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Abstract

The groundwater resource in the Kingdom of Saudi Arabia is a non-renewable resource. 
Geographical information system and remote sensing are proven to be an efficient tool for locating water 
harvesting and recharge structures by prioritization of sub-watersheds through morphometric analysis. 
In this study, the watershed prioritization in Asir Province has been assessed by linear, aerial, and relief 
morphometric parameters. Morphometric analysis has been attempted to prioritize a total of eleven sub-
watersheds, of which six sub-watersheds in Tathlith Wadi and five sub-watersheds in Bisha Wadi were 
delineated using digital elevation model (DEM). Advanced space-borne thermal emission and reflection 
radiometer of 30m resolution DEM has used to generate drainage networks and delineation of sub-
watersheds using ArcGIS software. The important derived morphometric parameters have computed 
on the base of already developed mathematical formulae and methods. A novel and quantitative 
approach based on the compound parameter by using linear and shape parameters of the respective 
sub-watershed was attempted for its prioritization. The total area of sub-watershed in Wadi Bisha, 
which lies under high, medium, and low priority is approximately 40%, 20% and 40% respectively. 
whereas in Wadi Tathlith, the area under high and medium priority is 67% and 33%. The watersheds 
BSW2 and BSW4 in Wadi Bisha and TSW1, TSW2, TSW3, and TSW5 in Wadi Tathlith would require 
immediate intervention and efficient action plan for water and soil conservation. The interrelationship 
between the various morphometric factors of the basin has been studied using a correlation matrix. 
Further, morphometric factors have been studied in relation to the sub-basins to understand the existing 
relation between the factors and the sub-basins. The prioritized watersheds were validated using the 
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Introduction

A catchment or a watershed is a natural hydrological 
unit which permits surface runoff to a defined drainage 
network and allows its exit at a particular point. 
Watershed management is the process that involves 
adjustment in the natural system of watershed to 
achieve specific objectives. The watershed development 
spins over the conservation of soil and water resources 
in the watershed and hence, it is imperative to prioritize 
the watersheds based on needs for conservation and 
development. The Kingdom of Saudi Arabia (KSA) has 
recently focused on interventions to resolve the problem 
of water resources required for domestic, agriculture, 
and industrial consumption. Interventions such as 
building of check dams to increase water recharge and 
more costlier interventions such as desalination of sea 
water in coastal areas have been focus of the policy 
makers in the region [1]. Arid climate coupled with low 
rainfall, increased agricultural activity and extensive 
water use in industrial/domestic pursuits has aggravated 
the problem of already water-scarce regions [2-7]. 
Furthermore, the govt. of KSA has launched schemes 
to search for new aquifers in the desert areas and 
accordingly started interventions to conserve soil and 
water resources in the region. 

A watershed is a complex system within which 
several physical components and processes interact 
with each other. A watershed consists spatially 
variable topography and therefore variable response 
to the physical processes taking place within it. 
The hydrological pattern of the catchment is mainly 
controlled by the morphometric characters of the 
drainage which are in turn influenced by climate, 
infiltration capacity of rock and soil, and terrain 
characteristics and can be easily determined using 
remote and GIS (geographical information systems) 
techniques [8-13] 

Geomorphological parameters impact the entire 
watershed parameters thus influencing watershed 
characteristics such as runoff and sediment loss [14-17] 
. However, due to lack of hydrological measurements in 
most of the watersheds, the morphometric parameters 
along with other satellite data derived information 
such as land use land cover can be used to develop 
prioritization of sub-watersheds. Digital Elevation 
Model (DEM) derived morphometric analysis is highly 
useful for ungauged or poorly gauged basins as this 
can provide information for different aspects of the 

drainage basin. The morphometric analysis is typically 
performed in an ungauged basin and helps in better 
planning and management of watershed or basin in 
the context of the regional hydrological modelling 
[18]. The morphometric study of a catchment and its 
drainage network can be well understood by means of 
physiographical variables viz. slope, drainage network 
structure, drainage split location, length of stream 
and relative relief, shape factor, bifurcation ratio, 
circulatory ratio, and drainage density for catchment 
prioritization and enactment of conservation initiatives 
for natural resources [16, 19-21]. Morphometry defines 
the analysis of the structure of the Earth’s surface, 
shape, and facet of its landforms [15, 16, 19, 22-
25]. The earlier work on deriving the morphometric 
parameters were based on manual methods and are 
described in the works of Horton [26, 27], Miller [28], 
Smith [29], Strahler [30]. The morphometric analysis 
of drainage basins helps to comprehend aspects of 
linear, areal, and relief parameters. These parameters 
have been used by geomorphologists to study runoff,  
morpho/neotectonics, flash floods [31, 32], soil 
erosion [33], groundwater potential [34], watershed 
prioritization [35-38], check dam positioning, etc 
[13, 39-47]. Watershed prioritization has become 
important in identifying and prioritize the regions 
which would require treatment for water and soil 
conservations practices. However, several methods have 
been taken into account for ranking the watersheds 
such as pearson’s correlation [48], composite ranking 
method, multiple criteria analysis [49], and analytical 
hierarchical process using Saaty’s scale [50-52]).

A major part of the province is water-scarce and is 
subjected to erosion and other forms of land degradation 
due to natural and anthropogenic activities. Therefore, 
there is a growing need to conserve the soil along with 
sustainable management and development of the water 
resources. Thus, prioritization of sub-watershed for 
execution of land and water conservation is essential 
for preparing a comprehensive strategy for watershed 
restoration and conservation planning. 

With the above background, the study prioritizes 
the sub-watersheds of the Bisha and Tathlith watershed 
in the Asir region using a thorough methodological 
approach to provide insights and help to develop a 
management plan. Hence this methodology will be 
helpful to decision makers to study the drainage network 
within the watershed or river basin and conserve natural 
resources based on priority. 

water yield data from borewells in the respective watersheds. All high prioritized watersheds but one 
in Wadi Tathlith (TSW3) showed poor water yield. Prioritized sub-watersheds require immediate soil 
& water conservation initiative according to the given rank to ensure efficient watershed planning and 
management and improving the potential of water resources under sustainable watershed management 
and development in the Asir province of the Kingdom of Saudi Arabia.
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Material and Methods

Study Area

Asir Province, south-western part of Saudi 
Arabia has a semi-arid climate with undulating and 
mountainous terrain. Rapid urbanization and socio-
economic activity put a tremendous amount of pressure 
on water resources of Saudi Arabia. The region has 
limited sources of water, which has been aggravated 
due to irregular precipitation and high temperature. The 
province consists of two sub-watersheds in Wadi Bisha 
and Wadi Tathlith. The Bisha sub-watershed covers 
an area of almost 26680 km2 whereas the Tathlith 
watershed covers an area of 26298 km2 (Fig. 1). The 
topography of Asir is sturdy and has mountain peaks 
which are almost 2990 m above mean the sea level 
extending towards the border of Yemen. The province 
has some of the highest peaks at Jabal Alsouda near 
Abha. Some small permanent Wadi originated from 
the higher mountains due to the high amount of 
rainfall received, but none flows for more than 50 km 
before disappearing into the Wadi plains. The KSA 
consists of pre-cambrian rock strata of igneous and 
metamorphic origin in the Arabian shield to the recent 
deposits of sand, silt and clay in the Arabian shelf. 
The climate of Saudi Arabia is “desertic climate” [52] 
and the region is designated by well-defined climatic 
zones due to high spatio-temporal variability. Most 
part of the country is hot and dry [53] where infrequent 

precipitation and high temperatures are observed and 
classified as desert and water deficit condition [54,55] 
and other side, south-western coast described as semi-
arid region is surrounded by mountainous topography 
where irregular heavy rainstorms happen throughout 
the year [52,56]. Due to wet oceanic currents, the region 
receives rainfall due to south-western monsoon. High 
temperatures over the peninsula during the summer 
lead to the development of tropical continental air, 
which forms part of the monsoon low circulation 
centered over northwest India. The regions receive the 
highest amount of rainfall in the entire country during 
the months of March to June and even flash floods are 
observed in the downstream areas [57]. The maximum 
amount of rainfall is received in the month of April 
with an annual average of 244 mm. The precipitation 
results from orographic convection over the scarp in the 
Asir region, especially during the late summer monsoon 
season. Rainfall exceeding 200 mm per annum is 
limited to a 20-30 km wide crest zone. Consequently, 
eastward, and northward Wadi flow decreases rapidly 
downstream, and deposition is greater than erosion  
near the eastern edge of the plateau. The Wadis broaden 
in mid-course where runoff from tributaries coalesce, 
but many are restricted by narrow throats, mainly  
where metamorphic land from plains is underlain 
by granites. The low availability of gravel and grit  
indicates low relief and gentle gradients of the stream 
at the time of silt deposition. Within last two decade, 
it has been observed that the Asir Province has  

Fig. 1. Study region in Asir province consisting of two major watersheds, Wadi Bisha and Wadi Tathlith.
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a severe problem of soil erosion, affecting the forested 
land, agriculture productivity, sediment and water 
quality, due to steep gradient of slope and irregular 
rainfall pattern [57]. Therefore, Wadi Bisha and Wadi 
Tathlith watershed which covers most of the part 
of Asir province have been selected for strategized 
sub-watershed prioritization, where soil and water 
conservation measures can be planned for watershed 
restoration and conservation. 

Data Source 

Digital elevation model (DEM) represents the 
topographical characteristics of the landscape and 
thus offers insights to understand the watershed 
configurations. Shuttle Radar Topographic Mission 
(SRTM) DEM has been procured from the USGS 
website at 90 m spatial resolution.  SRTM DEM (90 m) 
is considered more accurate compared to ASTER 
DEM (30 m) as radar beam penetrates the tree canopy 
to get accurate topographic measurement, whereas 
the ASTER gets the reflection of sun radiations from 
tree canopy which are photogrammetrically processed 
to derive DEM. The automated extraction of stream 
network and watershed map were prepared using pour 
points with the help of ArcHydro tool in ArcGIS 10.3, 
which was then cross validated with 1:50,000 scale 
topographic sheets. The orders for the stream were 
determined using Strahler’s method. A total of 11 sub-
watersheds were delineated for detailed morphometric 
analysis and further analyzed for linear, aerial, and 
relief aspects. The detailed calculation methods adopted 
for morphometric characteristics are shown in Table 1. 
A total of 19 morphometric parameters were calculated 
including basin perimeter, basin length, stream number, 
stream length, stream length ratio, mean stream length, 
stream order, bifurcation ratio, mean bifurcation ratio, 
drainage texture, drainage density, stream frequency, 
circulatory ratio, elongation ratio, infiltration number, 
shape factor, relief ratio, basin relief, and roughness 
number.

Calculation of Morphometric Parameters

Flow direction and flow accumulation were 
generated to delineate the watershed and drainage 
network by defining the threshold value which signifies 
the level of details of the drainage system.  Two major 
watersheds were delineated, Wadi Tathlith and Wadi 
Bisha, in Wadi Al Dawasir catchment. Strahler’s 
method was adopted to calculate the stream order 
network for evaluating the stream segments in the 
basin. The generated stream order was found in multiple 
sections of each ordered stream and does not follow the 
morphometric rule. Therefore, few other intermediary 
processes were followed to get the actual morphological 
drainage segments.

For a detailed assessment of morphometric 
parameters, 6 sub-watersheds (TSW1, TSW2, TSW3, 

TSW4, TSW5, TSW6) for Wadi Tathlith watershed and 
5 sub-watersheds (BSW1, BSW2, BSW3, BSW4, BSW5) 
for Wadi Bisha were delineated. The morphometric 
characteristics for each watershed and sub-watershed 
which describes the configuration of watershed were 
calculated. Morphometric parameters were determined 
and analyzed mathematically and quantitatively in detail 
for the watersheds of Wadi Tathlith and Wadi Bisha. 

Sub-watershed prioritization for Wadi Tathlith and 
Wadi Bisha was performed for sound hydrological 
understanding and mechanism of denudation in 
both the watersheds. The sub-watersheds of both 
catchments were prioritized based on the compound 
value, estimated from linear, relief and areal parameter 
characteristics and prioritized rank were assigned to 
each sub-watershed. 

Sub-watershed Prioritization 

The compound value (Cp) is derived for each sub-
watershed of Wadi Tathlith and Wadi Bisha based on 
morphometric parameters and prioritized for each sub-
watershed by assigning ranking, where rank 1 indicates 
high priority and consecutive number represent the 
decreasing priority of ranking. Prioritization ranking 
of all sub-watersheds of Asir was carried out based on 
the compound parameter values. The highest priority/
rank for linear parameters was given based on the 
highest and lowest values.

Results 

Morphometric Analysis

The drainage morphometry and sub-watershed 
prioritization based on the compound value of linear and 
shape parameters have been computed and analyzed for 
the Wadi Tatlith and the Wadi Bisha watershed and their 
respective sub-watersheds, to develop a prioritization of 
sub-watersheds.

Morphometric parameters for the selected 
watersheds were computed and analyzed successfully, 
which defines the watershed characteristics and 
configurations to understand the structural control, 
hydrological mechanism, and denudational processes of 
the watershed. 

Linear Parameters

Stream Order and Stream Number

The designation of stream order was assigned 
according to the method of Strahler[30] on a hierarchic 
ranking of streams. Stream order (Nu) and stream 
segment numbers are the primary investigations 
of drainage analysis which is based on Strahler’s 
hierarchical order of the streams. The first-order streams 
are the smallest tributaries of the watershed, and two 
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1st order stream joins together and s form next higher 
order stream. A stream marked as the highest order is 
associated with greater discharge [30]. This formulation 
is based on certain characteristics such as basin size, 
shape, and relief feature of the basin/watershed. Stream 
order of maximum 6th order was identified in both the 
watersheds. Wadi Tathlith comprised of 1071 total 
number of stream segments out of which 78.38% (839) 
is 1st order, 16.71% (179) is 2nd order, 3.82% (41) is 3rd 
order, 0.84% (9) is 4th order, 0.18% (2) and 0.09% (1) 
are 5th and 6th order respectively. Wadi Bisha has 1215 
number of stream segments of which 78.11% (949) is 1st 
order, 17.12% (208) is 2nd order and 3.70% (45), 0.74% 

(9), 0.25% (3), 0.08% (1) are 3rd, 4th, 5th, and 6th order 
respectively (Table 2 and Table 3).

Stream Length 

The stream length (Lu) of each order segment is 
calculated by Horton’s law [63] for the watershed. Lu 
represents the development of consecutive stages of 
drainage segments and reciprocates to the surface runoff 
of the watershed [61-65]. Stream length is higher in 1st 
order streams and decreases with higher-order streams, 
representing the lithological inconsistency and control 
over geological and morphological characteristics  

Table 1. The description of morphometric parameters calculated for the study area.

Aspects Morphometric Parameters Methods/Formulae Reference

LINEAR

Stream Order (U) Drainage Hierarchical Order (Strahler’s Law) Strahler, 1964

Stream Length (Lu) Length of the Stream Horton, 1945

Mean Stream Length (Lsm)
Lsm = LU/Nu; where, Lu=Stream Length of Order ‚U’

Horton, 1945
Nu= Total Number of Stream Segments of Order ‚U’

Stream Length Ratio (RI)
RI=Lu/Lu-1; where Lu=Total Stream Length of Order ‚U’, Lu-

Horton, 1945
1=Stream Length of Next Lower Order.

Bifurcation Ratio (Rb)
Rb = Nu/Nu+ 1; where, Nu=Total Number of Stream Segment

Schumm, 1956
of Order ‚u’; Nu+ 1=Number of Segment of Next Higher Order

Rho Coefficient (ρ) ρ = Rl/Rb; where, Ratio of Stream Length and Bifurcation Ratio Horton, 1945

RELIEF

Basin Relief (Bh) Vertical Distance between the Lowest and Highest Points of 
Watershed Schumm, 1956

Relief Ratio (Rh) Rh=Bh/Lb; where, Bh=Basin Relief, Lb=Basin Length Schumm, 1956

Ruggedness Number (Rn)
Rn=Bh* Dd;

Schumm, 1956
where, Bh =Basin Relief; Dd=Drainage Density

AREAL

Drainage Density (Dd)
Dd = L/ A; where,

Horton, 1945
L=Total Length of Streams; A= Area of Watershed

Stream Frequency (Fs)
Fs =N/A; where,

Horton, 1945
N=Total Number of Streams; A= Area of Watershed

Texture Ratio (T) T = NU/P; where, NU =Total Number of First Order Streams; 
P=Perimeter of Watershed Schumm, 1973 

Form Factor (Rf) Rf=A/(Lb)^2; where, A=Area of Watershed, Lb=Basin Length Horton, 1932

Circulatory Ratio (Rc) Rc=4πA/P^2; where, A=Area of Watershed, π=3.14, P=Perimeter of 
Watershed Miller, 1953

Elongation Ratio (Re)
Re=2√(A/π)/Lb; where, A=Area of Watershed, π=3.14,

Schumm, 1956
Lb=Basin Length

Length of Overland Flow 
(Lof) Lof = 1/2Dd where, Dd=Drainage Density Horton, 1945

Constant Channel 
Maintenance (C) C = 1/Dd where, Dd=Drainage Density Horton, 1945

Infiltration Number (If) If = Dd×Fs Where, Dd= Drainage density and Fs=Stream frequency Umrikar, 2016

Compactness coefficient 
(Cc)

Cc = 0.2821 x P/A^0.5, P=Perimeter of the basin, A= Area of the 
basin. Horton, 1945
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of the catchment. The total stream length calculated for 
Wadi Tathlith is 8759 km and 8474 km for the Wadi 
Bisha watershed. It was observed from the analysis 
that 75% of total stream length accounted for 1st and 
2nd order streams and only 25% of total stream length 
form remaining stream orders (3rd, 4th, 5th, and 6th) for 
the watershed. The stream length of all the stream 
order segment is presented in Table 2. Fig. 2 shows 
that the consistency in the length of the stream around 
the watersheds demonstrating geological formation 
and morphological adjustments. Total stream length 
for all stream orders for individual sub-watersheds 
was analyzed and it was found that the total stream 
length is higher (>2000 km) for the sub-watersheds 
TSW5, BSW3, and BSW4.  The sub-watersheds with 
total stream length of >1000 km is TSW1, TSW4, 
TSW6, BSW1, and BSW5 whereas the remaining sub-
watersheds TSW2, TSW3, and BSW2 the total stream 
length ranges from 500 -1000 km with the lowest for 
sub-watershed BSW2 of about 587 km (Table 4 and 
Table 5).

Mean Stream Length

Mean stream length (Lsm) is a function of the total 
length of stream segment by the total number of stream 
segments in each order [30]. It is observed that low 
mean stream length (Lsm) increases with increasing 
stream order, due to slope and variation in topography  
(Table 2). Low mean stream length in the upper 
catchment of watersheds indicates the potential of high 
erosion and young morphological development and is 
related to mean annual runoff. 

Morphometric parameters for individual sub-
watersheds also were analyzed and observed that 
mean stream length for all the sub-watersheds in the 
study are ranging from a minimum of 6.68 (BSW4) to 
a maximum of 9.01 (TSW1, TSW3). The mean stream 
length is relatively higher (>8.5) for the sub-watersheds 
TSW1, TSW3, TSW6, BSW2, and lesser in BSW1, 3, 
and 4 (Table 5). 

Stream Length Ratio 

Stream length ratio (Rl) represents the higher order 
of stream length divided by segments of the next lower 
order streams [63]. Stream length ratio has a strong 
bearing on the basin’s surface flow, discharge and 
erosion features [69]. Various studies suggest that the 
ratio between successive stream order changes due to 
differences in topography and slope, which indicate 
the important relationship with flow discharge and 
erosional stage of the basin [66, 67,70]. Stream length 
ratio ratio values indicate substantial control of surface 
flow/discharge and erosional features of the catchment. 
In Table 2, the Stream length ratiovalue is higher in the 
1st and 3rd stream order and lower in the 2nd, 4th, 5th, and 
6th stream order in the Tathlith watershed compared the 
Bisha watershed. The higher value of stream length 
ration in most of the stream order in Bisha signifies 
geomorphic development. Thus, Bisha watershed has 
low water regime than Wadi Tathlith thus representing 
higher geomorphic control in the watershed. 

Bifurcation Ratio

Bifurcation ratio (Rb) is an important linear aspect 
of morphometry, indicating the carrying capacity of 
water and the potential of occurrence of flood in the 
catchment. It expresses the ratio between the number 
of stream segments in the given order to the next 
higher order stream segments [71]. The bifurcation 
ratio mainly depends on the physiography, slope of the 
terrain, and climatic conditions. The mean bifurcation 
ratio characteristically ranges between 3.0 to 5.0 for 
a basin when the influence of geological structure 
on the drainage network is negligible [58, 72]. The 
analysis showed that the bifurcation ratio in both the 
selected watershed ranges from 2 to 5 with the mean 
value of 4.02 for Tathlith and 4.04 for Bisha watershed, 
respectively. The relatively lower mean bifurcation 
ratio value reflects the basin’s geological variability, 
greater permeability, and less structural stability [73]. 

Fig. 2. Relationship between a) stream order against number of streams in each order, b) stream order against stream length of each order 
for Wadi Tatlith and Beshah respectively.
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The higher bifurcation ratio can be observed in the 
different order of streams, which signifies the large 
amount of water received in the upper reaches and the 
low bifurcation ratio value indicates increased water 
pressure in the lower reaches (Table 2). In this study, 
it is observed that the mean bifurcation ratio is higher 
(>4) in sub-watersheds TSW3, TSW6, and BSW1, 
BSW3 suggesting these sub-watersheds relatively 
shows the presence of a rock with high slope and low 
permeability. On the other side, sub-watersheds TSW1, 
TSW2, TSW4, BSW2, BSW4, and BSW5 shows low 
structural control and high permeability.

Areal Parameters

Area and Perimeter  

Area (A) and perimeter (P) are important parameters 
and have been calculated for both the watersheds. 
Wadi Tathlith watershed covers 26,298 km2 area with 
a perimeter of 1501.92 km whereas Wadi Bisha covers 
26,680 km2 area with a perimeter of 1824 km, which 
indicates the total length of watershed boundary and 
watershed area directly affect the generated runoff 
and it shows a strong relationship with average annual 
runoff.

Drainage Density

Drainage density (Dd) is a vital parameter of 
landform which represents the density or closeness of 
the stream network and accommodates a quantitative 
measurement of potential runoff and dissected 
landscape. It expresses the ratio of the total length of 
stream irrespective of stream order to the per unit area 
of the basin [63]. Rock type, infiltration capacity, surface 
roughness, climate, relief, vegetation cover, and runoff 
intensity are factors that directly affects the drainage 
density (Dd) [64, 65, 77]. Drainage density (Dd) for 
Wadi Tathlith watershed is 0.33 km/km2 whereas it is 
0.32 km/km2 for the Wadi Bisha watershed, suggesting 
low drainage density in the watersheds. This is due to 
low relief, low slope, high infiltration capacity, and low 
water regime throughout the watershed. The drainage 
density value was estimated for different watersheds of 
the study area (Table 5). It is observed from the analysis 
that drainage density values vary from a minimum of 
0.07 (BSW3) to a maximum of 0.36 (TSW3) and 0.37 
(BSW2). The drainage density was found to be very 
low in BSW3 and BSW4.. It is observed in the study 
that drainage density is low in both the watershed, and 
infiltration and sub-surface flow are dominant in the 
watersheds.

Texture Ratio 

Texture ratio (T) is determined by the total number 
of streams of first-order divided by the perimeter of  
the watershed [71]. It is related to the relief, lithology, Ta

bl
e 

2.
 L

in
ea

r a
sp

ec
t o

f m
or

ph
om

et
ric

 a
na

ly
si

s f
or

 th
e 

w
at

er
sh

ed
.

M
or

ph
om

et
ric

 p
ar

am
et

er
s 

 W
ad

i T
at

hl
ith

 
W

ad
i B

is
ha

 

St
re

am
 o

rd
er

 (u
)

I
II

II
I

IV
V

V
I

I
II

II
I

IV
V

V
I

St
re

am
 N

o.
 (N

u)
 (%

)
83

9 
(7

8.
38

)
17

9 
(1

6.
71

)
41

 (3
.8

2)
9 

(0
.8

4)
2 

(0
.1

8)
1 

(0
.0

9)
94

9 
(7

8.
11

)
20

8 
(1

7.
12

)
45

 (3
.7

0)
9 

(0
.7

4)
3 

(0
.2

5)
1 

(0
.0

8)

St
re

am
 le

ng
th

 (L
u)

 (k
m

)
42

60
.1

1
23

31
.4

3
11

88
.1

5
68

4.
78

15
8.

61
13

6.
28

43
27

.7
7

19
79

.5
6

11
13

.1
51

8.
37

27
3.

74
26

2.
4

B
ifu

rc
at

io
n 

R
at

io
 (R

b)
I/I

I
II

/II
I

II
I/I

V
IV

/V
V

/V
I

I/I
I

II
/II

I
II

I/I
V

IV
/V

V
/V

I

4.
69

4.
37

4.
56

4.
5

2
4.

56
4.

62
5

3
3

M
ea

n 
B

ifu
rc

at
io

n 
R

at
io

 (R
bm

)
4.

02
4.

04

M
ea

n 
St

re
am

 L
en

gt
h 

(L
sm

)
5.

08
13

.0
2

28
.9

8
76

.0
9

79
.3

1
13

6.
28

4.
56

9.
52

24
.7

4
57

.6
91

.2
5

26
2.

4

St
re

am
 le

ng
th

 ra
tio

 (R
l)

0.
55

0.
51

0.
58

0.
23

0.
86

0.
46

0.
56

0.
47

0.
53

0.
96



Mallick J., et al.1208

and infiltration capacity of the watershed. The texture 
ratio of Wadi Tathlith watershed is found to be 0.56 
whereas it is 0.52 for Wadi Bisha watershed. The 
computed value is found to be very low suggesting 
very coarse texture and reveals that watersheds have 
very low rainfall, high infiltration rate, and low relief. 
It was noted from the study that the value of texture 
ratio (Table 5) was found to be very low in all the sub-
watersheds of Wadi Tathlith and of Wadi Bisha which 
indicates the low rainfall with high infiltration rate.

Stream Frequency 

Stream frequency (Fs) of the catchment is influenced 
by relief, infiltration capacity, and permeability of 
the watershed. It is calculated from the total number 
of stream segments of all orders divided by area of 
watershed [63]. It depends on the drainage density, 
initial resistivity of rock, and rainfall. Stream frequency 
was found to be 0.04 and 0.045 for Wadi Tathlith 
and Bisha watersheds respectively, and all the sub-
watersheds (Table 5) from Tathlith and Bisha shows 
very low stream frequency and poor drainage network. 
The low value of Fs indicates less rock permeability, 
low relief, and a low slope in the watershed.

Elongation Ratio 

Elongation ratio (Re) is a significant index of the 
catchment shape. The value of elongation ratio varies 
from 0 to 1, where 0 suggests maximum elongation 
and1 indicates maximum circulatory shape representing 
the hydrological characteristics of the watershed [71]. 
The elongation ratio was 0.38 and 0.33 for Wadi Tathlith 
and Wadi Bisha watersheds, respectively. The computed 
value indicates the elongated characteristics for both the 
watersheds.

Circulatory Ratio 

Circulatory ratio (Rc) is an important indicator and 
depends on the climate, geological structure, slope, 
stream frequency, drainage density, and relief of the 
watersheds. Its value varies between 0 to 1, which 
defines the minimum to maximum circulatory shape 
[28]. The value of the circulatory ratio is found to be 
0.38 for Tathlith and 0.33 for Bisha watershed which 
reveals the elongated shape and less peak flow because 
of geomorphological adjustment.

Form Factor 

Form factor (Rf) is described as the ratio of the 
catchment area to the square of the basin length which 
shows the intensity of flow and shape of the watershed 
[26]. The perfect circular basin has a form factor of 
<0.78 and its value of 0 indicates an elongated shape. 
The higher form factor indicates, the circular shape 
of the catchment which is prone to high peak flow  

in the shorter duration but in the basin with elongated 
shape, flood flows are easier to control than circular 
shape basin [60, 75, 76, 79]. The value of the form factor 
calculated for Wadi Tathlith is 0.1 and 0.085 for the 
Bisha watershed. The lower value of both the watershed 
indicates an elongated shape with less peak flow with 
longer duration with a low water regime. The studies 
suggest that the higher value of form factor generally 
has the high peak flow in a short duration whereas 
the watershed with an elongated shape and low form 
factor will have a relatively flat peak flow for a longer 
duration [67, 80, 81]. The form factor among all the sub-
watersheds is found to be very low in the study area.

Infiltration Number 

Infiltration number (If) is calculated from 
drainage density and frequency of stream which gives 
information about the infiltration rate. The calculated 
infiltration number is very low (0.014) for both the 
watershed.

Constant Channel Maintenance and Length 
of Overland Flow 

Constant channel maintenance (C) and length 
of overland flow (Lof) is a function of density as 
described by Horton [63] and it plays a significant role 
in hydrological and physiographical development of 
catchment areas [60] Constant channel maintenance 
represents the area that is necessary to maintain one 
unit of length of stream (channel length) and define the 
erodibility of watershed [67]. Schumn [82] suggested 
that the drainage density can be utilized as a reciprocal 
for estimating the constant channel maintenance.. 
The value of constant channel maintenance is found 
to be 3.00 and 3.14 for Tathlith and Bisha watershed, 
respectively. Similarly, the constant channel 
maintenance value for the sub-watersheds varies 
between 2.78 minimum (TSW3) and 3.33 maximum 
(BSW5) in the study area (Table 5). The lower value of 
constant channel maintenance represents the potential 
of flood and the young stage of geomorphological 
development. A lower value (<3) of constant channel 
maintenance was found for BSW2, TSW2, TSW3, 
and TSW6 which reflect relatively low infiltration, 
permeability, and vegetation cover. On the other hand, 
higher values were found for in TSW1, TSW4, TSW5, 
BSW1, BSW3, BSW4, and BSW5 sub-watersheds which 
reflect the higher infiltration and permeability and fair 
amount of vegetation cover.

The length of overland flow (Lof) defines the 
distance where rainwater must travel before it 
accumulated into the stream channel. According 
to Horton [63], drainage density can be used as a 
reciprocal to estimate the length of overland flow. The 
length of overland flow shows water movement over 
the soil surface until it joins to main drainage channel. 
The value of Lof is found to be 1.50 for Tathlith and 
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1.57 for the Bisha watershed, which signifies low 
relief and slope. The movement of water is less, and 
it enters the stream in a longer duration. The value of 
the length of the overland flow value varies from 5.46 
(BSW2) to 6.67 (BSW5) in all the sub-watersheds 
which suggests that rainwater has to travel over 5.46 km 
before it gets accumulated in stream channel in BSW2 
sub-watersheds. A lower value will result in large 
surface runoff in the stream [83]. The watersheds 
with a high value of the length of overland flow may 
be characterized by the maturity of geomorphological 
features [84]. Table 3 represents the morphometric areal 
aspect parameters for the watersheds in the study area. 

Relief Parameters

Basin Relief 

Basin relief (Bh) is related to geomorphic processes 
and characteristics of the landform of the watershed. 
The absolute and relative relief is derived from 
the maximum difference in altitude. Basin relief is 
mainly influenced by the drainage characteristics, 
geomorphology, and underlying geology of the area. 
The altitude values range from 717 m to 2979 m for 

Tathlith watershed and for Bisha watershed it ranges 
from 830 m to 2991 m. The basin relief is found to be 
2.26 km and 2.16 km for Tathlith and Bisha watersheds, 
indicating higher erosional and denudational rates in the 
basin.

Relief Ratio 

Relief ratio (Rh) is the function of total basin relief 
and the length of the main stream [71]. It depends on 
different aerial and relief characteristics such as high 
basin relief, basin shape, and basin area of the catchment. 
The relief ratio for Tathlith and Bisha watersheds are 
found to be 0.0047 and 0.0039 respectively. It is evident 
the lower degree of slope is prominent in most parts of 
the watershed.

 
Ruggedness Number 

Ruggedness number (Rn) is calculated from the 
basin relief and drainage density of the catchment and 
mainly depends on geomorphology, underlying geology, 
slope steepness, vegetation cover, and climate of the 
region.. The ruggedness number for Wadi Tathlith 
and Bisha watershed are found to be 0.75 and 0.68, 

Table 3. Aerial and relief aspect morphometric parameters for watersheds.

Morphometric parameters Wadi Tathlith  Wadi Bisha 

Area (km2) 26298.7 26680

Perimeter (km) 1501.92 1824.3

Basin Length (km) 480.58 557.07

Stream Order 6 6

Total Stream of all order (Nu) 1071 1215

Total length of streams in all order (Lu) 8759.36 8474.94

Mean Bifurcation Ratio (Rbm) 4.02 4.04

Basin relief Bh (km) 2.262 2.161

Relief Ratio (Rh) 0.0047 0.00388

Ruggedness Number (Rn) 0.7534 0.68644

Drainage Density (Dd) (km/km2) 0.3331 0.31765

Stream Frequency (Fs) 0.0407 0.04554

Infiltration Number (If) 0.0136 0.0145

Texture (T) 0.5586 0.5202

Form Factor (Rf) 0.1139 0.08597

Circularity ratio (Rc) 0.1464 0.10069

Elongation ratio (Re) 0.3809 0.33094

Length of Overland Flow (Lof) 1.5 1.57

Constant Channel Maintenance (c) 3 3.14

Compactness coefficient (Cc) 2.6127 3.1507
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respectively. Wadi Tathlith have higher ruggedness 
number from Bisha watershed which reveals that the 
peak discharge is likely to be relatively high in Wadi 
Tathlith compared to Bisha watershed. The calculated 
morphometric parameters for Wadi Tathlith and Wadi 
Bisha watersheds are given in Table 3.

Sub-Watershed Morphometric Analysis

Morphometric parameters have been calculated at 
the sub-watershed level for Wadi Tathlith and Wadi 
Bisha sub-watershed. Total 6 sub-watersheds (TSW1, 
TSW2, TSW3, TSW4, TSW5, TSW6) for Wadi Tathlith 
and 5 sub-watersheds (BSW1, BSW2, BSW3, BSW4, 
BSW5) for Wadi Bisha have been identified for the 
detailed assessment of morphometric analysis on the 
sub-watershed level. The calculated linear aspect, areal, 
and relief morphometric parameters for sub-watersheds 
of Wadi Tathlith and Wadi Bisha are given in Table 4 
and Table 5 respectively.

The morphometric analysis shows that from the 
linear aspect, higher stream network can be observed 
in TSW4, and TSW5 for Wadi Tathlith whereas BSW3 
and BSW4 have a higher number of drainages in 
Wadi Bisha. The remaining sub-watersheds show poor 
drainage network. There is not much variation observed 
in stream number and stream order. The stream length 
varies from 953 to 2831 km across all the stream 
orders in Tathlith, whereas, in Bisha comparatively 587 
to 2761 km of variation can be observed in the sub-
watershed (Table 4). It is observed (Table 5) that the 
mean stream length value is higher in TSW1, TSW3, 
TSW6 whereas only BSW2 has a higher value of mean 
stream length which indicates that these sub-watersheds 
have a relatively higher runoff. Texture value indicates 
that both the watershed has coarse texture, favorable 
for high infiltration, and the stream frequency is found 
to be very low indicating poor drainage network in 
the watersheds. The elongation ratio of sub-watershed 
of Wadi Tathlith shows consistency and TSW4, TSW5 
and TSW6 show a comparatively high value compared 
to other sub-watersheds which represent that TSW4, 
TSW5, and TSW6 has comparatively high relief and 
slope. 

The statistical analysis was conducted for the 
morphometric parameter of the sub-watersheds 
in the study region. The statistical significance of 
interrelationship of parameter assists to empathize 
the terrain characteristics for the management and 
planning of the basin. Pearson’s correlation matrix was 
calculated, and values were quantitatively analyzed for 
the Wadi Tathlith (Table 6) and Wadi Bisha watershed 
(Table 7). 

Sub-watershed Prioritization

Wadi Tathlith and Wadi Bisha sub-watersheds 
of Asir province have been quantitatively analyzed 
based on the detailed morphometric assessment to Ta
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understand the watershed characteristics, hydrological 
and denudational mechanism. Based on the watershed 
characteristics, prioritization of sub-watershed has been 
carried out for watershed restoration, management, 
conservation, and developmental planning. The 
parameters from the linear aspect such as bifurcation 
ratio, drainage density, texture, stream frequency, and 
length of overland flow, have direct control on the 
erodibility of the watershed The higher value of these 
parameters reflects high erodibility in the region. On the 
other hand, these parameters have inverse relationship s 
with elongation ratio, circulatory ratio, and form factor 
[65]. Table 8 and 9 shows the morphometric parameters 
with compound values and priority vector in Wadi 
Tathlith and Wadi Bisha watershed for restoration 
planning. 

The compound value (Cp) was derived for eleven 
sub-watersheds from Bisha and Tathlith using the linear 
and shape parameters. The lower compound value 
indicates high rank and is labeled as high priority. 
On the other hand, high compound value indicates 
relatively low rank and has been labeled as medium 
and low priority, respectively. In this study, eleven sub-
watersheds were grouped into three categories such as 
“High”, “Medium”, and “Low” on the basis of rank and 
priorities. The result from the study reveals that the 
TSW1, TSW2, TSW3, TSW5 and BSW2, BSW4 sub-
watersheds reflect low compound values, and ranges 
from a minimum of 1.441 (TSW2) to a maximum of 
1.58 (BSW4). These watersheds have been categorized 
as ‘high priority’ amongst all the sub-watersheds. The 
sub-watersheds where compound value ranges from a 
minimum of 1.6 (BSW5) to a maximum of 1.64 (TSW4) 
are categorized as ‘medium priority’. The watersheds 
BSW1 and BSW3 were categorized as “low priority” 
because these sub-watersheds have relatively high 
compound values. The prioritized sub-watersheds for 
Wadi Tathlith and Wadi Bisha are shown Figs 3 and 4.

Validation

The prioritization of sub-watersheds based on the 
compound value was validated through the water yield 
from borewells in the region. The water yield data 
from Ministry of Environment, Water and Agriculture, 
Saudi Arabia for the year 2016-2017 for borewells that 
are present in different watersheds of Wadi Bisha and 
Tathlith were collected. The water yield data was not 
available for TSW1 and BSW1 sub-watershed, however 
rest of the watersheds were found to have at least one 
monitoring well. The water yield in highly prioritized 
sub-watersheds TSW2, TSW3, TSW5, BSW2, and 
BSW4 were observed to be around 110, 170, 77, 90, 
and 70 m3/day respectively. All high prioritized sub-
watersheds but TSW3 in Tathlith showed low water yield 
compared to that categorized as medium or low. The 
anomalous and relatively good water yield (170 m3/day)
in TSW3 was found to be exception, which could be 
because of influence of some local hydrogeological Ta
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Fig. 3. Watershed prioritization in Tathlith Watershed based on compound score values (Cp).

Fig. 4. Watershed prioritization in Bisha Watershed based on compound score values (Cp).
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factors. The water yield in sub-watersheds categorized 
as medium prioritized such as TSW4, TSW6, and BSW5 
was observed to be around 170, 140, and 120 m3/day 
whereas high water yield was measured in low priority 
sub-watersheds and found to be 420 m3/day for BSW3 
in the Bisha watershed (Fig. 5). The water yields from 
the borewells validated the findings of the study. 

Discussion

The morphometric characteristics exhibiting the 
configurations of the Bisha and Tathlith watersheds 
which helps to understand the structural control, 
hydrological mechanism, and denudational process of 
the hydrological unit to prioritize the watersheds for 
soil and water conservation measures in Asir region. 
There are several morphometric parameters that were 
analyzed for both the watersheds, Tathlith and Bisha, 
in the study. The stream order, stream number, stream 
length, mean stream length, stream length ratio and 
bifurcation ratio were analyzed under linear aspect of 
the watersheds. It is observed that with the increase of 
stream order, the stream frequency decreases in Bisha 
and Tathlith watersheds, both of which exhibits the 
dendritic drainage pattern. It is observed that percentage 
of the first order stream in all the sub-watersheds 
ranges between 70-80%, out of which minimum was 
found to be in TSW2 (73%) and maximum in BSW5 
(80%). Furthermore, it has been observed in several 
studies that the number of stream segments decrease 
with increasing order of streams [34, 81, 82]. A large 
number of first-order streams represents that there is a 
possibility of a sudden or unexpected chance of flash 
floods after rainfall events [69, 83]. This is a good 
indicator of infiltration capacity and impermeability 
of the watershed which has a significant impact on the 
drainage system [62, 72, 84]. It also indicates that the 
rock beneath the drainage has no particular structure 
and can lead to erosion. The higher percentage of low 
order drainage segment (especially 1st order) is found in 
both the watersheds which is due to mountainous and 
undulating young topography alongside streams. The 
change in stream order, 2nd and 3rd order, represents the 

major morphological alteration in both the watersheds. 
The low number of higher-order drainage in both 
the watershed indicates the development of alluvial 
plain (Fig. 2a). A high stream frequency reflects low 
permeability and low  infiltration capacity, and as a 
result, a large part of water would result in the high 
runoff. The studies related to drainage morphometry 
have revealed that the length of total streams and the 
area of watersheds are important for understanding the 
average annual runoff in the watershed [64]. According 
to Morisawa 1962, the total stream length from each 
watershed is directly related to the mean annual runoff 
[64, 66]. The mean stream length shows that the annual 
runoff is higher throughout all the stream order and 
significant higher runoff is observed in 4th and 6th order 
stream which indicate moderate to high flood regime. 
Bisha watershed exhibits less mean annual runoff and 
low water regime compared to Tathlith watershed. 
Higher stream order is related to greater discharge 
[85]. The significant runoff can be seen from the 5th 
order stream and onwards, indicating morphological 
adjustments and geomorphic development in the region. 
This is complemented by the fact that the watersheds 
in the region develop flash floods during the months 
of April and May in the Asir region. Many studies 
carried out on different basin/watersheds of the world 
[62, 72, 84, 86] suggest that the basin without having 
differential geological control, their mean bifurcation 
ratio ranges vary between three and five. The high value 
of mean bifurcation value indicates the availability of 
rocks with high slopes and low permeability, whereas, 
the low values suggests that the rocks in the basin 
are characterized by low structural control with high 
permeability [73, 74, 84]. In the present study the mean 
bifurcation ratio was found to be ~4 which depicts 
that enough water is received in the upper reaches 
resulting into moderate to high runoff. The drainage 
density, texture ratio, stream frequency, elongation 
ratio, circulatory ratio, form factor, infiltration 
number constant channel maintenance and length of 
overland flow were analyzed under the aerial aspect of 
morphometric parameters. According to Patton (1988) 
[87], erosion and dissection by overland flow occurs 
due to high drainage density areas, the runoff is mainly 
dominated by infiltration and subsurface flow [66]. 
The study reveals low drainage density and coarse 
structure with the elongated shape for both watersheds 
and signifies the low relief, low slope, high infiltration 
capacity and less peak flow in the watersheds. The 
form factor estimates that the less peak flow for longer 
duration. The length of overland flow shows that the 
movement of water is less in the watersheds and enter 
the mainstream in longer time interval. The drainage 
morphometry and constant channel maintenance 
indicates that areas with good forest cover, or high 
permeable surface or resistant rock type demonstrate 
the high value of constant channel maintenance and a 
low drainage density. Likewise, the contracting surface 
conditions reveal the low constant channel maintenance 

Fig. 5. Water yield and prioritization of sub-watershed in Bisha 
and Tathlith. 
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and high drainage density. The constant channel 
maintenance value varies between 2.78 to 3.33 which 
reflect the infiltration, permeability, and coverage of 
vegetation in the watersheds. Furthermore, the relief 
parameters indicate the erosional and denudational rate 
in the watersheds and low degree of slope in most part 
of the watersheds. It is observed from the study that 
the ruggedness number is higher in Tathlith watershed 
compared to watershed of Bisha which exhibits the 
peak flow is relatively high in Tathlith. It was observed 
that the relative peak discharge is directly related 
to ruggedness number indicating that the increase 
in relative peak discharge increases with increasing 
value of ruggedness number [87]. The low value of 
ruggedness indicates the watershed is mature and is in 
the denudational stage of erosion.

The correlation among the morphometric parameters 
were studied to understand the interdependencies of 
the variable. Total stream length (LU) shows a good 
correlation with area at a 0.01 significance level. Mean 
stream length (Lsm) is negatively correlated with stream 
frequency (Fs), and drainage density (Dd) is negatively 
correlated with overland flow length (Lof) and 
constant channel maintenance (C). The overland flow 
length (Lof) has perfect consistency with the constant 
maintenance of the channel (C) at a significance level of 
0.01 (Table 6). Table 7 represents the correlation among 
the morphometric parameters calculated from the Wadi 
Bisha watershed. In Wadi Bisha, form factor shows 
good correlation with elongation ratio and length of 
overland flow (Lof) has good correlation with constant 
channel maintenance (C) whereas drainage density (Dd) 
shows negative correlation with length of overland flow 
(LoF) and constant channel maintenance (C). 

The sub-watershed prioritization based on the 
compound value shows the priority rank of watersheds 
of the catchment where soil and water conservation 
measures need to be implemented in the region. 
The sub-watersheds labeled as ‘high priority’ have 
relatively higher compound values with respect to 
linear morphometric parameters whereas they have 
lower compound value for the shape parameters. 
The higher, combined linear parameters, and lower 
combined, shape parameter value is indicative of 
relatively higher erodibility in these sub-watersheds and 
require considerable and immediate attention for the 
restoration and development. The result from this study 
signifies that the total area of sub-watersheds in Wadi 
Bisha, under high, medium, and low priority is 39.78%, 
19.62% and 40.58% respectively. In the Wadi Tathlith 
watershed, the area that require considerable attention 
is 66.83% under high priority and 33.16% under 
medium priority. However, the immediate intervention 
and well-designed action plan is required in four sub-
watersheds (TSW1, TSW2, TSW3, and TSW5) of Wadi 
Tathlith that constitutes 67% of the total area and two 
sub-watersheds (BSW2 and BSW4) in Wadi Bisha 
which occupies approximately 40% of total area. These 
prioritized sub-watersheds were validated through the 

water yield data from the borewell. The watersheds  
in high distress/priority in both the Wadi’s shows 
low water yield potential. Similarly, as prioritization 
decreases, we find that the water yield potential 
decreases, thus substantiating that the adopted 
methodology can be replicated in regions under high 
water stress conditions. The sub-watersheds categorized 
under high priority should be directly considered for 
watershed restoration along with emphasis on soil and 
water conservation measures to improve the water 
potential in the region. The medium prioritized sub-
watersheds can be considered for sustainable watershed 
management and development once the conservation 
practices have been established within the highly 
prioritized watersheds. 

There are several studies conducted in many 
parts of the world developing GIS based framework 
for watershed management and development using 
morphometric characteristics and prioritization 
based on the compound value. Arefin et al. 2020 
made an assessment for prioritization of watershed 
for soil and water conservation at northern elevated 
tract in Bangladesh using morphometric parameters 
[82]. Abdeta et al., 2020 prepared a management 
plan and practices in Gidabo Basin, Ethiopia using 
morphometric characteristics where he suggested the 
conservation measure in prioritized watersheds [81]. 
Similarly various studies were identified [88-92] for 
sub watershed prioritization on a basin level. Present 
study develops a spatial framework for watershed 
prioritization using compound factor of morphometric 
parameters and suggests the prioritization of watershed 
where direct intervention needs to be implemented on 
a priority basis in water scarce area to rejuvenate and 
restore the water potential in the region.

	
 

Conclusions

The study examines the morphometric parameters 
of the Wadi Tathlith and Wadi Bisha watershed and 
its eleven sub-watersheds for a better understanding of 
its hydrological and denudational characteristics. The 
study presents the methodological approaches using 
remote sensing and GIS to estimate the watershed 
morphometric aspect rather than conventional methods 
to identify the critical watersheds in the Asir region. 
This study provides a basis for spatial framework for 
stakeholders to take rational strategies for soil and water 
conservation in watershed management where ground 
water and relevant data are not available. Prioritized 
critical watersheds require comprehensive watershed 
management planning and implementation with 
integrated approaches which may require other spatial 
aspects such as estimation of runoff and sediment 
yield and other surface cover and soil characteristics 
to plan the conservation measures in the area thus this 
study could be treated as future direction to develop 
intervention plan based on integrated approaches.
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Different watersheds face different problems and 
resource degradation such as hazards due to soil 
erosion, flash floods, runoff, and drought, etc. These 
problems can be tackled with a thorough study of the 
drainage network, lithology, soil characteristics, areal, 
shape, and relief factors of the respective watershed. 
GIS-based morphometric analysis can emphasize the 
presence or absence of structural control on drainage 
network, lithological/geological and geomorphological 
feature which in turn can be used to locate artificial 
recharge locations, groundwater potential and 
accordingly the structures like percolation tanks, check 
dams and recharge shafts can be built. The methodology 
employed in the study for watershed ranking focuses 
primarily on the need for watershed protection and 
restoration and therefore identifying the regions of 
major concerns for land degradation and rejuvenation 
of water resources. The sub-watershed prioritization 
can be used by the local government, policymakers, and 
planners to take up activities of soil conservation and 
build water harvesting structures to achieve sustainable 
development.
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