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Abstract

In arid and semi-arid watersheds, sustainable management of natural re-
sources (Ze. land, water and ecological resources), and watershed manage-
ment are crucial issues in applied morphometric studies. Geomorphometric
parameters and their interrelationships are of paramount importance in cha-
racterizing the morphology, topography, geology and structure, hydrological
potential, and geomorphic evolution of such catchments. An analysis of spa-
tial characteristics and morphological development of the demarcated 76 sub-
watersheds related to W. Mujib-Wala catchment, was carried out using ASTER
DEM and GIS. Multivariate statistical techniques such as Principal Compo-
nent Analysis (PCA), Cluster Analysis (CA), and Discriminant Analysis (DA),
were also employed to assess different aspects of drainage networks, and their
morphometric properties. Principal Component Analysis (PCA) reduces the
22 morphometric parameters to five components, which explain 90.4% of to-
tal variance. The relationship of these components to the morphometric va-
riables and to the individual sub-watersheds was evaluated, and then the de-
gree of inter-correlation among the morphometric descriptors was explored.
The 76 sub-watersheds were classified according to their individual relation to
the components, and similarities in their morphometric characteristics. Re-
gionalization of sub-watertsheds was achieved using hierarchical Cluster Ana-
lysis (CA). The validity of the resultant cluster groups was tested statistically
by means of Discriminant Analysis. The present investigation provides infor-
mation which highlights the benefit of geomorphometric analysis and multi-
variate statistics in modeling hydrological responses: ie., surface runoff and
sediment yield, hydrological assessment, water resources planning, and water-
shed management. Furthermore, the results can be useful for soil and water
conservation planning, and assessment of flash floods potential.
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1. Introduction

The Wadi Mujib-Wala watershed is located in southern Jordan, and covers an
area of 6571.4 km®> The watershed comprises two major tributaries: the northern
tributary, termed Wadi Wala (2063.6 km?), and the southern tributary, known as
Wadi Mujib (4507.8 km?®). Both tributaries are merge 3 km before the Wadi dis-
charges into the Dead Sea. Five dams have been constructed across the catch-
ment. The most important are: the W. Mujib dam with a capacity of 16.8 MCM
per year, and the W. Wala dam with a yield of 10 MCM per year. The W. Mujib
dam supplies water for the southern Ghor irrigation scheme, the Arab Potash
Company, the Dead Sea chemical complex, and for development of the eastern
shore of the Dead Sea. By contrast, the W. Wala dam provides ground-water re-
charge, while making water available to the springs and pumping wells in the
lower catchment of the Wadi [1].

Quantitative analysis of drainage basis was conducted following the Second
World War. Until the 1980’s, morphometric analysis was carried out manually
using large scale topographic maps (Ze., 1:50,000) and fieldwork [2]-[8]. How-
ever, the development of the Geographic Information System (GIS) permits dig-
ital rapid extraction and calculation of morphometric parameters from digital
elevation models (DEMs) and GIS software. Thus, characterizations of land
form and quantitative studies of drainage networks were carried out in different
regions worldwide. Geomorphic analysis was also performed using specific
geomorphic indices such as the hypsometric integral for a large number of drai-
nage basins (or sub-watersheds) and linked hypsometric integral (HI) values to
lithological resistance and tectonic uplift [9]-[19]. Since the 1970’s, multivariate
statistical analytical techniques applied to drainage basins morphometry of a
different order have been implemented in geomorphic research [20]-[31]. Fur-
thermore, methodology concern with applied morphometric research was ela-
borated and employed in watershed resources management and floods risk as-
sessment [31]-[44], considering that watershed characteristics provide the basis
for quantitative assessment of morphometric properties of watersheds as devel-
oped by Horton [2], and elaborated by Strahler [3] [4] [5]. However, a wide
range of morphometric parameters (nearly 85 variables) can be extracted from
drainage basins [45]. It is somewhat difficult to demonstrate which are the most
effective parameters for geomorphic reasoning [28]. Statistical analysis in this
regard helps in simplifying this issue in drainage basin studies through the use of
multivariate statistical techniques such as: Principal Component Analysis (PCA),
Cluster Analysis (CA), and Discriminant analysis (DA) [46] [47] [48] [49].

The large amounts of morphometric data pertaining to a large number of
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drainage basins, can be simplified and organized using these techniques. For
example, Mather and Doornkamp [20] made a pioneer study on the application
of multivariate statistical methods on a case study from southern Uganda. Eigh-
teen morphometric parameters were measured and computed for 130 third-or-
der drainage basins, and then analyzed to assess the morphometric properties of
the resultant drainage basin groups. Moreover, multivariate statistical techniques
have been widely employed in the hydrological and atmospheric sciences [50]
[51]. Subyani et al [25] employed morphometric analysis, multivariate statistics,
and a SRTM digital elevation model (v.2) to illustrate the morphology, lithology,
structure, and hydrological potential of arid watersheds. PCA, Q and R modes of
Cluster Analysis were employed. Thus, the 18 morphometric descriptors per-
taining to 10 arid watersheds in western Saudi Arabia, were analyzed and de-
scribed in this way. The first three components accounted for 86% of the total
variance in the original data and, revealed more details regarding the variable
loadings and the degree of parameter significance. Belmar et al. [52] conducted a
hydrological classification scheme of natural flow regimes, with characterization
of similarity among flow regimes, to develop general criteria for flow regimes
management (Ze., the assessment of environmental flows). Using different clus-
tering techniques, a regionalization process was carried out to determine hydro-
logically homogeneous regions in data-scares watersheds [53]. Furthermore,
Chiang et al [54], and Mehaiguene et al [55] carried out a research projects on
hydrological stream flow regionalization (based on gauged watersheds using
flow parameters) to establish hydrological regions according to the selected cri-
teria. The attempt is to elaborate a methodology for extending hydrological in-
formation from gauged watersheds to ungauged ones.CA has also been used to
delimit landscape types [56]. Factor analysis of mean annual stream flow in
Minnesota [57] led to recognizing five hydrological regimes based on analysis of
three periods extending from 1950 to 2008. Multivariate statistical methods were
employed in the recent past in climatic regionalization [58]. Likewise, 21 mor-
phometric parameters for 3833 first-order basins in the Siwalik (Nepal) were
analyzed using PCA. This study recognizes different basin types based on mor-
phometric properties of drainage basins. The association of first-order basins
with structure, lithology, and uplift rates was assessed [27]. Moreover, clustering
of geomorphic parameters of a watershed was carried out for hydrological mod-
eling using PCA [29]. Raux et al. [26] performed a classification of drainage ba-
sins worldwide using multivariate analysis of hydro-morphometric parameters
controlling their hydrosedimentary response. Additionally, morphometric anal-
ysis, Factor Analysis (FA) and CA, were employed to assess the input variables
that are utilized in assessing flood parameters [59]. Miller et a/ [46] employed
CA) to classify 105 small drainage basins in Indiana, and five groups of basins
were identified. It is concluded that morphometric parameters reflect an appro-
priate adjustment to the bedrock underlying the drainage basins. The Jordanian
officials have planned to construct additional reservoirs across the W. Mu-

jib-Wala catchment in the future, whereas groundwater exploration is in pro-
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gress at present. In light of water resources scarcity in the country, the catch-

ment constitutes a promising watershed for water resources development in the

southern planning region. In our region also a statewide hydrological regionali-
zation projects are significant for regional development planning. Thus, hydro-
logical regimes can be recognized, each with runoff periods and duration. Ap-
plications of such techniques can be extended to carry out water resources plan-
ning schemes on regional and national levels.

It is intended in this research to:

1) Examine the intercorrelation among morphometric parameters, and perform
regression analysis for the sub-basins vs. morphometric variables.

2) Explore the relationship of major components determined through PCA to
the morphometric parameters, and to individual sub-watersheds to explain
their contribution to the morphology of fourth-order sub-basins pertaining to
the W. Mujib-Wala watershed.

3) Establish a classification scheme using CA to identify consolidated regions of
sub-watersheds with reference to their individual relationships to the compo-
nents and the original morphometric variables. The spatial patterns of sub-
watershed groups were analyzed with reference to lithology, tectonics and up-
lifting, and rejuvenation processes.

4) Test the validity of cluster groups or regions of sub-watersheds by means of
DA, and to determine the nature of discriminant functions in relation to the

character of components.

2. Study Area

A quantitative morphometric characterization and classification was carried out
for W. Mujib-Wala sub-watersheds. The catchment is considered the second
largest basin draining to the Jordan Rift and flows westward and discharges di-
rectly into the Dead Sea. The watershed extends between 30°39' to 31°48' N lati-
tudes, and 35°30’ to 36°30’ E longitudes (Figure 1). The maximum and mini-
mum elevation in the catchment is 1277 m (above sea level) east of Mazar town,
and -431 m (below sea Level) at the outlet of the wadi (Figure 2). The watershed
is affected by successive stages of rejuvenation processes as a result of base-level
changes along the Dead Sea, the lowest base level in the Jordan Rift [43]. Oppo-
site to the outlet of W. Mujib-Wala, the Dead Sea attains a maximum depth of
some -401 m below the surface. At this point, the bottom of the Dead Sea is at
-815 m below sea level. In light of successive subsidence of the Dead Sea, and the
resultant sea level changes, a high magnitude of rejuvenation phases affect the
entire watershed and the sub-basins [44]. Thus, this has resulted in deeply dis-
sected terrain, incised drainage, and over-steepened and interrupted slopes.
Furthermore, the entire watershed suffers from serious geomorphic hazards,
such as landslides, high sediment yield [60] [61], floods, and severe soil erosion.
Slope categories and aspect maps of the catchment area were derived from
ASTER DEM data (30 m resolution) using the surface analytical tool from the
Arc GIS 10.1 software. A wide range of slope categories exist in the watershed,
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Figure 1. Location of the W. Mujib-Wala (the DEM & map are based on [18]).
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Figure 2. (a) DEM of the study catchment, and (b) Elevation (m).
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from gentle, semi-level, and undulating land (0° - 5°) in the east (Figure 3), to
nearly vertical slopes surrounding the canyons that characterized the western
area (including incised meanders) of W. Mujib-Wala, and the faulted-erosional
escarpment overlooking the Dead Sea. Steep slopes dominate large parts of ma-
jor tributaries of the W. Mujib-Wala. Consequently, slope gradients have a direct
impact on surface runoff and geomorphic processes in the sub-watersheds. As-
pect has a great influence on micro-climate, precipitation pattern, wind, expo-
sure to sun, and thus evaporation rate, and vegetation type and density. Slopes
facing the north and northeast, south, southwest and southeast are predominant
in the western part of the watershed (Figure 4). Therefore, it is characterized by
a lower evaporation rate, and thus, a higher moisture content. Rainfed agricul-
ture is practiced on the summit surfaces and undulated land units, whereas irri-
gated agriculture dominates the wadi floor terraces, narrow floodplains and the
upper part of the catchment. The climate of the high plateau is classified as dry
Mediterranean, while the canyons and lower catchment close to the Dead Sea are
arid. The mean annual rainfall ranges from 346 mm in the northwestern part of
the catchment (Madaba area), to 164 mm in the middle part, and 335 mm in the
southern high plateau. Rainfall is concentrated in winter (October to March).
Temperatures exhibit large seasonal and diurnal variations, with daily tempera-
tures ranging from a maximum >40°C in August to a minimum of —5°C in Jan-
uary. A wide range of rock types are exposed in the catchment, ranging from
Cambrian sandstones to Quaternary fluvial and Lacustrine deposits. Along the

lower parts of deeply incised courses to the west, the Kurnub sandstones (Lower
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Figure 3. Slope categories.
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Figure 4. Slope aspects.

Cretaceous), the Nodular limestones, and the Echinoidal limestone units (Upper
Cretaceous) are exposed. These lithological units are highly susceptible to land-
sliding. The Eocene-Senonian rock unit (mainly chert, limestone, chalk and
marl) dominates the eastern and southern parts of the watershed [1] [62]. The
weathered Shihan plateau basalt, the W. Wala, and W. Balue basalt are of Late
Miocene/Early Pliocene age. Quaternary materials are restricted to three fluvial
terrace levels which exist in central W. Mujib. These terraces are of early Holo-
cene, Early and Middle Pleistocene age [63]. Rainfed farming (especially cereals,
olive trees, and fruit trees) is practiced on the highlands, whereas, irrigated veg-
etable farming, green house farming, and poultry farms dominated the warm
lowlands below W. Mujib and W. Wala dams. Agricultural land utilization oc-
cupies 7% of the total catchment. The western part of the watershed constitutes a
major component of the W. Mujib Natural Reserve, and wadi beds accommo-

date palm trees, wild fig, tamarisk trees and oleander shrubs.

3. Materials and Methods

The quantitative morphometric characterization of W. Mujib-Wala (southern
Jordan) is based on ASTER DEM (30 m spatial resolution), and topographic
maps of scale 1:50,000 (20 m contour interval) obtained from the Royal Jorda-
nian National Geographic Centre (RINGC), Amman. They were then scanned,
geo-referenced, and converted to the WGS-1984, Zone 36°N projection system
using Arc GIS tools (v. 10.1). The entire W. Mujib-Wala and the 76 sub-water-
sheds were delineated initially using topo sheets. ASTER DEM was then em-
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ployed to delineate the final boundaries of the W. Mujib-Wala catchment and
the 76 sub-basins (Figure 5). The drainage networks were also demarcated
using the Arc Hydro tool provided by Arc GIS software. Twenty-two mor-
phometric variables for the entire watershed and the 76 sub-basins, were ex-
tracted and calculated using ASTER DEM, Arc GIS software, and the mathe-
matical equations developed by Horton [2], Strahler [3] [4] [5], Miller [7] and
Schumm [8]. Among the morphometric parameters determined are: stream
number (N,), stream length (L,), mean stream length (L,,), stream length ratio
(R)), bifurcation ration (R,), mean bifurcation ratio (R,,,), RHO coefficient (P),
length of overland flow (L,), basin area (A), basin perimeter (P), form factor (Ry),
drainage texture (D,), circularity ratio (R.), elongation ratio (R,), stream frequency
(Fs), drainage density (D), shape index (B,), constant of channel maintenance
(C). compactness coefficient (C_), basin relief (B,), relief ratio (R,) ruggedness
number (R,), dissection index (D), and Melton ruggedness number (M,,)
(Table 1). A number of multivariate statistical techniques were employed as an
efficient tool to deduce the hydrological behavior through hydrological regio-

nalization [54], and interactions between morphometric parameters in arid
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Figure 5. The 76 fourth-order sub-watersheds.

172

K2
0:;2: Scientific Research Publishing



Y. Farhan, N. Al-Shaikh

Table 1. Morphometric variables employed in the present study.

Morphometric Parameters Formula/Definition References
I Linear Parameters
Stream order Hierarchical Rank [4]
1 No. of streams (N,) N, =N; + N, +....N, [2]
2 Stream length (L,) (Km) L,=L+L,....... L, qm) [5]
3 Mean Stream Length (L) (Km) Ly, = L/N, (Km) [5]

R, =L,/L, — 1, where L, = the total stream
4 Stream Length ratio (R) length of order “u”, L, — 1 = No. [2]
of segment of the next lower order.

R, = Nu/Nu + 1 = No. of segment

Bifurcation ratio (R) of the next higher order. (8]
5 RHO coefficient (p) p=Ry/Ry [2]
6 Length of overland flow (L,) Km L,=1/2 Dy, (or) L, = 1/D* 2 [2] [66]
II Areal Parameters
7 Basin area (A) (Km?) Plan area of the watershed (Km?) [2]
8 Basin Perimeter (P) (Km) Perimeter of the watershed (Km) [2]
9 Form factor ratio (Ry) R;= A/L? [2] [8]
10 Drainage texture (D ,) T = N,/P, where N, = Total no. of streams [3]
11 Circularity ratio (R.) R, = 4**A/p? [7]
12 Elongation ratio (R,) R, =1.128 \/K /L, [8]
13 Stream frequency (F,) F,=N/A [2] [67]
14  Drainage density (Dy) (Km/ Km?) Dy=L/A [2]
15 Shape Index (B,) B,=L,YA [2]

16 Constant of channel C=1D (8]
maintenance (C) (Km?%Km) T

17 Compactness coefficient (C.) Cc =0.2841 * P/A*® [74]

III Relief Characteristics

18 Basin relief (B,) or B, =h — h,, where, h = maximum (6]
total relief (H) (m) height (m), and h; = minimum height (m)

R, = H/L,, where, H = Total relief, and

19 Relief ratio (R,) 1, = basin length [8]

20 Ruggedness number (R,) R, =Dy * (B,/1000) [3]

21 Dissection index (D;;) D;, = B,/Ra, where Ra = absolute Relief (m) [8]

” Melton rugged an = (H - h,)/A” wh?r.e, H= ma‘tximum (75] [76]
ess number (M, ,) height (m), and h; = minimum height (m)

watersheds. Principal Component Analysis, Cluster Analysis, and Discriminant
Analysis have been utilized in the analysis. The PCA method is often employed
to analyze a large data matrix representing the 76 sub-watersheds including the

22 morphometric parameters in order to reduce the large number of variables to
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a small number of composite variables, or principal components (or factors)
which are correlates with the morphometric parameters, and can be employed to
describe the morphometric characteristics of watersheds and sub-watersheds.
The technique is also designed to compute the correlation matrix to expose the
highly loaded variables on each principal component, and how much the varia-
bility in the original variables is explained by each principal component. Ei-
gen-value indicates how well each of the identified components fits with the data
from all the morphometric attributes on all the PCs. The analysis of principal
components can be restricted to all those components that have an eigen-value
greater than one. CA has been employed to classify the 76 fourth-order sub-wa-
tersheds into different distinct homogenous groups of sub-basins based on the
similarity coefficient.

The component scores of the 76 sub-basins are selected as input for clustering
using Ward’s minimum variance method, the most frequently used hierarchical
clustering technique [54]. The results of CA are presented by linkage tree or
dendrogram. Using PCA and CA methods, it was possible to recognize the
structural relationships of the 22 morphometric parameters including the prin-
cipal components [28]; and to identify categories of sub-basins based on both
component scores and the original standardized morphometric parameters. DA
was employed to test the validity of the cluster groups of sub-watersheds to de-
termine if they are significantly different and to aid in explaining the regional

differences among the fourth-order watersheds.

4. Results and Discussions
4.1. Morphometric Assessment of W. Mujib-Wala Watershed

Quantitative morphometric analysis was conducted for the entire catchment and
the 76 sub-watersheds to assess the characteristics and properties of the drainage
networks. Three aspects of drainage basin morphometry were measured: linear,
areal and relief parameters. Twenty two morphometric variables were consi-
dered for characterization of the watershed and sub-watersheds and to under-
stand the interrelationships among the morphometric parameters, and drainage
basin development in relation to geology and structure, geomorphic and rejuve-
nation processes. The complex morphometric characteristics and the classifica-
tion of sub-basins were evaluated. The measured morphometric descriptors of
W. Mujib-Wala and the adopted mathematical equations are illustrated in Table
1. Table 2 displays the morphometric characteristics of the Wadi. The total
drainage area of the entire catchment is 6571.4 km?, and the drainage pattern is
sub-dendritic in the upper and eastern part of the watershed, and trellis in the
central and western part of the catchment. The basin is classified as a seventh-
order basin (according to [4]), with a length of 136.84 km, and a perimeter of
564.484 km. The total number of streams (Nu) is 7948, and the first-order
streams account for 77.6% of the number of streams in the watershed. It is ap-
parent that the total number of streams gradually decreases as the stream order

increases. Generally, the higher the order, the longer the length of streams in
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Table 2. Morphometric characteristics of W. Mujib-Wala watershed.

Par.
o Morphometric parameters Stream order
I Linear Parameters II III v A\ VI VII
Stream order 7
1 No. of streams (N, 7984 1368 315 76 16 5 1
2 Stream length (L,) (Km) 9216.34 4637.76 2235.5 1193.3 595.46 263.72 227.4 63.2
Mean stream
3 1.634 3.788 7.835 16.482 454 63.2
length (L) (Km)
Stream Length ratio (R;) II/1  III/II IV/III V/IV VI/V VII/VI
0.482 0.543 0.499 0.443 0.86 0.27
Bifurcation ratio (R,) I/ IIYII IV/IID V/IV VI/V VII/VI
4.508 4.343 4.145 4.750 3.200 5.000
Mean bifurcation
4 ) 4.324
ratio (Ry,,)
5 RHO coefficient (p) 0.120
Length of overland
6 0.701
flow (L,) Km
II Area Parameters
7 Basin area (A) (Km?) 6571.425
8 Basin perimeter (P) (Km)  564.484
9 Form factor ratio (Ry) 0.351
10 Drainage texture (D ,) 1.696
11 Circularity ratio (R.) 0.259
12 Elongation ratio (R,) 0.668
13 Stream frequency (F,) 1.209
14 Drainage densizty (Dy) 1,403
(Km/Km?)
15 Shape index (B;) 2.849
Constant of channel
16 . 0.713
maintenance (C)
17 Compactness 3.929
coefficient (C.) ’
II1 Relief Characteristics
Basin relief (By) or
18 . e 1708
Total relief” (H) (m)
19 Relief ratio (R,) 12.482
20  Ruggedness number (R,) 2.395
21 Dissection index (D) 1.338
Melton Ruggedness
22 10.440

Number (M,,)
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nature. A noticeable variation exists in (R;) values between the streams for dif-
ferent order of the W. Mujib-Wala catchment, and the 76 sub-basins, where it
varies from 0.24 to 0.534. Such variation might be attributed to morphological
changes in relief and slope along the W. Mujib-Wala watershed, the influence of
geological structure on geomorphic development of the wadi, and the progres-
sive rejuvenation. The value of bifurcation ratios for the entire watershed and
the 76 sub-watersheds are normal for basins in which the drainage system is
distorted by structural disturbances. R, varies from 3.2 to 5.00, with a mean of
4.32 for the entire catchment, while it varies from 2.2 to 11.3, with a mean of 3.9
for the 76 sub-watersheds. Drainage density (D,) is controlled mainly by relative
relief and slope steepness. Low drainage density is achieved where the basin re-
lief is high [5]. However, other factors determining D, are: the infiltration-capa-
city of the soil, and the resistance of surface materials against erosion. The D,
value for the W. Mujib-Wala catchment is 1.403 (Table 2) which denotes a mo-
derate to well-drained catchment. The presence of dissected topography and
steep slopes with relatively impervious underlying lithology (i.e., the marly-clay
unit and the marly limestone unit) exposed at the middle part of the catchment
resulted in several springs out-flowing to the major courses of W. Mujib and W.
Wala. The watershed exhibits a coarse drainage texture (D,), where the D, value
is 1.7. Nevertheless, the presence of fragile slope regolith and soft rocks of low
shearing resistance activate landsliding, and maximize soil erosion and sediment
yield in the catchment [60] [61]. With reference to the ratio between basin peri-
meter (P) and basin area (A) (11.6:1), the water divide of W. Mujib-Wala cat-
chment is considered to be irregular. The stream frequency (F,) value of the wa-
tershed is 1.21, and for the 76 sub-watersheds, it range from 0.293 to 1.632. Low
F, values indicate that a relatively low infiltration rate of surface water is as-
sumed; thus, the groundwater potential is relatively low. Miller [7] reported that
drainage basins with a range of circularity ratio (R.) of 0.4 to 0.5 are depicted as
strongly elongated and at the youth stage of geomorphic evolution. The R, value
of the W. Mujib-Wala catchment is 0.259, and the form factor (R¢) value is 0.351
(Table 2). Low R, value directly indicates that low peak flows of long duration
are expected; thus, such an elongated watershed is highly vulnerable to flooding
risks compared with a circular-shaped watershed area. Additionally, Strahler [5]
stated that values of elongation ratio (R,) vary between 0.6 to 1.0 over a wide
range of climatic, environmental and geological conditions. The elongation ratio
for the entire W. Mujib-Wala is 0.668, whereas the values pertaining to the 76
sub-watersheds range from 0.425 to 1.015. Such values are indicative of elon-
gated shape, and associated with steep slopes and high rugged relief. The basin
relief (B;) of W. Mujib-Wala catchment is 1708 m. A high B, value denotes a
high potential erosional energy and active slope processes of the drainage sys-
tem. Due to progressive lowering of the base level (the Dead Sea), and tectonic
activity, the W. Mujib-Wala retained rapid down cutting and incision along ma-
jor courses during its geomorphic evolution, giving rise to a spectacular canyons

reminiscent of the Colorado Grand Canyon, and rough dissected terrain. High
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soil erosion rates and sediment yield, and landslide movements are important
geomorphic processes at present. The dissection index (D) for W. Mujib-Wala
watershed is 1.338 which clearly indicates that the watershed is extremely dis-
sected as a result of Successive rejuvenation phases, and the youth-age stage of
geomorphic development. As expected the hypsometric integral for the entire
catchment is 87% and the hypsometric curve exhibits a remarkably convex up-
ward curve [19]. The watershed is also prone to severe soil erosion loss, shallow
and deep seated landslides, and is of high liability to reach peak discharge fol-
lowing heavy rainstorms. Based on D classification, the W. Mujib-Wala is con-
sidered extremely dissected; consequently, it is of high susceptibility to erosion,

incised channel erosion and mass movement activity.

4.2. Morphometric Assessment of the 76 Sub-Watersheds

The delimited 76 sub-basins for regionalization process are of fourth-order ba-
sins according to Strahler’s ordering system [3] [4] [5]. Noticeable variation ex-
ists in their morphometric properties based on linear, areal and relief parameters
representing the sub-watersheds. The total number of streams varied from 23
stream segments (sub-basin 73) to 238 for sub-watershed 13 (Appendix, Table
Al). Such variation in N, counts is attributed to the variation in rejuvenation
and erosion rates between the western and eastern parts of the catchment. The
total stream length (L,) of W. Mujib-Wala is 9216.25 km, while the first-order
streams measured 4637.67 km, and account for 50.3% of the total stream length.
By contrast, the stream lengths of the sub-watersheds range from 14.4 km (sub-
watershed no. 24) to 265.1 km for sub-basin no. 13 (Appendix, Table Al). All
the 76 sub-basins are morphologically varied as a result of the paleoclimate, tec-
tonic activity and rejuvenation processes which were activated for a long geolog-
ical time. Thus, the stream lengths and numbers, slope steepness and the size of
sub-watersheds were determined.

The mean stream length for the study watershed vary from 0.752 km (for the
1* order) to 63.2 km (for the 7™ order) (Table 2). Whereas the L, for the 76
sub-basins ranges from 0.847 to 6.48 km (Appendix, Table Al). It is obvious
that L, for any given order (u) is greater than that of the lower order, and less
than that of its next higher order in both the W. Mujib-Wala and the 76 sub-
watersheds [30]. The average minimum stream length ratio (R;) is 0.167, while
the average maximum value is 5.746. The variation of R, values between stream
order 4 and 2, is attributed to high relief and slope steepness. The high values of
R, indicates the youthful stage of geomorphic development of landforms. It is
argued that R, values can be correlated with the hydrological characteristics of a
catchment. High R, values reveal high overland flow, whereas low R, values refer
to high infiltration rate and the formation of fewer channels. Therefore, high R,
values denote an early hydrograph peak with a high potential of susceptibility to
flash flooding as a result of repetitive rainstorms in southern Jordan [30] [63]
[64]. The study catchment thus testifies to recurrent severe flooding at present.

The R, values for the entire watershed range from 3.2 to 5.0, and the mean bi-
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furcation ratio is 4.32 (Table 2). However, R, values are relatively high for
sub-watersheds occupying the western part of the catchment, and generally the
R, values range from 2.2 to 11.3 for the 76 sub-basins with a mean of 3.9.The
RHO coefficients for the sub-watersheds vary from 0.090 to 0.495. Such values
indicate that several sub-basins have relatively high hydrologic storage during
flooding. The length of overland flow for the W. Mujib-Wala catchment is 0.701
km, and for the 76 sub-basins varies from 0.594 km to 0.885 km. Variation in L,
values may be attributed to the variation in slope, lithology, vegetation cover,
rainfall intensity and infiltration capacity.

The largest sub-watersheds occupy the eastern and southeastern part of W.
Mujib-Wala catchment. Large watersheds with high relative relief create a great-
er discharge and vice versa. The areas of sub-basins range from 18 km® to 185
km?. The perimeter is also an important parameter in quantitative morphome-
try, and can be employed as indicator of drainage basin size and shape. The pe-
rimeter of the 76 sub-basins range from 18.4 km to 153.5 km. The R; value for
the entire watershed is 0.351, whereas the values of R; for the sub-basins range
from 0.086 to 0.747. However, most of the sub-basins tend to be elongated with
low peak flow of longer duration. Further, the drainage texture for the 76 sub-
watersheds ranges from 0.449 to 2.719. According to Smith’s [6] classification of
D,, the drainage texture is relatively coarse. It is concluded that circularity ratio
(R,) is equal to unity when the catchment’s shape is a perfect circle and decreases
to 0.785 when the basin is square. It continues to decrease to the extent to which
the watershed becomes elongated. R, in influenced by length and frequency of
streams, geological structure, climate, land use/cover, topography and slope of
the basin [7]. The circularity ratio of the entire watershed is 0.259 (Table 2) and
for the sub-watersheds ranges from 0.065 to 0.755. Most of the sub-basins are
described as strongly elongated. The elongated ratio of the Mujib-Wala catch-
ment is 0.668, and it is therefore considered elongated. Similarly, the R, values
for the 76 sub-watersheds range from 0.331 to 0.911. The elongated shape of
catchments implies a young stage of geomorphic development caused by neo-
tectonic activity. Most of the sub-basins are elongated and more elongated. The
R, values range from 0.331 to <0.6 (Appendix, Table A1), which indicate that
these sub-basins are of steep slopes, high relief with low infiltration capacity.

Stream frequency (F,) is an indication of drainage texture for a given catch-
ment. This parameter is positively correlated with D, values of a watershed.
Therefore, any increase in stream population is connected to that of drainage
density [65] [66]. High F, values denote more percolation in the underlying ma-
terials, and hence more groundwater potential [67]. The values of stream fre-
quency for the 76 sub-basins range from 0.293 km™ to 1.771 km™. Such values
indicate that the W. Mujib-Wala catchment is relatively of high runoff. By con-
trast, Dy is a measure of fluvial dissection, runoff potential and closeness of
spacing of channels for a given catchment [2] [68]. The drainage density of a
sub-watershed relates to intrinsic factors such as: distribution and length of the

stream segment, relief and slope, lithology, climate, and infiltration capacity [6].
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High D, values denote a relatively high density of stream segments, high runoff,
a quick stream response and consequently a low infiltration rate. By contrast,
low drainage density indicates low runoff and high infiltration [69]. The values
of drainage density related to the 76 sub-basins vary from 1.2 (km/km?) to 1.77
km/km’ (Appendix, Table A1). With reference to the classification of drainage
density proposed by Deju [70], most of the sub-basins are categorized under
medium drainage density. High B, values indicate that the length of watershed is
high, thus more groundwater recharge is expected. Moreover, lower B, values
imply high susceptibility to peak flooding discharge associated with flash flood
hazards [71] [72]. The shape factor for the entire W. Mujib-Wala is 2.849 (Table
2), whereas, the B, values for the 76 sub-watersheds range between 1.26 and 11.6,
but most of the sub-basins have a low values, ie, in the range of 1.255 - 3.156,
with the possibility of flash flooding occurring. The C parameter denotes the
number of km? of sub-basin surface required to develop and sustain 1 km of
channel length [45] [73]. The higher the C value of a sub-catchment indicates
the higher degree of structural distortion and high permeability of bedrock.
Whereas, low C values (<0.5) refers to fewer structural disturbances and low
permeability [72]. The values of C parameter for the 76 sub-basins vary from
0.565 to 0.841. Low compactness coefficient (C.) values imply more elongation
and high erosion in a catchment. The C, values for the W. Mujib-Wala catch-
ment is 3.929, and for the sub-watersheds it exceeds 3 which indicates high ero-
sion rates and sediment yield.

The basin relief (B,) of the entire catchment is 1708 (Table 2). Such a B, value
indicates a high potential erosional energy of the drainage basin. Due to pro-
gressive lowering of the Dead Sea level and tectonic activity, the W. Mujib-Wala
entailed rapid incision and down cutting during its geomorphic evolution, thus
giving rise to the present dissected topography and rough terrain. The B values
for the 76 sub-watersheds range from 93m to 880 m. It is obvious that some
sub-basins are characterized by a high B, values, which indicate landslides activ-
ity and severe soil erosion across these sub-basins. The relief ratio (Rr) for W.
Mujib-Wala watershed is 12.482, and for the sub-watershed, it varies from 7.335
to 76.085 (Appendix, Table A1). These high figures are a result of steep slopes
and great relative relief, thus denote high erosive energy. Patton and Baker [75]
employed the ruggedness number (R,) parameter to assess the flash flood poten-
tial of small drainage basins. R also expresses the geometric characteristics of
the watershed. The ruggedness number of the 76 sub-basins vary from 0.132 to
1.196. A low value of R, indicates subdued morphology. Whereas high values
imply sharp morphological expression. The dissection index (D;,) values for the
sub-watersheds vary from 0.103 which indicates the presence of rolling topo-
graphy at the eastern margins of W. Mujib-Wala watershed (where remnants of
erosion surfaces exist) and 0.829 which refers to extremely dissected terrain in
the western part of the catchment, due to intense rejuvenation. The Melton rug-
gedness number (M,,) [76] as a slope index that affords specialized representa-

tion of relief ruggedness within a catchment. It enables one to distinguish the
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basins prone to flood hazard from those subjected to debris floods or debris flow
[77]. The M,, values for the sub-watersheds range from 0.013 to 0.0846
(Appendix, Table Al). Low M,, values suggest that the catchment is prone to
flooding hazards rather than debris flow whereas, high M, values imply that de-
bris flow is expected.

4.3. Statistical Analysis

4.3.1. Pearson Correlation between Morphometric Parameters

The level of correlation between each pair of the 22 parameters is displayed in
(Table 3). Correlation analysis indicates that most morphometric parameters of
W. Mujib-Wala sub-watersheds illustrate a positive correlation with each other,
which implies that these parameters are interdependent. In the genetic sense of
the term, all geomorphic parameters are considered dependent parameters. The
stream length within a catchment for example, may depend on the size or area of
the basin, but the size of the catchment is likely to be dependent upon the length

of its streams. It is also concluded that within the correlation matrices computed

Table 3. Pearson correlation coefficient matrix for the 22 parameters (bold correlations are significant at p < 0.050).

N v L, R, RHo L, A p R D R R F D B C C B R R D, M,

N

u

L

u

L

R,

1.00

0.941 1.00

—-0.031 0.302 1.00

0.518 0.557 0.198 1.00

RHO -0.723-0.769 -0.253-0.851 1.00

L, -0.103-0.041 0.158 -0.136 0.108 1.00

A 0.949 0.995 0.268 0.564 —0.776-0.118 1.00

p 0.910 0.931 0.195 0.519 —0.748-0.150 0.943 1.00

R, -0.234-0.270-0.154 -0.123 0.224 0.134 -0.279 -0.384 1.00

D, -0.183-0.369-0.559-0.355 0.423 0.615 —0.402 —0.372 0.282 1.00

R, -0.586-0.601-0.136 —0.308 0.582 0.185 —0.614—0.739 0.448 0.353 1.00

R, -0.258-0.295-0.164 —0.133 0.245 0.138 -0.306 —0.432 0.990 0.291 0.462 1.00

F, -0.176 -0.424-0.731-0.373 0.468 0.294 —0.431-0.382 0.276 0.933 0.344 0.286 1.00

D; -0.104-0.042 0.158 -0.138 0.110 0.00 -0.119-0.151 0.135 0.615 0.186 0.138 0.294 1.00

B, 029 0319 0.152 0.137 -0.256-0.112 0.333 0.526 —0.797 -0.238 —0.431-0.862 -0.234 -0.113 1.00

C 0.078 0.017 -0.161 0.114 —0.068-0.994 0.095 0.126 —0.130—0.600-0.157 —0.133 —0.282-0.994 0.106 1.00

C, 0.727 0.721 0.100 0.375 -0.613-0.165 0.738 0.910 —0.464 —0.291 —0.874-0.517 —-0.277 —0.166 0.631 0.140 1.00

B, 0.348 0.346 0.057 0.232 —0.359-0.280 0.381 0.387 —0.187 —0.328 —0.244 —0.222 -0.284 —0.281 0.240 0.287 0.306 1.00

R, -0.226 -0.258 -0.116 —0.119 0.189 —0.126 —0.239 —0.280 0.412 0.018 0.341 0.384 0.067 —0.126 —0.289 0.153 —0.331 0.614 1.00

R, 0.349 0.357 0.085 0.226 -0.357-0.170 0.383 0.385 -0.182-0.273 —0.229 -0.217 -0.266 —0.171 0.237 0.179 0.297 0.993 0.615 1.00

D, 0.295 0.288 0.033 0.209 -0.317-0.311 0.325 0.334 -0.098 —0.321 —0.210 -0.135 -0.261 —0.313 0.176 0.320 0.264 0.969 0.696 0.957 1.00

M,, -0.137-0.164 -0.082 -0.075 0.101 —0.197 —0.135 -0.127 0.020 —0.089 0.164 —0.005—0.033 —0.198 0.028 0.229 —0.140 0.816 0.892 0.814 0.847 1.00
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in drainage basin morphometric studies, there is no one dependent variable, but
all variables are dependent on each other, are closely interconnected and have
strong influence one over the other. That is true except in the few examples
where physical factors play a prominent role in establishing them as indepen-
dent. Strong (R = 0.8 to 0.9), or good and moderate correlation often exists be-
tween basin area (A), and variables related to stream length (L,) which denote
that an increase in basin size is associated with an increase in the number and
length of streams. Moreover, good (R = 0.7 to 0.8) and moderate (R = 0.5 to 0.7)
negative correlations also exist. Strong positive correlations exist between the
sub-watershed area and all the variables related to linear morphometric parame-
ters (R of (A) vs. (N,) = 0.979; R of (A) vs. (L,) = 0.995; R of (A) vs. (P) = 0.949).
Furthermore, a good correlation exists between (A) and Cc (R = 0.738), and
moderate correlation is observed between (A) and (R,,,) (R = 0.564). In addition,
strong positive correlations occur between N, and L, and P (R = 0.941 and 0.910
respectively). A good and moderate correlations is also observed between Nu
with C. and Ry, (R = 0.729 and 0.518 respectively). Significant strong correla-
tions occur between B, with R, D,, and M, (R = 0.993; 0.969 and 0.816 respec-
tively), and Mrn with R, D;, and R, (R = 0.913; 0.847, and 0.892 respectively). A
distinct inter-correlation exists between L, with P (R = 0.931), Lu with C_ (R =
0.721), P with C, (R = 0.910), R, with R, (R = 0.990), and D, with F, (R = 0.933).
Moderate correlation is provided by D, with L, and Dy (R = 0.615 and 0.615 re-
spectively), and R, with R, and D;; (R = 0.615 and 0.696) respectively. It is ob-
vious that the above levels of correlations are reflected in the results of the Prin-
cipal Component Analysis. This is attributed to the computation of the signifi-
cant component, where taken into consideration are the levels and directions of

correlation: positive or negative [20].

4.3.2. Spatial Patterns of Sub-Watersheds: PCA

PCA is used for data reduction through minimizing the number of parameters
to a small number of components, and exposing latent structure in the relation-
ships between parameters (classifying variables, or differentiating characteris-
tics). It is employed to examine the patterns of relationships amongst many de-
pendent variables, with the aim of discovering something about the nature of the
independent parameters that affect them, even though those independent para-
meters may not be directly measured. Principal Component Analysis considers
the total variance and makes no distinction between common and unique va-
riance. PCA consists of several steps: (i) extracting initial components, (ii) de-
termining how many components to employ in the final solution, and (iii) ro-
tating the original variable space so as to maximize the variance of the resultant
components. PCA have been employed as the method of initial component ex-
traction. Eigen-values were also used to determine how many components to use
in the final solution, including all components with an eigen-value >1.0. Then, a
normalized varimax rotation was applied for the final solution, and used to
compute component loadings between the original parameters and the final

components. The higher the loadings, the stronger the correlation. By plotting
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each component loadings onto a 3-dimensional scatterplot representing Com-
ponent 1 through 5, it appears that using a cut-off of 0.70 creates a clustering
break of parameters within each of the five components (Figure 6). PCA re-
sulted in five major components that accounts for 90.4% of the total variance
explained by the 22 morphometric parameters (Table 4). In this Table, eigen-
values, variance proportion, and cumulative variance proportion are shown.
According to Table 4, it is clear that the first three PC and the five PC, (PC, -
PC, and PC, - PC,) account for 63.93% and 90.4% of the total variance propor-
tion of input parameters. Furthermore, the screen plot (Figure 7) shows that the

first five components are the best choice.
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Figure 6. Clustering of five components, or sub-basins regions using component loads.
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Figure 7. Scree plot illustrating the 5-component solution resulting from PCA.
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Table 4. Total variance explained by the component.

Extraction sums Rotation sums

-
g Initial ei 1

& nitial elgenvatues of squared loadings of squared loadings

1)

a,

g (%) of Cumulative % of Cumulative (%) of Cumulative
Q Total Total Total

O ota Variance (%) ota Variance (%) ota Variance (%)

1 8.241 37.458 37.458 8.241 37.458 37.458 6.292 28.599 28.599

2 4489 20.404 57.862  4.489 20.404 57.862 4318 19.626 48.225

3 2941 13.367 71.229  2.941 13.367 71.229  3.455 15.704 63.929

4 2276 10.344 81.573  2.276 10.344 81.573  3.366 15.302 79.230

5 1946 8.843 90.416 1.946 8.843 90.416  2.461 11.186 90.416
6 0.799 3.633 94.049
7 0.542 2.464 96.513
8 0.319 1.452 97.965
9 0.166 0.754 98.719
10 0.120 0.543 99.263
11 0.075 0.343 99.605

Moreover, the most effective variables in PC, formation are shown by bold
font in Table 5. It is clear that stream number (N,), stream length (L,), mean
bifurcation ratio (R,,), basin area (A), basin perimeter (P) and constant of
channel maintenance (C_) have the most variance proportions (28.6%), and exert
the greatest effect on the first component. Furthermore, basin relief (B,), relief
ratio (R), ruggedness number (R,), dissection index (D,;), and Melton rugged-
ness number (M,,) parameters have the greatest effect on the second component
(PC,), which comprises 19.61% of variance proportions. Moreover, PC; is
strongly associated by length of overland flow (L,), drainage density (D), and
constant of channel maintenance (C). Parameters such as form factor (R;) and
elongation ratio (R,) exert the strongest effect on the PC,, whereas, variables
such as drainage texture (D,) and stream frequency (F,) have the greatest impact
on the PC,. Variable loadings show that three components are an expression of
drainage network and geometry, relief characteristics, and drainage texture
morphometric parameters. These components together explain 63.93% of the
total variance, whereas the fourth and the fifth components represent drainage
texture parameters (Table 4). However, the contribution of PC, and PC; are no-
ticeably smaller than those of PC, - PC,, and most of the parameters exhibit
loading values >0.9. The cumulative explanation is found to be only 24.4%.
Principal Component 1 accounts for 28.6% of the variance of the 22 morphome-
tric parameters. The component loadings reveal that PC, describes parameters
related to the sub-watersheds drainage network (N, L,, R;.., A, and P). Conse-
quently, PC, is labeled as a “sub-watershed size” component. The second com-
ponent is predominantly represented positively by the relief parameters (B,, R,,
R,, D,, and M,,). This component reflects the “slope steepness and relief”. PC,

corresponds to the length of overland flow (L,), drainage density (D), and com-
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Table 5. Varimax rotated components loading matrix.

Component
Morph. No.
1 2 3 4 5

Nu 0.949 0.073 -0.031 -0.102 0.134
L, 0.935 0.058 0.047 -0.121 —-0.181
Lo 0.095 -0.019 0.226 -0.092 -0.903
Rim 0.663 0.038 -0.087 0.102 -0.277
RHO —0.848 —-0.088 0.034 0.031 0.274
L, —-0.063 -0.119 0.986 0.056 0.041
A 0.939 0.082 —-0.028 -0.129 -0.163
P 0.918 0.078 —0.062 -0.313 —0.068
R -0.135 0.011 0.070 0.934 0.119
D, —0.245 -0.109 0.563 0.141 0.753
R, -0.667 0.037 0.142 0.424 0.048
R, —-0.162 -0.023 0.065 0.953 0.116
F, -0.270 -0.092 0.240 0.140 0.886
Dy -0.064 -0.121 0.985 0.057 0.041
s 0.225 0.070 -0.032 -0.885 —-0.053
C 0.030 0.141 -0.981 -0.057 -0.036
C, 0.770 0.018 -0.097 —-0.486 0.044
By 0.289 0.919 —0.142 -0.142 -0.077
R, -0.271 0.845 —-0.066 0.368 0.042
R, 0.292 0.928 -0.029 —-0.142 —-0.082
D, 0.246 0.934 -0.181 —-0.064 —-0.063
M., -0.224 0.959 —-0.101 -0.008 0.019

The bold values represent the significant correlation values for each component.

pactness coefficient (C). Thus, the third component reflects the “hydrographic”
component. The fourth component exhibits a high positive correlation (>0.9)
with the form factor (R;) and elongation ratio (R,), consequently, it refers to the
sub-watershed “shape component”. Principal Component 5 is positively and
highly loaded in respect to drainage texture (D,) and stream frequency (F,). It is

appropriate to label it as the sub-basin “dissection intensity” component.

4.3.3. Regionalization of Sub-Watersheds: Cluster Analysis

In the present study we applied CA to classify the 76 sub-watersheds based on
the five rotated component scores for each sub-watershed achieved through
PCA. Thus, a dendrogram was generated which displays the spatial pattern of
regionalization by distinct cluster groups. Ward’s method of hierarchical clus-
tering [78] is a frequently used technique for regionalization studies in hydrolo-
gy, geomorphology, and earth sciences. The clustering procedure is based on the
assumption that if two clusters are merged, the resulting loss of information, or
change in the value of objective function, will depend on the relationship be-

tween the merged clusters and not on the relationships with any other clusters.

184

K2
o5
“2:0

Scientific Research Publishing



Y. Farhan, N. Al-Shaikh

The results of this procedure is a set of homogeneous sub-watersheds in terms of
their measured “differentiating characteristics”. According to this hierarchical
method, clusters are formed by iterative fusion of sub-basin with sub-basin,
sub-basin with cluster or, cluster with cluster at successively higher levels of dis-
similarity. The resultant clusters and sub-clusters are illustrated in a dendrogram
[79] [80]. Ward’s method is considered a minimum variance technique. It gene-
rates taxonomic classes with a minimized overall distribution of attributes. At
any stage of grouping the “loss of information” (or the objective function) which
results from the grouping of sub-basins (individuals) into clusters can be meas-
ured by the sum total of Squares (ESS) combined [78]. Cluster Analysis was ef-
fective in the regionalizing of sub-watersheds based on the coefficient of similar-
ity into five different clusters (level I of clustering), and two clusters (level II of

clustering) (Figure 8). With reference to the PCs scores (or factor scores), 38

Sub Similiraty coefficient
basin 0 5 10 15 20 25
no, e PO POy wO——

Level I

5 clusters

II

Level 11

5 2 clusters

1667

Figure 8. Two levels of clustering: level (I) produced five clusters, and level (II) resulted
in two clusters.
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sub-watersheds (50% of the total) are of high positive loadings (>0.6) on PC, and
PC;, while the remaining sub-watersheds are also highly loaded (>0.6) on PC,,
PC,, and PC,. In general, a major cluster (2) of level II of clustering, accommo-
dates the minor clusters 4 and 5, representing in a remarkable way the rejuvena-
tion belt characterizing central Jordan [43] [62] [81]. Whereas, the major cluster
(1) which relates to level II of clustering is subdivided into clusters 1, 2 and 3 and
occupies the eastern section of the watershed (Figure 8), which is less influenced
by recent tectonic activity and deep incision. Clusters 4 and 5 (level I of cluster-
ing) represent sub-basins which are significantly affected by rejuvenation
processes. Figure 9 illustrates the spatial distribution of the two clusters (two
sub-basin regions) which represent sub-basins of the rejuvenated belt and, sub-
basins of the eastern zone of W. Mujib-Wala watershed. Similarly, Figure 10
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Figure 9. Spatial distribution of the two homogeneous regions of sub-basins using com-
ponent loads.
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displays the spatial distribution of the five clusters, or five regions which refer to
the sub-basins of the rejuvenated belt and the transitional sub-basins between
the rejuvenated belt and the eastern zone. All the 76 sub-basins are at the
youth-stage of geomorphic development as demonstrated by their hypsometric
curves (HC) and hypsometric integral (HI) values [43]. However, noticeable dif-
ferences exist among the 76 sub-watersheds due to variation in lithology, struc-
ture and tectonic activity, and rejuvenation. The cluster 2 of level II is heavily in-
fluenced by intense progressive subsidence of the Dead Sea base level (the lowest
base level in the Jordan Rift and worldwide) which was the main factor creating

the high rate of Pliocene/Pleistocene fluvial erosion along the lower reaches
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Figure 10. Clustering of sub-watersheds into five regions of sub-basins using component
loads.
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of the W. Wadi Mujib-Wala catchment [63]. Thus, a high magnitude rejuvena-
tion phases affects the entire watershed and the related sub-basins. Rejuvenation
processes produced severe incision, deeply dissected terrain, active hill-slope
processes, over steepened and interrupted slopes, high sediment yields and high
soil erosion rates, repetitive flooding, and the development of a deep canyon
landscape [43]. Relative variation in morphometric properties also exists among
the 76 sub-watersheds as exemplified by the hypsometric integral (HI) and basin
relief (B,) values. It was stated earlier, that the HI values decrease from >0.85
characterizing the western sub-basins, to 0.80 - 0.85 in the middle and southern
part of the catchment. A third category of HI values (0.70 - 0.80) is restricted to
the sub-watersheds located adjacent the northeastern, eastern, and southern
margins of W. Mujib-Wala catchment. High values of HI are probably attributed
to young active tectonics: uplifting, subsidence and downfaulting, and progres-
sive lowering of the Dead Sea base level, and successive rejuvenation. Lower val-
ues of HI characterized sub-basins located at the eastern margins of the wa-
tershed indicating that these sub-basins areas are less impacted by tectonic activ-
ity, stream incision and headward erosion. The remnants of the Arabia Surface
(the Oligocene peneplain) still stand adjacent to the southern and northern
shoulders of W. Mujib-Wala watershed. Clusters 1, 2, and 3 (level I of clustering)
are influenced during their evolution by local structures affecting the entire cat-
chment such as: the Zerqa Ma’in fault system (E-W direction), the Shihan-Swa-
qa fault system (E-W direction), and the NW-SE Kerak Al-Fiha fault system
Thus, the impact of physical factors (structure and lithology, geomorphic devel-
opment, rejuvenation, fluvial erosion, and slope processes) on clustering was no-
ticeable in each sub-basin group. Furthermore, the basin relief (B,) values for the
76 sub-watersheds are high and vary from 93 m to 880 m, thus, the relief ratio
(R,) and ruggedness number (R,) values are high as well, which denote the pre-
dominance of high erosion energy and slope processes (i.e., high soil loss, high
sediment yield, and landslide activity) among these sub-basins. Rapid decline of
the Dead Sea level is an ongoing process at a rate exceeding 0.50 m annually
[82]. Based on the results of headward incision rates found by Hassan and Klien
[82] on the River Jordan, it can claimed that headward incision by main chan-
nels of W.Mujib-Wala is in progress at present, especially in soft rock units.

Such a conclusion is substantiated by field observations [18] [19].

4.3.4. Validation of Regionalization: Discriminant Analysis

The validity of regionalization of the 76 sub-basins determined through CA: the
cluster groups (1 - 5) (level I of clustering), and the other two clusters (level II of
clustering) of sub-basins (Figure 8), was tested using DA. It is intended in this
context to test the hypothesis that there is a significant differences between the
cluster groups found earlier, and if this hypothesis is accepted, to establish a sys-
tem of coordinate axis which discriminates between the identified five clusters or
regions of sub-watersheds. With reference to the five groups of clustering (Figure
11), it is apparent that there is a significant difference between the clusters 1 - 5,

with a noticeable concentration of groups 1-3 in the eastern and southern
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Figure 11. Results of discriminant functions 1 and 2 grouping: the five clusters are rela-
tively separated.

parts of W. Mujib-Wala watershed, and groups 4 and 5 in the western part of the
catchment. The F test of Wilks Lambda obtained is: F ratio is 28.4, with degrees
of freedom V1 = 4 and V2 = 71. Referring to a table of percentage points of the
F-distribution, with V1 = 4 and V2 = 71, it was found that at 99 percent of con-
fidence, the tabulated values is 3.48, which is significantly exceeded by the com-
puted F ratio value (28.4). Consequently, there is a highly significant difference
between each of the groups 1-5. The five groups of sub-basins are reasonably
distinct (Figure 10). Furthermore, 96.7 percent of the difference between the
groups is attributed to Discriminant function No. 1 (66.9 percent) and Discri-
minant function No.2 (29.7 percent).Whereas the third Discriminant function
contributed only 3.3 percent. It also revealed that the major contributor tothe
first LDF is the PC, or the “hydrographic” component (L,, Dy, and C), whereas
PC,, or the “dissection intensity” component (D, and F,) contributes most to the
second LDF. These results confirm the discussion regarding the spatial distribu-
tion of sub-basin groups 1-5, where the two cluster groups (4 and 5) represent
sub-basins remarkably influenced by rejuvenation processes, uplifting, and tilt-
ing characterizing central Jordan [43] [62] [81]. By contrast, the other three
cluster groups 1 - 3 are restricted to the eastern zone of W. Muji-Wala watershed
which is less influenced by deep incision and recent tectonic activity, therefore, it
is less impacted by rejuvenation. The scores of each sub-basin of the five groups
on the Discriminant functions 1 and 2, were plotted on Figure 11. The plot dis-
plays well separated clusters, with slight overlapping between the groups. Fur-
thermore, DA was also applied on the two major sub-basin cluster (1 and 2) of
the second level of clustering (Figure 8). The first group consists of 42 sub-ba-

sins located at the eastern part of the watershed, while group 2 is composed of 34
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sub-basins and is located at the western part of the catchment. The results
showed that the two major groups are significantly different from one another
although a complete separation between the two groups is not realized. The
overlapped area accommodates relatively uniform sub-basins representing a
transitional zone between the rejuvenated belt in the west, and the eastern sector
of the watershed. The F test of Wilks Lambda obtained indicates: the F ratio is
7.1 with V1 = 15 and V2 is 20006. The computed value from the F-distribution
tables at 99 percent confidence is 2061. The latter value is again substantially ex-
ceeded by the F ratio value (7.1). Subsequently, these findings indicate that there
is significant difference between group (1) of sub-basins representing the eastern
zone of W. Mujib-Wala watershed, and group (2) of sub-basins which belongs to
the rejuvenated belt. Nevertheless, incomplete separation indicates that the re-
gions of sub-basins identified by clustering are in general not completely homo-
geneous. Such results could not reduce the value of the determined sub-basins
regions, since the criteria of overlapping and boundary intersection are familiar
in regionalization studies, including hydrological classification of watersheds

based on multivariate statistical techniques [20] [53] [83].

5. Conclusions

Results from this investigation showed the significant roles of morphometric
analysis, GIS, and multivariate statistics in hydrological regionalization of 76
sub-watersheds of which W. Mujib-Wala is composed. Twenty-two morphome-
tric parameters related to the entire catchment and the associated sub-basins
were extracted using ASTER DEM, and subjected to Principal Component
Analysis, Cluster Analysis, and Discriminant Analysis. PCA resulted in five ma-
jor components that account for 90.4% of the total variance explained by the 22
morphometric variables. It is apparent that the first three PCs (PC1-PC3) ac-
count for 63.93% of the total variance proportion of input parameters. It is ob-
vious that parameters such as Nu, L,, R, A, P and C have the greatest input
parameter variance proportions (28.6%), and the most effect on the first com-
ponent. Thus, it is labled as “sub-watershed size”. Furthermore, B, R,, R, D,
and M,, parameters have the most effect on the second component, which com-
prises 19.61% of input variance proportions. Therefore, it is appropriate to label
it as the “slope steepness and relief” component. PC, is affected by L,, D, and C,
and accounts for 15.73% of input variance proportions. Accordingly, PC, is
termed as the “hydrographic” component. Parameters such as R, R, have the
most effect on PC,, thus, it refers to the “sub-watershed shape” component,
whereas parameters such as D,, and F, have the most impress on PC;, which is
labeled as the sub-basin “dissection intensity” component. Based on the five ro-
tated components, Cluster Analysis (CA) allows the 76 sub-watersheds to be
classified in five groups.

The generated cluster dendrogram (and the maps produced) clearly display
the spatial pattern of sub-basin groups or regions. At the first level of clustering,

five separate cluster groups were demarcated, whereas at the second level of
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clustering, two major groups (1 and 2) of sub-watersheds were derived. The ma-
jor group (2) of level II of clustering noticeably represents the rejuvenation belt.
Sub-basins of major cluster (2) are strongly affected by rejuvenation stages, up-
lifting, fluvial erosion and severe incision, and hillslope processes. By contrast,
sub-basins of major cluster (1) occupying the eastern section of W. Mujib-Wala
watershed, are less influenced by rejuvenation and deep incision. All the sub-
watersheds are at the youth-stage of geomorphic development as demonstrated
by their hypsometric curves and high HI values. HI values decrease from >0.85
which characterize the rejuvenated belt sub-basins, to 0.70 - 0.80 which charac-
terize sub-basins located at the eastern part of W. Mujib-Wala watershed.

The validity of sub-watersheds regionalization was tested statistically using
Discriminant Analysis. With reference to the five groups of clustering (or re-
gions of sub-basins), it is found that there is a significant difference between
clusters 1 - 5 (at 99 percent of confidence), thus these regions are reasonably dis-
tinct. Consequently, they are vary in their morphometric properties and hydro-
logical characteristics. The major contributor to the first LDF is the PC, or the
“hydrographic” component. Whereas PC;, or the “dissection intensity” compo-
nent contributes most to the second LDF. Moreover, a significant difference ex-
ists between the major group (1) of sub-basins which represents the eastern zone
of W. Mujib-Wala watershed, and the major group (2) representing the rejuve-
nated belt.

The findings obtained above reveal that W. Mujib-Wala watershed is divided
by clustering from west to east into five groups of sub-basins, and two major
groups of sub-watersheds were identified. Two groups of the five represent sub-
basins influenced heavily by rejuvenation processes and tectonics, whereas the
other three groups occupy the eastern zone of the watershed which is less im-
pacted by rejuvenation and tectonic activity. However, the two major groups are
consistent with the regional geomorphic development of central Jordan, mor-
phometric properties of the 76 sub-basins, and with regional precipitation pat-
terns decreasing from west to east, along the watershed. Sub-watershed regiona-
lization based on geomorphometric characteristics provides efficient informa-
tion for modeling the hydrological responses, ie., surface runoff and sediment
yield from W. Mujib-Wala catchment, and the 76 sub-basins. Furthermore, such
information is useful for hydrological assessment of the catchment in light of the
shortage of available water resources, and expanding human activities (ie., dam
construction, agriculture and urbanization) which can exacerbate flooding and
drought hazards over the watershed. Regionalization process can be a useful tool
to support water resources planning and management in relation to domestic
utilization, expansion of irrigated agriculture and artificial recharge of ground-

water.
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Appendix

Table Al. Morphometric characteristics of the 76 sub-basins of W. Mujib-Wala watershed

S“br'll(’:'sm N, L, L, R, RHO L, A p R D, R. R, F, D, B, C C B, R R, D, My
1. 60 670 1.1 36 028 062 541 477 031 137 030 063 1.11 12 3.2 081 3.7 281 214 0.35 0.28 38.2
2. 112 1289 1.2 45 022 0.63 103.0 93.1 022 136 0.15 053 1.09 13 4.5 0.80 52 278 129 0.35 0.29 274
3. 93 1238 13 43 024 071 866 60.8 050 1.53 029 0.80 1.07 1.4 2.0 0.70 3.7 242 184 0.35 0.25 26.0
4. 108 131.1 1.2 4.6 022 0.66 988 909 0.19 145 0.15 049 1.09 13 54 0.75 52 277 12.0 0.37 0.29 279
5. 160 1846 1.2 51 020 0.71 130.2 812 045 1.74 025 0.76 123 14 22 0.71 4.0 236 139 0.33 0.26 20.7
6. 35 303 09 31 033 077 198 248 037 272 040 0.69 177 1.5 2.7 0.65 3.1 117 16.0 0.18 0.15 26.3
7. 54 690 13 35 029 068 508 438 031 145 033 0.63 1.06 14 3.2 0.74 3.5 148 11.6 0.20 0.18 20.8
8. 78 863 1.1 4.0 026 0.75 576 455 030 2.03 035 0.62 135 15 3.3 0.67 3.4 228 16.5 0.34 0.26 30.0
9. 58 728 13 39 026 068 537 51.8 037 147 025 0.69 1.08 1.4 2.7 0.74 4.0 287 239 0.39 0.36 39.2
10. 28 319 1.1 27 038 089 180 227 033 275 044 0.64 156 1.8 3.1 0.56 3.0 243 32.7 0.43 0.25 57.3
11. 34 391 1.1 3.0 034 079 247 340 025 218 027 056 138 1.6 4.1 0.63 3.9 233 232 0.37 0.24 46.9
12. 238 2651 1.1 58 0.17 0.72 1850 1356 030 1.84 0.13 0.62 129 14 33 0.70 56 273 11.0 0.39 0.28 20.1
13. 150 1704 1.1 5.0 0.20 0.68 1259 153.6 0.09 1.61 0.07 033 119 1.4 116 0.74 7.7 324 8.5 0.44 0.33 289
14. 51 51.7 10 3.6 028 070 370 440 043 193 024 0.74 138 14 23 0.72 4.1 355 38.3 0.50 0.45 58.3
15. 70 648 09 43 024 067 486 556 0.18 192 020 048 144 13 56 0.75 4.5 203 12.3 0.27 0.25 29.1
16. 38 402 1.1 31 033 069 293 282 081 178 046 1.01 130 14 1.2 0.73 2.9 458 76.1 0.63 0.57 84.6
17. 99 1122 1.1 44 023 064 872 816 025 146 0.16 056 1.14 13 4.1 0.78 4.9 338 18.0 0.44 0.41 36.2
18. 34 374 11 32 032 065 290 370 025 151 027 057 117 13 39 0.78 3.9 333 31.2 0.43 043 619
19. 139 1759 13 4.8 021 0.74 118.5 102.1 0.19 1.74 0.14 049 117 1.5 53 0.67 53 230 9.2 0.34 0.25 21.1
20. 99 1299 13 44 023 0.72 897 802 031 160 0.18 0.63 1.10 1.4 3.2 0.69 4.8 207 12.2 0.30 0.24 21.9
21. 34 298 09 31 034 070 213 357 038 222 021 0.70 159 14 2.6 072 44 96 12.8 0.13 0.12 20.8
22. 27 242 09 3.0 035 064 188 228 037 1.84 046 0.69 143 13 27 0.78 3.0 135 18.9 0.17 0.17 31.1
23. 17 144 08 22 050 059 121 176 041 1.67 049 072 140 1.2 24 084 29 133 245 0.16 0.17 38.2
24. 55 60.0 1.1 3.7 027 069 438 439 050 1.72 029 0.79 126 14 2.0 0.73 3.7 266 28.3 0.36 0.32 40.2
25. 33 341 10 29 035 074 229 253 056 215 045 0.85 144 15 1.8 0.67 3.0 158 24.8 0.24 0.16 33.0
26. 52 531 1.0 37 027 071 376 491 025 195 020 056 138 14 4.1 071 4.5 194 157 0.27 0.20 31.6
27. 103 112.0 1.1 45 022 0.66 849 658 046 160 025 0.76 121 13 22 0.76 4.0 394 29.0 0.52 0.45 42.8
28. 137 1574 1.1 4.8 0.21 0.68 115.8 112.7 020 1.61 0.11 0.50 1.18 1.4 5.0 0.74 59 880 36.4 1.20 0.83 81.8
29. 88 1039 1.2 42 024 074 701 682 030 186 0.19 0.62 125 1.5 3.3 0.67 4.6 222 146 0.33 0.23 26.5
30. 69 722 10 38 027 065 559 540 025 1.59 024 056 123 13 4.0 0.77 4.1 644 43.1 0.83 0.66 86.1
31. 30 333 1.1 3.0 035 065 257 332 038 152 029 0.69 117 13 2.6 0.77 3.7 168 204 0.22 0.19 33.2
32. 36 432 12 32 032 079 272 325 055 211 032 0.84 133 1.6 1.8 0.63 3.5 134 19.1 0.21 0.15 25.7
33. 35 432 1.2 113 0.09 0.67 321 302 043 147 044 0.74 1.09 13 23 0.74 3.0 195 22.6 0.26 0.22 34.4
34. 46 547 12 34 030 072 38.0 41.1 032 174 028 064 121 14 3.1 069 3.8 158 14.6 0.23 0.18 25.6
35. 28 312 1.1 27 038 077 203 184 038 212 0.75 0.70 138 1.5 2.6 0.65 2.3 181 249 0.28 0.19 40.2
36. 64 842 13 4.0 025 071 595 556 025 1.52 024 056 1.08 1.4 4.1 0.71 4.1 479 30.8 0.68 0.44 62.1
37. 35 326 09 3.0 034 072 226 330 032 223 026 064 155 14 3.1 069 3.9 167 199 0.24 0.17 35.1
38. 44 434 10 34 030 071 304 376 043 2.06 027 074 145 14 23 070 39 98 11.7 0.14 0.11 17.8
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39. 28 333 12 28 036 0.66 251 356 022 148 025 053 1.12 13 4.6 075 4.0 162 151 0.22 0.17 32.3
40. 76 96.6 13 39 026 0.72 668 662 0.27 164 0.19 058 1.14 14 3.8 0.69 4.6 249 157 0.36 0.26 30.5
41. 68 792 12 38 0.26 075 527 586 033 194 0.19 0.65 129 1.5 3.0 0.67 4.6 165 13.1 0.25 0.17 22.7
42. 45 449 1.0 34 030 0.70 32.0 392 038 197 026 069 140 14 2.7 071 39 135 14.6 0.19 0.15 23.8
43. 30 302 1.0 27 039 067 226 275 044 178 038 0.75 133 13 23 0.75 3.3 110 153 0.15 0.12 23.1
44. 85 100.5 1.2 4.0 025 0.67 752 734 068 1.51 0.18 093 1.13 13 1.5 075 4.8 124 11.8 0.17 0.14 143
45. 44 533 12 35 030 069 386 401 0.20 1.57 030 0.51 1.14 14 49 0.73 3.6 268 194 0.37 0.27 43.1
46. 51 653 13 44 023 064 506 529 023 130 023 054 1.01 13 44 078 4.2 318 213 0.41 0.30 44.7
47. 30 294 1.0 3.0 035 080 184 282 0.69 261 029 094 163 16 14 0.63 3.7 93 18.0 0.15 0.11 21.7
48. 70 742 1.1 4.0 0.25 0.67 557 505 031 167 0.27 0.63 126 13 3.2 0.75 3.8 302 22.6 0.40 0.26 40.5
49. 75 86.7 12 38 0.27 068 635 490 031 161 033 0.62 1.18 14 33 0.73 3.5 394 273 0.54 0.31 494
50. 45 582 13 34 030 067 436 46.1 038 138 0.26 0.70 1.03 13 26 0.75 3.9 198 18.6 0.26 0.20 30.0
51. 37 502 14 31 033 0.73 345 40.0 0.22 1.57 027 053 1.07 1.5 45 069 3.8 161 129 0.23 0.17 274
52. 85 910 1.1 4.0 025 0.71 640 590 031 1.89 023 063 133 14 32 070 4.2 176 123 0.25 0.18 22.0
53. 102 107.7 1.1 43 0.24 071 759 815 0.28 19 0.14 060 134 14 3.6 0.71 53 168 10.2 0.24 0.18 19.3
54. 43 436 1.0 34 030 0.78 279 221 075 240 072 097 154 16 13 064 24 156 255 0.24 0.16 29.5
55. 123 1314 1.1 46 0.22 071 929 108.1 0.14 1.87 0.10 042 132 14 7.0 0.71 6.3 262 10.2 0.37 0.24 27.2
56. 30 321 1.1 33 032 0.70 23.0 244 024 182 049 055 130 14 42 072 29 142 144 0.20 0.16 29.6
57. 50 558 1.1 3.6 028 0.66 421 473 036 158 024 068 1.19 13 28 075 4.1 180 16.7 0.24 0.19 27.7
58. 152 1643 1.1 5.0 0.20 0.69 119.3 89.1 0.22 1.75 0.19 053 127 14 4.6 073 4.6 396 169 0.55 0.31 36.2
59. 41 472 12 33 031 073 324 394 026 1.84 026 058 127 15 3.8 0.69 39 121 109 0.18 0.13 21.3
60. 49 588 1.2 33 031 080 368 412 027 212 027 059 133 1.6 3.7 063 3.8 180 155 0.29 0.18 29.7
61. 34 177.7 52 51 0.20 0.77 116.0 844 0.21 0.45 0.20 0.52 0.29 1.5 4.7 0.65 4.4 239 10.2 0.37 0.23 22.2
62. 50 574 1.1 3.6 028 0.73 393 394 040 186 032 071 127 1.5 25 069 3.5 105 10.6 0.15 0.11 16.8
63. 40 414 1.0 32 032 075 27.7 374 031 216 025 0.63 144 15 32 0.67 4.0 101 10.8 0.15 0.11 19.2
64. 75 835 1.1 39 026 0.74 563 479 034 198 031 066 133 1.5 3.0 067 3.6 204 158 0.30 0.21 27.2
65. 30 267 09 28 037 065 205 235 026 19 047 058 146 13 3.8 0.77 2.9 167 189 0.22 0.16 36.9
66. 39 407 1.0 32 032 074 274 337 034 212 030 0.66 142 15 29 0.67 3.6 113 12.6 0.17 0.12 21.6
67. 70 771 1.1 3.8 0.27 0.73 52.7 585 047 194 0.19 0.77 133 15 2.1 0.68 4.5 176 16.6 0.26 0.19 24.2
68. 62 733 12 4.0 026 0.69 529 581 045 1.62 020 0.76 1.17 14 22 072 4.5 171 158 0.24 0.18 235
69. 51 650 13 3.7 028 0.78 41.6 41.6 0.27 192 030 058 123 1.6 3.7 064 3.6 218 17.5 0.34 0.21 33.8
70. 34 424 12 3.0 034 0.69 306 372 023 154 028 055 1.11 14 43 072 38 95 83 0.13 0.10 17.2
71. 211 2390 1.1 58 0.17 0.71 167.8 128.1 0.33 1.79 0.13 0.65 126 14 3.0 0.70 56 165 7.3 0.23 0.17 12.7
72. 23 233 1.0 27 039 0.75 155 193 031 224 052 063 149 15 32 066 2.8 98 139 0.15 0.10 249
73. 112 1426 13 4.6 022 0.76 93.7 762 0.28 1.82 020 060 120 1.5 3.5 066 4.4 150 82 0.23 0.15 15.5
74. 45 450 1.0 33 031 0.73 309 405 024 212 024 056 146 1.5 4.1 0.69 4.1 143 12.7 0.21 0.14 25.7
75. 59 692 12 39 026 073 473 537 023 182 021 054 125 15 44 0.68 44 125 8.7 0.18 0.12 18.2
76. 90 952 1.1 42 0.24 070 682 616 033 1.84 023 0.65 132 14 3.1 0.72 42 139 9.6 0.19 0.13 16.8
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