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Abstract 
GIS-based morphometric analysis was employed to prioritize the W. Mu-
jib-Wala watershed southern Jordan. Seventy six fourth-order sub-watersheds 
were prioritized using morphometric analysis of ten linear and shape para-
meters. Each sub-watershed is prioritized by designated ranks based on the 
calculated compound parameter (Cp). The total score for each sub-basin is as-
signed as per erosion threat. The 76 sub-basins were grouped into four cate-
gories of priority: very high (12 sub-basins, 15.8% of the total), high (32 
sub-watersheds, 42.1% of the total), moderate (25 sub-watersheds, 32.9% of 
the total), and low (7 sub-watersheds, 9.2% of the total). Sub-watersheds ca-
tegorized as very high and high are subjected to high erosion risk, thus creat-
ing an urgent need for applying soil and water conservation measures. The 
relative diversity in land use practices and land cover, including variation in 
slope and soil types, are considered in proposing suitable conservation struc-
tures for sub-watersheds connected to each priority class. The adaptation of 
soil conservation measures priority-wise will reduce the erosivity effect on soil 
loss; while increasing infiltration rates; and water availability in soil profile. 
Principal component analysis (PCA) reduces the basic parameters and erosion 
risk parameters to three components, explaining 88% of the variance. The re-
lationships of these components to the basic and erosion risk parameters were 
evaluated, and then the degree of inter-correlation among the morphometric 
parameters was explored. The verification of priority classes obtained through 
morphometric analysis was tested using Discriminant Analysis (DA). The re-
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sults show a complete separation existing between the identified priority 
classes. Thus, soil erosion risk and geomorphic conditions are found entirely 
different from one class to another. The present results are intended to help 
decision makers to plan for efficient soil and water conservation measures to 
achieve future agricultural sustainability in the rainfed highlands of Jordan. 
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1. Introduction 

Rapid population growth(≈ 3% annually), and the persistent need for food pro-
duction during the 1960s and ‘70s, caused continuous expansion of rainfed cul-
tivation on marginal areas (average annual rainfall < 250 mm), forest and ran-
geland, which in turn increased the pressure on soil and water resources. The 
destruction of vegetation cover historically and land use abuse, coupled with the 
absence of efficient conservation measures, and compounded by improper 
farming practices accelerates soil erosion. The impact of land use/cover changes 
on soil erosion risk in northern Jordan was assessed [1] [2]. Cultivated land with 
poor conservation measures exhibit a higher rate of soil erosion and decline in 
soil fertility. The only conservation practice dominant is inefficient old stone 
terracing where rainfed “mixed farming” is practiced [3]. Further, soil erosion is 
becoming more serious on moderate and steep slopes which were transformed 
into cultivated land. Repetitive heavy rainstorms are the major significant trig-
gering factor for extreme soil erosion, landslide activity, and floods. Severe 
storms with maximum daily intensity in the range of 2.1 - 6.66 mm∙h−1 are 
common in the highlands region [4] [5] [6]. Several case studies were carried out 
on watersheds prioritization in Jordan using morphometric analysis method, 
multivariate statistics, soil erosion susceptibility, and RUSLE soil loss modeling. 
For example, fourteen mini-watersheds of W. Shueib (Central Jordan) were pri-
oritized for soil and water conservation [7] based on the method of morphome-
tric analysis [8] [9] [10], and soil erosion susceptibility analysis [11] using GIS. 
Degradation of vegetation covers including forest, and the existence of W. 
Shueib structure along the eastern part of the catchment, caused serious soil ero-
sion and landslides activity. Therefore, flooding and sediment discharge into the 
W. Shueib reservoir have increased during heavy rainstorms. Eleven 
mini-watersheds (78.6% of the total) are classified in the categories of moderate, 
high, and very high priority. Thus, they should be considered as potential areas 
for preferential conservation intervention, and must be prioritized immediately 
for soil and water conservation practices. Moreover, prioritization was per-
formed for thirty one third-order mini-watersheds connected to W. Kerak 
(Southern Jordan) using morphometric analysis and RUSLE soil loss modeling 
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methods, and GIS techniques [12]. Based on morphometric parameters and soil 
loss values, and their ranking scores, five priority classes were recognized: ex-
tremely high, very high, high, moderate and low priority. Fifteen 
mini-watersheds (48.4% of the total) are classified as extremely high, very high, 
and high priority. Therefore, these mini-watersheds must be given the highest 
priority for soil and water conservation to ensure future sustainable agriculture. 
Remote sensing and GIS techniques were adopted for prioritization of the Zarqa 
River catchment. Forty three fourth-order sub-basins were prioritized based on 
morphometric and Principal Component Analysis (PCA) [13]. The optimal 
priority classes were recognized and the effectiveness of erosion risk parameters 
in watershed prioritization was assessed. Prioritization of the 43 sub-basins was 
conducted using ten linear and shape parameters, and three parameters which 
are found to be of high correlation with components 1 and 2. Then different 
sub-basins were prioritized by ascribing ranks based on the calculated com-
pound parameter (Cp) using the two approaches. Comparison of the results in-
dicated that prioritization of sub-basins based on morphometric analysis is more 
consistent and serves for better decision making in conservation planning as 
compared with the PCA approach. Seventeen sub-basins (39.5% of the total) 
grouped under the high priority class, and are subjected to high erosion risk. 
Nineteen sub-basins (44.2% of the total) are classified as moderate priority for 
soil conservation. The transformation of enormous areas of forest and rangeland 
into farming practices and the expansion of rainfed “mixed farming” (mainly 
cereals) accelerates soil erosion. Soil erosion eventually induced low agricultural 
productivity, changes in river morphology, high sediment yield and reduction in 
reservoir storage capacity. The future life of constructed and proposed dams in 
Jordan, i.e., W. Alarab [14]; King Talal Reservoir [15]; W .Mujib dam [16], and 
W. Wala dam [17] are seriously threatened by the inflow of high sediment loads. 
Soil erosion loss for the catchments draining to the rift was found to be 1.328 
million tons year−1, which means, 0.14 cm of the top soil is eroded annually [18]. 
It is obvious that the recorded soil erosion rates in different parts of the high-
lands in Jordan are greater than the accepted soil loss tolerance limits for the 
Mediterranean environment which were estimated at from 2 to 12 
ton∙ha−1∙year−1 [19] [20]. 

Prioritization of sub-watersheds refers to the “ranking of different 
sub-watersheds as the order they have to be selected for appropriate soil conser-
vation measures adaptation” [21]. Erosion risk parameters must be calculated to 
prioritize sub-watersheds for soil conservation. The linear parameters possess a 
direct relationship with erodibility. Therefore, the highest value of the linear va-
riables was ranked 1, the second highest value ranked 2 and so on, and the least 
value was rated last in rank. Furthermore, the shape parameters possess an in-
verse relation with erodibility, thus, the lower their values, the greater the erodi-
bility [22]. Consequently, the lowest value of shape parameter was rated as rank 
1 and the second lowest as rank 2 and so on, and the highest value was rated last 
in rank [23]. The Compound Parameter (Cp) was computed by adding up all the 
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ranks of linear parameters, as well as shape parameters, and then, dividing by the 
number of all parameters. Following the rating of every single morphometric 
parameter, the ranking values for all linear and shape parameters referring to 
each sub-watershed are added up for each of the sub-watersheds to achieve a 
compound parameter (Cp) score based on the average value of these parameters. 
Further, the sub-watersheds having the lowest compound parameter score was 
designated the highest priority, the next higher value was assigned as second 
priority and so on [21]. Highest priority indicates the greater degree of soil ero-
sion in that particular sub-basin, thus, it is considered a potential area for ap-
plying soil conservation measures [24]. 

Several methods have been developed and elaborated for watersheds prioriti-
zation. Eleven of the twenty five studies (44% of the total) employed morpho-
metric analysis method in prioritization [8] [10] [13] [21] [25] [26] [27]. Whe-
reas the other 14 studies (56% of the total) adopted the morphometric analysis 
method combined with one or two of the following methods, such as: sediment 
yield index method(SYI) [8] [22]; sediment production rate (SPR) method [28]; 
USLE/RUSLE models for estimating soil loss [7] [29] [30]; soil erosion suscepti-
bility analysis [12]; runoff potential method [31]; land use/cover analysis [32] 
[33]; sediment yield index(SYI)and land use/cover [23]; weighted sum analysis 
technique [34]; fuzzy analytical hierarchy process [30] [35]; Snyder’s method of 
unit hydrograph, and land use/cover [36]. 

In the current study, the authors employed the morphometric analysis me-
thod to: 

1) Prioritize 76 fourth-order sub-watersheds for soil and water conservation 
based on the morphometric analysis method using GIS and RS. 

2) Generate a spatial map illustrating the distribution of final priority classes 
representing the 76 sub-watersheds,  

3) Explore the relationship of major components determined based on PCA to 
erosion risk parameters and the basic morphometric parameters. 

4) Test the validity of the achieved priority classes by means of Discriminant 
Analysis, and to determine the nature of Discriminant functions in relation to 
the character of components, 

5) Propose suitable soil and water conservation measures for the W. Mu-
jib-Wala catchment. 

Information on soil type, slope categories, and current land use/cover has 
been provided in order to help in suggesting appropriate soil conservation 
measures for sub-watersheds in each priority class. Prioritization in the present 
study demonstrates the role of powerful GIS, RS, and the morphometric analysis 
method in ranking different sub-watersheds in relation to the order in which 
they have to be taken for conservation measures [24]. Further, quantitative 
morphometric analysis of drainage networks is considered the key approach for 
understanding the hydro-morphological processes acting over drainage basins. 
Erosion risk parameters can be measured and calculated using DEM’s and Arc 
GIS software. Morphometric analysis of linear and shape parameters are the 
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common approach developed and adopted to compute the compound parameter 
(Cp) on which prioritization of sub-watersheds is perceived [8] [10] [22] [32]. It 
has been argued in the recent past that erosion risk morphometric parameters 
are the most valid and consistent parameters in relation to erodibility and 
sub-watershed prioritization for conservation practice as compared to other 
methods of prioritization [13]. 

2. Study Area 

W. Mujib-Wala catchment represents the second largest watershed draining to 
the Rift, and discharging directly into the Dead Sea. The catchment is located 
between 30˚39' to 31˚ to 41'N latitude, and 35˚30' to 36˚30' East longitude 
(Figure 1). The watershed attains a maximum elevation of 1277 m (a.s.l) and a 
minimum of - 431 m (b.s.l) at the outlet of the wadi. The catchment has been 
subjected to progressive stages of rejuvenation due to continuous base-level 
changes along the Dead Sea, the lowest base level in the Jordan Rift [37] [38]. 
Thus, deeply dissected topography, incised drainage, and over-steepened and 
interrupted slopes are characteristic. Moreover, the catchment suffers from se-
rious geo-hazards such as landslides activity, high sediment yield, severe soil 
erosion, and repetitive flooding [13]. Slope categories range from 0˚ - 10˚ in the 
east, to nearly vertical slopes bordering the canyons in the western part of the 
watershed, and the faulted-erosional escarpment overlooking the Dead Sea. 
Therefore, slope gradients have a direct impact on surface runoff and geomor-
phic processes over the demarcated sub-basins. 

High hypsometric integral (HI) values ranging from 0.70% to 0.89% predo-
minate in the watershed, indicating that the W. Mujib-Wala and the 76 
sub-watersheds are at the youth-age stage of geomorphic development. Conse-
quently, the sub-watersheds evince high soil erosion rates [3], high sediment 
yield production [16] [17], high possibility of flooding and landslide activity es-
pecially in the western part of the watershed [39]. Mean annual rainfall ranges 
from 346 mm at Madaba area, the north-western edge of the catchment, 164 mm 
at the W. Mujib weather station, to 331 mm and 335 mm at Qasr and Rabba 
town’ respectively. Daily temperatures range from a maximum of >40˚C in Au-
gust (close to the Dead Sea), to a minimum of −5˚C in January close to Mazar 
town. Several rock units are exposed in the catchment, ranging from Cambrian 
sandstones to Quaternary fluvial terraces and lacustrine deposits. Rainfed culti-
vation is practiced on the summit surfaces and undulating terrain units receiving 
250 - 350 mm of rainfall annually (Madaba, Qasr, and Rabba areas). Whereas ir-
rigated farming from springs, Al-Haidan groundwater wells, and base flow 
dominated the lowlands (i.e., wadi floor terraces and flood plains) below W. 
Mujib and W. Wala dams. Scattered irrigated farming based on groundwater 
wells is characteristic of the eastern W. Mujib-Wala catchment. However, hy-
drological prospecting and water resources assessment are in progress at 
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Figure 1. Study area. 
 
present. The most promising sites for groundwater exploration in W. Wala were 
demarcated [40]. Agricultural land utilization occupies 7% of the total catch-
ment. The western part of the catchment comprises a major component of the 
W. Mujib Natural Reserve. Palm trees, tamarisk trees, and oleander shrubs are 
observed in wadi beds. 

3. Materials and Methods 
3.1. Derivation of Erosion Risk Parameters 

The morphometric analysis method was employed to conduct prioritization for 
the 76 sub-watersheds. Five linear morphometric parameters (Rb, Dd, Fs, Tr, and 
Lo) and five shape morphometric parameters (Rf, Bs, Re, Cc, and Re) (see Table 1) 
were calculated as a first step to compute the compound parameter (Cp) in order 
to categorize the sub-watersheds into priority classes. The linear parameters 
comprise the bifurcation ratio, drainage density, stream frequency, texture ratio, 
and length of overland flow. 

The bifurcation ratio (Rb) refers to the ratio of the number of streams in 
lower order (Nu) to the number of the streams of the next higher order (Nu + 1), 
and it computed as: 

1b u uR N N= + , where                    (1) 

uN  = total number of stream segments of order -u- 
1uN +  = no. of segments of the next higher order [41] [42]. 

High Rb values indicate high overland flow and early hydrograph peak with a 
high potential of possibility for flash flooding associated with severe rainstorms 
[43], thus increasing soil erosion rates and sediment discharge in the main 
channel. 

Drainage density (Dd) is introduced by Horton [41] as a significant indicator 
of the linear scale of landform elements in fluvially eroded topography. Dd is de-
fined as the total length of streams in a drainage basin per unit area, or 
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Table 1. Morphometric characteristics of the 76 sub-watersheds 

Shape Parameters Linear Parameters Basic Parameters Sub-watersh
ed no. Rc Cc Re Bs Rf Lo Tr Fs Dd Rb Lu Lb NU P A 

0.30 3.66 0.63 3.18 0.31 0.62 1.26 1.11 1.24 3.64 67.00 13.12 60 47.68 54.09 1 

0.15 5.18 0.53 4.47 0.22 0.63 1.20 1.09 1.25 4.50 128.94 21.47 112 93.13 103.04 2 

0.29 3.69 0.80 2.00 0.50 0.71 1.53 1.07 1.43 4.26 123.80 13.16 93 60.83 86.63 3 

0.15 5.16 0.49 5.36 0.19 0.66 1.19 1.09 1.33 4.64 131.06 23.00 108 90.93 98.75 4 

0.25 4.02 0.76 2.20 0.45 0.71 1.97 1.23 1.42 5.12 184.59 16.93 160 81.25 130.19 5 

0.40 3.15 0.69 2.70 0.37 0.77 1.41 1.77 1.54 3.11 30.34 7.30 35 24.82 19.76 6 

0.33 3.47 0.63 3.22 0.31 0.68 1.23 1.06 1.36 3.52 69.04 12.79 54 43.83 50.75 7 

0.35 3.38 0.62 3.32 0.30 0.75 1.71 1.35 1.50 3.96 86.34 13.84 78 45.54 57.61 8 

0.25 3.99 0.69 2.69 0.37 0.68 1.12 1.08 1.36 3.87 72.80 12.02 58 51.83 53.69 9 

0.44 3.02 0.64 3.07 0.33 0.89 1.23 1.56 1.77 2.69 31.87 7.43 28 22.70 18.00 10 

0.27 3.85 0.56 4.07 0.25 0.79 1.00 1.38 1.58 3.00 39.08 10.03 34 33.96 24.71 11 

0.13 5.63 0.62 3.32 0.30 0.72 1.76 1.29 1.43 5.83 265.13 24.80 238 135.61 184.99 12 

0.07 7.72 0.33 11.59 0.09 0.68 0.98 1.19 1.35 5.02 170.39 38.19 150 153.58 125.86 13 

0.24 4.08 0.74 2.32 0.43 0.70 1.16 1.38 1.40 3.60 51.74 9.26 51 43.99 37.02 14 

0.20 4.50 0.48 5.63 0.18 0.67 1.26 1.44 1.34 4.26 64.84 16.54 70 55.58 48.56 15 

0.46 2.94 1.01 1.24 0.81 0.69 1.35 1.30 1.37 3.13 40.23 6.02 38 28.19 29.33 16 

0.16 4.93 0.56 4.05 0.25 0.64 1.21 1.14 1.29 4.42 112.19 18.79 99 81.60 87.16 17 

0.27 3.88 0.57 3.93 0.25 0.65 0.92 1.17 1.29 3.23 37.38 10.67 34 36.98 28.98 18 

0.14 5.29 0.49 5.28 0.19 0.74 1.36 1.17 1.48 4.82 175.88 25.02 139 102.06 118.55 19 

0.18 4.78 0.63 3.24 0.31 0.72 1.24 1.10 1.45 4.44 129.87 17.03 99 80.15 89.67 20 

0.21 4.36 0.70 2.62 0.38 0.70 0.95 1.59 1.40 3.06 29.79 7.48 34 35.73 21.35 21 

0.46 2.96 0.69 2.71 0.37 0.64 1.18 1.43 1.28 3.00 24.18 7.15 27 22.79 18.84 22 

0.49 2.85 0.72 2.43 0.41 0.59 0.97 1.40 1.19 2.17 14.40 5.42 17 17.59 12.12 23 

0.29 3.74 0.79 2.01 0.50 0.69 1.25 1.26 1.37 3.73 60.05 9.39 55 43.89 43.78 24 

0.45 2.98 0.85 1.77 0.56 0.74 1.31 1.44 1.49 2.93 34.06 6.37 33 25.26 22.88 25 

0.20 4.51 0.56 4.05 0.25 0.71 1.06 1.38 1.41 3.71 53.11 12.35 52 49.06 37.63 26 

0.25 4.03 0.76 2.18 0.46 0.66 1.57 1.21 1.32 4.49 112.02 13.60 103 65.75 84.92 27 

0.11 5.91 0.50 5.05 0.20 0.68 1.22 1.18 1.36 4.81 157.41 24.18 137 112.66 115.78 28 

0.19 4.59 0.62 3.30 0.30 0.74 1.29 1.25 1.48 4.22 103.93 15.20 88 68.15 70.13 29 

0.24 4.08 0.56 4.00 0.25 0.65 1.28 1.23 1.29 3.78 72.16 14.94 69 54.03 55.89 30 

0.29 3.70 0.69 2.65 0.38 0.65 0.90 1.17 1.30 2.97 33.27 8.24 30 33.23 25.66 31 

0.32 3.51 0.84 1.82 0.55 0.79 1.11 1.33 1.59 3.17 43.16 7.03 36 32.46 27.17 32 

0.44 3.01 0.74 2.31 0.43 0.67 1.16 1.09 1.35 11.33 43.23 8.61 35 30.22 32.14 33 

0.28 3.76 0.64 3.09 0.32 0.72 1.12 1.21 1.44 3.43 54.73 10.84 46 41.10 38.03 34 

0.75 2.30 0.70 2.60 0.38 0.77 1.52 1.38 1.54 2.72 31.18 7.27 28 18.38 20.30 35 
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Continued 

0.24 4.07 0.56 4.07 0.25 0.71 1.15 1.08 1.42 4.03 84.22 15.56 64 55.60 59.51 36 

0.26 3.92 0.64 3.11 0.32 0.72 1.06 1.55 1.44 3.02 32.62 8.39 35 33.02 22.61 37 

0.27 3.85 0.74 2.31 0.43 0.71 1.17 1.45 1.43 3.38 43.36 8.39 44 37.64 30.40 38 

0.25 4.02 0.53 4.61 0.22 0.66 0.79 1.12 1.33 2.83 33.35 10.75 28 35.64 25.08 39 

0.19 4.57 0.58 3.77 0.27 0.72 1.15 1.14 1.45 3.94 96.63 15.87 76 66.25 66.82 40 

0.19 4.55 0.65 3.03 0.33 0.75 1.16 1.29 1.50 3.83 79.15 12.63 68 58.55 52.66 41 

0.26 3.91 0.69 2.65 0.38 0.70 1.15 1.40 1.40 3.40 44.93 9.22 45 39.20 32.04 42 

0.38 3.26 0.75 2.27 0.44 0.67 1.09 1.33 1.34 2.68 30.20 7.17 30 27.46 22.59 43 

0.18 4.77 0.93 1.46 0.68 0.67 1.16 1.13 1.34 4.03 100.55 10.48 85 73.37 75.23 44 

0.30 3.64 0.51 4.94 0.20 0.69 1.10 1.14 1.38 3.45 53.28 13.82 44 40.07 38.65 45 

0.23 4.20 0.54 4.40 0.23 0.64 0.96 1.01 1.29 4.37 65.29 14.93 51 52.94 50.64 46 

0.29 3.71 0.94 1.44 0.69 0.80 1.06 1.63 1.60 2.97 29.40 5.15 30 28.21 18.38 47 

0.27 3.82 0.63 3.20 0.31 0.67 1.39 1.26 1.33 3.98 74.23 13.36 70 50.49 55.73 48 

0.33 3.47 0.62 3.27 0.31 0.68 1.53 1.18 1.36 3.79 86.67 14.42 75 49.05 63.52 49 

0.26 3.94 0.70 2.60 0.38 0.67 0.98 1.03 1.34 3.42 58.20 10.65 45 46.10 43.55 50 

0.27 3.85 0.53 4.49 0.22 0.73 0.92 1.07 1.46 3.12 50.22 12.44 37 40.02 34.45 51 

0.23 4.16 0.63 3.18 0.31 0.71 1.44 1.33 1.42 4.00 90.98 14.28 85 58.99 64.03 52 

0.14 5.28 0.60 3.58 0.28 0.71 1.25 1.34 1.42 4.27 107.70 16.49 102 81.54 75.94 53 

0.72 2.36 0.97 1.34 0.75 0.78 1.94 1.54 1.56 3.40 43.57 6.12 43 22.11 27.94 54 

0.10 6.33 0.42 7.05 0.14 0.71 1.14 1.32 1.42 4.56 131.41 25.58 123 108.14 92.86 55 

0.49 2.86 0.55 4.21 0.24 0.70 1.23 1.30 1.39 3.25 32.12 9.85 30 24.36 23.03 56 

0.24 4.11 0.68 2.77 0.36 0.66 1.06 1.19 1.33 3.57 55.85 10.79 50 47.26 42.10 57 

0.19 4.60 0.53 4.59 0.22 0.69 1.71 1.27 1.38 4.97 164.30 23.41 152 89.11 119.35 58 

0.26 3.90 0.58 3.77 0.26 0.73 1.04 1.27 1.46 3.31 47.15 11.05 41 39.36 32.38 59 

0.27 3.83 0.59 3.66 0.27 0.80 1.19 1.33 1.60 3.33 58.85 11.61 49 41.16 36.85 60 

0.20 4.42 0.52 4.73 0.21 0.77 0.40 0.29 1.53 5.11 177.69 23.43 34 84.45 115.97 61 

0.32 3.55 0.71 2.52 0.40 0.73 1.27 1.27 1.46 3.63 57.36 9.95 50 39.40 39.29 62 

0.25 4.01 0.63 3.18 0.31 0.75 1.07 1.44 1.49 3.21 41.41 9.39 40 37.42 27.70 63 

0.31 3.60 0.66 2.96 0.34 0.74 1.57 1.33 1.48 3.91 83.47 12.92 75 47.85 56.28 64 

0.47 2.93 0.58 3.81 0.26 0.65 1.28 1.46 1.30 2.83 26.75 8.84 30 23.51 20.53 65 

0.30 3.64 0.66 2.92 0.34 0.74 1.16 1.42 1.49 3.17 40.74 8.95 39 33.73 27.38 66 

0.19 4.55 0.77 2.12 0.47 0.73 1.20 1.33 1.46 3.75 77.10 10.58 70 58.51 52.72 67 

0.20 4.50 0.76 2.21 0.45 0.69 1.07 1.17 1.39 3.95 73.28 10.82 62 58.06 52.89 68 

0.30 3.64 0.58 3.74 0.27 0.78 1.23 1.23 1.56 3.67 64.97 12.47 51 41.56 41.56 69 

0.28 3.80 0.55 4.26 0.23 0.69 0.91 1.11 1.39 2.98 42.36 11.41 34 37.24 30.55 70 

0.13 5.58 0.65 3.01 0.33 0.71 1.65 1.26 1.42 5.84 239.01 22.49 211 128.14 167.85 71 

0.52 2.76 0.63 3.22 0.31 0.75 1.19 1.49 1.51 2.67 23.34 7.06 23 19.25 15.48 72 
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Continued 

0.20 4.44 0.60 3.53 0.28 0.76 1.47 1.20 1.52 4.63 142.62 18.19 112 76.18 93.67 73 

0.24 4.11 0.56 4.11 0.24 0.73 1.11 1.46 1.45 3.26 44.95 11.28 45 40.49 30.90 74 

0.21 4.40 0.54 4.39 0.23 0.73 1.10 1.25 1.46 3.87 69.17 14.41 59 53.66 47.34 75 

0.23 4.21 0.65 3.06 0.33 0.70 1.46 1.32 1.40 4.24 95.18 14.44 90 61.56 68.20 76 

 
d uD AL= , where                        (2) 

A is the basin area 

uL  is the total stream length 
Stream frequency (Fs) is computed as the ratio of the total number of streams 

(Nu) of all orders in a watershed to the catchment area (A) [41]. It denotes the 
texture of the drainage network, and is expressed by the following equation: 

s uF AN= , where                       (3) 

uN  is the total number of streams 
A is the area of a drainage basin 
Texture ratio (Tr) is defined as the ratio of the total number of streams of the 

first order (N1) to the perimeter of the drainage basin. Texture ratio is deter-
mined by: 

uN P  where                         (4) 

uN  = the total number of streams of all orders 
P = perimeter (km) 
Length of overland flow (Lo) is the length of water over the ground before it 

gets concentrated into definite stream channels [41], and is determined by the 
equation: 

o bL H L= , where                        (5) 

H = basin relief (Bh) m 

bL  = basin length (km) 

oL  parameter is related inversely to the average slope of the channel and is 
equivalent to the length of sheet flow to a large extent [41]. 

The shape parameters comprise form factor, shape factor, elongation ratio, 
compactness coefficient, and circularity ratio. 

Form factor (Rf) refers to the ratio of the area of drainage basin (A) to the 
square of the basin length ( 2

bL ) [41] [42]. It is computed according to the fol-
lowing: 

2
f bR A L=  where                      (6) 

higher values of Rf indicate a more circular shape of a catchment, whereas small 
Rf values (<0.45) imply that the basin is elongated [41]. A catchment characte-
rized by high Rf has high peak flows of shorter duration. 

Shape factor (Bs) refers to the ratio of the square of the basin length to the 
area of the basin, or 
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2
s bB AL=                             (7) 

Shape factor provides a notion towards the circular nature of the watershed. 
The greater the circular character, the greater is the fast response of the catch-
ment following an intense rainstorm [44]. 

Elongation ratio (Re) is denoted by 

1.128e bR a L=                         (8) 

Variations in geology and climate cause prominent variation in Re values. Low 
values of Re indicate that the watershed is more elongated. When Re values ap-
proach 1.0, the shape of the watershed becomes circular [45]. 

Compactness coefficient (Cc) parameter is developed by Gravelius [46] as a 
shape measure of a watershed. Cc is defined as the ratio of perimeter of a wa-
tershed to the circumference of the circle area, which is equal to the area of the 
watershed, or 

2cC
A

P
π

=  where                      (9) 

P = perimeter of the basin (km) 
A = area of the basin (km2) 
When the Cc value is 1.0, it denotes that the catchment is a perfect circle. If the 

value is 1.28, the basin is more square-shaped, whereas the basin is considered a 
very elongated one, when the Cc value > 3.0 [47]. 

Circularity ratio (Rc) parameter has been developed by Miller [48], and cal-
culated according to: 

24cR A Pπ ×= , where                    (10) 

(A) is the basin area, and (P) is the perimeter. If Rc is close 1.0, the shape of 
catchment is circular. Low, medium, and high values of Rc indicate young, ma-
ture, and old stages of geomorphic development of the watershed. 

3.2. Tools, Data, and Multivariate Statistical Techniques 
3.2.1. Digital Elevation Model and Morphometric Parameters 
Morphometric analysis for prioritization was conducted using the ASTER Glob-
al Digital Elevation Model (TEM) of the National Aeronautic and Space Admin-
istration (NASA). The DEM is projected to the Universal Transverse Mercator 
(UTM) project system, Zone 36 N using Arc GIS (10.1) software. The W. Mu-
jib-Wala, and the 76 sub-watersheds were delineated initially using topographic 
maps (Scale 1:50,000). Then ASTER DEM was employed to demarcate the final 
boundaries of the W. Mujib-Wala and the 76 sub-watersheds (Figure 2). The 
drainage network for the entire watershed and the sub-watershed were extracted 
using ASTER DEM (30 m resolution) and the Arc Hydro tool provided by Arc 
GIS software. Stream order was designated using the stream ordering system de-
veloped by Horton [41] and elaborated by Strahler (1964). The W. Mujib-Wala is 
classified as a seventh-order drainage basin (Figure 3) [42]. Fifteen morphometric 
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Figure 2. Fourth-order sub-basins. 

 

 
Figure 3. Stream order. 
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parameters were computed using DEM, GIS, and the standard formulae devel-
oped elsewhere [22] [41] [42] [45] [49]. Moreover, five basic parameters, five li-
near parameters, and five shape parameters were considered in prioritization of 
the 76 sub-watersheds based on morphometric analysis as illustrated earlier 
(Table 1). Linear parameter comprise the Bifurcation ratio (Rb), Drainage den-
sity (Dd), stream frequency (Fs), texture ratio (Tr), and length of overland flow 
(Lo). Shape parameters include: shape factor (Bs), circularity ratio (Rc), form fac-
tor (Rf), elongation ratio (Re), and compactness coefficient (Cc). Further, the 
calculated basic parameters are: basin area (A), perimeter (P), number of 
streams (Nu), basin length (Lb), and stream length (Lu). 

3.2.2. Land Use/Cover, Soil, and Slope Categories Maps 
Using ERDAS Imagine (2015, v. 15), LANDSATE 8 (July 2017), and supervised 
classification, the Maximum Likelihood Method of classification techniques was 
employed to classify Land use/cover guided by the classification system pro-
posed by Anderson et al. [50]. The land use/cover classes recognized are: bare 
land; rainfed farming; irrigated farming, water body (Mujib dam and Wala 
dam), and irrigation pools, settlement, and major and minor roads. A soil map 
(Figure 4) was digitized from the National Soil and Land Use maps of Jordan 
[51]. A slope categories map was derived using ASTER DEM (Figure 5). A rem 
arkable variation exists in slopes. Slope categories of 0 - 5, 5 - 10, and 10 - 15 
characterized the eastern part of the entire watershed, whereas, slope categories 
of 15 - 20, 20 - 30, 30 - 45, and >45 stand out in the western part of the wa-
tershed and the faulted-erosional escarpment overlooking the Dead Sea, and 
along the canyons and major tributaries downstream (Figure 6). 

3.2.3. Multivariate Analysis 
Principal Component Analysis (PCA) and Discriminant Analysis (DA) have 
been employed in the analysis. The PCA method is often used to analyze a large 
data matrix present study the 76 sub-watersheds in order to reduce the large 
number of variables to a small number of composite variables, or principal 
components (or factors) which are correlated with the erosion risk morphome-
tric parameters. The technique is also designed to compute the correlation ma-
trix to expose the highly loaded variables on each principal component, and how 
much the variability in the original parameters is explained by each principal 
component. The Eigen-value indicates how each of the identified components 
will fit with the data from all the morphometric parameters on all the PCs. 
Moreover, Discriminant Analysis was used to test statistically the validity of 
priority classes of sub-watersheds derived based on morphometric analysis, and 
to determine if they are significantly different from each other. This serves to 
guide in explaining the regional spatial variations among the fourth-order 
sub-basins in terms of prioritization. The development of powerful and 
cost-effective GIS and RS technology enables researchers to extract, measure,  
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Figure 4. Land use/land cover. 

 

 

Figure 5. Soil types. 
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Figure 6. Slope categories. 

 
compute and precisely process basic, linear, shape, and relief morphometric pa-
rameters of drainage basins. Similarly, the availability of free access Digital Ele-
vation Models, i.e. STRM and ASTER DEMS, with a reasonable resolution (30 m 
for ASTER DEM, and 90 m for STRM DEM)have enhanced quantitative analysis 
of drainage basin morphometry, thematic mapping, and function to expand the 
application of quantitative morphometry to other fields of research. 

4. Results and Discussion 
4.1. Morphometric Analysis 

Basic parameters comprise: A, P, Nu, Lb, and Lu (Table 1). The basin area (A) is a 
basic morphometric parameter, and constitutes a major component in the hy-
drological processes [52]. Thus, it has been established by Chorley et al. [53] that 
the maximum discharge of flood per unit are, is inversely related to the size of 
the drainage basin. The total area W. Mujib-Wala is 6571.425 km2 (Table 2), and 
for the 76 sub-basins it varies from 12.12 km2 to 184.99 km2. The basin length 
(Lb) of W. Mujib-Wala is 136.8 km, and the perimeter is 564.484. The perimeters 
for the sub-watersheds range from 17.59 km (Sub-basin no. 23) to 153.38 km 
(Sub-basin no. 13). Sub-basin no. 13 is the longest in basin length (38.19 km), 
while Sub-basin no. 23 is the shortest (5.42 km). W. Mujib-Wala is classified as a 
seventh-order catchment, whereas the delineated 76 sub-catchments  
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Table 2. Morphometric characteristics of W. Mujib-Wala Watershed. 

Par. 
no. 

Morphometric parameters Stream order 

I Linear Parameters Total 
 

      

 
Stream order  I II III IV V VI VII 

1 No. of streams (Nu) 7948 6167 
      

2 Stream length (Lu) (Km) 9216.34 4637.76 
2235.

5 
1193.

3 
595.4

6 
263.7

2 
227.4 63.2 

3 
Mean stream length (Lsm) 

(Km)  
0.752 1.634 3.788 7.835 

16.48
2 

45.4 63.2 

 

Stream Length ratio (RL) 

 

 
II/I III/II IV/III V/IV VI/V VII/VI 

  
0.482 0.543 0.499 0.443 0.86 0.27 

  
II/I III/II IV/III V/IV VI/V VII/VI 

Bifurcation ratio (Rb) 4.508 4.343 4.145 4.750 3.200 5.000 
 

4 Mean bifurcation ratio (Rbm) 4.324 
       

5 RHO coefficient (ρ) 0.120 
       

6 
Length of overland flow  

(Lo) Km 
0.701 

       

II Areal Parameters 
        

7 
8 

Basin area (A) (Km2) 
Basin length (Lb) Km 

6571.425 
136.840        

9 Basin perimeter (P) (Km) 564.484 
       

10 Form factor ratio (Rf) 0.351 
       

11 Drainage texture (T) 1.696 
       

12 Circularity ratio (Rc) 0.259 
       

13 
14 

Elongation ratio (Re) 
Texture ratio (Tr) 

0.668 
       

14.080 
       

15 Stream frequency (Fs) 1.209 
       

16 
Drainage density (Dd)  

(Km/Km2) 
1.403 

       
17 Shape index (Bs) 2.849 

       
18 

Constant of channel  
maintenance (C) 

0.713 
       

19 Compactness coefficient (Cc) 3.929 
       

III Relief Characteristics 
        

20 
Basin relief (Bh) or  

‘Total relief” (H) (m) 
1708.000 

       

       

       

21 Relief ratio (Rr) 12.482 
       

       

       
22 Ruggedness number (Rn) 2.395 

       
23 Dissection index (Dis) 1.338 

       

24 
Melton Ruggedness  

Number (Mrn) 
10.440 
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are of fourth order. The total stream length (Lu) of W. Mujib-Wala is 9216.34 
km, and the first order streams account for 50.3% of the total stream length. The 
linear and shape parameters will be discussed in relation to their significance for 
the hydro-morphological properties of the sub-watersheds. The mean bifurca-
tion ratio (Rbm) for W. Mujib-Wala is 4.324, and for the 76 sub-basins it ranges 
from 2.17 to 11.33 (Table 1). High Rbm values indicate the impact of structural 
distortions (faults system and dense lineaments) on drainage networks. The 
drainage density (Dd) for the entire W. Mujib-Wala is 1.403 which denotes 
moderate to well-drained catchments. An obvious variation in Dd values exists 
between the eastern and southern sub-basins (21 sub-basins, 28.9% of the total), 
and the western and the south western sub-basins (18 sub-basins, 23.7% of the 
total). Such variation is attributed to relatively high rainfall, and degradation of 
vegetation cover over the western sub-watersheds, while the southern and south 
eastern sub-basins are characterized by high relief, steep slopes, and influenced 
by the Kerak-Al-Fiha faults system and the associated dense lineaments. Thus, 
greater runoff, and more surface erosion is predicted. There are 39 sub-basins 
(51.3% of the total) with Dd values <1.4. The stream frequency (Fs) of W. Mu-
jib-Wala is 1.209, and the highest values of Fs (1.77) are observed in sub-basin 
no. 6, while the lowest Fs values (1.07) are observed in sub-basins nos. 3 and 51. 
High Fs values are consistent with areas of a high density of lineaments. The 
texture ratio (Tr) of W. Mujib-Wala is 14.08, and for the 76 sub-basins, it ranges 
from 0.40 (sub-basin no. 61) to 1.97 (sub-basin no. 76). The values of Tr indicate 
that these sub-basins are of high runoff. The length of overland flow (Lo) for W. 
Mujib-Wala is 0.701, whereas, the Lo values for the 53 sub-basins range from 
0.59 km (sub-basins no. 23) to 0.80 km (sub-basin no. 60). Further, the Rf value 
for W. Mujib-Wala is 0.351, and for the 76 sub-watersheds ranges from 0.09 
(sub-basins no. 13), to 0.75 (sub-basin no. 47). Sixty one sub-basins have Rf val-
ues less than 0.4 (80% of the total), which implies that these sub-basins are elon-
gated and more elongated in shape. Therefore, they are characterized as having a 
low peak flow of longer duration, and consequently exhibit lower probability for 
severe flooding [13]. The shape factor (Bs) for the entire W. Mujib-Wala is 2.849, 
while Bs values for the 76 sub-basins vary from 1.24 (sub-basin no. 16) to 11.59 
(sub-basin 13) which indicate that elongated shape characterizes most of the sub 
-basins. The elongation ratio (Re) for Wadi Mujib-Wala catchment is 0.668, 
while it ranges from 0.33 (sub-basin no. 54), with seven sub-basins (Re > 0.95) 
nearly circular in shape, and sub-basin no. 16 is the only circular one. The com-
pactness coefficient (Cc) value for W. Mujib-Wala is 3.929, whereas the Cc values 
for the 76 sub-basins vary from 2.30 (sub-basin no. 35) to 7.72 (sub-basin no. 
13). Therefore high surface erosion dominates these sub-watersheds [41]. The 
circularity ratio (Rc) for the W. Mujib-Wala catchment is 0.259, whereas Rc val-
ues for the 76 sub-watersheds range from 0.10 (sub-basin no. 55) to 0.75 
(sub-basin no. 35). Rc values indicate that W. Mujib-Wala and the 76 sub-basins 
are at the youth-age stage of geomorphic development, and most of them are 
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elongated in shape. 

4.2. Prioritization of Sub-Watersheds Based on Morphometric 
Analysis 

Morphometric analysis of the 76 sub-watersheds of W. Mujib-Wala catchment 
revealed their relative properties in relation to erodibility and hydrological re-
sponse. Further, the results of the morphometric analysis method clarified 
sub-watersheds in terms of priority classes, including higher erosion and soil 
loss-prone areas which required urgent suitable soil erosion control measures to 
protect the top soil from further erosion. Very high and high priority classes in-
dicate the greater degree of erosion in specific sub-watersheds, the greater the 
need to improve available soil and water conservation practices or, the need, to 
install additional soil conservation structures. The “erosion risk morphometric 
parameters” utilized to prioritize the 76 sub-basins connected to the W. Mu-
jib-Wala are: five linear parameters, e.g. bifurcation ratio (Rb), stream frequency 
(Fs), drainage density (Dd), length of overland flow (Lo), and texture ratio (Tr). 
Likewise, five shape parameters are employed in the process and include: shape 
factor (Bs), form factor (Rf), circularity ratio (Rc), compactness coefficient (Cc), 
and elongation ratio (Re). Based on the range of calculated compound parameter 
(Cp) values (Table 3), the 76 sub-watersheds were classified into four priority 
classes: 

1) Very high priority (20 - 29) 
2) High priority (30 - 39) 
3) Moderate priority (40 - 49) 
4) Low priority (50 - 60) 
The spatial distribution of priority classes is illustrated in Figure 7 and Table 

3. Out of the 76 sub-watersheds, 12 sub-basins (15.8% of the total) came under 
very high priority (sub-watersheds 6, 8, 10, 25, 32, 35, 47, 54, 60, 63, 64, and 67). 
The second category of sub-basins is assigned as high priority. It consists of 32 
sub-basins (42.1% of the total) as follows: 3, 5, 11, 12, 14, 16, 19, 20, 21, 24, 26, 
29, 34, 37, 38, 40, 41, 42, 52, 53, 55, 59, 62, 66, 68, 69, 71, 72, 73, 74, 75, and 76. 
The third class of sub-basins is designated as moderate priority class (Figure 7 
and Table 3). It comprises of 25 sub-watersheds (32.9% of the total) as follows: 
7, 9, 13, 15, 17, 22, 23, 27, 28, 30, 33, 36, 43, 44, 45, 48, 49, 50, 51, 56, 57, 58, 61, 
65 and 70. Sub-basins of this category overlap in the eastern and central part of 
the W. Mujib-Wala watershed with sub-basins ranked mainly as high priority. 
About half of these sub-basins are located in the rainfed farming area in the 
western part of the catchment (Figure 8(a)), while the rest of the sub-basins are 
located within the degraded rangeland and bare land. Scattered irrigated agri-
culture is predominant based on pumping wells (Figure 8(b)). It is also prac-
ticed downstream of the W. Wala floodplain and fluvial terraces using surface 
water from Wala reservoir (Figure 8(c)), the extracted water from springs, and 
groundwater wells. Similarly, irrigated agriculture is growing rapidly down the  
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Table 3. Calculation of compound parameters and prioritized ranks based on morphometric analysis. 

Sub-watershed no. Rb Dd Fs Tr Lo Rf Bs Re Cc Rc Cp Priority rank 

1 40 75 64 73 75 36 41 36 54 23 51.7 72 L 

2 13 74 68 74 74 65 12 65 8 69 52.2 74 L 

3 20 32 72 61 32 7 70 7 53 24 37.8 36 H 

4 10 64 66 70 64 73 4 73 9 68 50.1 71 L 

5 4 37 45 43 37 11 66 11 34 43 33.1 22 H 

6 61 9 1 2 9 25 52 25 65 12 26.1 3 V.H 

7 44 53 73 71 53 41 36 41 62 15 48.9 67 M 

8 27 14 22 17 14 45 32 45 63 14 29.3 8 V.H 

9 31 55 69 68 55 24 53 24 37 40 45.6 60 M 

10 73 1 4 1 1 33 44 33 66 11 26.7 4 V.M 

11 65 5 21 8 5 59 18 59 43 34 31.7 17 H 

12 3 31 35 33 31 46 31 46 4 73 33.3 25 H 

13 6 56 50 51 56 76 1 76 1 76 44.9 59 M 

14 42 42 20 23 42 16 61 16 30 47 33.9 27 H 

15 19 61 13 24 61 74 3 74 20 57 40.6 47 M 

16 59 50 33 40 50 1 76 1 70 7 38.7 41 H 

17 16 72 60 69 72 56 21 56 10 67 49.9 69 M 

18 55 70 54 64 70 54 23 54 42 35 52.1 73 L 

19 8 18 55 45 18 72 5 72 6 71 37 34 H 

20 15 27 65 55 27 42 35 42 11 66 38.5 39 H 

21 62 44 3 7 44 21 56 21 24 53 33.5 26 H 

22 64 73 14 35 73 26 51 26 69 8 43.9 54 M 

23 76 76 17 48 76 17 60 17 73 4 46.4 63 M 

24 37 51 40 46 51 8 69 8 50 27 38.7 42 H 

25 69 16 12 10 16 5 72 5 68 9 28.2 6 V.H 

26 38 40 18 20 40 57 20 57 18 59 36.7 33 H 

27 14 66 47 54 66 10 67 10 33 44 41.1 48 M 

28 9 54 52 53 54 71 6 71 3 74 44.7 58 M 

29 22 20 42 30 20 44 33 44 14 63 33.2 23 H 

30 35 69 44 56 69 55 22 55 31 46 48.2 65 M 

31 68 68 57 63 68 22 55 22 52 25 50 70 L 

32 58 4 29 15 4 6 71 6 60 17 27 5 V.H 

33 1 57 67 67 57 14 63 14 67 10 41.7 49 M 

34 46 30 48 44 30 34 43 34 49 28 38.6 40 H 

35 72 8 19 13 8 20 57 20 76 1 29.4 10 V.H 

36 24 38 70 62 38 58 19 58 32 45 44.4 56 M 

37 63 29 5 6 29 35 42 35 39 38 32.1 19 H 

38 50 33 10 16 33 15 62 15 44 33 31.1 16 H 

39 71 63 62 66 63 68 9 68 35 42 54.7 76 L 
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Continued 

40 29 28 59 49 28 51 26 51 15 62 39.8 44 H 

41 33 13 34 22 13 31 46 31 16 61 30 14 H 

42 49 41 16 19 41 23 54 23 40 37 34.3 30 H 

43 74 58 26 41 58 13 64 13 64 13 42.4 50 M 

44 23 59 61 65 59 4 73 4 12 65 42.5 51 M 

45 45 48 58 58 48 70 7 70 57 20 48.1 64 M 

46 17 71 75 75 71 64 13 64 26 51 52.7 75 L 

47 67 2 2 3 2 3 74 3 51 26 23.3 2 V.H 

48 26 62 41 47 62 39 38 39 47 30 43.1 53 M 

49 34 52 53 52 52 43 34 43 61 16 44 55 M 

50 47 60 74 72 60 19 58 19 38 39 48.6 66 M 

51 60 24 71 59 24 66 11 66 45 32 45.8 61 M 

52 25 35 28 28 35 38 39 38 27 50 34.3 31 H 

53 18 36 23 26 36 48 29 48 7 70 34.1 28 H 

54 48 7 6 4 7 2 75 2 75 2 22.8 1 V.H 

55 12 39 30 29 39 75 2 75 2 75 37.8 38 H 

56 54 45 32 38 45 61 16 61 72 5 42.9 52 M 

57 43 65 51 57 65 27 50 27 29 48 46.2 62 M 

58 7 49 36 42 49 67 10 67 13 64 40.4 46 M 

59 52 25 38 32 25 52 25 52 41 36 37.8 37 H 

60 51 3 25 11 3 49 28 49 46 31 29.6 11 V.H 

61 5 10 76 76 10 69 8 69 22 55 40 45 M 

62 41 23 37 31 23 18 59 18 59 18 32.7 21 H 

63 56 15 11 9 15 37 40 37 36 41 29.7 12 V.H 

64 30 19 24 18 19 29 48 29 58 19 29.3 9 V.H 

65 70 67 8 27 67 53 24 53 71 6 44.6 57 M 

66 57 17 15 12 17 28 49 28 56 21 30 13 H 

67 36 21 27 21 21 9 68 9 17 60 28.9 7 V.H 

68 28 47 56 50 47 12 65 12 19 58 39.4 43 H 

69 39 6 46 25 6 50 27 50 55 22 32.6 20 H 

70 66 46 63 60 46 62 15 62 48 29 49.7 68 M 

71 2 34 39 39 34 30 47 30 5 72 33.2 24 H 

72 75 12 7 5 12 40 37 40 74 3 30.5 15 H 

73 11 11 49 37 11 47 30 47 21 56 32 18 H 

74 53 26 9 14 26 60 17 60 28 49 34.2 29 H 

75 32 22 43 36 22 63 14 63 23 54 37.2 35 H 

76 21 43 31 34 43 32 45 32 25 52 35.8 32 H 

 
dam of the W. Mujib on the floodplain, and fluvial terraces using surface water 
from the reservoir and pumping wells as well. The fourth priority class of 
sub-basins is assigned a low priority (Figure 7 and Table 3). It consists of 7  
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Figure 7. Four priority classes. 

 
sub-watersheds (9.2% of the total) as follows: 1, 2, 4, 18, 31, 39, and 46. Five of 
these sub-basins represent typical rainfed and irrigated farming areas on 
flat-undulating terrain in the northern part of the catchment east of Madaba, 
and the eastern part of the watershed. The expansion of cereals cultivation over 
the marginal areas and rangeland (annual rainfall varies from 200 to 250 mm) 
accelerate soil erosion [2]. Irrespective of scattered irrigated agriculture, the 
eastern part of W. Mujib-Wala forms a poor grazing land with high soil erodi-
bility. Thus repetitive intense rainstorms over southern Jordan [54] initiate se-
vere soil erosion where the vegetation cover is highly degraded. Additionally, 
degraded rangeland and bare land occupy large areas of the watershed due to the 
low amount of rainfall, marginality (the dominance of semiarid and arid condi-
tions), which in turn accelerate soil erosion. All sub-watersheds ranked under 
very high and high priority have greater erosional potential with a high erosion 
risk. Consequently, they are considered potential areas for adapting soil conser-
vation measures [21]. Rill and gully erosion, and landslide activity are common 
on steep slopes (15˚ - 25˚, and >30) where soft carbonate rocks of low shearing 
resistance are exposed. Sheet erosion is also active on gentle slopes (0˚ - 5˚) in 
the rainfed areas over the table lands bordering the canyons of W. Mujib-Wala 
downstream (i.e., the Qasr-Rabba, south east of Madaba, and Dhiban areas) 
where the annual rainfall ranges from 285 to 350 mm. Geological, morphological  
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Figure 8. Rainfed farming on gentle/undulating slopes (a); pumping wells irrigated farming (b) and irrigated farming based on the 
Wala reservoir (c). Source: Google Earth Bro 1/1/2017. 

 
and anthropogenic factors account for high soil erosion rates. Among these are: 
the Kerak Al-Fiha fault system and the associated dens lineaments, the north-
west-southeast fault system which influenced the central part of the W. Mu-
jib-Wala, the W. Wala fault, the W. Az-Za’faran fault, W. Zerqa Ma’an fault, and 
the W. Al-Falij fault, and the connected dense lineaments [55]. 

Morphological factors contributing to high soil erosion loss are: high relief, 
steep and long slopes of 10˚ - 15˚, 15˚ - 20˚, 20˚ - 30˚ and >30˚ slope categories. 
Sub-watersheds classified as high priority groups display high soil erosion rates 
and high sediment loads discharging into the Wala dam and the Mujib dam [16] 
[17]. These 44 sub-basins which are influenced by such processes (58% of the 
total) need urgent attention for implementing soil conservation practice. The 
long periods of resource exploitation, land use abuse, and the deterioration of 
vegetation cover have functioned to maximize soil erosion since the Neolithic 
and Chalcalithic periods. The existence of agricultural stone terraces over the 
rainfed highlands is an indicator of severe soil erosion at least since the Naba-
tean period some 3000 years ago [56]. 

4.3. Proposed Soil and Water Conservation Measures 

Morphometric analysis using erosion risk parameters was employed to prioritize 
76 fourth-order sub-watersheds for soil and water conservation. The compound 
parameter values were calculated and the prioritization rating is given in Table 

(c)
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3. The effect of land use/cover, slope, soil, and relief were considered in order to 
propose appropriate soil and water conservation measures. Despite overlapping 
observed in the spatial distribution of sub-basins connected to each priority 
class, geological, morphological, and anthropogenic factors including history of 
land utilization (i.e. past and present abuse of land resources), were responsible 
for such a pattern of priority classes distribution. According to their ranking 
priority, sub-basin 54 with a compound parameter (Cp) value of 22.8 receives the 
highest priority rank, while the next in priority (Table 3) is sub-watershed 47, 
having a value of 23.3. Likewise, sub-basins nos. 6 and 10 rank third and fourth 
in the priorities with Cp values of 26.1 and 26.7 respectively.‟ Highest priority 
implies the greater degree of erosion potential associated in the particular area 
for adaptation of soil conservation measures” [21]. It is evident in this study that 
sub-watersheds nos. 6, 10, 25, 52, 60, and 64, for example, are designated as very 
high priority for soil conservation measures (Figure 7 and Table 3). Sub-basins 
nos. 6, 10, and 25 represent deeply dissected streams cut into Ajlune group li-
mestone [37], where the Chromic Camisol type developed. These 
sub-watersheds constitute desertified rangeland and bare land. Over-grazing, 
recurrent droughts, the expansion of towns and rural settlements at the expense 
of rainfed areas, and degradation of vegetation cover caused severe soil erosion, 
and high sediment yield discharge into the Wala and Mujib reservoirs. Similarly 
sub-watersheds 52, 60, and 64 represent undulating terrain developed on limes-
tone, with slope categories of 0 - 5 and 5 - 10. The soil type is restricted to Yer-
mic-Haplic Calcisol, the prime land use activity is poor grazing and scattered ir-
rigated farming based on underground water which supports the livelihood of 
local people. Structural conservation measures, comprise, stone bunds, contour 
stone terraces, and water conservation measures; these are on both gentle and 
steep slopes connected to sub-watersheds classified under very high and high 
priority. Rangeland management is essential to protect the present degraded ve-
getation cover, and redeveloping of the natural vegetation by means of seeding 
specific sub-basins with suitable grasses, and planning for efficient range land 
management. Expanding tree-planting of drought-resistance species is also 
recommended [57]. 

The high priority class of sub-watersheds occupy the northeast, east and sou-
theastern part of the W. Mujib-Wala watershed. The main land use activity here 
is an overlapping of rainfed farming, rangeland, and scattered irrigated cultiva-
tion based on pumping wells. Sub-basins 3, 12, 16, 20, 34, 40, 55, 62, 68, 75 are 
an example (Figure 7 and Table 3). Exploitation of land resources over the last 
3000 years [56] has contributed to several serious environmental problems, i.e., 
destruction of vegetation cover, severe soil erosion loss, continuous crop yield 
and livestock decline, and suffering of the local people. The most noticeable land 
use activity is the expansion of rainfed farming and irrigated agriculture in the 
west towards the marginal and rangeland in the east, and the increase in irri-
gated farming. Thus, a decrease in rangeland, and increase in bare land have oc-
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curred. Appropriate check dams, terracing and bunding are suitable conserva-
tion measures on sloppy land that are proposed, and efficient rangeland man-
agement is recommended to reduce soil erosion loss and sediment yields. Mod-
erate and low priority sub-watersheds are located on the broad table-land bor-
dering the deeply dissected wadis cut in Ajlune group limestone and basalt in the 
western part of the entire catchment, and the gentle-undulating terrain in the 
northern part. The dominant slope categories are: 0˚ - 5˚, 5˚ - 10˚, and 10˚ - 15˚. 
Rainfed and irrigated farming are the main land use activity. Examples of these 
32 sub-basins (42% of the total area) are: 7, 17, 27, 28, 30, 48, 49 (moderate 
priority), and sub-basins nos. 1, 2, 4, 18, 46, (low priority) (Figure 7). Length 
and steepness of slopes in the moderate and low priority sub-watersheds can be 
modified through the construction of contour stone terraces locally termed 
“Mastaba” accompanied by tree-planting on slopes ranging from 3˚ to 25˚ [13] 
[58]. Stone terraces should be placed in long rows along the contour at various 
intervals depending on the length and steepness of slope [58]. Additionally, 
bench terraces can be constructed on slopes even steeper than 25˚, and when 
stones are not sufficiently available to build contours stone terraces. Such con-
servation techniques have been adopted by the rainfed farmers since the Naba-
tean period, some 3000 years ago [56]. Structural conservation measures should 
be integrated with technology enhancing farming practices, i.e., rotation, strip 
cropping, contour strip intercropping cultivation [59], and contour plowing so 
as to reduce soil erosion loss, increase soil moisture at a farm, and improve crop 
productivity. The previous technique can be proposed for soil and water conser-
vation in the sub-watersheds dominated by rainfed farming. 

4.4. Multivariate Analysis 
4.4.1. Principal Component Analysis (PCA) 
Principal Component Analysis was performed to assess the effective basic and 
erosion risk morphometric parameters in watershed prioritization for soil and 
water conservation, and to illustrate the physical behavior and relationships be-
tween the basic and erosion risk parameters for a semi-arid catchment. Principal 
component analysis utilized as a component loading matrix which expresses 
numerically the level of relationship between them and the original erosion risk 
morphometric parameters. The weights of the original parameters in each com-
ponent are called “loadings”, and each component is correlated with certain ero-
sion risk parameters. Besides interpreting the processes that generate the ob-
served relationship between the chosen variables, PCA also provides a simplified 
data matrix known as the component score (or weightings) matrix [60]. 
Through Principal Component Analysis, three efficient components were ex-
tracted, and the 16 basic and erosion risk parameters were reduced to these three 
components. The relationships between the rotated components and the original 
morphometric parameters are occasionally incorporated in the component 
loading matrix. These relationships are expressed in terms of the percentage 
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contributed to the variance in the original data. It is also obvious that each 
component is more strongly correlated to some parameters that are considered 
more effective compared to others. Table 4 illustrates the Eigen-values, variance 
proportion, and cumulative proportion variance. Further, the results showed 
88% of variances represented by 12 parameters which include five basic parame-
ters, and one erosion risk parameter are highly loaded on PC1 and PC3. Most of 
the basic and erosion risk parameters exhibit loading values > 0.9, whereas Rc, Fs 
and Tr parameters display loading values < 0.9 (0.798, 0.898, and 0.703 respec-
tively). The higher the loadings, the stronger the correlation. Three major com-
ponents were resulted based on PCA analysis and accounts for 88% of the total 
variance explained by the basic, and erosion risk parameters and the Cp parame-
ter. The most effective variable in PC1 to PC3 are shown by bold font in Table 5. 
It is clear that stream length (Lu), basin area (A), basin length (Lb), stream num-
ber (Nu), Perimeter (P), and circularity ratio (Rc) have the most variance propor-
tions (41.85%), and turn to greatest effect on the first component. Likewise, 
drainage density (Dd), length of overland flow (Lo), texture ratio (Tr), Stream 
frequency (Fs), and the compound parameter (Cp) have the greatest effect on the 
second component (PC2), which comprises 25.1% of variance proportions. Ad-
ditionally, form factor (Rf) and elongation ration (Re) have the greatest effect on 
the third component (PC3), which contributes 21.1% of variance proportions. 
Variable loadings show that one of the erosion risk parameters is accommodated 
within PC1, while six parameters including the Cp parameter are associated with 
PC2 and PC3 where both explain 46.2% of the total variance. The erosion risk 
parameters mentioned above explain more than half of the total variance, al-
though the Rc parameter is associated with PC1. The component loadings/show 
that PC1 describes parameters related to the sub-watersheds drainage network 
(Lu, A, Lb, Nu, and P). Consequently, the PC1 is labeled as a “sub-watershed size 
“component. The second component corresponds to drainage density (Dd), 
length of overland flow (Lo), texture ratio (Tr), and stream frequency (Fs). Thus, 
the second component reflects the dissection/hydrographic component. The 
 

Table 4. Total variance explained by the component. 

Component 

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings 

Total 
% of  

Variance 
Cumulative % Total 

% of  
Variance 

Cumulative % Total 
% of  

Variance 
Cumulative % 

1 8.160 50.999 50.999 8.160 50.999 50.999 6.696 41.852 41.852 

2 3.594 22.463 73.462 3.594 22.463 73.462 4.021 25.132 66.984 

3 2.340 14.625 88.087 2.340 14.625 88.087 3.377 21.103 88.087 

4 .903 5.645 93.732       

5 .621 3.880 97.612       

6 .216 1.348 98.960       
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Table 5. Rotated component matri. 

Component Morpho. 
Parameters 3 2 1 

−0.069- −0.186- −0.882- Rb 

−0.002- 0.918 0.003 Dd 

0.100 0.898 0.246 Fs 

0.138 0.703 0.336 Tr 

-0.002- 0.918 0.003 Lo 

0.967 0.124 0.211 Rf 

−0.967- −0.124- −0.211- Bs 

0.967 0.124 0.211 Re 

−0.297- −0.091- −0.799- Cc 

0.297 0.091 0.799 Rc 

0.316 0.943 −0.023- Cp 

0.075 0.035 0.963 Lu 

0.458 0.147 0.832 Lb 

0.021 0.015 0.940 Nu 

0.206 0.112 0.951 P 

0.075 0.105 0.963 A 

Note: Figures in bold indicate the variables with strong loadings on the corresponding components (represent the reduced 16 variables). 

 
third component corresponds to the form factor (Rf), and elongation ratio (Re); 
therefore this component refers to the sub-watershed “Shape component.” 

4.4.2. Discriminant Analysis (DA) 
It has been argued that prioritization based on the morphometric analysis me-
thod by utilizing the erosion risk morphometric parameters is time consuming 
in comparison with other approaches including the Principal Component Anal-
ysis approach, which allows for more effective parameters for prioritizing wa-
tersheds [24]. However, a prioritization for the Zarqa River has been carried out 
recently based on the morphometric analysis method and the PCA approach 
[13]. The output revealed that both methods did not produce similar results as 
stated earlier by Gajbhiye and Sharma [24] in a study on Shakkar River Catch-
ment, Madhya Pradesh, India. Such disagreement in the results related to the 
two case studies is probably attributed to differences in physical conditions be-
tween Central India and Northern Jordan. The present study introduces a pri-
oritization scheme for 76 sub-watersheds on the basis of the morphometric 
analysis method (the linear and shape parameters), and to test the achieved 
priority classes using Discriminant Analysis (DA) technique. The resultant 
priority classes displayed in Figure 7 and Table 3, are proved to be statistically 
valid. Consequently, the utilization of the morphometric analysis method is jus-
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tified as a successful method of prioritization. Statistical validation also implies 
that erosion risk morphometric parameters are efficient parameters in prioriti-
zation of watersheds for soil and water conservation measures. The intention of 
statistical testing of sub-watersheds pertaining to the four priority classes is to 
test the hypothesis that there are significant differences between the four priority 
classes achieved earlier, and if the hypothesis can be accepted to establish a sys-
tem of coordinate axis which discriminates between the four priority classes 
identified (1: low priority to 4: very high priority). Statistical analysis was con-
ducted on four data matrices representing the four priority groups (i.e., 7 × 11; 
25 × 11:32 × 11; and 12 × 11) with the associated ranking values (connected to 
linear and shape parameters), including the Cp scores. The F test of Wilks 
Lambda obtained is F ratio 174.9, with the degree of freedom V1 = 3 and V2 = 
72. Referring to the table of percentage points of the F-distribution, with V1 = 3 
and V2 = 72, it is found that at 99.9 percent of confidence, the tabulated value is 
5.78, which is significantly exceeded by the computed F ratio (174.9). Subse-
quently, their is a great significant difference between each of the priority groups 
(very high, high, moderate, and low), and the four priority classes are completely 
separate and distinct. Moreover, 98.0 percent of the difference between the four 
the four priority classes is attributed to discriminant function 1 (93.7 percent) 
and discriminant function 2 (4.3 percent). Further, it was observed that the dis-
criminant function 1 is positively correlated with six erosion risk morphometric 
parameters (the linear and shape parameters). Correlation values range from 
0.413 to 0.999, and the Cp values are very strongly correlated with discriminant 
function 1 (0.970). By contrast, the correlation of discriminant function 2 with 
erosion risk parameters is relatively weak (0.17 - 0.237). The scores of each 
sub-basin of the priority groups (shown in Table 3, and illustrated in Figure 7) 
on the discriminant function 1 and 2 were plotted in Figure 9. The plot displays 
completely disconnected priority clusters. The present results show that  
 

 
Figure 9. Results of discriminant function 1 and 2 grouping: the four prior-
ity classes are completely separated. 
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prioritization based on morphometric analysis is substantiated to be statistically 
valid, consistent and reliable, and of high capacity using GIS tools. The potential 
of the morphometric analysis approach as developed an elaborated earlier [8] [9] 
[22] is highly appreciated, and thus is, recommended for prioritization research. 

5. Conclusions 
Soil erosion by water has seriously threatened rainfed farming and rangeland 
over most of the terrain units of the W. Mujib-Wala watershed. High soil ero-
sion rates have also increased sediment supply to the Mujib and Wala reservoirs 
during exceptionally heavy rainstorms, which are common in southern Jordan. 
The GIS-based morphometric analysis method and RS, were employed to pri-
oritize 76 sub-watersheds, and the relationship of major components determined 
based on PCA to erosion risk morphometric parameters was explored. Then ef-
ficient conservation measures were suggested, especially for sub-watersheds 
where rainfed farming and grazing are practiced. Four priority classes were rec-
ognized: very high (12 sub-basins, 15.8% of the total), high (32 sub-basins, 42.1% 
of the total), moderate (25 sub-basins, 32.9% of the total, and low (7 
sub-watersheds, 9.2% of the total). Moreover, 44 sub-watersheds (57.9% of the 
total) are ranked under very high and high priority, and are subject to high ero-
sion risk, thus creating an urgent need for applying soil and water conservation 
measures so as to maintain rainfed farming and grazing sustainability. Based on 
Cp values and ranking priority, sub-watershed 54 with a Cp score of 22.8 receives 
the highest priority. The next in the priority list is sub-basin 47, having a value of 
23.3 (Table 3). Likewise, sub-basins nos. 6 and 10 ranked third and fourth in the 
priorities, with Cp values of 26.1 and 26.7 respectively. By contrast, sub-basins 
nos. 15, 58 and 70 for example, are ranked as 47, 46, and 68, with Cp values 40.6, 
40.4, and 49.7 respectively, and with moderate priority. Further, sub-basins nos. 
1, 18, 39 are ranked as 72, 73, and with compound parameters at 51.7, 52.1, and 
54.7 respectively (Table 3), and with moderate priority as well. 

The W. Mujib-Wala watershed has been subjected to severe soil erosion over 
the last 3000 years, resulting in immense destruction of its vegetation cover. 
Supplementary information regarding current land use/cover, soil, slopes and 
topography were used as a guide in suggesting suitable soil and water conserva-
tion measures. The recommended measures were in accordance with priority 
ascribed in order to minimize negative impact of soil and land resources, rainfed 
farming, rangeland, and sedimentation in the Mujib and Wala dams. The ex-
pected advantages of expanding soil conservation measures, modernization of 
old soil conservation structures, enhancing farming practice, and rangeland 
management over sub-basins ranked as very high and high priority are mani-
fested in the following: soil erosion loss control so as to protect soil from future 
erosion; minimizing sediment yield production to control sedimentation in the 
Mujib and Wala reservoirs; and reduced peak flow across the sub-watersheds 
and the entire W. Mujib-Wala catchment. Principal Component Analysis was 
used to reduce the original 16 basic and erosion risk morphometric parameters 
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to three significant components which account 88% of the variance explained by 
the basic and erosion risk parameters. Out of ten parameters, six erosion risk va-
riables were strongly correlated with PC1, and PC2 where both explained 46.2% 
of the total variance. One erosion risk parameter (circularity ratio) was highly 
correlated with PC1, and most of the erosion risk parameters exhibit loading 
values >0.9. The limitation of the morphometric analysis method of prioritiza-
tion stated earlier was tested statistically using Discriminant Analysis. The re-
sults showed that the four priority classes significantly differ from each other; 
thus, prioritization based on the morphometric analysis approach is consistent, 
reliable, accepted, and of high capacity using RS and GIS technology. The 
present results are aimed so as to assist decision-makers in identifying priority 
sub-basins which need immediate adoption of appropriate conservation meas-
ures, and land management practices. 
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