received and, consequently, the amount of surface water.
The length of the watersheds ranges from 1.82 to 116.9 km
for watersheds 37 and 12, respectively. The perimeter of
the watersheds ranges from 5.9 to 545.7 km for watersheds
37 and 12, respectively. It can be inferred from Table 4 that
the watersheds are an elongated area, which reflects their
hydrologic characteristics. Elongated watersheds have higher
peak flows with longer lag times. Watershed shape is defined
by the elongation and circularity ratios (Kant et al. 2015).
There are three essential ratios considered in the study
that affect the hydrologic characteristics of the watershed:
the form factor (Ry), elongation ratio (R.) and circularity
ratio (R,). They are used to describe the shape of the drain-
age basin and are calculated according to formulae by Hor-
ton (1932), Schumm (1956) and Miller (1953), respectively.
A lower form factor value indicates that the watershed will
be more elongated. According to Horton (1932), the form
factor values would never exceed 0.75. The Riyadh form
factor is 0.62, with the watersheds’ values ranging from
0.13 to 0.62 for watersheds 32 and 7, respectively. Water-
sheds 7 and 31 have form factors ranging from 0.4 to 0.6,
respectively, and the remaining watersheds have values less
than 0.4. Hence, in accordance with form factor values, the
delineated watersheds are within the Horton range. Basins
that have low form factors have a longer flow direction (Kant
et al. 2015; Pandey and Das 2016). Consequently, the afore-
mentioned results confirm that the watersheds are elongated,
which are consistent with the area and perimeter inferences.
Furthermore, the watershed is more prone to massive peak
flows with a longer duration. Floods are easier to control in
elongated basins than in circular basins (Pareta and Pareta
2011; Pareta and Pareta 2012; Kumar 2013; Waikar and
Nilawar 2014; Pandey and Das 2016). The main basin elon-
gation ratio is 0.889. Thus, the study area shape is oval and
this outcome is quite straightforward in Fig. 1. The elonga-
tion ratio ranges from 0.399 to 0.891 for watersheds 32 and
7, respectively. Watershed 7 is oval (0.8 to 0.9). The less
elongated watersheds are 1, 2, 31, 35 and 37 (0.7 to 0.8),
meanwhile watersheds 12, 15, 18, 27 to 29 and 32 are more
elongated (< 0.5). The shape of the remaining watersheds is
elongated (0.5 to 0.7). The circularity ratio of the entire city
is 0.2; however, the watersheds’ values range from 0.1 to
0.57 for watersheds 12 and 31, respectively. Table 4 presents
detailed values of form factor, elongation ratio and circular-
ity ratio. Generally, these values confirm that the delineated
watersheds are elongated. An elongated basin tends to have
fewer flood hazards compared to circular basins because
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Table 4 Detailed areal morphometric values for the study area

Watershed  Basin Perimeter Area  Form factor Circularity ratio Elongation ratio Drainage Stream  Drainage texture
No.? length (km) (km?) density (km/  fre-
(km) km?) quency

1 26 22 038 0.40 0.70 2.67 4.42 3.67
2 26 18 0.39 0.33 0.71 2.48 4.34 2.99
3 7 22 12 0.26 0.31 0.58 2.65 3.91 2.17
4 10 32 30 0.28 0.36 0.59 2.50 4.15 3.84
5 6 21 10 0.26 0.28 0.57 2.48 4.11 1.97
6 21 77 141 0.33 0.30 0.64 2.60 4.00 7.28
7 8 36 44 0.62 0.42 0.89 2.53 4.00 4.84
8 20 74 132 032 0.31 0.64 2.66 4.03 7.23
9 38 165 515 0.35 0.24 0.67 2.66 4.08 12.73
10 14 46 45 0.24 0.26 0.55 2.72 3.96 3.84
11 8 25 20 0.30 0.41 0.62 2.71 4.49 3.62
12 117 546 2389  0.18 0.10 0.47 2.69 3.97 17.39
13 5 15 6 022 0.30 0.53 2.71 3.59 1.31
14 71 254 1013 0.20 0.20 0.50 2.61 3.90 15.54
15 50 154 447  0.18 0.24 0.48 2.54 3.72 10.79
16 5 15 6 024 0.35 0.55 2.76 3.79 1.59
17 103 383 2945  0.28 0.25 0.59 2.56 3.58 27.57
18 24 75 98 0.17 0.22 0.47 2.59 3.81 4.94
19 13 40 33 0.19 0.26 0.50 2.52 4.06 3.36
20 18 59 97 029 0.35 0.61 2.62 3.83 6.28
21 8 25 22 0.38 0.44 0.69 2.61 4.23 3.73
22 16 52 58 0.24 0.27 0.55 2.64 3.67 4.11
23 13 47 49 031 0.27 0.63 2.58 4.37 4.51
24 12 41 46  0.32 0.34 0.64 2.56 3.49 3.89
25 11 32 28 0.24 0.35 0.55 2.37 3.67 3.25
26 10 27 21 0.23 0.35 0.54 2.59 3.73 2.87
27 10 30 16 0.16 0.23 0.45 2.58 3.55 1.92
28 10 27 16 0.18 0.29 0.47 2.67 3.17 1.96
29 8 23 12 0.19 0.30 0.49 2.56 4.37 2.35
30 10 29 24 0.22 0.36 0.53 2.53 3.65 3.03
31 5 16 12045 0.57 0.75 2.39 3.68 2.68
32 11 30 14 0.13 0.20 0.40 2.63 3.15 1.47
33 10 28 27 0.29 0.42 0.61 2.36 2.99 2.85
34 7 21 13 0.27 0.37 0.59 2.41 4.13 2.56
35 3 8 3 039 0.55 0.71 2.33 3.83 1.29
36 5 16 7 026 0.39 0.58 2.76 3.12 1.48
37 2 1 039 0.46 0.71 2.29 6.18 1.34
38 2 7 2 033 0.53 0.64 2.36 4.94 1.44
39 5 13 7 034 0.51 0.66 2.52 3.97 2.12
40 5 13 6 023 0.40 0.54 2.42 3.60 1.56

2 The watershed name

of longer flow durations and smaller peak discharges (Shi
2014).

Generally, the drainage density and drainage texture are
influenced by the terrain, land use/land cover and soil in the
basin area. Figure 13 depicts the study area’s drainage density.

@ Springer

Drainage density reflects the basin response to runoff pro-
cesses and is generally affected by surface geological forma-
tions and vegetation. The Riyadh drainage density is 1.57 km/
km?, with the watersheds’ values ranging from 2.3 to 2.9 km/
km? for watersheds 37 and 13, respectively. These values are
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very high. A high drainage density indicates greater and faster
runoff from rainfall events, while a low drainage density sug-
gests that precipitation infiltrates the ground, and only a few
stream channels are needed to transport the runoff. The stream
frequency ranges from 2.38 to 6.2 for watersheds 33 and 37,
respectively. This range indicates that the watersheds are char-
acterized by low vegetation and infiltration capacity with high
relief and runoff. The values of drainage density, drainage tex-
ture and stream frequency indicate that the main basin has
high impermeability and runoff with marked lithology. The
infiltration number computed by the Zavoiance (1985) formula
for the study area is 6. The infiltration number ranges from
6.8 to 14.1 for watersheds 33 and 37, respectively. Thus, these
values confirm the results for runoff and infiltration capacity.

Relief morphometric parameters

Relief morphometry is critical in studying the watershed
erosional characteristics (Sreedevi et al. 2009; Magesh
et al. 2011; Rai et al. 2014; Vieceli et al. 2015; Al-Saady
et al. 2016). In this study, the three morphometric relief
parameters used are the watershed relative relief (R), relief
ratio (Ry) and gradient ratio (R,). They are inherently an
indication of the progressive changes in the landforms.
For transparency reasons, the detailed relief results for
every watershed in the Riyadh city have been presented in
Table 5. Relative relief (R) values have been estimated by
the Melton (Melton 1957) equation, as mentioned under
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Table 5 Detailed relief

) Watershed Maximum Minimum Mean relief (m) Hypsomet- Relief Relative  Gradient ratio
morphometric values for the No.? relief (m)  relief (m) ric integral ratio relief (m)
study area
1 534 468 501.30 0.51 0.01 0.25 0.01
2 540 469 491.31 0.31 0.01 0.27 0.02
3 586 465 526.54 0.51 0.02 0.55 0.03
4 568 459 500.42 0.38 0.01 0.34 0.11
5 592 475 532.50 0.49 0.02 0.55 0.08
6 697 603 657.82 0.58 0.01 0.12 0.01
7 685 621 655.86 0.55 0.01 0.18 0.01
8 656 599 632.70 0.59 0.00 0.08 0.00
9 705 598 670.00 0.67 0.00 0.07 0.00
10 588 471 511.98 0.35 0.01 0.25 0.03
11 583 486 523.55 0.39 0.01 0.39 0.01
12 632 442 615.00 0.91 0.00 0.04 0.00
13 572 475 508.16 0.34 0.02 0.64 0.02
14 680 431 581.00 0.60 0.00 0.10 0.01
15 970 508 690.72 0.40 0.01 0.30 0.01
16 555 485 508.20 0.33 0.01 0.46 0.02
17 983 511 742.00 0.49 0.01 0.12 0.01
18 707 595 657.77 0.56 0.01 0.15 0.01
19 723 648 691.93 0.59 0.01 0.19 0.01
20 698 592 642.37 0.48 0.01 0.18 0.02
21 645 596 621.29 0.52 0.01 0.19 0.01
22 715 623 678.02 0.60 0.01 0.18 0.01
23 565 488 528.71 0.53 0.01 0.16 0.01
24 610 485 549.24 0.51 0.01 0.31 0.02
25 803 552 696.88 0.58 0.02 0.79 0.03
26 757 530 666.05 0.60 0.02 0.83 0.06
27 672 523 610.05 0.58 0.02 0.49 0.02
28 684 512 611.82 0.58 0.02 0.65 0.09
29 573 487 514.87 0.32 0.01 0.38 0.02
30 771 539 682.82 0.60 0.02 0.83 0.05
31 778 570 681.82 0.54 0.04 1.29 0.14
32 787 558 701.23 0.63 0.02 0.76 0.03
33 864 606 721.41 0.45 0.03 091 0.03
34 822 594 697.32 0.45 0.03 1.08 0.06
35 685 552 640.02 0.66 0.05 1.72 0.16
36 689 544 648.57 0.72 0.03 0.94 0.04
37 638 543 609.01 0.70 0.05 1.59 0.09
38 564 499 543.15 0.68 0.03 0.94 0.06
39 560 497 540.66 0.69 0.01 0.48 0.02
40 560 496 538.94 0.67 0.01 0.48 0.01

%The watershed name

the relief section in Table 1. The maximum relief of the
entire city is 985 m, and the watersheds range between
535 and 985 m for watersheds 1 and 17, respectively. In
Riyadh, the minimum relief is 431 m, and the watersheds
range between 431 to 648 m for watersheds 14 and 19,
respectively. The mean relief value of the main basin is
742 m, and the watershed values range 491 to 742 m for
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watersheds 2 and 17, respectively. The mean relief has
been calculated according to the Strahler (1952) formula.
While the relative relief of the main basin is 0.07, the val-
ues of the watersheds range from 0.035 to 1.72 for water-
sheds 12 and 35, respectively. The low relative relief value
indicates the presence of less resistant rocks in the drain-
age basin (Magesh et al. 2011; Pandey and Das 2016).
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The relief ratio (R, of the city is 0.005, and the values
of the watersheds range from 0.002 to 0.052 for watersheds
12 and 37, respectively. This indicates an inverse relation-
ship between the watershed area and the watershed size.
The low value suggests the existence of a gentle slope in
the terrain. The gradient ratio (R,) ranges from 0.002 to
0.155 for watersheds 12 and 35, respectively, according to
the Sreedevi et al. (2005) formula. The results indicate that
the watersheds have a homogeneous lithology and a lack of
structural control.

Hypsometric analysis

The increasing importance of the hypsometric integral (HI)
is demonstrated in regions that differ in the developmental
stage and geologic structure. Resultantly, the hypsometric
integral value for the youth stage is significant and decreases
gradually toward the old age stage. The hypsometric charac-
teristics of Riyadh were calculated by dividing the land area
for every watershed into many classes based on the contour
map with the aid of the triangulated irregular network (TIN)
map. According to the hypsometric curve shown in Fig. 14,
it is estimated that 65% of the area falls within an elevation
of 630 m, and 20% of the surface of the watershed area is
above an elevation of 750 m.

The hypsometric curve has been used to obtain the HI
by relating the mean elevation and relief range of the basin.
It is inversely correlated with total relief, slope steepness,
drainage density and channel gradients. The HI value has
been validated by the Pike and Wilson (1971) formula. The
integral value for the study area is estimated at 38%, and the
erosion integral (EI) is 62%. This reflects the distribution of
a major volume of the landmass of 3727 km? at relatively
low elevations (<670 m). The HI value indicates that the
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Fig. 14 City hypsometric curve

1929

Table 6 Watershed ) Geologic stages % of hyp-
development geologic stages of sometric
hypsometric integral according integrals
to Pareta and Pareta (2012);
Radwan et al. (2017) old 30

Mature 30-60

Youth 60-80

Middle 80-100

Initial 100

basin is at a mature stage, which means that the basin is
in the erosion stage. The following hypothetical standards
have been recognized for determining the geologic stages of
the basin (Table 6) according to Pareta and Pareta (2012);
Radwan et al. (2017).

Slope and watershed profile

Figure 4 shows the slope map of Riyadh that varies
from O to 52° with an average of 4°. The map depicts
that the slope is categorized into five classes: very low
(<2.5°), low (2.5°-6.5°), medium (> 6.5°-12.5°), high
(>12.5°-20.5°) and very high (>20.5°). This confirms
the nature of the runoff and infiltration mentioned above
in the linear and areal morphometric parameters for water-
sheds. The city slopes from west to southeast and to south
direction, which appears in the slope and contour maps
(Figs. 4 and 5). Longitudinal profile value expresses the
altitude for a specific point at the mainstream watershed
from sea level in meters. Moreover, the importance of the
longitudinal profile is to validate the mainstream selec-
tion quality. The maximum mainstream altitude should be
at the watershed source, while the minimum mainstream
altitude should be at the watershed mouth (outlet). The
study area’s longitudinal profile ranges from 441 to 8§23 m,

850

800 1

750

700

650

600

Altitude (m)

550 1

500

450

400 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Distance from source (km)

Fig. 15 Longitudinal profile of the city
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Table 7 Detailed longitudinal profile values for the study area

Watershed Max. longitudinal Min. longitudinal Mean longi-
No.? (m) (m) tudinal (m)
1 529 468 499
2 550 469 509
3 583 465 524
4 582 459 520
5 595 475 535
6 703 603 653
7 690 621 655
8 651 599 625
9 722 598 660
10 588 471 529
11 583 486 535
12 823 441 632
13 607 475 541
14 697 431 564
15 955 508 732
16 592 485 538
17 983 511 747
18 711 595 653
19 719 648 684
20 697 592 645
21 644 596 620
22 713 623 668
23 558 488 523
24 610 485 548
25 839 552 695
26 757 530 644
27 674 523 598
28 687 512 600
29 603 486 544
30 793 539 666
31 781 570 675
32 786 558 672
33 865 606 735
34 823 594 709
35 681 552 617
36 691 544 618
37 638 543 590
38 562 499 531
39 559 497 528
40 564 495 529

* The watershed name

as shown in Fig. 15. According to Table 7, the maximum
longitudinal profile of the delineated watersheds ranges
from 529 to 823 m for watersheds 1 and 12, respectively,
with a mean of 755 m. The minimum value ranges from
431 to 648 m for watersheds 14 and 19, respectively, with
a mean of 540 m. This is considered to be the best way to
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geometrically represent the watershed forms (Pareta and
Pareta 2011).

Conclusions

Many water resources such as watersheds and wadis must
be managed wisely. Accordingly, proper watershed manage-
ment requires an extensive morphometric study of the basin.
This morphometric analysis helps decision-makers under-
stand many basin characteristics, such as the underlying
lithology, infiltration capacity, runoff, basin shape and size.
A combination of RST and GIS based on the DEM was used
to provide maximum accuracy for the analysis. The mor-
phometric parameters, including the linear, areal and relief
aspects were analyzed for urban watersheds of the Riyadh
metropolitan area. Based on this analysis, the stream order
of the city was found to be of the eighth order. The study
revealed that the lower order is the most dominant. This
points to the adequacy of the watersheds to provide sufficient
superficial draining networks containing a high number of
low-order streams. The linear aspects indicate the presence
of impermeable rocks with a steep slope. The areal aspects
indicate that most of the watershed shapes are elongated
with high runoff, low infiltration capacity, high imperme-
ability of the underlying lithology, high relief, and lack of
vegetation. Due to these characteristics, the watersheds tend
to have more massive floods with a longer duration of flow
compared to circular watersheds. The relief aspects indicate
the presence of less resistant rocks in the drainage basin. In
the end, it can be emphasized the effectiveness of using the
integration of geographic information systems and remote
sensing in determining the physical characteristics of urban
watersheds. And thereby overcome the absence of ground
data for these catchments due to its spread over large areas.
This means that this integration provides a simple method
with reasonable accuracy and low costs.
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