Journal of Water Resource and Protection, 2015, 7, 456-475 ‘Q:Q Scientific
Published Online April 2015 in SciRes. http://www.scirp.org/journal/jwarp ’.:.0 gﬁzﬁg;ﬁng
http://dx.doi.org/10.4236/jwarp.2015.76037 ¢

Quantitative Analysis of Geomorphometric
Parameters of Wadi Kerak, Jordan, Using
Remote Sensing and GIS

Yahya Farhan, Ali Anbar, Omar Enaba, Nisrin Al-Shaikh

Department of Geography, University of Jordan, Amman, Jordan
Email: yahyafarhan2100@outlook.com

Received 15 February 2015; accepted 9 April 2015; published 10 April 2015

Copyright © 2015 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

|

Abstract

Geomorphometric analysis was carried out to illustrate the drainage characteristics and mor-
phology of Wadi Kerak watershed, southern Jordan. The basic and derived morphometric para-
meters (linear, areal and relief aspects of drainage network) for the basin were determined using
ASTER DEM (30 m resolution) and Geographic Information System (GIS). These parameters de-
scribe the basin drainage network, geometry, texture, and relief characteristics. The hypsometric
curve, hypsometric integral and clinographic curve were also prepared using topographic maps of
1:50,000 scale. Findings have revealed that W. Kerak is in the youth-age stage of geomorphic evo-
lution. Fluvial erosion associated with successive phases of rejuvenation plays a significant role in
drainage basin development, whereas structure and tectonics, lithology and relief dictate the
drainage pattern and morphological setting of the catchment. The drainage area of the watershed
is 190.9 km? and constitutes a 5t-order drainage basin. The commonly observed drainage pat-
terns are the trellis type, with sub-dendritic pattern recognized in the upper catchment. The drai-
nage pattern, and the semi-linear alignment of main and branching drainage indicate the promi-
nent influence of the Kerak-Al-fiha fault system on the drainage network. High dissection, relative
relief, relief ratio, steep slopes and breaks of slopes are characteristic of W. Kerak. Morphometric
analysis reveals that four rejuvenation phases caused severe erosion and down cutting activity in
the past, and it is still susceptible to surface erosion at present.
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1. Introduction

A drainage basin which is recognizable as being of fluvial erosive origin is considered a basic fundamental
geomorphic, topographic and hydrologic areal unit for watershed management [1]. It is an ideal unit for man-
agement and sustainable development of natural resources. Adding to that, it implies the appropriate utilization
of land and water resources of a watershed, for optimum production with minimum hazard to environmental re-
sources, including people who live across the watershed [2]-[4]. A drainage basin represents a natural managea-
ble hydrological entity which enables surface runoff to a defined channel, ravine, stream or river at a particular
point [5]. More significantly, it provides the basis for geomorphometric analysis. A technique was introduced
earlier by Horton [6] [7] and elaborated by Strahler [8]-[11], Smith [12], Miller [13] and Schumm [14], those
who later established the quantitative fluvial geomorphic research [15].

Morphometry is defined as the measurement and mathematical evaluation of the configuration of the earth’s
surface, and of the shape and dimensions of its landforms. The main characteristics which are often analyzed are:
area, altitude, volume, slope, profile and texture of the land, and other different aspects of drainage basins [16].

Conventional geomorphometric studies were carried out to explore the relationship between morphometric
properties of drainage networks and climate, relief, lithology, structure and tectonics in order to interpret the
morphometric parameters [15] [17]-[19]. The role of tectonic control on geomorphologcial processes in shaping
drainage networks was reported for selected river basins from Kerala, Southern India [20]. In the recent past,
morphometric analysis of stream networks was employed for a wide range of applications. Assessment of natu-
ral resources and geo-environmental hazard, especially flash floods for arid watersheds, was addressed particu-
larly in developing countries, such as Egypt [21]-[23] and Turkey [24]. Groundwater recharge potentials from
flash floods in arid land alluvial basins, southern Red Sea coast in Egypt, were also investigated [25]. Morpho-
metric analysis techniques were adopted to evaluate groundwater potential and hydrological behavior of water-
sheds [26] [27]. Watershed prioritization for soil and water conservation measures [28] was implemented in
several parts of India. Such applications confirm the role of geographic information system (GIS), remote sens-
ing (RS) and morphometric analysis as an efficient tool for locating water harvesting structures by prioritizing
mini-watersheds in Gujarat and western Ghats regions, India [4] [24] [29], and Bago River, Myanmar [2]. Stu-
dies regarding the identification of artificial recharge sites in Manchi basin, eastern Rajasthan, India were carried
out using morphometric analysis and GIS techniques [30]. Analysis of drainage basin morphometry based on
multivariate statistical methods was achieved to delimit morphological regions in south-west Uganda [31] [32].
Evaluation of geomorphometric characteristics was carried out on a catchment level in India [33] and on a re-
gional level in the western Arabian Peninsula [34]. Assessment of surface runoff in arid and data-scarce regions
in the Madinah, western Saudi Arabia was conducted to predict flood hazard [35]-[37], and to estimate erosion
rates and sediment yield [38]. Moreover, the relationship between morphometric characteristics and specific hy-
drological parameters for selected drainage basins (southeastern Brazil) was examined using multivariate statis-
tical techniques [39]. The morphometric parameters (linear, area, shape and relief) of drainage basins and sub-
basins, and their network properties, have been investigated using conventional manual methods, i.e. topograph-
ic maps (scales 1:25,000 and 1:50,000) and field observations in different environments [7] [8]-[13] [40] [41].
Since the mid-1980s, the development of geospatial analytical techniques (GIS and RS) and other software de-
signed specifically to quantify and calculate linear, areal, shape and relief morphometric parameters [42] [43],
along with increasing availability of digital elevation data, have enhanced the process of quantitative description
of drainage networks, morphometric thematic mapping, and the applicability of geomorphometric analysis in
different fields of research. Comparison and evaluation of morphometric data derived through conventional,
manual methods, and automated geospatial techniques, indicate that modern technology provides powerful and
cost-effective tools for managing and processing data and creating maps for different applications [24] [44]
[45].

At present, digital elevation models (DEMSs) provide the most standard technique to extract the required in-
formation which controls geomorphological processes. Furthermore, DEMs can be employed to delineate the
drainage networks precisely with all first-order streams or the “fingertip” tributaries as described earlier by
Horton [7]. Many researchers concluded that geographic information systems and remote sensing technology are
efficient tools for measuring and calculating precise drainage basin morphometric parameters. Other advantages
are the capabilities of managing and processing spatial information in large amounts accurately and in a time-

saving manner [24] [44] [46]-[48].
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The objectives of the present study are:

1) to analyze selected linear, areal, shape and relief parameters of the W. Kerak drainage basin using GIS,
remote sensing and topographic maps;

2) characterization of drainage networks in relation to tectonic and structural disturbances, lithology, rejuve-
nation phases, landscape evolution and denudation chronology;

3) to identify major morphometric parameters which have a significant role on erosional landforms of the W.
Kerak drainage basin; and,

4) to analyze distinct breaks of stream slope in relation to uplifting of the faulted/erosional scarp overlooking
the rift floor and to relatively minor lithological variations. Findings provide valuable information that can be
employed in assessing floods risk management through delimiting flood-prone terrain units, and selecting ap-
propriate sites for water harvesting and in planning soil and conservation schemes. Morphometric analysis can
also be applied to similar highland watersheds in southern and northern Jordan.

2. Study Area

Geomorphometric analysis was conducted in the W. Kerak watershed, southern Jordan. The study area lies to
the south-east of the Dead Sea, east of the Lisan Peninsula. It is situated between E longitudes 35°30' to 35°44'
and N latitudes 31°14' to 31°17'. The catchment is located in the middle part of the Kerak Governorate (Figure
1). W. Kerak watershed covers an area of 190.9 km? Terrain elevation varies from —410 meters below mean sea
level close to the Dead Sea, and increases towards the east to 1000 meters at Kerak city, and then ascending to
1250 meters (a.s.l) in the upper catchment close to Mazar town. The watershed represents typical rift (Ghor)/
highland topography. In the Mazar and Kerak areas (the middle and upper catchment), the climate is classified
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Figure 1. The study area.
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as dry Mediterranean, whereas in the lower part, or Ghor Mazra close to the Dead Sea it is arid. Mean annual
rainfall ranges from 325 mm at Kerak to 290 mm at Mazar east of Kerak, and 77.5 mm at Ghor Mazra west of
Kerak. Rainfall is concentrated in winter during the cold season (October to March). The average maximum and
minimum temperatures are 17°C and 2°C in Kerak and Mazar respectively, while the average maximum temper-
ature in Ghor Mazra is 32°C with summer months reaching 40°C. In Mazar town, east of Kerak, part of the pre-
cipitation falls as snow. Several days of freezing temperatures (below 0.0°C) are recorded between November
and February. Progressive river incision and continuous rejuvenation of W. Kerak draining to the rift, associated
with recurrent lowering of the base level (the Dead Sea), and uplifting of the scarp zone(during late Tertiary and
Quaternary tectonics) produced irregular slope segments (15° - 35°) separated by rocky benches. The wadi pro-
file also displays prominent irregularities which probably represent some forms of rejuvenation points. When
major breaks of slopes combined with major longitudinal profile irregularities [49], four or five rejuvenation
phases can be recognized. Rejuvenation phases have resulted in deeply dissected topography, dense incised
drainage and over-steepened slopes. Therefore, the catchment is part of the Jordan highlands region, which wit-
nessed problems of slope instability, soil erosion, deforestation and changing land cover. Clay loam, silty clay,
silty clay loam and silty loam soils dominate most of the catchment [50] and are characterized by low permea-
bility. Thus, runoff erosion is expected to be high. The vegetation cover is poor in the southern highlands com-
pared with the northern highlands, due to the dominance of more arid conditions. Here low rainfall and greater
marginality are characteristic phenomena. Population densities are lower, and nomads from the eastern Jorda-
nian desert occasionally visit the southern highlands with their herds of camels, sheep and goats [51]. Therefore,
overgrazing and poor conservation measures maximize soil erosion.

Geologically, the study area is covered by a wide range of rock types, ranging from late Cambrian sandstone
to Quaternary deposits, including lacustrine Lisan Marl, alluvial fan of Ghor Mazra and the fluvial terraces of W.
Kerak. The Kurnub sandstone (Lower Cretaceous) is exposed along the deeply incised middle course of the wa-
di. The sandstones are overlain by the Turonian-Cenomanian Ajlune group, which consists of two lithological
units: the Nodular limestone unit (marly clay unit), which is predominantly marls and clays interbedded with
marly limestones, nodular limestones and dolomites. Deferential erosion acting on intensely jointed and wea-
thered marls and clays has caused slope instability. The Echinoidal limestone unit, or the limestone marl unit
consists of limestones, dolomitic limestones, marl, sandy limestones, marly limestones and chert nodules. The
third lithological unit (Eocene-Senonian rocks) dominate the watershed to the east of Kerak city. Various out-
crops of limestones, marls, chalk, chert, phosphate, shales and clays are present [52]. The spatial distribution of
these “soft rocks” represents a major factor influencing slope instability and soil erosion loss. W. Kerak is con-
sidered a part of the Kerak-Al-fiha fault system and the subsidiary dense branching faults to the north and south
of W. Kerak main course. The major fault (early Miocene) is often obscured under the materials pertaining to
old degraded landslide complexes [53]. Geomorphological units identified in the catchment include: structural
plateau/ridges, remnants of planation surfaces, residual hills, denudational slopes, landslides zone, infilled val-
leys, glacis, fluvial terraces and badlands [54].

3. Materials and Methods

Geomorphometric analysis of W. Kerak catchment was carried out using topographic maps with scale 1:50,000
(20 m contour interval). The basin was divided into sub-watersheds 1 - 5 (Figure 2), and the drainage networks
of the main watershed and sub-watershed were generated using ASTER DEM (30 m resolution), then digitized
using Arc GIS 10.1 software package (Figure 3). The data extraction and data analysis were carried out in
ERDAS Imagine 8.5, Arc GIS 10.1 and Terrain Analysis System (TAS). An assessment of the morphometric
parameters for each drainage network was executed at a sub-basin level. The derived parameters were classified
into five groups [42] such as basic, linear, areal, shape and relief aspects of the basin. The order was assigned to
each stream following the stream ordering system developed by Strahler [8] [11]. The W. Kerak watershed was
found to be of the fifth order. Basic parameters like basin area, basin length, number and lengths of streams of
each different order, basin perimeter, total basin length and bifurcation ratio were measured using GIS software.
Stream frequency, drainage density, drainage texture, Lemniscate ratio, form factor, elongation ration and circu-
larity ratio were evaluated using the mathematical equations elaborated by Strahler [8] [9] [11].

Significant geomorphometric parameters such as relative relief, basin relief and dissection index have been
quantified and calculated from the Digital Elevation Model (DEM). The hypsometric curve, hypsometric inte-
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Figure 2. Selected sub-basins of W. Kerak catchment.
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Figure 3. Digital elevation model of W. Kerak watershed.
gral and the clinogrphic curve for W. Kerak were calculated and drawn manually using topographic maps of
scale 1:50,000 [55]. The hypsometric curve (HC) is an area-elevation relationship curve that plots normalized

elevation against normalized area of a watershed [8]-[11] and classifies the watersheds into several levels of
geomorphic maturity as influenced by various agents, such as climate, lithology and tectonics. The hypsometric
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integral (HI) is normally calculated from the area under hypsometric curve and is expressed as a percentage. It
represents the volume of the original basin that remains uneroded [15].

Stream-entrance angle between a tributary and the higher-order stream which it enters was measured and as-
sessed according to Horton [7]. It is characteristic that mean values of entrance angle increase as the order of
receiving stream increases (i.e. as the difference between Sc and Sg increases), and it is inversely related to re-
lief (for a given orders of junction), probably because high relief imparts especially high gradients to the receiv-
ing streams [1]. The clinographic curve which devised by Hanson-Low [56] was employed to demonstrate the
average angle of slope of inter-contour areas. The curve is obtained by plotting the average gradient between
successive contours. It reveals where marked breaks of slope occur. The methodology adopted for the computa-
tion of morphometric parameters is illustrated in Table 1.

4. Results and Discussion
4.1. Morphometric Analysis

Quantitative analysis of W. Kerak basin and five sub-basins was performed to assess the characteristics and
properties of the drainage network. Twenty-two morphometric parameters which represent basic, linear, areal,
shape, and relief aspects of the watershed were considered for analysis in order to characterize the catchment,
and to improve our understanding of: tectonic activity, geomorphic history, erosional stage of landforms, reju-
venation phases and geomorphic processes operating across the watershed [7] [11]. The drainage pattern of the
W. Kerak watershed clearly reflects the structure and lithology of the basin. It comprises mainly a trellis type,
with sub-dendritic pattern recognized in the upper catchment. These patterns are indicative of prominent struc-
tural control in the lower and middle catchment, and lithological uniformity in the upper catchment. In the
present investigation, stream ordering for the watershed and sub-watersheds has been ranked according to
Strahler’s technique of the hierarchical ranking system [8] [11]. Stream ordering of a drainage network repre-
sents a measure of the extent of stream branching within a watershed. Each length of stream is identified by its
order (i.e. first-order, second-order, etc.). According to Horton’s Law, a first-order stream is an un-branched tri-
butary, and a second-order stream is a tributary formed by two or more first-order streams. A third-order stream
is a tributary formed by two or more second-order streams and so on [6]. It is noticeable that the total length of
the streams segment in W. Kerak is maximum in the first-order streams and decreases as the stream order in-
creases. This change in stream may indicate the flowing of streams from high altitude to moderate and steep
slopes. It is postulated that this information of stream order number is useful in relating the size of its contribut-
ing basin and is based on the hierarchical ranking of streams [48].

4.1.1. Basic Parameters

The computed morphometric parameters are summarized in Table 2 & Table 3 and will be discussed accor-
dingly. Based on drainage order, the watershed is classified as a fifth-order basin (Figure 4) with an area of
190.9 km? length of 33.95 km, and perimeter of 99.49 km. The total number of streams (N,) is 762, and the
first-order streams account for 81% of the total number of streams in the catchment. The details of stream cha-
racteristics for W. Kerak confirms Horton’s first law [7], the “law of stream numbers”, which states that the
number of steams of different orders in a given drainage basin tends to closely approximate an inverse geometric
ratio. This inverse geometric relationship is shown graphically in the form of a straight line when log values N,
are plotted on an ordinary graph (Figure 5(a)). It is apparent that the total number of streams gradually decreas-
es as the stream order increases (Table 2). The variation existing in the stream order is attributed largely to
structural and morphological characteristics of the watershed. The total number and total length of stream order
change according to the size of the sub-basins. However, the total number of streams at various orders, and their
lengths from mouth to drainage divide for W. Kerak (including the sub-basins) were derived from the DEM and
measured with the help of Arc GIS software. Their number and lengths are higher and more precise compared
with those measured manually from topographic maps of scale 1:50,000 [55].

4.1.2. Linear Parameters

1) The Stream Length (L,) has been calculated according to the law proposed by Horton [7]. It is stated that
stream length is an indicator of chronological development of stream segments and tectonic disturbances. Gen-
erally, the higher the order, the longer the length of stream in nature. The total stream length is 488.536 km, and the
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Table 1. Methodology adopted for computation of morphometric parameters.

Morphometric Parameters
Area (A)
Basin perimeter (P)
Stream order

Basin length (L)

Mean stream length (Lsm)

Stream length ratio (R.)

Bifurcation ratio (Ry)

Mean bifurcation ratio (Rpm)

Drainage density (Dyg)

Relief ratio (R,)

Stream frequency (Fs)

Form factor (R¢)

Basin relief (Bn)
or
Total relief (H)

Elongation ratio (Re)

Circularity ratio (R)

Lemniscate ratio (k)

Drainage texture (Dy)

Dissection index (Djs)

Ruggedness number (R,)

Hypsonetric integral (HI)

Formula/Definition
Plan area of the watershed (km?) GIS software analysis
Perimeter of the watershed (km) GIS software analysis
Hierarchical rank
Length of the stream (km) GIS software analysis

L¢m = Ly/Ny (km) where,

Lsm = mean stream length

L, = total stream length of all orders

N, = total no. of stream segments of order “u”
GIS software analysis

R. =Ly/L,—1, where L, — 1 = the total stream length
of its next lower order

Rp = NW/Ny + 1, where,
Ny + 1 = no. of segments of the next higher order

Rym = average of bifurcation ratio of all orders

D4 = LJ/A, where,
L, = total stream length of all orders (km)
A = area of the watershed (km?)

R; = H/Ly, where,

H = total relief

L, = basin length

GIS software analysis using DEM

Fs = NJ/A, where,
N, = total no. of streams of all orders
A = area of the basin (km?)

R¢ = A/Ly%, where
A = area of the basin (km?)
Ly? = square of the basin length

By, = h —hy, where,

h = maximum height (m)

h; = minimum height (m)

GIS software analysis using DEM

R, =1128VA/L, , where,

A = area of the basin (km?)
Ly = basin length

Re = 4 x 1 x A/P? where,
n=3.14

A = area of the bain (km?)
P = perimeter (km)

k = Ly24A where,

Ly = basin length (km;
A = area of basin (km®)

D= N./P, where

N, = total no. of stream segments of order “u”
P = perimeter of the watershed (km)

Dis = By/R,, where,
R, = absolute relief
By, = basin relief or total relief

R, = Dg*(B/1000), where,
B, = basin relief
Dq = drainage density

Hi=(H-h)/(H-h) , where,

H = the weighted mean elevation
H = maximum elevation
h = minimum elevation
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Continued

HC obtained by plotting the progortion of the total height
. (h/H) against the proportion of the total area (a/A) of the
Hypsometric curve (HC) basin, where H is the total relative height, A is the total 81191
area of the basin and a is the area of the basin above a
given line of elevation h.

0sZ, = S (or)
tanS,
cosZ, = B
tand
Stream-entrance angle (Z.) where (Z.) the angle entrance between a tributary 1117

developed in a valley-side slope (of @ °) and joining
a large stream of lower slope (7 °). Sc: is the channel

slope of the parent stream
Sg: is the ground slope. It is assumed to be the same as
the slope of the tributary stream.

Cc is based on the formula

Tan @ =Cin/Swc

where, Cin: contour interval,

Swec: average width between two successive contours (8] [1661] [56]
calculated as Ac/{L1 + L2)/2},

Ac: total areas between successive contours

L1 + L2 are the lengths of two successive contours

Clinographic curve
(Cc)

Table 2. Morphometric parameters of W. Kerak watershed”.
(a)

RL Rb
Stream
order

I—sm

(Km) Order Order

Parameters A (km?) L, (km) P (km) L, (km)
1 11 1\ \Y | 1 11 \Y

Wadi Kerak  190.90 33.95 99.49 5 488.53 0.641 0.455 0437 0406 2.057 56 37 6 5

(b)
Rom Dy Ry Fs R¢ By Re Rc R K T D;
5.302 2559  48.924 m/km 3.991 0.165 1661 0.459 0.241 4.24 1.509 10.187 1.300

“Area (A), Basin length (L), Basin perimeter (P), Stream length (L), Mean stream length (Lqy), Stream length ratio (R.), Bifurcation ratio Ry), Mean
bifurcation ratio (Rpm), Drainage density (Dg), Relief ratio (R,), Stream frequency (Fs), Form factor (Ry), Basin relief (Bp), Elongation ratio (Re), Cir-
cularity ratio (Rc), Ruggedness number (R,), Lemniscate ratio (k), Drainage Texture (T), Dissection Index (Di), Hypsometric Integral (HI), Hypsome-
tric Curve (HC).

first-order streams constitute 52.1% of the total stream length. The stream length characteristics of W. Kerak ve-
rify Horton’s second law [7], the “law of stream length”, which affirms that the average length of steams of each
of the different orders in a drainage basin tends closely to approximate a direct geometric ratio. This geometric
linear relationship is shown graphically when log values of these parameters are plotted on an ordinary graph
(Figure 5(b)). Most drainage networks show a linear relationship with a small deviation from a straight line.
Mean stream length (L) is a dimensional property revealing the characteristic size of components of a drainage
network and its contributing basin surfaces [11]. It is calculated by dividing the total stream length of order (u)
by the number of segments N, of that order. It is obvious that the L, values for the W. Kerak watershed vary
from 0.42 to 6.94, while L, values for the five sub-basins vary from 0.34 to 1.37; 0.48 to 0.93; 0.33; to 2.6 and
0.59 to 1.9 respectively. It is clear that L, of any given order is greater than that of the lower order and less than
that of its next higher order in both W. Kerak and its sub-basins. Stream length ration (R,) is the ratio between
the mean length of streams of a given order to the mean length of streams in the next lower order. R, is consi-
dered an important factor in relation both to drainage composition and geomorphic development of drainage ba-
sins [7]. A variation exists in R, values between the streams of different order for the W. Kerak catchment and
its five sub-basins. This variation might be attributed to morphological changes in slope and relief along the Ke-
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Table 3. Morphometric parameters of W. Kerak sub-basins.

(@
Re Ry
Parameters A (km? L, (km) P (km) Sct)rr%%T Ly (km)  Lgy (km) Order Order
1 11 I\ | ] 11
Sub-basin 1 10.190 6.170 18.270 4 27.480 0.490 0.327 0.876 1.080 4.2 3.33 3
Sub-basin 2 4400 3130 10.110 4 11695  0.584 0.535 0556  0.137 3.25 2 2
Sub-basin 3 23.690 8.920 24.470 4 51.930 0.596 0.449 1.144 0.181 4.928 4.666 3
Sub-basin4 11450 5.370  18.910 4 24960  0.520 0316 1260  0.567 6.5 3 2
Sub-basin 5 3.610 3.080 8.250 3 10.050  0.773 0.637  0.076 - 5 2 -
(b)

Rom Dy R, Rn Fs R¢ Bh Re R¢ k T D;
3.966 2.696 22.366 m/km 0.051 5.495 0.267 138 0.583 0.376 0.933 14814  0.108
2.817 2.657 38.658 m/km 0.321 4.545 0.449 121 0.755 0.540 0.556 12.076  0.090
4.811 2.192 39.013 m/km 0.763 3.672 0.297 348 0.615 0.489 0.839 8.049 0.299
5.758 2.179 76.908 m/km 0.90 4.192 0.397 413 0.710 0.427 0.630 9.134 0.381

4.4 2.783  291.233 m/km 2.496 3.601 0.380 897 0.695 0.665 0.656  10.021  0.969

31°19‘0"N 31°1.5'0"N

3105‘|0|-N

31 °0.'0"N

Stream order

— 1 st order
——2 nd order
3 rd order
4 th order |
—5 th order

35°35'0"E

Figure 4. Drainage order for W. Kerak watershed.

35°40'0"E

rak graben initiated along the Al Keral-Al-fiha fault system, and the youth-age stage of geomorphic develop-

ment of the watershed.

2) The Bifurcation Ratio (Rp) is the ration of the number of streams of a given order to the number of streams
of the next higher order [14]. The bifurcation ratio is designated by Horton [7] as an index of relief and dissec-
tion. It value is about 2 for flat or rolling drainage basins, and up to 3 or 4 for mountainous or highly dissected
drainage basins. Characteristically, Ry, values range between 3.66 and 6 for watersheds in which the geologic
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Figure 5. Horton’s first law (a) and Horton’s second law (b) using W. Kerak watershed.

structures distort the drainage pattern. By contrast, lower values of Ry, are characteristics of structurally less dis-
turbed watersheds without any distortion in drainage pattern [11]. Abnormally high bifurcation ratios might be
expected in regions of steeply dipping rock strata, where narrow strike valleys are confined between hogback
ridges. The mean bifurcation ratio (R,m,) of the W. Kerak catchment is 5.30, while the Ry, values for the upper
catchment rises to 5.76 (basin 4, east of Kerak city). Such high figures indicate that drainage development in the
main watershed including the sub-basins is influenced crucially by structural disturbances represented by the
Al-Kerak-Al-fiha fault system, tectonic activity, rejuvenation phases, and, the existence of Ed Dhira flexure at
the lower part of the catchment. Here, prominent hogback ridges with steeply dipping strata (=75°) were formed
close to the rift, east of Ghor Mazra.

4.1.3. Areal Parameters

1) Drainage Density (Dy) is defined as the closeness of spacing of channels. It is a measure of the total length
of streams in a catchment per unit area, and it is a measure of landscape dissection and runoff potential of the
basin. Thus, Dy has units of reciprocal of length (1/L). A high value of Dy would indicate a relatively high den-
sity of steams and thus, a rapid stream response. High drainage density of an area is indicative of high run-off,
and consequently a low infiltration rate, whereas, low drainage density of an area implies low run-off and high
infiltration [62]. Slope steepness and relative relief are the main morphological factors controlling drainage den-
sity. Strahler [11] concluded that low Dy occurs where basin relief is high. Other important factors determining
Dq are infiltration-capacity of the soil, and initial resistance of the terrain towards erosion. Intermittent and
ephemeral streams which carry flood water should be included in calculating drainage density. The poorly
drained basins have a drainage density of 2.74, while the well-drained one has a density of 0.73, or one fourth as
great [7]. The Dqvalue for the W. Kerak catchment is 2.6, while, D4 values for the sub-basins range between 2.2
(sub-basin 3) and 2.8 (sub-basin 5). Such values are classified as coarse drainage density according to Smith
[12]. These figures also are indicative of highly dissected steep terrain with impervious underlying rocks, espe-
cially the nodular limestone or the marly-clay unit, and the Echinoidal or the limestone-marl unit. Both are ex-
posed mainly along the middle catchment where a series of springs exist.

2) Drainage Texture (T) is an expression of the relative spacing of drainage lines in a fluvially dissected ter-
rain. It is defined as the total number of stream segments of all orders per perimeter of that area [7]. T is consi-
dered one of the main concepts in drainage basin geomorphology. It depends on several intrinsic physical factors
such as climate, rainfall, vegetation, soil, lithology, infiltration-capacity, relief, and stage of watershed develop-
ment. According to Smith [12], drainage texture is classified into four categories: coarse (T < 4), moderate (T =
4 - 10), fine (T value is above 10), and ultra-fine or badlands topography (T value is >15). It is obvious from
such classification, that the drainage texture of the W. Kerak catchment (T = 10) is moderate, whereas sub-ba-
sins 1 (T = 14.8) and 2 (T = 12) exhibit a fine drainage texture. High drainage texture values indicate the pres-
ence of soft rock with low resistance against erosion.

3) Stream Frequency (F;) represents the ratio of the total number of streams (N,) in a basin to the basin area
(A), and is defined as the number of streams per unit of area [7]. The value of stream frequency ranges from
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3.91 t0 9.99. The F; value depends mainly on the lithology of the basin and, reflects the texture of the drainage
network. Statistically, the F value is positively correlated with Dy values of the watershed, which means that the
increase in stream population is connected to that of drainage density [63]. The values of Dy and F; for small and
large drainage basins are not directly comparable because they usually vary with the size of the drainage area.
High stream frequency means more percolation with respect to drainage density, and hence more groundwater
potential [64]. The Fsvalue for W. Kerak watershed is 3.98, and for sub-basins 1 - 5 are; 5.5, 4.5, 3.7, 4.2, and
3.6 respectively. F, values are relatively low for both W. Kerak and the sub-basins which indicate that more sur-
face water infiltrates down to subsurface strata; thus, groundwater potential is relatively high, with 35 active
springs issuing along the middle course of the wadi [65].

4.1.4. Shape Parameters

1) Elongation Ratio (R.) is defined as the ratio between the diameter of the circle of the area as represented by
the drainage basin to the maximum basin length [14]. Strahler [11], stated that the values of R, generally vary
between 0.6 to 1.0 over a wide range of climate and geological conditions. Values close to 1.0 are typical of re-
gions with very low relief, whereas values in the range of 0.6 - 0.8 are normally characteristic of watersheds
with high relief and steep slopes. The low values of R, indicate that a particular mini-watershed is more elon-
gated than others. Where the R, approaches 1.0, the shape of the drainage basin approaches a circle [14]. It has
been reported that a circular basin is more efficient in runoff than is an elongated one [66]. Based on R, values,
watersheds were grouped into five categories, i.e. circular (0.9 - 1.0); oval (0.8 - 0.9), less elongated (0.7 - 0.8);
elongated (0.5 - 0.7), and more elongated (<0.5). The elongation ratio for W. Kerak is 0.46, while the values re-
lated to the five sub-basins are: 0.583, 0.755, 0.615, 0.710, 0.695 respectively. All these values are indicative of
elongated shape, and associated with high relief and steep slopes. They also imply that the hydrograph of these
basin and sub-basins might be smoother (i.e. the crest segment of the hydrograph will be flatter and the slope of
the rising and recession limbs will be low) [19].

2) Circularity Ratio (R.) refers to the ratio of basin area (A) to the area of circle having the same circumfe-
rence as the perimeter of the basin [13]. It is controlled by the length and frequency of the streams, geological
structures, land use, land cover, climate, relief and slope steepness of the watershed. Drainage basins with a
range of circularity ratios of 0.4 to 0.5, were described by Miller [13], indicating they are they are strongly
elongated, highly permeable, with homogeneous geological materials. Low, medium and high values of R, indi-
cate the young, mature, and old stage of the geomorphic cycle of the watershed [63]. The R, value of W. Kerak
watershed is 0.24 which denotes that the catchment is at a youth stage of geomorphic development, while the
circularity ratios of the sub-basins vary from 0.4 to around 5, which confirms that they are elongated.

3) Form factor (Rf) is expressed as the ratio between the area of the basin and the square of the basin length
[7]. Rf parameter has been developed to predict the intensity of a basin of a defined area. For a perfectly circular
basin, the value of the form factor should be always less than 0.75 [5]. The smaller the value of Rf (<0.45), the
more the basin will be elongated. Basins with high Rf experience high peak flows of shorter duration, whereas
an elongated watershed with a low form factor, has a low peak flow of longer duration. The Rf value for W.
Kerak is 0.17, and the values range from 0.27 to 0.45 for the sub-basins, which indicates that the W. Kerak wa-
tershed is an elongated basin. Thus, low peak flows of long duration are expected [63].

4.1.5. Relief Parameters

1) Basin Relief (By,) or “total relief” of the basin, is defined as the difference in elevation between the highest
and lowest points on the basin [14]. Generally, relief measures are indicative of the potential energy of a drai-
nage system present by virtue of elevation above a given datum [11]. Basin relief is an essential factor in under-
standing the denudational characteristics of the watershed, landforms and drainage networks development,
overland flow, and through-flow and erosional properties of the terrain. The total relief of W. Kerak watershed
is 1661 m. Such a high value indicates a high potential erosional energy of the drainage system. Due to the
sinking base level of the Ghor and the Dead Sea, and tectonic activity, W. Kerak entailed rapid incision during
its geomorphic history, thus, giving, rise to the present rough terrain. Landslides and soil erosion are prominent
active geomorphic processes across the watershed.

2) Relief Ratio (R,) is the ration between the total relief (or basin relief By,) of a basin and the longest basin
length parallel to the principal drainage line [14]. This relief ratio is dimensionless height-length ratio equal to
the tangent of the angle formed by two planes intersecting at the mouth of the basin, one representing the hori-
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zontal, the other gassing through the highest point of the basin. Relief ratio allows comparison of the relative re-
lief of any basin regardless of differences in scale of topography [14]. The R, value of the W. Kerak basin is
0.05, which shows that considerable steep slopes and high relief are present in the lower and middle catchment,
while gentle/rolling slopes are characteristics of the upper catchment where remnants of erosion surfaces pre-
dominate.

3) Dissection Index (Di) is a parameter referring to the degree of dissection or vertical erosion, and the stage
of landforms development in any given watershed [60]. Di is the ratio between the total relief (relative relief)
and absolute relief of the basin which always varies between 0.0 (complete absence of dissection and hence the
dominance of flat topography) and 1 for infrequent cases such as vertical cliff topography at the sea shore, or
vertical escarpment of hill-slope. Extreme values of Di certainly exceed 1 in rift regions such as Jordan. Eleva-
tions below sea level are present. Thus, the relative relief for a given watershed is occasionally higher than
maximum (absolute) relief for the watershed. The W. Kerak catchment in the present study (and other wadis/
rivers draining to the rift) is an example. Here, the total relief of the catchment is 1661 m, while the absolute re-
lief of the basin is about 1275 meters a.s.l. Therefore, the Di value is 1.3 which clearly indicates that the catch-
ment is extremely dissected due to successive phases of rejuvenation, youth-age stage of geomorphic develop-
ment. The watershed is also highly prone to soil erosion, repetitive landslide movements, and susceptible to an
increased peak discharge. Based on Di values, it is appropriate to propose a classification for watersheds in
terms of dissection. Accordingly, watersheds can be grouped into five categories: a) flat-undulating (<0.1), b)
rolling (0.1 - 0.4), ¢) moderately dissected (0.4 - 0.7), d) highly dissected (0.7 - 1.0), e) extremely dissected
(>1.0).

4) Ruggedness Number (R;) is dimensionless parameter which represents the product of basin relief (By) and
drainage density (Dg) [8] [11]. Extremely high values of ruggedness number occur when both variables are large,
as exemplified by W. Kerak and other Jordan Rift watersheds. In this context, the slopes are not only steep but
long as well. Observed values of ruggedness number range from low (i.e. 0.06) for smooth and subdued mor-
phology to over 1.0 for sharp morphology, or extreme figures characterizing badlands topography. To achieve a
wide range of R, values to represent watersheds with subdued and sharp morphology, the authors divided the
product of basin relief (By) and drainage density (Dg) by a constant 1000 and applied that on a series of wa-
tershed in the rift region. The product was values ranging from <0.1 to >4 as the case of W. Kerak (R, = 4.24),
while the R, for the five sub-basins are: 0.051; 0.321; 0.763; 0.9; 2.496 respectively. The lowest value of R, is
for sub-basin 1 and the highest R,, value is for sub-basin 5. Sub-basin 1 is located in the upper catchment, while
sub-basins 2 - 4 are located in the middle catchment, and sub-basin 5 is part of the lower catchment where sharp
morphology is characteristic. Following that, it was possible to classify watersheds (at least for our region and
based on R, values into five categories: <0.1 subdued morphology; 0.1 - 0.4 slight morphology; 0.4 - 0.7 mod-
erate morphology; 0.7 - 1.0 sharp morphology; >1.0 extreme morphological expression including badlands to-
pography. Watersheds having high R, values are characterized by dynamic geomorphic processes, long and
steep slopes interrupted by sharp breaks of slope due to rejuvenation processes, high susceptibility to soil ero-
sion and mass movement, and high response to an increase in peak discharge.

5) The Lemniscate Ratio (k) was elaborated by Chorely et al. [59] as a measure to describe how closely the
actual drainage basin shape approaches the loop of a lemniscates. They concluded that for describing the drai-
nage basin shape accurately, it is essential to determine the lemniscates shape which the basin most nearly ap-
proaches. The lemniscates ratios allow to distinguish regional variation of drainage basin shapes. Thus, it is con-
sidered a useful index to differentiate one morphometric region from another, and to express quantitatively the
structural control over basin shape, as for example in the effect of varying angles of dip on the shapes of drai-
nage basins developed on a cuesta dip slopes. The lemniscate (k) value for the W. Kerak watershed is 1.5 which
shows that the watershed is mostly elongated in shape and flow for a longer duration, while the values of k for
the sub-basins range between 0.556 (sub-basin 2) and 0.933 (sub-basin 1).

4.1.6. Hypsometric and Clinographic Parameters

To illustrate the geomorphic evolution, type of erosive processes and relative age of landforms of the W. Kerak
watershed, along with the influence of internal and external forcing factors on the basin topography (i.e. tectonic,
lithology and climate), the hypsographic curve (expressing how much land lies between two contour lines), the
hypsometric curve (area-elevation analysis), and the hypsometric integral of the basin have been calculated and
prepared [28]. Hypsometry means relative proportion of an area at different elevation within a watershed, thus, it
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represents the distribution of area with respect to altitude [8]. Differences in the shape of the hypsometric curve
(HC), and the hypsometric integral (HI) value are attributed mainly to the degree of disequilibria in the balance
of erosive and tectonic factors [8] [14] [67]. The hypsometric curve expresses the volume of rock mass in the
watershed and the amount of erosion that has taken place in that watershed against the remaining mass. There-
fore, the hypsometric integral is used as an estimator of the erosion status of a watershed [42] [67] [68]. Strahler
compared and evaluated different shapes of hypsometric curves pertaining to different drainage basins, and clas-
sified the basins according to their stages of geomorphological evolution as: youth stage (convex upward curves,
where HI > 0.60) where the watershed is highly susceptible to erosion, equilibrium or mature stage (S-shaped
hypsometric curve which is concave upward at high elevations and convex downwards at low elevations, where
0.30 < HI < 0.60), and peneplain (old) or monadnock stage (concave upward curve, where HI < 0.30). Such
classification also provides an indication of the erosion status of watersheds [69], and reflects the interaction
between tectonics and erosion [70] as represented by W. Kerak [55].

1) The Hypsometric Curve of the W. Kerak watershed is a convex upward curve, and the hypsometric integral
is 0.73, indicating that W. Kerak is in the youth-age stage of geomorphic evolution, and subjected to tectonic ac-
tivities (Figure 6). Extensive degradation that took place during the Upper Miocene-Pliocene resulted in the
Upper Miocene-Pliocene planation surface to the east of the uplifted scarp overlooking the Jordan Rift. The
present surface exists in the upper catchment of the Wadi between Kerak city and Mazar town. By contrast, dis-
sected and rugged terrain characterized the western part of the watershed. Regional down warping towards the
east was associated with high dissection as a response to recurrent lowering of the base level towards which the
drainage network was progressively cutting. The rejuvenated canyon during lower Pleistocene has partially de-
stroyed this surface to the north of W. Kerak, and the pre-existing drainage system was also disturbed. The scat-
tered isolated hills with its summit accordance could be interpreted as the remnants of the Upper Mi-
ocene-Pliocene surface [71]. W. Kerak and other major streams draining to the west were also beheaded, and
Wadi Moujeb captured the truncated drainage part of W. Kerak [72]. Field observations demonstrate that the
present dimension of the large gorge of the wadi is out of proportion when compared with its small and misfit
watershed. The only explanation for this situation, is that W. Kerak was beheaded at one time due to tectonic ac-
tivity and the associated uplifting, and was never able to recover its former drainage basin. The graben which W.
Kerak follows, continues a few kilometers southeast of Kerak city in Faj el-Useiker [73], which is separated
from the present catchment due to uplifting of the land block east of Kerak probably during lower Pleistocene
tectonics. As a result, the upper part of the canyon has been blocked, while the lower course now forming the
wadi, remained open towards the rift. Then, at a later stage Faj el-Useiker was captured by an active tributary of
Wadi Moujeb. Continued degradation in the lower part of the basin (West of Kerak city) resulted in deep incision
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Figure 6. Hypsometric curve illustrates the youth-stage of devel-
opment of W. Kerak.
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through underlying late Cambrian sandstones. Intrenched and ingrown meanders which characterized the upper
reaches of W. Kerak, were inherited from former drainage which existed on the senile plateau surface before re-
juvenation took place [74]. As the streams incised their courses following the lowering of base level, they ma-
naged to maintain the old bends, by adjusting to underlying structures; thus, spectacular incised meanders de-
veloped [55]. The canyon-like shape of W. Kerak penetrated 1700 m of rock strata ranging from late Cambrian
sandstones to Eocene chalk, limestone and chert [52]. Such a huge range of downcutting indicates that W. Kerak
and other streams draining to the rift have persisted at least since the Upper Miocene. In addition, the sinking
floor of the Jordan Rift retained progressive downcutting and incision, but the grade (i.e. to start to form a
floodplain) was never attained from early Pleistocene tectonics.

2) The Clinographic Curve seeks to demonstrate the average gradient between inter-contour areas in the form
of an average profile, and reveal the breaks in slope and sudden changes in the relief of any area (i.e. watershed
or region). In addition, it also represents the general trend of the surface, thus emphasizing uniform terrain such
as plateau surface. Associated with longitudinal profile both provide a visual perception of the actual nature of
terrain [16] [56] [75]. Different methods were elaborated to calculate the slope angle between two successive
contours [8] [16]. The clinographic curve is drawn by plotting the ground slope against the contour height start-
ing at the top of any area. The clinographic curve of the W. Kerak drainage basin is illustrated in (Figure 7).
Generally, the shape of the clinographic curve is similar to the hypsographic curve (Figure 8). Both of them
show four breaks at different elevations: 900 - 1000 m (a.s.l); 400 m; 100 m; —200 m (b.s.l). The most promi-
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Figure 7. Clinographic curve illustrating major breaks across W. Kerak watershed.
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Figure 8. Hypsographic curve showing major breaks across W. Kerak catchment.
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nent break of slope is that which coincides with contour —200 m (b.s.l), which often represents that last major
subsidence of the Ghor floor/Dead Sea as a result of the Upper Pleistocene tectonics. By contrast, the break of
slope (900 - 1000 m a.s.l) represents the morphological discontinuity between the preserved Upper-Miocene
Pliocene surface and the dissected scarp zone overlooking the Jordan Rift. Here, the surface slopes at 1° - 3°,
while the slope of the land between 600 and 500 m (a.s.l) is about 15°. However, slopes steepened dramatically
towards the faulted-erosional scarp overlooking the Dead Sea rift to reach 50° [55]. 75° were recorded for the
hogback ridges resulting from erosion in the Ed-Dhira flexure close to Ghor Mazra. The longitudinal profile
(Figure 9) of W. Kerak shows that the stream is far from attaining grade, where major interruptions exist along
the profile. Although several breaks may be attributed to local variations in rock resistence, at least four major
interruptions are considered as rejuvenation points (1000 m; 700 m; 300 m a.s.l; (—100) - ( —250) m b.s.l), since
they coincide with at least three other wadi profiles to the north and south of W. Kerak. This fact is supported by
the major breaks (1000 m; 900 m; 800 m; 700 m; 600 - 500 m a.s.l) observed on the projected profiles (Figure
10) for W. Kerak [55]. The major interruptions characterized the longitudinal profile of the wadi, and the pres-
ence of incised meanders (intrenched meanders close to Kerak city, and ingrown meanders to the west of Mazar
town) in the middle and upper catchment indicate that rejuvenation processes occurred when the wadi was in the
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Figure 9. Major irregularities along the longitudinal profile of W. Kerak across the rejuvenation belt.
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nature stage of its evolution, probably at the middle of Pleistocene. These nick points and valley-side slope dis-
continuities truncated the upper Miocene-Pliocene surface [73], and may have originated during the lower
Pleistocene tectonics, while the lower breaks between —100 m to —250 m b.s.I are probably attributed to the up-
per Pleistocene tectonics [76]. The hypsometric curve shows three different slope elements, and the breaks of
slope lie at about 900 - 1000 and —250 m (Figure 6); each lie about a third-point of the curve, or the present to-
tal relief of the basin. Also, the clinographic curve immediately illustrates the three slope elements (Figure 7).
Such distinctive and separate slope elements are considered a true mirror of tectonic uplifting and rejuvenation,
which resulted in a “Poly-Cyclic” drainage basin as suggested earlier by Chorely [77]. The hypsographic curve
for Wadi Kerak is resembles the clinographic curve. Both of them exhibit the major breaks of slope which indi-
cate the tectonic movements and rejuvenation activity.

3) The Entrance Angle (Z.) Parameter Horton [7] refers to the significance of entrance angles in drainage ba-
sin development, and recognized that the course followed by a new tributary is governed by the slope of the
ground over which it flows, and the gradient of the channel to which it is tributary. Where the ground slope is
great in relation to the gradient of the master steam (i.e. during the youth stage of gemorphological development)
a tributary joins at almost a right angle; where the master stream gradient and valley-side slope are almost the
same (i.e. mature stage) the tributary almost parallels the main channel, joining it at a small angle. The idea
formulated by Horton has been tested in the field by Schumm [14] on drainage basins in Perth Amboy, New
Jersey. He measured 32 entrance angles for a youthful drainage basin, and found that the mean angles was 65°,
while the mean entrance angles measured for a mature basin was 46° (for 29 angles measured). He concluded
that the decrease of angles of junction will be accomplished by lateral migration of the tributary towards the
main channel and down-valley shift of the junction.

A sample of a twenty-angles tributary junction was measured from the W. Kerak topographic map. The fre-
quency distribution histogram is illustrated in (Figure 11). It was found that the mean angle of junction is 67°,
and half of the entrance angles was around 80°. Such results imply that W. Kerak is in the youth-age stage of
erosional development with a high relief ratio, and the main stream and tributaries are controlled by the Kerak-
Al-fiha major fault and the subsidiary dense branching faults respectively [55]. Thus, it can be deduced from
existing pattern of entrance angels, that the future pattern of mean entrance angles will gradually decreased due
to the process of degradation. When the junction angle becomes very small, lateral planation removes the inter-
vening divide, and the junction migrates upstream while approaching the mature stage of development [14].
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Figure 11. Frequency distribution histogram shows the values of stream-en-
trance angles in W. Kerak watershed.
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5. Conclusions

The quantitative and qualitative analysis of geomorphometric parameters for the W. Kerak watershed and five
sub-basins justifies the utilization of DEM and GIS tools for geomorphic evaluation of a drainage basin located
in the rift region. The drainage network of the wadi has been significantly influenced by geomorphic, lithologic,
tectonic and structural factors. Morphometric analysis illustrates how these factors affected the processes of
landforms development. The drainage network of the basin is mainly trellis with sub-dendritic types, and the
watershed has been classified as a fifth-order basin. The drainage density (Dq) value for the basin is 2.6, and the
DqVvalues for the sub-basins are below 3 which indicates that the fissured and jointed rock strata are relatively
permeable, a characteristic feature of coarse drainage. The stream length ratio varies for both the W. Kerak cat-
chment and the sub-basins as a result of local variation in morphology (changes and breaks of slope), slope
steepness, relief and the stage of geomorphic evolution of landforms. High values of bifurcation ratios indicated
strong structural control in the drainage pattern and stream-entrance angles. Low values of stream frequency
denote that a significant proportion of surface water infiltrates to the subsurface strata, and thus the groundwater
potential is relatively high. The high relief ratio is an indicator of active erosion processes or steep slopes espe-
cially in the middle and lower reaches of the catchment. Morphometric indices demonstrate a high dissected in-
dex (Di = 1.3) and a high ruggedness number (R, = 4.24) as a result of uplifting and rejuvenation which oc-
curred during the denudational history of W. Kerak. High hypsometric integral and high values of stream-en-
trance angles, and prominent breaks in longitudinal, clinographic and projected profiles indicate that the W. Ke-
rak catchment is greatly affected by rejuvenation phases. Rejuvenation experienced by the watershed existed in
the variation of morphometric properties of drainage network, relief, slope gradient and profiles.

Field observations verify the results of morphometric analysis. The elongated nature of the entire catchment
reveals the dominance of steep slopes and strong relief. The basin is rugged and highly dissected with high sus-
ceptibility to landslide events and soil erosion. It is also characterized by a high response to an increase in peak
discharge, and high potential of surface runoff.

Reasonable infiltration capacity resulted in relatively high groundwater potential at the middle part of the ba-
sin. The geomorphometric characteristics of the rift watersheds (including the W. Kerak catchment) are re-
markably different from those watersheds ending in inland depressions (i.e. El-Jafr and Azrag depressions) and
the Gulf of Agaba, southern Jordan. The knowledge gained from the present study is aimed to help decision
makers in planning efficient soil and water conservation schemes, and watershed and natural resources man-
agement for future sustainable development on the catchment level.
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